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ABSTRACT 

The characteristics of the solid electrolyte cells Ag /RbAg4IJTe  and 
Ag/RbAg4Is/Se have been studied. The open-circui t  voltages of these solid 
electrolyte cells were 0.217V and 0.265V, respectively, at 20~ These cells 
could discharge in the temperature  range of --75 ~ to 150~ Only a small  
polarization was observed at relat ively high current  density discharge. Dif- 
fusion coefficients of Ag in these systems were also evaluated from the t ime- 
dependent  behavior of the cell voltage as a function of current  density. 

Although the various types of solid electrolyte cells 
have been investigated by many  authors (1-3), most 
of them were able to discharge only in  the micro- 
ampere range at room temperature,  the reason being 
the poor conductivi ty of the electrolyte used. Recently, 
as higher ionic conductivi ty solid electrolytes have 
been found (4-8), a high performance solid electrolyte 
cell operating in a mil l iampere  range at ambient  tem- 
perature has been developed. 

Previous investigations on solid electrolyte have 
dealt almost exclusively with the simple compounds 
like silver halides, the highest conductivi ty of which 
was between 10-6 and 10 -5 ohm -1 cm -1 at room tem- 
perature. In  recent years, in o r d e r  to find high ionic 
conductivi ty solids, the solid state reaction products 
of b inary  and te rnary  systems have been studied by 
Takahashi, Bradley and Owens, and Ag3SI (4), 
Ag2Hg0.25So.sI1.5 (5), Ag4HgSe212 (6), and RbAg415 
(7, 8) have been found to have high ionic conductivi-  
ties at room tempera ture  (Table I) .  

Accordingly by using these high ionic conductivity 
solids as electrolytes, it is possible to make an excel- 
lent  solid electrolyte cell by combining it with a suit-  
able electrode. As silver ions are charge carriers in 
these compounds, silver is always used for the anode. 
The cathode mater ia l  of solid electrolyte cells should 
have the properties of: (i) showing as positive a poten- 
tial as possible, (ii) ease of forming thin film, (iii) a 
low discharge polarization, and (iv) discharge product 
funct ioning as a silver ion conductor. Requirements  i 
and ii are necessary for at taining compactness and high 
voltage of the cell, while requirements  iii and iv are 
for obtaining a high current  density. Takahashi  et al. 
(9) reported a solid electrolyte cell, Ag/Ag~SI/I2, and 
Argue et al. (10) the cell Ag/RbAg4IJRbI3,  with cell 
voltages of 0.67 and 0.66V, respectively, and these cells 
can discharge at relat ively high current  density. The 
ionic conductivi ty of solids such as Ag~SI and RbAg415 
is relat ively unstable  in iodine atmosphere, especially 
at high temperature,  and iodine vapor is so highly cor- 
rosive for metals, that  the celI must  be gastight. In 
this paper a solid electrolyte cell is described in which 
the vapor pressure of the cathode mater ial  is very low 
over a wide temperature  range and the high voltage 
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is main ta ined  dur ing discharge even at a high current  
density. Results of our search for substances which 
satisfy the above stated requirements  have indicated 
te l lur ium and selenium to be excellent. Te l lur ium is 
a solid having a very low vapor pressure and high 
electrical coDductivity (2.6 ohm -1 cm -1 at 20~ at 
room tempera ture  and a mel t ing point of 450~ Fur -  
thermore, te l lur ium is capable of forming a th in  film 
easily by vacuum evaporation. The mel t ing point  of 
selenium is 217~ and the vapor pressure at room 
tempera ture  is low enough. The electrical conductivi ty 
of selenium, 10 -5 ohm -1 cm -1 at room temperature,  is 
substant ial ly less than  that  of tel lurium. Selenium 
can also form a thin film readily by vacuum evapora- 
tion. In this paper, the performances of the cell 
Ag /RbAg4 l JTe  or Se are described. 

Experimental 
Preparation oy the solid electrolyte, RbAg4Is.--The 

solid electrolyte, RbAg4Is, was prepared according to 
the method described by Owens and Argue (8). Weigh- 
ing of 0.8 mole fraction of silver iodide and 0.2 mole 
fraction of rubid ium iodide was followed by mixing  
and grinding. The mixture  was sealed in a glass tube 
under  vacuum, and it was heated at 500~ for 2 hr. 
Then after being cooled abruptly,  it was main ta ined  
at 160~ for 15 hr thereby to synthesize RbAg4Is. The 
x - ray  diffraction pa t te rn  of the resul t ing RbAg415 
showed a cubic structure, lattice parameter  being l l .0A 
at 25~ the value of which was identical with those 
in the l i terature (11, 12). The electrical conductivi ty 
measured at 1000 Hz was 1.7 x 10 -1 ohm -1 cm -1 at 
25~ RbAg415 melted incongruent ly  at 235~ 

Table I. Conductivity of ionic conductors at 25~ 

C o n d u c t i v i t y  a t  
S u b s t a n c e  2 5 o c ,  ohm-1  em-1 

Ag~SI 1 • 10 -~ 

Ag4HgSe2I~ 2 x 10 "~ 

Ag~Hgo.~S0.sI1.5 7 x 10 -a 

RbAg415 2.4 x 10 -1 
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Fig. 1. Schematic diagram of the solid electrolyte cell 

Cell structure.--In this exper iment ,  the  electrolyte,  
RbAg4Is, was placed between the anode which con- 
sisted of a tablet  of a mix ture  of si lver powder  and 
RbAg415 and the  cathode. The cell assembly is shown 
in Fig. 1. A mix tu re  of 0.6g RbAg415 and 0.3g 200 mesh 
passed si lver powder  and 1.2g RbAg415 were  stacked 
in laminar  a r rangement  and pressed into a tablet  of 
1.2 cm diameter  to form anode and electrolyte,  respec-  
tively. As the cathode material ,  the  mix tures  of Te and 
Ag2Te (2g : lg ) ,  Se and Ag2Se ( l g :2g ) ,  Te, Ag2Te, 
graphi te  and RbAg415 (0.3g: 0.1g:0.1g:0.Tg) or Se, 
Ag2Se, graphite,  and RbAg415 (0.3g:0.1g:0.1g:0.7g) 
were  used in the form of tablets pressed at 5 tons /cm 2. 
The cell was sealed in a vessel together  with a silica 
gel. 

Results and Discussion 
Open circuit voltage.--The measured open-circui t  

voltages of the cells 

Ag/RbAg4Is /Te  -- Ag2Te (I) 

A g / R b A g 4 I J S e  -- Ag2Se (II) 

at different tempera tures  are shown in Table II. In the 
s i lver - te l lu r ium system, in addition to the compound 
Ag2Te, an in termediate  phase Agl.66-x Te (x = 0.03 

0.045) has been suggested to exist at room tempera -  
ture by Kracek  et al. (13). 

The cell reaction of cell (I),  therefore,  may be con- 
sidered to be ei ther  the formation of Ag2Te or 
AgL66-=Te as represented by the fol lowing chemical 
equation 

2Ag + Te = Ag2Te [ 1 ] 
o r  

(1.66 -- x ) A g  + Te = AgL68-xTe [2] 

In order to clar ify the above consideration, the emf of 
the cell 

Ag/RbAg4Is /Ag-Te  (III) 

has been determined as a function of the A g / T e  ratio 
at 30 ~ and 53~ and the results are shown in Fig. 2 to 
indicate that, at room temperature ,  al though Ag2Te is 
the only compound that  exists in the Ag2Te-Te system, 
at 53~ in addition to Ag2Te, an in termediate  phase 
Agl.66-=Te is recognized where  x is about 0.03 ~ 0.05, 
the cell emf of which is 0.207V. 

Kiukkola  and Wagner  (14) calculated the standard 
molar  free energy of formation of a-Ag2Te, (a h igh-  
t empera ture  modification of Ag2Te) f rom the measured 
emf  of the cell, Ag /AgI /Ag2Te-Te  to be --11.4 kca l /  
mole at 250~ This value  corresponds to a cell vol tage 
of 248 mV. Further ,  the emf  of the cell, Ag /AgNO3/  
Ag-Te  has been determined at room tempera tu re  by 
Puschin (15) to be about 200 inV. However ,  no accurate 

Tab|e II. Open-circuit voltage of the cell Ag[RbAg4151Te 
and Ag]RbAg4151Se 

Ag]RbAg4IsITe AglRbAg4I~lSe 
Temp,  ~ Cell OCV (V) Cell OCV (V) 

20 0,217 0.265 

60 0,219 0.268 

100 0.223 0.271 

250 
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Fig. 2. EMF of the cell Ag/RbAg41JAg-Te vs. ratio of Ag/Te at 
30 ~ and 53~ 

standard molar  f ree  energy of formation of ~-Ag2Te 
(a lower t empera tu re  modification of Ag2Te) has been 
reported. F rom the t empera tu re  dependence of the 
standard free energy of formation of ~-Ag2Te calcu- 
lated by the emf of the cell (I),  it follows that  

2Ag(s)  H- Te(s)  = Ag2Te(s) 
AF ~ ---- -- 8.47 -- 0.0048 T kcal  

p,H ~ = -- 8.47 kcal, AS ~ = 4.8 eu [3] 

The standard molar  entropy of Ag2Te at 298~ is ob- 
tained as 

S~ ~ AS ~ ~- 2 S ~  --~ S ~  
= 4.8 + 2 • 10.206 ~- 11.88 = 36.09 eu [4] 

The reaction of cell (II) may be considered to be 
the formation of Ag2Se represented by Eq. [5] 

2Ag + Se = Ag2Se [5] 

Kiukkola  and Wagner  (14) measured the emf  of the 
cell A g /A gI /Se -A g2Se  at high temperature .  Using 
thermodynamic  data of a-Ag2Se and the enthalpy and 
entropy changes of Ag,Se and Ag2Se be tween  298 ~ and 
500~ they calculated that  hF ~ = --11.94 kcal, AH ~ 
= --11.38 kcal, and AS ~ ---- 5.24 eu at 298~ Thermo-  
dynamic data calculated from our exper imenta l  results 
are as follows 

2Ag(s)  + Se(s)  = Ag2Se(s) 
~F ~ = -- 11.18 -- 0.00345 T kcal  

hH ~ = -- 11.18 kcal  
AS ~ = 3.45 eu 

and the standard molar  entropy of Ag2Se at 298~ is 
obtained as 

S~ ~ AS ~ ~- 2 S ~  -~- SOse  
= 3.45 + 2 • 10.206 -p 10.0 ---- 33.86eu [6] 

Anodic polarization o] Ag/RbAg4Is /Ag . - -The  solid 
electrolyte  RbAg415 has an ionic conductivi ty high 
enough to produce only a ve ry  small  ohmic potent ial  
drop at current  densities of the order  of mi l l iampere  
per square centimeter.  However ,  large polarization at 
the boundary be tween  the electrode and the electro-  
lyte would  make the solid e lectrolyte  cell so construct-  
ed not usable. 

The anodic polarization of the cell, Ag/RbAg4Is/Ag,  
was measured using a silver plate reference electrode 
put in the electrolyte at the cathode side of the cell. 
It is shown in Fig. 3. As the measurements  were  car-  
ried out wi th  a current  in ter rupter ,  the measured  over -  
vol tage is f ree f rom resistance polarization. A plot of 
logar i thm of current  density vs. overvol tage  gives a 
straight line wi th  slope of about 22 mV at lower cur-  
rent  densities. However ,  above 10 m A / c m  2 at 25~ and 
1 m A / c m  2 at 0~ the overvol tage  rapidly  increases 
wi th  current  density and tends to increase gradual ly  
with time. 

Cathode polarization of the cells, Ag/RbAg4Is /  
Te-Ag2Te and Ag/RbAg4Is /Se-Ag2Se . - -The  discharge 
reactions of the above cells are Eq. [1] for the te l lur ium 
cathode and Eq. [5] for the selenium cathode, respec-  
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Fig. 3. Anodic polarization of the cell Ag/RbAg41JAg 

tively. Accordingly, the reaction product  Ag2Te or 
Ag~Se is deposited on the boundary  between the elec- 
trolyte and the cathode. Therefore, in order to main-  
tain the continuous discharge, silver must  move 
through the reaction product layer, and the t ranspor t  
of silver in  Ag2Te and Ag2Se may  be the ra te -de te r -  
min ing  step of the discharge reaction at higher current  
drain. 

The t ime dependence of the voltages of the cells, 
Ag/RbAg415/Te-Ag2Te and Ag/RbAg4IJSe-Ag2Se,  was 
measured; results at 25~ are shown in Fig. 4 at var i -  
ous current  densities. These curves indicate that  the 
cell voltage decreases l inear ly  with discharge t ime 
and the slope increases with current  density. Polar i -  
zation voltages at various temperatures  are shown in 
Fig. 5. These relations also give the straight lines at 
each tempera ture  and the slope is found to decrease 
with increasing temperature.  

200 . . . .  A g/R bAg,I s/Se -Ag, Se 
~ ,,. 
E 

i I 
I00 2 0 0  

T i m e ( m i n )  

Fig. 4. Voltage vs. time of the cells Ag/RbAg415/Te-Ag2Te and 
Ag/RbAg415/Se-Ag2Se at 25~ 
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Fig. 5. Time dependence of voltages of the cells Ag/RbAg41s/ 
Te-Ag2Te and Ag/RbAg415/Se-Ag2Se at 5 mA/cm 2 constant cur- 
rent discharge. 

These curves can be divided into three  parts. The 
ini t ial  part  corresponds to the rapid decrease of the 
cell voltage wi thin  1 sec, the second part  to the non-  
l inear  decrease of it for several minutes,  and the 
third part  to the l inear  decrease of the cell voltage. 
The analysis of the l inear  part  of the curve has been 
carried out as follows, considering that  the t ranspor t  
of silver in  reaction product  is the ra te -de te rmin ing  
step of the discharge reaction. 

In  order to main ta in  continuous discharge, silver 
must  move through the reaction product  layer. The 
current  density I is given by 

eNF ~ 8/LAg 
I -- DAg [7] 

RT ~X 

where DAg is the diffusion coefficient of silver in Ag2Te 
or Ag2Se, ~Ag the chemical potential  of silver, N the 
amount  of s i lver /cm 2 in Ag2Te or Ag2Se, and x the 
distance from the electrolyte side of Ag2Te or Ag2Se. 
Integrat ing Eq. [7] with respect to x, we obtain 

eNF 2 
1 1 -- - -  DAg [~Ag(X ~ ~) - -  ~Ag(X ~ 0 )  ] 

RT 
eNF 

- -  DAg hE [8] 
RT 

where I is the thickness, of Ag2Te or Ag2Se layer, and 
hE the potential  difference in Ag2Te or Ag2Se. In the 
discharge process, if the cell reaction product grows 
uniformly on the cathode surface obeying Faraday 's  
law 

mIt 
Z = ~ [9] 

2p F 

where p is the specific gravi ty of Ag2Te or Ag2Se (8.32 
for AgaTe and 8.0 for Ag2Se, respectively),  m the 
molecular  weight of Ag2Te or Ag2Se, and t the diS- 
charge time. Inser t ing Eq. [9] into Eq. [8] and rear -  
ranging, one obtains 

m / eNF 
hE = - -  X I2t DAg [10] 

2p F 
and 

dhE m I eNF 
d~ ~--- ~ X 12 / --RT DAg 

Thus a plot of dhE/dt vs. I s should give a straight 
line with a slope of 3.93 x 10 -12 (T/DAg) (V-cm4/ 
sec.A 2) for the tellurium cathode and 3.13 x 10 -12 
(T/DAg) CV.cm4/sec.A 2) for the selenium cathode, 
respectively. This has been confirmed for tellurium at 
room temperature as shown in Fig. 6. The results sub- 
stantiate the above concept (Fig. 6). The diffusion 
coefficients of silver in Ag2Te and Ag2Se calculated 
from the experimental dhE/dt values using Eq. [10] 
with appropriate value of the slope of Fig. 6 at vari- 
ous temperatures (--15 ~ ~ 120~ are plotted in Fig. 7 
vs. the reciprocal of the absolute temperature.  The 
current  density in the range of 2-10 mA / c m 2 was 
used to determine the diffusion coefficient. For 

2,0! 

v 

X 1.0 

, I , I 
0 5O I00 

li(rn am p/c m" ~ 

Fig. 6. dhE/dt vs. 12 of the cell Ag/RbAg41JTe-Ag2re at 26~ 
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Fig. 7. Temperature dependence of diffusion coefficient of Ag in 
Ag2Te and Ag2Se. 

~-Ag2Se a good straight l ine is shown, but  for ~-Ag2Te, 
a j ump  of the diffusion coefficient is indicated at near  
5O~ This jump can be at t r ibuted to the intermediate  
compound Agl.e6-=Te, described earlier in the paper. 
It exists above 5O~ in the Ag-Te.system.  Silver  will  
have a higher diffusion coefficient in Agl~66-xTe than in 
Ag2Te. 

Characteristics o~ the cells Ag/RbAg4Is/RbAg415-Te 
and Ag/RbAg4IJRbAg4Is-Se. - -According to the mea-  
surement  of the cathodic polarization, it was found 
that  the potential  drop in the cell reaction product 
Ag2Te or Ag~Se became a dominant  factor for the 
cell voltage in long t ime current  drain. For practical 
use, the mixture  of te l lur ium and the electrolyte 
RbAg4Is, and selenium and the electrolyte RbAg415 
should be used as the cathode in order to enlarge the 
surface area on which the charge t ransfer  reactions 
would take place. 

A mixture  of 0.7g RbAg4Is, 0.5g tel lur ium, 0.1g 
Ag2Te, and 0.1g graphite was pressed into a tablet  
1.2 cm in diameter  to form the cathode. The cell so 
constructed had an in terna l  resistance of 1 ohm at 
room temperature.  Typical discharge curves are shown 
in Fig. 8 together with the case of the selenium base 
cathode. 

The cell with the te l lu r ium-base  cathode was some- 
what  rechargeable. In  Fig. 9, typical  charge and dis- 
charge curves are shown. The cell voltage increases 
rapidly to about 600 mV at overcharge. With charge- 
discharge cycling, the cell performance deteriorated, 
for example, in ten cycles, the cell capacity was re-  
duced to about two-thirds  of the init ial  value. 

One advantage of this type of solid electrolyte cell 
is to have the wide range of operat ing temperature,  
theoretically, up to 235~ the mel t ing point of the 
electrolyte RbAg4Is. If AgI is used in place of the 
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Fig. 8. Time dependence of voltage of the cells Ag/RbAg41J 
RbAg415-Te and Ag/RbAg415/RbAg415-Se. 
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Fig. 9. Charge and discharge curves of the cell Ag/RbAg41J 
RbAg415-Te at a current density of 10 mA/cm 2 at 25~ 
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Fig. 10. Time dependence of voltage of the cell Ag/RbAg41J 
RbAg415-Te at 150~ 

electrolyte RbAg4Is, the cell can be operated up to 
350~ at which the eutectic mix ture  of te l lur ium and 
Ag2Te melts. However, this type of cell cannot be 
discharged at high current  density below 147~ be- 
cause at this tempera ture  silver iodide transforms 
from high ionic conductivi ty s-modification to low 
ionic conductivi ty ~-modification. For  example, the 
discharge curves at 150~ are shown in Fig. 10. At 
high temperature,  there is no appreciable polarization 
even at a current  density of 10 m A / c m  2. On the other 
hand, at --75~ when it is discharged with a current  
density of 0.1 m A / c m  2, the cell voltage becomes 90 
mV. 

Conclusion 
Although the solid electrolyte cells, Ag/RbAg4IJTe ,  

and Ag/RbAg4IJSe  exhibit  a lower open-circuit  volt-  
age than a cell in which halogen is used as the cathode 
material,  the cell of this type is capable of discharging 
with a current  density of several mil l iamperes per 
square cent imeter  even at room temperature.  Tel lur i-  
um and selenium can be used as cathode materials  up 
to 350 ~ and 217~ (their respective mel t ing points) 
and fully gastight cells can be readi ly fabricated. 

When te l lur ium is used as cathode, the th in  film 
cathode can be formed in a simple manne r  by vacuum 
evaporation, so that the entire cell can be made ex- 
t remely thin.  

Sulfur  or oxygen cannot be used convenient ly  as the 
cathode mater ia l  instead of te l lur ium or selenium, 
since Ag diffusion through the cell reaction product, 
Ag2S or Ag20, is very low at room temperature.  As a 
result, characteristics of the cell are greatly inferior 
to that  of te l lur ium or selenium at room temperature.  

Manuscript  submit ted March 28, 1969; revised m a n u -  
script received Aug. 20, 1969. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1970 
J O U R N A L .  
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The Products of the Anodic Oxidation of an 
Iron Electrode in Alkaline Solution 

H. Graham Silver and Elfriede Lekas 
Bayside Research Center of General Telephone & Electronics Laboratories, Inc., Bayside, New York 

ABSTRACT 

X- ray  diffraction pat terns have been recorded of the surface of an activated 
iron electrode during anodic Oxidation in 30% KOH. At the end of the first 
plateau (--0.8V relative to a Hg/HgO reference electrode), only a-Fe and 
Fe(OH)2 are detected. At the end of the second plateau (0.0V), a-Fe and 
5-FeO(OH) are detected on ,the first discharge. On subsequent  discharges, a 
gradual  conversion to ~-Fe and FeaO4 is observed. In  30% KOH saturated 
with LiOH, a-Fe and Fe~O4 are detected at the end of the second plateau on 
the first and subsequent  cycles. 

The anodic discharge of a fully charged iron electrode 
in alkal ine solutions (e.g., 5N KOH) occurs at two dis- 
crete voltage levels. The first at --0.85V vs. Hg/HgO 
corresponds to the conversion of metall ic iron to 
Fe(OH)2 (1, 2). However, the na tu re  of the products 
formed dur ing the second anodic process at --0.65V is 
contradictory, various workers regarding this process 
as the conversion of metallic i ron to Fe(OH)3 (3) or 
the oxidation of Fe(OH)2 to Fe203 (2) or Fe(OH)3 
(4, 5). 

In more recent studies of the products of the anodic 
oxidation of an iron electrode in alkaline solution, 
x - ray  diffraction pat terns of the iron electrode surface 
have been recorded dur ing discharge by in situ tech- 
niques (6, 7). Well-defined diffraction peaks for 
Fe (OH)2 during anodic discharge at --0.SV vs. Hg/HgO 
along the first plateau are reported. However, once 
again, the na ture  of the products of the second anodic 
process is still unclear. One group of workers reports 
that  the major  oxidized phase generated at the end of 
the second plateau (about --0.3V) is Fe~O4 (6). An-  
other group presents strong evidence for the formation 
of 5-FeO(OH),  and not FeaO4, on the lower plateau 
(7). 

As a result  of these contradictory observations, a 
careful re -examina t ion  of the chemical compounds gen- 
erated on the surface of an iron electrode dur ing 
anodic oxidation in alkal ine solution, has been under -  
taken using x - ray  diffraction techniques. 

Experimental 
A carbonyl  i ron electrode 2 x 2 x 0.025 in. and 

weight ~-,5g was cut from a carbonyl  iron plaque ob- 
tained from Sylvania  Electronic Components, Em- 
porium, Pennsylvania .  After  the four corners of the 
electrode had been t r immed in order to enable  it to fit 
into a Teflon r ing of diameter  2.25 in., it was activated 1 

1 Ten  m i n u t e s  in  1/7 H2SO4, r inse  ~ 3 ra in  in  cold, r u n n i n g ,  dis-  
t i l l ed  wa te r ,  t h e n  1 h r  in  100 m l  of a so lu t i on  of  32g S d i s s o l v e d  in  
1 l i t e r  30% KOH w i t h  occas iona l  ag i t a t ion .  

and charged at 0,SA for 3 hr in 30% KOH electrolyte 
using a nickel counter  electrode. The iron electrode 
was then slipped into the Teflon ring, which was at-  
tached in the vertical position to the rotatable wheel 
of a modification of a specially designed sample holder 
(8, 9). The lower half of the electrode was immersed 
in 30% KOH, and, as the wheel rotated at 1/4 rev sec -1, 
a thin film of electrolyte at room temperature  was con- 
s tant ly main ta ined  over the upper surface of the elec- 
trode, which was exposed to air. 

An x - ray  beam produced by a Siemens Kristalloflex 
4 constant potential  generator, util izing Cu radiation 
at 35 kV and 18 mA, was directed at this exposed 
upper  surface and the intensi ty  of the reflected ra-  
diation measured, after it had passed through a LiF 
monochromator,  into a Geiger counter  detector. Ex- 
cellent peak to background diffraction pat terns  were 
thus obtained. A 4 ~ prescatter slit and 1 ~ receiving slit 
were used in the monochromator  and an angular  
range of 10~ ~ (2~) was recorded using goniometer 
scan speeds of 1/4~ and 1 ~ mi n  -1. The result ing x - r ay  
diffraction pa t te rn  was then compared with the x - r ay  
pat terns listed in the ASTM powder diffraction data 
file (10). 

The electrode was removed from the Teflon ring, 
again charged at 0.5A for 3 hr in 30% KOH and then  
discharged to the end of (a) the first p la teau (--0.SV 
vs. Hg/HgO reference) and (b) the second plateau 
(0V vs. Hg/HgO reference) at a discharge current  of 
0.2A, at which points x - r ay  diffraction pat terns were 
again recorded, as described previously. The iron elec- 
trode was then repeatedly charged and discharged to 
the end of the second plateau, x - ray  diffraction pat-  
terns being recorded after each cycle for the com- 
pletely discharged state. The whole procedure was re-  
peated using, as the cycling electrolyte, 30% KOH 
saturated with LiOH and the results of the two series 
of runs compared. 

For the rotat ing iron electrode technique here de- 
scribed, there is the possibility that  atmospheric oxy-  
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Fig. I. Discharge curve for an iron electrode vs. a Hg/HgO refer- 
ence electrode in 30% KOH. 

gen could react with that  section of the wetted iron 
surface exposed to the air, to form a surface oxide. 
However, previous observations (7) indicated that  
this does not  occur, as was fully borne out in the pres-  
ent  work. For example, no changes were observed in 
the products of the anodic oxidation of an iron elec- 
trode discharged to the end of the first plateau (--0.SV 
v s .  Hg/HgO reference) even after leaving the elec- 
trode rotating, but  constant ly covered with the thin 
film of electrolyte, for over 24 hr. However, care was 
taken not to remove an iron electrode unnecessarily,  at 
any point dur ing its charge/discharge cycle, from the 
alkal ine electrolyte and leave it exposed to the atmo- 
sphere, except for the few seconds when  transfer  from 
the cycling apparatus to the x - r ay  sample holder was 
affected. 

Moreover, although fresh electrolyte was used each 
day for all  the exper imental  procedures described, it 
was found that  the use of 30% KOH, which had been 
lef t  exposed to the atmosphere for over a week and 
had absorbed considerable CO2, did not produce results 
at variance with those to be reported. The presence of 
dissolved carbonate in the alkal ine electrolyte appar-  
ent ly did not affect the products of the anodic oxida- 
t ion of the iron electrode. 

Results and Discussion 
A typical discharge curve of the potential  of the iron 

electrode discharged at 0.2A (measured against a 
Hg/HgO reference electrode) in 30% KOH, is shown in 
Fig. 1. X- r ay  diffraction pat terns were recorded at 
points a, b, and c, as well  as of the uncharged electrode. 
The lines are broad in  some cases possibly due to small  
crystalli te size. From an analysis of these x - ray  dif- 
fraction patterns, a definitive identification of the com- 
pounds generated on the electrode at these points, was 
made and is shown in Table I. The exper imental  results 
are shown in Table II together with the ASTM stan-  
dard lines for ~-Fe, Fe(OH)2, 8-FeO(OH),  and FesO4 
for comparison. 

The uncharged electrode, whether  activated or un -  
activated, gave an x - r ay  diffraction pa t te rn  which 
corresponded to that of ~-Fe as listed in the ASTM 
file. Moreover, no reflections due to a sulfide of iron 
were detected on the surface of the uncycled freshly 
activated iron electrode, even though the lat ter  had 
turned black. 

The freshly charged iron electrode (point a) always 
produced an x - r ay  diffraction pat tern  characteristic of 
~-Fe. Occasionally, after cycling the electrode back 
and forth over the first plateau,  very  weak lines were 
observed in the charged state, which were a t t r ibuted 

Table I. Identification of compounds 

End 1st End 2nd 
Sta te-of-  Charged  pla teau p la teau  

charge  Uncha rged  (point a) (point b) (point c) 

Phase  ~-Fe e~-Fe ~-Fe ~-Fe 
Fe (OH),~ 6-FeO(OH) 

or Fe~O~ 

Table II. Experimental results 

Exper imen ta l  data 
Discharge  to 
( v s .  H g / H g O )  ASTM Standards  

--O.8V 0.0V 0.0V a - F e  Fe(OH)~ ~-FeO(OH) Fe~Oi 
d , A  d , A  d , A  d , A  I/Iz  d , A  I/Iz  d , A  I / I ,  d , A  I /Iz  

4.87 4.85 40 
4.61 4.60 lOO 4.61 20 

2.97 2.97 70 
2.83 2.82 80 

2.56 2.53 2.55 1O0 2.53 1O0 
2.41 2 .43  2 .40 1Ol) 2.42 i 0  

2.24 2.26 i 0 0  
2.10 2.10 70 

2.03 2.03 2.02 2.03 I00 
1.78 1.78 80 

1.70 1.71 1.69 100 1.71 60 
1.63 1.61 1.63 80 1.61 85 
1.54 1.54 60 

1.47 1.48 1.47 100 1.48 85 
1.43 1.43 1.43 1.43 19 
1.35 1.35 60 

to traces of Fe(OH)2. At the end of the first plateau 
(point b) ,  only the diffraction pat terns due to Fe (OH) 
and a-Fe were observed, as shown in Fig. 2. 

Ample evidence was accumulated with this and 
other electrodes prepared, activated and cycled in the 
same manner ,  that, on the first discharge of the iron 
electrode to the end of the second plateau (point c), 
5-FeO(OH) was always formed (7). However, on sub-  
sequent cycles, a gradual  conversion to Fe304 was ob- 
served to occur, the x - ray  diffraction pat terns of both 
compounds being detected simultaneously.  Finally,  
after 9 or 10 cycles, only the diffraction pa t te rn  of 
Fe304 was observed (6). The series of changes is 
shown in Fig. 3. 

Moreover, if an electrode, which had been discharged 
once to the end of the second plateau (point c), was 
then stored in a covered container  of 30% KOH for 
several days, there was an aging process, which ap- 
parent ly  converted the 8-FeO(OH) to Fe304. The ag- 
ing process, which is a chemical reaction taking be-  
tween 5 and 6 days for completion, involves a part ial  
reduction of the  ferric ion to ferrous ion and may  be 
expressed as follows 

Fe ~ + 8FeO(OH) = 3Fe304 + 4H20 

On electrochemically reducing the 8-FeO (OH) dur- 
ing the charging process, Fe304 is stated to be the first 
reduction product formed on the way through Fe (OH)2 

80 a - Fe 
/ 

a-Fe  
60 ~ -  

40 

~ o ~  

Fe (0H}i I 

60 

40 

20 

(a) 

u-Fe |b) 
/ O-Fe 

I e, IOHI= ~[ 

20 

Fig. 2. X-ray diffraction patterns of activated iron electrode: (a) 
fully charged electrode (point a on discharge curve in Fig. 1); (b) 
electrode discharged to end of first plateau (point b on discharge 
curve in Fig. 1). 
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Fig. 3. X-ray diffraction patterns of activated iron electrode: (a) 
electrode discharged to end of second plateau (paint c on dis- 
charge curve in Fig. D, once; (b) electrode discharged to end of 
second plateau, four times; (c) electrode discharged to end of sec- 
ond plateau, five times; (d) electrode discharged to end of second 
plateau, ten times. 

to metall ic a-Fe (11). If all  the Fe304 is not  completely 
reduced dur ing the charging process, then, on sub- 
sequent discharge, there is a possibility that, owing to 
the increasing presence of crystallites of Fe304, the 
Fe(OH)2 will  gradual ly  cease to oxidize completely 
to the + 3  state, i .e.,  to 5-FeO(OH).  The oxidation 
process will  halt  when two out of three Fe 2+ ions 
have been converted to the Fe 3+ ion, i .e.,  to Fe304. 

On discharging an electrode at 0.5A from the end of 
the 1st plateau to the end of the 2nd plateau, i .e.,  a 
higher rate discharge, an incomplete oxidation of the 
carbonyl  i ron occurred, since main ly  a-Fe and 
Fe(OH)2, but  only e trace of Fe304 or 5-FeO(OH),  
were detected. Discharges at rates greater than  0.25A 
always gave incomplete oxidation of the carbonyl  iron 
particles and were never  used if a definitive identifi- 
cation of the compounds generated on the 2nd plateau 
was important.  However, in this case, the incompletely 
oxidized electrode was stored in a covered container 
of 30% KOH for about a month  and periodically re- 
examined by x - r ay  diffraction to observe whether  
changes in the l ine intensities or in the chemical com- 
position of the surface had occurred. No significant 
changes were noted, although there was a slight de- 
crease in the ~-Fe l ine intensi ty  and a corresponding 

AN IRON ELECTRODE 

increase in the Fe(OH)2 line intensity. This observa- 
tion is not unexpected since the reaction of Fe with 
water  or O H -  ion in solution to form Fe(OH)2 is 
thermodynamical ly  possible (12). Thus, it would ap-  
pear that Fe(OH)2 is quite stable in alkal ine solution 
and does not oxidize readily, since no special precau-  
tions were taken to exclude oxygen from the solution 
and container.  This is in complete contrast  to labora-  
tory-prepared Fe(OH)2 which, after both washing 
free of alkali  and drying in a ni t rogen atmosphere, 
oxidizes immediate ly  on contact with air, to form a 
brown product, presumably  Fe203.nH20 (13). More- 
over, al though the domain of stabili ty of Fe(OH)2 is 
completely included in that  of Fe304 and, in the mas-  
sive state, it is stated that  Fe(OH)~ decomposes spon- 
taneously to a mixture  of magneti te  and iron (14) : 

4Fe(OH)2 = FesO4 + Fe + 4H20 

this does not appear to have occurred in this case. 
An iron electrode which had been discharged once 

to the end of the second plateau (a-Fe and 6-FeO(OH)) 
and stored in a covered container of 30% KOH for a 
month, was r.e-examined by x-ray diffraction and found 
to haye converted, as expected, to &-Fe and Fe304. The 
electrode was charged at 0.5A for 9 hr and then dis- 
charged at 0.2A to the end of the second plateau. 
Although the normal discharge time for such an elec- 
trode is usually between 12 and 14 hr, the potential of 
this electrode fell to zero after only 2%/4 hr. After two 
fur ther  chargings of 3 hr  at 0.5A, the discharge t ime 
fell to (a) 1Y2 hr and (b) Yz hr, and presumably  
would have fallen to zero after fur ther  cycles. An 
x - ray  diffraction pat tern of the completely discharged 
electrode surface was then taken, and only a-Fe was 
detected with possible traces of Fe304. Presumably,  
this inabi l i ty  to build up oxide/hydroxide compounds 
of iron is the reason for the low capacity and may be 
caused by a very thin, but  electrically, poorly conduc- 
tive, layer of 7-Fe203 having formed on the iron par-  
ticles composing the electrode surface (15-17). The 
oxides Fe304 and 7-Fe~O8 are known to be s t ructural ly  
closely related (18-20). 

From an analysis of the x - ray  diffraction pat terns 
obtained with the activated iron electrode cycled in 
30% KOH saturated with LiOH, the compounds gen- 
erated on the electrode at several points along the 
discharge half-cycle, were identified and are shown in 
Table III. 

Contrary to what  was observed for the iron electrode 
cycled in 30% KOH, Fe~O4 was formed on this elec- 
trode on the first and subsequent  discharges to the 
end of the second plateau. Even after a 4�89 hr  over-  
discharge given to the electrode on reaching 0V vs .  
the Hg/HgO reference electrode, ~-Fe and Fe30.~ were 
the only compounds detected. No changes were ob- 
served in the x - ray  diffraction pat terns  of the fully 
discharged electrode surface, after storing the elec- 
trode in a covered container of the KOH/LiOH mixed 
electrolyte for about 20 days. Moreover, no l i thium 
compounds were detected on any of the iron electrodes 
cycled in the KOH/LiOH electrolyte (21, 22). 

Conclusion 
An x- ray  diffraction study of the surface of an ac- 

t ivated iron electrode discharged in 30% KOH to differ- 
ent points along the discharge half-cycle has identified 
the following phases: charged electrode, ~-Fe; end of 
1st plateau, a-Fe and Fe(OH)2;  end of 2nd plateau 
(discharged), a-Fe, 8-FeO (OH), or Fe304. On the first 

Table III. Compounds generated on the electrode 

E n d  1s t  E n d  2 n d  
Sta te -o f -  C h a r g e d  p l a t e a u  p l a t e a u  

cha rge  {point  a) (po in t  b} (po in t  c) 

Phase  a - F e  ~ - F e  ~ -Fe  
Fe  (OH) ~ Fe~Ot 
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discharge of the  i ron e lec t rode  to the  end of the  second 
plateau,  ~-FeO (OH) was a lways  formed.  However ,  on 
subsequent  cycles, a g radua l  conversion to Fe304 was 
observed.  The same conversion was observed on aging 
a once-discharged e lect rode in the  a lka l ine  e lect rolyte  
for  severa l  days. F o r  an e lect rode cycled in 30% KOH 
sa tura ted  wi th  LiOH, the  fol lowing phases were  iden-  
tified: charged  electrode,  a -Fe ;  end of 1st plateau,  ~-Fe  
and Fe(OH)2;  end of 2nd p la teau  (d ischarged) ,  a-Fe,  
Fe~O4 (a lways) .  
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Formation of New Phases during Anodic Dissolution 
of Zn-Rich Cu-Zn Alloys 

Howard W. Pickering 
Edgar C. Bain Laboratory for  Fundamental Research, 

United States Steel Corporation, Research Center, MonroeviLle, Pennsylvania 

ABSTRACT 

Pre fe ren t i a l  anodic dissolution of Zn f rom brass  is examined  f rom the  
point  of v iew of the volume diffusion mechanism. Results  f rom x - r a y  in-  
vest igat ions of pa r t i a l ly  dissolved 7-brass  (Cu 65 a /o  (atomic per  cent)  Zn) 
and e-brass [Cu 86 a /o  Zn] specimens show the  appearance  of new, more  
Cu-r ich,  in te rmedia te  and t e rmina l  phases. Gradients  in chemical  composit ion 
also resul t  wi th in  ind iv idua l  phases and are  a lways  in the  direct ion of copper  
enr ichment .  These resul ts  indicate  tha t  p re fe ren t ia l  anodic dissolution of Zn 
f rom Cu-Zn al loy occurs to a significant ex ten t  via  interdiffusion of the  con- 
s t i tuent  meta ls  in the alloy. Volume diffusion at 23~ may  be opera t ive  via 
excess mono-  and  divacancies,  wi th  d ivacancy diffusion preva i l ing  at  high 
total  vacancy concentrations.  A few data  a re  presented  on the pre fe ren t ia l  
vapor iza t ion  of Zn f rom Cu-Zn alloy. 

In  previous  papers  (1, 2) i t  was concluded f rom 
x - r a y  and electron diffraction invest igat ions tha t  p re f -  
erent ia l  dissolution of Cu from Cu-Au al loy occurs via  
solid state diffusion of Cu and Au  in the  alloy. Detec-  
t ion of volume diffusion by  diffraction methods  gen-  
e ra l ly  requires  op t imum sensit ivi ty,  and  this  may  
expla in  why  other  invest igators  (3-5) using e lect ron 
diffraction and photographic  film methods have not 
observed s imi lar  effects. This is pa r t i cu la r ly  t rue  in 
t ransmiss ion e lec t ron diffract ion exper iments  (5) since 
one necessar i ly  examines  a ve ry  ear ly  stage of dissolu-  
t ion when volume diffusion cannot be ve ry  pronounced.  
At  such a stage surface diffusion m a y  p lay  a significant 
ro le  a l though this can h a r d l y  continue dur ing  a longer  
span of at tack.  

The present  paper ,  as a cont inuat ion of the ea r l i e r  
work,  invest igates  the  role of volume diffusion in the  
p re fe ren t ia l  dissolution of Zn f rom Cu-Zn al loy by  

x - r a y  diffraction. The analogous process of the  p re fe r -  
en t ia l  vapor iza t ion  of Zn f rom the  same al loys is also 
invest igated.  P r e l i m i n a r y  resul ts  indicate  tha t  the  for-  
mat ion  of new phases does occur dur ing  pre fe ren t ia l  
dissolution of Zn f rom Cu-Zn alloys (6), as does also 
the  much ear l ier  x - r a y  da ta  (1934) of S t i l lwel l  and 
Turnipseed (7). Other  da ta  of F o r t y  and Humble  (8) 
a re  in agreement  wi th  the  occurrence of volume dif-  
fusion dur ing dezincification of a-brass .  

X - r a y  invest igat ions a re  easy to make  on pa r t i a l ly  
dissolved Cu-Zn specimens, and the in terpre ta t ion ,  
a l though requi r ing  much effort due to the  m a n y  lines 
of the  Cu-Zn phases, is s t ra ight forward .  Two features  
of in teres t  may  occur in the  diffraction pa t te rns  of 
pa r t i a l ly  dissolved specimens. Both are  indica t ive  of 
a gradient  in the chemical  composit ion of the  al loy 
and as such both are  evidence tha t  solid state diffusion 
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occurs dur ing anodic dissolution of the alloy (see Dis- 
cussion section). 

The first and most clearly recognizable feature is the 
appearance in the diffraction pa t te rn  of new peaks due 
to the formation of new phases. New phases may form 
at certain compositions wi thin  the gradient  if they have 
a lower free energy than the start ing phase. The prob- 
able phases at room temperature  of the Cu-Zn alloy 
system are alpha (~), ordered beta (#9, gamma (7), 
epsilon (e), and eta (~) phases as shown in Fig. 1.1 
Thus, the preferent ia l  dissolution of Zn from ~-brass 
(,~ 76 to 86 a/o Zn) may lead to the formation of 7-, 
#'-, and a-phases wi th in  regions of Zn-depleted alloy. 
New peaks corresponding to -y-, #'-, and a-phase may 
then appear in  the diffraction pattern.  Similarly,  pref-  
erential  dissolution of Zn from 7-brass may result  in 
formation of a- and #'-phases. New peaks due to a and 
#' would then be observed in the diffraction patterns. 

The second feature is a change of the average posi- 
tion of the peaks of a part icular  phase in the direction 
of Cu enrichment.  This may happen if the lattice 
parameter  wi th in  a single phase region varies with 
composition. This is the method of analysis which was 
used successfully in the aforementioned x - ray  investi-  
gations of anodically dissolved Cu-Au alloys. 

Since the depth of x - r ay  penetra t ion is very much 
greater than the actual  solid state diffusion distance, 
extensive surface roughening is required before suffi- 
cient diffracted in tensi ty  is obtained from regions of 
interdiffusion (1) ; the thickness of the result ing porous 
layer, 5, approximates the depth of the region of in -  
terdiffusion. Very extensive surface roughening has 
been demonstrated for preferent ia l  dissolution of Cu 
from Cu-Au alloy by polarization capacity measure-  
ments  (10, 11), and the formation of porous layers 
have often been reported, especially for Cu-Zn and 
Cu-Au alloys (12). Surface roughening and the for- 
mat ion of new phases during dissolution of ~-brass 
may occur as i l lustrated in Fig. 2 if a and ~ are the 
stable, more Cu-rich phases at room temperature.  

Analogous to the si tuation at elevated temperatures  
(13-17) there may develop in the interdiffusion regions 
large in terna l  stresses due to local variations in lattice 
parameter;  plastic deformation and recrystall ization 
may then occur in the presence of high excess concen- 
trations of vacancies. Also, porosity at a fine scale may 
develop giving effectively a fine particle size. Although 
these developments will  affect the diffraction of x-rays,  
they will  not be easily recognizable while there occurs 
s imultaneously the formation of new phases and large 
changes in composition (lattice parameter)  which pro- 
duce gross changes in the diffracted intensity. Con- 
versely, their  presence will not seriously interfere 
with the identification of new phases or of large 
changes in lattice parameter  of an existing phase. 

�9 T h e  fl" p h a s e  m a y  b e  u n s t a b l e  a t  r o o m  t e m p e r a t u r e ,  i n  a c c o r d  
with the results of Shinoda and Amado (9} who indicate a eutec- 
total decomposition into a and ~ at about 255~ 
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Fig. 2. Diffusion layers after early primary pore formation. With 
increasing time of dissolution the thickness, 8, over which cam- 
positional differences exist becomes increasingly larger than the 
average diffusion distance ( ~ one-half the pore wall thickness). 

Experimental Procedure 
In order to test for the occurrence of Cu and Zn in-  

terdiffusion dur ing preferent ial  dissolution of Zn from 
Cu-Zn alloys, x - ray  investigations were carried out 
on samples of e- and ~-brass anodically dissolved at 
23~ Single-phase alloys of v- and e-brass were pre-  
pared. The alloys were induct ion melted under  hel ium 
in a zirconia crucible from start ing metals of 99.999% 
Cu and 99.999% Zn. The compositions of the alloys 
were determined by chemical analysis to be Cu 65 a/o 
Zn (Cu 65 Zn) and Cu 86 a/o Zn (Cu 86 Zn).  The Cu 65 
Zn and Cu 86 Zn ingots were homogenized in small  
evacuated silica capsules for 2 weeks at 700~ and for 
5 weeks at 380~ respectively. These homogenization 
t reatments  produced fully single-phase e- and -~-brass 
with an average grain diameter  of 1-2 ram, as deter-  
mined by metallographic examinat ion of mechanically 
polished and etched samples. Visual examinat ion of the 
silica capsules after the homogenization t rea tment  in-  
dicated negligible loss of Zn. 

Disk-shaped specimens about 0.1 cm thick were cut 
from the 1.25 cm (diameter)  ingots using a cut-off 
wheel on the e-brass ingot and a spark cutter  on the 
more bri t t le  7-brass ingot. Some of the e-brass speci- 
mens were annealed in a small  evacuated silica cap- 
sule at 380~ for 2 hr, and given a light polish with 
4/0 emery, but  for others only coarser mechanical  
polishing was done in order to remove cold-worked 
or Zn-depleted mater ia l  at the surface. Both pro-  
cedures gave essentially the same results in the x - r ay  
investigations. The 7-brass specimens were mechanic-  
ally polished, 320 emery followed with 4/0 emery, to 
remove Zn-depleted mater ia l  at the surface resul t ing 
from the spark cutt ing operation. 

Nickel-filtered Cu or vanadium-fi l tered Cr radiation 
was used to examine the par t ia l ly  dissolved specimens 
(2). To reduce atmospheric absorption of the soft Cr 
radiation, the Cr target, specimen and scintil lation 
counter  were enclosed in a helium-filIed bag. Cal ibra-  
t ion of the diffractometer stage was made against a 
gold standard. The a r rangement  permit ted an accuracy 
of about • ~ which was better  than required. Since 
the x- rays  "reflect" from ra ther  than  pass through the 
specimen, informat ion is obtained on changes in  com- 
position which occur in a volume of alloy next  to the 
surface; some variat ion in the volume of mater ial  
sampled may occur if the depth of penetrat ion of the 
x-rays  is appreciably influenced by the degree of 
porosity. 

A closed Pyrex  cell containing a Pt  wire counter-  
electrode was used to dissolve the specimen at a con- 
trolled current  density in the range, 1-5 m A / c m  ~. Pre-  
purified hel ium was passed through the cell in order 
to remove oxygen. A mercury-mercurous  sulfate elec- 
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trode connected to the cell via a Luggin capillary was 
used to measure the potential  of the specimen dur ing 
dissolution. The potentials are all reported relative to 
the s tandard hydrogen electrode (SHE). Electrical 
contact to the specimen was made with a Teflon- 
coated Cu rod which has one end slotted and fitted 
with a t ightening screw. The small  contact area be-  
tween the sample and rod was sealed from the envi ron-  
ment  with lacquer. Contact between the specimen and 
the electrolyte completed the circuit, so that  current  
flowed dur ing the entire t ime the specimen was in 
contact with the electrolyte. At the end of each dis- 
solution period the specimen was wi thdrawn from the 
electrolyte, rinsed in water  and methanol,  and dried 
prior to x - r ay  examination.  Periodic metallographic 
examinat ion was performed to observe the formation 
of porous layers. 

Data were obtained with several electrolytes: 1N 
HeSO4 and the buffered solutions ( p H - ~  5): 1N 
Na2SO4-0.05N NaC2H302-0.05N HC2H302, 1N ZnSO4- 
0.05N NaC2H302-0.05N HC2H302, 1N ZnC12-0.05N 
NaC2H302-0.05N HC2H302 and 0.1N HC2H302-0.1N 
NaC2I-I3C2. 

Anodic Dissolution Investigations 
X-ray results ~or e-brass.--The x- ray  pat terns ob- 

tained from specimens of e-brass prior to dissolution 
show only peaks due to e-brass. After  anodic dissolu- 
tion in all of the electrolytes, new peaks belonging to 
v-phase appear in the diffraction patterns. Identifica- 
t ion of -~-phase is positive in view of the many  peaks 
of v which appear in the region 35 < 2o < 150 ~ and 
the fact that  no superposition due to other Cu-Zn 
phases occurs in the case of several of these peaks. 
Table I lists the intensit ies observed for the various 
diffracting planes of v-phase using the pat terns ob- 
tained after dissolution of e-brass. These data are 
compiled from x- ray  pat terns where  diffraction due 
to other phases of Cu-Zn and especially oxides and 
hydroxides were weak. 

Figure 3 shows a segment of three pat terns out of 40 
obtained at in termi t tent  stages of dissolution at 5 
mA/cm 2 of a single-phase e-brass specimen in the 
buffered 1N Na2SO4 electrolyte. The single electrode 
potential, E, of the e-brass specimen was --0.5V. The 
top pattern,  taken prior to dissolution, shows only 
peaks due to the start ing e-phase. After  about 20 to 30 

Table I. Observed intensities of "/-phase peaks after anodic 
dissolution of e-brass (5 mA/cm 2 in 1N Na2SO4-0.05N 
HC2H302-0.05N NaC2H302), after vaporization of e-brass 
(420~ and 5 x 10 -5  mm Hg) and of a powder sample 
from Westgren and Phragmen (18). Superscripts indicate V 
lines for which other phases may contribute to the total 
intensity. W, weak; VW, very weak; M, medium; S, strong; 

VS, very strong; abs, absent. 

- / -Brass  A n o d i c  P o w d e r  sample  
h k l  h ~ + k 2 + 12 d i s so lu t ion  Vapo r i za t i on  of - / b r a s s  (18) 

222 12 W M 
321 14 W M 
400 16 abs  abs  
330, 411~$ 18 VS VS 
420 20 abs  W 
332 22 W M 
422* 24 M W 
431, 510 26 abs W 
521x 30 VW VW 
440 32 abs  VW 
433, 530 34 abs  VW 
442, 6005 x 36 S S 
532, 611 38 abs VW 
620 x 40 abs abs 
541 42 abs  VW 
622 44 W M 
631" 46 W M 
444* 48 S W 
543, 550, 710 50 VW W 
640 x 52 abs W 
552, 633, 721t 54 S S 
642 56 abs  VW 
730 58 VW abs 
651, 732 62 VW W 
800 *x 64 abs abs 
554, 741, 811" 66 S MS 
644, 620 68 VW W 
653* 70 VW VW 
660, 822"$x 72 M MS 
743, 750, 631 74 VW VW 
662 x 76 W W 
752 76 VW VW 
840 80 abs VW 
833, 910 x 82 VW VW 
842 84 abs abs 
655, 761, 921 86 abs VW 
664 88 abs VW 
754, 851, 9305 90 VW W 
763, 932 94 abs  abs 
844 *x 96 abs  abs 
770, 853, 941 98 VW M 
860, 10,0,0 100 abs  abs 
772, 10,1,1 102 VW W 
862, 10,2,0 104 abs  VW 
043, 950 106 abs  abs  
666, 10,2,25 108 abs  VW 
765, 952, 10,3,1,* l lO  abs  abs  
774, 855, 871" 114 M W 
864, 10,4,0" 116 abs abs 
961 10,3,3" 118 VW V'W 
10,4,2" 120 M W 
954 122 VW 

W 
W 
abs  
S 
VW 
M 
W 
W 
abs  
abs  
abs  
S 
W 
abs 
abs 
abs  
W 
M 
W 
abs 
S 
VW 
abs 
W 
abs 
S 
W 
VW 
S 
W 
W 
VW 

I "~ 

)' 552-~, ~'~7444"~, h- I 

91 87 85 79 75 71 
2 0 - DEGREES 

Fig. 3. X-ray patterns showing the formation of new phases dur- 
ing dissolution of e-brass at 5 mA/cm 2 in buffered 1N Na2SO4 of 
pH N 5. Cu radiation. The dotted and cross-hatched peaks be- 
long to the newly forming 7- and disappearing e-phases, respec- 
tively: (o) prior to dissolution; (b) after dissolution for 67 min 
(20 C/cm2); and (c) after dissolution for 370 min (110 C/cm2). 

* ~ -b ras s  has  a l ine  w i t h i n  the  20 r a n g e  of t h i s  "/-brass l ine .  
$ f l ' -brass  has  a l ine  w i t h i n  the  20 r a n g e  of th i s  - / -brass  l ine.  
x Z n O  has  a l ine  w i t h i n  the  20 r a n g e  of t h i s  - / -brass  l ine .  

min at 5 mA/cm2 (6 to 9 C/cm2), new peaks due to 
,y-phase are first detected. The new peaks grow and 
those due to the start ing e-phase diminish in intensi ty  
as dissolution continues. The middle  pat tern  taken at 
an in termediate  stage of dissolution shows three  of the 
new 7-peaks (filled with dots), -y554, v552, and v444. 
At a much later  t ime of dissolution shown in the bot- 
tom pattern,  ,y is still the predominant  phase, al though 
some ~-phase also is indicated as is discussed next. 

In the middle pat tern  the -~554 and v444 peaks are 
asymmetrical  with increased diffracted in tensi ty  on the 
right side. Both of these regions of increased intensi ty  
correspond to 20 positions of: ~-phase, v/z., ~311 and 
a220. The left and right  boundaries  of the ~311 and 
a220 20 regions shown in  Fig. 3 correspond to pure Cu 
and Cu 30 a/o Zn, respectively. It  can be seen that  
symmetric peaks are normal  for v-phase by examining 
the v552 peak for which diffraction from neighboring 
7640 (77.3 < 2o < 78.0 ~ ) and v642 (80.8 < 2o < 81.5 ~ ) 
is negligible and for which no superposition by other 
phases occurs. 

An al ternat ive explanat ion of the asymmetry  is that 
part  or all of the increased intensi ty  of the ~554 and 
v444 peaks is due to weakly diffracting 7800 and v631 
at 20 _~-- 88.5 ~ and 2o ~-- 72.5 ~ respectively. This is not  
supported though by the results at later times of dis- 
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solution where the diffracted in tensi ty  causing the 
asymmetry  is decreased whereas w-peaks general ly are 
stronger, as seen for example in the bottom pat te rn  of 
Fig. 3. On the other hand these data are in accord with 
a shift of the average compositions of a-phase and 
-y-phase mater ial  with t ime of dissolution toward their  
Cu-rich boundaries,  where both phases have near ly  
identical 20 positions, 74.3 ~ for "f444 and a220 and 90.1 ~ 
for "f554 and a311. 

A single-phase e-brass specimen also was dissolved 
potentiostatically at --455 mV (SHE) and in termi t -  
tent ly  examined with x-rays.  The x - r ay  results were 
the same as already described for the amperostatic 
c a s e  (Fig. 3). 

Detailed examinat ion of the x - r ay  pat terns shows 
also that  the  average position of the peaks of the 
start ing e-phase shifts in the direction of Cu-enr ich-  
ment  of the alloy. This result  is observed at relat ively 
early periods of dissolution before the peaks of new 
phases show. A typical result  is shown in Fig. 4 for 
the {110} line of e-phase. For the largest amount  of 
dissolution used in this series (pat tern  c of Fig. 4) the 
average position of the e-peak is at 20 ~ 112.1 ~ and 
diffracted in tensi ty  extends to 20 ~ 113.0 ~ compared 
to the star t ing average position, 20 ~ 111.8 ~ (pat tern 
a). A shift to higher 20 values corresponds to Cu- 
enr ichment  of the affected material .  An emerging 
gamma peak, ~541, is just  recognizable in pat tern  c at 
20 ----- 113.2 ~ 

All  peaks which appeared in the diffraction pat terns 
between 16 < 20 < 150 ~ were a t t r ibutable  to e-, ~-, or 
a-brass, except after prolonged dissolution ( >  7 hr  at 
5 m A / c m  2 or 120 C/cm 2) in the buffered electrolytes 
of pH ~ 5 when extra, weak peaks due to ZnO ap- 
peared. 

The presence or absence of ordered ~'-brass could 
not be resolved due to superposition of other Cu-Zn 
peaks (mainly  "f-phase) and the limited amount  of 
data. A detailed comparison of v-peak intensities as a 
function of dissolution t ime would be helpful  in  this 
regard, as would also data at longer times when  the 
diffracted intensi ty  from v-phase has decreased. 

X-ray results for ~-brass.--X-ray results for ~/-brass 
show features similar to those in Fig. 3 and 4 for 
e-brass. After  anodic dissolution broad diffracted in-  
tensi ty occurs at the 2e regions of a-phase accompanied 
by a decrease in in tensi ty  of the v-peaks. The average 
position of the new a peaks shifts with increasing 
amounts  of dissolution i from a 2e value corresponding 
to a brass of high Zn content  to a value corresponding 
to essentially pure Cu. Also shifts in composition wi th-  
in the s tar t ing -f-phase are observed at the early stages 
of dissolution and are in the direction of Cu-enr ich-  
ment  (as in Fig. 4 for the e-brass sample).  

X-ray results for two-phase (e ~ ~) brass.--X-ray 
results were also obtained for a two-phase alloy con- 
sisting of a small amount  of the te rminal  Zn-r ich  
T~-brass in a matr ix  of e-brass. This is the "as-melted" 
ra ther  than  the homogenized condition of the Cu 86 
a/o Zn alloy. X- ray  pat terns taken after early stages 
of dissolution in the buffered chloride solution show 
the m-peaks to fall off rapidly compared to the e-peaks 
with increasing amountw of dissolution. Then new 
peaks due to "f-phase are detected ( ~  6 C/cm 2 passed), 
and the x - ray  pat terns  thereafter  are similar to those 
obtained from completely single-phase e-brass speci- 
mens as already discussed (Fig. 3 and 4). 

Auxiliary investigations.--Cross-sectional metal lo-  
graphic examinat ion of part ial ly dissolved e- and "f- 
brass specimens (Fig. 5) shows that a poorly reflecting 
layer forms not unl ike  the porous layers (1, 2) found 
in part ial ly dissolved Cu-Au alloys. The layers formed 
in Cu-Zn specimens apparent ly  also are porous. This 
was indicated by metallographic examination,  by the 
tendency of the layers to flake and crumble, and by 
seepage of liquid out of the layer. 

11 
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Fig. 4. X-ray diffraction patterns of dissolved e-brass illustrating 
increased diffracted intensity at the mare Cu-rich compositions 
within the single-phase region of e. Cr. radiation. (a) After 6.7 
min at 5 mA/cm 2 (2 C/cm 2) in the buffered Na2SO4 solution of 
pH 5; (b) after 16.7 min (5 C/cm2); (c) after 50.0 rain (15 C/cm2). 

Fig. 5. Cross sections of anodically dissolved e-brass and "v-brass 
specimens illustrating the porous, Cu-rich layer which forms during 
preferential dissolution of Zn. Unetched. (a) e-brass after 103 
C/cm 2 passed and (b) ~,-brass after 140 C/cm 2 passed. 

The number  of moles of Zn dissolved per uni t  area 
is it/2F where i is the current  density based on the 
geometrical surface area, t is the time, and F is the 
Faraday constant. The Zn content  of a porous layer  
of depth 8 per uni t  area is 5N~ where N~ is the 
mole fraction of Zn in the bu lk  alloy and Vm is the 
molar volume. If it is assumed that all of the Zn is 
removed to a depth of 8 one has 

it  Vm 
8 =  

2F N~ 

For Vm --~ 8 cm3/mole TM and it = 103 and 140 C/cm 2 
for the e- and "f-samples in Fig. 5, one obtains calcu- 



12 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  January 1970 

Fig. 6. Cross section of a two-phase sample consisting of e -{- "v- 
phases after dissolution at 1 mA/cm 2 in 0.1N HC2H~O~-0.1N 
NaH~,CzO~ for 15 hr (54 C/cm2). Layer I, both phases dissolved 
to an appreciable extent; layer II, only ~l-phase dissolved; layer 
III, undissolved two-phase alloy. 

lated values of 8 -~ 0.05 and 0.09 mm, respectively. 
These values are, respectively, about one-half  and 
about equal to the depth measured on the micro- 
graphs, and indicate that  for e-brass only about one- 
half  and that  for "v-brass near ly  all of the original Zn 
within  the depth 8 has been dissolved. This is in agree- 
ment  with the x - r ay  data after large amounts  of dis- 
solution which show the porous region of e-brass to 
consist of ~ (and possibly /~') and a-brass, and of 
*y-brass to consist of Cu-rich a-phase. 

Metallographic examinat ion of the as-melted two- 
phase (e ~ ~) specimens after dissolution shows that  
the dispersed ~l-phase dissolves faster than the mat r ix  
c-phase, and to such an extent  that  ~-phase situated 
beneath the surface also is attacked, probably via in-  
terconnection with ~-phase originally at the surface. 
This is seen in the cross section of Fig. 6 which was 
taken at an advanced stage of dissolution of one of 
the specimens, and shows a layer  (I) of porous alloy 
at the surface, another  layer (II) consisting of un -  
dissolved e-phase and holes where ~ had existed, and 
furthest  in from the surface the as yet completely u n -  
dissolved two-phase alloy. 

Chemical analysis of the electrolyte (a) after dis- 
solution of e-brass showed no trace of Cu for current  
densities in the range of t to 5 m A / c m  ~, and (b) after 
dissolution of "v-brass showed only a small  amount  of 
Cu for even the highest current  densities of 5 
mA/cm e. Hence strong preferential  dissolution of Zn 
occurs for both alloys dur ing dissolution at the afore- 
ment ioned current  densities in accord with the x- ray  
and metallographic data and with the polarization 
curves for the individual  components presented else- 
where (20). 

Elevated T e m p e r a t u r e  V a p o r i z a t i o n  of C u - Z n  
Similar  experiments  involving preferent ial  vapori-  

zation of Zn from single-phase Cu 86 Zn (e-brass) 
and Cu 65 Zn ('v-brass) were carried out at 420~ and 
5 x 10 -3 mm Hg. The x - r ay  results of these experi-  
ments  are in basic agreement  with the voluminous 
l i terature  on the vaporization of Zn from Cu-Zn alloys. 
The a-, fl'-, and "v-phases are stable at 420~ as Elam 
(21) and others have shown. This is i l lustrated in a 
sequence of pat terns obtained at different stages of 
vaporization of e-brass in Fig. 7. 

Figure 8 shows in cross section that  there are four 
roughly parallel  layers next  to the surface. These are 
the a-, ~'-, "v-, and e-phases, 2 proceeding inward  from 
the surface according to metallographic and electron 
microprobe examinations.  The a- and ~'-layers, al- 

2 T h i s  m i c r o g r a p h  does  n o t  g i v e  t h e  p r o p e r  r a t i o  of  t h e  p h a s e  
w i d t h s  d u e  to e d g e  e f fec t s .  3, is  r e l a t i v e l y  t h i c k e r  t h a n  s h o w n .  

Fig. 7. X-ray diffraction patterns of e-brass after vaporization at 
420~ and 5 x 10 -5  mm Hg. Cu radiation. The peaks with dots, 
more dense random dots, and cross-hatching belong to the newly 
forming "V-, ~'-, and a-phases, respectively. (a) Prior to vaporiza- 
tion; (b) after ~ hr vaporization; (c) after 10 hr vaporization. 

Fig. 8. Cross section of the e-brass specimen used to obtain the 
diffraction data in Fig. 10. Arrows point to pores. Etched with 5% 
Nitol followed with saturated picral acid. 

though not dist inguishable in this micrograph, were 
dist inguishable in the microscope by their  color dif- 
ference. The ~- and ~ '- layers are filled with pores, 
whereas pore formation is not observed wi th in  the 
"v- and e-layers. The porosity appears in large part  to 
be due to surface roughening.  

Figure 9 shows in cross section an originally single 
phase -v-brass specimen after vaporization at 420~ 
and 5 x 10 -~ m m  Hg. The "v-fl' interface is shown, and 
the fl'-a interface could readi ly be seen under  the 
microscope. In  the a- layer  immediate ly  adjacent  to 
the surface, severe porosity has resulted, and in the 
~'-layer relat ively few, very  large voids have formed, 
many  of which do not appear connected to the surface. 
Under  the microscope it was seen that  a-phase had 
formed at the surface of all of the porous structure 
which appeared to be connected to the external  sur-  
face, in accord with vaporization of Zn from these 
surfaces; on the other hand  a-phase was not  observed 
to have formed at the surface of the large voids wi th-  
in the ~'-layer. 

Discussion 
Volume diffusion during anodic dissolution.--Anodic 

dissolution which occurs via the interdiffusion of the 
components in the alloy is consistent with and appears 
to be the only satisfactory explanat ion of, the forma- 
t ion of new alloy phases dur ing  preferent ia l  dissolu- 
t ion of Zn from brass. Neither the of ten-ment ioned 
ionization-redeposit ion nor the surface diffusion 
mechanism appears capable of producing new alloy 
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Fig. 9. Cross section of a ~'-brass specimen after vapo'rization at 
420~ and 5 x 10 -5  mm Hg. Etched electrolytically in dilute sul- 
furic acid. 

containing appreciable amounts  of the less noble 
metal. Wagner  (22) has calculated the gradients of 
the potential  and of the various ionic species within 
a pit for anodic dissolution of Cu-Au alloy at the 
bottom of the pit. From these results he was able 
to establish that  redeposition of Au is thermody-  
namical ly  impossible on the side walls of the pit, in 
the absence of "coupling" of the anodic reactions. 
Rather, he found that  there is the tendency for Au to 
dissolve at the side walls when Au dissolution occurs 
at the bottom of the pit. There is also the tendency 
for Cu to dissolve at the side walls irrespective of the 
presence or absence of the coupling process. Hence, 
thermodynamic considerations appear to rule out the 
formation of Cu-Au  alloy on the side walls of porous 
structure by a cathodic deposition process, while 
anodic dissolution of the alloy occurs at the advancing 
front of the porous structure. Even without  calcula- 
tions this may be understood when one considers that  
the potential  in the electrolyte for anodic polarization 
increases with increasing distance into the pit. The 
same holds for anodically dissolving Cu-Zn alloys. 

The accumulat ion of alloy deposits by migrat ion of 
adatoms over the surface requires a significant con- 
centrat ion of adatoms of the less noble metal. On 
polarizing a pure  meta l  anodically, one has to expect a 
decrease in the number  of adatoms in comparison to 
the state of equil ibrium. This is the reverse of the 
situation for cathodic polarization, which is discussed 
especially by Bockris and Damjanovic (23). The con- 
centrat ion of adatoms of the less noble metal  of a 
b inary  alloy, therefore, may be expected to be low at 
the advancing front  of the porous s tructure where 
most of the anodic dissolution occurs, and fur ther -  
more to be even lower along the side walls in accord 
with the sign of the potential  gradient  in the electro- 
lyte. Hence it seems highly unl ikely  in this case, too, 
that deposits may form which contain appreciable 
amounts  of the less noble metal  by a process involv-  
ing surface migrat ion of adatoms of the less noble 
metal. 

Volume diffusion at room tempera ture  requires the 
presence of excess divacancies which may be created 

Fig. 10. Variations on the model of vacancy formation offered by 
Pickering and Wagner (1). 

at the surface by a high dr iving force for dissolution 
(1). A model for divacancy formation at the surface 
has been presented which involves ionization from 
terrace sites of atoms of the less noble metal. It  has 
been questioned whether  the operating overvoltages 
are sufficient to dissolve atoms directly from terrace 
sites (24). Direct ionization from a terrace site, how- 
ever, may not be necessary. Sketch A of Fig. 10 shows 
a Zn atom in a position directly beneath a kink. Dis- 
solution of this Zn atom may occur in the normal  
k ink- ledge- ter race  sequence by moving into the 
neighboring k ink  position. Schwoebel (25) has con- 
sidered vacancy formation by a similar rear rangement  
at a kink. Variation B involves adatoms of the more 
noble metal  (Cu) which may be only momentar i ly  in 
the positions shown. ~ The designated Zn atom in the 
layer beneath the adatoms may move up into the 
"pocket" of the adatoms, thereby creating a vacancy 
in the under ly ing atom layer. Divacancies may form 
similarly, or by the joining of monovacancies which 
may have a higher mobi l i ty  in the surface layer(s)  
than  in the bu lk  alloy. 

Using activation energies reported by Ramstetter  
et al. (26) for movement  of mono- and divacancies in 
Cu, it was shown in an earlier work (1) that diffu- 
sion of divacancies in Cu is reasonably rapid at room 
temperature.  Monovacancies on the other hand were 
calculated to be v i r tual ly  immobile. There is some dis- 
agreement  in the l i terature on the activation energy 
for migrat ion of monovacancies, but  even using the 
lowest value, E m = 0.9 eV of Simmons and Balluffi 

O 
(27) one finds that  monovacancies are not par t icular ly  
mobile in copper at 25~ With E m ~ 0.9 eV the 

O 
diffusivity of monovacancies, D O, in pure copper at 

25~ equals 0.9 x 10 -16 cm2/sec, and for t---- 1000 s 
the roo t -mean-square  displacement is only ~40~ It 
is a more significant point, however, that  at high total 
concentrations of vacancies the concentrat ion of di-  
vacancies exceeds that of monovacancies. Hence, even 
if monovacancies were highly mobile, interdiffusion 
still may occur predominant ly  via the divacancies. 

Although data on the mobil i ty of vacancies in 
Cu-Zn alloys are not available, the greater intrinsic 
diffusivity of Zn in ~ brass (the Kirkendal l  effect) in-  
dicates that vacancy migrat ion is faster in ~ brass than 
in pure Cu. Also the elevated temperature  interdiffu- 
sion of Cu and Zn is known to increase with increasing 
addition to Zn to Cu throughout  the ~ and ~ com- 
position range, e.g., as in ref. (13) a n d  (28-30). 
Hence it seems reasonable to conclude that  excess di-  
vacancies as well  as possibly monovacancies greatly 
enhance the interdiffusion of Cu and Zn during 
preferential  dissolution of Zn from Cu-Zn alloys at 
room temperature.  

The x - ray  results for the two-phase (e -~ ~l) alloy 
show that the more Zn-r ich  phase, ~], dissolves faster. 

3 The  c o n c e n t r a t i o n  of  adatorns  of the  m o r e  nob le  m e t a l  rr ay be  
q u i t e  h i g h  i f  the  more  nob le  m e t a l  does  no t  d i s so lve  a t  the  mten-  
t i a l  w h i c h  p r e v a i l s  d u r i n g  d i s s o l u t i o n  of the  less nob le  metal  
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This is in agreement  with other data which show that  
the higher the zinc content  of the alloy the lower is 
the required potential  to sustain a given rate of Zn 
dissolution, (20, 31-33) and with the of ten-made ob- 
servation that  in two-phase a -~ ~' alloys, the more 
Zn-r ich ~' phase dissolves faster (34). 

The results of investigations on the (preferential)  
vaporization of Zn from e- and -~-brass were qual i ta-  
t ively the same as for anodic dissolution at room tem- 
perature  with the exception that  for the lat ter  peaks 
due to 8' were not resolved. Also metallographic ex- 
aminat ion shows severe porosity (Fig. 8, 9) which ap- 
pears to be the result  of both surface roughening and 
in ternal  void formation. The conclusion that certain 
voids have formed in terna l ly  is substant iated by the 
observation that a-phase does not form at the surfaces 
of these voids; i.e., if the voids, instead, were con- 
nected to the external  surface, vaporization accom- 
panied by formation of a-phase would occur from 
their surfaces as at all external  surfaces. 

In te rna l  void formation has often been observed as, 
for example, in the work of Balluffi and co-workers 
(14, 15) and others (35,36) dur ing vaporization of 
Zn from ~-brass and dur ing  other processes involv-  
ing interdiffusion of Cu and Zn at higher tempera-  
tures (~  700~ In te rna l  void formation has general ly 
been understood (37-39) as due to the accumulat ion of 
excess vacancies, with local supersaturat ion of vacan-  
cies being the result  of unequal  diffusivities of the 
component metals (Kirkendal l  effect). 

The occurrence of surface roughening during pref-  
erential  dissolution or vaporization is in  agreement  
with theoretical considerations by Wagner  (40) and 
by Harrison and Wagner  (41). They found that if 
diffusion (within the alloy) of the reacting species to 
the surface is rate controlling, there is the tendency 
for surface roughening to occur, and they and others 
have shown exper imental ly  the occurrence of surface 
roughening when this condition is met. 

Equilibrium phases.--During the formation of the 
new phases at room tempera ture  the concentrat ion of 
vacancies must  greatly exceed the equi l ibr ium value 
in view of the need for a very large vacancy popula-  
tion if appreciable diffusion is to occur in the first 
place (1). Hence there is the question as to what extent  
the new phase formed dur ing anodic dissolution are 
characteristic of the corresponding, equil ibrium, 
room-tempera ture  phases. In  the e levated- temperature  
vaporization of Zn the new phases which form are 
for all  practical purposes identical, or very soon be- 
come so, to the equi l ibr ium phases. This can readily 
be checked since the equi l ibr ium structure can be ob- 
tained in anneal ing experiments.  Contrary to the 
situation at elevated temperatures,  an independent  
determinat ion of the equi l ibr ium phases at room tem- 
perature by chemical diffusion is not, practically 
speaking, possible. Indeed it is for this reason that  
phase diagrams at room tempera ture  are not available 
for most alloys. 

A change in -~-phase in the 250~176 range is in-  
dicated in the data of K5ster (42) and others (43, 44), 
although the na ture  of the change is not clear. More 
recently Melikhov et al. (45) have reported that  a 
change in lattice parameter  and crystal structure of ~- 
phase occurs ~275~ The data in the present paper 
do not confirm this. 

Concluding Remarks 
The most definitive and important  result  of this 

investigation is the demonstrat ion of the occurrence of 
new phases dur ing preferent ial  dissolution of Zn from 
Zn-r ich  Cu-Zn alloys. This in tu rn  means that  in ter -  
diffusion of Cu and Zn in the alloy occurs as an in-  
tegral part  of the mechanism of preferential  dissolu- 
t ion of Zn from brass. 

Evolving out of these investigations is the interest-  
ing possibility that preferential  dissolution in  con- 

junct ion with x - r ay  diffraction analysis may be used 
as a tool for determining and roughly mapping out the 
stable phases of alloy systems at room temperature.  
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Characterization of Corrosion Layers on Aluminum by Shifts 
in the Aluminum and Oxygen X-Ray Emission Bands 

P. D. Gigl, G. A. Savanick, and E. W. White 
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

An x- ray  emission technique is outl ined for the characterization of thin 
layers of a luminum oxides, a l uminum oxyhydroxides, and a luminum hy-  
droxides on a luminum.  Shifts in the A1 K~ and O Ks x - ray  emission lines of 
s tandard compounds are presented and are then used to characterize th in  
corrosion layers on a luminum. 

Characterization of a luminum oxides, a luminum 
oxyhydroxides, and a luminum hydroxides can present  
serious problems when they are poorly crystallized 
and especially when they occur as thin layers on metal  
substrates. This study was under taken  to establish the 
feasibility of using shifts in the a luminum K-emission 
band (A1 K~) and the oxygen K-emission band 
(O Ks) to determine the chemistry and shor t - range 
structure of various corrosion products on a luminum 
and its alloys. It has been well  established that 
K-emission bands of the second and third period 
elements undergo significant changes among various 
compounds, but  consistent rules governing such 
changes have not been established (1,2). A major  
purpose of this investigation is to develop methods 
for identifying th in  A1-O-OH layers on a luminum. 

In  the case of anhydrous a luminum oxides and 
alumino silicates it has been shown that  A1 K~ shifts 
depend on the number  of oxygens coordinating the 
A1 ~+ and also on the mean  A1-O distance in a given 
structure (3). More recently a s tudy was under taken  
on some of the compounds in the A1-O-OH system 
using the A1 K~ line but  the results were not very 
definitive (4). The principal  result  of that study was 
to establish for the first t ime the characteristic differ- 
ence in the A1 K~ from ~-A1203 vs. 7-A1203. 

The oxygen K-emission band has been studied in 
considerable detail by at least three  investigators, but  
their  results have not led to a quant i ta t ive  in terpre-  
tat ion of the shifts (5-7). The most recent of these 
studies indicated that bond character may be the most 
common factor contr ibut ing to changes in the O Ks 
(7). 

Experimental 
A set of reference standards for the common 

A1-O-OH compounds was commercially obtained or 
synthesized and carefully characterized to confirm their  
s t ructure and composition. These compounds included: 
~- and ~-A1203, boehmite [A10 (OH) ], diaspore 
[A10 (OH) ], gibbsite [Al(OH) s], and hayeri te  
[AI(OH)~]. These standards were studied in the form 
of thin (2-5~ thick layers) deposited from dilute sus- 
pension in carbon tetrachloride onto polished surfaces 
of u in. diameter spectrographic grade carbon rods. 

An ARL model EMX electron microprobe operated 
at 20 keV and 1.5-3.7 x 10-SA specimen current  was 
used to excite and analyze the x - ray  spectra. An elec- 
t ron beam diameter  of about 100 ~m was used in order 
to minimize specimen damage. A 4-in. radius curved 
crystal spectrometer, which displays wavelength di- 
rectly for an ammonium dihydrogen phosphate (ADP) 
crystal, was used with a th in  formvar  window flow 
proportional counter. 

An ADP crystal (2d ----- 10.64A) was scanned at 
0.01 A / m i n  to diffract the first order A1 K~ line. A 
clinochlore crystal (2d = 28.39A) was scanned at 
0.0267 A / m i n  to diffract the oxygen Ks line. The 
resolution of the ADP is approximately 1000 (k/Ak) at 
8A and the clinochlore crystal (8) has a resolution of 
about 500 at 25A. The A1 K~ peak count rates were 
in the range of 10-50 counts/sec while the O Ks 
peak count rates varied from 20 to 50 counts/sec. The 
peak positions were measured at two-thirds  height and 
could be reproduced within  • for A1 K~ and 
• for O Ks. This relat ively poor precision in 
individual  measurements  of peak positions results 
from a random error in br inging the specimen to the 
proper position on the spectrometer circle. By taking 
the average of eight to ten  separate scans, confidence 
in the mean  value approaches • in each case. 

It  is imperative to work at quite low specimen cur-  
rents and large elecrton beam diameters, otherwise 
the action of the electron beam can induce decompo- 
sition of the hydrated films in the t ime required to 
record the spectrum. Fortunately,  in the microprobe 
one can monitor  the specimen current  as an indica- 
t ion of specimen decomposition. A slight decrease in 
specimen current  is a sensitive indication of dehy-  
dration. A range of • x 10-SA was taken as a safe 
specimen current  variat ion for a single peak scan. 

Results 
Typical spectra recorded in this s tudy are repro- 

duced in Fig. 1 and 2. Data on changes in peak position 
and line widths are shown in Table I. The values are 
recorded as changes in peak position as measured at 
2/3 height and referenced to the peak of a-A1203. 
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Table I. 0 Ka and AI K/~ wavelength shifts of the hydroxides, 
oxyhydroxides, and oxides of aluminum. The wavelength of the 

band from corundum was used as the reference position. 

S t a n d a r d  F o r m u l a  

Corundum 
7-Alumina 
Diaspore 
Boehrnite 
Gibbsite 
B a y e r i t e  

O K a  h I K E  
w i d t h  w i d t h  

• O K  2 / 3  h t  A A 1 K f l  2 / 3  h t  
( A  • 10  ~) ( A  x 104 ) ( A  x 104) ( A  X 10 ~) 

~ - A l 2 0 3  0 91  0 27  
3 / -A1203  4 5  107  1 2 3  
A I O  ( O H )  67  8 6  - -  11 21  
A I O  ( O H )  --  16  86 --  7 25  
A1 ( O H )  3 --  9 9  104  - -  14 2 0  
A1 ( O H )  3 --  120  1 0 4  --  23  20  

23.40 23 50 2360 23 70 2580 2390 

WAVELENGTH (~,) 

Fig. l .  0 K~ emission spectra af the aluminum hydroxides, oxy- 
hydroxides, and oxides given in Table I. Note the wide band 
widths of 7-AI203, glbbsite, and bayerite. The 2/3 height peak 
positions are indicated by the dots in the diagram. 

7.94 7.96 "/98 8DO 8.02 8.04 
WAVELENGTH (~) 

Fig. 2. AI Kfl emission spectra of the same materials shown in 
Fig. 1. Note the long wavelength shoulder of gibbsite and bayerlte. 

Figure 1 is a compilation of the O Ka emission bands 
from the standards. Each band consists of a wel l -de-  
fined main  peak with a tail  on the longer wavelength 
side. The 7-a lumina  and diaspora, corundum and 

boehmite, gibbsite and bayeri te form comparable pairs 
at similar wavelengths.  With corundum as the refer-  
ence, the O Ka peaks from 7-a lumina  and diaspore 
occur at longer wavelengths while gibbsite and bayer-  
ite are at shorter wavelengths.  The association of 
greater widths of the O Ka peaks from the AI(OH)3 
compounds together with their  occurrence at shorter 
wavelengths is a distinctive feature. 7 -a lumina  also 
exhibits a broad band, but  it falls at significantly 
longer wavelength  than the peaks from AI(OH)3 
compounds. 

Figure 2 is a compilation of the A1 K~ emission bands 
from the powder standards. The separation of 2/3 
peak position is not very pronounced. Another  diffi- 
culty is the low intensi ty  of the A1 K~ emission. Con- 
sequently, a clear-cut  distinction cannot be made by 
position alone. The shape of the curves can be used 
to distinguish the AI(OH)~ compounds from the 
lower hydrates by means of the peak shoulder on the 
long wavelength side of the emission band. 

Application to corrosion problems.--Wafers cut from 
an a luminum ingot were oxidized in hydrothermal  
cold seal pressure vessels under  the conditions shown 
in Table II. The O K~ and the A1 K~ emission bands 
were recorded without  dis turbing or removing the 
oxide layer. The results are given in Table II and in-  
dicate that a complex oxide layer is formed. 

In  the case of the O K~ peaks there is a definite 
change of wavelength toward that obtained from the 
a luminum tr ihydroxides as the oxidation t ime is in -  
creased. The presence of bayeri te  [AI(OH)3] was 
confirmed on sample C by x - ray  diffraction, but  no 
crystal l ine products could be detected on the other 
samples with th inner  oxide layers. 

The use of the A1 K~ peak shift is somewhat com- 
plicated by the presence of the a luminum substrate. 
The electron beam voltage must  be drastically re- 
duced for the th in  oxide coatings in  order to l imit  
the A1 K;~ emission to just  the oxide film. Using this 
limitation, one can estimate the oxide layer thickness 
by assuming an electron beam range relat ion of 
R ( m g / c m  2) ---- 0.572 E 1.67 with E in MeV (9) and a 
l inear  loss of ma x i mum electron beam energy (E) 
with depth in the oxidation layer that is assumed to 
have a density of 2.5. The max imum electron beam 
energy is taken as the largest beam potential  which 
does not produce a luminum x-radia t ion from the 
a luminum substrata. Sample A, the th innes t  oxide 
layer, was calculated to be about 0.5 ~m. Because of 
the substrate interference and the lower intensi ty  of 
x - ray  emission, the A1 K~ band is not as useful as 
the O K~ band. 

S u m m a r y  
Shifts in the x - r ay  emission band positions and 

shapes from a luminum and especially oxygen for the 
hydroxides, oxyhydroxides, and oxides of a luminum 
have been shown to be large enough to be used to 
differentiate among the six compounds dealt with in 
this study. U nknow n  reaction products can be ident i -  
fied through the application of the data contained in 
Table I and Fig. 1 and 2, provided that the u n k n o w n  
is a single phase of one of the compounds. 

In the case of complex corrosion layers consisting 
of more than one compound, there is a problem of 
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Table II. Results from the corrosion study of oxidation layers on aluminum. Bayerite was detected by x-ray diffraction on sample C. 

OK(~ w i d t h  A1Kfl  w i d t h  E I e e t r o n  b e a m  
T e m p ,  P r e s s u r e ,  h O K a  2 /3  h t  A1Kfl 2 /3  h t  v o l t a g e  of  

Sample (~ (psi) Time (A >(I0~) (A • i0~) (A • I0~) (A x I0 a) AIKfl series (kV) 

Unoxidized . . . . .  - -  176 27 20 
A 125 2900 5min -- 16 99 --8 25 8 
B 125 2900 4 h r  -- 67 88 -- 14 22 15 
C 100 2800  20 h r  -- 96 91 -- 10 23 15 

superposition of emission bands from the various 
compounds; consequently the layers cannot be posi- 
t ively identified by this method. On the other hand, 
chemical changes in oxidation layer as thickness in-  
creases can be observed quite easily, and t rends  in 
the dominat ing chemistry and shor t - range structures 
are indicated by the band positions and shapes. This 
method can also be extended to s tudy changes in 
chemistry with depth in stratified oxidation layers. 
By increment ing the electron beam voltage over a 
range from about 3 to 40 keV, the max imum depth of 
x - ray  emission will be incremented over a range of 
about 0.1 to 15 ~m. Thus the x - r ay  emission bands 
recorded at various keV settings will  contain the sum 
of x - ray  emission from all layer components to tha t  
depth. 

The oxygen band is not as well  resolved as reported 
recently by Chun and Handel  (7). However, it is 
advantageous to use the electron microprobe to study 
peak shifts because they can be recorded quickly (15 
min per scan) on a l inear  intensi ty  scale. Only a very 
small  sample is required and the method is non-  
destructive. The abil i ty to s tudy very small  areas 
(5-100 ~m in diameter)  on a sample surface makes 
this aspect of microprobe analysis par t icular ly  useful 
in the study of layers of nonuni form thickness. It will  
also be of considerable value in studies of how layers 
vary from grain to grain on chemically and s t ructur-  
ally complex alloy systems. 

The main  advantages of this technique is that  one 
can study types of surface layers in situ under  con- 
ditions of relat ively high spatial resolution with re- 
spect to area and depth. This work stresses the use 
of the oxygen K-emission band which is essentially 
free of interference from the metallic substrates. By 
using the newly introduced clinochlore analyzing 
crystal one can detect oxide layers as thin as about 
25A (10). In comparison, Auger electron spectroscopy 
will  undoubtedly  emerge as a complementary tool, 
but it is not yet clear as to what  its relative impor-  
tance wil l  be eventually.  Certainly the problem of 

sample decomposition is common to both techniques. 
Resolution in most Auger spectrometers is such that 
one could not measure the chemical shift as sensitive- 
ly as reported here. Finally,  by using x - ray  ins t ru-  
menta t ion with a broad electron beam (up to 1/2 in. 
diameter) ,  the thickness sensitivity could be improved 
to detect oxide layers as thin as about 2A (one atomic 
layer) which is comparable to that in Auger  spectrom- 
etry. 

As we increase our knowledge of how a material 's  
chemistry and structure influence the wavelength and 
shape of the x - r ay  emission bands this method should 
became more useful as a general  method for charac- 
terization of surface layers on materials. 
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Effect of Nickel in Cr-Ni Stainless Steels on 
the Critical Potential for Stress 

Corrosion Cracking 
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ABSTRACT 

Increasing amounts  of alloyed Ni in 20% Cr stainless steels improve resist-  
ance to stress corrosion cracking in part  by shifting to more noble values the 
critical potentials below which failures are not observed. When the critical 
potential  for any alloy becomes more noble than the corresponding corrosion 
potential  (>26% Ni) the alloys are resistant to MgC12 at 130~ for >200 hr. 
Nevertheless, rapid failure of such alloys up to 35% Ni, and probably including 
45% as well, can be induced by anodic polarization to a potential  which is 
noble to the corresponding critical value. 

Gradual  drift  of corrosion potentials to more noble values, eventual ly  ex- 
ceeding the critical potentials, is the likely cause of stress corrosion cracking 
in practice of <45% Ni stainless steels. Above 45% Ni, s t ructural  factors at 
the surface of plastically deforming alloys become dominant ,  and failures do 
not occur regardless of the prevail ing potential. Pure  nickel is anodic to the 
20% Cr-Ni stainless steels and can be used as sacrificial anode to protect them 
cathodically against stress corrosion cracking. The over-al l  data support the 
mechanism of failure based on stress sorption cracking. 

The critical potential  for stress corrosion cracking 
(scc) of 18-8 stainless steel in boiling MgC12 above 
which failure occurs, but not below, has been reported 
by Hines and Hoar (1), Barnar t t  and van  Rooyen (2), 
Smialowski and Rychik (3), and by Uhlig and Cook 
(4); and similarly in boiling CaC12 by Brenner t  (5). 
Most of the reported values are consistent with the 
value --0.15 ___ 0.01V (SHE) despite variations of 
chlor}de concentration, temperature,  and applied 
stress, plus the use of several commercial  sources of 
18-8 stainless steels in the tests. Uhlig and Cook (4) 
showed in addition that  the critical potential  
[--0.145V (SHE)] for Type 304 cold-rolled 18-8 stain-  
less steel in MgC12 boiling at 130~ is shifted by tens 
of millivolts in the noble direction by salt additions 
which act as inhibitors of scc, e.g., sodium acetate or 
sodium nitrate.  When the concentrat ion of added salt 
was sufficient to shift the critical potential  to a value 
more noble than  the corrosion potential, cracking did 
not take place wi thin  the max imum test period (200 
hr) ,  whereas in the absence of added salts the cracking 
time was 1 hr  or less. Min imum inhibi t ing concentra-  
tions approximated 1% sodium acetate or 2.5% sodium 
ni t ra te  based on the weight of the MgC12 solution. 

The effect of alloyed Ni to increase resistance of 
austenitic stainless steels to scc, and to confer essen- 
tial immuni ty  in amounts  greater than 45 w/o (weight 
per cent) is well  known both through laboratory tests 
and practical service exposures (6, 7). The beneficial 
effect of nickel has been at t r ibuted to higher stacking 
fault  energy (8) leading to tangled ra ther  than co- 
planar  arrays of dislocations when the alloy is plastic- 
ally deformed, thereby making crack propagation 
more difficult (9). However, coplanar arrays of dis- 
locations, al though seemingly necessary, are not a 
sufficient condit ion for scc, as was shown by exami-  
nat ion of many  different kinds of alloys. Other un-  
known factors apparent ly  enter  the mechanism in 
addition to dislocation a r rangement  (9-11). 

The results on inhibi t ing salts cited above suggested 
that  the effect of alloyed Ni may be to shift the critical 
potential  for cracking to more noble values rather  
than  to alter the metal lurgical  s tructure of the alloy, 

E l e c t r o c h e m i c a l  Soc i e ty  S t u d e n t  M e m b e r .  
�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

or that  perhaps both factors are relevant.  The present  
work was under taken  to explore this possibility. 

Experimental 
A series of stainless steels containing variable Ni was 

prepared in the laboratory from deoxidized-decarbur-  
ized electrolytic iron, carbonyl  nickel (courtesy In ter -  
nat ional  Nickel Company),  and h igh-pur i ty  chromium 
obtained from the Electrometallurgical  Company. Two 
exceptions were the high-  and low-ni t rogen 20% Ni 
alloys which were supplied by courtesy of the  Naval 
Research Laboratory and prepared from electrolytic 
Fe and Cr, and carbonyl  Ni. The former alloys were 
melted in vacuum, the furnace then  filled with 1 atm 
purified N2 and the mel t ing continued for about 5 to 
10 min. The lat ter  step was essential because it had 
been shown earlier that  austenitic pure  stainless steels 
are relat ively resistant to scc unless they contain a 
m i n i mum amount  of interst i t ial  ni t rogen (12-14). 
Casting was accomplished by drawing the melt  from 
the N2 atmosphere into 7 mm diameter  Vycor tubing  
and quenching in water. The ingots were homogenized 
for 24 hr  at 1050~ in argon and then water 
quenched. They were cold rolled to 0.04 in. (0.016 cm) 
equivalent  to about 80 % reduction in thickness. Chem- 
ical analyses are given in Table I. The lower N content 
of the 18.9% Cr, 20.0% Ni alloy was intentional .  The 
lower N content  of the 49.4 and 57.8% Ni alloys, on 
the other hand, compared to other alloys of the series 

Table I. Composition of stainless steels (w/o) 

Cr  N i  C N 

18.6 9.4 0.002 0.14 
18.6" 19.5 0.001 0.13 
18.9" 20.0 0,001 0 .036 
20.4 25.7 0.003 0.18 
19.9 30.8 0.001 0.19 
20.8 34,8 0,002 0.15 
19.7 49.4 0'.006 0.07 
18.7 57.8 0.006 0.06 
17.8"* 82.2 - -  - -  

* P r e p a r e d  by  N a v a l  R e s e a r c h  L a b o r a t o r y .  
** C r - N i  b i n a r y  a l l o y  c a s t  i n  He ,  U s e d  o n l y  f o r  c o r r o s i o n  p o t e n -  

t i a l  m e a s u r e m e n t s .  
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was probably a result  of diminished solubil i ty of N in 
stainless steels of increasing Ni content  (15). The sol- 
ubi l i ty  of N in pure Ni at 1600~ for example is about 
0.001%. 

Specimens were sheared to 1-3/4 x 3/16 x 0.04 in. 
(4.5 x 0.5 x 0.1 cm) and tested in the cold-rolled state 
with the rol:.ing direction parallel  to the long d imen-  
sion. Cold-rolled specimens were chosen because of 
their shorter cracking times compared to times required 
for annealed specimens (13). Specimens were abraded 
to No. 0 emery paper, degreased in benzene, and 
pickled in  25 v/o  (volume per cent)  H2804, 25 v/o  HC1 
at 90~ for 5 rain followed by a pickle in 15 v/o  
HNOa, 5 v/o HF at the same tempera ture  and time. 
Specimens were immediately bent  beyond the elastic 
l imit to a sl;an of 1-5/8 in. (4.1 cm),  t ransferred by 
means of a metal  gauge to insulated holders of the test 
apparatus, adjusted to a final span of 1-7/16 ira (3.7 
cm) and held in this position by a compressed spring. 
The spring insured that  tests in MgC12 boiling at 130~ 
were carried out under  conditions of essentially con- 
stant  flow stress. Fai lure  t ime was recorded by an 
electric clock. Other details of the test have been de- 
scribed previously (13). 

Controlled potential  tests made use of the Heathkit  
or Wenking potentiostats. The 250 ml  test cell (Fig. 1) 
was equipped with two opposing side arms separated 
by glass friL% each containing auxil iary electrodes of 
platinized t i tanium, and a center arm also separated 
by a glass frit in which a Luggin capil lary was con- 
nected to a saturated calomel electrode at room tem- 
perature.  Solutions in the side a rm were  of MgC12 
of sl ightly lower concentrat ion than the boiling solu- 
t ion inside the cell. P re l iminary  tests established that  
the geometry of the cell and the high conductivi ty of 
the electrolyte made any corrections for IR drop un -  
necessary. A Ni wire 0.025 in. (0.065 cm) diameter  
was spot welded to one end of the stressed specimen 
and completely encased in small  diameter  Teflon tub-  
ing in order to reduce any  current  reaching the wire. 
Because of accumulat ing electrolysis products, con- 
trolled potential  runs  were not carried out beyond 
100 hr  in  comparison with simple immersion tests 
which were run  to a max imum of 200 hr. 
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Corrosion potentials were measured for the un -  
stressed alloys par t ly  immersed for at least 20 hr  in the 
boiling MgC12 solution at 130~ avoiding immersion of 
the spot-welded junct ion  to the connecting Ni wire. 
Barnar t t  and van Rooyen (2) showed previously that  
stress does not appreciably affect the potent ial  behav-  
ior of stainless steels in MgC12 solution. All potentials 
are reported on the s tandard hydrogen scale, omit t ing 
corrections for l iquid junct ion  and thermal  gradients. 

Results 
Figure 2 shows that fai lure t ime of the alloys in 

MgC12 at 130~ increases with Ni content. At and 
above 30.8% Ni, the alloys were not susceptible to 
scc wi thin  the ma x i mum time of test (200 hr) .  The 
19.5% Ni alloy shown in Fig. 2 is that  containing 0.13% 
N. The similar  alloy containing only 0.036% Iq did not 
fail wi thin  200 hr, confirming previous results on the 
detr imental  effect of inters t i t ia l  ni t rogen (12-14). 

Anodic polarization of the otherwise resistant  30.8% 
and 34.8% Ni alloys induced total fai lure by cracking 
within  a few hours. Pi t t ing accompanied cracking at 
the most noble applied potentials. However, alloys 
containing 49.4% Ni or more  (or the 20% Ni low-N 
alloy) could not s imilarly be made to fail when anodi-  
cally polarized 10 or 20 mV more noble than the cor- 
rosion potentials. Prolonged anodic polarization or 
polarization to still more noble potentials served only 
to induce random pit t ing without cracking. 

The relat ion of t ime to fai lure at various constant  
applied potentials for all susceptible alloys is shown 
in Fig. 3 and 4 together with corrosion potent ia ls  at the 
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Fig. 2. Stress corrosion cracking of 20% Cr stainless steels in 
MgCI2 at 130~ as a function of Ni content. 
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Fig. 3. Effect of applied potential on stress corrosion cracking of 
20% Cr stainless steels in MgCI2 at 130~ 
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of 20% Cr stainless steels in MgCI2 at 130~ 

end of 24 hr. A critical potential  below which the alloy 
did not fail wi th in  the m a x i m u m  t ime of test (100 hr) 
is clearly defined for the 9.4% Ni alloy at --0.15 to 
--0.16V which is in reasonable agreement  with corres- 
ponding potentials reported previously for commer-  
cial 18-8. For higher Ni alloys, the critical potentials 
lie at less negat ive (.more noble) values. The precise 
value for each alloy at 100 hr is defined to wi thin  
bet ter  than  +_.5 mV, and it is l ikely that  such values 
also apply to longer times. The one apparent  exception 
is the 19.5% Ni alloy for which the slope of potential  
vs.  failure time is still appreciable at 100 hr. The crit i-  
cal potential  for this alloy, corresponding to long 
fai lure times, may lie therefore somewhat below 
--0.14V. 

A plot of critical and corrosion potentials (Fig. 5) 
shows that  a crossover occurs at about 26% Ni. Al-  
though critical potentials for scc were not observed for 
alloys above 34.8% Ni, the corrosion potentials of high 
Ni alloys tend toward increasingly noble values. Sur-  
prisingly, the value for pure  Ni drops to --0.18V which 
is consistently more active than the corrosion or crit i-  
cal potentials of any of the alloys. Barnar t t  and van 
Rooyen (2) previously observed that  Ni, al though 
ini t ial ly active, may become noble to 18-8 after long 
exposure times, but  their  observations apply to MgC12 
boiling at 146~ At 130~ a reversal  of potential  
was never  observed. The active value for Ni accounts 
for the observation of Cook (16) that  even a small  
length  of exposed Ni wire coupled to 18-8 specimens 
immersed in the MgCI2 test solution serves to cathodi- 
cally protect 18-8 against scc. In other words, Ni acts 
as a sacrificial anode. The coupled Ni wire, however, 
did not affect t ime to failure under  conditions of con- 
trolled potential. The 49.4% Ni or 57.8% Ni alloys, for 
example, did not crack when anodically polarized us- 
ing either Ni wire or a wire of the sample composition 
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Fig. 5. Effect of alloyed Ni on critical and corrosion potentials 
of 20% Cr stainless steels in MgCI2 at 130~ 

as the test specimen. Fur the rmore  the measured cri t i -  
cal potential  for commercial  18-8 was the same using 
either Ni or 18-8 wires (16). Neumann  and Griess (17) 
reported earlier that  Ni-plated austenitie stainless 
steels, even when the coating was discontinuous, pre-  
vented scc in a solution containing dissolved oxygen 
and 50 ppm chloride at 300~ Nickel in  this instance 
presumably  also polarized the stainless steel below its 
critical potential.  

Discussion 
The present results lend fur ther  support to the view 

that susceptibili ty to scc can occur only if the corro- 
sion potential  is noble to the critical potential. Alloyed 
Ni shifts the critical potential  in  the noble direction; 
when  the corrosion potential  is exceeded, cracking no 
longer occurs. This is the same relat ion reported for 
18-8 by Uhlig and Cook (4) when  inhibi t ing concen- 
trations of sodium acetate or n i t ra te  are added to 
MgC12 solution, the critical potential  being shifted by 
the added salts to values which are noble to the cor- 
rosion potential. In  other words, alloyed Ni up to 
34.8% (and perhaps up to at least 45%) increases re- 
sistance of stainless steels to scc in part  by a mecha-  
nism which parallels that  of inhibi t ing salt solutions. 

At least two factors may  account for the crossover 
composition (Fig. 5) coming at about 26% rather  than  
at 45% Ni corresponding to observed immuni ty  in less 
pure or in  commercial  alloys. The first is that  the 
present pure alloys conta in  only ni t rogen as a sensi- 
tizing impuri ty.  Commercial  alloys, by way of com- 
parison, contain m a n y  addit ional  impuri t ies  which can 
accelerate cracking, a number  of which were listed by 
Lang (18). The second factor is the relat ively short 
exposure times used of necessity in the present  tests. 
Copson (7) for example, ran  tests up to 30 days. Fu r -  
thermore, our results, as well  as those of others (1, 
2, 19), show that the corrosion potential  tends in 
t ime to drift  toward more noble values; hence it is 
probable that the corrosion potentials for alloys con- 
ta ining 30.8% and 34.8% Ni eventual ly  become noble 
to their critical potentials, at which t ime but  not be- 
fore, fai lure takes place. Absence of an observed crit i-  
cal potential  for alloys containing 49.4% or more Ni 
(probably >45% Ni) suggests that such alloys are 
immune  to scc for s t ructural  reasons related for ex- 
ample to unfavorable  dislocation arrays, low N solu- 
bil i ty and similar factors. 

Drift of Corrosion Potential and Pitting 
Why does the corrosion potential  drift  toward more 

noble values? It is not considered likely that  the pas- 
sive film normal ly  associated with stainless steels is 
accountable despite recurr ing ment ion  of this possi- 
bi l i ty in  the l i terature.  There are several reasons for 
reaching this conclusion: (i) Potentiostatic polarization 
curves in MgC12 solutions at the test temperatures  show 
no evidence of a passive region (2-4). Furthermore,  
(ii)  addition of HC1 to the MgC12 test solution which 
should break down or dissolve passive films shifts the 
corrosion potential  in  the noble direct ion opposite to 
the direction accompanying any supposed loss of pas- 
sivity (2). In accord with the noble shift, scc of 18-8 
stainless steel occurs in shorter times compared to the 
nonacidified MgC12 solution (20). (ii i)  Pre-exposure  of 
unstressed 18-8 to MgC12 test solution at 154~ is 
found to affect subsequent  scc behavior  of the stressed 
alloy. This occurs not because a surface film is dis- 
rupted, as Hoar and Hines suggested (19), bu t  instead 
because of a metal lurgical  change in the alloy induced 
at 154~ (21). The same subsequent  shorter failure 
t imes are observed whether  the specimens are heated 
at 154~ in the boiling MgC12 solution or in air. ( iv )  
Finally,  the corrosion potential  of 18-8 in  MgC12 at 
130~ is active to the hydrogen electrode potent ial  in 
the same solution indicat ing that  the alloy is in  the 
active state (4). 

The t rend of potential, therefore, may be caused by 
(i) changing composition of MgCI2 solution, e.g., chang-  
ing pH, or accumulat ion of metal  ions; (ii)  changing 
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composition of the alloy surface, e.g., preferent ia l  dis- 
solution of specific alloy components or redeposition of 
cations like Ni++;  (iii) formation of a hydrated ox- 
ide film acting as a diffusion bar r ie r  [similar to a film 
of Fe(OH)2 on iron exposed to water, or PbSO4 on Pb 
exposed to H2SO4]. The first possibility was el iminated 
by changing the MgC12 solution after 24 hr and noting 
that  the potentials of several alloys were unchanged in  
the new solution after a few minutes  exposure. The 
second possibility is more difficult to assess, especially 
since re levant  composition changes may  concern only 
monolayer  quantities.  Certainly preferent ia l  dissolu- 
t ion of stainless steel components in an acid pickling 
solution is not observed. Furthermore,  if Ni + + were 
to redeposit, the potential  would drift in the  active, not 
in the noble direction, since the corrosion potential  of 
Ni in MgCt2 at 130~ is decidedly active to that  of any 
of the present  stainless steels. A surface alloy change is 
possible, therefore, but  not probable. Finally,  the third 
possibility appears to be the most plausible because a 
surface film showing weak interference colors becomes 
visible after several hundred  hours '  exposure to MgCt2 
at 130~ (at 154~ the film is black) .  Chemical 
analysis of the resul tant  MgC12 solution for heavy 
metals compared to weight loss of the immersed stain-  
less steel specimens suggests that the film after 190 hr 
exposure grows to a thickness of about 4500A. The 
analysis indicates fur thermore  that the film probably 
consists mostly of Fe (OH)3, perhaps part ial ly hydrated, 
which might  be expected on the basis tha t  Ni(OH)2 is 
more soluble than  Fe(OH)3 or Cr (OH)~. Detailed data 
are given in  Table II. 

Although a more complete quant i ta t ive  analysis of 
the film and its s tructure require fur ther  detailed in -  
vestigation, there is no doubt that  the film exists, that it 
is re la t ively thick, and that  as it  forms it  appreciably 
reduces the  uni form corrosion rate of stainless steels in 
MgC12 solution (20). It  is the reduction in corrosion 
rate that l ikely accounts for the shift of corrosion po- 
tent ia l  in  the noble direction. The responsible film is 
obviously not the  usual  passive film on stainless steels 
both because the  film is very much thicker than  the 
passive film, and because there is no evidence of a 
Flade potential.  

The presence of a surface reaction product film ex-  
plains why anodic polarization may induce corrosion 
pitting, par t icular ly  at noble potentials. The alloy dis- 
solution rate is expected to be higher at local sites of 
the metal  surface where the  reaction product  film is 
th inner  or absent, hence corrosion tends to be localized. 
Pi t t ing usual ly  begins only after a certain induction 
period presumably  because of the t ime necessary to 
establish an adequate surface film. 

For the highest Ni alloys, it was observed that  a 
l inear  succession of pits often tended to localize in the 
areas of m a x i m u m  tensile stress and that  fai lure there-  
fore could be interpreted as occurring perhaps by pi t -  
t ing rather  than  by cracking. It is probable, however, 
because nucleat ion of pits is usual ly random, that  in 
such instances cracks form first, and that the resul tant  
crevices become favored sites for accelerated localized 
attack because of exposed fi lm-free metal. A l inear 
succession of pits, therefore, was interpreted as evi- 
dence of prior failure by scc. 

Mechanism of scc 
Several  mechanisms of scc have been proposed, the 

many  details of which lie outside the scope of the 

Table II. Chemical analyses of MgCI2 solution after immersion of 
stainless steel specimens for 190 hr at 130~ 

Cr  N i  F e  

C o m p o s i t i o n  of a l loy  19.0% 21 .3% (59.7%) 
H e a v y  m e t a l  ions  i n  s o l u t i o n  20 .4% 33.2% t46 .4%)  

Wt.  loss  of  190 em~ s t a i n l e s s  s t ee l  spec .  = 11.9 m g  
T o t a l  Cr ,  Ni ,  Fe  f o u n d  in  MgCl~ s o l u t i o n  = 26.5 m g  
D i f f e r e n c e  ( a s s u m e d  e q u a l  to O or  OH)  = 14.6 m g  

or  0.077 mg/cm-"  
0.077 m g  O H / c m ~  = 0.161 m g  Fe(OH):~/cm~ 
T h i c k n e s s  of m e t a l  h y d r o x i d e  (d = 3.6) = 4470A 

present  paper. Discussion will  be l imited to the electro- 
chemical theory dependent  on anodic dissolution of 
metal  atoms at the  tip of a crack, and to the theory of 
stress sorption cracking dependent  on dissociation of 
strained metal  atom bonds at the crack tip weakened 
by adsorption of damaging ions (22). On the basis of 
the electrochemical mechanism, it is not certain why 
alloyed Ni should shift the critical potential  for scc in 
the noble direction. It can be assumed, for example, as 
in  typical instances of cathodic protection, that  the 
critical potential  is related to the open-circuit  anode 
potential.  Hines and Hoar made this assumption (1). 
Then the anode potential  can be assumed to move in 
the more noble direction the higher the Ni composition 
for reasons similar to those applying to observed shift 
of the corrosion potential.  But  the fact that  the cor- 
rosion potentials for 30.8% and 34.8% Ni stainless steels 
are active to their  respective critical potentials casts 
doubt  on this possibility, as well as on any model of 
scc based on a galvanic cell the anode of which is 
situated at the tip of a growing crack. The corrosion 
potential  of a galvanic cell must  always be noble to the 
open-circui t  anode potential ;  the inverse  can never  
occur. Assuming that only part ial  cathodic polarization 
toward the open-circuit  anode, potential  suffices to 
prevent  scc is not of any help to the electrochemical 
model because such polarization always shifts the po- 
tent ial  in a direction active, not noble, to the cor- 
rosion potential.  

Bearing on this mat ter  are observations that anodic 
polarization curves for 18-8 in  MgC12 at 130~ show 
no evidence of increased polarization (corresponding to 
decreased corrosion) in  the presence of sodium acetate 
which inhibits  scc (4). Furthermore,  anodic polariza- 
t ion curves in  MgC12 at 130~ as obtained presently 
for the 20% Ni low-N alloy which resists scc are 
identical to the corresponding curves for the 19.5% Ni 
high-N alloy which is susceptible to scc. 

On the basis that  the mechanism of stress sorption 
cracking applies instead, Ni shifts the critical potential  
in  the noble direction because Ni has less affinity for 
C1- than  does either Cr or Fe. For  example, the 
s tandard free energies of formation of NiC12, FeC12, and 
CrC12 at 25~ are --65.1, --72.2, and --85.2 kcal, re- 
spectively (23). Hence, if these values are used as a 
quali tat ive measure  of C1- affinities, a more positive 
applied potential  is required the higher the. Ni content, 
as is observed, to affect adequate adsorption of C1- 
on defect sites of plastically deforming alloy accom- 
panying reduction of the cohesive strength of surface 
metal  bonds. On this view, electrochemical factors may 
affect the corrosion potential  which in t u rn  determines 
whether  adsorption of C1- is favorable or unfavorable  
for crack ini t iat ion and growth, but  the mechanism is 
not one of dissolution of metal  atoms at the tip of the 
crack. I t  is one of physical  part ing of metal  atoms in-  
stead for which adsorbed components of the envi ron-  
ment  play a major  role, analogous to the role of 
specific metal  atoms as cause of l iquid metal  embri t t le-  
ment, e.g., cracking of stressed brass by liquid Hg. The 
critical potential  is interpreted accordingly as that 
value above which C1- ions adsorb on appropriate 
defect sites of plastically deforming stainless steel, and 
below which C1- ions desorb. 

In  addition to factors of the envi ronment  leading to 
adsorption, it is also obviously necessary for scc that  
the surface defect s t ructure  of the metal  must  be  fav-  
orable for adsorption. For example, the. 20% Ni low-N 
alloy is found not to crack despite anodic polarization 
to relat ively noble values, contrary to the 19.5% Ni 
high-N alloy which fails whether  polarized or not. 
Fur ther  evidence comes from the lack of fai lure of 
alloys containing 49.4% or more Ni despite anodic 
polarization. 

The above considerations therefore lead to the  con- 
clusion that  necessary and sufficient conditions for scc 
are (i) a potential  favorable to adsorption of damaging 
components of the env i ronment  on appropriate defect 
sites of the meta l  surface, (ii) both a metal lurgical  
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structure and tensi le stress which produce surface de- 
fect sites on which adsorption succeeds. 
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Magnetic Properties of Electrodeposited 
Nickel-Iron-Phosphorus Thin Films 

Koichi Mukasa, Masayoshi Sato, and Masao Maeda 
Department of Electronics, Faculty of Engineering, Hokkaido University, Sapporo, Japan 

ABSTRACT 

The effect of hypophosphite ions in the plat ing bath on the uniaxial  mag-  
netic anisotropy in n ickel- i ron thin films electrodeposited on uniaxia l ly  
scratched substrates was investigated. It was observed that  the presence of 
hypophosphite ion in the plat ing bath results in a decrease of the uniaxia l  
magnetic anisotropy. This decrease of the uniaxial  magnetic anisotropy was 
found to be due to the decrease of the saturat ion magnetizat ion of the films 
electrodeposited from the plat ing bath containing hypophosphite ions. Three 
possibilities for the effect of the phosphorus on the saturat ion magnetizat ion 
are considered. 

Nickel- i ron th in  films which were electrodeposited 
in an applied magnetic field may  prove useful as com- 
puter  memory and logic elements. Recently, the elec- 
trodeposited thin films have been investigated by 
many  authors because of the simplicity of their  prepa-  
ration. It  is known that the na ture  of the substrate 
surface affects the magnetic properties of thin films. 
For example, the magnetic properties of electrode- 
posited films are known to be a very sensitive function 
of the scratches of the substrate surface (1). 

Many workers have shown that one can achieve 
uniaxial  magnetic anisotropy in deposited permalloys 
by depositing on a surface scratched predominant ly  in 
one direction (2-5). And, in a previous paper (6), it 
was reported that this uniaxial  anisotropy constant Ku 
is described as 

1 3 
. . . .  2~ sin20 [1] Ku -~- ( N t - - N p )  . Is  2 +  2 

where Nt and Np are the demagnetizing factor of the 
film in the direction perpendicular  and parallel  to the 
scratches, respectively, a is the tensile stress in the 
film, and ~ is the saturat ion magnetostrict ive constant. 

It is known that the presence of hypophosphite ions 
in the plat ing bath results in phosphorus in the de- 
posits (7, 8). This is t rue also in the case of electroless 
deposition (9). Mechanical properties (8, 9), metal -  
lurgical s t ructure (10-12), and magnetic properties 
(13-15) of Ni-P and Ni -Fe -P  films have been in-  
vestigated in detail. And it was observed for films 
electrodeposited on a smooth surface that  the coercive 
force and anisotropy field of Ni -Fe -P  films are small  
compared with that of Ni-Fe films (7). In  this work 
the effects of sodium hypophosphite (NaH2PO2 �9 H20) 
in the plat ing bath on the uniaxial  magnetic anisotropy 
in n ickel- i ron thin films electrodeposited on uniaxial ly  
scratched substrates were investigated. That is, the 
uniaxial  magnetic  anisotropy studied in this work is 
not the anisotropy induced in  the film by depositing in 
the presence of magnetic  field, but  the anisotropy 
achieved in the film by depositing on a surface 
scratched predominant ly  in one direction. 

Experimental Procedures 
Films used in this work were electrodeposited at 

room temperature.  The chemical compositions of the 
electrolyte were NiSO4 �9 6HaO (140 g/ l i ter) ,  FeSO4 �9 
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7H20 (20 g/ l i te r ) ,  I~BOa (15 g/ l i te r ) ,  NH4C1 (16 g/  
l i ter) ,  and NaH2PO2 �9 H20 (0 ~ 5 g/ l i ter ) .  A rolled 
nickel plate was used as the anode. The current  den-  
sity of deposition was 25 mA/cm 2. Films used for the 
measurement  of magnetic torque curves and of satu- 
rat ion magnetizat ion were electrodeposited on 
scratched copper substrate. The diameter  and the 
thickness of films used for the measurement  of the 
torque curves were 1 cm and 500A. The diameter  of 
films used for the measurement  of the saturat ion 
magnetizat ion was 0.5 cm and the five films of 5000A 
in thickness were measured in a group. The satura-  
t ion magnetizat ion of both films electrodeposited from 
the bath containing 0 and 5 g/ l i ter  hypophosphite 
concentrat ion did not vary much with thickness for 
thickness less than  5000A. And, especially for films 
electrodeposited from the bath with hypophosphite, it 
was observed that  the variat ion of the saturat ion mag- 
netizat ion was small. Thus the films of 5000A in thick-  
ness were used for the measurement  of the saturat ion 
magnetizat ion because of the convenience of the facili- 
ties in the Sucksmith's  balance measurement .  Films 
used for the measurement  of the film thickness and 
for the observation of the electron micrography were 
electrodeposited on the substrate which was made 
from ordinary  microscope cover glass which had been 
coated with vacuum evaporated layers of chromium 
and copper. 

The torque curves were measured by means of a 
torque magnetometer  in a uniform magnetic field of 
13 kOe at room temperature.  The saturat ion magnet i -  
zation was measured by Sucksmith's  r ing balance in a 
nonuni form magnetic field of about 10 kOe. The film 
thickness was measured by mul t ibeam interferometry.  
For the observation of electron diffraction and t rans-  
mission electron micrography, the copper layer at-  
tached to the deposits having thickness of 250A was 
dissolved in a solution of sodium cyanide (20 g/ l i ter) .  
The electron beam vchich was accelerated by 130 kV 
was perpendicular  to the surface of the films. The 
content of phosphorus in the films was measured by 
the use of the x - r ay  microanalyzer and colorimetric 
method. 

Results and Discussion 
Thickness of films.--In order to examine the effects 

of phosphorus on the film thickness, the thicknesses 
of the films electrodeposited from the bath with and 
without the hypophosphite were measured as a func-  
tion of the plat ing time, and the results are shown in 
Fig. 1. It  is seen in Fig. 1 that  the measured thick- 
nesses of the films increase with increasing plating 
time for the plating t ime less than  30 sec when the 
films are electrodeposited from the plat ing bath wi th-  
out hypophosphite, but  the measured thickness of the 
films is thicker than  the thickness which is calculated 
from the weight of the film and the density data (16) 
by about 25%. Thus it is considered that  the thin films 
electrodeposited from the plating bath without  hypo- 
phosphite include voids, as was discussed in a previ-  
ous report (6). 

In  the case of the films electrodeposited from the 
plat ing bath with hypophosphite, it was known that  
the films contain phosphorus (5). The measured thick- 
ness of the films with phosphorus is equal to the thick- 
ness of the films without  phosphorus as seen in Fig. 1, 
so that the sodium hypophosphite content  in the bath 
(0 ~ 5 g/ l i ter)  seems to have no influence on the 
thickness of the films. If it is assumed that  the density 
of Ni -Fe -P  alloys is equal to the density of Ni-Fe  al- 
loys, the thicknesses of films both with and without  
phosphorus were the same when it was calculated 
from the weight of the films. Accordingly, it is also 
considered that  the films containing phosphorus will 
include voids, as well  as in the case of the deposits 
without phosphorus. 
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Fig. 1. Thickness of films, d, plotted as a function of plating 
time, t, for Ni-Fe and Ni-Fe-P thin films {NaH2PO2"H20 (5 g/ 
liter) in plating bath}. 

Figure 2 shows the two interference pat terns by 
mul t ibeam inter ferometry  for the films electrode- 
posited from the plat ing bath containing hypophos- 
phite; one is for the film electrodeposited with s t i rr ing 
the plating bath  during the deposition and the other 
is for the film electrodeposited without  stirring. It is 
seen in Fig. 2(a) that, for the film electrodeposited 

Fig. 2. Interference patterns by muitibeam interferometry for the 
films electrodeposited from the plating bath containing hypophos- 
phite: (a) for films electrodeposited without stirring the plating 
bath, (h) with stirring. The thickness of the films is about 1500~,. 
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without s t i rr ing dur ing the deposition, the fringes of 
the interference pat tern  are spaced irregularly;  that  is, 
the surface roughness of the films is observed, but  the 
roughness vanishes when the plat ing bath is stirred 
during the electrodeposition as seen in Fig. 2(b) .  Ac- 
cordingly, it may be said that  the surface roughness 
of the films containing phosphorus is due to hydrogen 
bubble formation. 

Uniaxial magnetic anisotropy of Ni-Fe-P f i lms . -  
Figure 3 shows the measured effective uniaxial  mag- 
netic anisotropy constant, K,* (17), as a function of the 
concentrat ion of the hypophosphite in the plating bath 
from 0 to 5 g/li ter.  The measured Ku* was calculated 
from the torque max imum divided by an apparent  
volume of the films. The measured K~* in Fig. 3 de- 
creases with increasing hypophosphite concentration. 
For example, the values of the measured Ku* are about 
1.3 • 105 erg/cc and 4.0 • 104 erg/cc for the film 
without hypophosphite and for the film more than  
2 g/ l i ter  hypophosphite concentration, respectively. 

Since the composition of films used in this work is 
about 75Ni-25Fe, it is considered that  the measured 
Ku* is due to shape contributioh alone as magneto-  
striction contr ibut ion will be small for this composi- 
tion (6). The effective uniaxia l  magnet ic  anisotropy 
constant, Ku*, which is a funct ion of the volume of 
the nonmagnet ic  inclusions, of thin films electro- 
deposited on a surface scratched predominant ly  in 
one direction is described as 

v v 1 
Ku* = - -  �9 Ku = - - - -  (N, - -  Np) Is 2 

V* V* 2 
1 v* 

= - -  (Nt -- Np) �9 " Is .2 [2] 
2 V 

where v* and v are the volume of magnetic films with 
and without the nonmagnet ic  inclusions, respectively. 
As was stated in a previous section, the value of 
v*/v  was constant  for both Ni-Fe and Ni -Fe -P  films. 
In  an at tempt to explain the behavior of the measured 
Ku* in Fig. 3, the effective saturat ion magnetization, 
Is*, was measured as a function of hypophosphite con- 
centrat ion and is shown in Fig. 4. It  is seen in Fig. 4 
that the effective saturat ion magnetization, Is*, de- 
creases with increasingly hypophosphite concentrat ion 
and becomes constant  for films with more than  2 g/  
l i ter hypophosphite. It may  be understood quali tat ively 
from the decrease of Is* in Fig. 4 and Eq. [2] tha t  the 
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Fig. 3. Effective uniaxial magnetic anisotropy constant, Ku -~, 
plotted as a function of the concentration of the hypophosphite in 
the plating bath, together with the solid curve calculated from 
Eq. [2].  
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Fig. 4. Effective saturation magnetization, Is*,  plotted as a 
function of the concentration of the hypophosphite in the plat- 
ing bath. 

value of K,* decreases with increasing hypophosphite. 
Next, we shall calculate the value of Ku* as a func-  

tion of hypophosphite concentrat ion from Eq. [2] using 
the measured values of Is* in Fig. 4. The values of 
(Nt -- Np) are determined from the measured values 
of Ku* and Is* for films without  phosphorus. Assuming 
the constant value of (Nt -- Np) calculated above re- 
mains unchanged in the cases of the deposits contain-  
ing phosphorus, the calculated Ku* is shown in Fig. 3 
by the solid curve. It is seen in  Fig. 3 that  the mea-  
sured K,* is in good agreement  with the calculated 
K,*. Accordingly, it is concluded that the decrease 
of the effective uniaxial  magnetic anisotropy constant 
in Ni -Fe -P  films is due to the decrease of the effective 
saturat ion magnetizat ion of the films with phosphorus. 
Thus, the variat ion of the measured Ku* in Fig. 3 is 
well interpreted in terms of the variat ion of the ef- 
fective saturat ion magnetization, Is*, in Fig. 4. And 
the assumption that  the value of (Nt -- Np) is con- 
stant may  be valid since the surface roughness, which 
affects the value of (Nt -- Np), of films electrode- 
posited on scratched substrate surfaces probably does 
not vary with the concentrat ion of the hypophosphite 
ions in the plat ing bath. 

E~ects of the phosphorus on the saturation magneti- 
zation.--As was seen in Fig. 4, the effective saturat ion 
magnetization, I~*, decreases with increasing hypo- 
phosphite concentrat ion in the bath. On the other 
hand, no change in thickness and in weight with hypo- 
phosphite concentrat ion was observed as was stated 
in the first section. Thus it becomes evident that  the 
saturat ion magnetization, Is, varies with hypophosphite 
concentration. It  has been observed that  the composi- 
t ion of films electrodeposited without  hypophosphite 
in the bath was about 75Ni-25Fe, that i ron concentra-  
t ion in the film increases with increasing hypophos- 
phite concentration, and that  the Fe-Ni  ratio and the 
phosphorus concentrat ion are constant  for films elec- 
trodeposited with more than  2 g/ l i ter  hypophosphite 
concentration. Thus it will  be considered that the 
decrease of the saturat ion magnetizat ion does not de- 
pend on the increase of the Fe-Ni  ratio but  on the 
increase of phosphorus content  in the film. And it is 
considered that  the saturat ion magnetizat ion becomes 
constant  as shown in Fig. 4 because of the phosphorus 
content  becoming constant  for films electrodeposited 
with more than 2 g/ l i ter  hypophosphite concentration. 
Thus the result  that  the uniaxial  magnetic anisotropy 
becomes constant as shown in Fig. 3 may be due to 
the result  that  the saturat ion magnetizat ion becomes 
constant  as shown in Fig. 4. 

We discuss why the saturat ion magnetization, Is, 
decreases with increasing hypophosphite concentration. 
The electron transmission micrographs and electron 
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transmission diffract ion pa t te rns  of the  film are  shown 
in Fig. 5(a)  and (b ) ;  (a) is for the  films wi thout  
phosphorus and (b) is for  the  films with  phosphorus.  
I t  is seen in Fig. 5 that  the  diffraction pa t t e rn  for the  
films wi thout  phosphorus can be indexed as a face- 
cen te red-cubic  s t ructure.  I t  is also seen in Fig. 5 that ,  
wi th  increas ing hypophosphi te  concentrat ion,  the  dif-  
f ract ion l ine of the  films becomes broader .  Therefore,  
as effects of the  phosphorus  on Is* of the e lec t rode-  
posi ted Ni -Fe  films, th ree  possibil i t ies can be con- 
sidered. 

1. In Fig. 5 (b) ,  it is observed that  the diffraction 
r ings for the  films wi th  phosphorus become broader .  
Goldenstein  et al. (10) obta ined a s imi lar  resul t  con- 
cerning the  diffraction pa t t e rn  of chemical ly  deposi ted 
Ni -P  films, and concluded that  N i -P  deposits a re  
amorphous  l iquidl ike  structures.  I t  may  then be as-  
sumed from the diffraction pa t t e rn  shown in Fig. 
5(b)  tha t  the  e lectrodeposi ted N i - F e - P  films used in 
this  work  are  pa r t i a l ly  amorphous  or tha t  the  la t t ice  
of the  films is distorted.  Then the decrease of sa tura -  
t ion magnet iza t ion  may  be explained.  

2. In  Fig. 5 (b) ,  it  is observed tha t  the  diffraction 
r ings become broader ,  but  a few reflections in the  dif-  
fract ion pa t te rns  are  dist inguishable.  Graham et al. 
(9) obta ined  a s imilar  resul t  concerning the  diffraction 
pa t t e rn  of chemical ly  deposi ted N i -P  films and con- 
c luded tha t  N i -P  deposits were  po lycrys ta l l ine  and 
that  phosphorus  dissolves in c rys ta l l ine  n ickel - i ron.  
Therefore,  on the  basis of  his viewpoint ,  it  may  be 
said tha t  according to the  band theory  proposed by  
Stoner  the  magnet ic  moment  decreases.  

3. In  Fig. 5(b) ,  it  is observed tha t  the  diffraction 
r ings become broader ,  and it is seen f rom the  micro-  
graphs tha t  the grain, if wha t  is seen in the  micro-  

Fig. 5. Electron transmission micrographs and electron transmis- 
sion diffraction patterns of the films without phosphorus (a) and 
with phosphorus (b). 
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graphs is grain, becomes smaller .  Graham et al. (9) 
obta ined a s imi lar  resul t  concerning the electron dif -  
fract ion and the mic rography  of chemical ly  deposi ted 
Ni -P  films, and concluded that  this resul t  was due to 
the  effect of fine gra in  size. Therefore,  fol lowing his 
conclusion, it  may  be said tha t  the  decrease of sa tu ra -  
t ion magnet iza t ion  is due to superparamagnet i sm,  
which was discussed for isolated smal l  s ing le -domain  
par t ic les  and closely packed fer romagnet ic  films wi th  
different  s t rengths  of in terac t ion  (18). 

Summary 
1. It was observed tha t  the  presence of hypophos-  

phi te  ions in the  p la t ing ba th  results  in a decrease of 
the  effective un iax ia l  magnet ic  an iso t ropy  in n icke l -  
i ron thin  films e lect rodeposi ted  on un id i rec t iona l ly  
scratched substrates.  

2. It was also observed  that  the  presence of hypo-  
phosphite  ions resul ts  in a decrease of sa tura t ion  
magnet iza t ion  of films. 

3. The decrease of the  effective un iax ia l  magnet ic  
anisot ropy was found to be due to the  decrease of the 
sa tura t ion  magnet iza t ion  of films e lect rodeposi ted  f rom 
the  pla t ing ba th  containing hypophosphi te  ions. 

4. As effects of the phosphorus on the sa tura t ion  
magnet iza t ion  of n icke l - i ron  th in  films, th ree  possibi l i -  
ties are  considered.  
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ABSTRACT 

Polarographic behavior  of the Ge (II) ion was studied in mixtures  of HC104 
a n d  HC1 at various HsO + ion concentrat ions and ionic strengths at 5 ~ intervals  
from 20 ~ to 35~ The cathode reduction of Ge(I I )  at a dropping mercury  
electrode was found to be Ge ++ -{- 2e = Ge ~ for [H + ] > 2M in mixed solu- 
tions of HC104 and NaC104. In the presence of C1- ion at 25~ the reduction 
of Ge( I I )  was found  to be a two-electron reversible reaction. The formation 
of GeC13- and GeOC12 = was presumed from the polarographic data. The 
cathode reduction is expressed by GeC13- -{- 2e = Ge o -{-3C1- ([H + ] > 5.0M) 
and GeOC12 = ~ 2H + ~- 2e ---- Ge o -{- 2C1- -{- H20 ([H +] ~ 1.0M). 

The existence of complex anion GeXs-  in  halogen 
acid solutions was reported by  Tchakir ian (1) and 
Karantassis  et al. (2) and confirmed by the observa- 
t ion of Raman spectra by Tchakir ian and his collabo- 
rators (3, 4). By reducing Ge(IV) to the Ge(I I )  state 
with hypophosphite in hydrochloric acid solution, a 
cathode wave due to the reduction, Ge(I I )  -{- 2e = Ge, 
was found by Al imar in  and Ivanov-Emin  (5), while 
an anodic wave due to the oxidation, Ge (II) = Ge (IV) 
-{- 2e, was observed by Cozzi and Vivarell i  (6). The 
polarographic behavior of Ge(I I )  in hypophosphorous 
acid and hydrochloric acid was subsequently reinves-  
tigated by Everest (7). In  any of the aforementioned 
investigations, however, no evidence has been given 
for the existence of the single Ge + + ion in aqueous 
solution. 

In  order to observe the polarographic behavior of 
Ge(I I )  ion in acid solutions, therefore, the present  
investigators (8) have prepared Ge( I I ) -perch lora te  
which, though unstable, may be expected to give a 
reduction wave of Ge ++ or Ge(H20)e ++ ion in per-  
chloric acid solution at a dropping mercury  electrode. 
The purpose of the present  investigation is, therefore: 
first, to make a polarographic s tudy of Ge( I I )  ion in 
perchloric acid and in a mix ture  of hydrochloric and 
perchloric acids without  the presence of hypophos- 
phite; and, second, to find the l igand number  of chlor- 
ide of the Ge ( I I ) -chlor ide  complex ion and its reduc- 
t ion mechanism at a dropping mercury  electrode. 

Experimental 
All chemicals used, except germanium dioxide 

(Alfa Inorganic Inc. Chemicals, 99.999% pur i ty) ,  were 
of Baker Analyzed Reagent grade. A mixture  of 
Ge( I I ) -ch lo r ide  and hypophosphite was prepared by 
reducing Ge(IV)  to Ge(I I )  with sodium hypophos- 
phite in hydrochloric acid, according to Everest (7). 

Ge rman ium( I I ) -hyd rox ide  (9, 1O) was prepared by 
neutral iz ing the mix ture  of Ge( I I ) -ch lor ide  and hy-  
pophosphite with dilute ammonia  solution. The 
brownish yellow precipitate was washed repeatedly 
with deaerated water  in a current  of deoxygenated 
ni trogen unt i l  the ammonium,  chloride, and hypo- 
phosphite ions were free from the wash liquid as 
determined by the quali tat ive tests. 

Solutions of Ge( I I ) -perch lora te  in perchloric acid 
a n d  Ge(I I ) -ch lor ide  in  hydrochloric acid were pre-  
pared by dissolving Ge( I I ) -hydrox ide  in the corre- 
sponding acid. Another  solution of Ge( I I ) -ch lor ide  
was prepared by dissolving the solid germanium di- 
chloride, obtained from the reaction of germanium 
tetrachloride with germanium (11) in hydrochloric 
acid for comparison. The content  of bivalent  germa- 
n ium was determined,  after addition of the Ge(I I )  
solution to a greater amount  of ceric sulfate solution, 

by potentiometric t i t rat ion with a s tandard solution 
of ferrous sulfate. 

Polarograms were taken with a Yanagimoto Type 
PB-105 pen-recording polarograph using a H- type  
cell and a saturated calomel electrode. In  order to 
prevent  the electrolyte solution from evaporating 
dur ing passage of ni t rogen gas, a gas-washing bottle 
containing the corresponding acid or the mixed acids 
of the same concentrat ion was inserted between wash- 
ing bottles for gas purification and the polarographic 
cell in the thermostat  at 25 ~ ~ 0.1~ A 0.001% gela- 
t in  solution was used as the ma x i mum suppressor. 

Results and Discussion 
Polarographic behavior of Ge(II)-perchlorate.--A 

well-defined cathode wave was observed in polaro- 
grams of Ge(I I )  in the mixtures  of perchloric acid 
and sodium perchlorate at various hydron ium ion 
concentrations and ionic strengths at 25~ (Table I),  
and in those at constant hydron ium ion concentrat ion 
and various ionic strengths at 5 ~ intervals from 20 ~ 
to 35~ (Table II) .  Above [H30 +] ---- 2.0M, the value 
of E1/2 of the cathode wave is practically independent  
of hydron ium ion concentrat ion at constant  ionic 
strength, which shifts to a more positive value with 
increasing ionic strength, as shown in Table I. At 

Table I. Dependence of half-wave potential of germanium (11) on 
hydronium ion concentration and ionic strength* of the mixture 

of HCI04 and NaCI04  at  25~ 

1 .0  2 . 0  3 . 0  4 . 0  5 . 0  

5 .0  - - 0 . 3 6 0  
4.0 -- 0.370  -- 0.360 
3.0 - -  0 . 3 9 5  - -  0 . 3 7 5  - -  0.360 
2 .0  -- 0.425 - -  0 . 3 9 6  - -  0 . 3 8 0  - -  0.360 
1.0 --0.425 --0.385 --0.370 --0.340 --0.315 

* B o t h  i o n  c o n c e n t r a t i o n s  a n d  i o n i c  s t r e n g t h  a r e  g i v e n  i n  g r a m  
i o n s  p e r  l i t e r  a n d  E1/2 i n  v o l t s  v s .  S C E .  

Table II. The half-wave potential of germanium (11) in HCI04 and 
NaCI04  at various ionic strengths and temperatures at 

[H + ]  = 1.ON 

too 
200 25 ~ 3 0  ~ 3 5  ~ 

2 . 2 2 5  - -  0 . 3 3 0  - -  0 . 3 1 5  - -  0 . 3 1 0  - -  0 . 3 0 0  
2.000 -- 0.350 -- 0.340 -- 0.335 -- 0.330 
1.733 -- 0.380 -- 0.370 -- 0.355 -- 0.360 
1.414 -- 0.410 -- 0.385 -- 0.390 -- 0.380 

1.000 -- 0.420 -- 0.425 -- 0.415 -- 0.410 

26 
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Table III. The values of --E1/2 for Ge (11) in the mixtures of 
HCIO4, NaCIO4, and NoCI at 25~ ([H +]  = 1.0M) 

~ [CI-] 0.25 0.50 0.'/5 1.00 1.25 1.75 , z \  
2.225 0.335 0.350 0.355 - -  0.375 0.390 
2.000 0.345 0.355 0,3'/0 ~ 0.390 0.395 
1.733 0.350 0.3"/0 0.375 ~ 0.395 0.400 
1.414 0.360 0.375 0.390 - -  0.400 0.405 
1.000 0.370 0.385 0.4.00 0.405 -- -- 

constant hydronium ion concentration, [HsO + ] = 
1.0M; however, the value of E z / 2  shifts to a more nega-  
t ive value with decreasing ionic strength, as shown 
in Table II. 

Though plots of log i / ( id  -- i) VS. E~.~. give a slope 
of 0.03, we could not make sure that  the reaction 
Ge ++ q- 2e = Ge in HC104 is reversible since the 
value of (Ez/4 -- E1/4) changes from 0.04 to 0.08, and 
the Ge(I I )  ion is so unstable  in HC104 that the diffu- 
sion current  decreases as t ime progresses. The posi- 
tive shift in E1/2 with increasing ionic s t rength at con- 
stant  hydronium ion concentrat ion may be a t t r ibu t -  
able to the decrease in activity, while the positive 
shift in E1/2 with decreasing hydronium ion concen- 
t rat ion at constant ionic strength may be a t t r ibutable  
to the possible change in aquo struction of the elec- 
troactive species, say from Ge (H20)~+ + to G e ( O H ) ,  

2--n 
(H20) 6- . .  

Polarographic  behavior  of Ge ( I I )  in t he  m i x t u r e s  
o~ chloride and perchlorate  i ons . - -The  bivalent  ger- 
man ium has been found to be more stable toward 
hydrolysis and oxidation in hydrochloric acid than  in 
perchloric acid. The values of Ell2 obtained from the 
cathode wave of Ge(I I )  in the mixtures  of HCI, NaC1, 
and NaC104 at various chloride ion concentrations 
and ionic strengths at constant hydronium ion con- 
centrat ion,  [H + ] = 1.0M, are indicated in Table III. 
By plott ing E1/2 vs. ~/-[ at various chloride ion con- 
centrat ions at 25~ a series of straight lines was ob- 
tained as shown in Fig. 1. The slope of these l inear  
plots changes from 0.027 to 0.036 as the chloride ion 
concentrat ion changes from 0.25 to 1.75M; viz. ,  0.0591/n 

0.027, 0.029, 0.032, 0.033, and 0.036 with [C1-] 
0.25, 0.50, 0.75, 1.25, and 1.75M, respectively. The 

fact that  plots of log i / ( i~  -- i) vs. Ed.e. for Ge( I I )  in  
the mixtures  of HC1 and NaC104 at various chloride 
ion concentrations and ionic strengths give n = 2, and 
the value of (E3/4 -- E1/4) changes in the range of 
0.03 ~ 0.04, indicates the cathode reduction to be a 
reversible two-electron process. 

In  the mixtures  of hydrochloric acid and sodium 
chloride at constant ionic s trength and chloride ion 
concentrations, I = [C1-] = 5.0, 4.0, and 3.0M, the 

Table IV. Dependence of half-wave potential on hydronium ion 
concentration at 25~ 

I = 5 , 0 ,  [CI-] = 5.0M 
[H+] 0.53 1.07 1.60 2.13 2.67 
-- EI/~ 0.425 0.446 0.455 0.465 0.455 

I = 4.0, [Cl-]  = 4.0M 
[H+] 0.53 1.06 1.68 2.11 2.64 
-- Ez /~  0.420 0.445 0,450 0.450 0.450 

I = 3.0,  [CI-] = 3.0M 
[H+] 0.50 1.00 1.50 2.00 2.50 
- E~/~ 0.420 0.440 0.450 0.450 0.450 

half-wave potential  is independent  of hydron ium ion 
concentrat ion when  [H + ] is higher than  1.5M, as 
shown in Table IV. In  the mixtures  of hydrochloric 
acid and ammonium chloride, as well  as ammonium 
hydroxide and ammonium chloride at constant ionic 
strength, I = 0.48; however, the ha l f -wave  potent ial  
in volts vs. SCE varies with pH of the solution at 25~ 
The values of El/2 are given as functions of pH as 
follows 

E1/2 = -- 0.362-0.059 pH (pH 1 ~ 2) 

and El~2 = -- 0.165-0.055 pH (pH 7.6 ,-~ 9) 

Dependence of El~2 on e l -  ion concentrat ion in mix-  
tures of HC1, NaC1, and NaC104 at constant  H80 + ion 
concentrat ion and various ionic strengths is shown in 
Fig. 2. The data are summarized in Table III. Depen-  
dence of Ez/2 on C1- ion concentrat ion at constant  
ionic strength, I = 5.0, and various H80 + ion concen- 
t rat ions is shown in Fig. 3. The slope of these l inear  
plots changes from 0.09 to 0.06 as H30 + ion concentra-  
tion decreases from 5.0 to 1.0M. Dependence of Ell2 on 

eL/ ~  
6 

>" 

-o3 

Fig. 2. Dependence of Ell2 on C I -  ion concentration in mixtures 
of HCI, NaCI, and NaCiO4 at [H +]  = 1.OM (25~ I = 1.0, 
O ;  2.0, [~; 3.0, A ;  4.0, @; 5.0, l .  

- 0 . 5~  . . . .  i . . . .  , - 0 ~  ~ .... 

L c5 

4.4  L L " ~  "~ "Q4.0 

W ~ 

4o .o; ; 
o 9  ~ J , 2 " ""  

Io&LcC] 

Fig. 1. Dependence of El~ 2 on ~ / [ f o r  Ge(ll) in mixtures of C I -  
and CIO4-  ions at [H +]  = 1.0M at 25~ [ C I - ]  ~ 0.25, l ;  
0.50, O; 0.75, L~; 1.25, [~; and 1.75M, O .  

1,0 

Fig. 3. Dependence of E1/2 on C I -  ion concentration in mix- 
tures of HCI, NaCI, and NaCIO4 at ! ~ 5.0 (25~ [H +]  
1.0, e ;  3.0, [~; 5.0, � 9  
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H30 + ion concentra t ion at  constant  C1- ion concen-  
t ra t ion  and ionic s t rength  is shown in Table IV. 

Assuming G e ( I I )  to be  cationic in p rope r ty  in acid 
solution, it  can be expected to form complex  
Ge(H20)xClp  2-v or be abbrev ia ted  as GeClp 2-p. Since 
the cathode reduct ion  of Ge (II)  has been assigned to 
be a two-e lec t ron  revers ib le  react ion at  a d ropping  
m ercu ry  electrode,  the  h a l f - w a v e  potent ia l  m a y  be 
expressed in the  fol lowing form 

0.0591 KJcka 0.0591 
E1/~ = e + .... log p log [C1-]  

n f a k J ~ C l -  n 
[1] 

Taking the  second te rm of the  r i gh t -hand  side of 
Eq. [1] as a constant  at  constant  H80 + ion concent ra -  
t ion and ionic strength,  the  slope of the  l inear  plots  
of Ells vs. log [C1-]  is g iven b y  

AE1/2/A log [C1-]  ---- --  p(0.0591/n) [2] 

F rom the e x p e r i m e n t a l  resul ts  obta ined above, 
{herefore, the  l igand number  of chlor ide  is given by  
p = 3 f o r  [H +] > 5 . 0 M a n d p = 2 f o r  [H +] < I . 0 M .  

in  the  mix tures  of hydrochlor ic  acid and perch lora te  
at  [H + ] = 1.0M, the  values  of ia/C are  4.71, 4.60, and 
5.89 and  those  of the  diffusion constant ,  id/C m 2/3 t z/~, 
are  3.49, 3.39, and 4.41 at  ionic s trengths,  I = 5.0, 3.0, 
and 1.0, respect ively.  Though the  diffusion cur ren t  
and ha l f -wave  potent ia l  of G e ( I I )  have been shown 
to change with  the  concentrat ions  of Ge (II)  and H30 + 
ion as wel l  as the  ionic s trength,  at  constant  hyd ro -  
n ium ion concentra t ion the  va lue  of i j C  decreases wi th  
increase  in ionic strength.  At  constant  hydron ium ion 
concentra t ion and ionic s trength,  however ,  the  diffu- 
sion cu r ren t  is p ropor t iona l  to the  concentra t ion of 
G e ( I I ) .  The fact that  the  chlor ide  l igand number  is 
3 for [H +] > 5.0M, and 2 for [H +] < 1.0M, and tha t  
the  ha l f -wave  potent ia l  is independent  of HzO + ion 
concentra t ion for [H + ] > 1.5M and the l inear  plot  of 

Ei/2 vs. pH gives a slope of 0.059 for pH < 1.0 at 25~ 
appears  to suppor t  the  mechanism of the  cathode re -  
duct ion at  the  dropping  mercu ry  e lect rode 

GeCI3-  -{- 2e = Ge o -{- 3C1- ( [H +] > 5.0M) 
and 

GeOC12--  + 2H + -{- 2e = Ge o -{- 2C1- 
+ I'i20 ( [H +] < 1.0M) 
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Electrical Conductivities of Molten Aluminum 
Chloride-Potassium Chloride Mixtures 

C. R. Boston, 1 L. F. Grantham, and S. J. Yosim 
Atomics International Division of North American Rockwell Corporation, Canoga Park, California 

ABSTRACT 

The e lect r ica l  conduct ivi t ies  of a luminum ch lor ide-po tass ium chlor ide  mix -  
tures  were  measured  over  the  composit ion range  15-80 m / o  (mole pe r  cent)  
A1CI~ and at  t empera tu res  of 180~176 A min imum at 33 m / o  A1CI~ and 
a m a x i m u m  at 50 m / o  were  observed in the  equiva lent  conduct iv i ty  as a 
function of composition. The sys tem was considered as consist ing of the  two 
b ina ry  systems, KC1-KA1C14 and KA1C14-AlsC18, since the  compound KA1C14 
is e x t r e m e l y  s table  in the l iquid. The compound KA1C]4 had a m a x i m u m  
specific conductance wi th  t empe ra tu r e  near  1000~ The negat ive  deviat ions of 
conduct iv i ty  isotherms for the KC1-KA1C14 sys tem are  appa ren t ly  due to large  
differences in anion polar izabi l i t ies ,  whereas  the  posi t ive deviat ions for the  
KAtCla-A12C16 system are  a t t r ibu ted  to basic changes in mel t  s t ructure .  

A l u m i n u m  ha l ide -a lka l i  ha l ide  mix tures  are  of 
in teres t  as solvents  because of the i r  low mel t ing  points  
and the i r  grea t  range  of acidic proper t ies  as the  com-  
posit ion is varied.  Previous  conduct iv i ty  measu re -  
ments  (1-8) on these systems have  been l imited for 
the  most par t  to composit ions be tween  50 and 80 m / o  
A1Xz, since below 50 m / o  the  l iquidus curve  rises ve ry  
rapidly ,  and above 80 m / o  a two- l iqu id  phase  region 
usual ly  occurs. Also, most  measurements  have  been 

z Present address: Metals and Ceramics Division, Oak Ridge Na- 
tional Laboratory, Oak Ridge, Tennessee 37830. 

made  below 300~ because of the  high vapor  p res -  
sures character is t ic  of these mixtures .  This work  ex-  
tends the  composit ion range to I5 m/o  A1Cls and the  
t empera tu re  range to over  1000~ No a t t empt  was 
made  to de te rmine  conduct ivi t ies  above 80 m / o  since 
independent ,  visual  measurements  showed tha t  this  
system does not exhibi t  normal  consolute behavior .  

Experimental 
Aluminum chlor ide  was p repa red  f rom h i g h - p u r i t y  

a luminum meta l  and HC1 (9).  Anhydrous  KC1 was 
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prepared from reagent-grade material  by  a method 
similar to that used by Boston and Smith (10) for z.s 
the purification of LiC1-KC1 eutectic. The A1CI~-KC1 
mixtures were prepared by weighing  the components 2.e 
into conductivity cells in a dry box purged with high-  
purity argon. 24 

The type of conductivity cell  used was a modifica- 
tion (11) of that described by Grantham and Yosim 2.2 
(12). This cell  was designed to permit accurate con- 
ductivity measurements  of molten salt systems at high 
temperatures and pressures and was especially we l l  20 

T suited to the study of a luminum chloride-containing E 
? t .8  systems over a wide temperature and composition E 

range. The tungsten electrode material used in these 
cells was found to be inert to A1CIz-KC1 mixtures  ~ t.6 
even at temperatures of 1000~ 

The procedure for measuring electrical conductivi-  ~, t4 
ties has been described (12) previously.  Conductivi-  
ties ~Vere found to be frequency insensit ive in the o z 

~.2 range. 115 ~ z .  T O  p r e v e n t  cell  rupture an external  _o 
pressure was applied to the conductivity cel l  for only ~- 
one composit ion--70 m / o  A1C13. The technique (13) ~ ~ 10 
for applying external  pressure to the cell  consisted of 
enclosing it in a pressurized Hastel loy N container o s 
and applying pressures s l ightly  greater than the in-  
ternal vapor pressure of the salt. 0.6 

Results 
The specific conductivities,  K, are plotted against 0.4 

temperature in Fig. 1. Equivalent conductivities,  A, 
w e r e  calculated using the density data of Morrey and 0.2 
Carter (14) for the mixtures. The conductivity and 
density data of Van Artsdalen and Yaffe (15) were 
used for pure KC1. Specific conductivity was plotted 
against composition at various temperatures in Fig. 2, 
and a similar plot of equivalent conductance is shown 
in Fig. 3. For convenience,  compositions were calcu-  
lated on the basis of KC1 and monomeric A1C13, even 
though l iquid a luminum chloride exists as A12C16 

ALUMINUM CHLORIDE-POTASSIUM CHLORIDE 29 

0 
0 t 0  20 30 40  50 60 70 80 90 t00  

KC] AICI 3 (mole % )  AICt3 

Fig. 2. Specific conductivity vs. composition for various tempera- 
tures. 
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dimers (16). For the complete system, the general  
shapes of the conductivi ty isotherms are essentially 
unchanged by use of the dimeric formula. However, 
in later discussions when the a luminum chloride-rich 
region is considered as a separate system, the dimeric 
na ture  of a luminum chloride is emphasized by use of 
the formula A12C16. 

From these plots one can see that  the deviations 
from addit ivi ty were quite large. The deviations were 
negative on the KCl-r ich  side and positive on the 
A1C13-rich side and were relat ively insensitive to 
temperature.  The larger deviations (60-80%) occurred 
at compositions near  50-70 m/o  A1C13. 

Values of K from smoothed curves of K vs. T were 
used in constructing Fig. 2 and 3. It is interest ing to 
note that, if the low-tempera ture  l inear  portions of 
the K vs. T plots were extrapolated to obtain conduc- 
tivities at higher temperatures,  this raised the con- 
ductivity isotherms near  50 m/o  A1C13 thus making 
the deviations from addit ivi ty even larger in this 
region. 

The conductivity vs. temperature  curves in Fig. 1 
have the same general  shape as those often observed 
(11) for pure compounds. The conductivities at first 
increase l inearly with temperature  but  gradual ly  the 
slopes decrease, result ing in a conductivity maximum. 
For the A1C13-KC1 mixtures,  the temperature  of max-  
imum conductivity, Tmax, was usual ly above the tem- 
pera ture-pressure  limits of the apparatus,  an excep- 
t ion being the 50 m/o  mixture,  corresponding to the 
compound KA1C14, where Tmax was about 1000~ 

Discussion 
Many studies have been made of conductivi ty 

changes with composition in b inary  mol ten-sal t  mix-  
tures. Deviations from addit ivi ty have usually been 
interpreted as evidence for changes in the degree of 
ionic association in the melt  or of actual  compound 
formation. Delimars 'kii  (17) suggests that  in a quali-  
tative way deviations from addit ivity can be corre- 
lated with phase diagrams in that  such deviations 
tend to increase in both number  (.positive and nega-  
tive) and magni tude as the phase diagram becomes 
more complex, i.e. with progression from solid solu- 
tions to eutectics and finally to congruent ly  melt ing 
compounds. The more stable the compounds in the 
liquid phase, the greater the deviations from addi- 
tivity. 

The phase diagram (18, 19) for A1C13-KC1 shows 
eutectics at 49.0 m/o  A1C13, 250~ and at 67 m/o  
A1CI~, 128~ A two-l iquid region extends from 82 to 99 
m/o  A1C13. A congruent ly  melt ing compound, KA1C14, 
melts at 256~ and is quite stable in the liquid phase. 
Grothe (20) reports a vapor pressure at this composi- 
t ion of 22 mm Hg at 700~ and extrapolat ion of his 
data indicates that the vapor pressure is still less than 
1 atm at 1000~ Several Raman studies (21-23) of 
the liquid indicate the presence of te t rahedral  te t ra-  
chloroaluminate ions even though there is some dis- 
agreement about details in the spectra. Dewing (24) 
has shown that the corresponding sodium compound, 
NaA1C14, even exists in the vapor phase. Thus, the 
phase diagram for A1C13-KC1 is fair ly complex with 
at least one very stable compound so that one might  
expect large deviations from addit ivi ty for conduc- 
t ivi ty isotherms. 

Potass ium chlor ide-r ich  m i x t u r e s . - - S i n c e  the 1:1 
compound is so stable, it may be more reasonable to 
consider the KC1-A1C13 system as consisting of the 
two separate systems, KC1-KA1C]4 and KA1C14-A12C16. 
When this is done, the equivalent  conductivities for 
the KC1-KA1CI4 system show negative deviations from 
simple addit ivi ty over the entire composition range. 
The max imum deviation at 600~ was 28% and oc- 
curred near  50 m/o  KA1C14. The equivalent  conduct- 
ance of KA1C14 at 600~ was 136 ohm-Z cm 2. 

Negative deviations of this magni tude  have been ob- 
served even for relat ively simple systems such as 

LiC1-KC1 which shows a 26% deviation (15) from 
addit ivity at 800~ The explanat ion offered by Van 
Artsdalen and Yaffe (15) for such negative deviations 
was in terms of a contracted or expanded chloride 
semilattice as one substitutes Li + or K +, respectively. 
The over-al l  conductivi ty being determined largely 
by cation mobil i ty might  be expected to decrease as 
the chloride semilattice contracts and increase as it 
expands. However, this explanat ion would predict 
positive deviations at high LiC1 compositions where 
the chloride semilattice is expanded by K + additions, 
but  they actually found negative deviations. Fur ther -  
more, this in terpreta t ion would predict positive devi-  
ations instead of the negative deviations observed in 
this study at low A1C14- composition where the chlo- 
ride semilattice is again expanded by addition of the 
large A1C14- ions. These authors also measured equiv- 
alent conductivities for the KC1-KI system, which 
bears some resemblance to the KC1-KA1C14 system 
(common cation and different anions) .  Again, nega-  
tive deviations were observed over the entire compo- 
sition range. Markov and Shumina  (25) have shown 
that  negative deviations are actually to be expected 
for noninteract ing mixtures  and have derived the 
equation, ~mix ~ x12~1 + x22~2 + 2xzx2~.1, to predict 
the equivalent  conductivi ty of such mixtures. The x's 
are mole fractions, and ~'s are equivalent  conductivi-  
ties. The derivation assumes random mixing and an 
over-al l  rate of transposit ion of ions in the melt  which 
is determined by the lesser conducting constituent.  
However, the deviations observed for KCI-KA1C14 
were approximately twice those predicted. The maxi -  
mum deviation from both simple addit ivity ( - -28%) 
and the theoretical (Markov-Shumina)  curve (--17%) 
occurred near  50 m/o  KA1C14. 

The negative deviations observed by Van Artsda]en 
and Yaffe for the KC1-KI system, ment ioned above, 
were also greater ( - -4%)  than those predicted by the 
Markov-Shumina  equation, and it has been suggested 
(17) that this is due to the difference in polariza- 
bilities of the chloride and iodide ions. Following this 
line of reasoning, the much larger deviations observed 
here for the KC1-KA1C14 system would indicate an 
even greater difference in polarizabilities of the C1- 
and A1C14- ions. Thus, polarizabilities would appear 
to fall in the order, I -  > C1- > >  A1C14-. 

The only previous conductivity measurements  on 
KCl-r ich mixtures  of KC1 and a luminum chloride are 
those of Grothe (6). The compositions measured were 
43, 35, and 7 m/o  KC1-KA1C14. This was sufficient to 
show that  strong negative deviations and, in fact, a 
m i n i mum in conductance occurred with change in 
composition. However, the composition range was in-  
sufficient to locate either the mi n i mum or the point of 
max imum deviation. Although our conductivities are 
in fairly good agreement  with those of Grothe, we 
disagree with his interpretat ion.  He suggests that  the 
replacement  of poorly conducting, dimeric K2CI2 by 
the more highly conducting KA1CI4 would explain the 
increase in conductivity between 43 and 7 m/o  KC1. 
Since independent  evidence for K2C12 is lacking, we 
feel that the suggestion of such specific entit les to 
explain these results is unnecessary. Certainly, one 
might argue for varying degrees of association in the 
melt  as implied when discussing relative anion polar-  
izabilities, but the suggestion of dimer formation does 
not appear justified. 

We feel that the large negative deviations observed 
in the KC1-KA1C14 system are best explained in gen- 
eral terms in the following way. Pure  molten-sal t  
conductivities appear to be largely a function of cation 
mobil i ty with the size of the anion being much less 
important  than its polarizability. In  this system it 
appears that cation mobil i ty is considerably greater 
in the pure A1C14- semilattice than  in the pure C1- 
semilattice---the equivalent  conductivi ty of KA1C14 
being almost twice that of KC1. This is not too sur-  
prising, since one would expect the A1C]4- ion to be 
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less polar izable  than the chlor ide ion, thus  giving 
less resistance to cat ion migrat ion.  In  the  mixed  anion 
semilat t ice  the  cations have a lower  mobi l i ty  as re -  
flected by  the M a r k o v - S h u m i n a  equat ion (i.e., nega-  
t ive devia t ions) ,  and  m a y  be even lower  than  in e i ther  
pure  anion semilat t ice  alone (i.e., minima,  as ob-  
served here)  when anion poLarizabilities differ great ly .  
Thus, the  large  negat ive  deviat ions observed for KC1- 
KA1CI4 represent  an ex t reme  case of conduct iv i ty  be-  
havior  observed prev ious ly  in such systems as KC1-KI. 

Aluminum chloride-rich mixtures.--Equivalent con- 
duc t iv i ty  (and, to a lesser  degree,  specific conduct iv-  
i ty)  i sotherms show posit ive devia t ions  on the  a lumi -  
num chlor ide- r ich  side of the  KC1-A1C13 composi t ion 
d iagram shown in Fig. 3. When  a s imilar  plot  is made  
for KA1C14-A12C16, the  deviat ions are  even more  ap-  
paren t  wi th  a m a x i m u m  posi t ive devia t ion  f rom addi -  
t iv i ty  of about  50% occurr ing near  the  50 m/o  com- 
position. This is appa ren t ly  due to the  drast ic  change 
in the  na tu re  of molecu la r  A12CI~ when it reacts wi th  
A1C14- to form such species as A12C17-. In this  way  
a luminum chloride changes f rom a nonconduct ing 
(26) en t i ty  to an ionic species contr ibut ing to the  
over -a l l  .conduction of the  mixtures .  Evidence for 
A12XT- ions in these mel ts  is indirect  and consists of 
phase d iagrams  (19, 27) and vapor  pressure  measure -  
ments  (24, 28). 

The a luminum chlor ide-potass ium chloride system 
bears  some resemblance  to both the  MgC12-KC1 (29) 
and the ZnC12-KC1 (30) systems. A l l  th ree  cases in-  
volve the b reakdown of associated s t ructures  as KC1 
is added.  Neut ra l  A12C16 dimers  in the  l iquid are  
b roken  to form ionic species as descr ibed above, 
while  the  ne twork  s t ruc ture  of l iquid ZnC12 also 
breaks  down to form smal le r  ionic units. The s t ructure  
of l iquid MgC12 is less certain,  bu t  one would expect  
the  re la t ive  degrees of association to  be in the  order  
A1C13 (dimers)  > > ~  ZnC12 (ne twork)  ~ MgC12 
> KC1. As might  be expected,  s imilar i t ies  in conduc-  
t iv i ty  isotherms are  observed for these three  systems. 
Negat ive  deviat ions are  found in the  KCl- r ich  region, 
whi le  posi t ive deviat ions appear  on the  o ther  (acidic) 
side of the  composit ion diagram. The deviat ions are  
less pronounced for the  MgC12-KC1 and ZnC12-KC1 
mix tures  than  for a luminum chlor ide-potass ium 
chlor ide  mix tures  in keeping wi th  the  above order  of 
degrees of association. 

In  Summary then, the  KCl - r i ch  mix tures  (i.e., KC1- 
KA1C14 sys tem) appear  to be of the  s imple "nonin te r -  
act ing" type  wi th  the  large negat ive  deviat ions being 
main ly  due to the  large  difference in anion polar iza-  
bilities. The a luminum chlor ide- r ich  mix tures  (i.e., 
KA1C14-A12C16 sys tem) ,  on the  other  hand, show 
large posi t ive deviat ions p re sumab ly  due to a basic 
change in mel t  s t ruc ture  on mixing.  Thus, the  a lumi-  
num chlor ide-potass ium chlor ide  sys tem m a y  be 
thought  of as an ex t r eme  example  of behavior  which 
has been observed to a lesser ex ten t  for systems such 
as KCI -KI  and KC1-ZnC12. 
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The Mechanism of Hydrogen Evolution at a 
Stainless Steel Electrode in Basic Solution 

R. N. O'Brien and P. Seto 1 
Department of Chemistry, University of Victoria, Victoria, British Columbia, Canada 

ABSTRACT 

The mechanism of the hydrogen evolution reaction at the stainless steel 
Type 304 (18.20% Cr, 18.20% Ni, austenitic) was investigated in the presence 
of plain NaOH solutions and with various ions added. It is concluded that  the 
mechanism is 

(slow) (fast) 
H20 ~- M ~ e ,~ M-H; 2M-H ~ H2 

Tafel parameters  are given. 

While the hydrogen evolution reaction has been 
most f requent ly  studied at the p la t inum (1), the drop- 
ping mercury  (2), the iron (3-5), the silver (6,7),  
and the nickel (8-11) electrodes, it has yet to be 
studied at the commercial austenitic stainless steel 
(s.s.) Type 304 metal  in strong sodium hydroxide solu- 
tion. The electrolytic evolution of hydrogen at the s.s. 
304 alloy in the alkal ine media was under taken  be-  
cause of the possibility of industr ia l  application. The 
elemental  composition of commercial austenitic s.s. 
304 is listed as 18-20% Cr, 18-20% Ni, 2% Mn, 1% Si, 
0.08% max C, 0.045% P, 0.03% S, and the rest Fe (12). 
The structure of the metal  alloy is therefore very  com- 
plex and, hence, its surface. Furthermore,  a passivat-  
ing film of unknown  structure and na ture  exists on the 
surface on exposure to air or oxidizing media (13). 
The thickness of the u l t ra th in  film ranged from 30 to 
60A (14). It is this th in  film that  gives a shiny luster 
characteristic to the alloy surface. It  is speculated 
that the passive film disappears ei ther under  hydrogen 
evolution conditions (13,15), or pickled with HC1 
(13), or pickled with Br2[MeOH mixture  (14). 

Theory 
In neut ra l  or alkal ine solutions, four mechanisms 

for the electrolytic hydrogen evolution at the solid 
metal  electrodes are regarded as possible. The mech- 
anisms can be represented by: 

(slow) 
(A) H 2 0 - ] - M ~ e  ~,~ M-H; 

1 

(fast) 
(B) H 2 0 ~ M ~ - e  ~ M-H; 2M-H 

(fast) 
2M- H --> I-I., 

2 

b = 120 mV 

(slow) 
-> H ~  

b = 30 mV 
(slow) 

(C) H20- I -M Jre ~- M-H; 
(fast) 

H 2 0 ~ M - H ~ - e  -~ H 2 ~ O H -  b = 1 2 0  mV 
3 

(fast} 
(D) H 2 0 - t - M + e  ~ M-H; 

(slow} 
H 2 0 + M - H + e  --> H 2 - t - O H -  b = 4 0 m V  

where M represents a metal  site on which a water  
molecule can be discharged to form an adsorbed 
intermediate  M-H and each step is rated fast or slow 
relative to the other in the mechanism. Several  
criferia, such as the Tafel slopes, the stoichiometric 
number ,  and the concentrat ion of M-H, are available 
for dist inguishing the above mechanisms (1, 10, 16, 
19, 22). An exper imental  cri terion such as the maxi-  
mum current  density as the mechanism changes from 
one mechanism to another, sometimes called the l imi t -  
ing current  density, is also available (1). 

1 Present  address: Chemistry  Depar tment ,  Univers i ty  of Western 
Ontario, London, Ontario, Canada. 

Experimental 
E~ectrodes and procedures.--Commercial austenitic 

stainless steel Type 304 rods supplied by Atlas Steel 
Company were employed as test electrodes. Electrodes 
of surface areas of 0.23 and 0.44 cm 2 were prepared as 
described previously (17). Similar  electrolytic cells 
and exper imental  procedures were also employed. 

Polarizing circuit .--An electronic current  in te r rup-  
ter technique similar to that described by Hoey and 
Cohen (18) was used to isolate the ohmic and acti- 
vat ion overpotentials. As shown in Fig. 1 (a),  the test 
electrode was polarized via the counterelectrode by a 
constant  current  source. As usual  this constant  current  
source was composed of a high-capacity 90V dry cell 
bat tery  and a variable high-resistance box. A pulse 
generator and a vacuum diode were inserted between 
the current  source and the electrolytic cell to in ter -  
rupt  the polarizing current.  Negative current  pulses 
(Tr ~ 22 nsec) were drawn from the General  Radio 
Pulse Generator  Type No. 1217-B which was powered 
by its analogous GR Power  Supply Type No. 1201-B. 
The pulse repeti t ion frequency (PRF) and the pulse 
durat ion employed were 100 Hz and 100 ~sec, respec- 
tively. Current  in terrupt ion was obtained by adjust-  
ing the ampli tude of the negative pulses to a slightly 
larger value than  the current  supplied by the bat tery 
source. The 6AL5 vacuum diode did not conduct dur -  
ing the t ime of each negative pulse. As a result, for 
each 10-msec period, the current  flowed in the circuit 
for 9.9 msec and the electrolysis current  was inter-  
rupted for 0.1 msec (100 ~sec). The polarizing current  
was measured with a Simpson's microammeter  while 
any noise in the circuit was filtered by the 10-~f elec- 
trolytic capacitor. 

The switching on and off of the polarizing current  
resulted in a bui ld up and decay of the electrode 
potential  which was monitored by a Tektronix  Type 
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Fig. 1(a). Stainless steel electrode polarizing circuit. 
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Fig. l(b). Switching and monitoring circuit. 
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535 A C.R.O. as shown in Fig. 1 (b) .  By synchronizing 
the in ter rupt ion  rate with the t ime base of the C.R.O., 
a stat ionary trace was obtained on the C.R.O. screen. 
The inputs were amplified with a Tektronix  Type D 
preamplifier. It should be noted that the C.R.O. acted 
as the galvanometer  in the usual  potentiometer  circuit; 
hence, the electrode potentials were monitored 
simultaneously.  

Results and Discussion 
A typical Tafell ian plot of decreasing-increasing- 

decreasing current  density runs  is shown in Fig. 2. 
The combinat ion of the lower Tale1 slope and of the 
lower overpotential  indicated that  the init ial  electrode 
surface was less contaminated by absorbed impurit ies 
dur ing the first decreasing run.  Generally,  the elec- 
trode potential  went  up after prolonged electrolysis. 
For this reason, the average ini t ial  down runs are 
reported. 

The cathodic electrode potential- log apparent  cur-  
rent  density relationships for 0.10, 1.0, 3.0, 5.0, and 
10M NaOH solutions are shown in Fig. 3 .  With the 
exception of the 5M NaOH solution, a general  t rend 
of decreasing overpotential  with decreasing NaOH 
concentrat ion can be observed. The Tafel plots con- 
verged at current  densities higher than  10 mA/cm2. 
Below 10 mA/cm 2 the lines diverged to their respec- 
t ive reversible potential  given by the Nernst  equa- 
tion. Tafel parameters  calculated from the Tafel 
equation 

= e - -  ~r = a - -  blog i~  [1] 

are summarized in Table I. 
It can be seen that  the b values decreased with in-  

creasing NaOH concentrat ion which may be caused 
by the same t rend in the t ransfer  coefficient. Sym-  
metrical potential  energy surfaces were obtained for 
the 3.0M NaOH (a = 0.50). The Tafel slopes 134-105 
mV are compatible with mechanisms A, C, and D (1, 
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Fig. 3. Effect of electrolyte concentration 

10, 20, 23). Mechanism D can be ruled out because the 
electrode surface must  be highly covered with atomic 
hydrogen for the mechanism to be operative. It  is 
unl ikely  that  the stainless steel surface would be 
covered with a monolayer  of H atoms because of the 
low exchange current  density (Table I) .  In  fact the 
activity of s.s. 304 metal  is intermediate  between Fe 
(3) and Ni (9) as compared in Table II. From cur ren t -  
t ime t rans ient  measurements ,  it was found that  a 
monolayer  of adsorbed atomic hydrogen was not 
reached in the present  range of current  densities 
studied. 

Addit ion of NaF, NaC1, NaI, BaC12, and LaC13 did 
not significantly affect the rate of hydrogen evolution. 
The anions F - ,  CI - ,  and I -  were probably repelled 
from the highly negatively charged metal  surface. 
The mul t iva lent  cations should remain  beyond the 
reaction plane since their  hydrat ion numbers  should 
be quite high. 

As shown in Fig. 4, iodate ion was very electroactive 
at the stainless steel surface in alkaline media. The 
IO3- ion was probably reduced according to the 
equation 

I03- + 3 H20 + 6e = I -  + 60H- [2] 

It is obvious that  the iodate ions were competing with 
HeO molecules to be reduced since, at higher IOn- con- 
centrations, the discharge of water  molecules was 
shifted to higher electrode potentials. 

Uhlig (13) and Popat and Hackerman (15) specu- 
lated that the shiny passive film, which is character-  
istic of Cr-Fe, Cr-Ni, and Cr-Ni-Fe  alloys, would dis- 
solve under  cathodic hydrogen evolution conditions. 
This concept should be true in acid solutions. The 
Pourbaix  diagram of a chromium-wate r  system (21) 

/ 
- 1.542 ~- 

/ 

? 
0~ -I.1601- 
112 
Co -LIO0 

o - 1.040 

oJ 
o -0S8r 
0- 
u 
:r -0.94C 

• 
CURVE 

~ , ~  +-134my increasing i 

A-142mv decreasin~ l 

o-130rnv decreas in  8 i 

-4'o -3'o -2'0 
Log App0rent Current Densily 

Fig. 2. A typical Tafel plot: O ,  current density decreasing; + ,  
increasing; A,  decreasing. 

Table I. Tafel parameters 

[NaOH],  
m o l e / l i t e r  - - a  (vol t )  b (vol t )  - - l og  io 

0.10 0.720 0.134 5.37 0.45 
1.0 0.677 0.133 5.09 0.45 
3.0 0.622 0.121 5.14 0.50 
5.0 0.657 0.115 5.71 0.53 

10.0 0.560 0.105 5.38 0.58 

= ~l a t  ie = 1 A / c m  2, b = Ta fe l  slope, ~o = e x c h a n g e  c u r r e n t  
dens i ty ,  a = t r a n s f e r  coefficient.  

Table II. Tafel parameters in O.1M NaOH solutions 

7, a t  10-~ 
M e t a l  b (vol t )  - - a  (vol t )  io ( a m p / e r a  ~) a m p / e  m2 

Ni  (9) 0,092 0,487 l .~ x 10 -~ --0.176 
Fe (3) 0.120 0,726 8.7 X 1@ -7 
s.s. 304 0.134 0.720 4.2 x 10 -6 --0.325 
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showed that Cr(OH)e or CrO2- could exist at the 
potential  and at the pH ranges covered in this work. 
Similar  potent ia l -pH diagrams do not  show the 
existence of any  nickel or iron hydroxides/oxides 
under  the same conditions. After  the three runs as 
shown in Fig. 2 (over a period of 3 hr) visual exami-  
nat ion of the stainless steel metal  surface showed that 
the characteristic shiny luster remained. Addit ion of 
ammonia decreased the hydrogen overvoltage signifi- 
cant ly  as shown in Fig. 5. The reagent ammonia may 
have dissolved some chromium hydroxides and/or  
oxides (20), resul t ing in a modification of the M-H 
interaction energy. Since the alloy comprised about 
70% Fe, it would be expected that  the color of the 
oxide-free and carbon- impregnated (0.08% max) 
alloy would be black. After  prolonged electrolysis at 
12.5 mA/cm 2 for a 44-hr period or at 4 A/cm2 for 
2�89 hr, the electrode surface became black, the char-  
acteristic color of carbon steel. The black mater ial  
could be scraped off gent ly  and a new shiny surface 
appeared. When the black mater ial  was not scraped 
off, a shiny surface reappeared on dipping into nitric 
or chromic acid. This suggested that an oxide is pres-  
ent throughout  on the s.s. alloy lattice. The electro- 
lytic evolution of hydrogen at an oxide surface has 
been studied by Makrides (11) and has been dis- 
cussed by F rumkin  (23) and Makrides (9, 11). 

A max imum current  density for one mechanism of 
about 4.5 A /cm 2 was obtained in 1.0M NaOH solution 
as shown in Fig. 6. It  is unl ikely  that  the observed 
curvature  is due to solution concentrat ion polariza- 
tion as the st irr ing rate was increased considerably 
and no effect noted. An electrode of surface area of 
0.02 cm 2 was used to obtain the curve so that  solution 
heating effect was avoided, The phenomenon of the 
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infinite Tafel slope has been interpreted as the maxi -  
mum rate at which atomic hydrogen combination can 
occur (1, 10). At this stage the electrode surface is 
believed to be saturated with atomic hydrogen (mona-  
layer) and mechanism D provided an a l ternat ive  or 
parallel  path to mechanism A. 
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Mechanisms and Kinetics of Dissociation 

and Open-Circuit Accumulation of H Atoms 
during the Formation of the Equilibrium 

H /H e Electrode on Platinum 
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ABSTRACT 

The rate at which dissolved H2 dissociates and accumulates on a clean, 
H- and O-free Pt electrode as the reversible H2/H + electrode is formed has 
been studied under dissociation, diffusion, and mixed control. The kinetics 
of the open-circuit hydrogen accumulation reaction (h.a.r.) in H2-saturated 
(I atm) IM H2SO4 were determined by a galvanostatic double-pulse method 
in which the first pulse strips the surface, and the second pulse measures the 
amount of H accumulated in a given time. Under dissociation control, the ac- 
cumulation of the first 70% of the equilibrium concentration of H obeys a 
second-order kinetic relation in which the maximum rate at zero time is 
4.46 mA/cm 2. As the h.a.r, proceeds, the initial reaching of zero volt cannot 
be equated with equilibrium of the H2/H + reaction. A slower rearrangement 
of adsorbed and dermasorbed H atoms occurs before thermodynamic equilib- 
rium is reached. The hydrogen oxidation limiting current density of 2 mA/cm 2 
(0.05-0.7V, vigorous H2 stirring) is shown to be the geometric average of 
idiss,rnax (4.46 mA/cm '2) and idiff ,max (geom) (7.25 mA/cm2).  This mixed control 
indicates that  diffusion causes the effective H2 part ial  pressure at the elec- 
trode surface to be reduced from 1 to 0.45 atm. Only a small fraction of the 
total number  of Pt  atoms which are associated with H atoms at equi l ibr ium 
are active dissociation sites. Non-faradaic  charging corrections were found to 
be complex and involved adsorption/desorption processes as well as double- 
layer  charging. 

The object of this study is to determine the kinetics 
of H2 dissociation and the instantaneous rate of ac- 
cumulat ion of H atoms which associate with a clean 
P t  electrode; or, in terms of Pt  atoms, the ins tan tane-  
ous rate of disappearance of available Pt  atoms which 
can associate with H atoms. A known, Pt  electrode/  
solution interface is electrochemically prepared by 
applying a galvanostatic pulse of predetermined am- 
pli tude and length. The amount  of accumulated 1.1 
atoms or the corresponding loss of available Pt  atoms 
is obtained from the amount  of H atoms oxidized on 
a second pulse that is applied a known t ime after the 
first pulse. The solution is either vigorously stirred 
with H2 or is a quiescent H2-saturated solution, both 
at PR2 = 1 atm. 

The exper imental  procedure for applying two iden- 
tical galvanostatic pulses separated in t ime by a preset 
counter has been previously described (1, 2). In  the 
present study, pulses of two different coulombic con- 
tents (current  density x t ime) are used so that  for 
the ini t ial  pulse either one of two final polarization 
potentials are reached. In  one case, the ampli tude and 
length of the first pulse of a set are fixed so that the 
electrode is polarized to 1.76V thereby oxidizing all 
the H associated with the electrode and forming just  
one monolayer  of Pt-Oad on the surface (1, 2). In the 
second case, the ampli tude and length of the first pulse 
of a set is fixed so that the electrode is polarized to 
0.8V thereby oxidizing essentially all the Pt-associated 
H but  not forming any Pt-Oad. Consequently, the loss 
of available Pt  atoms or gain of H atoms is studied: 
(a) when the process occurs on a clean, H- and O-free 
Pt  electrode immediately after the electrode is stripped 
of a monolayer  of Pt-Oad and (b) when the process 
occurs on a clean, H- and O-free Pt  electrode immedi-  
ately after the electrode is stripped of atomic H. In  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
1 N a t i o n a l  A c a d e m y  of  Sctertces-NaUor~al  R e s e a r c h  Counc i l  Pos t -  

doc to ra l  R e s e a r c h  Assoc ia te  a t  NRL.  

the first case, the Pt-Oad + 1"12 reaction occurs first, 
depleting the interface region of II2 both by reaction 
and dilution. 

Hence, for the first case, the dissociation of H2 that  
follows the removal  of  Pt-Oad begins unde r  conditions 
in which the concentrat ion of I-I~ at the interface is 
different from the concentrat ion in the bulk  of the 
solution. On the other hand, in the second case, the 
dissociation of I-I2 takes place at a solution interface 
free of an H2 diffusion layer. Consequently, a method 
for determining the rate at which the HJHH + equil ib-  
r ium is established at clean, I t -  and O-free Pt  under  
H2 diffusion-controlled and I-I2 dissociation-controlled 
conditions is provided. 

The pulse length for case (b) was not set to polarize 
the Pt  electrode to 0.88V, the potential  at which Pt-O~d 
has been observed to first form (3), because the end 
of the 1.1 oxidation and the beginning  of the Pt-Oad 
region is not sharply defined. The limit of 0.8V was 
chosen so that Pt-Oad formation would be insignificant. 
It also is evident  that  at 0.8V the residue of H atoms 
is negligibly small. 

To facilitate reporting and discussing the results 
for the 1.1 atom accumulat ion reaction (h.a.r.), four 
exper imental  cases based on the ini t ial  pulse polari-  
zation limits [cases (a) and (b)]  and the st irr ing 
conditions are defined in terms of the symbols used 
in the graphical representat ion of the data. Cases A 
and ~k represent  init ial  pulse polarization to 1.76V in  
rapidly stirred and quiescent solutions, respectively. 
Cases �9 and O represent init ial  pulse polarization to 
0.SV in rapidly st irred and quiescent solutions, respec- 
tively. 

Experimental 
The closed system of glass pipe construction, the 

hel ium and hydrogen purification, and the Pt  electrode 
and minia ture  glass reference electrodes have been 
previously described (3, 4). The general  procedures 
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for solution preparation,  electrochemical cell, and 
solution cleaning and pre-electrolysis techniques have 
been reported in the same references. Ul t rapure  sul-  
furic acid (E. Merck A. G., Darmstadt)  was used. The 
Pt  bead working electrodes were 0.668 and 0.332 t rue  
cm 2 in the two systems used. These t rue areas were 
determined from the l inear  oxygen atom adsorption 
region of anodic charging curves taken in clean, H2- 
saturated 1M H2SO4 solution (3). All  current  densities 
in this paper are in t rue areas, so defined, unless 
otherwise noted. For cleanliness criteria see  Ref. 
(2, 5). All  results were obtained at 25 ~ • I~ All po- 
tentials are reported with reference to the normal  
hydrogen electrode (NHE). 

Galvanostatic anodic pulses (1-2 A/cm 2) were pro- 
vided by an Electro Pulse Model 3450C or Model 
3450D pulse generator. A Tektronix Type 547 oscillo- 
scope with Type 1A1 or 1A5 plug- in  was used to dis- 
play the data which was then recorded on film. The 
solution I R  drop was largely removed from the dis- 
play when using the 1A1 uni t  by subtract ing the 
appropriately at tenuated rectangular  pulse at the 
generator  output  from the signal across the cell. The 
1A5 uni t  is equipped with a Comparison Voltage 
Circuit which by use of a panel" dial can be equated 
to the solution I R  drop. A Hewlet t -Packard  5214L 
Electronic Preset  Counter  provided accurately spaced 
tr iggering pulses to the pulse generators. The time 
intervals  (10 -3 to 100 sec) between the two pulses 
were known to wi thin  10 -3 sec. For t ime intervals  
greater than 100 sec, the second pulse was triggered 
manua l ly  with the t ime in terval  being known to about 
0.1 sec. 

For cases �9 and O, the preset t ime (time between 
ini t ia t ion of the first and second pulses) can be con- 
sidered to be "real" time, t, because the open-circuit  
decay immediately following the first pulse is ex- 
t remely rapid, allowing H atoms to be observed on 
the second pulse well wi thin  5 msec. In  addition, the 
t ime correction due to the length of the first pulse is 
insignificant compared to the open-circuit  t ime for 
h.a.r. 

Since in cases �9 and A,  the Pt-Oad + H2 reaction 
has to occur before H2 begins dissociating and accum- 
ulat ing on the surface at a detectable rate, the time, 
To, for the Pt-Oad reaction to be completed has to be 
determined and then subtracted from the preset time 
read on the counter to obtain "real" time, t, for h.a.r. 

Experimental ly,  two different systems consisting of 
cleaning trains, gas-tight cells, and Pt  electrode beads 
were used in case A, and ~o'S are 0.46 sec (0.668 cm 2) 
and 0.25 sec (0.332 cm2). The 0.668 cm 2 electrode was 
used for case A (To = 0.545 sec) and cases �9 and C). 
When the solution was stirred, the H2 flow rate into 
the cell was from 500 to 700 ml /min .  The time interval  
waited between each set of double pulses was at least 
7 min. 

Results 
H.A.R.--The amount  of hydrogen dissociated and 

accumulated following a time, t, is considered equal 
to the amount  of H oxidized by the second pulse. Any  
H atom contr ibut ion by H + reduction would be negli-  
gible because of anodic double- layer  discharge and 
positive potential  dur ing open-circui t  decay. The 
term qH (~C/cm 2) represents the total H associated 
with the electrode. Two examples (Fig. 1) of first 
(traces 1, 2) and second (traces 1', 2') pulses of case �9 
are typical i l lustrations of a set for any polarization 
and st irr ing condition. As the t ime allowed for open- 
circuit decay is increased from 0.045 sec (traces 1, 1') 
to 0.047 sec (traces 2, 2'), the amount  of qH observed 
on the second pulses (traces 2' vs.  1') has increased 
while at the same time the potential  reached as the 
second pulse is applied is less noble (0.15 vs.  0.16V). 
From such oscilloscope traces, qH can be plotted as a 
function of time. Figure 2 shows a qH VS. log t plot to 
permit  display of the total  time. 

Fig. 1. Two typical sets of anodic charging curves for the double- 
pulse method. Case �9 (see Symbols). Time interval between first 
(1) and second pulse (I ')  is 0.045 sec. Time interval between first 
(2) and second pulse (2') is 0.047 sec. Open-circuit potential on 
first pulses (1, 2) is O.O00V. Open-circuit potential on second pulses 
(i ' ,  2') is 0.16 and 0.15V, respectively. 
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D o u b l e - l a y e r  c o r r e c t i o n . - - I n  order to be able to 
calculate qH from the raw data (Fig. 3), which includes 
double- layer  discharging, the value of the charge re-  
quired to polarize the double layer, qdl, over the same 
potential  limits must  be determined. The value of qdl 
can be determined by integrat ing the area under  a 
Cdl VS. E curve, where Cdl represents the double- layer  
capacitance at a potential, E. The limits for the inte-  
gration are set by the instantaneous potential,  E, that 
the system decays to after the first pulse (Fig. 4) and 
by the end of the hydrogen region of the second pulse 
(0.8 or 0.88V). The value of Cdl can be calculated from 
the slope of an E vs.  t oscilloscope trace taken by 
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Fig. 3. Total amount of charge, qH+d], required to oxidize H 
atoms accumulated after first pulse and to charge double-layer ca- 
pacitance after times, t, for various cases. See Symbols. 
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either a long constant  current  charging pulse (5 ~sec) 
or a short pulse (N 100 nsec).  

The Cdt as a funct ion of E has been determined 
using 5 ~sec pulses by Schuldiner  and Roe (3), and 
an average value of 40 ~F/cm 2 between 0.2 and 0.8V 
was determined. However, recent measurements  at 
the same laboratory (6) using ~ 100 nsec pulses gave 
a significantly different Cdl vs. potential  relat ion with 
an average value of 19 ~F/cm 2. Quite obviously, the 
earlier higher value for capacitance reflects signifi- 
cant contr ibutions from faradaic and other processes, 
e.g. hydrogen oxidation at lower potentials and prob-  
ably adsorption-desorption processes especially at the 
higher potentials. However, to use the shorter pulse 
corrections for the entire potent ial  range would in -  
clude such adsorption-desorption contr ibut ions in qH 
at higher values of E. The correction used becomes 
increasingly more important  as the ini t ial  potential  at 
the start  of the second pulse becomes less noble. 

The t ransi t ional  potential  above which corrections 
are based on the longer pulses is taken to be 0.34V 
because this is the beginning potent ial  for charging 
curves taken in He-saturated solutions (3). Below this 
potential  of 0.34V, corrections are based on measure-  
ments  taken  with the 100 nsec pulses so that  the total 
charge due to H oxidation can be more accurately 
measured. Above 0.34V, corrections based on the 
longer pulses are used so that  the u n k n o w n  probable 
adsorption-desorption processes can be subtracted out. 

The rel iabil i ty of this complex correction procedure 
can be demonstrated by comparing the qdl determined 
by the above procedure to the value of qdl determined 
by extrapolat ing the qH+dl VS. t plot (Fig. 3) to zero 
time. The values determined from Fig. 3 for qdt at t 
----- 0 are 17, 17, and 12 #C/cm 2 for overlapping cases 
�9 and O, and for cases �9 and A ,  respectively. The 
values determined by the double- layer  correction 
procedure used are 18.5, 16, and 11/~C/cm 2, respective- 
ly. The potential  at zero t ime for each experiment  can 
be found by extrapolat ing to zero t ime the E vs. t 
plot (Fig. 4). 

Equil ibrium establishment.raThe dissociation of H2 
and accumulat ion of H atoms continues unt i l  the 
system reaches equil ibrium. During this time, the 
potential  first decays rapidly and then levels off as 
the system reaches equil ibrium. The relat ive rates for 
potential  decay for all four cases are compared in Fig. 
5. An example of the t ime required for a system to 
reach equi l ibr ium is shown in Fig. 6 for case e .  Here 
three sets of double pulses were taken at pu lse- in te r -  
val time, t, equal to 0.2, 2.0, and 200 sec. In order to be 
sure that the system was ini t ia l ly at the H J H  + equi-  
l ibrium, each set of double-pulse measurements  was 
spaced at least 7 rain apart. 

Discussion 
H.A.R.mFigure  2 shows that the net rate of H atom 

accumulat ion is the greatest when first pulse polari-  

Fig. 5. Oscilloscope traces for potential vs. time relation of h.a.r. 
for Case � 9  trace 1; Case O ,  trace 2; Case � 9  trace 3; Case Z~, 
trace 4. See Symbols. 

Fig. 6. Effect of t on the amount of accumulated H and polariza- 
tion behavior. Case � 9  Pulse interval time between 1 and 1' is 0.2 
sec; between 2 and 2' is Z0 sec; between 3 and 3' (3 and 3' over- 
lap) is 200 sec. 

zation is l imited to 0.8V (cases �9 and O)  so that  
Pt-Oad does not form. The h.a.r, for these cases is 
largely independent  of st irr ing conditions (a small 
st irr ing effect is indicated in Fig. 5---compare traces 1 
and 2--which show a significant s t i rr ing effect below 
0.1V) indicating that a major  diffusion component to 
the reaction control for case �9 does not exist. Also, 
H2 dissociation and accumulat ion of H atoms proceeds 
rapidly after the first puIse is terminated.  

On the other hand, cases �9 and A show a diffusion 
dependency and a period where the ini t ial  bu i ld-up  
of H atoms increases relat ively slowly. The diffusion 
dependency arises from the preceding Pt-Oad -b H2 
reaction which depletes the solution at the  electrode 
interface of molecular hydrogen, s imultaneously gen- 
erates water, and establishes a diffusion gradient  that  
is only part ial ly decreased by st i rr ing (case � 9  As 
to be expected, the diffusion dependency is greater 
for the quiescent solution (case A )  than  it is for case 
k .  The scatter of points for each case is random. The 
results of cases �9 and A indicate that  diffusion gradi-  
ents continue to exist unt i l  the equi l ibr ium H2/H + 
exchange is established. The ini t ia l ly slow h.a.r, is 
a t t r ibuted to removal of the last traces of Pt-Oad and 
to an init ial  lag in diffusion of H2 to the surface. 

The rounding off to the l imit ing qH plateau in Fig. 2 
represents the approach of system equi l ibr ium as the 
concentrat ion of accumulated H atoms reaches its 
l imit ing value, qH~. As i l lustrated in Fig. 2, equi l ib-  
r ium is not reached in the same manne r  for all cases. 
In  case O, the plateau is formed soon after the round-  
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ing off occurs, whereas in case A there is an addit ional 
rise following the rounding off before equi l ibr ium 
values of qH are observed. As wil l  be shown later, 
the reproducibil i ty of the measured equi l ibr ium con- 
centrat ion of hydrogen, qH~, is poor. This variat ion is 
a t t r ibuted to the presence of gaseous H2 which con- 
tacts the electrode surface and can contr ibute to the 
measured qH. 

As can be seen in Fig. 2, the plateau value of qn| 
for quiescent solutions is slightly higher than those 
values for the stirred solutions. This difference also is 
a t t r ibuted to effects of gaseous H2. St i r r ing may re-  
duce the actual electrode coverage with H2 gas. 

Equil ibrium establ ishment . --The criteria used to 
determine when  a system reached equi l ibr ium are 
based on the matching of the first and second charg- 
ing and decay curves (Fig. 6). Since the first charging 
curve is from the equi l ibr ium H J H  + reaction, a match 
by the second pulse gives the t ime required to reach 
equi l ibr ium at open circuit. The matching of the po- 
tential  decay, shown in Fig. 6 as parallel  lines on the 
right side of the picture, is a very sensitive indication 
of the m a x i m u m  polarization of the first and second 
pulses. An interest ing point is seen at the t ---- 0.2 and 
2.0 sec curves of Fig. 6 (curves 1, 1', 2, 2'). In  all these 
cases, E is zero, but  the overlapping of the charging 
curves does not begin un t i l  about 0.3V. Moreover, 
prior to the overlapping there is a potential  region 
for which the charging curves of the second pulse dip 
below those charging curves of the first pulses indi-  
cating that less polarization is required to oxidize the 
same number  of H atoms in this potential  range. This 
difference is a t t r ibuted to the t ransient  distr ibution of  
weakly and strongly adsorbed and dermasorbed H 
atoms which are not in the equi l ibr ium distr ibution 
for curves 1' and 2'. Thus, even though the active, 
weakly bonded H atoms which establish the equil ib-  
r ium potential  are present  at v i r tua l ly  their  equil ib-  
r ium concentration, the equi l ibr ium distr ibution of all 
the H atoms associated with Pt  is not established in 
these cases. The relative rates at which equi l ibr ium 
is established for the four cases are seen in the curves 
of Fig. 2. However, it must  be kept in mind  that  both 
an E of zero volt and a qH~ accumulat ion of H atoms 
are required for t rue equi l ibr ium since distr ibutions 
of q~ < qn~ can give zero volt. 

Diffusion gradient .--The effect of a substant ial  grad- 
ient produced by the preceding Pt-Oad removal reac- 
t ion has already been ment ioned  as the pr imary  reason 
for the dissimilar results of cases �9 and A as com- 
pared with the results of eases �9 and O. By plott ing 
qH VS. t for case �9 and A (Fig. 7 ) , i t  can be deter-  
mined whether  or not a constant  diffusion gradient  is 
established. The required l inear  relat ionship is found 
only for the curve of case /k above 0.2 sec. This rela-  
t ionship requires that  the concentrat ion of H2 at the 
surface remains very small and constant. Hence, the 
h.a.r, is under  near ly  complete diffusion control and 
occurs at a constant  rate of 3.1 x 10-4 A/cm2 as given 
by the slope between 0.2 and 0.7 sec (80 and 240 

28C 

N" 20C 500= 700 ml/rain 
E 

16C 0 rnl/mm 

4C 

I I I I I t I I I - - [  [ I 
0.0 OC~ 016 024 032 040 048 o~  054 0.72 

Isec) 

Fig. 7. qH vs. t for cases �9 and A .  H,2-stirring rate for �9 was 
500-700 ml/min, and for A was 0 ml/min. 

~C/cm2). When the solution is stirred, ease A, a defi- 
nite l inear  region is not observed, indicating that  the 
h.a.r, is most l ikely under  mixed diffusion and disso- 
ciation control. 

The ini t ial  pla teau for case A (0-0.06 see) most 
l ikely represents the interact ion of H2 with the last 
traces of atomic O which reduces the net value of qH. 
From 0.06 to about 0.16 sec a t ransi t ion to the l inear  
diffusion-controlled h.a.r, occurs. 

E vs. qH.--In order to compare the t ransient  con- 
centrat ion of accumulated H atoms to those obtained 
under  steady-state conditions, a plot of E vs. qH was 
prepared (Fig. 8). The data in this curve are the 
average values for five different methods of determi-  
nations of E vs. qH. These are: (a),  (b) the t rans ient  
$, O cases; (c) previously reported (3) steady-state 
data for which the potential  was controlled by the 
part ial  pressure of stirred H2 and H2 -t- O2 mixtures,  
and (d), (e) unrepor ted  steady-state potentiostatic 
relations between qH and E in both H2 and he l ium-  
stirred solutions determined at this laboratory. All  qH 
values have been corrected for double- layer  capaci- 
tance by the method indicated under  the heading 
Double-layer correction in the Results section of this 
paper. Since the values obtained by these five differ- 
ent methods are the same within  the exper imental  
precision, they are all lumped together in  Fig. 8 
(average values are 0 points),  where the spread of 
all the data is shown by the hatched lines. The E vs. 
qH relationships for cases �9 and A do not fit the 
Fig. 8 data and are plotted separately in  Fig. 9 (the 
dotted line represents the curve in Fig. 8). 

As can be seen in Fig. 8, E vs. qH follows an almost 
l inear  relat ion after the init ial  rapid decay. Most im-  
portant  is the fact tha t  the t rans ient  (cases �9 and O)  
data are essentially the same as the steady-state, 
open-circuit ,  and potentiostatic data indicating that 
either parameter  qH or E can be used to define the 
system. 

On the other hand, comparing Fig. 8 and 9, the 
curves indicate that for the same quant i ty  of H atoms, 
qH, less potential  decay has been achieved in cases �9 
and A.  These differences may be explained by con- 
sidering the effect of H2 diffusion. Since the diffusion 
gradient  created by the Pt-O,d removal  reaction is 
l imit ing the supply of H2 to the surface, the part ial  
pressure of H2 at the surface (PH2.s) is less than it is 
in the bulk. Hence, since qH and PH2.s determine the 
measured potential, it is more positive for the cases 
�9 and A.  

Diffusional effects also account for the E vs. qH re-  
lation for case /k from 140 ~C/cm 2 and above (Fig. 9). 
The diffusion dependency causes a t ime lag dur ing 
which H associated with the electrode may migrate  
to other lattice sites on the surface or is dermasorbed. 
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Fig. 8. E vs. qH. Summary of all cases primarily not under diffu- 
sion control. See Symbols for definition of �9 Hatched lines show 
spread of data. 
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Fig. 9. E vs. qH for cases �9 and Z~ which are primarily under 
diffusion control. Broken line is data for �9 (Fig. 7). See Symbols. 

Such behavior suggests that, in terms of t ime and/or  
potential, not all H a tom-Pt  associations are equiva- 
lent  and that  given sufficient t i m e  rearrangements  
can occur. In the other cases, where diffusion depen- 
dency is less or does not exist, rear rangements  have 
less effect on the E vs.  q~ relations. 

If r ea r rangement  of H atoms does occur, then some- 
t ime before equi l ibr ium is reached the rear rangement  
effects should cause the d E / d q H  to decrease at a faster 
rate. Note that  this does occur between 200 and 280 
~C/cm 2 (~ ,  Fig. 9). Any  possibility that  enough time 
was not allowed for equi l ibr ium to be reached is re- 
jected in light of Fig. 2 v~hich shows cases O and /~ 
coming to equi l ibr ium at the same q~. 

H y d r o g e n  r e g i o n s . - - P r e v i o u s  (3) charging curve 
data taken from the H J H  + equi l ibr ium potent ial  of 
zero volt have shown that H ionization can be con- 
sidered to occur in  six potent ial  regions. I n  the pres-  
ent study, these regions are investigated using many  
more samples to obtain much greater detail and, con- 
sequently, the l imit ing potential  of each region is 
more precisely determined. 

For each charging curve at t ime t for cases �9 and 
A ,  qn for each region is plotted as a function of log t 
(Fig. 10) to show the rate at which the various H 
regions (HR) accumulate H atoms both in the pres- 
ence and absence of an H2 diffusion layer. The as- 
sumption made in constructing these curves is that  
regions, i.e. HR~, HR2, etc., exist and are being filled. 
The potential  decay to a part icular  potential  (E) is 
related to these regions. This assumption, however, 
should not  be taken so that  only higher potential  
regions are being first filled since extremely small 
amounts  of H atoms may exist in the lower potential  
regions simultaneously.  In  short, a few atoms may 
accumulate in HR1 and HR2, but  not enough to sig- 
nificantly affect E. This requi rement  is necessitated 
by the opinion that  HR represents different forms 
and degrees of association between H atoms and Pt. It  
should be emphasized that the value of an HR accum- 
ulat ion plot lies in demonstrat ing,  on a relat ive basis 
only, that  different regions acquire H atoms at differ- 
ent times and at different rates. 

Examining  the results of case �9 (Fig. 10), the fol- 
lowing points can be established. When the h.a.r. 
begins, H atoms simultaneously fill the HR~,~.4 regions 
(but note that none of them are filled to their  equi-  
l ibr ium levels or fill at the same rate).  When the 
lower potent ial  regions (HRI,~) begin filling, the proc- 
esses are rapid and reach a definite max imum and 
finally level off at a lower qm 

In case ~ ,  when the h.a.r, begins, only the HR6 and 
HR~ regions accumulate H atoms, and other than  the 
fact that  longer t imes are required, the pat terns  of 
filling HR6,~,~ are about the same as for case o.  How- 
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Fig. 10. Relationships between qH vs. t (and E) for each of the 
six hydrogen oxidation regions, H R I - 6  for cases �9 and A .  See 
Symbols. 

ever, in case A ,  HRs.2,1 do show differences from case 
o. To be noted are the higher peaks for HRI.2 and the 
rapid filling of HR~ after an ini t ial  lag. These differ- 
ences in association with observations in the potential  
decay curves (Fig. 5) may explain the E vs.  qH be-  
havior of case /~ in terms of the rear rangement  of H 
atoms in the several regions. 

Upon examining  Fig. 5, one notes that  the last b reak  
in the E vs. t curve as the equi l ibr ium potential  is 
approached corresponds for case �9 (curve 1, 0.15 sec) 
to t.he ma x i mum of HR1 (0.15 sec, Fig. 10), whereas 
for case /~ (curve 4, Fig. 5, 0.3 sec) the last break 
corresponds to the beginning of HR2 (0.3 sec, Fig. 10). 
Timewise, for case A ,  it can be seen that  at 0.3 sec 
HR~ also begins to fill. The HR~ of case � 9  however, 
does not reach its ma x i mum value unt i l  about 5 sec 
or its equi l ibr ium value un t i l  10 sec, either of ~vhich 
is after HR1 has peaked. The opposite behavior is t rue  
in case i~. The significance of this extended period of 
t ime in case �9 has been brought  out already by case 
�9 reaching equi l ibr ium (Fig. 6, t = 2 sec) where, 
even though HR~ is filled and HRa is not, the poten-  
tial decays to zero volt. Consequently,  it is concluded 
that, because of the t ime lag produced by the diffusion 
layer, a rea r rangement  process occurs which allows 
HRs to be filled. The equi l ibr ium values for each 
region must  be the same for cases �9 and A,  and the 
differences seen in  Fig. 10 must  be due to the effects 
of adsorbed H2 gas and exper imental  error. 

The question as to which regions determine the 
open-circuit  potential  at t ime ~ is difficult to answer. 
One may conclude that all regions could influence the 
potential  in a part i t ioning manner ,  i.e. at any  E; all 
regions will  contain some H atoms that  influence the 
potential  to some, but  not equal, degrees. However, 
the reason why the E vs.  qH relat ion should be v i r tu-  
ally l inear is not apparent.  
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M e c h a n i s m s  and  Kinetics 

H.A.R. kinetics.--The rate at which the H2/H+ equi- 
l ibr ium is established on Pt  can be measured in terms 
of the disappearance of available Pt  sites or in terms 
of the accumulat ion of H atoms. The net  h.a.r, may  be 
wr i t ten  a s  

H~ Jr 2Pt ~ 2Pt-H [1] 

The following kinetic relationship can be wr i t ten  for 
the rate of the h.a.r., d[Pt-H]/dt  

d [Pt-H] 
- -  = 2kz [H~] [pt]~ --  2k~ [Pt-H]  ~ [2] 

dt 

d[Pt]  d[H2] d [P t -H]  
1~ = = _ � 8 9  [3] 

dt dt dt 

Assuming that  the reverse reaction is negligible and 
that 2kl [H2] is a constant, rate Eq. [2] converted to 
electrical units  becomes 

d (P t -H)  
= k ' z  (Pt) 2 [4] 

dt  

where d(P t -H) /d t  is in  ~A/cm 2, (P t -H)  and (Pt) 
are in ~C/cm ~, and k'l is in cm~/~C sec. 

Since (Pt-H)  Jr (Pt) = qH~, Eq. [4] can be wr i t ten  
in terms of (Pt -H) ,  i.e. 

d (Pt-H)  
k'z [qH|  (P t -H) ]  2 [5] 

dt 

Integrat ing Eq. [5], and since at t ----- 0 the integrat ion 
constant is 1/qn~, the h.a.r, rate equation can be 
wri t ten  as 

q~= -- (Pt-H)  
= k'z t Jr 1/qH| [6] 

where (Pt -H)  is q~ at t ime t. Equation [6] was tested 
for cases �9 and /~ (Fig. 11) and cases �9 and O (Fig. 
12). For cases �9 and /~ where a diffusion gradient  is 
present, the kinetic plots (Fig. 11) are curved dur ing 
the accumulat ion of the first 180 and 140 /~C/cm 2, 
respectively. 

For case �9 (Fig. 12), a straight l ine whose slope of 
0.059 cm~/~C sec, equal  to kz', is observed from the 
extrapolated zero t ime to 0.1i sec. Case �9 follows 
the same straight l ine up to 0.07 sec, but  then deviates. 
This is due to the st i rr ing effect noted in Fig. 5 at 
potentials below 0.1V. At longer times, the �9 points 
do not fall on the straight line indicating that  the 
assumed kinetic model for the h.a.r, may break down. 
Due to the scatter, the reproducibil i ty of measurement  
of qs  is poor. Nevertheless, dur ing the l inear  port ion 
about 64% (180/280) of qH| has been accumulated. It  

qH= 1801JC/CM2 

6 ~ & y  qH=I4OIjC/CM2 
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Fig. 11. Plot showing that cases �9 and /~ do not fit kinetic 
model (Eq. [6]) .  See Symbols. 
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Fig. 12. Fit of data for cases �9 and 0 to kinetic model (Eq. 
[6]) .  See Symbols. 

is interest ing to note that  0.11 sec corresponds to the 
t ime when HR1 begins to accumulate  H atoms. 

To fur ther  test the validity of the kinetic model, 
the instantaneous rates of case �9 calculated from Eq. 
[4] were plotted and gave the curve shown in  Fig. 13. 
The instantaneous rate from the "chain ruJe" calcu- 
lation of Breiter (7) 

d ( P t - H )  d ( P t - H )  dE 
• -- [7] 

dt dE dt 

were determined also and are shown as ' / "  points in 
Fig. 13. Equation [7] does not depend on a specific 
kinetic model. The value of d(Pt -H) /dE  was ob- 
tained from Fig. 8, and the value of dE~dr was ob- 
tained from a potential  decay curve (Fig. 5). The 
curve in Fig. 13 was determined by differencing qH 
changes in each msec of time dur ing decay and then 
obtaining an average A ( P t - H )  value over each 10 
msec interval.  

The agreement  between the " = "  points and the 
curve in Fig. 13 is reasonably good down to a potential  
of 0.10V. The disagreement between "="  points at 
small values of t reflects the difficulty in reading 
small  changes on a potential  decay curve under  con- 
ditions where rates of decay are very fast. The scatter 
of " � 9  points below 0.10V most l ikely reflect the error 
in determining qH as equi l ibr ium is reached (see Fig. 
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Fig. 13. Comparison of dependence of rotes of h.a.r, on E and t 
for cases �9 and 0 calculated from kinetic model and from in- 
stantaneous rote by "chain rule" calculation. Broken llne is over- 
age of �9 points on graph. See Symbols. 
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12). The fact that  the solid l ine curve deviates sig- 
nificantly from the average of the " J "  points, as in-  
dicated by the broken line in Fig. 13, implies that  the 
h.a.r, kinetic model does break down above 0.11 sec 
(see Fig. 12). 

Hydrogen regions.--The h.a.r, kinetic model fits 
down to 0.10V for cases �9 and C). The max imum rate 
at which the h.a.r, can proceed on an H- and O-free 
Pt  electrode in the absence of a diffusion gradient  for 
H2 occurs at t ---- 0. Calculating this rate using Eq. 
[4] at the estimated t -= 0 value gives 4.46 m A / c m  e. 
As t increases, the number  of available Pt  atoms for 
H atom association decreases, and the net rate at 
which additional H atoms are accumulated rapidly 
decreases and would, of course, be zero at equil ibrium. 
In other words, the rate at which the H2/H + equi-  
l ibr ium is reached on an ini t ial ly H- and O-free Pt 
electrode can be described by Eq. [4] and is pr imar i ly  
dependent  on the rate at which H atoms accumulate 
in HR6, 5, 4, 3. Once H atoms begin to accumulate in 
HR2, 1, the kinetic model expressed by Eq. [4] no 
longer holds. 

The departure  from the kinetic model of Eq. [4] 
cannot be explained by the reverse reaction in Eq. [1] 
becoming significant. Correcting the kinetic model for 
an H atom combination reaction only would lower the 
calculated net  rate, whereas the correct kinetic model 
must  increase the rate (Fig. 13). 

Maximum H2 diffusion current.~Schuldiner (8) 
found that  from about 0.05 to 0.7V a l imit ing current  
density, iL, of 2 m A / c m  2 (true area) is obtained for 
H2 oxidation in vigorously stirred (>1000 ml  H2/min) 
solution of 1M HeSO4, P H 2  ~ 1 arm. The often argued 
question as to whether  iL is diffusion or dissociation 
controlled can be examined in view of the present  
results. 

Our results have shown that, in the absence of a 
diffusion layer, the max imum rate at which H2 dis- 
sociates and H atoms accumulate on a clean, H- and 
O-free Pt  electrode (0.26V, t ---- 0) is 4.46 m A / c m  2 
(Fig. 13). Since the exchange current  density for H 
atom oxidat ion/reduct ion is about 0.4 A /cm 2 (6), the 
rate of H atom oxidation at potentials in excess of 
0.05V would be greater  and would increase with in-  
creasingly positive potentials. Therefore, the maxi-  
mum rate at which H2 could be oxidized on an H- and 
O-free Pt  electrode in the absence of a diffusion layer 
would be 4.46 m A / c m  ~ and would be dissociation 
controlled. Hence, a comparison of the iL value of 2 
m A / c m  2 under  steady-state polarization with the He 
dissociation rate of 4.46 mA/cm 2 leads to the conclu- 
sion that  iL must  be under  part ial  diffusion control. 

The contr ibut ion of the diffusion current  density 
(geom. area) to iL can be calculated. The oxidation 
of H under  steady-state potentiostatic conditions can 

I II  
be l imited by either H2 ~ H2, s -~ 2H or a combination 
of diffusion (I) and dissociation (II) .  The terms H2, 
He, s, and H refer to hydrogen in the bulk  solution, 
surface, and associated with the electrode as H atoms, 
respectively. Under  steady-state conditions, the rate 
of H2 oxidation is not dependent  on the h.a.r, since 
at any  potential  the steady-state concentrat ion of 
(Pt-H)  has been reached and, if the potential  is posi- 
tive enough (>0.3V), (Pt-H)  is effectively zero. It is 
diffusion and/or  dissociation of H~ which then becomes 
rate determining.  

The basis of calculating the contribution of the 
diffusion current  density to iL is wri t ing separate 
equations for the dissociation current  density, idiss, 
and for the diffusion current  density, /gift ( true area 
for the present  a rgument) .  Since under  steady-state,  
potentiostatic conditions at the l imit ing current  den-  
sity, dissociation and diffusion must  occur at the same 
rate, so that  

iL ~ id iss ,  L -~-- id i f f ,  L 
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From these equations a relationship for iL in terms of 
idiff,  max (geom. area) and idiss, max can be derived. The 
lat ter  terms represent  the max imum rate at which H2 
would be oxidized by either total diffusion or total 
dissociation control. 

The diffusion current  density (true area),  ~aiff, is 
given here as being ~ the Nernst diffusion equation 
(9) because we have found that our Pt  bead electrodes 
have roughness factors of about 2; thus, idiff  (geom.) 
~-- 2 idiff  

DF(Cb -- Cs) (1 -- Cs/Cb) { DFCh 
) idiff---- 2 • 103 5 ----- 2 5 • 103 [8] 

[idiff, max (geom.) is given by the last parenthesized 
term on the right,] Here D is the diffusion coefficient, 
F is the faraday, CD is the concentrat ion of H2 in the 
bulk  of the solution in equiv./L, Cs is the concentra-  
tion at the surface, and 5 is the "effective thickness" 
of the diffusion layer. 

Convert ing to H2 part ial  pressures, Cb and Cs are 
equal to 1.33 x 10 -3 PHg,b and 1.33 x 10 -3 PHe,s, re-  
spectively (Eq. [5], Ref. 9). Since PH2,b = 1 atm 

idiff, max (geom.) 
idiff = (1 -- PH2,s) [9] 

2 

Equations for the dissociat ion/combination step, as- 
suming a Langmui r  isotherm are 

idiss = kdtss ( 1 -- O) 2 PH2 , s  
and 

/comb ~ kcomb 82 
At equi l ibr ium 

idiss -~ ieomb : io ~ ~diss (1 -- 00) 2 

where 0 is the fraction of available Pt  dissociation 
sites covered with H atoms, 0o is the value of this 
fraction at equil ibrium, and io is the exchange current  
density for the dissociation reaction. The net  idiss 
when the back reaction is negligible is 

( 1 - - ~  ) ~ 
idiss : io PH2,s [10] 

1 -- 0o 

The max imum current  under  dissociation control is 
when PH2,s ~ 1 atm and 0 ---- 0. 
Hence 

idiss ~--- idiss, max ( 1 -- 0) 2 -PH2,s [ 11 ] 

For  the l imit ing current  density, idiss --> iL r and 
0 = 0; hence, Eq. [9] 

idiff, max (geom.) 
idiff, L = iL = (1 -- PH2,s,L) [9a] 

2 

and Eq. [11] becomes 

idiss, L ~--- iL ~ idiss, max PH2,s,L [ l l a ]"  

Solving Eq. [ga] or [ l l a ]  for PH~,s,L and then substi-  
tu t ing for PH2,s,L in the other equation, the geometric 
averaging of idiff, max and idiss,  max for iL is obtained, i.e. 

(idiss, max) • (idiff, max(geom.)) 
i a ---~ [12] 

(2 idiss, max) + (idiff, max(geom.) ) 
or 

1 2 1 
7 = + .  [13] 
I L  idi f f ,  m a x  (geom) ~diss, m a x  

Therefore, since iL is known (2 x 10 - s  A /cm e) and 
since idiss, max is ih.a.r., max (4.46 X 10--3 A/cm2),  idi~f, max 
(geom.) is found to be 7.25 x 10 -3 A /cm 2. Equation 
[13] is similar to the one derived by Castellan (10). 

Schuldiner  (8) has shown that  for 0.05 to 0.7V, im 
is independent  of potential. This behavior  necessitates 

2 mA/cma 
Thus, PH2,s, L 0.45 arm, which is the effective 

4.46 mA/cm s 
partial pressure of H2 at the electrode surface at iL. 
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the conclusion that  the major i ty  of the H atoms asso- 
ciated wi th  the electrode above 0.05V are not adsorbed 
on Pt  atoms that  are requi red  for H2 dissociation. The 
total  number  of Pt  atoms which are associated wi th  
H atoms at equi l ibr ium is considered to be equivalent  
to 260 -*- 40 ~C/cm 2 (not one monolayer  = 210 
~C/cm2). However ,  only a small  port ion of that  total  
number  of Pt  atoms are actual ly involved in H2 dis- 
sociation, and it is this small  number  of Pt  atoms that  
are "covered" when 0 = 1. Otherwise,  on the basis of 
the total number  of Pt  atom association with H atoms, 
260 ~C/cm 2, the  fraction of Pt  atoms associated with  
H atoms would go f rom 0.81 at 0.05V to 0.62 and 0.42 
at 0.10 and 0.15V, respect ively (see Fig. 8), while  at 
the same t ime iL remains constant. However ,  by de-  
fining o as the fraction of available Pt  dissociation sites 
covered with  H atoms, ~ must  be approximate ly  zero 
above 0.05V under  conditions of the iL described by 
Schuldiner  (8). In the definition used for 0, the re la-  
t ionship be tween Pt  sites avai lable for H2 dissociation 
and actual number  of Pt  atoms is not necessarily on a 
basis of one atom to one site; e.g., a site may involve 
junct ion of two atoms. 

It is not definite whe ther  the effective coverage of 
avai lable Pt  dissociat ion sites wi th  H atoms, the po- 
tent ial  near  and at equil ibrium, and the relat ion with  
HR1 and possibly HR2 are all related, but our results 
indicate that  they probably are related. As is shown 
in Fig. 10, above 0.05V (e.g., 0.15 sec) the number  of 
H atoms in HR1 is about zero, and the number  of H 
atoms in HR2 is only about 50 #C/cm e. If  o is to be 
equated with  HRI,2, then it must  follow that, under  
s teady-sta te  conditions above 0.05V, H2 molecules are 
dissociated and are  oxidized at Pt  sites which are 
equivalent  to HR1,2, but  whose H content  is v i r tua l ly  
zero. 

Diffusion-layer thickness.--The "effective thickness" 
of the diffusion layer, 6, can be calculated for case A 
(quiescent solution) and for the potentiostatic s teady- 
state oxidation of hydrogen (st irr ing rate  ~ 1000 
m l / m i n ) .  In the latter case, 6 is 8.6 x 10 -4 cm as cal- 
culated f rom Eq. [8] 

DFCb 
idife, max(geom.) = 7.25 X 10 -3 A/e ra  z 

6 • 103 

where  D is 4.87 x 10 -a  cm2/sec (11). For  case A ,  5 
can also be calculated f rom the r igh t -hand side of 
Eq. [8] since the lat ter  is equal  to the slope of qH VS. t 
(Fig. 7, 0.2-0.7 sec). Since Cs would be small, 6 is 
1 x 10 -2 cm, and idiff, max(geom.) is 0.62 m A / c m  2 under  
these conditions. 

A comparat ive  calculation of 8 for case A can be 
made by first ealculat ing the depth, d, of hydrogen 
deplet ion caused by reducing a monolayer  of Pt-O~d 
(420 #C/cm 2 of Pt-Oad). The depth is given by 

mole H2/cm 2 (geom.) 
d cm = [14] 

mole  H J c c  solution 

where  the numera tor  is 

420 • 10-6C equiv, mole  
X X ~ X 2  

cm 2 9.65 X 104C 2 equiv. 

4.35 • 10-9 mole H2 
---- [14a] 

cm 2 (geom.) 
and the denominator  is 

mole H2 0.0149 cc H2 6.65 X 10 -7 mole He 
• 

22,400 cc He cc solution cc solution 
[14b] 

Equat ion [14a] is mult ipl ied by 2 because d must  be 
calculated on a geometr ic  area basis, and 1 cm ~ t rue  
area is about 0.5 cm 2 geometric area. The H2 solubili ty 
in 1M H2SO4 term in Eq. [14b] is taken f rom Ref. 
(12). Hence, d is 6.5 x 10 -3 cm. To complete the corn- 

para t ive  calculation, it is necessary to make  5 = 2d 
because diffusion Eq. [8] assumes a l inear H2 diffusion 
gradient  which means that  the diffusion layer will  be 
only one half  depleted of H2 in 6.5 x 10 -3 cm. Thus, 
calculated this way is 1.3 x 10-2 cm and is comparable  
to the 6 value  (I.0 x 10 -2) de termined f rom Fig. 7. 

Conclusions 
1. The open-circui t  hydrogen accumulat ion reaction 

(h.a.r.) under  dissociation control  obeys the following 
second-order  kinetic relat ion 

ih.a.r. : i d i s s  = dqH/dt = 0.059 (275-qH) 2 

0 -~ qH ~ 180 b~C/cm 2 

The idiss, max = 4.46 • 10-3 A / c m  2 

qH ~ 0 ~C/cm 2 

2. The open-circui t  h.a.r, under  diffusion control  was 
measured in a quiescent solution where  idiff (geom.) 
= 6.2 x 10 -4 A / c m  2. The "effect ive thickness" of the 
diffusion layer in quiescent solution is 1.0 x 10 -2 cm. 

3. Only a small  number  of the total number  of Pt  
atoms which are associated with H atoms at equi l ib-  
r ium (260 ~- 40 /xC/cm 2) are involved in the avai lable 
Pt  dissociation sites. 

4. Under  potentiostatic s teady-sta te  hydrogen ox i -  
dation (0.05-0.7V, vigorous H2 st i rr ing) ,  the l imit ing 
current  density (2 x 10 -z  A / c m  2) was shown to be 
under  mixed  dissociation and diffusion control. The 
idiss, max = 4.46 X 10 -~ A / c m  2 and the idiff, max (geom.) 
= 7.25 x 10 -3 A / c m  2 show that, even though the H2 
oxidation is pr imar i ly  dissociation controlled, diffusion 
does cause the effective hydrogen part ial  pressure at 
the electrode surface to be reduced from an applied 
pressure of 1 to 0.45 atm. The "effective thickness" of 
this diffusion layer  is 8.6 x 10 -4 cm. 

5. The h.a.r, under  dissociation control reaches zero 
volt in about 0.3 sec, b u t  at least 100 sec are  required 
to reach the equi l ibr ium Pt-associated H atom con- 
centration. 

6. The h.a.r, under  diffusion control reaches zero 
volt  in about 10 sec, but also requires  at least 100 sec 
to reach the equi l ibr ium Pt-associated H atom con- 
centration. 

7. I tems 4 and 5 show that  a slow rea r rangement  of 
adsorbed and dermasorbed H atoms are required 
before the P t -H2/H + electrode reaches the rmody-  
namic equil ibrium. 

8. Nonfaradaic charging corrections were  found to 
be complex and involved adsorpt ion/desorpt ion proc- 
esses as wel l  as double- layer  charging. 

SYMBOLS 
case �9 h.a.r, in H2-stirred solution, first pulse 

polarization to 0.8V 
case O h.a.r, in quiescent solution, first pulse 

polarization to 0.8V 
case �9 h.a.r, in H2-stirred solution, first pulse 

polarizat ion to 1.76V 
case /~ h.a.r, in quiescent solution, first pulse 

polarization to 1.76V 
Cb Concentrat ion of He in the bulk of 

the solution, equ iv . /L  
Cs Concentrat ion of H2 at the surface, 

equ iv . /L  
Cdl Double- layer  capacitance, ~F/cm 2 
d Depth f rom the electrode which the 

Pt-Oad -}- H2 react ion depletes He 
from the solution, cm 

D Diffusion coefficient for H2, 4,87 x 10 -5 
cm2/sec (I1) 

E Potential,  V 
h.a.r. Hydrogen accumulat ion reaction of 

dissociated H2 adsorbed on and /o r  
dermasorbed with  the Pt  electrode 

H Hydrogen atoms, associated with  the 
Pt  electrode ei ther  by adsorption or 
dermasorpt ion 

H2 Dissolved molecular  hydrogen 
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H2. s 
HRi 

icomb 
idiff 
idiff, L 
idiff, max 

idiff, max (geom.) 

idiss 
idiss, L 
idiss, max 

iL 
io 
ih.a.r. 
~diss 

kcomb 

k'l 

PH2,b 
PH2,s 
PH2,s,L 
qH 

qH~ or q~ 

qH+dl 

t 

0 
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H2 at the  electrode surface 
H region-H oxidation potential  region 
observed dur ing an anodic charging 
pulse 
Current  density or reaction rate on 
true area basis, A /cm e 
Rate of H atom combinat ion 
Rate of H2 diffusion in solution 
idiff under  l imit ing conditions 
Maximum idlff under  conditions of 
pure diffusion control 
M a x i m u m  idiff on a geometric area 
basis 
Rate of H2 dissociation to 2H 
idlss under  l imit ing conditions 
M a x i m u m  idiss under  conditions of 
pure dissociation control 
Limit ing current  density 
Exchange current  density for idiss 
Reaction rate of h.a.r. 
Rate constant  for the dissociation 
reaction, A /cm 2 
Rate constant for the combinat ion 
reaction, A/cm2 
Rate constant for h.a.r., cmS/mole 2 sec 
2kl (H2) converted to electrical units, 
cm2/~C sec 
Bulk par t ia l  pressure of He, arm 
Surface part ial  pressure of H2, atm 
Par t ia l  pressure of H2. s at iL, atm 
Amount  of H associated with Pt  elec- 
trode via h.a.r, at t ime t as measured 
by the second pulse, ~C/cm 2 
Equi l ibr ium concentrat ion of H asso- 
c.iated with Pt  electrode at equi l ib-  
r ium, ~C/cm 2 
N e t  qH + amount  of double- layer  
capacitance charging, ~C/cm 2 
Elapsed "real" t ime for h.a.r. 
"Effective thickness" of the H2 diffu- 
sion layer, cm 
Fract ion of available Pt  dissociation 
sites covered with H 

0o Value of 0 at equi l ibr ium 
Xo Time required for potential  decay due 

to Pt-Oad + H2 reaction, sec 
�9 ~h.a.r. calculated from the chain ru le  

(d (Pt -H) /dE)  (dE/dt) 
�9 Average qH VS. t value for cases �9 

and O and steady-state measure-  
ments  where potential  control was 
either potentiostatic in He- or H2- 
saturated solution or by mixtures  of 
H2, He, and O~ 
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Current Distributions on Plane, Parallel 
Electrodes in Channel Flow 

W. R. Parrish and John Newman 
Inorganic Materials Research Division, Lawrence Radiation Laboratory, and 

Department of Chemical Engineering, University of California, Berkeley, California 

ABSTRACT 

Current  distr ibutions on two plane, paral lel  electrodes embedded in the 
walls of a flow channel  have been calculated for separation distance between 
electrodes to electrode length ratios of 0.5, 1, and 10. Secondary current  dis- 
t r ibut ions were calculated using the l inear  and Tafel polarization laws. Using 
the Tafel polarization law, current  distr ibutions were calculated at various 
fractions of the l imit ing current.  In  all  cases considered, the electrodes are 
near ly  independent  of one another  if the height to length ratio is ten or more. 

Many industr ia l  electrochemical processes use chan-  
nel flow between two plane, parallel  electrodes as 
shown in Fig. 1. The l imiting current  distr ibution for 
this flow geometry is well  known (1). A procedure 
for determining current  distr ibution below the l imit-  
ing current  has been outl ined previously (1). The 
method uses the concept of having concentrat ion var i -  
ations restricted to a th in  diffusion layer very near  
each electrode surface (2), al lowing the bu lk  region 

Key words: electrochemical mass transfer, electrode kinetics, cur- 
refit distribution. 

and the diffusion layers to be t reated separately. The 
same concept has been applied previously to the ro-  
tat ing disk electrode (3, 4) and to the single plane 
electrode (5). 

In  the t rea tment  of the problem, the following as- 
sumptions are made: 

1. The electrodes are embedded in infinite, parallel,  
plane, insulat ing walls. 

2. Ful ly  developed, l aminar  flow exists, and the 
velocity profile can be considered l inear inside the 
diffusion layer. Thus, the diffusion layer  thickness 
should be small  compared with the distance between 
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Fig. 1. Plane electrodes in the walls of a flow channel 

the walls. In  such diffusion layers it is appropriate 
to neglect diffusion in the direction parallel  to the 
electrode. 

3. Dilute solution theory with constant  physical 
properties is applicable. 

4. The t ransport  equations used here apply to either 
single salt deposition or ions reacting in an excess of 
support ing electrolyte. The effect of ionic migrat ion 
for in termediate  cases is not  considered. 

Mathematical Formulation of Problem 
The general  approach to the problem is outl ined in 

ref. (1) through (5). The potential  in the bulk  region 
satisfies Laplace's equation 

-{- ---- 0 [1] 
~x 2 Oy~ 

where r is the potential  measured by a reference 
electrode of the same type as the working electrode. 
The appropriate boundary  conditions are 

~ r  [2] 

~ r 1 7 4  [3] 

Equation [2] applies to the insulat ing surfaces 
bounding the electrodes, and Eq. [3] relates the 
normal  potential  gradient  to the electrode current  
density i, where ~| is the solution conductivi ty in the 
bu lk  region. The current  is taken to be positive on the 
anode and negative on the cathode. 

The solution (1) to Eq. [1] with the boundary  con- 
ditions .is 

1 
�9 (x ,y )  ---- ~* -- ~ • 

2n~| 

(x') In [sinhe (x 

-[- s in2(n(y -- h ) / 2 h ) ] d x '  

l: n u ianode(x')ln[sinh2(~(X -- x ' ) / 2h )  

+ sin2(~y/2h) ]dx' t [4] 

where the anode is at y ---- 0 and the cathode is at 
y ---- h. The potential  very near  the cathode surface 
is then 

1 
d i ' ~  = @* - - - -  X 

2~ K~ 

( f o  sinh  x')/2h) 
"3 

-~- ianode(X')ln cosh2(y~(X -- x ' ) / 2 h )  ]dx" ~ [5] 

The expression for the anodic potential  is the same 
as above except that the subscripts are reversed. 
These potentials represent  the potentials of the bu lk  
region extrapolated to the electrode surface as if the 
actual current  prevails but  there is no concentrat ion 
variat ion near  the electrodes. The integrat ion constant, 
r is determined by the requi rement  that  the total 
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currents  for the two electrodes must  be equal in mag-  
nitude, i.e. 

yoLEicath(X ') + ianode(X')]dx'= 0 [6] 

To obtain a relationship between the current  and 
concentrat ion on each electrode, an equation has been 
derived from the l imit ing current  expression 

nFD c| ( 2 < v > )  1/3 

im~(~) = (1 -- t) r (4 /3 )  3hDx [7] 

Application of Duhamel 's  theorem (6) yields an equa- 
tion which is applicable to either electrode (1) 

nFD ( 2 < v ~ )  1/3 
i (x) = • 

(1 -- t ) r  (4/3) 3hD 

~ dco(X') dx' 

dx'  ( x - -  x ' ) , l~  [8] 

For m a n y  electrode reactions, the current  density 
and surface overpotential,  ,is, can be related by 

i ( x )  = io(colc,)~ X 

{exp[aZF~ls/RT] -- exp[- -gZFns/RT]  } [9] 

where ~ and fl are characteristic parameters  of the 
electrode reaction, and io is the exchange current  den-  
sity at the bulk  concentration. The exchange current  
density is assumed to be proportional to the surface 
concentration, Co, raised to the power % The surface 
overpotential  on each electrode is related to the elec- 
trode potential, V, by 

~ s  = V - -  r _ n c  [10] 

The concentration overpotential, ~Ic, is taken to be (2) 

nc = -- ( R T / Z F )  [ ln (cJco)  -- t(1 -- co/c~)] [11] 

where 
Z = - - z + z - / ( z +  -- z - )  for a single salt [12] 

Z = - - n  with supporting electrolyte [13] 

The transference number ,  $, is zero if there is an  ex-  
cess of support ing electrolyte. The number  Z was in -  
serted into Eq. [9] in order to make more simple the 
dimensionless parameters  which describe the system. 
For a solution of a single salt, the effect of the var i -  
ation of conductivi ty across the diffusion layer is in-  
cluded in Eq. [11], and in this case the derivation was 
re.~tricted to a metal  deposition reaction. The kinetic 
parameters  are aZ and ~Z, not a and ~ alone. 

Numerical Calculations 
To calculate current  and concentrat ion distr ibutions 

on the two electrodes, two sets of five equations must  
be solved simultaneously;  these are Eq. [5], [8], [9], 
[10], and llS: [ 

i a v g -  "~ i ( x ) d x  [14] 

./~vg is a specified average current  density applying to 
both electrodes (Eq. [14] replaces Eq. [6]). For a 
given distr ibution of total overpotential,  ~c q- ms, Eq. 
[8~ was solved in conjunct ion with Eq. [9] and [10] 
using the method of Acrivos and Chambr6 (7). Simp- 
son's method was used to evaluate Eq. [14]. Gaussian 
quadra ture  integration,  using 96 points (8), was used 
to calculate the total  overpotential  in Eq. [5]. To get 
intermediate  values of the in tegrand required for the 
Gaussian integration, Lagrange's  interpolat ion formula 
was used. Simpson's method had been used for 
evaluat ing Eq. [5], but  was found to be less accurate 
and efficient than the Gaussian method. The s ingular-  
ity at x' ---- x in Eq. [5] was el iminated by adding and 
subtractihg i ( x )  as suggested by Kantorovich and 
Krylov  (9). 
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The answers were considered satisfactory if they 
did not change by more than  1% when the n u m b e r  
of evenly spaced intervals  was increased by 20. The 
required number  of intervals  varied between 100 and 
180, depending on the uni formi ty  of the current  and 
concentrat ion distributions. 

The following doubly rei terat ive procedure was 
used: 

1. As a first guess, the total  overpotential  was as- 
sumed constant  over the entire electrode. The overpo- 
tent ials  were calculated from Eq. [9] using i ( x )  = 
iavg and Co : c| 

2. For a given overpotential  distr ibution,  the current  
and concentrat ion distr ibutions were calculated from 
Eq. [8], [9], [10], and [11]. 

3. The average current  was then calculated and 
compared with/avg. If the two values differed by more 
than 0.001%, the overpotential  distr ibution was 
changed uni formly  b y  adding a constant  to each value. 
The new overpotentials were then put  back into step 
2. The constant  was found by assuming that  the over-  
potent ia l  at x = 0 was proportionaI to the calculated 
average current  density or its logari thm for the cath-  
ode or the anode, respectively. 

4. Using the current  distr ibutions that satisfy Eq. 
[14], new values of the overpotentials were calculated 
from Eq. [5] and [10]. If the old and new values 
differed by more than 0.1%, the two values were 
averaged (usually with unequal  weights because of 
stabil i ty problems) and put back into step 2. 

This numerical  procedure works well for the range 
of current  distr ibutions considered in this paper. 
Three to eight i terations were required to obtain con- 
vergence in the inner  loop, and the convergence rate 
depended on how near  the overpotential  distr ibutions 
were to the "correct" values. Up to 70 iterations were 
required in the outer loop. The required number  of 
outer i terations increased with increasing nonun i -  
formity of the current  and concentrat ion distributions. 

Results 
Eight parameters  are required to define completely 

each problem, h/L,  the transference number ,  t, ~, p, 
and 7 which are characteristic of the electrode reaction 
(although it is not necessary, the same kinetic pa ram-  
eters are assumed to apply to both electrodes), and 
three dimensionless quanti t ies which are analogous to 
those defined for the flat plate (5) and the rotat ing 
disk (3) electrodes 

J = ZFLio/RTK| [15] 

nZF2Dc= ( 8<v>L2 ) ~/3 
N =  ( 1 - -  t)RTK| hD [16] 

a = [iav~ ] ZFL/RTK| [17] 

where J, N, and b represent  the dimensionless ex- 
change, average limiting, and average current  den-  
sities. The average l imit ing current  corresponds to 
5 = 0.807N, obtained by subst i tut ing Eq. [7] and [14] 
into [17]. 

The two extreme cases are the p r imary  and l imit ing 
current  distr ibutions which are shown in Fig. 2 for 
several values of h/L.  The pr imary  current  dis tr ibu-  
t ion occurs when  the electrode is reversible and there 
are no concentrat ion effects (N = ~ ,  J = ~ ) .  The 
pr imary  current  dis t r ibut ion (1) is 

�9 cosh e/K ( tanh 2 ~) 
i/iavg = [18] 

~/~sinh 2 ~ -- s inh 2 (2x -- L) e/L 

where e = Jd.,/2h and K ( m )  is the complete elliptic 
integral  of the first  kind. 

The lirhiting current  occurs when the current  dis- 
t r ibut ion is l imited by the mass t ransfer  rate through 
the diffusion layer and is given by 

i/iavg = (2/3) ( x /L ) -1 /3  [19] 
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o [~/ Limiting current L~J 

1.5 I ~11 k h /L=0 .5  I l l  

"- 1.0 

0 .5  

0 
0 0.2 0.4 0.6 0.8 1.0 

x / L  
Fig. 2. Primary and limiting current distributions on channel 

electrodes. 

Secondary current  distr ibutions occur when there 
is a surface overpotential  but  no mass t ransfer  effects 
(N = ~ ) .  i f  the current  density is small  (5 < <  J) ,  

the polarization law [9] can be linearized to give 

i = (~ 3- [3) (ZF/RT)io~s [20] 

Using the coefficient in Eq. [20] [which, after mul t i -  
plication by L/z| becomes (a 3- #)J]  as a parameter,  
Wagner  (10) calculated secondary current  dis tr ibu-  
tions for the two cases of h /L  = o v  and h /L  < <  1. 
Linear  secondary current  distr ibutions are shown in 
Fig. 3 for (a 3-/~)J equal to 8n (this corresponds to 
Wagner 's  parameter  a/kc = 4=) and several values 
of h/L.  To give an indication of cur ren t  uniformity,  
the ratio of the max imum to mi n i mum current  density 
has been plotted in Fig. 4 as a function of (a + / ~ ) J  
and h/L.  

If the average current  is much greater than the ex-  
change current  (8 > >  J) ,  Tafel polarization will  ap-  

5.0 

2.0 

o 

~  

1.0 

I I 
N=a) 
(a +/3) d=8~r 
iovg/i0=O 

I I 

- 0"5 ~ I L  ~ 

Y _ _  

0 
0.5 

I I ..... I I 
0.6 0.7 0.8 0.9 1.0 

x / L  
Fig. 3. Secondary current distribution for linear polarization 
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I I i j j I f 

4 1 - - - i N o v : / i o  = 0 
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t I I I 1 I it 0 
0 4 8 12 16 20 24 

(,', +/9) J 

Fig. 4. Ratio of maximum to minimum current for linear polariza- 
tion as a function of the parameter (~ -[- ~)J, 

ply. Equat ion [9] can then  be wri t ten  as 

ms = -- (RTIZF[3) [ln I i I -- In io] [21] 

for the cathode. (For the anode, ~ replaces # and the 
minus sign is omitted.) Poddubnyi ,  Rudenko, and 
Formin  (11) have calculated secondary current  dis- 
t r ibutions for Tafel polarization and h / L  = oo. Fig-  
ures 5 and 6 show current  distr ibutions and current  
uni formi ty  curves for Tafel kinetics. 

As can be seen in Fig. 3 through 6, the current  dis- 
t r ibutions become increasingly more sensitive to h / L  
as the ratio decreases. For  all  the cases considered, the 

e -  

E 

E 

5 

4 

5 

2 

' I ' I f 
N=oO 
a = o  
= = B = 0 . 5  j 

h / L = O O /  . "  /2"" 
/ I- 0.5 I' 

o [  ' I I I , 
0 I0 20 

8 = liovg I ZFL/RTKoD 

t 
5O 

Fig. 6. Ratio of maximum to minimum current for Tafel polariza- 
tion with no mass transfer effects as a function of the dimension- 
less average current. 

current  distr ibutions for h / L  ---- 10 were very  close to 
the distr ibutions for h / L  -~ oo. 

Because mass t ransfer  effects are impor tant  at 
higher current  densities, we used Tafel polarization in 
calculating current  distr ibutions involving concentra-  
t ion effects. Figure 7 shows the current  distr ibution on 
the cathode at various fractions of the l imit ing current  
and for three values of h /L .  The current  dis t r ibut ion 
on the anode is shown in Fig. 8 for a current  which 
is 95% of the l imit ing current.  Near the front of each 
electrode, the current  drops rapidly, behaving Iike a 
secondary current  distribution. However, on the cath- 
ode, mass t ransfer  effects become more impor tant  with 
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Fig. 8. Current distribution on the anode for Tafel polarization 
with the current at 9 5 %  of the cathodic limiting current. 

increasing x/L. As the concentrat ion profiles for the 
cathode show in  Fig. 9, the cathodic current  cannot 
cont inue to behave like a secondary current  because 
the reactant  concentrat ion has been lowered inside the 
diffusion layer. But  concentrat ion effects are relat ively 
un impor tan t  on the anode, and the anodic current  
continues to resemble a secondary current  distribution. 
The interact ion between the two electrodes through 
Laplace's equation is very  apparent ,  for the case of 
h/L = 0.5. 

The above considerations explain the maxima in  
the cathodic current  densities. These arise from a com- 
promise between the secondary and l imit ing dis- 
t r ibutions of current.  The depletion of the diffusion 
layer eventual ly  begins to be felt, al though the local 
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Fig. 9. Surface concentration distribution on the cathode for 
Tafel polarization near the limiting current. 

value of the l imit ing current  density can b e  exceeded 
[compare with the disk (3) ]. 

For  the cathode, at higher current  densities, the 
concentrat ion drops rapidly at  the front  of the elec- 
trode and, as x /L  increases, the concentrat ion increases 
slightly before decreasing again for h/L equal to 1.0 
or more.  This behavior  is caused by the rapid deple- 
t ion of reactant  at the beginning when the current  
densi ty is very  high. However, after the current  has 
dropped, the concentrat ion has a chance to increase 
by diffusion into the diffusion layer. Then, when  the 
current  increases, the concentrat ion starts decreas ing  
again. A similar  but  opposite behavior occurs on the 
anode as is shown in  Fig. 10. 

Although not shown, current  and concentrat ion dis- 
t r ibutions were calculated for h r equal  to 5 and 20, 
for comparable fractions of the l imit ing current  and 
h/L as discussed above. At the lower values of N, the 
differences between the current  distr ibutions at  h/L 
of 0.5 and infinity were less than  5 and 12% on cathode 
and anode at x/L = 0.5. Thus, for these lower values 
of N, some idea of the cathodic current  dis t r ibut ion 
can be obtained from ref. (5). This resul t  is in  har -  
mony  with the observation that large values of the 
conductivi ty and hence small  values of N and 8 mean  
that the electrodes behave independent ly  since they 
were coupled only through the ohmic potential  drop. 
For an infinite value of the  conductivity, the problem 
is similar to one of mass t ransfer  and nonelectro-  
chemical catalysis (1, 12). 

C o n c l u s i o n s  
A general  approach, applied previously to flat plate 

and rotat ing disk electrodes, has been used to calculate 
current  distr ibutions on two plane, parallel  electrodes 
embedded in the walls of a flow channel. The method 
of solution takes into account  mass t ransfer  effects as 
well as electrode kinetics and ohmic drop in the bulk  
region. The same approach should be appl icable  to 
other flow geometries if the velocity gradient  is 
known at the electrode surface and if the potential  
distr ibution in the bu lk  region can be obtained from 
Laplace's equation. 

Based on the above results, the two electrodes can 
be t reated separately if h/L is ten or more. This is 
also a fairly good approximation for h/L down to 0.5 
if the current  density (or (~ + t~)J in the case of 
l inear  polarization) is relat ively small. This assump- 
tion greatly reduces the numer ica l  work required to 
calculate current  and concentrat ion distr ibutions on 
electrodes in flow channels. 
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Fig. 10. Surface concentration distribution on the anode for 
Tafel polarization near the limiting current. 
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NOMENCLATURE 
Co, concentra t ion at e lectrode surface, mo le / cm 3 
c ,  bulk  concentra t ion of reactant ,  mole /cm 3 
D, diffusion coefficient of reac tan t  or  of b ina ry  

e lectrolyte ,  cm2/sec 
F, F a r a d a y ' s  constant ,  96,487 coul /equ iv  
h, height  of flow channel ,  cm 
i, no rma l  cu r ren t  dens i ty  at  e lectrode surface, 

A / c m  2 
iavg, magni tude  of average  cur ren t  density, A/cm'-' 
ilim, average  l imi t ing cur ren t  density,  A / c m  2 
io, exchange current  density,  A / c m  2 
J, dimensionless  exchange cur ren t  densi ty  (see 

Eq. [15] ) 
K, complete  el l ipt ic in tegra l  of the first kind 
L, length  of electrode,  cm 
n, number  of electrons produced when one re-  

ac tant  ion or molecule  reacts  
N, dimensionless  l imi t ing current  (see Eq. [16]) 
R, universa l  gas constant,  j ou l e /mo le -deg  
t, t ransference  number  of reac tan t  
T, absolute  t empera ture ,  ~ 
~ v ~ ,  average velocity,  cm/sec  
V, potent ia l  of electrode,  V 
x, distance along electrode, cm 
y, normal  distance from electrode, cm 
zi, charge number  of species i 
Z, see Eq. [12] and [13] 
a,g,% pa ramete r s  of kinetic  expression (see Eq. [9J) 
1 ~ (4/3) = 0.89298, the  gamma function of 4/3 
5, dimensionless  average cur ren t  densi ty  

Eq. [17]) 
E = ~L/2h 

(see 

nc, concentrat ion overpotent ial ,  V 
ns, surface overpotent ial ,  V 
�9 ~, conduct iv i ty  of bu lk  solution, o h m - L c m - 1  
�9 , potent ia l  in bu lk  solution, V 
r potent ia l  in bu lk  solution ex t rapo la ted  to elec-  

t rode  surface, V 
r in tegra t ion  constant  (see Eq. [4]) 

Manuscr ip t  submi t t ed  Apr i l  7, 1969; revised m a n u -  
scr ipt  received Aug. 29, 1969. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ ished in the  December  1970 
JOURNAL. 
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Emf of Isothermal and Nonisothermal Formation Cells 
of Molten Silver Halides 

C. R. Metz *'I and R. L. Seifert* 

Department of Chemistry, lndiana University, Bloomington, Indiana 

ABSTRACT 

Studies of isothermal  format ion cells by the electronic commuta tor  method 
gave the fol lowing equations for E ~ of formation of si lver halides. 

AgC1 (478~176 E~ -3 (t--455) +0.110• -6 (t--455) 2 

AgBr  (447~176 E~ -3 ( t - -432)+0.097•  -6 (t--432) 2 

AgI (558~176 E~ -3 (t--558) +0.220•  -~ (t--558) 2 

The E~ and derived formation constants ~G ~ hH ~ aS ~ and aC~ are com- 
pared with values obtained by others from calorimetr ic  data and by use of 
reversible  formation cells. Nonisothermal  data reveal  that  large errors in 
reversible  cell measurements  will  result  f rom small  t empera tu re  changes 
produced at the cathode by adding halogen f rom outside the cell. Combination 
of the iso- and nonisothermal  data gives the following values, in mV/deg,  for 
the thermoelectr ic  power of mol ten si lver halide thermocells.  

AgC1 (500~176 : 0Ag = --0.378 0c12 = --0.725 + 2.4 • 10 -4 (t -- 500) 

AgBr  (500~176 0A~ = --0.417 0st2 = --0.776 + 3.5 • 10 -4 (t -- 500) 

AgI (600~176 : 8A~ ----- --0.432 012 = --0.859 

These values agree  wi th  direct  determinat ions  wi th in  the present  ra ther  
large er ror  limits. However ,  consistencies in the observed variat ions suggest 
that  in format ion cells the concentrat ion gradients of solutes resul t ing f rom 
solution of si lver and halogen at the electrodes may  produce a significantly 
greater  potential  drop in the thermal  gradient  of a nonisothermal  formation 
cell than in the corresponding thermocell ,  having a smaller  gradient  of only 
one solute. 

The impor tant  thermodynamic  quantities,  aG ~  ~ 
-%S ~ and hC~ for the formation of a binary molten 
electrolyte,  can be evaluated  most readily f rom mea-  
surements  over  a range of t empera ture  of E ~ for its 
formation cell, i.e. a revers ible  voltaic cell in which 
the cell reaction is the formation of the electrolyte 
f rom its consti tuent elements.  Such measurements  
have been made for a number  of mol ten chlorides, 
bromides, and iodides wi th  the cell CIMIMXn(liq)]X2,C, 
where  X2 is the halogen CI2, Br2, or I2, and M is the 
metal  of the halide MXn. However ,  when cells have 
been used in which the halogen has been introduced 
at the carbon cathode from an external  source, differ- 
ent invest igators have in many  cases obtained widely  
vary ing  results with the same halide. Apparent ly  this 
is due pr imar i ly  to thermal  gradients wi thin  the cells 
and /or  to depolarization when the halogen is intro-  
duced too slowly or does not contact the entire surface 
of the electrode or, as in some cases, when  its flow has 
been in ter rupted  during emf measurements .  The 
pulsed electrolysis, or electronic commutator,  tech-  
nique for  de termining the revers ible  E ~ of such cells 
has been shown to be rel iable in studies wi th  s i lver  
chloride (1) and lead chloride (2). In each case, 
however,  a t empera tu re  existed above which it was 
not possible to produce cells f ree of depolarization, 
910~ for AgC1 and 640~ for PbC12 (extended to 
865~ wi th  chlorine atmosphere above the mel t ) .  
Below these tempera tures  the cells met  the requi re-  
ments  of reproducible  emf, absence of hysteresis 
effects, and adherence to the Nernst  equation with  
changing pressure. The reproducibi l i ty  of emf  values 
indicated a precision of measurement  greater  than 

K e y  ",vords: fo rmat ion  cell, non iso thermaI  cell, fused  salt, s i lver  
hal ides .  

* Elect rochemical  Society  Act ive  Member .  
i P r e sen t  address :  D e p a r t m e n t  of Chemis t ry ,  Ind iana  Unive r s i ty -  

P u r d u e  Unive r s i ty  at  Indianapol is ,  Indianapolis ,  Indiana .  

that  achieved in most ear l ier  studies by the conven-  
t ional revers ible  cell method. 

In the commutator  method, squa re -wave  current  
pulses are passed between inert  graphite electrodes in 
the molten halide to form the consti tuents of a revers -  
ible cell. Pulsing cycles have ranged f rom 0.04 to 
1.0 sec, wi th  current  pulse lengths of 0.008-0.25 sec. 
Cell emf is de termined as a function of t ime between 
pulses. If satisfactorily functioning electrodes are 
formed, there  is rapid decay of overpotential ,  fol lowed 
by a slow, essentially l inear  emf  decay result ing from 
diffusion of one or both reactants  f rom the elec-  
t rode(s) .  The linear, diffusion-controlled port ion of 
the emf decay curve is ext rapola ted to current-off  
t ime to obtain the reversible  cell emf for the reactant  
activities at that  time. Pulse current  and /o r  pulse 
t ime are increased unt i l  a constant value  is obtained 
for this extrapola ted emf of the cell at 760 Torr. This 
is E ~ for the cell if mutual  solubilities of cell consti t-  
uents are very  low. If mutua l  solubilities of the ele-  
ments and the salt  are significant, proper  corrections 
must  be made by use of the Nernst  equation. Obser-  
vation of the shape of the emf  decay curve and its 
change, if any, with t ime and wi th  increasing pulsing 
current  reveals  whe the r  the electrodes are funct ion-  
ing satisfactorily, whe ther  m a x i m u m  activities at 1 
a tm have been obtained, and whe ther  convection cur-  
rents that  produce fluctuating electrode tempera ture  
a r e  present in the cell. The cell signal, therefore,  gives 
more information about the state and functioning of 
the cell than is avai lable to one employing the con- 
vent ional  revers ible  cell method. Because no gas bub- 
bles through the mel t  f rom an externa l  source, it is 
easier to main ta in  a uniform cell temperature .  A more 
detailed discussion of the technique has been given 
by Warner  (3). 

In this invest igat ion isothermai  measurements  were  
made with  si lver bromide and silver iodide to de te r -  
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mine whether  suitable bromine and iodine electrodes 
can also be achieved by this technique. Measurements 
with silver chloride were repeated because the im-  
proved equipment  and techniques permit  greater pre-  
cision and accuracy than could be achieved in the 
earlier investigation (1). The emf of these three halide 
formation cells was also measured under  nonisother-  
mal  conditions to determine the magni tude  of error 
arising from relat ively small  tempera ture  differences 
between the cell electrodes and, by combinat ion with 
the isothermal data, to derive emf values of silver 
and halogen thermocells for the three silver halides. 

Experimental 
Reagents.--Reagent grade silver chloride (Fisher 

Scientific Company) was used. The silver bromide 
(Goldsmith Brothers) had stated pur i ty  of 99.9% and 
the  AgI was certified by the supplier (Fisher Scien- 
tific Company) to have silver content of 45.95%. No 
addit ional purification was attempted. After  overnight  
evacuation of each cell, the halide was melted under  
vacuum. Dry, oxygen-free ni t rogen was then in t ro-  
duced and permit ted to flow slowly through the upper  
part  of the cell container.  A bubbler ,  with adjustable  
head of Halo-carbon polychlorotrifluoroethylene oil, 
was used to main ta in  a ni t rogen pressure of 760 Torr 
in the cell. 

Electrodes.--Each electrode consisted of a short 
length of spectroscopic graphite rod (Ultra Carbon 
Corporation, lot 1001-5, 3/32 in. diam) the pointed 
end of which had been thermal ly  pretreated as de- 
scribed by Warner  (2, 3). The graphite was sealed in 
a 4-mm ID fused quartz tube by evacuating the tube 
and, hy heating, collapsing the quartz onto the graph-  
ite from 1 cm above the pointed end of the electrode 
for a length of 1-2 cm, which covered the junct ion of 
a p la t inum wire lead with the graphite. The quartz 
tube below the seal provided a hood about the elec- 
trode. 

This construction of the electrodes resulted in the 
following cell after  silver, Ag, and halogen, X2, were 
l iberated at the graphite electrodes by electrolysis 
pulses 

( - - )  Cu]Pt]CIAglAgX(liq)IX2,C]PtlCu (~-) [A] 

The cell diagram [A] is wr i t ten  to include all in ter -  
faces up to the measur ing circuit. The copper-plat i -  
num junct ions were at room tempera ture  and the 
p la t inum-graphi te  junct ions were at the electrode 
temperatures.  

Temperature measurement--Cell  temperatures  were 
determined with Pt-PtgoRhl0 thermocouples, calibrated 
against a Leeds and Northrup Reference Thermo-  
couple (certified max imum error of •176 below 
l l00~ Each thermocouple was protected from elec- 
trolysis products by a close-fitting fused-quartz  sheath 
containing a small  amount  of the molten salt as heat 
t ransfer  medium. A differential thermocouple, with 
junct ions 2.5 cm apart  in a fused-quartz  sheath, was 
used to detect thermal  gradients in the melt. 

Electronic commutator and associated circuitry.-  
The circuit  used was similar to that  employed by 
Warne r  (3), but  was modified to provide total on-  and 
off-time cycles as large as 1.1 sec and to reduce in -  
stabii i ty and noise in the observed signal. Circuit 
details are given elsewhere (4). During the period of 
diffusion-controlled emf decay, the cell emf was bal -  
anced against a L&N type K-3 potentiometer  and the 
difference signal, amplified by a Phi lbr ick Type P2 d-c 
amplifier, was displayed on a Tektronix Type 585A 
CRO with Type D p lug- in  uni t  and was readily com- 
pared with a trace for grounded input. The horizontal 
sweep was in terna l ly  triggered at any desired t ime 
following the current-off  pulse from the commutator.  
Cell emf at any desired t ime dur ing a single trace 
could be determined with a precision oi a b o u t  ~-0.03 

mV. However, due to small  convection currents  within 
the cell or other t ransient  effects, successive traces 
wandered randomly from an average, or midpoint,  
value by ~0.1 mV under  the best conditions at the 
lower temperatures  to as much as • mV at the 
highest temperatures.  A midpoint  trace was used to 
determine the cell emf. 

Isothermal cell.--The melt  was held in a 50-cc Tri-  
angle RR Morganite a lumina  crucible, contained in a 
5.7-cm OD x 61-cm closed-end Coors a lumina  tube. 
This outer tube fitted into a 6.3-cm ID x 24-cm well  
in a 12.5-cm OD x 28-cm Hastelloy X heat ballast 
inside a 12.8-cm ID x 31-cm crucible furnace. The 
a lumina  tube was closed at the top by an a luminum 
plate making a gastight O-r ing seal with a water -  
cooled a luminum ring sealed to the tube  by quartz 
cement. A 4.5-cm diam x 1.8-cm graphite cover was 
placed on the 50-cc crucible to function as a heat 
shield, to reduce convection currents  immediately 
above the cell, and to reduce loss of salt by evapora-  
tion. Its effectiveness was l imited by the four holes 
passing through it to admit  the electrodes, thermo- 
couple, and differential thermocouple. Fur the r  details 
are given elsewhere (4). 

Electrodes and thermocouples were inserted after 
the halide had been melted under  vacuum and posi- 
t ive pressure of purified ni t rogen had been established. 
The electrodes and the thermocouple for measurement  
of cell t empera ture  were placed at the same level in 
the melt. Pressure inside the cell was adjusted to 
760 Torr  and current  was pulsed through the cell unt i l  
a steady value was obtained for the cell emf extrap-  
olated to current-off  time. About  15 rain were usual ly  
required. Puls ing current  or the ratio of on-  to off- 
t ime was increased unt i l  the extrapolated emf became 
constant with fur ther  increase in current.  The vapor 
pressures of the silver halides (5, 6) and the solubili ty 
of silver in silver chloride and silver bromide (7, 3) 
are negligible in the tempera ture  ranges of these 
measurements.  In  the absence of quant i ta t ive data 
concerning the solubili ty of silver in silver iodide and 
of each halogen in the corresponding silver halide, it 
has been assumed that these solubilities are negligible, 
and that the observed ma x i mum extrapolated emf 
values at 1 atm are E ~ values. For  this assumption to 
introduce an error of 0.1 mV in the reported values 
of E ~ a solubili ty would have to exceed 0.2 m/o  (mole 
per cent) ;  for an error of 0.5 mV, 0.8 m/o. After  a 
prolonged period of measurements,  depolarization of 
cell emf occasionally became apparent.  This resulted 
from growth of a silver dendri te  to a point near  the 
halogen electrode and was el iminated by rotation of 
the silver electrode or insert ion of new electrodes. 

The electrolyte temperature  at the level of the 
electrodes was main ta ined  constant  wi thin  •176 
dur ing measurements  near  450~ and •176 near  
750~ The max imum vertical  tempera ture  gradient  
was 1.9~ observed dur ing a measurement  at 
650~ For each set of data, E ~ determinat ions were 
made both while ascending and descending the tem- 
perature range. Maximum tempera ture  for measure-  
ment  was determined by the point at which it was 
impossible to a t ta in  constant  extrapolated emf by in-  
crease in  pulsing current.  Reproducibil i ty was deter-  
mined by making successive runs  for each halide with 
different samples of the halide and by using more than  
one electrode pair  in six of the eight runs.  The elec- 
trodes differed in the size and location of the opening 
in the hood and in the area of exposed graphite 
surface. 

Nonisothermal cell.--The nonisothermal  data were 
obtained with a U-shaped fused-quartz  cell having 
15-mm ID x 36-cm vertical  arms and a horizontal 
tube, 4 mm ID x 13.5 cm. A graphite electrode and 
thermocouple were inserted in each cell arm so that 
the thermocouple junct ion was at the same height and 
approximately at the same distance from the cell wall  
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as the electrode. The cell was heated in an H furnace, 
permit t ing independent  temperature  control of the 
two electrode compartments.  Each vert ical  arm of the 
cell was enclosed for a height of 19 cm inside the 
furnace by a heavy-wal l  Inconel  tube  to aid in main-  
ta ining a uni form temperature.  T h e  tempera ture  of 
one electrode was held at a constant  reference value 
while that  of the other electrode was set at various 
values wi th in  •176 of the reference temperature.  
Cell emf was determined as described for the isother- 
mal  cells, except tha t  the cell was open to the atmo- 
sphere. Emf corrections to 760 Torr  were calculated. 
Corrections were also made for the thermoelectric 
emf introduced by the p la t inum-graphi te  junct ions at 
the electrodes and for small  changes in the reference 
electrode tempera ture  dur ing a series of measure-  
ments.  

Results 
I s o t h e r m a l  c e l l s . - - T y p i c a l  data are given in Table I 

for the cell CIAg]AgCl(liq) IC12,C. A total of 56 deter-  
minat ions of E ~ were made for silver chloride in the 
temperature  range 478.4~176 54 for si lver bro- 
mide (447.0~176 and 44 for silver iodide (558.1 ~ 
730.4~ For e a c h h a l i d e  the regression coefficients 
were evaluated for the best representat ion of the 
data by l inear through fifth-order polynomials in 
temperature,  using the method given by Bennet t  and 
F rank l in  (9). Computations by a CDC 3600 computer 
gave the regression coefficients with error  estimate, 
the s tandard deviat ion of the exper imental  data for 
each order equation, and an analysis of variance to 
determine the proper order of equation to employ. 
Although higher order equations were valid for some 
individual  runs, for the combined data for each halide 
analysis of variance indicated that  quadratic equa- 
tions should be used to express E ~ as a function of 
temperature.  Constants a, b, and c for the result ing 
quadratic equations, with their  estimated errors based 
on a 99% probabi l i ty  limit, are given in Table II, and 
are to be used in  the equation 

E ~ (volt) = a - -  b W  + c W  2 [1] 

W is 0.001 ( t -  tm.p.) where t is the cell tempera ture  
in ~ and t~.p. is the arbi t rar i ly  accepted mel t ing 
point of the halide (Table II) .  The s tandard devia-  
tions of the exper imental  points from these equations 
for AgC1, AgBr, and AgI were +_0.7, -+0.8, and -+0.8 
mV, respectively. Values of E ~ calculated by these 
equations wi thin  the exper imental  temperature  ranges 
have possible errors, based on a 99% probabil i ty  

Table I. Typical data for the cell CIAgIAgCI(liq)ICI2,C 

T e m p e r a t u r e  515 .9~ 
P r e s s u r e  780 T o r r  
C e l l  r e s i s t a n c e  0.2 o h m s  
P u l s i n g  c u r r e n t  32 m A  
C u r r e n t  on  t i m e  0.16 s e c  
C u r r e n t  off t i m e  0.87 see 
T r i g g e r  d e l a y  t i m e  0.44 s e c  
E M F  a t  e n d  o f  off t i m e  0 .8904V 
S l o p e  -- 0.35 m V / s e c  
E ~ ( e x t r a p o l a t e d )  0 . 8 9 0 7 V  
S i g n a l  r e p r o d u c i b i l i t y  -+-0.3 m V  

Table II. Coefficients for use in Eq. [1] ,  [2] ,  
[3] ,  [4] ,  and [5] to calculate E ~ ~G ~ ,~S ~ AH ~ 

and ~C~ of formation for liquid silver halides 

A g C I  A g B r  A g I  

W :  1 0 - 8  ( t  - 4 5 5 )  1 0  - a  ( t  - -  4 3 2 )  l O  - 3  ( t  - 5 5 8 )  
a :  0 . 9 0 8 1  • 0 , 0 0 0 7 4  0 . 7 9 9 7  ~ -  0 . 0 0 0 7 5  0 , 5 7 2 0  • 0 . 0 0 0 5 7  
b: 0 . 2 8 0  _--4- 0 . 0 1 8  0 . 2 8 8  ___ 0 . 0 1 5  0 . 2 2 7  ~ 0 . 0 2 6  
e:  0.110 • 0.049 0.097 "4- 0.044 0.220 --+ 0.140 
d :  20.942 _ 0.017 18.442 • 0.017 13.191 ~ 0.013 
e: 6.46 ~- 0.35 6.64 __- 0.35 5.23 • 0.60 
)+: 2.54 ~- 1.13 2.24 ~ 1.Ol 5.07 ~ 3.44 
g :  5.07 ~- 2.26 4.47 ~ 2.63 10.15 ~ 6.87 
h:  25.64 + 6.27 23.13 + 0.26 17.54 ~ 0.51 
~: 3 . 6 9 - - -  + 1.65 3.16 ~ 1.43 8.43 ~ 5.71 

E x p t L  
r a n g e :  476~176  447~176  558~176  
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limit, of --+0.42, --+0.54, and +-0.57 mV, respectively. 
The exper imental  points are shown on the difference 
plots given in Fig. 1, 2, and 3. In  each figure the dark 
curve corresponds to Eq. [1] and Table IL The light 
curves represent  results of electrochemical measure-  

I I I l I I I I I I I i I ' ' ' ' I ' I I 1 l i I i ' 

.. O.OlO /-~ 

- .;E~ 21 19 
o.oo5 ,, , . c . ; 7  .o -_ 

x ,"z~/'~----~ - _ e e 15 J 

+ " " " " L  - o \ 4 

_ \ \ t  
12 

500 550 600 650 700 
Temperature, t~ 

Fig. 1. E~  for the cell CJAg[AgCI(liq)ICI2,C for three 
independent runs, indicated by O ,  ~ ,  o .  Dark curve is based on 
constants in Table II used in Eq. [1].  Dashed curve is based on 
thermochemical data (10). Light curves represent electrochemical 
measurements by investigators who are identified by the curve 
numbers, which correspond to entries under References. 
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Fig. 2. E ~  for the cell C[AglAgBr(liq)lBr~,C for three 
independent runs, indicated by � 9  ~ ,  and O. Dark curve is based 
on constants in Table II used in Eq. [1] .  Numbered curves represent 
measurements by other investigators, (11, 22-25). 
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Fig. 3. E~ for the cell ClAglAgl(liq)ll2,C far two in- 
dependent runs, indicated by G and I .  Dark curve is based on 
constants in Table II used in Eq. [1] .  Numbered lines represent 
measurements by other investigators, (23) and (26). 
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ments by other investigators who are identified by the 
numbers  of the curves, which correspond to entries 
under  References. Some of these investigators present  
their  results only as a l inear  equation. This -linearity 
is preserved in these figures by plott ing all results 
relative to the line defined by the first two terms in 
Eq. [1], i .e.  by plott ing differences of E ~ from a - -  b W  
where a, b, and W are given in Table II for each 
halide. 

In  Fig. 1 the dashed curve corresponds to Eo's cal- 
culated by Hamer, Malmberg, and Rubin  (10) from 
thermochemical  data. A five-term equation of the 
form they used in their  calculations was used to in-  
terpolate between the values they give for E ~ at 500 ~ 
600 ~ 800 ~ I000 ~ and 1500~ The dashed curve lies 
wi th in  the 99% probabil i ty  l imit  for the dark curve 
from 491 ~ to 626~ The data for curve 1 were ob- 
tained by  the electronic commutator  polarization 
method dur ing its ear ly development.  Tempera ture  
measurement  and control were not as accurate as for 
the present measurements .  Data for curves 11 and 12 
were obtained by the polarization method in which 
the halide was electrolyzed fo r  a considerable t ime 
and the emf of the resul t ing cell was measured as 
rapidly as possible thereafter.  The remaining  curves 
are based on data obtained by the conventional  re-  
versible cell method. The data for curves 1, 1I, and 
13-18 were free from or had been corrected for the 
thermoelectric emf resul t ing from the temperature  
gradient  in dissimilar leads to the cell electrodes. The 
authors of (12), (19), (20), and (21) do not state 
whether  this correction was made for the silver and 
graphite leads in their cells. If it was not made, the 
corresponding curves in Fig. 1 may be low by as much 
as 1.0 mV at 450~ to 2.1 mV at 750~ depending on 
the tempera ture  at the connection of the electrode 
materials with the measur ing circuit. Curves 11 and 
19 show clearly the effect of depolarization at high 
temperatures resul t ing from rapid diffusion of chlorine 
from the cathode. Similar  drop in emf was observed 
in this invest igat ion at temperatures  above the ranges 
for which data are reported. Some or all of the var i -  
at ion between curves in Fig. 1, 2, and 3 not resul t ing 
from depolarization may result  from tempera ture  
gradients wi th in  the cells. Halogen introduced from 
outside the conventional  reversible cell must  be pre-  
heated to exactly the cell temperature.  As shown by 
the measurements  wi th  nonisothermal  cells in this 
investigation, cooling of the chlorine electrode by only 
7~ produces the same vertical displacement (5 mV) 
of a point at 600~ in Fig. 1 as an error of 20~ in 
measurement  of the tempera ture  of an isothermal cell. 

In  Fig. 2 and 3, curves 11, 22, and 23 were obtained 
by the polarization method. [Czepinski's results (11) 
for AgI are not shown in Fig. 3 because they lie below 
--0.030V on the scale plotted, and Weber 's  (22) results 
for AgC1 are not shown in Fig. 1 because they lie 
above 0.027V.] Graphite electrodes were used for 
curves 11 and 22. Silver and graphite electrodes were 
used for curves 23 but  it was not stated whether  cor- 

rection was made for the thermoelectric emf present. 
Curves 24-26 are based on properly corrected revers-  
ible formation cell data. The values of E ~ calculated 
from thermochemical  data by Hamer, Malmberg, and 
Rubin  (27) differ from the dark curves, calculated by 
Eq. [1] and Table II, by 0.45, 0.44, --0.07, --0.05, and 
--0.85 mV for AgBr at 450 ~ 500 ~ 550 ~ 600 ~ and 800~ 
respectively, and by 0.15 and --1.95 mV for AgI at 
600 ~ and 800~ Except for the values at 800~ which 
is above our exper imental  temperature  range (Table 
II) ,  these differences are all wi thin  the 99% probabil-  
ity error limits of the equations given by Eq. [1] and 
Table II. However, disagreement is greater with other 
compilations based on thermochemical  measurements.  

Equations for aG ~ aS ~ aH~ and a C ~  of formation 
of each liquid silver halide from silver and the corres- 
ponding halogen can be derived from Eq. [1]. Values 
of constants d,  e, f ,  g, h ,  and i are given in Table II 
for use in the following equations (gibbs = cal /deg).  

• ~ (kcal/mole)  ~- - -  d + e W  --  f W  2 [2] 

aS ~ (gibbs/mole)  ~- -- e + g W  [3J 

aH~ (kcal/mole)  -~ - -  h -~ i W  + f W  2 [4] 

aC~ ~- i + g W  [5] 

Values calculated by these equations are given in 
Table III  for each halide at its reference tempera ture  
(for which W ~ 0) and at mult iples of 100 ~ up to 
1000~ To one significant figure, the 99% probabil i ty 
error limits computed from the error terms in Table 
II are the same for the AgC1 and AgBr results, being 
• kcal /mole for aG~ • gibbs/mole for aS~ 
and • kcal /mole for all~ For AgI the correspond- 
ing terms are • kcal/mole,  • gibbs/mole, and  
___0.6 kcal/mole, respectively. For ( a C ~  the 99% 
probabil i ty error limits are best stated as percentages 
of the values given for (aC~ in Table III, being 
___44.5% for AgC1, • for AgBr, and • for 
AgI (which are also the percentage errors of )~ in 
Table II) .  

Table III  also includes the corresponding thermo-  
dynamic formation constants calculated by the equa- 
tions of Wicks and Block (28) f o r  AgCI and AgBr 
and values estimated by them for AgI at 1000~ Their 
equations are based on a survey of thermodynamic  
l i terature published through 1959. For AgC1 the values 
of aS~ all~ and (aC~ agree well  wi th in  the 99% 
probabil i ty  error limits of Eq. [3-5]. However, the 
differences for aG~ are three times the calculated 99% 
probabil i ty  error limit. Except for the ( a C ~  values, 
where the error limits are large for the electrochem- 
ically determined values, agreement  is poor for AgBr, 
as is the agreement  between the values calculated by 
Eq.[2-4] for AgI at 1000~ and those estimated by 
Wicks and Block (28). For AgBr their  values of aG~ 
and aH~ are less negative by as much as 4.44 and 
3.46 kcal/mole,  respectively; and for AgI at 1000~ 
their  estimated values of aG~ and aH~ are more neg- 
ative by 6.50 and 8.57 kcal/mole,  respectively. These 

Table III. Comparison of thermodynamic formation constants calculated by Eq. [2-5] 
and Table II with values calculated by equations derived by Wicks and Block (28) 

( V a l u e s  i n  p a r e n t h e s e s  a r e  f o r  t e m p e r a t u r e s  b e y o n d  t h e  r a n g e  g i v e n  f o r  t h e  e q u a t i o n s .  
V a l u e s  i n  b r a c k e t s  a r e  e s t i m a t e s  b y  W i c k s  a n d  B l o c k . )  

A G ~  A S ~  A H ~  ( A C ~  V 
H a l i d e  T e m p ,  ~  ( k c a l / m o l e )  ( g i b b s / m o l e )  ( k c a l / m o l e )  ( g i b b s / m o l e )  

E q .  [ 2 ]  W & B  E q . [ 3 ]  W & B  E q .  [ 4 ]  W & B  E q .  [ 5 ]  W & B  

A g C 1  7 2 8  - -  2 0 . 9 4  - -  2 0 . 9 0  - -  6 . 4 7  - -  6 . 6 6  - -  2 5 . 6 5  - -  2 5 . 7 5  3 . 7  4 . 9 9  
8 0 0  - -  2 0 . 4 9  - -  2 0 . 4 4  - -  6 . 0 9  - -  6 . 2 0  - -  2 5 . 3 6  - -  2 5 . 4 0  4 .1  4 . 8 4  
9 0 0  - -  1 9 . 9 1  - -  1 9 . 8 5  - -  5 . 6 0  - -  5 . 6 4  - -  2 4 . 9 4  - -  2 4 . 9 2  4 . 6  4 . 6 3  

1 0 0 O  - -  1 9 . 3 7  ( - -  1 9 . 3 1 )  - -  5 . 0 9  ( - -  5 . 1 6 )  - -  2 4 . 4 6  ( - -  2 4 . 4 7 )  5 .1  ( 4 . 4 3 )  
A g B r  7 0 5  - -  1 8 . 4 4  - -  1 4 . 3 0  - -  6 .65  - -  7 . 6 6  - -  2 3 . 1 3  - -  1 9 . 7 0  3 .2  3 . 8 2  

8 0 0  - -  1 7 . 8 3  - -  1 3 . 6 0  - -  6 . 2 2  - -  7 . 1 9  - -  2 2 . 8 1  - -  1 9 . 3 5  3 . 6  3 . 6 3  
9 0 0  - -  1 7 . 2 3  - -  1 2 . 9 0  - -  5 . 7 7  - -  6 . 7 7  - -  2 2 . 4 3  - -  1 9 . 0 9  4 .1  3 . 4 3  

1O0O - -  1 6 , 6 8  ( - -  1 2 . 2 4 )  - -  5 . 3 2  ( - -  6 . 4 2 )  - -  2 2 . 0 0  ( - -  1 8 . 6 6 )  4 .5  ( 3 . 2 3 )  
A g I  831  - -  1 3 A 9  - -  5 . 2 4  - -  1 7 . 5 5  8 . 4  

9 0 0  - - 1 2 . 8 7  - - 4 . 5 2  - - 1 6 . 9 4  9 . 1  
lOO0 -- 12.45 [ - -  18.96~ - -  3 . 5 3  [ - -  5.69] - -  1 5 , 9 6  [ - -  2 4 . 5 5 ]  1O.1 
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differences for aG~ are considerably greater percent-  
age-wise than those between the E ~ data for AgBr and 
AgI and the E ~ values calculated from thermochemical  
data by Hamer, Malmberg, and Rubin  (27). Since both 
sets of authors utilized essentially the same compila- 
tions of thermochemical  data, their  results differ be-  
cause of differences in the selection of the data they 
considered most reliable and in the techniques used 
to interpolate and extrapolate from the available data. 

Wicks and Block (28) utilize as AH~ for AgC1, 
AgBr, and AgI the values --30.36, --20.06, and --22.3 
kcal/mole, respectively, a t t r ibut ing  them to their 
Ref. (112) [Rossini et aL, "Selected Values of Chemi- 
cal Thermodynamic  Properties," NBS Circ. 500, 
(1952)]. The corresponding values actually given in 
NBS Circ. 500 are --30.362, --23.78, and --14.91 kcal /  
mole. The value --22.3 kcal /mole used for AgI by 
Wicks and Block is given in their  Ref. (11). The 
source of their  value --20.06 kcal /mole for AgBr is 
not apparent.  Values given in the references r e f e r r e d  

to in the compilations utilized by Wicks and Block 
range from --22.7 to --23.81 kcal/mole. If the NBS 
Circ. 500 value of --23.78 kcal /mole had been used by 
Wicks and Block for AH~ of AgBr, their values for 
AG~ at 705 ~ 800 ~ 900 ~ and 1000~ would be --18.02, 
--17.32, --16.62, and --15.96 kcal/mole,  which are less 
negative than  our values by 0.42, 0.51, 0.61, and 0.72 
kcal/mole;  and their values for AH~ at 705 ~ 800 ~ 
900 ~ and 1000~ would be --23.42, --23.07, --22.72, 
and --22,38 kcal/mole, which are more negative than 
our values b y  0.29, 0.26, 0.29, and 0.38 kcal/mole. 
When the equation for AG~ of AgBr given by Wicks 
and Block (28) is used to calculate E ~ values in the 
tempera ture  range  of Fig. 2, the corresponding differ- 
ence values, calculated as for Fig. 2, vary from 
--0.180V at 450~ to --0.184V at 750~ lying far below 
all the electrochemical data shown in Fig. 2. The 
value estimated by Wicks and Block (28) for AG~ of 
AgI at 727~ corresponds to an E ~ value that  would 
lie at 0.188V on the ordinate scale of Fig. 3. Since 
these values lie so far from the electrochemical de- 
terminations,  it follows that, at least for AgBr and 
AgI, the selection and util ization of thermochemical  
data by Hamer, Malmberg, and Rubin  (27) provide 
more reliable values of E ~ and the thermodynamic 
formation constants than that  by  Wicks and Block 
(28). 

Nonisothermal formation cells.--The complete dia- 
gram for the nonisothermal  silver halide formation 
cells, including all interfaces up to the measuring cir- 
cuit, is as follows 

( - - )  Cu I Pt  [ C I Ag I AgX(l iq)  I X2,C [ Pt  [ Cu ( + )  

~;room t a g  tX2 troom 
[B] 

w h e r e  troom is  room temperature  and t ag  and tx2 repre-  
sent the temperatures  of the silver and halogen elec- 
trode chambers, respectively. To correct for the P t -  
graphite thermoelectric emf present  in the circuit, a 
de terminat ion was made of the thermoelectric power, 
0pt-c, of a P t -C-P t  thermocouple constructed with a 
graphite rod of the type used to make the cell elec- 
trodes. Based on emf measurements  with one junct ion 
held at 0~ and the other at temperatures  in the 
range t =25~176 and the convention that  the e m f  

of the thermocouple is the potential  of the p la t inum 
lead from the hot junct ion relat ive to that  from the 
cold junction,  the thermoelectric power was found to 
be 

#Pt.c(mV/deg) = --3.3 X 10 -3 - -  19.2 • 10 -6 t [6] 

The correction ePt-c (tx2 -- tag), where 8Pt-C is taken at 
t = (tAg + tx2)/2, was subtracted from the observed 
emfs of the nonisothermal  cell [B] to obtain E', the 
emf that  would have been observed if the temperature  
change from electrode temperatures  to room tempera-  
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ture had occurred in graphite leads, as in schematic 
cell [C] 

( - - )  C u l C I A g l A g X ( l i q )  ] X ~ , C I C I C u  ( + )  [C] 

troom tag tX2 troom 

The result ing values of E' for cell [C] are plotted in 
Fig. 4. Each series of measurements,  in which one 
electrode was held at constant  temperature,  t,-ef, and 
the other at variable t, may be represented by the 
l inear  equation 

E'(vol t)  - -  a + /~ X 10 - 4  (t - -  t,-cf) [7] 

Table IV gives the values of ~ and /~ for each series of 
measurements ,  as calculated by the method of least 
squares, and also gives the standard deviations of the 
data from the corresponding lines in Fig. 4. With each 
value of tr~f in Table IV is given its s tandard devia-  
tion during the series of measurements.  The error 
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Fig. 4. Emf, E', of the nonisothermal formation cells [C] 
as a function of the temperature difference between the electrodes. 
Q for constant t x  2 ~ t re f  and variable tAg z t. �9 for constant 
tAg ~ tref and variable tx2 ~ t. For each line treFis given at the 
right. (a) Silver chloride cell, X = CI. (b) Silver bromide cell, 
X = Br. (c) Silver iodide cell, X ~ I. 
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Table IV. Constants for Eq. [7] to represent the nonisothermal 
cell data and their standard deviations 

J. FAectrochem. Soc.: ELECTROCHEMICAL SCIENCE January 1970 

S t a n d a r d  
R e f e r e n c e  tref E~ d e v i a t i o n  

H a l i d e  e l e c t r o d e  (~ (vol t )  ~ ~ (mY)  

A g C l  Ag 504.8 • 0.4 0 .8944 0.8972 -- 7.21 4- 0.12 4-0.5 
597.3 4- 0.8 0.8705 0,8720 -- 7.07 4- 0,14 4-0,7 
698,6 4- 1,0 0 ,8464 0,8488 -- 6.75 4- 0.20 4-0.8 

CI~ 499.8  4- 0.6 0 .8958 0.8911 3.86 - -  0.32 4-1.2 
597.8 4- 1.0 0.8704 0.8687 3.83 4- 0.32 4-1.4 
702.7 4- 1.6 0.8455 0.8480 3.85 4- 0.24 4-0.8 

A g B r  Ag  504.1 4- 0.6 0.7794 0,7827 - -7 .78  4- 0.13 4-0.7 
598.1 4- {}.9 0.7545 0.7568 - -7 .36  4- 0.19 4-1.1 
698.3 - -  0.7 0 .7299 0.7266 -- 7.10 4- 0.16 4-0.9 

Br._, 503.9 4- 0.3 0.7795 0.7851 4.24 4- 0.10 4-0.5 
603.5 4- 0.7 0.7532 0.7543 4.34 4- 0.13 4-0.7 
70{}.9 4- 0.8 0.7293 0.7253 4.13 4- 0.19 4-0.9 

A g I  A g  600.7 4- 0.6 0.5627 0.5662 - -8 .59  4- 0.44 4-1.7 
699.0 4- 0.9 0.5444 0.5426 - -8 .59  4- 0.58 +--2.7 

I~ 596.5 4- 0.4 0.5636 {}.5586 4.28 4- 0.34 4-1.2 
700.4 4- 0.9 0.5441 0.5452 4.51 4- 0.18 4-1.0 

t e rm for ~ is the estimate of confidence based on a 
99% probabi l i ty  limit. 

Values of E~ in Table IV were  calculated by Eq. 
[1] and Table II for the isothermal cell [A] at t~ef. 
The random variat ion (up to 5.6 mV) between E~ 
and ~ no doubt results pr imar i ly  f rom fai lure to e l imi-  
nate t empera tu re  gradients wi thin  the electrode 
chambers of the nonisothermal  cells. Smal l  t empera -  
ture differences must  have existed be tween electrode 
and thermocouple  in one or both chambers. Since the 
electrode and thermocouple  placements  were  not 
changed during the series of measurements  for each 
reference temperature ,  any error  from this source 
was fair ly constant for the reference electrode and, 
al though somewhat  var iable  in magnitude,  always in 
the same direction for the other  electrode. This would 
shift each average line in Fig. 4 to left  or right, wi th  
l i t t le influence on the slope, which is the character is-  
tic utilized in the following discussion. 

The data in Table IV, for the nonisothermal  forma-  
tion cells, can be combined with  data in Table II, for 
the isothermal  formation cells, to obtain emf's for the 
silver halide thermocells.  This provides a means of 
checking the self-consistency of all the e lectrochemi-  
cal data involved,  and in this case provides informa-  
tion regarding the iodine-s i lver  iodide thermocel l  
which has apparent ly  not yet  been studied. 

As seen f rom the-fol lowing cell diagrams, the sum 
of the interphase potential  differences in a silver 
halide thermocel l  wi th  halogen electrodes at t empera -  
tures trey and t (suppose, for the t ime being, that  t is 
the tempera ture  of the hot ter  electrode) 

C,X21AgXlX2,C (Eth~X2) [D] 

trey t 

equals the sum of the interphase potent ial  differences 
in the series combinat ion 

C,XelAgXIAg]C -- C[Ag]AgX]X2,C 

tref trey t 

(E = --  E~ n u E'Ag) [El 

where  E~ is the emf  of the isothermal  formation 
cell lAY at trey, and E'ng is the emf of nonisothermal  
formation cell [C] wi th  the silver electrode held at 
the constant reference temperature .  Similarly,  the sum 
of interphase potential  differences in 

CIAglAgXIX2,C -- C,X2IAgX[Ag[C 

trey trey i 

(E = E~ E'x2) IF] 

where E'x2 is the emf of cell [C] with the halogen 
electrode held at the constant reference temperature, 
equals the sum for the thermocell 

C]AglAgXIAglC (Eth,C]Ag) [G] 

trey 

If the l iquid AgX phases were  pure, the potential  
drop induced by the  tempera ture  gradient be tween 
electrodes in the thermocells  would equal  that  in the 
corresponding nonisothermal  formation cells. How-  
ever, the mol ten s i lver  hal ide in the format ion cells 
contains a concentrat ion gradient  of dissolved halogen 
(presumably  present  pr imar i ly  as X3- )  and of dis- 
solved si lver (probably present  pr imar i ly  as Ag2 + or 
Agn(n-1)+).  The halide in the thermocel l  wi th  halo-  
gen electrodes then contains a small  concentrat ion 
gradient  of X3-,  result ing from the small difference 
in solubili ty of X2 at t and trey; whereas,  in the cor- 
responding portions of halide mel t  in the two forma-  
tion cells, the concentrat ion gradients of X3-  are 
much greater  and there is also an opposing gradient  
of Ag2 + at ve ry  low concentrations. For  each solute 
the concentrat ion gradient  in one formation cell op- 
poses that  in the other cell. Therefore  any accompany-  
ing potential  gradients are opposed, but  their  net  con- 
t r ibut ion to potential  drop wil l  equal  that  resul t ing 
from the smaller  concentrat ion gradient  in the the rmo-  
cell only if  the potential  drop accompanying concen- 
trat ion change is dependent  only on the concentra-  
tions of the solute at the electrodes and if the contri-  
bution to potential  drop result ing from tempera ture  
gradient  is independent  of solute concentration. The 
corresponding situation, wi th  X3-  and Ag2 + inter-  
changed, exists in the thermocel l  with Ag electrodes 
and the corresponding combination of format ion cells. 
If the net effect of the potential  gradients result ing 
from the concentrat ion gradients is negligible in every  
case, or if it is essentially the same for a combination 
of formation cells as for the corresponding thermocell ,  
then the observed emf  of each thermocell ,  [D] or [G], 
should equal that  of the corresponding combination of 
formation cells, [El or [F]. 

To deal with the contingency where  t < t,.ey, i.e., 
where  the var iable  tempera ture  electrode in the 
thermocel l  is cooler than the constant reference t em-  
pera ture  electrode and At (Fig. 4) is negative, the 
fol lowing algebraic conventions must  be introduced. 

By convention, the emf of a thermocell ,  Eth, like that  
of a thermocouple,  is the potential  of the lead from 
the hot ter  electrode re la t ive  to that of the lead from 
the cooler electrode. The emf  of the silver halide for-  
mation cells [A], [By, and ICY is the potential  of the 
lead from the halogen electrode relat ive to that  of 
the lead f rom the si lver electrode. It is then necessary 
to use _--4- in Eq. [8], [9], and [10], according as At = "4-----, 
SO that  

Eth,X2_~ . t -E  [D] = _ (E'Ag-- E ~  At = -+ [8] 

Eth,C[Ag --~-- ----- E [G] = ~ (E~ -- E'x2), for at  = +_ [9] 

In past studies of thermocells  wi th  silver electrodes, 
si lver leads have  connected the electrodes wi th  the 
measur ing circuit or correction has been made for the 
thermoelectr ic  emf introduced by use of different 
leads. Since the  values of E' plotted in Fig. 4 and cal-  
culated by Eq. [7] are for graphi te  leads, cell [C], it 
is necessary to correct  Eq. [9] for the graphi te-s i lver  
thermoelectr ic  emf, EC-Ag, to obtain values compa-  
rable wi th  reported emf's  for thermocel ls  wi th  si lver 
electrodes and leads 

Ag]AgXlAg (Eth,Ag) [H] 

l;ref 

This gives 

Eth,Ag = -~- (E~ --  E'X 2) -- EC-Ag, for At = + [10] 

where  EC-Ag is the potential  of the carbon lead f rom 
the hot junct ion of a C-Ag-C thermocouple  re la t ive  
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to that of the carbon from the cold junction.  Ec-Ag 
and Eth,Ag a r e  both negative quantities. 

Combinat ion of published Ag-P t  thermoelectric 
data (29) with P t -C data for the graphite used in 
this investigation, Eq. [6], gave 

EC-Ag(mV) = -- (2.31 • 10 -3 + 3.99 X 10 -6 ~t 

+ 7.98 X 10 6tTef)~t [11] 

The max imum value of --Ec-Ag was only 0.407 inV. 
Thermocell  data are expressed as thermoelectric 

power, 0 = (OEth/St)trep Therefore, from Eq. [7], [8], 
[10], and [11] 

~x2(mV/deg) -~ (OEth,X2/St)trel ---- 0.1 flag [12] 

where flag is the value of f in Table IV for Ag refer-  
ence electrode, and 

6Ag(mV/deg) = (OEth,Ag/~O"t) trel = - -  0.1 fix2 

+ 2.31 • 10-~ + 7.98 X 10-6t,-e! [13] 

where fx2 is f in Table IV for halogen reference elec- 
trode. Values thus obtained from the formation cell 
data are compared in Table V with thermocell  data. 
The average of ~ for different reference temperatures  
in Table IV has been used to calculate ex2 and eAg 
except where variat ion with temperature  is consistent 
and exceeds the probable exper imental  error. 

For ~Ag the seven l i terature values with AgC1 ther-  
mocells cover a range of 0.205 mV/deg or 43% of the 
midrange value; the three with AgBr thermocells, a 
range of 0.064 mV/deg  or 13%; and the three with AgI, 
0.12 mV/deg or 26%. If the early thermocell  values by 
Reinhold (20) are disregarded, the ranges become 
0.045, 0.010, and 0.015 mV/deg, respectively. The four 
l i terature values of 0cI2 cover a range of 0.040 mV/deg 
or 6%. There is only one l i terature value for eBr2, by 
Reinhold (20), and none for 012. 

Values of 0Ag calculated by Eq. [13] from formation 
cell data (Table I V ) a r e  less in absolute value than 
the averages of the exper imental  thermocell  values by 
0.047, 0.054, and 0.030 mV/deg  or 11, 11, and 6% for 
the AgC1, AgBr, and AgI cells, respectively. If the 
values by Reinhold (20) are disregarded the differ- 
ences are, respectively, 0.021, 0.034, and 0.066 mV/deg 
or 5, 8, and 13% less in absolute value. The corre- 
sponding.99% probabi l i ty  error limits given by Eo r12] 
and Table IV for the calculated ~Ag values are "_ ~..03, 
___0.02, and ___0.03 mV/deg for AgC1, AgBr, and AgI, 
respectively. The value of 0m2 for 600~ from Eq. [12] 
and Table IV is 0.031 mV/deg or 5% greater in abso- 
lute value than the average of the thermocell  values 
and that of 8 B r 2  at the melt ing point  of AgBr is 0.185 
mV/deg or 30% greater in absolute value than the 
single value by Reinhold (20). The 99% probabil i ty 

Table V. Thermoelectric power of silver halide thermocells 

8 Temperature 
ThermoeeIl (mV/deg) range (*C) Reference 

A g l A g C l l A g  --  0 . 3 7 8  5 0 0 - 7 0 0  E q .  [131 
-- 0 . 4 0 0  4 7 0 - 5 7 0  (18)  
-- 0.58 465-550 (20) 
-- 0.395 455-650 (30) 
-- 0.420 490-590 (31~ 
-- 0.375 500-900 (32) 

--0.404 + 6.47 x 10 -5 (L -- 500) 500-630 (33) 
- - 0 . 4 0 2  + 1 .6  • 10 -8 ( t  -- 5 0 0 )  6 4 0 - 8 2 5  (34)  

CI~IAgCIICI2 --0.725 + 2.4 x 10 4 (t -- 500) 500-700 Eq.  1121 
-- 0.695 500-645 (18} 
-- 0.664 500-900 (32) 
--0,655 500-900 (35) 
--0.667 480-680 (36) 

A g ] A g B r l A g  --0.417 500-700 Eq. 113] 
-- 0.51 425-500 (20) 
-- 0.456 450-550 (31) 

--0.446 + 5.5 • 10 -8 (t -- 500) 450-600 (37) 
Br~IAgBr]Br~ --0.776 + 3.5 • 10 -~ (t -- 500) 500~700 Eq. [12] 

-- 0.61 425-465 (20) 
AglAgI IAg  -- 0.432 600-700 Eq.  [13] 

--0.39 560-600 (20) 
--0.505 540-625 (31) 
-- 0.490 560-850 (38) 

I e l A g I i I 2  --  0 . 8 5 9  6 0 0 - 7 0 0  E q .  [ 12 ]  
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error limits for the calculated values are --+0.02 
mV/deg for oCl2 and 6Br2 and ___0.06 mV/deg for eI2. 
Possible errors in the thermocell  data may in some 
cases be of comparable magnitude,  although most of 
the values are reported to three figures. 

The differences between the exper imental  thermo- 
electric power values of the silver halide thermocells 
and the corresponding values calculated by Eq. [12] 
and [13] are therefore of the same order of magni tude  
as the sum of the possible errors. There is some con* 
sistency among the differences in that, for all three 
halides, the calculated value of each 0Ag is less nega-  
tive than the corresponding average thermocell  value 
and, for each of the two halides for which thermocell  
values are available, the calculated value of ex2 is 
more negative than the thermocell  value. However, 
this may be fortuitous or result  from an undetected 
systematic error. Therefore, wi thin  present  experi-  
menta l  errors Eq. [12] and [13] and the assumptions 
involved may be considered to be valid, at least for 
cells in which the solubilities of the reactants at the 
electrodes are low. To detect effects of concentrat ion 
and thermal  gradients in such cells will  require great-  
ly improved accuracy of measurement .  

To obtain quant i ta t ive  data related to the influence 
of s imultaneous thermal  and concentrat ion gradients 
on the potential  drop in a molten salt, it may be more 
profitable to use only formation cells, isothermal and 
nonisothermal,  because the concentrat ion gradients 
are greater in such cells than  in thermocells. The sum 
of interphase potential  differences in the combinat ion 

(a) (b) (c) 
C]AglAgXIX2,C -- C,X21AgX]AglC -- CIAglAgXIX2,C 

t r e f  t 

equals that  in an isothermal formation cell (d), 
CIAg]AgXIX2,C, at tempera ture  t. The effect on po- 
tential  drop in AgX resul t ing from thermal  gradient  
in cell (a) cancels that  in cell (c) unless each is in-  
fluenced by the concentrat ion gradients of Ag2 + and 
Xs- ,  each of which is opposed to the thermal  gradient  
in one cell but  not in the other, so that  they will not 
have compensating effects unless the effect of con- 
centrat ion gradient  of Ag2 + equals that  of X3- in each 
cell. From left to right, the concentrat ion increase of 
X3- in cell (a) is essentially the same as its decrease 
in (b);  the increase of Ag2 + in (b) is essentially the 
same as its decrease in (c). The remaining  concentra-  
tion changes of Ag2 + in (a) and X s -  in (c) are 
essentially the same as in cell (d). Therefore the net  
influence of concentrat ion gradient  on potential  drop 
in the AgX of cell (d) should equal that in the cell 
combinat ion (a) + (b) + (c) unless the lat ter  is in-  
fluenced by the thermal  gradients in (a) and (c). If 
there is no such influence, then  

E~ = E'x2 -- E~ + E'Ag [14] 

From Eq. [7], where the constant a equals E ~ at trel 

dE~ (mV/deg) = 0.1(fAg + fx2) [15] 

By Eq. [i] and [15] and Tables II and IV, with f 
values averaged as for Table V, dE~ is always less 
negative than 0.1(fAg + fx2). For AgCl cells at 500 ~ 
600 ~ , and 700~ the differences are 0.070 ___ 0.05, 
0.068 -+ 0.05, and 0.066 ~ 0.05 mV/deg, respectively; 
for AgBr at the same temperatures, 0.077 -+ 0.04, 
0.061 + 0.04, and 0.046 +_ 0.04 mV/deg; and for Agl at 
600 ~ and 700~ 0.210 ___ 0.09 and 0.254 -+ 0.09 mV/deg. 
These calculated differences range from two to four 
times those obtained when comparing thermoeells 
with isothermal plus nonisothermal formation cells 
and the 99% probability error limits are a smaller 
fraction of the differences. As might be expected, the 
differences for AgBr are closer to those for AgCI than 
to those for Agl. 

In every case the calculated difference is in the 
direction such that, if there is an interaction between 
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thermal  grad ien t  and concentra t ion gradients  in non-  
i so thermal  format ion cells, its net  effect is to increase 
the potent ia l  of the  h i g h - t e m p e r a t u r e  e lectrode re la -  
t ive to tha t  of the  cooler e lec t rode  if the  gradients  of 
t empera tu re  and Ag2 § concentra t ion are  in the same 
direct ion and to decrease its re la t ive  potent ia l  if the 
gradients  of t empera tu re  and X3-  concentra t ion are  
in the  same direction.  Al though  the possible existence 
of sys temat ic  errors,  unrecognized and therefore  un-  
corrected,  precludes  firm quant i ta t ive  conclusions, the  
results  suggest  tha t  the  net  effect in s i lver  hal ide  cells 
may  be of the  order  of hundred ths  of a mi l l ivol t  per  
degree and therefore  capable  of evaluat ion  with  in-  
creased accuracy of measuremen t  of cell  potent ia ls  
and electrode tempera tures .  
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Electrode Studies in Nonaqueous Electrolytes 
I. The Lithium Electrode in LiClO4-Propylene Carbonate Solutions 

Stuart G. Meibuhr 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

The electrochemical  proper t ies  of the  smooth l i th ium elec t rode  in LiC104- 
p ropylene  carbonate  solutions were s tudied at t empera tu res  up to 70~ by  
galvanosta t ic  methods.  For  the  range  of cur rent  densities, t empera tures ,  and  
LiC104 concentrat ions studied, the anodic and cathodic polar izat ion da ta  were  
symmet r i ca l  th rough  zero cur ren t  density.  Values  for the  exchange cu r ren t  
density,  io, were  calcula ted at  each exper imen ta l  condition; at 28~ and 1M 
LiC104, io was 0.95 • 0.05 m A / c m  2. The hH% value  was 8.5 _ 0.3 kcal /mole ,  
and a had a t empera tu re  independent  value  of about  0.67. The e lect rochemical  
react ion order  was 1 for concentrat ions up to 1M in Li  + ion. 

The extensive in teres t  in organic e l ec t ro ly t e  bat ter ies  
(1-3) has produced a recent  increase in the number  of 

invest igat ions of e lectrochemical  phenomena  in solu-  
tions of organic solvents. However ,  only a l imi ted  
amount  of work  has been devoted to the  s tudy of the  
e lect rode kinet ics  at solid electrodes.  

Rao has examined  the e lect rode react ions at  the  
cathodes of copper  (4) and lead (5) in a 1M 
LiA1C14-propylene carbonate  (PC) solution, whereas  
Burrows and Jas inski  (6) s tudied the  l i th ium anode in 
1M LiC104-PC at  28~ F r o m  the  slope of the i r  cur -  
r en t -po la r i za t ion  data, a value  for  the  exchange 
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current  density (io) is calculated to be 0.0275 m A /  
cm ~. Scarr (7), however, reported a value for io of 
about 0.6 m A / c m  2 at 23~ in a LiC104-PC solution. 
Zotov and Khlystova (8) found that  the process of 
l i th ium deposition from LiCl-dimethylformamide solu- 
tions was crystall ization limited. 

The purpose of this work was to s tudy the electro- 
chemical properties of the smooth l i th ium electrode in 
LiC104-PC solutions at temperatures  up to 70~ Two 
series of experiments  were performed. The l i th ium ref-  
erence electrode in LiC104-PC solutions was evaluated 
by investigating the open-circuit  potential  of a Li /Li  § 
concentrat ion cell at ambient  temperature;  and the 
Li /Li  + electrode kinetics were studied by analyzing 
the data obtained by anodically and cathodically polar-  
izing Li electrodes in LiC104-PC solutions. 

Exper imental  
MateTia~s.wThe propylene carbonate  solvent, ob- 

tained from Jefferson Chemical Company, was vacuum 
distilled at 3-4 ram of mercury  using a 90-cm long 
column packed with glass rings. The first 30% of the 
pot charge that  distilled was discarded. The next  60% 
was collected and used in these experiments.  The dis- 
tilled PC had a water content  of <35 ppm; the analy-  
sis was performed by the Kar l  Fischer method in an 
apparatus exposed to the air; consequently, the actual 
amount  of water  was probably considerably below 
the 35-ppm level. Gas chromatographic analysis of 
distilled PC showed only one impur i ty  peak. A typical 
chromatogram (using the thermal  conductivity detec- 
tor) is given in Fig. 1. The post-PC peak was ident i -  
fied as ethylene carbonate, and its concentrat ion was 
calculated at about 0.5% (9). Only one other impur i ty  
could be detected; about 20 ppm of 1, 2 propanediol 
was present  in  the  distillate. 

The LiC104 was of the highest pur i ty  available; it 
was (a) dried at 150 ~ in a vacuum oven for at least 
16 hr, (b) cooled in  vacuum, and (c) t ransferred 
promptly  to a dry  box. 

18 20 

#_ 

0 2 16 22 

Retention Time (rain) 

Fig. 1. Typical chromatogram (tkermol conductivity detector) tar 
distilled PC. 

Solutions of concentrat ions ~--- IM were made by 
weighing in a dry  box sufficient solute to add to i00 ml  
of PC. The less concentrated solutions were prepared 
by di lut ing the concentrated solutions with PC. All  
solutions were stored over solid l i th ium which could 
act as a getter for water  (6). These solutions also 
showed a water content  <35 ppm. The solutions were 
stored in ungreased, ground glass stoppered bottles in 
the water, 02, and N~ free atmosphere of the dry box 
[manufactured by Vacuum Atmospheres Corporation, 
(VAC) ]. 

Li th ium electrodes (0.08 cm 2 in area) were pre-  
pared in the VAC dry hox by sealing a bright l i th ium 
wire (metal impurit ies = 0.01% obtained from Alfa 
Inorganics Company) ,  approximately 40 m m  long, in  
epoxy resin. A small  alligator clip, which was attached 
to one end of the wire for making electrical contacts, 
was part ial ly sealed in  the epoxy also. When hard, one 
end of the potted wire was ground to expose the 
bright l i thium surface with an area equal to the cross- 
sectional area of the wire. Three such electrodes 
served as the test, counter, and reference electrodes. 

Equipment.--The potential  measurements  of the 
Li /Li  + concentrat ion cells were performed in a glass 
U- tube  with the arms (ID = 8 ram) separated with a 
fri t ted glass disk. 

The galvanostatic measurements  were performed in 
a glass cell mounted  over a hot p l a t e  shown schemati-  
cally in Fig. 2. The three epoxy-sealed l i thium elec- 
trodes and a thermometer  were inserted in inlet  ports 
in the glass cell cover, and the solution was stirred 
with argon bubbl ing  through a glass frit  in the cell. 
The solution tempera ture  could be mainta ined within  
• 0.5~ The argon gas that  was bubbled through the 
solution contained 6% I-I2 because the presence of H2 
was necessary to regenerate the copper turn ings  in the 
O2-removal furnace. It was found that  the presence of 
H~ did not affect the measurements .  

Because of the relat ively low specific conductivi ty 
[approximately 10 -3 ohm -1 cm -1 for 1M LiC104 at 
25~ (10, 11)] of these solutions, it was necessary to 
measure the resistance between the working  and refer-  
ence electrodes (12) before each experiment.  This 
solution resistance was determined from the oscillo- 
scope trace of a single current  pulse. The electrical 
circuit  mounted  outside the dry  box was similar to 
one described previously (13) except that  a variable 
resistor was in series with the single cell lead-acid 
ba t t e ry ;  with this resistor, the current  flowing through 
the circuit could be varied. With the oscilloscope oper- 
ating at 20 ~sec/cm, the iR loss was determined at 6-8 
different currents.  The largest cur rent  that  was pulsed 
was always larger than the ma x i mum current  used 
during a polarization run.  For a given set of condi- 
tions, repeat determinat ions  of R gave values wi th in  

~ , a s  But~lsr 
Eloe~'sr ~ ~ Th . . . . . .  teE 

Top View 

Port 

~ 7 1 / 1 5  ~ Joint 

~::t,BdubC~Sek r for 

Hot Plate I 
Side View 

Fig. 2. Polarization cell 
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10% of one another. These values of R were used to 
obtain /R-free polarization curves. The current  was 
determined from the i R  drop across a 1000-ohm pre-  
cision resistor. 

E x p e r i m e n t a l  m e t h o d . m A l l  electrochemical mea-  
surements  and associated materials  handl ing  were 
performed in the VAC dry box. 

The potential  of the concentrat ion cell 

L i / L i C I O 4 - P C / / L i C I O 4 - P C / L i  
c l  c2 

was measured for va lues  of  c l  = 0.5 or  1.0M and  
c2 = 0.1 to  1.0M. I n c l u d e d  in  the  measured  e m f  was 
an unknown  junc t ion  potent ial  which was estimated 
using the Henderson equation (14) 

Ej = R T / F  x~ -- Zo_ In c~ [1] 
~o+ + ~o_ c2 

where ~.o+ and ~o_ are the l imit ing ionic mobilities of 
Li + and C104-, respectively. The values of ~o+ for 
Li + have been determined in  dimethylsulfoxide as 
]1.4 (15), Jn dimethyl  formamide as 25 (16), and in 
formamide as 8.5 (16). Applying  Walden's  rule, the 
value for ~o+ in PC becomes 8.7. The value for ~o_ 
can be calculated from 

A o = ~ ~  + ~ o _  

The value for Ao has been determined to be 30.4 (11) ; 
hence, ~o_ is 21.7. 

The polarization studies were made in the following 
manner .  Sixty mill i l i ters of solution were added to the 
cell, and the electrodes were placed in  position. The 
solution was bubbled  with argon presaturated with 
PC. The potential  between the working and reference 
electrodes was monitored with a Keithley electrom- 
eter. When this potential  came to a steady value 
<0.5 mV, the voltage leads were connected to the os- 
cilloscope and Polaroid prints were made of the traces 
obtained by applying a single pulse to the working 
electrode at 6-8 different values. The iR  correction 
could then be calculated for each current  for which 
the polarization was measured. When equi l ibr ium was 
again regained (as indicated above),  the anodic po- 
larization run  was made for increasing values of the 
current .  In  some experiments  a cathodic run  was made 
when the system re turned to equil ibrium. Before a 
duplicate anodic run  was made, the test electrode was 
removed from solution, dried, and repolished to expose 
a fresh l i thium surface. It  was necessary to redeter-  
mine  the resistance between the working  and refer-  
ence electrodes after each repolishing step. 

The exchange current  densities were calculated from 
the equation 

io = iRT/~ha- f reeF  [2] 

where 1]iR-free = Eexptl --  Eoc --  iR. 

Results and Discussion 
C o n c e n t r a t i o n  ce l l  s t u d i e s . - - T a b l e  I shows the mea-  

sured emf values for the cell together with the cal- 
culated Ej values and the corrected emf values. The 
data show a 68 ___ 1 mV change/decade of Li + ion 
concentration. Considering the assumptions that  were 
made in calculating the Ej values, the potential  re-  
sponded to the varying Li + ion concentrat ion in r e a -  

Table I. Concentration cell studies 

Cel l  p a t e n -  C o r r e c t e d  
c l  (M) c2 (M) t i a l  (V) E j  (V) e m f  (V) 

0.S 1.0 -- 0 .0335 + 0 .0077 -- 0.0258 
0.5 0.25 + 0.0245 --  0 .0077 + 0 .0168 
0.5 0.1 + 0.060 -- 0.0178 + 0.0422 
0.5 0.5 0 .000 ~ 0.000 
1.0 1,0 0.000 ~ O.O00 
1.0 0.1 + 0.095 -- 0.0255 + 0.0695 
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Fig. 3. Current density-/R free polarization data for a 1M LiCIO4 
solution. Curves A, A', 29~ B, B', 43~ C, 58~ D, 67.5~ 

sonable accordance with the Nernst  equation. Thus, a 
solid l i th ium electrode immersed in  solutions of Li + 
ion from 0.1 to 1M behaved satisfactorily for a refer-  
ence electrode, in agreement  with results (6) ob- 
tained by measur ing (a) the stabil i ty of potential  with 
t ime and (b) the recovery of the electrode after 
micropolarization. 

P o l a r i z a t i o n  s t u d i e s . - - F i g u r e  3 shows typical  anodic 
and cathodic /R-free polarization data; these were 
taken at 28 ~ in a solution of 1M LiC104. Under  all 
experimental  conditions, the current  densi ty-polar iza-  
tion plots were linear; the slope of the cathodic portion 
agreed with the slope of the anodic branch  wi th in  
4%. Duplicate anodic polarization runs  produced 
slopes which were wi thin  10% of one another. The io 
variations with tempera ture  and Li + ion concentrat ion 
are summarized in Table II. 

The anodic and cathodic io values for a 1M LiC104 
solution at 28 ~ were 0.95 • 0.05 m A / c m  2 determined 
in five separate experiments  over a period of months. 
This value i~ about 35 times greater than  the value 
calculated from data of Burrows and Jasinski  (6). 
An  extrapolat ion of the log ie - -  1 / T  data to lower 
temperatures  (Fig. 4, curve C) for the 1M solution 
yielded an io value at 23 ~ of 0.7 mA/cm 2. This vaIue 
agreed with the 0.65 value reported by Scarr also at 
23 ~ (7). One explanat ion for the large discrepancy be-  
tween the io value calculated from Burrows and Jas in-  
ski (6) on the one hand and the values given by 
Scarr (7) and the present  work on the other hand is 
that  in  the former case the polarization values may 
have included the solution iR  loss. If this occurred, 
the calculated /o values would be too low, the magni -  
tude depending on the exact value for the included 
iR  drop. If a resistance value of about 235 ohms is 

Table II. The io values for different experimental conditions 

LiC10~ c o n c e n -  T e m p e r a t u r e ,  io 
t r a t i o n  (M) ~ m A / c m ~  

2 28.5 0.56 
41 1.25 
53 1.85 
61.5 2,35 

1 28 0.95 
43 1.8 
58 3.4 
67.5 5.25 

0.5 29 0.4 
49 0.75 
61 1.05 
69 1.25 

0.1 28 0.114 
40 0.24 
49 0.3 
57 0.42 
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Fig. 4. Plot of the io values against 1/T. Curve A, 0.1M; B, 0.5M; 
C, I.OM; D, 2.0M LiCI04. 

assumed (and this  value  is reasonable  for a 1M 
LiC104 solution having the  electrodes spaced approx i -  
ma te ly  1 cm apa r t ) ,  the calcula ted value  for io then 
agrees wi th  the  va lue  de te rmined  in this  work.  

F rom the resul ts  of the  t empe ra tu r e  effect on the 
polarizat ion,  the  en tha lpy  of act ivat ion at  zero po la r i -  
zat ion (~Ho*) was ca lcula ted  using the equat ion 

0 In io • 
- -  = - -  [ 3 ]  
O(1/T) R 

The values of io were  ca lcula ted  f rom the slopes of the  
polar izat ion plots using Eq. [2]. Plots  of the  log io 
against  1/T are  given in Fig. 4. The lines were  d rawn  
para l le l  to give the  best  fit for a l l  the  points in tha t  
figure. The value  obta ined for hH*o was 8.5 _ 0.3 
kca l /mole .  This va lue  is of the  orde.r of magni tude  
expected for meta l  dissolution and deposition. 

The t rans fe r  coefficient, ~, was ca lcu la ted  indi rec t ly  
f rom the  slope of the  plot  0 log io/O log e l i +  (17). The 
da ta  in Fig. 5 (curve  A) y ie ld  a va lue  for ~ of about  
2/3; this  va lue  r ema ined  constant  wi th  increas ing 
tempera ture .  

The electrochemical  react ion order  can be obta ined 
by  plot t ing the  log i, at constant  overvoltage,  against  
the  log of the  apparen t  concentrat ion of a given 
species (18). In  Fig. 6 is shown the cur ren t  densi ty  
dependence  on the Li  + ion concentra t ion in solution. 
Curve A represents  da ta  at 28~ whereas  curve  B 
denotes da ta  at 70~ Severa l  impor tan t  i tems of note 
include:  the  l inear  plots  a re  para l le l ;  the i r  slope equals 
1; and at concentrat ions above 1M there  is a m a r k e d  
change in the  react ion order.  The change may  be as-  

E 
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Fig. 5. Determination of the (1 - -~ )  value. Temperature, 28 ~ 
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Fig. 6. Determination of the reaction order for solutions contain- 
ing only LiCIO4. Curve A, 28~ B, 70~ 

sociated wi th  the  causes for the  decrease in conduc-  
t iv i ty  (10, 11) at LiC10~ concentrat ions  grea te r  than  
1M. Also, in these concentra ted  solutions ion associa- 
t ion may  occur. The cu r ren t  densi ty  value  associated 
wi th  the  2M solution (see Fig. 6) corresponds to a 
Li + ion concentra t ion of about  0.6M in the  l inear  
region. This concentra t ion is about  1/3 the amount  of 
Li + ion added to the  solution. More polar izat ion da ta  
at  Li + ion concentrat ions grea te r  than  1M and the  
Li + ion ac t iv i ty  coefficients are  needed  before  an un-  
ambiguous  explana t ion  for the  apparen t  change in 
react ion order  can be presented.  

I t  may  be concluded f rom these studies tha t  the  
da ta  for the dissolution and deposi t ion of l i th ium 
from solutions containing only LiC104 are  consistent  
wi th  the charge t ransfer  r a t e -de t e rmin ing  step 

L i ~ L i  + + e 
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Electrode Oxidation of Hydrazine and Related 
Compounds in Liquid Ammonia Electrolytes 

M. H. Miles*. 1 and P. M. Kellett 
Naval Weapons Center, Corona Laboratories, Corona, California 

ABSTRACT 

Potent ia l  sweep invest igat ions  of the  e lec t rochemical  oxidat ion  of hydraz ine  
on p la t inum in l iquid ammonia  e lect rolytes  y ie ld  cu r ren t -po ten t i a l  curves 
which depend m a r k e d l y  on the na tu re  of the  e lec t ro ly te  anion present .  These 
anion effects a re  in te rp re ted  in te rms of the  pr inciple  of soft and ha rd  acids 
and bases and specific adsorpt ion  at the electrode.  In  general ,  the  "harder"  
the  e lec t ro ly te  anion, the  be t te r  is the  per formance  of the  hydraz ine  anode. 
L o w - t e m p e r a t u r e  studies show that  hydraz ine  can be e lec t rochemical ly  
oxidized in l iquid ammonia  at --60~ demonstrating the  high reac t iv i ty  of this 
fuel. The oxidat ion  of hydraz ine  on p la t inum appears  to be a diffusion-con-  
t rol led,  h igh ly  i r r evers ib le  reaction. Hydraz ine  is also e lec t rochemical ly  oxi -  
dizable  in l iquid ammonia  on Ir, Rh, Re, Pd, V, Mo, Au, and on n i t rocarb ides  
and ni t r ides  of t rans i t ion  metals .  Of var ious  subst i tu ted hydraz ine  compounds 
tested, only  hyd roxy l amine  compared  wi th  hydraz ine  in react ivi ty .  

Fuel  cells using hydraz ine  are  emerging f rom the  
l abo ra to ry  (1, 2);  this  deve lopment  is a resul t  of fun -  
damenta l  research  on the e lect rochemical  oxidat ion 
of this react ive  fuel  (3-6).  Except  for a few results  
in severa l  organic e lect rolytes  and  hydrogen  fluoride 
electrolytes  (7), this  research  has been l imi ted  to 
aqueous solutions. Con t ra ry  to ear l ie r  work  by  Ham-  
mer  (8), we have es tabl ished tha t  hydraz ine  can be 
e lec t rochemical ly  oxidized in l iquid ammonia  e lec t ro-  
lytes (9). The high e lec t rochemical  ac t iv i ty  of h y d r a -  
zine and its infinite solubi l i ty  in l iquid ammonia  make  
hydraz ine  a t t rac t ive  for use as a soluble fuel  in low-  
t e m p e r a t u r e  fuel  cells wi th  l iquid ammonia  e lec t ro-  
lytes. Fur the rmore ,  the  use of hydraz ine  as a fuel  
appears  to be t he rmodynamica l l y  more  favorab le  in 
l iquid ammonia  than  in aqueous electrolytes,  because 
of the  abnormal  s tab i l i ty  in l iquid ammonia  of the  
hydrogen  ions produced in the e lect rochemical  ox ida -  
t ion of hydraz ine  (10). 

Experimental 
The chemicals  used include Baker  reagent  hydraz ine  

sulfate and Matheson hydraz ine  hyd ra t e  (99-100%). 
Hydraz ine  sulfate  is convenient  to handle  and unde r -  
goes ammonolys is  (11) 

N2H4"H2SO4 + 2NH~ --> N2H4 + (NH4)2SO4 

to produce anhydrous  hydraz ine  and insoluble  am-  
monium sulfate.  The e lect rolyte  solutions were  p re -  
pared  f rom anhydrous  ammonia  (Matheson Company,  
99.99%) and vacuum-dr ied ,  r e agen t -g r ade  salts. 

Inorganic  sal t  solutions of l iquid ammonia  were  
p repa red  in a special  flask which permi t s  vacuum 
dry ing  of the  sal t  and  format ion  of the  solution wi th -  
out  exposure  to air. Various  salts, such as NH4SCN, 

* Elect rochemical  Society Act ive  Member .  
t P resen t  address :  Depa r tmen t  of Chemis t ry  and  Physics,  Middle 

Tennessee  State  Univers i ty ,  Murfreesboro ,  Tennessee.  
Key  words :  adsorption,  ammonia ,  anions, electrocatalysts ,  fuel, 

hydrazine ,  hydroxy lamine ,  oxidation,  p la t inum,  t empera tu re .  

NH4I, LiNO3, LiC104, NaSCN, and NaI  form ammonia  
solutions where  the  vapor  pressure  of NH3 at  ambien t  
t empera tu re  is below 1 a tm (9, 12). Unless s tated 
otherwise,  these solutions having  a salt  concentra t ion 
of about  5-10M were  used. These l iquid ammonia  solu-  
tions were  taken  into a d rybox  and poured  into a 
vacuum-t igh t ,  con t ro l l ed -a tmosphere  e lec t rochemical  
cell  fitted wi th  screw cap t he rmomete r  adapte rs  wi th  
O-r ings  (Scientific Glass Appara tus )  which  seal  the  
electrodes.  A smaller ,  t h r e e - c ompa r tme n t  cell  
equipped with  the  screw cap the rmomete r  adapte rs  
was used for the l ow - t e mpe ra tu r e  studies; anhydrous  
ammonia  was condensed d i rec t ly  into the  ceil t h e r -  
mosta t ted  at --60~ A special  pressur ized cell  (13) 
was used for invest igat ions  where  the  vapor  pressure  
of ammonia  exceeds 1 atm. The reference e lect rode 
used for  al l  measurements  was  Pb /Pb(NO3)2  (sa tu-  
ra ted)  wi th  a single glass microcrack  separa t ing  the  
reference  e lect rode and solution. F u r t h e r  detai ls  of 
the  e lec t rochemical  measurements  are  given e lsewhere  
(9). 

For  l ow - t e mpe ra tu r e  investigations,  slush baths  of 
d ry  ice in organic solvents  convenien t ly  cover  the 
l iquid range of ammonia  and provide  t empe ra tu r e  
control  of •176  (14). A d ry  ice slush ba th  of a 
m ix tu r e  of o -xy lene  and m - x y l e n e  was used for 
s tudies at  --60~ whi le  3-heptanone  was used for the 
--35~ bath.  

Results and Discussion 
Electrocatalysts for hydrazine oxidation.--Various 

nitrocarbides,  ni tr ides,  carbides,  and  bor ides  of t r ans i -  
t ion meta ls  and al loys p repa red  by  the Bureau  of 
Mines, P i t t sburgh  Coal Research Center  under  NASA 
contract  No. 12,300, were  tes ted  as ca ta lys ts  for the  
e lectrochemical  oxida t ion  of hydraz ine  in acid l iquid 
ammonia  solutions. In  general ,  the  n i t rogen-con ta in -  
ing compounds,  such as the  n i t rocarb ides  and nitr ides,  
showed more  promise  as cata lys ts  than  the other  
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compounds. However ,  i t  appears  that  none of these 
compounds show cata lyt ic  ac t iv i ty  comparable  to tha t  
for p la t inum.  

Various t rans i t ion  meta ls  were  also tes ted as ca ta-  
lysts for the  e lect rochemical  oxidat ion  of hydraz ine  
in  l iquid ammonia  electrolytes.  The meta ls  i r idium, 
rhodium, rhenium,  and pa l l ad ium showed cata lyt ic  
ac t iv i ty  comparab le  to tha t  for  p la t inum.  Hydraz ine  
oxidat ion  was also observed on vanadium,  mo lybde -  
num, and gold. Tantalum,  t i tanium,  a luminum,  wolf-  
ram, zirconium, chromium, and gal l ium were  al l  found 
to be inact ive  for hydraz ine  oxidat ion.  Hydraz ine  was 
also tes ted  on cobalt,  copper,  iron, indium, lead, me r -  
cury, and tin, bu t  oxidat ion  of the meta l  i tself  ob-  
scured the  results.  

Tests of other related compounds on plat inum.--Sev-  
eral  subst i tu ted hydraz ine  compounds were  tested for 
e lectrochemical  oxida t ion  on P t  in l iquid ammonia  
e lectrolytes  inc luding phenylhydraz ine ,  1 ,2-diphenyl-  
hydrazine,  1 ,2-dimethylhydraz ine  dihydrochlor ide ,  2,4- 
d in i t rophenylhydraz ine ,  carbohydraz ide ,  and h yd rox -  
y lamine  hydrochlor ide .  Al l  showed evidence for oxi-  
dat ion on Pt;  however ,  only  hyd roxy l amine  showed 
reac t iv i ty  comparab le  to tha t  for hydrazine .  

Constant  cur rent  and potent ia l  scan methods  were  
used in test ing these  var ious  compounds.  F igure  1 
gives the  resul ts  for  constant  cur ren t  oxidat ion  of 
N2H4. H2804 and NH~OH.  HC1 on Pt  in s t i r red  
NHs-LiNO~ solutions. S imi la r  resul ts  were  obta ined in 
NH4NO8 and N I ~ S C N  ammonia  electrolytes;  Le., 
a lmost  4 e lec t rons /molecule  for  hydraz ine  oxidat ion 
and about  2 e lec t rons /molecule  for the  oxidat ion  of 
hydroxylamine .  This suggests tha t  the net  oxidat ion  
react ions  for  these compounds in ammonia  e lec t ro-  
lytes a re  

N2H4-~ N~ + 4H + + 4 e -  
NH~OH --> ~2N20 -~- l~H20 Jr 2H + + 2 e -  

Nit rous  oxide is also be l ieved to be a ma jo r  product  
in the  e lect rochemical  oxidat ion of hyd roxy lamine  in 
d imethylsu l fox ide  (15). 

The constant  cur ren t  oxidat ion  of the  o ther  com- 
pounds did not give the  sharp inflections observed for 
hydraz ine  and hyd roxy lamine  (Fig. 1); hence, the 
electron y ie ld  pe r  molecule  was  inde te rmina te  for 
the  oxidat ions of these other  compounds.  

Anion e]Jects.~Potential scan invest igat ions of hy -  
drazine oxidat ion  on p l a t inum in var ious  concent ra ted  
sa l t - ammonia  solutions show tha t  the  results  depend 
m a r k e d l y  on the na tu re  of the  e lec t ro ly te  anion. F ig-  
ures  2, 3, and 4 give the resul ts  in NH3-NH~SCN, 
NHs-NH4I, and NH3-NH4NO~, respect ively.  Oxidat ion  
of the  iodide ion (Fig. 3) tends to obscure par t  of the  
hydraz ine  oxidat ion peak.  F igure  4 shows the in te r -  
est ing bu i ld -up  when t ime is a l lowed be tween  poten-  
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Fig. 1. Constant current oxidation of N2H4"H2S04 and NH2OH" 
HCI in stirred NH3-LiN03 solutions using platinum electrode of 
about 50 cm 2 geometrical area. I = 1.00 mA; T = 20~ 

61 

t ia l  sweeps of a second hydraz ine  oxidat ion  peak  at  
about +0.2V in the  n i t ra te  solutions, as wel l  as a peak  
bu i ld -up  at  about  --0.2V due to hydrogen  oxidat ion.  
This bu i ld -up  wi th  t ime of a second hydraz ine  ox ida -  
t ion peak  was also observed in NHz-NI-I4CIO4 solu-  
t ion at  0=C, bu t  in NH3-NH4SCN and NHa-NH4I no 
such effect was observed.  The rest  potent ia l  (Va) was 
--0.15V in the  n i t ra te  solution and +0.15V in the  
th iocyanate  solution; however ,  VR in NHs-NH4SCN 
gradua l ly  shif ted over  a per iod  of severa l  days  to the  
--0.15V value. Results  in neu t ra l  ammonia  solutions 
(NH3-NaSCN, NHs-NaI ,  and NHs-LiNO3) were  v e r y  
s imi lar  to those in the  acid solution containing the  
same anion. 

HYDRAZINE ADDED 

/ ' V~ NO HYDRAZINE i.( 
u 

- 4  

I I . i 
-0.5 0 0.5 1.5 

POTENTIAL vs Pb/Pb(N03)  2, V 

Fig. 2. Cyclic veltammogram for O,02M N2H4"H2S04 in NH.~- 
NH4SCN at 20~ using platinum wire electrode with geometrical 
area ~ 0.3 cm 2. v ~ 250 mV/sec. 
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Fig. 3. Cyclic voltammogram for O.02M N2H4"H2S04 in 
NH3-NH41 at 20~ using platinum wire electrode with geometrical 
area = 0.3 cm 2. v ~ 250 mV/sec. 
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Fig. 4. Effect of allowing time between potential sweeps on 
current potential curves for 0.02M N2H4"H2SO4 in NH3-NH4NO~ 
at 20~ using platinum disk electrode with geometrical area ~--- 0.2 
cm 2. Electrode potentiostatted at --0.35V between sweeps, v 
250 mV/sec. 

Investigations were also conducted at about  25~ in 
1M sal t -ammonia  solutions in the pressurized electro- 
chemical cell fixture. The results were practically 
identical to those obtained at atmospheric pressure in 
the concentrated sa l t -ammonia  solutions containing 
the same anion. For example, Fig. 5 shows cyclic 
vol tammograms for hydrazine oxidation in  1M LiNO3- 
ammonia  solution at about  25~ in the pressurized cell 
giving the usual  two oxidation peaks observed in 
ni t ra te  solutions. No reduct ion of the oxidized species 
was ever observed (see Fig. 2, 3, and 5), indicating 
that  the hydrazine oxidation is highly irreversible. 

Low-tempera ture  studies of hydrazine  oxidation at 
--60~ and --35~ were made in  1M NH4C1, 1M 
NH4Br, and 1M NI-I4I ammonia  solutions in order to 
evaluate the relative effect of these halogen anions 
on the reaction. Results are given in Fig. 6 and 7. 
Note that, in the NH4C1 solution, hydrazine oxidation 
at --60~ is observed near  the potential  of the Pb 
reference. The oxidation current  obtained is de- 
pendent  on the anion present, increasing in the order 
I -  < B r -  < C1-. At --35~ the oxidation current  in 
the bromide solution approaches that  for the chloride 
solution as the potential  increases. Similar  hydrazine 
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Fig. 5. Cyclic voltammograms for 0.02M N2H4"H2SO4 in NH3-1M 
LiNO3 in pressurized cell at about 25~ using platinum disk 
electrode with geometrical area = I cm 2. v ~ 250 mV/sec. In 
the bottom voltammogram the anodie sweep range is reduced. 
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Fig. 6. Current potential curves for 0.2M N2H4"H20 in 1M 
NH4CI, 1M NH4Br, 1M NH41 ammonia solutions at - -60~  using 
platinum wire electrode with geometrical area ~ 0.2 cm 2. v 
250 mV/sec. 
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Fig. 7. Current potential curves for 0.2M N~H4"H20 in 1M NH4CI, 
1M NH4Br, and 1M NH41 ammonia solutions at - -35~ using 
platinum wire electrode with geometrical area ~ 0.2 cm 2. v ~ 250 
mV/sec. 

investigations in 1M NI~NOs solution at --60~ yield 
an oxidation current  intermediate  between that in 
the chloride and iodide solutions; however, the 
bui ld-up when t ime is allowed between potential  
sweeps of a second hydrazine oxidation peak does 
not  occur readily at these low temperatures.  

Discussion of anion e~ects.--The observed anion 
effects can be interpreted in  terms of the principle 
of soft and hard acids and bases (SHAB) and specific 
adsorption at the p la t inum electrode. The SHAB pr in -  
ciple states that  hard acids prefer to bond to hard 
bases and soft acids prefer to bond to soft bases (16). 
Bulk metals, such as plat inum, have the properties 
of soft acids (16, 17); hence, soft bases will tend to 
bond to plat inum, blocking the active sites on the 
metal. Barclay (18) has shown that  the classification 
of anions in terms of softness can be related to the 
potent ial  at  the point  of zero charge (Epzc) which 
shifts cathodically with increasing specific anion ad-  
sorption. Table I shows the relationship between 
Epzc for mercury  and Pearson's  classification of the 
anion in terms of the SHAB principle. 

The SHAB principle predicts that  the order of anion 
specific adsorption will  not vary  greatly with the sol- 
vent, which is the case exper imental ly  as anions 
appear to be specifically adsorbed in the same general  
order in most solvents (19, 20). Since both NH3 and 
H20 are classified as hard bases (21), the order and 
extent  of anion specific adsorption should be similar 
in these two solvents. 

The SHAB principle also predicts that  the order of 
anion specific adsorption wil l  not  vary  with the elec- 
trode metal  used. Exper imenta l ly  it is found that, as 
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Table I. Relationship between potential of zero charge (Epzc) 
for mercury in aqueous solutions and softness of anions 

A n i o n  Ep=e P e a r s o n ' s  c l a s s i -  
(v  vs.  NHE)  f i c a t i o n  o f  a n i o n  

S = - 0.638 S o f t  
I -  -- 0.451 So f t  
SCN-  -- 0.34"/ S o f t  
B r -  -- 0.293 B o r d e r l i n e  
NO8- - 0.236 H a r d  
CIO4- -- 0.228 H a r d  
C1- -- 0.219 H a r d  
SO4= --0.196 H a r d  
OH-  -- 0.196 H a r d  
F-  -- 0,195 Hard  

Sa l t  c o n c e n t r a t i o n s  w e r e  O.IM excep t  f o r  S :  (0.SM) [see 1:tel. (18)]. 

for mercury ,  ha l ide  adsorpt ion  4ecreases in the  order  
I -  ~ B r -  ~ C1- on p l a t inum (22), ga l l ium (23), and  
cadmium (24). However ,  the  poten t ia l  regions where  
anion adsorpt ion is significant wi l l  depend  on the  
electrode meta l  used, since the  point  of zero charge 
depends m a r k e d l y  on the na ture  of the  me ta l  (25-30). 
Barc lay  (18) considers  the  e lec t rode  at the  point  of 
zero charge to be soft. Anodica l ly  increasing the po-  
ten t ia l  f rom the point  of zero charge  resul ts  in in-  
creased anion adsorpt ion;  however ,  the  e lect rode be-  
comes increas ingly  ha rde r  (as an acid) as the  po ten-  
t i a l  increases, and it is feasible that  soft anions could 
be desorbed and ha rd  anions or bases adsorbed at  ex-  
t r eme  posi t ive polarizat ion.  

Hydraz ine  and ammonia  are  clasisfied as ha rd  bases 
(21), whi le  I -  and S C N -  are  soft bases (Table  I ) ,  
which should in terac t  s t rongly  wi th  p la t inum (soft 
acid) and  block the  act ive surface. In  the  S C N -  and 
I -  solutions, only  in the  ex t reme  anodic potent ia l  r e -  
gion are  these soft anions desorbed sufficiently to 
al low hydraz ine  access to the  surface (Fig. 2 and 3), 
while,  in the  NO3- (hard  base)  solution, hydraz ine  
competes for access to the  surface at  lower potent ia ls  
(Fig. 4 and 5). Because of the  much h igher  concent ra-  
t ion of NO~- than  N~I-I4, t ime  is requi red  for h y d r a -  
zine to reach  a s t eady-s t a t e  concentra t ion on the  elec-  
t rode surface (Fig. 4). Results  at  --60 ~ and --35~ 
show tha t  hydraz ine  can be e lec t rochemical ly  oxidized 
at  lower  potent ia ls  and give h igher  currents  in C1- 
solution than  in I -  solution, whi le  B r -  solutions are  
in te rmedia te  (Fig. 6 and 7), indica t ing  that,  in accord 
wi th  the  SHAB principle ,  the  softer  anions more  
effectively block the p la t inum surface. The pass iv i ty  
produced wi th  the  soft anions is p robab ly  caused by  
the sa tura t ion  of the  free valencies  of the  e lec t rode  
surface by  the  chemisorbed anions (31). 

Peak current and peak potential analysis.--The 
effect of the potent ia l  sweep ra te  (v) and reac tan t  
concentra t ion (C) on the  peak  cur ren t  (I v) and peak  
potent ia l  (Ep) is useful  in ex t rac t ing  informat ion 
from potent ia l  scan exper iments .  Fo r  a diffusion-con-  
t ro l led  process wi th  l inear  diffusion, we have  the fol-  
lowing th ree  genera l  cases (32) : 

1. Reversible, soluble reactants and products 
Ip oc vl/2C, Ep ~ f(v,C) 

2. Reversible, insoluble product 
I p  oc v l / 2 C ,  E p ~ f ( v ) ,  Ep-----~(C) 

3. Highly irreversible 
Ip cc vl/2C, Ep = f ( v ) ,  Ep ~ f (C)  

F o r  an adsorpt ion  or  desorpt ion control led  process, 
we have the  fol lowing two genera l  cases (33) : 

1. Reversible (quasi-equilibrium) 
Ip oc v, Ip ~ f ( C ) ,  gpC=f(v,C) 

2. Highly irreversible 
Ip cc v, Ip ~ ~(C),  Ep = f ( v ) ,  Ep ~ f (C)  

The cur ren t -po ten t i a l  curves for hydraz ine  ox ida -  
t ion in NHa-NH4SCN as a funct ion of v a re  given in 
Fig. 8, and  Fig. 9 shows the  resul ts  in NHa-NH4NOa 
solution. Potent ios ta t ing  the  e lect rode at --0.35V for 
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Fig. 8. Effect of sweep rote on current potentiol curves for O.02M 

N2H4"H2S04 in NH3-NH4SCN at 20~ using platinum disk elec- 
trode with geometrical area = 0.2 cm 2. Electrode potentiostotted 
for 30 sac at --O.3SV between sweeps. 
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Fig. 9. Effect of sweep rate on current potential curves for 0.015M 
N2H4"H2S04 in NH3-NH4NOa at 20~ using platinum disk elec- 
trode with geometrical area ~- 0.2 cm 2. Electrode potentiostatted 
for 30 sec at - -0.35V between sweeps. 

30 sec pr ior  to the  potent ia l  sweep establ ishes a 
s t eady-s ta te  condit ion for the  hydraz ine  oxida t ion  
(see Fig. 4). Note tha t  the  n i t ra te  solution gives a 
much higher  hydrogen  oxidat ion  peak  near  --0.2V 
than  the th iocyana te  solution, again i l lus t ra t ing  the  
anion effect descr ibed above. 

Exper imenta l ly ,  Ip is found to be propor t iona l  to 
v 1/2 and C for hydraz ine  oxidat ion in the  NH4SCN 
and NH4NO3 ammonia  solutions (Fig. 10, 11, and  12). 
This indicates  that ,  where  act ive sites on the  me ta l  
a re  avai lable ,  diffusion of hydraz ine  to those sites is 
the r a t e -de t e rmin ing  step r a the r  than adsorpt ion,  de -  
sorption, or kinet ic  steps. 

The peak  potential ,  Ep, becomes more  anodic wi th  
increasing v for hydraz ine  oxidat ion  in l iquid am-  
monia  electrolytes ,  bu t  the  shif t  is r a the r  small ;  •p 
also becomes more  anodic wi th  increas ing hydraz ine  
concentrat ion.  (The rest  potent ia l  also shifts f rom 
--0.18V wi th  0.001M hydraz ine  to --0.13V wi th  0.01M 
hydrazine . )  The behavior  of Ep does not  c lear ly  
fit any  of the  genera l  cases ment ioned  above; how-  
ever,  the  evolut ion of n i t rogen in the  hydraz ine  oxi-  
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Fig. 12. Relationship of peak current to hydrazlne sulfate concen- 
tration in NH3-NH4 SCN and NH3-NH4N03 at 20~ using platinum 
disk electrode with geometrical area = 0.2 cm 2. v z 125 mV/sec. 

dation is a highly irreversible process. Exper imental  
evidence for the i rreversibi l i ty  of hydrazine oxidation 
is shown by the absence of any corresponding reduc- 
t ion peaks. 

For  a diffusion-controlled, highly irreversible proc- 
ess (32) 

Ip = 3.04 • 105n (aT~a)I/2ADI/2Cvl/2 [1] 

at 20~ Comparing the shape of the current -potent ia l  
curves for hydrazine oxidation in  l iquid ammonia  
electrolytes (Fig. 8, and 9) with s tandard curves given 
by Delahay (32), we can determine graphically that  
c~na -~ 0.5 4- 0.1 for all  observed peaks. Using n ---- 4 
for hydrazine oxidation (Fig. 1), the diffusion coeffi- 
cient for hydrazine can be calculated from Eq. [1], 

y i e l d i n g  DN2H4 = i X 10 -~ cm 2 sec -1 in  both the 
NH~-NH4SCN electrolyte and the NH3-NH4NO3 elec- 
trolyte at 20~ Viscosity determinat ions gave 3.2 
centipoise for the NH3-NI-I4SCN solution and 4.4 
centipoise for the NH~-NI-I4NO3 solution, both mea-  
sured at 20.0~ The expected variat ion in diffusion 
coefficients due to this difference in viscosity is small  
compared with exper imental  errors. Using n = 4, 
~na --~ 0.5, and DN2H4 z 1.5 X 10 -6 cm 2 sec -1 in Eq. 
[1] gives reasonable agreement  with exper iment  for 
the effect of hydrazine concentrat ion on Ip up to 
0.02M hydrazine concentrations (Fig. 12, solid l ine is 
calculated from Eq. [1]). Higher concentrat ions tend 
to give peak currents  smaller  than calculated. 

Summary 

The main  results of this s tudy are: 

1. Hydrazine can be electrochemically oxidized in 
liquid ammonia  elecrolytes on Pt, Ir, Rh, Re, Pd, V, 
Mo, and Au. Nitrocarbides and nitr ides of t ransi t ion 
metals also show activity for hydrazine oxidation. 

2. Subst i tuted hydrazine compounds can also be 
electrochemically oxidized in liquid ammonia  elec- 
trolytes on Pt, but  hydroxylamine  was the only com- 
pound tested which compared with hydrazine in re- 
activity. Oxidation of hydroxylamine  in l iquid am-  
monia electrolytes yields about 2 electrons/molecule.  

3. Current -potent ia l  curves obtained for the electro- 
chemical oxidation of hydrazine on Pt  in l iquid am- 
monia electrolytes depend markedly  on the na ture  of 
the electrolyte anion present. These anion effects can 
be interpreted in terms of the principle of soft and 
hard acids and bases and specific adsorption at the 
p la t inum electrode. The "harder" the electrolyte anion, 
the bet ter  wil l  be the performance of the hydrazine 
anode. 

4. Low-tempera ture  studies show that  hydrazine 
can be electrochemically oxidized at --60~ The l imi- 
tat ion of the reaction at this low tempera ture  by anion 
adsorption ra ther  than by slow kinetics demonstrates 
the high react ivi ty of hydrazine. 

5. The electrochemical oxidation of hydrazine on Pt  
in l iquid ammonia  electrolytes appears to be a dif- 
fusion-controlled, highly irreversible reaction. 
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S Y M B O L S  

A Electrode area, cm 2 
C Concentration, mole cm -3 
D Diffusion coefficient, cm 2 sec-1 
Ep Peak potential,  volt 
Ip Peak current ,  amperes 
n Number  of electrons involved in net electrode 

reaction 
na Number  of electrons involved in ra te -de te rmin-  

ing step 
VR Rest potential, volt 
v Potential  sweep rate, volt sec -1 

Anodic t ransfer  coefficient 
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'Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL, 
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The Electrocrystallization of Zinc Dendrites 
in High-Purity, and Inhibitor Doped, 

Alkaline Zincate Solutions 
John W. Diggle *'t and A. Damjanovic 

The Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The influence of electrolyte pur i ty  on the ini t iat ion times and propagation 
rates of zinc dendrites grown in alkal ine zincate solution is examined. No 
significant difference was found to exist between the results obtained in the 
present  h igh-pur i ty  systems and those reported previously for the un-  
purified system. It is proposed that this is due to the fact that the zinc dep- 
osition potential  is so far removed from the pzc of zinc that the electrode 
coverage with impurit ies present  in unpurif ied solutions is far below that  
known to affect both morphology and kinetics. Evidence support ing this view 
was obtained in the case of benzene-doped zincate solutions, where 10 -4 mole 
l i ter  -1 benzene did not affect the growth of dendrites. Lead and organic 
cation-doped zincate solutions were found to be effective in re tarding dendrite 
initiation, the degree of re tardat ion depending on their concentration. 

In  a previous paper (1) a mechanism for the den-  
dritic electrocrystallization of zinc was proposed in 
which the role of impurit ies was not considered. The 
crystallization was performed under  conditions where 
rigorous purification of solutions was not made, and 
the purpose of the present  paper is to ascertain wheth-  
er, and to what  extent, the presence of impurit ies may 
have influenced previous results and thus have affected 
subsequent theoretical analysis. 

It is known that  the presence of impurit ies influ- 
ences greatly both the type of morphology obtained 
in meta l  electrodeposition and also the kinetic pa ram-  
eters (2-5). For  example, the presence of 10 - s  mole 
l i ter -1 of n -decy lamine  was found (3) to be effective 
in prevent ing a full  development  of pyramids on the 
(100) face of copper single crystals; and 10 -7 mole 
liter -1 completely prevented their  formation. These 
observations are par t icular ly  per t inent  to the present 
investigation, since the ini t iat ion of zinc dendrites was 
proposed (1) to be due to a pyramidal  type of growth 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
P r e s e n t  a d d r e s s :  C o r p o r a t e  R e s e a r c h  L a b o r a t o r i e s ,  A l l i e d  C h e m i -  

ca l  Corporation, Morristown, New Jersey. 
Key words: zinc, dendrites, electrocrystallization, electrodeposi- 

tion, inhibition. 

under  l inear  diffusion control. The adsorption of cer- 
ta in  impur i ty  molecules at specific sites would then be 
expected to prevent  the ini t iat ion of dendrites. The ex- 
tent  of electrode coverage required to inhibi t  com- 
pletely the formation of dendri tes can be estimated by 
considering that there are, for instance, l0 s screw dislo- 
cat ions/cm 2 from which a pyramidal  growth and 
hence a dendri te  may arise (1); therefore at least l0 s 
molecules/cm 2 are required to prevent  development of 
pyramids. This is equivalent  to a coverage of about 
10-6 (assuming one molecule of impur i ty  per atom in 
the meta l  surface).  However, in  the case of n -decyla-  
mine  adsorption on Cu, it was found (3) that  an esti- 
mated coverage >10 -4 was required to promote t r u n -  
cation of pyramids.  Under  conditions where o < 10 -4, 
i.e., at very low decylamine concentrat ions ( <  10 - s  
mole l i ter -1) and at potentials far from pzc of Cu, no 
effect on morphology was noted. 

The presence of impurit ies has been proposed by 
Price, Vermilyea, and Webb (6) to be impor tant  in 
the growth of metal  whiskers, in which a critical cur-  
rent  density, required to sustain growth, is dependent  
on the third root of the impur i ty  concentrat ion in the 
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solution. However, a discrepancy in the derivation of 
the exact critical cur rent  dens i ty - impur i ty  concen- 
trat ion negates this third root dependence; never the-  
less, some dependence of the growth rate on impur i ty  
concentrat ion can be expected if the impur i ty  mole-  
cule is adsorbed and buried by the advancing meta l -  
electrolyte interface. 

In  conclusion, a survey of the l i terature on the in-  
fluence of impurit ies in  metal  deposition suggests that  
some dependence on both the ini t ia t ion and propaga- 
t ion of dendrites is to be expected, provided that the 
impur i ty  molecule is adsorbed. 

Experimental 
Solution preparation.--The system chosen for the 

investigation of the effect of solution puri ty  was 10% 
potassium hydroxide-0.1M zincate solution, n = --100 
mV, and room tempera ture  (,--27~ 

Rigorous purification of potassium hydroxide solu- 
tion was carried out as follows: Approximately 100 ml 
of saturated potassium hydroxide solution in conduc- 
t ivity water  was treated with 5 ml  1% H202 in order 
to oxidize any oxidizable impurit ies present, the excess 
hydrogen peroxide being decomposed by heating the 
solution for 1 hr at 70~176 This treated solution was 
then t ransferred to an all-glass pre-electrolysis cell, and 
sufficient redistil led conductivi ty water  was added to 
it to reduce the KOH concentrat ion to 10%. All opera- 
tions, from the moment  of adding the concentrated 
KOH to the pre-electrolysis cell, are carried out in a 
closed, all-glass system. 

The solution was then pre-electrolyzed in a three-  
electrode system composed of two gold gauze elec- 
trodes (area 50 cm ~ each) and a pal ladium subsidiary 
electrode in a compar tment  isolated from the main  
pre-electrolysis system by a fine frit (Fig. 1). One gold 
electrode was held manua l ly  at the zero charge poten- 
t ial  ( + I . I V  HE, as measured against the pal ladium 
electrode) in order to adsorb any neut ra l  organic mole- 
cules. The second gold electrode was held at + 1.6V HE. 
The pal ladium electrode was chosen as the counter-  
electrode so that  hydrogen atoms, instead of evolving 
as H2, would be absorbed and therefore minimize the 
contaminat ion of the purified potassium hydroxide. 
The pre-electrolysis was performed in a N2 atmo- 
sphere [the N2 being purified according to NIattson and 
Bockris (7)].  In  order to purge the system of any 
evolved 02 and to destroy any H202 which could be 
produced 3 at the gold electrode held at + 1.1V HE, N2 
was cont inual ly  bubbled through the electrolyte main-  
tained at 70~176 

Following 24 hr  pre-electrolysis,  a portion of the 
purified KOH solution was t ransferred to a usual 
th ree-compar tment  cell (9) and, after saturat ion with 
02, the O2 evolution reaction on p la t inum was carried 
out. The current  density at which the electrode begins 
to depolarize is taken as a measure  of the puri ty  of the 
solution (9, 10). The O2 evolution test was repeated 
for different times of pre-electrolysis, as well as upon 
the "impure" KOH solution prepared as outl ined in 
previous work (1). 

The preparat ion of zincate solution was carried out 
by adding a suitable quant i ty  of the purified KOtI 
solution to a half saturated zinc amalgam (,-~1% Zn/  
Hg), and dissolving the required amount  of zinc. The 
preparat ion of the zinc amalgam, the subsequent  t rans-  
fer of KOH, and the zinc dissolution process were all 
carried out in a closed all-glass system. 

The final zincate concentrat ion was then determined 
by EDTA t i t ra t ion in  buffered pH 10 media (11); the 
zincate concentrat ion was adjusted to 0.10M by addi- 
t ional short periods of zinc dissolution. This solution 
was then transferred,  through a closed system, to the 
test cell (1). 

2 The in f luence  of d i s so lved  s i l ica tes  has  been  f o u n d  to be neg l ig i -  
b le  in  the  p r e s e n t  w o r k  (see sec t ion  on poss ib le  in f luence  of dis-  
so lved  s i l ica tes  i n t r o d u c e d  d u r i n g  pu r i f i ca t ion ) .  

3 H20~ f o r m a t i o n  a t  the  + I . I V  go ld  e lec t rode  is poss ib le  due  to 
t h e  p a r t i a l  r e d u c t i o n  of o x y g e n  p r o d u c e d  a t  the  + 1.6V go ld  elec-  
t rode  (8). 

~ e  lePtmrolysis I ,.~ reservoirj 

Lif t -'~ 
pump 

J 

Fig. 1. Circulatory pre-electrolysis system comprising of a gold 
electrode controlled at the pzc (A), a gold electrode controlled at 
a high anode potential (B), and a subsidiary palladium electrode 
(C) separated from the main system by a fine frit (D). 

-F 1.5 

~ 1.3 uJ 

Cur density (A.cm -z) 

Fig. 2. Electrode potential E (volts HE) vs. current density for 
the evolution of oxygen on platinum as a function of 10% 
potassium hydroxide solution purity. A ,  No pre-electrolysis; X ,  24 
hr pre-electrolysis; and e ,  72 hr pre-electrolysis. 

Electrode preparation and procedure.--Electrode 
preparat ion and all procedures involved in total cur-  
ren t - t ime  and dendri te  length- t ime measurements  
were identical to those outl ined previously (1). 

Results 
Criteria ]or potassium hydroxide solution p u r i t y . -  

Figure 2 shows the plots of log i vs. E (HE) for the 
oxygen evolution on Pt  for three states of purity.  The 
Tafel slope is 0.118V, in agreement  4 with previous work 
in 1N KOH. Extrapolat ion of the l inear  E-log i plots to 
the reversible oxygen potential  produces io = 10 -9 
A-cm -2, as compared (9) to 10 -8 A-cm -2 obtained 
from the high current  density region in 1N KOH. 

Total current-time phenomenon.--The total current  
density for zinc deposition (based on geometric area) 
vs. t ime of deposition is Shown in Fig. 3 for various de- 
grees of solution purification. No significant effect of 
purification was observed. The ini t ia t ion t ime for rapid 
current  increase due to dendri te  appearance, T~, is seen 
to be the same regardless of purification. 

The influence of benzene, lead (added as Pb804), and 
te t raethyl  ammonium bromide doped zincate solution 
(10 -4 mole liter -1 dopant) are shown in Fig. 4. Ben-  
zene is seen to have no effect, te t raethyl  ammonium 
bromide has some effect on the ini t iat ion time, ~ and 

I t  was  no ted  t h a t  no b r e a k  was  f o u n d  in  the  Tafe l  s lope a t  low 
ove rpo t en t i a l s ,  as was  p r e v i o u s l y  r e p o r t e d  (9). 

The i n i t i a t i o n  t ime  e l o n g a t i o n  has  been s h o w n  no t  to occur  in  
10-tM K B r  doped  z inea te  so lu t ions .  T h u s  the  effect  is  due  to 
(C,,H~) ~N+. 
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Fig. 3. Total current density vs. deposition time as a function of 
zincate solution purity for the conditions: 10% KOH 41- 0.1M 
zincate, TI = --100 mV, and T ~ 27~ e ,  Impure system; A ,  
10 -e  purity (24 hr pre-electrolysis); and I I ,  < 1 0  -7  purity (72 hr 
pre-electrolysis). 
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Fig. 4. Total current density vs. deposition time for the system: 
10% KOH ~ 0.1M zincate, ~1 = --100 mV, and T = 27~ in 
the presence of 10-4M benzene ( X ) ,  lead ( 0 ) ,  and tetraethyl 
ammonium bromide (&) .  The blank impure system is represented 
by (O). 

lead comple te ly  suppresses dendri tes .  The influence 
of lead on zinc morpho logy  has also been shown 
ear l ier  b y  Kudryav t sev  (12). 

Dendrite length-time behavior.--The dendr i te  
length, y, vs. t ime of deposi t ion as a function of solu- 
t ion pur i ty ,  is shown in Fig. 5. Table  I summarizes  these 
resul ts  in terms of the  dendr i t e  t ip  cur ren t  density,  
/tip. The influence of purif icat ion is again seen to be 
negligible,  both in t e rms  of g rowth  ra te  and ini t ia t ion 
time, Td. 6 

6 T h e  n o t a t i o n  u s e d  h e r e  is  t h a t  of a p r e v i o u s  p a p e r  {1). v~ is 
the  i n i t i a t i o n  t i m e  as d e t e r m i n e d  b y  the  t i m e  of r a p i d  c u r r e n t  in-  
crease (Fig.  3), w h e r e a s  rd is  t h a t  i n i t i a t i o n  t ime  o b t a i n e d  b y  ex-  
t r a p o l a t i n g  t he  d e n d r i t e  l e n g t h - t i m e  of d e p o s i t i o n  l i ne  to  zero 
dendrite  l e n g t h  (Fig.  5). 
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Fig. 5. Dendrite length, y, vs. deposition time as a function of 
zincate solution purity. Conditions and symbols identical to those 
in Fig. 3. Extrapolation of growth line to y = 0 produces initiation 
time, Td. 

Possible influence of dissolved silicates introduced 
during puril~cation.--The addi t ion of 10-2M sil icate 
to an unpurif ied 0.1M zincate  solution was found to be 
ineffective in t e rms  of both  the  ini t ia t ion t ime  and the  
propaga t ion  rate,  i.e., a propagat ion  ra te  of 14 ~min -1 
was observed for the  si l icate doped zincate system for 

= --100 mV and T = 25~ compared  to 15 ~min -1 
repor ted  prev ious ly  (1) for  the  ident ical  unpurif ied 
zincate system. Discussion 

Those impur i t ies  which  were  present  wi th in  the 
" impure"  sys tem inves t iga ted  ear l ie r  (1) c lear ly  do 
not influence the  resul ts  obtained,  e i ther  in te rms of 
the  ini t ia t ion t ime or the  growth  rate.  This, then, leads 
to the  question, "What  t y p e  of impur i t y  is p resen t  in 
the  impure  system, and why  does it not influence the 
resul ts?"  

Since some impur i t ies  were  c lear ly  p resen t  in the  
impure  sys tem (Fig. 2), comparison wi th  any impur -  
i ty  theory  (6) (Table  I) wi l l  be inval id  if i t  can be 
shown that  the  impur i t ies  a re  not adsorbed and the re -  
fore  a re  ineffective in reducing the  dendr i t e  g rowth  
rate.  However ,  if the  impur i t ies  a re  adsorbed,  then  a 
comparison of the  present  resul ts  wi th  the  Price, Ver -  
milyea,  and Webb theory  (6) would  indicate  tha t  the  
impur i ty  theory  is inval id  in the  present  exper iments .  

F igure  4 shows tha t  the  influence of 10-4M benzene, 
lead, and t e t r ae thy l  ammonium b romide  on the to ta l  

Table I. Comparison of experimental dendrite tip current densities, 
/tip, as a function of impurity level with that calculated from 

Price, Vermilyea, and Webb (6) theory on whisker growth 

i t i p  
I m p u r i t y  level ,  ci e x p e r i m e n t a l  i t l p  

(moles / l i t e r )  (A-cmS) ca lcu la ted*  

10-t 0.37 ~ 0.02 4.6 • 10-'-' K 
10-G 0.33 • 0.02 10-"- K 
2 X 10 -7 0 . 4 2 -  0.02 5.9 x 10- s K 
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cur ren t  dens i ty - t ime  phenomenon.  Benzene has no 
influence, (C2Hs)4NBr increases the  ini t ia t ion period, 
Ti, but  does not  p revent  dendri tes,  whereas  10-*M Pb 
comple te ly  suppresses dendr i t ic  growth.  Fu r the r  ex-  
per iments  have shown that  10-6M Pb is ineffective in 
suppressing dendr i tes  when ~ = --100 mV. 

It  may  be concluded, therefore,  tha t  the  impur i ty  
present  in previous  w o r k  was ei ther:  

(A) A neu t ra l  organic molecule  whose adsorpt ion 
is comple te ly  inhibi ted  because the  exper imen ta l  zinc 
deposi t ion potent ia l  (--1.5V NHE) is nea r ly  IV nega-  
t ive  to the  zero charge potent ia l  (--0.65V NHE) (13) 
for zinc. F rom the work  of Heiland,  Gileadi,  and 
Bockris (14), and the theore t ica l  analysis  of Bockris,  
Gileadi,  a n d  Mii l ler  (15) on the adsorpt ion of benzene 
on P t  in pH = 11 solutions, the  surface coverage drops  
sharp ly  to near  zero when the potent ia l  is 0.4V away  
from the zero charge potential .  Fur the rmore ,  from 
the work  of Damjanovic ,  Paunovic,  and Bockris  (3, 4) 
the coverage of n -decy lamine  was es t imated  as 10 -5 
at  a potent ia l  0.25V from the  zero charge  potent ia l  of 
Cu. Thus, it  is easi ly  seen tha t  the  coverage of zinc by  
benzene, at  --0.85V from zero charge potential ,  can 
be ( 1 0  -6, and p robab ly  a grea t  deal  lower;  or 

(B) Metal l ic  cations whose concentrat ion was less 
than or equal  to 10-6M. 

The ineffectiveness of posi t ively  charged organic 
cations in prevent ing  dendr i tes  (at  least  up to 10-4M) 
may  be re la ted  to the fact that, a l though they  are  
posi t ively  charged,  as the  potent ia l  in the electr ic 
double  l ayer  goes increas ingly  negat ive,  it  is ob-  
served (16, 17) that  such large cations can be de-  
sorbed. I t  is also repor ted  (16) tha t  this  negat ive  
potential ,  requi red  for desorption,  becomes increas ing-  
ly  negat ive  as the  concentra t ion of the organic cation 
increases. 

Conclusions 
1. Impur i t ies  present  in prev ious ly  repor ted  work  

(1) have been shown to be ineffective in producing 
changes in dendr i te  ini t ia t ion and propagat ion.  The 
presence of organic molecules has been suggested 
which, due to the fact tha t  the  zinc deposi t ion poten-  
t ia l  is far  from zero charge  potential ,  are  not  adsorbed 
to an ex ten t  sufficient to influence e i ther  morphology  
or  kinetics.  This was demons t ra ted  in the  case of 
benzene-doped  electrolytes .  Thus, in the  absence of 
adsorbed impuri t ies ,  any  comparison wi th  the  Price,  
Vermilyea,  and Webb theory  (6) wi l l  be invalid.  

2. The presence of lead has been shown to be effec- 
t ive in r e t a rd ing  dendri t ic  growth;  10-4M renders  
complete  inhibit ion,  whereas  10-6M is ineffective 
(both wi th  reference  to ~ ---- --100 mV).  

3. The presence of t e t r ae thy l  ammonium bromide  
(10-4M) was shown to be effective in increasing the 

ini t ia t ion t ime, but  ineffective, at  least  a t  this con- 
centrat ion,  in prevent ing  dendri tes.  

4. The resul ts  in the  section on dissolved silicates 
and the  negl igible  difference found be tween  unpurif ied 
and h igh ly  purified systems, indicates  that  sil icates 
a re  ineffective as inhibi tors  for dendr i tes  under  the 
present  conditions. 
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ABSTRACT 

The electronic conductivi ty in AgC1 equil ibrated with either chlorine or 
silver was measured at temperatures  between 100 ~ and 425~ The measure-  
ments  were carried out for crystals containing various amounts  of divalent  
cationic impurities. A clear distinction could be made between a nat ive Frenkel  
disorder controlled region and an impur i ty  controlled conducti~city region. 
The emf of the cell C121AgCllAg was found to agree with the value calculated 
from tabulated thermodynamic  data. Combinat ion of our results with published 
data for the band gap and the chlorine induced absorption in AgC1 shows that  
the lat ter  stems from self- trapped ra ther  than  from free holes. 

In  silver chloride as in a number  of other halides 
in a neut ra l  atmosphere ionic conductivi ty strongly 
prevails at temperatures  ranging from room tempera-  
ture up to the mel t ing point  (455~ (1,2).  The 
electronic component  of the current  is small  and nor-  
mal ly  goes unnoticed. Previous investigators arr ived 
at values for the electronic (hole) conductivi ty from 
the tarnishing rate of silver by chlorine (T = 300 ~ 
400~ (1) and from the increase of the current  
through the crystal on changing from a ni trogen to a 
chlorine ambient  (T ----- 50~176 (3). Both methods 
are feasible over a l imited temperature  range only; 
moreover no distinction can be made between con- 
duction by electrons and by holes. 

As was first suggested by Hebb (4) and Wagner  (5) 
the ionic part  of the current  can be blocked by the 
use of a material,  that  does not contain the consti tuents 
of the crystal, for one of the electrodes. The other one 
may contain the consti tuents and is preferably chosen 
to do so in order to fix the electrochemical potentials 
of the crystal at that side of the cell. Thus, for silver 
chloride, one can use a carbon anode and a silver 
cathode, or a carbon cathode and a carbon/chlor ine  
anode. Comparable experiments  have been published 
in detail for silver bromide (6, 7). For silver chloride 
only a few results were reported previously (6). These 
did not conform to existing theory and were highly 
irreproducible.  

It was the purpose of the present  investigation to 
determine the electronic conductivi ty of silver chlo- 
ride as a function of temperature  using both silver 
and chlorine as the chemically active electrode. Both 
undoped and Cd-doped crystals were used. 

Theory 
The equations governing the one-dimensional ,  elec- 

tronic current  flow through an ionic crystal with one 
reversible and one iner t  electronically conducting 
electrode have been derived before (5, 8, 9). Thus for 
the cell 

+ C, C12 (1 atm) IAgCl[C, N~ -- (I) 
we have 

RT  
/tot ~--- ih -{- ie -~ 

L F  

{ Oh(I) (1--e--EF/aT) -}-~e(I) (eEF/RT-- 1) ~ [1 ] 

And for the cell 
-- AgIAgCIlC, N2 + (II) 

we find 
R T  

itot ~- ie -~- ih ~ 
L F  

{ ~e(II) (I--e--EF/RT) -{-~h(II) (eEF/RT--1) } [2 ] 

z On l eave  of absence  f r o m  U t r e c h t  S ta te  U n i v e r s i t y ,  U t r ech t ,  T h e  
N e t h e r l a n d s .  

Here L is the cell constant, defined as the ratio of the 
thickness of the crystal and the effective electrode 
contact area (dimension: cm-1) ;  E is the applied 
voltage; Oe(I) and oh(I) are the specific electron and 
hole conductivities in AgC1 equil ibrated with C12 (1 
atm.),  ae(II) and ~h(II) are the corresponding con- 
ductivities for the equi l ibr ium with Ag (aAg = 1.0). 
These conductivities depend on the composition of 
the crystal and are different for pure and doped crys- 
tals. The other symbols have their  usual  meaning.  

Equations [1] and [2] are valid under  the condition 
that  the ionic cur ren t  is completely suppressed. How- 
ever, a residual ionic contr ibut ion to the current  may 
arise from chlorine evolution at the blocking electrode 
and is to be expected for conditions under  which the 
steady-state chlorine pressure at this electrode is 
relat ively high. 

The chlorine evolved may be absorbed by the carbon 
and diffuses away or is flushed away. For cell I this 
condition exists at lower applied voltages where the 
equi l ibr ium chlorine pressure at the blocking electrode 
is described by Pcl2 = e -2EF/RT. For cell IT, the equi-  
l ibr ium chlorine pressure at the inert  electrode is 
described by Pcl2 ---- e--2(Ed--E) F/RT. Here Ed is the de- 
composition voltage, i.e., the voltage for which P c,~ = 1 
atm. Thus, in this case the chlorine evolution becomes 
important  at higher applied voltages. The theoretical 
hole and electron currents  together with the devia- 
tions to be expected from the unavoidable  chlorine 
evolution are schematically depicted in Fig. la  and 
b for T ---- 246~ Although a total current  has been 
indicated as well, it should be stressed that  the rela-  
tive size of the components is unknow n  in  advance 
and will vary from one case to another. 

From the figures it can be seen that ie can best be 
determined from measurements  on cell II  at low ap- 
plied voltage. Thus we find ~e (II) .  The determinat ion 
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Fig. 1. Partial and total currents (schematic) at T = 246~ far 

cell I (a) and cell II (b). The relative size of the three current 
components is arbitrary. 
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of the #h (I) can best be done in cell I at h igher  ap- 
plied voltage, as we expect  only a small electron con- 
t r ibut ion in this configuration. 

#h (I) and o~ (II) are re la ted through the free energy 
of formation of AgC1, as can be seen by considering 
the re levant  defect equil ibria  

AgAg x -{- Vi x ~ V'Ag "~- Ag' i  ; H'F [3] 

VXAg ~ V'Ag -~ h' ; HA [41 

1/2 (C12)g ~ Clcl x -~- VAg x ; Hc12v [5] 

In pure and weakly  doped crystals the defects formed 
by Frenke l  disorder [3] are the dominant  species. 
Thus, indicating concentrat ions by square  brackets  

[V'Agl ~ [Ag'~] [6] 
and 

[V'Ag] ~ K'F yz [7] 
F rom [4] 

[V'Ag I [h']  K'F '/2 [h ']  
KA = [8] 

[VXAg] [V~Agl 
From [5] 

[VXAg] [ClXcl] [VXAgl 
Kc12v = = ~ [9] 

Pcl2 �89 Pcl2 �89 
Thus [8] -{- [9] gives 

KAKclsv Xcl2Vh 
[h']  = - -  pcls�89 = - -  pcl~�89 [10] 

K'FV2 K'F �89 

We may wri te  ah(I) = [ h ' ( I ) ] q v h ,  ~h(II) = 
[h. (II)]qVh, in which q is the electronic unit  charge, 
vh is the hole mobil i ty  and [h. (I) ] and [h. (II) ] are 
the hole concentrations in AgC1 in equi l ibr ium with 
Cl2 and Ag, respectively.  Then 

~h (I)/~h (II) = Pc]2Y2 (I)/Pcl2 �89 (II) = l lpcl2�89 (II) 
[11] 

Now in cell II  

aAg(II) �9 pcl2�89 (II) = Pcls �89 (II) KT = e -~G/RT 
[12] 

• being the standard free enthalpy of formation in 
AgC1. 
Thus finally 

ah(X) = o~(II) e ~G/Rr [13a] 

For  the electrons we find correspondingly 

Ce(I) : #e(II) e -AG/RT [13b] 

The last formulas enable us to correlate  data found in 
measurements  on one cell wi th  data found for the 
other cell arrangement .  

In doped samples, or in samples containing residual  
contamination, the impuri t ies  dominate  the defect 
equil ibria at lower tempera tures  and Eq. [6] and [101 
do not apply anymore.  For  Cd we have 

[Cd'Ag] ~ [V'Ag] [141 

and using [8] and [9] we find in this extrinsic region 

KAKCl2V Kcl2Vh 
[h']  : Pc12 �89 ---- pc12�89 [15] 

[Cd'Ag] [Cd'Ag] 

Thus it can be seen that Eq. [111 through [13b] re- 
main valid in this region. 

The various equilibria for the intrinsic Frenkel 
disorder controlled region are summarized in Table 
IV. The numerical data for the thermodynamic param- 
eters result from our experiments as will be discussed 
in a later section. 

Experimental  
Genera l  s e t -up  and p rocedure s . - -Measuremen t s  

were carr ied out both on a nominal ly  undoped and on 
Cd-doped AgC1 crystals. The  doped crystals were  
grown from a mel t  containing 1 x 10 TM and 1.8 x 105o 
atoms Cd /cm ~, respectively.  At  room tempera tu re  sec- 
ond phase segregation occurred in the heavi ly  doped 
crystal. Complete redissolution took place, however ,  
on reheat ing  to the lowest measur ing temperature .  

Disk-shaped samples were  cut from the boules wi th  
a jeweler ' s  saw. The surfaces were  polished on var i -  
ous grades of polishing paper  and successively etched 
in HNO3 and NH4OH. Samples were  r insed with  de-  
ionized water  and with  acetone, and dried on filter 
paper. The thickness of the samples thus obtained 
varied from 0.5 to 2.5 ram. 

Subsequent ly  the samples were  mounted in a Pyrex  
polarization cell (Fig. 2). This cell was designed to 
allow both sides of the crystal  to be kept in a different 
ambient. The crystal  was sandwiched between two 
tubes, c, that  pressed against the outer edge. Tension 
was provided by a stretched rubber  collar, g. Current  
contacts to the crystal  were  made by hol low carbon 
electrodes, b. For  some of the exper iments  one of 
these electrodes was covered with evaporated si lver 
or si lver foil. The electrodes were  central ly  mounted  
on Py rex  glass tubes, m, that  could be adjusted sepa- 
rately. In order to avoid complications resul t ing from 
the attack of chlorine on platinum, the sections of 
the main outgoing leads subjected to elevated tem-  
pera ture  were  made of carbon yarn. The danger  of 
at tack by chlorine also p reven ted  the use of a Pt 
blocking electrode, which otherwise might  have been 
preferable.  

Both the prepara t ion and the mount ing of the sample 
were  done under  red light. The cell was shielded from 
light during the measurements .  Ni t rogen and chlorine 
were  used as ambients. The ni t rogen was passed over  
a catalyst  (ICI 29-1) to remove  traces of oxygen. Both 
gases were  dried wi th  Union Carbide molecular  sieves. 
To insure gas pur i ty  glass tubing was used throughout.  

The measur ing cell was contained in a furnace, the 
t empera tu re  control and stabili ty of which were  bet ter  
than 0.5~ Af ter  assembling, the cell was thoroughly 
flushed with nitrogen. It as then heated to 390~ and 

Fig. 2. Polarization cell (detail; 
electrode configuration): a, crys- 
tal; b, carbon electrodes; c, glass 
tubes; d, glass wool insulation; 
e, furnace; f, carbon electrode 
leads; g, rubber collar; h, Teflon 
end pieces; k, coiled springs; I, 
outgoing platinum leads; m, elec- 
trode mounting tubes; o, thermo- 
couple. The direction of the gas 
flow is indicated by arrows. 
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the tubes, c, were pressed on the crystal. Due to the 
plasticity of AgC1 at that  tempera ture  this resulted in 
a gastight seal. The cell was then cooled to 200~ and 
the carbon electrodes were pushed against the crystal. 
The ni t rogen at the lef t -hand side was replaced by 
chlorine, and a polarizing voltage of 400 mV was ap- 
plied to the crystal (C12-side positive). Following 
Raleigh the electrode contact was optimized by heat-  
ing the cell un t i l  surface mel t ing set in. This was in-  
dicated by an abrupt  rise in the cell current.  The cell 
was then cooled down again, and the electrode springs 
were released. The i-V characteristics were measured 
for a number  of temperatures  for the configurations I 
and II. 

The lat ter  a r rangement  was effected by first re- 
placing the chlorine by ni trogen and then increasing 
the cell voltage for a short t ime above the decomposi- 
tion limit. For some slices of crystal, measurements  
were only carried out in  the second configuration, and 
the silver electrode consisted of evaporated silver or 
silver foil. During all experiments  a gas stream of 
5-20 cm3/min was main ta ined  through both electrode 
compartments.  The d-c electrical circuit is schemati-  
cally shown in Fig. 3a. 

The sample and electrode geometry were of rather  
ill-defined dimensions. To determine the cell constant  
of each sample, the a-c resistivity (at 5-50 kc) was 
measured as a funct ion of temperature.  These mea-  
surements  when combined with l i terature data for the 
specific resistivity as a function of doping concentra-  
tion and temperature  (10), not only yielded the cell 
constant but  also the concentrat ion of electrically 
active foreign constituents (Cd). The a-c bridge cir- 
cuit is schematically shown in Fig. 3b. The measure-  
ments  were usual ly carried out after the polarization 
experiments  had been finished. Results with and wi th-  
out silver plat ing the electrodes were somewhat differ- 
ent. At the highest temperatures,  the relat ively high 
resistivity of the carbon yarn  had to be taken into 
account. 

Inspection of the sample and the contacts after 
completion of the measurements  showed that as a rule 
the electrodes adhered firmly to the crystal. Samples 
had not darkened visibly even after runs of a month 's  
length, the surface was very smooth, probably as a 
result  of local melting. 

Current fluctuations and their prevention.--Mea- 
surements  on the cell I configuration went off 
smoothly, and only minor  problems were encountered. 
Measurements on the cell II configuration, however, 
presented a different picture. The current  in this case 
was very unstable  showing sharp positive peaks. 
Moreover the t ime required to establish a new equi-  
l ibr ium value of the current  after a charge of the 
applied voltage was much longer than for cell I. Vari-  
ous at tempts were made to correct these problems. 
They included the use of silver foil as a cathode in-  
stead of electrolytically deposited silver, and the use 
of a mixed carbon-si lver  electrode, consisting of a 
carbon electrode that  had only part ial ly been covered 
with evaporated silver in a dotted pattern.  These 
modifications were not successful; moreover they 
made it impossible to carry out successively measure-  
ments on the same sample for both configurations. The 

Voltocj 

Arnme  

t~ (b) 

Fig. 3. (a) Electrical circuit for d-c polarization measurements; 
(b) bridge circuit (a-c) for measuring the cell constant L. 
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(18 hours later) 

Fig. 4. Current fluctuations registered for a cell Ag]AgCI!C be- 
fore and after an 18-hr long annealing period. In all cases the 
annealing finally eliminated virtually all excursions. Cell voltage 
= 500 mV, T ~ 300~ Inset: The form of a single current fluc- 
tuation registered at a higher magnification of the time base. 

best results were obtained at temperatures  above 
350~ after anneal ing the crystals at the highest op- 
erating tempera ture  and voltage for an extended 
period. This t rea tment  directly followed the electro- 
deposition of silver on one of the electrodes and el imi-  
nated the sharp current  fluctuations almost completely 
(Fig. 4). 

We are inclined to believe that  the breaks are 
bursts of ionic conduction released when a trapped 
dislocation breaks loose from a p inn ing  point. Annea l -  
ing may be assumed to result  in the removal  of the 
most loosely trapped dislocations from the space 
charge region near  the blocking electrode, "loosely" 
being defined with respect to the appl ied  field. An 
al ternat ive explanat ion could be that the contact be- 
tween crystal and electrode is not perfect. Thus there 
exist unpolarized regions at the surface of the crystal. 
On establishing contact with one of these spots a burst  
of ionic current  could arise from the polarization of 
that region. 

Experimental  Results 
Cells of type I . - - I -V  characteristics were measured 

on AgC1 samples mounted between a chlorine (1 atm) 
anode and a carbon cathode at temperatures  ranging 
from 98 ~ to 426~ Care was taken not to exceed the 
decomposition voltage at a given temperature.  The 
curves all show a well-defined saturat ion of the hole 
current  (Fig. 5a and b) .  At lower applied voltages the 
effect of chlorine evolution at the blocking electrode 
can be seen clearly. Use of p la t inum foil as an elec- 
trode mater ia l  could have sealed off the crystal better,  
but  was precluded by  the formation of p la t inum 
chlorides at the temperatures  and chlorine pressures 
involved. 

t 2C 
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(Amp) LO / T = 590% 
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- -  Undoped 
. . . . .  Cd-doped ( 5.0xi03% ) 

I I I I 

0 200 400 600 800 ~ V(mV) 

Fig. 5a. I-V characteristics for undoped and lightly Cd-doped 
AgCI crystals in cell configuration I. A second rise in the current 
at the highest applied voltages is barely perceptible. The difference 
in the saturation current is mainly due to a difference in cell 
constant. 
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Fig. 5b. I-V characteristics for the heavily doped AgCI crystal. 
The exponential contribution at higher applied voltage is much 
more pronounced than in the previous case (Fig. 5a}. The hole con- 
duction has become smaller. The values obtained for C1 and C2 
(Eq. [16]) have also been indicated. 

In  the case of the undoped and l ightly doped ma-  
terial only at T > 390~ some evidence was found of a 
contr ibut ion by electrons to the current  at the highest 
applied voltages (E > 650 mV).  Nowhere did this con- 
t r ibut ion exceed 4% of the total  current.  

In  the case of the heavily doped crystal the satu-  
rat ion of the hole current  is evident  again, but  now a 
rise in the current  at higher applied voltage indicates 
a contr ibut ion by electrons as well. The high-voltage 
part  of the curves found in  the last case can be repre-  
sented by 

itot. ~-~ ih -]- ie ~--- CI(1 -- e -EF/~T) "1- C 2 (  e E F / R T  - -  1) 
[16] 

The best values for C1 and C2 have been indicated in 
Fig. 5. By enter ing now the measured values of isat(T) 
and the cell constant L in Eq. [1], Oh(I) is found as a 
function of temperature.  The result  for undoped ma-  
terial  is plotted in Fig. 6. The change is slope at 210~ 
is related to the t ransi t ion from the extrinsic, Cd- 
dominated range at lower tempera ture  to the Frenke l  
disorder controlled, intrinsic region at higher tem- 
perature. It  can be seen that the t ransi t ion for the 
lightly doped crystal takes place at a higher tempera-  
ture  (255~ The heavi ly  doped crystal remains ex- 
trinsic up to the highest temperature  (426~ 

The discrepancy in the intrinsic, h igh- tempera ture  
region between the curves as found for the undoped 
and the l ightly doped crystals gives some idea of the 
accuracy with which L can be determined:  The two 
curves should almost coincide. Also entered in the 
same figure are the results found by Wagner  from the 
rate constant of brominat ion (1) and by Luckey from 
the excess conductivi ty (3). 

The a-c conductivi ty of the crystals examined re la-  
t ive to the conduct ivi ty of very  pure  AgC1 (10, 11) 
is shown in Fig. 7. The curves of the undoped and 
l ightly doped crystals have been adjusted to fit the 
~/~o = 1 level at higher temperature,  i.e., in the in -  
trinsic region. Comparison of these curves with l i tera-  
ture data concerning doped crystals indicates a di- 
valent  impur i ty  mole fraction of 5 x 10-~ -- 10-5 in 
the undoped mater ial  and a Cd ++ mole fraction of 
3.0 x 10 -5 ( = 7  x 1017 at. Cd/cm~) in the lightly doped 
material.  For  the heavily doped crystal spectrochemi- 
cal analysis indicated a Cd + + hole fraction of 1.82 x 
10 -2 (=4.2 x 1020 at. Cd/cm~). Both values are close 
to the Cd concentrat ion of respectively 1 x l0 is and 
1.8 x 102o cm -3 in  the melt. 

Cells of type / / . - -The  best reproducible measure-  
ments  on cells of type II  were obtained while work-  
ing with the l ightly doped crystal. Doping is un im-  
por tant  in this case because all measurements  were 
carried out at relat ively high temperature  well  out-  
side the extrinsic region. Up to an applied voltage 
E = 600 mV the graphs are well  described by Eq. [2]. 
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- -  Cd - doped AgCI ( 7xlOl~of Cd/cm 3 ) 
- - - -  - Cd - doped AgCI ( 4 2  x IOZOof Cd/cm 3) 

v Values from corrosion experiments u 

t, Values from excess conductivity 3) 

t 
o- (,Q"c m-') 

' ~ T(~ 
I00 5OO 

250 2.25 2.00 2.75 1.75 
3 -i 

)0/T (~  

/ / 
r 

v / 
/ 

( i ) / ?  

/ 

4 0 O  

1.50 

Fig. 6. Conductivity vs. temperature for AgCI containing various 
amounts of divalent cationic impurities. Both the hole conductivity 
Oh(I) and the electron conductivity ~e(ll) are shown. The influence 
of the impurity concentration on the transition temperature is 
obvious. Values for the electronic conductivity by Wagner and 
Luckey have also been entered in the graph. 
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Fig. 7. A-C conductivity of nominally undoped and lightly doped 
AgCI relative to the conductivity of pure AgCI as a function of 
temperature. Dashed�9 curves were taken from ref. (10). 

The result ing values for 6e(II) and ~h(II) are given 
in the first columns of Table I. The third column gives 
values of oh(I) determined from cells I. The fifth 
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Table I. Electron and hole conductivities in AgCI ~- Cd (7 x 1017 at./cm 3) 

fie ( I I ) ,  ~h  ( I I ) ,  e h  ( I ) ,  ~ h  ( I I )  exp,  ~re ( I I )  ~'h ( I I )  ex, , ,  
T, ~ ohrn-:t cm-~ ohm-~- cm-~ ohm-1 cm-1 e4O//~T ohn~ -1 cm-~ ohm-S cm-2 

3 4 3  4 .8  x 10 -s  1 . 4 4  X 10 - n  1 .20  • 10-~ 10 ~.s~ 1 .92  x 10  - ~  9 .2  x 10 -2o 
390 7.1 X 10 ~7 1.64 x 10 -~~ 1.93 • 10 -~' 10 't.~o 1.54 X 10 - n  1 .10  X 10 -17 
4 2 6  5 .3  • 10 -e 7 .9  X 10 -~~ 2 . 7 0  x 10-~ 10  ~.e~ 6 .8  X lO - ~  3 .6  X 10 - ~  

Table I!. Electron and hale conductivities in AgCI ~- Cd (4.2 x 10 ~0 at./cm ~) 

Ce ( I I ) ,  ~h ( I I ) ,  C~h ( I ) ,  Crh ( I I )  exp,  O'e ( I I )  ~ ( I I )  exp, 
T ,  ~  o h m - 1  c m - a  o h m - I  c m  - I  ohn '1-1 c m - 1  eaGla ~' o h m - 1  c m - 1  o h m  - s  c m  -~ 

3 4 3  4 . 4 4  x 10 -7 6 . 7 7  • 10-~1 1 .49  • l 0  -~ 10 T.s~ 2 . 4  X 1 0  -18 1 .07  x 10-19 
390 4.48 x I0 -~ 1.04 • IO -o 4.60 X 10-5 107.10 3.7 X I0~ 1.66 X I0 -~: 
4 2 6  9 .3  x 10 -6 3 .7 1  • 10 -o 9 .4  x 10 -5  10 ~.eo 2 . 4  X 10 - n  2 . 2 3  x 1O-~e 

column contains values for ah(II) expected calculated 
f rom ~h(I) using Eq. [13a]. It is seen that ch(II) ~ 10 
x ah (II) exp. This indicates that  ei ther ~h (II) ,  ~ (I) ,  or 
AG must  be in error. 

Electromotive force measurements  be tween 295 ~ and 
426~ on a cell Ag]AgCIlC,C12 gave values that  are 
wi thin  1% of the ones calculated from E = --AG/F 
using tabulated values (12, 13) in the calculation of  
AG. On the other  hand ~a(I) seems to be beyond doubt. 
Thus ch (II)exp must  be correct. This leaves only ~h (II) 
as possibly erroneous. It  seems most l ikely that  this 
is due to the fact that  most of the ext ra  current  in ter -  
preted as o~(II) is actual ly an ionic current  due to de-  
compositon of the crystal  as a result  of chlorine evolu-  
tion at the anode (cf. Fig. lb ) .  The fact that  it is 
possible to describe this contribution to the total  cur-  
rent  by an exponent ia l  function may be accidental. 

The last column of Table I shows the product  
Cre(II)r This product equals Kiq2/~e/~h and 
should not depend on whe ther  the sample under  con- 
sideration is pure or doped, or is in the extrinsic or 
intrinsic conduct ivi ty  range. 

Measurements  on the heavi ly  doped crystal  could 
not be fitted satisfactorily by Eq. [2]. Thus in ~his 
case we used 

itot : C1(1 -- e -EF/RT) + C2(e EF/RT- 1) + C~E [17] 

The third te rm is equivalent  to an ohmic contr ibution 
to the total  current.  This could be caused by leakage 
along the surface of the crystal. The numerical  value 
of the constant C3 var ied f rom 10 - s  at 343~ to 1.5 x 
10 -7 at 426~ Omission of the th i rd  t e rm did not 
result  in a pronounced change in C1 or C2, but s imply 
made the curve  fitting far  worse. Values found for 
�9 ~(II) and ~ ( I I )  for this crystal  have  been entered in 
Table II. Here  again the expected value of ch(II)  has 
been calculated and tabulated. The discrepancy be-  
tween the observed and expected values of o~(II) is 
in this case even higher  than in the previous case where  
electronic conduction in the intrinsic ionic range was 
examined.  Instead of showing a decrease as expected 
for aa(II)  in the presence of high [Cd], the value of 
cn(II) has actual ly  increased. The product  ee(II)~e(I)exp 
has again been entered in the last column of Table 
II. Both sets of electron conduct ivi ty  data have  been 
plotted in Fig. 6. Figure  8 shows the values of 
~e (II) ~h (II)exp f rom Tables I and II. These values were  
determined on crystals that  are intrinsic and extrinsic 
in ionic defects. It  is seen that  the two sets of data 
agree satisfactorily and can be described by the equa-  
tion 

~=h = 2.70 • I0 I0 X I(} -l'slxl04xT-1 (ohm cm)-~ [18] 

This agreement can be considered as an over-all check 
on the reliability of the results. 

Discussion 
The conduct ivi ty  data found f rom our exper iments  

may be combined with  published data of the free hole 
concentrat ion to yield the hole mobi l i ty  as a function 
of temperature.  Moser (14) and Ulrici,  Koswig, and 

Stasiw (15) measured the chlorine induced absorption 
in AgC1. They found a m a x i m u m  absorption around 
800 m~ and a half  width  :of approximate ly  1.60 eV. At  
a given tempera ture  the absorption is proport ional  to 
the square root of the chlorine pressure and inversely  
proport ional  to the concentrat ion of divalent  cations 
in the crystal. These findings prove that  the absorp- 
tion is due to a posit ive species, almost cer tainly 
holes; it cannot be caused by holes t rapped at s i lver  
vacancies as suggested earl ier  (16), for this species is 
effectively neutra l  (VXAg). An est imate of the number  
of absorbing centers N' per cm3 may be obtained using 
the Smakula  equation. It seems best in our case to 
use a modified expression der ived wi thout  considering 
the Lorentz local field (17). 

N ' f a b  : 1.43 • 1016 • no • K(E)maxAE cm-3  [19] 
Here  no is the index of refraction, K~ax the m ax imum 
absorption constant in cm -1, and hE the half  wid th  
in eV; lab, the oscillator strength, can be considered as 
an adjustable parameter .  The reported measurements  
(14, 15) give an identical  result  (Table III) for N'h 
as a function of T 

N'hfab = 8.0 X 10 X T T M  cm -~ [20] 

If the absorption is a t t r ibuted to free holes, ~'h may  
be obtained f rom 

~h(I) 
/~'h (T) ~ cm 2 V -1 sec -1 [21] 

N'h(T) q 

i0 -Is i 

x : in t r ins ic  ronge ~ /  

. extr i  " 
i022 

10-,6 

T 
('0"~ c ma) I0~' l 

i(~ L7 K i F ,  F~ . 

(q=cn?~'l 

io =o 

IO-L8 

1019 

[0-,9 

300 310 400 450 
~ T ( O C )  

Fig. 8. The product O'e(ll) o'h(ll)exp (left-hand scale) and Ki/Le/~h 

(right-hand scale) as a function of temperature for lightly doped 
(intrinsic conductivity range) and heavily doped (extrinsic con- 
ductivity range) silver chloride. 
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Table III. Values of I~'/fab : I (T) ,  using N'h~ab calculated from literature (14, 15) with the modified 
Smakula equation, and eh from our experiments. Also shown are Ki exp(Eex/kT) calculated from 

optical data (19) using Eq. [25] and [26], and K~e/~h calculated from the experimental 
results using Eq. [28] 

10 s 
~ '  DK-I /s KieEex/~T, KI/Le~h, 

T, ~ T N*hfab, CI'I1-8 Gh, ohm -I cm -I cm ~ V -I sec -I cm -~ Cm -~ V'~ sec -~ 

441 1.40 -- -- -- 2.7 x l0  m 
393 1.50 9.5 x I0 i~ 2.60 x I0 -~ 1.69 x i0  -~ 4.2 x 10 ~ 7.4 x l 0  ~ 
352 1.60 6.9 1.80 1.60 7.3 • lO 17 1.15 X 10 TM 

315 1.'70 5.1 1.25 1.52 1.15 X 1O lo -- 
282 1.80 3.7 8.6 x I0 -~ 1.45 1.74 X 1O ~4 -- 
253 1.90 2.7 6.0 1.38 3.0 x 1O ~ - -  

Values of ah (I) in the intrinsic region (Fig. 6) can 
be expressed as 

ah (1) = 6.37 X i0 -2 X e-3"STxt~ ohm-i  cm - i  
[22] 

or, expanding the exponential as a power of T 

o~a (I) = 9.16 X 10 -22 X T s'lsohm i cm-1 [23] 

Combination of [21] and [23] gives 

#'(T)/]ab = 7.16 X i0 -a • T TM cm 2 V -1 sec - i  [24] 

Values at various temperatures are given in Table Ill. 
Since lab should be a number close to unity it is seen 
that /~'h is rather low and nearly temperature inde- 
pendent. 

Another line of approach can be taken by calcu- 
lating Ki from 

Ki = NeNh ---- gcgv 4 \ h 2 / me 2 

e--Eg/kr cm -s  [25] 

Here E~ is the width of the forbidden gap; gc and gv 
are the statistical weights  of the conduction and va-  
lence band: gr -~ 1, gv ---- 12 (18). We use me* ---- 0.3 
me and, tentat ively,  mh* = me. Brown's  optical data 
(19) for T > 300~ can be represented by 

Eg -- Eex = 3.39 -- (1.02 • 10 -3) T eV [26] 

Eex, the exci ton dissociation energy, is unknown but 
will  be retained in the expression for  Ki obtained 
from [25] and [26] 

K i e E e x / k r ~  3 . 0 0  • 1046 X 1 0 - - 1 " 7 9 x 1 0 ~ x r - ~ c m - 6  [ 2 7 ]  

Values calculated f rom (27) are also given in Table 
III. Combining [18] wi th  

~ e ( I )  a h ( I )  = N e N h  q 2 / z e ~  h ~- K i  q 2 p - e ~ h  [28] 

we get 
ffeffh 

g i / ~ e / ~ h  = -  = 1 . 0 5  X 1048 • 10  - l ' s l x l 0 ~ x T - ~  
q2 

( c m V s e c ) - 2  [29] 

Values for ~ah were  taken f rom Fig. 8. The result  is 
given in Table III. By dividing Ki ~e~h, which results 
completely  f rom our experiments ,  by Kie -Eex/kr, 
which was calculated from optical data, we  arr ive  at 

I.r e-Eex/kr = 35 X 10 -2 • 10-"• r-1 cm 4 V-2  sec-2 [30] 

or 
~e~h ~ 35 X e(Eex -O'04)/kT c m  4 V - 2  s e c  - 2  [31] 

The Hall  mobil i ty  of electrons in AgC1 has been 
measured by several  authors up to 400~ (20-22). The 
h igh- tempera tu re  results can be expressed as 

~e = 2.54 • 105 X T -3/2 
3.45 • exp (O.083/kT) cm 2 V - i  sec-1 [32] 

The lat ter  par t  of the  equation is an approximat ion 
holding in the range 600~176 Combination of [31] 
and [32] gives 

~h ---- 10 • exp (Eex -- O.123)/kT cm 2 V-1 sec-1 [33] 

Comparison with  the value of ~'h/fab der ived from [21], 
reveals  a considerable discrepancy. The ratio be tween 
~h and ~'h can be wr i t t en  

~h/~'h ~ 2.65 • 102 • lab -1 • exp (Eex -- O.076)/kT 
[34] 

This ratio varies f rom 61.5 to 74.5 be tween 600 ~ and 
700~ for Eex = 0 and l ab  ~--- 1 and it becomes larger  
with increasing Eex and decreasing lab. 

A possible explanat ion for the deviat ion of Sth/~ 'h  
from uni ty  may be that  the optical absorption as found 
by Maser and Ulrici, et al. does not originate f rom 
free hole absorption but has to be assigned to self-  
t rapped holes at an energy level  Er  slightly above the 
valence band. Indications of the occurrence of self 
t rapping have been found previously in electron spin 
resonance exper iments  at low tempera tu re  (23). The 
use of N'h s temming from the optical absorption to 
calculate the hole mobil i ty  is then not justified: N'h 

( N h )  self trapped. 
The expected ratio be tween free and self - t rapped 

N T e  AE/kT 2 • 2.3 X 1022 • e AE/kT 

Nh Nv gv X 2 ( 2 g m k T )  3 / 2 h - . . - - - . .  ~ -  

---- 10.7 >< exp (hE ~- 0.083)/kT [35] 

NT = trap density ---- 2 x number  of atoms per cm ~ on 
one sublattice, Nv --- density of states in the valence 
band, AE ---- ET -- Ev, Ev being the energy of the edge 
of the valence band. This ratio must equal  the  ratio 
between the two mobili t ies (34) : 

(Nh) s.t. N'h ~h 
- -  = = [36] 

Nh Nh ~'h 

From [34], [35] and [36] we finally find 

hE = Eex -F (3.21 -- In ~ab) k T  -- 0.16 eV [37] 

The calculation restricts  the val idi ty  of [37] pr imar i ly  
to the 600~176 range. If, instead of using the  modi-  
fied equation, we had used the original version of 
Smakula 's  equation, which includes the Lorentz  field, 
the result  would have  been, again for T = 600~176 

AE = Eex + (1.75 -- In lab) kT -- 0.16 eV [38] 

With reasonable values of Eex (0.10 eV < Eex < 0.20 
eV),  Eq. [37] and [38] lead to values for hE between 
0.04 and 0.22 eV at T = 6500K and ]ab = 1. A lower 
oscillator s trength tends to shift these values sl ightly 
upwards:  for l ab  ~ 1/2 we find hE between 0.08 and 
0.26 eV, values that  are quite  acceptable. 

Thus it seems that  the discrepancy between the 
mobil i ty values can be explained by the fact that  
the chlor ine- induced extra  absorption in AgC1 origi-  
nates f rom self- t rapped ra ther  than free holes. This 
situation contrasts wi th  the one found in AgBr, where  
the analysis did not point to sel f - t rapped holes (24). 

In the alkali  and ammonium halides the valence 
band is mainly  due to C1- ions and a sel f - t rapped 
hole can be considered to be a C12- molecule  ion, as 

holes is 

(ND s.t. 
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Table IV. Reactions involving structure elements of AgCI and AgBr and the parameters 
of their reaction constant K ~ Ko exp(--H/kT), with K ~ ~ exp(As/k) 
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Reac t ion  

AgC1 
Agt~r  

AS, 
K H, eV AS, cal.  ~  -1 H, eV cal. ~  -1 

l/2X,-,(g) ~- X x  ~ + V'Ag + h" KX2Vh 0.91 
Ag(s)  + Vl z ~-~ Agi"  + e '  KAg 2.64 
Agt"  + V'Ag ~-AgAg z + Vi ~ K,F-~ --1.14 
A g X ( s )  ~ Ag(s )  + I/=X2(g) K~,gx-'i 1.29 

0 ~*.~ e '  -t- h" KI 
K l  (opt.) 3.70 

has been confirmed by various means (25, 26). In AgC1 
the valence band is main ly  due to Ag + ions and a 
self- trapped hole center should consist of Ag 2+ + 6 
neighboring C1- atoms. Fur ther  evidence, that the 
optical absorption in chlorinated crystals may well 
originate from self- trapped holes, stems from obser- 
vations on AgCI: Cu 2+ (27). Af ter  selective i l lumina-  
t ion of the crystals at l iquid hel ium tempera ture  an 
absorption band speculatively assigned to a (CuC16) 4- 
complex was found which was very similar  to the 
one produced by chemically injected holes (14). 

The t rapping energy according to [37] and [38] is 
in our case somewhat tempera ture  dependent.  It must  
be remembered that  approximations included in [36] 
and [37] restrict these expressions to the range 600 ~ 
700~ Furthermore,  a l inear  temperature  dependence 
of the band gap may not be quite correct, and a pos- 
sible temperature  dependence of the exciton energy 
has been neglected. Thus it is the absolute value of 
=~E rather  than its temperature  dependence that seems 
most important .  

As ment ioned earlier, the various equil ibria for the 
intrinsic region have been summarized in Table IV 
together with the results for both AgCI and AgBr. 
For AgC1 we put t a b  = !.0, Eex ~ 0.15 eV, Pcl2 ~ 1 atm 
and the number  of molecules N = 2.33 x 1022 cm -3. 

~o '~ c ~ ' . v ' ,  i-~.;~ . . . ~  cd: 

iO,S ~ I ~  
~IH~ I .... 

IO ~ I / 
�9 / 

I / /~," 

4/ / / 
(E cH"~ct-Hc'a v " ) ' /  I . /  / e '  

Io ~ / 7  I / /  / ~  
,/ j,/ 

,o' / /  / t~.~,~-'H/ 
i0 o / ' /  . /  I 

i0 -a 

10-4 / /  

I(~ e . /  (E~" H%v,)/ I 
/ /  / I 

, ~ ,  i , ~ , /  i , J  i , i , i , f 
28 2.6 2.4 2.2 2.0 I.B 1.6 14 

103/T (oK -' ) 

Fig. 9. Concentrations of t h e  i m p e r f e c t i o n s  i n  A g C I  + 10 p p m  

Cd as o function of temperature. Solid lines, AgCI in equilibrium 
with CI2 (I arm); broken lines, Ag-CI in equilibrium with 
Ag (aAg ~ 1.0). The slopes of the various lines are given in 
brackets. 

- -22.2 0.84 --8.9 
26.0 2.28 25,9 

--8.32 -- 1.06 -- 13.5 
12.38 1.13 + 12.2 

3.19 15.7 
7.9 2.97 + Eex 17.9 

The data taken on the undoped sample have been 
used. The value of KAgCl was calculated at T = 500~ 
The value found for K'F agrees well with the low- 
temperature  value reported by Miiller (2). For AgBr 
we modified the results from an earlier publication 
(16). K'F was taken from ref. (24), the value of 
KAgsr was also calculated for T = 500~ and the hole 
mobil i ty was taken to be gh -- 8 X 108 X T -2"69 cm 2 
V -1 sec -1 (29) rather  than gh = 1.5 X 1014 X T -z'5 
cm 2 V -1 sec -z  (7). It can be seen that  for AgBr the 
result  for Ki agrees very well  with the result  of op- 
tical measurements  and that the differences between 
AgC1 and AgBr are quite acceptable. 

Figure 9, finally, shows the concentrations of ionic 
and electronic defects in AgC1 + I0 ppm Cd equil ib-  
rated with, respectively, 1 atm C12 and Ag(s) .  Note 
the bends in the concentrat ion of holes and electrons 
at the temperature  where the ionic defects change 
from being impur i ty  controlled to Frenke l  disorder 
controlled. In the plotting of the data the same values 
of the various parameters  have been used as before. 
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Technical Notes @ 
Used 

Influence of Porosity of Thin Gold Layers 
as the Substrate for Electrodeposited Permalloy 

F. E. Luborsky 
General Electric Research and Development Center, Schenectady, New York 

The substrate requirements  for the vacuum deposi- 
t ion of NiFe films suitable for static memory opera-  
t ion are well  documented (1, 2) and reasonably well  
understood. Of par t icular  interest  is the recent  study 
(3) of various metall ic underlayers;  the observed 
effects on the Permal loy properties were at t r ibuted 
to the microstructure  and morphology of the under -  
layers. Similar  requirements  and effects are expected 
in the case of the substrate used for electrodeposition 
of NiFe. In  many  cases, these substrates use a thin 
gold film over a copper base (4, 5). The gold film has 
two characteristics needed to produce Permal loy films 
with the required magnetic characteristics: a very 
fine grain size and an electrode potent ial  (4) close to 
that of Permal loy in the electrolyte in use. 

In  this note, we will  show some interest ing fluctua- 
tions in the magnetic  properties and composition of 
the Permalloy as the thickness of the gold under layer  
is increased. The m i n i m u m  thickness of gold required 
to achieve good magnetic properties will be shown to 
correspond to the completion of a change in the char-  
acter of the cathode potential  vs. t ime for the deposi- 
t ion of NiFe at constant  current.  The change in these 
cathode potentials, as the gold thickness increases, is 
most l ikely due to the "covering" of the copper by the 
gold. 

Samples were prepared, as previously described 
(5, 6), on 0.010 in. thick copper substrates plated with 
about 5-10~ of copper, vary ing  thicknesses of gold, 
and finally 600A of Permalloy.  All  samples were an-  
nealed in an easy axis field of 1000 Oe before the mag-  
netic measurements  (5, 6). The gold films were de- 
posited from a proprietary (7) electrolyte, Orosene 999, 
at room temperature,  at a pH of 4.5, and at a current  
density of 12 mA/cm2. The grain size of the gold films 
were all in the range of 90-130A, as determined from 
x - r ay  l ine broadening for films from 500 to 5000A 
thick. Line widths were not corrected for any stress 
contribution,  and thus these grain  sizes may be some- 
what  larger. There was no evidence for any crystal 
orientation in any of the films. The average surface 
roughness (center l ine average) of the substrates af- 
ter  depositing the copper was 250A as averaged over 
0.025 cm intervals.  This roughness did not change on 
depositing gold up to thicknesses of 10,000A. 

The electrolytes used for the Permalloy deposition 
contained nickel and iron sulfates, boric acid, and 
thiourea as previously described (5). They were op- 
erated under  conditions to obtain the zero magneto-  
strictive composition, 81.5% Ni, when deposited on 
gold (4-6, 8). The magnetic properties result ing from 
depositing a 600A th i ck  Permal loy film, using the 
above conditions, onto copper substrates with increas-  

ing thicknesses of a gold film are shown in Fig. 1. For 
thicknesses of gold on the substrate of more than  
about 300A, the properties are independent  of gold 
thickness; namely  the coercive force along the easy 
axis, He, the coercive force along the hard axis Hc._b 
the anisotropy field Hk, and the anisotropy dispersion 
aq. Below about 300A of gold He, He.J_, Hk', and aq 
increase sharply. These changes in properties may be 
due to a combinat ion of many  factors that are chang-  
ing as the gold film becomes very thin, e.g., the Per-  
malloy composition may change, its crystall i te size 
may change, the strain between the substrate and the 
Permal loy film may change, and the roughness may 
change. 

The change in composition with gold thickness was 
determined by three independent  measurements:  x-  
ray fluorescence, saturat ion magnet izat ion Ms, and 
magnetostriction. The results obtained from each of 
these, shown in Fig. 2, al l  agree with one another. 
Compositions were  obtained from x- ray  fluorescence 
through the use of alloy film standards normalized 
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. . . .  , . . . . . . . . . . . .  
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Fig. 1. Magnetic properties of Permalloy films 600.~ thick, all de- 
posited under the same conditions, but onto substrates with in- 
creasing thicknesses of gold deposited over 5~ of electrodeposited 
copper. NiFe deposited at 28~ pH = 2.5, 4.3 mA/cm 2, 160 
mg/I of thiourea, 19% Fe ++  to Fe ++  -1- Ni §  Measurements 
made after an easy axis magnetic anneal of 4 hr at 150~ 
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Fig. 2. Average film composition from (a) x-ray fluorescence, (b) 
saturation magnetization and (c) mognetostriction for films re- 
ported in Fig. 1. 

to 81.5% Ni for a zero magnetos t r ic t ive  film. The x-  
ray  fluorescence also showed that  all  the  films were  
the same thickness to wi th in  ~_ 1%. Compositions 
were  obtained f rom the Ms measurement  using a value 
of 17.5 ( e m u / c m ~ ) / w / o  Ni for Ms vs. composition 
through the 81.5% Ni point, as obtained f rom pub- 
lished (9) data. Compositions were  calculated from 
the magnetostr ic t ion measurements  using the value 
(6) of 1.46 Oe change in Hk /w/o  Ni for the 0.06% strain 
used in this work. The change in the average Per-  
malloy composition for substrates wi th  very  thin Au 
layers must  be due to the change in substrate  potential  
wi th  increasing gold thickness. It appears from these 
measurements  that  about 200-300A of gold are re-  
quired to remove  the influence of the copper. 

The cathode potential  measured during the deposi- 
tion of the Permal loy  on substrates with different Au 
thicknesses are shown in Fig. 3. Al though the t ime 
response of the recorder  was only ,~ 0.2 sec (equivalent  
to the deposition of about 10-15A of NiFe) the  initial 
potentials, plotted in. Fig. 4, still  va ry  in a consistent 
manner  wi th  the thickness of the gold film. The  open 
circuit  or equi l ibr ium potentials of a copper electrode, 
shown in Fig. 4, show the same t rend with  increasing 
thicknesses of gold. The  results of Fig. 3 and 4 also 
indicate that  about 300A of gold are  required to com- 
pletely remove  the influence of the copper substrate. 

In a previous paper  (5) it was shown that  the de-  
posited copper substrates had a grain size of 350-500A 
and that  NiFe  deposited on this copper, f rom the same 
electrolyte  as used in this work, had the same 350- 
500A grain size, while  deposition on gold films with  a 
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Fig. 3. Potential vs. rime for deposition of ~01i, of NiFe onto 
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100A grain size produced NiFe wi th  a 100A grain size. 
Thus, it appears that the NiFe  deposits epi taxia l ly  
on both the copper and the gold. In the  range of gold 
film thicknesses where  the  gold film is discontinuous 
or has large regions of copper exposed, it is expected 
that  the NiFe film wil l  have  regions both with  the 
fine grain size and the coarser grain size. The  disper-  
sion ,q will  then decrease as the fraction of the film 
with  the larger  grain size decreases since aq is propor-  
t ional to grain size (1). Since these films are  magneto-  
strictive, the dispersion wil l  also be affected by the 
difference in strain be tween the NiFe and Au and be- 
tween NiFe  and Cu. 

We conclude that  the poor magnet ic  propert ies of 
Permal loy  deposited on films of gold less than  about 
250A thick results f rom the  influence of the copper 
substrate. This influence appears as a change in the 
electrode potent ial  which affects the Permal loy  com- 
position; a change in the local grain size of the sub- 
strate which affects the local grain size of the Pe r -  
malloy;  and a change probably in the local stress in 
the Permal toy  film. Each of these changes is known 
to increase Hc, Hk, and aq. Gold films thicker  than 
about 250A appear to e l iminate  the effect of the copper 
and can be used as substrates to prepare nonmagneto-  
str ict ive films with  He = 4 0 e ,  Hk = 3 0 e ,  and a~o < 1 ~ 
for films 600A thick. 
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Properties of a Leached 
K -Selective Glass Electrode 

I. Altug and M.  L, Hair  
Research & Development Laboratories, Coming Glass Works, Coming, New York 

The origin of the electrochemical potential  which 
arises when a glass membrane  is inserted between 
solutions of different concentrat ions has been invest i-  
gated for many  years. This potential  is the basis of 
the glass electrode, giving a s tandard technique for 
measur ing pH. Interest  recent ly has centered on the 
selectivity of various glasses toward monovalent  and 
divalent  cations. Eisenman (1) obtained a correlation 
between the electrochemical selectivity and ratio of 
alkali metal  to a lumina  in the glass. Thus, glasses 
with a high Na/A1 ratio are preferent ia l ly  sensitive 
to K + over Na +, whereas if Na/A1 is less than  3, the 
glasses are preferent ia l ly  sensit ive to Na + over K +. 

Recently we showed that  porous glass (with a con- 
trolled pore diameter, dry, of approximately 40A) 
behaves as an ionic membrane  and its properties are 
adequately accounted for by the Theorel l -Meyer-Sie-  
vers theory (2). This theory applies to monovalent  ca- 
tions and assumes no selectivity between the various 
ions. The porous glass membrane,  however, has a con- 
siderable selectivity. Thus, in its normal,  porous state, 
Kcax p~ is approximately 15, whereas KNaK p~ is about 
1.8. However, when the porous glass was sintered, 
the membrane  potential  increased, the calcium selec- 
t ivity decreased and, just  prior to complete sintering, 
the selectivity of K + over Na + increased (3). A 
max imum value of K N a K  p~ ~ 10 was eventual ly  ob-  
tained. This value corresponds to the highest selec- 
t ivity observed with normal  K+-select ive glass elec- 
trodes, yet the glass composition (96% SiO~, 3% B20:~, 
1% Na20) bears no relationship to the compositional 
ratios projected by Eisenman. 

As it is known  what  happens when a porous glass is 
gradual ly  sintered so as to become essentially non-  
porous, it seemed of interest  to leach a conventional  
potassium-selective glass electrode and measure the 
change in its electrochemical properties. An NAS27-4 
glass membrane  (59% SiO~, 27% Na20, 4% A1203), 
which had originally been tested as a potassium elec- 
trode, was kept in aqueous solution for 17 months 
prior to the determinat ion of its ion selectivity. The 
membrane  potentials were measured using the tech- 
niques described previously, (3) and the selectivities 
of 14 + and Na + relative to Ca 2+ were measured. 

Freshly prepared K+-select ive glasses do not exhibit  
appreciable ion selectivity unless they have been 
stored in aqueous solution for a considerable t ime to 
produce a hydrated layer  on the surface of the glass. 
This membrane  was no exception, and a s ix-week im- 
mersion in NaHCO8 solution was required to produce 
the max imum K N a K  p~ value of 10. At this point, there 
was negligible response to Ca 2+. However, after aging 
for 17 months, it was found that  the divalent  response 
had increased, while the selectivity of K + relative to 
Na + had decreased from 10 to 5.6. On fur ther  leach- 
ing, the glass rapidly became completely porous and 
eventual ly  fell apart. 

On immersing any glass in  aqueous solution, at ]east 
two processes occur. One is an ion exchange in which 
the alkali metal  ions in the glass are replaced by pro- 
tons. The second is a dissolution of either one phase or 
the whole of the glass network.  It  is probably the first 
process that  gives rise to the hydrated layer necessary 
for K + selectivity. If the leaching process that occurs 
with the NAS27-4 glass can be considered to be the re-  
verse of the sintering of a porous glass (both affecting 
the hydrat ion state of the medium),  then it is possible 
that these apparent ly  different types of glass would 
have similar  electrochemical properties. The selectivity 
constants obtained for the  leached NAS274 membrane  
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Fig. 1. Selective behavior of sintered porous glasses compared 
with NAS27-4. 

are plotted in Fig. 1 with the data previously reported 
for sintered porous glasses. The properties of the par-  
t ial ly leached aluminosil icate glass are almost identical 
with those obtained for a partially sinterecl porous 
glass. Complete leaching of the NAS27-4 membrane  
formed a completely porous, fragile membrane  whose 
electrochemical properties were similar to those of a 
porous glass. 

The ion selectivity of the sintered porous glasses was 
explained on the basis of very small  "pores" of the 
order of 2-3A in the resul tant  membrane.  The leaching 
of a sodium aluminosilicate glass, par t icular ly  if it 
shows very fine phase sepa ra t ion  or clustering of the 
alkali metal  ions, can also give rise to small "pores" 
wi thin  the glass. The leached layer then approximates 
a molecular sieve, ra ther  than  a silica gel. This analogy 
has been previously suggested by Garfinkel (4) on the 
basis of diffusion measurements  on both "wet" and 
"dry" samples of NASa74. Furthermore,  the leaching 
of both alkali silicate and alkali  aluminosilicate (5) 
glasses is known to give rise to materials with molecu- 
lar sieve properties and pore sizes in the range of 
2-7A. The present results indicate the formation of 
such a hydrated layer on the surface of K+-select ive 
glass electrodes. 

Manuscript  received June  6, 1969. 
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A High-Speed Switch for Isolation of the 
Reference Electrode Circuit to Hold-Off IR 

Changes during Current Interruption or Pulsing 
David g. Flinn, t* Murray Rosen, t* and Sigmund Schuldiner* 

Electrochemistry Branch, Chemistry Division 

and James D. Fahey 
Electronics Division, Naval Research Laboratory, Washington, D. C. 

Determinat ion of electrochemical parameters  by cur-  
rent  in te r rupt ion  or by pulse polarization is difficult 
in dilute solution because of high solution resistance. 
The sensitivity of the oscilloscope o r  other recording 
device is l imited due to overdriving and the resul tant  
saturat ion of the electronic amplifiers by the solution 
IR component  which is much larger than the electrode 
polarization component. Besides the loss in sensitivity 
many  microseconds or even milliseconds may be re- 
quired before the correct potential  may be recorded. 

By the use of a field-effect t ransistor  (FET),  it is 
possible to construct a simple device through which 
the potential  response of a reference electrode may be 
recorded over any desired t ime interval.  The potential  
response measured between the reference and working 
electrodes may be "held-off" unt i l  the applied current  
is completely shut off. 

The field-effect t ransistor  acts as a simple toggle 
switch or relay contact. In  the open or off state, it has 
an impedance in the order of 1012 ohm. In  the conduc- 
tion or on state, it has an impedance of approximately 
15 or 20 ohm. The m i n i m u m  time from off to on or on 
to off states can be as fast as 1.5 to 2 nsec (1, 2). The 
actual t ransi t ion t ime depends on the rise and fall t ime 
of the gating pulse used. 

By using the FET in conjunct ion with a high input  
impedance operational amplifier, the reference elec- 
trode sees no apparent  change in impedance from the 
off to the on state of the FET and, therefore, there is no 
differential change in loading of the reference elec- 
trode. Thus a much higher input  impedance is provided 
than  normal ly  available from an oscilloscope probe. 
Also, with the use of a wide bandwidth  operational 
amplifier, there should be no significant loss in oscillo- 
scope bandwidth  capabilities. This FET switch should 
prove capable of replacing mercury relays in  many  
applications, without  the difficulties inherent  in such 
mechanical  devices (3). 

For current  in ter rupt ion  measurements  an appli- 
cable switching circuit is shown in Fig. la. The FET 
(2N4859) is biased to the nonconduct ing state by the 
--15V from the power supply. Any  signal which will  
raise the gate control signal input  to a potential  of 
approximately --1V will render  the source (S) - to -  
drain  (D) of the FET ful ly conducting, with a negli-  
gible resistance as compared to the high input  im-  
pedance operational  amplifier. The gate must  not be 
dr iven positive, however, as this potential  will  be 
t ransferred to the drain  point. Input  signals as large 
as 50V may  be "he}d-off" by this FET in its noncon-  
ducting state. 

In  most applications, a potential  step from some 
point in  the cell polarization or measurement  circuitry 
(e.g., pulse generator)  will  be available for the FET 
gating control. In  many  cases the gate potential  of 
the recording oscilloscope may be used as the gate 
control signal. 

In  our application (Fig. 1) the FET drain was fed 
into a Model 1011 Phi lbr ick/Nexus  operational ampli-  

* Electrochemical Society Active Member. 
1 National Academy of Sciences-National Research Council Post- 

doctoral Research Associate  at NRL. 

tier. The high impedance (1011 ohm) and low input  
capacitance (4 pF) of this amplifier prevents  loading 
of the FET. Although an amplifier gain of 2 is shown 
here, any reasonable value may be used. 

The 1N914 diode between the amplifier (plus) input  
and ground serves to provide a current  path for the 
small  amplifier bias current  (<30 pA).  For the circuit 
of Fig. la, the direction of this diode is un impor tan t  for 
small  signal applications. Where signals greater than  
the breakdown value of the diode are to be examined, 
the direction of the diode may be reversed. With the 
diode in  the circuit the effective input  impedance is 
approximately 5 x 109 ohm. 

For pulse polarization applications, the FET switch 
may be used in  the reverse sense to that  shown in Fig. 
la. In Fig. lb  the gate connections are made so that  the 
FET is normal ly  conducting. The FET may be rendered 
nonconduct ing for any  desired t ime period by a gate 
control potential  of --4V or greater. 

The effective switching time for the circuit of Fig. ta  
is i l lustrated in Fig. 2-4. In Fig. 2, a small  d-c potential  
applied to the FET source is gated through the FET 
after about l~sec. The true switching time is much 
faster than  the 0.7 ~sec shown here, but  is masked by 
ringing. The upper  curve of Fig. 3 i l lustrates a typical 
galvanostatic high current  density anodic pulse polar-  
ization of a p la t inum electrode in H~-saturated, 1M 
H2SO4 solution. For the lower curve of Fig. 3, the FET 
has been gated into the conducting mode after about 
3 msec, thereby holding-off the potential  response to 
the reference electrode for that  period of time. 

In  Fig. 4, curve (a) shows the potent ia l - t ime re-  
sponse to a 2 ~sec constant current  pulse applied to the 
same electrode used for Fig. 3, with the FET switch 
conducting throughout  the entire response shown. 
Curve (b) of Fig. 4 was made at ten times greater 
sensitivity, with the FET gated on only after pulse 
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Fig. l(a). Switching circuit with FET in normally nonconducting 
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render the FET conducting; Fig. l(b) FET in normally conducting 
mode. A gate control input signal more negative than - -4V will 
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Fig. 2. Small d-c potential gated through the FET circuit of Fig. 
l(a) after about 1 ~sec. Line at upper left is ground potential. 

Fig. 3. Upper curve: galvanostatic high current density anodic 
pulse polarization of a platinum electrode in H2-saturated, 1M 
H2S04 solution; lower curve: same as upper curve except that FET 
switch is rendered conducting after about 3 msec. Lower curve 
has been displaced downward to separate traces. 

cut-off. This i l lustrates that  the solution IR component 
can be vi r tual ly  el iminated and the electrode polariza- 
t ion response can be measured at high precision. 

No photograph is shown for the response of the cir- 
cuit of Fig. lb  to a 2 ~sec constant  current  pulse applied 
under  the same conditions to the same electrode used 
in Fig. 3 and 4 because the result is essentially identical 
with that  observed in Fig. 4. The line visible at the 
lower left in Fig. 4 represents the ground potential  
which in this case is the potential  of the working 
and reference electrodes. Under  other experimental  
conditions or with some other reference electrodes the 

Fig. 4. Potential response to 2 ~sec galvanostatic anodic pulse for 
same electrode used in Fig. 3. (a) FET conducting throughout; 
vertical sensitivity of 0.1 V/div; (b) FET conducting only after 
pulse cut-off; vertical sensitivity of 10 mV/div. 

potential  of the reference electrode will  be different 
from that of the grounded working electrode. 

The advantage of the circuit of Fig. lb  over the one 
of Fig. la  is that  the cell potential  is recorded both 
prior to and after a pulse polarization perturbation.  
The potential  at the + input  of the operational am- 
plifier, while the FET is biased off dur ing  the pulse 
period, depends to some extent  on the r iset ime of the 
signal used to render  the FET nonconducting. A 
t ransient  voltage spike ma y  appear  which is caused by 
the very small  amount  of charge required to bias the 
FET, which in t u rn  can charge the small  capacitance 
(4 pF) of the amplifier. With proper adjus tment  of 
the FET gating signal risetime, this t ransient  may be 
ent i re ly  eliminated.  The circuit of Fig. la  also may be 
used for pulse polarization studies, but  an independent  
measurement  of the ini t ial  cell potential  must  be made, 
either by shorting across the FET or by gating the 
FET on without  polarizing the cell. 

The 2N4859 used here is an n -channe l  FET. For 
holding off large negative going signals a p -channel  
FET would offer an advantage in that  a lower gating 
potential  could be used than  for an n -channe l  FET. 
Also, the positive gate bias which is required may be 
more convenient  in some applications. 

Manuscript  submit ted Sept. 16, 1969. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Brief Co nn un ea  ons @ 
Auger Electron Analysis of Electropolished 

High-Purity Aluminum 
C. G. Dunn* and L. A. Harris 

Research and Development Center, General Electric Company, Schenectady, New Yor/~ 

The topography of electropolished a luminum has been 
studied extensively (1-12), but  the composition of the 
surface reaction film has received little attention. I t  
is general ly believed to be an amorphous oxide of 
a luminum formed either in the electrolyte or subse- 
quent ly  on exposure to water  or air. Holl5 (8) ob- 
tained a porous oxide film on a luminum electropolished 
in phosphoric ac id /n -bu ty l  alcohol. Halfawy (12) con- 
cluded from electron diffraction data that the surface 
of a luminum electropolished in perchloric acid/acetic 
anhydride  was ini t ia l ly free of oxide. Morize and La- 
combe (13) reached the same conclusion from solu- 
t ion potential  measurements .  On the other hand Beck 
et al. (14) stated that  electropolishing in typical baths 
produced an a luminum surface containing perchlorate 
ions which prevented the subsequent  formation of high 
resistivity anodic oxide films. Similarly, using a lumi-  
n u m  specimens in i t ia l ly  electropolished in a per-  
chloric acid electrolyte, one of the authors (CGD) ob- 
served surface reactions (to be described elsewhere) 
that  indicated impur i ty  contaminat ion by the electro- 
polish. These observations in fact led to the present 
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Fig. 1. Auger spectra of electropolished aluminum before and 
afterchemicaltreatments. 

study by Auger  electron emission (15) of atom species 
present on electropolished a luminum. 

The Auger analyses were made on electropolished 
a luminum sheet of 99.999% puri ty  and on similar 
specimens chemically treated to remove residual  films 
or reaction products. Electropolishing involved raising 
the voltage beyond the first current  max imum to a 
point wi thin  the polishing region (16, 6) (about 15V) 
and holding the voltage constant for 3 rain or more 
in a 1:4 (by volume) solution of perchloric acid (71%) 
in absolute ethanol main ta ined  between 5 ~ and 10~ 
After  thorough rinses in alcohol and in distilled water, 
samples were dried in  a s tream of clean nitrogen. 

Auger analyses of electropolished samples revealed 
the presence of O, C, S, C1, and N (top curve of Fig. 
1). Treatments  after electropolishing such as 10 min 
in 30% NaOH at room temperature,  or 5 to l0 rain in 
10% HNO3 at 90~ had the following effects on sur-  
face concentrations: a slight reduction in oxygen and 
carbon, a significant decrease in sulfur, a decrease in  
chlorine to nondetectable  levels, and no significant 
change in ni t rogen (middle and bottom curves of 
Fig. 1). Treatments  in  an oxide str ipping bath  (35 ml 
of 85% phosphoric acid and 20g of chromic acid per 
liter) (17) at 90~ appeared to remove most of the 
chlorine in 1 rain and perhaps all of it in 10 min. Re- 
actions in this oxide str ipping bath, as Fig. 2 shows, 
resulted in surface films containing appreciable 

n 
(x i  
o:; 

UJ 
oe) 
Z 
0 
Q_ 

Q= C 

,( 
P 

I I, I 1 I I 
0 tO0 200 300 400 500 600 

ELECTRON ENERGY eV 

Fig. 2. Auger spectrum of electropo|ished aluminum after 30 rain 
in a phosphoric acid/chromlc acid bath at 90~ and a thorough 
wash in water. 
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amounts of phosphorus and chromium. The latter re- 
sult confirms other published work, part icular ly the 
tracer studies of Lewis and P lumb (18) on radioac- 
tive phosphorus and chromium ini t ial ly added as 
phosphates and chromates in  their  phosphoric acid/  
chromic acid bath. 

Since the composition of the electropolishing bath 
consisted main ly  of C, H, O, and C1, and since the Au-  
ger analysis revealed the presence of C, O, and C1 on 
electropolished a luminum samples, we conclude that 
elements in  the  polishing bath, par t icular ly  chlorine 
and carbon can en te r  in a surface reaction product 
and contaminate  the  a luminum.  The oxygen contami-  
nat ion could originate from the water  in  the washing 
treatment ,  from exposure to air  (12, 13), or from the 
electrolyte. The source of the ni t rogen and sulfur 
contaminat ion was not determined. 
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Theoretical Electromotive Forces of 
Metal-Halogen Cells 

Some Recalculations Based on Recent Data 

Reuben E. Wood* and Walter J. Hamer* 
National Bureau of Standards, Washington, D. C. 

Since the publication of the calculations of Hamer, 
Malmberg, and Rubin  on the theoretical electromotive 
forces of cells containing a single solid or molten chlo- 
ride (1), fluoride (2), bromide (2), or iodide (2), new 
data have become available, and tabulat ions of thermo-  
dynamic properties, par t icular ly  those of Stull  et al. 
(3), have been published. We have used these newer  Salt 
data to recalculate emfs for  the cases covered by the 
JANAF tabulations (3). We shall not here attempt to 
evaluate the rel iabil i ty of data leading to the differing A1Fs 
results, but shall only indicate the cases in which sub-  Am 
stantial  discrepancies exist between the  older and BeC1-J CsF  
newer  values. CsCl 

Both the tabulat ions of Hamer, Malmberg, and Rubin  FeFs 
FeI-~ 

(H) and those in the JANAF publications (J)  give HgF~ 
values (emfs in the H tables, ~Go's in  the J tables) at Hg.,_I~ 

25~ (298.15~ At higher temperatures  the H tables LiBr 
" L i I  

give values at rounded Celsius temperatures,  the J MgF~ 
tables at rounded Kelvin  temperatures.  As a represen-  PhI2 

TiBr ,  tative high temperature,  l l00~ was chosen. This re-  TiCI~ 
quired only a short extrapolat ion of the H values from WiCl, 
800 o C. TiF3 

TiF~ 
Table I compares, for cases in which a difference of TiI, 

100 millivolts or more in the s tandard emfs of f o r m a -  wBr~ VtrBr6 
tion (2.3 kcal 1 per equivalent  difference in AGO), the WCl~ 
emfs given by H and those we have calculated from WCl, 

WCl5 
the AG's given by J. It  can be pointed out that  for WCl6 
those cases in which the higher tempera ture  compari-  ZrBr2 

ZrBra 
son can be made, most of the discrepancies are of the ZrBr4 
same order of magni tude and in the same direction at ZrCl= 

ZrF3 both temperatures.  This suggests strongly that  the usual  ZrF4 
ZrI2 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  ZrI3 
z One t h e r m o c a l o r i e  (defined) ---- 4.1840 jou les .  ZrI4 

Table I. Formation potentials having reported values differing 
from each other by more than 100 mV 

(2.3 kcal/equiv) at either 298 ~ or 1100~ 

298~ 

J H 

l l 0 0 ~  

J H 

4.94 4.25 4.19 3,61 
1.05 1.18 
2.32 2.43 
5,45 5.22 4.53 4.33 
4.30 4,19 3,44 3,32 
3.38 3,17 2,75 2.62 
0.58 0.76 0.31t 0.30~ 
1.94 1,80 
0.58 0.68 
3,51 3.57 2.89 3.03 
2.79 2.91 
5.55 5.44 4,83 4.72 
0.90 1.01 
2.10 2.43 
2.26 2.15 
1.91 1.75 
4.64 4.33 4.03 3.81 
4.04 3.79 
1.40 1.41 0.98 0.88 
0.71 0.32 
0.57 0,28 
1.14 0.63 
1.10 0.56 
1.00 0.54 
0.79 0.51 
1.94 2.53 1.51 1.97 
2.10 2.43 1.51 1.99 
1.88 2.01 
2.64 2.90 
4.94 4.81 
4.69 4.59 
1.37 2.04 1.00 1.47 
1.37 1.92 
1.25 1.50 
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cause of the  discrepancies  lies chiefly in the  evaluat ion  
of the  ~G's at 25~ and not in different  choices of heat  
capaci ty  da ta  requ i red  to eva lua te  the hG's or emfs at 
o ther  tempera tures .  

Manuscr ip t  received Sept. 4, 1969. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1970 
JOURNAL. 
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ABSTRACT 

A study on the kinetics of the phosphidation of copper sheets exposed to 
phosphorus vapor  was under taken  at tempera tures  of 400~176 and at 
phosphorus par t ia l  pressures be tween 0.8 and 110 Torr. The phosphidation 
rate increased with  rising tempera ture  and with increasing part ial  pressure 
of the phosphorus vapor. When the phosphide layer  reached a certain th ick-  
ness, a t ransi t ion from a l inear ra te  to a parabolic or a cubic one took place. 
The relation be tween the phosphorus vapor  pressure, P, (0.8-110 Torr) and 
the l inear  rate constant, K1, (3.3-200 x 10 -5 g/cm2-min)  found in the init ial  
stage gave K1 oc p0.s3 at 500~ In general,  the phosphides obtained have  been 
composed of Cu3P or the mix ture  of Cusp and CUP2. The CuP2-formation at 
tempera tures  above 600~ seldom has been observed from the x - ray  pat terns  
of the phosphides. 

Preparat ions  and structures of copper phosphides 
have been extensively  invest igated by many authors 
(1). However ,  no invest igation involving the rate  of 
phosphidation of copper has been made except  by 
Edwards and Murphy (2). 

The present  study was under taken to provide fur ther  
information concerning the kinetics of the attack of 
phosphorus vapor  on copper sheets at e levated t em-  
peratures.  

Experimental 
Materials.--Copper sheet.--Commercial c o p p e r  

sheets of high pur i ty  (more than 99.95%), about 15 
mm wide, 30 mm long, and 0.3 mm thick, were  em-  
ployed in this work. They were  polished through 3-0 
emery  paper. Af ter  degreasing with  t r ichloroethylene 
or toluene in a soxhle t - type  apparatus, they were  
t reated with  a mix tu re  of 50 parts of nitric acid and 
1 part  of hydrofluoric acid to remove  surface oxides, 
af ter  which they  were  washed with  alcohol and ace- 
tone. They were  t ransferred in a desiccator filled with 
argon dried over  phosphorus pentoxide. 

Red phosphorus.--Commercial red phosphorus (amor-  
phous) was t reated with  a boiling 8% solution of 
sodium hydroxide  for about 3 hr  to remove  any yel low 
phosphorus, then with  dilute hydrochloric  acid and 
with a dilute solution of potassium cyanite  to remove  
trace amounts of metals  or their  compounds contained 
in the red phosphorus. Af te r  washing with  distilled 
water,  the refined red phosphorus was preserved in 
a desiccator which was filled with  argon dried over  
phosphorus pentoxide. 

Apparatus and Procedure 
It is necessary to carry  out phosphidation of metals  

in the absence of air to avoid formation of meta l  
oxides, meta l  nitrides, or various oxides of phos- 
phorus. In this study, an apparatus depicted in Fig. 1 
was used to evade these problems. 

A copper sheet was suspended from a quartz hel ix  
(sensit ivity 0.1 m m / m g )  hanging f rom a glass hook 
inside the top of a quartz  reactor.  The extension of 
the quartz  hel ix  caused by the weight  increase of the 

specimen was measured using a cathetometer  with a 
precision of 0.01 ram. 

A quartz cell filled with  the refined red phosphorus 
was placed at the bot tom of the reactor. The t empera -  
tures of the specimen and of the red phosphorus were  
controlled independent ly  wi th  two automatic regu-  
lators. The rate of sublimation of red phosphorus was 
controlled by adjus tment  of the  tempera ture  of the 
lower  electrofurnace. Since the gaseous P4 molecule 
scarcely dissociates into P2 molecule  at tempera tures  
below 800~ the  phosphorus vapor  can be regarded 
as consisting of P4 molecules over  the tempera ture  
range from 400 ~ to 650~ employed in this work. 

An argon carr ier  gas was dried by passing through 
phosphorus pentoxide and deoxygenated by passing 
through heated act ive copper, and then introduced 
into the bottom of the reactor  f rom the heated side 
tube at a flow rate of 100 m l / m i n  and at 1 atm. The 
extension of the quartz  hel ix  was in practice un-  
affected by the flow of the carr ier  gas. Par t ia l  pres-  
sures of phosphorus vapor  were  calculated f rom the 
rate  of sublimation to P4 vapor  and the flow rate of 
this carr ier  gas. 

Results and Discussion 
Plots of the weight  gain per  unit  area against the 

elapsed t ime are  shown in Fig. 2(a) and (b),  which 
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Fig. 1. Schematic diagram of the reaction apparatus 
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Fig. 2. Phosphidation of copper between 400 ~ and 650~ at 
phosphorus partial pressures of (a) (top) 3.7 and (b) (bottom) 13.2 
Torr: X 650~ O 600~ A 500~ �9 400~ 

represent  the results of the phosphidation of copper 
sheets at phosphorus part ial  pressures of 3.7 and 13.2 
Torr, respectively. It  is obvious from Fig. 2 that  the 
weight of the copper sheet increased with rising tem-  
perature, and that  phosphidation appears to follow 
approximately a l inear  rate law in  the early stage. 

Figure 3 represents the results of the influence of 
partial  pressures of phosphorus vapor between 0.8 
and 110 Torr at 500~ By varying  the part ial  pressure 
of phosphorus vapor the phosphidation rate of copper 
can be altered considerably. I t  will  be seen that  at 
the pressures below 6.7 Torr the phosphidation pro- 
ceeded near ly  according to a l inear  rate law while at 
pressures above 13.2 Torr, up to 110 Torr, it approxi-  
haately followed a parabolic or a cubic rate law in the 
advanced stage. The log-log plots of the data for the 

Table I. Linear rate constants for the phosphidation of copper 

P r e s s u r e ,  K~ • l 0  S 
T e m p ,  ~  T o r r  n*  g / c m ~ - m i n  

400 3.='/ 1.0 O.1 
13.2 0 .9  0 .28 

500 0.8 0.6 0.033 
2 .5  0.7 0 .09  
3.7 0.7 0.12 
6.7  0.7 0 .18  

13,2 0.7 0 .34  
19.2 1.0 0 . ' /6  

110.0 - -  2 .0  

600 3.7'  0 .9  0 .15 
13,2 1.2 0 .54  

650 3.7 1.0 0 .35  
13.2 1.4 1.5 

* w = k t , ;  w ,  w e i g h t  g a i n  p e r  u n i t  a r e a ;  t ,  t i m e ;  k ,  r a t e  c o n s t a n t .  

pressure of 3.7 Torr at 650~ and for the pressure of 
13.2 Torr at 600~ show transi t ion from l inear to para-  
bolic or cubic behavior  after a certain thickness is 
reached. The l inear kinetics in the early stages may 
indicate phase boundary  control. 

The rate constant, K, can be obtained by extrapo-  
lat ing log t to zero. However, only approximate values 
of the slope were evaluated from Fig. 3, inasmuch as 
the extrapolation cannot be applied for any curve. 
Since all the phosphidations approximately followed a 
l inear  rate law in  the early stage, the l inear  rate con- 
stants, K1, were obtained from each slope in Fig. 2 
and from the slopes on the weight gains v s .  t ime plots 
of the data given in Fig. 3. These values are sum-  
marized in Table I. 

Needlelike crystals of phosphide formed at 650 ~ and 
600~ under  pressures of 3.7 and 13.2 Torr, at 500~ 
under  pressures ranging from 2.5 to 110 Torr, and at 
400~ under  a pressure of 13.2 Torr, but  not at 500~ 
under  a pressure of 0.8 Torr  and at 400~ under  a 
pressure of 3.7 Torr. As most of the phosphidations 
proceeded with the formation of numerous  mounds 
and needles, the reaction appears not necessarily to 
follow the parabolic rate law which is based on the 
assumption of a plane parallel  scaling film. As il lus- 
t ra ted in Fig. 3, the phosphidation behaved according 
to mixtures  of linear, parabolic, and cubic rate laws. 

X- ray  powder diffraction pat terns of the typical 
phosphides obtained in this work are i l lustrated in  
Fig. 4, in which those of Cu3P and CuP2 were quoted 
from the ASTM card (4) and from the result  given by 
Oloffson (3), respectively. The phosphide layer ap- 
pears to consist almost ent i rely of Cu3P at the lower 
partial  pressures of phosphorus vapor, while at 500~ 
and the part ial  pressures between 6.7 and 110 Torr  the 
formation of CuP2 was also observed. 
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Fig. 3. Influence of the phosphorus partial pressure at 5O0~ 
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It is interest ing that  no product other than  Cu3P 
was formed at 600 ~ and 650~ It is known that  CuP2 
decomposes to form CusP in the temperature  range 
from 600 ~ to 800~ with an evolution of P4 vapor. The 
part ial  pressure, PWorr, of phosphorus vapor  composed 
of P4 molecules is given for this decomposition as a 
funct ion of the absolute temperature,  T, as follows 

log PTorr ---- -- 11,370/T 4- 13.827 

According to this equation, the part ial  phosphorus 
pressures of a mixture  of CuP2 and CusP, for example, 
at 600 ~ and 500~ are 101.3 and 10 =0.0 Tort,  respec- 
tively. The reason why the formation of CuPs at 
600 ~ and 650~ has been seldom observed is revealed 
from this readily decomposable proper ty  of CUP2. 

The phase diagram of the copper-phosphorus system 
has been determined up to 15% copper. According to 
this diagram, the solubili ty of phosphorus in metall ic 
copper is about 1.6% at 650~ and about 1.5% at 600~ 
A semilogarithmic plot of KI for 3.7 and 13.2 Torr 
against the reciprocal of the temperature  is shown in 
Fig. 5. The appearance of a quite high increase in 
value of K1 at 650~ is presumed to be a t t r ibutable  to 
a predominance of phosphorus dissolution process in 
metallic copper. 

A graph showing the dependence of the l inear  rate 
constant on the part ial  pressure of phosphorus vapor 
at 50O~ is given in  Fig. 6. The dependence in teres t -  
ingly gives a straight line, whose slope corresponds to 
0.83, in spite of the approximate value of K1. It  may 
be interpreted in terms of a phosphorus chemisorption 
equi l ibr ium followed by a ra te -de termining  step 
governed by nucleat ion and growth of the phosphide 
nuclei. 

It seems reasonable to conclude that in the init ial  
stage the chemisorption of phosphorus at the phos- 
phide-phosphorus interface is responsible for the 
phosphidation rate. It  may be suggested that the ap- 
pearance of a parabolic rate in the advanced stage is 
a result  of the ra te -de te rmin ing  diffusion of phos- 
phorus or copper ion through the phosphide layer. 

The present  difficulties in the explanat ion of the 
phosphidation mechanism result  from the complicated 
structure of the copper phosphide scaling layer and 
lack of information concerning the phosphorus chemi- 
sorption and the diffusion of phosphorus and copper 
ion. 
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Fig. 5. Temperature dependence of the linear rate constant be- 
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Summary  and Conclusions 
A study on the kinetics of the elevated tempera-  

ture phosphidation of copper sheets was under taken.  
The weight increase of the copper sheets exposed to 
phosphorus vapor (P4 molecule) in an argon carrier  
gas was determined by measur ing the extension of 
the quartz helix suspending the sample copper sheet. 

The phosphidation rate increased with increasing 
temperature  from 400 ~ to 650~ and also with increas- 
ing phosphorus part ial  pressures from 3.7 to 13.2 Torr. 

The relat ion between the phosphorus vapor pres-  
sure, P, (0.8-110 Torr) and the l inear  rate constant, 
K1, (3.3-200 x 10 -5 g/cm2-min)  found in the ini t ial  
stage gave K1 oc p0.s3 at 500~ 

In  general, the phosphidation proceeded near ly  ac- 
cording to a l inear  rate law in the early stage, while 
it approximately followed a parabolic or a cubic rate 
law in the advanced stage. The transit ions appeared to 
take place when the phosphide layer reached a cer- 
ta in  thickness. 

The phosphides obtained have been composed of 
Cu3P or the mixture  of Cu3P and CUP2. The formation 
of CuP2 at temperatures  above 600~ seldom has been 
observed from the x - ray  patterns. 

From the exper imental  results the ra te -de te rmin ing  
step seems to change from an adsorption to a diffusion 
step with the increasing thickness of the phosphide 
layer. The growth of numerous  phosphide mounds and 
needles complicates the phosphidation mechanism. 

Manuscript  submit ted May 5, 1969; revised manu-  
script received Sept. 16, 1969. 

Any  discussion of this paper  will appear in a Dis- 
cussion Section to be published in  the December 1970 
JOURNAL. 
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ABSTRACT 

The luminescence of yb~+ in alkal ine earth phosphates and vanadates is 
reported. Par t icular  at tent ion has been given to those compositions possessing 
apatite and spodiosite structures. Emissions from Yb 2§ are broad and sensitive 
to host composition. Single and double emission bands are observed which 
exhibit  a variety of tempera ture  dependent  relationships. The decay of the 
Yb 2 + fluorescence, under  cathode-ray excitation, is short. 

Spectroscopic studies of rare earth ions have con- 
centrated largely on the interpreta t ion of the inner  
shell 4f-4f transit ions of the rare earth ions. There are 
general ly a large n u m b e r  of 4f-4f emissions in the 
fluorescence spectrum of a rare  earth ion, and they 
are relat ively sharp and easily resolved at l iquid ni-  
trogen or hel ium temperatures.  Consequently changes 
in the emission features brought  about by the envi ron-  
ment  of the rare earth ions are useful in arr iving at a 
quant i ta t ive  description of the crystal field. However, 
this is not t rue for the 4f-5d emission spectra of rare 
earth ions. Due to the strong interact ion of the 5d 
orbitals with the crystal field, there are a few very 
broad 4f-5d emission bands. As a result, the 4f-5d 
fluorescence spectra are not easily interpreted and do 
not readily lend themselves to basic investigations of 
the quan tum process. Nonetheless, there have been 
some attempts to do so. For  example, Blasse and Bril 
(1) have described the absorption bands of Ce~+-ac - 
t ivated phosphors in  terms of the crystal  field splitt ing 
of the 5d(2D) state. Wood and Kaiser (2) have de- 
scribed the absorptions of Sm 2+ in the alkaline earth 
fluorides. The lat ter  investigations used a strong-field 
formulism to describe the 5d levels and a weak field 
formulat ion to describe the 4f levels of Sm ~+. An ap- 
proximate energy level diagram was constructed by 
combining the 5d and 4f levels. Blasse et al. (3) have 
used the same approach to describe the energy level 
scheme of Eu 2+-activated silicates. 

The rare earth ions which most commonly exhibit  
4f-5d fluorescence spectra are Ce 3+, Eu 2+, and Yb 2+. 
There have been relat ively few investigations of the 
spectroscopic properties of Yb 2+, even though this ion 
can have only 4f-5d transitions, since its ground state 
is 4f 14. Butement  (4) has investigated the absorption 
and emission properties of Yb 2+ in SrC12, BaC12, and 
of YbC12 in aqueous media. Kaplyanski i  and Feofilov 
(5) and Feofilov (6) have reported on the emission 
and absorption spectrum of Yb 2+ in  CaF~. Bryant  (7) 
has observed and interpreted the free ion emission 
spectrum of Yb 2+. Probably  the most  complete anal -  
ysis of a Yb ~+ absorption spectrum was given by 
Piper, Brown, and McClure (8), who carried out a 
complete quan tum calculation of Yb~+ in SrC12, taking 
into consideration the electrostatic interaction, spin 
orbit coupling, and crystal field. 

This paper reports the results of investigations of 
the emission and excitation spectra of Yb 2+ in the Ba, 
Sr, and Ca chlorophosphates with apatite structure, 
Ms(PO4)~C1, the Ca chlorophosphate and chlorovana-  
date with spodiosite structure, M2PO4C1, and Sr 
orthophosphate. Some of these matrices have previ-  
ously been reported as effective hosts for Eu 2+, and the 
Eu e+ emission was reported to be sensitive to host 
composition (9). The Yb ~§ emission features in these 
hosts were also found to vary  and the results are de-  
scribed herein. 

* Electrochemical Society A c t i v e  M e m b e r .  

Experimental 
The alkal ine earth halophosphates and halovana-  

dates were formed in the following manner .  The halo- 
phosphates were formed by firing appropriate mix-  
tures of Yb203, MHPO4 (M ----- Ca, Sr, Ba) and the 
corresponding halide MC12 in hydrogen (9). Similarly, 
the calcium halovanadate was prepared by firing the 
appropriate mixture  of Yb2Oa, V205, CaCO3, and CaCI~ 
in air, as described by Banks et al. (10). The halide is 
added in excess for fluxing purposes. Reaction tem-  
peratures used for synthesis ranged from 800 ~ to 
1300~ The tempera ture  ranges for formation of the 
spodiosite and apatite structures were 800~176 and 
1100~176 respectively. After  the reaction was 
complete ( >  1 hr) ,  the melt  was air quenched to room 
tempera ture  and the excess MCI~ leached out with 
hot H~O washings. 

The alkaline earth orthophosphates, un l ike  the halo- 
phosphates, did not require preparat ion under  hydro-  
gen atmosphere for efficient luminescence response 
under  CR excitation. Appropriate  mixtures  of Yb203, 
MHPO4, and MCO3 can be reacted in either air, n i t ro-  
gen, or hydrogen. An al ternat ive mix ture  consisting of 
only MHPO4 ~ Yb2Os does, however, require  a hydro-  
gen atmosphere to yield an efficient phosphor. Either 
procedure requires that the s tar t ing materials be 
fired at temperatures  above 1200~ for periods of at 
least 2 hr; the samples are then air quenched to room 
temperature.  

Activator concentrat ion used in either the halo- or 
orthophosphates can be between 0.0025 and 0.10 gram- 
atom per gram-atom of host cation. 

The excitation and emission spectra were recorded 
with a Hitachi MPF-2A fluorescence spectrophotom- 
eter and corrected for ins t rumenta l  response by a 
computer program. The correction curve for the emis- 
sion spectra was obtained with the use of a NBS s tan-  
dard lamp. The correction curve for the excitation 
spectra was generated with the use of sodium salicilate 
and rhodamine B as standards. The relat ive excitation 
spectra are expressed in quanta  as a function of wave-  
length. 

The tempera ture  measurements  were taken under  
x - ray  excitation using a Mo tube. The phosphor was 
deposited on a copper plate which was then fitted into 
the slot of a metal  block dewar. The tempera ture  was 
measured with the use of a copper-constantan thermo- 
couple which was in  contact with the copper plate 
while the spectra were recorded. A 1,4 meter  Jar re l l -  
Ash monochromator  and photomult ipl ier  tube with a 
S-10 response were used to record the spectra. Since 
the centers of the emission bands shift with tempera-  
ture, the spectra were corrected for photomult ipl ier  
and monochromator  discrimination. The areas under  
the curves recorded at the various temperatures  were 
then compared. The tempera ture  dependencies under  
uv excitation were found to correspond to those ob- 
served under  x - r ay  excitation. The three emission 
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Table I. Peak wavelengths of emission and excitation bands at room and liquid-nitrogen temperatures 

Yb s+ emission, Decay,  Emission 
Host n m  Excitat ion,  n m  Reflection, n m  #sec color 

Bas(POD~C1 624 (RT) 290, 335, 38% 404 275, 316, 343, 380 
648 (LNT) 280, 322, 382 

Sr.~(POD~C1 560 268, 315, 350, 375 270, 304, 325, 370 
(RT) 

445 
610 (LNT) 989, 306, 339, 369 
450 (LNT) 290, 315, 348, 395 

Cas(PODsC1 622 (LNT) 300, 328, 372 
525 (LNT) 284, 313, 349 
435 (LNT) 292, 345, 378 

Ca~PO~C1 505 (RT) 291,328, 400 280, 31% 387 
510 (LNT) 271,292,322,395 
455 (LNT) 282, 311,330, 400 

Ca.oVO4CI 436 (RT) 330 band edge  
462 (LNT) 320 band  edge 

Sr.~(POD~ 432 (RT) 280, 318, 345, 377 265,305, 346 
440 (LNT) 287, 322, 347, 370 

16 Orange  
Red 

21 Yellow 

58 

Yellow 

Yellowish-  
green  

Green 
Green ish-  

blue 

Blue 
Blue 

Blue 
Blue 

bands in Ca apatite are exceptionally tempera ture  de- 
pendent  and decay rapidly on heat ing above liquid 
ni trogen temperature.  Because of the difficulty in re- 
cording the change in in tensi ty  over the narrow tem-  
perature  range at  which emission occurs, only visual  
observations were made and therefore not included in 
Fig. 9. 

The decay times were measured by pulsing the grid 
of a demountable  CR tube. The emitted radiat ion was 
detected by a 1P21 photomult ipl ier  tube which drove 
a Tektronix 535 oscilloscope. The trace on the oscillo- 
scope was photographed, and the t ime to decay to 10% 
of ini t ial  brightness was measured from the photo- 
graphs. 

Resul ts  
The emission bands of the Yb 2 +-activated phosphors 

were found to vary  considerably with host. Their room 
and liquid ni t rogen tempera ture  emission and excita- 
tion spectra, along with the room-tempera ture  re-  
flectance spectra, are shown in Fig. 1-8. Table I gives 
peak wavelengths of the emission and excitation bands 
at room and l iquid-ni t rogen temperature,  emission 
color, and the peak of the reflectance bands at room 
temperature.  

Except for the calcium phosphate apatite, all  the 
Yb2+-activated phosphors have moderate response 
under  CR excitation. The exponential  decay times to 
10% of the ini t ial  brightness of the phosphors under  
CR excitation are also listed in Table I. 

The tempera ture  dependence of the emission in -  
tensities of the yb2+-act ivated  phosphors varied con- 
siderably from host to host (Fig. 9). For example, the 
Ca phosphate apatite shows no emission at room tem- 
perature  while the emission from the Sr orthophos- 
phate phosphor is still evident at 300~ Even in those 
hosts where two or three emission bands are present, 
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Fig. lo. Emission spectra of Ca2PO4Cl:Yb 2+ at room (solid line) 
and liquid nitrogen (broken line) temperatures under 375 nm 
excitation; Fig. lb. Liquid nitrogen excitation spectra for the 455 
nm ( . . . . . . .  ) and 510 ( . . . . . . .  ) emission bands of Yb 2+ in 
Ca2P04CI. 

these bands exhibit  a marked difference in their tem- 
perature dependence. Thus, at l iquid ni t rogen tem- 
perature the Sr apatite shows a b luish-whi te  emis- 
sion due to two bands centered at 450 and 620 nm, 
while at room tempera ture  this phosphor exhibits a 
yellow emission which results from the quenching of 
the 450 nm emission. 

It was also noted that  under  high energy photon 
excitation, i.e. x- ray  radiat ion from a Mo target, the 
emissions correspond to those observed under  uv 
excitation in all cases except that  for the calcium 
apatite phosphor. In  this case, the emission observed 
under  uv excitation at 435 nm is not observed under  
x- ray  excitation. 
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Fig. 2a. Emission spectra of Ca2VO4CI:Yb 2+ at room (solid line) 
and liquid nitrogen (broken line) temperatures under 315 nm 
excitation; Fig. 2b. Excitation spectra at room (solid line) and 
liquid nitrogen (broken line) temperatures for the emission band 
of Ca2VO4CI:Yb 9+.  The diffuse reflectance spectrum for this 
phosphor is also shown. 
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Fig. 3. Emission spectrum of Cas(PO4)3Cl:Yb 2+ at liquid nitrogen 
temperature under 370 nm excitation. 



Vol. 117, No. 1 F L U O R E S C E N C E  P R O P E R T I E S  O F  O X Y A N I O N S  89 

(a) 

.o I I  A A :  
; ! ! ^ I  ~.IU 

~ ~  

% .  �9 �9 

2G 

0280 320 360 400 280 320 360 400 
WAVELENGTH (nm) WAVELENGTH (oml 

Fig. 4. Excitation spectrum at liquid nitrogen temperature for 
the emission bands of Yb 2+ in Ca~(PO~)~CI: (a) 620 nm (solid 
line) and 525 nm (broken line) emissions; (h) 435 nm emission. 
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Fig. 5a. Emission spectra of Srs(PO4)3CI:Yb 2+ at room tempera- 
ture (solid line) under 380 nm excitation and at liquid nitrogen 
temperature (dashed line) under 350 nm excitation; Fig. 5b. 
Liquid nitrogen excitation spectra for the 450 n m  ( . . . . . . .  ) end 
610 am ( . . . . . . .  ) emissions of Srs(PO4)3CI:Yb 2+. 
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Fig. 6a. Emission spectra of Bas(PO4)3CI:Yb 2+ at room (solid 
line) and liquid nitrogen temperatures (dashed line) under 366 nm 
excitation; Fig. 6b. Liquid nitrogen excitation spectrum for the 650 
nm emission of Yb 2+ in Bas(PO4)3ChYb 2+. 
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Fig. 7a. Emission spectrum of Sr3(PO4)2:Yb 2+ at liquid nitrogen 
temperature under 366 nm excitation; Fig. 7b. Liquid nitrogen ex- 
citation spectrum for the 4t0 nm emission band of Yb 2+ in Sr~(PO4h. 

Discussion 
In  the free ion calculation of the energy levels of 

Yb ~+, Bryant  (7) has shown that  for the first excited 
state levels (4f135d 1) the Jj coupling scheme is the 
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Fig. 8. Diffuse reflectance spectra of the phosphors: Ca) 
Bo~(PO4)3CI:yb2+; (b) Srs(PO4)aCI:yb2+; (c) C02PO4CI:Yb2+; 
and (d) Sr3(PO4)2:Yb 2+. 
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Fig. 9. Temperature dependence of fluorescence intensity of the 
phosphors: (a) Sr3(PO4)2:yb2 +; (b) Ca2VO4CI:yb2 +; (c) 
Ca2PO4CI:Yb 2+ (510 nm emission); (d) Ca2PO4CI:Yb ~+ (455 nm 
emission); (e) Ba5(PO4)~CI:Yb2+; (f) Srs(P04)3CI: Yb2+ (450 nm 
emission); and (g) Srs(PO~.)~CI (610 nm emission) under x-ray 
excitation. 

most appropriate, since Yb 2+ has strong spin-orbi t  
coupling constants (Jf = 2950.2 cm -1, Jd = 1211 
c m - D .  In  this scheme the 4f 13 core is coupled as in 
Yb ~+ to form 2F7/2 and 2F5/2 states (J1). The spin and 
orbital  angular  momen tum of the 5d electron is 
coupled to form d3/2, dl/2 orbitals (j) .  The angular  
momenta  J1 and j are coupled to form states with a 
total angular  momen tum J. However, the electrostatic 
interactions between the 4f TM and 5d 1 electrons cannot  
be neglected, as shown by the relat ively large (~8000 
cm -1) (7) spli t t ing of the [2F7/2]d3/~, [2FT/2]d5/2, 
[2Fs/2]d3/2, and [2Fs/2]ds/2 levels (Fig. 10). Figure 10 
shows the 4fl35d ~ free ion energy level scheme. All  
the electric dipole transi t ions from the ~So ground 
state to these levels, except those where J = 1, are 
not allowed due to the AJ : 0, _+1 (not 0 <-> 0) selec- 
t ion rule. Of these, the J = 1 level of the [2F5/2]ds/2 
state is p redominant ly  1p in character, and therefore 
the t ransi t ion to the ground state is spin allowed; the 
J -~ 1 levels of the [2FT/2]ds/2 and [2Fs/2]d3/2 states 
are predominant ly  3D and 8p in character (7), and 
therefore the t ransi t ion to the ground state is not 
allowed because of the AS ---- 0 selection rule. Piper  
et al. (8) have investigated the effect of a cubic crystal 
field on the free ion levels of Yb 2+. They obtained 
good agreement  with the absorption spectrum of Yb 2 + 
in SrC12 by calculating the mixing of the un-a l lowed 
states with the 1p state in cubic symmetry  and taking 
a Dq value of 800 cm-~ for the crystal  field strength. 
Only those levels which had Tlu symmetry  in a cubic 
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Fig. 10. Experimental free ion 4fla5d levels of Yb 2+ as deter- 
mined by Bryant (7). 

field were  considered, since this is the symmet ry  of 
the ~P state in a cubic field. In this t reatment ,  no 
reasonable approximations were  possible, since the 
electrostatic interactions, the spin-orbi t  coupling, and 
the crystal  field for Yb 2+ were  of the same magnitude.  

The electrostatic and spin-orbi t  coupling interac-  
tions tend to make  the transit ions from the lower 
levels of the 4f~35d 1 to the ground state not allowable. 
The effect of the crystal  field is to make  the transit ions 
par t ia l ly  allowable. Therefore  the decay t imes for 
the Yb 2+ transitions should be longer than is observed 
for Ce 3+ (~10-7  sec) and Eu ~+ (~10-6  sec), where  
the crystal  field effects are dominant  (3). However ,  
they should be shorter  than the decay t imes of the 
4f-4f transit ions in the rare  ear th  ions (~10 -3 sec), 
where  the effects of the crystal  field are minimal.  In-  
deed, decay t imes of the Yb 2+ emissions in the hosts 
described in this paper  under  CR excitation are  of the 
order of 10-60 x 10 -6 sec to 10% Io (Table I).  

The Ca, Sr, Ba apatites and the Ca spodiosite lat-  
tices have two low symmet ry  meta l  ion sites, C3, Cs 
and C2, Cs point symmetries,  respectively.  Contrary to 
the case in SrC]2, where  the high symmet ry  of the 
crystal  field allows only a select few number  of states 
to mix with the  1p state, in the spodiosite and apati te 
meta l  ion sites all the [2F7/2]d3/2 and [2FT/e]d~/2 states 
can mix  with  the 1p state. Fur thermore ,  the crystal  
field can total ly remove  the degeneracy of the J states, 
so that  there  can be a total  of 80 individual  levels. The 
[2Fs/2]d3/2 and [2Fs/2]d5/2 states are not considered 
because they are too far above the ground state to be 
observed. Since the yb2+ ion in these hosts exhibits 
only four main absorption and excitat ion bands in the 
400-280 nm region, we are probably not observing the 
splitt ing of the individual  J states within the [2FT/2] d:~/., 
and lower lying [2F7/~]ds/2 states, at least not at l iquid 
ni t rogen temperatures .  The effect of the crystal  field 
is probably to broaden the J states. 

The exci tat ion spectra for the Yb e+ emissions show 
re la t ively  sharp and well-defined bands, e.g., Fig. 1B, 
4. This is in contrast  to the excitat ion spectra of other  
activators whose emissions also involve 4fn5d ~ -> 4f "+1 
transitions, e.g., Ce 3+ and Eu 2+, but whose excitat ion 
spectra are relatively broad and without fine s truc-  
ture (3, 9). In the absence of appropriate  theoret ical  
calculations, these differences can be explained qual i-  
ta t ively  in the fol lowing way: In the case of Ce 3+, 
whose lowest excited configuration is 4f05d ~, the en- 
ergy level  scheme can be explained on the basis of 
the splitt ing of the pure 5d orbital  by the crystal  
field (1). The exci ted state levels are therefore  ex-  
pected to interact  strongly with the crystal  field lead- 
ing to broad exci tat ion bands. On the other hand, the 
Yb 2+ and Eu 2+ excited states are 4f135d I and 4f65d I, 
respectively, and therefore  contain a large degree of 
f orbital  character.  As a result  the crystal  field does 

not broaden these levels to the same extent  that  the 
pure d-character  excited states of Ce 3+ are broadened. 
However ,  in the case of Eu 2+, the observed broadening 
can be a t t r ibuted instead to the grea ter  complexi ty  of 
its electronic s tructure in comparison to that  of Yb 2+. 
The 4f6 core in Eu 2+ has a 7F Russel l -Saunders  state, 
which wil l  couple wi th  the d electron to produce the 
lowest lying 4f65d 1 levels. The total  mul t ip le t  splitting 
of the 7F state is observed to be approximate ly  5000 
cm-1  in Eu 3+. Indeed, Freiser  et al. (11) have ob- 
served the s tructure of the lowest  lying uv  absorption 
band of EuF2 at 20~ and have  at t r ibuted the seven 
observable bands to the individual  J components of 
the 7F state. At  room tempera ture  thermal  broadening 
will  result  in the observation of one broad band. 
Finally,  Yb 2 + is unique in the sense that  the 4f TM core 
produces only a 2F7/2 and a 2F5/2 level, which are wel l  
separated by a strong spin-orbi t  coupling parameter .  
Consequently,  this leads to a re la t ive ly  wel l -def ined 
excitat ion spectrum. 

Ca chlorophosphate and vanadate spodiosite sys- 
tems.--The emission spectra of yb2+-ac t iva ted  Ca 
chlorophosphates and vanadates  wi th  spodiosite struc- 
ture  at l iquid ni trogen and room tempera ture  are 
shown in Fig. 1A, 2A. The fluorescence spectrum of 
the phosphate spodiosite at l iquid ni t rogen tempera -  
tu re  exhibits two bands centered at 455 nm and 505 
nm. As evident  in Fig. 1B, the excitat ion spectrum at 
l iquid ni t rogen tempera ture  for each band is distinct 
and re la t ively  sharp (~1/2 ~ 20 rim). 

The Ca chlorovanadate  of spodiosite s t ructure  ex-  
hibits only one broad band emission at l iquid ni trogen 
tempera ture  (Fig 2a), which is centered at 460 nm. 
The broad band excitat ion spectrum is similar to the 
reflectance spectrum of the unact ivated vanadate  (Fig. 
2b) and is undoubtedly  due to absorption into the 
vanadate  host which is fol lowed by t ransfer  to the 
Yb 2+ ion. If we assume that  the  Yb ~+ is distr ibuted 
between the two available lattice sites, then the single 
emission band may be e i ther  a composite of the fluor- 
escence of ions on both sites or representa t ive  of 
luminescence f rom one site only. The complex nature  
of the fluorescence intensity vs. t empera ture  curve of 
the vanadate  compound (Fig. 9b) supports the argu-  
ment  that  there  are two over lapping emissions present. 
The tempera ture  relat ionship appears to approximate  
a composite of that  observed for the two emissions in 
the Ca phosphate spodiosite (Fig. 9c, d).  

Ba, Sr, and Ca chlorophosphates with apatite struc- 
ture. - -At  l iquid ni t rogen tempera tures  the emission 
spectra of Yb 2+ in the Ba, St, and Ca apatites consist 
of one, two, and three bands as shown in Fig. 3, 5, 
and 6. The presence of three fluorescence bands in the 
Ca apatite, which has two avai lable  sites for the acti- 
vator, implies that  at least two of the bands are a 
result  of transitions of the Yb 2+ in the same site. The 
blue emissions centered at 455 and 435 nm in the Sr 
and Ca apatites show re la t ive ly  small Stokes shifts of 
approximate ly  3700 and 1700 cm -1. The lowest lying 
excited states for these emissions are at 390 and 405 
nm. This small Stokes shift is probably also respon- 
sible for the re la t ive  sharpness of these emissions 
(}~1/~ ~ 500-600 cm-~) .  In contrast  the emission cen-  
tered at 620 nm in Ca apatite has a Stokes shift of 
approximate ly  11,000 cm -1 and an emission hal fwidth  
of approximately 3000 cm -1. 

Among the apatites, the Yb 2+ emission intensity in 
the Ca compound is the one most influenced by tem-  
perature,  while  the Yb 2'+ emission intensi ty in the Ba 
compound is the least affected (Fig. 9). This t rend 
among isostructural  hosts is also found to be t rue for 
the Eu 2.+ emission intensities in the silicates (3). The 
smaller  size of the sites in the Ca compound allows 
for a stronger vibronic interact ion of the act ivator  
excited state and the host and a higher  probabi l i ty  of 
a nonradiat ive  transition. 

In the phosphors where  there  is more  than one 
emission band, the emissions wi th  the smaller  Stokes 
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shifts have a lower quenching temperature.  For ex- 
ample, as can be seen in  Fig. 9f and g, in Sr apatite the 
450 nm emission is thermal ly  quenched at a much 
lower tempera ture  than  the 610 nm emission. This is 
unusual ,  since Blasse et al. (3) have shown that in 
Eu2+-activated silicates the emissions that  have the 
larger Stokes shifts usual ly have a much lower 
quenching temperature,  due to a higher probabi l i ty  of 
crossover between the ground state and excited state 
of the activator ion. 

Sr orthophosphate system.--The Sr3 (PO4)2 lattice 
also provides two divalent  metal  ion sites which have 
slightly higher symmetries (D3d, C3v) than  those in 
the apatite and spodiosite structures. The emission of 
Yb 2+ in Sr3(PO4)e shows only one main  absorption 
band at room and liquid ni t rogen temperatures.  In this 
compound the emission intensi ty  vs. temperature  curve 
(Fig. 9a) is not complex, and therefore there probably 
is emission from predominant ly  only one site. 
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The Deposition and Physical Properties of 
Aluminosilicate Films 

S. K. Tung 1 and R. E. Caffrey 
Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 

ABSTRACT 

A CO2-112-AICI3-SiCI4 process used to deposit various compositions of 
aluminosil icate films on a silicon substrate held at various temperatures  is 
described. The film deposition rate with a total vapor (0.42 A12C16 + 0.58 
SIC14) concentrat ion of 0.12 v/o  (volume per cent) in the gas phase is 2500 
A/ra in  at l l00~ and 150 A / m i n  at 880~ with an activation energy of 42.5 
kcal/mol,  in this tempera ture  range. The deposition rate is increased as the 
Al2C16 concentrat ion is increased. The chemical composition of the films was 
determined by x - r ay  fluorescence. The films were smooth to the eye but  
grainy at 12,000 times. A compositional relationship between indices of re-  
fraction of A1203 (1.76) and SiO2 (1.46) was found. The dielectric s trength of 
the films (6 x 106 -- 1.7 x l0 T V/cm) was found to be similar to SiO2 (5-6 x l0 G 
V/cm) or higher. 

Sodium diffusion data for aluminosil icate films and silica films are presented. 
For a given film depth sodium concentrat ion in an aluminosil icate film is less 
than  the concentrat ion in a silica film. CV measurement  of an MIS capacitor 
gave a typical  surface charge (Qss) of 1-2 x 1011/cm 2. Fi lms of less than  50% 
A1203 were etchable in concentrated hydrofluoric acid or in buffered hydro-  
fluoric acid. Films of greater than 50% A120,~ were somewhat resistant to 
hydrofluoric acid but were etched in hot (180~ phosphoric acid with a rate 
about 100 A/min .  

The beam-lead-sea led- junc t ion  (BLSJ) technology 
has been developed in order to el iminate the need for 
vacuum sealed packages in high rel iabi l i ty  semicon- 
ductor devices and circuits. For application to bipolar 
devices BLSJ structures utilize the Lepselter metal -  
lurgy and silicon nitr ide (1). To apply this same tech- 
nology to insulated gate field effect transistors the di- 
electric film used must  have a stable and a low sur-  
face charge density in order to achieve and main ta in  
a low threshold voltage. In  addition the film must  
provide resistance to sodium penetrat ion in order to 
achieve long- term stability. Although silicon ni tr ide 

1 P resen t  address :  IBM Components  Division,  Essex Junct ion,  Ver-  
mont ,  

(Si3ND films have been shown to be good barr iers  to 
alkali ions (2) they normal ly  exhibit  a comparat ively 
high surface charge density which yields a higher 
than desired threshold voltage ( >  2V). Several  tech- 
niques, i.e., in situ cleaning and in situ oxide deposi- 
tion, were used in an effort to improve the properties 
of the Si3N4 films (3). However, the characteristic 
surface charge density of such films was too high for 
the required devices. Thus another  insulator  film was 
sought. This search has led to alumina,  an insulator  
which, when placed over a th in  film of SIO.2 satisfies 
the requirements.  

The deposition of metal  (Si, A1, Ti) oxide on silicon 
by the reaction of the respective metal  halide compound 
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with a hydrogen-carbon dioxide mixture  had been 
studied previously by Tung and Caffrey (4). A film 
composed of a mixture  of a luminum oxide and silicon 
dioxide had also been cursorily studied. This paper 
discusses more recent work on deposited aluminosi l i -  
cate film using the H~-SiC14-A1CI~ system and dis- 
cusses process parameters,  physical properties, and the 
composition of the films. 

Exper imenta l  
The system employed for deposition was a vertical, 

single wafer system developed for deposition of epi- 
taxial silicon and silicon dioxide (4). To deposit an 
aluminosil icate film, sources of both a luminum and 
silicon were required, and AIC13 and SiCI4 were used. 
Because A1C13 is a solid, and has a low-vapor  pres-  
sure at room temperature,  it was necessary to vapor-  
ize A1Cla at an appropriate elevated tempera ture  in 
the region of 95~176 Aluminum chloride exists 
as a dimer (AI~C16) in the gaseous state (5). The 
dimer was kept in the gaseous state, diluted with hy-  
drogen (He), and delivered to the reaction zone close 
to the silicon substrates unreacted and still in the 
gaseous state. This was accomplished by placing the 
a luminum chloride source in a specially designed satu- 
rator wi thin  an oven and wrapping the gas l ine down- 
stream of the oven with heating tape to heat ~he gas 
l ine 30~176 hotter than  the oven temperature.  A12C16 
and SIC14 vapors in H2 were carefully monitored by 
means of flowmeters and were admit ted to the re-  
action chamber  simultaneously.  The compositions of 
the A12C16 and SIC14 vapor mixtures  were calculated 
from the respective source temperatures  and the cor- 
responding flow rates. Figure 1 shows a schematic 
drawing of the system used for aluminosil icate film 
deposition. 

The aluminosilicate films were usual ly  deposited on 
50 ohm-cm, p- type  silicon slices. Occasionally 10 ohm- 
cm, n - type  silicon slices or slices of other resistivities 
were used for deposition studies. In  general  the oxide 
deposition was independent  of the silicon substrate re- 
sistivity. 

A typical aluminosilicate deposition was performed 
in the following manner .  The silicon substrate was 
etched with a 2% (by volume) hydrogen chloride 
(HC1) gas in H2 at 1275~ for 10 min. This operation 
removed approximately 12~ of silicon and gave a clean, 
s t ra in-free  surface. After  gas etching the oxide deposi- 
t ion was done either (a) by lowering the slice tem- 
perature from 1275~ to the deposition tempera ture  
( ~  950~ and admit t ing the reactant  gases or (b) by 
lowering the tempera ture  from 1275~ to approxi-  
mately 800~ admit t ing  the reactant  gases and raising 
the slice tempera ture  to the deposition temperature  
( ~  950~ The lat ter  procedure was designed to de- 
posit a film without any etching occurring at the oxide- 
free silicon interface. Such a phenomenon has been 
occasionally observed at the SiO2-Si interface when 
SiO2 was deposited at high temperatures  ( ~  1200~ 
The deposition procedure chosen depended on the 
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Fig. 1. Schematic drawing of the system used for aluminosilicate 
film deposition. 

deposition temperature  used because etching of the 
interface was not observed in aluminosilicate deposi- 
tion at ~ 1000~ 

The rate of deposition of an aluminosil icate film 
deposited from a gaseous mixture  of 42% A12C16 and 
58% SIC14 was studied as a function of temperature.  
The deposition procedure was that outl ined in method 
(a) above. The gas mixture  had a total vapor (SIC14 
AI~C16) concentrat ion of 0.12 v/o. The carbon dioxide 
(CO2) concentrat ion was about 1%. 

Results and Discussion 
Factors affecting the rate of oxide deposition.--A 

plot of logarithm of the deposition rate vs. 1/T where 
T is absolute tempera ture  resulted in a straight line 
and is shown in Fig. 2. The activation energy derived 
from the slope is 42.5 kcal/mol.  As a comparison the 
activation energy for SiO2 deposition from the CO~- 
H2-SiC14 process was 51.6 kcal /mol  (4) and the acti- 
vation energy for A1203 deposition from the CO2-H2- 
A1Cl.~ process was 30.3 kcal/mol.  

Figure 3 is a plot of the deposition rate at l l00~ 
vs. the percentage of A12C]8 vapor concentrat ion in an 
A]2CI6-SiCI4 vapor mixture,  which consti tuted 0.1% 
of the total gas input  to the reactor. The deposition 
procedure was that outl ined previously in method (a). 
This figure indicates a tendency for the deposition rate 
to increase as the percentage of AI2C16 vapor concen- 
trat ion is increased; however, the deposition rates of 
the SiO~-rich aluminosil icate compositions were higher 
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Fig. 2. Deposition rate vs. i/substrate temperature 
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Fig. 4. Calculated composition of AI2CI6 in vapor vs. composition 
of AI20~ in film determined by x-ray fluorescence. 

than the expected values. If a simple hydrolysis re- 
action were the deposition mechanism, one would have 
expected a simple addit ion of the percentages of the 
individual  oxide rates (Fig. 3, broken line) for the 
aluminosil icate deposition rates; thus, a simple hy-  
drolysis reaction is not  sufficient to account for the 
deposition rate of aluminosil icate films. The break in 
the two regions is not  explained except to note that  
the electron diffraction pat terns of the films changed 
near the break. That  is, the film s t ructure  was poly- 
crystal l ine with an associated amorphous background 
on the low side of the  At~C16 concentrat ion and was 
polycrystal l ine with preferred orientat ion on the high 
side of the AI~C16 concentrat ion.  These results wil l  be 
discussed more extensively in a later paper. 

The deposition rate was averaged in several t r ia l  
runs  at various gas compositions by depositing slices 
for various t imes and measur ing  the thickness with 
an uv-vis ible  spectrophotometer (6). The measured 
thickness was corrected by a factor deduced from the 
composite index of refraction according to the vapor 
composition. The measured film thickness should be 
corrected by a factor derived from the actual  film 
composition. However, the correction factor is not a 
very sensitive funct ion of the refractive index, and 
thus the thickness is not in great error. The error in 
the real thickness is est imated to be no greater  than 
4 per cent. The spectrophotometric method used to 
make the thickness measurements  was discussed in 
reference (6) and was calibrated by mul t ip le -beam 
interferometry.  

Chemical composition of aluminosilicate films.--An 
x- ray  fluorescent technique was used to determine the 
compositions of aluminosil icate films deposited on 
t an ta lum substrates. Tan ta lum was employed because 
of its l imited fluorescence contr ibut ion to the mea-  
surement  of the film; hence all the counting can be 
at t r ibuted to the film only. Figure  4 shows the resul t -  
ant  data showing the composition of AI~C16 in the 
vapor vs. measured A12Os in the film. 

If s imilar  over-al l  reaction rates for the hydrolysis 
of A12CI~ and SIC14 are assumed, the solid a lumino-  

silicate film should have the same composition as the 
respective vapor constituent~. This relat ionship is 
shown as a broken line in Fig. 4. Exper imenta l ly  the 
actual  a lumina  (AlzO3) composition in  the film was 
slightly higher than  that of A12C16 in the vapor state. 
This deviat ion is thought  due to a ra te  difference be-  
tween the hydrolysis reaction of a luminum chloride 
(AlzC16) and that  of silicon tetrachloride (SiCIO, i.e., 
A1203 deposited faster than  SiO2 (see Fig. 3). 

Film structure and composition.--The film structure  
was determined by electron diffraction. When the 
a luminum chloride concentrat ion (A12C16) was 15% 
or less the films were found to be amorphous. As the 
A12C16 concentrat ion is increased, the film becomes 
more crystalline. However, the crystal l ine film struc-  
ture  is complex and is composed of andalusite,  silli- 
manite,  ~- and a -a lumina  depending on the vapor con- 
centrat ion and the deposition temperature .  These 
structures will be discussed in detail in another  paper. 

Some properties of aluminosilicate films.--Surface 
characteristics.--The aluminosil icate films usual ly were 
t ransparent  and smooth to the eye; however, the film 
surface (at 12,000 • magnification) was somewhat 
gra iny when compared with a deposited SiO2 film 
surface. Figures 5a and 5b show electron micrographs 
of surface replicas of aluminosil icate and SiO2 films, 
respectively. 

Index of refraction.--The indices of refraction of the 
films were measured with an ellipsometer. Figure 6 
shows a plot of index of refraction versus oxide com- 
position. The oxide composition was the vapor com- 
position corrected according to Fig. 4. The deviation of 
the points from a straight l ine relat ionship in Fig. 6 
probably represents a small  error resul t ing from the 
use of empirical corrections of the calculated gas com- 
positions. 

Dielectric strength.--The dielectric strengths of the 
films measured with a ROYCO anodicator are given 
in Table I. It can be noted that the value for pure 
a lumina  was found to be about  the same as that  for 
SiO2 (4). For  a mixed oxide film of approximately 
50% A1203 the values were somewhat  higher. 

Sodium dif/usion and surface charge density.--Alu- 
minosilicate films deposited at 900~ with a composi- 
tion of approximately 50% A1203 and 50% SiO2 were 
investigated for the i r  response in sodium diffusion 
and also for evaluat ion of surface charge density. The 
sodium diffusion exper iment  was done by a radioactive 
tracer  technique (7). Na22C1 and Na2~C1 were evapo- 
rated onto the film and heated at 600~ in forming gas 
for 22 hr. The film was then etched, and the Na 22 ac- 
t ivi ty was counted. Figure  7 shows a plot of total 
sodium concentrat ion vs. film depth. The result  indi -  
cates that when  750A of the film was removed the 
sodium concentrat ion in the film dropped from 7x10 TM 

at . /cm 3 to 1.2x1017 at . /cm 3. As a comparison, sodium 
diffusion data on a steam grown silica film under  simi- 
lar hea t - t rea tment  conditions is also shown in Fig. 7. 
It can be noted that the concentrat ion of Na 22 in the 
SiO2 film for a given film depth was an order of mag-  
ni tude or more higher than  the concentrat ion in an 
aluminosil icate film. 

Fig. 5. Electron micrographs 
of oxide film surfaces (carbon 
platinum replica). Fig. 5a. 
(left), aluminum oxide and sili- 
con dioxide mixture; Fig. 5b 
(right), silicon dioxide film. 
(Magnification 7200X) 
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The total  surface charge density was evaluated by 
means of a C-V measurement  of a meta l - insu la tor -  
semiconductor (MIS) capacitor. Typical ly 1-2x1011/ 
cm 2 was observed. 

Etching.--Aluminosilicate films deposited at l l00~ 
with a composition of 50% A1203 or higher showed 
resistance to hydrofluoric acid (48%). Films wi th  less 
than 50% of A1203 could be etched in concentrated 
HF or in ammonium fluoride buffered HF acid. How- 
ever, etch figures such as those shown in  Fig. 8 were 
developed after etching in  buffered HF. These effects 
were thought  due to the precipitat ion of etching prod- 
ucts dur ing the etching. No etch figures were observed 
when films were etched in concentrated HF. Tillotson 
(8) observed similar  etching figures and a t t r ibuted  
them to etching solutions. He stated: "The form of 
the etch figures is independent  of the chemical com- 
position of the glass, and is determined by the com- 
position of the etching solution; /..e., buffered HF." 
Hot phosphoric acid was found capable of etching the 
films not etched in HF. A typical  rate for hot (180~ 
HsPO4 of films with greater  than 50% AI~O~ was about 
100 A/min .  

Summary 
A CO2-H~-A1C13-SiCI4 process has been described 

for depositing aluminosil icate films of various composi- 
tions on silicon substrates held at various tempera-  
tures. The activation energy for the deposition proc- 
ess was found to be 42.5 kcal /mol  from about 850 ~ to 
ll00~ The deposition rate increased as the a luminum 
chloride vapor concentrat ion increased. 

The chemical composition of the films as measured 
by an x - ray  fluorescence technique gave higher values 
than the respective vapor constituents.  The error of 
this measurement  is estimated to be less than 5%. 

Table I. Film dielectric strength as measured with an anodicator* 

F i l m  c o m p o s i t i o n  c a l c u l a t e d  
f r o m  v a p o r  c o m p o s i t i o n  Die lec t r i c  s t r e n g t h  

AltO3 (%) SiO~ (%) (V/cm)  

1 0 0  - -  5 . 9 5  • I 0  ~ 
100  - -  6 . 9 5  • 10 ~ 

8 1 . 9  18 .1  7 . 2 0  • 10  o 
75.5 24.5 6.04 X 106 
60.6 39.4 1.27 X 107 
50.7 49.3 1.91 x 107 
43.5 56.5 1.11 • 107 
35.0 65.0 6.36 • 10 G 
14.6 85,4 6.90 • i0  ~ 
- -  100 5-6 x 10 o 

* ROYCO Co. 

IO ps 
O I000 2000 5000 4000 5000 6000 OEPTH ;N F;LM (~) 

Fig. 7. Sodium profile in aluminosilicate film 

Fig. 8. Etch figure of aluminosilicate film in buffered hydra- 
fluoric acid. Magnification 450X. 

Aluminosil icate film surfaces appeared smooth to 
the eye, but were grainy at a magnification of 12,000><. 
The index of refraction of the films seemed to bear a 
simple relat ionship to indices of A]203 and SiO2. The 
dielectric s trengths of the films were the same or 
somewhat higher than that  of SiO2. Sodium diffusion 
data of aluminosil icate film and data of silica film were 
compared. For a given film depth the sodium concen- 
t ra t ion in aluminosil icate films was significantly lower 
than the concentrat ion in s imilar ly t reated silica films. 
Measurement  of a typical  MIS capacitor gave a sur-  
face charge density of 1-2x1011/cm 2. Fi lms of less 
than 50% A1203 can be etched in concentrated hydro-  
fluoric acid or in buffered hydrofluoric acid. Fi lms of 
greater than  50% A1203 showed resistance to HF, bu t  
can be etched in hot (180~ phosphoric acid wi th  a 
rate about 100 A/min .  
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Growth and Properties of Thin Germanium Films 

D. J. Dumin 
RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

German ium films have been grown via the pyrolysis of GeH4-H~ mixtures  
on thin films of silicon grown on spinel and sapphire. The thin layer of sili- 
con (~1000A) was used to produce improved crystal s t ructure  in the germa-  
n ium layer. In addition, the silicon undercoat ing provided improved adhesion 
of the ge rmanium to the substrate,  par t icular ly  at ge rmanium growth tempera-  
tures above 700~ The electrical properties of the films are described in terms 
of substrate orientation,  silicon and germanium growth temperatures,  and 
doping density. Both p- and n - type  films 2 ~m thick have been grown repro- 
ducibly wi th  mobili t ies in excess of 1200 cm2/V sec at carrier  concentrat ions in 
the 1016/cmZ-101~/cm~ range. These films were sufficiently perfect to allow ob- 
servation of the indirect-direct  t ransi t ion in the conduction band  at 0.8 ev in 
the optical absorption data. 

Epitaxial  growth of semiconducting films on insulat -  
ing substrates has been reported for such mater ia l  
combinations as s i l icon-on-sapphire  (1), s i l icon-on- 
spinel (2), ge rmanium-on-sapph i re  (3), ge rmanium-  
on-spinel  (4), ge rman ium-on-ca lc ium floride (5), and 
gall ium arsenide-on-sapphi re  (6). Various techniques 
for t ranspor t ing the semiconductor have been reported 
with vacuum deposition, chemical vapor transport ,  
hydride decomposition, and reduct ion from the halide 
being used. With respect to ge rmanium films on in-  
sulat ing substrates, relat ively high carrier mobilit ies 
have been reported in  films thicker than 10 ~m. In par-  
ticular, 20-40 ~m thick films deposited by chemical 
vapor t ransport  on sapphire have had mobilities of 
1500 and 560 cm2/V sec at carrier concentrat ions of 
3.10~6/cm 3 and 9.101S/cm 3 in p- and n - type  films, re- 
spectively (3). Polycrystal l ine  germanium films vac- 
uum deposited on sapphire (7) and glass (8) have had 
mobili t ies as high as 1455 and 270 cm2/V sec, respec- 
tively, for film thicknesses of the order of 8-17 ~m. 

The mobil i ty  of ge rman ium-on- insu la to r  films is 
known to drop as the film thickness is reduced; how- 
ever, mobilit ies as high as 800 cm2/V sec have been 
reported on 2 ~m thick p- type  films vacuum deposited 
on calcium fluoride (5). We have been s tudying the 
electrical characteristics of germanium films less than 
19 gm thick grown on sapphire and spinel substrates 
via the decomposition of germane-hydrogen  mixtures. 
The mobilit ies reported for germanium films grown on 
spinel in the hydride system have been relat ively low, 
and the electrical characteristics of these films ap- 
pear to be dominated by crystal l ine imperfections (4). 

It has been shown that  defects in both heteroepitax-  
ial silicon (9) and ge rmanium (10) are par t ia l ly  self- 
annih i la t ing  as the films grow thicker. Recently, evi- 
dence has been presented indicat ing that  the defects 
can behave electrically as relat ively deep donors and 
acceptors in s i l icon-on-sapphire  films (11) and as 
shallow acceptors in ge rmanium-on-sapph i re  or spinel 
films (12). Thus, any improvement  in the crystal  
s t ructure  of the ini t ial  ge rmanium layer grown near  
the germanium-subs t ra te  interface would be expected 
to lead to an improvement  in the properties of the 

films as reflected in both a higher mobil i ty and a lower 
defect and shallow acceptor concentration. In  the case 
of ge rman ium-on-sp ine l  films grown via decomposi- 
tion of GeH4, it was observed that, as the growth tem- 
perature increased, the mobil i ty rose and  the acceptor 
concentrat ion dropped (4). However, at growth tem-  
peratures in excess of 700~ the films tended to ag- 
glomerate, and, while good single crystals of germa-  
n ium could be grown on the spinel at growth tempera-  
tures in excess of 700~ the films were often either 
discontinuous or highly nonuni fo rm in thickness. It 
proved impossible to grow 1-2 ~m thick germanium 
films on sapphire or spinel at growth temperatures  
above 700~ because of the tendency of the germanium 
to agglomerate. Also, films grown on the spinel in the 
hydride system often were so poorly bonded to the 
substrate that  they could be removed easily from the 
substrate  by scratching. 

In order to a t tempt  to grow thin germanium films 
at higher growth temperatures  and to provide a good 
nuclea t ing  layer, it was decided to t ry  using a very 
thin ( ~  1000A) layer  of silicon grown on the sapphire 
or spinel at a high tempera ture  prior to growth of the 
ge rmanium layers. This paper describes the results of 
experiments  conducted using a thin layer of silicon as 
the undercoat  for the germanium.  The improvement  
in the qual i ty of the ge rmanium layer will  be shown 
to be reflected electrically in  both lower acceptor con- 
centrat ion and higher Hall  mobilit ies than  have pre-  
viously been obtained using the hydride system. The 
improvement  in the film qual i ty was also reflected 
optically in a sharp indirect-direct  t ransi t ion in the 
absorption data. A somewhat analogous scheme has 
recently been successfully used for the growth of GaAs 
on Ge-on-sapphi re  (13). 

Experimental Techniques 
The exper imental  techniques used to grow the films 

are similar to those previously described for growing 
heteroepitaxial  silicon (14) and germanium (4), and 
only the salient features will  be discussed here. The 
films were grown via decomposition of GeH4 or Sill4 in 
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hydrogen in a vertical reaction chamber  uti l izing RF 
heat ing of a silicon susceptor and water  cooling of the 
reactor walls. The doping of the films was controlled 
by adding dilute mixtures  of B2H6, or AsH3 in H2 to 
the gas stream dur ing growth. The film thickness was 
monitored dur ing  growth and controlled to the nearest  
0.05 ~m by using infrared interference techniques 
(15). 

The substrates were (1T02) oriented sapphire wafers 
or (111) and (100) oriented spinel wafers approxi-  
mately  300 t~m thick. Both materials  were mechanical ly 
polished to a scratch free surface and were subjected 
to a 1200~176 heating in H2 prior to growth to re- 
store a single crystal  surface to the wafer. The silicon 
undercoat  was grown at various tempera tures  between 
1000 ~ and 1200~ at an average growth rate of 5 ~m/ 
min, and unless stated otherwise, was about 1000A 
thick. The tempera ture  was then  lowered to the ger- 
m a n i u m  growth temperature ,  and the ge rmanium was 
grown at temperatures  between 500 ~ and 900~ at a 
growth rate of 2 ~m/min.  In  order to main ta in  the 
ge rmanium growth rate of 2 ~m/min,  it was necessary 
to increase the GeH4 flow rates as the substrate tem- 
perature  was lowered below 700~ When no dopant 
was added to the GeH4 supply, the GeH4-H2 mixture  
used to grow the films produced 2-3 ohm-cm p- type 
germanium when grown on 40 ohm-cm n- type  Ge or 
25 ohm-cm p- type  germanium, which indicates that  
this GeH4 supply was contaminated with acceptors to 
levels of the order of low-1015/cmS. The undesired 
doping due to impurit ies in the gas supplies was small  
when compared to the doping levels considered in the 
experiments  performed on the germanium films. 

The Hall  mobi l i ty  and resist ivity of these films were 
measured using six te rmina l  etched Hall  bars and the 
carrier concentrat ion derived from the Hall  data under  
the assumption that  the ratio of drift  to Hall  mobility 
was unity.  The deformation of several of the films was 
measured on a cross section microscope using a pre-  
viously described technique (16). The films were iso- 
tropically deformed and under  a compressive stress 
of about 109 dynes /cm 2 which is sl ightly less than the 
stress measured in s i l icon-on-sapphire  films (16). The 
optical absorption coefficient in the energy range from 
0.5 to 1.2 ev was determined by measur ing the optical 
density of several films on a Cary Model 14 CMR 
spectrophotometer. 

The Hall  mobi l i ty  and resist ivi ty of several  0.1 ~m 
thick layers of s i l icon-on-sapphire  and spinel were 
measured to determine what  effects the silicon under -  
coating would have on the measured electrical prop- 
erties of the germanium films. In  general, the Hall  
mobilit ies of the silicon undercoatings were 60-120 
cm2/V sec and the carrier concentrat ions were of the 
order of 101L1016/cm 3. Thus the shunt ing effects of 
the th in  silicon layer  could be neglected when  in te r -  
pret ing the measurements  made on the thicker, higher 
mobil i ty  ge rmanium films. 

A schematic sketch of the s t ructure  of a typical film 
grown on sapphire is shown in Fig. 1. The thickness 
of the interdiffused s i l icon-germanium region was esti- 
mated at less than 500A by using a diffusion constant  
of Si in Ge of 10 -14 cm2/sec at 850~ (17). The pos- 
sible effects of this interdiffused alloy region and of 
the a luminum autodoping on the electrical character-  
istics of the films will be considered below in some 
detail. 

Exper imental  Results 

Germanium growth  t e m p e r a t u r e . ~ T h e  t empera ture  
at which the ge rmanium was grown strongly influ- 
enced the electrical characteristics of the films. At 
very low growth temperatures  and very high growth 
temperatures,  the Hall mobilities were low, and, as in 
the case of s i l icon-on-sapphire  (14) or spinel (18), 
there was a growth tempera ture  at which the highest 
mobil i ty  was obtained. 

2.0~m Ge 

~SL_ ~ Y Y Y ~  

0.1 ~ m  Si UNDOPED 

Ge INTERDIFFUSED SAPPHIRE SUBST E 
REGION 

Fig. 1. Schematic sketch of a germanium film grown on a thin 
layer of silicon-on-sapphire. 

Measured values of Hall  mobi l i ty  and carr ier  con- 
centra t ion are shown in  Fig. 2 and Fig. 3, respectively, 
for 2 t~m thick p- type  Ge films grown on 0.1 ~m of sili- 
con on (11-02) sapphire. The silicon undercoat  was 
grown at 1125~ No in tent ional  doping was added to 
the gas stream dur ing  growth of these films. The films 
were single crystal (100) oriented as determined from 
spot pat terns on Laue back reflection photographs. 
These films are compared with some previously re -  
ported 2 ~m thick ge rmanium films grown directly 
on sapphire and spinel. Since it proved to be impos- 
sible to grow continuous 2 /~m thick germanium films 
on the insulator  at growth temperatures  above 700~ 
without  the benefit of the th in  silicon undercoating,  
the comparison with films grown directly on the in-  
sulators has only been made for growth temperatures  
below 700~ 
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Fig. 2. Measured values of Hall mobility of 2 /~m undoped ger- 
manium films as a function of germanium growth temperature. 
Films were p-type. 
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As seen in Fig. 2, the highest mobil i ty films were ob-  
tained at growth temperatures  in the vicinity of 800 ~ 
850~ where Hall mobilities in  excess of 1000 cm2/V 
sec were obtained. The mobil i ty fell off at both higher 
and lower growth temperatures.  The resist ivi ty of all 
of the films rose as the growth temperature  increased 
and films of the order of 1-2 ohm-cm were obtained 
at growth temperatures  o f  850~176 The lowest 
carrier  concentrat ions were obtained at growth tem- 
peratures of 850~176 The data of Fig. 2 and Fig. 3 
show that  the opt imum germanium growth tempera-  
ture  was around 800~176 where both high mobil i-  
ties and low acceptor concentrations were obtained 
when the thin silicon undercoat ing was present. 

No doping was purposely added to these films and 
yet the hole concentrat ion measured in Fig. 3 was, in 
general,  dropping as the growth temperature  in -  
creased. Similar  effects of lowered carrier concentra-  
tions as a function of increasing growth temperatures  
have been reported in Ge-on-spinel  (4) and Ge-on 
CaF2 (5) and has been at t r ibuted to the action of de- 
fects acting as acceptors (5). The possibility that im-  
purities could be doping the films should be considered, 
however. The fact that  the carrier concentrat ion drop- 
ped as the growth temperature  increased would argue 
against  an autodoping process based on either a lumi-  
num originating from the back of the wafer or from 
the silicon undercoating. 

The thickness of the silicon undercoating had rela-  
t ively little effect on the measured electrical charac- 
teristics of the films, provided, of course, that  the 
thickness of the silicon was small  compared to the 
germanium thickness. The silicon undercoat ing was 
varied in thickness from 0.04 to 0.3 ~m and the mo-  
bi l i ty and carrier  concentrat ion of 2 ~m thick ger- 
man ium films grown on these undercoatings did not 
appear to significantly vary. Several of the undoped 
p- type germanium films were annealed at 850~ in 
H2 for 1 hr to 4 hr immediate ly  after growth, and no 
significant changes in the electrical characteristics of 
these films were found when compared with u n a n -  
healed films. 

Silicon growth te~r~p~rature and substrlzte orienta- 
t ion.--The temperature  at which the silicon undercoat 
was grown and the substrate  orientat ion played an 
interrela ted role in de termining  the electrical prop- 
erties of the germanium layers. In order to demon-  
strate the relationship between silicon growth tem- 
perature and substrate orientation on the properties 
of the germanium films, a series of germanium films 
were grown on silicon undercoatings grown at differ- 
ent temperatures  on three orientations of substrates. 
The substrate orientations and growth temperatures  
chosen for this experiment  are shown in Fig. 4, where 
published curves of Hall  mobil i ty  vs. growth tempera-  
ture  for 2 ~m thick s i l icon-on-sapphire and silicon- 
on-spinel  films are plotted (19). Silicon films 0.1 ~m 
thick were grown at the six or ienta t ion- tempera ture  
points shown in Fig. 4. On top of these th in  under -  
coatings, 2 ~m thick films of undoped germanium were 
grown. The electrical characteristics of these films are 
described in Table I. All of the films were p-type,  and 

Table I. Properties of germanium films grown on 0.1 p.m layers of 
silicon grown at different temperatures and on different substrate 
orientations. Germanium films were grown with no impurities 
intentionally added during growth and all of the films were p-type. 

Sil icon H a l l  C a r r i e r  
g r o w t h  mobi l i ty ,  Res i s t iv i ty ,  c o n c e n t r a t i o n ,  

S u b s t r a t e  t e m p ,  ~ cm2/V see o h m - c m  l / c m  a 

( 1T02 ) S a p p h i r e  1050 1040 1,2 5.5.10m 
( 11-02 ) S a p p h i r e  1125 1200 1.5 3.5.10 ~ 
( 11-02 ) S a p p h i r e  1200 360 0.3 6.10 TM 

{100) Sp ine l  1200 730 0,7 1.3.10 TM 

(111) Sp ine l  1125 250 0.16 1.4.1017 
(111) Sp ine l  1200 870 0.8 9.10 TM 

30C 

(IT02) SAPPHIRE 
. . . .  ( I l l )  SPINEL 

----- ( I00) SPINEL 

SILICON UNDERCOATINGS 

200 [ | 
I t 

I-- ~ t 
| 

IOC I 
I , / ~ " \  ~ 

1(7)0 I I00 12~:)0 

SILICON GROWTH TEMPERATURE-~ 

Fig. 4. Hall mobility of 2 /~m thick silicon-on-sapphire and 
silicon-on-spinel films as a function of orientation and growth 
temperature. Points marked were chosen for growth of the silicon 
undercoatings. Curves taken from ref. (14) and (18). 

the carrier  concentrat ion and Hall mobil i ty  were rea-  
sonably well correlated with the mobil i ty of the 
thicker silicon films grown on the insulators. 

For example, of the three films grown on sikicon-on- 
(1~2)  sapphire, the highest Hall  mobil i ty and the 
lowest carrier  concentrat ion were measured on the 
film grown on silicon grown at 1125~ This tempera-  
ture  is re la t ively close to the max imum in the mobil i ty  
vs. growth tempera ture  curve for thicker  s i l icon-on- 
(i]-02) sapphire. The film grown on the silicon grown 
at 1050~ had a higher carrier concentrat ion than the 
film grown on the silicon grown at 1125~ which 
would argue against a doping mechanism based on 
autodoping of the films by a luminum.  These same 
general  comments apply to the three films grown on 
si l icon-on-spinel  where the highest mobil i ty  and low- 
est carrier concentrat ion were measured in the film 
grown on the silicon grown on (111) spinel  at 1200~ 

Variation in ~nobility wi th doping densi ty . --The 
variat ion in the Hall  mobil i ty of boron and arsenic 
doped films was measured as a function of carrier  
concentrat ion in the range between 1015/cm 3 to 1019/ 
cm 3. The dopant  was added to the gas stream as B2H6 
or AsH~ dur ing  growth. The Hall  mobilities of the 
p- type  films are compared with mobilities reported for 
bulk germanium (20) in Fig. 5. The films were grown 
on silicon grown on (1102) sapphire at temperatures  
between 1050 ~ and ll00~ At higher carrier concen- 
trations t h e  mobil i ty of both the films and bulk ger- 
man ium dropped due to ionized impur i ty  scattering. 
At the lower concentrations, the mobil i ty rose and was 

000 

~_ ~ "  ~ ~ ~ B U L K  GE,~MANII/M 

~E 2/~m Ge a.~l~m Si ~ ~ 

d 

i i i r 
[015 [016 IO 17 I018 I019 

HOLE CONCENTRATION- I/eva5 

Fig. 5. Hall mobility of p-type germanium films as a function 
of carrier concentration. 
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about 60% of bulk values for films with carrier con- 
centrat ions of the order of 1016-1017/cm3. The domi-  
nant  scattering mechanism in  these films, as deter-  
mined from Hall  data taken as a funct ion of t em-  
perature, was phonon scattering and is described in 
detail in  another  paper  (12). The film doped 3.5.101~/ 
cm 3 was an undoped germanium layer  and would be 
typical of the undoped films in which defects, acting 
as acceptors, dominated the electrical properties. In  
films grown such that  the defect density was higher 
and defect scattering more important ,  the m e a s u r e d  
values of Hall  mobil i ty  were considerably lower than  
those in Fig. 6. For example, the undoped film grown 
with carrier  concentrat ion of 6.1016/cm 3 described in  
Table I had a mobil i ty of 360 cm2/V sec, while the 
boron doped films grown with similar  carrier concen- 
trations, but  presumably  lower defect densities, had 
mobilit ies of the order of 1000 cm2/V sec. 

An at tempt  was made to grow boron doped films, 
with a constant  boron concentration, on si l icon-on- 
sapphire undercoatings grown at various growth tem- 
peratures. The measured values of Hall mobilities of 
2 ~m thick germanium films on silicon-on-(1102) sap- 
phire, doped 10Z6/cm3 • 30% as a funct ion of growth 
temperature  of the silicon undercoat ing are shown in 
Fig. 6. The range in the doping density of the films 
represents the degree of reproducibil i ty of the pres- 
ent growth system at what  is present ly  considered low 
doping levels. Although the Hall  mobil i ty  of these 
films varied with the silicon growth temperature,  the 
relat ively low values often obtained with undoped 
films were not obtained. In fact, the highest p- type 
mobilities have consistently been obtained on films 
containing a small  amount  of boron doping. 

When describing the measurements  made on the 
n- type  films as a function of doping density, two effects 
must  be kept in mind. One is that  the measured values 
of electron density represented the difference between 
the donor (As) density and the defect-caused ac- 
ceptor density. The n - type  films were thus compen-  
sated to varying  degrees, and, at doping levels com- 
parable to the defect density, low values of mobil i ty 
may be measured. The second effect concerns the 
variat ion of defect density with film thickness. The 
defects acted as acceptors, and the defect density in-  
creased as the film thickness decreased (5, 12). Thus, 
the portion of the germanium near  the silicon in ter -  
face contained both a higher defect densi ty and a 
higher acceptor density. This effect, of course, was 
present in the p- type films. In the n - type  films this 
compensation-thickness variat ion implied that  the 
films were highly nonuni form in electrical properties 
as a function of thickness, and the measured values of 
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Fig. 6. Variation in Hall mobilities of boron doped germanium 
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on films grown on silicon grown at different temperatures. 
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Fig. 7. Hall mobility of n-type germanium films as a function of 
carrier concentration. 

Hall mobil i ty vs. carrier concentrat ion shown in Fig. 7 
should be taken as indicat ing an average over the 
film thickness. The mobil i ty  of the outermost layer 
was higher than the mater ia l  near  the si l icon-ger- 
m a n m m  interface, and on the most l ightly doped 
wafers the germanium near  the s i l icon-germanium 
interface was over-compensated with defect-acceptors 
and was p- type (12). 

From the variat ion in Hall mobil i ty with electron 
concentrat ion as plotted in Fig. 7, it is seen that at 
high electron concentrations, the mobil i ty paralleled 
the bulk  values (21) where mobilit ies of 60% bulk  
mobil i ty have been observed. As the carrier concen- 
t ra t ion was reduced to the low 1017/cm 3 range, the 
defect-acceptor compensation became impor tant  and 
dominated the Hall  data to concentrat ions of the order 
of 1016/cm3. No 2 ~m n- type  films have been grown 
with carrier concentrations lower than 1016/cm ~, which 
represents the present  limits due to the defect-accep- 
tor density. 

Absorp t ion  coel~cient  m e a s u r e m e n t s . - - T h e  absorp- 
tion coefficient of several 2 ~m thick germanium films 
was measured in the energy range from 0.5 to 1.2 ev. 
Two films grown on thin silicon layers with mobilities 
in excess of 1000 cm2/V sec and one film grown di-  
rectly on sapphire with a mobil i ty  of 200 cm2/V sec 
were used. All three films had smooth surfaces with 
no large surface s tructure visible. The absorption 
coefficient vs. energy is plotted in Fig. 8 for these three 
films. The two films grown on silicon had b o t h  lower 
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values of absorption coefficient and showed a sharp 
increase in absorption coefficient at 0.8 ev. The film 
grown directly on the sapphire had higher values of 
absorption and only a small increase in absorption 
coefficient at 0.8 ev. In  bulk Ge the increase in absorp- 
tion coefficient at 0.8 ev has been at t r ibuted to excita- 
t ion of the direct t ransi t ion to a m in imum in the con- 
duction band at K ---- [000] (22). The absorption co- 
efficients measured on the ge rmanium films grown on 
si l icon-on-sapphire were considerably lower than 
values reported for germanium directly deposited on 
sapphire (23). It should be noted that  both the th in-  
ness of the silicon undercoat ing and the larger band 
gap of silicon effectively el iminated the silicon from 
interfer ing with these optical measurements.  

Discussion and Conclusions 
The usefulness of using a th in  silicon undercoating 

to bond germanium films to an insulator  has been 
demonstrated by comparing the electrical and optical 
properties of these films with films grown directly on 
the insulator. The silicon undercoat ing appears to act 
as a bonding agent to firmly attach the germanium to 
the sapphire. Even though the silicon undercoat ing 
was far from crystallographically perfect, it was suf- 
ficiently well s t ructured to allow the high mobil i ty  
germanium films to be grown using the hydride sys- 
tem. 

The effects of the growth parameters  on the elec- 
trical characteristics of the film were summarized by 
measuring the film properties grown on various or ien-  
tations of sapphire and spinel and by varying  both 
the germanium and silicon growth temperatures.  The 
electrical properties of the germanium films depended 
heavily on the silicon film quality, and it appears as 
if the highest mobil i ty  germanium films were grown 
on the silicon grown near  the op t imum growth tem-  
pera ture  for that  par t icular  substrate and substrate 
orientation. This makes both (111) spinel and (1102) 
sapphire at tract ive for use as a substrate provided 
the differences in the silicon mobi l i ty-growth tem-  
perature curves for these two materials are known. 

The max imum in the Hall mobi l i ty -germanium 
growth temperature  curve shown in Fig. 2 did not 
occur at the same growth tempera ture  as the mi n i mum 
in the hole concentra t ion-growth temperature  curve 
shown in Fig. 3. The highest mobil i ty p- type films 
grown with either no added impurit ies or with boron 
added to the films occurred at carrier concentrations 
of about 1-2.1016/cm 3. If the defect-acceptor had an 
activation energy of about 0.15 ev, the Fermi  level 
would lie below this energy in the films doped 
2-1016/cm ~, and the acceptor would be neutral ,  while 
in the films doped 3.1015/cm 3, the Fermi  level would 
lie above the acceptor energy, and the defect-acceptor 
would be ionized (24). The larger scattering center 
associated with the charged center would be expected 
to result  in lower mobilities. While this agreement  is 
highly speculative it would explain the apparent  dis- 
crepancy in the data shown in Fig. 2 and 3. The as- 
s ignment  of an activation energy for the defect ac- 
ceptor of 0.15 ev is in reasonable agreement  with the 
mult iple  shallow levels found in bu lk  germanium (25). 

The effects of the silicon undercoat  on the measure-  
ment  of the electrical properties of the ge rmanium has 
been neglected even though these silicon layers were 
doped in the 1015-1016/cm 3 range and had mobilities as 
high as 60-100 cm2/V sec. Over the range of doping 
densities and mobilities being considered here, the 
effects of this silicon under layer  on the measured elec- 
trical characteristics of the germanium were certainly 
negligible. The thin silicon layer was shunted by a 
thicker  layer  of germanium which had a higher mobi l -  
ity than the silicon. There was some interdiffusion of 
the silicon and germanium but  this interdiffused region 
was only of the order of 0.06 ~m. The doping density 
of several silicon undercoatings was measured after 
the germanium films had been removed and no sig- 

nificant changes in thickness or doping density could 
be observed when these layers were compared with 
some test films of th in  silicon. Thus, it would also 
appear that the a luminum present  in the thin silicon 
undercoating was not appreciably doping the ger- 
man ium film, which would agree with calculations 
based on the known diffusion constant of A1 in Si ~6 and 
G,e 27 at 800~176 

The Hall  mobi l i ty-carr ier  concentrat ion data pre-  
sented in Fig. 7 show the effect of the defect-acceptor 
on compensating the l ight ly doped n- type  germanium 
films. The compensation became more significant as 
the carrier concentrat ion dropped and it was impossi- 
ble to grow 2 ~m thick n- type  films with carrier con- 
centrat ions below 101~/cm ~. If the defect-acceptor con- 
centrat ion can be used as a measure of the film 
quality, then the p-type, undoped films reported here 
have both lower acceptor concentrat ion and higher 
mobil i ty  than have b e e n  reported on other similar 
thickness germanium films. The mobilit ies and carrier 
concentrations measured on the n - type  films also attest 
to the relat ively high quali ty of these films grown 
on the th in  silicon undercoating. 

The compatibil i ty of the s i lane-germane system 
has been used to grow s i l icon-germanium alloys with 
composition that  could be varied from 30 to 100% Si. 
These alloys were 1-2 ~m thick films, were single 
crystal, and had measured values of Hall  mobilities 
of the order of 100-150 cm2/V sec. 

In passing, it should be noted that  oxygen in the 
reactor, ei ther in form of a leak or in the form of an 
oxide on the silicon underlayer ,  led to agglomeration 
of the germanium films. The problems associated with 
growing germanium in the presence of minute  traces 
of oxygen have been discussed recently (28). 
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Some Recent Developments in Fused Glass Films 
on Semiconductor Devices 

M. Dumesnil* and R. Hewitt 
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ABSTRACT 

An investigation of methods developed to fabricate and deposit glass films 
in the near-colloidal  state and with a sodium content  of less than  10 ppm is 
described. A brief review of the characteristics and charge effects in high lead 
glass films is given. Several  examples of lead glasses and their  application as 
films on a luminum metallized silicon devices for scratch protection, corrosion 
resistance, and in mesa isolated structures are presented. 

The deposition of dielectric films on metallized sili- 
con devices and microcircuits is pr imar i ly  directed at 
the formation of a secondary dielectric layer for 
crossover or two- layer  metal  interconnection, me- 
chanical protection of the metal  conductor lines, and 
device stabil i ty in nonhermet ic  packaging. Since a lumi-  
n u m  is commonly used as the conductor metal, this 
puts an upper  l imit on the secondary dielectric ap- 
plication tempera ture  (577~ A1-Si eutectic).  Three 
low-tempera ture  dielectric deposition techniques are 
available: glass sedimentation, rf sputtering, and vapor 
deposition. In contrast to the last two methods, which 
can produce the equivalent  of h igh- tempera ture  
softening point  glasses on relat ively low-tempera ture  
substrates, glass sedimentat ion requires glass materials  
of low- tempera ture  softening point. Sedimentat ion has 
the advantage of rapid film formation, greater thick- 
ness (1.5-6~ or more) ,  simple deposition equipment,  
and the capabil i ty of bonding face-to-face diffused, 
metallized silicon wafers in the construction of mesa 
isolated devices. 

The recent  development  of a convenient  method of 
sodium analysis at low levels by  flame spectro- 
photometry has simplified the analysis and control of 
sodium in materials associated with the processing of 
semiconductor devices. It has also made possible the 
evolution of techniques for the processing of sub-  
stantial ly low sodium glass. Very good agreement  is 
obtained between sodium content  and the drift in-  
dicated by MOS C-V analysis. 

After a brief  review of the physical characteristics 
and charge effects of lead glasses applicable by sedi- 
menta t ion and low tempera ture  fusion, this paper de- 
scribes an invest igat ion of methods to fabricate glass 
in the colloidal state at a sodium level less than 10 
ppm. Several  examples of lead glass films and their 
application for silicon device metal  scratch protection, 
corrosion resistance, and in mesa isolated structures 
are presented. 

* Electrochen~ical Society Active Member. 

General Properties of Lead Glass Films 
Physical properties.--Sedimented glass is the earliest 

type of secondary insulat ing films applied on t r an-  
sistors and diodes. The application of sedimented glass 
films on silicon devices was first reported by Perr i  
et al. (1961) (1), Langdon et al. (2), Davis et al. (3), 
and Kerr  (4). Pl iskin and Conrad (5) showed the im-  
portance of the solvent system used in the deposition 
technique. The first major  commercial application of 
this method is on the silicon diodes and transistors in-  
corporated in IBM's system 360. 

In  comparison with al ternat ive dielectric deposition 
methods which utilize either vacuum or a gas phase, 
sedimentat ion involves a finely subdivided solid (a 
glass) set in position by its abil i ty to flow under  ap- 
plication of heat. After  lowering its viscosity to a point 
where the solid powder is converted into a continuous 
t ransparent  film, the layer re turns  on cooling from its 
soft state to the brittle, hard characteristic of glass. 
Glass films of excellent clari ty and uni formi ty  can be 
obtained by sedimentation.  The technique involves 
placing a wafer at the bottom of a centrifuge cup and 
filling the cup with a measured amount  of glass sus- 
pension. Centr ifugation for a few minutes  at about 2000g 
deposits the glass on the wafer as a fairly adherent  
layer. A drying and firing step transforms the layer 
to a glossy, clear film. The two decisive factors re-  
sult ing in smooth, defect-free films are the glass par-  
ticle size and the properties of the organic solvents. 
The smaller the glass particle size, the better. A com- 
binat ion of solvents with widely different dielectric 
constants but  similar viscosity and drying rate is 
necessary to obtain consistently uniform glass layers 
(5). The technique is incorporated in the process out-  
l ine shown in Fig. 1. Glass-coated planar  devices a r e  

masked and etched to expose the metal  contacts. De- 
vices scheduled to be mounted  face down are then 
covered with a metal  mask through which a 1-2 mil  
thick a luminum layer is deposited to form the required 
metal  pads for inverted bonding. 
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Fig. 1. Fused glass film process outline 
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Fig. 2. Helium permeation rates as a function of glass composi- 
tion [F. J. Norton, J. Appl. Phys, 28, 34 (1957)]. 

The application of a glass film on an oxidized sili- 
con wafer without undesirable  cracks in the glass 
which would impair  the effectiveness of the glass film 
as a hermetic seal requires the selection of a glass with 
a thermal  expansion closely matching silicon to min i -  
mize strain. The presence of a layer of SiO2 between 
the glass and silicon improves the situation since a 
graded seal is formed at the silica-glass interface by 
the solution of the glass into silica to a depth averaging 
400-800A, depending on the t ime and tempera ture  of 
fusion. Therefore, the th inner  the glass film, the greater  
the permissible mismatch in thermal  expansion. It  
is possible to apply glass films with a thermal  ex- 
pansion as high as 100 x 10 -7 1/~ if the thickness of 
the glass remains no higher than 1.5~. Tests with low 
expansion but  high mel t ing glasses demonstrate that 
mechanical ly stable 5-15~ thick films can be applied on 
silicon with glasses having an expansion ~ no greater 
than 45 x 10 -7 1/~ 

Interest  in lead glasses stems from the we l l -known 
low gas permeabi l i ty  (Fig. 2) and low alkali diffusiv- 
ity through high lead glasses which are a t t r ibutable  
not only to the large size of the lead cation, bu t  also to 
the abi l i ty  of lead to polarize the surrounding oxygen 
ions and become part  of the network. Although lead is 
not a glass former, PbO and SiO2 become compatible 
at high temperature.  Both Si 4+ and Pb 2+ ions can form 
stable symmetrical  polyhedra due to the polarizabili ty 
of the Pb 2+ and 0 2 -  ions with silicon to form the 
normal  regular  SiO4 tetrahedron,  each oxygen ion 
being l inked to three Pb 2+ ions and one Si 4+ ion. This 
s t ructural  picture shows good agreement  with the 
electron diffraction pat terns of high lead silicate 
glasses. The lack of visible absorption of lead glasses 
suggests that the PbO6 groups become fairly regular  
octahedra on cooling the melt. Glasses in the lead 
corner of the lead borosilicate system possess a uniquely  
combined balance of low softening temperature,  high 
electrical resistivity, low power factor, and fair mois- 
ture resistance. Figure 3 compares the tempera ture  de- 
pendence of the viscosity ~, and Table I compares 
the corresponding a, of some typical high lead glasses 
with two commercial glasses and with fused silica. The 
significant difference in high lead glasses is the very 
steep slope of ~I/ST, advantageous in reaching rapidly 
the working range necessary to obtain a smooth film 
from the compacted glass powder. It  is worthwhile to 
note that  for application on a luminum metallized de- 

. | , , , 1 1 

\ 
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Fig. 3. Relationship between temperature and viscosity of lead 
glasses, ref. (7) and (8). 

vices, the glass viscosity curve must  intersect the 
enclosed area in the lower lef t -hand corner of Fig. 3. 

The parent  t e rnary  phase diagram, shown in Fig. 4, 
is useful in de termining the liquid tempera ture  which 
corresponds to the min imum glass smelt ing tempera-  
ture  as a funct ion of composition. This diagram, how- 
ever, represent ing by definition a system in thermo-  
dynamic equil ibrium, does not tell us whether  a glass 
will  be formed by cooling a b inary  or t e rna ry  melt  and 
what  properties the glass will  assume. If a glass is 
formed, its softening point will roughly follow the 
t rend of the l iquidus-solidus points shown in the dia-  
gram. The information the phase diagram wil l  predict 
exactly is the consti tution of the crystal l ine phases 

Table I. Composition in weight per cent and thermal expansion 
of glasses in Fig. 3 

a • 107 I /~  
PbO B~O3 AlfOu SiOe (25 "-300 ~ C) 

a 88 12 120 
b 85 7.5 7.5 117 

85 15 108 
75 11 11 3 84 
76 24 93 
72 28 74 

g C o r n i n g  glass  #0120  94 
h C o r n i n g  glass  #0800  84 
i F u s e d  SiO2 100 5 
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Fig. 4. High lead 
PbO-B20~-Si02, ref. (6). 

B203 

cornet of the ternary phase diagram 

appearing in the glass on part ial  or complete devitrifi- 
cation, i.e., recrystallization. 

The PbO-B203-SiO2 te rnary  contains a most exten-  
sive glass forming region. A plot of the softening points 
as a funct ion of composition produces the envelope 
shown in Fig. 5. Glasses with a softening point  lower 
than 560~ are l imited to the high lead and high boron 
corners. The excessive water  solubil i ty of the high 
boron oxide glasses rules them out of consideration. 
The thermal  expansion coefficient ~ of the glasses in 
the lead borosilicate system is plotted in Fig. 6 and 7. 
Start ing from the b inary  lead oxide-silica tie line, both 

and ~1 decrease ini t ial ly on addition of boron oxide, 
but beyond a certain amount  of boron a increases (6,7). 
The lowest points in the val ley represent  the region of 
max imum proportion of boron with four oxygen in-  
stead of three as nearest  neighbors. The presence of 
up to 10% by weight  a lumina  in Iead glasses decreases 

. . . . .  II 

T ~ 
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Fig. 5. Softening point of glasses in the PbO-B203-Si02 system 
[R. F. Geller, E. N. Bunting, A. S. Creamer, J. Research NBS, 20, 
57 (1938) R.P. 1064]. 
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Fig. 6. Linear thermal expansion of glasses in the PbO-B203-Si02 
system [R. F. Geller, E. N. Bunting, A. S. Creamer, J. Research 
NBS, 20, 57 (1938) R.P. 1064]. 
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Fig. 7. Three-dimensional plot of the linear thermal expansion 
of glasses in Fig. 6. 

without  undu ly  increasing the softening point  or de- 
creasing the viscosi ty/ temperature  slope (8,9). Fur ther  
lowering of ~ is achievable by the part ial  replacement  
of lead oxide by zinc oxide. The properties of four 
typical  lead glasses of increasing compositional com- 
plexi ty are listed in Table II. 

The average s t rain produced in silicon by  lead glass 
films with different l inear  thermal  expansions was de-  
rived from the measured radius of curvature  of sili- 
con strips parallel  to [112] covered with a layer of 
thermal  oxide and a fused glass layer on one side only. 
As expected, a compressive stress in silicon was found 
as evidenced by the negative radius in the six samples 
in Table III. These compressive stresses in silicon can 
be compared with the 2950 kg /cm 2 tensile stress caused 
by the thermal  oxide layer  on silicon. Although the 
max imum thickness of glass which can be formed on 
oxidized silicon without  cracks is inversely propor- 
t ional to the glass thermal  expansion, the induced 
stress in silicon is not. This seeming contradiction may 
be resolved by considering the relative amount  of 
thermal  oxide dissolved by each glass (Fig. 8) (10). 

Space-charge polarization in lead glass films.--The 
capacitance-voltage analysis of meta l - insu la tor -semi-  
conductor (MIS) capacitors is a sensitive detection 
method to study charge t ranspor t  and polarization 
effects in insulators. Three types of effects are dis- 
t inguishable:  drift  of mobile cations wi thin  the di- 
electric, dipole-type polarization, and charge transfer 
between the dielectric and the silicon electrode. The in-  



Vol. 117, No. 1 GLASS FILMS ON SEMICONDUCTOR DEVICES 103 

Table II. Physical properties of selected low melting lead glasses 

A B C D 

Refractive index 1.91 1.85 1.78 1.76 
Dielectric constant 16 15.5 15 14 
Soft. point (10 TM poises) 440 ~ 490 ~ 530 ~ 530 ~ 
Resistivity @ 25~ in ~cm 10t~ 1014 10~* 1O TM 

Specific gravity 5.3 5.2 4.4 4.1 
Thermal expansion (2(>~176 

x 10 'r l/*C 79 68.3 58 47.5 
Composition Lead borosilicate Lead aluminoborosilicate Lead zinc alumino- 

borosilicate 
M a x i m u m  a p p l i c a b l e  t h i c k n e s s  

on oxidized Si wafer w i t h o u t  
craze line on  e t c h i n g  1.5/L 2.2~ 3.3~ 4,2~ 

Etehability Dilute HN'Os 

Table IlL Average strain produced in oxidized silicon by lead glasses 

Glass Initial oxide Final o x i d e  F u s i o n  Average, 
Glass No. ~* thickness,/z thickness, ~ t h i c k n e s s ,  ~ --R, cm temp, ~ kg/cm ~ 

1.7 0.5 0.4 21,000 550 21.5 
B 68.3 2.0 0.5 0.4 8,400 550 51.2 
C 58.0 2.17 0.5 0,47 1,525 550= 282 

3.0' 0.5 0.47 900 550 478 
2.3 0.5 0.47 1,665 550 259 

D 47.5 4.1 0.5 0.47 398 550 1080 
S i 0 2  5 1.O . . . . .  2950 

(thermal) 

* (20~176 x lff ~ 1/~ 

s u l a t o r  l a y e r  m a y  b e  e i t h e r  a s ing le  or  m u l t i l a y e r  d i -  
e lec t r ic .  

K e r r  (11) f i rs t  r e p o r t e d  t h e  u s e  of t h e  M I S  m e t h o d  to  
s t u d y  p o l a r i z a t i o n  in  s e v e r a l  g lasses  in  t h e  l e a d - a l u -  
m i n o b o r o s i l i c a t e  a n d  z i n c - a l u m i n o b o r o s i l i c a t e  s y s t e m s  
d e p o s i t e d  on  b a r e  s i l i con  b y  s e d i m e n t a t i o n  a n d  fus ion .  
T h e  i n i t i a l  s u r f a c e  c h a r g e  l eve l s  w e r e  q u i t e  low 
(NFB ~ 2.7 X 101t /cm2) ,  i n d i c a t i n g  t h a t  t h i s  t e c h n i q u e  
of a p p l y i n g  glass  causes  a v e r y  l ow  d e n s i t y  of  s u r -  
face  s t a t e s  or  c h a r g e  d e n s i t y  in  t h e  i n s u l a t o r .  F o r  
e a c h  g lass  &VFB w a s  a p p r o x i m a t e l y  s y m m e t r i c  u n d e r  
pos i t i ve  a n d  n e g a t i v e  b ias  w i t h  no  t e n d e n c y  fo r  AVF B 
to s a t u r a t e .  A l l  t h e  g lasses  h a d  1019 s o d i u m  a t . / c m  3 or  
m o r e ;  t h a t  is, g r e a t e r  t h a n  100 p p m  Na.  S n o w  a n d  
D u m e s n i l  (12) p r o v i d e d  a q u a n t i t a t i v e  t h e o r e t i c a l  
m o d e l  fo r  t h e  case  of a d o u b l e - l a y e r  d i e l ec t r i c  a n d  a n  
e x p e r i m e n t a l  a p p l i c a t i o n  to a s e d i m e n t e d  glass  l a y e r  
c o n t a i n i n g  75% PbO,  12% SIO2, 10% B203, a n d  3% TiO2 
b y  w e i g h t  (g la s s  A )  o n  t h e r m a l l y  ox id i zed  si l icon.  I on  
m i g r a t i o n  in  d e p o s i t e d  g lass  f i lms c a n  be  s t u d i e d  m o r e  
eas i ly  a n d  m o r e  q u a n t i t a t i v e l y  b y  t h i s  m e t h o d .  As  e x -  
pec ted ,  i t  was  f o u n d  t h a t  t h e  C - V  c h a r a c t e r i s t i c  s h i f t e d  
in  t h e  pos i t i ve  d i r e c t i o n  a f t e r  a p p l i c a t i o n  of a n e g a t i v e  
ga t e  b i a s  a n d  v i ce  ve r sa .  T h e  a m o u n t  of  t h e  sh i f t  hV 
i n c r e a s e d  w i t h  t h e  l e n g t h  of  t i m e  t h e  b ias  w a s  app l i ed ,  
b u t  e v e n t u a l l y  a p p r o a c h e d  a s a t u r a t i o n  v a l u e  ~Vsat. 
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Fig. 8. Depth of silicon oxide consumed by sedimented glass B 
and D films in the temperature range 500~176 for S, 10, and 
15 min. 

T h e  r a t e  a t  w h i c h  •  a p p r o a c h e d  i t s  s a t u r a t i o n  v a l u e  
was  u sed  to o b t a i n  t h e  ionic  m o b i l i t y  or  t h e  d i f fus ion  
coefficient.  T h e  r e s u l t s  o b t a i n e d  fo r  t h e  75% l ead  g lass  
w e r e  c o m p a r e d  w i t h  d i r e c t  d i f fus ion  d a t a  fo r  l ead  ions  
in  a glass  of s i m i l a r  c o m p o s i t i o n  (75% P B O - 2 5 %  SiO2).  
T h e  e x c e l l e n t  a g r e e m e n t  i n d i c a t e d  t h a t  l e ad  is t h e  m o -  
b i le  ion. 

T h e  t i m e  d e p e n d e n c e  of t h e  l o n g - t e r m  d r i f t  u n d e r  
p o s i t i v e  b ias  w h i c h  is s h o w n  in  Fig.  9 does  c o r r e l a t e  
w i t h  s o d i u m  c o n t e n t ,  a n d  t h e  f o l l o w i n g  m e c h a n i s m  w a s  
p roposed .  A f t e r  a p p l y i n g  a p o s i t i v e  bias ,  t h e  l e a d  ions  
in  t h e  g lass  m i g r a t e  r a p i d l y  t o w a r d  t h e  g lass -S iO2 
i n t e r f a c e  u n t i l  t h e  f ield in  t h e  g lass  is r e d u c e d  to zero.  
T h e  l e ad  ions  a p p e a r  to  b e  i m m o b i l e  i n  t h e  SiO2 a n d  
h e n c e ,  i f  t h e r e  w e r e  no  a l k a l i  ions  p r e s e n t ,  t h e  d r i f t  
w o u l d  s a t u r a t e  as in  t h e  n e g a t i v e  b ias  case. T h e  s i t u a -  
t i o n  w e  a c t u a l l y  h a v e ,  h o w e v e r ,  is a u n i f o r m  c o n c e n -  
t r a t i o n  of Na  + ions  in  t h e  f i e l d - f r e e  g lass  l a y e r  a n d  ze ro  
c o n c e n t r a t i o n  of N a +  ions  in  t h e  h i g h - f i e l d  SiO2 l aye r .  
Ions  in  t h e  g lass  n e a r  t h e  o x i d e  i n t e r f a c e  w i l l  t e n d  to 
d i f fuse  in  t h e  c o n c e n t r a t i o n  g r a d i e n t .  O n  r e a c h i n g  t h e  
g l a s s - o x i d e  i n t e r f a c e ,  t h e y  w i l l  e n t e r  t h e  h i g h - f i e l d  r e -  
g ion  a n d  w i l l  be  s w e p t  ac ross  t h e  o x i d e  b y  t h e  f ie ld to  

T = 200~ Xo =0.175/z 
X8=1.3 ~ 

Vp =-{Ovotts 
20- 

Polarization of gloss layer 
(negative bias) 

Vp =0 
O- 

Polarization of gloss layer 
(positive bias) 

~ -20-, 
~ Long term drift effect 

 ,ts 
-601 I I I ~ I 

o z~ 5 0  z5 ,oo ,2s ,;o l~s 2bo 
t (hours) 

Fig. 9. Shift of the C-V characteristic with time under positive, 
negative, and zero bias at 200~ Note that there is a rapid 
initial polarization which is symmetrical under positive and nega- 
tive bias, but only under positive bias is there an additional long- 
term drift effect. 
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appear at the oxide-silicon interface. The situation is 
identical to the boundary- layer  model developed in 
(13), and the solution for the excess charge induced in 
the silicon by the ions accumulated at the oxide-silicon 
interface is 

Qs' (t) -~ 2qNo (Dt/~) ~/~ 

for t ~ 4xg2/zc2D. The data in Fig. 9 show approxi-  
mately this square root of t ime dependence. The data 
can be replotted as Qs" vs. t'/~ and the slope of such a 
plot used to calculate D from the above equation. No 
is the init ial  sodium concentrat ion in the glass and was 
3 x 10 is cm -3 for this sample. In this manner  one ob- 
tains for the diffusion coefficient of sodium in the glass 
at 200~ a value of about 10 -19 cm2/sec at this tem- 
perature.  Aside from this remarkably  low diffusion 
coefficient, all aspects of the above model are in agree- 
ment  with the experiments  described earlier, including 
the fact that after a uni t  has been drifted under  posi- 
tive bias for many  hours, it can be recovered and 
drifted again in only a few minutes.  This shows that  
the slow step in the original drift was gettt ing the ions 
out of the glass, and that field t ransport  in the SiO2 
layer is very fast, in agreement  with previous work 
(13). 

Sodium analysis and control . - -Space-charge polari-  
zation studies add considerably to our unders tanding of 
the instabil i ty problems associated with early sedi- 
mented glass films. The diffusion coefficient of sodium 
being very low in high lead glass, this type of insulator  
should be an efficient bar r ie r  to external  sodium. The 
in terna l  sodium level in the glass layer must  be, how- 
ever, drastically reduced if long- te rm stability in sili- 
con devices is to be achieved. A refined flame spectro- 
photometric method has been used to analyze and 
control the sodium content  in glass at each processing 
step. The method has been described elsewhere (14). 
It utilizes a modified Beckman Model DU spectro- 
photometer, the ins t rument  being carefully tuned to 
the sodium emission l ine with a sodium standard. The 
method is relat ively inexpensive and simple to use, 
with a detection l imit  in water  of 0.05 ppb sodium. 
Table IV lists the typical  sodium content  of commercial 
metal  oxides used in glass preparation.  The wide var i -  
ations i n a l k a l i  content  of commercial chemicals re- 
quire a careful choice of sources and a n  analysis of 
each new lot. Sodium analyses of a series of the 
same glass smelted in p la t inum indicated no increase 
in sodium at a level averaging 12-15 ppm. A compari-  
son of these analyses with the expected calculated 
sodium content  is shown in Table V. Glass comminu-  
tion was investigated next. A substant ial  sodium level 
increase occurs dur ing mechanical  size reduct ion of 
glass by ball  milling. Sodium contaminat ion increases 

Table IV. Sodium content of commercial metal oxides 

M a t e r i a l s  S o d i u m  conten t ,  p p m  

L e a d  oxide  PbO None de tec ted  
Z inc  ox ide  Z nO ~ 1  
A l u m i n u m  ox ide  A12Os 23 
A n h y d r o u s  bo ron  ox ide  B203 280 
Bor ic  ac id  H3BO~ 20 
S i l i con  d iox ide  SiO2 18 
T i t a n i u m  d i o x i d e  TiO~ 300 
B i s m u t h  ox ide  Bi2Oa 34 
N i o b i u m  p e n t o x i d e  Nb20~ 15 
A n t i m o n y  ox ide  Sb~Oa 21 
V a n a d i u m  p e n t o x i d e  V20~ 48 
Z inc  f luor ide  ZnF.~ 4 

Table Y. Sodium content of lead glass A 

75% by w e i g h t  P bO 
12% by  w e i g h t  SiO~ 
10% by  w e i g h t  B2Oa 

3% by w e i g h t  TiO2 

Ca lcu l a t ed  Na conten t ,  p p m  

0 
18 p p m  • 0.12 : 2.2 
20 p p m  • 0.10 = 2.0 

300 p p m  x 0.03 = 9.0 

To ta l  13.2 

l inear ly  with mil l ing time, so an al ternat ive comminu-  
tion method was adapted for the production of high- 
pur i ty  glass powder. The resul t ing dry powder is u l t r a -  
sonically mixed with an organic solvent and centr i -  
fuged at 1000g to precipitate all  particles larger than 
1~. The superna tant  l iquid is calibrated in t e r m s  of 
height of suspension per micron of glass thickness. 
Analysis of this glass powder shows no measurable 
increase in sodium above the ini t ial  content  of the 
metal  oxides acting as glass components. To obtain 
some measure of possible alkali  impur i ty  contr ibuted 
by this technique, two borate glasses were prepared 
and ground into a lg powder. Table VI demonstrates 
the effectiveness of the process at the 4 and 6 ppm so- 
dium level. 

Applications in Semiconductor Device Technology 
E~ects  on device eharacteris t ics .--The space-charge 

polarization effect present  in high lead content  glass 
films limits their  application to device areas not af- 
fected by this polarization or where the glass is above 
the metall ization layer. To date over two mill ion 
device hours, including operat ing life, h igh- tempera-  
ture  reverse bias, and 300~ storage, have been ac- 
cumulated with type A, B, and D glassed small-  
geometry npn  and pnp bipolar transistors in hermetic 
metal  cans. The sodium content  in these glasses was 
main ta ined  at a value of less than  45 ppm. These 
lifetest studies extending to 4000 hr detected no surface 
parameter  drift  nor any unusua l  failure mode. The 
leakage current  remained below 20 na at 50V base- 
collector reverse biased junction.  However, an appre-  
ciable decrease in h F E  during the ini t ial  glassing op- 
eration is observable with sensitive low current  h F E  

devices. This hFE drop was prevented by the addition 
of a th in  silicon ni t r ide  layer at the oxide-glass in ter-  
face. All  glass-coated bipolar  devices in which the 
sodium content  of the glass layer was greater than 
100 ppm invar iab ly  experienced a one to three order 
of magni tude  increase in leakage current  wi th in  a few 
hours of thermal  stress. 

Device scratch protec t ion . - -A 2~ layer of glasses 
type B, C, and D over the surface of a microcircuit  is 
effective in e l iminat ing practically all scratches and 
shorts in a dense a luminum intraconnect ion arising 
from the normal  handl ing of a processed wafer during 
electrical sorting, scribing, dicing, optical inspection, 
and final packaging steps. 

To measure the mechanical  s trength provided by 
sedimented glass films over etched a luminum films, 
localized mobile pressure was applied by means of a 
wedge-shaped diamond stylus moving at the rate of 
1 in . /min.  The tip area being equal to 0.15 mm ~, a 10g 
stylus pressure is equal to a force of 7 kg/cm 2. The 
stylus pressure was increased by increments  of 5g 
from 5 to 20g. Densely metallized silicon wafers were 
utilized, the a luminum thickness on the devices being 
equal to lag .  The effect of the stylus was observed 
in two areas: between the metal  lines to measure the 
indenta t ion depth produced by the diamond point in 
the dielectric surface, and over the metal  pattern.  It  
was noted that  an increasing pressure will  eventual ly  
induce cracks localized at the a luminum edges fol- 
lowed, with fur ther  pressure, by collapse of the di- 
electric and en t ra inment  of the metal  over some dis- 
tance. 

The failure point was taken  as the pressure required 
to smear a luminum metal  from one line to the next  
in a dense pat tern  without  concern for dielectric crack 

Table VI. Analysis of two low sodium processed glasses 

S a m p l e  S o d i u m  con ten t ,  p p m  

L e a d  zinc bo ra t e  glass  6 
Lead  zinc bo ra t e  g lass  p o w d e r  6 
L e a d  bora te  glass  4 
L e a d  bo ra t e  glass powder 4 
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Table VII. Mechanical strength of dielectric films over an 
aluminum pattern on oxidized silicon 

Mechanical  s t rength  
Thickness  in grams over  
in microns 1.4~ A1 

Vapor deposited oxide  1 < 5  
RF sput te red  silicon n i t r iae  1 < 5  
RF sput te red  SiO~ 1 < 5  
Mul t icomPonent  vapor  depos-  

i ted oxide 1.5 15 
Sed imented  glass B 1.5 15 
Sedimented  glass C 2 15-20 
Sed imented  glass D 3.5 >20  

Note:  10g stylus pressure  = 7 kg/em~.  

formation. The mechanical  s t rength required in a di-  
electric film to provide a notable yield improvement  
in manufac tur ing  is of the order of 15g. A comparison 
between sedimented glass films and other dielectric 
films deposited at a temperature  lower than 550~ is 
shown in Table VII. This table indicates that  sufficient 
scratch resistance of a 1.4~ a luminum pat te rn  is in 
general  provided by dielectric films which can be 
formed 1.5~ thick or more. 

Corrosion protection.--For effective surface protec- 
t ion of semiconductor devices, the glass film should 
have long- term stabil i ty to ambient  attack, par t icular-  
ly moisture. The water  stabili ty and the effect of 
moisture on various glass films can in general  be com- 
pared by physical examination,  weight  loss, thickness 
difference, and infrared spectroscopy. Weight loss and 
film thickness measurements  are general ly inadequate,  
except for highly stable glasses, since glass dissolution 
can be offset by water  absorption. The relative com- 
positional changes of some of the glass components 
can be determined with infrared spectroscopy by the 
sharpness and shifts of band positions. The presence 
of water  and silanol groups can be detected by this 
method (15). 

Surface attack of a lead glass film is easily detected 
visually by the appearance of pit t ing or colored fringes, 
accompanied by loss of gloss. A lead glass can be 
affected by a decrease in film thickness or by prefer-  
ential leaching of the glass components to form a 
porous structure. Of the two modes of attack, prefer-  
ential  leaching is the most undesirable.  In  thicker 
films, it often increases the tensile stress in the glass 
to the point of ini t ia t ing fracture lines. Boron is the 
element  most susceptible to be selectively removed in 
a high lead glass. To prevent  this effect the boron con- 
centrat ion in the glass formulat ion can be reduced or 
the ne twork  t ightened by the addition of t i tania.  TiO2 
even in small  concentrat ions is quite effective in in-  
creasing the water  and acid resistance of lead glasses, 
its specificity being related to its small  size (0.64A) 
and high coordination number  (12). 

Prolonged moisture exposure at elevated tempera-  
ture was simulated by accelerated high-pressure steam 
t rea tment  in  a gold-plated pressure vessel. Exposure 
to 16 psi steam is equivalent  to eight times the ex-  
posure at 95~ relat ive humidity.  Pract ical ly all 
the high lead glasses are severely pitted when exposed 
to steam. The addition of a few per cent t i tania to 
the lead glasses mainta ins  a bright, shiny surface on 
the glass even after exposure to 16 psi steam for 
400 hr. 

Fig. 10. Step-by-step processing of mesa iso|ate,d diode array 

A second series of high-pressure steam t reatments  
included the addition of cured epoxy resin powder to 
s imulate the condition encountered by epoxy encap- 
sulated devices exposed to moisture. Increased stress 
occurs when cured epoxy is added to the samples in a 
high pressure vessel. The comparative stabili ty of var i -  
ous low-tempera ture  dielectric films to high pressure 
steam is seen in Table VIII. Al though t i tan ia -conta in-  
ing sedimented glass films wi ths tand a long- term ex- 
posure to high pressure steam, only glass D resisted 
the presence of epoxy. Glass-coated devices packaged 
in epoxy resin survive a 72-hr high-pressure steam 
treatment,  whereas non-surface-protected devices will 
fail within a few hours under  similar conditions. 

Sedimented glass in mesa isolated structures.--Mesa 
isolated integrated p lanar  devices are fabricated com- 
mercial ly by sealing face down a diffused, metallized 
wafer with glass type D on a backing silicon wafer. 
The back of the active wafer  is th inned to approxi-  
mately 20~ and an isolation pat tern  etched in the sili- 
con. On exposure of the bottom side of the original 
top thermal  oxide the individual  devices are in fact 
isolated, being connected only by the first metal  pat-  
t e r n  on the other side of the thermal  oxide and now 
buried in the glass layer. At  this point the metal  pads 
are exposed by photoetching. Since the glass sealing 
step is performed at a tempera ture  lower than  560~ 
standard, optimized pnp or npn  devices are utilized. 
Similarly, the technique is applicable to the construc- 
tion of diode arrays (Fig. 10), described elsewhere 
(16), and the combinat ion of pnp's  and npn 's  in one 
single s tructure (17). In  the lat ter  case, the metal  pads 
of the substrate devices are exposed by photoetching 
together with the bottom side of the top pads (Fig. 
11 and 12). A major  advantage of mesa isolation when 
compared with p - n  junct ion and most dielectric iso- 
lation processes is simplicity of design fabrication, 
fewer steps, and better electrical performance. 

Conclusions 
By suitable refinements glass comminut ion can be 

used to reproducibly fabricate glass in the near-col -  
loidal state with a sodium content  of less than 10 ppm. 
The lower sodium contaminat ion limit provided by 
this method has not been determined but  appears to 
be appreciably less than  1 ppm. The major  source of 
contaminat ion now arises from the commercial ly pu r -  

Table VIII. Corrosion resistance of dielectric films 

Steam t r e a t m e n t  

16 hr /16  psi 16 hr /55 psi 

Steam & Cured Epoxy 

1 6 r  a-/16 psi  16 hr/55 psi 

Vapor deposi ted oxide 
RF sput te red  silicon ni t r ide  
RF sput te red  SiO2 
Sed imented  glass B 
Sed imented  glass D 

1 
1 
1 
2 
3.5 

In te r fe rence  f r inges  
No a t tack  
No a t tack  

No a t tack  
No a t tack  

In te r fe rence  f r inges  Some pinholes visible 
No surface  a t tack  but  numerous  cracks  

Excel lent  film 
B r e a k d o w n  Severe  b reakdown  
No a t tack  Good film, no a t tack  
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Fig. 11. Cross section of mesa isolated pnp on npn device 

Fig. 12. Mesa isolated linear integrated circuit. The rectangular 
grey surfaces are the back side of the top devices. 

chased metal oxides utilized in the synthesis of the 
lead glasses. 

It was found that  silicon planar  bipolar devices 
remain electrically stable when covered with a fused 
lead glass film containing no more than 50 ppm sodi- 
um. The application of this type of film must be 
limited because of polarization and drift  effects to 
device areas not affected by strong electrical fields. 

Lead glass films are applicable for corrosion resist- 
ance and aluminum scratch protection and as a bond- 
ing layer in mesa isolated structures. 
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Flux Growth of Cubic CuCI Crystal 
Using a Small Thermal Gradient 

Sidney G. Parker* and Jack E. Pinnell 

Texas Instruments Incorporated, Dallas, Texas 

ABSTRACT 

Cubic CuC1 crystals can be used to modulate  light by application of an 
electric field. Because it is difficult to grow large, s t ra in-free  crystals from 
the melt,  crystals have been grown by vapor t ranspor t  and from molten salt 
or flux solutions. We have grown single crystals up to 25 x 15 x 7 mm from 
flux solutions with a small thermal  gradient  between the crystal growth 
region and the charge. Crystals were grown from KC1, SrC12, and PbC12 fluxes. 
Use of a KC1 flux leads to cellular growth and bubble  inclusions caused by 
consti tut ional  supercooling and decomposition of CuC1. Similar  inclusions and 
growth behavior were not noted for the other fluxes. The electro-optical prop- 
erties of the CuC1 crystals differed as a funct ion of the growth media. The 
CuC1 crystals also differ in their  properties from those grown from the same 
fluxes using the Bridgeman technique with a larger thermal  gradient. Good 
crystal growth is more l ikely to be obtained with a small  thermal  gradient, 
but  poor mixing caused by lack of strong convection currents  may influence 
growth. 

Cubic CuC1 is a mater ial  whose refractive index can 
be changed by application of an electric field. There-  
fore, CuCI has been used for modulat ion of light in 
the 0.5-10 ~m range (1). Because the percentage of 
modulat ion depends on crystal length transversed by 
the light, large crystals are desired. 

It  is difficult to grow large, strain-free,  cubic CuC1 
crystals from the melt  because the mater ia l  freezes 
with a hexagonal  s t ructure at 420~ and t ransforms to 
a cubic s tructure at 407~ Vapor t ranspor t  (2), flux 
growth (3,4),  and aqueous solution in gel (5) have 
been used to grow crystals below the t ransi t ion tem- 
perature. CuC1 forms eutectics (6) with numerous  
halides which can be used for flux growth. The Bridge- 
man  technique has been applied to flux g§ of 
CuC1, but  we chose to use a small  thermal  gradient  
technique we had used successfully for the flux growth 
of cubic ZnS crystals (7). 

Experimental 
Figure 1 is a diagram of the crystal growth appa- 

ratus. Because the loaded growth tubes were pushed 
into the furnace at the desired operating temperature,  
these tubes were made of quartz to reduce thermal  
shock. 

Reagent grade CuC1 was fur ther  purified for these 
experiments by dissolving it in concentrated HCI solu- 
tion and precipitating by dilution with H20. This was 
followed by a sublimation step that gave CuCI of the 
purity listed in Table I. The flux halides, KCI, RbCI, 
SrCI2, PbC12, and BaCI2, were reagent grade and were 
not further purified. 

Phase diagrams were constructed from differential 
thermal analysis data for some of the systems which 
were not discussed in the literature. These diagrams, 
shown in Fig. 2, were necessary to establish the op- 
erating conditions for possible crystal growth. For 
crystal growth, 2-8 m/o (mole per cent) of flux was 
dissolved in the CuCI by heating to about 400~ then 
the mixture was quickly quenched and placed in the 
growth tube to serve as the charge at the cooler end 
containing the heat sink. Additional CuCI was placed 
at the higher temperature end of the growth tube to 
serve as the main source of CuCI for crystal growth. 
The system was outgassed at 150~ and 10-8 Torr for 
I hr, then cooled to 25~ before it was sealed off at 
10-~ Torr. The tubes were then pushed into furnaces 
which were at the desired operating temperature and 

* Electrochemical Society Active Member. 

Table I. Impurities in CuCI used for crystal growth 

Impurities, ppm (wt) * 
Source of CuCI Mn Pb Mg Si Ni Fe AI Ag 

Reagent grade 3.0 6.7 52.8 39,9 66.7 50.4 6.0 60,1 
Re-pp t .  and sublimed ND ND 6.4 ND :ND ND ND 78.9 

�9 D e t e r m i n e d  by  emission spectrographic ana lys i s ,  

had the proper thermal  gradient  between the crystal 
growth and charge regions. Growth continued for 2-4 
weeks, after which the furnace was shut off and the 
tubes were cooled to 25~ over a 3-hr period. 

Results and Discussion 
Most work was done with KC1 or SrCI~ fluxes be-  

cause they have wide tempera ture  and compositional 
ranges from which CuC1 crystals can be obtained. Be- 
cause of a peritectic with about 4 m/o  BaC12, the sys- 
tem BaCI2-CuC1 was not studied f o r  CuC1 crystal  
growth. RbC1 and PbC12 were also investigated as 
fluxes. 

A few unsuccessful at tempts were made to grow on 
a CuC1 seed crystal, bu t  the seeds dissolved before 
growth conditions were established. Thus, crystal 
growth was limited to self-nucleation, which began in 
the coolest regions at the heat sink. The conditions for 
crystal growth are listed in Table II. A wide range of 
conditions was used for each flux, but the ones listed 
in Table II appeared to give the largest crystals. Gen- 
erally, concentrations of flux greater than those listed 
have led to inclusions of flux in the CuCI crystals. 
Temperature gradients of up to 30~ were used, but 
caused the growth of many small crystals. 

- , , ~  

t 

L__ SINGLE CRYSTAL 
GROWTH 

Fig. 1. Apparatus for flux growth of cubic CuCI 
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Fig. 2. Phase diagrams for (a) (top left) KCI-CuCI; (b) (top right) SrCI2-CuCI; (c) (bottom left) PbCI2-CuCI; (d) (bottom right) BaCI2- 
CuCI. 

CuC1 crystals up to 25 x 15 x 7 ram in size were 
grown from all the fluxes except RbC1, which gave 
smaller  crystals. The concentrat ion of impuri t ies  in  
typical crystals grown from different fluxes is given in 
Table III. Crystals grown from KC1 are ra ther  pure, 
while those grown from PbC12 and SrC12 contain much 
flux. There seems to be l i t t le correlat ion between the 

amount  of flux in the crystals and the resistivity. The 
amount  of flux occluded in the crystals increased with 
decreasing operating temperatures.  

As shown in  Table IV, crystals grown from KC1 
usual ly had much greater  optical t ransmission than  
those from the other fluxes. The inclusion of flux dur -  
ing growth from SrC12 or PbC12 probably contr ibuted 

Table II. Conditions* for growth of CuCI crystals from flux melts 

Temper- T e m p e r -  
F l u x  a t u r e  a t  a t u r e  a t  G r o w t h  

s o l v e n t  F l u x ,  m / o  g r o w t h  end,  ~ feed  end,  ~ Source  of CuC1 per iod ,  days  C o m m e n t s  

KC1 6 345 352 R e a g e n t  g rade  20 
9747-77 

KC1 7.4 387 394 R e a g e n t  g rade  27 
9747-42 

KC1 6 346 351 S u b l i m e d  33 
9747-132 

KC1 6 366 376 Reppt .  & s u b l i m e d  18 
10210-35 

SrC12 2.7 383 391 Reppt .  & s u b l i m e d  14 
9747-104 

PhC12 2.7 387 393 Reppt .  & s u b l i m e d  17 

RbC1 6 348 352 Reppt .  & s u b l i m e d  32 
10210-4 

Clear  crys ta ls ,  2~/2 cm in  l e n g t h  

O p a q u e  crys ta ls ,  12 m m  in  l e n g t h  

Clea r  c rys ta ls ,  21/2 cm i n  l e n g t h  

S e m i - t r a n s p a r e n t  c rys ta ls ,  21/2 c m  
in  l e n g t h  

S m o k y  crys ta ls ,  13 m m  i n  l e n g t h  

S l i g h t l y  o p a q u e  crys ta ls ,  13 m m  
or  m o r e  in  l e n g t h  

Clear  crys ta ls ,  13 m m  in  l e n g t h  

* T yp i ca l  c o n d i t i o n s  f o r  g r o w t h .  
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Table III. Concentration of impurities in flux grown CuCI crystals 

Impurities, ppm Resistivity, 
Flux* solvent K Sr Pb Rb Mg Si Fe Ag ohm-cm 

N9747-148 a N . D .  N . D .  500 N . D .  1 1 6 .4 N . D .  1.5 • 10 s 
PbCI~ 

N9747-77, 132 a N.D. N.D. N.D. N.D. 0.5 0.3 N.D. N.D. 1.5 • 10 ~ 
KC1 

N9747-76" N.D. 10 N . D .  N . D .  1 1 N . D .  N . D .  3.5 • lift 
SrC12 

N10210-43 N . D .  N . D .  50 > 0 . 1 %  0.1 N . D .  0,5 100 - -  
RbC1 

Reppt. & sublimed b N.D. N.D. N.D. N.D. 0.6 0.8 N.D. N.D. - -  

a A l l  c r y s t a l s  grown from reppt, and sublimed CuC1. 
b Presented as reference for impurity pick-up from flux. 
* Impurities in flux 10-50 ppm. 

Table IV. Properties of CuCI crystals grown from flux 

% Transmis- Resistivity, Rotation*~/mm of Electric break- 
Run No. Source of CuC1 Flux sion* per mm ohm-era length, degrees down, V/cm 

9747-77 Reagent grade KCI 79 1.5 • 106 4.1 400 
9747-132 Sublimed KC1 57 1.8 • 106 3.5 375 

10210-53 Reppt. and sublimed KC1 28 1.7 • 107 4.6 500 
10210-52 Reppt. and sublimed KC1 64 5.3 • 108 7.0 700 

w i t h  CuCI~ a d d e d  
10210-45 Reppt. and sublimed SrC12 38 3.5 • 10~ 4.3 800 
10210-4 Reppt. and sublimed RbCl 40 1.5 • 107 8.0 300 
9747-125 Reagent grade PloCI2 52 1.5 • l0 s 7.0 1000 

* T r a n s m i s s i o n  and modulation at 5500A. 
$ Electric field of 300 V/cm applied to (111) planes with opticaI beam 

to t h e  r e d u c e d  t r an smi s s ion ,  bu t  t h e r e  w a s  no  d i rec t  
c o r r e l a t i o n  b e t w e e n  t r a n s m i s s i o n  and  i m p u r i t y  level .  
Tha t  t h e  t r a n s m i s s i o n  of c rys t a l s  f r o m  SrCl~ and  PbC12 
is less  t h a n  t h a t  of c ry s t a l s  g r o w n  f r o m  KC1 is in d i s -  
a g r e e m e n t  w i t h  t h e  r e su l t s  r e p o r t e d  by  Soga  et al. (3) 
for  c rys t a l s  g r o w n  f r o m  t h e s e  s a m e  f luxes by  a B r i d g e -  
m a n  t echn ique .  The  d i f f e rences  in t h e  occ lus ions  or  
de fec t s  w h i c h  g ive  t h e  c rys t a l s  t h e i r  opaque  c h a r a c -  
t e r  m a y  be  caused  b y  t h e  d i f f e r en t  t h e r m a l  g r a d i e n t s  
used  in  t h e  two  m e t h o d s .  In  our  e x p e r i m e n t s  t h e r m a l  
g r a d i e n t s  of 2~176  w e r e  used,  w h i l e  c rys t a l s  h a v e  
b e e n  g r o w n  by  t h e  B r i d g e m a n  t e c h n i q u e  w i t h  a g r a -  
d i en t  of 20~176 S m a l l  g r a d i e n t s  shou ld  aid in  ob -  
t a i n ing  a b e t t e r  c r y s t a l  g r o w t h  (7, 8), bu t  th i s  m a y  be  
n e g a t e d  by  cons t i t u t i ona l  supe rcoo l ing  and  p o o r  m i x -  
ing w h i c h  a re  l ike ly  to occur  w i t h  sma l l  t h e r m a l  g r a -  
dients .  Cons t i t u t i ona l  supe rcoo l ing  (9) w o u l d  l ead  to 
ce l lu la r  g r o w t h  and  e n t r a i n m e n t  of so lven t  at t h e  
g r a i n  bounda r i e s .  L a r g e  t h e r m a l  g r a d i e n t s  w o u l d  
cause  g r e a t e r  m i x i n g  and  t e n d  to  m i n i m i z e  s u p e r c o o l -  
ing effects.  Use  of a l a r g e  t h e r m a l  g r a d i e n t  of  15 ~ 
30~ in  our  s y s t e m  led  to  p o l y c r y s t a l l i n e  g r o w t h  

perpendicular to the field. 

p r o b a b l y  b ecau s e  of  s i m u l t a n e o u s  f o r m a t i o n  of m a n y  
n u c l e a t i o n  cen te r s .  E v i d e n c e  of ce l lu la r  g r o w t h  in 
some g r o w t h  r u n s  is i l l u s t r a t e d  in  Fig.  3 w h i c h  s h o w s  
a cross  sec t ion  of a CuC1 c ry s t a l  g r o w n  f r o m  flux w i t h  
a smal l  g rad ien t .  X - r a y  b a c k  re f lec t ion  con f i rmed  t h a t  
t h e  m a t e r i a l  was  po lyc rys t a l l i ne .  

The  p u r i t y  of t h e  CuC1 af fec ted  no t  on ly  t h e  r e -  
s i s t iv i ty  b u t  also t h e  op t i ca l  t r a n s m i s s i o n  of CuC1 
crys ta ls ,  p a r t i c u l a r l y  t h o s e  g r o w n  f r o m  KC1. CuC1 
w h i c h  was  pur i f i ed  by  s u b l i m a t i o n  c o n t a i n e d  t r a ce s  
of CuC12 bu t  m a t e r i a l  p r o d u c e d  b y  r e p r e c i p i t a t i o n  
f r o m  HC1 so lu t ion  and  t h e n  s u b l i m e d  w a s  r e l a t i v e l y  
f r e e  of CuCI2 a n d  o t h e r  impur i t i e s .  Ye t  c rys t a l s  g r o w n  
f r o m  the  p u r e r  CuC1 w e r e  m o r e  opaque ,  as n o t e d  in  
Tab le  IV. F i g u r e  4 s h o w s  t h a t  CuC1 c rys t a l s  g r o w n  in  
KC1 flux f r o m  t h e  p u r e r  CuC1 c o n t a i n e d  bubbles ,  
w h i c h  in  m a n y  cases  w e r e  a r r a n g e d  in  a pe r iod ic  m a n -  
ner .  Because  a s - r e c e i v e d  CuC1 did  no t  g ive  c rys t a l s  
con t a in ing  voids ,  it  was  t h o u g h t  t ha t  t h e s e  vo ids  w e r e  
s o m e h o w  r e l a t e d  to t h e  e q u i l i b r i u m  b e t w e e n  CuC1 
and  CuC12. W h e n  1-5 m / o  CuC12 w a s  a d d e d  to t h e  
r e p r e c i p i t a t e d  and  s u b l i m e d  CuC1, t h e  n u m b e r  of vo ids  

Fig. 3. CuCI crystals grown 
from KCI flux and showing evi- 
dence of cellular growth: (a) 
(left) parallel to growth direc- 
tion; magnification 160X ap- 
proximately; (b) (right) normal 
to growth direction; magnifica- 
tion 32X approximately. 
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Fig. 4. CuCI crystals grown 
from KCI flux: (a) (left) high- 
purity CuCI; (b) (right) high- 
purity CuCI with CuCI2 added. 
Magnification 160X approxi- 
mately. 

was grea t ly  reduced. A comparison of CuC1 crysta ls  
grown from high pu r i t y  CuC1 and crystals  f rom a 
CuC1-CuC12 mix ture  is given in Fig. 3. 

Only  a few r andomly  d is t r ibuted  voids were  formed 
wi th  the  o ther  fluxes. Some CuC1 crystals  were  grown 
from a flux composed of 2 m/o  each of KC1 and SrC12. 
These crysta ls  were  semi t ransparen t  and did not conu 
ta in  voids, but  did have  10-50 ppm of  Sr. 

In  the  l imi ted  number  of exper iments  made wi th  
RbC1, bubble  format ion  was much less than  in the  ex-  
per iments  wi th  KC1. The reduced bubble  format ion  is 
reflected in the  increased opt ical  t ransmiss ion for 
crystals  g rown from RbC1, a l though the amount  of 
RbC1 in the  crysta ls  is large.  The resis t ivi t ies  for c rys -  
tals  f rom KC1 and RbC1 were  about  the  same. Trans-  
mission of crysta ls  f rom RbC1 was about  the same as 
or  g rea te r  than  that  of crysta ls  f rom SrCl2 or  PbC12; 
this is con t ra ry  to resul ts  obta ined with  the  Br idgeman 
technique.  

Optical  rota t ion was measured  by  first crossing the 
direct ion of the  polarizers,  then de te rmin ing  the num-  
ber  of degrees of ro ta t ion necessary to re tu rn  to the  
or iginal  l ight  in tens i ty  whi le  apply ing  an electr ic field. 
The electrodes were  on the (111) planes;  the l ight  was 
at r ight  angles to the  electrodes,  thus giving a t r ans -  
verse mode. The electr ic b reakdown  of the  CuC1 crys -  
tals  was usua l ly  much lower  than  tha t  of crystals  
grown by other  techniques (3). Thus, the  number  of 
impur i t ies  as wel l  as the i r  s tate of incorporat ion in 
the  CuC1 crysta ls  seem to g rea t ly  influence the  elec-  
t ro -op t ica l  propert ies .  

Summary 
Rather  la rge  cubic CuC1 crysta ls  were  grown from 

severa l  a lkal i  or a lka l ine  hal ides  by  using a smal l  

t he rmal  grad ien t  of 5~176 be tween  the feed region 
and the c rys ta l  g rowth  region. 

The proper t ies  of the  crysta ls  grown by  this t ech-  
nique are  different  f rom those of  crysta ls  grown by 
a Br idgeman technique,  in which a large the rmal  
grad ien t  exists be tween  the  growing crys ta l  and the 
melt .  Some evidence of const i tut ional  supercool ing was 
found wi th  the  smal l  the rmal  gradient .  

Crysta ls  grown in KC1 flux f rom h igh -pu r i t y  CuC1 
contained bubbles  which were  re la ted  to the  b r e a k -  
down of CuC1 to give CuC12. 

Manuscr ip t  received Ju ly  30, 1969. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1970 
JOURNAL. 
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ABSTRACT 

The early stages of the oxidat ion-decarburizat ion kinetics have been in-  
vestigated for austenitic i ron alloys of carbon contents 0.23-1.07 w/o  exposed 
to carbon dioxide-carbon monoxide atmospheres at the temperature  of 950~ 
Complex reaction behavior was observed for these alloys in the range 10-100 
v/o  carbon dioxide. The ini t ial  selective oxidation of carbon from sheet speci- 
mens exhibited l inear  kinetics. During late stage scale growth of wusti te  
crystals, decarburization occurred by gaseous t ransport  of carbon oxides 
through pores in the oxide. An oxidat ion-decarburizat ion model based on sur-  
face controlled reaction steps accounted most adequately for decarburization 
and wusti te  formation before onset of control by  diffusion processes. 

Oxidation of a meta l -carbon alloy is an unusua l  proc- 
ess since the metal  oxides are general ly solids and the 
carbon oxides are gasequ~s (1-7). The character of the 
reaction is therefore strongly circumscribed by the 
location of the carbon-oxygen reaction. Webb et al. 
(1) have recognized two possible reaction sequences: 
(a) rapid decarburization occurs by gas penetrat ion 
through cracks in the scale, and (b) decarburization 
occurs without scale rupture  due to carbon diffusion 
in both the metal  and scale leading to the occurrence 
of the oxygen reaction at the oxide/gas interface. 
Engell  and Peters (2) and Engell  and Bohnenkamp 
(3, 4) have examined these propositions for alloys con- 
taining 0.1-0.8 w/o carbon on exposure in various atmo- 
spheres over the tempera ture  range 750~176 They 
noted that  decarburization occurred without scale rup-  
ture. While the alloys oxidized parabolical ly in air, this 
dependence could not be a t t r ibuted to sequence (b) 
since carbon solubil i ty in  wusti te was found to be so 
low that  its diffusion through the scale had to be dis- 
counted as a significant reaction step. Furthermore,  
when specimens were exposed to carbon dioxide atmo- 
spheres, the wust i te  scale grew by the l inear  kinetics 
usually associated with a phase boundary  reaction. 
Since decarburizat ion involved both carbon diffusion 
in the metal  and carbon transport  through the scale, 
these authors concluded that  formation of pores in the 
scale permit ted effusion of gaseous carbon oxides. Al-  
though Langer  and Trenkler  (5) have suggested that  
both carbon and iron may diffuse sufficiently rapidly 
through the scale to react with the gaseous reactants 
at the oxide/gas surface, the results recently obtained 
by Manenc et al. (6) and Boggs and Kachik (7) for 
carbon gradients in the alloy have demonstrated that  
a compact scale essentially acts as a barr ier  to carbon 
diffusion. 

It would therefore appear that  decarburizat ion of an 
i ron-carbon alloy dur ing oxidation involves depletion 
of carbon by its diffusion in the metal  and by effusion 
through pores in the oxide scale as gaseous carbon 
oxides. This investigation was under taken  using metal -  
lographic and gravimetric  techniques to clarify the 
reaction mechanism in the early stages of oxidation 
for alloys containing 0.28-1.07 w/o carbon exposed to 
carbon dioxide-carbon monoxide atmospheres at a 
tempera ture  sufficient for stabilization of austenite  
and wustite. 

Experimentol 
Specimens were prepared from disks 0.25 in. thick 

cut from 1 in. diameter homogenized alloy bars of 
carbon contents in  the range 0.23-1.07 w/o. Analyses 

1 P r e s e n t  addres s :  Cen t r a l  Secondary School,  H a m i l t o n ,  Ontar io ,  
Canada. 

* Electrochemical Society A c t i v e  Me mber .  

are recorded in Table I. In the case of the 0.23 w/o 
carbon alloy, disks were directly cold rolled to sheets 
0.07 cm thick. Sheets of the higher carbon alloys, how- 
ever, could be obtained only after soaking at 1000~ 
in argon and hot rolling. Rectangular plate specimens, 
I x 1.5 cm, were cut from the sheets and polished, fin- 
ishing with 1~ diamond abrasive. 

Flowing carbon dioxide-carbon monoxide atmo- 
spheres at 1 atm pressure were utilized for oxidation 
tests. Carbon dioxide, 99.95 v/o pure, was dried by 
passage through columns containing magnes ium per-  
chlorate, reduced copper oxide, and activated alumina. 
The carbon monoxide, m i n i m u m  pur i ty  of 99.6 v/o,  
was fur ther  purified by passage through columns con- 
ta in ing magnes ium perchlorate and ascarite. The gases 
were metered with capil lary flowmeters, mixed in a 
Pyrex  bulb packed with glass wool, and directed 
through Pyrex tubes to an inlet  at the bottom of the 
oxidation tube. To p r e ve n t  thermal  segregation of the 
gases, the flow rate was main ta ined  at 0.6 cm/sec. 

The vert ical ly mounted mull i te  reaction tube con- 
tained a calibrated 5 mil  Nispan-C wire spring which 
was raised or lowered by a winch to position the speci- 
men in the furnace. Weight changes of an oxidizing 
specimen were recorded by following the spring exten-  
sion with a cathetometer. In a typical  experiment,  the 
apparatus was evacuated to 10 -4 Torr and the furnace 
adjusted wi thin  • 2~ of the test temperature.  The 
oxidation cell was then re turned  to atmospheric pres- 
sure by the introduct ion of ni t rogen followed by the 
reaction gas in desired proportion, and the reaction 
tube was purged for 1 hr. A specimen carrying the 
normal  room tempera ture  oxide film was then lowered 
into the furnace and the weight changes were recorded. 
On completion of the test, the specimen was raised to 
the portion of the tube at room temperature  and cooled 
in the flowing gas. A specimen was mounted  in epoxy 
resin for metallographic examination.  

Results 
All results were obtained from specimens exposed at 

the tempera ture  of 950 ~ C. Typical weight-change curves 
for exposures up to 500 min are i l lustrated in Fig. 1 and 

Table I. Chemical analyses of alloys 

w / o  I m p u r i t y  
w / o  Carbon e l e m e n t  

0.231 N i ~ 0 . 0 3 3  
0.623 Mn- -0 .020  
1.065 Mo---0.015 

Si---0.010 
Clo, P, S---0.005 
AI, Cr, Cu, Ti, V--4).002 
B--O.O01 
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112 

t4 : 

8 

6 
E 

~ 4  
z 

~- 2 

0 

J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  

80120 

90/10 / 

70 /30  

- 6 0 / 4 0  

| 

10/90 
-2 - 

20 /80  

-4  
0 100 200 300 400 500 

TIME (rain) 

Fig. 1. Oxidation-decarburization kinetics of the Fe-l.07 w/o C 
alloy in C02-C0 atmospheres at 1 atm pressure (atmospheres are 
designated by the ratio Peo2/Peo). 

January 1970 

Table |1. Initial and final linear reaction rate constants for 
iron-carbon alloys containing 1.07, 0.62, and 0.23 w/o carbon at 

950~ in carbon dioxide-carbon monoxide atmospheres 
(the negative values refer to weight losses of specimens) 

A l l o y  A t m o s p h e r e  I n i t i a l  s l o p e  F i n a l  s l o p e  
w / o  C Pco2, a t m  m g  O / c m  ~, m i n  m g  O / c m 2 ,  ra in  

1,065 1.0 -- 0.113; O. 108 0,086 
0.9 --0.054 0.048 
0.8 -- 0.018; -- 0.015 0.026; 0.020 
0.7 -- 0,023; -- 0.022 0,009; 0.011 
0.6 -- 0.027;  - -0 .024  0.009 
0.5 - -0 ,034;  - -0 .028  0.003 
0.3 -- 0.041 ; -- 0.032 0.00015;  0.00033 
0.2 - -  0 . 0 5 5 ;  - -  0 . 0 4 8  
O.l - -0 .025;  - -0 .032  

0.623 1.0 0.036; 0 .039 0.080; 0.081 
0.8 - -0 .013  0.025 
0.7 - -0 .013  0.014 
0.6 -- 0.020 0.009 
0.1 - -  0 .028;  --  0 .021 

0.231 1.0 0.037; 0 .028 0.006;  0,092 
0.8 --0.006 0.020 
0.6 --0.016 0.010 
0.2 --0.019 

value in Pure carbon dioxide, a smaller ex treme  near 
30 v / o  carbon dioxide, and the least ex treme  value 
near 80 v / o  carbon dioxide. 

To ascertain the carbon loss during simultaneous 
oxidation of iron and carbon, several  specimens were  
quenched after different intervals and analyzed for re-  
sidual carbon. The equil ibrium carbon concentration 
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in  the  iron is e s sent ia l ly  zero for a tmospheres  conta in -  
ing  greater than 60 v / o  carbon dioxide, and it is 0.05 
w / o  carbon for the atmosphere of 30 v / o  carbon diox-  
ide. Results from the above experiments  for the 1.07 
w / o  carbon alloy are shown in Fig. 3 in comparison to 
the over-a l l  reaction kinetics.  Decarburization was  es-  
sential ly complete  for the specimen exposed 2 hr in a 
30 v / o  carbon dioxide atmosphere when  lateral growth 
of wust i te  was  insufficient to interfere wi th  surface 
decarburization. In the pure carbon dioxide atmo-  
sphere, lateral growth of wust i te  and onset of l inear 
scale growth tends to stifle decarburization, and the 
carbon content of the al loy approached its equil ibrium 
value more  s lowly.  

The surfaces of specimens exhibited thermal  etching 
at grain boundaries when  decarburized under reducing 
conditions for wust i te  formation. Metallographic e x a m -  
ination of the metal  after oxidation under conditions 
for wust i te  formation gave results in accord with  the 
observations of Engel l  and Bohnenkamp (3 ,4 ) .  As 
il lustrated in Fig. 4, the structure shows typical carbon 
diffusion profiles, the amount of pearlite being propor- 
tional to the carbon content. 

In the metal  oxidation regions, wust i te  grows later- 
ally from nuclei  distributed randomly over  the metal  

I I I I 

TIME ( r a i n )  

Fig. 2. Oxidation-decarburization kinetics of the Fe-0.62 w/o C 
alloy in C02-C0 atmospheres at 1 atm pressure (atmospheres are 
designated by the ratio Peo2/Pco). 

2. Under reducing atmospheric conditions with respect 
to wustite  ( <  30 v / o  CO2), the negative slopes of the 
decarburization curves become smaller with increasing 
exposure time. For atmospheres containing greater 
than 30 v / o  carbon dioxide, the slopes of the curves 
init ial ly  exhibited negative values due to weight  losses, 
but u l t imate ly  became positive due to wustite  forma- 
tion. 

Since the reaction curves were approximately l inear 
during the init ial  and final stages of exposure, the 
initial  and final l inear reaction rate constants were ex -  
tracted and recorded for the three alloys in Table II. 
Results for the 1.07 w / o  carbon alloy are notable in 
that the initial rate revealed the most extreme negative 
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Fig. 3. Curves for oxldatlon-decarburization kinetics ( 0 )  and car- 
bon loss (O) far an Fe-l.07 w/o C alloy in C~-CO atmospheres. 
(The weigh t loss for carbon for complete decarburization by each 
atmosphere is shown on the right-hand ordinate). 
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considerable thickness over a large fraction of the 
metal  surface. Oxide coverage was only slightly more 
extensive after 10 min. Coalesced areas then appear, 
and developing porosity may be associated with the 
crystal boundaries.  There is microscopic evidence for 
porosity in the scales on specimens exposed up to about 
30 min, Fig. 6. Metallographic cross sections i l lustrated 
that  both surfaces of a scale were i r regular  and that 
the impingement  of crystals is associated with small 
regions of iron protruding into the oxide. The observa- 
tions showed that  the wusti te weight increased with 
increasing pressure of carbon dioxide. For example, 
coverage of the surfaces in pure carbon dioxide was 
essentially complete after 30 rain. 

Fig. 4. Structure of the Fe-l.07 w/o C alloy after exposure for 
25 rain in 60/40 C02-C0 atmosphere (250X). (Ferrite is white and 
pearlite is dark in color.) 

surface. These nuclei, which expand vert ical ly more 
than laterally, coalesce unt i l  only a scale consisting of 
oxide crystals is visible. The scale exhibits good ad- 
herence to the metal, and the oxide crystals are charac- 
terized by very rugged surfaces consisting of macro- 
scopic ledges. Impingement  of these surfaces presum- 
ably leads to formation of pores in the scale. 

These considerations may be discussed by referr ing 
to tests on the 1.07 w/o carbon alloy since wusti te 
growth was similar for the three alloys studied. As 
i l lustrated in the micrographs of Fig. 5 obtained from 
specimens exposed in a 60 v /o  carbon dioxide atmo- 
sphere, the wusti te nuclei  have grown after 5 min  to 

Discussion 
Several possibilities involving diffusion and surface 

control processes must be examined in order to eluci- 
date the decarburization kinetics for the cases of non-  
scaling and scaling of the base-metal  iron. It  is there-  
fore essential to consider carbon diffusion in the metal  
substrate and  the na tu re  of the scale wi th  regard to 
t ransfer  of carbon oxides. 

The decarburization range.--The simplest possibility 
is that decarburization is controlled by the rate of car- 
bon diffusion in the metal  when the oxidizing potential  
is insufficient for wusti te formation. This is obtained 
simply from the desorption conditions for a plane sheet 
(8, 9). The result  of a sample calculation is shown in 
Fig. 7 corresponding to a 1.07 w/o carbon alloy ex- 
posed to a 10 v/o  CO2 atmosphere. The calculation is 
based on published results for carbon concentrations 
and diffusion coefficients (10, 11) and involves the as- 
sumption that the surface carbon concentrat ion is the 
equi l ibr ium value for the atmosphere used. Since the 
observed decarburizat ion rate in the early stages of 
the reaction is much smaller than the calculated value, 

Fig. 5. Topographies of the Fe-l.07 w/o C alloy specimens after 
exposure to a 60/40 C02~C0 atmosphere. Upper micrograph: S rain 
exposure (magnification 195X); lower micrograph: 25 min exposure 
(magnification 422X). 

Fig. 6. Porous wustite scale on the Fe-l.07 w/o C alloy speci- 
mens after exposure to a 60/40 C02-C0 atmosphere. Upper sur- 
face micrograph: 70 min exposure (magnification 252X); lower 
cross-section micrograph: 10 min exposure (magnification 1020X.) 
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Fig. 7. Comparison of curves calculated for surface and diffusion 
controlled decarburization to experimental results for an Fe-l.07 
w/o C alloy exposed in a 10/90 C02-C0 atmosphere. The diffusion 
control curve was that Calculated from equations for a finite plate 
[8] ,  [9];  the surface control curve was calculated from Eq. [3] in 
integrated form and the experimental value of kl. 

decarburizat ion must  be inhibited ini t ial ly by chemical 
reaction at the metal  surface. 

We therefore consider the t ransfer  of oxygen from a 
carbon dioxide atmosphere to react with carbon at the 
surface of iron. Two paral lel  reaction chains have been 
considered by Doehlemann (12). In the first chain 

C02 = O'ads + CO (slow) [1] 

O'ads  + C = CO (fast) [2] 

O'ads refers to oxygen absorbed on sites where it reacts 
with carbon. That is, the reaction rate is not dependent  
on the surface diffusion of oxygen to an active site to 
react with carbon. Doehlemann applied the theory of 
chemical kinetics to this sequence of reactions with the 
assumption that  the dissociation of carbon dioxide is 
the ra te -de termining  step to obtain the following ex- 
pression for the reaction rate 

R l = k l  Pco~ 1--~--  [3] 

where kl is the rate constant  for dissociation of CO2, 
and where C and Ce are the carbon concentrations after 
a given exposure period and the equi l ibr ium value, 
respectively, for a specified carbon dioxide-carbon 
monoxide atmosphere. 

In atmospheres of higher oxidizing potential, the de- 
carburization kinetics may assume a parallel  depen- 
dence upon the dissociation step for carbon dioxide and 
a surface diffusion step of adsorbed oxygen to an active 
site for reaction with carbon. Doehlemann (12) has also 
considered this chain of reactions 

CO2 = Oads ~- CO (fast) [4] 

Oads = O'ads (slow) [53 

O'ads + C = CO (fast) [6] 

where Oads refers to inactive adsorbed oxygen. It was 
assumed that the adsorbed oxygen is in local equil ib-  
r ium with the atmosphere and the occupied random 
surface sites, the controll ing reaction [5] being a short 
surface diffusion step in which Oads migrates to active 
sites to form O'ads. The reaction rate may  then be 
wri t ten  as 

R ~ = k ,  Pc~ ( l - -  Ce ) 
Pco ~ [7] 

where k5 is the rate constant  for surface diffusion. Con- 
sequently, the net initial  decarburization rate may be 
expressed as 
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Raec= RI + R~ = (klPco2 + k5 Pco2/Pco) (1 - -Ce /C)  
[8] 

It is conceivable that  k5 has a value relat ive to kl, 
such that  the second term in Eq. [8] is insignificant in 
the pure decarburization range at Pco2 < 0.3 atm but  
becomes significant at higher pressures approaching 1 
atm. Doehlemann (12) found for the decarburizat ion of 
alloys fabricated from electrolytic iron that  the ratio 
kl/k5 ,-~ 20 at 920~ whereas Grabke (13) recently 
demonstrated that  the decarburization rate of alloy foil 
containing h igh-pur i ty  iron was dependent  only  on 
klPco2 at temperatures  in the range 800~176 in 
atmospheres up to those sufficiently oxidizing for 
wusti te  formation. As shown by the plots in Fig. 8, it 
would appear that  the init ial  decarburizat ion rate for 
the alloys of this work, which is directly dependent  
upon the partial  pressure of carbon dioxide, is cor- 
rectly described by Eq. [3]. It will  be shown, how- 
ever, that  this consideration is only valid for pure 
decarburization at low pressures of carbon dioxide; the 
term ksPco2/Pco becoming significant in the oxidation- 
decarburization range. 

The oxidation-decarburization range.--It is essential 
to consider both concurrent  decarburization and wustite 
formation in the atmospheres of sufficient oxidizing 
potential  for stabili ty of wustite. Since randomly  dis- 
t r ibuted oxide nuclei would be present on the surface 
after partial  reduct ion of the air formed room tempera-  
ture film at the reaction temperature ,  adsorbed oxygen 
would react with iron at these nuclei boundaries.  
Lateral  growth of oxide would then be determined by 
complicated processes for oxygen adsorption and sur-  
face diffusion. By analogy with the rate processes for 
decarburization, two l imit ing oxidation cases may be 
considered. In  the first reaction chain, carbon dioxide 
dissociating at active sites adjacent  to the oxide nuclei  
would determine the reaction rate. The second reaction 
chain would involve a ra te -de te rmin ing  surface diffu- 
sion step for adsorbed oxygen from the randomly dis- 
t r ibuted sites to these active oxidation sites. 

The first oxidation chain may be represented by 

CO2 ~--- O**ads "JF CO (slow) [9] 

O**,ds + Fe = FeD (fast) [10] 

where the dissociation of carbon dioxide at the active 
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Fig. 8. Initial oxidation-decarburization linear rate constants as 
a function of C02 partial pressures. Symbols ( Q ) ,  ( 0 ) ,  and (A)  
are for the 1.07, 0.62, and 0.23 w/a carbon alloys respectively. 
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sites is the ra te -de te rmin ing  step. The surface coverage 
of adsorbed oxygen then corresponds to the value for 
equi l ibrat ion of iron with wustite. A detailed balance 
of the reactions with this restriction gives for the ini t ial  
oxidation rate 

R3 = k9 PCO2 (1 - - K  Pco/Pco'2) [11] 

where the constant K represents the gas pressure ratio 
for equil ibrat ion of wusti te  with iron and k9 is the rate 
constant  for dissociation of carbon dioxide at the active 
oxidation sites. 

The reaction chain for oxygen surface diffusion as 
the rate determining step is 

CO2 = Oads ~- CO (fast) [4] 

Oads = O**ads (slow) [12] 

O**ads -F Fe = FeO (fast) [10] 

If the species given in [4] and [10] are regarded as 
being at equi l ibr ium concentrations for the atmospheric 
oxidizing potential  and the i ron-wust i te  reaction, the 
result ing expression for the oxidation rate is of the 
form 

R4 = kl2k4Pco2/Pco (1  k'12 Pco/Pc02 ) 
k12K4Klo 

[13] 

where K4 and K~0 are the equi l ibr ium constants for 
reactions [4] and [10], and k12 and k'12 are the forward 
and backward rate constants for the surface diffusion 
steps. Accordingly, a concentrat ion gradient of adsorbed 
oxygen would then exist from the iron surface to the 
Fe /FeO boundary  for surface diffusion of oxygen. 

Thus, the ini t ial  rate for lateral  growth of wusti te 
on the surface may be expressed as 

Roxid ~- R3 - } -  R4 = koPco2 (1 - -  K Pco/Pco2) 

( k'~2Pco ) 
-F k12K4Pco2/Pco 1 [14] 

k12K4KloPco2 

The net init ial  reaction rate in the oxidat ion-decarbur-  
ization range is therefore the summation,  Rdec ~- Roxid, 
given by Eq. [8] and [14]. They are comprised of two 
leading terms, one being directly proportional to the 
part ial  pressure and dissociation rate of carbon dioxide 
and the other to the Pco2/Pco ratio and the rate con- 
stants describing the oxygen surface diffusion to the 
active decarburization and oxidation sites. 

These considerations may be demonstrated by exam- 
ining the plots of the net init ial  reaction rates vs. gas 
consumption for the three alloys investigated, Fig. 8. 
A sharp break in the reaction rate curve at the partial  
pressure of carbon dioxide for wustite formation is due 
to retent ion of part ial  coverage of oxide result ing from 
partial  reduction of the a i r - formed film. This oxide 
would act as nuclei  for subsequent  growth of wustite. 
In the intermediate  pressure range, 0.3 <. Pen2 < 0.8, 
reactions [1] and [9], as described by Eq. [3] and [11], 
involving dissociation of carbon dioxide must  be rate 
l imit ing since the net reaction rate involving both de- 
carburizat ion and oxidation are directly dependent  on 
carbon dioxide pressure. It is to be noted that  the ef- 
fective contr ibut ion of the decarburization reaction was 
larger for an alloy of higher carbon concentrat ion 
which would be associated with the larger number  of 
active carbon surface sites for dissociation of the re-  
actant  gas. Contributions to reaction control associated 
with the Pco2/Pco ratio, Eq. [7] and [13], appear to 
become effective at carbon dioxide pressures exceeding 
0.8 atm. Apparent ly  the surface coverage of adsorbed 
oxygen became sufficient in atmospheres of high oxida- 
t ion potential  for reactions [5] and [12] to enter  into 
competit ion for oxygen by diffusion to one of the other 
of the active decarburization and ox~.dation sites. The 
oxidation rate was dominant  for the alloys containing 
0.23 and 0.62 w/o carbon. On the other hand, decar- 

burizat ion wins out over oxidation in the case of the 
1.07 w/o carbon alloy where oxygen diffused preferen-  
t ial ly by shorter diffusion paths to the decarburization 
sites. 

Model for the oxidation-decarburization reaction ki- 
netics.--A model based on the growth of a wusti te scale 
from oxide nuclei  randomly  distr ibuted on the alloy 
surface may be advanced to generate the shape of the 
reaction curves. The nuclei, as i l lustrated in Fig. 9, 
are regarded for simplicity as spherical caps which 
grow la te ra l ly  and vertically, their la teral  growth re-  
ducing decarburization in proportion to the areal cov- 
erage of the alloy surface. The rate constants ko and kd 
may then be defined to describe the vertical  growth 
of wusti te and the decarburizat ion process, respec- 
tively. A large number  of nuclei  covering a fraction of 
the surface corresponding to An is assumed to be pres- 
ent at the commencement  of the reaction due to part ial  
reduction of the air formed oxide film on exposure of 
the specimen at the reaction temperature.  This cover- 
age at time, t, is defined by the relat ionship 

A(t )  = 1 -- (1 -- An) exp ( - -  at) [15] 

where a is the rate constant  for la teral  growth of 
wusti te in order that the oxide coverage of the surface 
will  vary f r o m A ( 0 )  = A o a t t  = 0 to A ( ~ )  = 1 for 
complete coverage at very long times. 

Since the weight change of a specimen may be ex- 
pressed as 

~W = ~Wo Jr ~Wd [16] 

where ~Wo is the oxidation weight gain and hWd is 
the decarburization weight loss, the instantaneous rates 
given by means of Eq. [15] and [16] are 

d OWn 
= koA = ko [1 -- (1 -- An) exp (--  a t ) ]  

dt 
[17] 

d • 
- -  -- k d ( 1 - - A )  = - - k d ( 1 - - A o )  exp ( - - a t )  

dt 
[18] 

Upon integrat ion of Eq. [17] and [18] followed by 
substi tut ion into [16] 

1 -- An ] 
a W = k o  t - -  ( 1 - -  exp -- at) 

a 

[1 o ] 
- -  k a  ~ ( 1 - - e x p - - a t )  

a 
[19] 

It  may be shown that Eq. [19] describes the shape 
of the reaction curves by examining several l imit ing 
approximations. The ini t ial  weight change of a speci- 
men found to occur by a l inear  rate relationship would 
be given by 

AW(0) = [--  k d - { -  (k d -~- ko) An] t [20] 

When the alloy surface is covered completely by a 
wusti te scale at long exposure intervals,  the l inear  re-  
lationship would be 

k o 
C02 CO 

C02 CO C~2 / 0 Co z CO 

~a Q 

Fe-C Alloy 

Fig. 9. Oxldation-decorburlzation model for a large number of 
oxide nuclei distributed randomly on the alloy surface. The nuclei 
are spherical caps covering a fractional area Ao at the commence- 
ment of the reaction. The rate constant, a, defines the lateral 
growth rate of wustite, ko is the rate constant for vertical wustite 
growth, O* and 0"* represent oxygen adsorbed at active decarburi- 
zation and oxidation sites. 
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A W ( ~ )  = kot [21] 

neglecting any decarburizat ion due to effusion of gase- 
ous carbon oxides at wust i te  crystal l i te  boundaries. 
Equat ion [19] may also be solved for the t ime cor- 
responding to the min imum observed in the react ion 
curves where  oxidation and decarburizat ion occur at 
equal rates. This relat ionship is 

1 
t m =  m In ko/(ko + kd) (1 -- Ao) [22] 

a 

We see therefore  that  the reaction curves i l lustrated 
in Fig. 1 and 2 have a shape described by Eq. [19]. 
One fur ther  qual i ta t ive point of agreement  of the model  
with the react ion kinetics may  be noted by examining 
the terms in Eq. [22]. Since the rate  constant, a, for  
lateral  growth of wust i te  is the leading term and cor- 
responds to Roxid, Eq. [14], it would be expected to 
show a dependence on both the par t ia l  pressure of 
carbon dioxide and the pressure ratio Pco2/Pco. More-  
over, this constant determines the location of the mini-  
mum of the curve, the larger  is its value, the shorter  
is tin, and they should be inverse ly  proportional.  We 
have plotted 1/tm vs. Pco2 in Fig. 10 obtained f rom the 
reaction curves for the 1.07 w/o  C alloy, and the pre-  
dicted tendency is clearly shown. At low partial  pres- 
sures of carbon dioxide, 0.3 to 0.8 atm, the magni tude 
of the rate constant is proport ional  to pressure since 
the dissociation step of carbon dioxide at act ive oxi-  
dation sites is most important.  Its magni tude then be- 
comes dependent  on the Pco2/Pco ratio for atmospheres 
at high par t ia l  pressures of carbon dioxide since the 
active oxidation sites at wust i te  nuclei  boundaries enter  
into competi t ion with active decarburizat ion sites for 
adsorbed oxygen supplied by surface diffusion. 

It is clear that  this simple model  reproduces the qual i-  
ta t ive  character  of all features of the reaction. How-  
ever, it does not take account of long t ime decarburi -  
zation by gaseous t ransport  at oxide crystal l i te  bound- 
aries in the scale and the known change of the oxida-  
tion to parabolic kinetics at very  long times. The 
l inear behavior  implies that  the surface control reaction 
is much slower than the diffusion of iron through the 
scale to the reaction front at its external  surface. Ac-  
cording to earl ier  work on the l inear kinetics for 
wust i te  formation on pure iron (14, 15), the oxidation 
rate  constant ko, Eq. [21], would be expected to show 
a proport ional  dependence on the par t ia l  pressure of 
carbon dioxide greater  than that  for equil ibrat ion of 
wust i te  with iron. Values of the l inear reaction rate 
constants obtained for the three" alloys at long ex-  
posures are plotted in Fig. 11, and it is to be seen that  
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they do show this proport ional  dependence up to a 
carbon dioxide part ial  pressure of 0.8 atm and a larger  
dependence at higher pressures. Apparen t ly  wust i te  
formation is enhanced and decarburizat ion decreased 
at these lat ter  pressures. Since the scales on the alloys 
are porous, a larger  area for wust i te  formation at ex-  
ternal  and internal  surfaces would  lead to less effective 
porosity and decreased decarburization. These proper-  
ties would lead to the higher  observed rates for wust i te  
formation but the complex processes involved, how-  
ever, are not amenable  to simple analysis. 

Summary 
An investigation has been carr ied out on the oxida-  

t ion-decarburizat ion kinetics and the morphological  
development  of the wust i te  scale on iron alloys con- 
taining 0.23-1.07 w/o  carbon exposed to carbon dioxide- 
carbon monoxide atmospheres at a t empera ture  suffi- 
cient ly high for stabilization of the meta l  as austenite. 
Under  reducing atmospheric conditions with respect to 
wust i te  formation, the decarburizat ion rate increased 
with increasing pressure of carbon dioxide, but de- 
creased with increasing exposure t ime due to onset 
of carbon diffusion in the metal  substrate. Growth  of 
wust i te  stifled decarburizat ion in proport ion to the 
areal  coverage by oxide. In the late stage of the reac-  
tion decarburizat ion occurred only by gaseous effusion 
of carbon oxides through pores in the scale. The mag-  
nitudes of the initial l inear oxidat ion-decarbur izat ion 
rate constants were  examined as a function of carbon 
dioxide part ial  pressure. These constants showed a 
direct dependence at low pressure while at high pres-  
sure they  were  dependent  on both the part ial  pressure 
of carbon dioxide and the Pco2/Pco ratio. An explana-  
tion was advanced for this behavior  by considering 
both oxidation and decarburizat ion to be control led by 
a chain of surface reactions where  ei ther dissociation 
of carbon dioxide at active oxidation and decarburiza-  
tion sites or surface diffusion of adsorbed oxygen to 
these a c t i v e  sites acted as rate determining steps. 
Finally, an oxidat ion-decarbur izat ion model  based on 
stifling of the decarburizat ion react ion by la tera l  
growth of wust i te  was advanced to generate  the gen-  
eral  features of the reaction curves. 
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Decarburization of an Iron 0.8 w/o Carbon Alloy 
in the Presence of a Wustite Scale 

A. S. Reeves 1 and W. W. Smeltzer* 
Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The decarburization kinetics have been investigated for an austenitic Fe- 
0.81 w/o C alloy in the presence of a wustite scale exposed to a carbon dioxide 
atmosphere or vacuum at 950~ During the stage of linear reaction kinetics in 
carbon dioxide, iron oxidation was approximately tenfold more rapid than 
carbon oxidation. The latter reaction occurred predominately with carbon 
dioxide rather than by reduction of wustite. The primary rate-controlling 
steps in decarburization were reaction steps at the alloy surface with a small 
resiatance possibly occurring to the passage of carbon oxides by pores in the 
scale. The maximum area affected by porosity in a scale was 2-3%. Under 
vacuum deearburization conditions, the effectiveness of the pores in the wustite 
scale as a means of transport for carbon oxides was dependent on its thick- 
ness and the concentration of carbon at the metal/oxide interface. 

An oxidat ion-decarburizat ion model based on sur-  
face controlled reaction steps has been shown pre-  
viously by Billings et al. (1) to account most ade- 
quately for the ini t ial  rates of decarburization and 
wusti te  formation on austenitic i ron-carbon alloys on 
their  exposure in carbon dioxide-carbon monoxide at-  
mospheres. The ini t ial  selective oxidation of carbon 
from sheet specimens exhibited l inear  kinetics, and 
decarburization occurred by gaseous transPort  of carbon 
oxides through pores in the oxide dur ing the late 
stage growth of wusti te crystals. The purpose of this 
invest igat ion was to obtain addit ional  informat ion 
for in terpre ta t ion of the decarburizat ion reaction at 
relat ively long exposure intervals. The reaction k ine t -  
ics consisting of s imultaneous oxidation of iron and 
carbon were allowed to occur unt i l  a layer  of wus-  
tite formed on the metal  surface. Decarburization 
was then  allowed to proceed without wusti te  forma- 
tion. 

Experimental 
The methods for preparing the Fe-0,81 w/o C alloy 

and the method for carrying out the reaction tests at 
950~ in flowing carbon dioxide at 1 atm pressure 
were identical to those methods previously reported 
(1) . .Rec tangular  plate specimens of the alloy, 0.7 x 
0.5 x 0.3 cm, were polished finishing with 1~ dia- 
mond paste. During oxidat ion-decarburizat ion of a 
specimen, the flow rate of the carbon dioxide gas was 
main ta ined  at 0.6 cm/sec. Vacuum decarburization of 
a specimen in situ was carried out at a residual  pres- 
sure of 10 -5 Torr. 

Specimens were mounted in epoxy resin for metal -  
lographic examination.  Both cross sections and tapered 

1 Present address: Defence Research Establishment AHantic. Dart- 
mouth, Nova Scotia. 

* Electrochemical Society Active Member. 

sections through the oxide layer at angles less than 
5 ~ from the surface plane were used. Where etch-  
ing of the metal  surface was employed, the etchant 
was 2% nital. 

Carbon analyses of oxidized specimens were car-  
ried out by the Orsat method. An entire specimen was 
combusted after removal  of the wusti te  layer by 
pickling in dilute hydrochloric acid at room tempera-  
ture unt i l  visual  examinat ion showed complete re-  
moval of oxide. It  was established that  the loss of 
metal  by this pickl ing procedure was negligible. 

Results 
When a specimen is exposed to carbon dioxide at 

950~ the observed change in weight is the result  
of both wusti te  growth and carbon loss. The reaction 
curves and the carbon analyses of specimens reacted 
under  various conditions wil l  be shown, as well  as 
photomicrographs i l lustrat ing s t ructural  features of 
the metal  and oxide scale. 

Reaction kinetics.~Typical reaction curves for the 
Fe-0.81 w/o  C alloy in carbon dioxide are shown in 
Fig. 1. The ini t ia l  slope of a curve was positive giv- 
ing way to a region of constant  slope and finally a 
region of decreasing slope as the reaction tended to 
become part ia l ly  governed by diffusion processes. 
In  the previous research (1), the ini t ial  slope in the 
reaction curve was found to be positive for Fe-0.6 
w/o C and negative for Fe-l .07 w/o  C. The value from 
the present  work is in termediate  between these va l -  
ues. The l inear  reaction rate constant  calculated from 
the data in Fig. 1 is 0.093 _ 0.012 mg/cm 2 rain. 

An abrupt  change from weight increase to weight 
decrease was usual ly  observed immediate ly  after 
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Fig. 1. Reaction kinetics of Fe-O.81 w/o C alloy in carbon dioxide 
at 1 atm. pressure at 950~ 

shutt ing off the carbon dioxide supply and allowing 
a scaled specimen to react under  vacuum. The results 
are shown in Fig. 2. The loss of carbon from a speci- 
men became continuously slower with increasing ex- 
posure time. Moreover, the rate of~carbon loss de- 
creased as the oxide thickness increased. With very 
thick oxide scales, approximately  100~ thick, decar- 
burizat ion was not observed dur ing the t ime of the 
experiments.  

Carbon analyses.--Specimens were oxidized in car- 
bon dioxide for different intervals  and then analyzed 
for residual  carbon. The upper  graph in Fig. 3 shows 
the carbon loss dur ing the oxidat ion-decarburiza-  
t ion period. Carbon loss occurred after an ini t ial  
period of more rapid rate over an extended period 
by a constant  ra te  equal to 6.0 x 10 -3 mg/cm~ min. 
Microscopic examinat ion of the wusti te scales i l lus- 
t rated that  the onset of the l inear  rate behavior cor- 
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Fig. 2. Kinetics of vacuum decarburization at 950~ following 
immediately after oxidation in carbon dioxide. 
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Fig. 3. Carbon loss from a specimen during oxidation in carbon 
dioxide (upper graph) and during vacuum decarburization after 
exposure to carbon dioxide for 90 min (lower graph). 

responded approximately to coverage of the metal  
surface with wustite. 

In  another  series of experiments,  the reaction t ime 
in carbon dioxide was kept constant  at 90 min. Speci- 
mens were then decarburized under  vacuum and 
analyzed for residual  carbon. These results are given 
in the lower graph of Fig. 3. Carbon loss by oxide 
reduction at approximately 1.7 x 10 -8 mg/cm ~ min 
occurred more slowly than dur ing reaction of a speci- 
men in carbon dioxide. 

Metallography.--When a specimen was exposed to 
carbon dioxide, the surface became covered with 
wustite crystallites wi thin  a period of 30-40 min. The 
growth of the crystallites was very  irregular,  the 
general  t rend being toward larger size crystallites 
as the oxide layer thickened. The oxide was general ly 
very adherent  to the metal  as shown in Fig. 4. Some- 
times, however, reaction oikcarbon with wust i te  oc- 
curred at the metal  interface with the result  that  
voids were formed, and iron precipitated at the in-  
terface, as shown in Fig. 5. It appeared that  bl is ter-  
ing of the scale occurred at these regions. Figure  6 
taken from a tapered section of a specimen suggests 
this possibility. The micrograph of the metal  shows 

Fig. 4. Metal/oxide interface after oxidation of the specimen in 
carbon dioxide (Magnification 200X). 
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Fig. 5. Void formation and iron precipitation at metal/oxide in- 
terface after oxidation in carbon dioxide (Magnification 380X). 

Fig. 7. Void formation and iron precipitation at metal/oxide in- 
terface after vacuum decarburization of oxidized specimen for 3 
hr at 950~ (magnification 400X). 

extremely uneven  as wusti te  was reduced, and voids 
were formed at the interface. In  this photomicrograph, 
the void volume (39%) is of the same order of magni -  
tude as the difference in the volume of the metal  and 
oxide (43%). This appeared to be a common feature 
of the decarburizat ion reaction by wusti te reduction. 
An addit ional effect apparent ly  caused by the pres-  
ence of pores in  the scale through which carbon mon-  
oxide escaped could be seen by taper-sect ion meta l -  
lography. As shown in Fig. 8, spires of metal, which 
extended into the wusti te  scale, developed at the 
surfaces of pores dur ing reduct ion of wust i te  by  car-  
bon monoxide. In  the case of a th in  scale, wusti te 
could be completely reduced in  some places exposing 
areas of reduced metal. Cross sections of these re-  
gions, as i l lustrated in Fig. 9, also showed the pres- 
ence of the i ron spires formed by the reduct ion of 
wusti te  at the walls of pores. 

Discussion 
The observations are consistent with the proposi- 

t ion that  decarburizat ion is controlled largely by the 
react ion steps at the alloy surface wi th  pores in  the 
wusti te scale possibly offering a small  resistance to 
the t ransfer  of gaseous carbon oxides. These pores 

Fig. 6. Taper sections of a specimen after oxidation in carbon 
dioxide. Upper micrograph, metal surface showing nonuniform car- 
bon content, dark area is of larger pearlite content due to higher 
carbon cuntent (magnification IOOX); lower micrograph, blistering 
of oxide, the central area of the blister is the underlying metal. 

an area of high carbon content surrounded by an 
area of extensive decarburization. In  the other micro- 
graph showing the presence of wustite, the scale ap- 
pears to be ruptured  and the dark etching of the un -  
derlying metal  suggests that  this may be a high-  
carbon area. 

Void formation and iron precipitat ion at the me ta l /  
oxide interface became a general  feature when  an 
oxidized specimen was allowed to decarburize under  
vacuum. As shown in Fig. 7, this interface became 

Fig. 8. Taper section of metal and oxide scale after vacuum de- 
carburization of specimen (magnification 170X). Iron precipitation 
extends into wustite scale at pores. 
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Fig. 9. Cross section of oxidized specimen after vacuum decar- 
burization showing iron spires associated with oxide porosity (mag- 
nification 170X). 

remain  effective for gas t ransport  under  conditions 
which would appear to be a complex function of the 
original carbon content in the alloy, the exposure 
atmosphere, and the amount  of wusti te formation. 

Decarburization was relat ively rapid and wustite 
formation relat ively slow during the ini t ial  stages of 
the reaction. Nevertheless, the reaction kinetics for 
both processes became approximately constant  after 
30 min. The l inear  weight gain corresponding to both 
oxidation and decarburization was 0.093 mg/cm 2 min 
(Fig. 1) while the decarburizat ion rate was 0.006 m g /  
cm 2 min (Fig. 3). This lat ter  rate is equal  to an oxy- 
gen consumption of 0.008 mg/cm 2 min  assuming that 
the reaction product is carbon monoxide. Thus, iron 
oxidation occurred approximately tenfold more rap- 
idly than  carbon oxidation in the steady-state con- 
dition for the Fe-0.81 w/o C alloy exposed in a car- 
bon dioxide atmosphere. 

It was found in the previous investigation that  
iron and carbon both enter  into competit ion for ad- 
sorbed oxygen result ing from the dissociation of car- 
bon dioxide during the early stages of the reaction 
(1). Since lateral  growth of wusti te blocks active 
decarburizat ion sites and stifles this reaction, the area 
of metal  exposed to the atmosphere approaches a 
small  value, the atmosphere finally contacting the 
alloy through pores where wusti te crystallites im-  
pinge on one another. An estimate may be made of 
this area affected by porosity dur ing the steady-state  
oxidat ion-decarburizat ion condition. In  the absence 
of wusti te formation, a carbon loss of 0.21 mg/cm 2 
min  would be expected using data from Fig. 8 and 
Eq. [3] of ref. (1). The actual loss, 0.006 mg/cm 2 min, 
is much lower. Assuming that  this decrease is caused 
by the areal coverage of wusti te stifling decarburi-  
zation, the above rate shows that 2-3% of the surface 
area is affected by porosity. This is a max imum esti-  
mate since any influence of the Pco2/Pr ratio in the 
expression for the decarburization rate, Eq. [8] of 
ref. (1), was neglected. Also, account could not be 
given to any possible resistance arising from geom- 
etry of pores to gas access to the metal  surface. 

The ra te-control l ing steps in decarburization would 
appear to be associated with the reaction at the alloy 
surface and t ransport  of gaseous carbon oxides 
through the scale. If the surface reaction was com- 
pletely rate controlling, the pores in the scale need 
only be large enough to permit  free passage of car-  
bon oxides to and from the metal  surface. On the 
other hand, a constant resistance to gas flow would 
be required if t ransport  of the carbon oxides through 
a th ickening scale became rate determining.  To ac- 
count for this behavior in the case of the decarburi-  
zation reaction of these alloys exposed in air, Sachs 

(2) has suggested that  a resistance to gas flow can- 
not be due to friction along the walls which would 
increase with scale thickness. He suggests therefore 
that  the resistance is caused by a single nar row re- 
striction in  each pore which remains  open as long as 
sufficient carbon monoxide is evolved. It  would ap- 
pear, however, that  the decarburizat ion rate  observed 
under  the exposure condition employed in this in-  
vestigation is largely controlled by the surface reac- 
t ion steps. Even when the surface was covered with 
a thick scale, the relat ively rapid passage of carbon 
dioxide through the pores was sufficient to main ta in  
the surface decarburizat ion reaction involving ad- 
sorbed oxygen at least threefold more rapid than under  
the condition of oxygen supply from wusti te  dur ing its 
reduction (Fig. 3). Also, the decarburizat ion rate was 
not independent  of wusti te  scale thickness and de- 
creased with t ime when this reaction proceeded by 
direct reduct ion of wustite in  vacuum (Fig. 2). These 
characteristics suggest that  the rates of the surface 
reactions coupled with the supply of carbon to the 
reaction sites are the most significant factors for de- 
t e rmin ing  the kinetics under  scaling and nonscal ing 
conditions. 

The pores in the scale remained effective for the 
transfer of carbon oxides up to the longest exposure 
interval  in the carbon dioxide atmosphere. Under  
vacuum decarburizat ion conditions, however, the rate 
of carbon loss was a funct ion of the amount  of wustite 
formed and the residual  carbon in the alloy. To ob- 
tain addit ional informat ion on this relationship, the 
instantaneous rates for vacuum decarburization were 
obtained by taking l imit ing tangents  to the plots in 
Fig. 2. These rates are plotted vs. the scale thickness 
in Fig. 10. Decarburization became negligible when 
the scale thickness exceeded 100~ and the residual  car- 
bon content  of the alloy was less than 0.5 w/o. It would 
appear therefore that  the reaction of carbon with 
wustite may reach a state of equi l ibr ium in the ab-  
sence of a reactive atmosphere. Engell  (3) calculated 
an equi l ibr ium pressure of 16 atm for the carbon mon-  
oxide gas arising from the reaction of carbon in a 
0.5 w/o C alloy with wusti te  at 950~ This value, 
which is accurate probably to a factor of not greater 
than five by present  l imitations of thermodynamic  
data (4, 5), would represent  the ma x i mum pressure 
to be found in a closed pore of the wusti te scale at 
the metal  interface since the carbon concentrat ion 
is the average concentrat ion of an oxidized specimen. 
Peters and Engell  (5, 6) also measured the adherence 
of wusti te  to iron and i ron-carbon alloys by de te rmin-  
ing the force required to separate the scale from the 
metal  and obtained values ranging from 100 atm 
for pure iron to 30 atm for Fe-0.6 w/o C. This lat ter  
value lies in the range of the calculated equi l ibr ium 
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Fig. 10. Dependence of the initial vacuum decarburization rates 
on wustite scale thickness of the Fe-0.81 w/o C alloy immediately 
after oxidation in carbon dioxide at 950~ 
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pressure of carbon monoxide, which suggests, as was 
found, that  the wusti te  may become protective to 
decarburizat ion at carbon contents below a critical 
value in the absence of a reactive atmosphere. 

This investigation dealing with the reaction kinet-  
ics and observations on the s t ructural  features of the 
alloy and scales has substant iated the consideration 
that the reaction of carbon dioxide and wusti te  with 
carbon from an iron alloy occurs predominant ly  at 
the metal /oxide interface (1, 5-7). Carbon monoxide 
only reduced wusti te at walls of pores to form a metal  
decoration as spires extending into the scale (Fig. 8). 
During vacuum decarburization, the small  voids which 
appear at the metal /oxide  interface could be ac- 
counted for by the difference in volume between 
wusti te  reduced and iron formed. These phenomena 
associated with the surface decarburizat ion reaction 
and passage of carbon oxides through a porous wusti te 
scale were most common. One other feature, bl ister-  
ing of the scale from the alloy did occur. Apparent ly  
growth and coalescence of wusti te crystallites oc- 
casionally annihi la ted porosity in a scale at small  lo- 
calized areas, carbon bu i ld -up  subsequent ly  occur- 
red and sufficient pressure of carbon monoxide was 
generated from the reaction of carbon with wusti te 
for bl istering of scale (Fig. 6). This type of reaction, 
nevertheless, was only of minor  significance. 

Summary 
An investigation has been carried out on the oxida- 

tion and decarburization kinetics of a Fe-0.71 w/o C 
alloy at 950~ Iron oxidation occurred approxi-  
mately tenfold more rapidly than  carbon oxidation 
under  the steady-state reaction condition in the car- 
bon dioxide atmosphere. The ra te-control l ing steps 
for decarburization were associated with the reac- 
t ion at the alloy surface and possibly with a small 
constant  resistance to passage of gaseous carbon oxides 
by pores in  the wusti te scale. A comparison of de- 
carburizat ion rates in the absence and presence of 
wusti te indicated that  the area of the surface affected 

by porosity was a ma x i mum of 2-3%. Also, it was 
possible to show that  these pores in the scale re-  
mained effective for gas t ransport  at scale thicknesses 
less than  100~ and residual carbon contents in the 
alloy greater  than  0.5 w/o  under  the conditions of 
vacuum decarburization. A small degree of scale 
bl istering from the alloy surface was found to occur 
by the generat ion of a high pressure of carbon mon-  
oxide from the reaction of carbon with wusti te at 
areas where growth and coalescence of the oxide 
crystallites annihi la ted scale porosity. 
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The Sublimation Pressure and Sublimation 
Coefficient of (100) Oriented Lead Telluride 

Single Crystals 
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Department of Materials Science, School of Engineering, San Jose State College, San Jose, California 

ABSTRACT 

The sublimation pressure of (100) oriented single crystals of lead tel luride 
was measured by the tors ion-Langmuir  method over the tempera ture  range 
of 871~176 The result ing expression for the free-surface subl imation pres-  
sure is log P ( a t m )  ~ --(1.085 ~- 0.049) 104/T ~- (6.716 _ 0.536) where T is 
the absolute temperature  and the quoted errors are the standard deviations. 
Equi l ibr ium sublimation pressures, as determined by the torsion-effusion 
technique in the temperature  range of 919~176 were found to obey the 
expression: log P (a tm)  ~ --(1.109 ___ 0.026) 104/T ~- (7.119 ~- 0.261). Calcu- 
lations of the th i rd- law enthalpies for free-surface and equi l ibr ium subl ima-  
tions gave the values 54.95 • 0.37 and 54.34 _ 0.13 kcal/mole,  respectively. 

Because of their  properties as semiconductors, the 
chalcogenides of lead have been the object of con- 
siderable interest  in recent years (1-3). A common 
method of preparat ion of thin films of these compounds 
employs a vapor deposition technique. In order to 
in terpret  the properties of the deposited films and to 
select suitable conditions for deposition, it is necessary 
to know the vapor pressure and the sublimation mech-  
anism of these semiconductors. 

Pashinkin  and Novoselova (4) determined the sub- 
l imation rates from porous samples of lead tel luride 
employing t he  Knudsen  and Langmui r - l ike  methods. 
Combining the results of these methods they con- 
cluded that the subl imation coefficient of lead tel luride 
was essentially one. More recently, Brebrick and 
Strauss (5), employing an optical absorption method, 
determined the part ial  optical densities of vapors in 
equi l ibr ium with solid lead telluride. They then used 
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the results of ref. (4) to calculate part ial  pressures 
of Te2(g) and PbTe(g)  over PbTe(s ) .  

Since vapor pressure values measured over free por- 
ous surfaces represent  only upper  limits, a total under -  
s tanding of the subl imation mechanism of lead tel-  
luride is not complete without  knowledge of the sub- 
l imation rates from single crystal  samples. Fur the r -  
more, it would seem highly desirable to determine the 
equi l ibr ium vapor pressure of this compound using the 
weight- loss- independent  torsion method. 

Experimental 
The torsion-effusion and tors ion-Langmuir  methods 

have been adequately described in recent publications 
(6, 7). Detailed description of the apparatus used in 
this investigation has been given elsewhere (8). 

Cylindrical  cells made from National  Carbon ZT101 
Grade graphite were used in  the torsion-effusion 
study. Previous experience with identical  cells proved 
the absence of leakage around the friction-fitted lids 
(8). Graphite  blocks with diagonally situated sample 
wells were used in  the to rs ion-Langmuir  port ion of 
this study. Geometric descriptions of all cells used in 
this work as well as the appropriate Freeman-Searcy  
force correction factors (9) appear in Table I. 

Temperatures  were measured by means of a cali- 
brated Pt -Pt /10% Rh thermocouple inserted inside a 
dummy cell which is situated about 1 cm below the 
torsion cell in  the center port ion of a tungs ten  heat ing 
element. Calibration of this thermocouple was ac- 
complished by measur ing the freezing points of a lumi-  
nun% silver, and copper samples placed inside the 
dummy cell. As an addit ional check on the val idi ty of 
results obtained in this apparatus the vapor pressures 
of tin, zinc, and silver were redetermined in the range 
from 10 -6 to 10 -3 atm. These measurements  gave 
th i rd- law AH~ values of 72.4 ~ 0.1, 31.6 -+ 0.2, and 
68.49 __+ 0.05 kcal/mole,  respectively. Hul tgren et al. 
(10) list ~Ho29s values of 72.2, 31.2, and 68.10 for the 
above-ment ioned elements, respectively. 

Lead tel lur ide samples were obtained as cyl indr i -  
cally shaped ingots with approximate diameters of 1.5 
cm. These ingots, which had been prepared from 
"99.9999% pure" elements by the Bridgeman technique, 
were examined by x - ray  methods. The result ing Laue 
pat terns showed them to be single crystals with the 
easy cleavage (100) planes perpendicular  to the cyl in-  
der major  axis (lead tel lur ide has the NaC1 structure) .  
Furthermore,  Debye-Scherrer  powder pat terns indi-  
cated the presence of the lead tel luride phase only. 

Wafer samples (about 1 mm thick) to be used in  the 
tors ion-Langmuir  experiments  were obtained by 
means of a spark cutter. Laue photographs showed 
that  the orientat ion of the faces of the wafers was 
wi thin  2 ~ of the (10O) planes of the crystal. Powder 
samples used in the torsion-effusion experiments  were 
filed from the ingots using a tungsten  carbide file. 

The congruency of sublimation of powder and single 
crystal samples of lead tel luride was established from 
x - ray  evidence. Samples which had been heated in 
vacuum, at temperatures  and for t ime periods corre- 
sponding to about 30% weight loss, showed no dis- 

Table I. Torsion cell characteristics 

S u b l i m a t i o n  M o m e n t  Or i f i ce  F r e e m a n -  
a rea ,*  c m  ~ a r m ,  c m  d e p t h / r a d i u s  Searcy 

Cel l  a l  0,2 q l  q~ ( l / r ) i  ( l / r ) s  f a c t o r  

T o r s i o n - e f f u s i o n  
A 0.0446 0.0446 1,292 1,277 2.60 2.60 0,506 
B 0.0312 0 .0312 1,243 1.303 3.16 3.16 0.459 
C 0.0060 0.0060 1.274 1.289 7.28 7.28 0.274 

T o r s i o n - L a n g m u l r  
L 0.0789 0.0778 0 .8720 0.8720 - -  ~ 
M 0.3164 0.3164 0.8720 0.8720 - -  ~ 

* T h i s  q u a n t i t y  is  t h e  or i f ice  a r e a  in  t o r s i o n - e f f u s i o n  ce l l s  a n d  is 
t h e  s u r f a c e  a r e a  of t h e  s a m p l e  in  t h e  t o r s i o n - L a n g m u i r  r u n s .  

cernible change in the  x - r ay  patterns. The only ob- 
servable change was a darkening of color of the heated 
powders at or near their surface. Crystallographic 
examinations of heated wafers showed no change in 
their orientation even after they had suffered up to 
about 80% weight loss by vacuum heating. 

Results 
Figure 1 shows the results of the vapor pressure 

measurements  of both the  torsion-effusion and tor-  
s ion-Langmuir  studies of lead telluride. 

Using three cells, torsion-effusion subl imation pres- 
sures were measured between 919 ~ and 1079~ Cal- 
culations of the mean free p&th to orifice diameter 
ratios, l /d,  showed a systematic increase in the pres-  
sure results as this ratio fell significantly below one. 
Thus only vapor pressure values whose X/d ratios 
were greater than  one were included in all subsequent  
calculations. Based on the following reaction 

PbTe(s )  = PbTe(g)  [1] 

the least-square fit of the torsion-effusion data in  the 
temperature  range of 919~176 was found to be 

log P ( a t m )  = -- (1.109 _ 0.026) 1O4/T 

+ (7.119_ 0.261) [2] 

where  P is the pressure, T is the absolute temperature,  
and the quoted errors are the s tandard deviations. 
Based on Eq. [1] and [2] second-law heat and entropy 
changes at 980~ were calculated to be 50.7 kcal /mole  
and 32.6 eu, respectively. Using reported Cp values 
(11, 12) the corresponding thermodynamic  quanti t ies 
at 298~ &H~ and AS~ w e r e  found to be 54.9 +__ 
1.2 kcal /mole  and 39.1 +_ 1.2 eu. In  order to determine 
th i rd- law AH~ free-energy functions were calcu- 
lated from reported heat capacity data for PbTe(g)  
(11) and PbTe(s)  (12). These calculations whose re- 
sults appear in Table II gave an average value of 
AH~ of 54.34 _ 0.13 kcal/mole.  

Figure 1 also shows the results of the tors ion-Lang-  
muir  studies of the sublimation from (100) oriented 
crystals of lead telluride. Employing a least-square 
fit for these data the expression for the subl imation 
pressure over the temperature  range of 871 ~ to 993~ 
was found to be 

log P (a tm)  = -- (1.085 • 0.049) 104/T 
+ (6.716 _ 0.536) [3] 

where T is in degrees Kelvin  and the stated errors are 
the standard deviations. Second-law calculations of 
the heat and entropy of subl imat ion gave AH~ -~- 
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Fig. I. Free-surface Qnd equilibrium vapor pressure of lead tel- 
luride. 
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Table II. Third-law heats of sublimation of lead telluride: 
torsion-effusion 

Afei, hH~ 
T, ~  P ,  a t m  c a l / d e g  m o l e  ~/d k c a l / m o l e  

919 i . I0  x IO -~ 
949 2.87 X I0  -a 
986 8.93 X 10 -8 

1014 1.89 X I0 -~ 

925 1.22 x 10 4 
949 2.60 x I0 -~ 
954 3.33 x I0 -~ 
955 3.13 x I0 -~ 
969 4.64 • 10 -5 
985 7.20 x I0 -~ 
986 7.75 x 10 -s 
987 8.80 x I0  -~ 
996 1.06 x 10-  4 
996 9.74 x 10 "~ 

1017 2.00 x 10 -~ 

Cel l  A 
36.55 9.39 54.44 
36.42 3.71 54.28 
36.24 1.24 54.00 
36.10 0.61 53.88* 

Ce l l  B 

36.63 10.16 54.56 
36.42 4.89 54.47 
36.37 3.86 54.24 
36.39 4,09 54.35 
36.32 2.80 54.41 
36.24 1.83 54.37 
36.24 1.71 54.28 
36.21 1.50 54.10 
36.19 1.26 54.16 
36.19 1.37 54.33 
36.09 0.68 53.96* 

Ce l l  C 

36.12 2.86 54.71 
36.06 1.89 54.54 
36.01 1.24 54.20 
36.00 1.27 54,34 
35.97 1.08 54.32 
35.92 0.75 54.10" 
35.92 0.69 53.99* 
35.91 0.64 63.90* 
35.88 0.55 53.81" 
35.87 0.56 53 .88*  
35.80 0.36 53.63*  

1008 1.08 • I0  -* 
1022 1.65 x I0-~ 
1033 2.53 x 1O -~ 
1035 2.48 x 10-4 
1042 2.94 x 10-~ 
1054 4.29 x 10-r 
1055 4.64 x 10-~ 
1057 5.05 x i0-~ 
1062 5.87 x I0 -4 
1063 5.77 X 10-4 
1079 9,19 • 10 -~t 

* D a t a  n o t  i n c l u d e d  in  c a l c u l a t i n g  AH%~8 a v e r a g e .  

49.6 kca l /mole  and A S ~  = 30.7 eu, respect ively.  Us- 
ing the  cited hea t  capaci ty  da ta  the  corresponding 
values at 298~ were  calcula ted to be 53.4 _+ 2.3 kca l /  
mole and 36:9 _+ 2.4 eu. F r e e - e n e r g y  functions, cal -  
cula ted  f rom Cp data  re fe r red  to above, were  used 
to calculate  t h i r d - l a w  heat  of f ree -sur face  subl ima-  
tion. Results  of these calculat ions are  shown in Table  
III. F r o m  this tab le  an average  va lue  of ~H~ was 
found to be 54.95 ___ 0.37 kca l /mole .  

Discussion 
The congruency of subl imat ion of lead  te l lu r ide  es- 

tabl ished in this work  by  x - r a y  methods  is in agree-  
ment  wi th  observat ions  made  by  o thers  (4, 13). Po r t e r  

Table IlL Third-law heats of sublimation of lead telluride: 
torsion-Langmuir 

ASeL AH~ 
T, ~  P ,  a t m  c a l / d e g  m o l e  k c a l / m o l e  

Ce l l  M 

871 1.86 • 10 -6 36.74 54.84 
874 1.98 x 10 -8 36.73 54.90 
880 2.26 x 10-6 36.71 55.04 
887 1.97 X 10- 0 36.68 55.69 
693 2.36 x 10 -6 36.65 55.72 
895 3.20 x 10-  6 36.65 55.30 
898 3.21 X 10-  ~ 36.64 55.48 
906 3.53 X 10-  6 36,62 55.78 
906 6.57 x 10 -6 36.62 54.65 
911 7.49 • 10 -  e 36.58 54,70 
913 8.02 x 10 -8 36.57 54,68 
913 7.92 • 10 -  8 36.57 54,70 
927 1.24 X 10 4 36.52 54.67 
932 1.39 X 1 0 4  36.49 54.72 
934 1.48 X 10 -5 36.48 54.71 
936 1.53 • 10 -5 36.47 54.77 
938 1.61 X 10 -~ 36.46 5.4.77 

Cell  L 

901 5.60 x 10-  e 36.63 54.65 
908 7.67 • 10 -8 36.60 54.49 
910 6.49 x 10 -8 36.59 53.99 
911 7.27 x 10 -8 36.59 54.75 
913 9,19 X 10-6 36.58 54.44 
915 7.81 x 10 -6 36.57 54.85 
917 8.11 x 10-8 36.57 54.90 
937 1.80 • 10 -~ 36.47 54.51 
941 2.08 x 10 -~ 36.45 54.46 
953 1.52 x 1 0 4  36.39 55.68 
965 3.0'1 X 10 4 36.34 55.03 
971 2.83 x 10 4 36.30 55.46 
980 3.91 x 10-5 36.27 55.31 
985 4.61 X 10 -6 36.25 55.25 
993 4.68 x 10-5 36.20 55.62 
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(13), using mass spect rometr ic  techniques,  s tudied the 
composit ion of vapors  effusing from graphi te  Knudsen  
cells containing solid lead tel lur ide.  His observat ions  
showed PbT e (g )  to be the  most  significant gaseous 
species over  P b T e ( s ) .  F rom opt ical  absorpt ion  mea -  
surements ,  Brebr ick  and Strauss  (5) concluded tha t  
PbT e (g )  const i tu te  about  98% of the subl imate  f rom 
lead tel lur ide.  

The exis tence of equi l ib r ium condit ions inside the  
torsion-effusion cells was demons t ra ted  by  the  ob-  
servat ion  tha t  measured  pressures  showed no depen-  
dency on orifice size (14). The only devia t ion  f rom 
equi l ib r ium condit ions came f rom da ta  points for 
which  the k/d ra t io  was less than  one. These points  
which correspond to nonmolecular  flow condit ions 
(15) were  not  included in the  the rmodynamic  calcula-  
tions. 

Effects of volume diffusion th rough  the wal l s  of the  
torsion cell, and of surface diffusion a round  the orifice 
were  examined.  The  fo rmer  effect contr ibutes  no net  
torque to the cell  and hence is of l i t t le  significance 
in any s tudy employing  the torsion method.  In  accord-  
ance wi th  theore t ica l  considerat ions  (16) a check was 
made on the magni tude  of the  surface diffusion effect. 
Results  of such analyses  proved the insignificance of 
any  loss of ma te r i a l  by  means  of surface diffusion 
a round  the orifice. 

Because of the  r e l a t ive ly  smal l  thickness  ( ~ 1  mm)  
of the  lead  te l lu r ide  samples  used in the  tors ion-  
Langmui r  exper iments ,  and in view of the  manner  
in which  they  were  posi t ioned and held  on the g raph-  
ite cells ( app rox ima te ly  th ree  four ths  of thei r  sur-  
face was in contact  wi th  graphi te ) ,  it  is un l ike ly  tha t  
the  phenomenon of evapora t ion-cool ing  (17) can 
create  a significant t e m p e r a t u r e  grad ien t  across the  
samples and thus lead to er roneously  low f ree-sur face  
subl imat ion pressures.  The negat ive  deviat ion of the  
repor ted  pressures  at the high t empe ra tu r e  end of the 
to r s ion -Langmui r  studies may  be suspected of being 
caused by  evaporat ion-cool ing.  However ,  on examina -  
tion of the r ema inde r  of the  data,  it  becomes difficult 
not to a t t r ibu te  this  devia t ion  to the exper imen ta l  
scat ter  in the  repor ted  pressure  results.  

Tors ion-Langmui r  studies on (100) or ien ted  crys-  
tals  gave subl imat ion pressures  somewhat  lower  than  
the equi l ib r ium values  in the  corresponding t empera -  
tu re  range.  Based on this pressure  difference, ca lcula-  
tions of the subl imat ion coefficient, =, at  1000~ gave 
a value  of about  0.7. In  spite of the  uncer ta int ies  in 
the  da ta  used in the  calculat ion of this  coefficient, 
justif ication for  the  r epor ted  va lue  of = is based on the  
theoret ica l  t r ea tment  given by  Hir th  and Pound  (18). 
According to this  t r ea tmen t  subl imat ion coefficients of 
l ow- index  crys ta l l ine  planes  a re  expected to have a 
theore t ica l  value  of cons iderably  less t han  one, even 
for such nondissociat ive subl imat ion processes as 
tha t  of Eq. [1]. Measured  subl imat ion rates  f rom 
or iented single crystals  of s i lver  have  in effect demon-  
s t ra ted  this  (19). 
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%chnica  Notes 

Multiple Activation of YVO, 
S. Faria* and D. T. Palumbo 

Sylvania Electric Products Inc., Chemical and Metallurgical Division, Towanda, Pennsylvania 

The YVO4 ma t r i x  serves as an efficient host for  many  
rare  ea r th  (1) and nonra re  ear th  (2) act ivators.  Most 
works  t r ea t  the  s ingly  ac t iva ted  systems or the  com- 
binat ion of a ra re  ea r th  and n o n - r a r e - e a r t h  ac t iva tor  
(3, 4) or  at  most  two ra re  ear ths  in combinat ion  (5), 
except  in the  case of Br ixne r  and Abramson  (6) w h e r e  
emissions due to low concentrat ions  of ra re  ea r th  im-  
pur i ty  were  observed.  In  this  note we discuss the  
spect ra  of YVO4 mul t ip ly  ac t iva ted  wi th  combinat ions  
of Dy, Er, Sm, Eu, Bi, or  In. Our  a im was to p repa re  a 
single component  phosphor  having  the same chro-  
mat ic i ty  as I l luminan t  A. 

E x p e r i m e n t a l  
The phosphors  were  p repa red  using convent ional  

procedures  as descr ibed in previous  papers  (2a, 5). 
The uncorrec ted  emission spect ra  were  recorded wi th  
a P e r k i n - E l m e r  Hi tachi  M P F - 2 A  spectrophotometer .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
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The phosphors  were  tes ted  in 40W low-pressu re  
fluorescent lamps  for l ight  output  and color render ing  
index (7). 

Experimental Results 
YVO4:Dy,Er ,Sm,Eu.- -Because  of its s t rong emis-  

sion at low concentrations,  Dy was selected as the  
p r ima ry  activator.  Various concentrat ions of the  other  
ra re  ear th  e lements  (Er,Sm,Eu) were  then  added  to 
YVO4:Dy(0.003). The  amounts  r equ i red  to app rox i -  
mate  the  I l luminan t  A energy  d is t r ibut ion  were  usua l -  
ly less than  the op t imum concentra t ion needed for  
the  s ingly ac t iva ted  YVO4. F o r  example ,  the  op t imum 
Eu content  was be tween  3 and 5 m / o  (mole pe r  cent)  
in YVO4, whi le  in YVO4:Dy(0.O03), 0.3-0.5 m / o  Eu 
was sufficient to ini t ia te  quenching of the  Dy emis-  
sion. The emission spec t rum of YVO4:Dy(0.003) is 
shown in Fig. 1. Other  ra re  ear ths  are  known to emit  
the i r  major  character is t ic  emission l ines in the  spec- 
t ra l  a rea  not  occupied b y  the  Dy  mult iple ts .  Rare  
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earth elements known to emit between the two Dy 
mult iplets  a r e  Tb at 543nm, Er  at about 550nm, and 
Ho at about 545nm. Of these three, Er was the only 
one to show strong intensit ies in the presence of Dy 
and small  traces of Eu. Figure  2 shows the emission 
spectrum of YVO4:Dy(0.003), Er(0.007), and Eu 
(0.0003). Erb ium lines are shown to be very strong at 
525, 545, and about 555 nm. In the long-wavelength  
spectral region, i.e., beyond the 575 nm Dy lines, Sm 
and Eu are the most  intense rare earth emitters. 

Samar ium was incorporated together with Dy and 
Eu. Figure 3 shows Sm lines appearing at about 600 
and around 645 nm. In  this spectrum the concentrat ion 
of Sm was 0.008 while Dy was kept at 0.003 and Eu 
at 0.0003. The addition of Er to YVO4: Dy,Eu,Sm fills 
the gap in the emission spectrum between the Dy 
multiplets.  Figure 4 shows the emission spectrum of 
all these rare earths, Dy, Er, Sin, and Eu. Figure 4 
gives the spectrum of YVO4:Dy,Er,Sm,Eu compared 
to I l luminan t  A ( tungsten lamp at 2848~ which  is 
shown as the superimposed line. The composition of 
the phosphor represented in Fig. 4 is YVO4: Dy (0.0007), 
Er(0.008), Sm(0.005) and Eu(0.0025). Note that  the 
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Dy lines are still very  strong even in the presence of 
more than ten  times as much Er, seven times as much 
Sm, and three t imes as much Eu. This phosphor com- 
position, however, lacks some blue and red emission 
compared to the I l luminan t  A distribution. 

YVO4: In,Dy,Er,Sm,Eu.--The blue emission Of 
YVO4:Dy, Er,Sm,Eu was enhanced by incorporat ing 
In, a non- ra re -ea r th  element. By adjust ing the propor- 
tions of each rare earth and by using about 2 m/o  In, 
a chromaticity closer to I l luminan t  A was obtained. 
The color coordinates of the YVO4:In(0.02), Dy 
(0.0007), Er(0.008), Sm(0.005), Eu(0.0025) phosphor 
shown in Fig. 5 were x ---- 0.429 and y = 0.393 with 
254 nm excitation, compared to x ---- 0.448 and y = 
0.408 for I l luminan t  A. 

YVO4: Dy,Bi,Eu.--The addition of Bi to YVO4: Dy,Eu 
introduced the typical broad emission band of YVO4: Bi 
(3, 4) with a peak at about 550 nm. Dy, Eu, and Bi 
were incorporated in YVO4 yielding a phosphor with 
the following composition , YVO4: Dy (0.003), Bi (0.002), 
Eu(0.002). The emission spectrum is shown in Fig. 6. 
By slightly increasing the Dy content  to 0.004 in this 
phosphor, we obtain color characteristics close to 
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I l luminant  A. The x color coordinate was 0.438 and 
the y was 0.403, measured in 40W fluorescent lamps 
with an output  of about 2500 lumens and a color ren-  
dering index of 50. 

Summary 
YVO4 can s imultaneously accommodate a mul t i -  

plicity of rare earth and non- ra re -ea r th  activators, each 
emit t ing its characteristic spectral lines or bands. Al -  
though the color of I l l uminan t  A can be obtained with 
reasonable light output, the gaps in the spectral energy 
distribution, as a consequence of the use of l ine emit-  
ters, give poor color rendition. 

Manuscript  received June  9, 1969; revised m a n u -  
script received Aug. 8, 1969. This was a Recent News 
Paper  presented at the New York Meeting of the So- 
ciety, May 4-9, 1969. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the December 1970 
JOURNAL. 
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Epitaxially Grown Graded Heterojunctions of 
(Zn, Cd)S 

W. J. Biter and R. B. Lauer ~ 

University of Delaware, Newark, Delaware 

In  this communicat ion we wish to report the epi tax-  
ial growth of CdS crystals on ZnS single crystal sub-  
strates. Due to the elevated temperatures  at which 
these heterojunct ions are grown there exists a t rans i -  
tion region between the pure ZnS and the pure  CdS. 
The t ransi t ion region which has its origin in in ter -  
diffusion is a region of spatially dependent  energy gap 
(1). The heterojunct ions at 80~ show blue photo- 
luminescence on the ZnS side and green photolumi-  
nescence on the CdS side. The major i ty  of the work 
done on epitaxy in the I I -VI  compounds has been 
limited to the deposition of th in  films of one II-VI onto 
another  II-VI, either by chemical transport,  vacuum 
evaporation, or flow method (2). 

The technique used to grow the heterojunctions was 
basically the self-sealing method of Piper  and Polich 
(3), except that  an orientated ZnS single crystal was 
placed in the tip of the growth tube as shown in Fig. 1. 
[The ZnS crystal  was grown in this laboratory and had 
impurit ies on the order of 10 ppm (4). The CdS 
powder was Semi-Elements  and 99.999% pure.] The 
ZnS single crystal was orientated so that its c-axis was 
paral lel  to the axis of the growth tube. The ZnS single 

1 Present  address: Itek Corporation, Lexington,  Massachusetts. 
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Fig. 1. Furnace and temperature profile for the growth of epi- 
taxial heterojunctioas of (Zn, Cd)S. 

crystal was chemically etched in HC1 prior to use. The 
opt imum conditions for the successful epitaxial  growth 
of CdS onto the ZnS were: (a) charge tempera ture  of 
1120~ (b) an ini t ial  tempera ture  difference of 20~ 
between the charge and the face of the ZnS; (c) a drive 
rate of 1.3 cm/day;  and (d) a t empera ture  gradient  of 
20~ in the growth zone. The ambient  used was 
100 mm of Hg of HC1 and 660 mm of Hg of H2S. These 
crystal growth parameters  represent  opt imum values. 
The HC1 is added for doping; however, it probably in-  
creases the t ransport  process as well. The durat ion of 
the growth run  was 24 hr giving CdS regions of about 
1 cm thick. The CdS crystal was composed of a number  
of large single crystals. 

Back reflection Laue photographs showed that  the 
c-axis of the epitaxially deposited CdS crystal was 
parallel  to the c-axis of the ZnS substrates. Pre-  
l iminary  microscopic observations indicated that  the 
t ransi t ion region was between 50 and 100 /~m thick. 
By means of electron microprobe analysis the exact 
spatial extent  as well as the ratio of Zn to Cd in the 
t ransi t ion region could be determined. Electron micro- 
probe data for a typical  heterojunct ion are shown in 
Fig. 2. Since a concentrat ion gradient  exists in the 
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Fig. 2. Concentration of Zn and Cd as a function of position in 
(Zn, Cd)S graded heterojunctions. 
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system, it is necessary to consider the t ransi t ion region 
as a region of spatially dependent  energy gap (5). 

Owing to the complex na ture  of the interdiffusion 
process it is impossible to relate the diffusion to a 
specific type of diffusion, or to calculate an exact 
diffusion constant. This technique of epitaxial  crystal 
growth does serve as a method for obtaining graded 
heterojunct ions of I I -VI  compound systems, and should 
be readi ly applicable to such systems as CdS on ZnTe 
or CdSe on ZnS. Although it is impossible to generalize 
on the na ture  of the interdiffusion process, an order of 
magni tude diffusion constant  characterizing the diffu- 
sion process can be obtained from the electron micro- 
probe data by taking the two end points and assuming 
that the diffusion follows the relat ion C(x,t)  ---- C' 
erfc (x2/4Dt) 1/2. The value of D obtained for 1100~ 
is 10-11cm2/sec. This value most l ikely represents a 
weighted average value for the combined diffusion of 
Zn into CdS and Cd into ZnS. 
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SEM Observation of Self-Healing Breakdown 
in Thermally Grown SiO  Films 

P. Wang* and N. Van Buren 
General Telephone and Electronics Laboratories, Inc., Woburn, Massachusetts 

and P. Edraos 
Rome Air Development Center, GrilJ1ss AFB, New York 

During a study of switching in th in  dielectric films, 
we observed, through a low-power microscope in a 
darkened room, faint  bluish light emission general ly 
along the per iphery of the top electrode when  a 
gradual ly  increasing negative potential  was applied. 
A typical test vehicle was a th in  silicon dioxide film 
(between 0.06 and 0.1 #m thick) grown by thermal  
oxidation at 1050~176 in a clean env i ronment  on 
a p- type  silicon substrate  of 0.002-0.008 ohm-cm re- 
sistivity. An  evaporated gold film was used to provide 
backside contact, and the top electrodes were formed 
by electron beam evaporat ion of th in  a luminum (of 
approximately 0.1 #m thickness) to form dots through 
a metal  mask. The light emission was general ly con- 
current  with an increase in leakage current  observable 
on a Tektronix  575 curve tracer, beginning at well 
below bulk  breakdown field strength. At a potential  
near, or slightly exceeding, bulk  breakdown the device 
switched from a high resistance state, typically greater 
than 10 v ohms, to a high conductance state of typical 
resistance of less than  100 ohms for a 0.020 in. diameter 
A1 dot. By means o f  an appropriate current  pulse, the 
device could be switched back to the high resistance 
state. The t ransi t ion t ime for the switching effect is 
submicrosecond. The switching cycle might  be repeated 
for tens or even hundreds  of times with little visual ly 
detectable change in the appearance of the device 
s tructure unt i l  it failed. Its failure was usual ly accom- 
panied by a white flash and a par t ia l ly  damaged top 
electrode. This was t rue  for ei ther  devices on a slice or 
devices mounted on a t ransistor  base with a luminum 
wire  bonded contacts. 

It is known (1, 2) that  in an actual  dielectric th in  
film structure  there are weak spots in the dielectr ic 
mater ial  which must  be cleared out by self-healing 
breakdowns before the t rue  bu lk  electrical b reakdown 
can be seen. For th in  dielectric films and th in  a lumi-  
num top electrodes, as in our  case, the breakdown may 
be dominated by either s t ructural  defects or field dis- 
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tortion, which may be due to surface roughness or to 
the i rregular  edge of the electrode which is shaped by 
evaporation with a mask. Electrical breakdown in 
dielectric mater ia l  may be due to an electronic ava-  
lanche caused by the str ipping and acceleration of 
electrons by the applied field. In  our  devices, break-  
down usual ly occurred at voltages be tween 60 and 
100V. Sometimes, we observed a series of bluish light 
spots before the device was tu rned  on. Since scanning 
electron microscopy has been of value in  the s tudy of 
semiconductor device failure, we decided to examine 
our devices in  a JEOLCO model JSM scanning electron 
microscope by both secondary electron mode and 
beam- induced-cur ren t  mode. Phase-contrast  micros- 
copy was also used to examine the test devices (be-  
fore and after SEM study) for minu te  s t ructural  
changes. 

Selected open devices were examined on the JEOL 
scanning electron microscope with step increase in the 
applied bias to the a l u m i n u m  top electrode. Each 
voltage step was held for several minutes,  and Polaroid 
photographs were taken of the CRT displays. For in-  
stance, in  device DS-0035-1B-6, the . fo l lowing figures 
show the beam- induced-cur ren t  mode image of de- 
vices under  varying  bias. Figures la  and lb  are at bias 
voltages less than 45V. The luminous effect at the 
per iphery is explained as due to the enhanced conduc- 
t ion near  the electrode edge at which a fr inging electric 
field can accelerate in~ected beam-electrons  toward 
the positive return.  However, when  a continuous bias 
of --50V was applied, we began to see microplasmas 
in the device areas, as shown in Fig. lc to le. These 
three pictures show a sequence of self-healing break-  
downs and a growing number  of locations where 
beam-induced current  gradual ly  ceased to flow. We 
propose that  these breakdowns in the area of the 
mask-evaporated a luminum electrode occurred at 
th in ly  covered spots on the dielectric film, and that  
those at the edge occurred where  the deposited a lu-  
m i n u m  film was thinner ,  feathering out to the edge. In  
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Fig. 1 SEM photographs of AI/SiO2/p + Si thin film device: a, 
BIC Mode - -20V;  b, BIC Mode - -45V;  c, BIC Mode --50V, frame 
No. 1; d, BIC Mode- -50V ,  frame No. 2; e, BIC Mode --50V, 
frame blo. 3; f, SE Mode (voltage contrast) --50V. Magnification 
90X. 

such locations, the electrons of the scanning beam 
could most readily penetra te  the negatively biased 
electrode, thus enter ing a strong accelerating field 
toward the positive electrode. Such electron current,  
at high field, then avalanched causing discharge of the 
device capacitance through the small  breakdown re-  
gion, generat ing enough heat to evaporate and /or  fuse 
the th in  film, result ing in disconnection from the bias. 
Thereafter, only  thicker a luminum nearby remained 
biased, and being relat ively impenetrable,  the scanning 
beam had much less opportuni ty  to be injected into the 
field.:As seen in Fig. le, only the edge was bright at the 
fr inging field, and the weak spots inside the dielectric 
film were essentially el iminated by the single-hole-  
propagated self-healing breakdown mechanism. Physi-  
cal damage to the electrode may be seen in the voltage 
contrast, secondary electron mode photograph shown 
in Fig. lf. A picture ( inverted) taken later  by means 
of a Reichert metal lograph with phase-contrast  at tach- 
ment  (Fig. 2) fur ther  il lustrates the physical damage 
introduced dur ing SEM examination.  There is a one- 
to-one correspondence between the light spots and the 
burned areas. 

Addit ional  support to the proposed model was ob- 
tained by capacitance measurement  of test devices on 
a General  Radio conductance-capacitance bridge. De- 
vice capacitance was measured ini t ia l ly and after each 
of several pulsed switching cycles. Each cycle resulted 
in  a small  decrease in capacitance, due to localized 

Fig. 2. Phase-contrast micrograph of same device after SEM ex- 
amination, Magnification 125X. 

erosion of a luminum near  a conduction path, amount-  
ing to a few per cent or tenths  per cent. Ultimately, 
the device under  test would remain  in a conductive 
state, or its capacitance would decrease substant ial ly 
(say, to 10%) due to gross upper  electrode destruction. 

This phenomenon was observed in  a luminum oxide, 
silicon ni tr ide and silicon ni t r ide-on-s i l icon dioxide 
films, and in silicon oxide films with sputtered molyb-  
denum top electrodes. In  these film devices, switching 
appears to occur at fields slightly above bulk  break-  
down and to proceed by a destructive mechanism. Al-  
though these devices may funct ion for a large number  
of cycles, we cannot  predict their life expectancy. We 
have at tempted to modify the s tructure of the dielec- 
tric films by means of x - r ay  (40 kV) and high energy 
neut ron  (3 and 14 MeV) irradiat ion and by introduc-  
tion of impurit ies dur ing device fabrication with the 
hope that  different modes of switching in these films 
would result. However, no significant difference in 
their  switching behavior  was observed. 
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Residual Impurities in High-Purity Epitaxial GaAs 
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Vapor and l iquid epitaxial  growth techniques have 
been notably  successful in obtaining low concentra-  
tions of electrically active impurit ies in GaAs, and the 
total ionized impur i ty  densities in the higher pur i ty  
samples have been analyzed in some detail (1). By 
using a vapor growth method we have obtained epi-  
taxial  layers with total ionized impur i ty  densities as 
low as 6.9 x 1013 em -3 (~77OK = 210,000 cm2/V-sec) 
(2). However, little is known about the residual  total 
impur i ty  content  of these h igh-pur i ty  epitaxial  layers, 
and the residual electrically active impurit ies have 
not been identified. Here we report the results of mass 
spectrographic analyses with detection limits down to 
1 x 1015cm -~ for samples of epitaxial GaAs with total 
ionized impur i ty  concentrat ions as low as 7.6 x 1013 
cm -3 (~77OK ---- 200,000 cm2/V-sec). 

The epitaxial samples analyzed here were grown 
on Cr-doped semi- insula t ing substrates with the 
AsC13-Ga-H2 vapor flow system. Electrical measure-  
ments  and mass spectrographic analyses were per-  
formed on either the same sample or samples grown 
dur ing the same run. The Cr-doped substrates and 
the Sn ohmic contacts for the electrical measurements  
together with the regrown region below the contacts 
were removed before the mass spectrographic analyses. 

The electrical measurements  were performed in the 
van der Pauw configuration on symmetr ical ly-shaped 
samples at a magnetic  field of 5 kG. The shallow donor 
concentrat ion (ND) and the total acceptor concentra-  
tion (NA) were determined to wi thin  an estimated 
10% by analyzing the tempera ture  dependence of the 
Hall constant  with the usual  single donor statistics 
and /or  by using the Brooks-Herr ing equation for 
ionized impur i ty  scattering to analyze the Hall mo- 
bil i ty at a tempera ture  where other scattering mechan-  
isms are min imal  (3). When both analyses could be 
performed on the same sample, the results were in 
excellent agreement. 

The results of these analyses for five epitaxial 
samples with total ionized impur i ty  concentrations 
(ND -~- NA) from 2.6 x 1015 to 7.6 x 1013cm -3 together 
with the measured mobilities at 300 ~ and 77~ are 
shown in Table I. The properties of an undoped hori-  
zontal Br idgman grown crystal (sample No. 1) are 
shown for comparison. It is clear from these data that  
the epitaxial  samples have a considerably lower elec- 
tr ically active impur i ty  content  than the melt  grown 
sample. The sample thicknesses (last column in 
Table I) were general ly  large enough to obtain detec- 
t ion limits in the low 1015cm -3 range for the mass 
spectrographic analyses. 

The mass spectrographic analyses were performed 
with a double focusing mass spectrograph of the 
Mattauch-Herzog geometry (4) using a rf spark dis- 
charge as the ion source and a photographic plate as 
the detector. Pieces of the sample were used as self 
electrodes in the spark system. Only the singly 
charged ion lines were used in the quant i ta t ive evalu-  
ation. The lines were measured with a densi tometer-  
analog computer system that  corrected for the photo- 
plate response and integrated the corrected intensi ty 
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Table I. Results of electrical analyses 

~300OK, ~77OK, T h i c k -  
S a m p l e  cm2/  cm2/  ness ,  

No.  V-sec  V-sec  ND, c m  -3 NA, cm -3 g m  

1 4400 6700 4.3 • 1016 2.7 x l fP  6 355 
2 7700 53,000 1.8 X 101~ 8.0 x 1014 135 
3 8100 120,000 2.5 X 1014 1.6 • 101r 400  
4 7500 155,000 l.O • I(P~ 9.0 • 10 ~ 295 
5 6000 185,000 6.6 • 1018 4.8 • iO ~ 175 
6 8200 200,000 4.6 • I0 z~ 3.0 X I0 ~a 150 

values as each line was scanned. Background correc- 
tions were made by subtract ing the values obtained 
by integrat ing the spectral background immediately 
adjacent to each line for the same time in terval  re-  
quired to scan that  line. The photoplate was calibrated 
by the Churchill  two-l ine  method (5). 

It  was assumed that  the system was equal ly sensi-  
tive for all elements except that  correction was made 
for the known mass effect on photoplate sensit ivity 
(6). This assumption is necessitated by the lack of 
appropriate s tandards and can lead to errors as large 
as a factor of three  in the absolute value of the con- 
centrations reported. However, since it seems prob- 
able that  the behavior of any  one impur i ty  would be 
the same in the ionization of all GaAs samples, it is 
estimated that  the relat ive values for any one element  
in the several samples would be correct to wi thin  
some 25%. 

The results of these analyses for elements which 
have been reported to be donors in GaAs (O, Si, Sn, 
Te, Pb) and for elements reported to be acceptors (C, 
Fe, Cu, Zn, Cd) (7), together with the results of the 
electrical measurements  for ND and NA from Table I, 
are shown in Table II. The nominal  detection limit 
(NDL) for each sample is given in the  last column. 
Other impurit ies which were detected in some samples 
at levels general ly below 1016cm-3 were N, A1, K, Ca, 
V, Sr, and Ta. It is interest ing to note that  no large 
difference in total impur i ty  content is observed be-  
tween the melt  grown sample (sample No. 1) and the 
epitaxial samples or between the epitaxial  samples 
with the highest and lowest electrically active im-  
pur i ty  concentrations. This is in contrast to the three 
orders of magni tude  difference in electrically active 
impur i ty  content  in these samples. The dominant  im- 
purities in all the samples are oxygen (2 x 1017 --1 x 
1018cm -3) and carbon (4 x 1017 --3 x 101Scm-a). The 
total concentrations of possible donors and acceptors 
are greatly in excess of the electrically active donors 
and acceptors. 

Obviously, with these high total impur i ty  levels it 
is difficult to assign responsibil i ty for the observed 
electrical activity to any part icular  impuri ty.  Oxygen 
is generally believed to be a deep donor so that  it 
would probably not be observed in the tempera ture  
range (4.2~176 of the electrical measurements.  
The hydrogenic na ture  of the residual  electrically 
active donors (8) s trongly suggests a simple sub-  
st i tut ional  impur i ty  and any of the remaining  possible 
donors could be electrically active in a simple substi-  
tu t ional  site. Silicon is observed in the melt  grown 
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Table II. Results of mass spectrographic analyses 

Sample 
NO. ND O Si Sn, em -s Te Pb NDL 

1 4 . 3  • 101~ 1 • 10  TM 4 • 1015 - -  ~ - -  1 • 10  ~s 
2 1 .8  • 10 TM 4 • 10 ~ ~ 4 X 10 TM 1 • 10 ~ 2 • 10  ~6 7 • 10  ~ 
3 2 .5  • 10  ~4 4 • 10~7 . . . .  2 • 10 ~ 
4 1.0 X i 0  ~ 3 X i017 1 x i015 - -  I X i 0  TM ~ i X I015 
5 6 .6  x 10  TM 2 X 1017 ~ - -  2 X 1016 ~ 2 X 1016 
6 4 .6  x 10 TM 2 x 1 0 ~  ~ - -  9 X 10 ~ ~ 2 x 10 ~ 

Sample 
No. ~/A C Fe Cu, cm -S Zn Cd NDL 

1 2 .7  x 1016 4 x 1017 - -  ~ ~ 4 x 1010 L x 10  ~5 
2 S .0  x 101~ 3 x .10 as 4 x 10 L~ 7 • 1015 4 x 10 TM 2 X 10 TM 7 X 1016 
3 1.6 X I0~ 8 X I0 I~ . . . .  2 • I0 ~ 
4 9.0 X I0 TM 8 x i0  ~7 . . . .  1 x 10 ~ 
5 4.8 x I0 TM 1 x i0 ~ . . . .  2 x i0 ~ 
6 3.0 x I0 I~ 5 x I0~ . . . .  2 x I0 I~ 

sample and in the epitaxial  sample with the lowest 
detection limit in the analysis, while large amounts 
of Te are detected in most of-the epitaxial  samples. 

The electrical analyses should detect all electrically 
active acceptors. Carbon is observed in all  the samples, 
and all the other possible acceptors are found in large 
quantities in the lowest puri ty epitaxial sample. Al-  
though these acceptors were not found in the other 
epitaxial samples, it should be noted that the nominal 
detection limits are much higher than the concentra- 
tions of electrically active acceptors. 

The high total impuri ty contents found in high- 
puri ty epitaxial  GaAs are similar to those observed 
in high-puri ty  silicon (ND ~- N A  ~ 1013cm -3) where 
large quantities of oxygen (1015 -- 101Scm-3), carbon 
(10 I~ -- 1020cm-~), and aluminum (1026 -- 1017cm -s )  
have been detected by various analytical techniques 
(9). The large A1 content in silicon is believed to be 
rendered electrically inactive by the formation of 
compounds with oxygen. Considering the high levels 
of possible donors and acceptors and the high levels 
of oxygen observed in epitaxial GaAs, it is conceivable 
that  similar effects also occur in GaAs. 

We conclude that the high density of apparently 
electrically inactive impurities in high-puri ty epi- 
taxial  GaAs suggests the possibility of complicated 
impuri ty interactions in the solid and makes the 
identification of the residual electrically active im- 
purities a formidable problem. 
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ABSTRACT 

A new rechargeable system has been developed comprising the cell: 
Cd/ZnC12, CdC12, NaC104/AgC1/Ag. Pract ical  cells have been made which 
can be charged at rates between 30 ~ and 90~ via a dual  charging process in -  
volving the pr imary  deposition of zinc and its subsequent  replacement  by cad- 
mium from solution. The open-circui t  voltage of the cells is 0.75V, and they 
can be discharged at either high or low rates with low overvoltages. No gas 
evolution occurs at the high rates of charge, and sealed cells have been 
operated through ten cycles with discharge efficiencies above 95%. The high 
rate capabil i ty is associated with a low specific capacity and a low energy 
density. 

A new type of rechargeable cell has been developed 
which is capable of being charged with impuni ty  at 
rates as high as 90~ The cells give low charge re-  
coveries when charged at low rates, and they are re- 
stricted in use to fast-charging regimes only, where 
they operate with high coulombic efficiencies. No such 
restrictions apply to the discharge of the cells; they 
may  be discharged at either high or low rates. The 
purpose of this report  is to describe the work which led 
to the development  of the cells and to describe their  
mode of operation and their  essential operating char-  
acteristics. 

The search for a fast-charging, aqueous, electro- 
chemical system led us to examine the intr insic charg- 
ing rate capabil i ty of a large n u m b e r  of anodes and 
cathodes in a variety of electrolytes. Our objective was 
to find a set of matching electrodes that  could be 
charged to useful specific capacities at the 100~ rate 
without any gas being produced at the electrodes 
dur ing the high rate of charge. It became apparent  
that anodes formed by deposition from concentrated 
solutions of an anode salt had much higher specific 
rate capabilities than  anodes formed via solid-solid 
t ransformat ion processes such as the charging of cad- 
mium anodes from cadmium oxide or hydroxide in 
an alkal ine electrolyte. The same general  principle 
applied to the cathodes, except that  in this case the 
dissolved species would be the anion of the cathode 
active material.  In  addition, other l imitations had to be 
considered, such as the solubili ty of the active mater ial  
and the possible occurrence of passivation. 

The only cathode found to be satisfactory was the 
Ag/AgC1 electrode, and its high rate  charging char-  
acteristics have been reported already (1). The most 
promising fast-charging anode was the Z n / Z n  +2 elec- 
trode, and its mass t ransfer  l imit ing rate characteristics 
have been reported (2). The exper imental  data avai l -  
able in the l i terature (3) on the Zn/ZnC12/AgC1/Ag 
cell indicated that it had a high self-discharge rate. We 
found that  the self-discharge rate could be reduced to 
a tolerable value by decreasing the zinc chloride con- 
centrat ion of the electrolyte, and we proceeded to 
develop practical Zn/ZnC1JAgC1/Ag cells. However, 
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gas accumulated in the cells on long- term active stand 
due to the corrosion of the zinc in the acidic electrolyte, 
and the gas bubbles caused current  inhomogeneities 
which led to the formation of dendrites and cell 
shorts during subsequent  high rate charges. Because 
of the gassing, the Zn/ZnC1JAgC1/Ag cells could not be 
considered for any practical applications. 

At tent ion was then focused on the Cd/CdCI2/AgC1/ 
Ag system as the second choice for the development  of a 
fast-charging cell. The low half-cel l  voltage of the 
cadmium electrode, its relat ively high hydrogen over-  
voltage (4), and its charging rate  characteristics (5) 
suggested that  practical cells would be feasible. 
Cd/CdC1JAgC1/Ag cells were constructed and operated 
at charging rates between 10 ~ and 100~ with ap- 
parent ly  satisfactory results. However, the discharge 
efficiency of the cells varied between about 60 and 
90%. Extensive studies indicated that  cadmium chlo- 
ride induced a s t ructural  t ransformat ion of the glassy 
film of silver chloride on the cathode which changed 
to a powdery form and lost contact with the substrate. 
The rate of the silver chloride t ransformat ion process 
could be reduced to a tolerable level by decreasing 
the cadmium chloride concentrat ion to 0.1M CdC12 or 
less, but  such an electrolyte could not support the high 
charging rates sought for the rechargeable system. We 
were thus confronted with the di lemma that  the high- 
rate Zn/ZnC12/AgC1/Ag system could not be used be-  
cause of gassing on long- term stand and the high-rate  
Cd/CdC1JAgC1/Ag system could not be used in the 
high-ra te  charging mode. 

The dilemma was resolved by  developing a dual 
charging process consisting of the following sequence: 

1. Electrical charging: 

ZnCI~ + 2e -  ~ Zn + 2C1- 
2Ag + 2C1- --> 2AgC1 -}- 2e -  

2. Electrochemical exchange: 

Zn + CdCI2-+ Cd + ZnC12 

This scheme depended on the selection of an electrolyte 
with a sufficiently high zinc chloride concentrat ion to 
give the required electrical charging rate  and an 

131 



132 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  

amount  of cadmium chloride in solution such that  the 
cadmium chloride concentrat ion would be less than 
0.1M CdC12 at the  end of the exchange reaction. It  was 
found to be successful in e l iminat ing both the long- 
t e rm gassing associated with  the zinc anode and the 
deter iorat ion of the si lver chloride cathode caused by 
high concentrations of cadmium chloride. Al though the 
exchange react ion proceeded more slowly than did the 
electr ical  charging process, it did not p revent  the 
immedia te  use of the  cell. In fact, on immediate  use the 
zinc anode part icipated in the discharge and a greater  
cell vol tage was realized than with  pure  cadmium 
alone. 

Cell Design and Experimental Procedures 
The characterist ics of the Ag/AgC1 electrode (1) 

indicated that  charge densities of about 2 mAh/cm'-' 
could be obtained on flat cathodes at current  densities 
up to 300 m a / c m  2, and the characterist ics of the 
Zn/Zn  +2 electrode (2) showed that  charge densities 
of 2 m A h / c m  2 could be obtained on flat anodes at cur-  
rent  densities below 360 m A / c m  2 in a 2.0M ZnC12 elec- 
tr.olyte. Therefore,  it should be possible to operate 
para l le l -p la te  type  cell s tructures wi th  anodes and 
cathodes of equal  areas. Flat  circular  cells were  con- 
structed with  an interelectrode spacing of 0.4 cm, and 
they were  operated under  a var ie ty  of conditions. All  
the cells failed after a few cycles, and the dominant  
cause of fai lure was the  shorting of the cells due to 
zinc dendrites. At tempts  were  made to el iminate the 
shorting problem by using flat cells wi th  anode areas 
twice those of the cathodes and by using per ipheral  
current  baffles tapering f rom a large diameter  on the 
anode side to a small d iameter  on the cathode side. It 
was found that  the shortness of the current  path was 
inadequate  to spread the current  over  the entire anode, 
and the cells failed af ter  a few cycles again due to 
dendri te  formation. 

The cell s tructures were  changed, therefore,  to a con- 
centric a r rangement  wi th  a central  s i lver  rod as a 
cathode substrate and a per ipheral  cadmium cyl inder  
as an anode substrate. The design is shown schemat-  
ically in Fig. 1 and a photograph of the cell and its 
components is shown in Fig. 2. The cylindrical  cell 
worked  satisfactorily. Two features of the design ap- 
peared to be of some importance:  the shape of the end 
baffles and the absorber structure. The former  was 
shaped to reduce the deleterious edge effects observed 
during the charging of the anode, and the absorber 
decreased the intensi ty of the convect ive flows of the 
electrolyte  during charging which otherwise caused a 
nonuniform current  density on the electrodes and a 
subsequent p remature  failure. The cells were  filled in 
a vacuum chamber  using a degassed electrolyte  to 
avoid the en t rapment  of air bubbles in the cells. 

The electrolyte  contained 2.0 moles / l i t e r  of zinc 
chloride (AR),  1.5 moles / l i t e r  of sodium perchlorate  

~ CATHODE 

END BAFFLE 

i : : i : : ~ ~  SPALL ATI ON SHIELD 

! : i : ~ E N D  BAFFLE 

~- - - - - - - - -  ANODE 
Fig. 1. Schematic diagram of cell 
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Fig. 2. Assembled cell and component parts 

(AR),  and an amount  of cadmium chloride (AR) 
sufficient to give a concentrat ion below 0.1 mole / l i t e r  
on the complet ion of the charging process. It was 
necessary to employ the sodium perchlorate  as a sup- 
port ing electrolyte  to increase the conductivi ty of the 
solution. 

The cells were  charged and discharged under  con- 
stant current  conditions using a Harr ison power sup- 
ply, Model 6286A, and a Greibach ammeter ,  Model 700, 
to measure  the cell current  wi th  an accuracy of 
• 0.5%. The charge-discharge  curves were  recorded 
with  a Sargent  recorder,  Model DSRG, and the cell 
vol tage was fed to the recorder  via a Hewle t t  Packard 
d-c nul l  vol tmeter ,  Model 413A. 

Experimental Results 
The electrochemical  evaluat ion of the cells was 

per formed under  ambient  conditions at 25 ~ • 2~ 
A typical charging curve  is shown in Fig. 3A for a 
cell charged at the 40~ rate to a capacity of 50 mAh. 
The voltage remained constant at 2V during the first 
minute  of charge. Then, it increased rapidly and 
reached 5V at the end of the charge after 1.5 min. The 
increase in the vol tage toward the end of charge was 
probably due to the increasing resistance of both the 
silver chloride film and t h e  diffusion layer  at the 
electrode which becomes depleted in charge carriers. 
The open-circui t  vol tage of the cell immedia te ly  after 
charge was that  of the Zn /AgCI  couple, 1.05V, but it 
decreased to 0.75V on standing as the zinc was replaced 
by cadmium, Fig. 3B. The Zn/AgC1 potential  persisted 
for about half an hour, and the Zn /Cd  exchange re-  
quired sl ightly less than an hour  to reach completion. 
The discharge curve  of a cell discharged at the 2~ 
rate  is shown in Fig. 3C. The load vol tage remained 
constant at 0.6V unti l  the end of discharge approached 
when it fel l  to zero at the  exhaust ion of the cell 
capacity. 

The overvol tage  of the cell on discharge is shown in 
Fig. 4. It  increased l inear ly  wi th  the current  density 
which indicated a pure ly  ohmic impedance  of 1.5 ohms 
for the 50 mAh unit. 

The cyclabil i ty of the cell is represented by the data 
in Table I for charging rates be tween 30 ~ and 90~ 
for cells with capacities of 33 and 50 mAh. The charge 
recoveries  were  general ly  greater  than 90% with  an 
average value  of 96% throughout  ten  cycles. 

The self-discharge rates of the cells were  determined 
by charging the cells and leaving them on open-circui t  



Vol. 117, No. I FAST-CHARGING POWER SOURCE 133 

5 

4 

5 

2 

,o  c C.ARGE, I I" 

I I t 
0 25  50  75  I00  

TIME,  SECONDS 

> IB 
- 1.0 

W 

~ 0 . 9  

o 0.8 i E 
> n-Cd XCHAN 

0 .7  ~ I I / 
w 
o 0 I0 2 0  50  4 0  50  

T IME,  MINUTES 

0.6 

0.4. 

0.2 I 

0 I I 
o IO 20  50  

TIME,  MINUTES 

Fig. 3. Voltage characteristics of 50-mAh cell 

0 .20 

0 

r 0,15 

0 

~ OJO 
0 

W 

0.05 
t~ 
~9 
D 
Q 

I I I 

( 

25 50  75 I00  
CURRENT, mA 

Fig. 4. The overvoffage characteristics of 50-mAh ceil 

stand for various periods of t ime before discharge. The 
results are shown in Fig. 5 for a 50-mAh cell. The data 
indicated a spontaneous ini t ial  rate of loss of capacity 
of about 0.5 mAh/day.  However, the self-discharge 
rate decreased noticeably after about a month  and 
more than 60% of the capacity remained after 3 
months. 

Table I. Cycling behavior of Cd(Zn) /AgCI  cell* 

C h a r g i n g  r a t e  3O~ 60~ 9O~ 4O~ 80~  
c a p a c i t y ,  m A h  33 33 33 50 50 

Cyc le  
1 96.5 99.5 96.2 92.5 91.7 
2 97.5 98.0 98.9 96.8 96.0  
3 97.5 98.0 99.5 99.0 89.5 
4 98.2 98.1 95.3 97.5 95.1 
5 97.2 101.0 95.0 98.2 96.2 
6 97.2 105.0 1 0 0 . 0  99.1 9 7 . 0  
7 97.5 99.5 96.3 92.0 95.0  
8 97.2 98.0 96.3 97.7 97.5 
9 93.0 97.5 92.0 99.0 98.5 

10 92.2 96.6 85.5 98.0 81.6 

* 2~ D i s c h a r g e  r a t e .  P e r  c e n t  c h a r g e  r e c o v e r y  t a b u l a t e d .  
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Discussion of the Results 

The composition of the electrolyte used for the cell 
was based on a compromise between the various effects 
discussed on a previous page. A concentrat ion of about 
2 moles/ l i ter  of zinc chloride appeared to give a 
sufficient concentrat ion of zinc ions to satisfy the 
charging rate requirements  of the anode, and the 
associated chloride ion concentrat ion wa~ adequate for 
the high rate charging of the cathode without  causing 
an u n d u l y  high rate of dissolution of the cathode by 
complexation. The concentrat ion of. the supporting 
electrolyte, 1.5 moles/ l i ter  of sodium perchlorate, was 
close to the ma x i mum permissible concentrat ion for 
the system which did not cause the precipitat ion of any 
solution component. The concentrat ion of cadmium 
chloride was determined by the requi rement  that its 
concentrat ion should not exceed 0.I mole / l i te r  upon 
completion of the Zn/Cd exchange and the addit ional 
requirements  of the total charge of the cell and the 
volume of electrolyte needed to fill the cell. For the 
50-mAh cell, this amounted to 0.365 mole / l i t e r  of cad- 
mium chloride. 

The dual charging mode was developed to overcome 
the difficulties associated with the evolution of hydro-  
gen on the zinc electrode on stand. Since the zinc 
electrode has an active life of about an hour  in the cell 
per cycle, it was of interest  to consider the extent  of 
a possible gas accumulat ion in the cells during ex- 
tended cycling. The rate of hydrogen evolution cal- 
culated from exper imental  da.ta would, for a 50-mAh 
deposit of zinc in 2M zinc chloride, amount  to less than 
one tenth of a microl i ter  per hour which suggested that  
a deleterious gas accumulat ion would probably not 
occur except for extended cycling regimes. Fu r the r -  
more, since the zinc is oxidizing while present  on the 
anode, it is l ikely that a smaller  gassing rate  will  pre-  
vail  in the cells. 

It was thought  that  the  self-discharge of the cells 
might be caused by the dissolution of silver chloride 
due to complexation with chloride ions and its subse- 
quent  reduction on the  anode. Separate experiments  
established that  this mode of loss of silver chloride 
amounted to about 0.4 #A/cm 2 in  a 2M zinc chloride 
solution which agreed well  with the low rate of self- 
discharge reached after a month. However, the ob- 
served init ial  rate of loss was ten times this value, and 
it  is probable, therefore, that another  process domi-  
nates the init ial  self-discharge of the cells. It is thought 
that  the slow structural  t ransformat ion of silver chlor- 
ide caused by the residual cadmium chloride may con- 
t r ibute  significantly to the observed self-discharge rate. 
A quant i ta t ive assessment of the rate of this process 
is not  available. 

An  attractive feature of the cells is their  very long 
projected shelf life in the uncharged state which can 
be fur ther  enhanced by the use of a silver substrate for 
the anode. 

It is characteristic of the cells we have discussed so 
far that they can be charged to only low capacities, 
pr incipal ly  because of their  nonporous electrode struc-  
tures. The energy density of the 50-mAh units  is 0.9 
whr/ lb .  Although we have no data on conventional  
rechargeable cells charged at comparable ~ rates, it 
is probable that  energy densities of 1 w h r / l b  can be 
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realized with, e.g., nickel -cadmium cells if they are 
charged at their  rated currents  for the short periods of 
t ime required to give comparable ~ rates. However, 
it is also probable that  they will  produce gas which the 
Cd/ZnCI~, CdCI~, NaCIO4/AgC1/Ag cells do not  do. The 
voltage t ransi t ion associated with the Zn /Cd  exchange 
process may  l imit  the usefulness of the system for some 
applications. 

Conclusions 
The rechargeable Cd (Zn)/AgC1 cells operated satis- 

factorily at constant  current  charging rates between 
30 ~ and 90~ via the dual  charging process involving 
the p r imary  deposition of zinc and its spontaneous re-  
placement by cadmium from solution. 

The fast-charging cells had an open-circuit  voltage 
of 0.75V and an ohmic impedance of 1.5 ohms on dis- 
charge. The available data suggest that  the half life of 
charge retent ion was more than 3 months. The cell 
capacity was l imited to about 50 mAh because flat, 
nonporous electrodes were used in the configuration 
discussed in this paper. 

It appears that  the specific charging rate capabil i ty 
of the Cd(Zn) /AgC1 system exceeds that  of any other 

available aqueous system by a considerable margin.  
However, the realizable energy density of the cell is 
only 0.9 whr/ lb .  No parasitic reactions occurred at the 
high charging rates, and the cells were completely 
sealed without the need for any  vent ing structures. The 
average charge recovery through 10 cycles exceeded 
95%. 

Manuscript  submit ted May 19, 1969; revised manu-  
script received ca. Sept. 7, 1969. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Zinc Sulfide D-C Electroluminescent Displays 
A. Vecht, N. J. Werring, R. Ellis, and P. J. F. Smith 

Division of Materials and Molecular Science, Woolw~ch Polytechnic, London, England 

ABSTRACT 

A study of the materials preparat ion of zinc sulfide powders activated by 
manganese  and copper has yielded di rec t -current  electroluminescent  cells with 
considerably improved performance. Invest igat ion of the forming process has 
led to new cell configurations which are described. Some low-voltage charac- 
teristics are illustrated, 0.5 f t-L being obtained at 20V. The main  problem of 
deterioration is discussed. 

Al though the emphasis of research work on the 
electroluminescence of I I - -VI  compounds has shifted 
almost ent irely from the Destriau type cell (1) to 
single-crystal  junct ion devices (2), the potential  of 
large-area electroluminescent  displays made from 
powders should not be neglected. The requi rement  is 
still for displays and arrays of the order of 100-1000 
cm 2. At present, the use of s ingle-crystal  devices for 
these applications must  be ruled out. Apart  from the 
prohibit ive cost of large arrays of such devices, single- 
crystal slices greater than  5-10 cm 2 are not available. 
Fur thermore ,  the current  requirements  of a junct ion 
device working at 1V would be in  the region of 50A 
for a 590 cm 2 display, assuming 1% power efficiency at 
500 ft-L. (This represents 500A/500 cm 2 area 'a t  a more 
realistic efficiency of 0.1%.) 

The present  position of d-c EL phosphors was re-  
viewed recent ly (3) and it was shown that, with good 
materials control, both bright  and efficient large areas 
can be produced (4) using powder phosphor layers. It 
was demonstrated that  two different types of powder 
could be made. The first type is prepared by a s lurry-  
ing technique, in which the activators are added to 
prefired ZnS powder (post-act ivat ion),  and the second 
type involves the addition of the activator during the 
precipitation of ZnS (s imultaneous-act ivat ion) .  Both 
types are then fired and may be subsequently copper 
coated to give high brightness panels which exhibit  an 
electrochemical forming process. The simultaneously 
activated phosphors were found to be more suitable for 
low-voltage operation and the present  investigation is 
confined to this type. 

Preparative 
The phosphors were prepared by  the methods pre-  

viously described in detail (4). Essentially, the pow- 

ders were doped with manganese  and copper during 
precipitat ion and were given a copper coating t reat -  
ment. The activator concentrations were 0.25% m a n -  
ganese and 0.1% copper by weight. 

Having prepared the phosphor, the construction of 
the d-c EL cell is extremely simple. The phosphor is 
mixed with a fixed weight of organic binder, shaken in 
an ultrasonic bath, and spread onto a moving plate of 
t in  oxide conducting glass placed on a chromatographic 
spreader. The thickness of the electroluminescent  panel  
is controlled by the height of the spreader gate over 
the conducting glass substrate,  and usual ly ranges 
from 20 to 80 ~m. Using this technique, areas up to 
6 in. square can be prepared. 

Cell Configurations 
D-C electroluminescent powder cells have been con- 

structed in two principal  configurations: the conven-  
tional "through" cell and the gap cell (4). These are 
i l lustrated in Fig. 1 and 2. For the "through" electro- 
luminescence cell, a back electrode of evaporated 
a luminum or a painted layer of colloidal graphite is 
applied. For exper imental  purposes, the area of this 
electrode (normal ly  the cathode) is 0.5 cm 2. The gap 
electroluminescence cell is prepared by  depositing the 
phosphor layer on an insulat ing surface between two 
planar  electrodes. The region of light emission (Fig. 2) 
is dependent  on the forming process. 

When a d-c voltage is ini t ia l ly applied to a copper- 
coated phosphor in either a "through" or gap cell 
structure, the onset of light emission is accompanied by 
an irreversible fall  in current.  Similar  effects have 
been observed on th in  films (5-7). Upon the completion 
of the forming process, a l ine of relat ively insulat ing 
particles across which most of the voltage drop occurs 
will have been produced. The "unformed" portions of 
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Fig. 3. "Through" cell showing plane of light emission. Thickness 
of powder-binder layer 50/~m. 
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TRaces I 
A. GLASS 

on a glass sub- Fig. 2. A simple gap electroluminescence cell 
strate. Graphite electrodes, 

the  phosphor  l aye r  wi l l  r ema in  conduct ing and act as 
an extension of the  electrodes.  In  the  gap cell  a s imi lar  
l ine of insula t ing par t ic les  wi l l  emit  l ight.  

The  forming  process is be l ieved  to occur  as the  
resul t  of copper  diffusion due to hea t ing  in the  pres -  
ence of an appl ied  field. Thus, the power  dissipat ion 
profile which is dependent  on the  local var ia t ion  of de-  
fects, thickness and copper concentrat ions,  wil l  de te r -  
mine  the pa th  and shape of the  emit t ing area. S imi lar ly ,  
in the  " through"  cell, a continuous p lane  or  p lanar  area  
wi l l  form tha t  wi l l  emit  light.  For tuna te ly ,  this  p lane  is 
produced ad jacen t  to the  conduct ing glass when this is 
made  the  anode (see Fig. 3). 

Fo rming  also takes  p lace  wi th  reversed  po la r i ty  but, 
in this  case, the  p lane  of emission is near  to the  back 
electrode.  The efficiency is much lower  due to l ight  ab-  
sorpt ion in the  bu lk  of the  phosphor  layer .  Conse-  
quent ly,  to minimize the  effects of absorption,  cells in 
the  " through"  mode mus t  be opera ted  wi th  the  con- 
duct ing glass as the  anode. 

If  a constr ict ion is in t roduced be tween  the electrodes 
of an unformed gap cell  so tha t  increased vol tage 
stress wi l l  occur in a pa r t i cu la r  region, l ight  emission 
wil l  subsequent ly  occur at  tha t  region.  This can be 
achieved in many  ways.  Fo r  example ,  if  a s tylus  is run  
along the  surface of a gap cell, the  l ine of l ight  wi l l  
fol low the indenta t ion  produced.  

A new type  (8) of gap cell can be  produced  s imply 
by  making  a na r row  b r e a k  in a conduct ing subs t ra te  
and pa in t ing  a l ayer  of phosphor  over  it. If  a vol tage  is 
applied,  the  cur ren t  wi l l  tend  to flow through  the bu lk  
of the  layer  as shown in Fig. 4A. Once over  the  break,  
the electrons wi l l  t ake  the  shor tes t  pa th  back  to the  
conduct ing coating. At  a sufficiently high power  dis-  
sipation, the  forming process takes  place in the  phos-  
phor  region ad jacen t  to the  conduct ing subs t ra te  and 
on the posi t ive side of the  b reak  (Fig. 4B), and l ight  

FORMING HERE FIRST FORMED 
N E X T ~  J AREA 

I 
EMI~ION B. 

m 

j FORIvlED AREA 

 v'l l l"  
EMISSION 

C._~. 
Fig. 4. Stages in the forming process of o modified gap cell 

emission occurs. This region now becomes more  re-  
sist ive and the lowest  resistance pa th  for  cur ren t  flow 
moves toward  the posi t ive e lect rode and the  forming 
process is r epea ted  in  the  ad jacen t  region.  Eventua l ly ,  
the  band of l ight  emission wil l  ex tend f rom the b reak  
in the  conduct ing coat ing to the edge of the  phosphor  
l ayer  (Fig. 4C). Using this  technique,  s imple numer ica l  
d isplays  have  been constructed (Fig. 5). I t  can be seen 
f rom Fig. 4C tha t  the  gap cell  is in fact  equivalent  to a 
" through"  cell, in which the  top l a y e r  of unformed  
conduct ing phosphor  acts as t he  back  electrode.  

Low-Voltage Operation 
In o rder  to be compat ib le  wi th  t rans i s tor  c i rcui t ry ,  it  

is p re fe rab le  tha t  the  opera t ing  vol tage  be re la t ive ly  
low (30V). By increasing the surface copper concent ra-  
t ion and making  th inne r  panels ,  the  opera t ion  vol tage 
has been r educed .  As shown in Fig. 6, we have  
achieved 0.5 f t -L  at 20V, increasing to 14 f t -L  at  30V. 
For  c ross -mat r ix  arrays ,  the d iscr iminat ion  ra t io  [de- 
fined as the  ra t io  of the  br ightness  at  a pa r t i cu la r  
vol tage to the  br ightness  at ha l f  tha t  vol tage (9) ] is an 
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impor tant  parameter.  Figure 6 indicates a discr imina-  
t ion ratio of 600 at 30V. The dependence of light output  
on current  for the same device is i l lustrated in Fig. 7. It  
can be seen that  the luminance  increases by five orders 
of magni tude  for less than  an order  increase in  current .  

M a i n t e n a n c e  

The major  problem still to be overcome is the short 
life under  continuous operation of these devices. Al-  
though the life requirements  of at least 5000 hr  con- 
t inuous operation have not yet been realized, improved 
characteristics are being obtained. At an early stage 
of the investigation, the devices were sealed in dry  air  
to exclude moisture. These gave relat ively poor results. 
The sealing of the devices in a glass vessel containing 
dry ni t rogen with a powerful  drying agent (such as 
magnesium perchlorate) yielded improved results as 
i l lustrated in Fig. 8. 

The mechanism of the deterioration process is not 
yet fully understood. So far, relat ively short half lives 
have been obtained with panels operating at low 
voltage or high brightness. However, an intermediate  
range of panels gave promising results. As i l lustrated 
in  Fig. 9, a half life of 900 hr from 10 f t-L has been 
obtained. 
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Fig. 8. Life curve, showing the effect of dry nitrogen atmosphere. 
"Through" luminescence cell at I~V.  
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Fig. 9. Maintenance characteristic showing improved life. Glass 
encapsulated "through" cell with dry nitrogen atmosphere. 

As with convent ional  a-c phosphor layers, the im-  
pedance increases with operating time. This is not 
accompanied by a fall in efficiency; therefore the life of 
the panels can be considerably improved by stepwise 
voltage application (6). For example, one of our panels 
which ini t ial ly emitted 100 f t -L  at 60V again yielded 
this figure at 80V after having reached its half life. 
Another  method of achieving a more useful  life is the 
introduct ion of an appropriate series resistance. As the 
resistance of the phosphor layer increases the fraction 
of the voltage dropped across the layer will rise (10). 
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Conclusions 
The potential  of large-area displays made from 

powdered ZnS phosphors used under  d-c excitation has 
been largely neglected and now affords exciting 
promise. The main  problem to be resolved is that of 
life. Fur the r  improvement  in the lifetime can be ex- 
pected when the factors influencing the diffusion of 
impurit ies and defects under  an applied field are more 
fully understood. 
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Stabilization of Small, Pyrophoric 
Iron Particles by Surface Polymerization 

M. Robbins, J. H. Swisher, H. M. Gladstone, and R. C. Sherwood 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Pyrophoric iron powders, produced by the reduction of a- and 7-Fe203 in 
H2, have been stabilized with respect to air oxidation by a method of surface 
polymerization which results in the formation of a plastic film around the 
particles. The polymer-coated iron was subjected to various heat t rea tments  in 
air and O2 saturated with H20 to test its resistance to oxidation. The iron was 
highly resistant to oxidation as long as the decomposition temperature  of the 
polymer was not exceeded (between 140 ~ and 180~ Therefore, this method 
of stabilization holds promise in overcoming a major  problem in the use of 
fine particles of magnetic metals and alloys for permanent  magnets and mag- 
netic recording applications. 

Submicron particles of magnetic metals and alloys 
have been of cont inuing industr ia l  interest, especially 
for their  use as permanent  magnets and magnetic tape 
materials. The main  problem in the use of these ma-  
terials is their tendency to oxidize in air. I ron pre-  
pared by the  reduct ion of fine particles of Fe~O3 at 
low temperatures  burns  upon exposure to air, while 
fine particles of Fe prepared by other methods, such 
as reduction from solution (1) or electrolytic reduc- 
tion (2), oxidize more slowly. Stabilization of Fe 
particles for a l imited period of t ime can be at tained 
by immersion in organic solvents such as acetone, 
benzene, etc. A different method of stabilizing small  
metal  particles is reported here. This method involves 
polymerization of a monomer on the surface of the 
particles which results in their  encapsulation in a 
plastic film. 

Experimental 
Iron for the ini t ial  experiments  was prepared from 

freeze-dried (3) FeSO4 powder which was calcined 
at 700~ for 5 hr  to form ~-Fe203. The average particle 
diameter of the result ing Fe203 was about 0.1~ 
(1000A), as determined by electron microscopy. Acic- 
ular  Fe was also employed in the experiments;  it was 
prepared by reducing acicular [Fig. l ( a ) ]  -y-Fe2Os 
obtained from Charles Pfizer and Company, Inc. (Type 
MO-4526). The average particle dimensions were 0.1 
by 0.5~. 

Both the a- and 7-Fe2Os materials  were reduced to 
Fe in hydrogen at 350~ for a m in imum time of 3 hr. 

The result ing iron powder, after cooling to room tem- 
perature  in H2, was highly pyrophoric and oxidized 
immediately upon exposure to air. 

For the polymer coating experiments,  the iron 
powder was allowed to cool to room temperature  in 
the H2 atmosphere. The sample was then lowered into 
a beaker  of the monomer,  te t rae thylene  glycol dimeth-  
acrylate, 1 which was contained in the cold end of the 
reaction tube. This part icular  monomer  has the advan-  
tage tha t  there are two polymerizable groups which 
cause a 3-dimensional  s tructure to form dur ing poly- 
merization. 

Dilute monomer  solutions were also used to decrease 
the thickness of the monomer  coating and hence the 
thickness of the polymer. Dilutions of 1:1, 1:6, and 
1:15 (monomer to benzene) were used. 

Following removal from the furnace, the monomer-  
coated samples were held for several hours at 60~ 
in a vacuum oven to remove the benzene. The powder 
was then placed in a beaker  of minera l  oil, which was 
stirred vigorously to avoid clumping of the particles. 
The mineral  oil-coated part icle slurries were heated 
to l l0~ and held for 4 hr to effect polymerizat ion of 
the monomer.  

�9 T e t r a e t h y l e n e  g lyco l  d i r n e t h a c r y l a t e  

O O 
II ]1 

CH2 = C - - C - - O  ( - - C  H._~--CH._~O ) ~ - - C - - C =  CHe 
I I 

CH3 CH8 
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Fig. 2. Magnet ic  moment  (~ in e m u / g )  vs. applied field for poly- 
mer-coated Fe samples using undiluted and diluted monomer solu- 
tions. 

Fig. 1. Electron photomicrographs (27,000X) of (a) 7-Fe20:~ 
starting material and (b) reduced Fe using the 7-Fe203 as start- 
ing material. Polymer coating [gray coating around particle in (b)] 
was made using 1:15 monomer to benzene dilution. 

The slurries were then allowed to cool and the Fe 
powder removed by filtration. Excess minera l  oil was 
removed by washing the sample with hexane. X- ray  
diffraction using Cr-Ka radiat ion indicated the pres-  
ence of i ron with no observable second phase. The 
electron photomicrographs in  Fig. 1 (a) and 1 (b) show 
that the shape of the acicular a-Fe203 was main ta ined  
dur ing  reduct ion to iron and that  no apparent  change 
in  particle size occurred. Some pores in  the  powders 
developed, however, because of the difference in den-  
sity between Fe and Fe203. 

Results 
Results obtained from room-tempera ture  magnetic 

measurements  on iron samples treated in  various 
monomer  dilutions are shown in Fig. 2. The observed 
magnetic  moments  per gram of mater ia l  are signifi- 
cant ly  smaller than  for uncoated Fe (~ = 218 emu/g) ,  
which indicates that the weight fractions of polymer 
in the materials are appreciable. With increasing di lu-  
t ion of the monomer  with benzene, the polymer film 
becomes th inner  and the magnetic  moment  increases. 
Coercivity measurements  made on pressed bars of 
polymer-coated iron yielded coercive forces of ~ 250 
oe. Intr insic  coercivities (IHc) of --, 1000 oe have been 
measured. The bars, which were magnetized after 
pressing, exhibited a r emanen t  moment,  indicating 
that  some a l ignment  of the acicular particles had 
occurred dur ing pressing. 

The results of tests designed to measure oxidation 
resistance in various media are given in Table I. In  
these tests, comparisons were made between polymer-  
coated iron and iron which had been stabilized by 
flowing a mixture  of N2 saturated with acetone over 
the sample at room temperature.  

After  each heat t reatment ,  the samples were ex- 
amined for oxidation under  a microscope. Magnetic 
moment  measurements  were also made on many  of 
the samples, which provided a more sensitive means 
of detecting oxidation. While the sample prepared 
with a 1:6 monomer  di lut ion showed a 10% change 
in moment  after 40 hr  in air at 140~ the sample 
prepared with 1:15 di lut ion was the only one that  
showed measurable  changes in moment  at both 140 ~ 
and 97~ 

Discussion and Conclus ions 
We have shown that  pyrophoric metal  particles can 

be stabilized with respect to air oxidation. Aging tests 
which were made (Table I) show that  this method 
affords bet ter  protection than  stabilization with or- 
ganic solvents. Although magnetic  measurements  
made over t ime periods longer than those shown in 

Table I. Results of oxidation resistance tests on iron powders stabilized 
with acetone and stabilized by polymer coating 

Test  c o n d i t i o n s  

97~ 67 h r  140~ 40 h r  180~ 18 h r  140~ 24 h r  I m m e r s i o n  
S t a r t i n g  m a t e r i a l  P a s s i v a t i o n  t r e a t m e n t  in  a i r  in  a i r  in  a i r  in  we t  02 in  2N HC1 

a-Fe2Os, 7-Fe2Oa None  r P y r o p h o r i c  + 
a-Fe~Os S tab i l i zed  w i t h  ace tone  S tab le  Ox id ized  Ox id i zed  P a r t i a l l y  ox id i zed  R a p i d l y  ox id i zed  
a-Fe2Os, "y-Fe203 U n d i l u t e d  m o n o m e r  S tab le  S tab le  Ox id i zed  S tab le  Very  s l o w l y  ox id i zed  
7-Fe2Os 1:1 S tab le  S tab le  - -  - -  Ve ry  s l o w l y  ox id i zed  

M o n o m e r  to benzene  
7-Fe~Oa 1:6 S tab le  Modera t e  o x i d a t i o n  - -  - -  V e r y  s l o w l y  ox id i zed  

M o n o m e r  to benzene  (her = 0) (Act = 10%) 
7-Fe~O~ 1:15 S l i g h t  o x i d a t i o n  Mode ra t e  o x i d a t i o n  - -  - -  Very  s lowly  ox id ized  

M o n o m e r  to benzene  (Aa = 3%) (A~ = 15%) 
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Table I should be made, the results of oxidation tests 
at elevated temperatures  indicate that  room-tempera-  
ture oxidation should not be a problem. 

The room-tempera ture  moment  of the sample pre-  
pared with a 1:6 monomer  di lut ion (~ = 100 emu/g)  
is significantly higher than  that  of 7-Fe2Os (o ~ 80 
emu/g) ,  which is present ly  used in magnetic tapes. 
The coercive force can be increased if desired by sub- 
st i tut ing Fe-Co alloys for Fe. 

An advantage of the monomer  used in this experi-  
ment  is that  polymerization can also be brought  about 
by electron beam irradiat ion (4), which may be of 
use in some applications. Although we used te t ra-  
e thylene glycol dimethacrylate  exclusively in  our 
study, there are m a n y  other monomers which may be 
used for polymer coatings. 
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The Optimum Number of Cells in an Amalgam 
Process Chlorine Plant 

Fumio Hine *.z 

Kyoto University at UJI, Japa~ 

ABSTRACT 

The opt imum number  of cells in a chlorine plant  has been calculated as a 
function of a coefficient, a, of the formula: P lan t  cost ---- Constant  (Plant  size)~, 
and the ratio of the a-c power cost, c, to the annual  fixed charge, Fc. The 
labor cost for plant  operation is also discussed, but  it is a small  factor in de- 
ciding the opt imum number  of cells. 

Deciding the plant  capacity, the number  of cells to 
be installed, and the opt imum conditions of operation 
in a chlorine plant  depends  on the market  situation, 
the power cost, the labor rate, the cell type, and other 
factors. The plant  size should meet the market,  but  
too small  a plant  is not economical. In  general, the 
manufac tur ing  cost decreases with increasing plant  
size if the plant  is operated at near ly  full  capacity. 

The opt imum current  density of the amalgam-type  
chlorine cell as a function of the inves tment  and the 
power cost has been discussed in a previous paper (1). 

The n u m b e r  of cells, N, or conversely the cell cur-  
rent  load, I, in kiloamperes, is a major  factor in  op- 
t imizing a chlorine plant  having the capacity of P 
metric  tons per day by Faraday 's  law as follows: 

P ---- 31.8 >< 10 -5 nIN (metric tons C1Jday) [1] 

where n is the current  efficiency of the cell in per cent. 
The number  of cells to be installed is discussed from 

the economic point of view in this paper. 

Investment 
The total inves tment  of a chlorine plant  includes 

the costs of the cell room, the rectifier, the br ine  pur i -  
fication system, the handl ing of crude salt, chlorine 
and caustic, and other auxiliaries. Of these, the invest-  
ment  for the cell room and the rectifier room varies 
with the number  of cells, but  other costs are almost 
independent  and are only a function of the plant  
capacity. 

The cell-room cost depends on the plant  size, the 
number  of cells, or the amperage of the circuit, and 
the operating current  density of the cells. It increases 
slightly with the number  of cells, because the cost of 
a small  cell is ra ther  high. 

* Electrochemical  Society Active Member.  
1Present  address:  Nagoya Insti tute of Technology, Gokiso-cho, 

Nagoya 466, Japan.  

The rectifier cost per kilowatt  was shown in the 
previous report  to be 

Rectifier cost per kw ---- Constant  (Voltage) -6 ($/kw) 
[2] 

where 6 ---- 0.15-0.16. Therefore, the rectifier cost is 
as follows: 

Rectifier cost = Constant  (kA of cell, I) 
X (Number  of cells, N) 
X (voltage per cell, v) 
X (Nv) -6 

---- Constant  (P/n) (v) 1-6 (N)-6  (dollars) 
[3] 

where v is the voltage of a cell including intercell  
bus bars in volts. 

According to the previous report, the investment,  J, 
consisting of the costs for the rectifier, the cells includ-  
ing graphite anode and mercury,  and the cell room 
including connecting bus and piping, is shown by the 
next  equation: 

J ---- Jo (dollars) [4] 

where Jo is the plant  cost, in dollars, of a 100-tons/day 
plant  operated at 100 A / d m  2, and i the current  density 
in A / d m  2, and a ---- 0.926 and 7 = --0.740. However, 

becomes large for the modern  chlorine plant:  say 
0.96-0.98. 

Assume (2) that  Eq. [4] is feasible for the cost 
estimation per uni t  cell, J1, in dollars, that is, 
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Since the chlorine p lant  of P tons /day  in capacity 
has N cells, the plant  cost, J, also in dollars, is 2q times 
J1 as follows: 

: Jo(N)l-~ ( l ~ ) a  ( ~-~)~ (dollars) [6] 

The total fixed charge, Fc( to ta l ) ,  per un i t  produc- 
t ion in S/ton-C12, which consists of depreciation, tax, 
maintenance,  and supplies, is as follows: 

J 
Fc(total) = - -  - -  -9 Fc' (S/ton-C12) [7] 

365P 100 

where fl is a coefficient depending on the location and 
situation, and is about 15-40%, and Fc' is the fixed 
charge based on the sum of the inves tment  for br ine  
purification, handl ing of chlorine and caustic, and 
other plant  facilities not dependent  on cell size. 

Cost of Electric Power 
The cost of electric power per uni t  of production, 

Ec, in S/ton-C12, was also shown in  the previous 
report: 

Ec = 0.756 X 105 ( - ~ )  v 

• 
where c' and c are the prices of d-e and a-c power in 
$/kwhr,  respectively, and m'  is the conversion efficiency 
of the rectifier in %, which is a function of the ter-  
minal  voltage, V, in volts. It also depends on the type 
of rectifier. An example of the m' vs. 1," curve of a 
silicon rectifier is shown in  Fig. 1 (3). Therefore, the 
following equation can be obtained: 

100 1 m 
- -  ~ 1 - 9  - -  [ 9 ]  

m '  m V 
1 - - - -  

V 

where m is a characteristic value of the rectifier and 
is 1.45 in this case. Subst i tut ing this into Eq. [8], 

Ec-~0.756 X 105 - -  1-9 

----- 0.756 X 105 v -9 ~ (S/ton-C12) [10] 
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Fig. I .  Conversion efficiency vs. terminal voltage of silicon recti- 
fier (quoted from Mitsubishi Catalog, L30901B, p. 13). 

Labor Cost 
The labor cost per uni t  production is greatly af- 

fected by several factors such as the size, layout, loca- 
tion and situation of the plant, the type and number  
of cells, the degree of automation and the labor rate, 
and the labor quality. Estimation of the labor cost, Lc, 
is therefore complicated. 

A de Nora cell p lant  is operated by only three men 
per shift, and the operating man-hours  for various 
sizes of plant  up to 36 cells is almost constant  accord- 
ing to Monsanto (4). The labor per shift in the de 
Nora cell p lant  is surpris ingly small, and the layout 
of the plant  is said to be a major  factor in reduction 
of the labor cost. 

Gardiner  (5) points out that  the man-hours  per uni t  
of production in an Olin cell p lant  decrease con- 
siderably with increasing the plant  capacity, but  he 
also indicates that the labor cost varies with the lo- 
cation and situation even though the plant  capacity 
and the cell size are much the same. 

Grosselfinger and Schuecker (6) obtained a rela-  
tionship between the electric power cost and the labor 
requirements  for anode adjus tment  in the Uhde cell. 

Burr of Olin Mathieson emphasized in private con- 
versation with the author  that the labor cost in a 
chlorine plant  is much affected by labor quali ty;  that  
is, the wel l - t ra ined  workers are able to reduce con- 
siderably the direct and indirect costs of operation. A 
Japanese engineer, Sugino (7), expressed almost the 
same opinion. 

Introduct ion of automatic process control in a 
chlorine plant  is also effective in cost reduction, but  
there is an opt imum point  because the equipment  costs 
are high. 

In the past, labor requirements  for cell operation 
were greatly affected by the number  of cells, but  this 
is a small factor in a modern plant. A typical 100- 
tons /day  chlorine plant  having thir ty  100 kA cells 
requires five men per shift for operating br ine pur i -  
fication, cell room, and rectifiers; but, in a 200-tons/day 
plant, addit ional labor is only one man per shift. 

Since anode adjus tment  consumes most of the labor 
for cell operation, the labor cost may increase with 
the size and number  of cells. In  practical experience, 
however, the man-hours  for cell operation are almost 
independent  of the size, because a modern  large cell 
is provided with automatic interelectrode control de- 
vices and other improved equipment.  The effect of the 
n u m b e r  of cells on labor cost is relat ively small  for 
this reason. 

The Japanese Ministry of Labor surveyed the t rend 
in man-hours  in chlor-caustic plants  for the years 
1955-1966. Using these data (7), the average man-  
hours per uni t  of production have been evaluated as 
a funct ion of the p lant  capacity. As shown in Fig. 2, 
the logari thm of man-hours  vs. the logari thm of 
plant  capacity is a straight l ine with a slope of about 
--1.5, which is a significant result. 

Suppose two plants of different sizes: the one hav-  
ing a capacity of 50 tons /day  and the other 200 tons /  
day. The man-hours  per un i t  of production of these 
plants are 4.5 and 0.4, respectively, according to Fig. 
2. Therefore, the total man-hours  per day in the small 
p lant  should be 4.5 x 50; that  is, this p lant  may  re-  
quire 9-10 men per shift for operation, in contrast  
with 0.4 x 200 man-hours  per day or only 3-4 men 
per shift in the large plant. It  is not unreasonable,  
because large plants, such as 150-200 tons/day,  are 
new, but  several small  plants  in Japan have operated 
over 20 years and modernizat ion of these old plants  is 
limited. Some Japanese engineers claim that  the slope 
of the logari thm of man-hours  vs. logarithm of plant  
size is about un i ty  according to their  experience. 

In conclusion, the labor cost, Lc, is roughly shown 
by the next  equation: 

Lc ---- Lc (S/ton-C12) [11] 



Vol.  117, No. 1 

tO 

S 

6 
t~J 

p- 

w 

co 2 n~ 

0 "r 

IE 

. 8  

. 6  

. 4  

�9 2 I I I I I I I I I I 

20 40 60 80 I00 200 400 

CAPACITY (T/DAY) 
Fig. 2. Man-hours vs. plant capacity in the amalgam-type chlorine 

plant. 

A M A L G A M  P R O C E S S  

where Lc is Lc, also in S/ton-C12, for a 100-tons/day 
chlorine plant. The total man-hours  for a 100-tons/ 
day plant  are about 1.15 per ton chlorine. The labor 
for the cell room is about 35-40% of the total m a n -  
hours. Assuming that  the labor rate is $3.50/hr, the 
labor cost for the cell room in a 100-tons/day plant  is 
about $1.50/ton-C12. 

Optimum Number of Ceils 
Assume that  the manufac tur ing  cost, Mc, is the sum 

of the total fixed charge, Fc( to ta l ) ,  and the total  
operating cost, Oc (total),  as follows: 

Mc = Fc(total)  + Oc(total)  [12] 

Of these, Oc(total)  consists of the power cost, the 
labor cost, and other expenses, Oc(other) ,  which is 
almost independent  of the number  of cells installed, 
that is, 

Oc(total)  = Ec + Lc + Oc(other)  [13] 

Subst i tut ing Eq. [7] and [13] into Eq. [12], we have 
the opt imum number  of cells, N(opt ) ,  by the differ- 
entiat ion of Mc with respect to N, that  is, 

dMc dFc (total) dOc (total) 
- - =  - ~  �9 

dN dN dN 

1 ~ dJ dec 
- -  + ~ = 0 [ 1 4 ]  

365P 100 dN dN 
N(opt)  

- -  276 • i05 P 100 - ~  - ~  ~ m - a  

276 X 10~ cm ]1/~2-~) 
- -  ~ [ 1 5 ]  

1 - ~ nFc 

where Fc is the annua l  fixed charge corresponding to 
J. Thus, the larger the annual  fixed charge, the smaller 
is the opt imum number  of cells to be installed. 

On the other hand, if the cost of d-c electric power 
is high, the number  of cells should be increased. The 
slope of the inves tment  vs. plant  capacity curve, ~, is 
also a large factor to N(opt ) .  When ~ is small, N(opt)  
becomes small. Since ~ is close to 1, a small  variat ion 
of ~ or (1 -- a) affects N(opt)  very much. 
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Assuming that  Fc = $2000, c = 5 mil ls /kwhr ,  n ---- 
95%, and m = 1.5, the opt imum number  of cells from 
Eq. [15] is 14 and 51 for a = 0.93 and 0.98, respec- 
tively. 

General ly  speaking, variations of both n and m are 
small, but c varies from 2 to 10 mit ls /kwhr.  Both Fc 
and ~ are functions of the cell type, the p lant  loca- 
tion, the p lant  layout, and other conditions, and 
( 1 -  ~)Fc varies from $50 to $400 at present. From 
Eq. [15], the opt imum n u m b e r  of cells is a funct ion 
of a and the ratio of the a-c power cost to the annua l  
fixed charge. Figure 3 shows N(opt)  as a function of 
cm/nFc or c/Fc at constant  values of m and n (assum- 
ing m = 1.5 and n ---- 95% in this case) for a reason- 
able range of ~. 

It  is clear that the value of a for the plant  under  
consideration is most impor tant  for discussion of the 
subject, while it is complicated in practice. Experience 
in plant  design and construction must  be depended on 
for an answer. 

The average cost of a-c power in Japan  is about 
8 mil ls /kwhr,  and the annua l  fixed charge is $2000- 
$2500; hence, c/Fc x 106 is 3.2 ---- 4.0. The coefficient 
is not small today as described above. If ~ = 0.960 and 
c/F-c x 106 ---- 4.0, the opt imum number  of cells is 36 
from Eq. [15] or Fig. 3. Therefore, the 92-kA cells are 
preferable for the 100-tons/day chlorine plant,  assum- 
ing 95% current  efficiency. The opt imum number  of 
cells described by Eq. [15] is independent  of the plant  
size. Then a large chlorine plant, such as 500 tons/day,  
requires a very large cell. However, a cell up to 300 
kA is the largest now available. Consequently,  the 
exact number  of cells installed is l imited by the cell 
size also. Larger cells should be developed cont inu-  
ously with increase in production capacity in a plant.  
The requi rement  of surpris ingly large cells such as 
500 kA might  not be far away, and reduction of ~ is 
an important  subject  for the design engineer. 
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SYMBOLS AND UNITS N 
N (opt) 

c A-C power cost mi l l s /kwhr  n 
Ec Power cost per uni t  pro- S/ton-C12 Oc(total)  

duction Oc (other) 
Fc (total) Total fixed charge $/ton-Cl2 p 
Fc' Fixed charge independent  S/ton-C12 

of the cell size V 
Fc Annua l  fixed charge based dollars 

on J v 
I Amperage kiloamperes ~, ~, % and 5 

Curren t  density A / d m  2 
Inves tment  depending on dollars 
the cell size 
J of a 100-t/day plant  op- dollars 
erated at 10O A / d m  2 
Inves tment  for a cell S/cell 
(=J /N)  
Labor cost $/ton-Cl2 
Lc in a 10O-t/day chlorine S/ton-C12 
plant  
Manufactur ing cost S/ton-C12 
Conversion efficiency of % 
rectifier 
Coefficient depending on 
m '  
Number  of cells installed 
Opt imum number  of cells 
Current  efficiency of cell % 
Total operating cost S/ton-C12 
Indirect  operating cost S/ton-C12 
Product ion capacity of a t o n s - C l J d a y  
plant  
Termina l  voltage of recti-  volts 
tier ( =  Nv) 
Cell- to-cell  voltage volts 
Coefficients 

Oxide Film Studies on Iron 
in Electrochemical Machining Electrolytes 

James P. Hoare* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

Electrodes made from soft iron were polarized potentiostatically in solu- 
tions of NaC1, NaNO~, Na~Cr~OT, and NaClOz, and the films formed were 
stripped from the inon surface with constant  current  stripping pulses. The 
amount  of charge associated with the oxide layer was determined as a func-  
t ion of the potential. In  general, the oxide film formed in the passive region 
is dissolved by the anion in the transpassive region. The C1- ion is so efficient 
in dissolving oxide films on iron that  no protective film is formed, and wild 
cutt ing is obtained. Such poor oxide-dissolving anions as the chromates protect 
the surface too well, and machining takes place at high potentials with spark- 
ing. Only CIO3- ion behaves in such an in termediate  way that  excellent  
finishes are obtained with good dimensional  control at high metal  removal  
rates. 

In the electrochemical machining (ECM) process, 
the electrolyte is one of the most important  considera- 
tions for successfully obtaining good dimensional  con- 
trol with an excellent surface finish. LaBoda and co- 
workers (1, 2) have found that  NaC103 electrolytes 
produced the best results. 

It was questioned why NaC103 produced good di- 
mensional  control and fine finishes, whereas NaC1 gave 
poor dimensional  control (wild cuts) and Na2Cr2OT 
cut at high potentials with poor finishes. From steady- 
state polarization studies (3, 4) on iron electrodes, an 
explanat ion for the ECM behavior of these electrolytes 
for cutt ing steel was presented in terms of the bu i ld-up  
and breakdown of an oxide film. According to the 
l i terature,  the corrosion of iron in solutions of chro- 
mates (5, 6), carbonates (7), and phosphates (8) is 
inhibi ted by the formation of a passive film of 7-Fe208. 
The oxide film present  on machined samples of steel 
in NaC103 electrolytes was identified as ~-Fe203 by 
electron diffraction techniques (4). The differences in 
behavior of these electrolytes were related to the 
properties of the passivating film of 7-Fe208 formed 
on the steel surface. These conclusions (3, 4) have 
been criticized by Boden and Evans (9). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

In the work reported here, the bui ld-up and the 
breakdown of the protective film of ~-Fe208 on iron 
samples in NaC1, Na2Cr2OT, NaNO3, and NaC103 elec- 
trolytes were investigated as a function of potential  
by means of constant  current  str ipping pulses. 

Experimental 
The test electrodes were small  beads (,~0.065 in. in 

diameter and 0.044 cm 2 in area) melted at the end of 
soft iron wires (35 mils) and held in the reducing part  
of a burn ing  H2 jet  to reduce any  oxides. These beads 
were then embedded in polyethylene so that only a 
hemisphere was exposed to the electrolyte. Teflon 
spaghetti  was used to cover the wire leads. Such elec- 
trodes were mounted in triplicate in a Teflon cell (10) 
along with an ~-Pd reference electrode (11). The cell 
was filled with the proper electrolyte and was pre-  
electrolyzed for 24 hr  against removable Pt  electrodes. 
Finally,  oxygen was bubbled  through the cell at a 
rate of about 300 cc/min,  and the iron electrode was 
held at a given potential  with a 61R Wenking poten- 
tiostat unt i l  a steady current  was reached. At this 
point, the potentiostat  was disconnected by a mechan-  
ical switch, and a constant  current  str ipping pulse 
was applied to the electrode from a pulsing circuit 
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employing a mercury-wet ted  relay (12). The trace of 
the str ipping curve was displayed on an oscilloscope 
and photographed. From the trace, the quant i ty  of 
charge associated with the oxide-reduct ion plateaus 
of the traces was determined.  

The following electrolytes, corresponding to those 
studied under  actual conditions, were investigated: 
NaCI (275 g/ l i te r ) ,  NaNOa (350 g/ l i ter ) ,  Na2Cr207 
(100 g/ l i te r ) ,  and NaC10~ (350 g/ l i te r ) .  All  potentials 
were recorded with a General  Radio Electrometer,  
Model 1230-A, and reported against  the normal  hydro-  
gen electrode (NHE). To do this, the potential  of the 
saturated calomel electrode (SCE) against a Pt /He 
electrode was determined for each solution. The ~-Pd 
electrode is 50 mV more noble than a Pt/H2 electrode 
in the same solution, and a value of 245 mV was used 
as the potential  of the SCE vs. NHE. 

Only the apparent  area obtained from the geometric 
dimensions of the exposed beads was used in this 
work. Any consideration of a t rue  area was hopeless 
because each t ime the bead was held at a given anodic 
potential  the oxide layer  formed was reduced by the 
following cathodic str ipping pulse. In  this way the 
true area was cont inual ly  changed so that  only an 
apparent  area can be used as a working device. The 
transi t ion times were determined from the traces of 
the str ipping pulses by the intersection of the tangents  
drawn at the points of inflection as described else- 
where (13). 

Results 
A plot of the steady value of the current  for given 

values of the controlled potential  recorded just  before 
the potentiostat  was disconnected is presented in Fig. 
1. These curves are in good agreement  with tho'se pre-  
viously reported (3, 4). Alongside the curves in Fig. 1 
are letters which refer to the traces of the correspond- 
ing str ipping pulses shown in  Fig. 2. Only selected 
traces are recorded in Fig. 2, but  the quant i ty  of 
charge, Qox, corresponding to the amount  of oxide 
reduced dur ing the arrests appearing in the traces for 
all points, was calculated from Qox = I~A and is given 
in Fig. 3. Here, I is the value of the constant current  
applied dur ing the str ipping pulse, A is the apparent  
electrode area, and �9 is the t ransi t ion t ime of the oxide 
reduction arrest  in the str ipping pulse. 
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Fig. 1. Polarization curves of iron electrodes in electrolytes of 
NaCI03, 0 ;  NoNOa, Z~; NaCI, V ;  and Na2Cr207, [~. The letters 
correspond to the traces of the stripping pulses shown in Fig. 2. 

Discussion 
For good dimensional  control in the ECM process, 

it is desirable that  the region of the workpiece opposite 
to and a gap distance away from the cutt ing face of 
the tool be corroded while those regions of the work-  
piece fur ther  away, such as the sides, be protected. 
The protecting agent is a film of cubic oxide which is 
either Fe~O4 or 7-Fe203 or both, or a mix ture  of the 
two (14, 15). In  general,  most of the traces in  Fig. 2 
exhibit  only one arrest  although two may  be detected 
in such traces as Fig. 2d, 2e, 2g, 2z, and 2aa. Nagayama 
and Cohen (16) found a layer of FesO4 under  the layer 
of 7-Fe203 on iron passivated in borate buffer solutions. 
For the sake of simplicity, we wil l  refer to the pro- 
tective layer as one of ~-Fe203 in fur ther  discussions. 

At the high currents  (500-1200 A/ in .  2) used in ECM, 
the IR drop appearing across the electrolyte gap be- 
tween the tool and workpiece may assume large values 
so that the potential  drop across the double layer 
(which controls the rate of the electrochemical cor- 
rosion process) at points remote from the cut t ing face 
of the tool (such as the sides of a p lunge-cut  hole) 
may be much lower than  at points directly opposite 
the cutt ing face of the tool (such as the bottom of the 
hole). It  is assumed that acceptable cutt ing rates are 
achieved when the potential  has reached a value cor- 
responding to the transpassive region of the polariza- 
t ion curve (such as points i and o in Fig. 1). This 
condition exists at the bottom of the p lunge-cut  hole. 
If the IR drop is large enough, the effective potential  
at points remote from the tool cut t ing face wil l  be 
decreased to a point corresponding to the passive 
region of the polarization curve (such as point m in 
Fig. 1). Consequently, how well a given electrolyte 
provides dimensional  control will  depend on how 
sharp the t ransi t ion from the passive to the t rans-  
passive state is with respect to potential. As this t r an-  
sition becomes less sharp, it requires a larger solution 
path (IR drop) to br ing the potential  into the passive 
region. As a result, cutt ing along the sides of the work-  
piece (wild cutt ing) results. 

In  the series of traces, Fig. 2a to 2i, it is seen that  
the oxide film in NaC103 begins to form in the region 
of the critical current  at point b in Fig. 1. There is a 
l inear  increase in the film thickness with potential  
(see Fig. 3) unt i l  point f is reached, followed by a 
slow th inn ing  of the film up to point  g in the begin-  
ning of the transpassive region. With increasing po ten -  
tial in the transpassive region, the film is rapidly re-  
moved so that  at point i the protective film has prac- 
t ically disappeared, and rapid ECM can take place. 

In  the case of NaNOs (Fig. 2j to 2o), the oxide film 
forms at much lower potentials than  in NaC103 but  
increases more slowly with potential. Also, the oxide 
is removed in  the transpassive region more slowly. 
Since the polarization curve for NaNO8 lies above that 
for NaC1Os in the transpassive region, the current  at 
a given potential  is smaller in NaNOs than in NaC1Os. 
This fact is in agreement  with the observation that  
steel is machined more slowly in NaNO8 than in 
NaC1Os. Because the film is removed more slowly in 
NaNO3, the t ransi t ion from the passive to the t rans-  
passive state is less abrupt,  predicting that the d imen-  
sional control is not as good as in NaC1Os. This con- 
clusion has been verified in actual ECM operation on 
steel. 

A protective film is not formed on iron in NaC1 solu- 
tions as evidenced by the large currents  d rawn even 
at very low anodic potentials in Fig. 1. Although a 
porous, nonprotect ing film is formed at low anodic 
potentials (see Fig. 2p to 2u), it is completely re-  
moved at the higher potentials as seen in Fig. 3. Con- 
sequently, metal  removal  can take place at points well  
remote from the cutt ing face of the tool. This behavior 
produces wild cutt ing with the resul tant  poor d imen-  
sional control. 

At the other extreme, i ron in chromate solutions is 
covered by a s trongly passivating film (Fig. 2v to 2aa) 
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Fig. 2. Trace of the constant current stripping pulses applied to iron electrodes in solutions of NaCIO3 (a-i), NoNO3 (i-o), NaCI 
(p-u), and Na2Cr207 (v-no), X-axis ~ 20 msec/cm; Y-axis ~ S00 mV/cm; current ~ 4.2 mA. 
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Fig. 3. A plot of the amount of charge, Qox, formed on the iron 
surface as a function of the potential in solutions of NaCIO3, O ;  
NaNO3, A;  NaCI, V ,  and Na2Cr2OT, D .  The charge was cal- 
culated using apparent area values since true areas could not be 
estimated. It is the relative shape of the curves that is important. 

in most of the potential  region studied in Fig. 1 and 3. 
Although an abrupt  removal  of the film takes place 
in the transpassive region (Fig. 3), this effect takes 
place at much higher potentials than for NaC103 (Fig. 
1). Under  such conditions, sparking may take place 
during the actual ECM operation on steel, and poor 
finishes are obtained. This conclusion has also been 
verified in the actual ECM of steel. 

For successful ECM operation, it is seen that  an 
electrolyte must  be chosen which forms a protecting 
film on the metal  surface but  not so protecting that 
very high anodic potentials are required to remove it 
as in the case of Na2Cr2OT. In  addition, the sharper 
the t ransi t ion from the passive to the transpassive 
state takes place, the bet ter  is the dimensional  control. 

As pointed out by Hoar (17), the abil i ty of the anion 
to penetrate  and dissolve a film formed on the metal  
surface may be the fundamenta l  point in these con- 
siderations. The C1- ion is a very efficient agent for 
penetra t ing and dissolving films of iron oxides so that 
the iron surface in solutions of C1- ion is not passi- 
vated by a protective oxide film. In fact, C1- ion is 
so efficient that  it has not  been possible to achieve 

acceptably machined steel parts  wi th  chloride electro- 
lytes modified by the additions of other anions such 
as SO4 = or CrO4 = ions contrary  to that  predicted in 
the l i terature (9). Anions such as the chromates, phos- 
phates, and carbonates are such poor dissolving agents 
of iron oxides that, either machining cannot be ob- 
tained with such electrolytes, or ECM occurs at such 
high potentials that  poor finishes result  from the 
sparking that  takes place. 

Intermediate  in behavior between chlorides and 
chromates are electrolytes such as nitrates and chlo- 
rates. Of these, the NaC108 electrolyte is far superior 
to the other for ECM applications from the standpoint  
of qual i ty of the surface finish, rate of machining,  
degree of dimensional  control, and economy. The 
C103- anion has the fortunate properties of producing 
a good protective film of ~-Fe~O3 on iron surfaces and 
of producing a sharp t ransi t ion from the passive to the 
transpassive state at relat ively low anodic potentials. 

Manuscript  submit ted Ju ly  23, 1969; revised manu-  
script received Oct. 13, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in  the Deember 1970 
J O U R N A L .  
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Diffusion of Zinc through Films of Refractory 
Metals on GaAs 

John C. Mar inace*  
International Business Machines Corporation, Research Division, Yorktown Heights, New York 

To make ohmic contacts of min imal  resistance in 
GaAs inject ion lasers, one practice has been to alloy 
plated metals to the GaAs wafer surfaces (1). The 
alloying must  be thorough, otherwise the resistance 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

will  be high. When the laser junct ion is shallow (say, 
< 3 or 4~), the alloyed contacts can penetrate  the junc-  
tion, either during the liquid formation of the alloy- 
ing step or during subsequent  laser operation under  
high cur ren t -dens i ty  conditions. 



146 J. Electrochem. Zoc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  J a n u a r y  1970 

Fig. 1. Cleaved and stained edge of diffused wafer. ~2000.~ of 
W is an wafer surface to the right of the dotted line. Diffusant 
source was ZnAs; diffusion time was 4 hr at 750~ plus 0.75 hr 
at 850~ This wafer was then used in second controlled experi- 
ment described in text. 

then sawed into lasers. The W does not interfere with 
the cleaving. 

Because the junct ion profile is substant ia l ly  un-  
changed by the presence of the W film, it is very 
likely that  the Zn concentrat ion at the GaAs-W in ter -  
face is the same as the Co of Zn on an uncoated wafer 
after Zn diffusion. The value of Co under  conditions of 
the diffusion procedure set forth above is ~ 2 x 1020; 
this probably accounts for the observed low electrical 
resistance at the GaAs-W interface. Nonohmic con- 
tacts are observed when W is filmed on n -  or p- type 
GaAs doped in the l0 TM range or less. When the W is 
evaporated on an already diffused wafer, the contact 
is ohmic but  of higher resistance than when the Zn is 
diffused through the W. 

Two controlled experiments  were carried out to 
compare the series resistances of lasers using the new 
W film contacting method. The dimensions of the lasers 
were nomina l ly  of 50~ width, 250~ length, and 100~ 
thickness and were mounted under  compression be- 
tween In-coated Cu plates. 

In one experiment  the junct ion depth was quite 
shallow (2~) and the average series resistance was 
about the same for the two groups: ~ 120 mohm as 
measured on a Tektronix Model 575 curve tracer at 
1A current.  

In another experiment  in which the junct ion depth 
was 17~ (~ee Fig. 1), the average series resistances 
were as follows: 

(a) Conventional  pla t ing-al loying both 
sides (1) 100 mohm 

(b) New W method 70 
(c) Ind ium only on p-side; plat ing-  

alloying on n-side 120 

The contacts of group (c) above tend to degrade under  
high current  density conditions; that is, the resistance 
increases slowly. This degradation has not  been ob- 
served in either the new W-film method contacts or 
the conventional  a l loying-plat ing contacts. 

W films have been used successfully on GaP and 
GaA1As; Zn was diffused through the films, and a low 
contact resistance resulted. 

Mo and Cr films have not been studied as exten-  
sively as have the W films, but  their  behavior seems 
similar. 
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Any discussion of this paper wil l  appear ir~ a Dis- 
cussion Section to be published in  the December 1970 
JOURNAL. 
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Another  drawback of the alloying method is that 
the surface tension of the liquid tends to cause it to 
"ball up," and then freeze into an uneven  layer. This 
hinders subsequent  processing of the wafer and 
mount ing  of the lasers. The purpose of this paper is 
to describe a method of overcoming these difficulties, 
at least on the p-side of a laser wafer. 

This method, incidentally,  was discovered seren- 
dipitously dur ing an investigation of useful  maskants  
against Zn diffusion into GaAs. Instead of being use- 
ful  maskants,  it was found that  films of W, Mo, or Cr 
barely impeded, if at all, the diffusion of Zn into GaAs, 
GaP, or GaA1As. Moreover, no liquefaction of the films 
occurred during the diffusion process. 

Other workers at about the same time found that  
W or Mo could be used effectively as diffusion masks 
in silicon technology (2, 3). 

Exper imenta l  
As a result  of these findings, the following process 

~:as devised for laser fabrication: A chemically pol- 
ished {100} GaAs wafer (Sn doped, ~ 2 x 101S/cm 3) is 
coated with 2000-3000A of W on its polished surface. 
This filming of W can be done by vacuum evaporation, 
using an electron gun as a heat source. Alternatively,  
the W film can be deposited by the hydrogen reduc-  
tion of WF6, at about 500~ 

The W-coated wafer is then put through its regular  
diffusion process. In the case shown in  Fig. 1, the 
coated wafer and 5 mg of ZnAs2 were sealed in a 
silica ampoule of 11 mm ID and 75 mm length. The 
ampoule was kept at 750~ for 4 hr and then at 850~ 
for 0.75 hr. The wafer is lapped on the surface opposite 
the W film unt i l  the wafer is ~ 100~ thick. Thin  layers 
of Au, Sn, and In  are plated on the lapped surface, 
and in a forming gas atmosphere the wafer  is heated 
rapidly to 450~ and then cooled quickly. Ind ium is 
then electroplated on both the alloyed surface and the 
W film. The wafer is cleaved into bars, which bars are 
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A Kinetic Study of the Electrochemical Reduction of Manganese 
Dioxide in a Homogeneous Phase 

J. P. Gabano, J. Seguret, and J. F. Laurent 
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"La Pile Leclanch6" Department,  Poitiers, France 

ABSTRACT 

The electrochemical  behavior  of MnO2 electrodes during cathodic reduc-  
tion in buffered medium (1M KOH) was studied on the basis of diffusion 
of protons into the solid phase according to Coleman's  theory. The kinetics 
of the process was fol lowed by means of a diffusion equation which predicts 
the general  form of the discharge satisfactori ly during potentiostatic and 
galvanostat ic  reductions. A method for determining the product of the active 
surface area of the electrode by the square root of the diffusion coefficient 
of protons in the crystal  lattice is given and results are  compared for various 
samples of MnO2. 

Numerous  studies have been under taken by various 
authors for the purpose of s tudying the electro-  
chemical  reduction processes of manganese dioxides. 
In most cases, such studies have resulted in defining 
some factors which can influence the performance  of 
galvanic cells using manganese dioxide; unfor tunate ly  
due to the ex t reme complexi ty  of the so-called de- 
polarization reaction involved in reduct ion processes, 
it is often difficult to find correlations among the 
propert ies under  study. 

However  in recent  years, new data have appeared, 
one of the most interest ing aspects of which is con- 
cerned wi th  the electrochemical  reduct ion of man-  
ganese dioxide in a homogeneous phase. The reduc-  
tion process involves a special mechanism of diffusion 
in the solid state (1-6). In our previous studies (7), 
some propert ies relat ing to the physicochemical  s truc- 
ture  of manganese dioxide have been examined by 
various methods (chemical  analysis, the rmograv i -  
metr ic  analysis, x - r a y  diffraction, etc).  In the present  
work  the  research has been extended to studies of the 
kinetics of the electrochemical  reduction of -y and p 
manganese dioxides f rom various sources in ordinary 
use in dry cells of the  Leclanch~ type. 

In the course of the present  study, the fundamenta l  
mechanisms involved in the reduct ion processes were  
first reviewed.  The basic equations for describing the 
processes were  established, and their  possible appli-  
cation was considered in the simple case of reductions 
carr ied out under  potentiostatic or galvanostat ic  con- 
ditions. The val idi ty  of such a t rea tment  has been 
checked by exper imenta l  study of some synthetic and 
natura l  manganese dioxides. The electrochemical  re-  
ductions were  carr ied out in a buffered medium of 
wel l -def ined composition (1M KOH) by means of the 
cell described by Appel t  (8). Intrinsic constants have 
been deduced for character izing the re la t ive  electro-  
chemical  react iv i ty  of the dioxides under  study. 

Basic Equations 
The electrochemical  or chemical  reduct ion of man-  

ganese dioxides of the ~ and p type has a l ready been 

shown (9) to take place in a topochemical  reaction in 
a homogeneous phase and to progress up to the for-  
mation of groutite, MnOOH, according to the simpli-  
fied reaction mechanism 

MnO2 + e + H + -~ MnOOH 

The protons supplied by the electrolytic medium pass 
into the crystal, whereas,  the electrons coming ei ther  
f rom the outer  circuit  (in the case of an electro-  
chemical  reaction) or f rom the oxidation of the re -  
ducing agent (in the case of a chemical  reaction) 
allows the valence of an equivalent  number  of Mn 4+ 
ions to change into Mn a+ ions so that  the electrical  
neut ra l i ty  of the  latt ice is maintained.  If it is assumed 
that the electrons can freely move in the solid phase, 
only the accumulat ion of protons in the surface layers 
of the crystal  produces a diffusion toward the deeper  
layers, thus controll ing the reduct ion kinetics. The 
two oxides, MnO2 and MnOOH, cause the formation 
of only one phase. This react ion proceeds as if the  
lower oxide forming on the surface of the  manganese  
dioxide particles diffuses to the inside of these par -  
ticles, thus giving a compound having an in termedia te  
oxidation state when  the equi l ibr ium in the phase is 
reached. Thus for a given degree of reduction, the 
equi l ibr ium result ing from such a mechanism could be 
represented by the fol lowing equations (10-13) 

2 x -- ~-  MnO2, 2(2 -- x)  MnOOH + 2dxH + + 2dxe 

~---2 x - - d x - - - -  M n O 2 , 2 ( 2 - - x - I -  dx) MnOOH 
2 

or 

MnO2(x-l) (OH)2(2-x) + 2dxH + + 2dxe -  
MnO2(x-g~-1) (OH) 2(2-x + dx) 

X being the oxidation state of the in te rmedia te  de-  
fined by t h e r a t i o  O/Mn. 

In the kinetic processes of the e lec t rochemical  re-  
duction at a dioxide electrode in a buffered elec- 

147 



148 J. Elec t rochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  February 1970 

trolyte, the variat ions in the electrode potential  are 
due to variat ions in the oxidation state in the surface 
layers of the crystal. The value of the surface oxi-  
dation state xs can be deduced as a function of t ime 
t and reduct ion current  i according to the relat ion 
(14-18) 

V 
x~ = Xo - _ i ~/~ [1] 

FS ~/D ~/~ 

In this expression, xo is the init ial  oxidation state of 
the dioxide, V the average  volume occupied by one 
molecule of the species MnO2r F Fara -  
day's constant, S the electrochemical ly  active surface 
of the electrode, and D the diffusion coefficient of 
protons in the crystal. 

According to the electr ical  conditions imposed on 
the electrode, the val idi ty  of the above theory may 
be verified. 

Potentiostatic Conditions 
The electrode potential  being fixed, the surface oxi-  

dation state, Xs, remains constant, and in this case rela-  
tion [1] may be wr i t ten  in the fol lowing way 

V 
X o - - X s =  _ _ i ~ / t  

F S  ~ / D  ~ / ~  
that  is 

--1 
log i = .  log t ~ log k [2] 

2 
with 

v s  x / D  x /~  
k = ( X o -  x~) [3] 

V 

By determining k at a known Xs corresponding to the 
imposed potential  E(xs) ,  it is possible to de termine  
the product S~/D which is characterist ic of the di- 
oxide electrode under  study. The value of Xs can be 
approximate ly  determined in the case of a buffered 
electrolytic medium, f rom the fol lowing relat ion 

R T  2 -- Xs 
E (Xs) : E ~ -- 2.3 log 

F 3 
xs - - ~  [4] 

E ~ is a constant. E(xo) is related to Xo by the same 
relation, that  is 

R T  ( 2 -- Xo 
E (Xo) : E ~ -- 2.3 - -  log l 

F - - - 3 -  
xo - ~ -  [5] 

By calculating the difference AE = E(xs)  -- E ( x o )  
represent ing the polarization imposed on the electrode, 
Xs can be determined taking the value of Xo into ac- 
count. However ,  the application of these various re-  
lations implies that  the electrode kinetics are con- 
trolled only by the diffusion process in the solid phase, 
and other  processes which might  cause other electrode 
polarizations are excluded. 

Galvanostatlc Conditions 
In the case of galvanostat ic  conditions imposed on 

the electrode, the previously established relat ion [1] 
remains valid. Moreover,  if  the fol lowing relation is 
assumed 

V 
K [6] 

FS ~/D ~/n 

the electrode potential  E ( x s )  may be wr i t ten  in the 
following way  

E (xs) = E ~ -- 2.3 T log 3 

Xo g i  x ~  | [7] 
2 

which leads to a l inear  representat ion of the co- 
ordinate  system 

2 -- Xo ~- K i  ~ / t  
E (xs), log 

3 
Xo -- - -  -- K i  ~/-t 

2 

Experimental 
Manganese  d iox ides  t e s t e d . - - T h r e e  types of man-  

ganese dioxide were  tested: a common electrolytic 
manganese dioxide, 7; a p manganese dioxide obtained 
by disproportionation of a sesquioxide in sulfuric acid 
medium; and a natura l  manganese dioxide, consisting 
of mainly  ramsdelli te.  

E l e c t r o l y t e s . - - A l l  measurements  were  carried out in 
a buffered medium of 1M potassium hydroxide.  Some 
determinat ions were  also made in a 1M solution of 
deutera ted potassium hydroxide  (KOD) in heavy 
water  (D20). In all cases, the electrolytes were  care-  
fully deaerated by previously bubbling purified ni-  
t rogen through them. 

Reduc t ion  c e l l . - - T h e  exper imenta l  device described 
by A P P E L T  and PUROL (8) was used with a con- 
stant electrolyte  rate  of 5 m l / m i n  through the cell. 
The rate  was controlled by a peristalt ic pump. With 
such a mode of operation, concentrat ion polarization 
was avoided in the electrolyte  in the vicini ty  of the 
electrode during the reduction. The depolarizing 
mass distr ibuted on a surface area of 3.2 cm 2 was a 
mix ture  of manganese dioxide and acetylene black 
(6%) : its weight  varied in the range of 0.05-0.2g. The 
counterelectrode was a perforated zinc anode through 
which the electrolyte  could flow. The separator was 
a nylon fabric. The reference electrode employed the 
H g / H g O / 1 M  KOH system. In all cases, determinat ions 
were  carried out at 25~ 

T y p e s  of  reduc t ion  s tud i ed . - -Po ten t io s ta t i c  reduc-  
t i o n . - - T h e  equi l ibr ium potential  of each kind of man-  
ganese dioxide was determined in a separate exper i -  
ment  by recording potential  t ime curves to confirm a 
steady state. 

In a second exper iment  the sample was first sub- 
jected to its equi l ibr ium potential.  A TACUSSEL po- 
tentiostat  of the PRT 20-2Z type with  three electrodes 
was used for this purpose. The current  was s imulta-  
neously measured by a recorder  (TACUSSEL EPL1).  
The current  dropped almost immedia te ly  to pract i-  
cally zero, thereby indicating that  the electrode was 
in equi l ibr ium with test solution. A potential  more 
negat ive than the equi l ibr ium potential  was then im-  
posed on the electrode, so that  the manganese dioxide 
was potentiostat ical ly reduced. The cur ren t - t ime  
curve was recorded. 

Galvanostat ic  r e d u c t i o n . - - A  suitable potentiostatic po- 
larization was imposed on the dioxide electrode to 
bring it quickly to the equi l ibr ium potential  in the 
test electrolyte.  Then the electrode was subjected to 
galvanostat ic  conditions (reduction at a constant cur-  
rent) ,  and the corresponding potential  in relat ion to 
the reference  electrode was recorded as a function of 
time. 

Results and Discussion 
Potent ios ta t ic  reduct ion.  In f luence  of  the  t ype  of  

d i o x i d e . - - F i g u r e  1 shows various cu r r en t - t ime  rela-  
tions obtained f rom the potentiostatic reductions car-  
ried out in 1M KOH medium on the tested manganese 
dioxides. The weight  of depolarizing mix  was equal to 
0.2g. The reduct ion t ime in minutes  has been plotted 
as abscissa, and the corresponding current  in mil l i -  
amperes del ivered by the electrode is shown as ordi-  
nate. The imposed cathodic polarization is --25 inV. 

Examinat ion of this figure leads to the following 
conclusions. For any type of manganese dioxide, the 
relationship thus obtained results in lines having a 
slope of --1/2 in agreement  wi th  the previously es- 
tablished relat ion [2] 

log i = -- u log t -~ log k 
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Fig. 1. Potentiostatic reductions carried out on various kinds of 
manganese dioxide in 1M KOH medium and for a value of the 
cathodic polarization ~E = - -25  inV. The weight of depolarizing 
mix is 0.2g. [ ]  Electrolytic MnO,>; A chemical MnO.~; O natural 
MnO.~ (ramsdellite). 

which shows, that  under  such conditions, the cathodic 
reduct ion phenomenon is l imited only by the diffusion 
process of protons in the crystal  of the depolarizer. 

The theoret ical  relat ionship is even more closely 
followed as the manganese dioxide becomes wel l  crys- 
tallized. With ramsdell i te  which represents  the most 
highly organized structure,  the relation is followed 
during reduction periods of about 40 min; there  is not 
such good agreement  for the more  amorphous forms, 
p-MnO2 and "y-MnO2. Thus, wi th  electrolytic -~ man-  
ganese dioxide, deviat ion f rom the theoret ical  re la-  
tionship appears af ter  a reduction period of 10 rain. 
Such deviations are caused by the fact that  the solid 
where in  the diffusion process takes place can be con- 
sidered as a semi-infinite medium only as a first ap- 
proximation,  that  is only on the scale of the crystal-  
lite the  dimensions of which l imit  its continuity. On 
the other  hand, the application of such a theory im- 
plies that  diffusion takes place in a preferent ia l  di- 
rection which could, for instance, be one of the bet ter  
defined crystal  orientat ions of the lattice. This may 
explain why the best results have  been obtained with 
the most highly crystall ized form of MnO,, ( ramsdel-  
l i te) .  

The de terminat ion  of parameter  

v - I ~ l  

E 

x 

u I ' I 

o/ 
o/ 

/ 
I 

0 
I I .... I 

0.1 0.2 
W E I G H T  OF MANGANESE DIOXIDE 

Fig. 2. Variation of k as a function of weight of manganese diox- 
ide used for an electrolytic manganese dioxide and for a cathodic 
polarization value _~E = - -25  mV. 

Influence of imposed polarization.wThe influence of 
cathodic polarization, hE, on the potentiostatic cur-  
ren t - t ime  curves has been studied for each type of 
manganese dioxide tested, at constant depolarizing 
mix  weight.  For  natura l  dioxide ( ramsdel l i te) ,  the re-  
sult was in agreement  wi th  the theory  for values of 
.XE in the --25 to --80 mV range. Figure  3 shows, on a 
logari thmic scale, the reduction t ime (in minutes)  as 
abscissa and the corresponding current  (in mi l l i -  
amperes)  as ordinate for the natura l  dioxide. Thc 
potentiostatic reductions for various values of cathodic 
polarization have been carr ied out in 1M KOH me-  
dium for a weight  of depolarizing mix  of 0.2g. Exami -  
nation of this figure leads to the following conclusions. 

At any polarization imposed on the electrode, a 
series of l inear relat ions of --t/2 slope are obtained. 

The deviat ion from the theoret ical  relat ionship 
appears ear l ier  wi th  higher  cathodic polarization im- 
posed on the electrode. This may  be explained by the 
fact that  the diffusion in the solid phase does not 
take place in a semi-infinite medium as assumed in 
the mathemat ica l  derivation. 

For each va lue  of the cathodic polarization, the pa-  
rameter  k (value of the current  at t ime t = 1 sec) has 
been measured f rom the preceding exper imenta l  de- 
terminations.  The var ia t ion  Ax ----- Xo -- Xs correspond- 
ing to the imposed var ia t ion AE = E(xs)  -- E(xo) 

F S  V D  ~/~ 
k ~ (Xo - x~) 

V 

may be made from the lines obtained for each kind 
of manganese dioxide tested. Pa rame te r  k represents  
the value of the reduct ion cur ren t  intensi ty at t ime 
t = 1 sec. In the diffusion equation k has a uni t  of 
amp sec'/2. It depends par t ia l ly  on the  cathodic polar-  
ization and par t ia l ly  on the act ive surface area of the 
electrode which is direct ly proport ional  to the 
amount  of manganese dioxide. 

In all cases, the perfect  proport ional i ty  exist ing be- 
tween the value of parameter  k and the amount  of 
manganese dioxide present in each test has been 
verified by varying the weight  of the depolarizing mix  
for a constant polarizat ion of the electrode. 

F igure  2 shows the line obtained for electrolytic,  -~ 
manganese dioxide by plott ing as abscissa the amount  
of manganese dioxide used in each test, and as ordi-  
nate the corresponding value of k for a constant 
cathodic polarizat ion of --25 mV. By determining the 
slope of this line, the value of k can be extrapola ted 
to lg  of manganese dioxide which is the selected unit  
of weight.  

SO 
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Fig. 3. Potentlostatic reductions carried out on a natural mangan- 
ese dioxide (ramsdellite) in 1M KOH medium for various values of 
the cathodic polarization ~E expressed in mV. The depolarizing mix 
weight is 0.2g. A - - 8 0  mV, 0 - - 7 0  mV, [ ~ - - 5 0  mV, A - - 3 8  mV, O 
- - 2 5  mV. 
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F ~/-~ 
- -  - - -  S ~/D 
r V 

is a means of obtaining parameter  S ~ / ~  which is 
characterist ic of the manganese dioxide electrode 
tested. This parameter  obviously depends on the  
amount  of dioxide involved in the reduction process. 

Influence of the electrolyte.--In order to define the  
influence of the nature  of the electrolyte  some de te r -  
minations have been made in a medium consisting of 
1M deuterated potassium hydroxide (KOD) in heavy 
water  (D20). The potentiostatic reductions were  
effected on 0.2g of depolarizing mix  for cathodic po- 
larization values identical to those described above. 
However,  the natural  dioxide used in this test was 
previously t reated for several  weeks with heavy 
water.  The solution was renewed several  t imes during 
the operation, and then the dioxide was dried at 
l l0~ 

Figure 4 also shows (black squares) the relat ion 
between k and Ax for this par t icular  case. The line 
thus obtained shows a lower slope than in the pre-  
ceding case (reductions carr ied out in 1M KOH) .  

The ratio of the slopes ak/aAx for reductions car-  
ried out in 1M KOH in H20 and 1M KOD in D20, 
respectively,  has been found to be 1.4. It is interest ing 
to note that  the ratio is ve ry  near  the theoret ical  value 
(1.414) (19). 

Practical results obtained wi th  various manganese 
dioxides.--It has been shown that  for each manganese 
dioxide the electrochemical  reduction of which is 
l imited by a diffusion process in the solid phase, a 
product S ~ D  represent ing its electrochemical  act ivi ty 
can be determined (Eq. [4]). 

Several  values of the main parameters  characterizing 
these dioxides are shown in Table I, together  with 
the products S ~/D obtained from potentiostatic re-  
ductions carried out in 1M KOH medium. 

Values of S ~/D have been calculated for lg  of di- 
oxide, taking into account the MnO2 content of the 
tested samples. The determinat ion of the average 
molar  volume V required for the evaluat ion of prod-  

uct S ~/D has been effected f rom previously obtained 
(7) results. 

has been deduced, taking into account relations [4]- 
[5] and the value of Xo. 

Figure  4 shows Ax as abscissa and parameter  k as 
ordinate. The line thus obtained (white  squares) 
agrees wi th  Eq. [3] 

FS ~/~ ~/D 
k = AX 

V 
The slope of this l ine 

Ok 

CI. 
s 

~ o 

~ = - / I  I 
0 0.1 0.2 0.3 

A x  

Fig. 4. Variation of k as a function of ~x for a natural mangan- 
ese dioxide (ramsdellite) and for a depolarizing mix weight of 0.2g. 
[ ]  Determinations made from potentiostatlc reductions in 1M KOH 
in H20; �9 determinations made from potentiostatic reductions in 
IM  KOD in D20. 
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Table I. Values of the main parameters 

E ( X o ) / H g / H g O /  S~ 'D,  em-~ 
K i n d  of d i o x i d e  % MnO~ xo K O H  1M, m V  see - l / .  ~ g - i  

E l e c t r o l y t i c  2~ MnOz  90 1.97 + 120 5.07 • 10 - t  
C h e m i c a l  p MnO~ 81 1.95 + 110 2 .45 • 10-~ 
N a t u r a l  MnO~ ( r a m s -  75 1.96 + 95 1.43 • 10-t  

de l l i t c )  

Table II. Diffusion coefficient of protons in the crystal 

S B E T ,  S ~ ,  
K i n d  of d i o x i d e  me g - t  cm a sec-~/'-" g - t  D, cm~ see-a 

E l e c t r o l y t i c  ~/ MnOL. 55 5.07 • 10- '  8 • 10 -19 
C h e m i c a l  p MnOc 30 2.45 • 10- '  6.7 • 1 0 - ~  
N a t u r a l  MnO~ ( r a m s -  18 1.43 • 10 -I 7 • 10 -l'~ 

d e l l i t e )  

In Table I, the value of product  S ~ / D  may be 
seen to vary  f rom 1 to 5 x 10 -4 cm 3 sec-'/~ g-1 ac- 
cording to the depolarizing act ivi ty of the manganese 
dioxide tested. 

Knowing  the BET surface area, it is possible to de-  
duce in first approximat ion the diffusion coefficient of 
protons in the crystal, as is shown in Table II. 

Galvanostatic reductions.--In order  to complete  the 
results obtained by the potentiostatic reductions, some 
reductions were  effected at constant current  on the 
three kinds of manganese dioxide tested. 

Figure  5 shows, as abscissa, in a logari thmic scale 
the ratio 

2 -- Xo + Ki %~ 

3 
Xo - -  - -  - -  Ki ~ / t  

2 

for various values of reduct ion time, t, as ordinate, the 
corresponding potential  reached by the dioxide elec- 
trode in relat ion to the reference  system, after  cor-  
recting for the ohmic polarization measured  by the 
in ter rupted current  method (20). In order  to calculate 
K, the values of S ~ /D (in cm 3 s-'/~ g - i )  previously 
determined by the  potentiostatic method were  used. 
The i values were  calculated for one gram of dioxide. 

Examinat ion of Fig. 5 leads to the fol lowing re -  
marks. 

With any kind of dioxide, the relat ion gives a line 
the slope of which is equal  to 0.060V, which is in 
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Fig. 5. Galvanostatic reductions effected on various kinds oil 
manganese dioxide in 1M KOH medium for various reduction rates, 
i, imposed on a depolarizing mix weight of 0.2g. [ ]  electrolytic 
MnO2, i ~ 1 mA; ,~ chemical MnO2, i = 1 mA; O natural 
MnO2 (ramsdellite) i ~ 1 mA; �9 natural MnO2 (ramsdellite) i = 
2 mA. 
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agreement  with theory (2.3 R T / F ) .  The potential  is 
expressed as follows 

RT 2 -- Xo d- Ki  ~/t-  1 
E (Xs) ---- E ~ -- 2.3 log 

l F 3 
X o  - - -  - K i  ~ / ~  

2 

The theoretical relationship is more closely followed 
as the manganese  dioxide becomes more highly crys- 
tallized. This agrees with the hypotheses previously 
stated from the potentiostatic determinations.  The 
galvanostatic reduction method therefore corroborates 
the results obtained by the potentiostatic method. 

Conclusions 
This work has resulted in some general  views of the 

protonic reduction process in  the solid phase, which 
has been ment ioned f requent ly  by various authors to 
explain the mechanisms involved in the electrochemi- 
cal reduction of "r and p manganese dioxides. 

The following points have part icular ly been stressed 
in this work, which started from theoretical considera- 
tion based both on thermodynamics  and on the physi-  
cochemistry of the solid state. 

The behavior of manganese dioxide during its elec- 
trochemical reduction may be analyzed to a first 
approximation by means of an equation represent ing 
a diffusion process in the solid state; such equation 
may be expressed in a par t icular ly  simple form if 
the crystal of the dioxide is assumed to be a semi- 
infinite medium. 

Under  the exper imental  conditions imposed on the 
system (either potentiostatic or galvanostatic) the 
validity of this equation can be demonstrated with 
the restrictions associated with the semi-infini te na ture  
of the crystal of dioxides at t h e  beginning of the 
electrochemical reduction. The equation is followed 
more closely as the kind of dioxide tested becomes 
more highly crystallized. 

A characteristic parameter,  S~/D, the product of the 
active surface area of the dioxide electrode mult ipl ied 
by the square root of the diffusion coefficient of 
protons in the crystal, has been determined for lg 
samples of dioxides. With such a parameter  it has 
been possible to compare the depolarizing activity of 
several dioxides of the ~, and p types. Some determina-  
tions were also made in a deuterated electrolyte. 

The knowledge of the reduction mechanism gained 
in this study should be helpful in directing the physi-  

cochemical t reatments  of manganese  dioxides in order 
to obtain a high electrochemical activity for use in 
galvanic cells. 
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Discharge Mechanism of the V205 Electrode 
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ABSTRACT 

The behavior  of V205 single crystals, grown from the melt, during 
cathodic polarization and recovery,  has been investigated. The dependence 
of potent ial  on pH showed that  the only plausible reduction product  was a 
solid oxide or oxyhydroxide,  polarization being due to the formation of a 
solid solution. In the pH range 2.0-5.5, the curve of electrode potent ial  vs. 
t ime during both polarization and recovery was accurately predicted by an 
equation, a l ready applied to MnO2, der ived f rom the assumption that  the 
product is removed from the surface by diffusion into the electrode. Using 
t r i t ium as a tracer,  it was shown that  hydrogen is incorporated in the elec- 
t rode during discharge at pH 4.7. The act ivat ion energy for diffusion was 
found to be 6.7 kcal /mole,  which is consistent with bipolar diffusion of 
protons and electrons. 

Vanadium pentoxide as a cathode in electrochemical  
cells has previously been studied to a l imited extent.  
Watson and Scott  (1) studied polycrystal l ine V20~ 
electrodes in an acid electrolyte  saturated with  dis- 
solved V205. They found that, for low constant -current  
discharges, polarizat ion curves for this electrode were  
qual i ta t ively  similar  to those for MnO2 in an alkal ine 
medium. These authors were  part ial ly successful in 
applying a theory developed (2) for MnO2 to these 
discharge curves. This theory is based on the assump- 
tion that  polarization is caused by an accumulat ion of 
reduced product  in solid solution on the electrode 
surface and that  recovery  is a result  of the subsequent 
diffusion of the product into the electrode. Its appli-  
cation to MnO2 has been demonstrated quant i ta t ive ly  
(3). 

Shukler  and Kuz 'min  (4) studied the cathodic be- 
havior  of pressed pellet  electrodes made of 80% V205 
and 20% graphite. These authors used H2SO4 as an 
electrolyte and worked  at h igher  apparent  current  
densities than Watson and Scott. They concluded that  
the V205 electrode is reduced direct ly to a second solid 
phase on the electrode surface. This phase was iden- 
tified as one containing V( IV) .  

Here we a t tempt  to de te rmine  the discharge mech-  
anism for single crystal l ine V205 in NH4C1 buffered 
solutions and to show under  what  exper imenta l  con- 
ditions the theory  applicable to MnO2 can be expected 
to predict  the discharge and recovery curves. 

Experimental 
Electrode preparation.--Single crystals of V205 were  

grown using a modification of a method originally due 
to Arsen 'eva  and Kurcha tov  (5) and supplied to this 
laboratory by Boros in a pr ivate  communication.  

The crystals were  grown in a p la t inum crucible in 
an air atmosphere.  Baker  analyzed (99.5%) V20~ was 
mel ted at 690~ and a small  seed of crystal l ine V205 
was placed on the melt  surface. The tempera ture  was 
then slowly raised unti l  only a single crystal l i te  re-  
mained. At  this point the mel t  was cooled at a rate  
of approximate ly  1~ min for a total  of 10~176 
The single crystal  grew as a thin, flat sheet on the 
surface of the mel t  wi th  the ac crystal lographic plane 
paral le l  to the surface of the melt. The crystal  was 
removed before it reached the edge of the crucible by 
lifting it f rom the surface of the mel t  wi th  a stainless 
steel spatula. 

Crystals could be grown to a d iameter  of 5 cm (the 
diameter  of the pla t inum crucible) and a thickness in 
excess of 3 mm by the above method. However ,  for 
convenience a crystal  was usually removed from the 
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melt  wi th  dimensions of approximate ly  20 x 10 x 2 mm. 
The underside of the crystal  was covered with poly-  
crystal l ine mater ia l  frozen during the process of re-  
moval.  For  the purposes of this study, in which only 
the top surface of the  crystal  was presented to the 
electrolyte,  the presence of this mater ia l  on the back 
of the crystal  was no disadvantage. The top surface 
was plane, lustrous, and over  a large part  of its area 
was, on microscopic examinat ion in reflected light, free 
of appearances of polycrystal l ini ty.  Regions which 
appeared to be polycrystal l ine at or near  the surface 
were  discarded. 

Two methods of at taching leads to the V205 crystals 
were  used. In one, a hot Pt  wire  was dr iven into one 
end of the oxide crystal  which mel ted and resolidified 
around the wire. In the other method a copper wire  
was soldered to a gold leaf which had been deposited 
on the back of the crystal. Af te r  the electrical  contact 
was made, a heavy coat of paraffin was applied to all 
parts  of the crystal  except  the surface which was to 
be presented to the electrolyte.  

Electrolyte  pH was measured by means of a Beck-  
man Zeromatic pH meter.  A Systems Research Corpo- 
ration Model 5501 differential  vo l tmeter  was used to 
measure  the electrode potential  wi th  reference to the 
saturated calomel electrode as a function of electrolyte 
pH. The cell was held in a thermosta t  at 25 ~ • 0.2~ 

For  counting solutions containing t r i t ium, a 1 ml  
sample of the solution was pipetted into 10 ml of Bray's  
solution (6) and counted three times, for periods of 
5 rain, on a Packard  Tr i -carb  Liquid Scinti l lat ion 
Counting System Model 314 EX. In the original solu- 
tions in which electrodes were  t reated the t r i t ium 
concentrat ion was such that  28.0 counts /min  corre-  
sponded to one ~-equivalent  of hydrogen. Corrections 
were  made for background and color quenching due 
to dissolved V205. 

The cell for de termining the polarization and re-  
covery curves contained the V20~ cathode, a spectro- 
scopic grade carbon anode, a saturated calomel refer -  
ence electrode with  a Luggin tip having an internal  
radius less than 0.5 mm placed 2 mm from the cathode, 
a stirrer, and a gas dispersion tube for ei ther 02 or N2. 
The cell was mainta ined within 0.2 ~ of any chosen 
t empera tu re  between 0 ~ and 45~ by means of a 
thermostat .  The discharge current  was held constant 
by means of a circuit  (7) using a Hea thk i t  Model 
EUW-194 operat ional  amplifier, and was measured by 
means of a cal ibrated microammeter .  The potential  of 
the V205 electrode with  respect to the saturated calo- 
mel  electrode was recorded using a Hewle t t -Packard  
Model 7100 BM recording potentiometer .  

Results and Discussion 
Effect of pH on electrode potential.--During cathodic 

discharge in acid medium the  reaction may be wr i t ten  
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V205 -I- n o -  ~- n 'H + + mH20 = product % pH20 [1] 

where "product" represents the reduced form of the 
vanad ium pentoxide and n ,  n ' ,  m ,  and p may indiv idu-  
ally have any value including zero. 

At 25~ the Nernst  equation for this reaction is 

0.059 [product] [H20] ~' 
E ~ Eo --  log [2] 

n [V20~] [H+] ~' [H20] m 

where [ ] represents the activity of the enclosed 
species. 

If the activity of the water  is taken as the activity 
of pure water, and if the activity ratio of the V205 
and the product  remains  constant  when the pH is 
varied, then Eq. [2] reduces to 

E = Eo' - -  0.059 m pH 
n 

where Eo' includes Eo and other constants. Thus under  
these assumptions the slope of the curve of electrode 
potential  vs .  p H  is --0.059 ( n ' / n ) .  

The variat ion of the V205 electrode potential  with 
pH, in NH4C1 solution whose pH was adjusted by 
addition of NH3 or HC1, is shown in Fig. 1, for pH 
between approximately 2.0 and 5.5. When the pH was 
outside this range, the potential  was unsteady. The 
exper iment  was conducted both on a freshly prepared 
electrode which had never  been discharged and on 
electrodes which had been discharged to varying 
degrees and then allowed to recover for two days. 

The slopes of the curves in Fig. 1, determined by 
least-squares analysis were, for A through D, --0.064, 
--0.054, --0.058, and --0.060, respectively, with an 
average value of --0.059 _ 0.005 V / p H  unit .  This is 
good evidence that  the activities of both V205 and the 
product are independent  of pH and that  n -~ n' .  

The data on single crystals confirm the previous 
result  of Watson and Scott (1) on polycrystal l ine 
vanad ium pentoxide electrodes and also that  reported 
by Shukler  and Kuz 'min  (3) on pressed pellet elec- 
trodes. 

It has been previously shown (1) that, for the 
cathodic discharge of V205 at pH ~ 5.3, if the number  
of electrons equals the number  of protons the product 
must  be a solid. The reduct ion may involve loss of 
oxygen to the electrolyte, exemplified by the reaction 

V205 + 2e-  -k 2H + ---- V204 -k H20 

or by incorporation of hydrogen and water  in the 
solid electrode exemplified by the reaction 

V205 + 2e -  + 2H + + H20 = 2VO(OH)2 [3] 

The observation that steady potentials were una t -  

A 

& 
7- 

> 0.5 
l.d 

03 ; ; 
p H  

Fig. 1. Dependence of electrode emf vs. standard H2 electrode on 
pH at 25~ Curve A is for unreduced V205; B, C, and D are for 
partially reduced V205. 
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tainable outside pH 2.0-5.5 is probably due to the 
following factors, among others: at pH ~2  the product 
dissolves to an appreciable extent;  at pH ~5.5 the 
product is oxidized by oxygen dissolved in the electro- 
lyte. 

D i s c h a r g e  in  t r i t i a t e d  s o l u t i o n s . - - I n  order to demon-  
strate whether  or not hydrogen is incorporated in the 
V20~ electrode dur ing cathodic discharge, electrodes 
were discharged in t r i t ium-conta in ing  solutions. After  
a recovery period, the electrodes were anodically 
charged in a nontr i t ia ted electrolyte to recover t r i t ium 
incorporated dur ing the discharge, and this electrolyte 
was then counted. Because a considerable amount  of 
t r i t ium was adsorbed or otherwise adhered to the 
electrode after immersion in tr i t iated solution even if 
no discharge current  was passed, a s tandard procedure 
for r insing and soaking electrodes was developed to 
provide suitable "blank" comparisons. 

Each electrode in i t ia l ly  was allowed to stand for a 
m i n i m u m  of 1 hr  in 1N NH4C1 solution which con- 
tained 25 ~c/ml of tri t ium. The electrode was then 
rinsed for 1 min  with manua l  agitation Successively 
in each of three 10-ml distilled water  baths followed 
by one 3-hr  rinse in a fourth 10-ml distilled water 
bath. The fourth rinse served as a predischarge b lank 
for the adsorbed t r i t ium on a given electrode. Follow- 
ing the predischarge b lank  the electrode was re turned 
to the tr i t iated electrolyte and discharged at a mea-  
sured current  for 3 hr. After  discharge the electrode 
was allowed to recover in the tr i t iated solution for a 
m i n i mum of 1.5 hr. At the completion of the recovery 
period the electrode was rinsed as described above for 
the b lank  except that in the fourth distilled water  
bath the electrode was made an anode and oxidized 
for 3 hr at a current  equal to or slightly less than the 
discharge current.  This charging procedure was under -  
taken to reverse the discharge reaction and, thereby, 
aid in the release to the bath of t r i t ium incorporated 
in the electrode. After the discharge and charge opera- 
tions, a postdischarge b lank  was made. The procedure 
for this was identical to that  of the predischarge 
blank. 

Table I shows clearly that  t r i t ium was incorporated 
dur ing discharge, the discharge-charge t rea tment  
yielding on the average significantly higher activity 
than either of the blanks. Some t r i t ium may have been 
retained in the electrode in most cases even after the 
charging process, as the postdischarge b lank  was gen- 
erally higher than  the predischarge blank. An addi-  
t ional cause for higher postdischarge blanks may be 
an increase in surface roughness caused by charging 
and discharging which would result  in increased ad- 
sorption of tr i t iated solution. From the number  of 
Faradays passed during discharge, and the difference 
in  counting rate between the entries in the discharge- 
charge column and the predischarge blanks, a rough 
value for the current  efficiency for incorporation of 
hydrogen dur ing discharge was calculated. It ap- 
proached 60% in some samples, but  was general ly  
lower and highly variable. In  part, the low current  
efficiency may be due to fai lure to recover all of the 
t r i t ium dur ing charging; in par t  it may arise from 
isotope effects during electrolysis; fur ther  in the case 
of samples 4 and 7 hydrogen gas evolution was ob- 

Table I. Comparison of electrode treatments in tritiated solution 

C o u n t i n g  ra te ,  pe r  m i n u t e  

P r e d i s c h a r g e  Di scha rge -  P o s t d i s c h a r g e  C u r r e n t  
S a m p l e  b l a n k  cha rge  b l a n k  efficiency, % 

1 216 526 97 23 
2 101 750 268 47 
3 64 715 258 37 
4 70 374 487 17 
5 48 720 98 55 
6 26 1397 493 58 
7 26 242 210 27 
8 26 708 429 52 
9 32 640 255 55 



154 J .  E l e c t r o c h e m .  S a c . :  E L E C T R O C H E M I C A L  S C I E N C E  

served to occur, which would account for the low 
current  efficiency observed. 

We conclude from this exper iment  that the cathodic 
discharge of V20~ involves largely if not entirely the 
incorporation of hydrogen in the solid electrode. If 
the product is in solid solution with V205, it is mean-  
ingless to specify its formula. For some purposes, it 
may be convenient  to represent  the reduced mater ia l  
as a solid solution of VO (OH)2 in V205; however, this 
representat ion has the disadvantage that VO(OH)2 
cannot diffuse as such in solid solution with V205 
unless oxygen diffuses as well  as hydrogen, an unl ikely  
occurrence at the temperatures  of interest. The most 
satisfactory representat ion is simply a solid solution 
of hydrogen in V205. 

P o l a r i z a t i o n  a n d  r e c o v e r y  m e c h a n i s m . - - O n  the basis 
of the results of the foregoing experiments,  we propose 
that single crystal l ine V205 is polarized during dis- 
charge by an increasing concentrat ion of hydrogen 
(probably as an oxyhydroxide) in solid solution; on 
discontinuing the current,  recovery occurs by diffusion 
of protons, accompanied by electrons, into the interior 
of the electrode. 

Representing the reduction product, as a solid solu- 
tion of hydrogen in V20.% by the formula V2On" H, 
the cathode reaction ~s 

V2Os+e-+H + =V2Os.H 

and the Nernst equation for constant pH is 

[V205 �9 H] 
E = Eo" - -  (RT/F)  In 

[V~O~] 

where Eo" includes Eo and a term involving the pH. 
Formulated in this way, the cathode reaction is the 

formal analogue (8) of the cathode reaction for MnO2 
at moderate current density and pH in the middle 
range. It must be noted that a different choice of 
electrode reaction, e.g., Eq. [3], leads to apparent dif- 
ferences in the Nernst equation. These differences 
disappear if the reference functions for activity are 
properly chosen on the basis of site-occupancy, as they 
should, since the representation of solids by molecular 
formulas is arbitrary. 

The dependence of electrode potential upon time 
should then follow the equation (2, 3) 

E = Eo" Jr 2.303 ( R T / F )  log t ' / ,  - -  ( t  - -  T) ,/2 - -  1 

[4] 

where t is the t ime and -r is the t ime  at which the 
discharging current  is broken. This relat ion is derived 
from the solution of Fick's equation for one-d imen-  
sional diffusion in a semi-infinite body, with constant  
flux onto the surface. Provided the proposal above is 
correct, [4] should apply more accurately to a large 
single crystal than  to the polycrystal l ine electrodes 
previously studied. 

In obtaining [4], if the activities of V20~ and 
V205 �9 H are replaced by the respective mole fractions, 
A is given by 

A = Co ( ~ D ) v = / 2 r  [ 5 ]  

with D the diffusion coefficient for the product, Co the 
concentrat ion of pure solid V205 in equivalents /vol -  
ume, and r the flux of hydrogen through the surface 
in equivalents /area  x time. 

Single crystals were discharged and allowed to re-  
cover in an NH4C1 electrolyte, using a range of current  
densities, temperatures,  and pH's. The pH was adjusted 
by addition of NH3 or HC1. In  previous work with 
polycrystal l ine electrodes (1) it was necessary to sat- 
urate  the electrolyte with V205 to prevent  dissolution 
of the electrodes; with single-crystal  electrodes the 
rate of dissolution was so small  that  experiments  of 
several hours durat ion could be carried out in V~O~- 
free electrolytes with no detectable dissolution pro- 

F e b r u a r y  1 9 7 0  

vided the pH was wi thin  the range 2.0-5.5. This 
avoided the complication of the possibility of s imul-  
taneous reduction of dissolved as wel l  as solid V20.~. 

Figure  2 shows the polarization dur ing discharge, 
and the recovery, of a V205 electrode at pH = 4.7 and 
current  density 48 ~A/cm 2. The current  was broken 
at 20 sec. 

An  apparent ly  instantaneous drop in potent ial  at 
the start of the discharge, with an approximately 
equal ins tantaneous rise on breaking the current ,  re- 
sulted from ohmic polarization, with possibly some 
contr ibution due to activation polarization. The origi- 
nal  recorder tracings (Fig. 2a) were corrected by 
removing the segments which appeared to be vertical. 
The origin of the ohmic polarization was chiefly in the 
high resistivity (around 100 ohm cm) of the electrode 
itself, since so-called pseudo-ohmic polarization was 
made small  by use of the Luggin tip. The magni tude  
of the ohmic polarization was affected by a change in 
the method of connecting leads (see "Experimental")  
but there was no other effect of lead location on the 
shape of the polarization and recovery curves. Due to 
the extreme ini t ial  steepness of the recovery curve, 
and the finite response t ime of the recorder, the cor- 
rection for ohmic polarization at the start  of recovery 
could not be made with accuracy by inspection of the 
original tracing. However, since the only effect of 
the correction is to move the recovery curve up or 
down with respect to the discharge curve, the mag-  
ni tude of the correction was determined to be that 
which allowed the same value of Eo" to be used for 
both the discharge portion and the recovery portion in 
fitting the observed data to Eq. [4]. The remaining  
polarization, shown in  Fig. 2b, 3, 5, and 6, is ascribed 
to solid concentrat ion polarization. 

In Fig. 2b, exper imental  points taken at several 
values of t from the original tracing, corrected as de- 
scribed, are shown. The constants Eo" and A of Eq. 
[4] may be found from the values of E and t at any 
pair of points on the discharge port ion of the curve. 
The best fit of the exper imental  points to the equation, 
during discharge, was given by the constants Eo" = 
0.421V and A = 7.7 sec t/2. The recovery curve, i .e. ,  E 
at t > 20 sec, was then calculated with these constants. 
The full  curve of Fig. 2b shows the variat ion of E with 
t for both discharge and recovery calculated accord- 
ing to Eq. [4]. The agreement  with observation is 
good. 

0.45 

0.4C 

F- V 

i f 
i 

0,4~ ~ b 

0,4C o ~o 4~o 
Time, sec 

Fig. 2a. Discharge and recovery of V205 electrode at pH 4.7 
and current density 4/~A/cm2; b after correcting for IR drop on dis- 
charge and IR rise on recovery. Points, experimental observations 
from corrected recorder tracing; full curve, calculated from Eq. [4] .  
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The adherence to Eq. [4] shown in this example is 
typical of 50 polarization experiments,  in which 12 
different electrodes were used, provided the pH was 
in the range 2.0-5.5, and the current  density and 
were such that T was somewhat less than  4A2/9. At 
t ~ 0, the Nernst  equation yields E --> oo. Except at 
t near  zero, or slightly greater than T, at which times 
also the error due to finite recorder response t ime is 
apparent,  Eq. [4] with constants obtained as above fit 
the exper imenta l  discharge and recovery curves, on 
the average, wi thin  +_1 mV. The same electrode could 
be discharged, allowed to recover un t i l  E had re turned 
wi th in  a few mV of the ini t ia l  value, and then dis- 
charged again; Eq. [4] was followed equally well  on 
the second (and subsequent)  discharges as upon the 
first. We conclude that, under  the conditions given, 
both the polarization dur ing discharge and the re- 
covery are satisfactorily accounted for by the mecha- 
nism proposed. 

The theory was fur ther  tested by examining the de- 
pendence of A on the current  density. Since A varies 
as the reciprocal of the flux of the diffusing species 
onto the surface, it should be l inear  with i -1, where 
i is the current  density. Figure 3 displays corrected 
discharge and recovery curves for the same electrode 
at three different" currents.  Since the electrode area 
was main ta ined  constant, the current  and current  
density were proportional.  Figure 4 shows the relat ion 
between A, found as described above, and the recipro- 
cal of the current ,  for curves of Fig. 3 and others 
obtained using addit ional  values of the current.  The 
linearity,  and passage through the origin, is satis- 
factory. 

The effects of variat ion in pH, oxygen-content  of 
the electrolyte, stirring, and temperature  were next  
examined. 

According to [5], A should be independent  of pH; 
however, this was not found to be true. In  Fig. 5 are 
shown the results of discharge at constant  current  
density but  vary ing  pH. Polarization was made less 
severe, and recovery more rapid, by lowering the pH; 
this corresponds to an apparent  increase in A with 
decrease in pH. There are two probable causes: at 
pH < 2.0 the rate of dissolution of te t ravalent  vana-  
dium is significant, so that  polarization by the mech- 
anism above is minimized by the simultaneous re- 
moval  of product by dissolution and diffusion into the 
solid, while the recovery rate is correspondingly en-  
hanced. At all pH's the rate of the competing reac- 

0 . 7 5  

0.70 

0.65 
:> 
& 

-f- 

> 

IJJ 

0.60 

0.55 
0 2'0 4~0 

Time, sec 

Fig. 3. Discharge and recovery of a V205 electrode at pH 3.1. 
Current, ~A: a, 36; b, 80; c, 123. 
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Fig. 4. Dependence of A on current for discharge of the vanadium 
pentoxide electrode. 
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Fig. 5. Effect of pH and stirring on the polarization of a V205 
electrode at 61 ~A. pH: a, 0.7; b, 1.7; c, 3.0; d, 4.5; e, 7,0 stirred; 
f, 7.0 not stirred. Curves a-d represent both stirred and unstirred 
discharges. Ordinate of each curve has been shifted so that E = 0 
a t t = 0 .  

tion to form H2 is favored by a decrease in pH, so 
that the actual flux of diffusant may be decreased as 
a higher proportion of the t ransferred charge is con- 
sumed in H2 generation.  

At high pH's, te t ravalent  vanadium is oxidized by 
dissolved oxygen. As shown in Fig. 5, rapid st i rr ing 
decreased the degree of polarization in an aerated 
electrolyte of pH = 7, bu t  had no significant effect at 
lower pH's. It appears that recovery in such a solution 
is assisted by oxidation of the reduced product and 
that the rate of oxidation is at least in part  governed 
by the rate of diffusion of dissolved oxygen to the 
electrode. Several  experiments  were performed in 
solutions which had been either freed of oxygen by 
bubbl ing  N2 through the solution, or saturated with 
02. In  all cases where pH ~ 7 the presence of 02 in 
solution clearly reduced the degree of polarization. 

The variat ion of A with pH, and the likelihood that  
evolution of H2 may compete with the assumed elec- 
trode reaction makes the calculation of D from A and 

unreliable,  since r cannot be related unambiguously  
to the current  density. If it is assumed that  ~ is ac- 
tual ly  given by i/F, and that  the measured surface 
area is the t rue  surface area, the diffusion coefficient 
for protons, accompanied by electrons, in V205 may 
be calculated for the example shown in  Fig. 2, to be 
D ---- 6 x 10 -15 cm2/sec. The coefficient for protons 
alone is one-half  this value (11). There are few re-  
ported values for other oxides with which to com- 
pare this result. The data of Thomas and Lander  (12), 
extrapolated to room temperature,  lead to D ,~ 10 -16 
cm2/sec for the bipolar diffusion coefficient for hydro- 
gen in ZnO. The rough value reported above for hy-  
drogen in V205 appears on this basis to be of a rea-  
sonable order of magnitude.  
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Fig. 6. Effect of temperature on the discharge of a V205 elec- 
trode. Temperature: a, 33~ b, 16~ d, 4.5~ current: 120 #A. 
Ordinate of each curve has been shifted so that E ~ 0 at t = 0. 

The effect of t empe ra tu r e  upon polar izat ion and re -  
covery is shown in Fig. 6. Let t ing  

D = Do exp ( - -  • 

where  • is an act ivat ion energy  for diffusion, it  is 
clear  that ,  p rov ided  the  cur ren t  dens i ty  is constant  
and the cur ren t  efficiency for product ion of the  di f -  
fusing species is not s t rongly  influenced by  t empera -  
ture,  a curve of 2 log A vs. T -1 should be l inear.  
F igure  7 shows such a re la t ion  for the  curves  of Fig. 6, 
along wi th  s imi lar  da ta  for addi t ional  tempera tures .  
F rom the slope, the  va lue  of ~E was found to be 6.7 
kca l /mole .  

The magn i tude  of zlE is comparable  to act ivat ion 
energies repor ted  in some other  instances of wha t  is 
thought  to be pro ton  diffusion in oxides,  e.g., 3.2 kca l /  
mole  in MnO2 (9), 13 kca l /mole  in cc-A120~. H20 
(10), and 4.5 kca l /mole  in ice (10). Fo r  meta l  ions in 

oxides, AE has been found to be roughly  an order  of 
magni tude  higher,  and i t  is genera l ly  h igher  st i l l  for 
oxide ions, so tha t  this  va lue  of AE is consistent  wi th  
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Fig. 7. Relationship between log A ~ and 1/T. The slope corre- 
sponds to an activation energy of 6.7 kcal/mole. 

the  proposed mechanism involving the diffusion of 
protons.  

A l imi ta t ion  of the s imple diffusion theory,  a l r eady  
pointed out  (2), became apparen t  when the discharge 
was carr ied  out  for ex tended  periods. Equat ion [4] 
predic ts  tha t  an inflection should occur in the  curve of 
E vs. t, dur ing  discharge,  at t ~ 4A2/9; fu r the r  the 
slope should become infini tely nega t ive  at  t = A 2, tha t  
is when  the  surface is comple te ly  reduced. I t  is evi-  
dent  tha t  A 2 is the  analogue of the  " t ransi t ion t ime" 
in the chronopotent iometr ic  equat ion of Sand (13). In 
fact, both  the  inflection downward  and the la ter  
ab rup t  decrease in potential ,  where  they  were  ob-  
served at  all, a lways  occurred at  t imes  longer  t h a n  
those predicted.  We ascr ibe this  resul t  to the  fact  that  
the  surface, ins tead of being a geometr ica l  p lane a s  
assumed in the theory,  is ac tua l ly  the  layer ,  perhaps  
a un i t -ce l l  edge or more deep, whose composit ion 
de te rmines  the  e lec t rode  potential .  We are  unaware  of 
any sa t is factory  w a y  to improve  the theory  b y  a con- 
s idera t ion of the deta i led  s t ruc ture  of the  surface; 
consequently,  in test ing the theory  we l imi ted  our-  
selves to discharges for t imes cons iderably  less than 
4A2/9. 

The resul ts  repor ted  here  differ g rea t ly  f rom those 
of Shukle r  and Kuz 'min  (4). In view of the differences 
in the  e lec t ro ly te  and apparen t  cur ren t  density,  and 
the c i rcumstance that  they  used polycrys ta l l ine  ma te -  
r ia l  mixed  with  graphite,  this is to be expected.  Under  
the condit ions used here, our  resul ts  al l  suppor t  the  
conclusion tha t  the  reduct ion product  includes h y d r o -  
gen and forms a solid solution in V205. 
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The Anodic Oxidation of Silicon Nitride Films on Silicon 
Terrance B. Tr ipp 
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ABSTRACT 

The anodic oxidation of silicon nitr ide films prepared by chemica l -vapor -  
deposition on silicon was studied at six current  densities be tween 4.0 and 
13.0 m A / c m  2. It was found that  the rate of conversion of silicon ni tr ide to 
silicon dioxide is independent  of t ime and that  the conversion efficiency 
increases wi th  increasing current  density. The onset of film growth f rom 
the substrate does not occur unti l  a significant t ime after the whole film has 
been rendered easily soluble in HF. It is postulated that  the initial product  
of conversion is an easily soluble, mixed oxide-n i t r ide  which must subse- 
quent ly  be conver ted to oxide before film growth f rom the substrate can 
begin. This idea is supported by the behavior  of the field strength in the film 
during the conversion process. 

Recent ly Schmidt  and Wonsidler (1) have reported 
that  chemical -vapor-deposi ted  films of silicon ni tr ide 
on silicon can be converted to silicon dioxide by elec- 
t rochemical  oxidation. The present invest igat ion was 
under taken to obtain quant i ta t ive  data on this anodiza- 
tion process. This information can be used to compare 
the nature  of the conversion of silicon nitr ide wi th  the 
format ion of anodic oxide films on metals  such as sil- 
icon and tantalum. 

Experimental  
The silicon ni tr ide films were  grown on 10 ohm cm 

~111~  p- type  silicon wafers using the s i lane-hydro-  
gen-ammonia  reaction of chemica l -vapor  deposition 
(2). A 1: 1000:10 ratio by volume of s i lane-hydrogen-  
ammonia  was used with  a substrate tempera ture  of 
approximate ly  900~ Prior  to depositing the nitride, a 
12,000A layer of thermal  silicon dioxide was grown on 
the substrate and a round, 2.5 em 2 window was opened 
in this film near the center  of the wafer  by photo- 
l i thographic methods (3). This layer  of thermal  oxide 
served as an electr ical ly insulat ing barr ier  which as- 
sured that  the anodization was confined to the wel l -  
defined area of the window. 

The initial thickness of the nitr ide film was mea-  
sured by ell ipsometry.  Samples were  selected and 
matched to give sets with a film thickness var ia t ion of 
less than _ 20A. Such a set was used for each current  
density studied. The samples were  pressed against  a 
2 cm ID Viton O-r ing mounted  in the side of the an- 
odization cell in such a way  that  the window of silicon 
ni tr ide was exposed to the electrolyte. In order to re-  
duce heat ing effects, the plate used to hold the wafer  
against the O-r ing was a block of brass into which 
cooling fins were  machined. During anodization, air 
was blown over the fins to enhance heat  transfer.  No 
tempera ture  rise was detectable wi th  a thermocouple  
imbedded in the plate ve ry  near the surface in contact  
wi th  the sample. The anodizations were  carr ied out at 
room tempera ture  using a constantly stirred electrolyte  
of ethylene glycol + 2% water,  0.4M in KNOB. Con- 
stant current,  supplied with  an Electronic Measure-  
ments Model C633B power supply, was measured with  
a Kei th ley  610A electrometer.  To measure  the voltage 
drop across the film and substrate a p la t inum wire, 
imbedded in glass up to its tip, was placed very  near  
the surface of the sample. The vol tage drop between 
this electrode and the sample substrate during anodi- 
zation was measured with  a Kei th ley  610A elec t rometer  
and recorded with  an Ester l ine Angus Model AW re-  
corder. The contribution to the total  vol tage by the 
substrate and contact resistance was about 25V. 

The thickness of the conver ted film and remain ing  
silicon ni tr ide film after anodization was measured in- 
te r fe rometr ica l ly  by taking advantage of the great  
difference in solubil i ty of the films in HF. First, the 
surface of each sample was masked with  wax  to leave 

two narrow channels of the film exposed, and the film 
was etched for 2 sec in 48% HF. Next,  half the length 
of each channel  was masked with wax, and the film 
was etched again for several  minutes (the etching 
t ime var ied somewhat  wi th  the thickness of the silicon 
nitr ide) in 48% HF. After  removing the wax, the 
depth of the channels was measured by in te r fe romet ry  
with a Cryolab Model TD-550 thin film thickness de- 
terminator .  The depth of the channels in the area 
etched for 2 sec was taken as the thickness of the 
layer of film produced by the conversion of the silicon 
nitride. The depth of the channels in the area etched 
for a longer t ime was taken as the total  thickness of 
the film. 

Results and Discussion 
The conversion behavior  of 1000i  silicon nitr ide 

films at a current  density of 7.5 m A / c m  2 (calculated 
from total  current  and window area with no roughness 
factor) is summarized in Fig. 1. The rate of conversion 
and the total  film growth rate  were  found to be con- 
stant also at five other  current  densities between 4.0 
and 13.0 m A / c m  2. Results are summarized in terms of 
the conversion rate  and total  film growth rate in 
Table I. Results obtained from the conversion of a 
number  of samples for the same length of t ime indi-  
cated that  the thickness of conver ted film produced 
agreed from sample to sample to within about _+20A. 
Total  film thickness was reproducible to wi thin  •  
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Fig. 1. Total film thickness and converted film thickness as a 
function of time during the anodic oxidation of silicon nitride films 
on silicon at a current density of 7.5 mA/cm 2. [ ]  Total film thick- 
ness; 0 converted film thickness. 
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Table I. Conversion rate, total film growth rote, and normalized 
conversion rate for the anodization of silicon nltride films on 

silicon at various current densities 

Normalized c o n v e r s i o n  
ra te  (1 / i  dD/dt), 
A c o n v e r t e d  f i lm~ 

f o r m e d  x cme J 

ra in  • m A  

C u r r e n t  To ta l  f i lm C o n v e r s i o n  rate ,  
dens i t ies ,  g r o w t h  rate ,  A c o n v e r t e d  f i lm 
mA/cm'- '  A/min formed~rain 

4.0 3.93 13.1 3.28 
5.5 5,50 18,9 3.44 
7.5 8.20 27.4 3.65 
9.0 10,5 35.0 3.89 

11.0 12.0 46.4 4.22 
13.0 8.0 56.3 4.33 

The results from convert ing 500A films indicated that 
the conversion rate is essentially independent  of init ial  
film thickness. 

Schmidt and Wonsidler (1) report  that  at a current  
density of 7 mA/cm2 a 1000A film of silicon ni t r ide  is 
completely converted (presumably as indicated by 
etch rate) in about 10 min. They used a 7.5 v /o  
(volume per cent) solution of pyrophosphoric acid in 
te t rahydrofur fury l  alcohol as electrolyte. In  contrast, 
the present results indicate that  it takes about 55 min  
to convert the same thickness film when the current  
density is 7.5 m A / c m  2. The difference in results is 
most l ikely due to a difference in the silicon ni tr ide 
films used or possibly a difference in anodization effi- 
ciency of the different electrolytes. In  any case, the 
present results were found to be reproducible for the 
films studied. 

A current  efficiency of 1.0% was calculated assum- 
ing that the conversion reaction Js (1) 

60  = + SigN4 --> 3SIO2 -l- 2N2 + 12e- 

The density of the silicon nitride film was taken as 
3.1 g/cm a (see below), and the initial material was 
considered to be stoichiometric silicon nitride. A simi- 
larly low current efficiency has been observed for the 
anodization of silicon in this electrolyte system (4). 

A constant conversion rate is the behavior one would 
expect for constant  current  anodization, provided the 
current  efficiency is independent  of t ime and the 
composition and density of the film are uniform. As 
the normalized conversion rates (1/i dD/dt, where i 
is the current  density and D is the converted film 
thickness) listed in Table I show, the efficiency of 
conversion increases with increasing current  density. 
In fact, an increase in efficiency with current  density 
has been reported for the anodization of silicon (5). 
Figure 2 shows the var iat ion with current  density of 
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Fig. 2. Ratio of completely converted film thickness to initial 
silicon nitride film thickness as a function of current density. 

February I970 

D/Do, where D is the thickness of the completely con- 
verted film and Do is the ini t ial  thickness of the ni t r ide 
film. This ratio decreases at higher current  densities 
indicating that  the increase in conversion efficiency 
may not be due to a variat ion in the ratio of ionic to 
electronic current  but  to a change in the na ture  of the 
conversion, i.e., possibly the ini t ial  product of anodi-  
zation is a mixed oxide-ni t r ide which is easily soluble 
in concentrated HF and contains a greater  percentage 
of residual ni t rogen at higher current  densities. 
Schmidt and Wonsidler  (1) have proposed that  the 
conversion reaction involves the evolution of ni trogen 
gas and, consequently, with increasing current  density 
the increased gas evolution rate produces more porous 
films. Thus, a given thickness of silicon nitr ide would 
produce a thicker converted film with increasing cur-  
rent  density, a t rend  which they reported was ob- 
served. Such results are not in agreement  with the 
present study. 

In an at tempt to detect residual  ni trogen in con- 
verted films, IR absorption spectra were measured 
with a Beckman IR i0 spectrometer for films which 
had been completely converted. No silicon ni t r ide ab-  
sorption band could be detected. However, the in-  
tensi ty of this absorption band in such films could be 
below the sensit ivity of the ins t rument  or even be 
absent  in a mixed film. The oxide band  at 1020-1040 
cm -1 (6) was present  with high intensity.  

Figure 3 summarizes the progress of anodization of 
500A films over a t ime period well  beyond the point 
where the whole film becomes easily soluble in HF. Of 
interest  is the increase in the film growth rate about 
5 min  after the ent i re  film becomes easily soluble in 
HF. Some indication of the significance of this change 
in slope can be deduced from Fig. 4 which shows the 
voltage bu i ld -up  dur ing the anodization of both a 
500A silicon ni tr ide film and 10 ohm cm silicon. A 
change in voltage bu i ld -up  rate occurs dur ing  the 
anodization of the silicon ni tr ide at a t ime which cor- 
responds to the break in film growth rate. Furthermore,  
the bui ld-up rate after the slope change is almost 
identical to that for the anodization of silicon. Thus, 
it would appear that the slope change signals the point 
at which the growth of oxide from the substrate 
begins. If dur ing anodization, a mixed oxide-ni t r ide 
film is ini t ia l ly produced as postulated, then what  
might occur between the t ime when the film becomes 
easily soluble in HF and the t ime when film growth 
from the substrate begins is the fur ther  electrochemi- 
cal e l iminat ion of ni t rogen from the film. 
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Fig. 3. Total film thickness and converted film thickness as a 
function of time during the anodic oxidation of 500.~. silicon nitride 
films on silicon at a current density of 7.5 mA/cm 2. [~] Total film 
thickness; Q converted film thickness. 
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Fig. 4. Voltage as a function of time during the anodic oxidation 
of silicon and a 500A silicon nitride film at a current density of 7.5 
mA/cm 2. [ ]  Ten ohm cm silicon; C) silicon nitride on silicon. 

This conclusion is supported by a calculation, based 
on the densities of silicon ni tr ide and silicon dioxide, 
of the expected thickness of the converted film to be 
produced by a given thickness of silicon nitride. 
Choosing as representat ive of the limited published 
data (6-8) on the density of silicon ni tr ide and silicon 
dioxide films the values 3.1 and 2.2 g/cm 3, respective- 
ly, one calculates that  the complete conversion of a 
500A silicon ni t r ide film should produce a 900A silicon 
dioxide film. The change in film growth rate occurs at 
a thickness of 875A while the whole film becomes 
easily soluble in HF at a thickness of 710A. 

It is not possible to calculate from the experimental  
data the field s t rength in the converted portion of the 
film dur ing anodization without making unjust if iable 
assumptions. Nevertheless, the field in the film being 
grown directly from the substrate can be calculated if 
it is assumed that the field in the completely converted 
silicon ni tr ide film remains constant  and is given by 
the ratio of voltage to film thickness at the point where 
the change in film growth rate occurs. With these as- 
sumptions, the voltage drop across the substrate grown 
film is s imply the difference between the observed 
voltage and its value at the point where the film 
growth rate changes. A similar rule  applies for the 
film thickness. The results of such a calculation are 
summarized in Table II and indicate that  the field 
s t rength in the new fiIm growing from the substrate 
is constant  at 1.93 x 107 V/cm. Schmidt and Michel (5) 
observed that  the field in the oxide film during the 
anodization of silicon is constant. Furthermore,  this 
calculated field is in good agreement  with the value 
1.9 _ 0.03 x l0 T V/cm 2 for the field in the oxide film 
during the anodization of 10 ohm cm p- type silicon. 
This field was evaluated from voltage bu i ld-up  and 
film thickness data obtained in this laboratory by room 
tempera ture  anodization of silicon at a current  density 
of 7.5 mA/cm2 using the electrolyte ethylene glycol 
~- 2% water, 0.04M in KNO3. 

Table II. Calculated field across the substrateJormed-film during 
anadization of silicon nitride films on silicon at a current density of 

7.5 mA/cm 2 

Anodization Field • lO-V 
time, min V/cm 

32.0 1.96 
34.0 1.93 
3fi:O 1.96 
38 .0  1.94 
40.0 1.93 
4.~.0 1.93 
44.0  1.93 

A detailed unders tanding  of the progress of the 
anodization cannot be deduced from the present results 
alone. Based on unpubl ished data for the anodization 
of thermal ly  grown silicon dioxide, Schmidt (9) has 
suggested that  a conversion gradient  might  be estab- 
lished in the film dur ing anodization by the penet ra-  
tion of hydroxyl  ions into the film. Conceivably even 
the only slightly converted mater ia l  near  the leading 
edge of this gradient  would be easily soluble in con- 
centrated HF. If this is the case, then the whole film 
would become easily soluble in concentrated HF when 
the leading edge of the gradient  arrives at the silicon 
surface. A change in film growth kinetics would not 
occur, however, unt i l  complete conversion of the 
ni t r ide film. 

S u m m a r y  
The rate of conversion of silicon ni tr ide films on 

silicon was found to be constant  in the current  density 
range 4.0-13.0 m A / c m  2. The init ial  product of conver-  
sion appears to be a mixed oxide-ni t r ide in which the 
residual ni t rogen content increases with increasing 
current  density. This mixed film continues to be con- 
verted to oxide for a t ime after the whole film has 
been rendered easily soluble in HF. A change in film 
growth rate and voltage bu i ld-up  rate then occurs 
which signals the onset of film growth from the sub-  
strate. 
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ABSTRACT 

A calorimetric study of electroless nickel deposition was made, with the 
aim of establishing the energy balance for the system. The heat of reaction 
of chemically reduced nickel by hypophosphite, as well as the heats of oxi- 
dation of hypophosphite and nickel, and the heat of ionization of water, was 
measured at 94 ~ C. 

A calorimetric study of electroless nickel deposition 
was performed, with the aim of establishing the en-  
ergy balance for the system. It was shown in a pre-  
vious publication (1) that the as-plated alloy is com- 
posed of a nickel phase and a nickel phosphide, Ni2P, 
phase. Hence, the heat of formation of the Ni2P must  
be contained in the heat of reaction of the deposition. 
The DTA of the deposit showed, indeed, that the en-  
ergy evolved dur ing heating corresponds almost 
exactly to the heat of formation of Ni3P from Ni2P 
(2, 1). 

A study of the l i terature shows that  four principal  
reaction mechanisms have been proposed to explain 
the chemical plating of nickel by reduction with 
hypophosphite: 

1. The atomic hydrogen mechanism proposed by 
Brenner  and Riddell (3,4),  then successively sup- 
ported by several authors, among them Gorbunova 
and Nikiforova (5), Panchenko and Krokhina  (6), 
Gutzeit (7, 8), F16chon (9), and Levy (10), 

2. The hydride t ransfer  mechanism suggested by 
Hersch (11), by analogy with the reduction of nickel 
salts by borohydride ions, and later  modified by Lukes 
(12), 

3. The electrochemical mechanism proposed by 
Brenner and Riddell (4). Machu (13), Miiller (14), 
and Ishibashi (15) adopted this theory with some 
modifications, while Hickling and Johnson (16) pro- 
posed an electrochemical alternative to the atomic hy- 
drogen mechanism, 

4. The mechanism involving hydrolyzed nickel with 
hydroxyl ions proposed by Cavallotti and Salvago (17). 

Among these four, only the hydride transfer mech- 
anism and that involving hydrolyzed nickel account 
for the observed values of the molar ratio Ni 2+ de- 
posited/H2PO2- consumed, which is always lower 
than 0.50, as well as the variations of this ratio with 
pH (18). Further, the results of Sutyagina, Gorbunova, 
and Glazunov (19), concerning the origin of the hy- 
drogen evolved in the course of the reaction, can be 
explained also by any of these two mechanisms. The 
lamellar structure of the deposit, as well as the be- 
havior of baths containing iron, cobalt, and nickel 
(17), suggests that the most probable mechanism may 
be that involving hydrolyzed nickel. 

In the present work, the heat of formation of the 
chemically reduced nickel deposit was measured at 
94~ a temperature at which the deposition rate is 
high. For this temperature, however, heats of reac- 
tion cannot be calculated accurately on the basis of 
the tabulated values at 25~ since the heat capacities 
of ions in aqueous media are not known. Therefore, 
it is necessary to measure the heats of reaction of the 
oxidation of hypophosphite to orthophosphite and of 
nickel to Ni 2 + besides that of the over-all reaction of 
the chemical deposition of nickel. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  Case  W e s t e r n  R e -  

s e r v e  U n i v e r s i t y ,  C l e v e l a n d ,  Oh io  44106. 

In  the three pr incipal  reactions investigated, hydro-  
gen appears as a reaction product. Therefore measure-  
ments  were carried out at constant  volume and under  
practically adiabatic conditions to determine the en-  
ergy content  ~E. 

Experimental Procedure 
Materials.--The purest  sodium hypophosphite 2 was 

used. Its pur i ty  was determined by iodometry (20) and 
cerometry (21). The average of the two measurements  
showed that  the reagent used was 100 • 0.5% pure. 
The accuracy of the t i t rat ions was not sufficient to 
just i fy a correction, and therefore the hypophosphite 
was used without fur ther  purification, considering it 
as a 100% pure reagent.  

The nickel used was carbonyl-n ickel  powder, a con- 
taining:  C, 0.05-0.10%; O2, 0.10%; S, <0.001%; Fe, 
<0.01%; Ni, balance. This reagent  was used without  
fur ther  purification. In the calculations, the impur i ty  
proportion was neglected. 

Deionized water was used to prepare the sodium 
hydroxide solutions and to measure the heats of dilu- 
tion. Prior  to use, it was purged for 1 hr at its boil-  
ing point with argon to remove traces of CO2. 

In  those reactions where hydrogen evolution occurs, 
the solution was saturated with this gas before being 
introduced into the Dewar. By this method, the heat 
of solution of hydrogen did not have to be taken into 
account. 

Other chemicals used were general ly  "pro analysi" 
grade. 4 

Apparatus and calorimetric measurements.--The 
temperature  of the thermostat  was main ta ined  at 94~ 
with a relative var iat ion of _0.005~ The thermostat  
was large enough to contain two calorimeters, so that 
it was possible to work either in a direct, or in a 
differential mode. 

The principal  element  of the calorimeter shown in 
Fig. 1 is a Dewar vessel of 1 liter capacity, closed by 
means of a Teflon stopper, 60 mm thick. The seals 
were made gas-tight with Viton "O" rings2 St i rr ing 
was achieved with a glass paddle, tu rned  mag- 
net ical ly at 250 rpm. The magnet  was sealed in 
glass. The thermistors used had a resistance of about 
6 kohms at 94~ (100 kohms at 20~ and were 
matched to • 1%.6 The 50-ohm heater was constructed 
out of Karma  alloy 7 wire of 0.10 mm diameter  and 
was insulated from the reaction medium by a glass 
tube in the form of a coil. Each end of the resistance 
wire was connected through a short piece of p la t inum 
wire, sealed in glass, to the copper leads. Thus, ther -  
mal  leakage along the copper wires was minimized. 
The glass bulb  containing the reagent was attached 
to the glass rod by a ny lon  or p la t inum wire. The 

2 S i e g f r i e d  A G ,  4800 Zof ingen .  
3 T y p e  122, T h e  I n t e r n a t i o n a l  N i c k e l  C o m p a n y  (Mond)  Ltd . ,  so ld  

by  F l u k a  A G ,  9470 B u e h s .  
E. M e r c k  A G ,  D a r m s t a d t ,  G e r m a n y .  
A n g u s - V i t o n - O - l ~ i n g e  V A  75, A n g s t  & P f i s t e r  A G ,  8052 Zf i r i ch .  

6 T y p e  F 15 M P ,  I T T  S t a n d a r d  A G ,  8036 Z i i r i ch .  
v B r i t i s h  D r i v e r - H a r r i s .  
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Fig. i. Calorimeter 

pla t inum wire was used in hydrochloric acid, the 
nylon wire  in  electrolytes for the deposition of elec- 
troless nickel and for oxidation of hypophosphite, since 
these reactions are catalyzed by metals. 

The calorimeter was allowed to reach equi l ibr ium 
in the thermostat  overnight.  The temperature  inside 
the calorimeter was previously brought  to the de- 
sired init ial  tempera ture  by the in terna l  heater. The 
init ial  tempera ture  of each run  was 94.00 ~ • 0.05~ 
The glass bulb was broken by lowering the support-  
ing rod to a glass protrusion welded to the bottom 
of the Dewar vessel. After  the calorimeter had re-  
turned to its equi l ibr ium temperature,  one or two 
subsequent  calibrations were performed by electrical 
heating over the same tempera ture  interval.  For the 
determinat ion of the heat of reaction of the nickel de- 
position the working order was reversed. The cali- 
brat ion preceded the breaking of the bulb to minimize 
the t ime dur ing which nickel and orthophosphite could 
be oxidized. 

The temperature  change dur ing each experiment  
was measured by means of un i t  similar to tha t  de- 
scribed by Nancollas and Hardy (22), consisting of an 
oscillator, bridge, amplifier, and synchronous detector. 
The two arms of the bridge included either a thermis-  
tor and a reference resistor if the tempera ture  of one 
Dewar was measured against an external  reference, or 
two thermistors, if the measurement  was differential. 
An  a-c bridge was used, and the signal amplified in 
the usual  way, a sensit ivi ty of 16 mV/0.001~ for 1V 
of the bridge Voltage being obtained. 

An electronic t imer  controlled the heating circuit, 
which was composed of a s tandard resistances con- 
nected in series with the calorimeter heater. The cir-  
cuit was supplied by a stabilized voltage. The elec- 
trical energy dissipated in the heater was determined 
by measur ing the potential  drop across the s tandard 
resistor and the calorimeter heater, using a digital 
vol tmeter  Solartron LM 1420.2. 

The volume of l iquid used was general ly 500 cm 3. 
For measurements  of heats of dilution, the accurate 
volume was calculated on the basis of the weight of 

s G e n e r a l  R a d i o  C o m p a n y .  

the reagent  in the bulb to at tain the desired dilution. 
Wherever  possible, the proport ion of reagents was 
chosen so as to have an increase of tempera ture  of 0.2- 
0.3~ In the measurements  of the heat  of dilution, 
the size of the calorimeter did not allow this condition 
to be realized; therefore, the accuracy of these deter-  
minat ions was less precise. 

The calibration of the calorimeter is difficult, be-  
cause, to our knowledge, no wel l -authent ica ted heats 
of reaction have been measured at 94~ However, the 
heat of ionization of water  at 25~ is well  known (23), 
and the heat capacity of aqueous solutions of hydro-  
chloric acid, sodium hydroxide, and sodium chloride, 
between 10 ~ and 120~ have been studied by Acker-  
m a n n  (24). From the values reported by these authors, 
the heat of neutral izat ion at 367~ can be calculated 
to: aH~ ---- --10.15 kcal/mole.  The error in this 
value is certainly higher than  1%, because Ackermann  
extrapolated the heat capacities to infinite di lut ion 
from three measurements  made at concentrations of 
0.5, 1.0, and 2.0M. As is shown below (Table V and 
VIII) ,  a value of AH(367OK) = - -  1 0 . 0 8  ~ 0 . 0 5  kcal /  
mole, was found within  work, for a di lut ion of n = 
4000 (n = mole ratio of water  to solute), a value 
which is in good agreement  with that  calculated at 
infinite dilution from the data of the l i terature.  

Results and Discussion 
Oxidation of hypophosphite.--The oxidation of hy-  

pophosphite to orthophosphite and to phosphate is 
catalyzed by dif[erent metals. The data of the l i tera-  
ture  are l imited to the reactions occurring at ambient  
temperature  (25); therefore, the activities of several 
metals were studied at 94~ to choose the best cata- 
lyst for the oxidation of hypophosphite to orthophos- 
phite which, at the same time, would not be too effi- 
cient for the oxidation to phosphate. The catalytic ac- 
t ivi ty of Pd, Co, Ni, and Cu was studied in acid, neutral ,  
.and alkal ine medium. In  Table I, the amount  of phos- 
phate formed, expressed in per cent of the init ial  
amount  of hypophosphite, is reported for each cata- 
lyst at different pH values. The experiments  were per-  
formed at constant  pressure, with 100 mM hypophos- 
phite in 2 liters of reaction medium. At t ime O, the 
catalyst is added, then, at regular  t ime intervals,  sam- 
ples are removed to determine hypophosphite, ortho- 
phosphite, and phosphate concentrations. With the 
amount  of catalyst used, all the hypophosphite was 
oxidized to orthophosphite after about 10 min. In 
Table I, only the amounts  of phosphate formed as a 
function of the t ime of reaction are reported. 

At pH lower than 6, the catalyst dissolves in the 
reaction medium. Calorimetric conditions were slightly 
different from those used in the pre l iminary  experi-  
ments. The catalyst was added to the reaction medium, 

Table I. Oxidation of hypophosphite to orthophosphate and 
phosphate at constant pressure 

So lu t i on  v o l u m e ,  2000 cm3; in i t i a l  H2PO.~- con t en t ,  100 m M ;  
t e m p e r a t u r e ,  94~ 

W e i g h t  P h o s p h a t e s  f o r m e d  a f t e r  
of  c a t a -  (mMPO~-a/mMH2PC~,- ,  %)  

C a t a l y s t  lys t ,  g M e d i u m  p H  1 h r  2 h r  4 h r  6 h r  

H20  2 6  69.4 95.4 100 100 
P d / A I ~  a 5.0 N a H C O 3  9.6 9.96 13.3 19.0 29.6 

(10% Pd)  N a O H  12.5 1.96 3.32 7.32 13.6 

R a n e y  n i c k e l  b ~-~2 H 2 0  2 6  7.72 14.8 20.6 40.3 
N a H C O 3  9.6 0.74 1.64 3.14 5.30 
N a O H  12.5 0.12 0.40 1.42 4.80 

R a n e y  coba l t  b ~ 2  H~O ~ 6  5.44 9.36 11.0 11.7 
N a H C O s  9.6 1.22 2.44 4.62 8.00 
NaOH 12.5 0,50 1.34 3.62 9.26 

RaneY c o p p e r  b ~ 1 0  H20  ~ 6  0.76 1.76 4.42 7.34 
N a H C O 8  9.6 0.28 0.50 0.70 1.72 
N a O H  12.5 0.00 0.00 0.00 0.12 

a E n g e l h a r d  I n d u s t r i e n  A G ,  6039 Zf i r i ch .  
b F l u k a  A G ,  9470 B u c h s .  
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then, af ter  stabilization of the tempera ture  overnight,  
the bulb containing the hypophosphite was broken. 
The t empera tu re - t ime  curve was plotted; af ter  the 
calor imeter  had re turned  to its equi l ibr ium tempera -  
ture, electrical  cal ibrat ion was carried out. The opera-  
tion required be tween 5 and 7 hr, during which no 
sampling could be made. Results obtained are  given 
in Table II. The approximate  durat ion of the reaction 
indicates the t ime in te rva l  be tween the breaking of 
the bulb and the point at which the temperature ,  being 
at its maximum,  begins to fall. For  copper in alkal ine 
medium, the very  slow kinetics observed can be ex-  
plained by the fact that  the catalyst  is oxidized and 
therefore  loses its activity. This meta l  does not offer 
the best conditions for calorimetr ic  measurements .  The 
same is t rue of palladium, which catalyzes strongly 
the oxidation of orthophosphite to phosphate. Raney 
nickel in alkal ine medium is the best catalyst  for the 
oxidation to orthophosphite  and the least for the oxi-  
dation of this compound to phosphate. 

In this work  electroless nickel plat ing in acid media 
is of interest.  For the fol lowing reasons the reactions 
were  carr ied out in alkaline solutions and f rom the 
results thus obtained values corresponding to acid 
media were  calculated: (a) the amount  of phosphate 
formed by oxidation of or thophosphite  is much lower 
in alkaline than in neutra l  or acid medium; in fact this 
amount  is low enough to be neglected; (b) the catalyst 
is not oxidized itself to any appreciable amount  in 
alkaline medium, whereas  it is in neutra l  or acid solu- 
tion; (c) the react ion kinetics is more rapid in alka-  
line than in neut ra l  or acid medium. 

The amount  of Raney nickel used was about 25 cmS 
of an aqueous suspension containing about 300 g/1 of 
catalyst. This quant i ty  allows the reaction to proceed 
to completion in about 10 min. The heat of adsorption 
of hydrogen on the Raney nickel catalyst  was not 
taken into account. This is justified by the fact that  at 
94~ the amount  of adsorbed hydrogen extrapolated 
f rom data measured at ambient  temperature ,  50 ~ and 
80~ (26), is negligible. 

Calorimetr ic  measurements  were  performed with 
initial concentrations of sodium hydroxide  be tween  
0.037 and 0.280N, corresponding to a pH ~-- 12 at the 
end of the reaction. At  lower concentrations of hy-  
droxide ions, the oxidation of orthophosphite to phos- 
phate can no longer be neglected. For  example,  at a 
pH of about 10, the amount  of phosphate formed after  
5-7 hr  at 94~ corresponds to about 17% of the initial 
amount  of hypophosphite.  On the other hand, at pH 
12 only 0.6% of phosphate was formed during the same 
time. F rom this value  one can deduce that  for the 
t ime of the calor imetr ic  measurements  of the principal 
chemical  reaction, which was about 30 rain, only about 
0.05% of hypophosphite  was oxidized to phosphate. 
The initial concentrations of sodium hydroxide  used 
corresponded to NaOH �9 200H20, NaOH �9 750H20, and 
NaOH �9 1500H20. Table I I I  gives the results of these 
measurements .  Heat  values are expressed in defined 
thermochemical  calories, 4.1840 absolute joules. The 

Table II. Oxidation of hypophosphite to orthophosphate and 
phosphate at constant volume 

S o l u t i o n  v o l u m e ,  500 cm~; in i t i a l  H~PO~- con t en t ,  6 m M ;  
t e m p e r a t u r e ,  94~ 

W e i g h t  of  
C a t a l y s t  c a t a l y s t  M e d i u m  p H  

J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  February  1970 

Table I11. Heats of reaction for the oxidation of hypophosphite in 
alkaline media 

Pd/AI2Oa 0.8 H 2 0  ~ 6  
(10% P d )  N a O H  12.5 

R a n e y  n i c k e l  2 5  H~O ~_~_6 
N a O H  12.5 

R a n e y  c o p p e r  ~--17 H 2 0  ~ 6  
N a O H  12.5 

P h o s p h a t e  
f o r m e d  A p p r o x i -  

a f t e r  6 h r  m a t e  d u -  
m M P O 4 - ~ /  r a t i o n  of  

mMt tePO2- ,  r e a c t i o n ,  
% r a i n  

44.4 90 
12.1 60 

6.1 70 
0.6 I0 

2.8 60 
1,3 180 

--AE367VK, 
Run NaOH, N H~PO~-, mM qo,Js., cal kcal/mole 

5.797 167.40 28.88 
6.501 189.56 29.16 
5.994 172.75 28.82 

0.0370 5.277 153.59 29.11 
5.529 160.13 28.96 
5.522 159.00 28.79 

A v e r a g e  26.95-----0.13 

7.528 219.33 29.14 
5.944 171.78 28.90 
5.852 170.69 29.17 

0.0745 5.543 161.46 29.13 
6.451 167.55 29.07 
5.457 157.94 28.94 

A v e r a g e  2 9 . 0 6 - - 0 ~ 9  

5.506 160.30 29.11 
5.544 162.66 29.34 

0.280 6.118 177.34 26.99 
5.911 172.39 29.16 
6.583 188.96 28.17 

A v e r a g e  29.06+--0,21 

errors cited in this table, as anywhere  else in this 
study, are twice the  s tandard deviations of the mean. 

Measurements  of the heat  of reaction at dilutions of 
sodium hydroxide corresponding to n ---- 200, 750, and 
1500 show that  the var ia t ion of hE as a function of n 
is negligible. The mean of the three  sets of measure-  
ments  can be considered to a good approximat ion as 
pract ical ly  identical  with that  corresponding to the 
react ion 

NaH2PO2 �9 26H20 ~- NaOH �9 4000H20 

= Na2HPO3 + H~ + 4026H20 

AE3e7oK = --29.02 • 0.11 kca l /mole  [1] 

The heat  of dilution of sodium hypophosphite  corre-  
sponds to the reaction 

NaH2PO2 �9 26H20 -}- 3974H20 = NaH2PO2 �9 4000H20 

AHze7oK = --1.162 _+ 0.015 kca l /mole  [2] 

Results are reported in Table IV. By subtract ing the 
heat  of dilution of hypophoSphite, reaction [2], f rom 
the heat  of the react ion [1], we obtain 

NaH2PO2 �9 4000H20 + NaOH �9 4000H20 

= Na2HPOa + H2 + 8000H20 

AE367oK = --27.86 • 0.13 kca l /mole  [3] 

and, by addition of AnRT, AHa~7oK = --27.13 • 0.13 
kcal /mole ,  the heat  content of the react ion at constant 
pressure. 

Heat of neutralization of NaOH by HC1.--In order to 
calculate the heat  of reaction of the oxidation of hy-  
pophosphite to orthophosphite in acid medium from 
its corresponding value  in alkal ine medium, the heat  
of neutral izat ion of hydroxide  ions by protons had to 
be determined.  Moreover,  this heat  of neutral izat ion 
serves to cal ibrate  the calorimeter,  since its heat  of 
reaction is the only one known at 367~ 

Dilutions as above were  used, that  is n = 4000. The 
reaction corresponds to the equation 

Table IV. Heat of dilution of hypophosphite 

-- A/~367 ~ K, 
R u n  H~PO2-, m M  qobs., eal  k e a l / m o l e  

1 6.909 7.869 1.139 
2 7.133 8,254 1.157 
3 7.046 8.359 1.186 
4 6.847 7.990 1.167 
5 6.818 7.926 1.162 

A v e r a g e  1.162 ~- 0.015 
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Table V. Heat of neutralization of NaOH by HCI 

HC1 -- AH367OK, 
Run  0.996N, m M  qobs., cal k c a l / m o l e  
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Table VI. Heats of reaction for the oxidation of nickel in 
hydrochloric acid 

- -  AE367~ K, 
R u n  HCI, N Ni, m M  qobs., cal  k c a l / m o l e  

1 3.389 36.47 10.76 
2 3.631 38.82 10.69 
3 3.497 37.42 10.70 1 
4 3.492 37.63 10.78 2 
5 3.514 37.60 10.70 3 
6 3.499 37.71 I0'.70 4 

5 
A v e r a g e  1 0 . 7 4 ~ 0 . 0 4  

HCI �9 55H20 -~ 2 (NaOH �9 4000H20) 

= NaCI Jr NaOH ~- 8056H20 
AH367oK = --  10.74 • 0.04 k c a l / m o l e  [4] 

E x p e r i m e n t a l  resu l t s  a re  r e p o r t e d  in Tab l e  V. The  
hea t  of d i lu t ion  of  0.996N hyd roch lo r i c  acid  was  also 
m e a s u r e d  (Tab le  V I I I ) ;  i t  co r responds  to the  r eac t ion  

HC1 �9 55H20 -}- 3945H20 = HC1 �9 4000H20 
hH~6ToK ---- --0.663 _+ 0.004 k c a l / m o l e  [5] 

There fo re ,  by  sub t r ac t ing  reac t ion  [5] f r o m  reac t ion  
[4] 

HC1 - 4000H20 ~- 2 ( N a O H  �9 4000H20) 

= NaC1 + N a O H  + 12001H20 
AH307oK ---- --  10.08 __ 0.05 k c a l / m o l e  [6] 

F ina l ly ,  the  ox ida t ion  of  h y p o p h o s p h i t e  to o r thophos -  
ph i t e  in acid  m e d i u m  fo l lows  by  sub t r ac t ing  reac t ion  
[6] f r o m  reac t ion  [3]. This  m a y  be  expres sed  in ionic 
f o r m  as 

H f P O 2 -  �9 4000H20 -t- H20  

= HPO32-  -{- H2 -}- H + -{- 4000H20 
AH367oK • --17.05 __+ 0.18 k c a l / m o l e  [7] 

Oxidation of nickeL--The ox ida t ion  of  c a r b o n y l -  
n icke l  p o w d e r  was  ca r r i ed  out  in hyd roch lo r i c  acid 
because  h y d r o g e n  is e v o l v e d  f r o m  i t  q u a n t i t a t i v e l y  
(27). T h e  reac t ion  was  p e r f o r m e d  w i t h o u t  an  ac-  
c e l e r a t o r  ( ch lo rop la t inous  ac id)  w h i c h  w o u l d  cause  a 
side r eac t ion  (28), whose  e n e r g y  is not  k n o w n  at 94~ 
Hea ts  of  so lu t ion  of n icke l  as a func t ion  of  the  con-  
cen t r a t i on  of hyd roch lo r i c  acid  a r e  r e p o r t e d  in Tab le  
VI. F o r  an  acid  concen t r a t i on  l o w e r  t h a n  1N, the  r e -  
ac t ion  is too s low (1 h r  at  0.5N) to a l low an accu ra t e  
ca lo r ime t r i c  m e a s u r e m e n t .  The  hea t  of w e t t i n g  of 
n icke l  p lus  t he  h e a t  of  vapo r i za t i on  of  w a t e r  in to  the  
i n t e r n a l  bu lb  v o l u m e  is pos i t ive  and equa l  to 0.43 
• 0.05 cal. The  m e a s u r e m e n t  was  m a d e  w i t h  14 m M  
nicke l  in 500 cm 3 wa te r .  The  hea t s  observed ,  qobs, r e -  
po r t ed  in Tab l e  VI  a re  co r r ec t ed  by  this  va lue .  

The  hea t s  of  r eac t ion  of  the  ox ida t ion  of n icke l  a re  
of in t e res t  at  pH  va lues  b e t w e e n  4 and  6, s ince c h e m -  
ical  n icke l  p l a t ing  occurs  w i t h i n  these  l imits .  A l t h o u g h  
the  d i lu t ion  of p ro tons  is t hen  v e r y  large,  a d i lu t ion  
of  n ---- 4000 is adop ted  as before .  In  o r d e r  to r e f e r  
the  ~values m e a s u r e d  at  acid concen t r a t ions  of  1-SN 
(n ~ 55 to 6), to a v a l u e  of n = 4000, it  is necessa ry  
to cons ider  the  fo l l owing  set  of react ions ,  as R icha rds  
et al. (28-30) showed.  

The  hea t  of t h e  r eac t ion  co r r e spond ing  to t he  e q u a -  
t ion  

a Ni q- b (HC1 �9 cH20)  = a H2 ~ [aNiC12 
~- (b --  2a)HC1 ~- b c H 2 0 ]  + q ' c a l  [8] 

12.42 145.27 11.70' 
14.19 160.05 11.28 

1.005 14.73 167.98 11.41 
13.90 161.53 11.62 
14.81 174.50 11.78 

A v e r a g e  11.56-4-0.19 

11,78 142,45 12.20 
13.65 165.43 12.12 

2.030 13.92 169.09 12.15 
13.88 171.05 12.32 
14.08 170.10 12.08 

A v e r a g e  1 2 . 1 7 ~ 0 . 0 8  

12.80 144.50 11.29 
13.68 154.71 11.31 

4.027 14.00 157.59 11.25 
12.58 143.79 11.43 
13.20 150.64 11.42 

A v e r a g e  1 1 , 3 4 ~ 0 . 0 7  

12.51 132.39 10.59 
12.09 129.78 10.73 

7.350 12.27 130.60 10.64 
12.86 133.59 10.56 
14.59 157.86 10.82 

A v e r a g e  1 0 . 6 7 + 0 . 1 0  

was  measu red .  On  d iv id ing  by a in o r d e r  to  find t h e  
a m o u n t  of hea t  e v o l v e d  by  the  solut ion of 1 m o l e  of 
n icke l  

Ni + b/a (HCI �9 cH20) ~-~ H2 -~- l NiCI2 
w 

] q- a HC1 q- bc/a H20 -~- q cal  [9] 

The  fo l l owing  add i t iona l  reac t ions  a re  necessa ry  in 
o rde r  to r educe  the  resu l t  to the  r eac t ion  r e q u i r e d  

b/a (HC1 �9 cH20)  + (4000b/a --  bc/a)H20 
= b/a (HC1 �9 4000H20) -~ x cal  [10] 

[NiC12 ~- ((b -- 2a)/a)HC1 ~- bc/a H20]  

+ (4000b/a -- bc/a) H20 = [ NiC12 

] ~- ~-a  a HC1 + (4000b/a)H20 ~- y cal  [11] 

 000  o+ o)  000  o,] 
= [NiCI2-~ ( 2 ~ / a ) H C I . ~ -  (4000b/a)H20 ] 

~- z c a l  [12] 

F r o m  these  react ions ,  by  e l i m i n a t i o n  o r  cance l la t ion ,  
the  des i r ed  r e su l t  is 

Ni  + 2 (HCI �9 4000H20) = H2 -~- NiCI2 �9 8000H20 
+ [ q - ~  ( y - - x )  - - z ]  - - Q c a l  [13] 

Tab le  VII  g ives  va lues  of  coefficients and ene rg ies  
co r r e spond ing  to t he  va r ious  d i lu t ions  for  s eve ra l  h y -  
d roch lor ic  acid  concent ra t ions .  Va lues  of q and  y a re  
t a k e n  f r o m  Tab le  VI  and IX. The  v a l u e  x is e x t r a p o -  
l a ted  at  the  concen t r a t ions  of acid  used, f r o m  the  hea t s  

Table VII. Calorimetric data used to calculate the heat of reaction for the oxidation of nickel 

HCI,  N a, M b, M c, M - - q  - - x  - - y  - Q  
( k c a l / m o l e )  

1.005 0.01409 0.5025 54.4 11.56 - -  0.19 23.78 - -  0.14 29.60 _ 0.39 17.38 -~ 0.72 
2.030 0.01335 1,015 26.7 12.17 -~ 0.08 88.65 -+ 1.67 94.43 - -  0.37 17.95 -4- 2.12 
4,027 0.01322 2.014 12.7 11.34 • 0.07 - -  - -  - -  
7.350 0.0'1264 3.675 6.4 10.67 -4- 0.10 - -  - -  - -  

A v e r a g e  AE3~7o~ = --17.67 - -  1.58 
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Table VIII. Heats of dilution of hydrochloric acid 

-- AH367~ 
R u n  HC1, N HC1, m M  (:Jobs., cal  k c a l / m o l e  

6.794 4.558 0.671 
6.910 4.546 0.658 

0.996 6.888 4.563 0.663 
7,004 4,633 0.662 
6.919 4.576 ~.662 

A v e r a g e  0.663• 

7.029 8.189 1.165 
6.992 8.259 1,181 
7.034 7.843 1.115 

2.000 7.093 8.020 1.131 
7.019 7.988 1.138 
6.936 8,140 1.174 

A v e r a g e  1 ,151~0 .022  

of di lut ion reported in Table VIII, and mult ipl ied by 
the ratio b/a. 

The fact that  the quant i ty  (y -- x) is a difference 
of similar  quant i t ies  obtained in precisely the same 
way increases the ease of determining it accurately. 
Any  systematic errors in x would also appear in  y 
and hence, would be el iminated from the result  
( y -  x).  This is also the case in the other pr incipal  
measurements  of this work, since the heat of dilution 
of the reagent is subtracted from the heats of reaction 
of the oxidation of hypophosphite and of the neu-  
tralization of NaOH by HC1. 

The value a being practically the same for all the 
acid concentrations, the term b/a increases strongly 
with concentration. Hence, as the apparatus l imited the 
volume to 500 cm 3 and the same di lut ion had to be 
maintained,  the measurements  of the heat of dilution 
for HC1 4.027 and 7.350N are less precise than  those 
obtained at lower concentrations. At high acid con- 
centrations, the error of the measurement  reaches 
approximately the same value as the difference 
( y -  x) ;  it is for that  reason that  only the heats of 
di lut ion of HC1 1.005 and 2.030N were measured. The 
exper imental  results are reported in Table VIII re-  
garding the heats of dilution of hydrochloric acid 
(reaction [10]), and in Table IX concerning the heat 
of dilution of the residual solutions (reaction [11]). 

The heat of reaction [12] was measured by Richards 
et al. (29) at a di lut ion of 200, that  is to say for the 
mixture  (1/n MCln) �9 200H20 in an excess of 
HC1 �9 200H20, at 20~ For the chlorides of Zn, A1, Mg, 
Cd, and Fe, this heat of mixing is zero. Therefore it 
can be expected that  this energy is also zero or negligi-  
ble for nickel chloride at a di lut ion of 4000 and at 
94~ Several  measurements  of the heat of mixing of 
NiC12 �9 8000H20 in an excess of HC1 �9 4000H20 showed 
that this energy can be considered as being negligibly 
small. 

Finally,  for reaction [13], the mean  value of the 
heats of reaction obtained at acid concentrations of 1 
and 2N (Table VII) ,  is 

AE367oK = -- 17.67 __ 1.58 kcal/mole,  
whence hH~87OK = -- 16.94 • 1.58 kcal /mole 

Table IX. Heats of dilution of final solutions Ni2+-HCI 

S o l u t i o n  
compos i t ion ,  -- AH367o K, 

R u n  m M  Ni~+/g sol. Ni  2+, m M  qol,~., cai  k c a l / m o l e  

1 0.1977 5.734 29.00 
2 0.1971 5.795 29.40 
3 0.027725 0.1985 5.989 30.17 
4 (HC1 0.977N) 0.1998 5.939 29.72 
5 0.1971 5.856 29.71 

A v e r a g e  29 .60-~0 .39  

1 0.09305 8.760 94.14 
2 0.09252 6.703 94.07 
3 0.025843 0,09289 8.831 95.06 
4 (HCI2.003N~ 0.09313 8.776 94.23 
5 0.09311 8.812 94.64 

A v e r a g e  9 4 . 4 3 + 0 . 3 7  

Chemical deposition of nickeL--An acid bath of the 
following composition was used: NiCI2.6I-I20, 30 g/l ;  
CH2(OH)COOH, 30 g/l ;  COOH(CH2)2COOH, 10 g/l ;  
NaF, 3 g/l ;  NaOH to adjust  to the desired pH. The 
reducing agent was sodium hypophosphite. Deionized 
water  used for the bath preparat ion was purged at 
its boiling point  with argon to remove traces of CO2. 

The deposition was performed on seeds of nickel, 
previously plated chemically to palladium. For each 
pH value of the bath studied, seeds were prepared in 
an identical solution as follows: 35 cm 3 PdC12 M/1000 
were introduced for each liter of this solution, which 
was 0.1M in sodium hypophosphite, at 94~ After  
about 10 min, the solution was filtered and the seeds 
of palladium, coated with nickel, were washed and 
dried at about 100~ For use in the actual deposition 
study, these seeds were introduced into the bulb  of 
the calorimeter, which was subsequent ly  broken when 
the calorimeter temperature  reached equil ibrium. This 
method was preferred to the use of a suspension of 
nickel seeds placed directly in the bath or in the bulb  
since it avoided part ial  dissolution of nickel before 
the r un  commenced. 

The weight of seeds needed for each run  to proceed 
to completion in about 30 rain at constant volume was 
about lg. This amount  was small  enough relative to 
the deposited nickel and phosphorus to determine 
these quanti t ies with accuracy. At constant  pressure, 
0.2g were sufficient for the reaction to occur in less 
than 15 rain. The influence of pressure on the electro- 
less deposition process can explain the difference of 
about one order of magni tude between the amount  of 
catalyst needed to take the reaction to completion in 
a given t ime at constant  pressure or volume. Sallo, 
Swenson, and Carr (31) studied this effect and showed 
that the rate of nickel deposition, from a bath con- 
taining little buffer and no complexing agent, de- 
creases with increasing pressure. The reverse is t rue 
for the same bath when subjected to ultrasonic vibra-  
tions. For a highly buffered bath containing a com- 
plexant,  the rate of nickel deposition increases with 
the pressure. Sallo et al. concluded that  the deposition 
rate from the former bath is controlled by a diffusion 
process whereas for the lat ter  the area of hydrogen-  
free catalytic surface is rate controlling. The effect of 
pressure is a t t r ibuted to the influence of the size of 
hydrogen bubbles formed at the active areas. Accord- 
ing to the findings of Sallo et al., it is very likely that 
the bath used in this study could be controlled by a 
t ranspor t  process since the rate of nickel deposition 
decreases with increasing pressure. On the other hand, 
one may anticipate the behavior  of the bath from 
Le Chatelier 's principle, regarding the reactions which 
occur during the electroless process (Table XI) .  

In  the experiments  described here, the solid area 
being very large with regard to the plat ing bath 
volume, the oxidation of nickel and orthophosphite 
can occur to a considerable extent. In  order to min i -  
mize these side reactions, the t ime dur ing which they 
could occur must  be kept as short as possible. There-  
fore the usual  order of the calorimetric manipulat ions  
was inverted; the electrical calibration preceded the 
measurement  of the heat of reaction. After  breaking 
the bulb, the reaction was allowed to continue unt i l  
the temperature,  being at its maximum, began to fall. 
This general ly required between 20 and 40 min. The 
reaction was then  stopped as quickly as possible by 
quenching, after removal  of the calorimeter. The de- 
posit was filtered, washed with water, and dried at 
about 100~ The amount  of electroless nickel deposited 
was found from the difference between the ini t ial  
weight of the seeds and the weight after plating. The 
phosphorus content  of the deposit was deduced analy t -  
ically in the same way. 

The determinat ion of residual  hypophosphite in the 
filtrate of the bath  after reaction showed that, in the 
experimental  conditions of this study, 95-97% of the 
reducing agent was consumed in the experiment.  The 
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Table X. Heat of reaction of electroless nickel deposition in acid media 
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I n i t i a l  
R u n  p H  

w / o  P of H,PO-,,- N i  P 
F i n a l  u t i l i z e d ,  depos i t ed ,  d e p o s i t e d ,  

p H  depos i t  m M  m M  m M  
q,,* .. . .  --AEo~,s. --AHobs. - -ZH, .a le .  [AH(,ah..--AHobs.] - - A H N i ~ P  

ca l  k c a l / m o l e  H~PO~- a t  3 6 7 ~  - 

1 5.97 5.56 1.11 14.50 5.56 0.12 158.7 10.9 10.5 
2 5.93 5.52 0'.96 14.19 5.95 0 . I1  148.8 10.5 10.1 
3 5.87 5.49 1.05 14.08 5,52 0 . I I  154.1 10.9 10.5 
4 5.87 5.49 0.68 14.46 5.52 0.07 162.9 11.3 10.8 
5 5,78 5.46 2.06 14,56 5.61 0.22 165.6 11,4 10.9 

6 5 ,08 5.02 2,45 14.47 4.87 0.23 172.2 11.9 11.4 
7 5.08 5.02 2.23 14,24 4.71 0.20 169.5 I I . 9  11.4 
8 5.08 5.02 2.23 14.51 4.93 0.21 171.9 11.8 11.4 
9 5.01 4.98 2.65 13.06 4.07 0.21 159.8 12,2 11.8 

10 5.01 4,98 2.50' 12.86 4.05 0.20 159.8 12.4 12.0 

11 5.12" 5.09 5.91 14.29 4.52 0.54 177.1 12.4 11.9 
12 5.05* 5.05 5.95 14.36 4.05 0.49 192.0 13.4 12.9 
13 5.06* 5.04 5.72 14.45 4.36 0.50 181.0 12.5 12.1 
14 5.05* 5.03 6.33 14.24 4.53 0.58 185.7 13.0 12.6 
15 5.04* 5.02 6.15 14.37 4.64 0.58 180.0 12.5 12.1 

16 4.60* 4.57 7.96 14.29 3.54 0.58 194.0 13.6 13.1 
17 4.60* 4.59 8.07 14.10 3.62 0.60 196,8 14,0 13.5 
18 4.60* 4.56 9.15 14.31 3.15 0.60 198.5 13.9 13.4 
19 4.48* 4.47 10.13 14.42 2.85 0.61 209.5 14.5 14.0 
20 4.42* 4.37 10.04 14.33 2.80 0.59 207.1 14.5 13,9 

21 4.20* 4.20 8.43 13.26 3.05 0.53 178.3 13.5 13.0 
22 4.17" 4.14 11.55 13.90 2.02 0.50 221.1 15.9 15.3 
23 4.01" 3.96 9.30 12.88 2.66 0.51 183.9 14.3 13.8 
24 4.00* 3.99 9.27 12.71 2.39 0.46 181.1 14.3 13.7 

10.7 • 0'.8 - -0 .2  0 .4 
10.1 -4- 0.9 0.0 0.3 
10.5 • 0.8 0.0 0.3 
10,7 • 0.8 + 0.1 0,.2 
10.7 ~--- 0.8 + 0.2 0.7 

11,5 ~ 0.8 - - 0 . i  0,7 
l l . 6  • 0.8 - -0 .2  0.6 
11.5 • 0.8 - -0 .1  0.8 
12.0 • 0.7 --0.2 0.7 
11.9 _ 0.7 + 0 . 1  0.7 

12.2 • 0.8 - -0 .3  1.7 
12.7 - -  0.8 § 0.2 1.5 
12.4 ~ 0.8 - -0 .3  1.5 
12.2 ----. 0.8 + 0.4 1.8 
12.1 "+" 0.8 0.0 1.8 

13.4 • 0.7 --0.3 1.8 
13.2 • 0.7 + 0.3 1.9 
13.9 • 0.7 - -0 .5  1.9 
14.2 • 0.6 - -0 .2  1.9 
14,3 • 0.6 --0'.4 1.8 

13.7 • 0.7 - -0 .7  1.8 
15.1 --+ 0.5 + 0.2 1.6 
14.1 --+ 0.7 --0.3 1.7 
14.3 -+" 0.6 -- 0.6 1.6 

* F i l t r a t e  f r o m  seed  p r e p a r a t i o n  u s e d  as p l a t i n g  b a t h .  

amount  of phosphate in the filtrate being lower than 
1% of that  of the hypophosphite consumed at pH --~ 5 
and lower than 2% at pH --~ 4.5, this amount  has not 
been taken into account in the energy balance. The 
orthophosphite  concentrat ion of the filtrate was also 
determined in order to check the mater ia l  balance 
concerning phosphorus compounds. In all runs, the 
hypophosphite consumed corresponded, within exper i -  
mental  error,  to the sum: orthophosphite -t- phosphorus 
-}- phosphate. 

The calorimetr ic  results of the heat  of reaction of 
electroless nickel deposition are summarized in Table 
X, which also includes corresponding analyt ical  data. 
The heats of reaction are re fer red  to the amount  of 
hypophosphite  consumed. 

For  the reaction mechanisms proposed, the total 
heats of reaction were  calculated from the  part ial  
heats of reaction stated in Table XI. This table also 
summarizes the proposed stoichiometries. The exper i -  
menta l  results obtained in this work  for the heat  of 
oxidation of hypophosphite  and nickel, as well  as for 
the heat of ionization of water,  were  used, through 
Hess' law, to calculate the heat  of deposition of elec- 
troless nickel. In Table XI, the electrochemical  mech-  
an i sm is not reported. The stoichiometry of this mech-  
anism is, indeed, the same as that  of the atomic hydro-  
gen mechanism given in this table;  therefore,  values 
calculated for the  second mechanism also are valid 
for the first one. 

Heats of react ion for the deposition of phosphorus 
indicated in Table  XI are est imated on the basis of the 
most recent  data of the l i terature,  which are collected 
in Table XII. When the heat  capacities are known, one 

~367~ 

can calculate the term ~29so K CpdT, and hence the en- 

thalpy at 367~ When the heat capacities are not 
known, one can assume that, to a first approximation, 
the sum of ACpdT is zero in the temperature interval 
considered, that is to say that, for the calculation of 
the heats of deposition of phosphorus at 367~ the 
enthalpies of these substances at 298~ have been 
used. The error resulting from this approximation is 
negligible. It might be said, in this context, that some 
values of enthalpy vary considerably from one author 
to the other. For example, for orthophosphoric acid 
H3PO3 (aq), the most recent value from NBS tables 
(32) is H~ ---- --230.6 kcal/mole, whereas Skinner (33) 
proposes --226.5 • 0.8 kcal/mole. In this work, NBS 
values were adopted, where available. 

In the total  heat  of reaction of the electroless nickel  
deposition, previous exper imenta l  result  has been 
taken into account (1), i.e., that  the phosphorus is 
included in the as-plated deposit as nickel  phosphide, 
Ni=,P, and not as e lementary  phosphorus. Then, the 
heat of formation of phosphorus is added to that  cor- 
responding to the formation of Ni2P. For  this la t ter  
energy, the tabulated value was used (34). Results 
from DTA (2), for samples containing less than 10% 
phosphorus, confirm that  value, while  for samples 
wi th  more than 10% phosphorus, the adopted value 
for the heat of formation of Ni2P would be a little too 
low. If the exper imenta l  heat  of reaction corresponds 
to the calculated one, by taking into account the heat  
of formation of Ni2P, this wil l  give supplementary  
evidence of the existence of a Ni2P phase in as-pla ted 
alloy. 

Results of Table X need some comment.  The plat ing 
bath was studied at several  pH values, as was the case 
for the analyt ical  study (18). For  values of pH ~ 4.5, 
the behavior  of the bath does not correspond to that  
observed in the previous study, i.e., the phosphorus 
content is i rregular ,  often higher  than that  expected, 
which could mean  that, in the present  exper imenta l  
conditions, nickel is dissolved at a re la t ive ly  high rate. 
This consideration led to the use of a bath, which was 
the filtrate of the bath used for the preparat ion of 
seeds after  readjus tment  of its pH and its Ni 2+ con- 
centrations. At pH 5.0, depositions were  carr ied out 
in the fresh bath and in that  a l ready used. Results 
show that, at this pH, the behavior  of these two baths 
is the same. 

The error  for the calculated heats of reaction, given 
in Table X, is the proport ion of the errors correspond- 
ing to the par t ia l  reactions indicated in Table XI. One 
has to add to it about +--0.1 kcal /mole,  to take into 
account the errors in the analyt ical  determinat ions  of 
nickel, phosphorus, and hypophosphite.  The exper i -  
menta l  er ror  is not reported in Table X; it is estimated, 
on the basis of other  measurements  of the heats of 
reaction, to be • kcal /mole.  The heat  of wet t ing of 
seeds, as well  as the heat  of vaporizat ion of wa te r  in 
the bulb volume, is negligible. Heats of oxidation of 
nickel  and hypophosphite  are given for a dilution of 
n ~ 4000. In order to refer  the heats iof reaction of 
electroless nickel deposition to this dilution, the heats 
of dilution of the bath before and after the reaction 
were  measured. The difference be tween these two 
determinat ions  is of the order  of the l imit  of error  of 
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the measurement ,  that  is to say about --+0.1 kcal /mole .  
This contribution to the heat  of reaction of the electro-  
less nickel deposition wil l  be neglected. 

All  exper imenta l  results obtained for the heat  of 
reaction of electroless nickel  deposition, f rom pH 
values of 5.8 to 4.0, correspond, within the limits of 
error  reported in Table X, to the heats of reaction 
calculated on the basis of the reaction mechanisms 
proposed. The difference be tween the observed heat  
and that calculated, as well  as the contribution of the 
heat  of format ion of Ni2P to the total  heat  of reaction, 
is reported in Table X. One can see that, for the ex-  
periments  carried out at high pH values, the contr ibu-  
tion of the heat  of formation of Ni2P to the total  heat  
of reaction is of the order of the exper imenta l  error. 
By contrast,  for runs 11-24, the contribution of the 
heat  of formation of Ni2P is clearly greater  than this 
error. If  the energy had not been included in the 
calculation of the  total  heat  of reaction, the exper i -  
menta l  heat  of reaction would be about 2 kca l /mole  
H2PO2- more exothermic  than the calculated value  
for runs 11-24. This represents  about 15% of the 
evolved energy for runs 11-15. Therefore,  this study 
is a fur ther  confirmation of the existence of Ni2P in 
as-plated deposit. 

Finally, one can remark  that, in practice, when the 
reaction is per formed at constant pressure, the posi- 
t ive heat  of vaporizat ion induced by the hydrogen 
evolution largely counter  balances the exothermic 
heat  of reaction of the electroless nickel deposition. 
Thus, the total  phenomenon is endothermic.  

Conclusions 
Heats of oxidation of hypophosphite  to orthophos- 

phite and of nickel to Ni 2+ were  measured at 94~ 
They are, respectively,  nH~6zog ~ --17.1 • 0.2 and 
--16.9 • 1.6 kcal /mole ,  at a dilution of n = 4000. From 
the l i tera ture  data at 25~ given in Table XII, values 
of AH~ -~ --16.6 kca l /mole  for the oxidation of 
hypophosphite and AH~ ~ --15.3 kca l /mole  for 
the oxidation of nickel were  obtained. The heat  of 
neutral izat ion of NaOH by HC1 measured at a dilution 
of n = 4000 is AH36zoK = --10.08 • 0.05 kcal /mole,  
while the value calculated f rom (23) and (24) is 
AH~(36vox) ~ --10.15 kcal /mole .  

The energy balance of the over -a l l  system can be 
established only when the heat of formation of Ni2P 
is included in the calculation of the total  heat  of reac-  
tion. This being so, all exper imenta l  results obtained 
for the heat  of reaction of electroless nickel deposition, 
f rom pH values of 5.8-4.0, correspond to the calculated 
heats of reaction. F rom the results of this study, the 
energy balance of the over -a l l  system can be estab- 
lished. The study of the deposit showed (1, 2) that  it 
contains a nickel phase and a nickel phosphide, Ni2P, 
phase. The DTA of as-plated deposits revea led  tha t  
the energy evolved during heat ing corresponds ap- 
proximate ly  to the heat  of formation of Ni3P from 
Ni2P. Therefore,  the heat  of formation of Ni2P must  
be contained in the heat  of react ion of the electroless 
nickel deposition in aqueous media. This is precisely 
the result  of this study, since the calculated value  of 
the heat  of react ion of electroless nickel deposition, 
which includes the heat of formation of Ni2P corre-  
sponds within  the limits of er ror  to that  exper imenta l ly  
obtained. This result  constitutes additional evidence 
for the  presence of a nickel  phosphide phase in as- 
plated deposits. 

Severa l  authors (39,40,41), studying other  alloys 
than NiP, suggested that  the principal  condition for 
the format ion of "cryptocrysta l l ine"  s t ructure  is the 
occurrence of a chemical  reaction in the crystal l ization 
zone. Solid products of such surface reactions in ter -  
fere  wi th  the normal  growth of the crystal l i te  and, 
therefore,  induce the format ion of a l iquid- l ike  struc- 
ture. In the electroless nickel deposition, the origin 
of the l iquid- l ike  state of the deposit therefore  can be 
explained in the same way, since the codeposited 
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Table XII. Tabulated enthalpies at 298~ and calculated enthalpies at 367~ 
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S u b s t a n c e  

~ 3 6 7 ~  
| CpdT 

A H  ~ ~., ,~,gso K, ~ '  2 9 8 ~  R e f .  A H r ,  3670K, 
k e a l / m o l e  R e f ,  ( k c a l / m o l e )  f o r  Cp k c a l / m o l e  

II2POs- ( a q )  

H~/'Os- ( a q )  

HPO~- ( a q )  

--  146 .7  (32)  - -  - -  - -  

- - 2 3 1 . 7  (32} - -  - -  - -  

- - 2 3 1 . 6  (32)  - -  - -  - -  

] 2 . 2 0  (38)  2 . 2 0  
0 d e f .  [ 1 .87  (37)  1 .87  

-- 15 .3  (35)  - -  - -  - -  

0 d e f .  0 . 4 4  ( 3 6 ) ,  (37)  0 . 4 4  

- - 6 8 . 3 1 5  (32) 1 .24  ( 3 6 ) ,  (37)  - - 8 7 . 0 8  

0 d e f .  0 d e f .  0 

5 4 . 9 7 0  (32)  --  2 .2  (38)  --  5 7 , 1 7  

0 d e f .  0 . 4 7 5  ( 3 6 ) ,  (37)  0' .475 

4 4 . 0 •  (34)  - -  - -  

P w h i t e  (s )  

N i  2+ ( a q )  

N I  (s)  

H 2 0  (1) 

H+  ( a q )  

O H -  ( a q )  

H2  ( g ) )  

N i ~ P  (s) 

phosphorus  immedia t e ly  reacts wi th  nickel  to produce 
the n ickel  phosphide  Ni2P. 
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Anion Effects in Copper Deposition 
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ABSTRACT 

Pre l iminary  investigation has demonstrated that surface morphology of 
epitaxial copper electrodeposits is influenced by the anion of the electrolyte. 
Effects due to the use of sulfate, sulfamate, dimethylsulfamate,  me thane-su l -  
fonate, benzene-sulfonate,  perchlorate, fluoborate, nitrate,  chloride, and ace- 
tate anions were studied. Observed changes in surface s t ructural  details are 
consistent with adsorption of the anion on the cathode as an impor tant  
influencing factor, but  other factors can and do produce similar results. 

It  has been observed that  iron and chromium can 
be deposited epitaxially only from singular  electro- 
lytes using part icular  deposition conditions. Iron is so 
deposited from ferrous Chloride electrolyte (1) and 
chromium from a fluoride "catalyzed" chromic acid 
solution (2) at temperatures  above 80~ From other 
electrolytes, deposits of both metals become coarse 
grained with well-developed preferred orientation. In  
addition, in terna l  stress decreases as bath temperature  
is increased. Surface morphology of the plane-facet ted 
epitaxed deposits of iron and chromium is similar in 
so many  respects to that  of copper deposits, which 
have been studied intensively (3-10), that deposition 
under  control of a "bunching mechanism" was con- 
cluded to have occurred. It  has been shown previously 
that  with similarly specific operating conditions, nickel, 
cobalt, lead, and zinc (11, 12) are deposited epitaxially 
with morphologies characteristic of growth by bunch-  
ing. 

The cited work has largely been concerned with 
deposits from sulfate electrolytes. Limited compari-  
sons with copper deposited from perchlorate and 
ni t ra te  electrolytes (13, 14) indicated that  the habit, 
or characteristic morphology, developed was correlated 
with overvoltage during deposition. Very similar habit  
development was observed in deposits from copper 
sulfamate solutions, but  significant detail differences 
are observable in i l lustrat ive photomicrographs (15). 

In  the course of an investigation (16) of mechanisms 
and kinetics of copper deposition from several elec- 
trolytes, results obtained were interpreted as indica-  
tive of blocking of deposition sites by specific adsorp- 
tion of anions as one of several factors which influ- 
ence growth of electrodeposits. In  view of the role of 
adsorbable additives in practical plat ing processes 
(17), it is reasonable to expect that  such specific ad- 
sorption, the effect of which varies with anion size, can 
result in modifications of the external  form and in-  
ternal  s tructure of electrodeposits. 

Since the s t ructure  and morphology of iron and 
chromium are so specifically dependent  on the anion 
used in the electrolyte, the effects of anions of differ- 
ent sizes on the  characteristic habit  of epitaxiaI cop- 
per deposits were examined. Deposits from acidic cop- 
per electrolytes were prepared and their  surface forms 
compared to those obtained from the well-s tudied 
sulfate electrolytes. 

Experimental 
Solutions.--With three exceptions, all solutions con- 

tained 0.5M cupric salt and 0.5M excess or free acid. 
In  all cases, the solution was prepared by dissolution 
of the const i tuent  compounds in distilled water, fol- 
lowed by agitation with 2 g/ l  activated carbon and 
filtration after settl ing overnight.  When not in use, 
the solutions were stored in glass bottles and were 
filtered before use after storage. 

Sulfate, nitrate, chloride, and acetate solutions were 
prepared from reagent grade salts and acids. Due to 

* E l e c t r o c h e m i c a i  S o c i e t y  A c t i v e  M e m b e r .  

l imited solubili ty of cupric acetate, copper concentra-  
tion was only O.05M and total cation concentrat ion was 
adjusted to 0.5M by addit ion of sodium acetate. Dilute 
sulfate zolutions containing 0.05M CuSO4, 0.45M 
Na2SO4 or MgSO4, and 0.5M H2SO4 were also prepared. 

Sulfamate (amidosulfonate) ,  citrate, perchlorate, 
methane-sulfonate ,  and benzene-sulfonate  electrolytes 
were prepared by slowly adding dissolved acid to a 
vigorously stirred s lurry of reagent  grade (assay 55.5% 
Cu) copper carbonate unt i l  effervescence ceased, at 
which time the remainder  of the acid was added. No 
difficulty was encountered except that  solubili ty l imi-  
ted the benzene-sulfonate  solution to 0.35M in the 
copper salt and free acid. 

Dimethyl -su l famate  solution was made with acid 
prepared by hydrolysis of N,N-dimethylsulfamoyl  
chloride (18). The twice-recrystal l ized acid melted at 
165~176 after washing with ether. Since this acid 
contained traces of chloride, it was dissolved in water, 
stirred with a small  quant i ty  of AgO, allowed to settle 
overnight, and filtered. Excess silver was removed by 
cementat ion on a spiral of clean copper wire. Chloride 
ion was not detected by the Bunsen  test after this 
treatment.  The copper d imethyl-sul famate  electrolyte 
was then prepared. 

In  all cases, deposition at room tempera ture  (25 ~ 
• I~ was carried out in 500 ml  volumes of electro- 
lyte in 600 ml  Pyrex beakers. Mild agitation, by a 
Teflon-coated st i rr ing magnet  was held near ly  constant 
by adjust ing the st irrer speed to just  below that  where  
a visible vortex formed. 

Under  these conditions of stirring, the apparent  
l imit ing current  density in the copper sulfate electro- 
lyte was above 100 mA/cmL Without  mechanical  agi- 
tation, the apparent  l imit ing current  density was about 
10 mA/cmL Above these values, the deposits rapidly 
became polycrystal l ine and tended to be powdery or 
dendritic. 

The same anode (2.5 x 8.0 x 0.6 cm) of high-conduc-  
t ivi ty  copper was used throughout.  Before placing the 
anode in any electrolyte, it was cleaned by immersion 
in 25% (by volume) nitric acid and thoroughly r insed 
in distilled water. 

Some polarization measurements  were made using 
a copper reference electrode in a Luggin-Haber  capil- 
lary, positioned at the edge of the cathode. Cathode-to- 
reference electrode potentials were measured with a 
high impedance electrometer 1 and recorded, together 
with the current  used, on a two-channel  recorder. 2 The 
potential  measurement  and recording apparatus were 
standardized using a laboratory potentiometer.  3 

Electrodes.--After etching in nitr ic acid, the refer-  
ence electrodes were prepared by plat ing (on 20-gauge 
copper wire) from the studied electrolyte for 2 min  
at low current  density (anode-wire  voltage of 10-15 
mV).  

1 Mode l  610B, K e i t h l e y  I n s t r u m e n t s ,  Inc . ,  C l e v e l a n d ,  Ohio .  
'-' M o s e l y  A u t o g r a f ,  t t e w l e t t - P a c k a r d  C o m p a n y ,  P a s a d e n a ,  Ca l i fo r -  

n ia .  
3 T y p e  K-3 ,  L e e d s  & N o r t h r u p  C o m p a n y ,  P h i l a d e l p h i a ,  P e n n s y l -  

v a n i a .  
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Current  (mainta ined constant  manual ly  to wi thin  
0.5 mA) was obtained from a 100-ohm voltage divider 
across the terminals  of a 1.5V dry cell. Current  den-  
sity was usual ly between 5 and 10 mA/cm 2, and deposit 
thickness was constant  at 15 ~m on the copper sub- 
strates, areas of 1.0-2.0 cm e, cut from large-grained,  
oxygen-free,  cast copper anodes and mounted in 3.2- 
cm diameter  epoxy resin 4 castings. These were pre-  
pared ini t ial ly by metal lographic gr inding and polish- 
ing. The disturbed surface layer was removed using 
a procedure described by Epelboin (19) which consists 
of a two-step chemical polish followed by electro- 
polishing. Complete removal  of the abrasively distorted 
surface layer is revealed by disappearance of "lines" 
from the bright copper surface in the second step of 
the chemical polishing stage. Later, it was found that  
a flatter surface could be obtained by manua l  polish- 
ing of the cathodes on nonwoven polypropylene cloth~ 
(stretched over a plate glass surface) moistened with 
the second-step chemical polishing solution, then elec- 
tropolished for 5 rain at 1.4-1.8V in 60% phosphoric 
acid. After  examination,  deposits were removed by 
grinding, and the cathodes were repo]ished before 
plat ing again. The columnar  s tructure of the 1-cm 
thick samples permit ted repeated grinding and polish- 
ing without requir ing redeterminat ion  of orientations 
of individual  grains since these are readily recognizable 
and relocated without  undue difficulty. The grains of 
interest  are those with surfaces close (within 10 ~ ) to 
{100} orientations as determined from back reflection 
Lau6 photographs. On these grains, the platelet habit  
found by Pick et al. (3) of deposits plated at 10 
m A / c m  2 from the sulfate electrolyte provided a con- 
venient,  readily reproducible criterion for selection 
of suitable grains for study. 

Microscopy.--Examination of the surfaces of deposits 
was done on a bench metal lograph equipped with a 
camera. 6 Facet angles were measured, as appropriate, 
with a microgoniometerY On facets near ly  parallel  to 
the surface, interference microscopy could provide 
limited information on facet contours. 

Results 

Deposits from the acetate and chloride electrolytes 
were unsatisfactory, although interesting. In  both 
baths, the ini t ial  deposit appeared to be normal,  but 
in a few seconds became rough and powdery in ap- 
pearance. The acetate electrolyte changed from its 
original copper blue color to a bril l iant,  deep blue 
(comparable to a cobalt blue) and the deposit, under  
the microscope, was found to consist of extremely 
small particles, apparent ly  agglomerated into balls. 
The chloride electrolyte changed from blue to a grass- 
green and, on standing, became mi lky with a suspen- 
sion of finely divided solids. The deposit from this 
electrolyte was found to consist of octahedral part i-  
cles, some of which were elongated into b lun t  needle-  
like shapes. 

The deposits from sulfate, dilute sulfate, perchlorate, 
and fluoborate electrolytes, at the same current  den-  
sities, were indist inguishable from each other and 
compared quite well  in appearance with those of Pick 
et al. (3). The deposit from the sulfate electrolyte, in 
Fig. 1, is typical. The dark mater ial  at some of the 
steps is the first polycrystal l ine deposit appearing after 
plating for an hour at 10 m A / c m  2. The apparent ly  
planar  surfaces actual ly have slight, i r regular  curva-  
ture which can be seen only by use of the interference 
microscope. At current  densities below 10 mA/cme, 
the pyramidal  habit  to be seen in Fig. 2a (plated at 
5 mA/cm 2 for 2 hr) predominates.  This form appears 
at first glance to be octahedral but  is, in fact, non-  

Resin 502, Ha rdene r  951, Ciba Products  Company,  Summi t ,  New 
Jersey .  

Fiber  Products  Division,  Kendal l  Company,  Walpole, Massachu-  
setts. 

"Dynazoom,"  Bausch and Lomb, Inc., Rochester,  N e w  York. 
v Model GM-3, Uni t ron  I n s t r u m e n t  Company,  Newton  Highlands,  

M a s s a c h u s e t t s .  
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Fig. 1. Copper (0.6 ~m thick) plated from 0.5M CuSO4-0.5M 
H2SO4 at 10 mA/cm 2 on copper substrate. Magnification, 200X. 

Fig. 2a. Copper plated from 0.5M CuSO4-0.SM H2SO4 at 5 
mA/cm 2 showing pyramidal and "roof-top" forms. The "comb" of 
the ridge is the ~ 1 1 0 ~  direction. Magnification, 400X. 

planar. Figure 2b shows a corresponding deposit from 
the fluoborate bath. 

Deposits from sulfamate, dimethyl-sulfamate,  meth-  
ane-sulfonate,  and benzene-sulfonate  baths have forms 
which, though similar in over-al l  shapes to deposits 
from the sulfate electrolyte, appear to be more com- 
plex. This is par t icular ly  noticeable in the pyramidal  
forms produced at 5 m A / c m  2, i l lustrated in Fig. 2c and 
d. These pyramidal  forms and the less prominent ,  
ridged forms show distinct and regular  steps. These 
steps are edges of {100} surfaces and are parallel  to 
<100> directions. In  deposits from methane-sul fonate  
and benzene-sulfonate  electrolytes, these forms are 
much more i r regular  and, al though recognizable, have 
very different characteristics. In these deposits, pyra-  
mids tend to be rounded and steps are very fine and 
i r regular  in shape, as i l lustrated in Fig. 2e. 

In deposition from the sulfamate electrolyte over 
extended periods, it was found that  octahedral tipped, 
branchless "dendrites" grew from the edges of the 
cathodes, as observed by Kikuchi  (20). Also, an acicu- 
lar precipitate appeared in this electrolyte. When fil- 
tered out of the solution, no more of this precipitate 
appeared unt i l  deposition was attempted. The precipi- 
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Fig. 2b. Deposit from 0.5M Cu(BF4)2-0.5M HBF4 at 5 mA/cm 2. 
Magnification, 300X. 

Fig. 2d. Deposit from 0.5M Cu[(CH3)~SO3]2-0.5M H [(CH3)2SO3] 
bath. Magnification, 400X. 

Fig. 2c. Deposit from 0.SM Cu(NH~SO~)2-0.5M HNH2SO3 bath 
at 5 mA/cm 2 showing regular steps in ridges and pyramids. Mag- 
nification, 400X. 

rate dissolved readi ly in  di lute (10%) nitr ic acid to 
give an ini t ia l ly pale green solution which turned blue 
in a short time. A comparable precipitate, formed in 
the methane-sul fonate  electrolyte, behaved similarly 
when dissolved in  ni tr ic  acid. 

Since, in s trongly acid solutions (pH ~ 3 ) ,  sulfamate 
ion hydrolyzes rapidly to ammonium bisulfate, a sul-  
fate electrolyte containing 0.25M NH4HSO4 was pre-  
pared. The deposit obtained (Fig. 3) was quite similar  
in appearance to that  from the sulfamate solution. 
When periodic reverse current  (45 sec direct, 15 sec 
reverse) was used to prepare a deposit from sulfate 
electrolyte, the appearance was also very similar to 
a sulfamate deposit as i l lustrated in Fig. 4a. The effect 
of periodic reverse current  is not very  reproducible 
since another tr ial  yielded the deposit shown in Fig. 4b. 

In  Fig. 5, the deposit from a citrate electrolyte is 
seen to consist of isolated or clustered nodules on 
grain surfaces with grain  boundaries shown by lines 
of larger globular nodules. The current  density was 
ini t ial ly 5 m A / c m  2 but  rapidly decreased to less than  
1 m A / c m  2 and could not be restored to the original 
value by raising the applied voltage. 

Fig. 2e. Deposit from 0.SM Cu(CH3SO3)2-0.SM HCH3SO3 bath, 
Magnification, 400X. 

Overvoltages measured dur ing deposition from sul- 
fate, sulfamate, methane-sulfonate ,  and benzene-  
sulfonate solutions were not appreciably different. In  
all these electrolytes, the final overvoltage was 80-90 
mV at 5 m A / c m  2, but in the sulfamate and methane-  
sulfonate baths, the ini t ial  overvoltage was about  50 
mV and rose steadily over 20-30 min  to the final value. 

Discussion 
The most impor tant  result  of this work is that, for 

solutions of nomina l ly  comparable compositions, the 
surface morphology, or habit, of copper deposits is 
ra ther  radically affected by the anion present. Bockris 
and Enyo (16) had found anion effects in their  work, 
but since their  invest igat ion was oriented toward study 
of kinetics and mechanism of deposition, it was not 
feasible to examine the deposits. I t  was suggested that 
the results obtained were consistent with specific ad-  
sorption of anions on the copper cathode and that  the 
potential  of zero charge for copper is such that  this 
adsorption wil l  occur. It  was fur ther  suggested that  
the differences in observed double layer  capacities in 
sulfate or perchlorate and sulfamate electrolytes were 
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Fig. 3, Deposit from 0.5M CuSO4-0.5M H2SO4 containing 0.25M 
NH4HSO4. Magnification, 400)(. 

Fig. 4b. Copper deposited from the same electrolyte using the 
same periodic reverse current cycle as in Fig. 4a. Magnification, 
400X. 

Fig. 4a. Copper deposited from 0.5M CuSO4-0.5M H~SO4 at 20 
mA/cm 2 using periodic reverse current cycle of 45 sec direct and 
15 sec reverse. Magnification, 400X. 

Fig. 5. Deposit from 0.SM Cu citrate-0.5M citric acid electrolyte. 
Magnification, 200X. 

at t r ibutable  to differences in polarizability, due to dif- 
ferences in the sizes of the..~e ions. 

In  the work reported here, the results show that 
deposits from sulfate, per(hlorate,  and fluoborate have 
so many  surface characteIistics in common as to indi-  
cate the anions also musl: have important  character-  
istics in common. The most probable factor is their  
"shape." All  of these ions are regular  tetrahedra, with 
the oxygen atoms in sulfa';e and perchlorate, and fluo- 
r ine in fluoborate, equidis':ant from the central  sulfur, 
chlorine, or boron atom, respectively. These ions are 
very near ly  the same size and have many  other simi- 
larities (idiomorphic salts, solubilities of salts, disso- 
ciation, etc.) (21). Thus, it can be concluded logically 
that, if specifically adsorbed on copper cathodes, these 
ions should have similar effects on surface structures. 

It appears that  changing from sulfate to the sulfa- 
mate electrolyte resulted in modifications of the 
bunching of layers. While the over-al l  or gross habit  
remains similar  to that  o:[ sulfate deposits, details of 
surface topographies of deposits from the sulfamate 
and d imethyl -sul famate  electrolytes indicate that  un i -  
form steps are formed dur ing growth. It  seems reason- 

able to postulate that  the replacement  of an oxygen 
atom in sulfate ion by the amido group (NH2-)  thus 
significantly altered the shape or s t ructure of the 
anion. If, by this substitution, the adsorptive charac- 
teristics are enhanced, which is indicated by the double 
layer  capacity of copper in sulfamate solution (16), it 
is conceivable that  step heights could be modified ac- 
cordingly. The structure of the sulfamate ion is a 
distorted te t rahedron in which the S-O distances and 
N-S-O bond ang les  are smaller  than  corresponding 
values in the sulfate ion, p resumably  due to the elec- 
tron-deficient  NH2 group (21). Thus, there is reason 
to believe that  this ion has different polarizabili ty and 
adsorptive behavior  than  the regular,  symmetr ical  
sulfate ion. Replacement of the hydrogen atoms on 
t-he amido group by methyl  groups to form the 
d imethyl-sul famate  ion enlarges this ion, and sym- 
metry  is even less regular. Distr ibution of electrons 
in this ion is a mat ter  of speculation, but  its size is 
such that it could serve, if adsorbed, to block several 
sites for deposition of copper atoms and thereby ac- 
count  for larger and more un i fo rm step heights. How- 
ever, addition of ammon ium bisulfate to a copper sul-  



172 J. Electrochem. Soc.: ELECTROCHEMICAL S C I E N C E  F e b r u a r y  1970 

fate solution produces the same morphological effects 
observed in  sulfamate deposits. In  strongly acid solu- 
tions (pH <3) ,  sulfamic acid hydrolyzes rapidly to 
form ammonium and sulfate ions (23, 24). The forma- 
tion of uniform steps may be due to the presence of 
the ammonium ion in the sulfamate electrolyte. P re -  
sumably, d imethyl-sul famate  ion is subject to similar 
hydrolytic decomposition [to (CH3)2NH.,+?], and the 
steps observed in these deposits result. 

Presence of extraneous or specially s tructured ions 
in the electrolyte is not necessary to develop un i -  
formly stepped pyramids or ridges, however, since 
periodic reverse current  (see Fig. 4a) can also pro- 
duce this result, but  not consistently as evidenced by 
the deposit i l lustrated in Fig. 4b. 

The rather  diffuse layering seen in Fig. 2e in deposits 
from methane-sul fonate  solutions, and the even more 
irregular  topography of deposits from benzene-sul -  
fonate electrolyte, do indicate that  changes in struc- 
ture and symmetry  of the sulfate ion do affect the 
surface s tructure of epitaxial  copper deposits. Since 
overvoltages are not very  different from those during 
depositon from sulfate solution, the effects can be 
at t r ibuted reasonably to differences in adsorption at 
the cathode. 

Another  influence which may be operative is the 
possible effect of ion pair ing between the divalent  
cupric ion and the monovalent  sulfamates and sul- 
fonates. In these solutions, the excess acid present  may 
favor the formation of ion pairs such as [Cu ++ �9 
CH3SO3-] +. Yet another  factor which should be con- 
sidered is the "hydrat ion sheath" of loosely held water  
molecules which surround ions in solution. The b ind-  
ing forces in these sheaths may also be important  in 
determining the detailed morphological s t ructur ing 
of deposits. 

The identical surface morphologies of deposits from 
the dilute sulfate electrolyte and from the more con- 
centrated solution are of interest. This indicates that  
it may be feasible to plate copper from these more 
dilute solutions without  impai rment  of the quali ty of 
the deposit. Further ,  it also shows that  the deposition 
process is essentially independent  of cupric ion con- 
centrations, possibly because activity (effective ion 
concentrat ion) in the more concentrated solutions is 
not very different from that  in the di lute solution. 

The behavior of the citrate electrolyte is puzzling. 
Copper forms complexes with citrate only at relat ively 
high alkalinity.  The shape of the small amount  of 
nodules suggests that  an inhibi t ing film formed as the 
copper was deposited from a complex which may have 
developed in the high pH cathode film. 

The changes which occurred in the acetate and 
chloride electrolytes may also be due to complexation 
with the copper species in the electrolyte. Involved 
could be effects of pH changes in the electrolyte at the 
electrodes, formation and stabili ty of cupric and cu-  
prous ion complexes, and even more complicated re-  
actions. Proposals of explanations would require in-  
vestigation of reaction and electrode kinetics, an in -  

teresting and difficult exercise obviously outside the 
scope of this work. 

The results obtained in this work are of value, 
primarily,  because several fundamenta l ly  interest ing 
problems appear to be involved. Exploration of these 
may be expected to contr ibute to improved under -  
s tanding of electrodeposition processes, provided suit-  
able exper imental  techniques can be devised. For 
example, Reddy (25) has analyzed the relationships 
between electrode kinetics and morphology and 
pointed out that they are interdependent ,  thereby fur-  
nishing another avenue of attack on the problem. 

Manuscript  submit ted July  23, 1969; revised manu-  
script received Oct. 2, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Electrolytic Reductive Coupling 
XVIII .  1 Hydrodimerization of Activated Olefin A vs. Cross-Coupling 

with Activated Olefin B as a Function of Cathode Voltage 

Manuel M. Baizer,* John P. Petrovich, and Donald A. Tyssee 
Central Research Department, Monsanto Company, St. Louis, Missouri 

ABSTRACT 

It is shown that in mixed reductive coupling of activated olefins A and 
B, in whi.ch A is reduced at the more anodic voltage, the ratio of cross- 
coupled product HABH to self-coupled product HAAH rises substant ia l ly  
as the controlled potential  is made more negative. Diethyl maleate (DEM) 
was chosen as an example of A and ethyl acrylate (EA) and acrylonitr i le  
(AN) as examples of B. Previously reported fluctuations of voltage along 
the cathode surface are confirmed and may lead to unexpected formation 
of HBBH. The results of cyclic vol tammetry  of DEM in the presence of EA 
or AN and of a kinetic study of the addition of a carbanion to these same 
acceptors in bulk  are interpreted to indicate that  the reductive coupling of 
DEM with the acceptors occurs largely but  not exclusively at the electrode 
surface. 

Among the synthetic advantages amply i l lustrated CH2COOC2H5 CH2COOC2H5 CH2CH2CN 
for electrolytic reductions at extr insically controlled ] I l 
potentials are: (a) selective reduction of only one of CHCN CHCN CHCN 
two potential ly electroredueible groups in one mole- [ I I 
cule, as in 9-(o- iodophenyl)  acridine (2); (b) reduc-  CHCN CHCOOC2H3 CHCOOC2H~ 
tion of a molecule to one of two possible major  end-  l ] 
products, e.g., a ketone to an alcohol or to a pinacol CH2COOC2H5 CH2CN 
(3); (c) mixed reductive coupling (4) between ac- 7 8 9 
tivated olefins A and B, in which A is reduced more 
anodically than B, to yield 1 and 2 without  3 [1] 

F 
A + B > HA-AH q- HA-B-H + HB-B-H 

H20 
1 2 3 

[1] 

The present paper reporll;s an apparent ly  new phe- 
nomenon associated with electrode potential  control. 
In [1] when  diethyl  maleate (DEM) is an example of 
A and ethyl acrylate (EA) land acrylonitr i le  (AN) are 
examples of B, the ratio of cross-coupled products 
(5 or 6) to hydrodimer  (4) 4!;an be 

CH2COOC2H5 
J 
CHCOOC2H5 CH2COOC2H5 CH2COOC2H5 
i ] I 
CHCOOC2H5 CHCOOC2H5 CHCOOC2H5 

CH2COOC2H5 CH2CH2COOC2H5 CH2CH2CN 
4 ~ 6 

made to vary  considerably depending upon the cath- 
ode voltage used; 5 or 6/]1 increases as the cathode 
voltage increases (negatively) toward the value 
needed for reduction of B. By judicious choice of 
voltage one may, therefore, maximize the yield of 2 or, 
al ternatively,  reduce A to I even in the presence of B 
(which might be an impur i ty)  without forming sig- 
nificant quanti t ies of 2. 

It has been reported pre~liously (1) that, when A is 
trans-ethyl-3-cyanoacrylate and B is acrylonitrile,  
electrolysis of a mix ture  of A and B leads overwhelm-  
ingly to 7 (with a small  amount  of the isomeric hy-  
drodimer 8) and to only a trace of the cross-coupled 
product 9. 

* E l e c t r o c h e m i c a l  S o c i e t y  Active! M e m b e r .  
1 F o r  P a r t  X V I I  see (1) .  

It is shown now that even here the ratio 9/7 + 8 in -  
creases dramatical ly as the cathode voltage is made 
more negative. 

Experimental 
Reagents.--The diethyl maleate (Matheson, Cole- 

man, and Bell) contained 6% diethyl fumarate  ac- 
cording to vpc analysis. Ethyl  acrylate and acrylo- 
ni t r i le  were h igh-qual i ty  products redistilled and 
stored over a trace of p-ni t rosodimethylani l ine  sta- 
bilizer. The dimethylformamide (DMF) and te t ra-  
e thy lammonium p-toluenesulfonate  were purified as 
described previously (1). The trans-ethyl 3-cyano- 
acrylate was of the same batch as described pre-  
viously (1). The preparat ion of 4 and 6 needed as vpc 
standards has been reported (1). Compound 5 was 
obtained by electrolytic reductive coupling of diethyl 
fumarate  and ethyl acrylate. It had the correct ele- 
menta l  analysis, bp 113~ ~ (0.15 mm) ,  n24D 1.4380 
[reported (5) n20D 1.4390]. Compounds 7 and 9 were 

available from previous work (1). 
Equipment.--The electrolysis cell and associated 

equipment  (6) employed a mercury  cathode, area 55 
cm 2. The SCE controll ing the potentiostat  (1.6 ampere 
Model, Chemical Electronics Company, Newcastle, 
England)  had a salt bridge which was placed at the 
circumference of the mercury  pool. It  te rminated  in a 
medium porosity sintered disk which was positioned 
about 1 mm above the surface of the mercury  when 
the st irrer was on. For measurements  of the variat ion 
of cathode voltage along the mercury  surface, the 
magnetic bar  st irrer  was replaced by a small  glass 
st irrer  in the catholyte. A second calomel cell con- 
ta in ing a salt bridge, ben t  so that it could be posi- 
t ioned under  the a lundum cup and swivelled to permit  
readings in an arc from the center of the cell to the 
circumference, was used along with the "controlling" 
SCE (Fig. 1). 

Analytical methods.--For the experiments  with di-  
ethyl maleate a vpc analysis was developed, using di- 
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Anode Cup 

Hg Pool - - - ~  
~SCE Probe 

Fig. 1. Arrangement for measuring variation in cathode voltage 
along surface of mercury. 

methyl  te rephthala te  as an internal  standard, for the 
quant i ta t ive  determinat ion in the mix ture  of prod-  
ucts isolated from the electrolyses of (in order of elu- 
t ion) :  solvents, d ie thyl  succinate, diethyl  adipate, 
standard, 5, adiponitrile,  6, b is -cyanoethyl  ether, and 
4. Ei ther  of two columns was used: (a) a 6-ft, 1/s in. 
d iameter  stainless steel column packed with  80-100 
mesh Chromosorb W (N.A.W.) coated with  6% by 
weight  of die thyleneglycol  succinate. The ins t rument  
was p rogrammed from 180 ~ to 225~ at a rate of 10~ 
min and held at 225 ~ unti l  all peaks had eluted; (b) 
a similar column packed with  80-100 mesh Chromo- 
sorb W (N.A.W.) coated with  10% by weight  of Car-  
bowax 20M. The ins t rument  was programmed from 
125 ~ to 225 ~ at 50~ and held at 225 ~ unti l  all 
peaks had eluted. 

In the vpc analysis of the products from ethyl  3-cy-  
anoacrylate  a 6-ft, ~/8 in. d iameter  stainless steel col- 
umn packed with  10% Apiezon "L" on Chromosorb 
W (N.A.W.) was used isothermal ly  at 190 ~ No in- 
ternal  standard was used, and, for comparison pur-  
poses, area per  cents were  taken equal  to weight  per 
cents. 

Procedures . - -The cathode chamber  was charged 
with  50.0g t e t r ae thy lammonium p-toluenesulfonate ,  
5-8 ml of water,  a total  of 0.75 mole the acceptor ole- 
fin(s) (ethyl  acrylate,  acrylonitri le,  or an equimolar  
mix ture  of the two) and enough DMF to bring the 
total vo lume to ca. 150 ml. The anolyte was a saturated 
aqueous solution of the same salt. The catholyte was 
st irred and deaera ted  wi th  ni t rogen for 15 rain. The 

cathode voltage was then preset  by potentiostat  (vs. 
SCE)2 and f rom a buret  a mix tu re  of 12.9g (0.075 
mole)  of d ie thyl  malea te  and 2.5 ml  of acetic acid 
was added dropwise at a rate  sufficient to sustain a 
current  of 0.3-0.5A. Acetic acid was available for drop-  
wise addition f rom a second buret  to main ta in  the pH 
in the bulk of the catholyte sl ightly higher  than 7 as 
measured ex te rna l ly  by moist  Hydrion paper. Af te r  
addition was complete, the electrolysis was al lowed to 
proceed at the same cathode voltage unti l  the  current  
fell  to 40-60 mA. The catholyte  was then diluted with 
an equal  vo lume of ice wate r  and ext rac ted  wi th  
five 75-mi portions of methy lene  chloride. The extracts  
were  washed three t imes with water  and dried over  
magnesium sulfate. The filtered solution was heated 
on a water  bath at ca. 100 mm unti l  no fur ther  volat i le  
mater ia ls  were  removed.  The residual l iquid was ana-  
lyzed by vpc. Data are summarized in Table I. 

The exper iment  wi th  ethyl  3-cyanoacrylate  was 
conducted s imilar ly except  that  the catholyte  con- 
tained 75 ml  of AN, 25 ml  of DMF, and 6 ml  of HoO; 
8.63g (0.069 mole)  of es ter -n i t r i le  was used in the  
dropwise addition. Af te r  half  had been added at 
--1.450V, a 25-ml sample of catholyte was removed 
for analysis, the  volume replaced by an equal  vo lume 
of start ing catholyte mix, and the remaining half  of 
the es ter-ni t r i le  was added at --1.500V. The final 
catholyte was analyzed in the same manner  as the first 
sample. Suitable ar i thmetical  adjustments  permit ted  
the calculation of the quanti t ies  of products made in 
each period. Data are summarized in Table II. 

In the exper iment  in which the var ia t ion of the 
yoltage along the mercury  surface was measured the 
catholyte was the same as in runs 4-6 (Table I) ; small  
amounts of diethyl  maleate  were  added incrementa l ly  
in order  to achieve the currents  at which measure-  
ments were  desired (Table III) .  The "moni tor ing"  
voltage was read on a DANA Model 5500 digital vol t -  
ameter  fitted with  accessory module number  130. 

Kinet ics  (e lec trochemical ) . - -The  method used for 
obtaining the rate  constants is the same as described 

~" In  a p r e l i m i n a r y  e x p e r i m e n t  t h e  c a t h o l y t e  w a s  c h a r g e d  as in  
r u n  1, t h e  c a t h o d e  v o l t a g e  p r e s e t  a t  - - 0 . 51V a n d  i n c r e a s e d  n e g a -  
t i v e l y  by  s m a l l  i n c r e m e n t s  w h i l e  " i n s t a n t a n e o u s "  c u r r e n t  r e a d i n g s  
w e r e  m a d e .  I t  ~vas f o u n d  t h a t  b e t w e e n  - -1 .05  a n d  - -1 .62V a c u r r e n t  
o f  o n l y  63-75 m A  w a s  s u s t a i n e d  (due  to r e d u c t i o n  of t h e  s t a b i l i z e r )  ; 
a t  m o r e  n e g a t i v e  v o l t a g e s  r e d u c t i o n  of E A  b e g a n .  As  d i s c u s s e d  
l a t e r ,  t h e  c o n c l u s i o n  t h a t  m i x e d  c o u p l i n g  c o u l d  s a f e l y  be  c a r r i e d  
ou t  a t  - -1 .50V w i t h o u t  f o r m a t i o n  of d i e t h y l  a d i p a t e  was ,  h o w e v e r ,  
i n c o r r e c t .  

Table I. Electrolysis of 0.075 mole diethyl maleate added dropwise to catholyte containing 
0.75 mole acceptor mono-olefins; 15%20 ~ 

A p p a r e n t  
c a t h o d e  C a t h o l y t e  P r o d u c t s ,  m M  m M  C P P  A - h r  e n d  
v o l t a g e  of  a d d n .  to 

R u n  (SCE)  ( - - )  A c c e p t o r  m l  H_oO m l  D M F  D E S  a C C P  b T E B T  c D E A  4 A D N e  m M  T E B T  e n d  of e x p t .  

1 1.314 EA 8 59 26.0 1.18 3.64 0 - -  0.324 0.70 
2 1.425 EA 8 59 35.1 5.95 8.50 0 ~ 0.700 0.17 
3 1.500 EA 8 59 27.2 12.1 6.00 8.66 ~ 2.03 0.28 
4 1.314f AI~I 8 72 34.6 0 1.00 - -  0 0 0.43 
5 1.425 A N  8 72 43.1 4.71 3.88 - -  0 1.21 0.38 
6 1.500 A N  8 72 55.0 13.1 1.34 - -  8.90 9.75 0.61 
7 1.425 E A  + A N  8 55 52.2 0.764g + 4.97 ~ 3.68 T r a c e  O, 0.20,7~ + 1.35 ~ 0.13 
8 1.425 E A  + A N  5 58 34,0 0.72g + 4.94 ~ 2,47 T r a c e  ~ 0.291r + 1.98 ~ - -  

a D i e t h y l  s u c c i n a t e ,  b C r o s s - c o u p l e d  p r o d u c t ,  i .e. ,  c o m p o u n d  5 w h e n  E A  w a s  used ,  c o m p o u n d  6 w h e n  A N  w a s  used .  c T e t r a e t h y l  b u t a n e t e t -  
r a c a r b o x y l a t e ,  4. ~ D i e t h y l  a d i p a t e ,  e A d i p o n i t r i l e .  f E x p e r i m e n t  n o t  r u n  to  c o m p l e t i o n ;  24.2 m i l l i m o l e s  of D E M  r e c o v e r e d ,  g F r o m  EA.  ~ F r o m  
AN.  

Table II. Electrolysis of 0.069 moles ethyl 3-cyanoacrylate added dropwise to catholyte containing 
1.12 moles AN; 6~ ~ 

A p p a r e n t  c a t h o d e  m M  C C P  ~ 
v o l t a g e  (SCE)  

R u n  ( - - )  m l  H 2 0  m l  D M F  E C P c  C C P  4 DDA~ A D N t  ~ M  D D A  ~ 

1A a 1.450 6 25 1.45 0.668 16.2 0 0 .0412 
1B b 1,500 6 25 1.06 1.83 16.5 T r a c e  0.111 

T w e n t y - f i v e  m l  r e m o v e d  a f t e r  h a l f  t h e  e t h y l  3 - c y a n o v a l e r a t e  h a d  b e e n  a d d e d  a n d  c o m p l e t e l y  r e d u c e d .  Q u a n t i t i e s  of  p r o d u c t s  c a l c u l a t e d  
on bas i s  of  135 /25  of s a m p l e ,  b C o r r e c t e d  f o r  m a t e r i a l s  l e f t  in  c a t h o l y t e  a f t e r  r e m o v a l  of  f i rs t  s a m p l e ,  c E t h y l  3 - e y a n o p r o p i o n a t e .  4 Cross -  
c o u p l e d  p r o d u c t ,  i .e . ,  c o m p o u n d  9. ' n i e t h y l  2 , 3 - d i c y a n o a d i p a t e ,  i . e . ,  c o m p o u n d  "/. f A d i p o n i t r i l e ,  
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Table III. Variation of cathode voltage with current (density) 
and position of salt bridge; 16~ ~ 
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" A p p a r e n t "  
v o l t a g e  V o l t a g e  v s .  SCE ( - - )  a t  pos i t i ons  C u r r e n t ,  

vs.  SCE (--) 1 2 3 mA 

1.200 1.205 1.200 1.200 1,56 
1.314 1.319 1.316 1.316 1.56 
1.314 1.340 1.309 1.317 44.0 
1.314 1.339 1.314 1.316 50.0 
1.314 1.335 1.312 1.315 60.0 
1.314 1.35-1.37 a 1.29-1.3~1 1.31-1.32 156 
1.:~14 1.35-1.38 1.31-1.33 1.31-1,32 208 

1.425 1.464 1.434 1.434 116 
1.425 1.470 1.440 1.441 138 
1.425 1.47-1.49 1.41-1.45 1.43-1.46 130 
1.425 1.47-1.49 1.43-1.47 1.45-1.47 172 
1.425 1.49-1.53 1.45-1.48 1.47-1.49 260 
1.425 1 .48-1.50 1.41-1.45 1.40-1.41 286 
1.425 1.52-1.57 1.46-1.51 1.46-1.50 338 

1.500 1.539 1,514 1.514 185 
1.500 1.55-I .58 1 . 5 2 - 1 . 5 5  1.53-1.55 234 
1.500 1.51-1.55 - -  286 
1.500 1.53-1.57 1.50-1.53 1.51-~ .54 340 
1.500 1.59-1.63 1.49- 1 .56  1.53-1.57 468 
1.500 1.57-1.63 1 . 4 9 - 1 . 5 4  1.49-1.53 470 
1.500 1.57-1.61 1.47-1.53 1.51-1.54 500 
1.500 1.60 1.50 1.53 520 

a At  c u r r e n t s  g r e a t e r  t h a n  ca.  100 m A  f l u c t u a t i o n s  of r e g i s t e r e d  
c a t h o d e  v o l t a g e  w e r e  too r a p i d  to p e r m i t  d e t e r m i n a t i o n  of a n  a v e r -  
age ,  so t h a t  t h e  r a n g e  is i n d i c a t e c .  

previously (7). The concentrat ion of diethyl fumarate  
was 2 x 10-aM, EA and AN were 1.0M in each run. 
The solvent was dimethylformamide containing 0.1M 
te t rae thy lammonium perchlorate. 

Kinetics (solut ion) . --The solutions contained 1M 
diethyl ethylmalonate,  0.1M EA or AN and 1 x 10-4M 
te t rae thy lammonium hydroxide  in ethanol as solvent. 
At appropriate times 1 ml of the solution was removed 
and added to 1 ml of a solution of 0.1M diethyl adipate 
and sufficient acetic acid to stop the reaction in ethanol 
as solvent. The analysis was done by vpc using diethyl 
adipate as an in ternal  s tandard and a 6-ft, 10% Carbo- 
wax 20M on Chromosorb W, programmed from 100 ~ 
to 220 ~ at 15~ A plot of In [product] vs. t ime 
curved due to the disappearance of base. A smooth 
curve was drawn through the points and the tangent  
to the curve at low conversion was used to calculate k. 
The runs were done in pairs, EA and AN, s ide-by-side 
at room temperature.  The average value for the rela-  
tive rate constants AN/EA for several runs was 9.2. 
The max imum value obtained was 11.0 and the mini -  
m u m  was 7.6. All  at tempts to use dimethylformamide 
failed due to the extremely rapid disappearance of 
the catalyst in this solvent. The disappearance of base 
is due to the facile saponification of diethyl e thylmalo-  
nate. 

Reductive cyclization of 6 to 10.--Diethyl ~- (2-cya-  
noethyl)  succinate (6, 47.0~, 2.1 x 10 -1 moles), Raney 
cobalt (6.0g), absolute ethanol (120 ml) ,  and ammonia  
(17.0g, 1 mole) were placed in a 300-ml bomb and 
heated at 100 ~ under  an init ial  hydrogen pressure of 
1500 psi unt i l  hydrogen uptake was no longer observed 
(ca. 4 hr) (8). The reaction mixture  was filtered, the 
solvent removed under  vacuum, and the residue crys- 
tallized from 350 ml of cyclohexene to give 27.2g 
(1.5 x 10 -1 moles) of 10, ethyl  2-oxo-3-piperidineace-  
tate (72%), mp 77 ~ ~ Tha infrared spectrum (nujol)  
has peaks characteristic of ester and amide functions 
at 1735 and 1650 cm -1, respectively; nmr  spectrum 
(T, CDCI3): 2.8 (broad sin~llet, 1H, NH), 5.6 (quartet,  
J----7 cps, 2H, OCH2), 6.4 (unresolved multiplet ,  2H, 
NCH2), 7.03 (unresolved mulLiplet, 3H, H a to carbonyl) ,  
8.0 (unresolved multiplet ,  4H, r ing H), 8.5 (triplet, 
J = 7 cps, 3H, CH3). 
Anal.--Calcd. for C9HI~NOa: C, 58.38; H, 8.22; N, 7.57. 
Found:  C, 57.88; H, 8.26; N, ".49. 

3-Piperidinethanol.--Ethyl  2-oxo-3-piperidineacetate 
(9.2g, 5 x 10 -2 moles) was added in portions to 7.2g 
(1.9 x 10 -1 moles) of LiA1H4 in 150 ml of diethyl  
ether at room temperature  over a 2-hr period: After  

refluxing for 6 hr and cooling, water  was slowly added 
to destroy excess LiA1H4. The mixture  was filtered 
and the solid washed several times with ethanol. The 
amino-alcohol (3.1g, 2.4 x 10 -2 moles) was isolated 
by vacuum distillation: bp 94~ ~ (0.28 mm) [lit. 
(9-11) bp 120~ ~ (4-6 m m ) ] ;  n24D 1.4897 [lit. (9-11) 
n21D 1.4880, n25D 1.4920, 1.4888]; nmr  spectrum (~, 
CDCI3): 6.3 (broad singlet, NH and OH), 6.45 (triplet, 
2H, OCH2), 6.9-8.5 (unresolved multiplet ,  l l H ) .  

Discussion of Results 
In  working with the reaction systems described here 

it is necessary to adopt a series of compromises. One 
must  take cognizance of (a) the ready saponification 
of diethyl maleate (6) (pH and tempera ture-depen-  
dent ) ;  (b) the electroreducibil i ty of ethyl hydrogen 
maleate (12); (c) the cyanoethylat ion of water  (pH 
dependent ) ;  (d) the anionic ol igomerizabi l i ty/poly-  
merizabil i ty of ethyl  acrylate and acrylonitr i le  (proton 
donor concentrat ion dependent ) ;  (e) the facile forma-  
tion of diethyl succinate (proton donor concentrat ion 
dependent)  ; and (f) the facile formation of te traethyl  
butanete t racarboxylate  (diethyl malea te /wate r  con- 
centrat ion dependent) .  Conditions were chosen so as 
to el iminate complicating side reactions [e.g., forma- 
tion of b is(2-cyanoethyl  e ther)] ,  minimize the prob-  
abil i ty of favoring only hydrodimerizat ion (therefore, 
dropwise addit ion of DEM), and to accept perhaps 
higher than necessary yields of DES in order to avoid 
polymerization. The penal ty  paid for the last compro- 
mise was to increase the possibility of "bulk" rather  
than electrode reactions (1). Attempts  were not made 
to maximize yields of cross-coupled products at the 
expense of all other products; the focus of at tent ion 
was on the ratio of cross-to-self-coupled products. 
Any  DEM anion radical (or derived anion) which 
ended as DES or any DEM which was saponified was 
equally unavai lable  for formation of either coupled 
product. 

Even though the quant i ty  of water added to the 
catholyte is carefully measured, the concentrat ion of 
water  dur ing a run  and from run  to run  varies due to 
uncontrol lable  changes in the porosity of the dia- 
phragm (1). Therefore, as ment ioned above, it is not 
the absolute yield of DES (water dependent)  which 
is significant but  the ratio CCP/TEBT. 

It is evident  from the data in Table I that whether  
ethyl acrylate or acrylonitr i le is the acceptor olefin 
the yield of reduced cross-coupled product with diethyl 
maleate compared to the yield of hydrodimer rises 
sharply as the voltage is made more negative. These 
results are consistent with our  previous suggestion (1) 
concerning "induced" reactivity of acceptor olefins in 
electric fields. It is interest ing that  under  certain cir-  
cumstances (runs 1, 4) very little if any mixed cou- 
pling can be made to occur. This may explain reported 
(13) deviations in the success of obtaining cross- 
coupled products. 

There is another factor affecting the ratio of coupled 
products: it cannot be ignored but  cannot be evaluated 
clearly. Despite attempts to keep the rates of addition 
of DEM to the catholyte fairly constant  from run to 
run  (6-8 hr) and the effort to main ta in  comparable 
current  densities (0.3-0.5 A/55 cm~), the bu lk  concen- 
trations, although small, of unreduced DEM in the 
runs  at the more positive cathode voltages must  have 
been higher than that  at the more negative voltages. 
The higher concentrat ion per se would have favored 
TEBT formation in the more anodic electrolysis (in 
accordance with results) but  so would the greater 
reactivi ty of DEM in the more cathodic electrolyses 
(not in accordance with results).3 

The reason for the formation of hydrodimers  of the 
acceptor olefins (runs 3 and 6) as an "apparent" cath-  

T h e  c o u l o m b s  pa s sed  in  the  p e r i o d  b e t w e e n  t h e  e n d  of D E M  ad-  
d i t i on  a n d  the  e n d  of t h e  e x p e r i m e n t  is a m e a s u r e  of t h e  t e r m i n a l  
c o n c e n t r a t i o n  of D E M  in  t h e  c a t h o l y t e .  W h i l e  in  r u n  1 (0.70 A hr} 
i t  w a s  h i g h e r  t h a n  in  r u n  2 (0.17 A h r ) ,  in  r u n  2 i t  w a s  l o w e r  t h a n  
in  r u n  3 (0.28 A h r ) .  L i k e w i s e ,  in  r u n  6 (0.61 A h r )  i t  w a s  h i g h e r  
t h a n  in  r u n  5 (0,38 A h r ) .  
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ode voltage at which they "should" not be reduced is 
clear from a consideration of the variat ion of cathode 
voltage with position of the salt bridge (14) and with 
current  densities (Fig. 1 and Table III) .  At the cur-  
rents used in these preparat ive runs  the cathode volt-  
ages at certain areas of the mercury  cathode may be 
as much as 0.13V more negative than  "apparent" at 
the more negative voltages and may, therefore, over- 
lap the beginning of the reduction waves of the ac- 
ceptors. This phenomenon has been reported before 
(14). This type of preparat ive cell, otherwise very 
convenient,  must  be used cautiously for controlled 
potential  electrolyses in which the desired reduction 
is < ca. 0.2V removed from an undesired reduction. 
Even at a "fixed" potential, the fluctuations may in 
some cases be significant (30-40 mV).  Since, however, 
the same geometry was main ta ined  throughout  the 
runs reported in Table I, the conclusions concerning 
the reductive couplings involving DEM are the same 
whether  one refers to the "apparent" cathode voltage 
or to the "true" cathode voltage (position 1, Table 
III) .  

It will  be noted that  in s imilar  separate experiments  
( run 5 vs. r un  2, run  6 vs. run  3) and even more in 
competitive experiments  (runs 7 and 8) considerably 
more cross-coupled product was formed from AN as 
acceptor (~  6) than from EA (--> 5). It was of interest  
to diagnose these results by the most feasible experi-  
ments  which would differentiate between the reactions 
of DEM anion radical /d ie thyl  succinate anion with 
acceptors at the electrode/in the "bulk" of solution. 

electrode but also on the rates of reaction in the 
"bulk" of solution outside the influence of the electric 
field. Cyclic vol tammetry  yields information exclusive- 
ly about the first category; a normal  Michael reaction 
"in bulk" yields information exclusively about the 
second category. The actual  product distr ibution de- 
termined exper imenta l ly  must  reflect contr ibutions 
from both electrode and  bulk  reactions. 

Rate constants for a typical  Michael reaction of EA 
and AN were measured using the diethyl  e thylmalo-  
nate anion as the donor. The reactions were conducted 
in ethanol as solvent using te t rae thy lammonium hy-  
droxide as the catalyst. The ratio of the rate constants 
for the reaction of AN and EA toward the same donor 
was 9.2. The fact that  the observed rate  ratio AN/EA 
of 1.7 from comparative macroelectrolysis lies between 
the values of 0.81 for the electrode reaction and 9.2 
for the solution reaction again indicates that  both of 
these reactions are occurring in macroelectrolysis. 

The demonstrated increased reactivi ty of each ac- 
ceptor alone (EA or AN) toward the maleate anion 
radical donor as the cathode voltage is made more 
negative must  not be interpreted to indicate that their  
relative separate reactivities will  hold when  both are 
present together. Now questions of specific adsorption 
and cation effects may in tervene (17). Examinat ion of 
the data of runs 7 and 8, Table I, indicates a rate ratio 
of 6.5 for AN/EA in contrast to the value of 1.7 ob- 
tained for runs 2 and 5. The yield of CCP from AN is 
near ly constant in runs 5, 7, and 8, while the yield of 
the CCP from EA decreases sharply in runs 7 and 8 

CHCOOEt h-'  at electrode> CHCOOEt 
C[HCOOEt ; + CH2 = CHX ~HCOOEt e -  5 o r 6  

surface ~HeCHX 2H~O 
I H~O ( _ )  

( ) o- - ---> +CH2-----CHX - ->5or6 
CH2COOEt " H2COOEt solution 

+ H20 

Cyclic vol tammetry  provided the answer for the first 
of these coupled questions. For the second, diethyl 
succinate anion could, unfor tunate ly ,  not be used suc- 
cessfully in the Michael reaction; therefore, diethyl  
e thylmalonate  anion, which reacts with acceptors to 
give only 1:1 products, was chosen for the comparison 
of AN and EA as acceptors in a "bulk" reaction. 4 

Rate constants for the reaction of EA and AN sepa- 
rately with the anion radical electrochemically genera-  
ted from diethyl fumarate  (DEF) 5 were measured by 
cyclic vol tammetry  by the procedure described previ-  
ously (7). Using 2 x 10-SM DEF, the rate constant for 
the disappearance of the anion radical in the absence 
of EA and AN is 0.30 sec -1 with DMF as solvent and 
0.1M te t rae thy lammonium perchlorate as the support-  
ing electrolyte. The rate constant measured in the 
presence of 1M EA was 0.46 sec -1, and in the presence 
of 1M AN was 0.43 sec -1. The ratio of the rate con- 
stants for the attack of the anion radical  of DEF on 
AN and EA separately is 0.81. In  macroscale cross- 
coupling electrolysis, if all of the products could be 
formed at the electrode surface, the cross-coupled 
product 5 would be formed at 1.2 times the rate of the 
cross-coupled product 6. In  fact, however, using the 
TEBT formed as a common denominator,  and com- 
paring Runs 2 and 5, 6 predominates by a factor of 1.7. 

These results are in apparent  contradiction to what  
would be predicted from cyclic vol tammetr ic  data 
only. However, it must  be recognized that in bulk  
electrolyses the distr ibution of products obtained mus t  
depend not only on the rates of the reactions at the  

I t  is  a s s u m e d  t h a t  s te r ie  effects  w i l l  no t  in f luence  the  r e l a t i v e  
r e a c t l v i t i e s  of A N  and  EA t o w a r d  th i s  m o d e l  anion.  Cf  (15). 

I t  has  been  s h o w n  t h a t  the  same  an ion  r ad ica l  is f o r m e d  f r o m  
e i t h e r  D E F  or DEM {16). 

from that in r un  2. The preferent ial  adsorption of an 
AN- te t rae thy lammonium ion complex (17) on the 
electrode surface, thereby largely excluding EA from 
the reactive environment ,  may be the cause of the 
significant change in relative reactivities observed. 
The effect may not be unique  for AN (17) and may 
explain the high reactivi ty of the E-substituted acry-  
lonitriles reported previously (7). 

Finally, it should be ment ioned that  compound 6, 
prepared much more convenient ly  by a one-step elec- 
trochemical synthesis than  by a mult is tep chemical 
route (18), is in itself an interest ing intermediate.  
Catalytic reduct ion of 6 in ethanol with excess am-  
monia over Raney cobalt at 100 ~ and 1500 lb gave an 
almost quant i ta t ive yield of ethyl 2-oxo-3-piperidine 
acetate 10, mp 77~ ~ (with correct e lemental  ana ly-  
sis and consistent n m r  spectrum) and none of the 
isomeric 7-membered lactam 11. Reduction of the 

H H 
~ . . / _  0 ~T ~ 0  

CH2COOC2H5 (~--~-- COOC2H5 
10 11 

carbethoxymethyl  group of 10 with l i th ium a luminum 
hydride yielded the corresponding known (9) amino-  
alcohol whose p-bromobenzenesulfonamide melts at 
97~ ~ (correct analysis) .  
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Any discussion of this paper will appear in a Dis- 
cusslon Section to be published in the December 1970 
JOURNAL. 
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Densities and Molar Volumes of Molten 
Alkali Carbonate Binary Mixtures 

P. L. Spedding 
Department of Chemical and Materials Engineering, The University of Auckland, Auckland, New Zealand 

ABSTRACT 

Density and molar volumes were determined for the molten li thium, 
sodium, and potassium carbonate b inary  mixtures  over the complete com- 
position range. Molar volumes of  the sodium-potassium carbonate binary 
exhibit  ideal behavior but  the l i thium binaries show positive deviations in 
the 0.25 to 0.67% mole l i th ium carbonate region. An at tempt is made to 
handle the results using thermodynamic reasoning. It is possible to give a 
detailed explanat ion of the observed behavior by postulating that inbalances 
in repulsive cation interactions, caused by the relat ively small  size of the 
l i th ium ion, forces changes in anion-cat ion bonding in the melt  micro- 
structures. 

Valuable insight into the na tu re  of liquid structure 
can be gained from precise thermodynamic data of 
mol ten salts. Such informat ion would be par t icular ly  
re levant  at the present  t ime because of the absence of 
an adequate general  theory of liquids. In particular,  
variations of density and molar volume with both tem- 
perature and melt  compositions provide information on 
corresponding changes taking place in melt  structure. 
Furthermore,  accurate density data are an essential 
prerequisi te  to an adequate interpreta t ion of certain 
other exper imental  data, e.g., in the calculation of 
t ransport  phenomena such as equivalent  conductance. 

The alkali metal  carbonates have been studied ex- 
tensively in recent years both from an interest  in the 
fundamenta l  s t ructural  and t ransport  properties of 
pure salts and mixtures  and also for their importance 
as electrolytes in the h igh- tempera ture  fuel cell (1-5). 
This present study was under taken  as part  of an inte-  
grated fuel cell research program aimed at obtaining 
a better  unders tanding  of the actual processes involved 
in the mol ten carbonate- type ce]I. 

Experimental 
The Archimedian single bob densitometer was used 

because of its simplicity, accuracy, and precision at 
higher temperatures.  The method depends on the avail-  
abil i ty of suitable surface tension and expansion data 
(6, 7). If these data were lacking, the two-bob densi-  
tometer would have to be used (8). The pycnometer  
was not used because it was found that a suitable ref-  
erence liquid for h igh- tempera ture  work was difficult 

to obtain. Even when this aspect was avoided by using 
thermal  expansion corrections, the surface tension diffi- 
culties encountered made the method unre l iable  for 
h igh- tempera ture  work (9). 

The apparatus (Fig. 1) was similar to that used for 
other molten carbonate studies (5). The densitometer 
section of the apparatus consisted of a salt bath (K) 
contained in an 80% Au 20% Pd alloy crucible which 
was supported on a 25/20 stainless steel f rame (O). 
The crucible was provided with two small l ift ing holes 
(J) near  its r im to facilitate handl ing in and out of the 
furnace. A precision laboratory jack (V), external  to 
the furnace, enabled the crucible and support frames to 
be moved vertically. A thick pyrophyll i te  plug (R), 
fitted with a silicone rubber  seal (T) and cooled by 
external  water  coils (S), provided a gas seal at the 
furnace base while still allowing vertical movement.  
Reproducible depth of bob immersion was ensured by a 
probe, height-sensing device (M). Ideally the carbon-  
ate melts should have been maintained under dry car- 
bon dioxide at a pressure well in excess of their dis- 
sociation pressure in order to ensure the melt composi- 
tions (5). In practice it was not possible, with this 
relatively inexpensive type of apparatus, to maintain 
gas pressure during weight measurements because the 
bob suspension required free movement during a deter- 
mination. Conditions were compromised in that a suit- 
able carbon dioxide pressure was maintained during 
the 5-hr temperature equilibration by sealing the sus- 
pension hole at the top of the furnace. During the short 
time an actual weighing was conducted, carbon dioxide 
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Fig. 1. Archimedian densitometer 

was allowed to flow slowly down past the bob suspen- 
sion wire through a special ant icondensat ion sleeve. 
The absence of condensation was checked by weighing 
of the suspension wire after it had been exposed to 
operating conditions. It  has been reported that  the gas 
flow does not adversely affect the results obtained and 
that  any decomposition which may take place during 
the short measurement  period would be on the surface 
of the salt and so have an insignificant effect on the 
results (6, 7). 

ELECTROCHEMICAL SCIENCE February 1970 

Analyt ical  reagent grade li thium, sodium, and potas- 
sium carbonates were used in the preparat ion of the 
salt baths. The carbonates were dried ini t ia l ly at 120~ 
to constant  weight and kept in a desiccator prior to 
weighing of the salt bath material.  The salt bath was 
premelted in a furnace under  a carbon dioxide atmos- 
phere, care being taken to ensure that no bubbles were 
formed in  the melt. The bath was solidified slowly and 
stored in a desiccator unt i l  it was used in  the densi-  
tometer. Density readings were taken at increasing and 
then at decreasing temperatures.  The weights used 
were calibrated against a substandard set of weights 
to ensure accuracy. The volume of the densi ty bob was 
determined by weighing in a i r o f  a known density and 
then in water  to a known depth of immersion. The 
water  used was distilled, deionized, and deaerated. The 
cal ibrat ion was carried out in a constant  tempera ture  
room. The following equation applied. Difference be- 
tween the two weights of masses in air + 2~r~ cose/g 
= Bob volume • Difference in density of water  and 
air. Seven separate series of determinat ions taken at 
intervals  over the mol ten salt density determinat ions 
gave the average volume of the density bob as 2.87675 
• 0.00027 cc. A fur ther  check of the  bob volume was 
made by determining the density of benzene and car- 
bon tetrachloride, and agreement  with published data 
was wi thin  • 0.01%. Corrections for surface tension 
('D and expansion (10) of the density bob in the melt  
were applied. In  the former case the data of Janz and 
Lorenz (1) for the pure melts were used and the 
b inary  mixture  values calculated assuming ideal melt  
behavior which is of sufficient accuracy for these cir- 
cumstances (11). One of the most serious sources of 
error of the density bob method is bubble  formation 
on .the bob surface during an actual determination.  
Bubble formation has been at t r ibuted to minu te  traces 
of water  in the melt, and in the present  work this was 
completely el iminated by use of the premelt ing tech- 
nique. 

Results 
The density data measured for the b inary  li thium, 

sodium and potassium carbonate mixtures  are detailed 
in Fig. 2 to 4. The constants for the t empera tu re -den-  
sity equations were calculated using the  method of 
least squares (12) and are listed in Tables I to III. The 
calculated accuracy of the determinat ions was in the 
region of +_ 0.015%. 
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Discussion 
Comparison with reported data.--Most of the re- 

ported data on the densities of molten alkali  metal  car- 
bonates are incomplete or possess inconsistencies (1, 4, 
13-17), Vorobev et al. (17) and Janz and Lorenz (1, 4) 
have suggested this is due to the lack of reasonable 
precautions being taken in certain instances to prevent  
thermal  decomposition of the melt. The wide scatter 
and abnormal  behavior  of much of the data makes it 
highly probable that this criticism is well justified. 
When comparisons are d rawn between the remaining  
data it is found that certain inconsistencies exist which 
are difficult to reconcile. The present  work resolve 
these by showing agreement  with the data of Vorobev 
et al. (17) and Janz and Lorenz (1) in the region of the 
eutectic compositions and the pure components, respec- 
tively, but  poor agreement  elsewhere. 

Temperature-density data.--The most notable aspect 
of the results is the l inear  relationship which exists 

between density and tempera ture  even at points quite 
close to the mel t ing point. The temperature  coefficient, 
b, exhibits a reasonably smooth change from one pure 
component composition to the other. This is in contrast 
with most other reported carbonate data but  seems to 
be the more reasonable behavior  to expect. 

Composition-density data.--The sodium-potassium 
carbonate mix ture  exhibits a slight negative deviation 
from lineality. This is the usual  behavior to be ex-  
pected from a mixture  of two similar salts. The l i th ium 
b inary  mixtures, on the other hand, show a change in 
the sign of the deviation from l inear  behavior at the 
eutectic compositions. This abnormal  behavior of the 
l i th ium b inary  mixtures  arises from a clustering of the 
composit ion-density data around the eutectic and is in 
accord with other thermodynamic  data reported for 
these systems (5). 

Composition--molar volume data.--Calculated m o l a r  
volume data are detailed in Fig. 5. The sodium-potas-  
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Table I. Densities of lithium-sodium carbonate binary mixtures Table III. Densities of sodium-potassium carbonate binary mixtures 

p = a--  b'Tg/cc* p = a--  bTg/cc* 

Media, Media, 
m/o Li2CO3 a b • 10s t~ m/o Na2COs a b x l0 s t~ range 

I00 2.2365+0.0076 0.4041+-__.0.0071 741-856 100 2.4532+-0.0064 0.4267+-+'--0.0054 868-973 
90 2 . 2 4 3 5 + - 0 . 0 0 4 3  0 . 3 9 9 1 + - 0 . 0 0 4 0  717-930 90 2 . 4 8 6 2 + - 0 . 0 0 1 3  0 , 4 5 8 1 + - 0 . 0 0 1 1  844-973 
80 2 . 2 8 8 5 + 0 . 0 0 3 6  0 .4120+--0 .0033  708-945 80 2 . 4 7 2 3 + - 0 . 0 0 1 8  0 . 4 5 2 0 + - 0 . 0 0 1 6  796-963 
70 2 . 3 4 7 4 + - 0 . 0 0 9 1  0 . 4 3 7 8 + - 0 . 0 0 8 4  663-923 75 2 .4614"+ '0 .0026  0 ,4465+-0 ' . 0022  811-980  
60 2 .3557--+0-0047 0 . 4 3 3 7 + - 0 . 0 0 4 4  636-920 70 2 . 4 5 0 9 - - 0 , 0 0 1 9  0 . 4 4 1 9 + - 0 , 0 0 1 6  792-976  
5 3 . 3  2.3581• 0.4325+-0.0004 542-915 60 2.45~6=0.0015 0.4467• 767-959 
50 2 . 3 5 3 2 •  0 . 4 2 4 9 •  620-923 58 2 . 4 4 1 3 + - 0 . 0 0 0 6  0 . 4 4 0 6 + - 0 . 0 0 0 5  773-966  
40 2.3653-----0.0033 0 . 4 2 6 2 + - 0 . 0 0 3 3  607-919  50 2 . 4 3 5 9 + - 0 . 0 0 1 5  0 , 4 3 9 3 + - 0 . 0 0 1 4  730-952 
30 2 , 3 8 9 0 + - 0 . 0 1 1 8  0 . 4 2 3 0 + - 0 , 0 1 1 2  674-918  40 2 . 4 2 7 8 + - 0 . 0 0 1 9  0 . 4 3 6 6 + - 0 . 0 0 1 7  739-956 
20 2 , 4 4 6 1 •  0 . 4 4 3 7 + - 0 . 0 0 3 4  775-958 30 2 . 4 2 4 0 + - 0 . 0 0 1 9  0 . 4 3 7 5 + - 0 . 0 0 1 6  802-977 
10 2 . 4 4 4 3 + - 0 . 0 0 4 7  0 . 4 3 0 1 + - 0 . 0 0 4 2  839-955 25 2 . 4 2 4 3 + - 0 , 0 0 1 3  0 . 4 4 0 5 + - 0 . 0 0 1 2  810-951 

20 2 .4130-+-0 .0019  0.4329-----0.0016 851 -980  
Na2CO~ 2 , 4 5 3 2 + - 0 . 0 0 6 4  0 . 4 2 6 7 + - 0 . 0 0 5 2  868-973 10 2 . 4 1 7 9 + - 0 . 0 0 3 7  0.4419-----0.0030 893-987 

K~CC~ 2 . 4 2 9 5 + - 0 . 0 0 8 5  0 . 4 5 4 3 + - 0 . 0 6 9 4  907-981 

* T = ~ Kelvin. 

Table II. Densities of lithium-potassium carbonate binary mixtures 

/~ = a -- b T g / c c *  

Media,  
m/o Li2COs a b x los t~ range 

100 2.2365 "~ 0.0076 0.4041 • 0.0071 741-856 
90 2.2687 -~" 0 0031 0.4180 "~ 0.0029 720-915 
80 2.2966 - -  0.0036 0.4264 +- 0 .0034 704-911 
70 2.3251 +- 0.0017 0 .4390 -4- 0.0016 682-888 
62 2.3526 "4- 0~.0007 0.4532 -4- 0.0007 570-945 
60 2.3593 +- 0.0024 0.4569 +- 0.0024 611-863 
50 2.3599 "4- 0.0023 0.4548 "4- 0.0023 595-875 
42.7 2.3711 4" 0.0008 0.4623 -~ 0,0008 602-921 
40 2,3795 "4- 0.0011 0.4527 ~- 0 .0009 601-886 
30 2.4184 -+" 0.0139 0.4761 • 0.0135 671-911 
20 2 .3942 + 0.0032 0.4385 4- 0 .0029 776-976 
i0 2,4094 -~- 0.0062 0.4422 +- 0.0052 842-981 

K2COs 2.4295 +- 0.0085 0.4543 -+" 0.0694 907-981 

sium carbonate mix tu re  exhibits ideal behavior  whi le  
the l i thium binary mixtures  show a posit ive deviat ion 
from ideali ty only in the vicini ty  of the 50% molar  
compositions. The deviat ion is observed to increase 
as the cation size difference in the melt  increases. This 
nonideal  behavior  for the l i thium mixtures  is in line 
wi th  other  repor ted  data for these systems such as the 
t racer  diffusion coefficients (5). In order to explain 
the diffusion data it was postulated, among other  
things, that  the interionic bonds of the mel t  were  

loosened in the vicinity of the 50% mole compositions 
as some type of short ranged s t ructure  of a covalent  
na ture  was formed in the melt.  The present density 
data, in line wi th  density studies of o ther  systems (18, 
19), lend fur ther  weight  to this explanation.  In this 
case the effect is a t t r ibutable  to the wide ly  differing 
sizes of the consti tuent cations as there  is an increas- 
ing deviat ion f rom ideali ty when the cation size dif- 
ference is increased. The asymmet ry  is provided either 
by reason of the large difference in cation polarizing 
power or from purely  geometr ical  considerations. Phase 
diagrams for the binary and te rnary  carbonate  systems 
reveal  that  compounds are formed f rom the l i thium 
melts. There is no doubt that  the congruent ly  mel t ing  
compound LiKCO3 is formed in the l i th ium-potass ium 
system (2) but there  is controversy over  the formation 
of a LiNaCO3 compound because, it is argued that  the 
l i th ium-sodium system shows simple eutectic behavior  
(2). The present work  supports the suggestion of a 
LiNaCO3 compound being formed in line wi th  evi -  
dence from thermal  and x - r a y  analysis data (20, 21). 
Format ion  of such compounds would result  in a re-  
duction in electrical  conduction in the composition re-  
gion. This is in line with the reported electrical con- 
ductance studies of these systems (4, 5). 

Partial molar volumes.--The partial molar volumes 
for the nonideal lithium carbonate binaries were cal- 
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Table IV. Partial molar volumes (V') of the lithium carbonate binary 
mixtures, cc/gmole 

MOLTEN ALKALI CARBONATE BINARY MIXTURES 

Mole f rac t ion  LbCOa 

1.0-0.67 0.67-0.5 0.4 0.3 0.25 0.25-0.0 

900~ 

Li~COa 41.9 41.9 42.9 43.3 43.7 41.9 
Na~CO8 54.3 55.7 54,5 54.5 54.3 54,3 

Li~CO~ 41.9 42.3 43.8 43.8 43.8 41.9 
K2CO8 73.6 74.3 72.9 72.9 72.9 72.9 

950~ 

Li~CO3 42.4 42.4 43.5 43.7 44.0 42.4 
Na..,CO~ 54.9 55.3 55.0 55.0 54.9 54.9 

Li=CO3 42.2 42.8 44.6 44.6 44.6 42.4 
K~C03 74.5 75.4 73,8 73.8 73.8 73.8 

1000~ 

Li2COa 42.9 42.9 44.0 44.2 44.5 42.9 
Na.2COa 55.5 57.0 55.6 55.6 55.5 55.5 

Li~CO3 42.9 43.7 45.3 45.3 45.3 42.9 
K2CO3 75.4 76.4 74.7 74.7 74.7 74.7 

1050~ 

Li~CO~ 43.4 43,4 44.6 45.0 45.2 43.4 
Na~COa 56.1 57.8 56.3 56.2 56.1 56.1 

Li~COa 43.4 43.8 46.0 46.0 46.0 43.4 
K,-COa 76.5 77.4 75,6 75.6 75.6 75,6 

culated, at convenient  temperatures  and composition~, 
by the method of intercepts from the data of Fig. 5. 
As the nonideal i ty  was confined to the 50 m/o  (mole 
per cent) region, the actual intercept  determinat ion 
was applied there only and the values were then ex- 
trapolated assuming ideal behavior. The tangents  to 
the curves were constructed using the general  method 
of Hoelscher and Springer  (23) and checked by the 
"squint  test" (24). It should be realized that the error 
of the molar volumes was magnified in the calculation 
of the part ial  molar values because of the long extrap-  
olations involved. Values for the part ial  molar  vol- 
umes are detailed in Table IV. It  can be seen from 
these data that the solution behaves normal ly  up to 
the 25 m/o  and beyond the 66.7 m/o  l i thium carbonate 
compositions. In  the in tervening region there is ini-  
t ial ly an increase in partial  molar volume of the minor  
component. The part ial  molar  volume exhibits the 
usual behavior  with respect to temperature.  

i t  is instruct ive to discuss all changes in molar vol- 
ume of the melts relat ive to a chosen reference state 
(25). For convenience the reference state is taken as 
the mel t ing point of the higher molecular weight com- 
ponent  of the mixture.  The implication behind the as- 
sumption is that there is a basic microscopic reference 
lattice s tructure of the liquid which predominates over 
the entire region of temperature  and composition 
involved. The molar volume (V) can then be considered 
to be a function of only two variables, the temperature  
(T) and the mole fraction of the lower molecuIar 
weight component in the mixture  (n2) 

V = f (T, n2) [1] 

d V  .-~ (OV/OT)n2 dT--}- (8V/Of~2)Tdn2 [2] 

where (SV/OT) , ,  2 is the rate of change of molar volume 
with tempera ture  at a fixed composition, i.e., the ther-  
mal  expansivity. From the density data when n2 is 
constant 

e = y(T) 
i.e., 

V : M H ( T )  [3] 
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In the present  case 

(OV/OT)n 2 =- b M / ( a -  bT)2  [3a] 

The second term in Eq. [2], ( o V / o n 2 ) T ,  is the isother- 
mal  rate of change of molar  volume with composition. 
From molar volume data 

V = f(n2) [4] 
In  the present  case 

( O V / O n 2 ) T = V 1 - - V 2  at l ~ . n ~ 0  [4a] 

that  is, the isothermal rate of change of molar volume 
with composition is equal to the difference between 
the part ial  molar  volumes (V) of the two components 
in the melt, when the mixture  behaves ideally. In the 
case of the l i th ium binaries the nonideal  seCtion n2 ----- 
0.25-0.67 can be accommodated by including two n e w  
l inear functions. Finally,  from [2], the change in molar  
volume above the mel t ing point of the higher molecular  
weight component can be found 

y :  f n2=n2 
AV = o (OV/OT)n2 d T  -4- ,in2=0 (OV/On2) T dn2 

[5] 
and more simply, for convenience 

f( C A V  = o h V T  d T - ?  ~'n2=~ AVn2 dn2 [baJ 

where aVT  and ~Vn2 are the rate change of molar vol- 
ume with tempera ture  and composition, respectively, 
used in Fig. 6. 

Using this analysis on the data it is possible to sepa- 
rate the respective effect of these two integral  terms 
of [ba] on the molar volume change beyond the stand- 
ard state. Resulting data are shown in Fig. 6 from 
which it can be seen clearly that  both the change due 
to temperature  and composition are not ent irely in-  
dependent  of the other variable;  the effect of tempera-  
ture exhibit ing a decrease in volume change with in-  
creasing composition of the higher molecular weight 
component par t icular ly  in the vicinity of the pure 
components, and the effect of composition showing a 
slight increase in volume change with temperature.  
The magni tude  of these deviations is small, being be- 
tween 0.5 to 2.0%. In  Fig. 6 the effect is shown only 
for the sodium-potassium carbonate mixtures in order 
to avoid confusion but  the other binaries show a simi- 
lar effect. It would be expected that  the thermal  ex- 
pansivi ty  would alter with composition because it is 
a property which depends on the na ture  of the com- 
ponents in the mixtures. However, what  is more not-  
able is that the expansion is not  regular  over the com- 
position range even with ideal melts  such as the 
sodium-potassium carbonate binary.  Such variations 
are in l ine with studies on b inary  solids and are pre-  
sumably connected with interactions in the melt. The 
same is t rue of the thermal  effects exhibi ted by the 
change of molar  volume with composition. 

It is possible to explain the sudden nonideal  volume 
increase shown in Fig. 5 by reference to the micro- 
scopic s tructural  a r rangement  of the melts along lines 
suggested by Ward and Janz (4). If the anions are 
considered as rigid units  bui l t  up of three in terpene-  
t ra t ing oxygen atoms (Fig. 7), then a cation can oc- 
cupy various contact positions around such a uni t  (26). 
These positions, designated as A, B, and C, correspond 
to symmetrical  positions of the cation in contact with, 
respectively, 2 and 1 oxygen atoms of the anion. The 
cation can assume intermediate  positions depending on 
the packing of the molecule. The most flexible of these 
sites is obviously the B and C positions where the 
cation can move over a relat ively large portion of the 
exposed oxygen atom surface with which it has con- 
tact. This type of siting is designated as D cation posi- 
tion. A change in volume of an alkali metal  carbonate 
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Fig. 6. Maim volume change 
of the alkali metal carbonate 
binary mixtures. The temperature 
effect is shown only for the 
NaKC03 mixture. 
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molecule is possible if a cation is moved from one 
site to another.  With  the  alkali  meta l  carbonates the 
anions pack together  forming a distorted te t rahedron 
of four oxygen atoms around an alkali  metal  ion (27). 
The cation atoms would then be in a C-3D siting be- 
tween the anions while  every  fourth cation in a crys- 

Fig. 7. Possible positions of lithium cation around a carbonate 
anion. 

tal  unit  forms an A -- A bond. A close examinat ion of 
the increase in par t ia l  molar  vo lume of the l i thium 
binaries reveals  that  movement  of the cations between 
various sites can provide a feasible explanat ion for the 
observed increase in volume of the minor  component.  
For example,  wi th  the l i th ium-sodium carbonates 
mixtures,  the part ial  molar  vo lume of sodium carbon-  
ate increases suddenly by 2:6% at the 66.7 m / o  l i th ium 
composition and remains constant unti l  about the 50 
m / o  composition. This corresponds to a shift f rom 
A -- A bonding of two anions by a sodium atom to an 
A -- D type bonding. Similarly,  the l i thium carbonate 
shows a par t ia l  molar  vo lume increase of 3.8% at the 
25 m / o  l i thium composition. Again this corresponds to 
a shift of anion bonding by the l i thium cation from 
A -- A to A -- D type. In the case of the l i th ium- 
potassium binary, corresponding increases in the  par-  
t ial  molar  volume of the potassium and l i th ium car-  
bonate of 2.2% and 5.1%, respectively,  again aline 
wi th  A -- A to A -- D type shift of cation siting. Such 
a change of bonding of the minor  addit ive in the l i th-  
ium carbonate binaries implies a drop of coordination 
number  in the par t icular  composition region involved.  
Determinat ion of such data would  provide a positive 
test of the proposed site change mechanism. 

The flexibility of the  D- type  bond wil l  depend to a 
great  extent  on the size of the cations in both A and D 
sites. As the size of the cation is increased for the D 
site and decreased for the A site the  flexibility of 
movement  of the cation in the D site will  be reduced, 
i.e., the  siting tends toward  the B or C positions. Com- 
parison of the l i th ium-sodium and l i th ium-potass ium 
binaries shows that  the  D site tends more toward  B 
or C positions when the size of the  diluting cation is 
increased. This is in agreement  wi th  the general  pre-  
dictions regarding cation siting already presented. An-  
other  detail  of the results which supports the cation 
siting premise is the almost l inear  increase in part ial  
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molar volume which is observed for the nonideal  
region. 

Nonideal behavior  of these l i th ium binaries occurs 
between the smal l / large cation ratios of 2/1 to 1/3, 
that is, at definite molar  ratios. In  the first place the 
basic reason for the proposed shift in cation siting 
could well be due to the relat ively small  sized l i thium 
ion being able to fit between two anions held together 
by a larger cation in an A -- A type bond. This would 
permit  the l i th ium ion with its greater charge density 
to influence the larger A -- A sited cation. When the 
smal l / large  cation ratio is above 2/1, the larger cation 
is, on the average, influenced evenly by l i thium ions. 
As the ratio falls below this point,  there  is an inbalance 
of influence because, on an average, large cations are 
now not influenced by l i th ium ions alone and an inbal -  
ance in repulsive influence forces the larger cation 
from the A - -  A site bond. This inbalance continues as 
the smal l / large  cation ratio falls unt i l  it passes below 
1/3 ratio. In  such circumstances the greater charge 
density of the l i th ium ions conceivable would enable 
them to take the A m A siting thus br inging back 
ideal behavior to the melt. 
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Electrode Potentials of Several Redox Couples 
in Molten Fluorides 

H. W. Jenkins, 1 G. Mamantov,* and D. L. Manning 
Department of Chemistry, University of Tennessee, Knoxville, Tennessee, 

and Analytical Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

The standard electrode potentials (E ~ of the following redox couples 
were determined in molten LiF-BeF2-ZrF4 (65.6-29.4-5.0 m/o  (mole per 
cent) and L i F - N a F - K F  (46.5-11.5-42.0 m/o)  at 500~ from emf measurements  
on galvanic cells using N i ( I I ) / N i  reference electrode, contained in a boron 
ni tr ide compartment.  The E ~ of the N i ( I I ) / N i  couple was set at 0.000V. In  
LiF-BeF2-ZrF4: Be ( I I ) /Be  --2.120V, Zr ( IV) /Zr  -- 1.792V (not E ~ ), Cr ( I I ) / C r  
--0.701V, Cr ( I I I ) /C r  (II) --0.514V, Fe ( I I ) / F e  --0.410V, and Fe ( I I I ) / F e ( I I )  
0.166V. In  L iF -NaF-KF:  F e ( I I ) / F e  --0.390V and F e ( I I I ) / F e ( I I )  --0.200V. 
The more anodic value of E ~ of the F e ( I I I ) / F e ( I I )  couple (as compared to 
the F e ( I I ) / F e  couple) in LiF-BeF2-ZrF4 in comparison to L i F - N a F - K F  re-  
flects the higher acidity (modified Lux-Flood concept) of the LiF-BeF2- 
ZrF4 melt. 

Electrode potentials give a direct measure of ther-  
modynamic stabili ty of electroactive species relat ive 
to one another  in a given solvent and provide in-  
formation useful in electroanalytical chemistry. In -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r ,  
1 O a k  Ridge Associated U n i v e r s i t i e s  Fe l low,  U n i v e r s i t y  of  T e n n e s -  

see.  

terest in electrode potentials in molten fluorides at 
the Oak Ridge National  Laboratory stems from their 
importance in nuclear  reactor technology. A number  
of electrode potentials have been determined in mol-  
ten chloride solvents from emf measurements  on elec- 
trochemical cells (1-3). Few electrode potentials 
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have  been measured in mol ten fluorides. Gr jo theim (4) 
has measured the potentials of several  meta l  ion /  
metal  electrodes in N a F - K F  (40-60 m/o )  at 850~ 
Baes (5) has calculated electrode potentials in LiF-  
BeF2 (66-34 m/o )  from ionic equil ibria  data. Hitch 
and Baes (6) have measured the potential  of a Be ( I I ) /  
Be electrode vs. a HF/H2 electrode in LiF-BeF2 (66- 
34 m/o)  ; the revers ibi l i ty  of the HF/H2 electrode was 
studied previously by Dirian, Romberger ,  and Baes 
(7). Mellors and Senderoff (8) have  est imated several  
electrode potentials f rom chronopotent iometr ic  mea-  
surements  in L i F - N a F - K F  (46.5-11.5-42.0 m/o ) .  

Results of other measurements  have been sum- 
marized e lsewhere  (9-11). 

Experimental 
M a t e r i a l s . - - T w o  fluoride salt mixtures  were  used as 

solvents in this investigation: 

1. L i F - N a F - K F  (46.5-11.5-42.0 m/o,  l iquidus tem- 
pera ture  454~ 

2. LiF-BeF2-ZrF4 (65.6-29.4-5.0 m/o,  l iquidus t em-  
pera ture  434~ 

These two salt mixtures  and the fol lowing anhydrous 
fluoride salts were  obtained from the Reactor Chem- 
istry Division of the Oak Ridge National  Labora tory  
(12): NiF2, FeF2, FeFs, CrF2, CrF3, and LiF-BeF2 
(66-34 m / o ) .  None of these salts received any fur -  
ther  pre t rea tment ;  however ,  all were  stored in an 
inert  a tmosphere  unti l  their  use. Boron ni tr ide used 
in the construction of the reference electrode was 
grade A or HP (Carborundum Company) .  The boron 
ni tr ide was kept  in a desiccator except  for the t ime 
requi red  for machining. 

E q u i p m e n t . - - T h e  melt  (~400g) is contained in a 
graphi te  cell which is enclosed in the drybox- furnace  
system. This system and the N i ( I I ) / N i  reference elec- 
t rode contained in a boron nitr ide compar tment  that  
were  employed in this invest igat ion have been de- 
scribed previously  (13). All  emf measurements  were  
made with a Moseley X - Y  recorder  Model 2D-2A (in- 
put impedance 1 megohm).  In some cases, in order to 
expand the recorder scales, the emf was first amplified 
using a Kei th ley  600A electrometer .  

High-pur i ty  nickel and iron wires, coiled several  
t imes on the end to increase the surface area, were  
employed as indicator electrodes for the N i ( I I ) / N i  
and F e ( I I ) / F e  couples, respectively.  Beryl l ium, zir-  
conium, and chromium indicator electrodes were  con- 
structed by at taching a threaded 1 to 1.5 in. long piece 
of the desired meta l  to a tong, % in. d iameter  nickel 
rod. The beryl l ium and zirconium electrodes were  
cleaned with  emory  paper  and r insed in acetone. The 
other  electrodes were  rinsed with  acetone and dis- 
t i l led wate r  and then dried. 

P r o c e d u r e . - - V o l t a m m e t r i c  current -potent ia l  curves 
recorded in each melt  were  used to ident i fy impuri t ies  
and approximate  their  concentrations. Removal  of 
common metal  ion impurities,  N i ( I I ) ,  Fe ( I I ) ,  and 
Cr ( I I ) ,  in the LiF-BeF2-ZrF4 melt  was accomplished 
by reduct ion with  zirconium metal. Removal  of these 
impuri t ies  in the L i F - N a F - K F  melt  was accompl i shed  
by pre-electrolysis  employing ei ther a graphite or 
p la t inum cathode. 

The emf measurements  were  made as a function of 
concentrat ion (except  for B e ( I I ) / B e  and Z r ( I V ) / Z r  
couples);  the concentrat ion of the solute species was 
varied by addition of the anhydrous salt. It was es- 
tablished f rom the stabil i ty of emf measurements  and 
f rom variat ions of the vol tammetr ic  peak current  that  
homogenei ty  of solutions was at tained by wai t ing 
about 1 hr  between additions and measurements ;  the 
melt  was st irred periodically (ei ther  manual ly  or 
mechanical ly)  during that  time. EMF measurements  
were  recorded over  a 15-30 min period to insure 
stabil i ty of the values. 

Solute concentrat ion was determined ei ther  by 
spectrophotometric  analysis of a sample taken at the 
t ime of the corresponding emf measurement  or from 
a vol tammetr ic  cur ren t -potent ia l  curve recorded at 
the t ime of the corresponding emf  measurement .  

Since a significant junct ion potent ial  across the 
boron ni tr ide membrane  has been observed (13) (this 
potential,  al though stable, was of the order of 100 mV 
in some exper iments ) ,  it was necessary to re la te  the 
potential  of each reference electrode to a common 
point; in this study, the s tandard potent ial  of the 
N i ( I I ) / N i  couple. This was accomplished by measur-  
ing the potential  of the reference electrode with  re-  
spect to a N i ( I I ) / N i  electrode in the bulk of the 
melt  and extrapola t ing the measured value by means 
of the Nernst  equation to a value with respect to a 
unit mole fraction solution of Ni (II).  

Results and Discussion 
Three concentrat ion scales are commonly employed 

in molten salts: molal i ty  (m),  molar i ty  (M), and mole 
fraction (X).  Concentrat ions are expressed in mole 
fraction for this study; however,  for dilute solutions 
molal i ty  and molar i ty  can be readi ly  re la ted to mole 
fraction. At 500~ the relationships for LiF-BeF2-  
ZrF4 are given by (14) 

m = 25.5 X 

M = 62.2 X 

For L i F - N a F - K F  the relationships are given by 

m = 24.2 X 

M = 52.6 X 

The potential  of the hypothet ical  unit  mole fraction 
N i ( I I ) / N i  electrode was set arbi t rar i ly  at 0.000V in 
these measurements .  

Since beryl l ium metal  readi ly  reduces Zr ( IV) ,  it 
was not possible to measure the potent ial  of the 
B e ( I I ) / B e  couple in LiF-BeF2-ZrF4. However ,  the 
potential  of this couple was measured in LiF-BeF2 
(66-34 m/o)  by isolating the couple in a boron nitr ide 
compar tment  and measur ing the cell emf vs. a N i ( I I ) /  
Ni electrode in the bulk of a LiF-BeF2-ZrF4 mel t  as 
the function of the Ni (II) concentration. In these mea-  
surements,  the emf may have included a junct ion po- 
tential  be tween the two melts plus the previously ob- 
served potential  drop across the boron nitr ide wall. 
Since there  was no way  to ascertain the magni tude of 
the junct ion potential,  it was included in the standard 
electrode potential  of the B e ( I I ) / B e  couple. The 
standard state of the Be( I I )  was taken as the sol- 
vent  composition, LiF-BeF2 (66-34 m/o ) .  

The potential  of the Z r ( I V ) / Z r  couple was deter -  
mined by measur ing the potential  of a zirconium rod 
immersed in the LiF-BeFe-ZrF4 melt. The potent ial  
of this rod was stable to • over  a five day period. 
The standard electrode potentials of the F e ( I I ) / F e ,  
F e ( I I I ) / F e ( I I ) ,  and N i ( I I ) / N i  couples were  determined 
in both solvents while  the standard electrode potentials 
of the C r ( I I ) / C r  and C r ( I I I ) / C r ( I I )  couples were  
determined only in the LiF-BeF~-ZrF4 melt. 

S tandard  electrode potentials for the various cou- 
ples were  determined f rom plots of emf vs. the loga- 
r i thm of concentrat ion of the solute species (approxi-  
mate ly  5 x 10 -5 to 10 .3  mote fract ion) in the bulk of 
the melt. For  each electrode couple, a line having  the 
slope predicted by the Nernst equation was drawn 
through the data points. These lines were  extrapolated 
to ei ther  a unit  mole fraction or a Ox /Red  ratio of 
uni ty  to determine  the standard electrode potential.  
Nernst ian revers ibi l i ty  was confirmed from a fit of 
the data points to such lines which was good in all 
cases except  the C r ( I I ) / C r  couple. For  the C r ( I I ) / C r  
couple, the data tended toward a lower slope than 
predicted by the Nernst  equation. 
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Table I. Standard electrode potentials i .  molten fluorides* 

E L E C T R O D E  P O T E N T I A L S  O F  R E D O X  C O U P L E S  

Measured,aV 
E l e c t r o d e  C a l c u l a t e d , b  V 

coup l e  LiF-BeF.~-ZrF4  L i F - N a F - K F  L i F - B e F 2  

Be  ( I I ) / B e  - 2 ,120 - 2.211 r 
Z r  ( I V ) / Z r  - 1.7924 - 1.772 
U ( I V ) ] U ( I I I )  �9 -- 1.480 ~ 1.517 
Cr  ( I I ) / C r  -- 0,701 -- 0.789 
Cr  ( H I ) / C r  -- 0 .639 
Cr  ( I I I ) ] C r  (II)  -- 0.514 
Fe  ( I f ) / F e  - 0 ,410 - 0.390 - 0.413 
F e  ( I I I ) / F e  -- 0 .218 - 0.327 
lqi ( I I ) / N i  0.000 O.OOO 0.000 
Fe  ( I I I ) / F e  (II)  + 0,166 -- 0 .200 

* T e m p e r a t u r e  5OO~ 
a S t a n d a r d  s t a t e  f o r  a l l  s o lu t e s  e x c e p t  b e r y l l i u m  (II)  a n d  z i r co -  

n i u m ( I V )  (see f o o t n o t e  4) is  t h e  h y p o t h e t i c a l  u n i t  m o l e  f r a c t i o n  
so lu t ion .  T h e  b e r y l l i u m ( I I )  s t a n d a r d  s t a t e  is t h e  s o l v e n t  compos i -  
t ion ,  LiF-BeF.~ (66-34 m / o ) .  T h e  e s t i m a t e d  a c c u r a c y  is •  

b V a l u e s  c a l c u l a t e d  bY B a e s  (5) c o n v e r t e d  to  500~ 
c E x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e  (6).  

T h i s  p o t e n t i a l  w a s  n o t  e x t r a p o l a t e d  to  t h e  h y p o t h e t i c a l  u n i t  
m o l e  f r a c t i o n  s o l u t i o n  s i n c e  t h e  a c t i v i t y  coe /Bc ien t  o f  ZrF~ c h a n g e s  
by  m o r e  t h a n  t e n f o l d  f r o m  5 m / o  to i n f i n i t e  d i l u t i o n  (5).  

e See  r e f  (15) .  

The s t andard  electrode potent ia ls  de te rmined  in 
this s tudy at 500~ are  l isted in Table I. Values de-  
t e rmined  for  the  F e ( I I I ) / F e  and Cr(III) /Cr couples 
were  ca lcula ted  f rom the s tandard  electrode po ten-  
t ials of the  F e ( I I I ) / F e ( I I ) ,  F e ( I I ) / F e ,  C r ( I I I ) /  
C r ( I I ) ,  and C r ( I I ) / C r  couples using a s tandard  ap-  
proach (16). Fo r  the  sake of comparison,  the  s t and-  
ard electrode potent ia ls  ca lcula ted  by  Baes (5) in L i F -  
BeF~ (66-34 m/o )  at  500~ are  included in Table  I 
where  available.  The t rend  in the  values de te rmined  
in LiF-BeF2-ZrF4 agrees  well with that  ca lcula ted 
in LiF-BeF2;  however ,  in al l  instances, the  values  de-  
te rmined in this s tudy  are  lower  than those calcu-  
la ted by  Baes. The 91 mV difference be tween the two 
values for  the B e ( I I ) / B e  couple could be due pa r -  
t ia l ly  or to ta l ly  to the  inclusion of a junct ion poten-  
t ial  in the value de te rmined  in this  study.  The other  
differences observed be tween the two sets of values 
range  from 3 mV for the  F e ( I I ) / F e  couple to 88 mV 
for the  C r ( I I ) / C r  couple. 

These differences may  be due to the grea ter  s tab i l i ty  
of the h igher  oxidat ion state re la t ive  to the  lower  
oxidat ion s tate  in LiF-BeF2 than in LiF-BeF2-ZrF4.  
Such an effect m a y  be  caused b y  the format ion  of a 
ve ry  s table  ZrFz4 - x  complex which would make  L i F -  
BeF2-ZrF4 a more  acidic (using the modified Lux-  
Flood concept)  solvent  than LiF-BeF2 by the reduc-  
tion of the  ac t iv i ty  of the  basic species, free F - .  The 
same effect, in a more  pronounced example ,  is ob-  
served when compar ing  the re la t ive  s tab i l i ty  of Fe  (111) 
to F e ( I I )  in L i F - N a F - K F  and LiF-BeF2-ZrF4.  In 
L i F - N a F - K F  where  all  of the F -  is present  as free 
F - ,  the  s tandard  potent ia l  of the  F e ( I I I ) / F e ( I I )  cou- 
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ple  is 0.190V anodic to the  F e ( I I ) / F e  s t anda rd  poten-  
tial.  However ,  in LiF-BeF2-ZrF4 where  the  free F -  
ac t iv i ty  is reduced by the format ion of BeF4 -2 and 
ZrFz 4-x complexes,  the s tandard  potent ia l  of the  
F e ( I I I ) / F e ( I I )  couple is 0.576V anodic to the  F e ( I I ) /  
Fe couple. Thus, F e ( I I I )  is 0.386V or 8.8 kca l  more  
s table  re la t ive  to Fe (II)  in L i F - N a F - K F  than  in L i F -  
BeF2-ZrF4. 
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Proton Effects in the Electrochemistry of the 
Quinone Hydroquinone System in Aprotic Solvents 

B. R. Eggins and J. Q. Chamberst 
Department of Chemistry, University of Colorado, Boulder, Colorado 

ABSTRACT 

Electrochemical and spectroscopic techniques have been used to study 
the benzo-, duro-,  tetrachloro-,  and p-xy loquinone-hydroquinone  couples in 
nonaqueous solvents. The proton t ransfer  reactions which are coupled to the 
electron t ransfer  steps are elucidated. Oxidation of the hydroquinone leads to 
the protonated quinone species, while reduction of the quinones in the pres-  
ence of a proton source gives mixtures  of the corresponding hydroquinone,  its 
conjugate base, and the free semiquinone, depending on the amount  and 
strength of the proton donor used. Oxidation of the hydroquinones is postu-  
lated to proceed via a dimer of the one-electron intermediate.  P re l iminary  
results are reported on the electrochemical behavior of solutions containing 
the quinhydrone charge- t ransfer  complex. 

The vast major i ty  of organic electrode processes 
involve proton transfers  coupled with electron 
transfers. Proton transfers  are general ly very rapid 
reactions and cannot be studied using conventional  
polarographic techniques. We have studied the 
quinone-hydroquinone  (Q-QH2) system which has 
been considered the classical organic reversible redox 
reaction (1, 2) 

Q -~ 2H + + 2e -  = QH2 [1] 
Such systems are often used to test new electrode 
materials,  new electrochemical techniques, and new 
solvent systems. They are also involved in biological 
electron t ransport  (3). 

Studies by Vetter (4) on the quinhydrone system 
at p la t inum electrodes in aqueous solutions using 
Tafel plots led to the following suggested mechanism 

p H < 5  Q -t-H + = Q H  + 
QH + ~- e -  = QH 
QH" -f- H + = QH2. + 
QH2 .+ ~- e -  = QH2 [2] 

which can be expressed as a Hel le  mechanism. At 
pH > 6 Vetter suggests that  the mechanism is eHeH. 

There is some conflict between these mechanisms 
and the work of Hale and Parsons (5) in which polaro- 
graphic waves at pH 4 were analyzed by the Koutecky 
method and potential  energies of the various species 
were estimated to elucidate a pathway following the 
species of lowest energy. These workers suggest that  
the mechanism is either HeeH or eHeH, and favor the 
former. 

Several  researchers including Peover (6), Waw- 
zonek (7), Elving (8), Kolthoff (9), and Osteryoung 
(10) have studied proton effects on the reduction of 
quinones in aprotic solvents, but  not in great detail. 
We have studied proton effects in the nonaqueous 
electrochemistry of the Q/QH2 system (11) and have 
characterized the oxidation of QH2 in acetonitrile (12) 
using electrochemical techniques over a wide t ime 
scale. The products and an intermediate  have been 
detected by cyclic vol tammetry  (13). 

Experimental Section 
Most of the exper imental  procedures were  s tandard 

and have been described in  par t  elsewhere (14, 15). 
Reagent grade chemicals were used. Duroquinone 

was obtained from Aldrich Chemical Company; p- 
benzoquinone, p-xyloquinone,  tetrachloroquinone, and 
p-benzohydroquinone were obtained from Eastman 
Chemical Company. The p-benzoquinone was resub-  
l imed before use. The hydroquinones were prepared 
from the corresponding quinones following the method 

Address correspondence to this author  at Dept. of Chemistry,  
University of Tennessee,  Knoxvil le ,  Tenn. 37916. 

given by Vogel (16). Practical  grade pyrrolidine and 
Analyt ical  Grade pyr idine obtained from Matheson, 
Coleman, and Bell were used without  fur ther  purifica- 
tion. For most of the studies, acetonitri le of high pur i -  
ty was employed as the solvent. 

Two pla t inum electrodes were used in this study. 
For measurement  at long times a commercial Beckman 
p la t inum inlay electrode was used, geometric area: 
0.212 cm 2. The other electrode had a geometric area 
of 0.0134 cm 2 and was used for measurements  at short 
times. The experimental  area of this electrode was 
determined using the known diffusion coefficient of 
potassium ferrocyanide (17) and found to be 0.0135 
cm 2 after correcting for edge effects by the method of 
Soos and Lingane (18). This electrode was usually 
polished to a mirror  finish using 0.3~ lapping compound 
before recording individual  current -potent ia l  (i-E) 
curves. The mechanical  pre t rea tment  gave reproduc- 
ible results in the nonaqueous systems under  study. 

The potentiostat  was based on the design of Brown 
et al. (19) and provided for compensation of the re- 
sistance between the tip of the reference electrode 
and the working electrode input.  At all but  the fastest 
sweep rates employed (ca. 2 x 103 V/sect ,  close to 
100% iR compensation could be achieved. At the fast- 
est sweep rates the peak potential  and current  func-  
t ion data contain small  contr ibut ions from iR terms 
although quali tat ive features of the i-E curves are 
still significant. All  peak potential  data in this paper 
are given vs. an aqueous SCE. 

Controlled potential  electrolyses were carried out 
on 10 mM solutions of hydroquinones by conventional  
techniques. The product was isolated, after neutra l iza-  
t ion of the solution (where necessary) with sodium 
carbonate, by removal  of the acetonitrile under  vacu- 
um and extraction of the residue with ether or cyclo- 
hexane. The quinone products were identified by 
cyclic vol tammetry  and mel t ing points. Visible and 
u.v. spectra were obtained using a Cary Model 14 
spectrometer. In situ electrolyses were performed in 
the cavity of a Varian Model V4502 spectrometer fol- 
lowing s tandard procedures. 

Results and Discussion 
Oxidation of hydroquinone.--The oxidation of benzo- 

hydroquinone (QH2) at p la t inum electrodes in aceto- 
ni tr i le  is irreversible, producing quinone (Q) in a two- 
electron step. 

QH2-~ Q ~- 2H + -t- 2e -  [3] 

Q ~ H + ~__ QH + [4] 

Cyclic vol tammograms of QH2 (Fig. 1) at slow sweep 
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Fig. I. Cyclic voltammogram of p-benzohydroquinone oxidation: 
1.82 x 10-3M QH2, 0.1M TEAP, CHaCN, 0.12 V/sec, 0.1 mA/divi- 
sion. 

rates show one i r revers ib le  two-e lec t ron  oxidation 
wave  (I) followed by one i r revers ible  two-e lec t ron  
reduction wave  (II) on the cathodic sweep. The num-  
ber of electrons involved in each wave  was de termined  
by double potential  step chronoamperomet ry  (20). 
The diffusion coefficient of QH2 is 3.16 • 0.15 x 10 -5 
cm 2 sac-1. The peak width  for wave  I at a sweep rate 
of 0.12 V/sac is 95 mV indicating i r revers ibi l i ty  and a 
t ransfer  coefficient of 0.5. Controlled potential  electrol-  
ysis of QH2 and of durohydroquinone gave good yields 
of the respect ive quinones. 

Wave II involves the reduction of Q / H  + mixtures  
to the hydroquinone monoanion, Q H - ,  which is rapidly 
protonated in the presence of excess protons. 

e -  H + 
Q + H  + + e -  > Q H .  > Q H -  ) Q H 2  [5] 

This scheme was established by observation of the 
effect of proton donors on the cyclic vo l tammograms 
of the  various quinones. Reduction of a 2:1 mix ture  
of perchloric acid to quinone gives a cyclic vo l tammo-  
gram essentially identical  to Fig. 1 in that  only the 
QH2 oxidation wave  is observed on the anodic cycle. 
With a ratio of 1:1 perchloric acid to quinone, reduc-  
tion waves can be seen in the cyclic vo l tammograms 
corresponding to Eq. [5] and [6] 

Q + e -  -~ Q . -  [6] 

followed by oxidation waves on the reverse  scan aris-  
ing f rom the oxidation of semiquinone ( Q - - ) ,  Q H - ,  
and QH2 (see Fig. 2). The peak potential  of wave  II 

I I I I I 

J I 

~ Q H 2  ~n uA+u 
Oxid 

*,:o ' o'o ' -,'.o 
Volts vs. S C E 

Fig. 2. Cyclic voltommogram of p-benzoquinone in acid solution: 
1.52 x 10-3M Q, 1.91 x 10-3M HCIO4, 0.01M TEAP, CH3CN, 0.12 
V/sec, 0.05 mA/division. 
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Fig. 3. Cyclic voltammogram of p-benzoquinone in the presence 
of a weak proton donor: 1.87 x 10-3M Q, 23 x 10-3M benzoic 
acid, 0.1M TEAP, CH3CN, 0.12 V/sec. 

(Eq. [5]) varies between 0.0 and 0.2V, depending on 
the hydrogen ion activity. When p-toluenesulfonic or 
picric acid is used as the proton donor, waves  I and II 
shift to more posit ive potentials as the acid concentra-  
t ion is increased. The shift is roughly 30 mV in Epz2 
per tenfold increase in the hydrogen ion activity. A 
quant i ta t ive  explanat ion of this dependence is difficult 
since the peak widths are also a function of the acidity. 
The peak width  for wave  II is ca .  0.2V and dependent  
on sweep rate, suggesting kinetic complications as well  
as i rreversibi l i ty.  

The diffusion coefficient of the quinone species is 
2.9 x 10 -5 cm 2 sac -1. This was determined by chrono- 
amperometr ic  measurements  on wave  II in Q/HC10~ 
mixtures  using the Cottrel l  equation. The apparent  D 
value for wave  II varies  as the quinone r ing is sub- 
st i tuted by methy l  groups. The diffusion coefficient of 
the solvated proton (H30+?)  in acetonitr i le/HC104 
mixtures  is 2.1 x 10 -5 cm 2 sac -1. 

Evidence for the formation of Q H -  in the reduction 
of Q / H  + mixtures  is as follows. Cyclic vo l tammograms 
of quinone in the presence of weak proton donors, 
e .g . ,  1:1 benzoic acid to Q, exhibi t  an oxidation wave  
at ca .  +0.3V on the reverse  or anodic-going sweep 
(Fig. 3). This wave  is a t t r ibuted to the oxidation of 
Q H - .  Direct  evidence for the oxidation of Q H -  was 
difficult to obtain as addition of excess t e t r a -n -bu ty l -  
ammonium hydroxide  to QH2 results in the formation 
of Q2- and Q . -  (detected by cyclic vo l t ammet ry ) ,  
but  not Q H - .  With a 1:1 ratio of QH2:Bu4NOH a pre-  
cipitate forms and all e lectrochemical  waves disappear. 
This precipi tate is ascribed to Bu4N+QH - by Badoz- 
Lambling and Demange-Guer in  (21,22). However ,  
addition of the nonhydroxyl ic  base, pyrrol idine [PKa 
in water:  11.27 (23); compared to pKa's for QH2 of 
9.85 and 11.40 (24)] to QH2 in acetonitr i le  results in a 
decrease in the  height of the QH2 wave  and the ap- 
pearance of an oxidation wave  at +0.28V to +0.45V 
depending on the amount  of base added. Assignment  
of this wave  to the oxidation of Q H -  is consistent wi th  
the acid-base chemist ry  of QH2.1 No Q2- oxidation 
wave  is observed, presumably  because pyrrol idine is 
a weaker  base than the dianion. Pyrro l id ine  itself is 
oxidized at +1.08V and a product  is reduced at 
--0.88V. 

These results can be explained ei ther  by a scheme 
involving "preprotonat ion"  of the quinone to form 
QH + near  the electrode surface followed by uptake 
of an electron or by one-elect ron reduction of H + 
fol lowed by hydrogen atom transfer  to Q. The la t ter  
process is feasible since H + is revers ib ly  reduced in 
acetonitr i le  at a wel l  polished p la t inum electrode in 
the region of 0.0V. The pK of QH + has been reported 

z Since this paper was submitted for publication, Parker (42) has 
reported a similar observation using 2,6-1utidine as the base. 
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to be --1.0 in aqueous solutions (25). However ,  there  
is some dispute over  this value since quinone species 
which are stable in concentrated acid solutions give 
pK values considerably lower  on a Hammet t  acidity 
function scale (26, 27). Badoz-Lambl ing  and Demange-  
Guerin (21) report  that  benzoquinone is not proton-  
ated in N,N-d imethy l formamide  on the basis of spec- 
t rophotometr ic  studies. We find that  the absorption 
spectrum of Q in acetonitr i le  changes considerably on 
addition of perchloric acid up to a concentrat ion of 
1M, showing a new m a x i m u m  at 353 m~. These changes 
are caused by chemical reactions of Q with HC104, in-  
cluding possible QH + formation. 

If the basicity of Q is as high as suggested by 
Biedermann (25), the QH + scheme is an at t ract ive 
explanat ion for wave  II. This scheme is in accord with 
the kinetic character  of the wave  and the appearance 
of the wave  at roughly the same potential  on both 
mercury  and p la t inum electrodes. Hale and Parsons 
(5) have suggested the QH + species to explain the 
reduction of Q in aqueous solutions. Fur thermore ,  the 
wave  seems to be independent  of the state of the elec- 
t rode surface in contrast  to the proton wave  which 
varies by several  hundred mil l ivol ts  depending on the 
pla t inum electrode pret reatment .  

For these reasons, we favor  QH + as the in termediate  
in the reduction of Q/HC104 mixtures.  However ,  in the 
rest of this paper, this wave  (Eq. [5]) wil l  be re fer red  
to as the " Q / H  + wave"  which is meant  to indicate 
that  the order of proton and electron t ransfer  is open 
to question. 

The process has characterist ics similar to catalytic 
hydrogen waves  (28), except  that  clearly the quinone 
nucleus is reduced, evidenced by the reduct ion pro-  
ducts detected on the reverse  cycle of the cyclic vol-  
tammograms.  This is similar  to the reduct ion of pro-  
tonated species in other  nonaqueous solvents. For  
example,  Spri tzer  et. al. (29) found that  reduction of 
pyr idinium ion in pyridine leads to reduction of the 
pyridine ring and a coupling product, in contrast to 
the behavior  in aqueous solutions (28). 

Chemical complicat ions . - -As the sweep rate is in-  
creased, wave  II disappears completely,  and the cur-  
rent  function for the QH2 oxidation wave  decreases 
considerably. This behavior  is shown in Fig. 4. H o w -  
ever, the corresponding current  function for the re-  
duction of Q plus a c i d ( E q .  [5]) remains almost con- 
stant wi th  increasing sweep rate  on both mercury  and 
plat inum electrodes. This result  was not expected. 
We had ten ta t ive ly  ascribed the decrease of the current  
function of wave  II to a slow protonat ion of Q pr ior  

tJ 

._a. 

~ / I  (QH 2 0 x i d )  

0 

(Q/H + Redn) 
I 

I | ~ 
- I  0 I 2 3 

l o g  v ( V l s e c )  

Fig. 4. Variation with sweep rate of current functions for waves 
I, II, and Iii  of QH2 cyclic voltammograms. Units: ip in amperes, A 
in cm 2, C in moles/liter, and V in volts/sec. 

to electron t ransfer  (11). 2 However  the observation 
of a constant current  function for the Q / H  + wave  in 
the Q/HC104 mixtures  implies that  protonation of Q, 
the forward step in Eq. [4], is fast on the t ime scale 
of the electrochemical  exper iment  and suggests that  
the decrease in the current  function for wave  II shown 
in Fig. 4 is d u e  to some other kinetic complication. 

To el iminate  the possibility that  the difference in 
the behavior  of the current  functions for wave  II in 
Fig. 4 and the Q / H  + wave  obtained in a Q/HC104 
mix tu re  was due  to the wate r  added wi th  the HC104, 
the following exper iment  was carried out. A 2 x 10 -3 
M QH2 solution in acetonitr i le  was exhaust ive ly  elec- 
t rolyzed at a large p la t inum electrode to produce a 
"dry"  solution, 2 x 10-3M in Q and 4 x 10 -3 in HC104. 
At slow sweep rates the i -E curve  obtained on this 
solution was essentially identical  to the reverse  cycle 
of the QH2 oxidation: one i r revers ible  two-e lec t ron  
Q / H  + reduct ion wave  was present. However  this wave  
did not disappear at fast sweep rates, but  exhibi ted 
behavior  identical to the Q/HC104 mixture.  In addi- 
t ion several  exper iments  were  carr ied out in which 
freshly dried molecular  sieves were  added to the work-  
ing electrode compartment .  Current  function data 
were  obtained in agreement  wi th  Fig. 4, which i n d i -  
cates that  trace amounts of water  present in aceto- 
nitr i le  were  not producing spurious results. 

At a sweep rate  of about 10 V/sec  a new reduct ion 
w a v e ( I I I )  appears on the reverse  cycle of the QH2 
oxidation cyclic vo l t ammogram at about --0.3 to 
--0.4V. This wave  becomes more prominent  as wave  
II disappears as is shown in Fig. 4 and the figure in 
ref. (12). This wave  does not  correspond to the small  
Q reduction wave  in the cyclic vo l tammograms  of 
Q/HC104 mixtures  which appears at potentials more 
negat ive than --0.5V. Waves II and III were  the only 
reduction processes evident  in the cyclic vo l tammo-  
grams at potentials more positive than --2.0V. 

The most striking feature  of these results is the 
complete disappearance of the Q / H  + reduction wave  
at fast sweep rates. This must  mean that  the QH. in- 
te rmedia te  which is formed in the oxidation of QH2 

QH2--> QH" ~ H + ~ e -  [7] 

is not  oxidized fur ther  by a simple one-e lec t ron step 
at this t ime scale. Direct  evidence for the  fate of the 
protonated semiquinone, QH-, is lacking, but  a l ikely 
possibility is that  it disproportionates to Q and QH2 
via a hemiketa l  intermediate ,  Eq. [8]. 

OH 

OH 0 �9 OH 0 ~ / ~  0 OH 

0 OH 0 0 OH 

[8] 

The hemiketa l  intermediate ,  (QH)2, is a dimer of the 
one-elect ron in termedia te  oxidation state, and its 
formation would account for the decrease of the cur-  
rent  function for the main oxidation wave. If  the 
initial concentrat ion of QH~ is reduced f rom 2.11 to 
0.96 raM, the current  function for wave  I decreases 
much more  rapidly wi th  sweep rate  indicating that  
the chemical  step fol lowing the  init ial  oxidation proc- 
ess (Eq. [7] ) is bimolecular.  This is in accord with  a 
dimerizat ion step such as Eq. [8]. 

Format ion  of (QH)2 has precedent  in the l i terature.  
Oxidation of durohydroquinone monomethyl  e ther  by 
alkal ine ferr icyanide in benzene mixtures  leads to the 
corresponding d imethoxy  der ivat ive  which can be 
isolated as a stable product  (30). Also oxidation of 
substi tuted phenols leads to products wi th  analogous 

'-' T h i s  m e c h a n i s m  h a s  b e e n  r e c e n t l y  s u g g e s t e d  b y  P a r k e r  (42). 



Vol. 117, No. 2 P R O T O N  E F F E C T S  189 

structures (31,32). The observed half-l ife of this 
species, estimated from the decrease of the current  
function of the  Q/H + wave, is ca. 0.1 sec. Under  the 
acidic conditions of the QH~ electrolysis solutions, the 
proposed intermediate  would be expected to be un -  
stable. Ketals and acetals are known to decompose in 
an acid catalyzed reaction via an intermediate  of the 
type (33) : +OH2 

I 
- - C - -  

f 
OR 

The half-l ife of (QH)2 shows qual i tat ively the expect- 
ed decrease with increasing hydrogen ion concentra-  
tion. 

In addition to QH2, the electrochemical oxidation of 
durohydroquinone (DQH~), p -xylohydroquinone  
(XQH2), and te t rachlorohydroquinone was examined 
in an effort to extend the general i ty of the conclusions. 
The behavior of these hydroquinones is analogous to 
that  of QH2. The current  functions for wave I decrease 
in each case and waves II and III  appear on the re-  
verse cycle for DQH2 and XQH2. Cyclic vol tammo- 
grams of DQH2 and the corresponding current  func-  
tions for waves I, II, and III are shown in Fig. 5 and 6. 
Wave III  is observed at lower sweep rates for DQHe 

\1 111 

i i i i i i i 
§ 0.0 -I 0 

Volts vs. SCE 

Fig. 5. Cyclic voltammograms of durohydroquinone oxidation: 
2.12 x 10-aM DQH2, 0.1M TEAP, CHsCN. (A) 1.80 V/sec, 0.02 
rnA/division; (B) 18.0 V/sec, 0.05 mA/division; (C) 180 V/sec, 
0.2 mA/division; (D) 600 V/sec, 0.5 mA/division. 
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F ig.  6 .  V a r i a t i o n  w i th  s w e e p  r a t e  o f  c u r r e n t  f u n c t i o n s  for  waves  

I, II, and III of DQH~ cyclic voltammograms. Units: same as Fig. 3. 

and XQH2 and at potentials fairly close to the revers-  
ible one-electron reduction of the corresponding 
quinone. Wave III  occurs at --0.83V for DQH2 and 
--0.59V for XQH2, while the quinones are reduced at 
--0.83 and --0.54V, respectively, under  the same con- 
ditions. The intermediates  formed from DQH2 and 
XQH2 are more stable than  the intermediate  formed 
from QH2. This conclusion is based on the assumption 
that  wave II disappears when  the t ime scale of the 
exper iment  competes with the half-l ife of the dimer. 

The behavior of DQ in the presence of perchloric 
acid is interesting. First, a considerable excess of acid 
(6:1) is required to completely el iminate the one- 
electron DQ reduction wave at --0.83V at a sweep rate 
of 6 V/sec. With increasing sweep rate the peak poten-  
tial of the DQ/H + wave shifts from 0.18V at 0.6V/sec 
to --0.52V at 600 V/sec and the current  function de- 
creases by one half. This suggests that  the rate of pro-  
tonat ion of DQ is slow. 

Nature of wave III.--Identification of the reduction 
process responsible for wave III  is not straightforward. 
This wave first appears at moderately fast sweep rates 
and spectroscopic or product identification techniques 
cannot be applied. However some per t inent  observa- 
tions can be made. First  of all, wave III is due to the 
reduction of some quinone species and not free pro- 
tons. While protons are reduced in the potential  region 
where wave III  appears for QH~, a proton wave would 
be expected to occur at roughly the same potential  
regardless of the hydroquinone oxidized. On the con- 
trary, wave III is dependent  on the na ture  of the 
hydroquinone in both its peak potential  and ease 
of formation. In  an effort to t rap the protons released, 
mil l imolar  concentrat ions of pyridine were added to 
the solution. This resulted in the appearance of wave 
III  at slower sweep rates, but  the peak potentials still 
varied considerably with the hydroquinone oxidized. 
In  the absence of pyridine,  wave III appears at --0.3V 
for QH~ and --0.83V for DQH2, while HC104 is reduced 
in the region of 0.0V. These differences are difficult to 
rationalize in terms of assignment of wave III to a 
proton reduction. Fur thermore,  wave III  is observed 
at a similar potential  on a nonaqueous carbon paste 
electrode (34), in contrast to the proton wave which 
appears at higher overvoltages on carbon paste than 
on plat inum. 

Another  possible process for wave III  is reduction 
of the quinone assisted by protons supplied by QH2 in 
the diffusion layer. This could proceed by protonation 
of Q . -  by QH2 

e -  QH2 e -  H + 
Q ~ Q . -  .-L_f> QH. > Q H -  ----> QH2 [9] 

or by the reduction of a QoQH2 hydrogen bonded 
complex to give a preprotonat ion wave 

e -  
Q . . .  HQH > QH. + Q H -  

e -  
> Q H -  

H + 
..> 2QH2. [10] 

Peover (6) has invoked both schemes in the reduction 
of different carbonyl  compounds in the presence of 
weak proton donors. However, both schemes are some- 
what  unsatisfactory descriptions of wave III since 
protons available in the diffusion layer from Eq. [7] 
would be more effective proton donors than  QH2. In  
other words, assignment of wave III  to ei ther of these 
processes is not consistent with the mobile equi l ibr ium 
for the protonat ion of Q (or the formation of QH.)  
which is observed exper imenta l ly  at these t ime scales. 
Because this equi l ibr ium is fast, the absence of a 
Q/H + wave implies that the concentrat ion of free Q 
is close to zero in the vicini ty of the electrode surface. 
Quinone solutions containing a large excess of QH2 do 
exhibit  a wave in the potential  region where wave 
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III is observed. This process is thought  to occur ac- 
cording to Eq. [10] and is discussed below. 

Reduction of the hemiketa l  species, (QH)2, formed 
in Eq. [8] is an interest ing possibility for wave  III. 

~ 0 H +  2H + + 2 e -  --> 2QH2 [11] 

Reduction of duroquinone dimethyl  ketal  in aqueous 
solutions occurs at more  positive potentials than re-  
duction of duroquinone at the same pH (35). tIemi= 
ketals would be expected to behave  s imilar ly and so 
the assignment of wave  III, which is more posit ive 
than the quinone wave,  to the hemiketa l  is reasonable. 

The appearance of wave  III at slower sweep rates 
in the presence of pyr id ine  is consistent with an in- 
te rmedia te  such as the hemiketa l  whose stabili ty is 
dependent  on the hydrogen ion activity. Invoking this 
species to explain wave  III is also consistent wi th  the 
behavior  of different hydroquinones  and the disap- 
pearance of the Q / H  + wave  in each case. Moreover  
its formation by dimerization of QH. is chemical ly 
s traightforward,  and the position (Ep) of the wave  
re la t ive  to the quinone wave  is acceptable. 

We have proposed that  wave  III  might  be due to 
reduction of quinhydrone on the grounds that  in solu- 
tions containing 0.02M Q and an excess of QH2, resul t -  
ing in appreciable equi l ibr ium concentrat ion of quin-  
hydrone, a wave  is observed in the region of wave  III 
(12). This suggestion also represents  a "one-e lec t ron"  
in termedia te  state in the oxidation process and ex-  
plains the decrease of the current  function of wave  I 
and the disappearance of the Q / H  + wave. However ,  
the bonding of quinhydrone  in solution is pr imar i ly  
charge t ransfer  in na ture  (36) and reduction of charge 
t ransfer  complexes usually occurs at potentials more 
negat ive than the reduction potent ial  of the acceptor 
molecule (37). On this basis alone, assignment of wave  
III  to reduction of quinhydrone species is questionable. 
In situ spectrophotometric  observation of the in ter-  
mediates might  permi t  a distinction to be made be= 
tween these possibilities since the hemiketa l  should 
have a characterist ic absorption in the 210 to 230 m~ 
region (35, 38). 

Mechanism.--On the basis of the above discussion 
we propose the fol lowing mechanism for the oxidation 
of hydroquinones in acetonitr i le  at a pla t inum elec- 
t rode (wave  I) 

+ 

QH2 ,~ QH2" + e [12a] 

QH2 + ) QH" + H + [12b] 

fast 
2QH. -------> (QH)2 [12c] 

slow 
(QH)~ ) Q + QH2 [12d] 

Q + H + ~,~ QH + [12el 

This mechanism explains the decrease of the current  
functions for wave  I toward values of unity and the 
disappearance of the Q / H  + wave. At  short t imes the 
oxidation proceeds to the one-elect ron in termediate  
state, postulated to be (QH)2. 

Electrode surSace e~ects.--Experiments were  carr ied 
out in high concentrations of perchloric acid using 
both acetonitr i le  and n i t romethane  as a solvent in an 

4- + 
unsuccessful a t tempt  to detect the QH2- or DQH2. 
species by cyclic vol tammetry .  Occasionally a promi-  
nent  cathodic wave  was observed at +0.6 to +0.TV 
which could be ascribed to the reduct ion of a pla t i -  
num oxide or a solution impurity.  

In some exper iments  QHe and DQH2 were  oxidized 
on a "plat inized p la t inum" surface, prepared by tak-  
ing the electrode through an oxidation and reduct ion 
cycle for 10 min at 100 c/sec. Qual i ta t ively  the cyclic 
vo l tammograms are similar  to those on "smooth" plat-  
inum, except  that  wave  III is observed at s lower sweep 
rates and the current  function for wave  II does not 
decrease unti l  faster  sweep rates. Similar  behavior  is 
observed on oxidized electrodes. Gentle  polishing with 
0.3~ lapping compound restores the electrode to its 
original  activity. 

The increase of wave  II on a "platinized p la t inum" 
surface is difficult to explain in terms of Eq. [12] or 
any scheme ascribing wave  III  to an in termedia te  
chemical  species. Some chronocoulometr ic  exper iments  
were  performed in an effort to detect adsorbed inter-  
mediates  in the electrode process, but the data did not 
permi t  significant conclusions to be drawn. However,  
these results can be tenta t ive ly  in terpre ted  by sug- 
gesting that  the reactions of QH- and DQH. (Eq. 
[12c]) are par t ly  heterogeneous in nature. A more 
meaningful  explanat ion awaits fur ther  exper imenta l  
data and a bet ter  description of the oxidized electrode 
surface. 

Other solvents.--Cyclic vol tammograms of QH2 were  
also obtained in dimethylsulfoxide  and ni tromethane.  
They are qual i ta t ively  similar  to those in acetonitr i le  
except that  the peak potentials varied as shown in 
Table I. A detailed study at different sweep rates was 
made in n i t romethane  in which current  function be- 
havior  similar to that  in acetonitr i le  was observed. 

Reduction of "quinhydrone solutions".--In low con= 
centrat ions of quinhydrone the appearance of the cy- 
clic vo l tammograms is that of a mix ture  of QH2 and Q. 
The QH2 acts to protonate Q . -  and to suppress the 
Q . - / Q 2 -  couple to some extent.  Esr indicates that  Q ' -  
radical anions are present in the electrolysis solutions. 

However ,  if the concentrat ion of quinhydrone is 
sufficiently high, a wave  is observed at ca. --0.3V. At 
slow sweep rates no Q reduction wave  is observed be= 
tween --0.5 and --0.6V. On the anodic cycle a broad 
wave  is evident  between +0.13 to +0.37V which can 
be assigned to oxidation of Q H - .  No wave  corre-  
sponding to Q ' -  oxidation is seen. This behavior  is 
shown in Fig. 7. 

The solution chemistry is complicated in this case 
since the QH2 molecule  can function both as a donor 
molecule  in a charge t ransfer  complex and as a proton 
donor. The formation constant for the charge t ransfer  
complex between Q and QH2 in acetonitr i le  is 0.083 
_+ 0.004 1 mole -1. This was measured by following 
the charge t ransfer  band at ca. 440 m~ and is in agree= 
merit wi th  l i te ra ture  values for other nonaqueous 
solvents (39). Thus in concentrated quinhydrone solu- 
tions or in the presence of a large excess of QH2 
(0.5M) there  exist an appreciable equi l ibr ium con- 
centrat ion of the charge t ransfer  complex. Assignment  
of the p rewave  at --0.3V to reduct ion of this qu inhy-  
drone species could explain the above observations. 
However ,  this is unl ikely in v iew of the propert ies of 
quinhydrone in solution. The bonding in this species 
is pr imar i ly  charge t ransfer  in na ture  (36). In com- 
plexes of this type the acceptor molecule, Q, formal ly  

Table I. Peak potentials of QH2 in different solvents 

S o l v e n t s  El ,  a o f  w a v e s  f o r  Q H 2  

I II  III 

M e C N  1 . 1 2  b 0 . 1 3  b - -  0 . 3 4  c 
D M S O  0 . 9 8  # - -  0 . 3 1  d - -  
M e N O ~  0 . 8 6 r  - - 0 . 2 3  e - - 0 . 6 1 t  

" V v s .  S C E .  
b 2 V / s e c .  
,~ 2 0  V / s e c .  
tt 4 V / s e c .  
r 1 . 5  V / s e c ,  
[ 1 5  V / s e c .  



Vol. 117, No. 2 P R O T O N  E F F E C T S  191 

J 

0.6 OD -0,6 - I  J,2 
Vol ts  v$, S C E 

Fig. 7. Cyclic voltammograms of "quinhydrone" solutions: 0.SM 
QH2, 0.02M, Q, 0.1M TEAP, CH~CN. (A~) 0.191 V/see, 0.0S mh/ 
division; (B) 1.12 V/sec, 0.1 mAJdivision; (C) 11.2 V/sec, 0.5 mA/ 
division. 

accepts electronic charge from the  donor molecule 
which wil l  act to decrease the electron affinity of the 
acceptor and hence its reduction potential. This is the 
behavior Peover has observed with a series of strong 
acceptor molecules such as chlorani l  with hydrocarbon 
donor molecules (37). Thus the presence of a prewave 
in the concentrated quinhydrone solutions is more 
likely to be a result  of the proton donor than  the 
charge t ransfer  properties of QH2. This suggests that a 
protonation scheme such as Eq. [9] or [10] might be 
the basis for the prewave at --0.3V. 

However there are several features of this reduction 
process which cannot be explained on the basis of 
simple schemes such as Eq. [9] and [10]. First, the 
shift of the prewave from the Q / Q . -  wave is ca. 0.25- 
0.3V which is greater than shifts observed in systems 
in which Eq. [9] is operative (40). Second, as the 
sweep rate increases the wave broadens considerably 
and the peak potential  shifts to more negative poten- 
tials at ca. 0.1V per decade increase in the sweep rate. 
Even with 10:1 phenol to Q the shift of the prewave is 
ca. 0.18V and a similar  shift of 0.1V per decade in-  
crease in sweep rate occurs. Litt le is known about the 
quant i ta t ive aspects of preprotonation behavior such as 
described by  Eq. [10] apart  from the brief ment ion  by 
Peover (6). The properties of this wave are qual i ta-  
t ively similar to those of the previously mentioned 
duroquinone reduction wave in excess perchloric acid. 

In  addition the wave at --0.3V does not have the 
usual shape for a peak vol tammogram as can be seen 
in  Fig. 7. At slow sweep rates the i-E curve is almost 
a symmetrical  bell curve on both mercury  and plat i-  
num. Potentiostatic cur ren t - t ime  curves also exhibit  
unusua l  behavior .as the currents  fall  sharply to zero 
at long times. The peak current  is not proportional to 
the concentrat ion of Q in solution. A plot of peak 
current  vs. concentrat ion exhibits marked positive 
deviations from l inear i ty  at low concentrations. This 
behavior is to be contrasted with the Q-phenol  
mixtures  which show diffusion controlled waves at 
all sweep rates. All  these phenomena indicate that  
kinetic as well as adsorption effects are taking place 
to complicate the electrode process for the reduction 
of Q -  QH2 mixtures.  

Conclusions 
The principle mechanistic conclusions of this work 

are as follows. 
1. In  the presence of strong proton donors, Q is 

reduced in a two-electron process, probably via the 
protonated quinone, QH +. The protonation equil ib-  
r ium is fast on the time scale of the electrochemical 
experiment.  The duroquinone system behaves in a 
similar manner ,  but  the protonat ion of DQ appears to 
be slower than the protonat ion of Q. 

2. Weak proton donors act to protonate the semi- 
quinone, Q . - ,  which gives rise to the usual  electro- 
chemical protonation scheme first reported by Hoi j t ink  
(41). Hydroquinone,  QH~, appears to fall in this cate- 
gory, but  the reduction mechanism in the presence of 
excess QH2 is complicated and not completely unde r -  
stood. 

3. The oxidation of hydroquinones in acetonitrile 
shows two-electron character at long times but  one- 
electron character at short times when it is postulated 
to proceed via a dimer of QH. which may be a quinone 
hemiketal.  
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The Anodic Behavior of Zinc Electrodes 
in Potassium Hydroxide Electrolytes 

M. N. Hull,* J. E. Ellison, and J. E. Toni* 
Power Sources Division, Electronic Components Laboratory, 

U. S. Army  Electronics Command, Fort Monmouth, New Jersey 

ABSTRACT 

The electrochemical oxidation of zinc anodes in potassium hydroxide solu- 
tions of 0.5-5.0M has been studied under stationary and hydrodynamic con- 
ditions. Linear sweep voltammetry and rotating ring-disk electrode tech- 
niques were employed to elucidate the different processes involved in the 
electrode reaction. Two different surface films are formed on zinc anodes, 
The first of these causes a small retardation in the rate of dissolution of the 
electrode in the active region while the second causes passivation. Measure- 
ments with rotat ing r ing-disk arrangements  indicate that  the "dissolution- 
precipitation" model for the formation of these films may not be correct. The 
major i ty  of the current  passed in those regions where the surface is covered 
by a film is utilized in direct electrochemical oxidation of the zinc to soluble 
products and not in processes associated with thickening of the surface layer. 

Many previous studies of the anodic behavior of zinc 
electrodes in alkal ine electrolytes have reported the 
existence of both passivating and nonpassivat ing films 
on the electrode surface during electrolysis (1-11). 
These films have been reported as having a range of 
colors varying  from ext remely  black (4, 5) in some 
cases to very white in others (6). It appears, however, 
that  apart  from the work of Brei ter  and Powers (1) 
and Powers (2), no firm correlation between the effect 
of these films on the cur rent -vol tage  ( i -v)  curves for 
zinc dissolution, their color, and the na ture  and con- 
vective conditions of the electrolyte has yet been re-  
ported. Indeed relat ively few studies have been re-  
ported of the i -v  behavior of zinc anodes recorded 
under  potentiostatic conditions and in these no sys- 
tematic s tudy of the dissolution process at different 
scan rates was conducted. In addition, there appears to 
be no general  agreement  between different workers as 
to the exact form of these i -v  curves, pr imar i ly  due to 
the differing and in some cases, ill-defined convective 
conditions employed in each case. Thus, Vozdvizhen- 
skii and Kochman (3) reported two peaks in the i -v 
curves recorded in 2 and 5M KOH solutions before 
passivation whose relat ive heights depended on the 
scan rate (not given) which was employed. These 
peaks were believed to reflect the formation of two 
oxides which differed in their  degree of hydration,  
solubili ty and rate of formation. Again, Breiter and 
Powers (1) observed dist inctly different i -v  curves 
recorded at scan rates of approximately 1.0 mV.sec - t  
depending on the convective conditions of the 7M KOH 
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solution which they used. Under  quiescent conditions 
the current  rose to a peak at --1.27V (Hg-HgO) with 
increasing anodic voltage and then passed through a 
small "hump" before the onset of passivity at ~--1.0V. 
In stirred solution the current  ini t ia l ly rose fairly 
rapidly to the same potential  at which the peak was 
observed in the unst i r red case and from there con- 
t inued to rise unt i l  passivation occurred but  with a 
greatly reduced slope. Elder (12), who also studied 
the dissolution of zinc in unst i r red 7M KOH solution, 
found that at a scan rate of 2.8 mV.sec -1 the current  
passed through a small  peak at --1.12V and then com- 
menced to rise again just  before the onset of passiva- 
tion. The peak potential  and current  were found to 
obey the relationship 

Ep = --0.701 + 0.5246 log ip 

for scan rates wi thin  the range 0.56-139.0 mV.sec -1. 
In contrast, Ashton and Hepworth (10) observed no 
peaks in the i -v  curves recorded in 0.5N NaOH al- 
though it is not clear from their work exactly what  
s t i rr ing conditions, if any, were employed. In  this case 
the current  rose to a l imiting value which was main-  
tained with increasing anodic potential  unt i l  passiva- 
tion. 

It is therefore evident  from the above examples that 
the i -v  behavior of zinc anodes in  alkal ine electrolytes 
is very unclear  and therefore meri ts  reinvestigation 
under  more clearly defined conditions with regard to 
both the st irr ing of the electrolyte and the concen- 
tration. In  the following work the i -v  behavior of zinc 
wire electrodes in various concentrat ions of KOH solu- 
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tions has been studied by the technique of l inear  sweep 
vol tammetry  as a function of both the st irr ing condi- 
tions in the electrolyte and the scan rate. In  addition 
visual observations concerning the na ture  and color of 
the various films formed on the surface were made 
and correlated with the form of the i -v  curves re-  
corded at the slower scan rates. 

With a knowledge of the general  pat terns of be- 
havior of the i -v  curves and their  dependence on both 
the st irr ing conditions and the presence or absence 
of surface films, the dissolution process was fur ther  
studied using the rotat ing r ing-disk technique which 
has given added insight into the over-a l l  dissolution 
process under  even more rigorously defined mass 
t ransfer  conditions. Although this technique would 
appear to be admirably  suited for this type of study 
only the Russian school appears to have at tempted 
any measurements  along these lines. For example, 
Popova et al. (7, 13, 14) have studied the anodic dis- 
solution of passivated zinc anodes by the rotat ing 
disk technique but  have shed little light on the be- 
havior of zinc anodes during the "active" region of 
the dissolution process. However, from the i -v  curves 
which they have published one can see that the current  
rise prior to the onset of passivation did exhibit  two 
distinct regions of differing slope in quali tat ive agree- 
ment  with the work of Breiter ment ioned above. With 
regard to the use of a rotating r ing-d isk  ar rangement  
to s tudy the anodic dissolution of zinc, the work of 
Oshe et aL (15) appears to be the  only investigation 
reported to date. No conclusions were drawn from this 
work concerning the mechanism of the dissolution of 
zinc, but  the results did suggest that  in the passive 
region the nons ta t ionary  flow of cur ren t  caused by a 
step change in the electrode potential  arises from an 
addit ional electrochemical dissolution of the zinc and 
not from processes involved with thickening of the 
oxide layer. 

Pre l iminary  observations are therefore also pre-  
sented here of sweep measurements  obtained with a 
zinc disk electrode surrounded by either a graphite or 
a zinc ring, the potential  of which was held at a suf- 
ficiently cathodic potential  that  all of the oxidized 
species t ransported to the ring were immediately re-  
duced. Some postulations concerning the factors which 
influence the over-al l  dissolution process are presented 
from these two types of study. 

Experimental Procedure 
The electrical a r rangement  which was used to ob- 

ta in  the i -v  curves with wire electrodes is shown in 
Fig. la. In  this the t r iangular  voltage signal was sup- 
plied from a Tacussel GSTP-2 funct ion generator  to 
the input  of a Tacussel PRT potentiostat  and was 
used to drive the Y-axis of a 564 Tektronix  memory  

COUNTER ELECTRODE 

Fig. lo. Electrical circuitry use(] for experiments with wire elec- 
trodes, 
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oscilloscope which was operated in the X-Y mode. The 
current  flowing through the cell was measured dif-  
ferent ial ly across a resistor in the counterelectrode 
circuit and was recorded on the X-axis  of the oscillo- 
scope. 

For measurements  with the r ing-d isk  a r rangement  
the circuitry shown in Fig. l b  was used. Since it is 
not possible to operate two independent  electrodes 
connected to the same ground, i.e., the r ing and the  
disk, at different potentials with respect to a reference 
electrode, the potentiostats were  operated in the re -  
verse mode to that shown in Fig. la. In this a large 
p la t inum gauze electrode was used as a common 
counterelectrode for both the r ing and the disk and 
this was connected to "ground." This electrode was 
polarized cathodically from a second p la t inum gauze 
electrode (not shown) to the point of hydrogen evolu- 
tion and under  these conditions ma in t a ined  a relat ively 
stable potential  (__+5 mV) as current  was passed 
through it to the r ing and the disk. The stabili ty of 
this electrode was constantly monitored with respect 
to a Hg-HgO reference electrode. The r ing and the 
disk were connected to the control terminals  of sepa- 
rate potentiostats operated in  the follower mode and 
could be held at different fixed potentials or scanned 
independent ly  with respect to the p la t inum gauze 
electrode held at ground potential. A complete dis- 
cussion of this electrical circuit will be published else- 
where (16). In  the experiments  described here the r ing 
was held at a fixed potential  while  the disk was anodi-  
cally polarized at a scan rate  of 10 mV.sec -1. Two 
memory oscilloscopes, operated in the X-Y mode, 
were used to record independent ly  the r ing and the 
disk current  each as a function of the disk electrode 
potential. Simultaneously  dur ing  the potential  sweep 
the collection efficiency N was obtained from a trace of 
the r ing current  as a function of the disk current  re-  
corded on a Honeywell  550 X-Y plotter. 

In the experiments  with wire electrodes zinc wire of 
99.9999% puri ty  and of 0.076 cm diameter was used. 
The electrode was sheathed in heat shrinkable Teflon 
tubing to leave an area of 0.05 cm 2 exposed to the 
electrolyte. Before a sweep was performed the elec- 
trode was pretreated by stepping to a potential  of 
1.0V positive to the open-circuit  rest potential  for a 
period of 1.0 msec. This procedure produced an oxide 
film on the electrode surface which was then dissolved 
off when the potential  was stepped back to the open- 
circuit value. The sweep was init iated after the cur-  
rent  had decayed to zero (approximately 5 msec.). 

DISC CONTROL CIRCUIT 
FUNCTION 

H 2 ELECTRODE 
IN SAME S O L U T I ~  

RING CONTROL CIRCUIT 

Fig. |b. Electrical circuitry used for rotating ring-disk experi- 
menfs. 
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In the r ing-disk exper iments  two al l-Teflon elec-  
t rode configurations were  used. In the first of these a 
zinc disk (99.99%) was surrounded by a pyrolyt ic  
graphi te  r ing and had the dimensions r l  ----- 1.05, r2 ---- 
1.40, r3 ----- 3.20 mm (N ---- 0.653). In the second a zinc 
disk-zinc ring a r rangement  was used of dimensions 
rl = 2.55, r2 = 3.30, and r3 = 3,78 m m  (N = 0.248). 
The electrodes were  rotated at rates be tween 50-5000 
rpm by means of a servoregulated motor  supplied by 
Electro Devices Inc., and the rotat ion speed was ac- 
curately measured with  a General  Radio l153-AP 
digital  f requency meter.  

The electrolyte  was prepared by dissolving the re-  
quired weight  of Merck reagent  KOH pellets in ni t ro-  
gen-sa tura ted  doubly distilled water  and was con- 
tained in an all-Teflon cell which had provision for the 
bubbling of ni trogen gas ei ther through or over  the 
electrolyte. Observat ion of  the zinc wire  electrodes 
was performed by means of a Western Electric Lab-  
oratory microscope having a max imum magnification 
of 100 times. 

Results 
Figure 2 shows the i -v  behavior  of a zinc electrode 

in unst i rred 5N KOH recorded at scan rates of 12.5 
and 130.0 V.sec -1. At these sweep rates the form of 
the curves are independent  of the  convective condi-  
tions in the electrolyte and only one peak is observed 
on the forward sweep before the onset of passivation. 
General ly  the potent ial  of passivation shifts to more 
anodic values as the scan rate  is increased unt i l  even-  
tual ly at scan rates of the order  of several  hundred 
volts per second the point of passivation merges with 
the current  rise associated with  the onset of oxygen 
evolution. Concurrent ly  wi th  the increase in scan ra te  
the total charge passed dur ing the region of act ive 
dissolution falls to a min imum value of approximate ly  
20.0 mi l l icoulombs/cm 2 (geometr ical  area) for scan 
rates in excess of 500 V.sec -1. Assuming that  all of 
the zinc which is oxidized is util ized as ZnO in pas- 
sivation of the electrode, then this charge would cor- 
respond to an oxide thickness of the order  of 70 atomic 
layers. 

At decreasing scan rates the i -v  curves begin to 
show much more detail, and the influence of the st ir-  
r ing conditions in the electrolyte  on the form of the 
curves becomes more pronounced. In Fig. 3 the i -v  
curves recorded at a scan rate  of 82.0 mV.sec-1 in 
both st irred and unst i rred 5N KOH are shown. The 
general  behavior  is that the dissolution current  rises 
steadily wi th  increasing anodic potential  to a peak 
value whose magni tude  is strongly dependent  on both 
the e lec t ro lyte  concentrat ion and the st i rr ing condi- 
tions in the electrolyte. Af ter  passing through this 

r f ~  

. d  I 

SCAN RATE =82 rnVSEC - I  
5N KOH 

- - S T I R R E D  
- - -  UNSTIRRED 

I I :)00.0 
- 0 . 9 2  - I .04  - I  .16 - I . 2 8  - I .40  

E L E C T R O D E  P O T E N T I A L  VS  H g - H g O ( V O L T S )  

Fig. 3. Current-voltage curves of a zinc wire electrode in both 
stirred and unstirred 5N KOH recorded at a scan rate of 82.0 
mV.sec- I. 

150 V/SEC (mA.cm_Z) 

4 0 0 0  

- 0 . 5 8  - 0 . 9 8  1,38 

ELECTRODE POTENTIAL VS HcJ/HgO 
{ VOLTS ) 

Fig. 2. Current-voltage curves of a zinc wire electrode in un- 
stirred 5N KOH at scan rates of 12,5 and 130.0 V.sec - ] .  

peak the current  is fair ly constant in the st irred elec- 
t rolyte but falls off s lowly in unst i r red electrolyte  unti l  
complete passivation occurs at approximate ly  --1.04V. 

The reverse  sweeps show that  the increased rate  of 
chemical  dissolution of the passivat ing film in the 
stirred electrolyte  causes react ivat ion of the electrode 
to occur at a more anodic potent ial  than for the un-  
st irred case. Apar t  f rom this the general  form of the 
reverse  curves are  quite s imilar  in that  the current  
falls f rom the re la t ive ly  high values  at tained immedi -  
ately after react ivat ion to pass once more  through a 
well-defined peak in the same potential  region as that  
observed during the forward sweep. Near  the  end of 
the reverse  sweep a broad region is observed where  
dissolution products remaining  close to the electrode 
surface are reduced. 

Interest ing changes in the form of these curves take 
place as both the electrolyte  concentrat ion and the 
sweep rate  are decreased. For  example,  in Fig. 4 the 
i -v  curves recorded at the same scan rate but  in IN 
KOH are shown. One can see as before that  in both 
cases the current  rises to a well-defined peak. How-  
ever, in the  st irred e lect rolyte  the cur ren t  undergoes 
a fur ther  increase in the potential  region between that  
of the peak and the onset of passivity whi le  the slow 
fall  observed in this potent ia l  region for the unst i rred 
5N KOH case is less pronounced. In addition the re-  
verse sweeps show that  with the decrease in the elec- 
t rolyte  concentrat ion from that  shown in the previous 
figure the rate of dissolution of the passivating film 
has also decreased and the potent ial  of react ivat ion 

�9 / /~\ / /  \ x_  

/ / /  -\ " ~ \ / / 1 1  
",, i I I  

t, 

( mA1cm "-?- ) 

I 00 .0  

k 
SCAN RATE = 82  mV.SEC "1 

I N KOH 
- -  STIRRED 
- - -  UNSTIRRED 

I I I 200 .0  
- 0 . 9 2  - I , 0 4  -I.16 - I . 28  - I .40 

E L E C T R O D E  P O T E N T I A L  VS  Hg - H r  ( V O L T S )  

Fig. 4. Current-voltage curves of a zinc wire electrode in both 
stirred and unstirred 1N KOH (scan rate as in Fig. ]) .  
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ELECTRODE POTENTIAL VS H9-HgO (VOLTS) 

Fig. 5. Current-voltage curves of o zinc wire electrode in both 
stirred and unstirred O.5N KOH (scan rote as in Fig. 3 and 4). 

has therefore moved to more cathodic values part icu- 
la r ly  in the case of the unstir~ed electrolyte. These 
t rends are i l lustrated to a more marked degree in the 
i -v  curves for 0.5N KOH shown in Fig. 5. Here the 
current  rise after the peak is now very pronounced 
in the stirred case and little or no reactivation of the 
electrode is observed in the t ime required for com- 
pletion of the reverse sweep. 

Figures 6 to 8 which show the anodic behavior of 
zinc in these same three concentrations of KOH elec- 
trolyte but at the slower scan rate of 9.3 mV.sec -1 
reveal several additional details. In the 5N KOH case 
shown in Fig. 6 current  oscillations are observed to be 

,., ~ iRAPi D - ~ ~  0 

~ /  (mAicm-2) 
tO00.O 

SCAN RATE=92, mV SEC -I 
5N KOH [STIRRED] 

- -  2000.0 
- 0 , 9 2  -l.104 -l'.16 -l'.28 -l.40 

ELECTRODE POTENTIAL VS Hg-HgO(VOLTS) 

Fig .  6 .  C u r r e n t - v o l t a g e  c u r v e  o f  o z i n c  w i r e  e l e c t r o d e  in s t i r r e d  

5N KOH recorded at o scan rate of 9.3 mY/sec -1 .  
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Fig. 8. Current-voltage curve of o zinc wire electrode 
0.SN KOH (scan rote as in Fig. 6 and 7). 
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associated with the peak in both the forward and re-  
verse sweeps in stirred electrolyte while after passiva- 
tion has occurred the current  passes through another  
small peak before levelling off at a slowly rising value 
of the dissolution current.  In  the 1N and 0.5N KOH 
electrolytes at this scan rate (Fig. 7 and 8) it is evi- 
dent tha t  this peak behavior  after passivation is less 
pronounced in the weaker  electrolyte. 

Figure 9 shows an i -v  curve recorded at a scan rate 
of 1.1 mV.sec -1 in unst i r red 5N KOH and summarizes 
our observations concerning film formation during the 
over-al l  dissolution process. At potentials less anodic 
than that  of the peak (point B) the surface of the 
electrode remains  bright  and the development  of etch 
pat terns are clearly visible. At B a mi lky  white  film 
forms which in the absence of st irr ing slowly flakes 
from the electrode surface in the region C-D. At point  
D, as the current  begins to fall, the surface beneath 
this film can be observed to be growing dark in color 
until ,  after passing through a region of intense current  
oscillation, the passivated surface at F is very  black. 
This black film however undergoes a rapid l ightening 
of color in the region of the small  current  peak 
(FGH) to leave the surface covered by a white  crystal-  
l ine passivating layer. Moreover, this la t ter  color 
change appears to be somewhat of a reversible process 
since on the reverse sweep in  the regiort J -K,  just  
prior to complete reactivation of the electrode, the 
light colored coating begins to darken again and at K, 
where the surface is a mixture  of light and dark  areas, 
the current  oscillates once more between the active 
and passive states. Eventually,  when  a stable current  
state is at tained at L, the electrode is wholly covered 
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Fig .  7 .  C u r r e n t - v o l t a g e  c u r v e  o f  o z i n c  w i r e  e l e c t r o d e  in s t i r r e d  

| N  KOH (scan rote as in Fig. 6). 
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by a very  black film which now permits  active dis- 
solution of the electrode to proceed. This film in the 
region L-M undergoes another  gradual  l ightening in 
color to leave the electrode surface with a similar  ap- 
pearance to that  observed in  the same potential  region 
on the forward sweep. 

Using a rotating r ing-disk electrode (C-Zn) the i -v  
curves shown in Fig. 10a were recorded at three dif- 
ferent rotation speeds for a scan rate of 10.0 mV.sec-1. 
The corresponding curves shown in Fig. 10b refer  to 
the reduction current  observed at the r ing as a function 
of the disk potential  while the ring was mainta ined at 
a fixed potential  of --1.45V (Hg-HgO),  i.e., at a suffi- 
ciently cathodic potential  to immediately reduce those 
oxidized zinc species which are swept over from the 
disk. In general  the form of the i -v  curves observed 
at both the r ing and the  disk are extremely similar  if 
care is taken to main ta in  reproducible conditions on 
the surface of the r ing by mechanical ly  cleaning off 
the deposited layer after each sweep. In  addition the 
peak potential  is independent  of the rotat ion rate and 
occurs at a value of --1.2V for a scan rate of 10 
mV.sec-1. 

I I I I 

50.3 RPS 
. + 4 . 0  

IDISC 
( m A )  

+2 .0  

I 
- I . 4  - I . 2  - I , 0  

DISC POTENTIAL (VOLTS)  

Fig. lOa. Current-voltage curves recorded on the disk of a C-Zn 
ring-disk electrode at different rotation rates. Scan rate = 10 
mV,sec-1; 1N KOH; electrode area = 0.035 cm 2. 
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3.2 R. P.S. 
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Fig. lOb. Reduction current observed at the graphite ring held at 
a fixed potential of --1.45V (Hg-HgO) for the current-voltage 
carves shown in Fig. lOa. 

As the rotat ion rate is increased one can see from 
the figure that the slope of the i -v  curve between the 
peak and the onset of passivation becomes greater 
and that  the small current  peak after passivation dis- 
appears. The observed collection efficiency N for the 
two r ing-disk systems employed is constant for all 
regions of the i -v  curves, i.e., there  is no c h a n g e  in 
this parameter  when measured before the peak, be- 
tween the peak and the onset of passivity or in that  
region where the electrode is in a passivated state. 

In order to test whether  the dissolution process was 
diffusion controlled for any part icular  set of experi-  
mental  conditions, plots of the peak current  and also 
the max imum current  observed just  prior to the pas- 
sivation were drawn as a function of the square root 
of the rotat ion speed for a fixed scan rate. No sig- 
nificant regions of l inear i ty  were observed as is i l lus- 
trated in Fig. 11 where a plot of the peak current  as a 
function of ~,/2 is drawn. At rotat ion rates below ap- 
proximately  600 rpm a straight line is observed which 
could be indicative of mass t ransfer  control although 
the l inear  portion has a positive intercept on the cur-  
rent  axis instead of passing through zero as required 
by the Levich (17) equation. Deviations such as this 
from the Levich equation have been observed before 
for other diffusion-controlled reactions at a rotat ing 
disk and have been fully discussed by Riddiford (18). 
It seems clear however that  with increasing rotat ion 
speed diffusion control of the over-al l  reaction becomes 
increasingly less important .  

Discussion 
The preceding results show clearly that  the i -v  

curves of zinc electrodes in  KOH solutions are s trongly 
dependent  on the convective conditions in the electro- 
lyte. It is quite evident  however that  there is only one 
main  peak in both the forward and reverse curves 
although an addit ional  small  broad peak may be 
identified on the forward sweep immediately following 
the onset of passivation, par t icular ly  in the more con- 
centrated and unst i r red solutions. Prior to the peak 
potential  in the active region there does not appear 
to be any visible films on the electrode surface, and 
thus unhindered  dissolution of the zinc anode occurs. 
At the peak, however, the dissolution process becomes 
retarded by the formation of a film on the surface 
which acts as a barr ier  layer to either the passage of 
zinc species from the electrode to the solution or con- 
versely the approach of addit ional hydroxyl  ion species 
to the unoxidized surface. This barr ier  layer, which 
according to Nikit ina (8) has the chemical composi- 
tion of E-Zn(OH)2, is probably formed by the ad- 
sorption of the electrolyte anions at the peak potential  
(19) rather  than by a precipitat ion process from zinc- 
ate saturated layers adjacent to the electrode surface 

150.0 

PEAK 
(mA.cm -2) 

50.0 

I I I t I I I I I I 
2 4 6 8 I0 

I / I/ 
CO 2(REV. PER SEC.) 2 

Fig. 1|. Plot of the peak current observed at a rotating zinc 
disk electrode in ]N  KOH as a function of the square root of the 
rotation rote. 
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as suggested before (1). If indeed the previously sug- 
gested "dissolution-precipitat ion model" were valid 
for the film formation at this point then one would 
be obliged to explain the fur ther  increase in the dis- 
solution current  at potentials more positive than that 
of the peak in terms of thickening of the surface film 
accompanied by its chemical dissolution at a rate l im- 
ited by the diffusion of zincate ions away from the 
electrode surface. In addition one would not expect 
the current  on the r ing to undergo any fur ther  increase 
after the peak potential  was reached on the disk if the 
l imit ing rate of diffusion of zincate ions into the solu- 
tion had been reached at that  point. The evidence is, 
therefore, that  the film of zinc hydroxide is directly 
formed on the zinc surface once a certain critical po- 
tential  is exceeded and fur ther  dissolution of the elec- 
trode is then determined by the thickness and hence 
by the rate at which t ransport  processes can occur 
within this layer. One might  expect that the layer 
thickness would be determined by the st i rr ing condi- 
tions in the electrode vicinity and in the case of, for 
example, the rotat ing disk experiments  that the thick- 
ness would decrease with increase in the rate of rota-  
tion. These conclusions are in agreement  with the 
exper imental  observations since the slope of the i -v  
curve in the region between the peak and the onset 
of passivation increases with increase in the rotat ion 
rate reflecting a decrease in the resistance and hence 
a decrease in the thickness of the film. Fur ther  sup- 
port for these views is found in the lack of l ineari ty of 
the plots of the peak current  vs. ~1/2 at rotat ion rates 
in excess of 600 rpm. At rotation rates below this value 
it could be advanced that the thickness of the diffusion 
layer is such that t ranspor t  of the zincate species 
away from the electrode surface is the controll ing 
process. However it is quite evident  from the approach 
of the peak current  to a l imit ing value at higher ro- 
tat ion speeds that  the ra te-control l ing step under  
these conditions is occurring prior to the diffusive 
t ranspor t  of the zincate product into the bulk  of the 
electrolyte. This ra te-control l ing step is most probably 
associated with the t ransport  of ions across the surface 
film under  the action of the local electrical field ex- 
isting across the film between the metal  surface and 
the electrolyte. 

At the onset of passivation a definite change on the 
electrode surface occurs. The sudden drop in the oxi- 
dation current  with the observed visible changes in 
the color of the surface film within  a narrow and well-  
defined range of electrode potential  is indicative of a 
sharp change in the nature  and conductivity of this 
layer. This change reflects a change in the composition 
of the film from that of the hydroxide to that  of the 
oxide. Since, prior to the onset of passivation, it is 
quite probable that  the zinc surface is covered by an 
adsorbed layer of hydroxide ions, one could postulate 
that  formation of the ini t ial  monomolecular  layer  of 
oxide on the surface proceeds by a deprotonation re- 
action accompanied by the formation of water accord- 
ing to 

Zn(OH-)ads  ~ ZnO + H + + 2e-  
l l  + + O H -  -* H20 

The above reaction sequence can explain the presence 
of the intense oscillations of the current  in this region 
of the i -v  curve at slow scan rates since as the pas- 
sivation reaction tends to proceed the result ing de- 
crease in the pH of the solution layers adjacent  to the 
electrode surface tends to drive the thermodynamic 
potential  at which the passivating oxide is stable 
toward more positive values. At ta inment  of a stable 
passive state therefore is not reached unt i l  a sufficiently 
anodic potential  is achieved that  the local pH change 
in the electrode vicini ty does not reverse the passiva- 
tion step. It  is also quite l ikely that during this region 
of current  oscillation the electrode surface becomes 
disrupted with the result  that a high concentrat ion of 
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interst i t ial  zinc particles become incorporated into the 
passivating layer and impart  to it the characteristic 
black coloration. That  this black surface film does 
indeed contain an excess of zinc above that  of stoichio- 
metr ical ly balanced zinc oxide is borne out by the 
subsequent  electrode behavior  after passivation where 
the current  passes through a small oxidation peak 
(region FGH of Fig. 9) and the film then becomes 
bright. It is not evident however how the oxide film 
on the re tu rn  sweep can again become rich in zinc 
prior to reactivation of the electrode assuming that  
the black film formed in this region is indeed one 
which is rich in zinc. In  addition it is also not clear 
why this black film should permit  the metal  to dis- 
solve actively after reactivation unless its mode of 
formation is such that  a more porous layer  is pro- 
duced on the surface compared to that  formed dur ing 
the passivation step. 

Finally,  the constancy of the collection efficiency N 
over the whole of the i -v  curve indicates that the frac- 
t ion of the current  which is utilized in formation of 
the surface films at either the peak potential  or during 
the onset of passivity is so small  that  there  is no de- 
tectable fall  in the amount  of the reducible species 
arr iving at the ring. Further ,  one would have ex- 
pected that, as the applied field across each of the sur-  
face films was increased by the increasing anodic 
voltage, the films would undergo a corresponding 
gradual  increase in thickness. Again the constancy of 
N between those potential  regions where  the surface is 
free of films and those where films are present  shows 
that  if, indeed such thickening of the surface layers 
does occur, it cannot be detected from measurements  
of this type. Thus the major i ty  of the current  pro- 
duced at the disk for all regions of the i -v  curves is 
utilized in direct electrochemical oxidation of the zinc 
to soluble products. 

During the review stage of the manuscr ipt  one of 
the reviewers questioned the low value of 0.2 for the 
collection efficiency when the graphite-zinc ar range-  
ment  was used (/Vtheor ~--- 0.653). Since the time we did 
the experiments reported here we have been able to 
achieve values very close to the theoretical collection 
efficiency using much narrower  gaps and r ings than 
those reported above. We found that with graphite 
rings all of the zinc was deposited on the inner  cir-  
cumference of the ring if the gap was very wide and 
low values of N were obtained. We are now using very 
th in  gaps and rings and the observed values of N 
come out close to the expected value. We shall be re-  
port ing this in more detail  in a later publication. The 
main  point is, however, not that N has a low value 
but  that it is constant throughout  the whole of the 
active region of dissolution. Out latest exper iments  
with the redesigned electrode configuration confirm 
this constancy of N for unamalgamated  zinc disk elec- 
trodes surrounded by either a graphite or an amalga-  
mated (and nonamalgamated)  zinc ring. 

Manuscript  submit ted Ju ly  8, 1969; revised m a n u -  
script received Sept. 23, 1969. This was Paper  239 pre-  
sented in par t  at the New York Meeting of the So- 
ciety, May 4-9, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Frequency Dispersion in Capacity Measurements 
at a Disk Electrode 

John Newman 
Inorganic Materials Research Division, Lawrence Radiation Laboratory, 

and Department of Chemical Engineering, University of California, Berkeley, California 

ABSTRACT 

The geometry of an electrode system affects the frequency dispersion of 
impedance measurements  if the pr imary  current  distr ibution on the elec- 
trode is nonuniform. This effect is treated for a disk electrode embedded in 
an insulat ing plane with the counterelectrode at infinity. The apparent  ca- 
pacity is found to approach zero at large frequencies. The frequency de- 
pendence of the apparent  capacity will  be much smaller for a spherical 
electrode tangent  to an insulat ing plane. The lat ter  system is also treated 
briefly. 

We investigate here the a l te rna t ing-cur ren t  imped-  
ance of a disk electrode embedded in an infinite, in-  
sulat ing plane, with the counterelectrode at infinity. 
The distr ibution of current  over the surface of such 
a disk electrode is, in general, nonuniform. Figure 1 
depicts equipotent ial  surfaces in  the medium near  a 
disk, where the solution adjacent  to the disk electrode 
is at a uniform potential;  this is the so-called "pr imary 
potential  distribution," for which the distr ibution of 
current  on the surface of the disk is given by (1) 

i • 0.5 iavJ[1 -- (r/ro) 2j 1/2 [1] 

With an a l ternat ing current,  the current  can pass 
from the electrode to the solution either by means of 
a faradaic electrode reaction or by charging the 
double- layer  capacity. At tent ion here is pr imar i ly  
focused on the double- layer  capacity. The impedance 
can then be represented by an equivalent  circuit con- 
sisting of a series combination of a resistor and a 
capacitor (Fig. 2). However, the values of the effective 
resistance and double- layer  capacity of the equivalent  
circuit are not independent  of frequency. Several  
factors may contr ibute  to this "frequency dispersion." 

If the electrode surface is rough, the peaks and val-  
leys will be accessible to a different degree at different 
frequencies (2). Second, if the frequency becomes 
large relative to the kinetics of ion sorption in the 
double layer, then the apparent  double- layer  capacity 
will depend on frequency (3). The occurrence of 
faradaic reactions will  also cause a f requency depend- 
ence of the values in the equivalent  circuit in Fig. 2. 
Finally,  the current  dis t r ibut ion will  be different at 
different frequencies, and this will lead to a frequency 
dispersion, as suggested by Bauer, Spritzer, and Elv-  
ing (4). 

The last factor is investigated theoretically here in 
order that  an exper imental ly  observed frequency dis- 

Key words:  f requency  dispersion, double- layer  capacity, current  
distribution, disk electrode, dropping m e r c u r y  electrode, polarogra-  
phy.  

persion due to this factor will not be erroneously at-  
t r ibuted to one of the first factors mentioned. Con- 
sequently, the electrode surface is taken here to be 
smooth, and the t rue double- layer  capacity (per uni t  
area) C is taken to be independent  of frequency. Ex-  
cept for large organic ions, the kinetics of ion sorption 
should not affect the double- layer  capacity unt i l  fre- 
quencies of 1 Mc are reached. The possibility of fara-  
daic reactions will  also be included, without, however, 
consideration of the Warburg  impedance due to con- 
centrat ion changes near  the electrode. 

At low frequencies, the reactive impedance of the 
double layer predominates over the resistive imped-  
ance of the electrolytic solution. Consequently, the 
current  distr ibution is uniform over the surface of the 

L . . . . . . . . . . . . . . . . . . . .  ~_o__J 

I 

Fig. 1. Potential distribution near an equipotential  disk in an 
insulating plane. 
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o+ V - c ~  

I 7rr2 Ceff Ref f 

Fig. 2. Equivalent circuit of disk system. Here, Ceff ond Reff con 
be regarded as the apparent double layer capacity and the appar- 
ent resistance of the electrolytic solution, if faradaic reactions are 
of negligible importance. 

disk, and Ceff corresponds to the true double- layer  
capacity. At high frequencies, the reactive impedance 
becomes small, and the pr imary  current  distr ibution is 
a good approximation. Hence, the effective resistance 
approaches the value for the pr imary  distr ibution (1) 

Reff--> 1/4roKas~--> ~ [2] 

As we shall see, Ceff approaches zero at high f requen-  
cies, in marked contrast to the si tuation at a hanging 
mercury  drop or dropping mercury  electrode. 

If, however, faradaic reactions can occur, the low- 
frequency l imit  will  no longer yield the t rue double-  
layer capacity, since the reactive impedance is large 
compared to the faradaic impedance with which it is 
in parallel.  Informat ion about the t rue double- layer  
capacity can then be obtained only at intermediate  
frequencies with due allowance for the nonuni form 
current  distribution. 

For rough electrodes, the low-frequency limit will 
yield the true electrode area if the t rue  double- layer  
capacity is known (in the absence of faradaic reac- 
t ions).  However, the determinat ion of the true double- 
layer capacity from impedance measurements  at higher 
frequencies will  not be  straightforward. 

This investigation is also re levant  to the frequency 
dependence of classical conductivi ty cells [see, for 
example, Robbins (5) ]. 

Mathematical Model 
The potential  in the solution satisfies Laplace's 

equation 
V2~ = 0 [3] 

The potential  at infinity wil l  be taken to be zero 

--> 0 a s  r 2 + z 2 --> oz [4 ]  

and, since the current  density is zero on the insulat ing 
plane around the disk electrode, the normal  compo- 
nen t  of the potential  gradient  will  also be zero there 

o, /az  - o a t  z --- o,  r > ro  [5]  

At the disk, the normal  component  of the current  
density, which contributes to the total current  passing 
to the electrode, is given by 

i = C O(V -- ~o) ioZF 
0t + (a + ~) ~ ( V - -  r = ~ 0r 

Oz 

a t z = O , r ~ - - r o  [6] 

where V is the potential  of the electrode, ~o is the 
potential  in the solution adjacent to the electrode, K 
is the conductivi ty of the solution, C is the t rue 
double- layer  capacity, and (a d- f l) ioZF/RT relates to 
the kinetics of the faradaic reaction, here taken to be 
linear. Thus double- layer  charging and a faradaic re-  
action can both contr ibute to the passage of current  
from the electrode to the solution. The last equali ty 
relates the current  density to the normal  component 
of the potential  gradient  in the solution. 

For an a l ternat ing current ,  the electrode potential  
can be expressed as 1 

V = Voe~t [7] 

where Vo is the ampli tude of the applied potential. Cor- 

S t r i c t l y  s p e a k i n g ,  o n e  t a k e s  t h e  r e a l  p a r t  o f  s u c h  c o m p l e x  e x -  
p r e s s i o n s :  V = Re{VoeJO~t} .~ Vo c o s  (cot) .  
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respondingly,  the potential  in the solution can be ex- 
pressed in terms of a complex potential  U which is 
independent  of t ime 

= VoeJt~ (r,z) [8] 

The results of the analysis can be expressed in terms 
of two dimensionless quanti t ies 

~Cro ioZFro 
12= and J =  ( ~ + # ) ~  [9] 

r RT~ 

12 can be regarded as a dimensionless f requency and J 
as a dimensionless exchange cu r ren t  density. ~2 = 1 
when, for example, C = 30 #f/cm 2, ro ---- 0.25 cm, r 
0.05 ( o h m - c m ) - l ,  and oJ ----- 0.67 • 104 see -1 (or 10,500 
Hz). J = 0.0194 when, in addition, io = 0.1 mA / c m e and 
(a q - ~ ) Z  = 1. The results are expressed in  terms of 
C / C e f f  , the ratio of the t rue double- layer  capacity to 
the apparent  capacity, and 4~:oKReff, the ratio of the 
effective resistance to the resistance for the pr imary  
distr ibution (see Eq. [2]). At low frequencies, C/Ceff 

0 unless J ~ 0, and, for small  values of J, 4roKR~ff -> 
(4/~) (1 + 1/J).  

The secondary current  distribution, when ~ ---- 0, has 
been discussed before (6). 

Analysis 

Since r satisfies Laplace's equation, U also satisfies 
Laplace's equation. In rotational elliptic coSrdinates 
and 4, the solution satisfying the condition at infinity 
and the condit ion on the insulat ing part  of the disk 
can be expressed as (6) 

~o 

U =  ~ BnP2n(~l)M2n(~) [10] 
n = 0  

where Pen(n) is the Legendre polynomial  of order 2n 
and Mfn (~) is a Legendre funct ion with known proper-  
ties (6). Since a similar development  has recently been 
used to t reat  the current  dis t r ibut ion on a rotat ing disk 
electrode below the l imit ing current  (6), these mathe-  
matical  details will  not be repeated here. In the present 
case, the coefficients Bn will  be complex. 

This solution allows the potential  and the potential  
derivative near  the electrode to be expressed as 

U o =  ~ BnP2n(~l) [11] 
n = O  

and 

z = O  - -  ~ = 0  ~ "  

OU 1 OU 1 BnP~nOI)M'2n(O) 
az roll a~ roll n=0 

[12] 

Subst i tut ion into the boundary  condition [6] on the 
disk electrode gives 

n = O  

l ~ o B  ' nPfn(n)M 2n(0) [131 
~l = 

where the dimensionless parameters  12 and J are given 
by Eq. [9]. 

This approach derives its economy from the fact that  
Eq. [10] is an appropriate solution of Laplace's equa-  
tion. Hence, the problem of solving a part ial  differen- 
t ial  equation is reduced to the determinat ion of the 
coefficients B~ from Eq. [13]. Multiplication of this 
equation by ~lP~m(~) and integrat ion wi th  respect to ~1 
gives an infinite set of equations for this purpose 
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4m + 1 ~ I  

Jo B ~  = M'2 , . (O)  ( j a  + J )  ~ P 2 m ( ~ )  

n ~ O  

One can t runcate  this set of equations by carrying only 
a finite number  of terms in the sum in the integrand.  
Higher accuracy can, of course, be obtained by car ry-  
ing more terms. 

After  the coefficients B ,  have been obtained, one 
needs to calculate the impedance of the system. The 
total  cur rent  is given by  

I ,~ s ~176 I = i2~rdr ---- - -  2~ro2~ ~l ~ z  z=0 

= -- 2~roKVoe~tBoMo'(O) [15] 

where the change of variable from r to *1 is effected 
by means of the relat ion 

r/ro = X/1 -- ~12 on the disk [16] 

Since, furthermore,  Mo'(O) = --2/~, the impedance is 

Z . =  V / I  - - - -  1/4ro~Bo [17] 

We wish to compare this wi th  the impedance of the 
series resistor-capacitor combinat ion given in Fig. 2 
and  supposed to represent  the resistance of the solu- 
tion and the capacity of the double layer. Thus 

Z ---~ J:~eff "~ 1/jt~Ceff~ro 2 [ 1 8 ]  

Comparison with Eq. [17] allows us to determine Reff 
and Ceff from calculated values of Bo 

4ro ~Reff = Bar~ (B2or -4- B2oi) [19] 
and 

C/Ceff  -~- ( ~ / 4 ) ~ B o i /  (B2or --~ B2oi) [20] 

where Bar and Boi represent  the real and imaginary  
parts of Bo, respectively. 

Results 

Table I represents the effective resistance and capac- 
i ty  as a funct ion of the dimensionless frequency ~ and 
for several  values of J,  the parameter  describing the 
faradaic reactions. One sees that  in  the absence of 
faradaic reactions (J = 0) the effective resistance 
varies by only 8% from the h igh-f requency limit to the 
low-frequency limit. The effective capacity gives no 
high-f requency limit. The presence of faradaic reac- 
tions can change considerably the character of the im-  
pedance when interpreted in terms of the equivalent  
circuit of Fig. 2. 

Low-Frequency Limit 
In the absence of faradaic reactions one obtains at 

low frequencies a uniform, imaginary  current  density 
of small  magnitude.  As a first approximation 

Table I. Effective resistance and capacitance as a function of 
frequency 

~Cro/g 4roKReff ~ C e f t  4roKReff ~ C ~ f f  4roKRetf C/C.~f 

J = 0  J = 0 . 1  J = l  

0 1.08076 1.0 13.81194 0 2.34368 0 
0.1 1.0~073 1.00010 7.44572 0.50009 2.33106 0.00997 
0.2 1.08066 1.00039 3.62593 0.80037 2.29465 0.~3873 
0.5 1.08013 1.00241 1.56867 0.96385 2.08868 0.20168 
1 1.07835 1.00931 1.20335 0.99906 1.70571 0.50658 
2 1.07234 1.03307 1.10336 1.02950 1.32015 0.82435 
5 1.05205 1.12341 1.05705 1.12084 1.09978 1.06500 

10 1.03344 1.23630 1.03478 1.23430 1.04657 1.20762 
20 1.01945 1.37207 1.01982 1.37076 1.02312 1.35674 
50 1.00875 1.57278 1.00882 1.57215 1.00943 1.56606 

100 1.00461 1.73438 1.00462 1.73404 1.00480 1.73084 
200 1.00238 1.90092 1.00238 1.90074 1.00243 1.89909 
500 1.00098 2.12577 1.00098 2.12570 1.00099 2.12502 

1.0 - -  1.0 - -  1.0 - -  

ftP32, (0) 
B n i ~  -- (4n + 1) a s ~  0 [21] 

4 (2n -- 1) (n-t-  1) 

In particular,  Boi -~ ~11/4. The real components are of 
order s 2. In  part icular  

r 

~2 (4n A- 1)P42,(0) [22] 
B ~  122 ~ ( 2 n - -  1)2(n-4 - 1) 2 

~ t ~ 0  

Subst i tut ion of these results into Eq. [19] and [20] 
gives low-frequency limits for the effective resistance 
and capacity which agree with the appropriate entries 
in Table  L 

High-Frequency Limit 
At high frequencies, the surface potential  Uo be- 

comes uniform and real. B a r  --~ 1, and Bnr "> 0 f o r  

n # 0. The imaginary  components  of the B coefficients 
a r e  also small. However, the pr imary  current  distri-  
but ion is infinite at the edge of the  disk. This is not 
possible at finite frequencies on account of the im-  
pedance of the interface. Hence, a s ingu la r -per tu rba-  
tion problem is encountered. The si tuation is so severe 
that  the value of Boi cannot be determined in  a 
straightforward manner .  

Let us examine the singular  nature  of the problem. 
The pr imary  potential  distr ibution will  be a valid ap- 
proximation everywhere  except in a small  region 
near  the edge of the disk. We use rotat ional  elliptic 
coordinates (6) to investigate this region 

r = rox / (1 - -~12) (1 -} -42 )  and Z=ro~14 [23] 

Both 4 and ~1 are small  near  the edge of the disk, and 
we can write 

1 
(r -- ro) /ro -= y (42 -- ,I 2) and Z/ro = ~1~ [24] 

These coordinates thus reduce to parabolic coordinates 
in the region under  consideration. (Because this region 
is small, results obtained for the potential  dis t r ibut ion 
will  also be valid near  the edge of any  electrode at 
high frequencies if the electrode is flush with an in-  
sulat ing surface at its edge.) 

Near the edge of the disk the potential  U therefore 
satisfies the equation 

02U ~2U 
- -  + - -  = 0 [25]  
CSTI2 G3~2 

The boundary  condition on the surface of the disk, 
= 0, is 

1 0 U  
i n ( 1  -- Uo) . . . .  [26] 

~/ a~ ~=0 

Far  from the disk, the potential  approaches the pr im-  
ary distr ibution (1) as approximated for small  

2 2 
U ~  1 -- - - t a n - 1  ~ ~ 1 -- - - ~ a s ~  ~ [27] 

Furthermore,  on the surface of the insulator  

OU/O~I = 0 at ~1 -= 0 [28] 

By defining stretched variables as follows 

U =  ( 1 - - U ) - ~ X / s  , ~I=~IX/~, ~ = ~ X / f t  [29] 

the problem in the edge region can be made inde-  
pendent  of the parameter  ~. The problem then  becomes 

02U 02U 
+ _ - =  0 [30] 

0~ 2 042 

jUo~l = OU/O~ at ~ = 0 [31] 

OU/O~l = 0 a t~  = 0 [32] 
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U ~ ~ as f ~ oo [33] 

From these results one can conclude that  in the 
original coordinate system the size of this region is of 
order roAl, while 1 -- Uo is of order ~ - : / 2  and the 
(dimensionless) current  density i l l  (1 -- Uo) is of order 
~1/2.  

The problem posed by Eq. [30] through [33] was 
solved by finite-difference methods by successive over-  
relaxation. The results for the surface potential  Uo, 
which is proport ional  to the current  density, are given 
in Fig. 3. The current  density approaches the pr imary  
distr ibution far from the edge of the disk, but  it is 
more uniform in the edge region where the impedance 
of the interface prevents the current  densi ty from 
becoming infinite. However, the high currents  pre-  
dicted by the pr imary  distr ibution are not prevented 
totally from reaching the disk; the current  is just  
spread out over a larger region. The dis turbance of 
the real component of the current  density generates a 
comparable dis turbance in the imaginary  component. 

The s ingular -per turba t ion  t rea tment  of the edge 
region at high frequencies permits these phenomena 
to be clarified in a definitive manner  and permits  an 
economy in the calculations by defining a problem in 
which no parameters  appear. An accurate t rea tment  
of the edge region would otherwise require a very fine 
mesh if Laplace's .equation were to be solved by finite- 
difference methods over the whole disk simultaneously.  

As we have seen, the impedance of the system is 
tied up in the Bo coefficient. This coefficient can be 
expressed as 

? i -- Bo = 0 (1 -- Uo)dn [34] 

and we know that Bar --> 1 as ~1 -> ~o. The pr imary  
distr ibution (see Eq. [1]), which applies over the 
central  region of the disk, can be expressed as 

1 -- Uo = -- 2j/~C~I [35] 

We can obtain useful results by  proceeding in the 
following manner .  The imaginary part  of Eq. [34] is 

I' 
B o i  = - -  ( l  - -  Uo)id~l - -  - -  - -  Uo,d~ [36] 

where, in the last expression, we have used the var i -  
ables appropriate to the edge region. We now break 
this up into several parts 

[y s ( ' )  - -  2 b V~ ffoi + Bo~= ' - -  d ~  

r 1 -j, - dq] [37] 

T h e  l a s t  i n t e g r a l  c a n  b e  e v a l u a t e d  a n a l y t i c a l l y .  T h e  
next  to the last integral  has an upper  l imit which a p -  

\ t  i l , 

~\ ~ - - - -  Primar~ distribution 
for - 0 o i  

\ \  _ -  , 

1.2 

1.0 

0.8 

0.6 

J 0 . 4  

O.2 

0 

-0.2- 0 

proaches infinity as ~1 -> oo. Since Uoi -> - -1 /~  as 
--> oo, it is permissible to set this l imit equal to infinity. 

Thus we obtain the following h igh-f requency l imit  
for Boi 

4A l n n  
Boi = .-}- - -  [ 36 ]  

where 

' [ s  Z ( ' )  ] - -  - -  Uo~d~ + Uoi  -t- ~- dr  + lnb A =  2 

[39] 

The value of A should be independent  of the value of 
b. However, it is broken up in this way since the first 
integral  is unbounded  as b --> oo and the second integral  
is unbounded  as b ~ 0. Evaluat ion from the informat ion 
plotted in Fig. 3 gives A ---- 0.563. The high-frequency 
l imit  for Bar is 

2fo| o 1 - Bor = - -  rd~ [40]  

Substi tut ion of Eq. [38] and [40] into Eq. [19] and 
[20] gives the high-frequency limits 

1 
4roKReff "--> 1 and ~ / C e f f  -')" A + - -  I n a  as a ~ 

4 
[41] 

This asymptotic form for C/Ceff and values from Table 
1 for J = 0 are plotted in Fig. 4. Satisfactory agreement  
is reached for large values of ~. 

Discussion and Conclusions 
The most important  result  of this work is the fact 

that  there is no high-f requency limit for C/Ceff. Conse- 
quently,  the apparent  capacity of a disk electrode em- 
bedded in an insulat ing plane should be expected to 
vary  considerably with frequency. This conclusion is 
related to the fact that  the pr imary  current  density 
becomes infinite at the edge of the disk. Since this 
effect is related critically to the edge region, the high-  
frequency behavior will  be affected significantly by 
the detailed geometry at the edge. If the disk is slightly 
inset in the plane, a finite l imit would be obtained. 

Since this effect is related to the edge region, a simi- 
lar  conclusion would apply to a flat electrode of any 
shape embedded in an insulat ing plane. In  contrast, for 
a mercury drop on an insulat ing plane, the pr imary  
current  density does not become infinite, and the fre-  
quency-dependence of C/Calf is considerably less (see 
Appendix) .  

A similar s ingular -per turba t ion  problem in the edge 
region would arise at finite frequencies for large values 
of J. Since the behavior of the secondary current  dis- 
t r ibut ion  in the edge region is not of critical interest, 
there is no compelling reason to pursue this problem. 
However, the correct de terminat ion of the behavior of 
C/Ceff at high frequencies required a consideration of 
the edge region. 

Bauer, Spritzer, and Elving (4) report  impedance 
measurements  at a pyrolytic graphite disk electrode. 

, I i I i q q 
I 2 5 

Fig. 3. Components of surface potential expressed in stretched 
variables for the region near the edge of the disk at high frequen- 
cies. 
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Fig. 4. Frequency dependence of apparent capoclty on a smooth 
disk in the absence of faradeic reactions. 
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Their  results show that the apparent  capacity varies 
by about a factor of 2 while the apparent  resistance 
varies by about a factor of 10. The lat ter  result, in-  
terpreted in terms of the present  analysis, suggests that  
faradaic reactions are not of negligible importance. 
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Table II. Effective resistance and capacitance for a drop on a plane, 
in the absence of faradaic reactions (J=O) 

APPENDIX 

A Drop Electrode on a Plane 

A mercury  drop at the end of a capillary tube is 
sometimes treated as a spherical electrode tangent  to 
an insulat ing plane. The frequency dependence of the 
apparent  capacity due to shielding by the capil lary tip 
is inherent ly  much less than that for a disk because the 
pr imary  current  distr ibution does not become infinite 
anywhere.  The capillary tip can, of course, be designed 
to minimize the shielding and thus reduce the fre- 
quency dispersion further.  

Here we use tangent -sphere  coordinates (7) v and 

2ro~ 2roy 
r---- ~ 2 + v 2 '  z =  ~2+v2  [42] 

where r and z are cylindrical  coordinates, with their 
origin at the base of the drop. The surface of the spheri-  
cal drop is then given by v = 1. The current  density 
relat ion on the surface of the drop, analogous to Eq. 
[6], [13], or [26] becomes 

i + ~  20U 
( j ~  ~- J)  ( l  -- Uo) = - -  at v =  1 [43] 

2 av 

The solution to Laplace's equation satisfying the con- 
ditions at infinity and on the insulating plane is ex- 
pressed as 

~oo ~176 Jo(P~)dp [44] 
c o s h  p~ 

U = (~2 + vf) 1/2 G (p.) cosh----~ 

The funct ion G(p)  is analogous to the Bn coefficients 
used for the disk, but  for the drop no discrete eigen- 
values are found. By subst i tut ion of this expression 
into the boundary  condition on the drop surface, it is 
possible to derive a differential equation for G(p)  

d2G 
2 ( j ~  + J) ( G - -  e -v )  = p tanh p - -  

dp 2 

~- tanh  p + cosh2------- ~ dp 

[ 2P ' ]  G [45] 
- -  t anh  p tanh p -{- p + cosh2------ ~ 

and G = 1 at p = 0 and G = 0 at p = ~ .  The im-  
pedance Z of the system will  then be given by 

1 ~" ~ G(p)  dp 
Jo [46] 

4~roZ cosh p 

The pr imary  potential  distribution, applicable for 
large values of ~ or J and corresponding to Uo ---- 1, 
is given by G(p)  = e-v.  The pr imary  distr ibution has 
been treated by Maxwell  (8) and by Maty$~ (9) and 
has been plotted by de Levie (2). The pr imary  current  
distr ibution on the drop is 

i (1 --~ ]~2)3/2 ~ Jo(Pg)pdp 
J0 [47] 

iavg 21n2 cosh p 

and is plotted by de Levie. The value of i/iavg at ~ ---- 0 
(the bottom of the drop) is here calculated to be 
1.3215, in good agreement  with de Levie's graph. 

For high frequencies we can obtain a second approxi-  
mat ion directly from the differential equation 

G(p)  ---- e -~  + j ( t a n h  p + 2p/coshfp) /2~ cosh p 
[48] 

Subst i tut ion into the integral  for the impedance gives 

wCro/~ 4vro KRe~f C/C~ 

O ? 1.0 
O.l 1.5755 1.0016 
1 1.5056 1.0632 

I0 1.4443 1.1330 
co 1.4427 1.1352 

the  high-f requency limits for the resistance and capaci- 
tance of the equivalent  circuit. 

4~roKReff = 1/ln2 = 1.4427 and C/Cef f  = 1.1352 [49] 

The value for the resistance limit can also be inferred 
from the results of Maxwell. The capacitance in the  
equivalent  circuit of Fig. 2 should now be represented 
by 4~rofCeff. Thus, C/Ceff is the  rat io  of the  t rue double- 
layer capacity to the apparent  double- layer  capacity 
and has the same meaning as for the disk. However, 
the resistance ratio 4~roKReff is the ratio of the re-  
sistance to that for a free sphere not attached to a 
b lun t  capillary tube. 

At low frequencies, the current  distr ibution becomes 
uniform and C/Ceff --> 1. However, it is difficult to force 
the  current  to the surface of the drop near  the point 
of contact, and the effective resistance might be ex- 
pected to increase considerably more than was found 
for the disk. The solution for G at low frequencies be- 
comes a s ingular -per turba t ion  problem. Since l i t t le  
interest  in this l imit  has been expressed, the problem 
was not  pursued. 

The drop problem is quite different from the disk 
problem. Here the h igh-f requency limit is relat ively 
easy to obtain, but  the low-frequency l imit  is difficult. 
For  the disk the apparent  capacity varies considerably 
with frequency; for the drop the apparent  resistance 
varies considerably. These differences are directly re-  
lated to the fact that the pr imary  current  distr ibution 
becomes infinite at the edge of the disk and becomes 
zero near  the point of contact of the drop. Some results 
for intermediate  frequencies are given in Table II. 
These values are in satisfactory agreement  with the 
exper imental  results of Tessari, Delahay, and Holub 
(10). In particular,  the factor 1/ ln 2 gives a good ac- 
count of the shielding effect of the capil lary on the 
effective resistance. 
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NOMENCLATURE 
B~ coefficients in series expansion of the potential  
C double- layer  capacity ( f /cm 2) 
Cefr  apparent  double- layer  capacity in the equiv- 

alent  circuit 
G distr ibution function for drop 
i current  density (A/cm 2) 
I total current  (A) 
j ~/- 1 
J dimensionless parameter  for l inear  electrode 

kinetics 
Jo Bessel function of order zero 
M2n Legendre function discussed in ref. (6) 
p separation parameter  for drop 
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P2n 
r 
To 
R e f f  

t 
U 
Uo 
V 
Vo 
g 

7. 

n 
g 

v 

q, 

q'o 

II 

Legendre polynomial  or order 2n 
radial  position from axis of disk (cm) 
radius of disk or drop (cm) 
apparent  resistance in the equivalent  circuit 
(ohm) 
t ime (sec) 
complex potential  in the solution (V) 
value of U at the disk surface 
electrode potential  relat ive to infinity (V) 
ampli tude of applied potential  
distance from plane of disk (cm) 
impedance of the system (ohm) 
rotat ional  elliptic coordinate 
conductivi ty of the solution (ohm-  ~ -- c m -  ' )  
tangent -sphere  coordinate 
tangent-sphere  coordinate 
rotat ional  elliptic coordinate 
potential  in the solution (V) 
value of r at the electrode surface 
frequency of applied potential  (radian/sec)  
dimensionless frequency 
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The Electrochemical Reduction of m-Dinitrobenzene in 
Liquid Ammonia Solutions 

William H. Tiedemann** and Douglas N. Bennion* 
School of Engineering and Applied Science, University of California, Los Angeles, California 

ABSTRACT 

The reduction of meta-d in i t robenzene  has been studied in a NH4NO~-NH3 
solution at 0.0~ Two separate electrochemical techniques, the rotat ing disk 
and the potential  step, were employed to determine the over-al l  number  of 
electrons t ransferred in the first and second waves of the reduction. The 
first and second waves occurred at --0.08 and --0.25V vs. Pb reference elec- 
trode, respectively. To within  exper imental  accuracy, four electrons were 
t ransferred in each wave. The diffusion coefficient of meta-din i t robenzene 
in a NH4NO~-NH~ solution was measured using a modified Stoke's diaphragm 
cell and found to be a 1.83 x 10 -6 cm2/sec. 

It has been shown by  Spindler  and Pr i tchard (1) 
that meta-d in i t robenzene  (m-DNB) is an effective 
cathodic depolarizer in several bat tery  systems. The 
electrochemical reduction of m-DNB has been studied 
in aqueous media by Jackson and Dereska (2) and by 
Ehlers and Sease (3). In addition, the possible use of 
m-DNB in liquid ammonia  batteries has prompted 
studies of m-DNB reduction in liquid ammonia sys- 
tems by Harris  and Matson (4), Schaer (5), and K u -  
wana and Darl ington (6). 

In these investigations the following objectives ap- 
peared to be of interest:  (i) the number  of electrons 
t ransferred in the over-al l  electrochemical reduct ion 
of m-DNB; (ii) the number  of waves occurring in the 
reduction; (iii) the number  of electrons t ransferred in 
each wave; (iv) the products of each wave; (v) the 
effect of pH and solvent on the waves and the prod- 
ucts; and (vi) a detailed description of intermediate  
steps in the reaction. 

Ehlers and Sease (3) used a combinat ion of potenti-  
ostatic and polarographic reduction techniques to s tudy 
the cathodic reduction of m-DNB among other poly- 
nitro aromatic compounds in aqueous media. They were 
able to show that there are two waves in  the total  
reduction and that eight electrons were t ransferred 
in the over-al l  reaction. However, they were unable  

** E l e c t r o c h e m i c a l  S o c i e t y  S tude tx t  A s s o c i a t e .  
* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

to determine the number  of electrons t ransferred in 
each wave. Of all the polynitro aromatic compounds 
which they studied, m-DNB is the only compound in 
which they could not  say that  four electrons were 
t ransferred in each wave. 

Harris and Matson (4) studied the constant  current  
reduction of m-DNB in a NH4SCN-NH3 solution using 
a voltage trace technique. From inflections in the volt-  
age trace, the number  of equivalents  t ransferred per 
mole of mater ial  reduced can be inferred provided 
mult iple  reaction paths do not occur. They reported 
that m-DNB undergoes two successive four electron 
reductions. Schaer (5) also studied the reduction of 
m-DNB in NH4SCN-NH~ solutions. He employed con- 
stant  potential  coulometry and reported that  eight 
electrons were obtained in the over-al l  reduction. 

Jackson and Dereska (2) used polarographic and 
potentiostatic techniques to study the mechanism of 
the cathodic reduction of m-DNB in aqueous solution 
at various pH values. They obtained two waves with 
four electrons in each wave. They were able to isolate 
the product of the first wave as 3-n i t rophenylhydroxyl -  
amine (3NPHA). However, they were not able to iso- 
late the product of the second wave. The inabi l i ty  of 
previous researchers (3-5) to isolate the product of 
the first wave was apparent ly  due to the techniques 
employed. Jackson and Dereska (2) found that below 
100% reduction the product of the first wave is all 
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3NPHA. However, near  100% reduction no identifiable 
product was obtained (the residue tu rned  brown) .  
They proposed that the mixed product observed when 
100% reduct ion is approached for the first wave indi-  
cates that  reduction of the first ni tro group does not 
occur completely before reduction of the second group 
begins. 

The present  study was under taken  in order to clarify 
some of the previous results obtained in NH4SCN-NHs 
solutions. Since it has been observed (6) that the 
S C N -  ion reacts slowly with m-DNB to produce a 
radical anion, a solution of NI-~NOs-NHs (which does 
not react with m-DNB) was employed in this study. 
The m-DNB molecule is protonated in the solution 
since the solution behaves like a strong acid as shown 
by Given and Peover (7) and Schaer (5). 

To demonstrate  consistency and accuracy of results, 
two separate and independent  electrochemical tech- 
niques were employed, the rotat ing disk electrode (8) 
and the potential  step (9). Only the over-al l  reactions 
associated with the first and second waves will  be 
considered. 

Exper imental  
Reagents.--Ammonia (NHs) was obtained from 

Matheson Company and was fur ther  purified by two 
successive single stage distillations. Conductance was 
used as a measure of pur i ty  of the NHs obtained in the 
final distillation. The conductance was determined as 1 
x 10 - s  mho/cm. NH4NOs obtained from Sargent  Com- 
pany was vacuum dried at 100~ for 24 hr. A solution 
of NI~NOs-NHs (0.37 mole fraction of NH4NO3) was 
prepared by condensing NH3 from a container  which 
has been previously weighed into a glass vessel con- 
ta ining a known weight of NH4NOs. After the desired 
amount  of NH3 had been condensed, the container of 
NI-I~ was weighed to determine the quant i ty  of NHs 
t ransferred to the glass vessel. The solution was then 
stored at 0.0~ The m-DNB used was Eastman's  high- 
est pur i ty  and was recrystallized once from chloroform 
and vacuum dried at 50~ for 24 hr. All solutions of 
varying concentrations of m-DNB in NH4NOs-NHs 
were prepared at the same time by adding a known 
volume of NH4NOs-NHs into a flask containing a 
known weight of m-DNB. The volume of each solu- 
t ion so prepared was about 300 ml. The result ing solu- 
tions were light yellow in color. 

Apparatus.--A detailed description of the equipment  
used in the rotat ing disk and potential  step experi-  
ments has been given (10). The essential features shall 
be discussed briefly. A Dumore lathe quill  was em- 
ployed to hold the rotat ing electrode in a vertical posi- 
tion. A pul ley-bel t  system was used to t ransmi t  the 
desired angular  velocity to the rotat ing electrode via 
the Dumore quill. The eccentricity at the face of the 
electrode was determined to be less than 0.001 of an 
inch. The surface of the electrode consisted of a plat i-  
n u m  disk surrounded by Teflon (see Fig. 1). A glass 

STAINLESS 
STEELSHAFT 

SILVER SLIP.RIN 

TEFLON SLEEVE - 

COPPER 
T U R N I N G S ~  

PLATINUM 
ELECTRODE 

Fig. 1. Rotating disk electrode and electrochemical cell 

tube was used to connect the cell to a Viton rubber  seal. 
The system was air tight. No NHs leak could be 
detected. 

The spherical p la t inum electrode used in the poten- 
tial step experiments  was prepared by West Glass 
Corporation. The average geometrical area of the 
sphere was determined using an optical c:omparator. 
The counterelectrode consisted of a p la t inum wire 
mesh cylinder. The cell was sealed with standard, 
ground glass joints. The cell was air tight, and no NHs 
odor could be detected outside the cell. The rotat ing 
disk, after being polished, and the spherical electrode 
were electrochemically cleaned in chromic acid, washed 
in redistilled water, and vacuum dried at 150~ for 
24 hr. 

A cracked-glass lead reference electrode described 
by Panzer  (11) was used in  both experiments.  The 
reference electrode consisted of a cracked glass tube 
filled with NHs solution saturated with LiNOs and 
Pb(NO3)2 and contained a strip of lead wire. The 
ohmic resistance across the cracked glass was about 
5 x 105 ohms. Due to this large resistance, a 610B Kei th-  
ley electrometer which had an in ternal  resistance of 
1014 ohm was used. 

An Anotrol  4700 M potentiostat was used in the po- 
tential  step experiments  as well as in the potentiostatic 
work with the rotat ing disk. 

A Stokes-type diaphragm cell (12) was used to mea-  
sure the diffusion coefficient of m-DNB in NH4NO3-NHs 
solutions at 0~ The only modification of significance 
to Stokes' cell was the replacement  of the stoppered 
ends by Teflon stopcocks. 

Procedure.--Approximately 120 ml of a m-DNB- 
NH4NO3-NHs solution were used in each experiment.  
Exper iments  were conducted on blank solutions of 
NH4NOs-NH3 to determine the contr ibut ion of ext rane-  
ous reactions to the measured currents.  The result ing 
current  was found to be less than 0.5% of the current  
obtained from the smallest concentrations of m-DNB 
used. This indicates that  the impur i ty  level was low 
enough not to interfere with the measurements  made 
in these experiments.  

Rotating disk electrode.--The electrochemical cell, 
shown in Fig. 1, which had been cooled to 0.0~ in an 
ice bath, was flushed several times with NH~ gas be-  
fore about 120 ml of solution were added. Several 
cathodic pulses, lasting about 5 sec, were applied to 
the electrode before the exper iment  was begun in 
order to reduce impurit ies remaining  on the surface. 
The rotat ion speed was set by adjust ing the control 
un i t  which was connected to a d-c motor. The rotation 
speed was measured with a General  Radio Strobotac 
(Type 1531-A) and recorded. Both galvanostatic and 
potentiostatic cathodic reductions were performed 
(which produced the same ~ vs. i curve) .  When a 
steady-state condition was reached, the values for the 
current  and potential  (vs. a lead reference electrode) 
were recorded and a new setting of the current  or po- 
tent ial  was made. This procedure was cont inued unt i l  
the run  was terminated,  i.e., a l imiting current  was 
reached. Then the rotat ing speed and/or  the concentra-  
t ion of m-DNB was changed and the above procedure 
repeated. 

Potential step.--The same procedure for filling the 
cell and cleaning the electrode as described above was 
used in the potential  step experiments.  The potential  
(vs. a lead reference electrode) sufficient to produce a 
l imit ing current  at the surface of the electrode was set 
on the potentiostat. A potential  pulse was then applied 
to the cell. The response was displayed on an oscillo- 
scope and a pe rmanen t  record was obtained on polaroid 
film. The potential  was changed to determine if a t rue 
l imit ing current  had been reached. The oscilloscope was 
fitted with a projected graticule to el iminate paral lax 
and increase the accuracy of the readings. The concen- 
t rat ion was changed and the above procedure repeated. 
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D i a p h r a g m  c e l l . ~ T h e  cell was flushed with N I ~  gas. 
This was done to el iminate en t rapment  of air in  the 
pores of the diaphragm. A syringe was used to fill the 
cell. The side containing the dilute solution was filled 
first. The cell was inverted, and the concentrated solu- 
tion added to the second compartment.  A vacuum 
pump was connected to the cell so that  t rapped gas in 
the pores was removed. A period of several hours was 
allowed for prediffusion in the diaphragm. The two 
compartments  of the cell were refilled and the experi-  
ment  begun. The cell was thermostated in a glycol 
bath at 0.0 ~ _+ 0.2~ The experiment  was terminated 
after 192 hr. The concentrat ion in the bottom compart-  
ment  changed from 0.0202 to 0.0191M, and the con- 
centrat ion in the top compar tment  changed from 
0.0010 to 0.0023M. 

The final concentrations in the two compartments  
of the cell were analyzed by removing a known volume 
of solution from each compar tment  and al lowing the 
NHa to evaporate at room temperature.  The m-DNB 
was extracted from the residue by adding spectrograde 
ether to the residue. The ether was then t ransferred 
to a flask, and the ether was allowed to evaporate. The 
remaining m-DNB was weighed. 

T h e c e l l  was calibrated by Dunn ing  (13). Stokes 
(12) Claimed 0.2% accuracy for this method. Our cali- 
brat ion runs had a mean deviation of 9.2%. This var ia-  
tion is due to small amounts  of gas trapped in the 
diaphragm. Better degassing procedures are needed 
to improve this accuracy. 

Results 
R o t a t i n g  d i sk . - - -The  equation governing the use of 

the rotat ing disk electrode was developed by Levich 
(8). Riddiford (14), and Newman (15) have since 
made a Schmidt n u m b e r  correction. Applying their  
suggested correction to this system, the equation is 

nFD~/~ C ~ .p/2 
illm ----- [1] 

1.63 ~1/6 

where 1.61 in Levich's original derivat ion is now 
changed to 1.63 using the Schmidt number  correction. 

The cathodic reduct ion of m-DNB in NH4NO.~-NH.~ 
solution at 0.0~ on the rotat ing disk occurred in two 
waves. The first wave appears at about --0.08V vs. 
a lead reference electrode and the second wave oc- 
curred at --0.25V. A typical  plot of ~ vs.  i as a function 
of rotation speed is shown in Fig. 2. A plot of i]im vs. 
,~1/2 for the first and second waves resulted in a straight 
line which passed through the origin as predicted by 
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Eq. [1] (see Fig. 3). A plot of 

1.63 v 1/6 ilim 
VS. C ~ 

F ~;I2 

also resulted in straight lines passing through the 
origin as predicted by Eq. [1] (see Fig. 4). The slope 
of the plot in Fig. 4 yields nD2/3; n is the over-al l  
number  of electrons t ransferred and D is the diffusion 
coefficient of the bulk  species diffusing to the surface 
of the electrode. The diffusion coefficient of m-DNB 
in NH4NO~-NH3 at 0.0~ as measured by the diaphragm 
cell method was found to be 1.83 x 10 -6 cm2/sec. The 
type of species present  in the NH4NO3-NH.~ solution 
is the protonated m-DNB molecule (5, 7). Using the 
value of the diffusion coefficient determined in this 
work, the values of the number  of electrons for the 
first and second waves were found to be 4.14 and 3.91, 
respectively. 

P o t e n t i a l  s t e p . - - T h e  equation developed for the l im-  
iting current  at the surface of a spherical electrode 
has been presented by Delahay (9) and is shown in 
Eq. [2] 

SECOND WAVE 

I0 nD213 = 12x10-4 ( CMZ/SE 

~J T = 0.0 ~ C 

E 

m 

~o 6 O - -  

u_ 

\ 
x 4 

.E 2 0 E}RST WAVE 

/ i 
 .Too.ooc 

0 1 ~  i I I I 
0 2 4 6 8 I0 

C x I03 ( MOLE/ LITER) 

Fig. 4.  Concentration dependence of ; l i m  1[.63 %r1 /6 / , ~ t / 2  F vs.  C ~ 
for reduction of m-DNB using rotating disk e l e c t r o d e ;  ~v = 0.0408 
stokes (10). 
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ions) and that  of the system described in this paper 
(m-DNB in NH~ with NH4 + ions), and the consistency 
of results, it appears that the over-al l  reaction mech- 
anism proposed by Jackson and Dereska (2) is the 
same for ammonia,  the system being considered here. 
Therefore, by replacing H + with NH~ +, we obtain the 
following 

n F A D I / 2  C ~ n F A D  C ~ 
/ l i ra  = J r  [ 2 ]  

~ I / 2  ~I /2  T ~ 

For short response times (a few seconds), ( n F A D C  ~  ~ 
is negligible compared to 

nFAD1/2  C o 

$[112 t l / 2  

Therefore, for t < 4 sec Eq. [2] reduces to the following 

nFAD1/2  C ~ 

Into = [3] 
j~l/2 t l / 2  

The current  was plotted vs.  t -1/2 for several concen- 
trations (Fig. 5). The plot produced straight lines 
which intersected the origin as predicted by Eq. [3]. 
Figure 6 contains the plots for the first and second 
wave of 

I l im t l / 2  VS.  C ~ 

Again it is observed that a straight l ine results which 
passes through the origin. The over-a l l  numbers  of 
electrons t ransferred in the first and second waves are 
determined from the slopes of the plots in Fig. 6 and 
the previously determined diffusion coefficient. They 
were found to be 4.24 and 3.92, respectively. 

Discussion 
Table I summarizes values of the number  of elec- 

trons t ransferred in each wave as determined in this 
work as well  as in the l i terature cited. As can be seen, 
the agreement  between the results obtained in this 
paper and that obtained by previous researchers is 
good. 

Based on the similarities between the system of 
Jackson and Dereska (2) (m-DNB in H20 with H + 

I HNOH I NO 2 /~ 
]~.[,~.~L + 4NH~ * 4 e -  - - ' I  ~ l  + " O •  4NH3 

~-~/x NO z NO 2 
I HNOH I HNOH 

I[t~1 �9 4NH~, + 4e- ..-=.- I I  I "~ 4NH5 + H20 
\~'NO2 \~/'.No, 

A detailed description of the in termediate  steps in 
the cathodic reduction of m-DNB was not a t ta inable in 
this s tudy since the NH4 + ion concentrat ion could not 
be varied sufficiently. If one were to use LiNO3 as the 
supporting electrolyte, the effects of variations in NH4 + 
ion concentrat ion could be examined and details of 
the reaction mechanism studied. 
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LIST OF SYMBOLS 

~1 potential  between the working electrode and 
reference electrode, V 

i average current  density, mA/cm 2 
ium limiting current  density, mA / c m 2 
n number  of electrons produced in one wave from 

one molecule or ion 
Ilim l imit ing current,  mA 
F Faraday 's  constant, coulomb/equiv.  
D diffusion coefficient of species reacting at surface 

of electrode, cm2/sec 

Table I. Summary of results for reduction of m-DNB 

S y s t e m  1st W a v e  2rid W a v e  T o t a l  

Ehlers and Sease 
Jackson and Dereska 
Harris and Matson 
Schaer 
This work, P.S. 
This work, R.D. 

H20  8 
H_~o ~- ~- 8 
NHa-NH~SCN 4 4 8 
NHa-NH~SCN -- 8 ~- 10% 
NH3-NH4NO3 4.24 ~ 0.14 3.92 ~ 0.1 8.16 4- 0.24 
NH~-NH~NO~ 4.14 ~ 0.24 3.91 ~ 0.21 8.05 • 0.40 
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C ~ concentrat ion of reacting species in the bulk  of 
solution, moles/ l i ter  

oJ angular  velocity, radians/sec 
v kinematic viscosity, cm2/sec 

3.1416 
t time, sec 
A geometric area of sphere, cm 2 
r ~ radius of sphere, cm 
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Rotating Ring-Disk Electrodes 
I. Fundamentals of the Digital Simulation Approach. Disk and 

Ring Transients and Collection Efficiencies 

Keith B. Prated and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 

ABSTRACT 

A digital s imulat ion technique has been used to treat  electrode reactions 
occurring at the rotat ing r ing-disk electrode (RRDE). The method of t reat -  
ing normal  diffusion, normal  and radial  convection, and homogeneous ki- 
netics at the RRDE is discussed and results for the t ransient  and steady- 
state currents  at the disk and r ing electrodes in the absence of kinetic com- 
plications are given. Where comparisons are possible, the simulated results 
were found to be in excellent agreement  with previous theoretical treatments.  

The rotat ing r ing-disk  electrode (RRDE) was in-  
troduced in 1959 by F rumkin  and Nekrasov (1). The 
addition of a ring electrode to the rotating disk elec- 
trode permit ted the detection of products formed by 
electrode reactions and provided a steady-state 
method for investigating coupled chemical reactions. 
However, the mass t ransfer  conditions existing at the 
RRDE are rather  complex, and the mathematical  
t rea tment  of the RRDE, especially in the presence of 
kinetic complications, is difficult. A general  mathe-  
matical  t rea tment  was not given unt i l  1966 when a 
series of papers by Albery  and Bruckenste in  (2-9) ap- 
peared. In these papers, Albery and Bruckenstein  pre-  
sented an exact t rea tment  of the steady-state collec- 
tion efficiency as a function of electrode geometry in 
the absence of kinetic complications (3). They also 
presented approximate t reatments  of first- and second- 
order follow up reactions. Unfortunately,  as pointed 
out by Albery  (10), the t rea tment  of the first-order 
case is not applicable to any practical electrode with-  
out fur ther  approximations.  Their  second-order t reat-  
ment  is l imited to certain regions of rotation rate and 
rate constant. Fur thermore,  expansion of these t reat-  
ments  to more complex mechanisms, such as ECE re- 
actions and electrogenerated chemiluminescence (11), 
seems unlikely.  

In  this series of papers, we present  the results of the 
application of a digital s imulat ion technique to this 
problem. This technique is capable of generat ing a 
theoretical working curve for any part icular  electrode 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 Present  address: Univers i ty  of T e x a s  a t  E l  Paso ,  E1 Paso ,  T e x a s .  

under  any imaginable kinetic situation. The simulat ion 
technique used is a modification of that  introduced to 
electrochemical problems by Feldberg (12) and most 
ful ly described in  a recent chapter (13). This paper 
also discusses the mathemat ical  background of the 
method and gives a detailed description of other ap- 
plications of this technique. 

The principal  problem encountered in s imulat ing 
the RRDE is that, due to the normal  and radial  con- 
vective flow, the concentrat ions of all species are func-  
tions of two spatial variables, X, the normal  distance 
from the electrode surface, and R, the radial  distance 
from the axis of rotation. It is here that  this paper 
differs from those previously presented. 

Digital Simulation Method 
Digital modeL-- In  a digital s imulation of an electro- 

chemical system, one first divides the solution into a 
number  of small  volume elements. These volume 
elements will henceforth be called "boxes" regardless 
of shape. The shapes of these boxes are chosen in such 
a way that  one can reasonably assume that the solu- 
t ion wi thin  each box is homogeneous. For an RRDE, 
the symmetry  of the system suggests the following 
model. The solution is first divided into thin paral lel  
layers which are Ax cm thick. The electrode is placed 
in the center  of the first layer, parallel  to the planes 
dividing the layers. Then each layer is divided into a 
cylindrical  box of radius 1/z Ar cm which is centered 
about the axis of rotation, and a series of concentric 
annu la r  boxes Ar cm wide (Fig. 1). The parameter ,  
At, is chosen in such a way that  the per t inent  radii of 
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Fig. 1. Digital simulation model of the rotating ring disk elec- 
trode. 

the electrode, h (the radius of the disk electrode),  
r2 (the radius to the inner  edge of the ring electrode),  
and r~ (the radius to the outer  edge of the r ing elec- 
t rode) ,  can be satisfactorily approximated  by 

rl  ---- (IR1-0.5) (~r) 
r2 ---- (IR2-0.5) (a t )  
r3 ---- (IR3-0.5) (~r) [1] 

where  IR1, IR2, and IR3 are integers and correspond 
to the number  of boxes necessary to represent  the 
par t icular  radial  distances. Obviously, the smaller  5r 
is (i.e., the greater  the number  of annular  boxes),  
the bet ter  the approximat ion is l ikely to be. Un-  
fortunately,  the n u m b e r  of boxes must  be weighed 
against the length of computat ion t ime and some com- 
promise reached. 

In the interest  of minimizing computat ion time, one 
can very  reasonably assume that  the disk electrode is 
a uni formly  accessible surface. This condition holds 
under  usual exper imenta l  conditions where  an excess 
of supporting electrolyte  is present  (14). This means 
that  in each layer, the solution in the cylindrical  
vo lume of radius ( IR1-0.5)(5r)  centered about the 
axis of rotation is homogeneous and can be repre-  
sented by one large cylindrical  box. 

For the sake of simplicity the fol lowing convention 
is used. Each box is referred to by its layer  number,  
J,  and its radial  number,  K. The layer  containing the 
electrode is the  J = I layer,  and all  other  layers are 
numbered  consecutively outward from the  electrode. 
Within any layer, the large central  cylindrical  box is 
called the K = 1 box, and all the annular  boxes are 
numbered  consecutively outward from this box. The 
large cylindrical  box in the first layer  (J  ---- 1, K = 1) 
corresponds to the disk electrode. Similarly,  the ap- 
propriate  first layer  ( J----1) annular  boxes corre-  
spond to the gap region, the r ing electrode region, or 
the outer  insulat ion region. 

A concentrat ion for each of the active species in 
solution is then assigned to each box. This concentra-  
tion is associated with the center  of each box. Thus, in 
the par t icular  case of the boxes in the first layer,  
the concentrat ions in those boxes correspond to the 
concentrations at the electrode surface. Before elec- 
trolysis begins, all boxes are assigned concentrat ions 
which correspond to the bulk concentrat ion of the 
solution. At  the  beginning of electrolysis, t = 0, the 
concentrations in those first layer  boxes corresponding 
to the disk and ring electrodes are changed to reflect 
appropriate  boundary conditions. These changes re-  
sult in a concentrat ion gradient  be tween some of the 
corresponding boxes in the first and second layers. 

Using a finite difference representat ion of Fick's sec- 
ond law, the extent  to which the concentrat ions in 
these boxes are changed by diffusion across the 
boundary  between them in a t ime interval ,  At, is cal- 
culated. These changes in the original  ar ray  of concen- 
trations produce a new array reflecting the  effects of 
diffusion during this first t ime interval .  In all calcu- 
lations we assume, fol lowing the arguments  of Albery  
and Bruckenste in  (3), that  radial  diffusion is negl i-  
gible when compared with  radial  convection. 

In the case of a rotat ing electrode, convection is also 
taking place during the same t ime interval ,  at. F rom 
the t rea tment  by Levich  (15) of convection to a ro- 
tat ing disk electrode one can calculate the normal  and 
radial  components of fluid veloci ty  at any point near  
the electrode. Thus, one can calculate the distance a 
given fluid volume wil l  t rave l  in the normal  and 
radial  directions in a time, at. If, for example,  this 
calculation reveals  that  the volume element  in the 
Kth  r ing of the J th  layer  at the  end of At seconds has 
t rave led  a distance hJ  in the normal  direction and a 
distance ~K in the radial  direction, then by replacing 
the concentrat ion in the J,  Kth  box in the existing 
ar ray  with  the concentrat ion at J -p hJ, K -- AK, a 
new ar ray  is generated which reflects the effects of 
both diffusion and convection for a t ime At. 

If, in addition, one or more species undergo homo- 
geneous reactions, this can be simulated by calculat-  
ing, for each box containing the appropr ia te  species, 
the amount  by which each species wil l  be depleted or 
increased according to the appropr ia te  rate  law in a 
t ime At. This generates an array which represents the 
expected concentrat ion profile of the simulated system 
at a t ime at  af ter  the initiation of electrolysis. From 
this profile, the current  observed at this point in an 
exper iment  can be calculated by assuming that the 
current  is proport ional  to the difference between the 
concentrations in the corresponding boxes in the first 
and second layers, i.e., the  flux at the electrode sur-  
face. Af te r  making the adjustments  to the concen- 
trat ions in the appropriate  boxes due to the passage of 
current,  the above process is repeated to give a new 
concentrat ion profile and current  at t ~ 2• and so 
on unti l  the steady state has been attained. In the 
limit, as ~x --> 0, at --> 0, and ~r -~ 0, the calculated 
cur ren t - t ime  behavior  and the s teady-sta te  currents  
should approach those observed experimental ly .  

Ini t ial  and boundary  cond i t ions . - -Le t  us now con- 
sider the simulation in greater  detail  by discussing 
the following situation. The solution init ial ly contains 
only species A at bulk concentrat ion C%. At t ime 
t ~ 0, the potential  of the disk electrode is stepped 
to a potential  on the l imit ing current  p la teau for the 
react ion 

A +_ ne  --> B [2] 

We consider the case where  species B undergoes a first 
order homogeneous reaction to give some electroin-  
active species, X, by the react ion 

7r 
B > X [3] 

The potential  of the ring electrode is such that  all B 
reaching the r ing electrode is instantaneously con- 
ver ted back to A by 

B ~ ne -~ A [4] 

In digital  simulations, to make  each computat ion as 
general  as possible, all calculations are done in terms 
of dimensionless parameters .  Hence, all concentrations 
are normalized with respect to the initial concentra-  
tion of bulk species A. Thus, the initial fract ional  con- 
centrat ion of species A in any box is 

FA (J ,K)  -~ C~176 : 1.0 [5] 

and the fract ional  concentrat ions of species B and X 
are 
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FB ( J , K )  = 0.0 
F x ( J , K )  = 0.0 [6] 

At the ini t iat ion of electrolysis, t ---- 0, the boundary  
conditions for the disk box in the case of a potential  
step to the l imit ing current  region are 

FA(1,1) = 0.0 
FB(1,1) = 1.0 
Fx(1,1) ---- 0.0 [7] 

For those first layer boxes which correspond to the 
r ing electrode, the ini t ial  boundary  conditions are 

FA(I,KR) = 1.0 
FB (I,KR) = 0.0 
Fx(1,KR) -~ 0.0 [8] 

where Ka  represents all  values of K corresponding to 
the r ing electrode region. 

D i ~ u s i o n  e f ] e c t s . - - T h e s e  conditions set up a concen- 
trat ion gradient  between the first and second layer 
disk boxes (J---- 1, K = I )  and (J----- 2, K =  1), which 
gives rise to diffusion across the boundary  between 
these boxes. The amount  of mater ia l  crossing the 
boundary  in at  seconds can be calculated using the 
finite difference representat ion of Fick's second law 

AFA (J,K) = DMA[FA (J + I) -- FA (J,K) ] 
--DMA[FA(J,K) -- FA(J -- 1,K)] [9] 

or 

AFA(J,K) = DMA[FA(J -b I}K) 
-- 2FA(J,K) -b FA(J-- I,K)] [10] 

This states that for any time interval, at, the change 
in the fractional concentration of species A in the 
J,Kth box is the difference between the amount of A 
entering from the adjacent box of higher concentra- 
tion and the amount of A going into the adjacent box 
of lower concentration. The amount entering or leav- 
ing the box is proportional to the concentration gradi- 
ent across the boundary. The proportionality factor, 
DMA is given by 

DMA = DA at/(AX) 2 [ii] 

where DA is the diffusion coefficient of species A and 
AX is the width of one layer. The parameter, at, is 
defined below. By applying Eq. [i0] to all boxes and 
then replacing FA(J,K) by FA(J,K) + AFA(J,K), a 
new array of concentrations is generated which repre- 
sents the effects of diffusion for a time interval At. The 
concentrations of species B and X are similarly 
treated. For this technique to converge, DMA must 
have a value less than 0.5 (13). In most of these cal- 
culations, DMA was taken to be 0.45. 

Convection ef]ects.--The parameter, at, is the real 
time length of one iteration. Thus 

At = t k / L  [12] 

where tk is some experimentally known time or time 
dimensioned variable, and L is the number of itera- 
tions used to simulate that time. To evaluate the ap- 
propriate form of tk, consider the equation for the 
velocity of convective fluid flow in the direction nor- 
mal to the electrode. In the region near the electrode, 
this is given by (15) 

Vx ---- --0.51 ~3/2 ~-,/2 X 2 [13] 

where ~ is the rotat ion rate in radians/second,  ~ is 
the k inemat ic  viscosity in square centimeters per sec- 
ond, and X is the distance from the electrode surface. 
The velocity in the X direction may be represented 
by  the derivative, d X / d t .  Thus 

d X / d t  = --0.51 ~,3/2 y--l12 X 2 [14] 

Solving the above, for X and evaluat ing between t2 
and ti ,  one obtains 

1 1 
- -  = - - 0 . 5 1  ~ / 2  ~-1/2 (t2 - -  t l )  [ 1 5 ]  

X z  X ,  
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If we let t2 - tl ~ At, then XI and X2 represent  the 
distance of a part icular  solution volume from the elec- 
trode surface at the beginning and end of the t ime 
interval ,  At. In  terms of the layer number ,  J, the dis- 
tance from the electrode surface to the center of any  
box is given by (J -- 1) (AX). Let 

X J  = J --  1 [16] 
and 

X~ = X J ( A X )  [17] 

then X2 is the position in the old array of the solution 
volume which will be in the center of the J th  box at 
the end of the t ime interval,  at. It is convenient  to let 

X2 = ( X  J J)  a X  [18] 

where X J J  is a nonintegral  distance from the electrode 
expressed in terms of numbers  of boxes. 

We can now rewri te  Eq. [15] as 

1 1 
- -  - -  - - 0 . 5 1  ~ 3 / 2  ~ - 1 / 2  AX At [ 1 9 ]  

XJJ X J  
or 

X J J  = X J~[1 -- ( X  J)  (0.51 ~3/2 ~-1/2 A X a t )  ] [20] 

The product (0.51 ~/2 ~-i/2 AXAt )  is dimensionless 
and is designated VNAUT , that is 

VNAUT = 0.51 oW2 ~-1/2 A X A t  [21] 

From Eq. [11] 
A X  = (DAAt /DMA)  1/2 [22] 

Thus 
VNAUT ~--- 0.51 W 8/2 DA 1/2 ~ - I / 2 D M A - 1 / 2 A t  3/2 [23] 

Using Eq. [12] 

VNAUT -~- 0.51 w 312 DA 1/2 p--l~2 D]V/A-1/2 tk3/2 L - 3 / 2  

Lett ing 

[24] 

[25] 

[26] 

tk -~ w-t ~1/3 DA-t/a (0.51) -2/2 

VNAUT ~ D M A - 1 / 2  L - 3 / 2  
then 

X J J  = X J~[1 -- ( X  J)  (VNAuT)] [27] 

Note that the above substi tutions render  the calcu- 
lation of the effects of convection not only dimension-  
less, but  also strictly in terms of s imulat ion variables. 
By replacing the concentrations now at the center  of 
each box with the concentrations at the distance cal- 
culated from Eq. [27], a new array represent ing the 
effects of diffusion and convection normal  to the elec- 
trode for a time, at, is generated. 

In  a similar manner ,  the effects of convection in the 
radial direction can be calculated. Beginning with the 
equation for fluid velocity in the radial direction near  
the electrode (15) 

VR ---- --0.51 ~ /z  v-1/2  X R  [28] 

where R is the distance from the axis of rotation, one 
obtains 

d R / d t  ~- --0.51 ~/2 v-l/3 X R  [29] 

Solving Eq. [29] one obtains 

ln(R~) -- ln(R1) ---- - - 0 . 5 1 ~ / 2 v - l / 2 X  (t2 -- h )  [30] 

As before, R2 and R1 are the positions of a solution 
volume at times t2 and h.  Rearranging and subst i tut-  
ing for X and (t2 -- tl) 

in (R1/R2)  = 0.51 ~3/2 ~-1/2 X J  A X  At  [31] 
If we let 

R1 = R K  (Ar) [32] 
and 

R2 ~- RKK (At) [33] 

and combine terms, we get 

l n ( R K / R K K )  ~- (~TNAUT) ( X  J)  [34] 
and finally 
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R K K  : R K  exp [-- (VNAuT) ( X  J)  ] [35] 
where 

R K  ---- K -~ IR1 -- 2 [36] 

and is the radial  distance of the solution volume in 
the center of the Kth  box from the axis of rotation. 
R K K  is the present  position of the solution volume 
which will  be at R K  at the end of the at  interval.  
Equation [35] allows the generat ion of an ar ray  of 
concentrat ions which represents the effects of diffusion 
and both normal  and radial  convection for a time, At. 

Kine t i c  egec t s . - -For  a first order disappearance of 
species B from the J, Kth box, one can write the rate 
law in the form 

ACB ( J , K )  / A t  : -- kCB (J,K) [37] 

Normalizing the concentrat ions by dividing both sides 
of the equation by COA, and remember ing  that FB ( J , K )  
---- CB (J,K)/C~ we have 

AFB (J,K) = --kAt FB (J,K) [38] 

or subst i tut ing for At 

AFB (J,K) = - -  [k~, -x v - x / 3  DA -1/3 (0.51) -2/3]FB ( J ,K ) / L  
[39] 

The dimensionless collection of terms in brackets in 
Eq. [39] is called X K T ,  so that  

X K T  = k~ -1 lfl/3 DA -1/3 (0.51) -2/8 [40] 

This is the dimensionless rate parameter  which is 
used in the calculations. Rewrit ing Eq. [39], we get 

AEB ( J , K )  = - - X K T [ F B  (J,K) ] / L  [41] 

Similarly,  the expression for the appearance of species 
X is 

AFx(J,K) = X K T [ F B  ( J , K )  ] / L  = - -aFB ( J , K )  [42] 

By replacing FB (J,K) with FB (J,K) ~ aFB (J,K) and 
F x ( J , K )  with F x ( J , K )  -~ A F x ( J , K ) ,  an array of con- 
centrations which represents the concentrat ion profile 
one would expect to observe under  these conditions 
after at  seconds is generated. 

Calculat ion o] c u r r e n t . - - T h e  fractional flux of a spe- 
cies, Z, moving from a J = 2 box into a J = 1 box is 
given by 

F F z ( K )  = D M z [ F z ( 2 , K )  -- Fz(1,K)]  [43] 

The contr ibut ion to the current  from a given box, K, 
can be expressed as 

i ( K )  : [ F F z ( K )  ] (CoA) [ A ( K ) a X ]  ( n F ) / a t  [44] 

where A ( K )  is the area of the Kth box (thus A ( K ) a X  
is the volume of that  box).  Rearranging and subst i tut-  
ing for AX and at  we get 

i (K) /nFCOA : FFz  ( K )  A ( K )  Dz 1/2 D M z - I / 2  L1/~ . tk-  1/2 
[45] 

Subst i tut ing for tk and rear ranging we have 

i (K)/(0.51)1/8 n F C %  Dz 2/3 ~1/2 ~-1/6 
: F F z ( K )  A ( K )  L 1/2 D M z  -1/2 [46] 

If we divide both sides of Eq. [46] by the area of the 
disk electrode, AD, we have 

i (K) / (0.51) 1/3 nFADCOADz2/3 ~1/2 v -  1/6 
: F F z ( K ) L  1/2 D M Z - 1 / 2 A ( K ) / A D  [47] 

Both sides of Eq. [47] are now dimensionless and the 
simulat ion variables are all on one side of the equa-  
tion. 

Equation [47] can be used to calculate the current  at 
the disk electrode. That  is 

id/ ( 0.51) 1/3 nFADCOAD A2/3 wl/2 p-1/6 
: FFA(1) L 1/2 DMA -1/2 [48] 

In  the case of a potent ia l  step to the l imit ing current  

plateau, since F A ( 1 , 1 ) =  0.0, the fractional flux be- 
comes 

FFA (1) = DMA FA (2,1) [49] 

The dimensionless parameters  on each side of Eq. [48] 
are called ZD. Thus, in terms of exper imental  var i -  
ables 

Z D  = id/(0.51)1/3 nFADCOADA2/3 wl/2 v-l/6 [50] 

while in terms of the s imulat ion 

ZD = DMA 1/2 FA(2,1) L 1/2 [51] 

Similarly, the current  at the r ing electrode can be 
calculated. Using Eq. [47] 

i,./ ( 0.51) 1/3 nFADCOADB2/3 wl/2 p-l/6 

= L 1 / 2 D M B  -1/2 Z F F B ( K ) A ( K ) / A D  [52] 
KR 

where the summat ion is over all radial  boxes, K, cor- 
responding to the r ing electrode. 

The dimensionless parameter  on each side of Eq. 
[52] are called ZR.  Thus, in terms of experimental  
variables 

Z R  : it~ (0.51) 1/3 nFADCOADB2/3 ~1/2 v-1/6 [53] 

while in terms of s imulat ion variables 

Z R  = L 1/2 DMB -1/2 Y~ F F B ( K )  A ( K ) / A D  [54] 
KR 

If the potential  at the r ing is such that all  B 1'caching 
the r ing is ins tant ly  converted into A, then FB(1,Ka) 
: 0 . 0  and Eq. [43] becomes 

FFB ( K R )  : DMBFB (2,KR) [55] 

Therefore, Eq. [54] becomes 

Z R  : L1/2 DMB 1/2 T, FB(2,K) A ( K ) / A D  [56] 
K a  

Note that 
Z R / Z D  -= (ir/ia) (DA/DB) Z/2 [57] 

The quotient  ir/ia is the collection efficiency, N. Thus 

Z R / Z D  : N (DA/DB) 1/2 [58] 

Though it is not necessary to do so, we will  assume 
that  DA : DB, and thus 

Z R / Z D  = N [59] 

Redef in i t ion  of  boundary  c o n d i t i o n s . - - A t  this point, 
the first i teration in the calculation is completed. It is 
now necessary to modify the boundary  conditions at 
the disk and r ing electrodes as follows. 
At the disk 

FA' (1,1) = 0.0 [60] 

FB'(1,1) = FB(1,1) ~ DMA[FA(2 ,1)]  
- -DMB[FB(1 ,1 )  -- FB(2,1)]  [61] 

Fx'(1,1) = Fx(1,1) -- D M x [ F x ( 1 , 1 )  -- Fx(2,1)]  [62] 

Equation [61] states that  the new fractional concen- 
t rat ion of B at the disk, FB'(1,1), is the old fractional  
concentrat ion of B at the disk, FB(1,1), plus the 
amount  of A which diffused into the disk and is 
t ransformed (with passage of current )  into B, less the 
B which diffuses out. 

Equat ion [62] states that the new concentrat ion of 
X at the disk, Fx'(1,1),  is given by the old concentra-  
t ion less the X which diffuses out. 

The new boundary  conditions at the r ing electrode 
are 

FA'(1,Ka) ---- FA(1,KR) ~- DMB[FB (2,KR) ] 
- - D M A [ F A ( 1 , K a )  -- FA(2,KR)] [63] 

FB' (1,KR) ---- 0.0 [64] 

F x ' ( 1 , K R )  = F x ( 1 , K R )  -- D M x [ F x ( 1 , K a )  -- Fx(2,KR)] 
[65] 
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At this point the calculation of the effects of diffu- 
sion, convection and kinetics are repeated, then cur-  
rents  are calculated at t - - - -  2At, and the process is 
continued unti l  steady state is reached. 

Boundary conditions for constant current . - -I t  is also 
of interest  to s imulate the application of a constant 
current  step to the disk electrode. This is done simply 
by modifying the disk electrode boundary condition 
in the above simulation. The boundary conditions for 
constant current  at the disk are given by 

FA'( I , I )  = FA(I , I )  -- F L U X  
- -  D M A [ F A ( I , I )  - -  FA(2,1)] [66] 

FB'(I,I) ---- FB(I,I) ~- FLUX 
- -  D M B [ F B ( I , I )  - -  F B ( 2 , 1 ) ]  [67] 

Fx'(I,I) ----Fx(1,1) --DMx[Fx(I,I) - - F x ( 2 , 1 ) ]  [68] 

where FA', FB', and Fc' are the new fractional concen- 
trations of species A, B, and C; FA, FB, and Fc are the 
old fractional concentrations. FLUX is the amount of 
A transformed into B by electrolysis during each At 
interval and is given by 

F L U X  = (icc/iL) (0.776) (DMA/L) 1/2 [69] 

where  icc is the applied constant current  and iL is the 
l imit ing current  for species A. 

Results 
A For t ran  program based on the methods of the 

previous section was wri t ten;  a listing and discussion 
of this program is avai lable (16). Calculations for a 
number  of different electrode geometries  were  carried 
out on a Control Data Corporat ion Model 6600 com- 
puter  and processing t imes quoted refer  to compilation 
and execution t imes on this. 

Effect of number  of i terations.--From Eq. [12] and 
[22] it is clear that  the number  of iterations, L, deter-  
mines the magni tude  of Ax and At; the larger  L, the 
closer the simulation wil l  approximate  the physical  
system. A simple test of the s imulat ion is to compare 
the computed steady state current  at the disk with that  
predicted by the Levich  equat ion (15) 

is.s. = 0.62 nFACoD2/3~I/2v-1/6 [70] 

When L = 50, the simulated s teady-sta te  current  at 
the disk electrode is only 96.5% of the Levich equat ion 
l imit ing current.  When L ---- 1000, however ,  the simu- 
lated disk current  is 99.5% of the theoret ical  current.  
Similar  results are obtained for the simulated collec- 
tion efficiency. A simulation with L : 50 yields a col- 
lection efficiency 9% higher  than that  predicted by 
Albery  and Bruckenste in  (3) for an electrode with 
IR1 = 83, IR2 -~ 94, and IR3 = 159. When L = 1000, 
the s imulated collection efficiency agrees to wi thin  
0.5% with  the theoret ical  value. 

Unfor tunately ,  the computat ion t ime required to 
attain the steady state when L = 1000 is prohibi t ively  
long, requir ing  about 25 min of computer  time. It was 
found, however ,  tha t  identical  results could be ob- 
tained from a simulation with L ---- 50, which requires  
only 25 sec of computer  time, if a slight modification 
is made  in the calculation of the effects of convection. 

If Eq. [27] and [35] are modified as follows 

X J J  = X J /J1 .0  -- (1.11 �9 X J  �9 ~#TNAUT)]  [71] 

R K K  = RK exp [--  1.03 (X J)  (VNAuT) ] [72] 

the results obtained with  L = 50 are in close agree-  
ment  wi th  those using L ---- 1000 and the unmodified 
convection equations. The introduction of adjustable 
parameters  into digital  simulations involving convec-  
tion has been successful in other  cases (13). Note that  
the factors in Eq. [71] and [72] are val id only for 
L ---- 50 and DMA ---- 0.45. There wil l  be sl ightly differ- 
ent factors for different values of these parameters .  
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Fig. 2. Simulated disk current transient for potential step at disk: 
Q theoretical work of Bruckenstein and Prager (17); [ ]  theoretical 
work of Slyer (18). 

Figure  2 shows the simulated disk current  transient.  
The solid line is actually two curves, one generated 
using L ---- 1000 and the other  using L ~ 50 and the 
correction factors. For  all practical  purposes, they are 
identical. The s imulated curve is also compared with  
the theoret ical  and exper imenta l  work  of Prager  and 
Bruckenstein (17) and the approximate  t rea tment  of 
S iver  (18). Both are in good agreement  wi th  the 
simulation. 

Figure 3 shows the concentrat ion profile of species A 
at steady state as a function of distance from the 
electrode surface in the normal  direction. Curves b 
and c are the results of simulations using L = 1000, 
and L : 50 and the correction factors, respectively.  
On this scale, they are indistinguishable. Curve a is 
the theoret ical  concentrat ion profile given by Riddiford 
(19). The agreement  is quite satisfactory and indicates 
that  the correction factors do not adversely  affect the 
concentrat ion profile. 

Collection eJ~ciencies.--Table I presents the simu- 
lated collection efficiencies in the absence of kinetics 
for a number  of different electrode geometries.  In 
these calculations L = 50 and the correction factors 
given in Eq. [71] and [72] were  used. In all cases the 
simulated collection efficiencies are in excel lent  agree-  
ment  with the theoret ical  collection efficiencies of 
Albery  and Bruckenstein (3). Identical  s teady-state  
collection efficiencies are also predicted when the 
boundary conditions at the disk electrode correspond 
to a constant current  step ra ther  than a potential  step. 
This is as would be expected. Fur thermore ,  the s teady-  
state collection efficiencies are unaffected by the  mag-  

O.8 

G(x) 

0 . 6  

0.2 

0 . 0  

b,c 

0 5  I 0  1.5 

Fig. 3. Concentration profile of species at the disk: a, theoretical 
curve by Riddiford (19); b, simulated curve, L ~ 1000; c, simu- 
lated curve, L ~ 50, correction factors used. b ~ 1.805 
D 1 / 3 , v 1 / 6 ~ -  1 / 2 .  



212 

Table I. Simulated collection efficiencies for different electrode 
geometries 

J. E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  

Collection efflcieneies 
~ [ r z  r s / r l  S imu la t ed  a Ca lcu la ted  b 

LOS 1.261 0.339 0.340 
1.05 1.361 0.406 0.409 
1.05 1.472 0.463 0.464 
1.07 1.161 0.209 0.210 
1.07 1.271 0.321 0.323 
1.07 1.371 0.391 0.391 
1.07 1.483 0.449 0.449 
1.09 1.201 0.226 0.226 
1.09 1.301 0.320 0.321 
1.09 1.521 0.449 0.447 

" L = 50, co r rec t ion  fac to r s  used.  Compu ta t i on  t ime  abou t  20 see 
pe r  ca lcula t ion .  

t, Calcula ted  f r o m  tables  in (3). 

nitude of the current  step, provided the current  is 
smaller than the l imit ing current.  

R i n g  t r a n s i e n t s . - - F r o m  an approximate t rea tment  of 
r ing current  t ransients  (RCT), Albery  (9) suggested 
that these could be employed to study fast homogene- 
ous reactions of species generated at the disk electrode. 
Bruckenste in  and Fe ldman  (20) introduced the con- 
cept of the t ransi t  t ime from disk to r ing electrode 
and suggested its application to the determinat ion of 
rate constants of homogeneous reactions. Bruckenstein  
and Napp (21) have also shown that the RCT can be 
used to determine the amount  of adsorption of elec- 
trogenerated products. 

Figure 4 shows the RCT obtained when either a 
potential  step or a current  step is applied tO the disk 
electrode and the r ing electrode is held at a potential  
where all product reaching it is electrolyzed. Th e  com- 
puted results for the RCT are identical for ~L ~ 1000 
or for L = 50 and the modified convection equations.  

Note that  the current  at the r ing rises m0re rapidly 
when a potential  step is applied. This is caused by the 
large instantaneous current  which results at the disk 
when  the potential  is stepped (Fig. 2). The  RCT, 
normalized by the steady-state r ing current ,  due to a 
current  step is independent  at the magni tude  of the 
current  step. 

We can compare the simulated RCT's vcith t ransi t  
times predicted by Bruckenstein  and Fe ldman (20). 
The appropriate equation given by them for the  t ransi t  
t ime (the t ime interval  between the potential  step at 
the disk and the appearance of current  at the r ing) in 
the absence of complications is 

~t 'Dl /3v- l13(0 .51)  213 = B[log(r2/ r l )  ]2/3 [73] 

where ~ is in radians/sec, t" is the transit: time, and 
rL and r2 are the radi i  of the disk and inner  edge of 
the ring, respectively. Bruckenste in  and Fe ldman (20) 
take B = 2.87, while a slightly different method of 
carrying out the integrat ion in the derivation yields 
B = 2.28. Figure 5 shows the simulated RCT's for a 
potential  step at the disk for electrodes of different 
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Fig. 4. Simulated ring current translents: o, potential step at the 
disk; b, current step at the disk; L = 50, correction factors used. 
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Fig. 5. Simulated transit times: a, I l l  ~ 2000, I I 2  = 2040, 
I R 3  = 2080; b, IR1 ~ -  100, I R 2  = 105, I R 3  = 147; c, IR1 = 100 ,  

I R 2  ~ 107,1R3 ~ 148; d, IR1 ~ -  100, I R 2  ~ 109, IR3  = 152; 
e, IR1 ~ 83 ,  I R 2  = 94, IR3  ~ 159; L = 50, correction factors 
used. The points correspond to transit times calculated using Eq. 
[73] with !1 ~ 2.28 (open points) and 2.87 (solid points). 

geometries. Also shown are the t ransi t  t imes calcu- 
lated from Eq. [73] for B-values  of 2.28 and 2.87. A 
useful  definition of the t ransi t  time, corresponding to 
Eq. [73] with B -~ 2.28, is that  t ime at which the 
current  is approximately 2% of the steady-state ring 
current.  Taking the t ransi t  t ime at a given fraction 
of the s teady-state  current  seems preferable for many  
electrodes to methods involving extrapolations of the 
rising current  region of the RCT. 

We can also compare our results with those of Albery 
(9) who treated the RCT for the current  step condi- 
tion. For a th in - r ing  th in-gap electrode, he obtained 
two approximate equations, one which is valid at long 
times and the other which is more valid at short times. 
Figure 6 shows the simulated RCT for the current  
step condition at a fairly th in - r ing  th in-gap electrode 
( IR1  ~ 2000, IR2  : 2040, I R 3  ~ 2080). Also plotted 
are points obtained from Albery 's  equations. The 
agreement  is acceptable and points out the limits 
wi thin  which the approximate equations are valid. 
Unfortunately,  these equations cannot be employed 
for most practical electrodes which are not of the re- 
quired th in - r ing  th in-gap  configuration. 

Conclusion 
The digital s imulat ion technique has been shown 

to give theoretical results for t rans ient  and steady 
state behavior which are in good agreement  with pre-  
vious theoretical t reatments  and experiments.  The 
digital s imulat ion approach has the advantage of being 
directly applicable to situations involving more com- 
plex boundary  conditions and coupled first and second 
order homogeneous chemical reactions. Results of dig- 
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Fig. 6; Simulated current transient for thin ring-thin gap elec- 
trode with current step at the disk: IR1 . ~  2 0 0 0 ,  I R 2  ~ 2040, I R 3  

2080; L ~ 50, correction factors used from Alhery's Eq. [3.4] 
(9) using pre-exponential factors. (~) 0.94; [ ]  0.81. 
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ital simulations under  these conditions and for elec- 
t rogenerated chemiluminescence at the RRDE, and 
applications of these treatments,  wil l  be given in 
future  papers. 
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The Equivalent Conductance of Electrolytes in 
Mixed Solvents 

XII.  Magnesium Sulfate in Water-Ethanol Solvents 

Edward S. Amis and J. F. Casteel 
Department o~ Chemistry, University o~ Arkansas, Fayetteville, Arkansas 

ABSTRACT 

The equivalent  conductance of magnesium sulfate was measured at 25.00 ~ , 
35.00 ~ and 45.00~ in pure water  and in 20.1, 40.7, 60.2, and 80.1 w/o (weight 
per cent) ethanol. Viscosity, temperature,  and dielectric effects are discussed. 
Activation energies are calculated for the conductance process. Also the ob- 
served data were compared to the theoretical requirements  of the Onsager 
equation. 

Several studies have been made (1-10) in these 
laboratories of the equivalent  conductance of different 
valence types of electrolytes in  various solvent com- 
positions over a range of temperatures.  Even the 
simple salt, potassium chloride (1), has been shown 
to deviate, depending on the solvent and temperature,  
from the requirements  of the Onsager equation. In  
other cases interest ing suggestions as to the na ture  of 
the ions in solution (8) and as to solvent s tructure 
and solvation effects (7) have resulted from the con- 
ductance data. Since magnes ium chloride (10) in 
e thanol-water  solvents gave highly curved phoreo- 
grams with corresponding wide deviation from the 
theoretical Onsager plots, it seemed of special interest  
to study the conductivi ty of magnes ium sulfate, the 
anion of which is also bivalent,  in order to observe 
the expected marked curvature  of the phoreograms of 
this salt in the water -e thanol  solvent system and to 
investigate the deviations, also expected to be large, 
from the Onsager theory. Magnesium sulfate seemed 
to be of special interest  s i nce  extensive conductivi ty 
work o n  b i -b iva lent  electrolytes in water -e thanol  
mixtures  at various temperatures  had not :been re-  
ported. 

The conductivi ty of magnes ium sulfate has been 
studied at various temperatures  in water  (11) and at 

25~ in e thanol-water  mixtures  ranging from 5 to 50 
w/o ethanol (12). This present  study includes conduc- 
t ivi ty measurements at 25.00 ~ 35.00 ~ and 45.00~ in 
various weight per cents of ethanol up to and includ- 
ing 80 w/o, which is the limiting weight per cent of 
ethanol for measurable concentrations of magnesium 
sulfate using our conductivity apparatus. 

Experimental 
Al l  weights were previously standardized against 

NBS weights. The tempera ture  of the thermostated 
oil baths were held to +_0.01~ at 25.00 ~ 35.00% and 
45.00~ Densities of the mixed solvents were deter-  
mined with a calibrated arm-pycnometer .  In  this 
manne r  the solvent composition was found wi th in  
___0.1%. The viscosities of the solvent mixtures  were 
obtained from the l i terature  (13). Dielectric constants 
of the mixtures  were interpolated from the data of 
Akerlof  (14). 

Resistances were measured with a Jones and Joseph 
60,000 ohm bridge at a f requency of 1000 Hz. Re- 
sistances were accurate :to • ohm. The L&N con- 
ductivity cells had cell Constants of 5.3886 and 1.0430. 

Conductivi ty water  was prepared in the manne r  
described by Foster and Amis (1). Pure  ethanol was 
prepared by the method of Smith (15). The specific 
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conductance of pure water  (1-3 x 10 -7 mhos) and 
ethanol (4-7 x 10 - s  mhos) agreed favorably  with 
those found by Goldenberg and Amis  (6). Solutions 
were  prepared by adding a known amount  of mag-  
nesium sulfate stock solution to the preweighed sol- 
vent. Necessary amounts of pure  ethanol  were  added 
to restore the solvent composition. Magnesium sulfate 
(reagent  grade Baker 's  Analyzed)  was recrystal l ized 
from conduct ivi ty  wate r  three times, then vacuum 
dried to the heptahydrate .  

Calculation Procedure 
Onsager 's equat ion for a completely  dissociated bi- 

bivalent  e lectrolyte  is given by 

[ 4.6085X 106Ao 231.52 ] _ 
~ t = A o -  + - -  ~ /C  [ I ]  

(DT)Z/2 (DT)1/2 n 

where:  h = equivalent  conductance, Ao = equivalent  
conductance at infinite dilution, ~1 = viscosity of the 
solvent, D = dielectric constant of the solvent, and 
T = absolute temperature.  The te rm in the square 
bracket  is called the Onsager slope, 7. Ao for all the 
runs were  obtained by the  Fuoss-Shedlovsky (16) 
theory. By application of this theory we determined 
the equi l ibr ium constant, K, for the dissociation and 
the correct  Ao. 

The Fouss and Shedlovsky method uses the equation 

F (Z) 1 CAI2 
-t- [2] 

A Ao KAo2F (Z) 

where:  K = ionization equi l ibr ium constant 

Z = ~),o -a/2 ~/CA [3] 

where:  7 = Onsager slope and C = concentrat ion in 
equivalents  per  l i ter  

F (Z)  = 1 -- Z [1 -- Z (1 -- Z {1 _ _ _ _ } - - 1 / 2 )  --1/23--1/2 
[4] 

Redefining C in terms of moles per  l i ter  c, the act ivi ty 
coefficient can be expressed as follows 

A brief  outline of the Fuoss-Shedlovsky method is 
presented to help clarify the calculation procedure. 
The left  hand side of Eq. [2] is plotted against 
CAf2•  The best s traight  li.ne is obtained by a 
l inear least squares analysis and is extrapolated to 
abscissa zero, thus obtaining 1/ho. The slope of the 
straight line is calculated and gives 1/Kho 2. Since Ao 
is known from the intercept,  the value of K can be 
obtained from the slope. Actually,  the value of K is 
calculated only after  a re i te ra t ive  calculat ion of the 
best value of ho. The re i tera t ive  procedure consists of 
insert ing in Eq. [2] the initial values of Ao obtained 
by use of Eq. [7]. This pre l iminary  va lue  of Ao permits  
a calculation of Z, F (Z) ,  a, and f• The rei terat ion 
proceeds f rom each ext rapola ted  bet ter  value of Ao to 
yield bet ter  values of Z, F ( Z ) ,  a, and f• This re i tera-  
t ive procedure continues unti l  Ao becomes constant 
wi thin  any desired limits. In the case of our data, the 
l imit  of the self-consistent  values of Ao was chosen to 
be 0.0001% of the preceding value. 

It can be easily seen from Eq. [2] and specifically 
from Eq. [5] that  the numbers  of ions per formula  of 
electrolyte  and the valence of the ions must  be defined 
in order  to calculate f•  v, Z, F ( Z ) ,  and eventual ly  A. 
and K. In order to determine the numbers  and the 
valence of the ions produced by an electrolyte  in solu- 
tion, an ionization scheme must be postulated. What-  
ever  ionization scheme is selected, it must  result  in 
values of ~+, ~-,  z+, and z -  which, when inserted in 
the equations given above, will  permi t  a computer  
evaluat ion of Ao and K. Since the Fuoss-Shedlovsky 
calculat ion (Eq. [2]) is ve ry  discr iminatory (8) with 
respect to the v and z values used, only a l imited num-  
ber of ionization schemes are available to an invest i -  
gator. The theory as formulated permits  only one 
choice of type of ionization scheme for any par t icular  
set of data. A wrong choice of an ionization scheme 
for a par t icular  set of data results in one of three  
objectional features in the calculation: 

(A) The re i te ra t ive  calculation wil l  not converge.  

(B) Impossible values of Ao and K will  be obtained. 

e 3 [~No] 1/2 
(DkT)~/2  l. 1 - "~J  (v+ n L- v - )  1/2 (z+ z - )  ~/2 (ca) 1/2 

- l n  j'__. --= 
G e  3 r 314~0 1 1/2 

1 -]- (Dk T)  3/u L 1 - ' ~ J  (~+ -t- r - )  1/2 (z+ z - )  ~/2 (c,~) 1/2 

[5] 

Where a was approximated by Glz+ z-le2 and G was 
2DkT  

a converging factor. 

A 
= - -  (the degree of dissociation) [6] 

AoF (Z) 

where:  N = Avogadro 's  number,  ~ = 3.14159, k = 
Boltzmann gas constant, D -= dielectric constant, z+ 
= charge of the posit ive ion, z -  = charge of the nega-  
t ive ion, v+ ----- number  of positive ions per molecule, 
and v-  ---- number  of negat ive ions per  molecule. 

P re l iminary  values of ho used in the Fuoss-Shed-  
lovsky calculation were  obtained with a least squares 
analysis using an IBM 7040 computer  of the log A vs. 
C 1/2, which gave the values in the form 

Y = ao + a l X  + a2X 2 + . . . .  + a , X ,  [7] 

where  Y represents  log h and X the square root of the 
concentrat ion in equivalents  per liter. Init ial  values 
of log Ao from Eq. [7] were  used to calculate the 
extrapola ted values of Ao, i.e., ho(ext rap) .  The Ao 
(extrap)  values were  used as the pre l iminary  values 
of .% for the Fuoss-Shedlovsky method, Eq. [2] and 
the most acceptable values of K and ho (F-S )  for the 
electrolyte  in each solvent composition were  found. 

(C) A~/ - -1  factor will  result  which general ly  ap- 
pears in the F(Z)  function, thus making the  
calculation impossible. 

With these l imitations in view, the following ioniza- 
tion schemes were  finally selected for the different 
solvent  compositions in order to evaluate  Ao(F-S) 
and K: 

Solvent  Ionizat ion scheme 

H20 MgSO~ ---> Mg 2+ + SO4'-'- 
20.1% MgSO~ ~ Mg~+ + SO4~- 
40.7% 2MgSO4 ~ Mg~+ + Mg(SO4)~-  
60.2% 2MgSO~ ~ Mg~+ + Mg(SOOff-'- 
80.1% MgSO4 + H~O-* MgOH 1+ + HSO4 ~- 

After  the values of Ao(F-S) and K were  calculated, 
they were  substi tuted into Eq. [1] and a value  of A, 
i.e., A (calc),  was obtained for each concentration. Then 
these calculated values of a were  used to recalculate 
Ao(F-S) and K to check for self-consistency in the 
program and to give an indication of the accuracy of 
the method of calculation. 

Values of Ao(F-S) and Ao(extrap) were  used to cal- 
culate the energy of act ivation of the conductance 
process by the fol lowing procedure. The energy of 
act ivat ion of viscous flow, z,E~, is given by (17) 

~l = e A E • / R T  [ 8 ]  
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d (Inn) R 
AEn = - -  [ 9 ]  

Pederson and Amis (9) used the following equations 
for the calculation of AEAoexp and hEAoca l , d  

d (lnho) R 
AEAoexp ----~ [ 1 0 ]  

R [11] 

AEAocal ,d  

The slopes were calculated by use of Eq. [7] at the 

temperature  of 35~ ~ j ~  = a l + a2 X where 

Y ~ lnD, lnn, lnho, lnT; where X -~ 1/T, and where 
T -~ 308.15~ 

Numerical  values given by these calculations are 
presented in the Discussion of Data section. 

Discussion of Data 
The observed and calculated equivalent  conductance 

data are recorded in Table I. Plots of observed and 
calculated values of A vs. C 1/2, the square root of the 
concentrat ion in equivalents  per liter, are shown in 
Fig. I-3. F rom the figures it can be seen that  the agree- 
ment  between observed and calculated values of A is 
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Fig. 1. Observed and calculated equivalent conductance of 
MgS04 in water. 

good. In  Fig. 1 are included the data from the In te r -  
nat ional  Critical Tables (11) for magnesium sulfate 
in water  at 25.00~ It is obvious from the graph that  
these data agree well with the present data. The data 

Table I. Observed and calculated equivalent conductance of magnesium sulfate in water 

T e m p e r a t u r e  T e m p e r a t u r e  T e m p e r a t u r e  
25.00 ~ • O.01~ 35.00 ~ • 0.01~ 45.00 ~ • 0.OI~ 

Solution C • 104 A obs A calc C • 104 A obs A calc C • 104 A obs A calc 

119.83 86.804 87.843 119.41 105.41 106.97 119,10 124.08 126.38 
74.005 93.721 93.915 73.731 114.03 114.32 73.521 134.69 135.04 
44.146 100.78 100.20 43.988 122.97 122.08 43.862 145.54 144.33 
24.840 107.80 107.09 24.756 131.86 130.74 24.682 156,62 154.84 

e 14.214 114.49 113.50 14.161 140.15 138.94 14.119 166.95 164.96 
f 7.835 119.9 119.7 7.806 147.7 147.0 7.784 175.0 175.0 
g 4.403 124.2 124.8 4.367 152.8 153.7 4.375 182.7 183.5 
h 2.237 128.9 129.4 2,228 158.8 159.9 2.222 190.2 191.4 

69,443 39.399 39.459 69.079 51.033 51.116 68.680 62.936 63.563 
54.398 41.663 41.750 54.120 54.060 54.170 53.806 66.794 67.130 
49.138 42.687 42.697 48,884 55.409 55.437 48.604 68.532 68.635 
32.625 46.483 46.443 32.458 60.510 60.466 32,273 75.086 74.717 

e 26.160 48.437 48.414 26.027 63.196 63.129 25.878 78.574 78.026 
f 21.068 50.582 50.310 20.961 65.968 65.698 20.642 62.046 81.284 
g 13.573 54.059 53.996 13.504 70,877 70.726 13.427 88.656 87.872 
h 9,252 57.05 57.00 9.206 75.02 74.86 9.154 94.19 93.51 
i 6.317 59.80 59.76 6.285 78.80 78.67 6.250 99.23 98.90 
j 3.846 62.87 62.92 3.826 83.00 83.08 3.805 105.0 105.4 
k 3,021 64.20 64.27 3.006 84.85 84.98 2.989 107.5 108.3 
I 1.946 66.13 66.41 1.937 87.48 88.00 1.926 111.2 113.0 

110.93 13.774 13,826 110.04 17.652 17.634 109.11 21.366 21.436 
81.544 15.213 15,250 80.867 19.130 19.430 80.184 23.641 23.712 
45.030 18.202 18.299 44.664 23.466 23.475 44.270 28.568 28.692 
40.054 19.076 18.976 39.724 24.545 24.365 39,376 29.904 29.806 

e 20.832 23.165 22.964 20.661 30.044 29.698 20.477 36.644 36,537 
f 17.828 24.059 23.981 17.682 31.295 31.074 17.523 38.491 38.291 
g 10,674 27.812 27.564 10.566 36.372 35.969 10.476 45.028 44.580 
h 9.760 28.37 28.20 9.860 37.13 36.86 9.593 45.98 45.70 
i 5.583 32.49 32.36 5.537 42.82 42.66 5.480 53.48 53.28 
j 5.196 33.02 32.90 5.153 43.57 43.43 5.107 54.49 54.27 
k 2.323 38.41 38.85 2.304 51.28 52.02 2.280 64.92 65.75 
1 1.187 42.10 43.29 1.177 56.40 58.68 1,165 72.56 74.90 

a 159.29 3.7258 3.6652 157.80 4.4238 4.3467 156.25 4.9845 4.9215 
b 128.98 4.0344 4.0099 127.78 4.7849 4.7533 126.52 5.3918 5.3646 
c 127.82 4.0504 4.0253 126.63 4.8024 4.7715 125.38 5.4119 5.3846 
d 92.310 4.5842 4.6072 91.453 5.4296 5.4609 90,549 6.1132 6.1408 
e 81,753 4.8023 4,8412 89,996 5.6894 5.7390 80,195 6.4048 6.4478 
f 56.716 5.5293 5.6066 56.191 6.5489 6.6517 55.634 7.3753 7.4620 
g 43.492 6.1112 6.2239 43.091 7,2532 7.3923 42.665 8.1723 8.2912 
h 35.220 6.6641 6.7600 34.894 7.8965 8.0354 34.548 8.9174 9.0182 
i 21.739 8.0740 8.1354 21.510 9.6086 9.7048 21.296 10.855 10.917 
j 19,890 8.2423 8.4033 19.506 9.9354 10.072 19.310 11.216 11.337 
k 12.795 9.8976 9.9129 12.660 11.855 11.877 12.534 13.448 13.428 
1 8.969 11.26 11.27 8.796 13.60 13.60 8.708 15.52 15.45 
m 6.814 12.85 12.45 6.742 15.52 15.01 6.675 17.34 17.10 
n 3.712 15.64 15.28 3.640 19.10 18.62 3,604 21.87 21.49 
o 1.694 20.70 19.50 1.677 25.48 23.98 1.660 29.63 28.26 

a 8.681 1.309 1.310 8.590 1.312 1.313 8.496 1.318 1.319 
b 5.846 1.570 1.602 5.784 1.590 1.623 5.721 1.605 1.642 
c 3.552 2.694 2.027 3,514 2.126 2.056 3.476 2.163 2.088 
d 1.722 2.897 2.831 1.704 2.953 2.891 1.685 3.0'17 2.950 
e 1.069 3.374 3.510 1.058 3.466 3.601 1.046 3.547 3,693 
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Fig. 2, Observed and calculated equivalent conductance of 
MgS04 in 20.1 w/o ethanol. 
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Fig. 3. Observed and calculated conductance of Mg$O; in 80.1 
w/o ethanol. 

of Davies and Thomas (12) for both 20 and 40 w/o 
ethanol also agree well  with our data for both 20.1 
and 40.7 w/o  ethanol. The agreement  between the 
sets of data can be seen in Fig. 2 for 20.1 w/o ethanol 
at 25.00~ 

There  is good agreement  be tween  the values of 
Ao(extrap) and Ao(F-S), shown in Table II, in water, 
20.1 and 40.7 w/o  ethanol, and poor agreement  in  60.2 
and 80.1 w/o  ethanol. The discrepancies between 
Ao(F-S) and  ho(extrap) in  60.2 and 80.1 w/o  ethanol 
were not due to imprecision or error in the data but  
resulted from a fai lure of the theory in the e thanol  
rich solvents which is probably due to t h e  formation 
of more than  one complex by association oY the ions 
of the electrolyte. This mult ipl ic i ty  of complexes was 
not accounted for by one simple ionization scheme; 
however, the ionizations presented previously, or 
others comparable to them in the numbers  of ions and 
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Fig. 4. Dependence of equivalent cond-ctance (Ao) on viscosity of 
E -~- O H  ' - -  H 2 0  s o D e n t s .  
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their charges produced per formula of electrolyte, 
must have been the predominate  ionizations or else 
the calculations would have run  into the problems 
listed in the calculation section. 

In  Table II are presented the values of Ao(FrS) and 
Ao(F-S calc) and of K and K(calc) .  The agreement  
between the two sets of Ao and the two sets of K is 
good. From the care used in purifying chemicals, mak-  
ing measurements,  and performing calculations, the 
differences between the values of Ao(F-S) and K ob- 
tained from measured values of A and from values of 
A calculated by insert ing the values of Ao(F-S) and K 
back into the Fuoss-Shedlovsky equations is certainly 
indicative of the self-consistency of the data and of 
the calculations. These differences, which are slight, 
are perhaps the best indication of the accuracy of the 
Ao(F-S) and K obtained by use of the Fuoss-Shedlov-  
sky method since there are no absolute values of these 
quanti t ies available for comparison. 

The ratio of the observed slope to the Onsager slope 
is shown for water  and 20.1 w/o  ethanol. The ratio 
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Table II. Properties of the solvent and derived conductivity data 

O b s e r v e d  s lope K x 10 ~ 
w / o  D i e l e c t r i c  V i s c o s i t y  Ao (F-S)  

E t h a n o l  c o n s t a n t  ~ X 10 ~ A , ( F - S )  t a l c  A o ( e x t r a p )  O n s a g e r  s lope  K(F-S) K(F-S-calc) 

25.00 
00.0 78.54 0.8949 139.18 139.19 138.52 1.788 1.246 388.9 389.0 
20.1 66.71 1.830 73.70 73.70 75.93 2.499 1.349 169.8 169.8 
40.7 54.76 2.334 54.01 54.07 55.21 1.260 34.51 34.40 
60.2 43.45 2.225 38.15 38.00 36.36 0.849 6.830 6,887 
80.1 32.85 1.745 19.64 19.70 5.987 0.343 0.404 0.401 

35.00 
00.0 75.00 0.7208 172.84 172.85 172.51 2.044 1.248 333.6 333.6 
20.1 63.46 1.341 98.41 98.42 100.52 2.756 1.320 150.2 150.2 
40.7 52.06 1.721 75.84 75.99 74.19 1.305 27.10 26.97 
60,2 41,25 1.665 50,71 50.54 38.91 0.844 5.328 5.386 
80.1 30.90 1.335 25.32 25.40 6.194 0.338 0.243 0.241 

45.00 
0.00 71.59 0.5970 20,8.10 208.13 207.89 2.206 1.242 290.8 290.6 
20.1 60.45 1.010 130.03 130.10 130.31 2.756 1.313 100.9 109.7 
40.7 49.40 1.289 99.82 99.98 98.32 1.287 22.41 22.32 
60.2 39.05 1.270 70.84 70.40 44.70 0.900 3.267 3.309 
80.1 29.05 1.080 36.05 36.23 6.404 0.389 0.119 0.118 

becomes so great  at weight  per  cents above 20.1 tha t  
they  are  not considered to be significant. This ex t reme  
deviat ion f rom the Onsager  theory  for sulfates in 
h igher  weight  per  cents of e thanol  was also noted by  
Davies and Thomas (12). Also shown in Table  II  is 
the product  Ao~, which is r e la t ive ly  constant  for 0.00, 
20.1, and 40.7 w / o  ethanol .  Values of Ao~ in 60.2 and 
80.1 w /o  e thanol  show marked  decreases compared  to 
the values in the first t h ree  solvents. This corresponds 
to the  observat ion by  Than and Amis  (10) on the 
magnes ium chlor ide  in the wa te r - e thano l  system. 

The reasonable  consistency of Ao~ in the  wa t e r - r i c h  
solvents and its decrease in the e thanol  solvents  is in 
ha rmony  wi th  the  reasonable  rat io  of the observed 
slope to the  Onsager  slope in the wa t e r - r i ch  solvents 
and the unreasonable  values  to the  e thano l - r i ch  sol-  
vents. The plots of Ao(F-S)  vs. viscosi ty (Fig. 4) show 
the dependence  of equivalent  conductance at infinite 
di lut ion of magnes ium sulfa te  on viscosity. This de-  
pendence has the  broad  finger shape which has been 
shown to exist  in a lka l i  meta ls  in wa t e r - e thano l  m ix -  
tures  (1, 9, 10)o 

Plots  of - - log  K vs. 1/D (Fig. 5) for  the  th ree  t e m -  
pera tu res  show a l inear  re la t ionship  from 0.00 to 80.1 
w/o  ethanol.  The plots indicate  tha t  the  re la t ionship  
be tween  pK ( - - l og  K)  and 1/D is independent  of t em-  
perature .  The da ta  of Davies and Thomas (12) are  

inser ted for comparison.  The agreement  be tween  the i r  
measured  values of K and our calcula ted values is 
good. The values of K show tha t  the  presented  ioniza-  
t ion schemes are  reasonable  since they  decrease ve ry  
r ap id ly  wi th  decreas ing dielectr ic  constant .  

If log ha(F-S)  is p lo t ted  vs. 1 /T (Fig. 6), s t ra ight  
lines resul t  for wa te r  for 20.1 and 40.7 and s l ight ly  
curved lines for 60.2 and 80.1 w / o  ethanol;  therefore,  
the energy of act ivat ion must  be calcula ted at a pa r -  
t i cu la r  t empe ra tu r e  for the two la t te r  curves.  The 
Fuoss -Shed lovsky  method seems to weigh higher  t em-  
pera tu res  more  heavi ly;  thus, the  increase in the  value  
of Ao is grea ter  for a given increase  in t e m p e r a t u r e  at  
h igher  t empera tu re  as shown in Table  II. Therefore  
the  slope d ( l n A o ) / d ( 1 / T )  is much more  negat ive  than  
one would  find by the  use of Ao'S obta ined by  a s imple 
extrapolat ion.  

The dot ted l ine (Fig. 7) shows the values  of AEAoexp 
( ex t r ap ) ,  i.e., calcula ted  f rom Ao(ext rap) .  This is 
wha t  one would expect  consider ing the values  of K. 
Also, this curve is in agreement  wi th  the  shape of the  
~EAo~xp curve found by  Than  and Amis  (10). The r e -  
sults of these calculat ions are  recorded in Table  IIL 

Manuscr ip t  submi t ted  May 12, 1969; rev ised  manu-  
script  received ca. Sept.  12, 1969. 
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Table III. Energies of activation for the conductance process in 
calories 

S o l v e n t  AE.~ or (F-S) AEAoex p (ext rap)  AE.~o~ I'd. 

W a t e r  3779 3826 4297 
20.1% 5350 5402 6235 
40.7% 5761 5439 6318 
60.2% 5874 1947 6080 
80.1% 5858 635 5594 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published to the December 1970 
J O U R N A L .  
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Technica  Notes @ 
Thermal Stability of a Propylene Carbonate Electrolyte 

Raymond Jasinski and Susan Carroll  

Tyco Laboratories, Inc., Bear Hill, Waltham, Massachusetts 

Lithium-organic  electrolyte batteries are, in pr in-  
ciple, superior in a number  of aspects to many aqueous 
electrolyte bat tery  systems. One of the aspects may be 
prolonged performance at elevated temperatures,  e.g., 
160~176 (71~176 This temperature  range is not 
accessible, for example, to aqueous zinc batteries be- 
cause of the increased corrosion of this electrode. 

Obviously then, one requi rement  for l i thium bat-  
teries in tended to operate at these temperatures  is 
compatibil i ty of the negative electrode with the elec- 
trolyte. In this note are described pre l iminary  studies 
on the thermal  stabili ty of l i thium, and other selected 
bat tery components with INLiC104-propylene carbon- 
ate electrolyte, a system employed by a number  of 
groups in developing prototype batteries [see ref. (5) 
and (2) ]. 

Experimental 
The propylene carbonate was distilled and analyzed 

according to the method described in ref. (1). Sufficient 
LiC104 (G. F. Smith, anhydrous grade) was added to 
make a 1N solution which was then fur ther  dried by 
passage down a column of crushed and dried Molecular 
Sieves. This procedure has been shown to reduce the 
water  content  to less than  10 ppm (4). The absence of 
gassing on insert ion of the l i th ium was consistent with 
a dry solution. 

The first tests were quali tat ive in nature.  Approxi-  
mately 10 ml of the electrolyte was placed in a 50-ml 
beaker containing the component of interest. The open 
beaker was set on a hot plate; a thermocouple, inserted 
into the bottom of the beaker, was used to monitor  
temperature.  Results are shown in Table I. 

In  the first run  (LiC104 + PC) the solution was 
taken to dryness, with no obvious reaction. A second 
solution was held at 180 ~ for 5 hr with similar results. 
Heating the electrolyte with l i thium metal  also pro- 

Table I. Stability of 1N LiCIO4-PC solutions 
Temper- 

Material ature, ~ Result 

LiC104 in  PC To d ryne s s  S tab le  
LiC104 in  PC 180 (5 hr} S t a b l e  
LiC104 in  PC + Ni~S._. To d rynes s  S tab le  
LiC10~ in  P C  + ace ty lene  b lack  215 E x p l o d e d  
LiC10~ in  PC + s u l f u r  (flowers) 260 B u r n e d  
LiCIO~ in  PC + l i t h i u m  (sheet) 240 S tab le  

vided no obvious reaction. However, the inclusion of 
acetylene black and sulfur  resulted in a violent reaction 
when the temperature  reached the values shown. Only 
a small amount  of electrolyte was lost by evaporation. 

To confirm these processes in working cells, a C-size 
bat tery was bui l t  in a Leclanch~-type configuration. 
The positive was a paste of nickel oxide, sulfur, and 
acetylene black (10%) with LiC10~-PC). A high cur-  
rent  pulse (2A for 30 sec) was applied result ing in 
immediate  explosion. 

A more quant i ta t ive  evaluation of the compatibil i ty 
of metall ic l i th ium with the electrolyte was made as 
follows. Three l i th ium rods, scraped clean of visible 
ni t r ide and oxide films wi thin  an argon atmosphere 
dry box (Vacuum Atmospheres Corporation) were 
placed in a th ree-compar tment  glass cell. The counter  
and test electrodes were separated by a glass frit;  the 
reference electrode was separated from the anode by a 
Luggin capillary. The anode was a cylinder, 3/~ in. 
diameter. 

The test cell was then sealed, removed from the 
glove box, and placed in an oven thermostat ted at 
+ 160~ A constant  current  of 1.27 mA was main-  
tained. The effective current  density at the anode was 
1 mA/cm2; this is based on using only the area facing 
the counterelectrode. That this was reasonable was 
indicated by the fact that  pronounced electrochemical 
dissolution of l i th ium occurred only on the side facing 
the center electrode, as would be expected. 

The reference electrode-anode voltage was followed 
continuously with time; these data are shown in Fig. 1. 
Visual observations were periodically made of the elec- 
trode surfaces and the appearance of the electrolyte. 
The electrolyte remained clear and colorless; no gas- 
sing was noted; the anode surface main ta ined  its metal -  
lic luster;  a slight tarnish was visible on the reference 
electrode after 800 hr, resembling the form of l i th ium 
deposited on the cathode. The appearance of the cath- 
ode change markedly.  Li thium electrodeposits as an 
amorphous powder which is only very loosely adherent  
and not metallic in appearance. It is not possible to 
judge, from the electrode appearance, whether  the 
electrolyte is stable under  such conditions; however 
the electrolyte in the vicinity of the cathode did re- 
main  clear and colorless. 
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Fig. 1. Time dependence of the reference electrode, anode po- 
tentiol shown for lithium electrodes immersed in IN LiCIO4-PC at 
-t- 160OF. 

Discussion 
Consider first the compatibil i ty experiments  de- 

scribed by Table I. No gross decomposition was noted 
in heating the electrolyte alone or in the presence of 
l i th ium sheet. More sensitive gas chromatographic evi-  
dence indicates some electrolyte decomposition at and 
above 150~ (1). The electrolyte was not compatible 
at high temperatures  with acetylene black and sulfur. 
The first mater ia l  has often been used as a conductive 
binder  in positive plates; sulfur  has been suggested as 
a positive plate mater ia l  (2, 3). Par t icular  caution 
should be used in handl ing positives formed from car- 
bon, sulfur, and l i th ium perchlorate: This combinat ion 
resembles closely the classical composition of gun 
powder. 

The electrochemical method is felt  to be a par t icu-  
larly severe test of system compatibility, since fresh 
l i th ium surface is cont inuously exposed to the electro- 
lyte at the anode and cathode. Thus, thin but  protec- 
tive films become much less effective in retarding gross 
decomposition of the electrolyte. As shown in Fig. 
1, the polarization of the l i thium anode remains rela-  
t ively constant;  there  is no indication of any major  
deterioration in performance with time. The reason for 
the minor  improvement  after 600 hr has not been es- 
tablished. Two explanations are possible. First, small  

amounts  of film on the anode are slowly lost by elec- 
trochemical dissolution of the electrode and hence it 
improves with time. Second, small amounts  of film 
deposit on the reference electrode and it slowly de- 
teriorates with time. In  either event, the  effect is small, 
a few mill ivolts  over a 900-hr test. 

The conclusion to be drawn from these experiments  
is that  there is not a gross decomposition of the elec- 
trolyte by anodically discharging l i thium metal  at 
160~ which would prohibit  its use in a working bat -  
tery. This is a necessary al though not a sufficient con- 
dition for the development  of high tempera ture  l i th ium 
batteries. Oxidizable materials such as sulfur and 
acetylene black are not compatible with LiC104-PC at 
elevated temperature.  
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A Laboratory Cell for Testing Anode Materials 
A. Tasch, L. E. Vaaler,* and J. M. Finn, Jr.* 

Carbon Products Division, Union Carbide Corporation, Cleveland, Ohio 

Scaled down diaphragm and mercury  cells have 
been used for many  years for the laboratory evalua-  
tion of anode materials  for chlorine cells. The prep-  
aration, operation, and main tenance  of these labora-  
tory cells required considerable effort, and, as a result, 
the present  invest igat ion was ini t iated for the purpose 
of developing a new laboratory cell that would permit  
a more precise procedure for the study of the funda-  
mentals  of corrosion and the development  of improved 
product. A simple system for depolarizing the cathode 
was conceived and resulted in a test cell which does 
not require a diaphragm or br ine  source. In the new 
cell the chlorine ion is oxidized to chlorine at the test  
anode, and the bath is replenished by reduct ion of 
chlorine gas bubbled through a porous graphite cath- 
ode. Conditions in this cell can be controlled more 
easily than in the laboratory cell used previously (1). 

Apparatus 
Figure 1 is a simplified sketch of the cell and the 

funct ioning electrodes. The corrosive envi ronment  is 
contained in a bat tery ja r  and consists of 30 liters of 
sodium chloride solution at a concentrat ion of 220 g/1 
and saturated with chlorine. 

Anode and anode support.--Figure 2 is a photograph 
of the anode parts and assembly. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

The anode sample, 1.129 • 0.002 in. in diameter, pro-  
vided a corroding surface of 1 in. 2. The sample thick- 
ness was chosen as a result  of corrosion depth mea-  
surements  (2) which showed that anode graphites may 
be attacked to a depth of as much as 8 mm below the 
surface. The thickness of 1/2 in. (12.7 mm) used in the 
laboratory cell was, therefore, more than adequate to 
show the full  corrosive attack. The sample edge was 
drilled and tapped (5-40 tap) to a depth of ~/z in. to 
provide means for at taching an electrical conductor. 
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Fig. 1. Corrosion cell diagram 
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tive films become much less effective in retarding gross 
decomposition of the electrolyte. As shown in Fig. 
1, the polarization of the l i thium anode remains rela-  
t ively constant;  there  is no indication of any major  
deterioration in performance with time. The reason for 
the minor  improvement  after 600 hr has not been es- 
tablished. Two explanations are possible. First, small  

amounts  of film on the anode are slowly lost by elec- 
trochemical dissolution of the electrode and hence it 
improves with time. Second, small amounts  of film 
deposit on the reference electrode and it slowly de- 
teriorates with time. In  either event, the  effect is small, 
a few mill ivolts  over a 900-hr test. 

The conclusion to be drawn from these experiments  
is that  there is not a gross decomposition of the elec- 
trolyte by anodically discharging l i thium metal  at 
160~ which would prohibit  its use in a working bat -  
tery. This is a necessary al though not a sufficient con- 
dition for the development  of high tempera ture  l i th ium 
batteries. Oxidizable materials such as sulfur and 
acetylene black are not compatible with LiC104-PC at 
elevated temperature.  
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Scaled down diaphragm and mercury  cells have 
been used for many  years for the laboratory evalua-  
tion of anode materials  for chlorine cells. The prep-  
aration, operation, and main tenance  of these labora-  
tory cells required considerable effort, and, as a result, 
the present  invest igat ion was ini t iated for the purpose 
of developing a new laboratory cell that would permit  
a more precise procedure for the study of the funda-  
mentals  of corrosion and the development  of improved 
product. A simple system for depolarizing the cathode 
was conceived and resulted in a test cell which does 
not require a diaphragm or br ine  source. In the new 
cell the chlorine ion is oxidized to chlorine at the test  
anode, and the bath is replenished by reduct ion of 
chlorine gas bubbled through a porous graphite cath- 
ode. Conditions in this cell can be controlled more 
easily than in the laboratory cell used previously (1). 

Apparatus 
Figure 1 is a simplified sketch of the cell and the 

funct ioning electrodes. The corrosive envi ronment  is 
contained in a bat tery ja r  and consists of 30 liters of 
sodium chloride solution at a concentrat ion of 220 g/1 
and saturated with chlorine. 

Anode and anode support.--Figure 2 is a photograph 
of the anode parts and assembly. 
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The anode sample, 1.129 • 0.002 in. in diameter, pro-  
vided a corroding surface of 1 in. 2. The sample thick- 
ness was chosen as a result  of corrosion depth mea-  
surements  (2) which showed that anode graphites may 
be attacked to a depth of as much as 8 mm below the 
surface. The thickness of 1/2 in. (12.7 mm) used in the 
laboratory cell was, therefore, more than adequate to 
show the full  corrosive attack. The sample edge was 
drilled and tapped (5-40 tap) to a depth of ~/z in. to 
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Fig. 2. Anode components and assembly 

The test anode was pressed into a cylindrical  Teflon 
holder that  protected all but  one face of the graphi te  
f rom attack. The inside diameter  of the Teflon can be 
as much as 0.005 in. larger  than the outside diameter  
of the graphi te  and still  maintain  adequate  protection. 
Current  was carr ied to the anode through a �89 in. 
d iameter  t i tanium rod which had a 6-40 threaded end 
to provide an in ter ference  fit wi th  the graphite.  

Cathode.--The most crit ical  assembly of the labora-  
tory test cell is the chlorine depolarized cathode. This 
electrode supplies chloride ions to the bath through 
the reduction of chlorine gas. The cathode consists of 
a porous graphi te  block threaded to a �89 in. d iameter  
graphi te  rod which acts as a physical support  as well  
as an electr ical  conductor. A glass tube at tached to 
the bottom of the block conducts the chlorine gas to 
the bath. Porous graphi te  (PG-25) having the greatest  
gas permeabi l i ty  was used for the block so that  a mini-  
mum of gas pressure would provide an adequate  sup- 
ply of chlorine. It was usual ly found necessary to 
bubble chlorine through the block for a period of 3-4 
days at a pH of 2.0 before normal  operat ion of the cell 
was initiated. After  four to six months of operation, 
the porous block began to disintegrate rapidly and was 
replaced. The graphi te  support  rod corroded in the 
area be tween the bath level  and the cover and also 
needed periodic replacement.  

In addition to the chlorine depolarized cathode, a 
small p la t inum wire cathode, connected in parallel,  
produced hydrogen gas and hydroxyl  ions. The plat i-  
num cathode simulates, in a controlled manner,  leakage 
of caustic into the anolyte in a d iaphragm cell  or hy-  
drogen evolut ion (with O H -  ion format ion)  on a 
mercury  cathode. 

Covers and supports.--The top of the jar  was cov- 
ered with  a 1-in. thick Lucite plate which supported 
the samples, heater,  pH electrodes, and cathode and 
prevented  the evaporat ion of the liquid. The Lucite  
does not appear to react with the gas or bath and, 
after one year  of operation, there  were  few signs of 
deterioration. The cover was dril led with  four holes 
3�89 in. in diameter.  Each of four  Luci te  stoppers made 
to fit these holes supported four anode assemblies so 
that  16 samples could be tested simultaneously.  Figure  
3 shows the cover in place and the location of the var i -  
ous electrodes. 

pH Measurement.--The pH of the solution was mea-  
sured through the use of glass and calomel electrodes 
by normal  techniques and instrumentat ion.  The pH 
calibration, however ,  was obtained by using a buffer 
in a salt solution at 90~ The two electrodes were  
located in the center  of the cell direct ly  above the 
cathode block. This position, de termined by exper i -  
mentat ion,  is electr ical ly "neutra l"  so that  the pH 

Fig. 3. Photograph of corrosion cell showing location of elec- 
trodes. 

measurement  is affected very  l i t t le by the electric field 
associated wi th  the current  flow to the anode samples. 
This a r rangement  makes it possible to record the cor- 
rect pH automatical ly  with a recording potent iometer .  

Heating and stirring.--The cell bath was maintained 
at 90~ by means of glass-covered immersion heaters 
in conjunction with  an on-off type control unit. Two 
500W units were  found to be sufficient even wi th  no 
thermal  insulation of the bat tery  jar. 

The uni formity  of conditions throughout  the bath 
was insured through the use of a magnetic s t i r rer  
under  the glass container.  Determinat ions  of pH, 
showed that  the var ia t ion of this parameter ,  through-  
out the bath, is within the error  of the measur ing in- 
s t rument  (0.1 uni t ) .  

Power supply and constant current source.--The 
electrical current  for  cell  operat ion was obtained f rom 
a rectifier with a var iable  30V, 50A, unfil tered output. 
Fi l ter  networks  and transistorized constant current  
circuits were  used to produce r ipple- f ree  direct  cur-  
rent  to the anodes. F igure  4 is a schematic of the filter 
ne twork  and the simple one- t ransis tor  circuit  which 
mainta ined the current  at a level  de termined by the 
sett ing of R~. The constant current  was obtained by 
operat ing the transistor  on the flat portion of its col- 

SW-I 
§ L TI TO 

v o  
50 AMPERE ~2 ANODE 
UNFI LTERED 

D.C.  

CATHODE 

L - 0.025 H, 4 AMP. 

C I & C~ 4000 MF 5D WVDC 

R 1 - 2 ~ 20 WATT 

P~ 100 ~ 2 WATT 

R 3 - 10K ~ 2 WATT POTENTIOMETER 

T T = 2N441 TRANSISTOR 

SW- 1 - SPST 

M - 0-3 AMPERES, D.C 

Fig. 4. Schematic diagram of anode power source 
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Fig. 5. Two test cells and control equipment 

lector characteristic.  A current  density of 0.8 A/in.2 
was used since this value is typical  of commercial  
d iaphragm cell operation. The constant current  circuit  
maintained this level  wi th  a tolerance of •  when 
s teady-s ta te  operat ing conditions were  achieved. Fig-  
ure 5 shows two test cells in operation, the power  
source, and control  equipment.  

Chlorine supply . - -The  flow of chlorine to the  cathode 
must  be great  enough to replenish the chloride removed  
at the anodes and to keep the electrolyte saturated with  
the gas. To achieve these conditions, chlor ine gas was 
supplied f rom a stainless steel manifold which was 
connected to a pressure cyl inder  containing 150 lb of 
liquid chlorine. The gas, taken f rom the manifold, was 
metered  through a Monel valve,  passed through a 
drier  of calcium sulfate, and then through a glass bub-  
bler which permit ted  the flow rate to be adjusted visu-  
ally. F rom the bubbler,  the C12 passed through a neo-  
prene hose to the glass tube of the cathode assembly. 
The neoprene hose and graphi te  cathode block deterio-  
rate in service and must  be replaced periodically. 
Maintenance of the cell, therefore,  has been reduced to 
this simple replacement  procedure. 

Operation and Experimental Procedure 
The best results I were  obtained by corroding the 

test samples in the brine solution for five days, washing 
in hot water  for one day, and drying at l l0~  for one 
day. The first five days of corrosion were  considered 
"break- in"  time, during which the corrosion ra te  was 
highly variable.  Conditions were  sufficiently stable 
thereaf ter  to obtain reproducible  results during suc- 
cessive five day corrosion periods so that  the de te rmin-  
ation of corrosion rates required a total  elapsed t ime 
of two weeks. 

The test anodes were  weighed before installation and 
following washing and drying after  the corrosion 
period. The weight  loss per 1000 A hr of operation is 
defined as the "corrosion ra te"  that  characterizes the 
anode material .  

The operat ing parameters  of the laboratory  cell were  
selected on the basis of laboratory investigations and 
commercia l  operat ing conditions. The conditions used 
to obtain the corrosion data presented in this paper 
were  the following: t empera tu re  ~ 90 ~ • I~ current  
density = 0.8 • 0.02 A/in.Z; br ine concentrat ion ~ 220 
• 10 g/ l ;  Ipt ~ 15% of total cathode current.  

The value  of Ipt (the p la t inum cathode current)  was 
adjusted by means of R1 in Fig. 1. By sett ing this cur-  
rent  to various percentages of the total  current  the pH 

1 In  a n  a l t e r n a t e  p r o c e d u r e ,  i t  w a s  f o u n d  poss ib l e  to f o l l o w  the  
e x t e r n a l  c o r r o s i o n  of t h e  a n o d e  v i a  c h a n g e s  in  i t s  a r c h i m e d e a n  v o l -  
u m e  ( c o n t a i n e d  b r i n e  a n d  a l l ) .  T h e  a n o d e  w a s  p e r i o d i c a l l y  r e m o v e d  
a n d  w e i g h e d ,  w i t h o u t  w a s h i n g ,  a b o v e  a n d  u n d e r  a s a l t  s o l u t i o n  (220 
g / l )  of e x a c t l y  k n o w n  d e n s i t y .  F r o m  t h e s e  d a t a  t h e  v o l u m e  w a s  p r e -  
c i s e l y  d e t e r m i n e d .  

Fig. 7. Cross section of corroded sample 

of the solution could be changed as shown in Fig. 6. 
In an a l ternate  mode of operation, the pla t inum cath-  
ode was used as an e lement  to control pH at a selected 
value. For the data presented in this paper the plat i-  
num cathode current  was adjusted to 15% of the  total  
current  because this value produced a pH in the range 
f rom 3.0 to 4.0 for the types of graphites examined. 
This pH is in the range exist ing in production dia- 
phragm cells. 

Experimental Results 
Figure  7 is a photograph of a cross section through 

the diameter  of a corroded sample indicating that  cor- 
rosion is reasonably uni form except  for some rounding 
near  the circumference.  This result  indicates that  the 
current  density is uni form over  most of the surface 
and somewhat  higher  at the edges. More elaborate  
means of assuring a uniform current  density could 
have  been provided but would have in terfered with  
free convection and gas escape at the electrode surface. 

The corrosion rates of four samples taken from an 
exper imenta l  o i l - t rea ted  graphi te  anode are presented 
in Table  I. The average value for the first week  was 
obtained during the "break- in"  period and, therefore,  
should not be compared with  the data of subsequent  

Table I. Oil-treated anode corrosion rate 

C o r r o s i o n  r a t e ,  g / K A H  

A n o d e  No.  1st  W e e k  2 n d  W e e k  3 r d  W e e k  

1 3.78 4.31 4.00 
2 3.85 4.37 4.32 
3 3.64 4.31 4.28 
4 3.86 4.35 4.26 

A v g  3.78 4.34 4.22 

= 0.I0 ~ = 0.03 ~ = 0.14 

= S t a n d a r d  d e v i a t i o n .  
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Table II. Corrosion rates of anode graphite (g/KAH) 

J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  February  1970 

O i l - t r e a t e d  
S a m p l e  N o .  P l a i n  g r a p h i t e  S a m p l e  N o .  g r a p h i t e  

1 3 . 3 4  1 2 . 9 7  
2 3 .4 1  2 2 . 2 0  
3 3 .61  3 2 . 9 4  
4 3 . 6 4  4 3 . 2 9  
5 3 .6 1  5 3 . 1 8  
6 3 , 5 6  6 2 . 8 4  
7 3 . 6 8  7 2 . 8 3  
8 3.57 8 2.85 

A v g  = 3 . 5 5  A v g  = 3 . 5 5  

a = 0 . 1 2  a = {).32 

= S t a n d a r d  d e v i a t i o n .  

corrosion periods. The excel lent  agreement  between 
the average values for the second and third weeks 
demonstrates  the reproducibi l i ty  of the measurements .  

The effect on service life of impregnat ing  graphit  e 
wi th  linseed oil is shown in Table II. The samples for 
the two sets of data involved the same base stock and 
processing except  for the linseed oil t reatment .  A 20% 
reduction in corrosion ra te  was obtained through the 
use of linseed oil as the impregnat ing  material .  

The re la t ive ly  large s tandard deviat ion for the oil- 
t reated graphi te  was due pr imar i ly  to the except ional ly  
low value of corrosion rate  of o i l - t rea ted  sample 2. 
There  was nothing unusual  about the appearance of 
this sample and it is suspected that  there  was an error  
in weighing. If sample 2 is omitted, the results show 
that  the cell functions ve ry  well  in the evaluat ion of 
plain and oi l - t rea ted  graphi te  and can distinguish be- 
tween oi l - t rea ted  graphites as demonstra ted by a com- 
parison of the data of Tables I and II. 

Samples of o i l - t rea ted  graphite,  through which no 
current  was passed, were  immersed  in the cell in 
which the eight o i l - t rea ted  samples which carr ied 
current  were  being tested. This technique was used 
to compare the extent  of chemical  corrosion (no cur-  
rent)  wi th  chemical  plus electrochemical  (current)  
corrosion. The average  weight  loss due to chemical  
corrosion was 28% of the total  weight  loss of the  sam- 
ples carrying current.  This loss is appreciable and does 
not involve the mechanical  erosion that  occurs at a 
conducting electrode at which gas is produced. Con- 
ceivably mechanical  corrosion could accelerate the cor-  
rosion ra te  on the nonconducting samples. 

With  the accuracy of control of the meaningfu l  pa- 
rameters  and the simplicity of operation, the apparatus 
described has become a useful laboratory tool for s tudy-  
ing the corrosion of anodes for use in chlorine cells. 

Acknowledgment 
The authors wish to express their  appreciat ion to 

N. J. Johnson and M. Janes for the helpful  suggestions 
regarding chlorine chemis t ry  and the discussions of 
the chlor-alkal i  industry in general. The assistance 
of M. G. Swartz  in the operat ion and maintenance 
of the test cells has been invaluable.  

Manuscript  submit ted J u l y  28, 1968; revised manu-  
script received ca. Oct. 20, 1969. This was Paper  267 
presented at the Boston Meeting of the Society, May 
5-9, 1968. 

Any discussion of this paper  will  appear in a Dis- 
cusslon Section to be published in the December  1970 
J O U R N A L .  

REFERENCES 
1. N. J. Johnson, Trans. Electrochem. Sac., 86, 127, 

1944. 
2. R. Geise, L. E. Vaaler, A. J. Kallfelz, This Journal, 

111, 73C, Abstract  170 (1964). 

The Electrochemical Decomposition of Propylene 
Carbonate on Graphite 

A. N. Dey* and B. P. Sullivan* 

Laboratory ~or Physical Science, P. R. Mallory & Company, Inc., Burlington, Massachusetts 

Propylene  carbonate (PC) became one of the most 
commonly used solvents for organic electrolyte  bat-  
teries af ter  the successful electrodeposit ion of l i thium 
(1) f rom a PC solution of its salt. The solvent was also 
considered to be re la t ive ly  stable wi th  lithium. Con- 
siderable (2, 3) at tention was given to the purifica- 
tion of the solvent to remove  the supposedly electro-  
active impurities,  e.g., water.  There was no informa-  
tion available regarding the electroact ivi ty of PC it-  
self. We wish to present  evidence in this report  to show 
that  PC is e lectrochemical ly  decomposed on the graph-  
ite cathode to propylene gas and carbonate ion with 
almost 100% coulombic efficiency. 

Experimental 
Propylene  carbonate (Eastman Kodak)  was vacuum 

distilled at 120~ 1.2 mm Hg. 
Anhydrous LiC104 was used as received f rom G. 

Fredr ick Smith  Company. 
The graphite rods (1/8 in. d iameter) ,  used as working 

electrodes, were  of special spectroscopic type (National 
AGKSP)  supplied by Fisher  Scientific Company. 

Li th ium ribbons (Foote Mineral  Company) pressed 
on stainless steel exmet  were  used as reference and 
counterelectrodes.  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Perk in  Elmer  Model 801 gas chromatograph (GC) 
was used for analysis of the gas and the electrolyte. 
The column used was Porapak Q with a He flow rate  
of 20 cc/min,  hot wire  detector t empera ture  of 200~ 
and detector  current  of 200 mA. The column tempera -  
ture  of 60~ was used for gas analysis. 

The water  content  of our electrolyte  was found to 
be 0.09% (volume) .  

The ceiL--The schematic diagram of the cell is 
shown in Fig. 1. The working electrode was a graphite 
rod (A) connected with  the p la t inum wire  which was 
sealed in a glass tube. The electrical connection was 
made using a copper wire  dipped in the mercury  pool 
in the glass tube. The reference (C) and the counter-  
electrodes (B) were  spot welded with the Pt  wires 
f rom two other glass tubes. The glass container (D) 
connected with  the cell was filled with the PC and the 
level  of the PC in the side arm was adjusted up to the 
tip of the side arm (as shown in Fig. 1) using dry 
argon stream, prior to the electrolysis. On electrolysis 
the evolved gas displaced an equivalent  volume of PC 
from the container (D) and was collected in the con- 
ta iner  (E) and weighed. The volume of the gas evolved 
was determined f rom the weight  of the displaced PC. 
The method was found to be sensitive enough to mea-  
sure gas volumes of 0.005 cc or more. Also, the PC in 
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Fig. 2. Chronopotentiogram on graphite electrode in 1M LiClO4- 
PC electrolyte. Apparent current density ~ 2 mA/cm 2. 

Fig. 1. Cell for the measurement of rate of gas evolution: (A) 
graphite cathode, (B) and (C) lithium counter and reference elec- 
trode, (D) PC container, and (E) container for the weighing of the 
displaced PC. 

container  (D) prevented t ransport  of moisture and 
other impuri t ies  from the atmosphere to the cell elec- 
trolyte. The cell was assembled in the dry box in an 
argon atmosphere, and the subsequent  gassing experi-  
ment  was carried out in the open atmosphere. The 
weight changes due to the evaporat ion of PC were 
found to be negligible. 

The chemical evolution of gas (H2) with the l i thium 
electrodes in the electrolyte, was found to be exceed- 
ingly low ( <  1% of the gas) dur ing  the durat ion of 
the gassing experiment.  The ent i re  amount  of the 
evolved gas was found to be generated electrochemi- 
cally at the graphite cathode only. 

Exper imenta l  Procedure.--Galvanostat ic  experiments  
were carried out using Regatron Constant  Current  
Power  Supply, Model C-612, (Electronic Measurements 
Inc.).  The electrolyte used was I (M)  LiC104 in PC. 
The potential  of the graphite working electrode, vs. Li 
reference, and the volume of gas evolved was recorded 
as a function of time, on passage of a constant current.  
During electrolysis the graphite rod electrode was 
found to disintegrate slowly. However, the gassing rate 
and the potent ia l - t ime curves were found to be rea-  
sonably reproducible when a new graphite rod was 
used for each run. 

At the end of the run  the samples of gas and the elec- 
trolyte were removed and analyzed by GC. The graph- 
ite electrode and the disintegrated materials were col- 
lected from the cell on a filter paper (in the dry box) 
and washed thoroughly with te t rahydrofuran  to remove 
all PC. The electrode along with the disintegrated 
materials  were then acidified with phosphoric acid and 
the evolved gas was removed by bubbl ing  prepurified 
argon and was passed first through a cold trap and 
then through a s tandard solution of Ba(OH)2. The 
CO2 in the gas was quant i ta t ive ly  determined by t i t ra t -  
ing Ba (OH) 2 solutions. 

Results and Discussion 
A typical chronopotentiogram (corrected for IR) on 

a graphite electrode in 1 (M) LiC104-PC electrolyte is 
shown in Fig. 2. The open-circuit  voltage of +2.75V 
vs. Li reference dropped sharply on the passage of 
cathodic current  (2 m A / c m  2) and a relat ively steady 
plateau voltage of approximately +0.6V vs. Li was 
observed. During this galvanostatic electrolysis a sub-  
stantial  evolution of gas was observed on the graphite 
cathode. The rate of gas evolution at an apparent  
current  density of 2 mA/cm 2 is plotted in Fig. 3 for 
two electrodes of different size. On doubling the total 
current  (same current  density) the increase in the rate 
of gassing was found to be more than double. The 
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Fig. 3. Rate of gas evolution plots; [ ]  rate of gas evolution at 
2. mA/cm 2, total current ~ 10 mA; in I M  LiCIO~-PC; C) rate of 
gas evolution at 2 mA/cm 2, total current ~ 5 mA; in IM LiCIO4- 
PC; A rate of gas evolution at 2 rnA/cm 2, total current ~ 5 mA; 
in 1M LiClO~-PC saturated with propylene; - - -  theoretical rate of 
gas evolution at 5 mA current. 
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gassing rate was also found to be increased substan-  
t ial ly on increasing the cur ren t  density. 

The gas chromatographic analysis of the evolved gas 
showed that the major  (>  95%) component consisted 
of propylene. The presence of CO2, H2, and ethylene in 
trace quanti t ies  ( ~  1%) was also detected. The G.C. 
analysis of the electrolyte, after electrolysis, also 
showed the presence of propylene, as a major  new com- 
ponent,  and traces of water. No other new component 
was detected in  the electrolyte. 

We propose the following electrochemical reaction 
to explain the formation of propylene. 

CHs--CH--CH2 

O O + 2e-> CHs--CH=CH2+CO3 2- [i] 
\ / 

C 
II 
O 

Based on the above reaction it was possible to deter- 
mine the coulombic efficiency of gas evolution. The 
dotted l ine in Fig. 3 represents the theoretical rate of 
gas evolution at 5 mA current  according to reaction 
[1]. Apparent ly,  the observed rates are considerably 
lower. However, we found that  propylene was highly 
soluble in  PC. Therefore, the gassing exper iment  was 
then carried out in a propylene saturated 1M LiC104- 
PC electrolyte. Results in Fig. 3 show that the experi-  
menta l  rate in propylene saturated solution is quite 
close to the theoretically expected rate. 

Reaction [1] also predicts the stoichiometric forma- 
tion of Li2CO~ (insoluble) as a result  of the electro- 
chemical decomposition of PC. This was analyzed by 
determining the amounts  of CO2 evolved on acidifying 
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Table I. Determination of Li2C03 in the graphite electrode after 
electrolysis 

A p p a r e n t  T h e o r e t i c a l  
c u r r e n t  M o l e s  m o l e s  of CO2 C o u l o m b i c  
d e n s i t y ,  C o u l o m b s  of CO._, b a s e d  on ef f ic iency ,  
m A / e m ~  p a s s e d  o b s e r v e d  r e a c t i o n  [1] % 

1 185 1.14 x 1O-~ 0.96 • 10-3 118 
2 418 2.20 x 1O ~ 2.16 x 1 0 4  102 
2 306 1.63 • 10 -3 1.59 x 10-s 102 
2 303 1.98 • l 0  -a 2.04 x 10- a 97 

T h e  e o u l o m b i e  e f f i c i ency  w a s  a g a i n  f o u n d  to be  a p p r o x i m a t e l y  
100%. 

the electrode after the electrolysis. Results are shown 
in  Table I. 

Format ion of trace amounts  of H2 and CO2 could be 
due to the chemical and /or  electrochemical decomposi- 
tion of H20 present  in the electrolyte. However, the 
decrease in the water  content  did not show any  mea-  
surable effect on the formation of the main  products, 
viz., propylene and CO32-. Thus, the effect of H20 
(0.09% vol) in the above reaction was of minor  im-  
portance, if any. 

It was thus established that  PC could be electro- 
chemically decomposed quite efficiently on graphite 
substrates at potentials substant ia l ly  positive to that  
of l i thium. However, we found that  at higher current  
densities the potential  of the graphite electrode slowly 
decreased to less than 0V vs. Li reference and l i thium 
deposition ensued. Under  these circumstances, both the 
decomposition of PC and the l i th ium deposition occur- 
red on graphite. This could explain the previously ob- 
served (2) inefficient l i th ium deposition on graphite. 
On metals like Pt, Ni, Cu, etc., the cathodic chrono- 
potentiogram in I (M) LiC104-PC usual ly  consisted of 
three short voltage plateaus prior to l i th ium deposition 
as observed (4) in our laboratory earlier. One of those 

could be due to the decomposition of PC. On metals like 
Pt, Ni, Cu, etc., the overvoltage for the l i th ium deposi- 
t ion could be relat ively lower than on graphite and 
thus l i th ium deposition became the predominant  
cathodic reaction, whereas on graphite the decomposi- 
tion of PC was the predominant  reaction at low current  
densities. 

Graphite  was one of the most common conductive 
mixes used for practical bat tery cathodes. The above 
finding thus raises a serious question regarding the 
val idi ty  of many  cathodic efficiency measurements  and 
also regarding the feasibility of using PC for practical 
organic electrolyte batteries. Measurements of the 
kinetics of l i th ium electrode in PC may also be in error 
because of the solvent decomposition reaction discussed 
above. 

Similar  electrochemical decompositions were ob- 
served in  other solvents and will  be discussed in a 
fu ture  publication. 
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ABSTRACT 

Aluminum monocrystals and polycrystal l ine wire having coatings were 
deformed in boric acid. The behavior of the coatings was studied using a 
potential  technique to determine the progress of film rupture  and by optical 
metallography. The results suggest that the coat ing-substrate  interface is 
capable of sustaining significant shear strain. 

The rup tur ing  of oxide coatings on metals is be- 
lieved to play a part  in stress corrosion cracking (1) 
and in the corrosion of cold worked metals (2). As a 
result, the behavior of barr ier - type  passive coatings 
has become a subject of some interest  (3-6). In  the 
present paper we describe experiments  in which the 
init iat ion of fracture in the coating was accurately 
determined relat ive to the yield strain of the substrate. 
The behavior  of the coating was studied metal lo-  
graphically to determine its response to the deforma- 
tion processes. Both a luminum crystals and poly- 
crystal l ine wire were used as substrate material.  

Experimental 
The exper imental  technique, after L o g a n ( l ) ,  in-  

volved extension of the specimen in a 0.4M boric acid 
electrolyte while s imultaneously measur ing its poten-  
tial relat ive to a saturated calomel electrode. The 
specimens, mounted in glass or Lucite balls, were 
electropolished, stripped of residual  films, and either 
placed open circuited in  the boric acid or anodized at 
90V prior to extension. The t rea tments  produced bar -  
rier coatings 100 and 1300A in thickness. Coating thick- 
nesses were estimated using the technique of Hunter  
and Fowle (7), and the usual  14 A/V relationship. 

Results 
Figure 1 is a tracing of the load-extension, potential-  

extension chart  records of one of the single crystals 
tested. The magni tude  of the potential  difference 
between specimen and electrode is plotted as a positive 
value. The crystal was of square cross section % in. 
of a side by 1.0 in. gauge length. The or ientat ion of 
this crystal is given in Fig. 2. 

Examinat ion  of the 100A coating after increments  
1 and 5 showed only slip plane traces which were 
apparent  on both faces of the crystal. After  sufficient 
extension, the 1300A coating was found to crack. 
Cracking always init iated on the crystal surface most 
near ly  perpendicular  to the Burgers '  vector of the 
p r imary  slip system. Often a pa t te rn  of cracks had 
developed on the (210) face of the crystal before any 
cracks had appeared on the (132) surface. Using round 
monocrystals, it was verified that  displacements caus- 

l NOW w i t h  t he  U. S. A i r  Force ,  E l g i n  AFB,  F lo r ida .  

ing slip steps rather  than surface shears were responsi- 
ble for crack ini t iat ion in the coating. Slip displace- 
ments  in the absence of corresponding cracks were 
clearly evident  beneath the coating and may be seen 
in Fig. 3 and 4. Once formed, the cracks always propa- 
gated along directions normal  to the tensile axis, en-  
circling the crystal. 

Conversion of the load-extension data to resolved 
shear stress-strain curves showed that the crystal 
ended stage I midway through the second strain in -  
crement  and deformed in stage II thereafter.  Figure  1 
shows a small but  reproducible delay of about 0.03% 
extension between yielding of the crystal and onset 
of film rupture  in the 100A coating. This value is 
about an order of magni tude  less than  the max imum 
extension reported by Bradhurs t  and Leach (8) for a 
20A film on an a luminum alloy. The difference may 
be the result  of fracture of the coating across fewer 
but  larger slip steps on the monocrystals used here. 
The delay appears in increments  1 and 5 as well  as 

o 2 

o.o 0.5 

EXTENSION (%)  

iz 

~ !,LI .... !,.,-,,, !.o ,,, 
EXTENSION (%) 

~ 7 

Fig. 1. Load-extension and potential-extension behavior of an 
aluminum single crystal. Treatment of the specimen prior to the 
strain increment is indicated. 
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Fig. 2. Stereographic and geometric representation of the crystal 
used in the sequence of Fig. 1. 

Fig. 4. Photomicrograph of a polycrystalline aluminum wire, 
anodized at 90V and extended 3.7%. The tensile axis is vertical. 

Fig. 3. Photomicrograph of the (210) surface of a crystal having 
the same orientation as in Fig. 2. The specimen was anodized at 
90V and extended 2%. The tensile axis is vertical. Horizontal 
cracks and diagonal slip plane traces are shown. 

increments  4, 8, and 9. In  these lat ter  cases flow in the 
substrate ini t ia l ly caused film rup ture  where old 
cracks in the anodized coating had been repaired with 
the 100A coating dur ing  the rest period between 
strain increments.  Later in these increments  new 
cracks formed in the 1300A coating. 

The surfaces of anodized specimens for which ex- 
tension had been in ter rupted  before a sharp potential  
change had occurred (as after increments  2, 3, 6, and 
7) showed only slip plane traces equivalent  to the 
diagonal markings  visible in Fig. 3. It was verified 
that a change in  specimen potential  occurred only 
with the appearance of circumferential  cracks in the 
coating. Here one is forced to conclude that  the coat- 
ing can remain  intact  over the shear displacements 
and slip steps present at the coating substrate in ter -  
face. The diagonal markings  must  then be slip plane 
traces viewed through the t ransparent  coating. 

The anodized coating sustained about 1% extension 
of the substrate before fracture init iated ( increments  
2-3 and 6-7). Once again one might  expect larger 
extensions with more isotropic substrates. In experi-  
ments  with annealed a luminum wires having a grain 
size of 0.002 in., the difference between yielding and 
the onset of film rupture  was about 1.4% extension. 

This value is about the same as has been reported 
elsewhere (8, 9). 

Discussion 

The results of these studies raise several  questions 
about how thick anodic coatings accommodate defor- 
mat ion of the substrate. Crack propagation appears to 
be a macroscopic phenomenon in which the film and 
substrate seem to behave as though they were con- 
centric cylinders under  axial load. Cracks which open 
independent  of slip plane traces are most easily pic- 
tured as occurring with localized detachment  of the 
coating just  ahead of the growing crack. However, the 
mechanism for crack propagation may also describe 
how the film accommodates shear of the under ly ing  
surface without  cracking. The high shearing stresses 
induced in the coating at slip plane traces could be 
relieved by interracial  slip, shear of the film or detach- 
ment  over an area adjacent to the slip plane trace. The 
first of these mechanisms was invoked by Edeleanu 
and Law (9) to explain the relaxat ion of stress be-  
tween cracks in anodic coatings. Shear of the coating 
appears to be unl ikely  in view of the very bri t t le  be- 
havior of isolated coatings observed by Bradhurs t  and 
Leach (8) and the present  experiments  which showed 
that  substrate exposure (potential  changes) did not 
general ly accompany the formation of slip lines in 
the substrate. Shear of the coating may also be el imi-  
nated on the basis of observations described below. 

Detachment may also be ruled out because of some- 
what  more indirect evidence. After sufficient extension 
of the substrate, the thick anodized coatings were ob- 
served to buckle, as shown in Fig. 5. Buckling is the 
result  of a decrease in the cross sectional perimeter  
of the specimen as it elongates. The coating detaches 
and becomes raised from the surface as indicated by 
the interference fringes in the micrograph. Buckles in 
coatings always ran  paral lel  to the tensile axis, and 
when ful ly developed, from crack to crack. Figure 5 
shows several buckles passing over regions of well 
defined slip lines where the surface displacements 
should be fairly large, yet the buckles are not de- 
flected by the slip plane traces. It is also apparent  that  
the coating where raised is unbroken  by the slip 
plane. Therefore, one might  conclude that the coating 
can remain  unbroken  and adherent  to the substrate 
across slip plane traces even after considerable defor- 
mation. 
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Fig. 5. Photomicrograph of an aluminum single crystal, anodizea ~ 
at 90V and extended 14%. The vertical structures are buckles in 
the coating. 

It  appears that  the only model which survives is 
the equivalent  of a ra ther  viscous glue which can de- 
form in shear while still f irmly bonding the coating 
to the substrate. The strength of thick coatings was 
sufficient to require shear of the glue while apparent ly  

ANODIC COATINGS ON DEFORMED ALUMINUM 227 

the opposite si tuation was obtained with the th inner  
coating which cracked along the slip plane traces. It  
seems reasonable to suggest that  the characteristics 
required of the interracial  glue may reside in the mis-  
fit dislocations (10) which accommodate film and sub-  
strate. 
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Fluorescence and Energy Transfer in 
�9 §  SrZnP OT.UO  
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ABSTRACT 

An efficient green phosphor has been found in SrZnPeOT:UO2 ~. Opti-  
mum formulat ion of host matrix,  cation substitutions, and activator concen- 
trations have been made and tested in fluorescent lamps. The structure has not 
been determined, bu t  it is suggested that it may be a UO2+2-stabilized struc- 
ture  differing from the apparent  host matr ix  of SrZnP2OT. Efficient energy 
t ransfer  by radiationless t ransfer  has been found to Eu +3 and Nd +8. 

The fluorescence of u ran ium in solids and in liquids 
is well known and has been thoroughly described in 
the l i terature  (1, 2). A recent paper by Blasse (3) on 
the emission characteristics of many  uran ium-ac t iva ted  
compounds with related cubic structures also includes 
a review of the l i terature on uran ium-ac t iva ted  phos- 
phors. Both green and  red emission have been reported 
for u ran ium activation, and from these papers, it is 
apparent  that  the emission spectra depend on the lat-  
tice env i ronment  and on the part icular  u ran ium-oxygen  
group. Blasse at t r ibutes the green emission in certain 
phosphors to U +6 in octahedral  positions, occupying a 
normal  crystallographic site. The spectra of this type 
of phosphor consist of overlapping bands, vary ing  in 
peak position and relat ive intensity,  dependent  on the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  l u m i n e s c e n c e ,  S rZnP20~ :UO2  +-", e n e r g y  t r a n s f e r ,  UO.z +~ 

to Eu  +a, u r a n y l  e m i s s i o n ,  s t r o n t i u r a  Z n  p h o s p h a t e  l u m i n e s c e n c e .  

structure and influenced by all the surrounding 0 -3 
ions. 

Another  source of green emission is the uranyl  group 
( O - - U - - O )  +~, a l inear  molecular  species. These spec- 
tra are pr imari ly  influenced by the l inear  or axial U- -O 
bonds, while the equatorial  field from the other four 
U- -O  bonds exerts only a small  influence and does 
not greatly modify the spectra (4). The emission con- 
sists of at least six relat ively strong lines, and the 
absorption contains about 14 lines in the ul traviolet  
and blue region and a cont inuum in the ultraviolet.  
These emission and absorption characteristics are con- 
sistent with respect to relat ive band position, band 
spacing, and intensi ty  in all matrices in which they are 
found. By this optical data, the presence of U +n in 
the u rany l  group can be distinguished from U +6 in a 
UO6 +6 or UO4 +2 group. 
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Rabinowitch and Belford (5) have described the 
l i terature on the spectra of UO2 +2 in solids such as 
nitrates, chlorides, sulfates, phosphates, and acetates, 
and have included much of the earlier work of Dieke 
and Duncan (6). While it is possible to describe and 
identify the UO2 +2 spectra, little correlation has been 
possible with the s tructure in which the ion can be 
found. In general, the solid materials  on which most 
spectra measurements  have been made are hydrates, 
or formed by decomposition of hydrates, and contain 
UO~ +2 as a major  matr ix  constituent.  

The phosphor described here is activated by UO2 +2 
as determined by its spectra, in a crystall ine matr ix  
based on SrZnP2OT. The s t ructural  incorporation of 
the UO2 +2 in this phosphor has not yet been deter-  
mined. 

Procedure.--The start ing materials used to prepare 
the phosphor were s tandard grades normal ly  used in 
commercial  luminescent  materials. These were SrHPO4 
and ZnNH4PO4, prepared for phosphor production, ZnO, 
(NH4)2HPO4, and UO2(C2H302)2"2H20, purchased as 
reagent grade material.  Uranyl  acetate has a flaky 
consistency which makes uniform mixing difficult. The 
most satisfactory method was to incorporate the acti- 
vator by coprecipitation. This was achieved by the 
addition of NH4OH to an acid solution containing Zn + 2, 
UO~ +2, and a slight excess of PO4 -3 ions. When the 
precipitate was fired to determine loss on ignition, the 
product did not re ta in  the u rany l  ion, but  was arbi-  
t rar i ly  calculated as "(Znl-xUx)2P207." Compensation 
with x or x + 0.01 moles ZnO gave the required 
stoichiometry, showing that the precipitated mater ial  
had close to the assumed ratio of Zn/U/PO4 even 
though the oxygen compensation for the u ran ium was 
not known. Even though mixing procedures were sim- 
plified and were made more efficient by the use of this 
precipitate, wet mixing in acetone was still found to 
be necessary to obtain complete diffusion of the UO2 +2 
during firing. 

Fi r ing was in air, in quartz or p la t inum crucibles, at 
800~ for 1 hr followed by 900~ for 2 hr or more. The 
brightness of the fired mater ial  is highly dependent  
on the preparat ive technique and formulation, which 
must  include a precise stoichiometry, thorough dis- 
persion of the activator, and a final firing at about 
900 ~ • IO~ 

Formulation and phase relations.--All formulat ions 
and activator contents are given as moles per mole of 
SrZnP2Ov. The identification of the activator as UO2 +2 
is shown by its absorption and emission in a later 
section. These characteristic measurements,  combined 
with microscopic examinat ion and x - r ay  diffraction 
were used to determine the compositional l imitations 
in the phosphor and the compatibil i ty phase relat ions 
of the systems. The phosphor is a matr ix  of SrZnP20~ 
with the activator, UO2 + 2, calculated as additive to the 
pyrophosphate. The activator can be accepted in 
amounts  up to about 0.10 mole UO2 +2 per SrZnP2OT. 
Beyond this limit, microscopic examinat ion shows the 
presence of a second compound. The addition of a full 
mole of U O 2  §  to SrZnP207 results in the formation of 
this second phase, which is a dark green compound, 
highly refractory, well crystallized, and easily ident i -  
fiable by microscopic examination.  An orthophosphate 
formula of SrZnUO(PO4)2, with U as +4,  can be wri t -  
ten for this material.  Diffuse reflectance measurements  
showed good agreement  with l ine absorption found for 
U +4 in CaF2 (7) and no absorption or emission charac- 
teristic of UO2 +2. 

From optical data, the phosphor can be l imited to a 
mater ial  of composition which is variable between 
SrZnP207 to SrZnP207:0.10 UO2 +2. Above the UO2 +2 
solid solution limit, the system contains two phases, 
each containing uranium,  but  in different oxidation 
states. 
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A further  requi rement  of the phosphor is that  the 
SrO-~ZnO--P2Os=l  ratio must  be maintained.  Any  de- 
viation from this ratio, such as would result  from sub-  
st i tut ing UO2 +2 for Sr, for Zn or for P205, results in 
the loss of the characteristic UO2 +2 absorption and 
emission. Further ,  every at tempt to provide charge 
compensation for UO2 +2 had the same result. There-  
fore, the phosphor composition lies only along the 
join between SrZnP207 and SrZnUO(PO4)2. 

X- ray  diffraction pat terns of SrZnP2OT and of the 
phosphor show the addition and intensification of new 
lines with increasing additions of UO2 +2, and a de- 
crease in in tensi ty  of some of the host matr ix  lines. 
Close to the solid solution limit, a slight shift in a few 
lines was found. This introduction of new lines with 
UO2 +2 additions could indicate interst i t ial  incorpora- 
tion of the activator. The x - r ay  diffraction pat tern  of 
the orthophosphate compound closely resembles the 
additive lines found in the phosphor. For  this reason, 
x - r ay  diffraction is a poor tool to define compositional 
and solid solution limits. The XRD patterns of the 
three materials are compared in Table I. These were 
obtained on a General  Electric XRD 5 using CuK~ 
radiation. 

Optical Characteristics 
Procedures.--The spectral energy distr ibutions were 

measured on a direct reading spectroradiometer with 
a grating monochromator,  corrected for photocell re-  
sponse, similar to tha t  described by Brown (8). The 
spectral slit width is 10A. The diffuse reflectance spec- 
tra were obtained on a Cary 14 recording spectropho- 
tometer and are relat ive to CaF2 as a standard. It is 
modified by the insert ion of a 7-54 filter between the 
sample and detector when measur ing between 250 and 
360 nm to avoid interference from emission from the 
sample. 

The excitation spectra were obtained by i l lumina t -  
ing the sample at 45 ~ normal  incidence with a beam of 
10-15A spectral band width obtained from a Cary 
spectrophotometer, Model No. 14, and focusing the 
luminescence onto the entrance slit of a 1/4 meter  JACO 
monochromator  which was set to give the max imum 
luminescence signal. The light which was chopped im-  
mediately before enter ing the monochromator,  was 
detected by an EMI 9558 QB photomult ipl ier  and the 
signal was synchronously amplified by a P.A.R. HR-8 

Table I. X-ray diffraction patterns 

S r Z  nP~O7: 0.06UO2+~* SrZnP~O7 * S r Z n U O ~  (PO4) ~'~" 
26 d I 26 d I 26 d I 

12.7 6.95 22 12.9 6.86 29 
13.84 6.39 18 13.96 6.34 15 
14.1 6.28 16 14.1 6,27 45 
16.7 5.30 21 16.8 5.27 45 
18.1 4.89 7 18.2 4.87 20 
19.8 4.48 16 19.96 4.09 8 19.7 4.51 25 
21.5 4.13 42 21.6 4.11 1O0 
22,4  3,96 25 22.5 3.95 72 
23.6 3.77 10 23.6 3.77 16 
24.14 3.68 10 24.4 3.64 6 24.0 3.70 40 
25.7 3.46 6 25.8 3.44 7 
26.7 3.33 100 26,9 3,32 1O0 
27.4 3.25 78 27.5 3.24 60 27.6 3.23 62 
28.4 3.14 39 28.4 3.14 28 28.0 3.18 l0  
29.0 3.07 66 29.1 3.07 60 28.5 3.13 45 
29.5 3.03 37 29.6 3.02 85 
30.1 2.96 37 30.2 2.95 38 
30.8 2.90 37 30.9 2.89 38 
32.5 2.75 1O 33.5 2.67 49 32.7 2 .74 30 
33.4 2.68 45 33.7 2.65 43 
34.5 2.59 36 34.7 2.58 34 34.1 2.63 40 
35.3 2.54 13 35.2 2.55 20 
35.5 2.53 19 35.6 2.52 17 
36.2 2.48 10 36.5 2.46 20 
36.9 2.44 13 36.9 2.43 13 
39.2 2.29 17 39.2 2.29 18 
39.6 2.27 15 39.6 2.27 17 
41.0 2.20 17 40.4 2.22 7 
41.6 2.17 12 41.1 2.19 20 
43.3 2.09 9 41.7 2.16 10 
44.0 2.06 48 44.1 2.05 47 
45.9 1.98 37 44.6 2.03 11 
47.5 1.91 17 45.9 1.97 47 

* D a t a  t a k e n  f r o m  s l o w  s c a n  x - r a y  d i f f r a c t i o n  p a t t e r n .  
"]- D a t a  t a k e n  f r o m  a f a s t  s c a n  x - r a y  d i f f r a c t i o n  p a t t e r n .  
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lock-in amplifier whose output  was recorded on a strip 
chart  recorder. The excitation signal was normalized 
by dividing by the energy present in the exciting beam 
which was determined below 330 n m  using sodium 
salicylate phosphor. Between 330 and 600 nm, Rhoda- 
mine B was used as the standard. Both have essentially 
constant quan tum efficiencies in the regions specified. 

The decay rates of the phosphors were measured by 
exciting with a brief (2 F, sec durat ion)  light pulse 
(General  Radio Strobotac filtered by a 2537A in ter -  
ference filter). The luminescence was collected by 
lenses and passed through a JACO Y4 meter  mono-  
c~hromator (200A spectral band width) onto the cath- 
ode of a photomult ipl ier  (Amperex 150 AVP).  The 
voltage across the load resistor was displayed vs. t ime 
on an oscilloscope (Tektronix Type 535A) and photo- 
graphed with a Polaroid camera. The pictures were 
measured and the decay data plotted on semilog paper 
to obtain the decay times. 

Measurements.--The spectral distr ibution of the 
phosphor at room tempera ture  is shown in Fig. 1, 
measured against  a s tandard commercial  lamp phos- 
phor, Zn2SiO4: Mn. The diffuse reflectance is shown in 
Fig. 2. Comparison of these spectra with the data pre-  

o) c 

"6 

n" 

500 550 600 
N.m. 

Fig. 1. Emission spectra of SrZnP207:0.06 U02 +2 and Zn2Si04: 
Mn. 2537 excitation; relative intensities comparable. 

IOC 

7~ 

n-- 
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Diffuse Reflectance 
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Fig. 2. Diffuse reflectance of SrZnP207:0.06 U02 +2 

Table II. 

SrZnP207:0.06 UO~+2 
L i n e  No. k n m  W a v e  NO. UO2 .2, ref .  (9) 

U O ~  2 a b s o r p t i o n  
1 496 20,100 20,582 
2 481 20,800 21,331 
3 465 21,500 22,062 
4 451 22,200 22,740 
5 435.5 22,900 23,414 
6 423.5 23,600 24,118 
7 411 24,350 24,829 
8 400 25,000 25,539 
9 388 25,800 26,253 

10 375 26,700 27,021 
11 363 27,600 27,738 
12 350 28,600 28,557 
13 341 29,350 29,173 
14 332 30,100 30,147 

U 0 2 +  ~ e m i s s i o n  
1 482 20,800 21,270 
2 498 20,200 20,502 
3 519 19,250 19,636 
4 543 18,300 18,774 
5 568 17,600 17,917 
6 593 16,870 17,081 

sented by Bell and Biggers (9) confirm that  the ab-  
sorbing and emit t ing species is UO2 +2 (Table II) .  The 
Bell and Biggers data was resolved in the region 3325- 
5000A, from spectra of UO2 +2 in perchlorate media. At 
77~ the emission spectra of the phosphor retained the 
relat ive intensities of the lines, except that  the l ine at 
482 nm was quenched, and the side bands on the low 
energy side were resolved, as the l ine emission na r -  
rowed. The diffuse reflectance spectra did not change 
in line width or intensi ty  at 77~ 

The excitation was measured by moni tor ing the 519 
nm emission line (Fig. 3 and 4). The excitat ion follows 
the absorption with the same band spacing and in ten-  
sity. The excitation data also show addit ional small  
peaks which could indicate the position of vibronic 
levels. These peaks were not resolved in the diffuse 
reflectance. 

Phosphor evaluation.--The relat ive intensit ies of the 
UO2 + 2 emission bands do not  change with compositional 
or processing variables, but  several factors influence 
the absolute intensity.  Substi tut ions in the host matr ix  
can be made. When a larger ion is substituted, such as 
Ba for Sr or Cd for Zn, the brightness is increased. 
The subst i tut ion of smaller  ions, Mg for Zn and Ca for 
Sr, decreases the brightness. This change may reflect 
the need for a slightly larger crystal lattice to accom- 
modate the UO2 +2 ion better. These changes are shown 
in Fig. 5. The change in brightness with activator con- 
centrat ion is shown in Fig. 6 and is fur ther  confirma- 
tion of the extent  of the solid solution range. A 0.20 
subst i tut ion Ba for Sr and 0.06 UO2 +2 was used in  the 
phosphor formulat ion for opt imum brightness in lamp 
tests. 

The brightness was also found to be dependent  on 
particle size, regardless of whether  the size was ob- 
tained by milling, classification, or as a result  of the 

"E 

Excitation 

Sr Zn P207:0.06 U O~ 2 

36o 
n.m. 

Fig. 3. Excitation spectra of U02 +2 emission, 519 nm line mon- 
itored, Na salicylate standard. 
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I I I ~, 
350 400 450 500 

n.m. 

Fig. 4. Excitation spectra of U 0 2  + 2  emission, 519 nm line moni- 
tored, Rhodamine B standard. 
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Fig. 5. Peak intensity variations with host matrix substitution in 
SrZnP207:0.06 U02 +2, 2537 excitation. 
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Fig. 6. Peak intensity variations with U 0 2  + 2  content, 2'537 ex- 
citation. 
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Fig. 7. Peak intensity variation with temperature, 2537 excitation 

ment  in application in fluorescent lamps, since the 
particles were too large to make a satisfactory lamp 
coating without a mil l ing step. The mil l ing necessary 
to give adequate coating appearance resulted in a loss 
of brightness of 20-30%. 

An additional det r iment  to lamp application is the 
decrease in peak intensi ty  with temperature ,  as shown 
in Fig. 7. The decrease is large e n o u g h  to reduce the 
intensi ty  8-10% at the operating temperature  of a 
s tandard fluorescent lamp. 

Lamp data were obtained in F 40 T 12 fluorescent 
lamps, and typical  data are shown in Table III. While 
the lumen  level is low for a green phosphor, and below 
that  calculated from relat ive spectral distr ibutions 
such as Fig. 1, the lumen main tenance  is uni formly  
good. These results show that  the UO2 +2 ion can be 
stable in a fluorescent lamp, if incorporated in a suit-  
able matrix.  

Energy transfer.--The t ransfer  of energy from 
UOe +2 to rare earth ions has been reported in solids, 
in glass, and in solutions (10-14). The rare  earths in-  
volved in these systems have included Nd, Eu, Pr, Ha, 
Er, and Tm. Decay measurements  were made by Gandy 
et al. (10) for the U O 2  +2 --> Nd +3 transfer  in bar ium 
crown glass and by Zhabotinskii  et al. (11) in 
Cs2[UO2C14] with t ransfer  to several rare earths. These 
showed a decrease in the lifetime of the u rany l  ion, 
and the t ransfer  was a t t r ibuted to radiationless t rans i -  
tions from the resonance level of UO2 +2 to the rare 
earth. 

In  measur ing the UO2 +2 ~ Eu +8 energy t ransfer  in 
solutions, Kropp (14) found quenching of the UO2 +2 
emission with Eu +3 enhancement ,  but  the l ifetime of 
the UO2 +2 emission was too short to measure. He at-  
t r ibuted the t ransfer  to absorption by the 5D1 or ~D2 
level of Eu +3 of the UO2 +2 emission. A similar mech- 
anism was proposed by DeShazer and Cabezas (12) 
for Eu +3 in a glass host. 

In  this phosphor, efficient energy transfer  has been 
found from UO2 +2 to Eu +3 and to Nd +3. To a lesser 
extent, t ransfer  was also found to Sm +3. With Eu +~ 
in SrZnPeO7 subst i tut ing on a Sr site, the emission 

firing procedures used. The best phosphors had an 
average particle diameter  (Fisher SSS) of 12 to 15~. 
Fir ing tempera ture  was the greatest single factor in 
determining brightness, by its effect on particle size 
growth. Reduction of the size by mil l ing lowered the 
brightness by creating very small  particles, but  classi- 
fication by separation or retiring did not change the 
size-brightness correlation. This proved to be a detr i-  

Table III. Lamp data, F40T12 lamps 

Hours  bu rned  L u m e n s  L P W  

0 1470 37.1 

lOO 1469 37.1 

500 1394 35.4 
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is very  weak  under  all excitations. The spectra, shown 
in Fig. 8, show evidence of extensive crystal  field spli t-  
t ing of the Eu +3. Excitat ion of the Eu +8 emission in 
SrZnP20~ is close to l inear be tween  220 and 280 nm 
and then decreases to essentially no response at 350 
nm. With the  incorporat ion of UO2 +2, the emission, the 
intensity, and the excitat ion of Eu +3 change. The emis-  
sion of an optimized sample is shown in Fig. 9, in which 
the dominant  Eu +~ emission is the ~D0-TF2 transition. 
Changes in re la t ive  intensities wi thin  the mult iplets  
indicate some change in the Eu +3 symmet ry  resul t ing 
from the presence of UO2 +2. The intensity is increased 
by 60-fold over  the Eu +3 spectra shown in Fig. 8. The 
excitat ion of the  Eu +3 is now identical  to that  of the 
UO.~ + 2 activator,  showing the same structure.  

This change in Eu +~ spectra wi l l  occur wi th  as l i t t le 
as 0.002 moles UO2 +2 incorporated in the phosphor 
matrix.  Addit ional  UOz +2 does not change the Eu +3 
transitions, and the spectra of both emit t ing ions re-  
main the same for all Eu +3 and UO2 +2 concentrations. 
Changes in the re la t ive  intensities of the two spectra 
occur as the UO2 + 2 emission is quenched by the t rans-  
fer  to Eu +3. A typical  change is shown in Fig. 10. 
Opt imum Eu +~ emission is found between 0.003 and 
0.005 Eu, wi th  about 0.06 UO~ +2. 

Similar  t ransfer  and enhancement  was found for 
Nd +3, in which the emissions at 875 and 1060 nm were 
measured. The Nd +3 spectra did not change with  the 
addition of UO2 +2. A 50-fold enhancement  was mea-  
sured wi th  0.004 Nd +3 in a sample wi th  0.06 UO2 +~ 

Emission 
SrZn F~207:0.004 Eu +3 

no UO~ 2 

550 600 650 700 750 

P.m. 

Fig. 8. Emission spectra of SrZnP207:0.004 Eu +.3; 2537 exc i ta t ion  

Emission 
UOz +O.O04Eu Sr Zn p207:0.06 +Z +~ 

45o s6o 66o 
n.m 

Fig. 9. Emission spectra of SrZnP207:0.06 U02+2:0.004 Eu+g; 
2537 excitation. 
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Fig. 10. Relative peak intensity of Eu +3 and U 0 2  + 2  with Eu +2 
concentration, 2537 excitation. 

added. The exci tat ion of the enhanced Nd +3 emission 
also follows the UO2 +2 excitat ion spectra. 

Decay measurements  were  made on the C O 2  +2 emis-  
sion for variat ions in act ivator concentrat ion and also 
with  rare  earths incorporated. Results are shown in 
Table IV. This shows energy t ransfer  by a radiat ionless 
process from UO2 +2 to Eu +~ and to Nd +s and Sm +3. 
No transfer  is apparent  for Ho +~ or Er +3 and is ques-  
t ionable for Pr  +s f rom both the decay and the emission 
measurements .  

Discussion 
The interest ing and perhaps unique  aspect of this 

phosphor is in the incorporat ion of the UO2 +e ion as 
an act ivator  in var iable  amounts, resul t ing in an effi- 
cient phosphor, in a crystal l ine mat r ix  which ~oes not 
have a logical site for substitution. The UOe +2 ion has 
been shown to be linear, with the U - - O  bond length 
between about 1.7-1.9A, depending on the s t ructure  in 
which it is found (4, 15). The full  O - - U - - O  +2 ion 
would  require  3-4A distance to be accommodated in the 
structure,  as wel l  as charge compensation. This is a 
ve ry  large ion to be substi tuted in a mat r ix  containing 
Sr  (1.12A) and Zn (0.74A). Severa l  facts indicate that  
the phosphor is not a substi tutional solid solution of 
UO2 +2 in SrZnP2OT. The stoichiometric r equ i remen t  of 
SrO--ZnO--P2Os~-~l, wi th  UO~ +2 as an addit ive must  be 
met. Deviat ions f rom this ratio would result  in the 
presence of s t ront ium or zinc phosphates, ei ther meta -  
phosphates or one of several  orthophosphates,  as a sec- 
ond phase. These compounds when prepared with  
UO2 +2 dO not fluoresce efficiently, or absorb unusually. 
If present  in amounts of several  per  cent, none of these 
would be expected to great ly  reduce the total  emission 
intensity. With this phosphor, this is not the case. Even 
deviations of a few mole per cent from the exact stoi- 
chiometry result  in the loss of much of the UO2 +2 
incorporation in the phosphor. It would appear that  
the phosphor consists of a s t ructure  stabilized by the  
presence of the O - - U ~ O  +~ ion, present in a range of 
up to about 0.10 mole per SrZnP2OT. Further ,  this 

Table IV. Decay times, #sec 

SrZnP20~:0.06 UO~+~, x Eu +a SrZnP~OT:0.03 UO~+~:0.001 R~ 

x #sec R /~sec 

0 174 - -  173 
0.0002 139 E u  131 
0.0015 134 Nd S0 
0.0040 97 S m  84 
0.0100 76 Pr 120 

Ho 145 
E r  152 
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Fig. 11. Partial energy level diagram. UO2 +2 levels determined 
by absarptian ( - - )  or excitation (- -). 

structure is l imited to a narrow composition line along 
the join between SrZnP207 and SrZnUO (PO4)2. 

Pre l iminary  work on the structures indicates that 
the unact ivated SrZnP2Oz is possibly orthorhombic and 
that  the phosphor is a monoclinic distortion. 

An addit ional  indication that a s t ructural  modifica- 
t ion of SrZnP207 may be caused by UO2 +2 incorpora- 
t ion comes from the differences between the Eu +3 
spectra in each structure. In  the phosphor SrZnP2OT: 
UO2+2:Eu +3, the dominant  Eu +3 t ransi t ion is the 5D0- 
7F2, while in SrZnP2OT: Eu +3, the spectra is more com- 
plex (Fig. 9 and 8). If the SrZnP207 stoichiometry is 
not maintained,  but  with UO2 +2 and Eu +3 present, the 
emission is a mix ture  of the two spectra, with greatly 
reduced SrZnP2OT:UO2 +2 emission. By analogy to the 
phase relations, the deviations in stoichiometry could 
place the composition in , a  two phase region, identifi- 
able by the emission spectra as SrZnP2OT:Eu +3 and 
SrZnP2OT: UO2 + 2: Eu+~. 

T h e  UO2 +2 emission is essentially from a level cen- 
tered at 20,200 cm -1 to the ground state and vibronic 
levels above the ground state. At 77~ the emission at 
482 nm (20,800 cm -1) is quenched, and side bands of 
the major  emissions are resolved. These are about 250 
cm -1 lower in energy than  the major  emission and 
5-10% as intense. The existence of this second set of 
emission lines with a band spacing of about 850 cm -1 
suggests the possibility of two sites for the UO2 +2 ion. 

The mechanism of energy t ransfer  as shown by de- 
cay measurements  agrees with the mechanism proposed 
by Gandy et al. (10) and by Zhabotinskii  et al. (11). 
Excitat ion spectra of Eu +~ and Nd +8 emission also 
show that the energy t ransfer  is from the 20,200 cm -1 

level, however, there is no exact agreement  with the 
rare earth levels. An energy level diagram of this part  
of system is shown in Fig. 11, and includes the posi- 
tions of the addit ional weak UO2 +2 levels found in 
the excitation spectra. The closest levels of Eu +3 are 
about 1000-1300 cm -1 from the t ransferr ing UO2 +2 
level. The Nd +~ ion has a somewhat bet ter  match. The 
R.E. +3 ions listed in Table IV all show a decrease in 
decay t imes and, therefore, possible energy transfer,  
although emission was not found for most of these ions. 
The three ions showing emission have energy levels 
at about 19,000 cm -1, showing that this is probably the 
recipient level. This is the 5D1 level of Eu +3 and the 
4G7;2 level of Nd +3. 

No definite evidence of emission from either the 5D2 
or 5D~ levels of Eu +8 were found in the phosphor. The 
more probable emissions from these levels would be 
masked by the UO2 +2 emission. No evidence of Eu +3 
absorption was found in either diffuse reflectance or 
excitation curves. 
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ABSTRACT 

Single crystals and powders of Cd(1-x)ZnxS were grown using chemical 
t ransport  with iodine. These components form a continuous series of solu- 
tions over the entire range of x, 0 to 1. The wurtzi te s t ructure  was produced 
over the entire range. The lattice parameters  and the composition of the 
solid solutions were determined to approximately 1% using x - r ay  diffrac- 
tometry  techniques. The results provide a definitive calibration of lattice con- 
stants for the wurtzi te s t ructure of solid solutions of CdS and ZnS and allow 
the analysis of Cd~I-x)ZnzS samples. The var iat ion o~ lattice parameters  with 
composition was found to obey Vegard's law. The variat ion of the c/a ratio 
with composition was also linear. The ideal ratio, assuming close packing 
of hard spheres, occurred at 70% ZnS. The volume relationship with com- 
position showed a slightly negative deviation from linearity.  A least squares 
method for refining lattice parameters  is described. 

Cadmium sulfide and zinc sulfide are of consider- 
able importance as phosphors and photoconductors. 
Because the size and electronic structure of the cations 
are so similar, these materials  readi ly form a con- 
t inuous series of solid solutions. Thus, this is a system 
in which systematic variat ion of photoelectronic prop- 
erties is possible simply by  adjust ing the composition 
of the solid solutions. 

In  this paper we describe a method of preparing 
single crystals of Cd(1-~Zn~S which have uniform 
composition, show no tendency to order, and are rela-  
t ively free from strain. Precise measurement  of the 
variat ion of the lattice parameters  with composition 
was done because of the considerable disagreement 
existing in the l i terature (1-5). Fu ture  investigators 
will be able to use the results presented here to de- 
termine accurately the composition of their  Cd(1-~ 
ZnxS single crystals and powders. It will  be shown 
that the solutions are not ideal at room temperature  
even though the variat ion of a and c with composition 
obeys Vegard's law. The c/a axial ratio is computed 
and plotted as a funct ion of composition. A variety of 
optical and electrical measurements  on these crystals 
has been published elsewhere (6-9). 

Structure 
Cadmium sulfide and zinc sulfide can crystallize in 

two polymorphic modifications, ei ther in a cubic 
sphaleri te s t ructure  or as a hexagonal  wurtzi te s t ruc-  
ture. Throughout  most of the composition range of 
Cd(1-x~Zn~S, the wurtzi te  s t ructure is the stable one. 
Only when the concentrat ion of zinc sulfide nears 
100% does the sphaleri te form predominate.  In  this 
paper, we are concerned only with the wurtzi te  modi-  
fication. 

The wurtzi te  phase can be considered as two in ter -  
penetra t ing hexagonal structures, one composed of 
cations and the other of anions. All the atoms lie in 
the center  of te trahedra containing unl ike atoms at 
the corners. Regular te trahedra can pack as efficiently 
as spheres. For  rigid, close packed tetrahedra the ideal 
c/a ratio is 1.633. Many wurtzi te structures deviate 
from this ideal value. It has been suggested (10, 11) 
that this deviation occurs because of the part ial  ionic 
character of the bonds. Distortion in the c/a ratio can 
lead to an increase in  lattice energy, if the bonds have 
some ionic character. Within  a group of the periodic 
table, the pairs forming bonds having the most ionic 

Key words: crystallography, sulfide, solid solutions, cadmium, 
zirtc. 

i Present address: Cavendish Laboratory, University of Cam- 
bridge, Cambridge, England. 

character tend to deviate most from the ideal ratio 
(10, 11). This empirical  rule  holds in  the case of ZnS 
and CdS where the c/a ratios are 1.6376 and 1.6238, 
respectively. 

Method of Preparation 
In the range of temperatures  at which these crys- 

tals may be grown, the vapor pressure of CdS is so 
much greater than  ZnS at a given temperature,  that  
it is impossible to grow mixed crystals of CdzZn(1-x)S 
(12) from a mixture  of the vapors of CdS and ZnS 
by themselves. However, in the presence of iodine, the 
equi l ibr ium constants for the reaction of ZnS and CdS 
with iodine are close enough to result  in cotransport. 
Chemical t ransport  with iodine vapor is, therefore, a 
convenient  means  for growth of homogeneous single 
crystals of Cd(1-~ZnzS. The crystal sizes achieved by 
this method were found to be suitable for electrical 
and optical studies (6-9). 

Preparation 
Weighed quanti t ies of G. E. luminescent  grade ZnS 

and CdS powders were tumbled  in a container  over- 
night and fired in  an open boat  at 800~ under  flowing 
ni t rogen to remove water  vapor and volatile salts. A 
small, but  insignificant, amount  of the  more  volatile 
CdS was lost dur ing this process. The powder was 
t ransferred to an 8-in. quartz ampoule and evacuated 
to 10 -6 Torr. Sufficient iodine, which had been previ-  
ously triple sublimed in vacuum to remove permanent  
gases, was distilled into the ampoule to provide 5 mg 
iodine per cc of vapor space in the final ampoule (13). 
The ampoule was sealed off under  vacuum and placed 
in a two-zone furnace. Inadver ten t  nucleat ion centers 
of ZnS or CdS in the growth end of the ampoule were 
removed by leaving the ampoule overnight  with its 
charge end at a tempera ture  range of 775~176 and 
growth end at a range of 875~176 Subsequent ly  
the ampoule was positioned in the furnace so that  a 
suitable growth gradient  was obtained. For low pro- 
portions of ZnS, the charge end was held at t empera-  
tures of 875~176 with the growth end at the range 
825~176 As the ZnS fraction was increased, the 
temperatures  of both charge and growth ends was 
increased so that for 95% ZnS crystals the tempera ture  
ranges were at 925~ ~ and 850~176 respectively. 
Growth was allowed to proceed from 72 to 80 hr. 

Polycrystal l ine solid solutions were prepared by 
firing mixtures  of the above ment ioned ZnS and CdS 
powders in an open boat at 850~ (controlled to _.+ 
5~ for 5.5 to 6.5 hr while under  a continuous 
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flow of nitrogen. Samples were slowly cooled in the 
furnace while the flow of ni t rogen was continued. 

Determination of Composition 
The method of determining the composition of the 

4.10 
solid solutions is described in detail elsewhere (15). 
This technique employed a set of physical mixtures  
of CdS and ZnS of known composition. The ratio of 
the in tensi ty  of the x - ray  emission lines of zinc and 
cadmium was plotted against the molecular  ratio of ~ 4.oo 
ZnS to CdS. If care is taken to minimize matr ix  effects, o 
this plot is v i r tua l ly  linear. 

This plot was used to determine the composition of 
a series of Cdo-x)ZnxS solid solutions by x - ray  spec- ~.9o 
troscopy methods, which acted as secondary standards. 
Debye-Scherrer  photographs were taken of the sec- 
ondary standards, and the distances between the dif- 
fraction lines (S) were measured at high values of 
the Bragg scattering angle. A plot of (cos S / 4 ) - 1  vs. 3.co 
the composition results in a smooth curve which is 
near ly  l inear  and which subsequent ly  was used for 
composition determinat ions of the crystals and pow- 
ders. 

The purpose of this procedure is twofold. First, when 
the amount  of mater ia l  available is small, it is not 
possible to obtain sufficiently high x - r ay  emission in -  
tensities. Then statistical variat ion in  the counts causes 
considerable error in the composition determined. 
Second, a higher relative accuracy is obtained by the 
Debye-Scherrer  method. By the techniques described, 
the composition could be determined absolutely to 
_ 0.5% and relat ively to • 0.2 m/o  (mole per cent) 
using only 0.1 mg of sample. "5 

It was found that the actual composition and the 
nominal  composition as determined by the known 6.4o 
weights of CdS and ZnS in the ini t ial  mixture  were 
identical wi thin  the limits of error previously stated. 

Determination of Lattice Parameters 6.30 
A North American Philips diffractometer was used 

to record the lines diffracted from the finely ground 
solid solution. The solid particles chosen were uni form 
(between 250-500 mesh).  The radiat ion was CuKa 
(monochromatic) ; the scanning speed was (]/8) ~  
a 1 ~ divergence slit was used in conjunct ion with a 
4 ~ preslit and a 1 ~ scatter slit. Diffraction lines w e r e  

general ly recorded out to the l imit  of the diffractom- 
eter, i.e. to 145 ~ in 2e. A NaC1 standard was added 
to the samples to correct for possible minor  misal ign-  
ment.  

The diffraction lines were indexed using approxi-  
mate values of the a and c parameters.  These param-  
eters w e r e  then refined by fitting the calculated values 
of 1/d 2, where d is the lattice spacing, to the observed 
values using a least squares technique (see Appendix) .  

Results 
The lattice parameters  a and c were determined and 

plotted as a function of composition. These are shown 
in Fig. 1 and 2, respectively. The var iat ion obeys 
Vegard's law within the error  limits. All  the points 
fall within three t imes the standard deviation. The 
relationship between the parameters  and the concen- 
t rat ion may be expressed as 

a = 4.1370 - -  0.3165x , .63s 

c = 6.7168 -- 0.4597x t.636 

where x is the mole fraction of ZnS. o 1.634 

The errors tended to increase toward the high ZnS ~ L632 

o 1.630 concentration. This is the region in which the free 
energy of the wurtzi te  s tructure approaches that  of ,.6z8 
the sphalerite structure. Thus, some strain and defects ,.626 
a r e  to be anticipated. The sample containing 95% ZnS t.624~" 
did contain some of the cubic sphalerite. The concen- ,.6221 0 t rat ion ratio of wurtzi te to sphalerite was approxi-  
mately  9/1. It  was assumed that the ZnS concentra-  
t ion was the same in both phases. This assumption was 
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supported by the agreement  of the wurtzi te  a and c 
parameters  with Vegard's law at 95% of ZnS. Addi-  
tionally, the lattice parameter  of the cubic cell con- 
ta ining 95% ZnS agreed with the parameter  found 
assuming a l inear  relationship with composition. 

The c /a  ratios were calculated as a function of the 
composition and are shown in Fig. 3. This variat ion is 
l inear and may be expressed as c /a  = 1.6238 -t- 0.01376x. 
This relationship is interest ing because at x ~ 0.70, 
c /a  = 1.633. It was mentioned earlier that  distortion 
in the c /a  ratio is related to long range coulombic 
forces (10, 11). Although the ionic character of the 
solid solutions does decrease from 0% ZnS to 100% 
ZnS, there is probably nothing unique  in the bonding 
at 70% ZnS, where c /a  = 1.633, the ideal ratio. In CdS 
the tetrahedra tend to be compressed, while in ZnS 

Fig. 

, , , , , , , �9 . 

MOLE PERCENT OF ZnS IN Cd l l _x lZn lx lS  

3. Variation of axial ratio, c/o, as o function of composition 



Vol. I17, No. 2 C A D M I U M  Z I N C  S U L F I D E  S O L I D  S O L U T I O N S  235 

I00.0 I I I I 

~ 9 5 . 0  

~ 9 0 . 0  

8 5 , 0 -  

8 > 

- \  
8 0 . 0  § 
79. f I I I t I t J I 

0 IO 20 30 40  50 6 0  70 B0 9 0  

MOLE PERCENT ZnS IN Cd(l_x)Zn(x)S 

Fig. 4. Unit-cell as o function of composition 

tO0 

the c-axes of the te t rahedra are elongated. At 70% 
ZnS the average te t rahedron happens to have an axial 
ratio of 1.633. 

The variat ion of uni t -cel l  volume with concentrat ion 
has been plotted in  Fig. 4. A slightly negative devia-  
tion from l inear i ty  can be observed. Thus, the solu- 
tions are not ideal at room tempera ture  although they 
might  well  have been at the tempera ture  of prepara-  
tion. If the solutions had been ideal, the part ial  molar 
volumes would have been additive and the volume 
variations linear. 

The variations of a, c, c/a, and uni t  cell volume with 
composition are given in Table  I. 

Discussion 
The variat ion of the lattice parameters  with com- 

position as found by previous investigators (sum- 
marized below) is, for the most part, somewhat dif- 
ferent  than that  reported here. Much effort has been 
expended  to make our results as accurate as possible. 

The qual i ty  of our crystals has been ascertained by 
other measurements ,  which would have most probably 
revealed any  imperfections, such as severe strain, in-  
homogeneity, large concentrat ions of defects, etc. 
These  measurements  include electron microscopy, elec- 
t ron microprobe studies, fluorescence, x - ray  precession, 
Laue measurements ,  and studies in a polarizing micro- 
scope. Spectroscopic analysis for heavy metals shows 
less than 3 ppm copper and less than 1 ppm of silicon. 
Fluorescence analysis did not detect the presence of 
iodine, suggesting that  its concentrat ion was no more 
than 100 ppm. This is in agreement  with Beun, Nitsche, 
and BSlsterli (14). The sharpness of the powder dif- 
fraction lines contr ibuted addit ional evidence. 

Table I. Variation of lattice parameters with composition 

M o l e  p e r  
c e n t  o f  Z n S  a (A)  c ( A )  c/a V ( A  3) 

0 4 . 1 3 6 0  ~ 0 . 0 0 0 6  6 .7162  ~ 0 . 0 0 1 4  1 .6238  9 9 . 4 9 5  
5 4 ,1206  ~ 0 . 0 0 0 5  6 . 6 9 3 7  • 0 . 0 0 1 0  1 . 6 2 4 4  9 8 . 4 2 5  

10 4 . 1 0 6 8  ~- 0 . 0 0 0 5  6 . 6 7 4 7  • 0 . 0 0 0 8  1 . 6 2 5 3  9 7 . 4 8 9  
15 4 . 0 9 2 5  ~- 0 . 0 0 0 5  6 . 6 5 3 7  ~ 0 . 0 0 0 8  1 . 6 2 5 8  9 6 . 5 0 7  
30 4 . 0 4 1 3  • 0 . 0 0 0 5  6 . 5 7 9 3  ~- 0 . 0 0 0 8  1.6280'  9 3 . 0 5 5  
35  4 . 0 2 6 5  ~ 0 . 0 0 0 4  6 . 5 5 8 0  4--- 0 . 0 0 0 7  1 .6287  9 3 . 0 7 6  
45  3 . 9 9 4 5  ~ 0 . 0 0 0 6  6 . 5 1 1 1  ----- 0 . 0 0 0 9  1 .6300  8 9 . 9 7 0  
55  3 . 9 6 0 4  ~ 0 , 0 0 0 8  6 .4631  • 0 . 0 0 1 5  1 .6319  8 7 . 7 8 8  
60 3 . 9 4 8 9  ~ 0 . 0 0 0 6  6 . 4 4 2 4  ~ 0 . 0 0 1 3  1 .6315  8 7 . 0 0 0  
70 3 . 9 1 6 7  --.+ 0 . 0 0 0 6  6 . 3 9 5 6  ~ 0 . 0 0 1 5  1 .6329  8 4 . 9 6 5  
85 3 .8693  "4- 0 . 0 0 0 7  6 . 3 2 9 7  ~- 0 . 0 0 1 2  1 .6359  8 2 . 0 6 7  
95 3 .8380  ---+ 0 . 0 0 0 6  6 .2786  ___ 0 .0023  1 .6359  80 .092  

100  3 . 8 1 9 5  ----- 0 . 0007  6 .2552  __- 0 . 0 0 0 8  1 ,6377  79 .026  

The standard deviations obtained from the least 
square computations indicate a ra ther  precise deter-  
minat ion  of lattice parameters  (Table I) .  The l imit ing 
factor is, however, the composition determination.  This 
is the most difficult step, because of the similari ty in 
properties of zinc and cadmium. For this reason, phy-  
sical methods were uti l ized instead of chemical tech- 
niques. As had been ment ioned earlier, much effort 
was made to determine the composition of the solid 
solutions (15). The method used is ra ther  sensitive to 
small  changes in composition. Repeated measurements  
were made and the results were reproducible wi th in  
0.5%. 

Early measurements  of the lattice parameters  of the 
Cd(1-x)ZnxS system were made by Vitr ikhovskii  and 
Mizetskaya (1) using Debye-Scherrer  methods. Their  
results show large positive deviation of a and c from 
Vegard's law by as much as 0.01A. Their data have 
considerable scatter, especially for the c parameter.  It 
is not clear what  method was used to determine com- 
positions. 

Chan's measurements  (2) of the var iat ion of the 
a-axis with composition also reflected more scatter 
than  our data, although a l inear  relationship was 
shown. Single crystal  techniques were used by this 
worker. In  addition, the vol tametry  and str ipping 
analysis used to determine composition presented 
problems, because of interference of one cation with 
the measurement  of the other. 

Bal lentyne and Ray's (3) measurements  ihdicated 
very large negative deviations from Vegard's law. 
They used Debye-Scherrer  methods and determined 
compositions using chemical methods which might  
explain their  different results. 

Or tman and Treplow (4) reported that  the a and c 
parameters  followed Vegard's law. They plotted their  
results on a ra ther  compressed scale so that  deviations 
up to 0.01A did not show. Several  of their  points did 
not fall on the lines. 

In  a rather  recent effort, Kane, Spratt,  Hershinger, 
and Kahn (5) measured the lattice parameters  of 
evaporated films. Using Debye-Scherrer  methods, they 
found that  a and c deviated negat ively from Vegard's 
law. They determined compositions indirect ly by moni-  
toring the amount  of CdS and ZnS that  evaporated 
from separate boats. Their parameter  determinat ions 
at high concentrations of ZnS, however, assumed an 
ideal c/a ratio. 

Summary 
A continuous series of subst i tut ional  solid solutions 

of Cdr were prepared. Both the powders and 
the single crystals appeared to be homogeneous and 
relat ively strain free. The wurtzi te  s t ructure was the 
most stable throughout  the series at the temperature  
of preparation. However, some sphalerite phase formed 
at the 95% ZnS composition. The composition deter-  
minat ions  were done using physical methods which 
avoided problems due to the similarities in properties 
of zinc and cadmium. The lattice parameter  var iat ion 
with composition was linear. The c/a ratio also showed 
a l inear  variation. The ratio reached the ideal value 
of 1.633, assuming close packing of hard spheres, at 
70% ZnS. This was probably  due to an averaging ef- 
fect rather  than  to any profound change in long range 
bonding forces. The variat ion of volume with compo- 
sition showed a negative deviation from lineari ty.  
Thus, the solid solutions are not ideal at room tem- 
perature,  since the part ial  molar  volumes are not ad- 
ditive. 

The per t inent  results are given in Table I to enable 
future  workers to easily determine the composition of 
their solid solutions. 
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APPENDIX 
Least  squares fit  0.I (1/de) 2 to (1/do) ~ 

In  reciprocal lattice parameters,  l /dr  is linear, i.e., 

1/d 2 = Sl lh  2 -]- $22k 2 -]- $33 ~2 -]- S12hk + S23kl + SzlIh, 

where 
Sll = b2C 2 sin 2 a /V  2 

$12 ~- 2abc 2 (cosa cos9 -- cosT)/V 2 
$22 : c2a 2 sin 2 ~/V  2 

Sz~ ---- 2a2bc (cos~ cos7 -- cosa)/V 2 
S~ = a2b 2 sin 2 ~ / V  2 

S~1 : 2ab2c (cos7 cosa -- cosfl)/V 2 

a, b, c are the uni t  cell lengths, a, ~, 7 are the angles, 
and V is the volume of the cell. 

The sum of the squares minimized is 
N 

~ W i [ 1 / d i  2 ( S l l h i  2 "Jr S22ki 2 ~- . . . . . . . .  -~- S31 l ih i ) ]2  

i 

where N is the number  of diffraction peaks observed. 
The weights, Wi, were taken as 

W i  ~-~ 1/a i  2 

[ d(1/d2) ] A(2Oi), ~_~ 8sin2Oih(20i) 
ai = d(20) 

J. Eleckrochem. Sac.: S O L I D  S T A T E  S C I E N C E  F e b r u a r y  1970 

and h(2ei) was taken to be the uncer ta in ty  in reading 
the peak position due to broadness or noise. 
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Broad Emission and Excitation 
in and YVO, 

Bands 

S. Z. Toma and D. T. Palumbo 
Sylvania  Electric Products Inc., Chemical and Metallurgical Division, Towanda, Pennsylvania  

ABSTRACT 

Pure  y t t r ium oxide has three x- ray-exci ted  emission bands in the blue-u.v.  
region of the spectrum. Addit ion of tha l l ium gives a broad emission peaking 
at about 580 nm with a decay time of less than 20 nanosec and Eu ~+ emission 
in this matr ix  can be sensitized with tha l l ium and bismuth absorption bands. 
On lowering the temperature  from room to liquid N2 both Y203:Bi and 
YVO4: Bi show new emissions as well  as complex differences in the excitation 
spectra. The results in Y20~:Bi are discussed on the basis of bismuth oc- 
cupying two centers in this matrix.  

Numerous studies on the optical properties of rare 
ear th-act ivated Y20~ and YVO4 have appeared (1-7). 
Considerably less work, however, has been reported 
on activators with broad absorption and emission bands 
in these matrices, the emphasis being pr imari ly  on 
bismuth activation at room tempera ture  (8-12), and 
more recent ly on indium in YVO4 (13). In  both YVO4: 
Bi (8, 9, 11) and Y203:Bi (10-12) only some of the 
bands arising from bismuth addition are exper imenta l ly  
established and their  corresponding electronic t rans i -  
tions are not clearly understood. As will  become evi- 
dent  below, two factors contr ibute to this: (a) in 
Y20~:Bi, the large number  and strong overlap of the 
observed emission and excitation bands makes diffi- 
cult the isolation and study of the individual  bands, 
with a similar problem existing in YVO4:Bi where 
the matr ix  absorption overlaps that  obtained on Bi 8 + 
addition; and (b) the differentiation of Bi -mat r ix  

from predominant ly  free ion transit ions (6s--, 6p) is 
difficult since host luminescence exists in the absence 
of any  activators. The problem is analogous to the case 
of CaWO4 and CaWO4: Pb where the luminescence on 
addition of Pb 2+ is usual ly  considered to arise from 
Pb-per tu rbed  tungstate  groups (14, 15). 

The present work concerns a s tudy of Y203:Bi and 
YVO4: Bi at l iquid ni trogen tempera ture  with a com- 
parison to the results obtained at room temperature.  
The optical properties of Y203, Y~Os:TI, Y20~:Eu,T1, 
and Y2Oz:Eu,Bi were also investigated. 

Experimental 
Phosphors were prepared from int imate  mixtures  of 

h igh-pur i ty  raw materials by solid state reactions. For 
activated and pure YV04,  proper amounts  of Y.~O3 and 
Bi2Oz were blended with recrystallized NH4VO3 and 
fired for 2 hr at 950~ 
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Phosphors  wi th  Y20s as a ma t r i x  were  synthes ized 
by  acetone blending appropr ia t e  amounts  of tha l l ium 
(ic) oxide, b i smuth  oxalate,  and y t t r i um oxalate.  The 
mix  was f i rs t -s tep fired at  700~ and ret i red for 2-3 hr  
at  1200~ In  europ ium-con ta in ing  phosphors,  Y~+ and 
Eu 3+ were  coprec ip i ta ted  as oxa la tes  before  addi t ion 
of b ismuth  or  thal l ium.  This coprecipi ta t ion and the 
high firing t empera tu re s  were  necessary  to obta in  high 
efficiency phosphors.  Al l  samples  were  p repa red  in a i r  
a tmosphere  unless  specified otherwise.  The da ta  dis-  
cussed below were  obta ined wi th  the  fol lowing con- 
centra t ions  of  var ious  act ivators :  Y0.95Bi0.05VO4, 
(Y9.995Bio.o05) 203, (Y9.98T19.02) 203, (Yg.99Euo.01) 203, 
(Y9.gs3Eu9.91Bi9.907) 203, (Yo.95Eu0.95) 203, and (Y0.93- 
Eug.o5T10.o2)2Os, where  the  concentra t ions  are  for the  
fo rmula ted  compositions.  In Y2Os:T1 a subs tant ia l  
amount  of ac t iva tor  is lost on ~firing and the  var ious  
tha l l ium-con ta in ing  phosphors  showed more  than  90% 
loss as measured  by  atomic absorpt ion analysis.  

Exci ta t ion  and emission spect ra  were  obta ined with  
a P e r k i n - E l m e r  Model 195 and H i t a c h i - P e r k i n - E l m e r  
M P F - 2 A  spectrophotofluorimeters .  The P e r k i n - E l m e r  
Model 195, a pr i sm ins t rument  (16), p rovided  ene rgy -  
correc ted  emission and exci ta t ion spect ra  (Fig. 4 and 
5) and was used to obta in  quan tum efficiency da t a  by  
compar ing  the phosphors  to NBS MgWO4 (17). The 
Hitachi  ins t rument ,  though uncorrec ted  (see Fig. 10 
and 14 for energy correct ion fac tors) ,  provided  be t te r  
separa t ion  of the  over lapping  exci ta t ion  and emission 
bands due to its g ra t ing  optics (Fig. 1 and 7-14). Re-  
flectance spect ra  were  obta ined  wi th  a Bausch and 
Lomb Spectronic  505 ins t rument .  A TRW Model  31A 
ins t rument  was used for decay t ime measurements .  

X - r a y - e x c i t e d  emission spect ra  were  recorded using 
rad ia t ion  f rom a tube  wi th  a mo lybdenum targe t  oper -  
a t ing  at  50 kV and  30 mA. One g ram samples  were  
pressed into pel lets  1 cm in d i ame te r  and the emission 
measured  f rom the  exci ta t ion side of the  sample.  An 
EMI 9558B photomul t ip l ie r  and a 1-meter  J a r r e l l - A s h  
monochromator  were  used  to record  the  spectra.  

Results 
YVO4, YVO4:Bi . - -Pure  YVO4 shows a blue emission 
peaking  at  about  440 nm at both room and l iquid  N~ 
tempera tu re .  YVOA:Bi at  room t e m p e r a t u r e  gives a 
broad,  ye l lowish  emission peaking  at 560 nm under  
both short  and long wave length  u l t rav io le t  excitat ions.  
The emission color at  l iquid N2 tempera tu re ,  however ,  
is de te rmined  by  the energy  of exci t ing radiat ion.  A 
b lue  emission peaking  at  440 nm dominates  under  short  
wave length  exci ta t ions ( <  300 nm) ,  whereas  only  the  
ye l lowish  emission of b i smuth  appears  at longer  (340 
nm)  wavelengths .  F igure  1 shows the exci ta t ion spectra  
for  both  these  emissions. As the  emission wavelength ,  
a t  which  the  exci ta t ion spec t rum is measured,  is g r a d -  
ua l ly  increased above 440 nm, an increase  in peak  
height  of the  exci ta t ion band at  about  340 nm occurs 
re la t ive  to that  of the  h igher  energy  band. F igure  1 
also shows the  exci ta t ion  spec t rum for the  peak  emis-  
sion of pure  YVO4 at 440 nm and l iquid N2 t empera -  
ture.  
Y203.~Three  x - r a y - e x c i t e d  emission bands are  ob-  
served wi th  m a x i m a  at  app rox ima te ly  340, 365, and 
400 nm. The spec t rum appears  in Fig. 2. Possible con- 
t r ibu t ion  of chemical  impur i t ies  to this  ma t r ix  emis-  
sion is difficult to rule  out. However ,  severa l  samples  
of Y20~, considered to be of high pur i ty  by  the  sup-  
pl iers  and by  our own analysis,  gave s imi lar  spectra.  
On conver t ing  the same mate r ia l s  to YVO4, a high in-  
tens i ty  emission, character is t ic  of the  vanada te  matr ix ,  
was a lways  observed.  
Y203:TI and Y~Oz:Eu, T l . - -The  reflectance, emission 
and  exci ta t ion  spec t ra  of Y203:T1 p r e p a r e d  in  a i r  a re  
shown in Fig. 3, 4, and 5. Vary ing  tha l l ium concent ra -  
t ions fo rmula ted  up to 10 a /o  (atom per  cent)  gave an 
op t imum br ightness  at  about  2% added  tha l l ium,  wi th  
a quan tum efficiency of 25% under  254 nm excitat ion.  
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Fig. 1. Excitation spectra at liquid N2 temperature of pure YVO~ 
and Yo.95Bio.05V04. The numbers are emission wavelengths in 
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Fig. 2. Matrix luminescence of Y203 excited by x-rays 
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and Y203:Eu,T1 at various excitation wavelengths can 
be made by comparing the corresponding excitation 
curves after a 20% scaledown of the Y203:Eu,T1 curve. 

Energy t ransfer  from T1 to Eu is demonstra ted in 
Fig. 5, where the excitation spectrum for the 611 nm 
Eu 3+ emission in Y203:Eu,T1 is in the same energy 
region and similar to that observed for T1 emission in 
Y2Os: T1. Fur ther  indication of the t ransfer  is provided 
by the observed decrease in in tensi ty  of the b road-band  
thal l ium emission on addition of increasing amounts  of 
europium (0.1-1.0 a/o)  at constant, 2 a/o tha l l ium con- 
centration. 
Y2Os: Bi and Y203: Eu,Bi . - -At  room tempera ture  Y20~: 
Bi has two emission bands in the visible at about 405 
and 500 nm. Their  respective excitation band maxima, 
three for each emission (12), are shown schematically 
in Fig. 6 and labeled as g bands for the green emission 
at 500 nm and b bands for the blue emission at 405 rim. 

Exact positions of some of these band maxima are 
difficult to ascertain due to strong overlap with ad- 
jacent  bands. Fur thermore,  from the measurement  
standpoint,  it is difficult to establish the "pure" bands 
associated with each emission, also due to this overlap. 
The problem is common to most measurements  on this 
phosphor and some of the excitation and emission spec- 
t ra  shown below are for wavelengths slightly displaced 
from the proper maxima in efforts to isolate the bands 
of interest. 

The reflectance spectrum of Y203: Bi appears in  Fig. 
3. A quan tum efficiency of about 40% was obtained at 
room tempera ture  using 340 nm excit ing radiation. The 
500 nm emission, which was the only band we were 
able to isolate using Corning filter CS3-74, has a decay 
t ime of 5 x 10 -7 sec at room temperature.  

Figure 7 shows a comparison of Y203:Bi emission 
at room and liquid N2 tempera ture  under  371 nm ex- 
citation. A similar comparison appears in Fig. 8 with 
350 nm excitation. The effect on the excitation bands 
of lowering the tempera ture  appears in Fig. 9 for the 
500 nm emission. Note the decrease in in tens i ty  of 330 
(2 g) relat ive to the 344 nm (1 g) band with decreas- 
ing temperature.  Simultaneously,  excitation in the 
energy region of the 2 g band (325 nm)  gives a new 
emission in the visible at about 430 nm (Fig. 10). The 
excitation spectrum of the 430 n m  band (Fig. 11) is 
dominated by the 330 nm band but  with some contr i-  
bution from the 371 (1 b) and 338 nm (2 b) bands of 
the 405 nm emission. This contr ibut ion decreases when 
excitation spectra are measured for emissions at longer 
wavelengths than 430 nm (fur ther  away from the 405 
nm emission to minimize overlap) and at 500 nm (Fig. 
9) very little of the 1 b and 2 b bands remain.  

250 300 
WAVELENGTH [NM] 

Fig. 5. (Yo.95Euo.05)203, (Yo.95Euo.05)203:TI, and Y20~:TI ex- 
citation spectra: dashed line for 580 nm emission, solid and dot- 
dashed lines for the europium emission at 611 nm. The latter's 
weak (f-f) excitation lines are not shown. 

A fluorescence decay t ime of less than  20 nanosec was 
observed. Retiring for 1 hr at 1000~ in N2-H2 (10%) 
atmosphere gives a mater ia l  with dist inctly different 
optical properties, the absorption and emission bands 
extending to longer wavelengths (Fig. 3, 4) and the 
emission intensi ty  decreasing. 

Addit ion of tha l l ium to Y203: Eu alters the excitation 
spectrum of Eu 3+ emission at 611 n m  (Fig. 5). The 
broad excitation band for this emission (5, 12) is ex- 
tended to longer wavelengths.  A decrease in emission 
in tens i ty  is observed under  254 nm excitation whereas 
enhancement  is seen at longer (e.g., 290 nm)  excitation 
wavelengths.  The effect is gradual, increasing with in-  
creasing amounts  of added thall ium. Figure 5 shows 
the spectrum of the phosphor formulated with 2 a/o T1. 
A comparison of the relat ive brightness of Y203:Eu 

268 (3g) - - - ~  f f 2 5 8 ( 3 b )  

330(2 g ) - - - j m ~  " - ~  338 (2b) 

344(I g) 371 (Ib) 

GROUND STATES 
Fig. 6. Schematic representation of the excitation band maxima 

in nanometers for the 500 nm (g bands) and 405 nm (b bands) 
emissions in Y203:Bi. Arrows indicate electronic transitions at 
room temperature discussed in the text. The g and b designations 
also represent the electronic states responsible for the correspond- 
ing excitation bands. 
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Fig. 8. Emission spectra of Y203:Bi excited by 350 nm radiation 

Qualitat ively  similar effects are observed on compar- 
ing the excitation spectra for the 405 n m  emission at 
room and l iquid N2 temperatures (Fig. 12 and 13). 
Note that the excitation band at 338 nm (2 b) in Fig. 
12 decreases in intensity relative to that at 371 n m  (i 
b) on cooling to l iquid N2 temperature. At the same 
t ime (Fig. 13) the emission band at about 355 nm, 
under 338 nm excitation, now dominates the emission 
spectrum. This u.v. emission can also be ascertained at 
room temperature but with considerably weaker in-  
tensity than the 405 nm band and less resolved from it. 

Energy transfer from Bi to Eu has been reported, 
considering only the 500 nm emission (10). Figure 14 
gives the excitation spectra of Y203:Eu,Bi measured 
at 611 nm for the Eu 3+ emission and at 450 nm, where 
both the 405 and 500 nm emissions of Bi contribute. 
Both the b and g excitation bands of bismuth are 
shown to sensitize the Eu ~+ emission, this being a 
further s imilarity between the two sets of bands. 
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Fig. lO. Emission spectra of Y20~:Bi excited by 325 nm radiation. 
The dot-dashed curve shows the relative sensitivity of the grating- 
photomultiplier combination used. 

Discussion 
The room temperature excitation spectrum of 

YVO4:Bi extends to longer wave length  than that for 
the pure matrix. However,  no structure can be ascer- 
tained at these long wavelengths.  At l iquid N2 tem-  
perature (Fig. 1), bismuth addition introduces a dis- 
crete band peaking at about 340 nm. It is interesting 
to note that this is the energy region of the 1 g (344 
nm), 2 g (330), and 2 b (338) excitation bands in 
Y~O3:Bi. The appearance of higher energy emission 
peaking at 440 nm in YVO4:Bi may  be compared to 
similar results obtained on rare earths additions to 
this matrix. Pali l la e t  al. (2) observed that although 
additions of 0.5 m / o  (mole  per cent) of Dy a+, Tm a+, 
Sm z+, or Eu ~+ almost completely  quench the lumi-  
nescence of YVO4 at room temperature, it reappears 
wi th  high intensity on cooling these phosphors to l iquid 
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N2 temperature.  This suggests that  the 440 n m  emission 
observed in YVO4:Bi at l iquid N2 tempera ture  may 
be due to host luminescence since the max imum of the 
emission band  of pure YVO4 is also at 440 nm. How- 
ever, the difference in the energies of the maxima of 
the excitation bands for the 440 nm emission in YVO4 
and YVO4:Bi (Fig. i)  is not understood if in both 
phosphors the luminescence arises from the common 
host. 

The absorption of pure  Y203 has been reported at 
wavelengths lower than  225 n m  (3,18). In  this and 
the similar oxides of scandium and l an thanum the 
bands are general ly ascribed to electron t ransfer  
transit ions from oxygen to the t r iva lent  cations (18- 
20). Fur the r  s tudy of the three emission bands ob- 
served with x - r ay  excitation in Y203 was difficult 
since at tempts to observe any  u.v.-excited lumines-  
cence, wi th in  our ins t rumenta l  capabilities, were not  
successful. 
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Fig. 14. Excitation spectra for the 611 and 450 nm emissions in 

Y20~:Eu,Bi at room temperature. The dot-dashed curve shows the 
relative intensity of the grating-xenon lamp combination used. 

Although monovalent  tha l l ium is well  known  as an 
activator, its t r iva lent  state with 5d 1~ configuration is 
not commonly considered as such. The quest ion of the 
par t icular  oxidation state of tha l l ium in the matr ix  
with a t r iva lent  cation is, then, of some relevance. 
Comparing the size and charge of T1 + (1.49A) and 
Tla+ (1.05) to Y~+ (1.06) and considering that T1208 
is isomorphous with Y2Oa, the t r iva lent  state of thal-  
l i tun can be favored in nonreduced Y203:TI. Fur the r  
evidence for this is the change in optical properties 
observed on retiring in H2-N2 atmosphere, which pre-  
sumably  can be due to a reduct ion in the oxidation 
state of T1 ~+. It  is also interest ing to note that  the 
reduced mater ial  absorbs in the same energy region 
as t r iva lent  b ismuth  (Fig. 3), the lat ter  being iso- 
electronic with T1 +. 
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Absorption of a t r iva lent  thal l ium ion in Y20~ can 
arise ei ther from transi t ions in the tha l l ium-oxygen 
bond or the free ion dl~ ~ d~s. The la t ter  have been 
considered in alkali  halides containing Cu + and Ag + 
(21). Their  absorption coefficients are smaller  by one 
or two orders of magni tude  than those of Pb 2+ and 
Ti +. If the spectra arise from d l~ ~ d9s (forbidden) 
transitions,  then their  energy in alkali halides is larger 
than  the corresponding transi t ions in the gaseous state 
(21). The spectra of nonreduced Y20~:T1 are difficult 
to unders tand  as arising from such d 10 ~ d9s t rans i -  
tions, since their  lowest energy in gaseous T1 a+ is at 
75052 cm -1 (22), whereas the absorption of Y~Oa:T1 
occurs at appreciably longer wavelengths.  This ab-  
sorption, however, may be compared to that  observed 
for the hexachlorocomplexes of Pb 4+ (23), the lat ter  
being isoelectronic with T1 a+. Two broad and intense 
absorption bands are observed at 307 and 208 nm with 
the high molar  extinction coefficient of 9700 and 24000, 
respectively. These have been interpreted as possibly 
due to an electron t ransfer  from a predominant ly  
l igand orbital  to the empty s orbital  of Pb 4+ which is 
filled in Pb 2+ complexes (23). Similar  allowed t rans i -  
tions may occur in the tha l l ium-oxygen  center in non-  
reduced Y2Oa: T1 and the observed short decay t ime is 
compatible with such transit ions.  

The spectra of u at room tempera ture  show 
that the green emission at 500 nm can be excited with 
three bands (1-3 g). Thus, the electronic states re-  
sponsible for the 3 g and 2 g excitation bands are not 
the emit t ing states, since the same emission is ob- 
served with the lower energy 1 g band. Radiationless 
transitions,  then, from the 2 g and 3 g to the 1 g state 
must  occur and these are indicated schematically in 
Fig. 6. The probabi l i ty  for such transi t ions at tem-  
perature T may be considered as proport ional  to an 
exponential  factor containing T and other parameters  
per ta in ing to the configuration coordinate curves of 
the respective electronic ~tates (24). On lowering the 
tempera ture  to that  of l iquid N~, the probabi l i ty  for 
transitions, as for example from 2 g to 1 g, can de- 
crease and allow at least some emission from 2 g state, 
i.e., direct radiat ive t ransi t ion from 2 g to the ground 
state. The new emission at 430 n m  (Fig. 10) can be 
understood as arising from such a t ransi t ion and is 
consistent with related excitation spectra given earlier. 
A similar  in terpreta t ion applies to the origin of 355 
nm emission band, i.e., a radiat ive t ransi t ion from 2 b 
to the ground, electronic state. 

In  prior work (12), the 405 and 500 nm emissions 
of bismuth were assumed to arise from different cen- 
ters in Y2Oz, for example the C2 and $6 sites. The ad- 
ditional emission bands at 355 and 430 n m  as well  as 

their  corresponding excitation spectra are quite com- 
patible with such an assignment;  one center  for the 
500 and 430 nm emissions and a differing one for the 
405 and 355 nm emissions. 

Manuscript  submit ted June  18, 1969; revised manu-  
script received Nov. 3, 1969. This was Paper  75 pre-  
sented at the New York Meeting of the Society, May 
4-9, 1969. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Diffusion of Manganese in Single Crystalline 
Manganous Oxide 

J. B. Price 1 and J. Bruce Wagner, Jr.* 
Materials Research Center, Northwestern University, Evanston, Illinois 

ABSTRACT 

The self diffusion of ~<zsMn in monocrys ta l l ine  manganous  oxide has been 
s tudied in o rder  to invest igate  the  p redominan t  la t t ice defect  in MnO1+2 in 
the low oxygen pressure  region of the  phase field. In  the  low oxygen pressure  
region of the  MnO1 +x phase field the  ma te r i a l  exhibi ts  apparen t  n - t y p e  be -  
havior.  A graph  of log DTMn VS. log Po2 for a t e m p e r a t u r e  of 1032~ exhibi ts  a 
constant  slope of -{-1/5.4 for 10-18 ~ p o 2 ~  10-s  atm. This pressure  depen-  
dence is consistent  wi th  the  model  for doubly  ionized cat ion vacancies over  the  
range  of composit ion studied. 

The oxide, MnO]+~, is nonstoichiometr ic  wi th  a 
m a x i m u m  devia t ion  f rom s to ichiometry  of app rox i -  
ma te ly  15% (1-4).  The high t empe ra tu r e  region of 
the  MnOl+~ phase  field is shown in Fig. 1. In  regions 
B and C the oxide is oxygen excess (1,4) according 
to the  fol lowing quas i -chemica l  react ion 

O 2 ( g )  ~ O x s  -~- V M n  m'  + m ~  [ 1 ]  

where  O2 is an oxygen  molecule,  Oxs is an excess oxy-  
gen a tom on a r egu la r  oxygen site, V M n  m' is a nega-  
t ive ly  charged manganese  vacancy,  �9 is an e lect ron 
hole (4), and m is the  degree  of ionizat ion of the  va -  
cancy. Classical ly  m takes  on a value  of 0, 1, or 2. In  
region B, m equals 2 (1, 4), and m equals  1 in region C 
(1, 4). In  regions B and C the e lec t r ica l  conduct iv i ty  
(1, 4) is p ropor t iona l  to the  concentra t ion of e lectron 
holes, [ G ]  or  p. In  the  region of the MnO~+x phase 
field shown in Fig. 1, 0.05 < ~ < 8.0 ( o h m - c m ) - 1 .  For  
d i lu te  solutions the ideal  mass  action law predicts  tha t  

p~-[~] = (m)l/(l+m) Po2+I/2(m+1) 

exp{--AG~ § m)RT) [2] 

where the brackets, [], denote concentration, Po2 is 
the oxygen partial pressure, hG~ is the Gibbs free 
energy for reaction [1], R is the gas law constant, and 
T is the absolute temperature, In regions B and C the 
electrical conductivity is 

= e~ p [3] 
@ 

where  the  conduct ivi ty ,  a, is in rec iprocal  ohm-cm,  e 
is the  electronic charge  in coulombs, the e lect ron 
hole mobi l i ty ,  # O '  is in cm2/v-sec,  and  p is the  num-  

ber  of ho les /cm 3, given by  Eq. [2]. In  regions B and 
C the  dif ferent ia l  form of the  oxygen pressure  depen-  
dence of the  conduct iv i ty  is 

[ 010gr  ] I 

alog----Po2 r = 2(1 -t- m) [4] 

where  i t  is assumed tha t  # , AG~ and m are  not  
@ 

functions of concentra t ion (4). Data  f rom the thesis 
Eror  (1) and f rom Hed  and Tannhauser  (4) are  shown 
in Table I. Both Eror  and  Hed found sat isfactory 
agreement  be tween  the  value  of 1 /2 (m-{ -1 )  de te r -  
mined  f rom conduct iv i ty  studies and the va lue  of 
1/2 (m -{- 1) de te rmined  f rom the rmograv imet r i c  
studies in regions B and C. The concentra t ion of cat -  
ion vacancies and the  devia t ion  f rom s toichiometry  

�9 E lec t rochemica l  Socie ty  Act ive  Member .  
1 P re sen t  address :  Cen t ra l  Resea rch  Labora tor ies ,  Motorola ,  Inc. ,  

Phoen ix ,  Ar i zona  85008. 
K e y  words :  dif fusion Mn in to  MnO;  defect  equil .  MnO. 

m a y  be  computed  f rom the rmograv ime t r i c  da ta  (I ,  4). 
The oxygen pressure  dependence  of the devia t ion  from 
s to ichiometry  is 

[ 01ogx  ] _-- 1 

0 log Po~ v 2 (1 -{- m) [5] 

where  x, 0 < x < 1/3, is the  devia t ion  f rom stoichiom- 
e t ry  in MnOI+z. The oxida t ion  studies of Fuek i  and  
Wagne r  (9) fu r the r  subs tant ia te  the  p redominance  of 
the  cat ion vacancies in region B. 

The apparen t  p - n  bounda ry  (1-4) occurs at ap -  
p rox ima te ly  Pco2/Pco ---- 1 in the  t empe ra tu r e  range 
800~176 For  rat ios less than  Pco2/Pco = 1, the  
va lue  of 1 /2(m ~ 1) der ived  f rom conduct ivi ty  
studies is negat ive.  Eror  (1) and Hed  (4) were  unable  
to corre la te  the i r  conduct iv i ty  and the rmograv ime t r i c  
da ta  in region A because ne i the r  was able  to detect  
weight  changes in region A. Hed  and Tannhauser  (4) 
showed tha t  the weight  change be tween  the  p - n  
bounda ry  and the Mn-MnO boundary  would  be less 
than  25 #g/g  if  cat ion vacancies  p redomina ted  in r e -  
gion A. The l imit  of resolut ion for the  systems used 
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Table I. Oxygen pressure dependence of the electrical conductivity 

DIFFUSION OF MANGANESE IN MnO 

Eror (1, 16) Hed and Tannhause  r (4) ( 1 )  ( ' )  
2(m + 1) 2 (m + 1) 

T e m p e r -  
ature,  ~ Region A Region B Region A Region B Region C 

Table II. Analyses of MnO crystals 
As- rece ived  boule  

Analy t ica l  Labora to ry  " A "  
Ca, Co, Fe, Si, V, A1, Cr, Cu, Mo, Ni, Ag, and Pb  

all < 1  p p m  w t  (Ti = 0.001 wt  %) 

900 

I000 

II00 

1210 

1280 

1375 

1500 

1 1 

5.4 5.9 

1 1 

5.9 5.7 

1 1 

6.4 5.2 

1 

6.6 

1 

7.1 

1 

"6.6 

1 1 

5.7 3.9 

1 1 

6.0 4.0 

1 1 

5.8 3.7 

by Hed and Eror is 25 #g/g, or 25 x 10-4%. Hed and 
Tannhauser  (4) demonstrated that  MnOl+x in region 
A could be n- type,  electronically, if ~O > 10 w ~ .  

Using the analysis of Becker and Frederikse (10), t ied  
computed the oxygen pressure dependence of p from 
his own conductivi ty data for the oxygen pressure 
range --2.5 ~ log Pco2/Pco ~-~ ~ 2  at 1100 ~ and 1300~ 
He found no inflection point or m i n i m u m  in log (const. 
p2) vs. log Po2 at or near  the apparent  p -n  boundary.  
He concluded that at the p -n  boundary  n~ = p# 

O | 
and that  p > n. As p decreases, the electron contr i-  
but ion to the conductivi ty eventual ly  dominates be-  
cause ~ > ~ even though p ~ n. Gvishi, Tallan, 

O @ 
and Tannhauser  (11) confirmed that  ~ > ~ by 

G | 
Hall measurements  on single crystals of MnO. 

Self diffusion studies with the 5425Mn isotope would 
be more sensitive to small  changes in the deviation 
from stoichiometry than thermogravimetr ic  analysis 
and would therefore compliment  the conductivity 
studies made in region A. Accordingly the present  
study was carried out. 

Boundary Value Problem 
An infinitesimally th in  layer  of 5425Mn placed on 

the surface of a th in  slab of MnOl+~ will  have the 
following dis tr ibut ion after t seconds (12) 

Q 
N(~,t) = _ _  exp (--~2/4Dt) [6] 

~/~Dt 

where Q is the number  of 5425Mn atoms ini t ia l ly on the 
surface per square centimeter  of surface, D is the dif-  
fusion coefficient, N(},t) is the number  per cubic 
cent imeter  } cent imeter  below the surface after a 
diffusion anneal  of t seconds. It  is assumed that  all 
the ~425Mn diffuses into the sample, that  it does not 
change the composition of the sample, that  it diffuses 
through the bulk  only, that  I(},t) = const. N(},t), and 
that  Io ----- const. Q. Then  

Io 
I($,t) = _ _  exp (--}2/4Dr) [7] 

~ D t  

where I(~,t) is the n u m b e r  of counts per second per 
cubic centimeter  at a depth of ~ cm, and Io is the n u m -  
ber  of counts per second per square centimeter  ini-  
t ially at the surface. The tracer  diffusivity, D M n  w 
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Diffusion samples  

Analy t ica l  Labora to ry  " A "  Analyt ica l  Labora to ry  " B "  

Ca, Co, Fe, Si, V, AI, Cr, Cu, 
Mo, Ni, Ag Pb <I ppm wt 
Ti = 0.001 wt % 

Ca 0.01 to 0.I wt % 
Co 0.001 to 0.01 
Fe 0.001 to 0.01 
Si 0.001 to 0.01 
V 0.001 to 0.01 
A1 0.0005 to 0.006 
Cr 0.0005 to 0.005 
Cu 0.0005 to 0.005 
Mo 0.0005 to 0.005 
Ni 0.0005 to 0.005 
Ti  0.0005 to 0.005 
Ag 0.00~i to 0.001 
Pb 0.0001 to 0.001 

(hereafter simply, D), may be calculated from the 
tracer  distr ibution,  I(~,t);  it may  be calculated also 
from the integrated dis t r ibut ion 

k 
I~ = Io erfc [8] 

~/4Dt 

where k is the thickness of mater ia l  removed prior to 
counting. Equat ion [8] may be rearranged (13) so that  
it is amenable  to graphical solution 

50 2 . . . .  50 1 - F e r f  _ _  [9] 
Io k/4Dt 

A graph of 50 ( 2 -  I J Io )  vs. k/~/-t  yields a straight 
line with intercept  at 50 (2 -- Ik/Io) equal to fifty on 
probabil i ty  paper. Analysis  via Eq. [7] is the section- 
ing method (12), and analysis via Eq. [8] is the Gruzin  
method (12). It was exper imental ly  verified that  ab-  
sorption corrections to Eq. 8 were unnecessary because 
the 0.84 m.e.v, radiat ion emitted by 5425Mn is relat ively 
una t tenua ted  in MnO1 +x. 

Experimental Procedure 
Rectangular  slabs approximately 200 x 100 x 30 mils 

were cleaved from single crystal  boules of MnOl+~. 
Two typical  analyses are presented in Table II. The 
samples were equil ibrated at a given oxygen pressure 
and tempera ture  in a vertical tube furnace. The oxy- 
gen pressure was fixed with a flowing mix ture  of CO2 
and CO. The t ime required to equil ibrate  a sample 
at a given oxygen pressure and temperature  was 
computed from the appropriate value of the chemical 
diffusivity. Using an  electrical conductivi ty technique 
(14) the composition dependence of the chemical dif- 
fusivity of MnO1 +~ was determined before the radio- 
t racer  studies were initiated. It  was assumed that  the 
as-received MnOl+x boules were highly nonstoichio- 
metric; to test the assumption, several as-received 
samples were equil ibrated to a composition near  the 
MnO1 +z -- Mn304 boundary,  P1 in Fig. 2. The equil i-  
brat ion was monitored with d-c conduct ivi ty  readings. 

M n  MnO I I ' 
L ~ I%% 

T I A ' ' B I c ~  
L ~ qloCr ~ 11 ~ 1 / P ' , )  

~  -- t  I I 

i I I 

i i 

LOgloPO 2 

Fig. 2. Conductivity-oxygen pressure isotherm showing composi- 
tion, P1 to which several as-received samples were equilibrated to 
determine the approximate composition of as-grown samples. 
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The characteristic curve of Fig. 2 shows the conduc- 
t ivi ty var iat ion with oxygen pressure at constant  t em-  
perature.  If the as-grown sample composition were in 
region A, e.g., P2 in  Fig. 2, the conductivi ty would 
ini t ia l ly decrease, reach a min imum,  and then increase 
to the equi l ibr ium value corresponding to Po~ final, 
e.g., P1 in  Fig. 2. If the ini t ial  composition were in 
region B, the conduct ivi ty would increase monotoni-  
cally to the final value. If the ini t ial  composition were 
in region C to the r ight  of, or at a higher deviation 
from stoichiometry than the final equi l ibr ium compo- 
sition of this experiment,  the conductivi ty of the 
sample would monotonical ly decrease with t ime unt i l  
it reached the equi l ibr ium value (P1 in Fig. 2). The 
lat ter  behavior  was found with all as-grown samples 
tested. Therefore, the as-received samples were oxy- 
gen-rich, the composition being close to the MnO1 +x- 
Mn~O4 boundary, corresponding to a composition near 
P1 in Fig. 2. 

Radiotracer diffusion samples were equilibrated and 
diffused in pairs in platinum baskets. The oxygen 
pressure and temperature combinations at which 
samples were equilibrated are given in Table III. The 
equilibrated samples were polished on one face with 
500A silicon carbide paper. On the polished face was 
placed a drop of neutral, aqueous ~425MnCI solution 
containing about 2 /,curies of 5425Mn. The drop of 
5425MnCI was dried under a lamp in approximately 
30 min. The pair of samples was then placed, active 
faces together, in a platinum basket in the cold zone 
of the diffusion anneal furnace. The same CO2/CO 
mixture which was used for the prediffusion anneal 
was used for the diffusion anneal. The samples were 
lowered into the hot zone via a magnetic coupling be- 
tween a magnetic drive wheel inside the gas system 
and a concentric magnetic ring outside the gas system. 
The minimum diffusion anneal was 100 min, and the 
maximum diffusion anneal was 1300 min. The diffusion 
anneal was terminated by raising the sample from the 
hot zone to the cold zone of the furnace in about 5 sec. 
Prior to mounting, at least one diffusion length of 
mater ia l  was lapped from each edge and from the back 
face of each sample to minimize errors from surface 
diffusion. The diffused samples were mounted in a 
room tempera ture  setting plastic inside a magnetic 
stainless steel ring. 

A microscope was focused on the top surface of the 
sample, and an attached dial gauge was zeroed. After  
each successive layer was lapped from a sample the 
amount  removed was read on the dial gauge after the 
microscope was refocused. The ini t ial  count rate was 
Io. Succeeding activity measurements  were made of 
the total remain ing  sample, Ix, and of the grindings, 
I ( f , t ) .  

Results 
In Fig. 3 are the results of twenty- two radiotracer ex- 

periments.  The oxygen pressure dependence of the 
cation diffusivity, [(0 log DMnT)/(O log Po2)]r,  is 
given in Table IV. Lacombe et al. (2) have presented 
direct exper imental  data from which the activation 
energy 

Q* = 0 log DMnT/0 log ~-- [10] 
P02 

may be calculated. From their  manganese  oxidation ex- 
per iments  Fueki  and Wagner  (9) have calculated 
D M n  w VS. log Pco2/Pco; from these data and the equi-  
l ib r ium constant for the dissociation of CO2, Q* may 
be calculated. By assuming paral lel  isotherms the 

Table Ill. Experimental conditions for radiotracer experiments 

T e m p ,  ~  P o  2 a t m  

1141 10-7 
1032 10- s, 10-1o, 10- TM, 4 X 10-~L 10-15, i0 -Is, 10-1L i0 -Is 

935 10-n 
852 4 x 10 - ~  

J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  

i 
si 

91 
m 

~ 2 IC 

I II 

February 1970 

+ 

�9 ! 

+ 114PC 

�9 1052*C 
9 3 5 " C  
8 5 2 " C  

,~" ;e' ,'4' ;2 , 'o ; 
- -  LOgloPO 

Fig. 3. Experimental data for DMn T of this study 

1141 ~ 935 ~ and 852~ data of the present study were 
extrapolated so that an approximate value of Q* could 
be calculated for comparison with the data of Fueki 
(9) and of Lacombe (2). The results are given in 
Table V. 

Approximately half of the diffusion profiles did not 
extrapolate to the point 50 (2 -- Ik/Io) equal to fifty, 
see Fig. 4. Where the data did not extrapolate to fifty 
the profile was translated so that it would intercept 
50 (2 -- IJIo) equal to fifty, the dotted line in Fig. 4. 
The differences between the corrected profile and the 
experimental profile are due to the experimental 
errors in the location of the plane k equal to zero and 
in the measurement of Io as discussed below. Referring 
to Eq. [9] 

( ( 50 2 - -  = 5 0  l + e r f  [11] 
Io ~- 5 ~v/4Dt 

the data in Fig. 5 may be interpreted on the basis that  
5 and A of Eq. [11] are not equal to zero. There is a 
constant  error in  the measurement  of Io and k. The 
error in the location of k equal to zero was due to the 
occasional presence of a very th in  layer of the plastic 
mount  on the top surface of the crystal. The plastic 
mount  had to be removed before the measur ing micro- 
scope could be focused on the top surface of the 
crystal. One or two microns of the crystal  were inad-  
ver tent ly  removed with the excess cold mount  so that 
the point k equal to zero was one or two per cent un -  
certain. Because of evaporat ion losses dur ing the diffu- 
sion anneal  the measured value of Io was approxi-  
mately 10% uncertain.  For exper imental  data contain-  
ing nonzero values of h and 5 the profile extrapolates 
to some value of I J I o  v ~ 1 at k equal to zero. The ap- 
propriate way to adjust  the profile for the nonzero 
values of A and 8 is to t ransla te  the curve as shown 
in Fig. 4, curve B. The appropriate value of D was cal- 
culated from the t ranslated curve. See the dashed 
curve in Fig. 4. For the data in  Fig. 4 the value of D 

Table W. Comparison of experimental determination 
of the oxygen pressure dependence 

of DMn v in M n O l + x  

0 log  Dua  r ] 
~ J r  T e m p e r -  O x y g e n  p re s su re  

a ture ,  ~ r a n g e  (arm) I n v e s t i g a t o r s  

1 
1032 10 -s to  10 -is 

5.4 

1 
1000 10 -~0 to  10 -1~ 

6.7 

Va r i ab l e  1000 10 -16 to 10 -~~ 

1 
-- i000 i0 -~0 to 20 ~ 

6 

1 
- -  1000 10-~o to  10 -~4 

7 

Th is  s t u d y  

t L a c o m b e  et  al. (2) ( in-  
t e rpo la t ed )  

F u e k i  a n d  W a g n e r  (0} 
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Table Y. Approximate value of the activation energy, Q*, compared with the data of 
Lacombe and of Fueki 

245 

k e a l  
Q *  19 22 36 20  20 30 31 26 28 

m o l e  

P o  s (a t -m)  l O - Z o  10-1o 1 0 - 1 1  10-~a l (Y- la 10- :s  10-17 10 -~o 1 0 - ~  

I n v e s t i g a t o r  L a e o m b e  (2)  F u e k i  (9) T h i s  s t u d y  L a c o m b e  (2) 

Table Vl. Results of a least squares analysis of the IogzoDMn T vs. Iog]oPo2 data at 1032~ 

loglo D u n  ~ - -  8 .59  - -  8.96 - -  9 .34 - -  9.60 - -  9 .89 - -  10.1 - - 1 0 . 3  - -  10.5 

l o g z o  P o  2 - -  8 , 0  - -  1 0  - -  1 2 . 0  - -  1 3 . 4  - -  1 5  - -  1 6  - -  1 7  - -  1 8  

calculated from the t ranslated curve differs f rom the 
value of D calculated from the exper imental  curve by 
20%. All  the samples were sectioned to a depth of at 
least twice ~/Dt,  and it was found that in most sam- 
ples the 7 in tensi ty  did not go to zero; it dropped to a 
constant  value of approximately 10% of Io. This resid- 
ual  activity, or tail  (15), was subtracted point by point 
from the profile. If the ratio of the residual activity to 
Io was two tenths or less there was no measurable  dif- 
ference between D computed from data including the 
tail and D computed from data with the tail  sub-  
tracted out. I f  the ratio of the residual  activity to Io 
exceeded two tenths the exper iment  was repeated on 
another  sample. 

Only  one exper iment  was conducted so that  both Eq. 
[7] and [8] could be used to analyze the data for D on 
the same sample. The sample was lapped and counted 
using the Gruzin method, but  at 30# intervals,  layers 
approximately 4g thick were removed on circular 
gr inding paper  and counted. The counting errors in the 
sectioning data were appreciable because the net  count 
rate from the grindings was always less than  the back- 
ground count rate. However, the difference between D 
computed from the sectioning data and D computed 
from the residual  activity data, 23%, was close to the 
average exper imental  error of 18%. 

The l inear absorption coefficient for the ~.,5Mn 7 
radiation was also measured. Slabs of monocrystal l ine 
MnOl+~ were placed over an active diffusion sample, 
and the decrease in count rate per each slab added was 
measured. The area of the absorber  slabs was at least 
twice the area of the source. The exper imental  value 
of the l inear  absorption coefflcient, #, was comparable 
to the value computed from reference data (17) 

(calC) = 0.3 cm -] 

99.99 

99.9 

99.5 

- " l ;  9 8  

o 

9 O  

70 

50 

x 852~ ~ 4 x ! 0 " 1 3  ot to ~T=638 rain 

�9 1Q32~ 1Q'8 a tm~ T=450 mln 

B 

,7 J "  
I II 

,; ;o ;o ;o ,;o ' ' 130 rso 

k 10,6cm 
,/-T-- ( ~ )  

Fig. 4. Two radiotracer profiles of 50 (2 - -  Ikllo) vs. k / x / t  from 
which DMn v was determined to be: (A) 3 x 10 - 0  cm2/sec for 
1032~ 10 - 8  arm Po2, t = 450 min, and (B) 5 x 10 - l z  cm2/sec 
for 852~ 4 x 10 -13 atm Po 2, t = 638 rain. Curve A intercepted 
the ordinate at 50 [2 - -  Ik/ Io]  = 50 as required by theory, see 
text. Curve B did not. It was translated as shown by the dashed 
line to intercept the ordinate at 50. This offset indicates an ex- 
perimental error. See text. 

(exp.) = 0.1 cm -1 

Therefore the absorption correction to Eq. [8] was not 
necessary as was noted previously. 

The average percentage deviation of the experi-  
menta l  data about the logl0 D -- loglo Po2 regression 
line at 1032~ was 16%. The data computed from a 
least squares analysis of log10 D vs. loglo Po2 at 1032~ 
are given in Table VI. Each datum point  studied cor- 
responded to some fixed value of t e m p e r a t u r e  and 
oxygen pressure. At m a n y  of the data points several 
repeat experiments  were conducted, each on a differ- 
ent  sample. At all  data points at least two samples 
were analyzed. Each exper imental  value of D was 
compared to the average value at that  da tum point  
to compute a per cent deviat ion in the sense of Eq. 
[12] 

AD 
% deviation = - -  X 102 [12] 

D (avg) 
where 

• ----- D (avg) - -  D (exp.) [13] 
and 

J 

[ 14 ]  D (avg) = ~ D'Jj 
~ = 1  

The average per cent deviation was 18%. The stan-  
dard deviation in the log DMn w VS. log PO2 data at 
1032~ is 0.1. 

Discussion 

The oxygen pressure dependence of the electronic 
conductivity of MnOI+~ in region A could yield a 
model involving a manganese  inters t i t ia l  

1 
MnO(s)  ~ :~-~02(g)  + Mnp" + m O [15] 

where Mni m" is an ionized interstit ial ,  (~ is an elec- 
tron, and m is an integer, either one or two. WRh this 
model the differential form of the oxygen pressure 
dependence of the electrical conductivi ty is 

8 

r 

9 

I 10 

11 

Lacombe (interpoloted) 

This Study 
I I 

1032~  
I r 

I I 

I I 

, i , = I , i i , , , i , , i 110 , = = 
25 20  15 

"L~ 

Fig. 5. Log DMn T vs. log Po2 at 1032~ compared with inter- 
polated data from Lacombe (2). 
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0 log a ] 1 

0 logPo2 T 2 ( m  + 1) [16] 

An  oxygen  vacancy would  yield the  same oxygen  
pressure  dependence  for  the  conduct iv i ty  

1 
MnO(s )  ~ = ~ -  O2(g) -4- Vo m" + m O  [17] 

where  Vom' is an oxygen vacancy wi th  m posi t ive 
charges.  

As suggested by  Heal and  Tannhauser  (4) a doubly  
ionized cat ion vacancy  would  y ie ld  a s imi lar  oxygen 
pressure  dependence  for  the  e lect r ica l  conduct iv i ty  if 

~ - n  > >  ~+p [18] 
and 

n p =  ni 2 = nio 2 exp ( - -Eg /RT)  [19] 

where  ni is the  intr insic  concentra t ion of carr iers ,  nio 
is a constant,  and  Eg is the band gap expressed here  
in cal /mole .  The conduct iv i ty  is given by  

= e ( ~ - n  + #+p)  [20] 
and 

p vc Po21/2(m+l) [21] 

so tha t  combining [18], [19], [20], and  [21] yields  

a c c  P O 2 - 1 / 2 ( m + l )  [22] 

for n - t y p e  MnO. With  the i r  conduct iv i ty  da ta  and the 
analysis  of Becker  and F rede r ikse  (10), Hed and 
Tannhauser  subs tan t ia ted  this  l a t t e r  model.  

The self diffusivi ty of manganese  is p ropor t iona l  to 
the  concentra t ion of defects  responsible  for the mobi l -  
i ty  of the  manganese ,  p re sumab ly  e i ther  cation vacan-  
cies or cat ion interst i t ia ls .  In  regions B and C of the  
T-Po2 d i ag ram (Fig. 1), the  p redominan t  defect  is the 
cat ion vacancy  (1-4),  the  concentra t ion of which is 
p ropor t iona l  to Po21~2(re+l). In region B the da ta  of 
this  s tudy,  of the  s tudy of Lacombe et al. (2), and  the 
s tudy  of Fuek i  and Wagner  (9) ver i fy  tha t  D is p ro -  
por t ional  to Po21/2r where  m equals approx i -  
ma te ly  two. For  region A Eq. [15] predic ts  tha t  D 
should be propor t iona l  to Po2 -1/2(m+1), the  oxygen 
pressure  dependence  of the  concentra t ion of m a n -  
ganese in ters t i t ia ls  if manganese  in ters t i t ia ls  were  the  
p redominan t  defect. There  would  necessar i ly  resul t  a 
min imum value  of D near  the  composit ion cor respond-  
ing to the  bounda ry  be tween  regions A and B. Both 
the  da ta  of Lacombe and the  da ta  of the  presen t  s tudy 
show no min imum va lue  for  D. I f  Eq. [17], the  oxygen 
vacancy  model,  were  va l id  for  region A, the  mobile  
cat ion defect  in region A would  be the  low concen-  
t ra t ion vacancy.  There  would  be an intr insic  region 
near  the  region A- reg ion  B bounda ry  because the  ma-  
te r ia l  would  be t r ans fo rming  f rom oxygen excess in 
region B to oxygen deficit in region A. The cation 
diffusivity, D, would  decrease  monotonica l ly  across 
the  phase field wi th  an inflection point  in the intr insic  
region. The oxyyen  pressure  dependence  of D would  
be Po2 -1/2(m+l). Although  Lacombe has re jec ted  the  
oxygen vacancy  model,  his da ta  seem to suppor t  it. 
Reasoning tha t  if  the  oxygen vacancy  were  the  p re -  
dominant  point  defect  in region A there  would  be 
apprec iab le  oxygen t r anspor t  in an electr ic  field, L a -  

combe et al. (2) e l iminated  the  oxygen vacancy  model  
by  showing tha t  the  ionic conduct iv i ty  was dominated  
by  the cat ion contr ibut ion.  By assuming pa ra l l e l  iso- 
the rms  we have in te rpo la ted  Lacombe 's  r ad io t race r  
diffusion da ta  for  comparison wi th  the  da ta  of the  
present  study,  see Fig. 5. The er ror  bars  on the in te r -  
pola ted  da ta  points  of Lacombe were  t aken  f rom 
equivalent  da ta  points  at  1000 ~ and ll00~ The ex-  
pe r imen ta l  da t a  points  of the  present  s tudy  are  given 
wi th  the  computed  regression line. The agreement  be-  
tween  the  two sets of da ta  is ve ry  sat isfactory.  The 
diffusion act ivat ion energy,  Q*, is atso consistent  wi th  
the cat ion vacancy  model.  The differences in the  data,  
Fueki ' s  at  10 -10 a tm (Q* = 22 kca l /mo le ) ,  Lacombe 's  
( in te rpola ted)  at  10 - l o  arm (Q* ~ 19.3 k c a l / m o l e ) ,  
and our  ex t rapo la ted  value  at  10 -11 a tm (Q* ~_ 36 
kca l /mo le ) ,  a re  a t t r ibu ted  to expe r imen ta l  e r ror  and 
ext rapola t ion. t  The da ta  of Lacombe,  Q* vs. Po2 
from 10 -10 to 10 -22 atm, wi l l  be discussed fu r the r  
because t hey  requ i re  the  least  in te rp re ta t ion  and ex-  
t rapolat ion.  Fo r  a vacancy diffusion model  it  is known 
tha t  Q* = f~H~  + 1) + ~Hr~] where  AH~ is the  
en tha lpy  for react ion 1, the  en tha lpy  of format ion  of 
an ionized vacancy and m elect ron holes and A/'/m 
denotes the en tha lpy  of movement  of the  manganese  
ions. This is the  nota t ion of Eror,  and i t  is consistent  
wi th  the  nota t ion of Hed and Tannhauser  if one notes 
tha t  A H ~  --~ Ah~  -~- E1 ~- E2 where  Ah~ i s  the  en tha lpy  
of format ion  of a neu t ra l  cat ion vacancy,  and E1 and E2 
are  the  first and second ionizat ion energies  of the  
cat ion vacancy. The en tha lpy  of motion for diffusion 
wil l  show a d iscont inui ty  when  plot ted  vs. composit ion 
or Po2, whereve r  the re  is a change in diffusion mecha-  
nism. If  AH~ (m -4-1) m a y  be de te rmined  for each 
value  of Po2 at which  Q* has been calculated,  i t  would 
be possible to calculate  AHm at each value  of Po2. 

In the  p - reg ion  of the  phase  field 
1 

= ~ p e = const PO22(re+l)  exp 
G 

A H ~  -4- (~'t "4- 1) AH} 0 

(m -t- 1 )RT  
and 

} 
[ O l r r a  ] ~H~ 

0 l " O - ~ T J P o 2  -- ( m - + - i  + A H *  ) .  [23] 

These da ta  a re  avai labIe  f rom Eror  (I ,  16) and  are  
reproduced  in Table  VII. A t  7 x 10 - lo  a tm [AH~ 
(m + 1)] is --6 kca l /mole ,  and f rom Lacombe 's  da ta  
at 10 -10 a tm Q* is 19 kcal /mole .  Therefore,  at  7 x 10 -1~ 
atm, AHm is 25 kca l /mole .  In  the n- reg ion  of the  
phase  field 

= ne~ = [n2io/P] e~ exp ( - -  Eg/RT) 
@ 0 

= const P02 -1/2 ( m + l )  

+ + + 1) T} 

[24] 

where  hH~ is the  en tha lpy  of format ion  of a doubly  
ionized cation vacancy,  Eg is the  intr insic  energy gap 

Table VII. Sum of the activation energies for defect formation and electrical conduction for 
MnOl+x in the 800~176 temperature range (1) 

AH~ ( kcal ) AH~ $ ( kcal ) AH~ ( keal ) ( kcal ) 

- -  -- Ee -- AH $ -"-m~ole - + AH e "  "-m~ole" Po2atm ~ 7  1 \ ~ o l e  ~ AH $ \--m--~e / m + 1 o Pozatm m + 1 �9 

--53.7 -- 1.1" 10 -17 7.0 -4- 0.3** 10 -9 
--52.4 _ 1.3 10 -is 7.0 -4- 0.3 7 x 10 -1~ 
--51.7 4" 0.8 10 -19 8.0 -- 0.4 I0-~ 

8.0-----0.7 2.5 x 10 - ~  

- -5 .9  ~ 0.6 12.9 - -  0.9 

* 95% confidence level. 
** Probable error. 

/i Because o n l y  o n e  datum point of Q* at a given Po 2 was available, it was not possible to assign confidence limits to these energy values. 
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(4), and AH* is the enthalpy of motion of an elec- 
@ 

tron. Then 

 ln, = + + 1) - -  

[25] 

and from Hed and Tannhauser  (4), Eg % ~H* = 2.49 
O 

eV or 57.4 kcal/mole.  From the data of Eror we have at 
10 -19 atm O2, (~H~ Jr" 1) -- Eg -- ~H~ = @ ) -51.7 

\ 
_ 0.8 kcal/mole.  Combining the data one calculates 
hH~ + 1) = 5 kcal/mole.  At 10 -20 atm O2 Q* 
= 26 kcal /mole  and aHm is then calculated to be 21 
kcat /mole at approximately 10 -20 atm O2. With in  ex- 
per imental  error AHm is 22.2 kcal /mole and is shown to 
be a representat ion of the same diffusion process in both 
regions A and B. Also it is evident  that  the tempera ture  
dependence of the conductivi ty is dominated by the 
te rm Eg in the n-regions of regions A. In regions B and 
C, r is almost independent  of temperature.  The above 
calculations probably yield only approximate agree- 
men t  owing to the large errors in each energy term. 
Nevertheless, the magni tude  of the energy terms is rea-  
sonable. A similar calculation assuming diffusion via 
interst i t ial  jumps in the n- region  yields clearly unrea-  
sonable values for the energy terms as can be seen in 
what  follows. If the predominant  lattice defects are in-  
tersti t ials at low oxygen pressures, then a plot of log 
conductivi ty vs. reciprocal tempera ture  at constant 
oxygen pressure yields a slope whose value gives 

AH~ + 1) + ~H~ ] = +51.7 • 0.8 kcal /mole  
@ ] 

at 10 - .9  atm where AHt denotes the migrat ion en-  
@ 

thalpy of electrons and hH~ denotes the enthalpy for 
the ex-solut ion of oxygen (formation of intersti t ials)  
according to Eq. [15]. Under  this assumption, com- 
bining the value, Q* -~ [aH~ + 1) + ~Hm] = 26 
kcal/mole,  and L [z~H~ + 1) + ~H~ 8 ]  J = 51.7 

kcal /mole yields [ 5 H m  - -  AH$  = ] -- 26 kcal /mole 
@ L J 

or hHm ---- -- 26 + ~Ht where hHr, denotes the 
@ 

migrat ion enthalpy of interst i t ial  cations for the pur -  
poses of this calculation. A reasonable value of hHm is 

35 kcal as it should be larger than the similar  
energy term for the enthalpy of motion via vacancies. 
If so, the entha lpy  of migrat ion for electrons would 
amount  to ~ 61 kca l /mole  which is clearly unreason-  
able. Again the evidence points to cation vacancies as 
the predominant  lattice defect in MnO. 

The tempera ture  dependence of the electrical con- 
duct ivi ty at constant  P02 does not provide data for a 
s t raightforward calculation of AH~ -~- 1) in  the in -  
trinsic region. Therrnogravimetric data would provide 
values of AH~ + 1) in the intr insic region, but  
these data are not  available. Other  data are not avail-  
able then for a consistency check of the tempera ture  
dependence of Lacombe's diffusion data in  the in t r in -  
sic region. However, the inflection points in the diffu- 
sivity isotherms are not  consistent with a cation 
vacancy model. 

If the major i ty  lattice defect in region A were a 
cation vacancy, via Eq. [1] the oxygen pressure depen-  
dence of the cation diffusivity would be P02 +l/2(m+l). 
There would be no m i n i m u m  or inflection point  in the 
l o g  DMn w - -  log Po2 data. The diffusion data of the 
present  s tudy are thus consistent with the model 
wherein  cation vacancies are the predominant  lattice 
defect in MnO. 

Summary 
The data, log DMra T vs. log Po2 at 1032~ of this 

s tudy are consistent with the cation vacancy model 
proposed by  Hed and Tannhause r  (4). 

In region C there is agreement  between conductivi ty 
and thermogravimetr ic  analysis. In  region B all studies 
of conductivity, thermogravimetry,  oxidation, and 
radiotracer diffusion yield an oxygen pressure depen-  
dence of approximately + 1/6. The predominant  defect 
in region C is a singly ionized cation vacancy, and in 
region B the predominant  defect is a doubly ionized 
cation vacancy. In  region A the oxygen pressure de- 
pendence of the conductivi ty is --1/6, there is no 
measurable  weight change, and the oxygen pressure 
dependence of the cation diffusivity is -}-1/6. The com- 
puted oxygen pressure dependence of the electron 
hole concentrat ion is + 1 / 4  in region C and 4 1 / 6  in 
regions A and B, with no inflection point  at the region 
A-region B boundary.  Fur ther ,  the oxygen pressure 
dependence of the cation diffusivity is ~ 1/5.4 through-  
out regions A and B, and the activation energy for 
motion, ~Hm, is the same in both regions. Therefore, 
we conclude that  throughout  the high tempera ture  
region of the MnOl§ phase field, MnO1+x is oxygen 
excess with cation vacancies, including region A. 
Fur the r  arguments  support ing this conclusion are pre-  
sented by F. A. Krhger (18) who showed that  the 
thermodynamical ly  stable forms of MnO, FeO, CoO, 
and NiO are all oxygen excess. 
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The Equilibrium and Free Surface Sublimation 
Pressures of Oriented Single Crystals of Bismuth Telluride 

Iraj Y. Kashkooli and Zuhair A. Munir 
Department of Materials Science, School of Engineering, San Jose State College, Sa~ Jose, California 

ABSTRACT 

The equi l ibr ium and free surface subl imat ion pressures of bismuth tel-  
luride were de termined by the torsion-effusion and tors ion-Langmuir  tech-  
niques, respectively. Based on a least-square fit, the expression for the equi-  
l ibr ium pressure in the tempera ture  range of 722~176 was found to be: 
log P (atm) -~ (7.579 ~_ 0.373) -- (1.020 • 0.029) 104/T, where T is the abso- 
lute temperature  and the given uncer ta int ies  are the s tandard deviations. A 
similar t rea tment  of the results of free surface pressure over basal  p lane 
oriented single crystals gave the following expression for the apparent  total  
pressure in the tempera ture  range of 741~176 log P (atm) ~ (10.312 
• 0.693) -- (1.280 __ 0.053) 104/T. Assuming the subl imation reaction Bi2Te3 
(S) ---- 2 BiTe (g) ~- �89 Te2 (g), average th i rd - law enthalpies and activation 
enthalpies of sublimation at 298~ were found to be 127.4 • 1.2 and 133.1 ___ 1.8 
kcal/mole,  respectively. Calculated values of the subl imation coefficient varied 
from 0.14 at 722~ to 0.39 at 828~ 

Probably  because of its thermoelectric properties, 
t h e  tel luride of bismuth, Bi2Te3, has been the object 
of considerably more thermodynamic  investigations 
than  the corresponding compounds of other group V 
elements (1-3). However, unt i l  the recent  studies of 
Gorbov and Kres tovnikov (4), and Boncheva-Mlade-  
nova et al. (5) no vapor pressure measurements  had 
been reported on this compound. 

Based on the assumption that  the subl imat ion of 
bismuth tel luride is according to 

Bi~Te3(S) ~- Bi(g)  -~ BiTe(g)  -t- Te~(g) [1] 

Gorbov and Krestovnikov (4) calculated the subl ima-  
t ion pressures from weight loss determinations.  In  an 
added note, however, these authors suggested that  
better  agreement  between calculated and measured 
thermodynamic functions can be achieved if the sub- 
l imation reaction of bismuth te l lur ide is wr i t t en  as 
follows 

Bi2Te3(S) : 2BiTe(g )  ~- 1/2Te2(g) [2] 

Assuming an identical  reaction, Boncheva-Mladenova 
et al. (5) reported subl imation pressures of polycrys- 
tal l ine bismuth tel luride employing the Knudsen  and 
Langmui r  techniques. 

Mass spectrometric studies by Porter  and Spencer 
(6) showed the presence of the gaseous species BiTe, 
Bi, and Te2 over l iquid bismuth telluride. However, 
lack of similar mass spectrometric information re-  
garding solid b ismuth tel lur ide renders  sublimation 
pressure values calculated from weight loss data sub-  
ject to considerable doubt. In  this paper we report  
results of subl imat ion studies on bismuth tel lur ide 
using the weight- loss- independent  torsion-effusion and 
tors ion-Langmuir  methods for the exper imental  con- 
ditions of equi l ibr ium and free surface sublimations, 
respectively. 

Experimental 
The torsion-effusion and tors ion-Langmuir  methods 

have been discussed in  several  publications (7-9), and 
the apparatus used in this s tudy has been described 
in a recent paper (10). 

The torsion cells used in this investigation, which 
were made of National  Carbon ZT101 grade graphite, 
have similar geometric configurations to those de- 
scribed earlier (8, 9). 

Single crystal l ine bismuth tel luride used in this 
s tudy had been previously prepared from 6-nine pure 

te l lur ium and bismuth by the Br idgman technique. 
X - r a y  examinat ions of an ingot prepared by this tech- 
nique showed it to be a single crystal  with an easy 
cleavage basal plane parallel  to its major  axis. To be 
used in the tors ion-Langmuir  experiments,  wafers of 
b ismuth telluride, about 1.5 m m  thick, were cleaved 
off the ingot following a l iquid-ni t rogen quench. When 
x- rayed  these wafers were found to be single crystal-  
l ine with facial orientations corresponding to .the basal 
plane [Bi2Te~ has the te t radymite  type hexagonal  lat-  
tice (11) ]. 

In  agreement  with others (5) the subl imat ion of 
b ismuth tel luride was found to be congruent.  X- r ay  
examinat ions of samples which had previously been 
heated in vacuum at temperatures  and for periods of 
t ime corresponding to no less than 30% weight loss 
gave pat terns identical  to thbse obtained from un -  
heated samples. Furthermore,  metallographic exami-  
nations of the heated samples proved the absence of 
any second phase which may have not been detected 
by the x - r ay  analyses, e.g., amorphous tel lurium. 

Temperatures  were measured by means of a cal l :  
brated P t -P t /10% Rh thermocouple imbedded inside 
a dummy cell situated about 2 cm below the torsion 
cell. Determinat ion of the tempera ture  profile of the 
heating element  indicated that  the torsion and dummy 
cells are well  wi thin  the constant t empera ture  por-  
tion of the profile. Calibration of the thermocouple 
w a s  accomplished by rede te rmining  the freezing point 
of pure samples of a luminum,  silver, and copper which 
were placed inside the dummy cell. 

Ambient  pressures, as measured in the vicini ty of 
the heat ing element, were main ta ined  at 2 x 10 -5 Torr  
or less throughout  this study. 

As a check on the rel iabi l i ty  of pressure results ob- 
tained using the present  apparatus, the vapor pressure 
of silver was redetermined in the range of 10 -3 to 
10 - s a t m .  From over 30 vapor pressure de termina-  
tions the th i rd- law heat of vaporization of silver was 
calculated to be 68.3 __ 0.4 kcal /mole  which is in good 
agreement  with the value reported by Hul tgren  et al. 
(12) of 68.1 ___ 0.3 kcal/mole.  

Results 
Equilibrium sublimation.--Figure 1 shows the results 

of equi l ibr ium pressure determinations,  calculated 
from torsion deflections in the tempera ture  range of 
722~176 and plotted as log P vs. 1/T, where P is 
the total subl imation pressure of bismuth tel luride 
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Fig. 1. Sublimation pressure of bismuth telturide 

and T is the absolute temperature.  Employing a least- 
square method of analysis these results can be ex- 
pressed as 

log P (atm) : -  (7.579 _ 0.373) -- (1.020 • 0.029) 104/T 
[3] 

where the quoted uncer ta int ies  are the standard devia-  
tions. If the reaction given by Eq. [2] is assumed to be 
the one describing the subl imation process of b ismuth 
telluride, then the expression for the equi l ibr ium con- 
stant  becomes 

K : ( P B i T e )  2 �9 ( P T e 2 )  1/2 [ 4 ]  

where PBiWe and P i e 2  a r e  the part ial  pressures of the 
gaseous species BiTe and Te2, respectively. From 
kinetic theory considerations the relat ionship between 
these part ial  pressures is 

2 r (m.w.)Te  11,  
P T e 2  1/--'2" L (m.w.)BiTe-J [5] 

where (rn.w.)Te2 and (m.w.)BiTe refer to the molecu- 
lar weights of the two species. Finally,  since the total 
pressure is the sum of these part ial  pressures, i.e., 

P T  ---- / ) B i T e  -~" PT~2 [6] 

an expression (similar to that  of Eq. [2] ) re lat ing the 
equi l ibr ium constant, K, with tempera ture  can be de- 
rived. From such an expression second-law heat and 
entropy of subl imat ion were calculated and corrected 
to 298~ using reported thermodynamic  functions 
(13). These calculations gave values of AH~ and 
hS~ of 121.6 _+ 5.0 kcal /mole  and 93.5 • 6.3 eu, re-  
spectively. 

Th i rd- law calculations, based on Eq. [2] and using 
reported free energy functions for Te2(g) (14), 
BiTe(g)  and Bi2Te3(S) (4, 13), are shown in Table I. 
Table I also shows the results of mean- f ree -pa th  to 
orifice diameter  calculations, which were based on a 
molecular  diameter  of BiTe(g)  of 3.46A, and the as- 
sumption of ideal gas law. The average value of the 
th i rd - law AH~ of subl imat ion was found to be 
127.4 • 1.2 kcal/mole.  

Table I. Equilibrium pressures and heats of sublimation 
of bismuth telluride 

T,  hH~  T,  AH~ 
~  P,  a t m  X/d k c a l / m o l e  ~  P ,  a t m  X/d  k c a l / m o l e  

722 2.70 • 10- 7 417 127.4 802 7.53 x 10 -6 11.I  127.4 
737 6.87 • 10-  7 167 126.5 803 6.97 x 10 -~ 18.0 123.5 
737 5.18 x 10-7 222 127.5 804 6.05 x 10 ~ 20,6 128.5 
741 7.65 • 10-7 151 126.7 904 6.36 x 10-e 13.3 128.3 
757 1.29 x 10 ~ 91.2 127.3 805 6 .70  x 10-6 18.8 128,3 
759 1.36 • 10 -~ 86.9 127.4 806 6.53 x 10- ~ 19.3 128.5 
763 1,61 • 10-6 73.9 127.4 810 1.04 x 10 -5 8.2 127,2 
771 2.98 X 10-  6 40.3  126.3 813 1.16 • 10 -5 10.9 127.2 
775 2 .70 • 10 -e 44,8 127.3 816 1,22 • 10 -5 10.4 127.5 
779 2.81 • 1O -~ 43.2 127.8 818 1.55 x 10 ~ 8,2 126.8 
781 3 .46 • 10-~ 35.1 127.3 920  1.66 x 10 -5 5.2 126.8 
786 3.65 • 10 -~ 33.6 127.8 821 1.85 • 10- G 6.9 126.5 
798 4 .98 • 10 ~ 25 ,0  128.4 828 2 .58 x 10-  5 5 .0  126.1 
799 6.03 • 10-4 20.7  127.8 

Free-s~rface sublimation.--The free surface subli-  
mat ion pressures of oriented single crystals of b ismuth  
telluride, which were obtained from tors ion-Langmuir  
deflection measurements,  are shown in Fig. 1. Least- 
square analysis of these results obtained in the tem- 
perature  range of 741~176 gave the following ex- 
pression for the apparent  total  pressure over basal-  
plane oriented bismuth te l lur ide crystals 

log P (atm) = (10.312 • 0.693) - -  (1 .260 • 0.053) 104/T 
[7] 

where T is the absolute tempera ture  and the given 
uncertaint ies  are the s tandard deviations. Again using 
the procedure outl ined by  Eq. [4] through [6], second- 
law activation heat  and entropy values were calcu- 
lated with the resul t ing values for hH• and  ~S• 
of 151.3 _ 6.4 kcal /mole  and 124.6 • 7.5 eu, respec- 
tively. 

Calculations of the th i rd- law heat of sublimation,  
which were based on reported f ree-energy functions 
(13,  14) ,  are shown in Table II. An  average hH-+29s of 
133.1 • 1.8 kcaI /mole was obtained from these cal-  
culations. From results obtained in this s tudy the sub-  
l imation coefficient, defined as the ratio of the free- 
surface- to-equi l ibr ium pressures, was found to vary  
from 0.14 to 0.39 over the corresponding tempera ture  
limits of 722~176 

Discussion of Results 
The assumption of equi l ibr ium conditions inside the 

torsion-effusion cells was based on examinat ions of 
theoretical factors governing effusion cells (15, 16). 
Use of two cells with orifice areas differing by a factor 
of about two showed no dependence of measured pres- 
sures on the orifice size. Moreover, the calculated 
th i rd- law heats of subl imat ion showed no deviation 
with a decrease in the X/d ratio reported in Table I. 
Thus in  accordance with the cited theoretical  con- 
siderations, the reported torsion-effusion pressures 
are the equi l ibr ium subl imation pressures of b ismuth 
telluride. 

The reasonably good agreement  (within 5%) be-  
tween the calculated th i rd - law and second-law equi-  

Table II. Free surface pressures and activation heats of 
sublimation of bismuth telluride single crystals 

AH ~ ,  AH ~ ,  
T,  ~  P ,  a t m  k c a t / m o l e  T,  ~  P ,  a r m  k c a l / m o l e  

741 1.77 x 10 "-7 132.1 770 4.49 x 10 -7 133.4 
745 1.34 x 10 -7 133.8 772 5.24 x 10-7 133.1 
745 1.33 X 10 -7 133.8 774 5.99 x 10 -7 132.9 
750 1.39 x 10- 7 134.5 774 6.18 x 10 -7 132.8 
750 2.17 x 10 -7 132.9 775 5.31 x 10-7 133.6 
753 1.64 x 10-7 134.4 776 7.50 • 10 -7 132.4 
755 2.30 x 10 -7 133.5 778 6.60 • 10-7 133.2 
757 2.23 x 10 --z 133.9 779 8.60 • 10-7 132.3 
76() 3.25 X 10 -7 133.0 784  1.03 X 10 -c 132.4 
761 3.37 x 10- 7 133.0 796 1.00 x 10-6 132.9 
764 3.20 X 10 -7 133.7 769 1.25 X 10 -~ 132.3 
765 4,09 X 10-  7 132.9 799 1.53 X 10 -o 131.7 
766 3.51 X 10 -7 133.7 793 1.61 • 16 ~ 132.1 
769 4.73 X 10-  7 132.9 
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l ibr ium heats of subl imation suggests that  the sub-  
l imation mechanism of BisTe3 is in accordance with 
Eq. [2]. Agreement  between published pressure re-  
sults (4, 5), which were calculated from weight loss 
data assuming the reaction of Eq. [2], and those mea-  
sured directly in  this work can be taken as addit ional  
support for the plausibi l i ty of the assumed mechanism. 
Reported AH~ values (4, 5) are wi th in  2% of the 
value calculated in this paper. 

On the other hand, the relat ively large discrepancy 
( ~  14%) between second-law and th i rd- law activa- 
t ion enthalpies may  be in terpre ted  as suggesting a 
mode of subl imat ion under  free-surface conditions 
which is somewhat different f rom that  under  equi-  
l ibrium. That  it is possible to have differences in the 
mode of subl imat ion under  free surface and equi l ib-  
r ium conditions, has been shown in at least one in -  
vestigation (17). The existence of a layer  s t ructure  
in BisTe3 (18) (Te -- Te -- Bi -- Te -- Bi -- Te -- 
Te -- Bi . . . . .  ) may  possibly contr ibute  to a dual 
na ture  in the subl imation modes of this compound. 

In addit ion to the ease with which cleavage takes ' 
place along basal planes of Bi~Tez, choice of this or ien-  
tat ion in the free surface sublimation study was based 
on previous experience on other hexagonal  systems in 
which the subl imation rates of basal planes were found 
to be lower than those of prismatic planes (19) and 
thus offer a greater degree of depar ture  from equil ib-  
r ium. Rates of subl imat ion from these basaUy oriented 
crystal l ine faces, which were constant  at any given 
temperature,  thus represent  a state of "apparent"  or 
pseudo-equil ibr ium. Such low rates of subl imation 
may result  from the formation or desorption energeties 
of the two gaseous species leaving the surface. 
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Selected Area Electron Diffraction Study of 
a-Fe20  Platelet Growths Twinned on 

Twist Grain Boundaries 
R. L. Tallman* and E. A. Gulbransen* 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Broad, rounded draperyl ike platelet  growths result  from the oxidation of 
unannea led  iron in dry oxygen at 400~ Their  skewed sandwich structure is 
a new type of tw inn ing  in which the composition plane is a twist grain 
boundary.  This twin  interface and the platelet  faces are on the basal plane. 
A 13.174 ~ twist angle is common; 21.787 ~ 26.66 ~ and 35.22 ~ were also found. 
Such a rounded platelet  would be expected to result  from the proposed in-  
ternal  diffusion mechanism. 

Three distinct families of a-Fe203 growths have 
been observed in the gaseous oxidation of re la t ively 
pure irons (1, 2). These are whiskers, bladelike plate-  
lets, and broad, rounded platelets. Whiskers have 
been found to show the axial  twist  characteristic of an 
axial screw dislocation (3, 4). The bladelike platelets 
are contact twins with the composition plane parallel  
to the blade face and to the mirror  plane re la t ing the 

* Electrochemical Society Active Member. 

two orientat ions (4, 5). The blade face is on the 
rhombohedral  plane, (010) of the primit ive s t ructural  
rhombohedron.  

This paper presents the structure,  or structures, of 
the broad, rounded platelets together with all the 
selected area electron diffraction pat terns impor tant  
to the determinat ion of these structures. Comments 
on some features of the probable growth mechanism 
and their  broader significance are also provided. 
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Experimental 
The broad,  rounded  pla te le ts  examined  in this  work  

were  chosen f rom many  produced in ox ida t ion  ex-  
per iments  which were  par t  of some ear l ie r  s tudies (1, 
2). The i ron wire,  0.007 in. thick, obta ined f rom the  
Nat ional  Bureau  of Standards ,  conta ined <200 ppm 
metal l ic  impur i t ies  and about  140 ppm carbon. The 
unannea led  wi re  was washed,  degreased,  and r insed  
with  e thyl  alcohol. Then the  wi re  was oxidized 48 h r  
at  400~ in an a tmosphere  of oxygen  which had  been 
dr ied  by  a t r ap  cooled by  solid carbon dioxide in ace-  
tone. Broad, rounded  pla te le ts  have also been observed 
in oxidat ions in d r y  oxygen  at  up  to 500~ of Bat te l le  
i ron wires  of h igher  pur i ty .  

Conditions determining growth o] whiskers, blade- 
like platelets, and broad, rounded platelets.--The 
broad,  rounded  p la te le t  growths  p redomina ted  among 
the growths  on the unannea led  wires.  Areas  of p la te -  
lets and areas  of whiskers  developed on annea led  
wires;  w h i s k e r  g rowth  seems l ike ly  to be the  growth  
to be expected for  annea led  wires  under  the  least  
complex conditions. The  broad,  rounded  p la te le t  
g rowth  seems to be associated wi th  some plast ic  de -  
format ion  of the  iron, but  this  m a y  involve an un-  
de te rmined  impur i t y  effect. The 10 ~r bread ths  of 
the  p la te le ts  m a y  be pe rmi t t ed  by  the p re fe r red  or ien-  
ta t ion ( tex ture)  of the  grains  a lways  found in the  
surface of fine i ron wires. 

The whisker  and broad,  rounded  p la te le t  growths  
are  rep laced  by  b lade l ike  p la te le t  growths  (1, 2, 5) 
when the  a tmosphere  is wa te r  vapor  (wi th  at  least  
some oxygen) .  The absence of b lade l ike  p la te le ts  
among the  whiskers  and broad,  rounded  p la te le ts  in-  
dicates tha t  the  wa te r  vapor  concentra t ion is less than  
some unknown limit.  Exper imen t  (2) has shown this 
l imit  to be smaller ,  itself, t han  3%. 

Selected Area Electron Diffraction Study of Broad, 
Rounded Platelet Structures 

Ear l ie r  work  (1, 2) has es tabl ished tha t  the  broad,  
rounded  pla te le ts  are  a-Fe203. This was accomplished 
wi th  a s imple  e lect ron diffraction camera.  Pa t t e rns  
f rom a s t andard  were  taken  a l t e rna t ive ly  wi th  pa t -  
te rns  f rom 0.007 in. i ron  wires  dense ly  covered with  
broad,  rounded  pla te le ts  of a-Fe2Oa. The d-spacings  
measured  were  al l  ~-Fe203 d-spacings,  and the in tens i -  
t ies compared  sa t i s fac tor i ly  wi th  x - r a y  powder  di f -  
f ract ion intensit ies.  The pa t te rns  also compare  sat is-  
fac tor i ly  wi th  e lect ron diffraction pa t te rns  of fine 
a-Fe203 powder.  The spot shapes and in tens i ty  d is t r i -  
butions of such p la te le t  pa t t e rns  a re  consis tent  wi th  
the  shape and p re fe r red  or ienta t ion  of the  platelets .  
The large,  th in  to ta l  cross section of these growths  
resul ts  in an ex t reme  predominance  of the i r  diffrac-  
t ion in such pat terns .  

The p la te le ts  themselves  having been adequa te ly  
proved to be a-Fe20~, selected area  diffraction pa t te rns  
of large numbers  of p la te le ts  were  measured  to de -  
t e rmine  the  ins t rument  constant  for  selected area  di f -  
fraction.  The sa t is factory  indexing  of such pa t t e rns  
fu r the r  confirms tha t  the  broad, rounded  pla te le ts  are  
~-Fe203. 

In  this  paper  a set of  th ree  indices wi l l  re fer  to the  
face-cen te red  rhombohedra l  (morphological )  uni t  cell;  
a set of four, to the  s t ruc tura l  ( t r ip le)  hexagona l  uni t  
cell. In format ion  concerning  these uni t  cells and  the 
d-spacings  and t ransformat ions  of indices can be found 
in the  associated previous  publ icat ions  (3-5) .  

General description of the platelets.--Figure 1 shows 
a broad,  rounded  p la te le t  wi th  a typ ica l  S-curve .  
Stereoscopic images have also shown p la te le t  S - c u r v a -  
ture.  A d a r k  field image  showing th ree  approx ima te ly  
pa ra l l e l  bend contour l ines has been obtained f rom 
another  platelet .  Since only one diffracted beam passed 
the objec t ive  aper ture ,  the re  were  at  least  two points  
of inflection in the  cross section norma l  to the  bend 
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Fig. I. Broad, rounded platelets of ~-Fe203 on a 175 ~m diameter 
iron wire after 48 hr in dry 02 at 400~ Each arrow indicates a 
step in thickness tracing the edge at a stage in the platelet growth. 

contours. This d rape ry l ike  curva tu re  is common, but  
some broad,  rounded  pla te le ts  a re  nea r ly  flat. 

F igure  2 is an ar t i s t ' s  a t t empt  to show the  curved 
surfaces and twinned  s t ruc ture  of the broad,  rounded  
platelets .  The ar rows indica t ing  the [110] direct ions 
of the  two crys ta ls  show the  re la t ive  twist  about  
[111] which re la tes  the  two crys ta l  orientat ions.  
The approx imate  [i-10] growth  direct ion and bend 
axis is common. 

Heights  of the  broad,  rounded  pla te le ts  range  to 
4 ~m and bread ths  to 10 ~m. Both in thickness  and 
in thickness  uniformity ,  the  broad,  rounded  pla te le ts  
appea r  to be s imi la r  to the  b lade l ike  p la te le ts  (1, 2, 
4, 5). Thicknesses are  es t imated  to be commonly  in 
the  range  150-300A. 

The four  s t ructures  de te rmined  suggest  tha t  al l  
broad,  rounded  pla te le ts  a re  contact  twins  wi th  one 
twin interface.  The twin  interface,  or composit ion 
plane,  is a twist  gra in  bounda ry  on the basa l  plane,  
pa ra l l e l  to the  p la te le t  faces. This could be cal led a 
skewed sandwich s tructure.  

The four s t ructures  found are  different  in tha t  the i r  
twis t  angles a re  different.  Other  differences be tween  
the platelets ,  such as differences in shape, thickness,  
bend contours,  etc., might  be expected  to accom- 
pany  the  difference in s t ructure.  However ,  these dif-  
ferences have not been cor re la ted  wi th  the  twis t  angle  

Fig. 2. Structure of broad, rounded platelets. Two crystal orien- 
tations indicated by rhombohedral indices; thickness shown exag- 
gerated by a factor of five or more. 
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variat ion,  p r i m a r i l y  because such fea tures  have not  
been s tudied sufficiently. 

Special twist angles.mTwo of the  twis t  angles have  
special  significance in tha t  they  ro ta te  la t t ice  point  
rows in the  basa l  p lane into coincidence. This resul ts  
in a repea t ing  pa t t e rn  in the  bounda ry  s t ruc ture  wi th  
a smal l  two-d imens iona l  hexagonal  uni t  cell. If the  
twis t  angle were  small ,  one could imagine  the bound-  
a r y  to consist of a hexagonal  a r r a y  of is lands of co- 
herency  separa ted  by  axia l  screw dislocations. This is 
the  common pic ture  of smal l  angle twis t  gra in  bound-  
aries (6, 7). Then the special  twist  angles would  in-  
t roduce long- range  t rans la t iona l  s y m m e t r y  into such 
an ar ray.  The fact  tha t  the  special  twis t  angles are  
found suggests tha t  this  concept has some va l id i ty  
unexpec ted  for such large  twis t  angles. That  is, the  
in terface  s t ruc ture  has some special  s tab i l i ty  ( reduced 
energy) .  

Common twist angle.--Figures 3 and 4 indicate  the  in-  
dexing of the  diffraction pa t te rns  obta ined f rom two 
pla te le ts  which  show the most common twis t  angle. 
That  angle is ca lcula ted  to be 13.174 ~ = 2 arc  csck/76. 
The calculat ion is based on the  coincidence of the  
double  diffract ion pa t t e rns  about  the  220 spots and 
the incident  beam. The planes (3250) and (2350) of 
the  two crystals ,  as wel l  as the  direct ions [3250] and 
[2350], a re  ro ta ted  into coincidence b y  this  twis t  
angle. 

Each d rawing  in Fig. 3 and 4 shows the  diffraction 
f rom one face crystal .  In  each figure the  two hexagonal  
pa t te rns  of circles are  re la ted  by  the  twist  angle, 
13.174 ~ . 

The ro ta t ion  ind ica ted  in the  diffraction pa t t e rn  of 
each face crys ta l  resul ts  f rom the curved na tu r e  of the  

broad,  rounded  platelets .  Both showed bend contours 
roughly  pe rpend icu la r  to the  i ron wi re  surface, and, 
therefore,  along wha t  might  be considered the  growth  
directions. This is the  most common bending.  The 
bend contours lie pa ra l l e l  to the  projec t ion  of the  axis 
of the  ro ta t ion of the  bending. Fo r  these two p la te le ts  
the  bending  seems to be nea r ly  exac t ly  about  [110] 
for the  p la te le t  faces whose pa t t e rn  drawings  do not  
show the  indices. (That  is w h y  these pa t te rns  a re  
more  symmet r ica l  than  those showing the indices.) 
That  this [110] directign,  t oward  eight  o 'clock in the  
drawings,  l ies para l le l  to the  bend contours is con- 
f irmed by  the re la t ive  ro ta t ion of image and diffrac- 
t ion (de te rmined  wi th  asbestos f ibers) .  

The growth  direct ions of the  broad,  rounded  p la te -  
lets are  in the  region of the [ h 0 ]  direct ions of the  
two faces. This [i10] d i rec t ion  ( face-cen te red  rhombo-  
hedral ,  morphological  indices) is also the  growth  
direct ion of the  whiskers  and b lade l ike  p la te le ts  (3-5).  

In  both Fig. 3 and 4 the  beam is nea r ly  para l l e l  to 
the  threefo ld  axis near  one ex t r eme  of the  bending.  
This or ienta t ion is indica ted  by  the  hexagona l  pa t te rns  
of open circles. The pa t te rns  differ in tha t  the  bending  
br ings (001) para l l e l  to the  beam in Fig. 3 and (110) 
para l l e l  in Fig. 4. 

Of n ineteen p la te le ts  for  which  the  selected area  
diffraction pa t te rns  were  ava i lab le  and suitable,  t h i r -  
teen gave pa t te rns  indica t ing  the  13.174 ~ twis t  angle. 
Other  twis t  angles have  been de te rmined  for th ree  of 
the  remain ing  six. 

Uncommon twist angle.--Figure 5 indicates  the  index-  
ing for the  one p la te le t  wi th  the  special  twis t  angle  
21.787 ~ = 2 arc  cscv'28. The angle  is tha t  r equ i red  to 
ro ta te  331 of the  d rawing  at  the  r ight  of Fig. 5 into 

Fig. 3. Broad, rounded platelet, ~-Fe203, twist angle 13.174 ~ = 2 arc csc~/76. The pattern is the sum of the drawings 

Fig. 4. Broad, rounded platelet, a-Fe203, twist angle 13.174 ~ = 2 arc csc~/76. The pattern is the sum of the drawings 
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Fig. 5. Broad, rounded platelet, a-Fe20~, 

its position in  the row of reciprocal lattice points in -  
cluding 240, of the drawing at the left. This rotation 
brings the direction [2170] into coincidence with the 
direction [1230] [and the planes, (2130) and (1230), 
into coincidence as well].  

A portion of the ar ray  of the left drawing is drawn 
in heavier  lines at the lower r ight  of the drawing at 
the right. In  this area the regular  array of intersec- 
tions of the addit ional  finer lines indicates the positions 
of the spots of the double diffraction pattern,  which 
is too weak to reproduce satisfactorily. As in the case 
of the 13.174 ~ twist, the pa t te rn  of the double diffrac- 
tion spots is continuous and includes the incident  beam 
spot and the indexed spots for both orientations. The 
special twist  angle results in coincidences among the 
reflections from the two platelet  faces. These are the 
intersections common to the two arrays. 

N o t  so spec ia l  t w i s t  a n g l e s . - - F i g u r e  6 represents the 
indexing of the one diffraction pa t te rn  indicat ing a 
measured twist angle of 35.22 __ 0.2 ~ This pa t te rn  is 
the second of three in a series. The specimen was 
rotated approximately  8 ~ for the second pattern,  and 
approximately 4 ~ more for the third. The rotat ion was 
about an axis normal  to the beam and to the arrows 
on the drawing. Arrows point ing to positions at smaller  
Bragg angles indicate the positions of spots most in-  
tense in the first pattern.  Arrows point ing to larger 
Bragg angles indicate spots most intense in the third. 
The rotat ion is out of 5 o'clock, into 11 o'clock on the 
patterns. With this information,  the orientat ion of the 
platelet is apparent  from the effect of the rotat ion on 
the spot positions and intensities. 

T h e  unindexed  weak spots and the changes in  spot 
position with platelet  or ientat ion in the beam indicate 

twist anglo 21.7870 = 2 arc csc~/28 

diffraction that  can be described by cont inuous recip- 
rocal lattice rods normal  to the platelet  face. The 
diffraction from bladelike platelets was also charac- 
terized by continuous relrods (4, 5). 

Figure 7 indicates the indexing of the pat tern  for 
the only platelet having a measured  26.66 _ 0.2 ~ twist 
angle. Some of the double diffraction pat tern  is shown 
in the drawings. In  these drawings, as in Fig. 5, the 
same spots are shown in two drawings, each of which 
shows the indexing for one face of the platelet. 

The bending of this platelet  has produced streaked 
reflections. The long streaks indicated by the fine l ines 
of the drawing are observed on the originat  plates. 
Such streaks are also describable by continuous 
relrods. 

The arrows from the 131 and 131 spots of the left-  
hand drawing indicate the positions, on the lines of 
the drawing, of the intersections of the axial rows of 
reciprocal lattice points containing the 13 i - and  131 
points. The other arrows of the two drawings indicate 
directions to the positions at the correct Bragg angles 
for the diffraction indexed at the arrows. The bending 
of the crystal was such that this diffraction was "by-  
passed"; furthermore,  as a result  of this bending, 
angles in the reciprocal lattice are not fai thful ly pre-  
sented by the pattern.  

The angles 26.66 ~ and 35.22 ~ do not approximate 
angles required to rotate to coincidence rows of lattice 
points sufficiently closely spaced (i.e., along directions 
with sufficiently small  indices) that  some special sig- 
nificance is indicated. However, it may be of some sig- 
nificance that  13.174 ~ § 13.1740 ~ 26.348 ~ and 13.174 ~ 
-b 21.787 ~ ---- 34.961 ~ The possibility of two interfaces 
in these ptatetets, wi th  twist  angles tha t  sum to give 
the measured twist angles, has not been substant iated 

Fig. 6. Broad, rounded platelet, a-Fe203, twist angle 35.22 ~ 0.2 ~ 
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Fig. 7. Broad, rounded platelet, a-Fe20~, twist angle 26.66 • 0.2 ~ 

by the observation of diffraction from a third, in ter -  
mediate orientation. Fur thermore ,  two twist bound-  
aries, even if relat ively stable, one would expect to 
have more energy than one nondescript  twist bound-  
ary on a paral le l  plane. 

Curvature and stresses in the platelets.--A dark field 
image for the four reflections 022 and 131 of Fig. 4, 
measures 6.7 #m between the bend contours 022 and 
i31 for the crystal  rotated about  [220] by the bending. 
The approximate radius of curvature,  12 #m, is given 
by 6.7 #m/2s in ( r  where ~b = 32.35 ~ the rotat ion 
between the positions for the 022 and 131 reflections. 
For  a 300A thickness, max imum tensile s train (at the 
surface) of 1.25 x 10 -3 results from this curvature.  
The strain is mult ipl ied by the appropriate stiffness 
constant  (8), Cll ~-- 2.42 x 1012 dyne cm -2, to calculate 
the m a x i m u m  tensile stress, 3.0 x 109 dyne cm -2, or 
44,000 psi. 

Maximum shear stresses of the order of 106 dyne 
cm -2 can be estimated to result  where such curvatures  
are involved in draperyl ike folds. The appropriate 
shear modulus  (8) is c44 = 0.85 x 1012 dyne em -2. 
For some crystal l ine materials  (9, 10), critical shear 
stresses have been measured to be smaller than the 
shear modulus by a factor of 105. The shear stresses 
resul t ing from the bending of the platelets should be 
sufficient to produce slip on the composition plane, for 
which the critical shear stress is l ikely to be less than  
the estimated 107 dyne cm -2. Edge dislocations at the 
twist  boundary  should result  from this slip. The m a n y  
images of dislocations in  the platelets have not been 
studied in this work, however, nor have the apparent  
dislocation loops. 

The bend contours of m a n y  platelets show the plate-  
let edges less curved, or part ial ly straightened, re la-  
tive to the base of the platelet. The unrel ieved stresses 
associated with the bent  crystals should cause their 
edges to straighten. The configuration of the growth 
sites must  be curved when the growths are examined 
after oxidation. Presumably,  growth sites are curved 
initially. However, they may change in curvature  dur -  
ing oxidation or cooling. The cracks and discont inui-  
ties observed in some platelets may have resulted 
from stresses occurring after their  growth, possibly 
on cooling. A fur ther  consideration is that  the curva-  
ture  of a platelet  would vary  with a variat ion in 
twist angle. The twist angle might change (in time, 
or with fur ther  growth) so as to increase the in ter -  
face area having a special, low-energy  twist angle. 

Special defects, Moire fringes, and fur ther  contrast  
effects, possibly resul t ing from magnetic  structure,  
have not been studied. 

General Discussion of the Platelet Structures 
Some fur ther  general  comments can be made about 

these platelets. The twist  angles have all been given 

as positive, bu t  a dist inction could be made as to which 
face is rotated in  the positive sense relative to the 
other. The two possibilities, which could be indicated 
by negative and positive values of the same twist 
angle, are enantiomorphs,  or mir ror  images of one 
another. 

The composition plane very l ikely has islands of 
coherency for the 13.174 ~ twist such that  the s t ructure  
is repeated through each island, from one twin  through 
into the other (with the twist  dis tr ibuted over several 
layers on the basal plane) .  This most simple structure 
can be thought of as the result  of a rotat ion on the 
interface plane of half  a single crystal relative to the 
other half. 

However, evidence is not available to prove, for any 
of the twist angles, that the s tructure is so simple. 
Two fur ther  possible operations may be necessary. 
The rotation, most  l ikely on a p lane  of octahedral  
positions, may be accompanied by a t rans la t ion over 
the interface by some fractional distance. Fur thermore,  
a layer  of oxygen ions and a layer  of i ron ions may 
be missing at the interface. 

That absence of two such layers and only two such 
layers need be considered can be shown as follows: 
Number  the oxygen layers in the uni t  cell 1, 3, 5, 7, 9, 
and 11. Lattice points are at center (3) on levels 0, 4, 
and 8 (twelfths of the hexagonal  c dimension) ,  in the 
even-numbered  (iron) layers. The lattice t ranslat ion 
relates layers 1, 5, and 9. But these are in mirror  or ien-  
tat ion to 7, 1!, and 3 by the operation of the c-glide 
planes on {1120}. Removing layers 2 and 3 (or 3 and 4) 
puts 1 in contact with 5, and no rotat ion with t rans la-  
tion will  br ing the ordered structure back. Removing 
2, 3, 4, and 5 (or 3, 4, 5, and 6) puts 1 in contact with 
7; but 7 is related to 3 by translation,  and so the struc-  
ture  obtained can be ordered by a t rans la t ion in the 
basal plane. Similar  a rguments  handle  the question of 
iron positions and other possible numbers  of missing 
planes of atoms. The removal  of layer 3 is enant iomor-  
phic to the removal  of layer 9, however. Consequently,  
if layers are missing, each twist angle represents four 
possible enant iomorphic structures. 

Moir6 patterns and screw dislocation arrays.raThe 
broad, rounded platelets can be expected to give rota-  
t ional Moir~ pat terns (6, 7). However, micrographs 
at sufficiently high resolution have not yet  been ob- 
tained for the broad, rounded platelets. Such obser- 
vations of Moir~ fringes on twist  grain boundaries 
may be confused with the images of the screw dislo- 
cations to be expected where  the twist angle ~ is not 
too great (11). 

The distance H between parallel  screw dislocations 
(the diameter  of the hexagon of screw dislocations 
about an island of coherency) is given by H = b/2sin 
(~/2) where b is the magni tude  of the Burgers vector 
of the screw dislocations. Hexagons 21.9 and 13.3A 
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across a re  ca lcula ted  for the  13.174 ~ and 21.787 ~ twist  
boundaries ,  respect ively.  That  some order  can exist  
be tween such screw dislocations so close together  is 
evidenced by  the re la t ive  s tab i l i ty  of these s t ructures  
indica ted  by  the i r  existence.  

Twist grain boundaries with transIationa~ symmetry 
on planes of threeSold symmetry.--Rotations about  the  
threefo ld  axis by  angles a = 2 arc sin (h -- k ) /  
2~/h 2 -b hk q- k 2 br ing  lat t ice point  rows into coinci-  
dence. The angles 21.787 ~ and 13.174 ~ br ing  the point  
rows khO, 2k2hO, 3k3h-O . . . .  into coincidence for  hk 
values 21 and 32, respect ively ,  for which h --  k = 1. 

Discussion of gro~oth mechanisms.--Tip and edge 
growth.--Observations by Takagi  (12) indicate  that  
whiskers  and b lade l ike  p la te le ts  grow from the tip. 
He observed the i r  fu r the r  g rowth  f rom the "s tumps" 

�9 of b roken  growths  and also some effects of t e m p e r a -  
tu re  changes. The fu r the r  growth  of b roken  broad,  
rounded  pla te le ts  has not  been observed.  

However ,  some broad,  rounded  pla te le ts  a re  m a r k e d  
by  thickness var ia t ions  at  wha t  appear  to be outl ines 
of the p la te le t  outer  edge as it  was at  var ious  t imes 
dur ing g rowth  by  addi t ion at  the  outer  edge. F igure  1 
shows such mark ings  in two platelets .  The outl ines 
are  such as would  resul t  if the  growth  ra te  normal  to 
the  p la te le t  edge had been app rox ima te ly  uni form over 
the  length  of the  p la te le t  edge. That  is, any  one out -  
l ine is eve rywhere  app rox ima te ly  at  the  same dis tance 
f rom the p la te le t  edge. The only a l te rna t ive ,  growth  
by  addi t ion at the  base edge, would  not be expected 
to produce  such markings ,  which  indicate  smooth, 
rounded  outl ines of areas  decreas ing in b read th  as the  
growth  progresses.  Except  for th ickening growth,  the  
shape (out l ine)  of th in  c rys ta l  growths  in genera l  
must  resul t  f rom edge growth.  In the  case of these 
rounded platelets ,  growth  must  be at  the  outer  edge. 

A precedent  for the  considerat ion of growth  f rom 
the base as a possible a l t e rna t ive  mechanism lies in 
the  observat ion  b y  Marka l i  (13) of evidence suggest-  
ing tha t  Nb~O5 whiskers  grow from the base by  a 
mechanism involving plas t ic  deformat ion  of the  oxide  
layer.  

Iron transport.--We app ly  here  the  a rguments  for in-  
t e rna l  i ron diffusion mechanisms,  some of which have 
been presented  prev ious ly  (3-5).  I ron must  be t r ans -  
por ted  f rom the base to the  t ip or edge to produce the 
growth  of the  a-Fe203 whiskers  and platelets .  In te rna l  
diffusion mechanisms  involving l inear  and p lana r  de -  
fects a re  proposed p r imar i l y  on the basis of the  a rgu-  
ments  against  o ther  t r anspor t  mechanisms:  

Lat t ice  diffusion coefficients (14) a re  nea r ly  isotropic 
at  h igher  t empera tu re s  and are  far  too smal l  to ac-  
count for significant g rowth  in the  range  400~176 

Caplan and Cohen (15) have  fai led to detect  a weight  
loss in measurements  on Fe203 in flowing a tmospheres  
at 1200~ Vapor  t r anspor t  of i ron oxides or hydrox ides  
at  lower  t empe ra tu r e  is severe ly  l imi ted  by  these 
exper iments  and by  common exper ience  wi th  turbines,  
s team generators ,  etc. 

Coble (16) de te rmined  tha t  the  a-Fe203 compact ion 
on s inter ing at 750~ proceeds a t  a ra te  de te rmined  by  
the  i ron la t t ice  diffusion coefficient. His resul ts  provide  
an upper  l imit  on the  surface diffusion coefficient be -  
cause surface diffusion is a compet ing process which 
produces  no compaction.  This upper  l imi t  is too small ,  
by  a factor  of at  least  104, to supply  the  i ron incorpo-  
r a t ed  in the  wh i ske r  and b lade l ike  p la te le t  growths  
at  ra tes  of 1 to 100A sec -1. Growth  ra tes  of the  broad,  
rounded  p la te le ts  a re  l ike ly  to be comparable ;  t hey  
are  known to exceed 0.1A sec -1 f rom heights  found 
af te r  48 h r  oxidations.  I t  seems excessive to propose 
both surface t r anspor t  b y  an unknown mobi le  i ron-  
oxygen species (somehow absent  in the  s inter ing ex-  
per iments)  and the poisoning of compet ing surface 
growth  sites. 

G R O W T H S  O N  T W I S T  G R A I N  B O U N D A R I E S  255 

The shapes of the  th ree  growth  types  observed 
(whiskers,  b lade l ike  platelets ,  and broad,  rounded 
p la te le ts )  can be qua l i t a t ive ly  unders tood to resul t  
f rom the in te rna l  diffusion of i ron because the shapes 
match  the s y m m e t r y  of the  in te rna l  defects. This is a 
point  in favor  of the  in te rna l  diffusion mechanism.  

Large twist angles.--One m a y  question why  only 
p la te le ts  wi th  large twist  angles have  been observed.  
The ca lcula ted  dens i ty  of dislocations increases wi th  
twis t  angle, indica t ing  increas ing disorder.  I t  m a y  be 
tha t  the  la rger  twist  angles we  have  found on ob-  
serving only the  ta l l  growths  resul t  in l a rge r  diffusion 
coefficients for i ron at  the  twis t  gra in  boundary .  

Base structures.--The s y m m e t r y  and perfec t ion  of the  
p la te le t  growths  suggest  the  presence of unknown 
special  s t ructures  at the i r  bases. The ab i l i ty  of these 
special  s t ructures  to supply  the  i ron diffusing in the  
p la te le ts  is a fea ture  of the in te rna l  diffusion hypo th -  
esis. Fu tu re  studies of i ron oxidat ion  and of mecha-  
nisms for the  t r ans format ion  of Fe304 to ~-FeuO3 might  
wel l  include a search for  the  s t ructures  and mecha-  
nisms associated wi th  the  growths  of a-Fe203. 

Conclusion 
The s t ructures  of the broad,  rounded  p la te le ts  have 

been successfully deduced f rom elect ron diffraction 
pat terns.  These p la te le ts  and thei r  g rowth  have  been 
descr ibed to the  extent  pe rmi t t ed  by  the avai lable  in-  
formation.  The diffusion of i ron in the  in te rna l  twist  
boundar ies  of these pla te le ts  is the  only t r anspor t  
mechanism agains t  which we find no strong arguments .  

I t  seems se l f -ev ident  tha t  c rys ta l  g rowth  resul t ing 
from diffusion along in te rna l  defects wi l l  p redomina te  
in genera l  when  lat t ice diffusion is smal l  and the ex -  
t e rna l  paths  of vapor  t r anspor t  and surface diffusion 
are  precluded.  Gra in  bounda ry  and la t t ice  defect  
diffusion should be  especial ly  impor tan t  to oxide 
growth  in meta l  oxidat ion  at  o rd ina ry  tempera tures .  
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Technical Notes 

The Effect of Emitter Perimeter-to-Area Ratio on Current 
Gain after Temperature Treatment 

C. C. Mai and T. S. Whitehouse 
Semiconductor D~vision, Sylvania Electric Products Inc., Woburn, Massachusetts 

It  is wel l  known (1-3) tha t  the  d -c  cur ren t  g a i n  of 
a t rans is tor  increases a f te r  t r ea tmen t  in hydrogen  at  
t empera tu res  above 300~ F rom this exper imen t  i t  
was found tha t  this  change of d -c  cu r ren t  gain is 
d i rec t ly  re la ted  to the  p e r i m e t e r - t o - a r e a  rat io  of the 
emit ter .  This indicates  tha t  the  mechanism causing 
this change is the  var ia t ion  of gene ra t ion - recombina -  
t ion cur ren t  at  the  in tersec t ion  of the  junct ion  and the  
si l icon-si l icon dioxide  interface.  

Exper iments  and  Results 
Four  different  sets of t rans is tors  wi th  emi t te r  pe r im-  

e t e r - t o - a r e a  rat ios in the  range  of 2.7-6.7 rai l  -1 were  
employed.  They  were  typica l  npn p lana r  t ransis tors  
wi th  boron and phosphorus diffusions. The surface 
oxides, about  0.6~ thick, were  grown b y  s team ox ida-  
t ion at  1050~ 

Ten t ransis tors  f rom each set were  annealed  for 1 
hr  at  450~ in a n i t rogen ambient .  Ten other  t rans i s -  
tors from each set were  annea led  for 1 hr  at 450~ in 
a forming gas ambien t  (95% nitrogen,  5% hydrogen) .  
The d-c  cur ren t  gains we re  measured  at  collector  Cur- 
rents  ranging  f rom 10 ~A to 10 mA. The da ta  a re  
plot ted in Fig. 1, 2, 3, and 4. I t  is ev ident  that  the  
cur ren t  gain, hFE, is grea ter  for t rans is tors  t r ea ted  
with  forming gas and tha t  the  degree  of difference is 
d i rec t ly  r e l a t ed  to the  p e r i m e t e r - t o - a r e a  rat io  of the  
emit ter .  Also, the  difference in hfE is dependent  on 
collector current ,  as expected.  

In  Fig. 5 the  ra t ios  of hFE of fo rming -gas - t r ea t ed  
uni ts  to hFE of n i t rogen - t r ea t ed  units  are  p lot ted  
against  the  p e r i m e t e r - t o - a r e a  rat ios of the  emi t t e r  at  
a collector  cur ren t  of 10 #A and at  the  peak  cur ren t  
gain. The curves  show tha t  there  is a r e la t ive ly  grea te r  
effect of fo rming-gas  t r e a tmen t  at  low cur ren t  levels,  
but  the  effect also appear  s at  peak  gain. 

In  a second exper imen t  one set of ten t ransis tors  
was t r ea ted  in the  sequence l is ted in Table I. hFE was 
measured  af te r  each t rea tment .  The da ta  indicate  tha t  
the  high va lue  of hFE due  to a previous  forming-gas  
t r e a tmen t  can be  reduced  by  baking  in ni trogen,  hFE 
does not  decrease  fu r the r  wi th  addi t ional  baking.  
When  the t ransis tors  were  t r ea ted  in forming gas 
again,  hFE rose to the  same high va lue  obta ined  before.  
F u r t h e r  fo rming-gas  t r e a tmen t  did  not  effect hFE 
fur ther .  

Discussion 
The reciprocal  of d-c  cur ren t  gain (I/hFE) is a func-  

t ion of three  factors:  emi t t e r  efficiency, base t ranspor t ,  

and recombinat ion  on the  surface. At  a fixed cur ren t  
level  the  surface t e rm  is p ropor t iona l  to (4) 

S As 

A 

where  S = surface recombina t ion  veloci ty  
A = a rea  of the  emi t t e r  and  

As = surface area  where  recombina t ion  takes  
place. The  t e r m  As is p ropor t iona l  to the  emi t te r  
pe r imete r  and hence the  surface t e rm is p ropor t iona l  
to the  p e r i m e t e r - t o - a r e a  ra t io  of the  emit ter .  

Since S is mul t ip l i ed  b y  As/A,  any  change  in S 
becomes magnif ied as the  p e r i m e t e r - t o - a r e a  ra t io  be -  
comes greater .  Thus, t he  fact  tha t  hFE increases  wi th  
this  ra t io  wi th  fo rming-gas  t r ea tmen t  shows tha t  the  
surface recombina t ion  veloci ty  was decreased.  Also, 
the  surface contr ibut ion  to hFE has its greates t  effect 
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Fig. 1. Current gain vs.  collector current for emitter perimeter-to- 
area ratio of 6.7, mi[ -1 .  
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on hFE at low currents (4) .  Figure 5 shows that the 
forming-gas  effect is greatest at l o w  currents, giving 
added evidence that surface recombination ve loc i ty  
is being decreased by the forming-gas  treatment.  

The exper imenta l  result that the increase is hFE in 
forming-gas- treated transistors is directly dependent 
on the per imeter- to-area  ratio suggests  that the hy-  
drogen in the emitter  base junction at the si l icon- 

Table I. Sequential treotment 

T e m p ,  ~  T i m e ,  h r  A m b i e n t  hF~: 

450 1 Forming gas 58.0 
200 1 Air 57.5 
450 1 N2 50.5 
450 1 N2 50.5 
4 5 0  0 . 2 5  F o r m i n g  g a s  58.0  
4 5 0  2 F o r m i n g  g a s  5 8 . 0  

2 

3 . 0  

Z . 5  

Z . C  

1 . 1  

I.( 

0.~ A at collector current of IO]~A 
0 at peak current gain 

i 12 ~ I J 

Emitter perimeter-to-Area Eatio, rail -I 

Fig. 5. Ratios of current gain of forming-gas-treated units to 

that of nitrogen-treated units vs. the emitter perimeter-to-area 
ratio. 

silicon dioxide interface decreases the  surface recom-  
bination velocity.  One possible explanation for the 
effect of forming gas is that the hydrogen in the gas 
combines  with  the unsaturated bonds at the interface, 
lowering the surface recombination ve loc i ty  and hence 
increasing hFE. 

This paper has also shown that the hFE changes due 
to baking in forming gas in nitrogen are reversible,  
which demonstrates  that the hydrogen can be re-  
moved  from the junction by out-diffusion. 

Conclusion 
When transistors are heat-treated in forming gas at 

temperatures  above 300~ the surface recombination 
ve loc i ty  decreases and the current gain increases. The 
current gain increase is greater as the  per imeter - to -  
area ratio of the emitter  increases and the collector 
current decreases. The effect can be reversed by baking 
the transistor in nitrogen. 

Manuscript received July  14, 1969; revised manu-  
script received Oct. 28, 1969. 
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Any  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the December  1970 
JOURNAL. 
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Further Verification of a Model for 
Diffusion from Doped Oxides 

M. L. Barry* and J. Manoliu 
Fairchild Semiconductor, Research and Development Laboratory, Palo Alto, California 

In  a recen t  ar t ic le  (1) we  presented  and verif ied a 
model  descr ibing the  diffusion from a deposi ted doped 
oxide into a semiconductor  substrate.  Subsequent ly ,  in 
re la ted  w o r k  deal ing w i th  diffusion into po lycrys ta l l ine  
silicon, we found addi t ional  expe r imen ta l  evidence 
ver i fy ing  this model.  In  short, we  find that  junct ions  
af ter  diffusion f rom a deposi ted oxide are  deeper  in 
po lycrys ta l l ine  silicon than  in s ing le -c rys ta l  silicon 
because the  diffusivi ty of the  dopant  is h igher  in the 
po lycrys ta l l ine  mater ia l .  However ,  the  sheet  conduc-  
t ivi t ies  a re  the  same for both types  of silicon since the  
diffusion process is l imi ted  by  diffusion wi th in  the  
oxide source. 

F igure  1 shows a genera l  one-d imens iona l  case for  
diffusion of a dopant  f rom a un i fo rmly  doped oxide 
into a semiconductor  substrate .  In  the work  to be 
described,  the  l ayer  of undoped  ba r r i e r  oxide has been 
reduced  to a m in imum and m a y  be disregarded.  We 
have  shown prev ious ly  tha t  for  the  case where  the 
deposi ted oxide  is th i ck  compared  to the diffusion 
length  in the oxide,  the  concentra t ion of dopant  in the 
semiconductor  af ter  diffusion is given b y  

C2(x,t) = Cs erfc (x/2%/D2t) [1] 
and  

CoX/DI/D2 
cs = [2] 

1 + ( l lm)x /D t lD i  

where  Co is the  in i t ia l  concentra t ion of dopant  in the  
oxide, D1 and D2 are  the diffusivities of the  dopant  in 
the  oxide and in the  semiconductor ,  respect ively ,  and 
m, the  segregat ion  coefficient, is the  ra t io  of the  surface 
concentrat ion of the  dopant  in the  semiconductor  to 
the  surface concentra t ion  in the  oxide. If  the subs t ra te  
is sil icon wi th  a reasonably  high res is t iv i ty  (about  2 
ohm-cm for most  cases) of opposite type  from the di f -  
fusing dopant ,  Eq. [1] and  [2] can be man ipu la t ed  to 

* Electrochemical  Society Act ive  Member .  

I 

Doped 
Oxide 
Cl, DI 

-X 0 

Undoped 
~- Oxide C3,DI 

• 

-X B 0 

X .-.--~. 

Silicon Cz, D2 

yie ld  
xj = 2N/D2t a rger fc  (CB/Cs) [3] 

and 

I /V  = 8.15 X 10-23 ~-Cs ~/D2t 
_ C o  ~/DI~ [4] = 8.15 X 10-23 ~ 

1 -5 (I/m)A/D,/D2 

where xj is the junction depth resulting from the dif- 
fusion, I/V is the sheet conductivity as measured with 
a standard 4-point probe, CB is the bulk concentration 

of carriers in the substrate, ~-is the effective mean 
mobility of the carriers, and the constant, 8.15 x 10 -23, 
contains the electronic charge and the spreading- 
current factor for the 4-point probe. 

Since argerfc  (CB/Cs) is only  a weak  funct ion of 
Cs, the  junct ion depth  for a given diffusion t ime de-  
pends p r i m a r i l y  on the diffusivi ty of the dopant  m the 
semiconductor;  on the  o ther  hand,  if ( l / m )  x/D1/D2 is 
smal l  compared  to 1 (and this  appears  to be the  case 
for both  boron and phosphorus  in si l icon),  the  I /V  
wil l  depend  p r imar i l y  on the d i t tus iv i ty  of t he  dopant  
in the  oxide. The same analysis  appl ied  to Eq. [2] in-  
dicates the  surface concentrat ions  wi l l  va ry  inverse ly  
wi th  the  diffusivit ies in the silicon. Equat ions [2], [3], 
and  [4] then predic t  tha t  if diffusions are  made  from 
the same deposi ted oxide into silicon subst ra tes  in 
which the diffusivities of the  dopant  va ry  widely,  the  
resul t ing  junct ion depths  and surface concentrat ions  
wil l  reflect this var ia t ion  whi le  the  sheet  conduct ivi t ies  
wil l  r ema in  nea r ly  the same. Ano the r  w a y  of descr ib-  
ing this is to say tha t  for  the  ra t ios  of DI and D2 which  
occur in silicon oxide and silicon, the  process is l imi ted  
by  the to ta l  quan t i ty  of dopant  which can diffuse out 
of the  oxide,  and this to ta l  quan t i ty  is nea r ly  indepen-  
dent  of the  s ink into which it is diffusing. 

Expe r imen ta l  verif icat ion of the  above conclusions 
has been found for the  case of diffusion f rom a doped 
oxide  into intr insic  po lycrys ta l l ine  silicon wi th  a t yp i -  
cal c rys ta l l i t e  size of 0.3#. The silicon was deposi ted 
by  the t he rma l  decomposi t ion of silane, and the phos-  
phorus -doped  oxide was deposi ted at  400~ by  the 
oxidat ion  of s i lane and  phosphine.  In  a l l  cases, the  
po lycrys ta l l ine  silicon was much th icker  than  the 
junct ion depth  af te r  diffusion, so there  was no p rob lem 
of sa tura t ing  the po lycrys ta l l ine  layer .  As Table  I 

Table I. Diffusion from phosphorus-doped silicon oxide 
into polycrystalline and single-crystal silicon 

Temp,  ~ 
I /V polycrystal l ine 

I/V single-crystal  

xj  polycrystal l ine 

xj single-crystal  

1000 0.8 2.8 
Fig. 1. Diffusion from a deposited doped oxide through a barrier 1100 0.9 2.6 

oxide into a semiconductor substrate. 1200 o.9 3.0 
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shows, there is a very large enhancement  of the junc-  
t ion depth in  the polycrystal l ine silicon compared to 
s ingle-crystal  silicon, but  very  l i t t le difference between 
the sheet conductivities, o r / /V ' s ,  for the two substrates. 
That this is not just  due to decreased carrier mobil i -  
ties in  the polycrystal l ine silicon is shown by the 
enhancement  of both xj and I /V in polycrystal l ine 
mater ial  after a normal  gaseous-source predepositi0n 
where the diffusion is not oxide limited. 

This type of diffusion appears  to offer an improved 
technique for measur ing the diffusivity of dopants in 
the oxide,  since as shown in Eq. [4] the sheet con- 
ductivi ty is re la t ively  insensit ive to D2, the diffusivity 
of dopant  in  the polycrystal l ine silicon. However, 
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before quant i ta t ive  results can be reported, the effec- 
tive mobilit ies of carriers in polycrystal l ine silicon 
must  be determined.  This information,  as well  as the 
mechanism of the diffusion of dopants in polycrystal-  
line silicon in relat ion to the s tructure of the silicon 
will  be described in a subsequent  paper. 

Manuscript  submit ted Ju ly  31, 1969; revised manu-  
script received Nov. 3, 1969. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Recombination-Generation Centers Caused 
by 60~ in Silicon 

M. C. Collet 
Philips Research Laboratories, N. V. Philips' Gloeilampenfabrieken, Eindhoven-Netherlands 

The importance to device fabrication of the 
dislocation densi ty in semiconducting mater ia l  has 
been recognized more and more in  recent years. 

Many exper iments  have been carried out on the in -  
fluence of dislocations in  silicon on device parameters  
such as leakage current,  b reakdown voltage, and noise. 
This field has been reviewed recent ly by Queisser (1). 
In  the methods used in these experiments  to introduce 
the dislocations the samples had to be at 800~ or 
higher for at least half  an hour. This t rea tment  is quite 
sufficient to enable  impuri t ies  to diffuse through the 
crystal and to interact  with the dislocations. Because of 
this it is impossible to know whether  the measured 
effects are caused only by dislocations or by impuri t ies  
interact ing with these dislocations. 

An exception can be made for the experiments  of 
Glaenzer and Jordan  (2) on the influence of disloca- 
tions on lifetime in silicon, where  the interact ion be-  
tween the dislocations and slow diffusants like O, C, 
B, and P was avoided. However these lifetime mea-  
surements  were  carried out on bulk  silicon. Here the 
dislocations are surrounded by space charge cylinders. 
According to the authors this makes it very difficult for 
major i ty  carriers to reach the dislocations, so that the 
recombinat ion rate is s trongly decreased and astonish- 
ingly high lifetimes of about 200 ~sec at room tempera-  
ture are found for silicon with a dislocation densi ty of 
107 cm -2. Nevertheless they were able to measure the 
energy levels associated with edge dislocations. 

In  the experiments  we are report ing here the gen-  
erat ion rate of minor i ty  carriers was measured in  de- 
pletion layers. Dislocations occurring in these regions 
will not be shielded by space charge cylinders, and 
their influence on recombinat ion-genera t ion rates can 
be assumed to be much more p ronounced .  This is a 
typical si tuation for most devices containing p - n  junc-  
tions, because their characteristics are strongly in-  
fluenced by recombinat ion-genera t ion centers present 
in the depleted region of the junction.  

The depletion layer was obtained by biasing the gate 
of a MOS capacitor made on our samples. This bias in-  
duces an inversion layer  at the silicon surface with a 
depletion layer underneath.  A sudden increase in bias 
causes an instantaneous increase of the depletion layer 
thickness followed by a slow relaxat ion to the equi-  
l ib r ium value. The relaxat ion t ime is governed by  the 
rate at which minor i ty  carriers are generated in the 
depletion layer  and it  can be measured by moni tor ing  
the h igh-f requency capacitance of the MOS dur ing the 
relaxat ion of the depletion layer. Because one starts 

the measurement  with an inversion layer at the surface 
the influence of surface states on generat ion is negligi-  
ble. A more complete description of this method can 
be found in the l i terature (3-5). 

Introduction of the Dislocations 
Dislocation-free, Czochralski grown, (111) oriented, 

10 ohm cm phosphorus doped silicon slices, with a 1.5 
in. diameter  were lapped and polished to a final thick- 
ness of 300~. The slices were etched 40~ on each side 
and cleaned by repeti t ive boil ing ir~ HNO3 al ternated 
with r insing in  deionized water  and dipping in  HF. 
This t rea tment  was directly followed by oxidation at 
1200~ in dry oxygen in a double walled quartz tube. 
The oxide thickness was 0.25~. The oxide layer was 
stripped from the back face of the wafer, and a phos- 
phorus diffusion at l l00~ was carried out. Such a 
diffusion is known  to getter metallic impurit ies from 
silicon. 

Next the slices were scribed and broken into four 
quarters. By means of two pressure contacts a voltage 
was applied to such a sample. The current  flowing 
through the sample heated it. When a part  of the 
sample became intrinsic, because of thermal  genera-  
tion, that part  showed a negative tempera ture  coef- 
ficient of resistivity, and it at tracted most of the cur-  
rent.  This part  reached a tempera ture  of about 900~ 
while the rest of the sample remained at a relat ively 
low temperature.  The stresses caused by the tempera-  
ture  gradient  were sufficient to cause plastic deforma- 
tion. 

Figure la  shows a sample dur ing  deformation and 
Fig. lb  shows an x - ray  topograph of a sample after 
the t reatment .  The deformation has caused slip along 
(111) planes. Points at the edge of the crystal acted as 
dislocation sources. The dislocations ran from the edge 
into the crystal up to the point  where  the crystal was 
too cold to permit  fur ther  glide. This caused the (111) 
slip planes to be densely packed with dislocations. The 
slip bands are visible as white stripes in the topograph. 

The dislocations in those slip planes were lying 
along <110~  directions in a herr ing bone pattern.  The 
Burgers vector, which is the same for all dislocations in 
one such slip plane, could be determined by the con- 
trast  cri terion for x - r a y  diffraction. Dislocations cross- 
ing the depletion layers of the MOS capacitors with 
which we measured the generat ion rate were found 
to be of the 60 ~ type. 

Using this method mean  dislocation densities of 
107 cm -2 were  created in less than 5 sec, including 
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Fig. la. Photograph of a sample during deformation. Hot zone 
between the pressure contacts is at about 900~ 

Fig. lb. X-ray topograph of a deformed sample 

heat ing and cooling times. The short dura t ion  of the 
hea t - t rea tment  prevents  impuri t ies  such as O, C, B, 
and P from diffusing toward the dislocations. Fast 
diffusants like Cu, Au, and Fe could diffuse to the 
dislocations from within  a radius of 100#. As ment ioned 
above, we tried to keep their  concentrat ion as low as 
possible by means of get ter ing by  phosphorus dif-  
fusion. 

After  the introduct ion of the dislocations the MOS 
capacitors needed for the generat ion rate measure-  
ments  were completed by the evaporation of 0.5 m m  
diameter  a luminum dots on top of the oxide layer. 

Results of Generation Rate Measurements 
Figure 2 shows an x - r ay  topograph of a sample with 

dislocations. Spots where  the generat ion rate of minor -  
i ty carriers has been measured are indicated by n u m -  
bers. At  4, 5, and 6 the crystal is still dislocation free, 
al though at 5 the tempera ture  reached 900~ dur ing 
deformation and at 6 a n  elastic s train field is present, 
caused by one of the pressure contacts used for heat-  
ing the sample. Notwithstanding these differences the 
same low generat ion ra te  was found at these three 
places. But whenever  the generat ion rate was mea-  
sured on parts of the crystal  containing high disloca- 
t ion densities significant increases in generat ion rate 
were found. Spots 1 and 2, for example, showed a 300- 

Fig. 2. X-ray topograph of one of the samples on which genera- 
tion rate measurements were performed. 

fold increase and spot 3 a 30-fold increase in genera-  
t ion rate. 

The correlation between increased generat ion rate 
and the presence of dislocations proves that  plastic de- 
formation introduces genera t ion-recombinat ion  cen- 
ters. It  does not prove that the dislocations are re-  
sponsible for these centers, because plastic deforma- 
t ion introduces not only dislocations, but  also va-  
cancies, divacancies, vacancy impur i ty  complexes, and 
possibly interstitials.  Such point defects may  also 
cause an increase in generat ion rate. 

The energy levels associated with these point  de- 
fects are known, mostly from measurements  on elec- 
t ron- i r radia ted  samples (6). If we can de termine  the 
energy levels of the centers which cause the increase 
in generat ion rate in the samples, the possible contri-  
but ion of those point  defects can also be identified. 

For this purpose the tempera ture  dependence of the 
generat ion rate was measured. To interpret  these mea-  
surements  the Shockley-Read theory for recombina-  
t ion-genera t ion  was applied (7). 

In  Fig. 3 the ratio of generat ion rate and intr insic 
charge carrier concentrat ion is plotted logari thmically 
against  the inverse of absolute temperature.  Curves 
A, B, and C have been measured on spots on three dif-  
ferent samples where 60~ were present. 
Curve D was measured on the same sample as curve 
A but  on a dislocation free spot. 

Each of the drawn curves in Fig. 3 has been con- 
structed by the summat ion  of two straight lines, whose 
slopes are indicated. 

According to the Shockley-Read theory the gen- 
erat ion rate in a depleted layer is equal to 

U = n i  ~ e x p ~ ( E t - - E ~ )  

q ] - l  
+ ~po exp ~ (El -- Et) 

Et -- Ei = distance in eV between the center  of the 
energy gap and the recombina t ion-gen-  
eration center 's  level. For E t -  Ei > 0 
the recombinat ion-genera t ion center 's  
level is in the lower half  of the energy 
gap and vice versa. The other symbols 
have their  usual  meaning.  

For the mater ial  containing 60~ en-  
ergy levels are found at lEt -- Eil = 0.20 eV and at 
IEt -- Eil = 0.06 eV. 
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Fig. 3. Ratio of generation rate and intrinsic carrier concentra- 
tion plotted logarithmically against the inverse of absolute tem- 
perature, 

The l ine associated with the 0.20 eV level has a 
positive slope. If let - E i l  > 0 it follows from the 
above equation that  Tpo/~no > )  1 and the center is a 
donor. If l e t -  Eil < 0, ~-~ > >  1, in this case the 
center is an acceptor. These data fit the second ac- 
ceptor level of the divacancy, and they also fit the 
acceptor level of the vacancy-phosphorus complex. 
Because the energy levels associated with 60 ~ dislo- 
cations have not  been reported, the 0.20 eV level 
found here can be explained as being due to di- 
vacancies, vacancy-phosphorus complexes, or disloca- 
tions. The exper imenta l  ev idence  allows no choice be-  
tween these possibilities. 

For the 0.06 eV level the combinations E t -  Ei > 0 
and Tno/Tpo > 1/4 or Et -- Ei < 0 and Tpo/Tno ~ 1//4 are 
found. The monovacancy and iron cause centers which 

fit these data. But the monovacancy is known to be 
mobile at very  low temperatures  (6) and  thus should 
have been annealed out. If i ron causes the high gen-  
erat ion rates in the deformed part  of our samples, we 
should have found it in  the dislocation-free par t  of the 
same sample as well. 

Curve D, however, shows that iron is not present  in 
this part  of the crystal. Thus the 60~ 
remain  as the most probable explanat ion of the 0.06 
eV level. 

Conclusion 
Dislocations of the 60 ~ are able to cause an in -  

crease of several  orders of magni tude  in generat ion 
rate. In n - type  silicon this behavior  can be described 
by one Shockley-Read type recombinat ion-genera t ion 
center with an energy level at a distance of 0.06 eV 
from the center  of the energy gap. If this level is si tu-  
ated in the upper  half  of the energy gap, it p robab ly  
acts as a donor, if in the lower half, it probably acts 
as an acceptor. 

Also present  after plastic deformation was a center 
with a level at 0.20 eV from the middle  of the energy 
gap. This level may be due to divacancies, vacancy-  
phosphorus complexes or dislocations. 
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A New Striation Etch for Silicon 
Manfred Kiimper 

Siemens AG., Wernerwerk fiJr Bauelemente, Werk Halbleiter Laboratorium, PretzJeld, Germany 

A new method has been worked out to reveal a 
str iat ion etch in silicon crystals in  a fast and definite 
way. The method is fast, furnishes a shining surface, 
and works on silicon of a very wide range of resist- 
ance. Previous etchants are slower (1-4), give a more 
or less rough surface (1,3), and work main ly  on 
highly doped mater ia l  (1-4). 

The silicon wafer is lapped on one side with 800 SiC 
or A1203 grit  with the assistance of 3% NaOH in the 
s lurry on a cast i ron plate. The lapped wafer is' then 
chemically polished by a mix tu re  of 2 parts hydro-  
fluoric acid 38%, 5 parts acetic acid 96%, and 3 parts 
nitr ic acid 100%. It would be preferable to let the wafer 
roll in a polypropylene beaker dur ing the etch. The 
tempera ture  of the etchant ini t ia l ly should be 20~ 
and should be allowed to warm up dur ing the etch. 

Under  these conditions the etching t ime would be 
10-15 min, and the result ing surface is shining. 

After  these lapping and polishing processes a special 
t rea tment  precedes the actual striation etch. The wafer 
is treated with a mixture  of 1 part  acetic acid 96% a n d  
1 part  nitr ic acid 100% for 1 min  at about 50~ 
rinsed with deionized water, and warmed up with 50% 
KOH solution unt i l  hydrogen is evolved over the whole 
surface. This should take from 15 to 30 sec. The wafer 
is then rinsed at once with deionized water  and finally 
with acetic acid 96%, under  which the wafer should be 
kept up to the actual str iat ion etch. The time between 
the last t rea tment  and the following str iat ion etch 
should not be too long. 

The etchant for the striation consists of, e.g., 20 ml  
hydrofluoric acid 48% and 10 ml  acetic anhydride,  to 



262 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  February I970 

Fig. |. Longitudinal section out of the cone of a dislocation free 
single crystal silicon rod with the seed. The center facet above the 
seed vanishes when the rotation is switched from concentric to ex- 
centric. 

which 10 drops of a 0.5M NiSO4 �9 7H20 solution in 
H F  48% and 4 drops of a 10M HNO3 solution in HF 
48% are added. The 4 drops of 10M HNO3 solution can 
be subst i tuted by 20 drops of 1M V205 solution in HF 
48%. The lat ter  gives a somewhat more shining surface 
than  the former, bu t  the sensit ivity is not as large. 

The str iat ion etch is carried out under  strong i l lu-  
mination,  the exact in tens i ty  of which is not critical. 
The etching t ime is 10-20 rain. During the etch one can 
follow the development  of the str iat ion which becomes 
visible after 2 rain. 

During the etch the surface wil l  stain, reveal ing con- 
t inuous color changes. The formation of that  colored 
film indicates the start  of the etch. Should no film form 
on the surface, one can start  the formation by adding 1 
more drop of the oxidant  (HNO8 or V205 in Hf) to the 
solution while stirring, causing the local concentrat ion 
of the oxidants to be increased at the surface for a 
short time. After the etch, the. wafer is r insed with 
water,  methanol ,  50% KOH solution, water, and finally 
methanol  in  the given order. The KOH solution takes 
off the colored film. 

The essentials of this method seem to be the special 
t r ea tment  of the surface before the actual str iat ion etch 
and the composition of the str iat ion etchant. Trea tment  
of the surface includes the passivation with 
CH3COOH: HNO3 1:1 and the activation with 50% KOH. 
Passivation leads to a more even evolution of hydrogen 
on the surface in the second step. Use of acetic acid to 
wet the surface after the KOH t rea tment  is bet ter  
than  the proposed (2) use of methanol,  because metha-  
nol reacts with the str iat ion etchant and furnishes 
a cloudy surface at times. Concerning the reaction 
mechanism the addit ion of acetic anhydr ide  to the 

Fig. 2. Transverse section out of a dislocation free single crystal 
silicon rod. Some swirls can be seen parallel to the striation spiral. 

striat ion etchant seems to lower the surface tension. 
The concentrat ion of HF is not lowered much by the 
addition of acetic anhydride  as it would be in the case 
of use of acetic acid. The efficiency of other species 
(like acetylfluoride) in the solution cannot be excluded 
for the practical effect, that near ly  no bubbles form 
on the surface dur ing  the etch. Bubble  formation has 
been a major  problem with previous etchants. 

The addition of Ni 2+ ions in most instances furnishes 
a more shining and reflecting surface. In special cases 
as with p-materials ,  which sometimes are not etched 
as readi ly as n-mater ia ls ,  the quant i ty  of NiSO4 can 
be increased. The method works for crystals wi th  
resistivities ranging from 10 -3 ohm cm up to 2 to 
3 X 10 +3 ohm cm. For higher resistivities, the etching 
time may be somewhat longer. 

Usual ly a longi tudinal  test piece out of a silicon 
rod is etched better  than  a t ransverse test piece. This 
is because the gradient  of the resist ivi ty general ly  is 
steeper in the former than in the latter. 

A more detailed discussion of the mechanism will be 
given elsewhere. 
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Technology of Solid Electrolyte Coulometers 
John H. Kennedy, Fred Chen,* and John Willis 

Department of Chemistry , University of California, Santa Barbara, California 

ABSTRACT 

A pulse discharge technique for reading solid electrolyte coulometers was 
studied and found to be superior to constant  current  readout. The technique 
can be applied to any solid electrolyte system which holds an open-circuit  
voltage for several seconds. A double-cel l  configuration for informat ion 
storage with cyclic use was investigated. An ini t ial  charge setting could be 
retained for a number  of cycles, bu t  conditions are extremely critical. A ny  
slight coulometric error wil l  continue to add to or subtract  from the ini t ial  
charge so that  after several cycles errors become quite large. Coulometers 
containing Ag3SBr show excellent characteristics at temperatures  as low 
as --70~ but  are poor at temperatures  above ambient.  Pa l lad ium and 
graphite  do not offer any electrochemical advantages over gold as an indicator 
electrode other than  the extremely sharp voltage rise on graphite. 

In previous publications, it was demonstrated that 
solid electrolyte cells could funct ion as moderately 
accurate coulometers (1, 2). However, this work con- 
centrated on mater ial  and cell preparation,  cell re- 
sistance, electronic conductivi ty contribution,  and 
coulometric accuracy at constant  current.  It was shown 
that  highest accuracy was obtained when the cells 
were "read" (i.e., determining the amount  of silver 
plated on an inert  gold electrode by anodic stripping) 
under  the same conditions that  they were plated. In  
order to achieve accurate integrat ion of a varying 
current ,  other methods besides constant  current  read-  
out have been examined. 

In  this paper, considerations that are necessary for 
practical solid state electrolytic integrators are ex- 
plored. These include integrat ion readout with pulse 
discharge, use of double-cell  configuration for informa-  
t ion storage, operating tempera ture  range, and possible 
substi tutes for the gold indicator electrode. 

Experimental 
Materials.--Silver iodide.--Commerciat silver iodide 

(B and A) was used as received. 

Silver sulfide bromide.--Ag3SBr was prepared accord- 
ing to the procedure described in a previous publica-  
t ion and  designated as method II C2). 

Silver sulfide iodide.--Ag~SI was prepared according to 
a procedure analogous to that  developed for AgaSBr 
using potassium iodide in place of potassium bromide. 

Rubidium silver iodide.--RbAg415 was prepared accord- 
ing to the method described by  Owens and Argue (3). 
It  should be noted that our mater ia l  had the same 
chemical composition as that  reported by Owens and 
Argue, but  our mater ial  was not handled in a dry 
box. The mater ia l  was stored in a desiccator, and 
pellets were coated with Microshield plastic to min i -  
mize hydrolysis. However, t h e  mater ia l  is quite sensi- 
tive to moisture, and the poor results presented below 

* Elec t rochemical  Society S tudent  Member .  
K e y  words :  coulometer;  coulometry;  electrolyte,  solid; s i lver  sul- 

fide bromide ;  s i lver  sulfide iodide; r ub id ium si lver  iodide; s i lver  
iodide; integrator, electrolytic; PUlse discharge. 

may be par t ia l ly  due to decomposition taking place 
while the cell was under  test. 

Silver metal.--Engelhard Type G-3 fine silver powder. 

Gold metal.--Wilkinson 99.99%, 5-15~ gold powder. 

Procedures.--Cell preparation.--Cells in the form of 
pellets were prepared by powder compression de- 
scribed previously (1, 2). Double ceils for cycling were 
prepared with a layer of silver followed by a layer of 
electrolyte, a layer  of gold, a second layer of electro- 
lyte, and finally a second layer of silver. These cells 
were 0.5 in. in diameter  and  weighed about  2.0g. 

Graphite electrodes.--Hexamethylenetetramine, Duri te  
D-5143, and powdered graphite were mixed together 
in ethanol in  the ratio 2:10:88. The ethanol was then 
evaporated under  vacuum and the graphite dried at 
235~ overnight. The mixture  was reground and 
pressed in the same manne r  as the powdered metal  
electrodes. Hexamethylenete t ramine,  which catalyzes 
the curing of the Durite binder,  could have some 
effect on the graphite electrode. However, in  its ab-  
sence the graphite  did not  press properly yielding cells 
with little mechanical  strength.  The normal  amount  
was 2% of the total  weight, and changes in this ratio 
did not appear to affect the electrochemical properties 
of the graphite cells. 

Pulse discharge readout.--A Bisset t -Berman Corpora- 
t ion EDR-300 E-Cell  Digital Readout was used for pulse 
discharge readout  of cells. Either 5000 or I0,000 ohms 
resistance was used in series to decrease peak cur-  
rents. A schematic diagram is shown in Fig. 1. 

Temperature control.--An Associated Testing Labora-  
tory SW-5101 envi ronmenta l  chamber  was used for 
temperatures  other than ambient.  

Constant current readout.--A Bisset t -Berman Corpo- 
rat ion E-Cell  Digital Coulometer was used for constant  
current  charging of cells and for those experiments  
designated as constant  current  readout. This uni t  has a 
bu i l t - in  tr igger which cuts off the constant  current  
supply when  cell voltage reaches a predetermined 
value. 

263 
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Fig. 1. Capacitative discharge current/time monitor. Courtesy of 
Bissett-Bermon Corporation. 

Charge setting ]or double cells.--A Harr ison 6112A d-c 
power supply was used to clean by anodic str ipping 
the gold surface vs. each of the silver electrodes with 
the use of a needle probe. The probe consisted of a 
copper wire, sharpened at the end and held or clamped 
on the center gold layer  while the cell was clamped 
in  place. After anodic stripping, a predetermined 
amount  of silver was plated on the gold by applying a 
constant  current  between one silver electrode and the 
needle probe to the gold electrode. A Bisset t -Berman 
E-Cell  Digital Coulometer was used for this procedure. 

Cycling.--A constant  current  was applied between the 
two silver electrodes unt i l  the voltage across the cell 
reached a preset cut-off value. After  not ing the time, 
the current  was then  reversed either manual ly  or 
automatical ly and run  unt i l  the voltage again reached 
the cut-off value. As an example, odd-numbered  cycles 
were cut off at ~-0.5V while  even-numbered  cycles 
were cut off at --0.SV. For automatic reversal, after 
the cell reached the preset voltage and the cur ren t  
was disconnected, the cell polari ty was rotated by a 
stepping relay and current  reapplied to init iate a new 
cycle. The cycle times were recorded by following the 
cell voltage on a Moseley Model 7100B dual  channel  
recorder. 

Controlled potential electrolysis.--Samples of potas- 
s ium iodide in 0.5F H2SO4 were electrolyzed at 
-~0.70V vs. SCE for 30 min  using a Beckman Electro- 
scan 30. The 0.5F H~SO4 support ing electrolyte was 
pre-electrolyzed for 5 min  and showed less than 1 
mcoulomb of charge on the coulometers. 

Results and Discussion 
Pulse discharge method ~or reading solid electrolyte 

coulometers.--It was shown previously that, when con- 
s tant  cur ren t  readout  was used for solid electrolyte 
cells, the charge recovered was a funct ion of the cur-  
rent  level. As the current  was increased, the error 
became more negative. The main  reason for inaccurate 
readout for these devices is that  the actual experi-  
menta l  funct ion normal ly  observed, applied voltage at 
the operating current,  is not the funct ion indicat ing 
the complete str ipping of silver from the gold elec- 
trode, which is a gold electrode potential  vs. a ref-  
erence. Although three-electrode systems have been 
used for basic studies, cur rent  must  be in terrupted for 
each measurement  to e l iminate  polarization. Applied 
voltage includes silver electrode potential, silver elec- 
t rode/electrolyte  polarization, electrolyte IR drop, and 
gold electrode/electrolyte polarization in  addit ion to 
the desired gold electrode potential.  The polarization 
voltages and IR drop vary  with current  and, thus, it 
is easy to see why readout accuracy varies with current  
level. I t  was also shown that  accuracy improved with 
succeeding cycles under  the same operating conditions 
as the cell appeared to become "conditioned" to these 
conditions (2). If the operat ing condi t ions  such as 
current  or tempera ture  changed, new condit ioning 
cycles were required to regain high readout  accuracy. 

The pulse discharge method circumvents  these prob- 
lems by measuring,  at least approximately,  the gold 

electrode potential,  and triggers a cutoff when  a poten-  
tial develops indicative of complete silver stripping. In  
principle, a capacitor is discharged through the cell 
equivalent  to 0.100 mcoulomb of charge. The voltage 
across the cell is monitored as is done in  the conven-  
t ional  constant  current  mode. However, after the pulse, 
the voltage drops rapidly as the IR drop and polariza- 
t ion voltages decay, and when  the cell voltage falls 
below 0.25V another  pulse of charge is delivered. 
While silver remains  on the gold electrode, the poten-  
tial is essential ly zero since it is being measured 
against  the counter  silver electrode. When all the silver 
has been stripped by the pulses of charge, a gold 
electrode potential  develops which does not decay 
rapidly with time. Actually,  since the measurement  is 
still  a two-electrode case as opposed to a cell contain-  
ing a reference third electrode, the auxi l iary  silver 
electrode wil l  not be strictly a reference potential. 
However, polarization which develops during the pulse 
wil l  have 10 sec to decay which is sufficient t ime to 
consider the auxi l iary silver electrode as a reference 
potential.  As soon as the cell potential  remains  above 
0.25V for 10 sec, the circuit is inactivated, and the 
n u m b e r  of pulses which were delivered can be read on 
a counter. The values of 0.25V and 10-sec t ime period 
for voltage decay were established for l iquid electro- 
lyte timers, but  t u r n  out to be convenient  for the solid 
electrolyte coulometers reported here. The only modi-  
fication necessary was the addition of 5000-10,000 ohms 
resistance in series with the cell to slow down the 
capacitor discharge. The equipment  is designed to de- 
l iver peak currents  of 10 mA which led to shorting for 
some of our solid electrolyte cells. The resistors cut 
the pulse peak currents  to about  1 mA or less, al though 
the slower pulses do require  a somewhat longer r u n -  
n ing time. The actual t ime for readout  is not inversely 
proport ional  to pulse current  since a major  fraction of 
t ime is associated with the final few pulses when the 
voltage is decaying slowly, but  still reaching 0.25V in 
less than  10 sec. The 10-sec delay is arbi trary,  but  for 
most of our experiments  the difference between 5, 
10, or 20 sec was 1-2% and often just  a pulse or two. 

Accuracy of the pulse discharge readout  method was 
checked by charging the cells at constant current  and 
using the pulse discharge for stripping. The pulse dis- 
charge equipment  was calibrated to • by the 
manufac turer  and was reproducible to +--0.2%. Since 
the output is digital, there is an absolute uncer ta in ty  
of +-0.1 mcoulomb. This need not be an inherent  
l imitat ion since the ins t rument  could be designed to 
give pulses of 0.01 or 0.001 mcoulomb. The constant  
current  source used for checking the pulse discharge 
method was calibrated to • The results in Table 
I show that  this method is as accurate and reproducible 
as the constant current  method results given in Table 
III  of Ref. (2). In  addition, it was noted that  very 
li t t le "conditioning" was required (Table II) contrary 
to the results when  constant  cur ren t  readout was em-  

Table I. Pulse discharge results for constant current charge 

C h a r g e  c o n d i t i o n s  
Pu l se  

Cur r en t ,  T ime ,  Charge ,  d ischarge ,*  A v g  error ,  A v g  dev. ,  
/zA see. m c o u l o m b  m e o u l o m b  % m c o u l o m b  

360 50 18.0 18.0 0.0 0.1 
100 36.0 35.9 --0.3 0.1 
200 72.0 71.5 -- 0.7 0.1 
50'0 t80.0 180.4 + 0.2 0.3 

1000 360.0 350"* -- 2.8 

100 100 10.0 10.1 + 1.0 0.1 
150 15.0 15.0 0.0 0.1 
200 20.0 19.5 --2.5 0.2 
500 50.0 49.8 --0.4 0.I  

36 200 7.2 7.5 + 4.2 0.1 
500 18.0 18.0 0.0 0.1 

1000 36.0 35.7 -- 0.S 0.1 

10 1000 10.0 10.0 0.0 0.1 

* A v e r a g e  of 8 t r ia ls .  
** P e l l e t  b r o k e  a f t e r  4 t r ia ls ,  a v e r a g e  of 4. 
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Table Ih Successive cycle results using pulse discharge 
C h a r g e :  100 sec a t  360 ~A = 36 m c o u l o m h s  

S O L I D  E L E C T R O L Y T E  C O U L O M E T E R S  

C y c l e  No.  R e a d o u t ,  m c o u l o m b s  

1 35.'/  
2 35.9 
3 35.9 
4 35.9  
5 35.9  
6 35.9 
7 36.1 
8 36 .0  
9 35.9 

played in which the first few cycles were usual ly 
3-8% away from succeeding charge-discharge cycles 
[see Fig. 9, Ref. (2) for typical  results] .  This behavior 
for pulse discharge supports the concept that  this 
method of readout is less dependent  on previous his- 
tory and charging conditions than  the constant  current  
method. To emphasize this difference, a cell was 
cleared at 100 #A, charged at I00 ~A, and read out at 
various constant currents.  At  currents  above 100 ~A, 
the cell was cleared at 100 ~A before the next  charge 
was applied. The results in Table III  show how a cell 
conditioned at 100 ~A wil l  give low results at higher 
currents  and high results at lower currents.  As the 
current  level is increased, polarization and IR drop 
increase, causing the 0.5V cutoff voltage to be reached 
sooner. A cell conditioned at 100 ~A will  be most 
accurate when  subsequent  str ipping is performed at 
100 uA. At currents  lower than 100 #A less polarization 
and IR drop wil l  allow the cell to run  longer, while at 
currents  above 100 ~A the cell will run  short. 

A small effect was even noted when  various charg- 
ing currents  were employed with a constant  readout 
current .  This was unexpected from the concept that 
polarization and IR depend only on the str ipping cur-  
rent  level. However, silver deposition conditions do 
play a part  in the polarization observed dur ing str ip- 
ping and would account for this observation. 

To i l lustrate the use of solid electrolyte cells as 
coulometers, a program of various amounts  of charge 
applied at various cur ren t  levels was used followed 
by  pulse discharge readout. Table IV shows results of 
a series of integrations on one cell. To date, over 20 
cells have been operated as coulometers with similar 

Table Ill. Effect of varying stripping current for fixed 
charging current 

C l e a r :  s t r i p  a t  100 # A  
C h a r g e :  100 sec  a t  10O #A 

S t r i p p i n g  c u r r e n t  E r r o r ,  % 

10 + 35 
36 + 21 

1O0 + 4  
360 -- 6 

1000 --21 
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results. Again the readouts were accurate to 1-2%, 
al though occasionally a higher error was observed 
suggesting that  some silver had become separated from 
the gold electrode. Contrary to constant  current  read-  
out, the pulse discharge showed no tendency for values 
to reach some l imit ing value when several integrations 
under  the same conditions in a row were performed 
(see Table IV which lists a set of runs  in the order 
performed).  Also, there was no evidence for different 
results because of different previous runs. An example 
is seen in Table IV in which integrat ion No. 13 was the 
same as No. 8 with essential ly the same result  even 
though the preceding integrat ions  were different. Thus, 
in tegrat ion of a variable current  input  can be accom- 
plished with the solid electrolyte systems using the 
pulse discharge technique. However, the cells still 
show changes in  charge setting when a hold period 
between charge and discharge is present, similar to the 
constant  current  results. Also, h igh- tempera ture  re-  
sults ( >  50~ were poor even for immedia te  read-  
out. In  fact, at elevated temperatures,  the open-circui t  
voltage fell so rapidly that  pulse discharge could not 
be employed. Even when ful ly stripped, the gold elec- 
trode would not re ta in  an open-circui t  potent ial  > 
0.25V for 10 sec, which is necessary for cutoff. At con- 
s tant  current,  large positive errors were observed. The 
inabi l i ty  of the cell to hold a charge dur ing  an idle 
period and the inabi l i ty  of the gold electrode to hold 
an open,circui t  potent ial  is related to the residual 
current  of the cell which is also a measure of elec- 
tronic conduct ivi ty  in the electrolyte (2). As tempera-  
ture  is increased, the electronic contr ibut ion increases 
rapidly  explaining the open-circui t  decay as well  as 
the extra t ime required to br ing  the cell to 0.5V. This 
obvious shortcoming could l imit  the device to ambient  
or lower temperatures  with only short idle periods. 
However, as preparat ion techniques for AgaSBr im- 
proved, the residual  current  was decreased an order of 
magni tude  and fur ther  improvement  may still be 
possible. 

To i l lustrate the use of a solid electrolyte coulometer 
for controlled potential  electrolysis, iodide solutions 
were oxidized at +0.70V vs. SCE. The solid electrolyte 
cell was in series with the electrolysis and, after the 
current  decayed to background level, the coulometer 
was read using pulse discharge, The results are shown 
in Table V. 

Low-temperature studies.--Conductivity of Ag3SBr 
as a function of tempera ture  is given in Ref. (2). The 
cells exhibit  reasonable resistances of < 100 ohms as 
low as --70~ Timing accuracy at constant  current  
for cells at low tempera ture  is shown in Table VI. 
Negative errors which were observed in general  prob-  

Table V. Controlled potential electrolysis results 

I o d i d e  t a k e n ,  I o d i d e  f o u n d ,  
m c o u l o m b s  m c o u l o m b s  % E r r o r  

Table IV. Integration results 

P u l s e -  
C h a r g i n g  t i m e ,  sec  T o t a l  d i s c h a r g e  

c h a r g e  r e a d o u t  
10 ~ A  36 ~A 10O ~A 360 ~ m c o u l o m b s  m c o u l o m b s  

% 
E r r o r  

500 140 50 - -  15.04 14.5 - -3 .3  
500 140 50 - -  15.04 14.6 -- 2.7 
500 140 50 - -  15.04 13.6 -- 10.6 
500 140 50 - -  15.04 14.8 - - 2 . 0  

- -  150 50 - -  1 0 . 4  1 0 . 4  0.0 
- -  1 5 0  50  - -  1 0 . 4  1 0 . 5  + 1 .0  
- -  150 50 - -  10.4 10.3 - -  1 . 0  

100 100 100 49.5  48.9  -- 1.4 
500  - -  - -  50  23.0  23.2 + 0.9 
200  200 200 - -  29.2 28.6 - -2 .1  
500  200 100 50 40.2 40.3 + 0.2 

200 100 50 35.2 35.2 0.0 
100 100 100 49.6  48.7 - - 1 . 8  

- -  150 50 - -  10.4 19.1 - - 2 . 9 *  

1 5 0  5 0  - -  1 { ~ . 4  1 0 . 1  - - 2 . 9 "  

161:0 161.1 + 0 . I  
161.0 161.2 + 0 . I  
322.0 326.2 + 1.3 

Table VI. Low-temperature timing accuracy 

( C o n s t a n t  c u r r e n t  c h a r g e  a n d  d i s c h a r g e )  
C h a r g e  t i m e :  200 s ee  

S t r i p  t ime ,*  
C u r r e n t , / z A  T e m p ,  ~ sec A v g  dev . ,  % % E r r o r  

36 0 200.4 O.1 + 0.2 
100 0 199.9 0.1 -- 0.6 

36 - -25  199.2 0.1 - - 0 . 4  
100 -- 25 194.4 0.2 -- 2 .8  

36 -- 50 192.7 0.4 -- 3.'/ 
100 - - 5 0  191.5 0.2 - -4 .2  

10 - - ' /0  192.9 1.0 - - 3 . 6  
36 -- '/0 192.1 0.9 -- 4.0 

100 -- 70 195.0 0.5 -- 2.5 

* O p e r a t e d  a t  - - 70"C .  * A v e r a g e  of 8 cyc l e s  a f t e r  2 c o n d i t i o n i n g  cyc les .  
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ab ly  resul t  f rom the h igher  polar iza t ion  voltages artd 
I R  drop leading  to p r e m a t u r e  cutoff. Precis ion was  
exce l len t  a l though the  resul ts  at  --70~ defini tely 
showed less precis ion than  the h igher  tempera tures .  
Charge  hold showed a s l ight  negat ive  dr i f t  a t  --70~ 
reaching  --7.5% at 25 hr. In general ,  charge  hold 
character is t ics  were  be t t e r  at  low tempera ture .  

Wi th  pulse discharge,  posi t ive or  negat ive  er rors  
were  observed at  --70~ depending on pla t ing cur -  
rent,  and again  showed poor  precision. However ,  an 
expe r imen t  a t  --70~ gave excel lent  resul ts  which  
are  given in Table  IV. Resul ts  at --25~ were  s imi lar  
to constant  cur ren t  readouts  wi th  an average  of --1.9% 
when a charge  of 400 sec at 36 ~A was appl ied  to the  
cell.  

I t  should be noted tha t  behavior  at  low t empera tu r e  
was m a r k e d l y  be t te r  than  at  e levated  t empera tu re  
wi th  e x t r e m e l y  sharp cutoff both  at  constant  cur ren t  
and  pulse  discharge.  Constant  cur ren t  cutoff depends  
on sulfide oxidat ion  effects which are  less at  low 
tempera tures .  Sha rpe r  pulse d ischarge  cutoff coincides 
wi th  the  s lower  decay of open-c i rcui t  potent ia l  at low 
t e m p e r a t u r e  af ter  s i lver  has been s t r ipped  f rom the 
gold electrode.  Solid e lec t ro ly te  coulometers  opera ted  
wel l  at room t empera tu re  or below, including be t te r  
charge s torage and sharper  cutoff character is t ics  as 
the  t empe ra tu r e  was decreased.  Accuracy  and p re -  
cision became somewhat  poorer  be low --25~ but  
cutoff character is t ics  and genera l  per formance  r e -  
mained  good to --70~ the  lowest  t empe ra tu r e  
studied. Cells could be opera ted  at  35~176 using 
constant  cur ren t  readout ,  bu t  pulse  discharge could be 
employed  only be low 35~ 

Double -ce l l  conf igurat ion for  i n fo rmat ion  s t o r a g e . -  
The no rma l  mode  of opera t ion  of these coulometers  
(i.e., pla t ing  a cer ta in  amount  of s i lver  on a gold elec-  
t rode  and subsequent  s t r ipping)  dest roys  the in fo rma-  
t ion which was s tored on the gold indica tor  electrode. 
In  developing  a device which  stored the  or iginal  in-  
formation,  a double -ce l l  configurat ion has been used 
and tested. The cell consists of a si lver,  solid e lec t ro-  
lyte,  gold, solid electrolyte ,  s i lver  f ive- layer  pel le t  in 
which  the  center  gold indicator  e lect rode is given an 
ini t ia l  charge set t ing vs. one of the  s i lver  electrodes.  
c t i r r en t  is then passed th rough  the ent i re  pel let  which 
s t r ips  s i lver  f rom one side of the gold whi le  p la t ing an 
equiva lent  amount  on the other  side. When  the  cell 
reaches a p rese t  cutoff vo l tage  (normal ly  0.5V), the  
cur ren t  is reversed.  Some of the pel lets  have under -  
gone severa l  thousands  of such cycles. A recorder  
t race  showing vol tage  vs. t ime is shown in Fig. 2, 
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Fig. 2. Cell voltage vs. cycle time. Ag3SBr pellet operated at 
36/~A, 25~ with 0.5V automatic cutoff and current reversal. Cycle 
time approximately 4000 sec. (Note: The voltage across the cell 
was measured from the output of a VTVM because the recorder 
impedance was only I megohm. The voltage rise across the cell 
from 0.45 to 0.SV was more rapid than the VTVM response which 
appears on the recorder trace as a cutoff of 0.45V.) 
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Fig. 3. Cycle time changes with number of cycles. 

0.5V 100 #A 216 sec initial 
0.2SV 100 ~A 166 sec initial 
0.5V 100 ~A 340 sec i.itiM 
0.5V 3.6 ~A 425 sec initial 

while  cycle t ime vs. cycle number  is shown for some of 
the  pel le ts  in Fig. 3. 

The resul ts  for AgsSBr were  in teres t ing  in that ,  wi th  
0.SV cutoff, the  cycles ran  long ( + 0 . 1 % / c y c l e )  while,  
wi th  0.25V cutoff, the cycles ran  short  ( - -0 .02%/cyc le ) .  
This difference can be expla ined  by  the sulfide ox ida-  
t ion which occurs at  0.35V (2). In  dr iv ing  the vol tage  
to 0.5V, some oxida t ion  of sulfide occurs on one side 
of the gold, whi le  an equiva lent  amount  of s i lver  is 
p la ted  on the o ther  side. When  the cur ren t  is re -  
versed,  this  s i lver  is s t r ipped  on the second side, but  
wi l l  cause an equiva len t  amount  of s i lver  to be p la ted  
on the first gold side. Si lver  is p l a t ed  in preference  to 
sulfur  reduct ion  because the sulfide cycle is i r r eve r s -  
ible. Thus, every  t ime  some sulfide is oxidized, more  
s i lver  p la te  enters  the sys tem and the cycle t ime gets 
progress ive ly  longer.  The effect would  be even more  
d ramat ic  except  for the  t endency  to run  short  (seen at 
0.25V cutoff and p robab ly  the  same type  of effect wi th  
RbAg4ID which tends to compensate  for the  sulfide 
effect. This balance  be tween  low and high resul ts  is 
also affected by  t empera tu re ;  the  cycle t ime increases 
at h igher  t empe ra tu r e  and decreases at  lower  t e m p e r a -  
tures. Ano the r  opera t ing  p rob lem with  Ag3SBr was 
encountered  using manua l  cycling. A n y  t ime the pel le t  
was left  idle for  long per iods  of t ime, such as 1-3 days, 
the cycle t ime  would  increase significantly. Manual  
cycle dr i f t  averaged  q-0.80%/cycle at  36 #A but  only 
W0.09% when  cycled automat ica l ly .  However ,  when  
changes associated wi th  idle  per iods  were  subtracted,  
the  cycle  dr i f t  ave raged  ~0 .11 /cyc le  in good ag ree -  
ment  wi th  automat ic  cycling. 

Resul ts  for AgI  in Fig. 3 show that,  under  these 
specified conditions, AgI  can be used for  over  a 
thousand cycles wi thout  large  changes in charge  set -  
ting, indica t ing  the 100% coulombic efficiency. I t  should 
be  noted tha t  lower  currents  (3.6 vs. 100 ~A) had  to be 
used wi th  AgI  since its conduct iv i ty  is nea r ly  1000 
t imes  smal le r  than  AgaSBr or RbAg4Is. 

Negat ive  errors  a re  no rma l ly  encountered  wi th  solid 
e lec t ro ly te  cells dur ing  anodic str ipping.  S i lver  may  
lose contact  wi th  the  e lec t ro ly te  or the  gold electrode,  
and thus  is not oxidized dur ing  str ipping.  S i lver  iodide 
exhibi ts  this  same effect wi th  la rger  amounts  of charge, 
but  the  ve ry  smal l  amounts  of charge  used in these 
expe r imen t s  could be r epea ted ly  cycled wi th  l i t t le  
toss. 

Cycle t ime  for  RbAg415 pel le ts  decreased rapidly ,  but  
these resul ts  may  only be reflecting the fact tha t  the  
tests were  not  car r ied  out in a d ry  box. I t  is known  
tha t  RbAg415 is a sa t is factory  e lec t ro ly te  when  p ro -  
tec ted  from the a tmosphere  (4), a l though exper iments  
of this  t ype  have not  been repor ted  before.  

I t  appears  tha t  wi th  careful  choice of opera t ing  
conditions, such as 0.25V cutoff vol tage for  Ag~SBr, 
the  double-ce l l  configuration can be used to store 
ini t ia l  informat ion  and to use this  informat ion for  de-  
t e rmin ing  cycle  t ime  for many  cycles. However ,  the  
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l a t i tude  of these  condit ions is much more  l imited than 
for single shot t iming  or integrat ion.  

Indicator electrodes.--The p r i m a r y  r equ i remen t  for 
an indicator  e lect rode is tha t  i t  be  sufficiently more  
noble than  the  meta l  used for t abu la t ing  charge so tha t  
an observable  vol tage  rise can be observed when  the 
indicator  e lec t rode  is clear.  When  si lver  is used for 
coulometry,  only  a few mate r i a l s  exhib i t  this  nobi l i ty  
including gold, p l a t i num group, and carbon (1, 2, 5, 6). 
When  norma l  t r igger  c ircui ts  a re  used, the  vol tage  
r ise should be at  least  0.2-0.3V and p re fe rab ly  > 0.5V. 
Voltage rises for pa l l ad ium and g raph i t e  a re  given in 
Fig. 4. 

In  addi t ion  to this  p r i m a r y  requi rement ,  the  open-  
circui t  vol tage  must  not  decay so quickly  tha t  a cutoff 
cannot  be achieved when pulse discharge is considered.  
Open-c i rcu i t  vol tage  decays af te r  s t r ipping  for pa l l a -  
d ium and graph i te  e lect rodes  are  also shown in Fig. 4. 
Only  g raph i te  wi th  Ag3SBr e lec t ro ly te  gave sufficiently 
slow vol tage  decay for pulse discharge.  

Timing accuracy at constant  cur ren t  was checked 
for cur ren ts  of 10-360 ~J~ and for per iods  of 36-360 sec 
for Ag3SBr and Ag3SI using pa l l ad ium and graphi te  
e lectrodes in place  of gold. Al though readouts  were  

f "  . . . . . . . . . . . . . . . . . . . . .  i 
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Fig. 4. Voltage rise r open-circuit decoy for graphite end pal- 
ladium electrodes: (A) C/Ag3SBr/Ag, (B) C/Ag3SI/Ag, (C) Pd/ 
Ag3SBr/Ag. 

quite  reproduc ib le  wi th  s t andard  deviat ions of about  
1-3%, accuracy was poor wi th  average  er rors  ranging  
f rom --40% to 4131%.  Pulse discharge gave s imi lar  
poor  results.  The only  advan tage  g raph i t e  exhib i ted  
over  gold was its ve ry  sharp  cutoff. This was caused by  
two effects. Firs t ,  the re  was no vol tage  p la teau  at  
0.35V which has been a t t r ibu ted  to sulfide oxidat ion 
(2). Evident ly ,  the i r revers ib le  oxidat ion  of sulfide on 
gold is even more  i r revers ib le  on graphi te .  The second 
effect appeared  to be poor e l ec t rode /e l ec t ro ly te  con-  
tact  which  would  mean less effective a rea  for the  same 
size pellet .  The smal le r  a rea  would  h a v e  less capaci -  
tance and, thus, a sha rpe r  vol tage rise. The poor  con-  
tact,  however ,  also led to low results .  A t  this  t ime, 
there  does not  appear  to be an indica tor  e lect rode 
more  sui table  than  gold for  solid e lec t ro ly te  s i lver  
coulometers .  
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Accurate Temperature Control for Laboratory 
Furnaces Using Thermocouple Modulation 

John G. Burt 
Nuclear Engineering Department, The Ohio State University, Columbus, Ohio 

ABSTRACT 

A solid state circuit  ut i l iz ing field effect t rans is tors  in a free runn ing  mul t i -  
v ib ra to r  configurat ion is discussed as a method  for  improving  t e m p e r a t u r e  
regula t ion  of ga lvanomete r  movement  controllers .  The circui t  when used in 
conjunct ion wi th  on-off control lers  wi l l  main ta in  t empe ra tu r e  to _0.2~ 
at  IOO0~ 

F r e q u e n t l y  it is necessary  to main ta in  the  t empera -  
ture  of a muffle or tube furnace  at  a set point  wi th  con- 
t ro l  accuracy of __1~ at  1000~ for ex tended  
per iods  of time. This smal l  to lerance  is genera l ly  far  
beyond the l imit  of on-off ga lvanometer  t empe ra tu r e  
control lers  p resen t ly  avai lable .  The propor t ioning con- 
t ro l lers  w h i c h  wil l  sa t isfy  this  r equ i r emen t  are  gen-  
e ra l ly  qui te  expensive  and this high cost ve ry  often 
prec ludes  the i r  use in many  exper iments  conducted in 
the  laboratory�9  This work  deals  wi th  a reasonably  
s imple and inexpensive  modification to on-off ga l -  
vanomete r  control lers  which wil l  g rea t ly  improve  the 
shor t -  and long- te rm t empera tu r e  fluctuation about  the  
set point.  

Wi th  most l abora to ry  furnaces  and the i r  associated 
ga lvanomete r  on-off controllers ,  the re  are  two effects 
which  cont r ibu te  to the  var ia t ion  above  and be low the  
set point  t empera tu re :  t he rma l  iner t ia  of the  furnace  
and ga lvanomete r  pivot  friction. The first factor  is the  
resul t  of furnace  winding  and thermocouple  proximi ty ,  
whi le  the  second comes f rom the finite fr ict ion present  
in the  ga lvanomete r  movement  (1). The resul t  of these 
two factors is a dead zone about  the set point  whe re  the  
ga lvanomete r  movement  is not  affected by  sl ight  
changes in the  thermocouple  signal, and an oscil lat ion 
in furnace  t empe ra tu r e  having  a per iod  of 5-15 min 
depending on the locat ion of the  thermocouple  re la t ive  
to the  heat ing elements.  
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Reid has discussed a method for reducing the short- 
and long- term temperature  fluctuation by modulat ing 
the thermocouple signal with a low-frequency a-c 
voltage (2). The superposition of the a-c signal on the 
d-c thermocouple output  results in a voltage that 
drives the galvanometer  above and below the dead 
zone that  surrounds the set point. This effectively turns  
the controller  on and off once dur ing each modulated 
cycle, the ratio of "on" to "off" t ime being determined 
by  the average d-c signal. The power delivered to the 
windings is proportioned in t ime such that the furnace 
cannot oscillate with its na tura l  frequency, and the 
effect of the dead zone is minimized. 

The original  method used to obtain this "Guoy" 
modulat ion was mechanical,  using resistance wire and 
a rocking pool of mercury,  and as such is subject to 
breakdown when used for extended periods of time. 
This effort has been directed toward replacing the me- 
chanical modulator  with a solid state electronic cir- 
cuit, which is not as susceptible to failure. During the 
last few years, field effect transistors have been de- 
veloped to the point where very high input  impedances 
can be obtained at low cost; thus oscillators and mul t i -  
vibrators  having ext remely  low frequencies can be 
constructed using moderate-sized capacitors. In  this 
par t icular  circuit, two n -channe l  FET's are used in a 
free r unn ing  mul t iv ibra tor  configuration to obtain a 
square wave having a period of about 10 sec. Ten 
seconds was chosen since the galvanometer  movement  
is damped and cannot follow any signal having a 
period of less than  5 sec/cycle. 

The circuit shown in Fig. 1 functions as follows, 
When power is applied, both FET's are in the "on" 
mode as the gates are at essentially the same potential 
as the sources. As S1 is closed, capacitor C~ is charged 
through Q2 to the ful l  supply voltage of the battery. 
When this switch is released (a push but ton  is used for 
$I),  the source of Qt immediate ly  re turns  to near 
ground and C1 drives the gate of Q2 about 4V negative 
with respect to ground. This negative pulse tu rns  Q2 off 
as the gate is now negative compared to the source of 
Q~. C1 discharges through R2 according to the RsC1 

T H E R M O C O U P L E  
i " 
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Fig. i .  Solid state circuit utilizing field effect transistors 

combinat ion al lowing the gate of Q2 to re tu rn  to 
ground. At this point, Q~ wil l  t u rn  on dr iving the gate 
of Q1 negative via coupling capacitor Cs, tu rn ing  Q1 
off. The RC decay at the gate of Q1 eventual ly  turns  
Q1 on and the sequence is repeated. The square wave 
obtained from the two FET's  is integrated by the 1- 
meg resistors and the 4-~f capacitor to obtain a double 
ramp funct ion which is more suitable for dr iving the 
galvanometer.  Q3 and Q4 are pnp silicon transistors 
used in  a common collector mode to drive the low im-  
pedance load which will  be added to the galvanometer  
circuit. The 1-ohm resistor added to the galvanometer  
was chosen for two reasons; the addition of more than 
1-2 ohms will  alter the dampening of the galvanometer  
and require recal ibrat ion of the tempera ture  scale, 
while any load of less than  1 ohm is difficult to drive 
wi th  the output  transistors. The two tr impots  are in-  
corporated into the circuit in order to adjust  the 
magni tude  of the modulat ing signal for opt imum re-  
sults. This ad jus tment  also makes it possible to use the 
circuit  to drive various types of thermocouples since 
the output  voltage Varies from one type to the next. 
When p la t inum-rhod ium thermocouples are used, the 
modulat ing signal need only be about 1/10 mV, while 
for chromal -a lumal  it must  be about 1 mV in order to 
sweep through the dead zone at 1000~ 

In  summary,  it is recommended that mercury  relays 
be used for switching power to the furnace windings 
as the f requent  switching due to the modulat ion will 
quickly wear out ordinary  metal  contactors. Improved 
performance wil l  also be obtained by switching from 
a low-to high-power mode at more elevated tempera-  
tures  rather  than  complete on-off operation. The best 
regulat ion has been observed when the max imum 
power is applied about 60-70% of each cycle, and the 
modulat ing signal set for m i n i m u m  ampli tude whicb 
allows switching once dur ing each modulated cycle. 
Good long- te rm regulat ion wil l  require  a reference 
junct ion which is main ta ined  to •176 or better, 
and an ice bath in a vacuum Dewar has been found 
quite satisfactory. Using these precautions it has been 
possible to take a controller that  main ta ined  1000 ~ • 
4.0~ prior to this modification, and obtain regulat ion 
of __0.3~ at this operating temperature  for 4-6 hr. 
Shor t - t e rm fluctuations over a period of 15-20 rain are 
less than 0.2~ Exper imenta l  runs  were conducted 
at 1020~ using a Marshall  10-in. OD tubu la r  furnace 
in con junc t ion  with a Leeds & Northrup speedomax 
H-AZAR strip recorder. Span and zero suppression 
were adjusted for a 20~ span at this operating tem- 
perature  and fluctuations of 0.10~ were observable. 
The furnace was operated without  modulat ion to ob- 
serve tempera ture  variat ion and oscillation. Modula- 
tion was then imposed on the thermocouple and the 
regulat ion recorded for extended periods of time. 

Manuscript  received Sept. 15, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in  the December 1970 
JOURNAL. 
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Electrodeposition of Lead-Antimony Alloys 
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ABSTRACT 

Two fluoborate solutions capable  of producing sound, th ick  l e ad -an t imony  
deposits  are  described.  One contains peptone and resorcinol  in addi t ion to lead 
and an t imony fluoborates, whi le  the  other  contains be ta -naph tho l  in place of 
the  peptone  and resorcinol.  P rope r ty  da ta  for some deposi ts  a re  presented  as 
wel l  as influence of opera t ing  condit ions and ba th  composit ion on an t imony  
concentra t ion of deposits. 

Sound, th ick lead electroforms have  been produced 
by  e lec t ropla t ing  in f luoborate solution (1). However ,  
as expected,  the  lead deposi ts  were  qui te  soft (ha rd -  
ness of 8 Knoop wi th  a 5-g load)  and h igh ly  subject  
to mar r ing  and scratching dur ing  handling.  In an ef-  
fort  fu r ther  to improve  lead electroforms,  a method  
was sought for  increas ing thei r  hardness  and strength.  
The method invest igated,  codeposi t ing an t imony with  
lead in a f luoborate solution, was chosen because an-  
t imony  a n d / o r  t in is f requent ly  used as an al loy to 
increase  the  s t rength  of lead  castings, and, of the two 
metals ,  an t imony impar t s  the  most hardness  and 
s t rength  to the  lead (2). The f luoborate solution was 
chosen because past  exper ience  indica ted  that  this 
solut ion was the  best  possible choice for e lec t rodeposi -  
t ion of l e ad -an t imony  al loys (1, 3, 4-9).  

The s tudy revea led  tha t  f luoborate solutions are in-  
deed capable  of producing sound, th ick  e lect roforms 
of l ead -an t imony  alloys, and that  these al loys are  
ha rde r  and have  higher  tensi le  s t rengths  than  pure  
lead. In  general ,  the  s tudy  showed tha t  as the an t imony  
composit ion of a deposit  is increased the deposit  be-  
comes ha rde r  and stronger.  

Dur ing  the course of the study, it  was found that :  
To obta in  an al loy wi th  a fixed an t imony  composit ion 

requ i red  the use of a pu re  lead anode  wrapped  t igh t ly  
in filter paper  and bagged wi th  Dacron. 

Al though  fluoborate solut ions containing e i ther  re -  
sorcinol  and peptone or be t a -naph tho l  funct ioned 
equa l ly  well, deposits  produced wi th  the  resorcinol-  
peptone  ba th  bubbled  when quickly  hea ted  to the  
mel t ing  point. There  were  no supp lementa l  studies 
of the effects of addi t ion agents. 

An increase  in the an t imony  concentra t ion of the  
p la t ing ba th  increased the an t imony  concentra t ion o.f 
the  deposit.  

For  a given bath  composition, an increase in cur -  
rent  dens i ty  or a decrease in t empe ra tu r e  lowered  
the  an t imony  concentra t ion of the  deposit.  

Preliminary Experiments 
Antimony content o~ deposit.--Initially, a l - l i t e r  ba th  

was used tha t  contained 460 m l / l i t e r  lead f luoborate 
concentrate ,  0.23 g / l i t e r  peptone,  and 0.23 g / l i t e r  resor -  
cinol. An t imony  was added  in small '  amounts  as an-  
t imony  f luoborate (see Table  I for  composit ion of lead 
and an t imony  fluoborate concentra tes) .  The anode 

was chemical ly  pu re  lead and of the  same dimensions 
as the  ca thode (21,4 x 4 in.) .  Panels  were  p la ted  for  
30 mln at  30 A / f t  2, and the an t imony  content  of the  
deposi t  was de te rmined  by  using a copper  coulometer  
dur ing  the p la t ing  opera t ion  and the calculat ion tech-  
nique descr ibed by  DuRose and Hutchison (10). As 
shown in Table  II, the  an t imony  content  of the  de -  
posit  increased as the  an t imony  content  of the  solution 
increased.  

Immersion deposition.--During testing,  i t  became ob-  
vious tha t  an t imony  was being deposi ted on the  lead 
anode by d isp lacement  when the ba th  was not  e lec t ro-  
lyzed. At  the  end of the first day  of plat ing,  the  lead 
anode was left  in the  ba th  overn igh t .  The next  morn -  
ing there  was a b r igh t  d isp lacement  coating of an t i -  
mony on the anode. The an t imony  content  of the  al loy 
produced in the  ba th  af te r  the an t imony was removed 
f rom the anode was 7.8%, whereas  the previous  even-  
ing it was 18.0%. Since the  p la t ing t imes were  short  
enough that  the  amount  of an t imony  deposi ted out  of 
solut ion was minimal ,  it  was evident  tha t  most of the 
an t imony  had been removed  from the solut ion by  dis-  
p lacement  on the lead anode. 

Disp lacement  deposi t ion of an t imony  on anodes in 
al loy pla t ing baths  has been discussed in t h e  l i t e ra -  
ture. Booe noticed the  immers ion  wi th  l ead- t in  anodes 
in a solution containing lead, tin, and an t imony  fluobo- 
ra te  (11). He obvia ted  the  phenomenon by  wrapp ing  
the anodes wi th  paper  to l imit  the  amount  of solution 
coming in contact  wi th  the anode. Schaefer  and Mohler  
also had the  same t rouble  when pla t ing l e a d - t i n - a n t i -  
mony  alloys, but  decided the p rob lem was not that  
serious because the  ra te  a t  which an t imony  i m m e r -  
sion p la ted  on the anode was only about  one four th  
of the ra te  at  which the an t imony  was e lec t rodeposi t -  
ing at the  cathode (12). 

Because both the  da ta  from the test  under  discussion 
and past  exper ience  indica ted  tha t  immers ion  deposi-  
t ion could be a problem,  the  anodes in al l  fol lowing 
exper iments  were  wrapped  t igh t ly  wi th  two layers  of 
Wha tma n  #42 filter paper  and bagged wi th  Dacron. 
This did not comple te ly  prevent  immers ion  plat ing 
but  minimized it by  l imit ing the amount  of solution 
coming in contact  wi th  the  anode. In  addit ion,  when 
the baths  were  not  being used, the  anodes were  r e -  
moved from the  solution. 

Table I. Composition of lead and antimony fluoborate concentrates Table II. Effect of antimony concentration on alloy composition (1) 

Lead fluoborate (A) A n t i m o n y  concentrat ion A n t i m o n y  concentrat ion 
g / l i te r  in p la t ing  solution (g/l i ter)  of deposit  (w/o) 

Lead  503 
Free  fluoboric acid 161 
Free  boric acid 45 2 0.8 

A n t i m o n y  fluoborate (B) 4 1.5 6 4.1 
g / l i t e r  8 8.0 

A n t i m o n y  191 10 13.2 
Free  fluoborie acid 36 11.5 18.0 
F ree  hydrofluoric  acid 78 

(A) H a r sh aw  Chemical  Co., Cleveland,  Ohio 
(B) Allied Chemical  Co., Genera l  Chemical  n iv . ,  New York, N. Y. 

r The  solution conta ined 460 ml / l i t e r  lead fluoborate concentrate ,  
0.25 g / l i te r  peptone,  and 0.25 g / l i t e r  resorcinol,  and was  operated at 
27~ P la t ing  t ime  was  30 min  at 30 A/ft'-'. 
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Table III. Effect of a pure antimony anode on alloy composition (A) 

A n t i m o n y  To ta l  a n t i m o n y  
a d d e d  to b a t h  a d d e d  as  A n t i m o n y  
a s  a n t i m o n y  a n t i m o n y  c o n t e n t  T o t a l  A - h r  

f l uobora t e  f l u o b o r a t e  of depos i t  e l e c t r o l y s i s  
( g / l i t e r )  ( g / l i t e r )  (w /o )  p e r  l i t e r  

0 0 0.5 1.2 
2 2 0.1 2.4 
2 4 9.6 3.5 
0 4 16.G 4.6 
0 4 22.7 5.8 
0 4 26.6 10.0 

cA)Solution c o n t a i n e d  460 m l / l i t e r  H a r s h a w  L e a d  F l u o b o r a t e  con-  
c e n t r a t e ,  0.25 g / l i t e r  p e p t o n e ,  a n d  0.25 g / l i t e r  r e so rc ino l .  V o l u m e  
w a s  1 l i te r ,  p l a t i n g  c u r r e n t  d e n s i t y  35 A / f t ' ,  a n d  t e m p e r a t u r e  27~ 

Antimony vs. lead anode.--In a second expe r imen t  
s imi lar  to the one descr ibed  earl ier ,  an an t imony anode  
was used ins tead of the  lead one. A smal l  amount  of 
an t imony  was a d d e d  to the  p la t ing  solution and then 
a series of panels  were  plated.  As t ime  progressed,  the  
an t imony  content  of the  deposi ts  increased even though 
no more  an t imony  was added  to the  ba th  as an t imony 
fluoborate. This increase  occurred because an t imony  
went  into solut ion at  the  anode fas ter  than  i t  p la ted  
out  at  the  cathode, t h e r e b y  g radua l ly  increasing the  
an t imony  content  of the  ba th  (see Table  I I I ) .  Wi th  a 
93% lead-7% an t imony  anode, p re fe ren t i a l  e lec t ro-  
lyt ic  dissolution of an t imony  was noted, thus g radua l ly  
increas ing the an t imony  content  of the bath.  

The work  wi th  the  var ious  anode  systems showed 
tha t  the  best  approach  for  obta in ing  an al loy wi th  a 
fixed an t imony  composit ion was to use a pu re  lead 
anode and addi t ions  of an t imony  f luoborate as the 
solution was deple ted  of ant imony.  Use of anodes con- 
ta in ing  an t imony  prec luded  keeping the an t imony con-  
tent  of the deposi t  at  fixed levels. 

Physical Properties 
Experimental procedures . - -To  de te rmine  the  effect 

of the  an t imony  content  on the  physical  proper t ies  of 
the  e lec t rodeposi ted  alloy, e lectroforms approx ima te ly  
30 mils  th ick  were  produced by  p la t ing  for 8 hr  at  25 
A/ft2 in a 40-l i ter  solut ion (see Table  II  for composi-  
t ion) .  (Thicker  deposits  were  not  p roduced  because 
the  process would have  requi red  more  than  the  8 hr  
of a typica l  work ing  day.)  The mandre l s  were  3- by  
6-in. a luminum panels,  and a Mohle r -Schaefe r  box 
was used to assure un i form deposi t ion dur ing  pla t ing 
(13). P r io r  to plat ing,  the  mandre l s  were  zincated and 
given a cyanide  copper  str ike.  The an t imony  content  
of the  deposits  was increased by  adding an t imony 
fluoborate to the  p la t ing bath.  The solut ion was cont in-  
uously f i l tered th rough  a uni t  ,containing a Dacron 
filter tube, and an electr ic  s t i r re r  wi th  a plast ic  s t i r r ing  
rod prov ided  the agitat ion.  The anodes were  of chem- 
ical ly  pure  lead, wrapped  wi th  filter paper  and bagged 
wi th  Dacron. The anode- to -ca thode  ra t io  was about  
2 to 1. Dur ing plat ing,  the a l loy composit ion was de-  
t e rmined  wi th  a copper coulometer  (10). Tensile  speci-  
mens  were  p r e p a r e d  by  using a Tens i lkut  templa te ,  
as descr ibed by Dini  and Helms (1). 

Results 
The e lec t roforms produced appeared  to be quite 

sound. Those low in an t imony  content  had  the dull,  
g ray  appearance  typical  of lead. As the  an t imony  con- 
tent  of the  al loy increased,  the deposi ts  became 
b r igh te r  and the i r  tens i le  s t rength  and hardness  in-  
creased in a r e la t ive ly  l inear  fashion (see Fig. 1 and 
2). The tensi le  da ta  shown agree  fa i r ly  wel l  wi th  pub-  
l ished da ta  for  cast l e ad -an t imony  alloys (2). Elonga-  
t ion of the  e lec t roformed al loys was essent ia l ly  nil in 
a l l  cases, and  the  s t ruc ture  of the  alloys, examples  of 
which  are  shown in Fig. 3, was fine grained.  

Peptone-Resorcinol  vs. Be ta -Naphtho l  Bath 
When the al loy deposi ts  were  quickly  hea ted  to the i r  

mel t ing point,  vigorous outgassing and bubbl ing  oc- 
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Fig, 2. Effect of antimony content in the deposit on hardness 

curred,  and an odor s imilar  to tha t  of burn t  peptone  
was evident.  In  addit ion,  a carbonaceous film would  
occasional ly  appea r  on the  surface of a heated part .  
This phenomenon was a t t r ibu ted  to decomposi t ion of 
organics which  had  been occluded in the deposits  du r -  
ing plat ing.  A few expe r imen t s  revea led  that ,  of the  
two organic addi t ives  used in the solution, peptone  
was the  ma jo r  cu lpr i t  in the hea t ing  problem. At tempts  
at  producing deposits  wi thout  e i ther  one or both  of 
the  organic addi t ives  resul ted  in rough, noduled  de-  
posits tha t  were  comple te ly  unacceptable.  

At  this point, i t  should be ment ioned  tha t  this  bub-  
b l ing  phenomenon was also obta ined wi th  t i n - l ead  
electrodeposi ts  p roduced  in a s tandard  f luoborate  ba th  
containing peptone  and resorcinol  as addi t ives  (14). 
This finding led to the  conclusion that  this  type  of r e -  
action is p robab ly  p reva len t  for most deposi ts  p ro -  
duced in f luoborate solut ion containing organic add i -  
tives. For  th in  deposits,  the  p rob lem is p robab ly  not  
of consequence;  however ,  when  deposi ts  a re  th ick  and 
jo in ing  or solder ing operat ions have  to be per formed,  
difficulties could be experienced.  

A few other  organic  addit ives,  including catechol,  
hydroquinone,  and be ta -naphtho l ,  were  eva lua ted  in 
the l e a d -a n t imony  solution. I t  was found tha t  smooth, 
th ick  deposits  could be produced  in a solut ion conta in-  
ing be ta -naphtho l ,  and  when  these  deposi ts  were  
hea ted  the  bubbl ing  was not nea r ly  as extens ive  as 
wi th  the  pep tone- resorc ino l  system. F igure  4 com- 
pares  a deposit  produced in the  peptone- resorc ino l  
ba th  wi th  one produced  in the  be t a -naph tho l  bath.  
Both were  quickly  hea ted  to the i r  mel t ing  points  
shor t ly  af ter  plat ing.  Because the  be ta -naph tho l  bath  
produced good deposits  tha t  did not bubble  when 
heated,  the  phys ica l  proper t ies  of the  deposi ts  obta ined 
wi th  this bath  were  fu r the r  invest igated.  

Beta-naphthol bath.--To eva lua te  t he  effect of cur -  
ren t  dens i ty  and t e m p e r a t u r e  on the  an t imony  con- 
cent ra t ion  of deposi ts  produced in the be ta -naph tho l  
bath,  a series of exper iments  was run  wi th  a 40-l i ter  
solut ion containing be t a -na ph tho l  as the  organic  add i -  
t ive  (see Table  IV) .  The an t imony  concentra t ion of the 
p la t ing solution was checked af ter  each p la t ing  test 
by  Langford ' s  pe rmangana t e  technique (15) and then 
read jus ted  wi th  addi t ions  of an t imony fluoborate. Cur-  
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Fig. 3. Cross sections of deposits produced in solution containing 
lead fluoborate, antimony fluoborate, peptone, and resorcinol. 
Etchant was a solution containing acetic acid, nitric acid, and 
glycerol. Magnification was 1000X. Current density was 25 A/ft 2. 

rent density effects, were checked at two antimony 
concentration levels, 0.43 and 0.98 g/liter.  

The results, included in Table IV, show that for both 
series evaluated the antimony concentration increased 
as the current density decreased. As expected, the 
bath containing the higher amount of antimony in 
solution produced deposits higher in antimony con- 
tent. The temperature  data (see Table V), which were 
obtained only on the bath containing 0.43 g/ l i ter  an- 

Table IV. Effect of current density on antimony concentration of 
alloy 

C u r r e n t  A n t i m o n y  A n t i m o n y  c o n t e n t  of  bath('-') 
d e n s i t y  (x) c o n t e n t  B e f o r e  p l a t i n g  A f t e r  p l a t i n g  

( A / f t  2) ( w / o )  (g / l i t e r )  (~) ( g / l i t e r )  (3) 

10 5.3 0.43 0.30 
20 4.0 0.43 0.35 
30 2.1 0.43 0.32 
40 2.0 0,43 0.36 
10 11.8 0.98 0.74 
20 6.7 0.98 0.78 
30 5.8 0.98 0.80 
30 4,5 0.98 0.85 

r F i v e  A * h r  of  p l a t i n g  t i m e  w e r e  u s e d  on a l l  e x p e r i m e n t s .  D e -  
pos i t  t h i c k n e s s  w a s  a p p r o x i m a t e l y  6 m i l s ,  

(5) I n  a d d i t i o n  to  t h e  a n t i m o n y  l i s t ed  a b o v e ,  t h e  b a t h  also con-  
t a i n e d  460 m l / l i t e r  l ead  f l uobo ra t e  c o n c e n t r a t e  a n d  2.5 g / l i t e r  b e t a -  
n a p h t h o l .  T e m p e r a t u r e  w a s  52~ V o l u m e  w a s  40 l i te rs .  

<3) D e t e r m i n e d  b y  a n a l y t i c a l  t e c h n i q u e  d e s c r i b e d  b y  L a n g f o r d  
(15). 

Fig. 4. Comparison of deposits produced in peptone-resorcinol 
and beta-naphtho[ baths. Note the bubbling effect on the deposit 
produced in the peptone-resorcinol bath. 

timony, showed that as the temperature increased the 
antimony content of the deposit increased. 

These trends for lead and antimony are typical for 
less noble and more noble metals in a normal alloy 
plating system. 
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The Effect of a Silicon-Boron Phase on Thermally Grown 
Silicon Oxide Films 
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ABSTRACT 

It is shown in the present  paper that silicon oxides etch more slowly 
when they are thermal ly  grown on samples with a s i l icon-boron phase, 
whereas oxides grown on samples without a phase exhibit  the normal  etching 
ra te  of SiO2. One also can observe that the m a x i m u m  variat ion in etching 
rates is different for samples with and without  a phase. A removal  of the 
phase prior to oxidation reduces var iat ion of the etching rate considerably 
(by a factor of five in some cases). 

In the processing of silicon p lanar  devices or in te-  
grated circuits, dopants are being used which con- 
vert  predetermined regions of a silicon wafer from 
one conductivi ty type to another. The dopants enter  
the wafer via openings in a protective silicon oxide 
mask. To form the openings, photoresist processes are 
utilized where silicon oxide is coated with a layer of 
l ight-sensi t ive photoresist mater ia l  and where in sub- 
sequent steps this mater ia l  is exposed, developed, and 
selectively removed in places which conform to a de- 
vice pattern.  At these places, the silicon oxide can be 
etched off so that  the openings for the dopants are 
formed. 

The etching must  be controlled carefully to avoid 
residues in  the openings and /or  undercutt ings.  This 
phenomenon commonly arises when part  of the silicon 
oxide has been adulterated by a glass-forming sub- 
stance as phosphorus oxide. Pl iskin and Gnall  (1) have 
reported that  in  this case one finds a faster etching 
rate for glass than for the oxide itself. Such a differ- 
ence in etching rate can lead to undercut t ing.  

The appearance of residues in openings is another  
phenomenon which can be related to a difference in 
etching rates between a glass and SiO2. For formation 
of the openings, t imed etching is normal ly  applied 
and the durat ion is often adjusted to etching rates o~ 
pure silicon oxide. If boron glass occupies the open- 
ings, t imed etching may not be sufficient to remove 
all of it, because, as is demonstrated later, boron glass 
has a lower rate  than  SIO2. This residue can be related 
directly to contact resistance problems. 

The  present  article deals specifically with conditions 
under  which a boron glass is formed and with the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Present  address: I B M  C o r p o r a t i o n ,  B o x  A,  E s s e x  J u n c t i o n ,  V e r -  

m o n t .  
P r e s e n t  a d d r e s s :  F a i r c h i l d  S e m i c o n d u c t o r ,  M o u n t a i n  V i e w ,  Ca l i -  

f o r n i a .  
~ P r e s e n t  address:  Z e n i t h  C o r p o r a t i o n ,  C h i c a g o ,  Illinois. 

etching behavior  of the glass and its influence on de- 
vice fabrication. Genera l ly  the glass forms in an oxi- 
dizing atmosphere on top of samples which are com- 
posed of a silicon substrate and a boron-r ich surface 
layer. Such a layer can be observed after execution 
of a deposition step, dur ing which a boron source is 
generated for subsequent  d r ive- in  diffusion. In this 
step, a silicon slice is exposed to high concentrations 
of diborane (B2H6). The layer  consists most l ikely of 
a s i l icon-boron phase. Its formation and its na ture  
have been described recently (2, 3). For convenience, 
some details concerning the phase are repeated here. 
The phase was observed to form on silicon substrates 
which were exposed for 5 rain and more to an am-  
bient  of N2 --~ 02 -~- B2H6 (300-1000 ppm) with a total  
flow of 2 l i ters /min.  The tempera ture  ranged from 
930 ~ to l l00~ and the oxygen concentrat ion was 
1% at all times. Glass etches such as buffered HF or 
diluted HF did not attack the phase; however, a mix-  
ture  of HF:HNOz:CH3COOH = 1:2:6 or a low- tem-  
perature  oxidation with subsequent  etching in diluted 
HF removed it. The oxidation was carried out at 600~ 
in a flow of wet oxygen. 

The phase acts as a source for the diffusion of boron 
into silicon. This diffusion, which takes place together 
with the formation of the phase, is called prediffusion. 
For the processing of semiconductor devices, normal ly  
an addit ional  heat ing cycle, the d r ive - in  diffusion is 
applied in order to obtain a deeper penetra t ion of the 
prediffused boron into the substrate. Dur ing  the 
dr ive- in  diffusion, the sample is exposed to an oxidiz- 
ing atmosphere and it is this processing step which 
produces the boron glass we are discussing. 

Experimental 
For the experiments,  several lots were prepared 

with each lot having three samples. To make condi- 
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Table I. Deposition cycles 

Deposi t ion  B~H6 concen t r a t i on  

I Ve ry  low (~100 ppm) 
II L o w  (~200 ppm)  
III Med ium (~300 ppm)  

tions for the invest igat ions "realistic," the samples 
were  s t ruc tured  as if they  were  going to be used for 
circuit  processing, which means that  p - type  silicon 
substra tes  were  n - type  diffused (wi th  high surface con- 
centrat ion) ,  overgrown wi th  an n - type  epi taxial  layer,  
oxidized, covered wi th  photoresist,  exposed, developed, 
str ipped of photoresist, subjected to a glass etch, and 
exposed to different boron depositions as described in 
Table I. 

Al l  samples were  then  t reated by a glass etch. Af te r  
that, the  samples in each deposition cycle were  di-  
vided into two groups wi th  one group going through 
el l ipsometric  measurement  #1, phase removal ,  ell ip- 
sometric measurement  #2, dr ive-in,  and the other  
group going through el l ipsometric measurement  #1  
and dr ive- in .  The procedures  are summarized in Fig. 
l ( a ) .  

Data for the deposition cycle have been given in 
the introduction. The etch, applied af ter  deposition, 
consisted of H F : H 2 0  = 1:10. The first el l ipsometric 
measurement  was done for identification of the boron-  
silicon phase. For  an identification, the re la t ive  phase 
change h was de termined  f rom the polarizer  sett ing 
of the ell ipsometer.  The  ins t rument  used was a Gaer t -  
ner Model Ll19. A phase layer  was considered to be 
present  when the ~ values, as read by the  el l ipsom- 
eter, were  different f rom Archer ' s  value  for a cleanest  
etched silicon surface (4 = 175 ~ ) (4). Under  the 
conditions in this exper iment ,  a ~ of 160 ~ represents  
a th in-phase  layer  while  a h of 130 ~ can be consid- 
ered a thick phase. The  phase r emova l  was achieved 
by ei ther  the low- tempera tu re  oxidat ion with  sub- 
sequent  HF etching [Ref. (3)] or by a special process. 
To see how effective the removal  was, a second el l ip-  
sometric measurement  was taken. For  dr ive-in,  the 
samples were  heated at 1130~ in an oxidizing at-  
mosphere  unti l  about 5000A-thick oxide layers were  
obtained. No evidence of any si l icon-boron or other  
unetchable phase was apparent  af ter  any dr ive- in  
cycle used. 

The oxides which formed during d r ive- in  were  in-  
vest igated for their  etching rate  [Fig. l ( b ) ]  by mea-  
suring thei r  thicknesses e l l ipsometr ical ly  before and 
after 3-min  etching in a slow glass etch (700 ml  of 
40% NH4F solution ~- 100 ml of 49% HF at 23~ 
A special computer  program was set up (5) to de- 
te rmine  the oxide thickness f rom ~ and a values 
(change in ampli tude rat io and re la t ive  phase change) 
measured at 5461A under  an angle of incidence of 70 ~ 
and assuming that  the  index of refract ion was nl ---- 
1.456 for the oxide and n2 ---- 4.05 -- 0.028 i for the sili- 
con substrate;  nl was obtained by comparison of mea-  

(a) 

~ Repeat 
until bare 
surface 
is reached 

(b) 

Fig. 1. Procedures for sample evaluation: (a) preparation of 
samples for drive-in; (b) determination of the etching rate. 
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Fig. 2. Etching rate of thermally grown pure silicon oxide vs. 
temperature. 

surements  at two different angles of incidence (50 ~ 
and 70 ~ 

The results of the measurements  are  summarized 
in Table II. The A values show that  the phase grows 
with  an increase in B2H6 concentration. Oxides on 
samples, where  a phase layer  existed had on the 
average  about 10% lower etching rates (lots C and 
D) than oxides which were  grown on samples where  
the phase layer  was ei ther  ve ry  thin or had been re -  
moved. One can fu r ther  observe that  the samples 
wi th  a th icker -phase  layer  (lot D) acquire thicker  
oxides after  dr ive-in.  For  comparison, etching rates 
as a function of t empera tu re  were  determined for 
thermal ly  grown SiO2. F igure  2 shows that  the etching 
rate  of SiO2 at 23~ is 950 A / m i n  which is about the 
same as that  for the oxides in lot A and lot B in 
Table II. This indicates s trongly that, for samples wi th  
near ly  nonexis tent  phases or for samples wi thout  a 

Table II. Determination of etching rates for oxides on samples with and without a phase 

Oxide M a x i m u m  
A Af te r  th ickness  va r i a t ion  

Sam-  dep. a n d  a f t e r  E tch ing  in etching 
Lot  ple Dep. glass Phase  d r ive - in  r a t e  ra te  

No.  cycle  e t ch  (~ r e m o v a l  (A) (A/min)  (A/ra in)  

69 I 176 None 
A 70 I 172 None  

71 I 176 None 

75 II 166 Yes 
B 76 II 168 Yes 

77 II 172 Yes 

63 II 172 None  
C 64 II 167 None 

65 II 164 None 

72 III 143 None 
D 73 III 150 None 

74 III 150 None 

4940 986 } 
4920 969 17 
4917 974 

4952 965 } 
4906 993 28 
4941 965 

4933 915 } 
4934 874 41 
4936 907 

5044 843 } 
5065 900 57 
5070 893 
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phase, the grown oxide is SIO2. We find also that  for 
boron glasses there is a larger variat ion among the 
etching rates than for SiO2. The m a x i m u m  variat ion 
for etching rates wi th in  a given lot has been entered 
into the last column of Table II. The extremely large 
var iat ion of etching rate has been verified by special 
investigations which have shown that depending on 
the flow conditions and on the position of the samples 
the phase can vary  from slice to slice in a part icular  
lot or can even vary  over a single slice. 

After  this t rend had been established, 36 more sam- 
ples were prepared with varying phase thicknesses. 
Of the samples in each group, six samples were sub- 
jected to low- tempera ture  oxidation and etching, six 
samples to the special process for phase removal, and 
six samples were left untreated.  Half of the samples 
in each subgroup of six were then subjected to a dr ive-  
in cycle with we t /d ry  oxidation, the other half to a cy- 
cle with d r y / w e t / d r y  oxidation. Again etching rates 
and their variations were evaluated for oxides grown 
dur ing drive-in.  In  Table III  are found the results for 
this part  of the investigation. For reasons of economy, 
individual  samples and dr ive- in  cycles (it was found 
that  the cycles had no influence on the etching rate) 
are not listed in Table III, but  only lots of samples 
which underwen t  the specified processes. For each 
lot, the max imum variat ions in etching rate are found 
in the last three columns. The t rend shown in Table II 
is now substant ia l ly  confirmed; namely,  that a silicon 
boron phase leads to an oxide, which etches about 10% 
slower than  pure silicon oxide does and that  oxides 
grown on a phase have a higher max imum variat ion 
in etching rate than SiO2 has. The structure of this 
oxide has not been investigated but  it is tenta t ively  
assumed that  the substance which forms the oxide is 
a boron glass. 

In a final exper iment  to provide addit ional informa-  
tion on the na ture  of the investigated oxides, oxides 
of various thicknesses were thermal ly  grown on sili- 
con slices. The oxide-covered slices were then ex- 
posed to a B2Hs concentrat ion of 1000 ppm for 5 min 
and were post -annealed in the same furnace for 15 
min  in an N2 + 2% 02 flow. Table IV shows the oxide 
thickness before and after the B2H6 exposure. The 
thicknesses which were measured with the ell ipsom- 
eter increased from 500 to 700A dur ing the B2I-I6 t rea t -  
ment.  The etching rate of the oxide was found to 
change with depth. The upper  2000A had a rate of 2/5 
of that of the remain ing  oxide. The la t ter  had the same 

Table lit Etching rates for deposition cycle 

Phase not Phase removed Phase removed by 
Deposition removed by oxidation special process 

cycle (A/min) (A/rain) (A/rain) 

I I  777-957 916-948 895-986 
I I I  633-910 936-986 924-956 

Table :IV. Oxide grown by exposure to B2H6 

T h i c k n e s s  T h i c k n e s s  a f t e r  
S a m p l e  G r o w t h  a f t e r  g r o w t h  e x p o s u r e  to  

No.  c o n d i t i o n  (A) B~-I~ 

1 D r y  02 1415 2070 
2 D r y  Oe 2350 2800 
3 D r y  02 3297 4050 
4 W e t  02 4075 4725 
5 W e t  Oz 5675 6420 

rate which clean, thermal ly  grown SiO2 has. The ef- 
fect of the changing etching rate  can be seen by etch- 
ing a step in the oxide and taking interference pictures. 
They show undercut t ing.  The smaller  etching rates, 
common to oxides grown on phase layers and to ox- 
ides prepared by deposition of boron oxide on SIO2, 
are indicative of the boron glass na ture  of the oxides 
grown on phase layers. 

Summary and Discussion 
In the preceding section, it was shown that oxides 

grown on a si l icon-boron phase have a lower and 
more erratic etching rate than  pure  SiO2. When and 
if a si l icon-boron phase does exist, the lower tempera-  
ture  oxidation prior to dr ive- in  will remove all traces 
of it. This procedure reduces the etching rate var ia-  
tions by a factor of 3 to 5. High variation~ in etching 
rates for samples of the same lot can be related to va-  
r iat ions of the phase. It was, furthermore,  shown that  
exposing pure  silicon oxide to diborane results in a 
glass which etches at about twice the rate  as does 
Si02. 

The last observation explains the undercu t t ing  dur-  
ing photoresist processes when one assumes that  there 
are two discrete oxide layers under  the photoresist 
layers. When an opening in  such a layer is exposed to 
a glass etch, the difference in lateral  etching rates be- 
tween SiO2 and the boron glass causes uneven  erosion. 

The formation of a boron glass on top of a phase 
layer  dur ing  dr ive- in  oxidation can lead to another  
dis turbing effect. When .such a glass forms in open- 
ings for contacts of a p lanar  device, times etching 
which is normal ly  adjusted to pure silicon oxide may 
not be sufficient to remove all of the glass from the 
openings. In  this case, contact resistance problems can 
result. It  was actual ly observed that  upon removal  
of the phase such problems ceased to exist. Because 
the appearance of the phase is erratic under  certain 
conditions, one can expect that without  phase re- 
moval  procedures there can be an erratic appearance 
of contact problems, too, even for the same lot or slice. 
Thus, phase removal  offers a good tool for control of 
yield. It  should be pointed out that  according to the 
investigations the contact resistance problem is not 
directly associated with an unetchable  si l icon-boron 
phase but  follows from the formation of the boron 
glass dur ing dr ive- in.  

Acknowledgment 
The authors appreciate measurements  and helpful 

discussions given by Dr. M. Ghezzo of these labora-  
tories. 

Manuscript  submit ted Ju ly  2, 1969; revised manu-  
script received Oct. 13, 1969. This was Recent News 
Paper  358 presented at the New York Meeting, May 
4-9, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 

REFERENCES 
1. W. A. Pl iskin and R. P. Gnall ,  This Journal, 111, 

872 (1964). 
2. K. M. Busen, W. A. FitzGibbons,  and W. K. Tsang, 

ibid., 115, 291 (1968). 
3. K. M. Busch, W. A. FitzGibbons,  and T. Kloffenstein, 

Electrochem. Technol., 6, 256 (1968). 
4. R. J. Archer, J. Opt. Soc. Am., 52, 970 (1962). 
5. M. Ghezzo, Unpubl ished work. 



Cell Voltage during the Electrolytic 
Production of Manganese Dioxide 
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ABSTRACT 

The components of the cell voltage (viz., anodic potential,  IR drop through 
the deposit, IR drop through the electrolyte, and cathodic potential)  are dis- 
cussed for a range of operat ing conditions and the discussion i l lustrated with 
a record of pilot cell data obtained over a period of 32 days of operation. 
Growth of the deposit was found to occur from the deposit /electrolyte in ter -  
face and electrical t ransport  through the deposit was by semiconduction. 

Gamma  manganese  dioxide for use as a depolarizer 
in high-capaci ty d ry  cells can be prepared by the 
electrolysis of a hot aqueous manganese  sulfate solu- 
t ion (1). Dur ing  this operation, manganese  dioxide 
forms as a massive deposit at the anode and hydrogen 
is l iberated at the cathode. A typical  voltage drop 
across an operating cell has not been discussed in detail 
in the l i terature and, apart  from a few isolated mea-  
surements  by Kissin (2) and Steinhoff (3), little is 
known about the individual  electrode processes in 
these electrolytes. The mechanism of deposition is also 
not completely understood. Marx (4) concluded that  
the deposit formed at the actual electrode surface, 
while both Marx and Schrier and Hoffman (5) con- 
cluded that the deposit was nonconduct ing and electri-  
cal t ranspor t  was v/a pores through the deposit. Van 
Arsdale and Maier (6), however, t reated the electrode 
processes as occurring at the deposit /electrolyte in ter -  
face and stated that  the deposit was conducting. In  
v i e w  of th i s  lack of informat ion and doubt as to the 
actual mechanism of formation of the massive deposits, 
advantage was taken dur ing  the operation of a small 
pilot p lan t  electrolytic cell to conduct a series of ex- 
per iments  to fur ther  our unders tanding  of this electro- 
lytic process. 

Experimental 
In the pilot celI, h igh-dens i ty  oi l - impregnated 

graphite was used as the electrode mater ia l  for both 
anodes and cathodes, the relat ive a r rangement  of 
which is shown in plain view in Fig. 1. The electrodes 
were housed in a polypropylene- l ined steel t ank  
through which the heated cell l iquor was circulated at 
the rate of 2 gpm by a peristaltic pump. Fresh feed 
w a s  m e t e r e d  to the cell, displacing spent electrolyte 
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Fig. 1. Arrangement of the electrodes 

through an overflow pipe to main ta in  a constant  level. 
The cell was operated under  the following conditions: 
T, 95~ H2804, 50-55 g/ l i ter ;  Mn 2+, 55-60 g/ l i ter ;  
anode C.D., 10.0 A/ft~ (10.8 m A / c m  2) ; cathode C.D., 6.8 
A/ f t  2 (7.3 mA/cm2).  Figure  1 also shows the position of 
a polypropylene strip which was suspended in the 
electrolyte some distance in front  of one of the anodes. 
This strip served the same purpose as a marke r  in 
h igh- tempera ture  oxidation exper iments  and was used 
to detect whether  the deposit grew from the graphite 
or the electrolyte interface. 

The cell was operated for 32 days dur ing which t ime 
the deposit at tained a thickness of 1 in. The deposit 
was remarkably  uniform in thickness, thus indicat ing 
a uniform distr ibut ion of current  to all. parts of the 
anodes. After  a 2-hr s ta r t -up  period, measurements  
were made of the potential  at the surface of the grow- 
ing deposit relat ive to a Hg-HgSO4 reference electrode. 
The lat ter  was sited external  to the cell and was con- 
nected to one of the anodes via a probe which was 
filled with 1N H2SO4. After  each measurement ,  the 
probe was rotated away from the electrode to prevent  
incorporat ion in the deposit. A current  in terrupter ,  em- 
ploying h igh-cur ren t  switching transistors, was used 
when required to remove the current  for approxi-  
mately  10 -4 sec. The /R-f ree  potential  measurements  
were made at the moment  of in te r rupt ion  using a 
cathode ray oscilloscope as nu l l  indicator. The equip- 
ment  is shown in  schematic form in  Fig. 2. 
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On completion of the run  the anodes were quickly 
removed from the cell and washed, the deposit was 
stripped from the anodes, and samples re ta ined for 
chemical and x - r ay  diffraction analysis. Samples of the 
mater ial  were subsequent ly  sectioned on a diamond 
saw and the individual  sections analyzed for total  m a n -  
ganese (7) and available oxygen (8). These figures 
were used to establish the value of "n" in the formula 
MnO.. 

Results and Discussion 
Figure 3 shows point  values of the cell voltage as a 

funct ion of time. The results were characterized by the 
ini t ia l  rapid rise to a level of 2.75V and thereafter  by a 
slow decrease to 2.60V at the end of the run. F luc tua-  
tions occurred due to cracking of the deposit and to a 
lesser extent  to minor  variat ions in the electrolyte 
composition dur ing the course of the run.  In  the fol- 
lowing discussion, the over-al l  cell voltage has been 
broken down into the following components:  anodic 
potential, I R  drop through the deposit, IR drop through 
the electrolyte, and cathodic potential.  

Anodic reac t ion .~At  the end of the run, inspection 
of the anodes revealed that  the polypropylene marker  
had become incorporated in the deposit and had not 
been pushed ahead of it. This shows conclusively that  
deposit formed at the electrolyte and not at the graph-  
ite interface. The deposit on one of the anodes was also 
noted to be touching a cathode. No short-circui t ing of 
the cell had occurred, however, so that  if the deposit 
was conducting it must  be concluded, in agreement  
with Nichols (9), that  the presence of a very high 
contact resistance prevented the leakage of a signifi- 
cant amount  of current.  Fur ther  inspection revealed 
the presence of some pores in the deposit. They were 
few in number ,  however, and appeared to have re-  
sulted from the healing of cracks. In  many  cases, the 
pores were bl ind and did not lead to either face of the 
deposit. These observations discount the suggestions 
made by Schrier and Hoffman (5) that  the formation 
of the deposit took place by a mechanism involving 
pores through the deposit and support  the view that  a 
reaction of the type proposed by Vetter (10) occurs at 
the deposit /electrolyte interface. This electrochemical 
reaction may be represented by the following equa-  
t ion 

Mn 2+ + (n + m)H20--> MnO,  �9 mH20 

-]- 2n i l  + -t- 2 ( n - -  1)e . . .  (A) 

Figure 4 shows anode potential,  corrected for IR, as a 
funct ion of the electrolysis time. It can be seen that in 
the first 50 hr  there was a rapid polarization to poten-  
tials in excess of 1400 mV vs. NHE, after which the 
potential  decreased and thereafter  remained practically 
constant  at 1330 mV vs. NHE. Unfor tunately ,  the point 
values shown in Fig. 4 do not allow the full  magni tude  
of the polarization to be determined as this occurred 
over a week end when the cell was unat tended.  Sep- 

30 

Z'8 

Z.6 

~z.4 

ZZ 

z.0 I I I 

0 ZOO 400 600 800 
OPERATING TIME --  HOUR5 

Fig. 3. Cell volts as o function of operotlng time 

F e b r u a r y  1970 

1500 

I~5O 

,,-I 
_a 
~ 1350 

r 1300 u 
0 
0 
Z 

125( I I f 

200 4~ 5~ 800 

OPERATING TiME " HOURS 

Fig. 4. Anodic potential, corrected for IR drop, as a function of 
operating time. 

arate tests indicated, however, that dur ing this phase of 
the electrolysis polarizations of as high as 1800 mV vs. 
NHE were attained. In  a l imited n u m b e r  of tests, 
graphite anodes were found to exhibit  the ini t ia l  
polarization on every occasion that  they were tested; 
for p l a t i n u m  anodes, however, the effect was not al-  
ways observed but  appeared to be dependent  on sur-  
face preparation.  A possible explanat ion of the above 
behavior is that  the ini t ial  oxide film formed on the 
surface of the anodes was incapable of main ta in ing  
the reaction at the rate of the impressed current  and 
the electrodes polarized to potentials where al ternate  
reactions were possible. At these high potentials,  the 
ini t ial  oxide film either unde rwen t  a dissolution or was 
recrystallized, the net  effect being that  nuclei of the 
desired form were created on the surface after which 
the potential  settled to a level characteristic of elec- 
trolysis conditions. 

Addit ional  i n fo rma t ion  concerning the final steady 
state anodic reaction was obtained from a series of 
laboratory scale tests carried out at constant  anode 
potentials. The form of the potent ial  vs. steady state 
current  density relat ion is shown in Fig. 5 from which 
it is evident  that  for the electrolyte (i.e., one containing 
50 g/ l i ter  H~SO4 and 50 g / l i te r  Mn ~+ as MnSO4), and 
degree of agitation used in these tests, a l imit ing diffu- 
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sion condition was approached at values of the current  
density exceeding 10 A[f t  2 (10.8 mA/cm~).  Increasing 
the manganese  concentrat ion of the electrolyte to 100 
g/ l i ter  Mn 2 + approximately doubled the l imit ing diffu- 
sion current,  while an increase of the acid content to 
350 g/ l i ter  was found to halve the l imi t ing cur ren t  
density. For  the electrolytes containing 50 and 100 
g/ l i ter  of Mn ~+, anodic current  efficiencies of close to 
100% were at tained unt i l  the potential  exceeded 1400 
mV vs. NHE after which the efficiency declined. For 
the electrolytes containing 350 g/ l i ter  of acid, however, 
the anodic current  efficiencies were only of the order of 
50%. 

X- r ay  diffraction analysis  of ground samples of the 
deposit confirmed the ~ s tructure and chemical analysis 
of th in  sections revealed the presence of a composition 
gradient  through the deposit which reflected the effect 
of variat ions in the anode potential  on the composition 
of the deposited material.  The composition gradient  is 
shown in Fig. 6. Chemical analysis also showed the 
presence of a very  th in  layer of degraded material,  
having an n value of 1.83, at the electrode surface. This 
mater ia l  was in contact with ~/s in. of par t ia l ly  oxidized 
graphite. Addi t ional  pilot p lant  tests which involved 
the removal  of anodes after 50 and 400 hr of operation 
showed that  most of the attack on the graphite oc- 
curred dur ing the first 50 hr of operation when the 
electrodes were polarized to high potentials. Extension 
of the operat ing t ime to 780 hr  did not produce any 
measurable  increase in  the deteriorat ion of the anodes. 

Conductivity o] the deposit.--The voltage drop asso- 
ciated with the passage of the current  through the de- 
posit is shown in  Fig. 7. During the first 50 hr of 
operation, the IR drop over the deposit rapidly in-  
creased to approximately 300 mV, after which there 
was a steady increase as the deposit thickened. F luc-  
tuations evident  in the record were probably caused 
by the formation and subsequent  healing of cracks in 
the deposit. The ini t ial  rise in the graph is associated 
with the first 50 hr of operation when the electrodes 
were polarized to high potentials and represents a high 
resistance contact at the electrode surface due to the 
presence of a layer  of par t ia l ly  oxidized electrode 
mater ial  and degraded MnO2. Deposits produced on 
p la t inum electrodes which experienced the ini t ia l  po- 
larization to high potentials did not show the sudden 
rise in IR component.  These observations support  the 
above view. 

There is a lack of informat ion concerning the semi- 
conducting properties of ~MnO~. Pons and Brenet  (11) 
have, however, reported a value of 13 ohm-cm for the 
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resistivity measured at room tempera ture  and Gabano 
and his associates (12) have determined semiconduc- 
t ion activation energies for a wide range of composi- 
tion. Calculations uti l izing these data show that  under  
the present conditions (T, 95~ average n value of the 
deposit 1.91) the conduct ivi ty  of ~MnO~ should be 0.4 
ohm -1 cm -1. This agrees fairly well  with the value of 
0.25 ohm -1 cm -1 obtained from the steadily increasing 
IR values. The latter, which correspond to the increase 
in IR due to the growth of the deposit, are indicated on 
Fig. 7 by the dashed line. 

The above discussion was based on measurements  
carried out with the reference probe at a fixed dis- 
tance of 8 in. above the bottom of an anode. Two hours 
before the completion of the run,  however, the probe 
was traversed over the whole of the 19u in. of the 
anode that  was submerged in the electrolyte. The IR- 
free potential  was independent  of position and constant  
at 1330 mV vs. NHE, while the potential  drop across 
the deposit was found to vary  from 344 mV at the 
bottom to 333 mV at the top of the electrode. Calcula- 
tions taking the current  and conductivi ty of the graph-  
ite (8.5 x 103 ohm -~ cm - t )  into account showed the 
voltage drop, associated with the flow of current  
through the graphite, to be approximately 10 mV. 
When allowance was made for this factor, the voltage 
drop across the deposit was also found to be inde-  
pendent  of position. 

Conductivity of the electrolyte.--The conductivity 
values of various manganese  sulfate/sulfur ic  acid solu- 
tions were determined in a heated conductivi ty cell and 
the results are shown in Fig. 8. It can be seen that, 
over the range  of concentrat ion used in the present  
work, conductivi ty of the electrolyte was independent  
of manganese concentrat ion but  increased l inearly 
with increasing acid concentration. It is also apparent  
that  the conductivi ty of the electrolyte was less than  
that of the deposit (0.16 cf. 0.25 ohm -1 cm-1) .  Hence, 
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as the  deposi t  increased in th ickness  it reduced the 
length  of the  solution pa th  and there  was a net  r educ-  
t ion in the  over -a l l  cell  resistance.  

Some of the  decrease  in cell  volts, evident  from Fig. 
3, could also have been due to the  reduct ion in cur ren t  
densi ty  at  the  surface of the  growing deposit .  I t  was 
shown however  that,  a f te r  the  ini t ia l  polar izat ion had 
passed, the  IR-cor rec ted  anode potent ia l  r ema ined  
prac t ica l ly  constant  a t  1330 mV vs. NHE. This  is con- 
sistent  wi th  e lectrolysis  condit ions in the  pi lot  cell  
corresponding to the  flat por t ion of Fig. 5 where  the 
anode potent ia l  is r e l a t ive ly  unaffected by var ia t ions  
in cur ren t  densi ty.  Hence under  the  present  condit ions 
the  decrease in cell  volts was due solely to the reduced 
length  of the  solut ion path.  

Cathodic reaction.--Electrolytes containing f rom 30 
to 70 g / l i t e r  of H2504 and Mn 2+ as the  sulfate  were  
used in a we l l - s t i r r ed  l abo ra to ry  cell  to de te rmine  the  
effect of e lec t ro ly te  composit ion on the overvol tage  
associated wi th  the  hydrogen  evolut ion react ion at  the 
cathodes. As would  be expected,  manganese  concent ra-  
t ion had  l i t t le  effect bu t  va ry ing  the  acid concentra t ion 
made  apprec iab le  differences to the  potent ia l  of the 
reaction�9 F r o m  Fig. 9 i t  can be seen that  under  the  
condit ions used in this  work  the  cathodes would have 
been opera t ing  at  a potent ia l  of --560 mV vs. NI-IE. 

Conclusions 
1. Evidence has been presented  to show that  mass ive  

electrodeposi ts  of manganese  dioxide funct ion as 

F e b r u a r y  1970 

semiconductor  electrodes;  t ha t  is, the  anodic reac-  
t ion occurred at  the  in te r face  be tween  the deposi t  
and the electrolyte ,  whi le  e lectr ical  t r anspor t  
th rough  the deposi t  was by  semiconduction.  

2�9 Resul ts  ob ta ined  f rom the  opera t ion  of a small  
pi lot  p lan t  cell  showed tha t  for most  of the  run  
the cell  opera ted  at  a vol tage  of f rom 2.75 to 2.60V. 
Analys is  of the  resul ts  showed that  the  combined 
anodic and cathodic e lec t rochemical  react ions ac-  
counted for  1.90V, and that  the  remain ing  0.85- 
0.70V was associated wi th  the  passage of the  cu r -  
ren t  th rough  the  deposit  and the electrolyte .  The 
conduct iv i ty  of the  e lec t ro ly te  was less than  tha t  
of the  deposit,  and as the deposi t  th ickened there  
was a resu l tan t  s l ight  decrease  in the over -a l l  cell 
voltage.  
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Conductivity of Sodium Chlorate-Sodium 
Chloride-Water System at High Temperature 

R. A. Crawford,* W. B. Darlington, z and L. B. Kliever ~ 
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ABSTRACT 

The conductivi ty of the NaC10~-NaC1-H20(1) system for temperatures  
above 80~ was investigated. The NaC103 concentrat ion ranged from 412 to 
1354 g/1000g H20 and the NaC1 concentrat ion varied from 74 to 177 g/1000g 
H20. Temperature  and NaC103 concentrat ion were both significant variables 
in affecting the conductance of the salt solution. Regression analysis was 
used to determine the coefficients for a series of empirical conductance 
equations. These model equations used various concentrat ion terms, as square 
root, linear, square, and logarithmic, and a re  compared to exper imental  re-  
sults. Only two equations are reported and these equations predict the ex- 
per imenta l  data wi thin  -+0.005 mho cm -1 for the concentrat ion ranges and 
temperatures  studied. 

A common method for the industr ia l  preparat ion of 
sodium chlorate uses a solution containing around 
600 g/ l i ter  NaC103 and 120 g/ l i ter  NaC1 at a tempera-  
ture of 45~ With the development  of newer  elec- 
trode systems and improved cell design, NaC10~ may 
be produced using solutions having higher NaC103 
concentrat ions and cells operating at higher tempera-  
tures. The objective of this work was to obtain con- 
tour maps at various temperatures  so opt imum salts 
concentrations could be used. Since the over-al l  pro- 
duction system may determine the concentrat ion of 
one of the salts, a range of values, or a contour surface, 
was required. The range of salts concentrations re-  
ported here varies from 328g NaC1OJli ter  (412 g/t000g 
H20) to 842g NaC1OJli ter  (1354 g/1000g H20) and 
from 57g NaC1/liter (74 g/10O0g H20) to 120g NaC1/ 
liter (177 g/100Og H20).  

Shedlovsky (1), using the theoretical equations de- 
veloped by Onsager, found an empirical equation for 
the determinat ion of A ~ Lorenz (2) replaced the 
original square root concentrat ion term with an em- 
pirical parameter  that  was characteristic for each 
group of electrolytes. The Lorenz equation is shown 
in Eq. [1]. 

A = A ~ -- AC n [i] 

Knibbs and Palfreeman (3) studied the NaCIO~-NaCI- 
H20 system for temperatures up to 80~ NaCIO3 con- 
centrations up to 600 g/liter, and NaCI concentrations 
up to 250 g/liter. They did not attempt to correlate 
their data to empirical equations. As with the study 
of Knibbs and Palfreeman, the system in this paper is 
not a simple or a dilute system. There are two anions 
and one cation present and the total ionic strength is 
much greater than allowed by any of the empirical 
equations developed. Because of this, we are attempt- 
ing to find empirical  equations that  best fit our  data. 

Experimental 
After  de termining  the area of interest  with prel imi-  

nary  studies, two series of runs  were made using the 
following procedure. A conductance cell was construct-  
ed by sealing a commercial  pipet te- type conductivi ty 
cell with platinized electrodes in  a l - l i t e r  Er lenmeyer  
flask. The connection was made near  the bottom of the 
flask so a sample of the electrolyte solution could be 
drawn up between the electrodes for a conductance 
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measurement .  A Teflon stopcock at the top of the 
pipette cell allowed it to be sealed from the atmo- 
sphere. The Er lenmeyer  flask was fitted with an "O" 
r ing joint  in which a circle of hydrophobic membrane  
mater ia l  3 was held in place by Viton "O" rings. This 
membrane  permit ted air to escape from the cell (be- 
cause the cell contents expand after placing in the 
constant tempera ture  bath) but  was impermeable  to 
water  vapor. A 24/40 joint  was modified so it could be 
fitted with a rubber  septum and this was inserted in 
the top of the Erlenmeyer.  Addit ional  solution was 
added to the cell from a hypodermic syringe equipped 
with a 6-in. long 20-gauge needle that  was inserted 
through the rubber  septum. This allowed us to in t ro-  
duce the sample near  the bottom of the cell. St i r r ing 
in the cell was done with a Teflon covered magnetic 
s t i rr ing bar that  was actuated by an air dr iven  mag-  
netic motor immersed in the constant temperature  
bath. The conductivi ty cell was calibrated with 1.0 
demal KC1 at 25~ using the data of Jones and Brad-  
shaw (4). The cell constant was 98.98 cm -1. The cell 
was connected, using a grounded, shielded cable, to a 
Beckman Model RC-18 conductance bridge with an 
accuracy of 0.1%. 

The solutions to be measured were prepared gravi-  
metr ical ly  by weighing the correct amount  of salts 
and water  into the Er lenmeyer  flask described earlier. 
All  weights were corrected to vacuo. The flask was 
placed in the constant  tempera ture  bath and after the 
desired temperature  had been attained, the conduct-  
ance cell was filled with sample. The conductance was 
monitored for a period of t ime unt i l  the conductance 
did not vary  by more than  -+5 #mhos on successive 
measurements.  

If a dilution was to be made for another  conductance 
measurement  at a different concentration, the follow- 
ing procedure was used. The solution to be added was 
d rawn into the syringe, the syringe weighed, the con- 
tents added to the cell as previously described, and 
the empty syringe reweighed to give a tare weight. 
The solution was thoroughly stirred and the conduct-  
ance obtained as described above. 

The constant  tempera ture  bath  used for these studies 
was an oil-filled recirculat ing bath. The tempera ture  
was regulated to _+0.02~ by a mercury- in-g lass  ther -  
moregulator  and its associated relay. The regulator  
activated a 250-w infrared heat lamp mounted  above 
the bath, thereby avoiding thermal  lags obtained with 
immersion heaters. 

The temperature  was measured with a Beckman 
thermometer  calibrated in increments  of 0.01~ This 

3 Acopor  WC-800, Ge lman  I n s t r u m e n t  Company,  Ann  Arbor,  
Michigan.  
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the rmomete r  was cal ibrated using a laboratory  plat i-  
num resistance the rmomete r  which in turn  had been 
cal ibrated against a Nat ional  Bureau of Standards 
reference. 

Chemicals.--The KC1 was recrystal l ized J. T. Baker  
reagent  grade assaying 99.7% KC1 before recrysta l l iza-  
tion. 

The NaC103 was J. T. Baker  reagent  grade assaying 
100.0% NaC103. 

The NaCI was Fisher  ACS reagent  grade. 
All  mater ia ls  were  dried at 110~176 under  a pres-  

sure of 1-2 Torr  for at least 24 h r  pr ior  to use. The 
chemicals were  stored over  P4010. The conduct ivi ty  
wate r  used for prepar ing all  solutions was obtained 
by redist i l l ing water  in a quartz  still. 

Results 
These runs were  per formed at 90.00 ~ _ 0.02~ and 

97.50 ~ • 0.02~ at several  NaC1 and NaC103 concen- 
trations. Some effort to statistically balance these data 
points was tried, but complete  balance was not possible 
because of solubil i ty limits. The data points a re  given 
in Table I. There  was randomizat ion wi th in  a series to 
help remove  bias. In the 90.0~ series, runs No. 5, 9, 
and 10 were  repl icated and gave an average conduct-  
ance value  of 0.44341 • 0.00451 mho cm -1. In the 
97.5~ series, runs No. 14 and 15 were  repl icated and 
gave an average  value of 0.48088 • 0.00030 mho cm-1.  

Since our object ive was to obtain the best empir ical  
equation f rom our data and to obtain contour maps 
f rom these equations, many  different models were  
tried. Acceptable  models were  subject  to the fol lowing 
restrictions: 

(a) A significant regression mean square 4 
(b) The two series of data had to be compatible  in-  

dicating no t empera tu re  interact ion 5 
(c) The R Square  t e rm should be close to 1 indi-  

cating that  most of the  data were  included in 
the regression sum of squares 6 

(d) The standard er ror  te rm should be small  

The data were  analyzed using regression analysis. In 
this technique, the parameters  associated with a model  
equat ion containing one dependent  and one or more  
independent  var iables  per  equat ion are est imated 
using a least-squares  technique. Using these results, 
one estimates the random er ror  associated with the re-  
sponse (s tandard error)  and places confidence l imits on 
the parameters .  

Many models, f rom ve ry  simple models util izing 
only l inear concentrat ion terms to complicated models  
using a combinat ion of half  power,  linear, quadratic,  
logarithmic, and interact ion terms, were  tried. Al l  

T h e  p r e l i m i n a r y  d a t a  i n d i c a t e d  t h a t  a t  l e a s t  NaC103 c o n c e n t r a -  
t i on  w a s  s i g n i f i c a n t  in  a f f e c t i n g  spec i f ic  c o n d u c t a n c e .  

5 T h e  p r e l i m i n a r y  d a t a  i n d i c a t e d  t h a t  spec i f i c  c o n d u c t a n c e  w a s  
l i n e a r l y  r e l a t e d  to  t e m p e r a t u r e .  

e T h e  R S q u a r e  = R e g r e s s i o n  S S / T o t a l  SS. 

Table I. Data points for investigation of specific conductance 
as a function of NaCIO3 and NaCI concentration 

calculations were  per formed on an IBM 360 or a t ime-  
sharing computer.  All  calculations have  the concen- 
trations in molal  units and tempera ture  in ~ ei ther  
as original  or coded data. 

The s imple models did not  fulfill all of the above 
cri ter ia  and the complicated models did not improve  
the R 2 or reduce the standard error  sufficiently to 
war ran t  their  use. Therefore,  only two models are  
described in this paper. 

The first model  equat ion was a full  polynomial  in 
the variables. In order  to separa te  the quadrat ic  effects 
from the l inear  effects, that  is decrease the confound-  
ing, and at the same t ime improve  the de terminant  of 
the  correlat ion matr ix,  the  data were  coded. This in-  
volved t ransforming the coordinates of the system so 
the centroid of the data points approximate ly  cor-  
respond to the  origin of the  t ransformed variables. 
The t ransformed model  equat ion is g iven in Eq. [2]. 

K = 4.6028 X 10 - 1  + 8.5861 • 10 - 5  �9 C1 + 1.296 

• 10 -8 �9 C1 ~ -- 8.7904 • 10 -5 �9 C2 -- 5.5571 X 10 - s  �9 C22 

- -  6.7264 • 10 -7 �9 C1 �9 C2 + 4.1267 • 10 -3 �9 T [2] 
where :  

K ---- Specific conductance in mho cm -1 
T = [~ -- 93.75~ 
C1 ~ [NaC1 concentrat ion -- 130 g/1000g H20] 
C2 ~ [NaC103 concentrat ion -- 870 g/10O0g H20] 

This model  gave a statistically significant regression 
equation and the  equat ion had a standard error  of 
4.66 x 10 -3 mho cm -1. The plot back is shown in 
Table II. It  is observed that  the  m a x i m u m  error  is 
only sl ightly grea ter  than 1%, wi th  most of the errors 
less than  1%. 

Contour maps of these data were  obtained and the 
one for 97.5~ is shown in Fig. 1. The contour map 
for the 90.0~ is not shown; however ,  it has the same 
form except  that  the specific conductance values were  
smaller.  Equat ion [2], when  reduced to its canonical 
form, is the equat ion for a hyperbola  wi th  the  center  
of the plateau at a coded NaC1 concentrat ion of --98 
g/1000g H20 and a coded NaC103 concentrat ion of 
--200 g/1000g H20. The specific conductance at this 
point is calculated to be 0.44526. The exper imenta l  
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1 90.00 853.2 87.77 0.44393 
2 90.00 1175 109.7 0.41336 
3 90.00 598.6 91.97 0.45832 
4 90.00 1354 150,1 0.38681 
5 90.00 872.3 131.2 0.44472 
6 90.00 504.5 116.7 0.46479 
7 90.00 612.2 149.7 0.47448 
8 90.00 901.3 177.7 0.44469 
9 90.00 874.6 129.1 0.44387 

1O 90.00 875.9 131.4 0.44165 
11 97.50 412.2 113.1 0.49334 
12 97.50 525.5 73.30 0.48714 
13 97.50 796.0 128.2 0.47378 
14 97.50 875.9 131.4 0.48110 
15 97.50 876.0 131.6 0.48067 
16 97.50 901.3 177.7 0.48227 
17 97.50 1175 109.7 0.44500 
18 97.50 1151 176.1 0.43897 
19 97.50 1354 150,1 0.41879 
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Fig. 1. Contour surface, using Eq. [2], for specific conductance 
as a function of NaCI and NaCIO3 concentration and a coded 
temperature of +3.75~ (97.5~ 
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points are included in  Fig. 1 and it is observed that  the 
fit, in most cases, is quite good. 

This model equation, unfor tunately ,  has some in-  
herent  errors. The first is that  it predicts cont inual ly  
increasing conductance values at: (a) high NaC1 con- 
centrat ion and low NaC103 concentration, and (b) 
low NaC1 and high NaCIO3 concentrations. We know 
this is incorrect  because association at high concen- 
trations should decrease the conductance. This equa-  
tion also predicts cont inual ly  decreasing values of 
conductance at high NaCI and NaC103 concentrat ions 
and at low NaC1 and NaC103 concentrations,  which 
would be expected. Solubil i ty effects are ignored in 
this and subsequent  analyses. Another  difficulty with 
this equation is that  the specific conductance should 
approach zero as the actual NaC1 and NaC103 concen- 
trat ions approach zero. This equation predicts a spe- 
cific conductance of 0.281 mho cm -1 at zero salts con- 
centrations. 

Since the constant  t e rm and coded data in Eq. [2] 
prevented the specific conductance from approaching 
zero, the constant  t e rm in the second model was de- 
leted. This change would force the equation to go 
through zero if the data were not  coded. 

A model that  fits the theoretical equation a li t t le 
bet ter  is given in Eq. [3] and [4]. Equat ion [3] gives 
the 90.0~ model 

K ---- 4.0292 X 10 -2 " C 1  I / 2  + 1.6577 • 10 -2 �9 C 2 1 / 2  

- -  1.3221 X 10 -8 �9 C1 -- 3.2127 • 10 -4 �9 C2 
- -  4 . 2 4 1 4  • 1 0  - ~  �9 C 1  �9 C 2  [ 3 ]  

and Eq. [4] gives the  97.5~ model 

K = 4.227 • 10 -2 �9 C11/2 -p 2.2105 • 10 -2 �9 C21/2 
- -  1 .8805  X 10 - 8  " C1 - -  4.7733 X 10 -4 �9 C2 

-l- 7.1351 • I0 - s  �9 C1 �9 C2 [4] 
where 

C1 = NaC1 concentrat ion in g/1000g H20 
C2 = NaC103 concentrat ion in g/1000g H.,O 

The model represented by  these equations gives a 
s tandard error of 5.55 x 10 - s  mho cm -a and a statis- 
t ically significant regression equation. The plot back 
data are shown in Table II and it is observed that  
the fit is about as good as the fit obtained with Eq. [2]. 
This is very satisfying because we have forced this 
model to give a zero specific conductance at zero 
NaC1 and NaC103 concentration. 

A contour map of 97.5~ data is shown in Fig. 2. The 
contour map for the 90.0~ data is not shown, but  will  
have the same general  shape as Fig. 2. Equat ion [4] 
predicts a max imum specific conductance of 0.498 mho 
cm -1 at a NaC1 concentrat ion of 135 g/1000g H20 and 
a NaC103 concentrat ion of 565 g/1000g H20. 

Equations [3] and [4] obviously predict that  the 
specific conductance goes to zero as the salts concen- 

NaC1-NaC103 C O N D U C T I V I T Y  IN H 2 0  
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0 
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Table II. Tabulation of difference between 
empirical model equations and experimental data 

D i f f e r e n c e  v a l u e s  % D e v i a t i o n  
R u n  ( E x p t  v a l u e - c a l m  v a l u e )  i n  m h o  c m  -t  f r o m  e x p t  p o i n t  

No .  Eq .  [2]  Eq .  [3]  o r  [4] Eq .  [2]  Eq .  [3] o r  [4] 

1 - - 2 . 446  • 10 -4 4.101 • 1 0 s  - -0 .06  0.92 
2 - -2 .349  • 10 -8 2.632 • 1 0 4  - -0 .57  0 .06  
3 2.163 x 10-3 3 .442 X 10 -3 0 .47 0.75 
4 1,933 • 10 4 2,772 X 10 -3 0.46 0.72 
5 1.776 X 10 -5 --4.195 • 10 4 0.00 --0.94 
6 --5.050 • 1 0 - 4  --1,505 • 10 4 - o . n  -0 .32  
7 5.164 X 10-3 4 .768 X 10-3 1.09 1.O0 
8 - -2 .978  x 10-3 2 .274 x 10 ~ - -0 .67  0.51 
9 - -4 .529  • 10 -4 - -4 .670  x 10-3 - -0 .10  - -1 .05  

I0 --2.748 x 10 -3 --6.931 • 10-3 --0.62 --1.57 
11 --4,675 X 10-3 1.583 X 10 -3 --0.95 0.32 
12 1.981 X 10-3 4,498 • 10-3 0.41 0.92 
1 3  - -7 .932  X 10-3 - -1 .424  X 10 ~2 - -1 .67  - -3 .00  
14 5.752 X 10-3 - -1 .824  X 10-~ 1.20 - -0 .04  
15 5.314 • 1 0 - 3  --6.076 • I0 -~ I , i0  --0.13 
16 3.662 X l o s  9.567 • 10-3 0.76 1.98 
17 - -1 .725  X 10 4 2 ,954  x 10-3 0.39 0.66 
18 - - 5 . 3 3 9  • 10-3 - -5 .239  • 10-3'  - -1 .22  - -1 .19  
19 2.962 X 10-3 2.115 X 10-3 0.71 0 .50  

S t d d e v .  ___0.67 ~ 1 . 3 2  
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400  6 0 0  800  I000 1200 1400 
NaCIO 3 CONCN, g/ lOOOg H20 

Fig. 2. Contour surface, using Eq. [4], for specific conductance 
as a function of NaCI and NaCIO3 concentration and a tempera- 
ture of 97.50~ 

t rat ions go to zero. Also, as the salts concentrat ions get 
extremely large, the specific conductance goes to zero, 
and of course, goes negative beyond this point. This 
zero specific conductance value is well  beyond solu- 
bi l i ty limits, however. These equations also predict 
that  when  one of the salts is constant  at zero concen- 
t rat ion and the other is steadily increased, the spe- 
cific conductance passes through a maximum.  This 
behavior would be expected experimental ly.  

There is no justification for using our equations to 
predict specific conductance of solutions far removed 
from the range of our exper imental  data. The only 
reason for doing this was that  we felt the best equa-  
tion would be one that, at least approximately,  pre-  
dicted specific conductances throughout  the ent i re  
soluble region, in  addition to predict ing accurately 
specific conductance wi th in  the range of exper imental  
data. Then, if at some later date we or some other in -  
vestigators extended the range of exper imental  data 
points, only minor  changes in the parameters  of 
Eq. [3] or [4] would be required to make it an accept- 
able equation. 

Discussion 
From a practical point of view, our equations allow 

one to calculate specific conductance for a wide range 
of temperatures  and concentrations. Of all the empir i -  
cal models tried, those given in Eq. [2], [3], or [4] 
predict the specific conductance best for the concentra-  
tions encompassed by the exper imental  data. Equat ion 
[3] or [4] appears to predict the specific conductance 
best for any  NaC1 or NaC103 concentrat ion wi th in  
the range of solubilities. Since we lack data for ex-  
tended ranges of concentrations, the above is our best 
estimate of the contour surface. A major  discrepancy 
between Eq. [2] and [4] is in the area of low NaC103- 
high NaC1 concentration. In  this area, Eq. [2]  predicts 
a cont inuously increasing specific conductance, a con- 
dition we know cannot exist. On the other hand, Eq. 
[4] predicts an absolute ma x i mum and its value is 
less t han  0.50 mho cm -1, a phenomenon we would, 
a pr ior i ,  expect. Within  the exper imental  concentra-  
t ion range, Eq. [2] yields a smaller  s tandard deviation 
when  exper imental  data points are compared to cal- 
culated data points; whereas, Eq. [4] appears to pre-  
dict the expanded concentrat ion range better. Our  
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data do not determine which equation describes the 
surface more accurately. 

One major  problem with all of these models is that  
the s tandard deviations of the regression coefficients 
are, in some cases, large when compared to the re- 
gression coefficient. In  these cases, some of the terms 
in our various models may have been zero, or at 
least we could not  have proven it to be non-zero 
statistically. As ment ioned earlier, this could only be 
resolved by  addit ional  exper imenta l  work, specifically 
more replicated experiments.  

In  conclusion, we have used statistical methods to 
determine acceptable empirical  equations for predict-  
ing specific conductance values for concentrated 
NaC103 and NaC1 solutions at elevated temperatures.  
We have shown two equations; one gives accurate 
specific conductance values for a l imited range of 
NaC1-NaC103 concentrat ions and the other gives less 
accurate specific conductance values over a more ex- 
tended range of concentrations. It is hoped that  addi-  
t ional exper imental  data can be generated so more 

correct and accurate equations may be found to de- 
scribe this system. 
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The Calculation of Cathode Current Efficiency 
and Metal Loss in a Small Alumina ReductionCell 
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United States Department of the Interior, College Park, Maryland 

ABSTRACT 

Exper imenta l  data from a small  Hall  cell were used to show the rela-  
t ionship between the cathode current  efficiency and the carbon monoxide-car -  
bon dioxide content  of the  anodic gas. The equation, CE = 0.45 (% CO~) 
+ 47.6, was developed and shown to give reliable estimates of a luminum 
production. In  this equation, the volume per cent of carbon dioxide is cor- 
rected for the Boudouard reaction which varies in amount  with anode type 
and operating conditions. A second and equal ly  effective equation is, CE = 
Anode CE -- EL, where Anode CE is based on the oxygen in the anodic gases 
and EL is metal  efficiency loss resul t ing from solubili ty and vaporization. The 
m i n i m u m  value of EL is the solubili ty of metal  in the electrolyte, which in  
the small  cell was estimated to be 0.12%. Calculations made with experi-  
menta l  and l i terature  data show that  under  industr ia l  conditions the Pearson 
and Waddington equation gives good estimates of cathode current  efficiency, 
because the lower efficiency indicated by the  excess carbon monoxide from 
the Boudouard reaction compensates for the EL factor. 

The Pearson and Waddington equation, developed 
as a means of relat ing the cathode current  efficiency in 
commercial  a l uminum cells to the anodic gas composi- 
t ion (1), is 

CE = 0.5 (% CO2) + 50 [1] 

Equation [1] is based on the following reasoning: (a) 
At the cathode, a luminum-bea r ing  ions are reduced to 
metal  with 100% current  efficiency; an equivalent  
quant i ty  of oxygen is l iberated at the anode, and all 
of the oxygen combines with carbon to form CO2. The 
over-al l  reaction is expressed by 

2A120~ + 3C--> 4A1 + 3CO2 [2] 

(b) All  of the CO which appears in the anodic gas 
results from the reaction between various reduced 
species and CO2. In  terms of equivalent  a luminum,  
this is 

2At + 3CO2 ~ AI20~ + 3CO [3] 

If there  is no reoxidation of a luminum as expressed 

* Electrochemical  Society Ac t ive  Member .  
K e y  words :  Hall cell, anodie gas,  a lumina,  reduction,  cu r ren t  effi- 

ciency, me ta l  loss, solubility, vaporizat ion,  specific carbon consump-  
tion. 

by reaction [3], then the anodic gas is 100% CO2 and 
the cathode current  efficiency, as calculated by means 
of Eq. [1], is 100%. If all the CO2 reacts with reduced 
species, then the anodic gas is 100% CO and the cur-  
rent  efficiency is 50%. In  commercial  practice, the gas 
contains 60-80% CO2 which is equivalent  to a current  
efficiency of 80-90%. 

Work by other investigators led to the conclusion 
that the relationship between gas composition and 
cathode efficiency as expressed in  Eq. [1] was valid 
but  inaccurate because it did not  account for certain 
other reactions which also occur. Beck (2), with an 
exper imental  a lumina  reduction cell, correlated gas 
analysis data with current  efficiency. The results 
showed that  more CO was generated than  can be ac- 
counted for by reaction [3], and that  this excess CO is 
the product of the reaction between carbon dioxide 
and carbon, commonly referred to as the Boudouard 
reaction 

CO~ + C ~--- 2CO [4] 

The equilibrium is strongly displaced to the right at 
950~176 Accordingly, Beck introduced the g term, 
the ratio of carbon in the gas to carbon theoretically 



Vol .  117, No.  2 

oxidized to CO2. Another  correction term, Z, was added 
that  accounts for the oxidation or loss of cathode 
products by reactions other than  that  with CO2 and 
also for electronic conduction. The equation, as modi-  
fied by Beck, becomes 

CE = g[50 + 0.5 (% CO2)] - z [5] 

This was later  amended to include electronic conduc- 
tion as a separate ent i ty  (3) 

CE -~ {g[50 -t- 0.5 (% CO2)] -- Z} 1 100 [6] 

where Z' is the percentage of electronic loss. 
Kostukov (4) derived the formula 

CE = [50 + 0.5 (Nco2 + nco2)]no [7] 

where Nco2 is the volume per cent of COe in the anodic 
gas, ncoe is the portion of CO2 that  reacts with hydro-  
gen gas from the cracking of hydrocarbons in the 
baking zone of Soderberg anodes, and nc is the 
Boudouard correction term. 

An equat ion which corrects for air leakage was de- 
rived by Haml in  and Richards (5). 

Saakyan (6) did not apply correction terms, and a 
plot of his cathode current  efficiency vs. CO2 content  
yielded the equation 

C E = 0 . 2 2  (%CO2) + 7 3  [8] 

An excellent discussion on methods of de termining 
current  efficiency by the use of equations such as those 
given above and on variables affecting current  effi- 
ciency was given by Thonstad (7). 

One of the objectives of the work at the Bureau of 
Mines was to design a cell which would operate at 
high cathode current  efflciencies for evaluat ing anode 
materials.  During the course of this work, it was found 
that the data obtained in the small  exper imental  cell 
would fit the Beck modification of the Pearson and 
Waddington equation if values for g and Z were first 
determined for that  tempera ture  and current  density. 
With the use of g and Z, two general  equations have 
been derived which give accurate predictions of cath- 
ode current  efficiency. A third equation, similar to 
Saakyan's,  was also derived, but  it is less acceptable. 

Experimental 
The a lumina  reduct ion cell (Fig. 1) differed in con- 

struction and operation from a commercial  cell it was 
external ly  heated, electrolysis was conducted under  an 
argon atmosphere so that  there was no possibility for 
reaction of carbon with air, and there was no crust 
over the electrolyte and no layer of solid electrolyte 
next  to the _cell wall. There were no periodic addi-  
tions of a lumina  dur ing the operation of the cell. 

The cell was located on a graphite support in a gas- 
t ight 6-in. diameter vertical  InconeP tube through 
which the purified argon flowed. The argon entered 
the cell through orifice, H, or through the anode bus 
bar slip-hole and carried the gaseous reaction products 
out through the gas exit tube, B, to the gas collection 
bottles. The cell liner, L, cover, F, splash baffle, G, 
and anode sleeve, I, were machined from dense, pre-  
mium-grade  boron nitride, which is inert  to the molten 
electrolyte. The splash baffle collected anode dust and 
prevented splashing into the gas exit tube. The anode 
sleeve ensured a specific exposed anode surface area. 
The anode, K, had an area of 3.80 in. 2 and was placed 
1.5 in. from the cathode and about 1 in. below the elec- 
trolyte surface. The cell, M, was machined from dense, 
fine grained graphite and was continuous with the 
2-in. diameter  cathode, N, which fitted snugly into the 
l iner bottom. The cell voltage was measured between 
the anode potential  rod, C, and the inside control 
thermocouple, O. The anode and cathode bus bars, D 
and P, extended to points near  the electrode surfaces, 
and contained wi th in  them Chromel-Alumel  thermo-  
couples, E and Q. 

1 Refe rence  to  specif ic  b r a n d s  is m a d e  to  f ac i l i t a t e  u n d e r s t a n d i n g  
and  d o e s  not  i m p l y  e n d o r s e m e n t  o f  such  i t ems  by  t he  B u r e a u  of  
Mines.  

SMALL A L U M I N A  R E D U C T I O N  CELL 
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Fig. 1. Reduction cell assembly: A--manometer tube, B--gas 
exit tube, C--anode potential rod, D--anode bus bar, E--anode 
thermocouple, F--boron nitride cover, G--splash baffle, H---orifice, 
I--sleeve, J--electrolyte, K---anode, I.mboron nitride crucible 
liner, M~raphite crucible, N--cathode, O--control thermocouple, 
P---cathode bus bar, Q~cathode thermocouple. 

The anodes were either machined from large in-  
dustrial  anode blocks or were prepared from raw ma-  
terials in the laboratory. The raw materials  were 
either commercial  coke and pitch or exper imental  coke 
and pitch binder  made from lignite. 

The furnace was heated by six silicon carbide re-  
sistance rods equally spaced around the tube. Tem- 
peratures were measured with Chromel-Alumel  ther -  
mocouples and the anode and cathode temperatures  
were recorded to wi th in  I~ on an adjustable zero- 
adjustable  range recorder. The cell temperature  was 
controlled through a proport ional  reset controller by 
the inside control- thermocouple and the furnace-  
thermocouple connected in parallel. The furnace was 
equipped with a fan to cool the furnace tube and cell 
quickly after a run. The electrolyte was normal ly  
frozen within  3-4 rain, and the a luminum within  15-17 
min  after the r un  was completed. A copper coulometer 
with stainless steel cathodes was used to meaoure the 
quant i ty  of electricity passing through the cell. 

The electrolyte was composed of 85.6% na tura l  
Greenland cryolite, 7.4% reagent-grade CaF2, and 7% 
anhydrous reagent-grade a luminum oxide. The cell, 
completely assembled in  the furnace tube with 440- 
600g of charge, was dried overnight  at 500~ under  
flowing argon. After  the electrolyte had been brought  
to operating temperature,  the anode was lowered to 
wi th in  1.5 in. of the cathode. The anode and cathode 
temperatures  were adjusted to wi thin  I~ of electroly- 
sis tempera ture  before the beginning of each reduction. 

Reductions were performed at anode current  den-  
sities of 2.5, 5, and 10 A/ in .  2 (asi) and at 980 ~ and 
1000~ The total cur rent  for each r un  was 38 A-hr .  
For the purpose of anodic gas collection and analysis, 
the electrolysis t ime was divided into six equal por-  
tions; gas composition was essentially constant  in peri-  
ods two through six. The cell gases first passed through 
scrubbers to remove water, dust, halides, and cyanides; 
then through CO2 absorption bottles; and finally 
through copper(II)  oxide at 600~ to oxidize the CO 
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to CO2 and the H2 to water. Immedia te ly  after the 
electrolysis ended, the cell was quickly fan-cooled. 
In  this way, the quanti t ies of CO2, CO, and H2 evolved 
dur ing each electrolysis were determined.  

After  each run, the electrolyte, including the mate-  
rial  machined from the cathode surface and from the 
liner, was analyzed for a luminum by the s tandard hy-  
drogen evolution method. The anode and all carbo- 
naceous mater ial  on the cell inter ior  and electrolyte 
surface were analyzed for carbon to give a mater ia l  
balance check and anode consumption values. 

J. E lec t rochem.  Sac.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  F e b r u a r y  I 9 7 0  

Table I. Effect of anode m~terial and electrolysis 
conditions on specific carbon consumption 

Results 
Initially, experiments  were conducted in the a lumina  

reduction cell with anodes cut from large industr ia l  
anodes in order to determine the effect of cell variables 
and the reproducibil i ty of results. For  a series of s tan-  
dard runs at 980~ and 5 asi anode current  density, 
the cathode current  efficiency based on a luminum pro- 
duced was 81-83%. Anode current  efficiency, based on 
the oxygen evolved as CO~ and CO was 91-92%. The 
volume ratio of CO to CO2 in the anodic gas was 
0.389-0.419. Specific carbon consumption calculated 
from carbon in the anodic gas is a measure of the 
excess carbon oxidized over the theoretical amount ,  
assuming 100% CO2 formation at the anode. Specific 
carbon consumptions ranged from 1.06 to 1.08. These 
results showed that the cell could be operated at a 
high current  efficiency with a variat ion of 1-2 per-  
centage units.  

The Pearson and Waddington equation is based on 
the assumption that  the anode and cathode current  
efficiencies are equal. Therefore, a plot of anode cur-  
rent  efficiency vs. % CO2 in the anodic gas should give 
a straight l ine according to Eq. [1]. However, Fig. 2 
shows that data obtained in the exper imental  cell do 
not form the straight l ine relationship unless the gas 
volume and the composition are corrected for the 
amount  of CO2 reacting with carbon to form CO as 
shown in reaction [4]. The correction factor for the 
Boudouard reaction is the g term in Beck's Eq. [5]. 
We therefore have the relationship 

Anode CE = g[50 ~- 0.5 (% CO2)] [9] 

The g term is equal to the specific carbon consump- 
tion as defined above. Data obtained in the experi-  
menta l  cell at College Park  show that  the value of the 
specific carbon consumption is dependent  on variables 
such as anode current  density, temperature,  the raw 
materials,  and anode manufac tur ing  processes. Some 
typical values associated with electrolysis conditions 
or anode type are shown in Table I. 

In order to obtain data for a cathode current  effi- 
ciency equation, electrolyses were conducted under  
s tandard conditions at 980 ~ and 1000~ and at 5 and 10 
asi. The cathode current  efficiencies from these runs  
were plotted (Fig. 3) against the volume per cent of 
COs after correcting it for the Boudouard reaction. 

I I 

�9 Uncorrected 
o Corrected for l~oudouord reaction 

Pearson ~ d  Wodd~gt~>~,,~/ 
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C02, volurne percent 
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Fig. 2. Anode current efficiency as a function of carbon dioxide 
content of anodic gas. 

Anode t ype  

E lec t ro lys i s  Specif ic  ca rbon  
c o n s u m p t i o n  

~ asi (g) 

C u t  f r o m  i n d u s t r i a l  anode  b locks  980 5 1.06 
Labo ra to ry ,  c o m m e r c i a l  coke a n d  

b i n d e r  980 2,5 1.13 
980 5 1.11 
980  10 1.06 
I000 2.5 1.20 
1000 5 1,11 
1000 10 1.11 

L a b o r a t o r y ,  c o m m e r c i a l  coke and  
l i gn i t e  b i n d e r  1000 5 1.19 

1000 I0 1.13 

Table II. Average EL values 

A n o d e  c u r r e n t  dens i ty ,  a s i  

2.5 5 10 

980~ 12.8 (a) 7.1 6.V (a) 

1000 ~ 13.4 6.5 5,4 

(a) Based  on one  e lec t ro lys is .  

The points fall along a line which is almost paral lel  to 
the Pearson and Waddington l ine as obtained from 
Eq. [1], but  6-7 current  efficiency uni ts  below it. This 
difference in cathode current  efficiency is equal to 
the metal  loss by mechanisms other than reaction with 
CO2, and it will  be called EL. An at tempt will  be made 
to break E L  into component losses. The Beck equation, 
wri t ten  with EL subst i tuted for Z, is 

Cathode CE = g[50 -{- 0.5 (% CO2)] -- EL [10] 

Subst i tu t ing Anode CE according to Eq. [9] 

Cathode CE -~ Anode CE -- E L  [11] 

Data obtained earlier in electrolyses done at several 
temperatures  and cur ren t  densities and with an aver-  
age cell pressure differential of 15 cm water  or less 
were used to evaluate the EL term. Since a total of 
38 A-h r  was used in each experiment,  electrolysis 
times were shorter at the higher current  densities. 
The average values of E L  are given in Table II. The 
term E L  decreases with increasing current  density be-  
cause there is less vaporization dur ing the shorter 
electrolysis times. The EL values at electrolyte tem- 
peratures of 980 ~ and 1000~ are substant ia l ly  the same. 
It was assumed that in this cell there is no electronic 
conduction and hence no correction is necessary. 

With these predetermined EL values for the elec- 
trolysis conditions used, it is possible to use Eq. [11] 

E ~ ~ 951 i i 

90 Pearson and W a d d i n g t o ~  

~ 85 

o 80  

0 
I 

_ ~ 75 ~ z 
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c02 ,  volume perc.ent 

�9 Bureau of Mines 

Fig. 3. Cathode current efficiency as a function of corrected 
volume per cent carbon dioxide. 
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Fig. 4. Cathode current efficiency as a function of uncorrected 
volume per cent of carbon dioxide: 1--Pearson and Waddington, 
2--Saakyan, 3--Bureau of Mines Eq. [13]. 

to calculate cathode cur ren t  efficiencies and to com- 
pare them with those based on the a luminum actually 
produced. This was done with a set of experiments  
performed in the small  cell. The data given in Table 
III  show very good agreement  between exper imental  
and calculated cathode current  efficiencies, the aver-  
age difference being only 1.0 unit .  

A least-squares fit of the cathode current  efficiencies 
and corrected volume per cents of CO2 given in Fig. 3 
results in the general  equation 

CE = 0.45 (% CO2) + 47.6 [12] 

The data used in  Fig. 3 were replotted in Fig. 4 (line 
3) except that  the values for per cent CO2 were not 
corrected for the Boudouard reaction. In this case, the 
points fall along a line for which the equation is 

CE = 0.076 (% CO2) + 79.9 [13] 

The line for Eq. [13] varies great ly from the Pear-  
son and Waddington line because in the experiments  
on which Eq. [13] is based the specific carbon con- 
sumption was 1.07-1.50, whereas the Pearson and 
Waddington equat ion is based on the  assumption that  
the specific carbon consumption is 1.O0. Equat ion [13] 
is more similar to Saakyan 's  Eq. [8] which is also 
based on exper imental  data but, obviously, with 
different specific carbon consumptions. It  is apparent  
that  Eq. [13] is insensi t ive to small  changes in the 
CO2 content  of the gas. 

The cathode current  efficiencies were calculated for 
the experiments  in Table III  by using Eq. [12] and 
[13], and compared in  Table IV with the exper imental  
values and with those obtained by Eq. [11]. Efficien- 
cies calculated by  Eq. [11] agree well  with those cal- 
culated from Eq. [12]. Equat ion [13] often results in 
large deviations in current  efficiency because it is rela-  
t ively insensit ive to changes in the CO2 concentrat ion 
in the gases, and the gas composition is not indicative 
of cathode current  efficiency if the specific carbon 
consumption is high. 

Table Ill. Calculated and experimental cathode efficiencies 

C u r r e n t  efficiency, % 

E x p e r i m e n t a l  C a l c u l a t e d  

C.D., Di f fe r -  
Temp,  ~ as i  E L  A n o d e  Ca thode  Ca thode  (a) ence  

980 6 7.1 91.4 84.0 84.3 0.3 
1000 5 6.5 89.8 84.6 83.3 1.3 
1000 5 6.5 92.2 85.2 85.7 0.8 
1000 5 6.5 88.3 79.6 79.8 0.2 
1OO0 5 6.5 84.2 80.0 77.7 2.3 
1000 6 6:5 84.4 76.6 77.9 1.3 
100O 5 8.5 85.6 81.0 79.1 1.9 
1O00 1O 5.4 90.6 85.2 85,2 O.0 

(a) Eq.  [ l l L  

Table IV. Comparison of experimental and 
calculated cathode current efficiencies 

CE = A n o d e  CE = 0.45 CE = 0,076 
C E - E L  ( %  CO2) + 47.6 ( %  C O s )  + 79.9 

E x p e r i m e n t a l  [ 11 ] [ 12 ] [ 13 ] 

84.0 84.3 84.8 84.8 
84.6 83.3 83.4 84.B 
85.2 85.7 85.4 81.6 
79.6 79.8 80.2 82.3 
80.0 77,7 78.3 82.1 
76.6 77.9 78.5 82.4 
81.0 79.1 79,6 84,7 
85.2 85.2 84.1 84.3 

Figure 5 compares the m a n n e r  in which Eq. [12] 
and [13] reflect the change in current  efficiency with 
t ime dur ing a single experiment.  The data are for a 
3-hr  exper iment  at 980~ and 5 asi using an anode 
cut from a large industr ia l  anode. The insensi t ivi ty  of 
Eq. [13] to changes in anodic gas composition is well  
i l lustrated by its l inear i ty  almost from the beginning.  
On the other hand, Eq. [12] shows a gradual  increase 
in efficiency for about the first hour, after which a 
steady state is reached at 85-87% efficiency. During 
this time, the specific carbon consumption is increasing 
from 1.02 to 1.10, where it remains  for the durat ion 
of the run. Current  efficiency based on oxygen re- 
covered increases from 72 to 92%. This means that the 
ini t ia l ly high CO content  of the gas is produced from 
reoxidation of a luminum and not from the Boudouard 
reaction. 

A possible explanat ion for this high ini t ial  rate of 
oxidation is that, at the beginning of an exper iment  
in the small  cell, there is no pool of a luminum on the 
graphite cathode. Initially,  the a luminum product is in 
the form of many  t iny globules, or a mist, and has 
not yet coagulated into larger globules with less sur-  
face area. Because of bath convection caused by the 
anode heating about 10~ more than the cathode, 
there is an excessive amount  of a luminum being car- 
ried into the vicini ty of the anode where reoxidation 
occurs. In  almost every electrolysis conducted, this 
pat tern  is evident. 

An at tempt was made to improve the estimation of 
efficiency by spli t t ing EL into a solubil i ty component  
and a vaporization component. The solubili ty of a lumi-  
num has been reported at 0.1% (11). Taking the nomi-  
nal  value of 0.1%, the amount  of a luminum dissolved 
was calculated for each of a series of runs, at 1000~ 
and 5 asi, in which the cell pressure differential 
varied between 6 and 35 cm water. The calculated 
soluble a luminum in each electrolyte was divided by 
the theoretical a l uminum produced and expressed in 
current  efficiency units.  This solubili ty component was 
subtracted from E L  in each of these runs  to give the 
vaporization component,  which was plotted vs .  average 
cell pressure differential in Fig. 6. In  the range of 8-12 
cm water, where most of the electrolyses for the data 
in Table IV were conducted, the vaporization varies 
between 1 and 4, but  most of the t ime is i n  the 2-3 
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Fig. 5. Change in calculated cathode current efficiency with time 
for an extended electrolysis at 980~ 5 asi. 
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Table V. Relative magnitude of corrections 

E x p e r i m e n t a l  
ca thode  c u r r e n t  

efficiency,  % 

Cor rec t ions  i n  Eq.  [10], 
pe r  cen t  ca thode  CE 

% CO~ 8 % C O ~  E L  u CO~o-%CO2 =) 

82.3 1,13 57.7 78.4 6.9 10,4 
85.0 1.12 63.0 81.9 6.0 9,5 
84.6 1.11 61.1 79.6 5.3 9.3 
78.7 1.10 58.5 74.1 8.4 7.8 
85.4 1.08 68"1 81.1 5.2 6.5 
85.9 1.08 70.3 83.7 5.9 6.7 
81.9 1.07 00.4 72.3 4.3 6.0 
83.0 1.06 69.0 79.3 8.7 5.2 

apparen t  decrease in cathode cur ren t  efficiency r e -  
sul t ing f rom the Boudouard  reaction,  on the  basis of 
one-ha l f  uni t  change in a luminum cur ren t  efficiency 
per  one unit  change  in volume p e r  cent of CO2 ac-  
cording to Pearson  and Waddington.  

The re la t ionship  be tween  apparen t  decrease in ca th-  
ode cur ren t  efficiency, as indica ted  by  the  change in 
gas composition, and  specific carbon consumpt ion is 
shown in Fig. 7. Also plot ted,  as the  r i gh t -hand  
ordinate,  is the  EL t e rm for each of these electrolyses.  
The value  of EL is usua l ly  4-7 units.  The intersect ion 
of this range wi th  the  appa ren t  decrease  in cathode 
cur ren t  efficiency f rom the Boudouard  react ion gives a 
value  for  g of 1.04-1.08. This means  that,  in electrolyses 
is which  g ranges  f rom 1.04 to 1.08, the  Pearson  and 
Wadding ton  equat ion should give re l i ab le  resul ts  be-  
cause the  Boudouard  react ion and EL correct ions wi l l  
offset each other. 

In  Fig. 8, the  expe r imen ta l  cathode cur ren t  efficiency 
is p lo t ted  vs. the  expe r imen ta l  CO~ content.  Fo r  values  

range.  In  subsequent  electrolyses,  the value  for the 
vapor iza t ion  component  was taken  as 2.5 at 1000~ 
and 5 asi for  pressure  different ials  up to 15 cm water .  
The solubi l i ty  component,  es t imated  as descr ibed above, 
var ied  f rom 3.9 to 4.6 cur ren t  efficiency units. The in-  
d iv idua l  values  for EL, ca lcula ted  by  adding  vapor i -  
zat ion and solubi l i ty  components,  va r i ed  f rom 6.4 to 
7.1. The EL value  for exper iments  at  1000~ and 5 asi 
is 6.5 cu r r en t  efficiency units  (Table I I I ) .  Hence, the  
use of EL values  obta ined  f rom est imates  of  so lubi l i ty  
and vapor izat ion would  not  s ignif icantly improve  the 
ca lcula t ion  of cu r ren t  efficiency. These components  are  
not known accura te ly  enough and, in addit ion,  p res -  
sure fluctuations affect vapor iza t ion  enough so tha t  
i t  overshadows any smal l  changes in solubil i ty.  

Discussion 
Al though  the Pearson  and Wadding ton  equat ion 

does not contain any of the  correct ion te rms used in the 
more  recent  equations,  i t  has been found to give re -  
l iable  cu r ren t  efficiency values  under  normal  commer -  
cial  opera t ing  conditions;  Bureau  of Mines '  work  wi th  
the  smal l  expe r imen ta l  cel l  has verif ied this. The cor-  
rect ions for  vapor iza t ion  and  solubi l i ty  on one hand  
and for the  Boudouard  react ion on the other  a re  op-  
posite in sign and have  app rox ima te ly  the same value  
in the  smal l  cell  under  the  usual  opera t ing  conditions.  

The manne r  in which  the  correct ions g and EL in 
Eq. [10] m a y  offset each other  to make  the Pearson  
and Wadding ton  equat ion a r easonab ly  good approx i -  
mat ion  is i l lus t ra ted  wi th  a set of da ta  obta ined in the  
smal l  cell. Consider ing that,  in the  Boudouard  react ion 
the vo lume of CO produced  is twice  tha t  of the  CO2 
tha t  reacts,  the  COs content  of the  anodic gas can be 
correc ted  for the  Boudouard  react ion in the  fol lowing 
w a y  

CO~a Jr CO2b 
% CO2c = X 100 [14] 

CO~. + CO~ -- C02b 

where  CO2c is the  corrected volume,  CO2a and COa are  
expe r imen ta l ly  determined,  and CO2b is involved in 
the  Boudouard  reaction. The resul ts  of these ca lcula-  
t ions are  shown in Table V. The last  column is the  
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Fig. 7. Relationship between errors in Pearson and Waddington 
equation introduced by Boudouard reaction and by losses of metal. 
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of g between 1.05-1.08, the actual  current  efficiency is 
wi th in  1.5-2 percentage units  of the value calculated 
by the Pearson and Waddington equation. As g in-  
creased to 1.11-1.13, the deviation became greater. The 
EL value for all  of these experiments  was about 6-7. 

An examinat ion of the l i terature also supports these 
findings. Beck (2) found that  for g equal to 1.04-1.07 
there was good agreement  between the exper imental  
current  efficiencies and those calculated from the 
Pearson and Waddington equation. As g became less 
than  1.04, the exper imental  va lue  was significantly 
below the calculated one. This agrees with the con- 
clusions derived from Fig. 7. When g is less than  1.04, 
the amount  of Boudouard reaction corresponds to an 
EL value of less than 4, so that  a luminum loss is not 
sufficiently accounted for, and the calculated effi- 
ciency is greater than  the actual one. 

An analysis was also made of the data presented by 
Saakyan (6). These data show specific carbon con- 
sumption values of 1.05-1.08 that  correspond to his 
correction factor, K, of 4-6. Subtract ion of a nominal  
value of 5.0 from Saakyan 's  current  efficiency yields 
the plot shown in Fig. 9. Very good agreement  occurs 
when the specific carbon consumption is 1.05-1.08. The 
deviations from Pearson and Waddington with changes 
in specific carbon consumption are well illustrated. 
Again it is shown that  the Boudouard reaction fortui-  
tously accounts for metal  loss in the cell. It is interest-  
ing to note that our value for metal  loss varies between 
6 and 7, which is sl ightly above that  indicated in 
Saakyan 's  work and the value of 5 taken by Beck. 

The value of the specific carbon consumption is 
significant in that  it serves as an indicator of anode 
reactivity. For  example, the data in Table I show that 
the coke which results from lignite pitch is more re- 
active than that which comes from coal- tar  pitch. It 
seems specific carbon consumption or g can be used 
as an index number  to signify relative anode quality. 

An at tempt was made to correlate the experimental  
values of E L  with those that could be calculated from 
physical data available in the l i terature.  The reactions 
that  may take place are given below 

Na3 A1F6 ~=~ 2NaF ~- NaA1F4 [15] 

5 NaA1F4-> Na5A13F14 Jr 2A1F3 [16] 

6NaF + AI-~ 3Na + Na3A1F6 [17] 

3Na -F 2A1F3-~ A1 + Na3A1F6 [18] 

Reaction [15] represents the dissociation of cryolite 
at 1000~ (8). The volatile sodium tetrafluoroalumi- 
hate, upon slow cooling in the gas exit tube, forms 
chiolite and a luminum (III) fluoride as in reaction 
[16] (9). As a luminum is formed in the electrolyte, it 
can react according to Eq. [17] with sodium fluoride 
to form sodium vapor (9). This sodium vapor reacts 
[18] at about  600~ with a luminum (III)  fluoride in 
the gas exit tube to form a luminum and cryolite (9). 
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Fig. 9. Data taken from Saakyan (6) to show values of g for 
which Pearson and Waddington equation gives good results. (Vol- 
ume per cent of carbon dioxide is uncorrected.) 
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Thus, a luminum is lost from the cell. This may also 
explain why sodium is not detected when  the system 
is opened. 

The exper imental  values for E L  in Table III were 
compared to calculated values based on the solubili ty 
of a luminum in the melt  and on vaporization losses 
result ing from reactions summarized in reactions [15] 
through [18]. First, an estimate was made of a lumi-  
n u m  lost in the small  cell by using electrolyses con- 
ducted for 1 hr. In 1-hr, vaporization loss would be at 
a minimum.  The total metal  loss was the difference 
between a luminum theoretically produced and the 
sum of a luminum actually produced and a luminum 
lost by reoxidation. The metal  lost in six experiments  
at 1000 ~ or 980~ and at 10 asi was an average of 0.15% 
of the weight of the electrolyte. Second, an estimate 
was made of vaporization losses. The data for vapor 
pressure of sodium over c ryo l i t e -a luminum melts is 
given by Stokes (10). Taking the part ial  pressure to 
be about 20 Torr  at 1000~ the number  of moles of 
sodium (nNa) is 

PNa 
nNa = = 2.63 • 10 -2 moles /molar  volume [19] 

760 

This corresponds to a sodium loss of 0.33 g /h r  of elec- 
trolysis, which is equivalent  to about 0.13g a luminum.  
Expressed as current  efficiency units,  this is 1 uni t  
lost per hour of electrolysis. Subtract ion of 0.13g a lum-  
inum equivalent  from the total of 0.15% loss (0.68g) 
gave an estimated solubili ty of 0.12%. This value is 
in good agreement  with solubilities reported in the 
l i terature (11, 12). 

Average E L  values were calculated on the basis of 
a vaporization loss of one current  efficiency uni t  per 
hour and a solubili ty of 0.12%. These values are com- 
pared with exper imenta l  values for EL in Table VI. 

The agreement  between calculated and exper imental  
E L  values is excellent for 2-hr  electrolyses, but  poor 
for the 4-hr run. In  the lat ter  case, volati l ization may 
be greater than expected because of longer t ime at 
slowly changing electrolyte composition. For the 1-hr 
electrolysis, only one run  was available at low pres- 
sure differential. 

Conclusions 
Data obtained in a small  batch-type,  external ly  

heated Hall  cell show that cathode cur ren t  efficiency 
equations based on CO2 content  of the anodic gas are 
valid, provided corrections are made for the reaction 
of CO2 and carbon to form CO, and for metal  losses. 
Two equations provide accurate estimates of a lumi-  
num production 

Cathode CE = Anode CE --  E L  

where Anode CE = g [50 + 0.5 (% CO2)], and 

Cathode CE = 0.45 (% CO2) + 47.6 

where % CO2 is corrected for the Boudouard reaction. 
The value of EL and the constants in the second equa-  
tion vary  somewhat with current  density and tempera-  
ture. E L  is pr imar i ly  a correction for losses resul t ing 
from solubil i ty of a luminum in the electrolyte and for 
vaporization of metal  values. 

The specific carbon consumption (g) is a measure of 
anode reactivity. 

Table VI. Comparison of experimental and calculated values of EL 

E L  

T e m p ,  ~ T i m e ,  h r  C a l c u l a t e d  E x p e r i m e n t a l  

980 1 5.6 6.7 (a) 
980 2 6.8 7.1 

1 0 0 0  2 6.6 6.5 
1000 4 8.5 13.4 

(.) O n e  e l e c t r o l y s i s .  
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The Pearson and Waddington equation gives good 
estimates of cathode current efficiency in commercial 
cells because under normal operating conditions the 
metal losses resulting from solubility and vaporization, 
which amount to 4-7 cathode current efficiency units, 
are fortuitously balanced by the results of the 
Boudouard reaction. 

The estimate of volatilized and soluble aluminum 
derived for the small cell are in good agreement with 
physical data in the literature. These estimates to- 
gether with the estimate for aluminum loss by reac- 
tion with CO2 seem to account for all losses in the 
small cell. 

Manuscript received July 7, 1969. This was Paper 
285 presented at the Boston Meeting, May 5-9, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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ABSTRACT 

Electrochemical oxidation-reduction processes of the Cd/Cd(OH)2 elec- 
trode in concentrated alkal ine solutions were investigated by using a rotat ing 
r ing-d isk  electrode as well  as a s tat ionary electrode. Results support the 
mechanism that the anodic oxidation of Cd to Cd(OH)2 in the active poten-  
t ial  range proceeds ent i rely through the dissolution-precipitat ion sequence, 
while the cathodic reduction of Cd(OH)2 takes place both through the solu- 
t ion phase and by a direct solid-state mechanism. 

The mechanism of anodic oxidation of cadmium 
metal  and cathodic reduction of the oxidation product 
in s trongly alkal ine solutions is of interest  in under -  
s tanding the behavior  of the cadmium electrode in 
n icke l -cadmium batteries. In  spite of much effort in 
recent years by a n u m b e r  of investigators, the reaction 
mechanism is still incompletely understood. For  ex- 
ample, two radical ly different mechanisms have been 
proposed in the l i terature  for the anodic reaction: the 
dissolution-precipitat ion mechanism (1-6) and the 
solid-state oxidation mechanism involving ionic t rans-  
port  through the Cd(OH)2 film (7-9). The formation 
of CdO has been the subject of discussion of many  
investigators. Croft (7), Fa lk  (10), and Armst rong 
et  al. (11) found no evidence of CdO formation, where-  
as Huber  (2), Huber  and Stucki (2a), Breiter  and 
Weininger  (12), and Breiter and Vedder (13) re- 
ported exper imental  results indicat ing the formation of 
CdO. It has been suggested that  CdO is formed as the 
pr imary  product before its conversion to Cd(OH)2 
(3, 3a, 5) or as a result  of a secondary reaction that 
occurs after Cd(OH)2 is formed (12, 14). Most re-  
cently, Devanathan  and Lakshmanan  (6) proposed a 
mechanism in  which the CdO formation occurs in 
parallel  with the formation of Cd(OH)2. Rozentsveig 
et al. (1), Huber  (2), Lake and Casey (3, 3a), Breiter 
and Weininger  (12), and Devanathan  and Lakshmanan  
(6) suggested that  it is the CdO layer, and not  
Cd(OH)2, that causes the passivation which limits the 
extent  of anodic oxidation of cadmium metal. Milner 
and Thomas (15) state that even if CdO does form, it 
will  not play any significant role under  the normal  
operating conditions of n ickel -cadmium batteries, be- 
cause they are not ordinari ly  negat ive- l imited and 
passivation ought not to occur. It is recognized, how- 
ever, that  under  certain conditions the cell does be-  
come negat ive- l imited on discharge, even when sig- 
nificant excess of charged cadmium is present. Thus, 
unders tanding  the cause of the passivation of cadmium 
metal  is of great practical interest. The mechanism of 
the cathodic reduct ion of Cd(OH)2 has been studied 

* Electrochemical  Society Act ive  Member .  
K e y  words :  cadmium,  c a d m i u m  hydroxide ,  anodic oxidation,  

cathodic reduct ion,  anodic film, ro ta t ing  r i ng -d i sk  electrode. 

to a much lesser degree than its anodic counterpart  
(7, 12, 13, 16) in  spite of its importance in relat ion to 
the charging process of the bat tery  cadmium electrode. 
Croft (7) and Rubin  (16) believe that  the cathodic 
process occurs by a solid-state mechanism without 
involving the solution phase. 

The present  investigation using a rotat ing r ing-disk  
electrode was under taken  in  order to obtain informa-  
tion on the role of soluble cadmium species dur ing 
the anodic as well  as the cathodic process. The tech- 
nique is now well  known as a powerful  method for 
detecting and determining the concentrat ion of soluble 
intermediate  species formed at an electrode surface 
(17). 

Experimental 
Both the disk and r ing were made of 99.99% pure 

cadmium metal. Epoxy resin was used as the insulat ing 
material.  The electrode had the following dimensions: 
rl  (disk radius) = 4.7 ram, r2 (rl plus the thickness of 
insulat ing ring) = 5.1 mm, r3 (r2 plus the thickness of 
cadmium ring) = 5.7 mm, and r4 (radius to the outer 
edge) = 6.4 mm. Before each experiment,  the surface 
of the electrode was polished mechanical ly with 4/0 
emery paper  wetted with methanol,  cleaned with 
methanol  and water, and cathodized in 6.9M KOH at 
0.5 mA for at least 1 hr  to obtain an oxide-free surface. 
The electrode was kept immersed in deaerated water  
when not in  use. The speed of rotat ion was 2100 rpm 
unless otherwise stated. 

A half-charged cadmium electrode of s in tered-pla te-  
type served as the reference electrode to control and 
measure the potential  of the disk electrode. It was 
placed in a compar tment  which was connected to the 
main  part  of the cell through a salt bridge with a 
capil lary tip. A p la t inum coil served as the counter-  
electrode. A second, half-charged cadmium electrode 
placed in a compar tment  separated by a fine sintered 
glass disk served as the reference-counterelectrode 
for the r ing electrode circuit. A constant  voltage of 
--0.2V was applied to the r ing electrode against  the 
reference-counterelectrode from a bat tery-vol tage  
divider arrangement .  Because the r ing current  was 
always small  ( <  0.3 mA) as compared to the charge 

289 



290 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  March 1970 

capacity of the reference-counterelectrode (200 mA.h r ) ,  
the polarization of the lat ter  was negligible. By taking 
current -potent ia l  curves in 6.9M KOH saturated with 
Cd(OH)2, it was confirmed that the potential  of --0.2V 
lies well  wi th in  the mass t ransfer  l imit ing current  
region for the reduction of dissolved cadmium species. 

The s ta t ionary cadmium electrode used in the ex-  
per iments  for the calculation of ionic conductivi ty of 
the anodic film was constructed by press-fitt ing a pure 
cadmium rod in Teflon. The electrode surface was 
polished first mechanical ly with 4/0 emery paper and 
then chemically in concentrated nitr ic acid and in a 
1:1 mixture  of concentrated phosphoric acid and 30% 
hydrogen peroxide. The apparent  surface area of the 
electrode was 0.317 cm 2. 

A Wenking 64TR potentiostat  with an MP64 motor 
potent iometer  was used in both galvanostatic and 
control led-potent ia l  experiments.  Potassium hydroxide 
was of analyt ical  reagent  grade (Baker, low chloride 
and low iron) and used without  fur ther  purification. 
The solution was deaerated by bubbl ing  purified ni t ro-  
gen. All  experiments  were conducted at room tempera-  
ture. 

Results and Discussion 
Potential scan experiment.--Anodic process.--The 

disk potential  was scanned at a speed of 100 m V / m i n  
first in the anodic direction to various potentials and 
then in the cathodic direction, while currents  at both 
the disk and the r ing electrode were being recorded. 
In the anod~c scan (Fig. 1, solid l ine) the disk current  
(idisk) -- disk potential  (Edi~k) curve exhibited a sharp 
peak due to the active oxidation of the disk followed 
by a passivation process. The corresponding ring cur-  
rent  (iring) -- Edisk curve also showed a sharp maxi -  
m u m  at the disk potential  where idisk became maxi -  
mum. The magni tude  of/ring at the peak was equal to 
230 ~A in  this experiment.  The concentrat ion of dis- 
solved cadmium at the disk surface, c ~ , can be calcu- 
lated from this value with the aid of the following 
equation (17) 

/ring 5 
c ~ = - -  [1] 

nFAND 
where 

5 = 1.61 ( - - ~ ,  V~-  [2] 

and A is the area of the disk electrode in cm 2, N the 
collection efficiency (17, 18), D the diffusion coefficient 
of the dissolved cadmium species in cm 2 �9 sec -1, 5 the 
diffusion layer  thickness in cm, r the kinematic  viscos- 
ity of the solution in cm 2- sec -1, and ~ the angular  
velocity of rotat ion of the electrode. By using the 
numer ica l  values n = 2, F = 96500 coulombs, A ---- 0.677 
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Fig. I. idisk-Edisk and iring-Edisk curves obtained on anodic scan 
of Edlsk at 11111 mV/min in 6.9M KOH. Speed of rotation, 21110 rpm. 
Broken line, some electrolyte saturated with oxygen. 

cm 2, N = 0.311 [calculated from electrode geometry 
with the aid of the Albery-Bruckens te in  Eq. (6.1) in 
ref. (18)], D ---- 0.51 x 10 -5 cm 2 �9 sec -1 for C d ( O H ) 3 -  
in 6.9M KOH (19), v ---- 1.67 x 10 -2 cm 2. sec -1 [cal- 
culated from densi ty 1.2854 and viscosity 2.147 centi-  
poise (15)], and ~ = 219.8 sec -1 (2100 rpm) ,  the value 
of c ~ at the peak potent ial  was calculatedl to be equal 
to 1.06 x 10-~M. The equi l ibr ium solubil i ty of cadmi-  
um hydroxide in 6.9M KOH at 25~ determined by 
various investigators (19-23) ranges from 1.2 to 
1.6 x 10-4M. Thus, the concentrat ion of dissolved cad- 
mium species at the disk surface at the peak potential  
was about 7 to 9 times larger than  the equi l ibr ium 
solubili ty of cadmium hydroxide. Such a large degree 
of supersaturat ion can be understood only in terms of 
the dissolution-precipitat ion mechanism, in which 
cadmium metal  first dissolves anodically and the dis- 
solved species subsequent ly  form a precipitate of 
Cd(OH)2 on the metal  surface. Supersaturat ion is re-  
quired to form nuclei  in the ini t ia l  stages of precipita-  
tion. 

The cause of passivation was the subject of discus- 
sion of the papers by Rozentsveig et al. (1), Lake and 
Casey (3, 3a), Breiter  and Weininger  (12), and Devan-  
a than and Lakshmanan  (6). These authors postulated 
that  passivation is due to formation of a th in  cont inu-  
ous film of CdO, al though the different groups of 
authors suggested different mechanisms for the film 
formation. The r ing-disk  electrode exper iment  does 
not provide any conclusive informat ion on the mecha-  
nism of passivation. However, there  are evidences 
which show that  passivation is not s imply due to com- 
plete coverage of the cadmium surface with Cd(OH)2 
crystals. First, a simple microscopic observation of 
the passivated surface shows the coverage with crys- 
tal l ine products to be incomplete. Second, the reduc- 
t ion of oxygen continues after passivation up to about 
+0.4V as shown by the dotted l ine in Fig. I. This 
curve was obtained in 6.9M KOH saturated with oxy- 
gen at atmospheric pressure. The rate of potential  scan 
had no effect on the oxygen current  between I00 and 
l mV/min .  If the cadmium metal  surface were com- 
pletely covered with an  insulat ing layer of Cd(OH)2 
on passivation, no oxygen reduction would cont inue 
to such a positive potential. The result  supports the 
view that  the passivation is due to the formation of a 
thin film of CdO, which appears to have a relat ively 
high electronic conductivi ty under  the present  condi- 
tions of film formation. [Conductivity values ranging 
from 100 to 500 ohm - I  �9 cm - I  have been reported for 
bulk  CdO (24).] In  agreement  with Brei ter  and Wein-  
inger (12), the s tructure of the entire film may be 
pictured in such a way that a number  of Cd(OH)2 
crystals are imbedded in  an ext remely  th in  passivating 
layer of CdO. As wil l  be discussed later, this passi- 
vat ing layer  appears to be insoluble or only very  
slowly soluble in alkali, whereas Cd(OH)2 in the film 
is soluble in the electrolyte to a significant extent. 

Figure  I also shows that the disk current  after 
passivation increases slightly as the potential  becomes 
more positive than  about +0.4V and approaches 
~-I.0V, while the r ing current  in the corresponding 
potential  range decreased slightly. I t  is considered 
that the disk current  in the passive potential  range 
consists of two components:  the current  necessary for 
replenishment  of the dissolved part  of the Cd(OH)2 
crystals by fur ther  oxidation of the metal, and that  for 
the growth of CdO. The former component  is expected 
to be determined by either the equi l ibr ium solubil i ty 
or the rate of chemical dissolution of the Cd(OH)u 
crystals and hence independent  of potential, while the 
lat ter  component  may be potent ia l -dependent .  The 
results of infrared spectroscopic investigation recently 
reported by Brei ter  and Vedder (13) indicate that an 
increasing amount  of CdO is formed at more anodic 
potentials. On the other hand, the magni tude of /ring 
after passivation of the disk (about 30 ~A at +0.2V) 
corresponds to a concentrat ion of the dissolved cad- 
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mium species at the disk surface equal to 1.4 x 10-4M, 
as calculated from Eq. [1]. This concentrat ion agrees 
with the equi l ibr ium solubili ty of Cd(OH)2 under  the 
conditions of the present  experiment.  The observed 
decrease in/ring with Edisk apparent ly  indicates a slight 
decrease in the rate of chemical dissolution of the film 
dur ing the potent ial  scan. 
Cathodic process--The /disk -- Edisk curves 1 and 2 in 
Fig. 2 were obtained by reversing the direction of 
potential  sweep immediate ly  after te rminat ing  the 
anodic sweep (Fig. 1) at -t-1.0 and at +0.2V, respec- 
tively. In curve 1 a prewave is noted prior to the 
large cathodic peak. This prewave was first reported 
by Breiter and Weininger  (12) in more dilute KOH 
solutions (0.2 and 1M). In  6.9M KOH we observed 
that the prewave appeared only after the sweep re-  
versal was made at a potential  more positive than  
about +0.4V. In curve 2, which was obtained by re-  
versing the potential  sweep at +0.2V, the prewave was 
totally absent, while a very  small  prewave was visible 
when  the potential  scan was reversed at +0.5V (not 
shown in Fig. 2). Breiter and Weininger  a t t r ibuted the 
prewave to the reduct ion of CdO on the basis that the 
reduction of Cd(OH)2 is not thermodynamical ly  pos- 
sible at about +0.04V where the prewave begins to 
appear. It is of interest  to note in Fig. 2 that  the r ing 
current  exhibited no marked change in the potential  
range of the prewave, while it decreased rapidly as 
the disk current  increased fur ther  toward the peak. 
This result  clearly shows that  the reduction of the 
substance yielding the prewave, presumably  CdO, does 
not proceed through the formation of soluble in te r -  
mediates. In  view of the relat ively high electronic 
conductivity, it is not surpris ing that  CdO is reduced 
directly without  an intermediate  dissolution step. It 
is considered that  the reduction of an electronic con- 
ductor can take place on its surface, and, when  the 
molar volume of the reduction product is smaller  than  
that of the oxidized material ,  it can continue to com- 
pletion with all ionic motions in the solution phase. 
Thus, the reduct ion of CdO to Cd does not require  
ionic conductivi ty of CdO. The fact that  a larger pre-  
wave appears on reversal  of potential  sweep at a more 
positive potential  is consistent with Breiter and Ved- 
der's finding (13) that  a greater amount  of CdO is 
formed at a higher anodic potential.  

That the reduction of Cd(OH)2 takes place, at least 
partially, through the formation of a soluble in te r -  
mediate is indicated by the rapid decrease in /ring 
star t ing at about 0 volt  and the increase in iring ob- 
served when the disk circuit was opened after the 
terminat ion of potential  sweep at --0.2V (see Fig. 2). 
This subject  will be discussed fur ther  in subsequent  
sections. 

Galvanostatic experiment.--Anodic process.---When 
the disk was made an anode at a constant  current,  the 
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Fig. 2. idisk-Edisk and iring-Edisk c u r v e s  obtained on cathodic 
scan of Edisk after anodic scan. 2100 rpm. (The behavior for 60 
sec after opening the disk circuit is shown to the right of --0.2V.) 

r ing current  rapidly increased to a ma x i mum and then  
decreased gradual ly  unt i l  the disk passivated. As an 
example, the result  obtained at /disk = 0.5 mA is 
shown in Fig. 3. The disk was at open circuit before 
application of the current.  The magni tude  of/ring dur -  
ing the active oxidation of the disk (up to 8 rain, and 
~']~disk ~ 60 mV) was always greater than  40 ~,A, which 
corresponds to a concentrat ion of soluble cadmium 
species at the disk surface greater than 1.8 x 10-4M. 
Comparison of this value with the equi l ibr ium solu- 
bi l i ty 1.2 to 1.6 x 10-aM shows that  supersaturat ion 
persisted dur ing  the entire period of active anodic 
oxidation of the disk. The result  clearly demonstrates 
tha t  the dissolut ion-precipi tat ion mechanism was op- 
erative dur ing the galvanostatic anodic oxidation. The 
decrease in / r ing with t ime shows that  the concentra-  
tion of dissolved cadmium at the disk surface decreases 
as the la t ter  becomes covered with Cd (OH)2. This may 
be anticipated for two reasons. First, the r ing current  
is proport ional  to the "average" concentrat ion of the 
dissolved species over the disk surface. Hence, even if 
the dissolution reaction and the precipitat ion reaction 
continue at a constant  rate, the uncovered area of the 
disk surface at which the dissolution reaction takes 
place should decrease wi th  time, resul t ing in a de-  
crease in the "average" concentration. Second, as the 
disk surface becomes covered to an increasing extent, 
more sites for precipitat ion become available; thus, 
the rate of precipitat ion of Cd(OH)2 on the disk 
surface is expected to increase with time. This also 
should result  in a decrease in the surface concentra-  
t ion of the dissolved species. 

Cathodic process.--After the anodic polarization at 
0.5 mA, the disk was open-circuited and then cathodi- 
cally polarized at the same current .  During the ca- 
thodic polarization, the disk current  was in ter rupted  
a few times to see the effect of opening the circuit on 
the r ing current.  Results are shown in Fig. 4. During 
the init ial  reduct ion of the  anodic film, the disk elec- 
trode was only slightly polarized, while the r ing cur-  
rent  continued to decrease. It is significant to note that  
when the disk current  was interrupted,  the r ing cur-  
rent  rapidly increased. This increase in r ing current  
clearly shows that  the reduction of the Cd(OH)2 film 
takes place at least part ial ly through the dissolved 
cadmium species. After the disk current  was tu rned  on 
again and the potential  reached the hydrogen evolu- 
t ion region, the disk current  was in ter rupted  for the 
second time. This again caused a sharp rise in r ing  
current,  indicat ing that  Cd(OH)2 was still present  on 
the disk surface in spite of the fact that hydrogen 
evolution was taking place. The existence of Cd(OH)2 
dur ing the hydrogen evolution is also seen from the 
result that cathodic polarization at 0.05 mA after the 
0.5 mA exper iment  permit ted fur ther  reduction of 
Cd(OH)2 without  hydrogen evolution (Fig. 4, right 
half) .  It  is noteworthy that  the final cur rent  in te r -  
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Fig. 4. Galvanostatic cathodic reduction after anodic oxidation 
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rupt ion after  10 min  still caused an increase in  r ing 
current.  Evidently,  the rate of solution of the Cd (OH)2 
film is quite slow. 

Potentiostatic exper iment . - -Anodic  process. Cur-  
ren t - t ime  curves obtained on applying various anodic 
potentials to the disk electrode are reproduced in  Fig. 
5. Again, from the magni tude  of /ring it is clear that 
the anodic reaction proceeds through the dissolution- 
precipitat ion sequence. 

An at tempt  was made to calculate the rate constant 
for the precipitat ion process from these cur ren t - t ime  
curves. In  order to carry  out the calculation, it is neces- 
sary to formulate  the reaction scheme. The form of 
dissolved cadmium species present  in equi l ibr ium in 
concentrated alkal ine solutions has been studied by 
several investigators (19-22). Visco and Sonner  (19) 
recently reinvestigated the subject and established 
that the dissolved cadmium species exists in the form 
of Cd (OH)z -  in solutions of KOH from 2 to 15M. Thus, 
in agreement  with Milner and Thomas (15) we shall 
wri te  

Cd -5 3 O H -  ~-- Cd(OH)~-  + 2e -  [3] 

k 

C d ( O H ) z -  ~ Cd(OH)~ -5 O H -  [4] 

where k is defined as the heterogeneous rate constant  
for the precipitat ion reaction. The current  consumed 
in the formation of CdO, if any, at the small  anodic 
potentials (<40 mV) is negligible. Suppose that  the 
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Fig. 5. Potentiostatic anodization of disk in 6.9M KOH at various 
potentials,  211)11 rpm. 
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electron t ransfer  reaction [3] is sufficiently fast that  
the disk current ,  except dur ing the short in i t ia l  t rans i -  
ent period, is controlled by  the rate of the precipitat ion 
reaction [4] and /o r  the rate of mass t ransfer  of 
Cd(OH) 3-. The former is given by kc  ~ while the lat ter  
by (D/5) c~ thus the total rate of disappearance of 
C d ( O H ) 3 -  is given by (k -5 D/8) c ~ Assuming that  
the disk current  flows only 
area, we can write 

/disk = 2FA (1 -- e) 

through the uncovered 

where 0 is the fraction of the disk surface covered by 
Cd (OH)2. Combinat ion of this expression with Eq. [1] 
yields ( ~  /disk = ~ (1  - -  O) ' [ 6 ]  

The values of idisk and %ring being known at various 
times from the exper imental  cu r ren t - t ime  curves, it 
should be possible to calculate k provided that  o is 
known. Since 0 cannot  be determined readily, we 
calculated k at various times with a set equal  to zero 
and plotted it against t ime to find the value of k at 
t = 0 by extrapolation. The result  is shown in  Fig. 6. 
The two curves obtained at 35 mV at 1000 and 3950 
rpm show that k is practically unaffected by the speed 
of rotation, which constitutes a part ial  check of Eq. 
[6]. The observed increase of k with t ime is par t ly  due 
to the fact that  the surface coverage was ignored in 
the calculation, but  it is a t t r ibutable  main ly  to an in -  
crease in the number  of nuclei  for the precipitat ion 
with increasing coverage and hence with time. The 
precision and reproducibi l i ty  of this exper iment  was 
not very good; it was especially sensitive to the sur-  
face preparation.  Therefore, no quant i ta t ive  signifi- 
cance should be attached to the observed effect of po- 
tent ial  on kt=o. The results s imply show that  the 
method can be used, in principle, to calculate the rate 
constant of the precipitation reaction, and that kt=0 
was approximately 1 to 3 x 10 -a cm �9 sec -1 under  the 
par t icular  conditions used in this experiment.  

Cathodic process.--The disk electrode was first ano- 
dized at +40 mV for 10 rain at 6.9M KOH at 2100 rpm. 
The potential  was then suddenly switched to --40 mV 
while both /disk and /ring were being recorded. Results 
are shown by  curves 1 and 2 in  Fig. 7. When  the rota-  
tion was stopped dur ing the reduction, both idisk and 
/ring decreased, and they increased again when rotation 
was resumed. The r ing current  more than doubled 
when the disk circuit was opened after 90 sec. These 
results clearly show that  the anodic film does dissolve 
in the electrolyte, and the reduct ion of the dissolution 
product  takes place at the disk electrode. This is also 
clear from comparison of the r ing cu r ren t - t ime  curve 
dur ing the reduction of the film (curve 2) with that  
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Fig. 6. Heterogeneous precipitation rate constant calculated from 
idisk-t and iring-t curves. 
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saturated with Cd(OH)2, and (curve 4) iring-t curve during free 
dissolution in 6.9 KOH at open circuit of the film formed on the 
disk at + 4 0  mV. 2100 rpm for all curves. 

during free dissolution of the film at open circuit (curve 
4). The la t ter  was obtained by first preanodizing the 
disk electrode under  the same conditions as for curve 
1 and then opening the disk circuit. While these ex- 
per imenta l  results show that  the reduction of the 
anodic film takes place at least par t ly  through the 
solution phase, this mechanism alone does not seem to 
be sufficient to account for the very large disk current  
observed dur ing the ini t ial  period of reduction in 
curve 1. The steady-state reduction current  measured 
in 6.9M KOH saturated with Cd(OH)2 was only 53 
~A at --40 mV (curve 3 in Fig. 7). Clearly, if the re-  
duction proceeded solely through the dissolved in ter -  
mediate, the dissolution of the anodic film would have 
to be extremely fast to account for the large init ial  
disk current.  Actually, however, the dissolution rate of 
the film was found to be rather  slow. For example, 
the r ing current  due to the free dissolution of the film 
(curve 4) cont inued to decrease slowly for about 1.5 
hr  unt i l  the current  finally reached zero. We also 
found that  dur ing the ini t ial  period of about 10 sec, 
the disk current  was unaffected by stopping and re-  
suming the rotation. 

These exper imental  results suggest that  in the in i -  
tial stages the cathodic reduction of the film pro- 
ceeds to a significant degree by the direct mechanism 
without going through the solution phase, while in the 
later  stages the contr ibut ion of the solut ion-reduct ion 
mechanism becomes more significant. It may be specu- 
lated that  when the cadmium meta l  is mostly covered 
with the film, the reduct ion takes place largely by the 
direct mechanism involving no soluble intermediate.  
As the reduct ion progresses, an increasing port ion of 
the cadmium metal  surface becomes exposed to the 
electrolyte, which increases the contr ibut ion of the 
reduction through the solution phase. It would be de- 
sirable to have more quant i ta t ive  informat ion as to the 
extent  of contr ibut ion of each of the two mechanisms 
to the over-al l  reduct ion process. However, the experi -  
menta l  technique employed here could not yield such 
information.  

On the basis of their  cu r ren t - in te r rup t ion  experi-  
ment  dur ing  the galvanostatic anodic oxidation of 

cadmium metal  in  KOH, Far r  and  Hampson (9) re-  
ported that  the solubil i ty of the anodic film in  the 
electrolyte is negligible. They observed that  the total  
passivation t ime was independent  of the durat ion of 
current  in te r rupt ion  up to 80 hr. It  would appear that  
the result  of our r ing-disk  electrode exper iment  is at 
var iance with that  of Far r  and Hampson's  current  
in te r rupt ion  experiment.  This apparent  contradiction 
can be understood if it is assumed that  the passivation 
occurs because of the formation of a thin insoluble 
film, which may  consist of CdO as postulated by 
Brei ter  and Weininger  (12), while the major  oxidation 
product, Cd(OH)2, dissolves in  the electrolyte to give 
rise to the reduct ion current  at the r ing electrode. 
Thus, the result  of current  in te r rupt ion  experiments  
reported by  Far r  and Hampson does not necessarily 
mean that  the entire film is insoluble. 

Electrical conductivity o~ the film.--The solid-state 
growth mechanism originally postulated by Croft (7) 
and supported by Farr  and Hampson (9) requires the 
rate of t ransport  of ions such as Cd + +, O H - ,  or H + 
in the film to be large. These ions may migrate  or 
diffuse through the inter ior  of the crystal l ine lattice, 
through defects in the film, or through grain bound-  
aries or pores in the film. In  order to obtain some in-  
formation on the magni tude  of the ionic conductivi ty 
of the film, potentiostatic anodic cur ren t - t ime  curves 
obtained at a s tat ionary p lanar  cadmium electrode 
were analyzed according to the method described by 
F ranck  (25) and also by Fle ischmann and Thirsk 
(26). The analysis should be regarded as only very 
approximate because the actual film is not uni form in 
composition as well  as in thickness. 

Suppose that  a metal  electrode given is already 
covered ent i rely with an anodic film of a uniform 
thickness. If an anodic current  i flowing for time dt 
results in an increase in film thickness by dSf by a 
solid-state ionic t ranspor t  mechanism, the following 
equation should hold 

dSf m 
. . . .  i [7] 

dt nFAp 

where m is the molecular  weight of the substance 
composing the film, A is the area of the electrode, and 
p the density of the film. If the film dissolves dur ing 
its growth, the total cur rent  i must  be corrected for 
the current  corresponding to the rate of dissolution 
of the film. This correction is unnecessary if the solu- 
tion is presaturated with the mater ial  of the film, be-  
cause no fur ther  dissolution of the film will  take place 
during the solid-state growth in such a solution. The 
total potential  drop between the metal  and the solu- 
tion can be wr i t ten  as 

~ g  = i R~/f + - ~ -  + Rus [8] 

where Rm/f and Rf/s are the resistances of metal-f i lm 
and fi lm-solution interfaces, respectively, and r is the 
specific conductivi ty of the film. It is assumed here tha t  
all three components of the total potential  drop vary  
l inear ly  with current .  Under  potentiostatic conditions 
(~V = const.), the following relat ion can be derived 
readi ly from [7] and [8] 

1 1 2m 
b t [9] 

i 2 io 2 nFA2a? (AV) 

where io is the current  at t = 0. It  is expected from 
this equation that  plott ing i -2 against t should yield a 
straight line, and its slope should permit  calculation 
of a. 

An exper iment  was carried out with a s tat ionary 
cadmium electrode with A = 0.317 cm 2 in 6.9M KOH 
saturated with Cd(OH)2. The electrode was first ano- 
dized at +0.100V for 90 min, at which t ime the elec- 
trode surface was assumed to be completely covered 
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with a film. The potent ial  was then stepped up to 
+0.300V. The i -2  _ t plot at the two potentials is 
shown in Fig. 8. At  +0.100V the relat ion was not 
l inear  as may be expected, whereas a good straight 
line was obtained at +0.300V except for the first sev- 
eral  minutes.  Since the amount  of CdO formed in this 
potent ial  range is bel ieved to be negligibly small  as 
indicated by the absence of cathodic prewave in the 
potential  scan exper iment  (see Fig. 2), it may be as- 
sumed that  the current  observed at +0.300V was con- 
sumed ent i re ly  for the growth of Cd(OH)2 by a solid- 
state ionic t ranspor t  mechanism. In  calculating the 
ionic conductivi ty a from the slope of the straight line, 
the actual surface area of Cd(OH)2 crystals which is 
in contact with the electrolyte should be used for A. 
However, since this is an unknown  quanti ty,  we are 
compelled to use the apparent  electrode area for A 
to find the order of magni tude  of a. With n = 2, 
A = 0.317 cm 2, m ---- 146.43, p -- 4.79 g �9 cm -3, and 
hV ---- 0.2V, we obtain a =- 1.7 • 10 -10 ohm -1 �9 cm -1. 
The exper iment  was repeated by forming the ini t ial  
film at +0.0952V and stepping up the potential  to 
+0.196V. The i -~  -- t plot at the lat ter  potential  
yielded a straight l ine with a = 2.0 • 10 -10 ohm -1 �9 
cm -1 in good agreement  with the value found from 
Fig. 8. The conductivi ty value is comparable to that  
found for anodic films of PbSO4, 3.5 • 10 - lo (26) or 
I • 10 -8 ohm -1 �9 cm - I  (27). 

The increase in  "average" film thickness due to the 
solid-state growth at +0.300V in the exper iment  of 
Fig. 8 was calculated from the integrat ion of the cur-  
ren t - t ime  curve over the 7O-min period. It amounted 
to 0.044~. On the other hand, the average film thick- 
ness prior to application of the potential  step was esti- 
mated to be approximately 0.14~. This value was cal- 
culated by integrat ion of the current -potent ia l  curve 
which was obtained in a separate exper iment  by scan- 
ning the potential  from +0.1 to --0.3V at a speed of 
0.1 V /min  after  potentiostatic film formation at 
+0.1V. Thus, the increase in film thickness due to 
the solid-state growth at +0.3V corresponds to about 
30% of the thickness of the film formed at +0.1V. 

The results described above show that  in the po- 
tent ial  range after passivation, the film does grow by 
the solid-state ionic t ransport  mechanism. In  the po- 
tent ial  range of active oxidation (<0.05V), however, 
the contr ibut ion of ionic t ranspor t  process to the film 
formation is negligible. It  can be estimated that  the 
solid-state film growth is l imited to only about 0.01~ 
for hV ---- 0.05V. 

Summary and Conclusion 
1. The formation of a dissolved in termediate  species 

during the anodic and cathodic processes of cadmium 
metal  in concentrated alkal ine solutions was demon-  
strated by using the r ing-d isk  electrode technique. 

2. The dissolution-precipitat ion mechanism prevails 
in  the active range of potential. The contr ibut ion of 
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Fig. 8. i-~-t plot for calculation of ionic conductivity [stationary 
electrode in 6.9M KOH saturated with Cd(OH)2]. 

solid-state growth mechanism is negligible in this po- 
tent ial  range, and practically all cur rent  flows through 
exposed areas of the cadmium metal. 

3. The result  of this invest igat ion supports the view 
expressed by previous investigators (1-3a, 6, 12) that  
passivation is not the result  of complete blocking of 
the cadmium metal  surface by Cd(OH)2 crystals but  
ra ther  is due to the formation of a thin, continuous 
film of CdO next  to metallic cadmium. This passive 
film appears to be insoluble or only Very slowly 
soluble in alkali. 

4. In  the passive range of potential  the Cd(OH)~. 
crystals grow on top of the passive layer by a solid- 
state ionic t ranspor t  mechanism. The ionic conduc- 
t ivi ty of the Cd(OH)2 film is of the order of 10 - l ~  
o h m -  1 . c m -  1 

5. The quant i ty  of CdO formed increases with in-  
creasing anodic potential, and in 6.9M KOH it becomes 
detectable by cathodic reduct ion if the anodization po- 
tent ia l  is brought  to a value more positive than + 0.4V 
vs. the equi l ibr ium potential  of Cd/Cd (OH)2. 

6. The cathodic reduct ion of CdO occurs at a po- 
tent ial  about 40 mV less cathodic than that of Cd (OH)2 
without forming a soluble intermediate.  

7. The reduction of Cd(OH)2 occurs both by a direct 
mechanism and through the solution phase. The con- 
t r ibut ion of the lat ter  mechanism increases as the re-  
duction progresses and as the area of exposed cad- 
mium metal  increases. 
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Kinetics of the Solid Lithium Electrode in 
Propylene Carbonate 

Robert F. Scarr* 
Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland, Ohio 

ABSTRACT 

Kinet ic  pa rame te r s  for solid l i th ium electrodes h a v e  been eva lua ted  at  
23 ~ ~- I~ for LiC104 in p ropy lene  carbonate  at  severa l  concentrat ions  be-  
tween 0.1 and 1.0M. Polar iza t ion  da ta  obta ined  by  the i n t e r rup ted  cur ren t  
method  agree wi th  tha t  obta ined  by  a pulse technique.  Depending on its t r e a t -  
ment,  the e lect rode exhibi ts  one of two levels  of act ivi ty.  This phenomenon is 
be l ieved  to be due to the presence of a film formed by  react ion be tween  l i th -  
ium meta l  and the solvent  or impuri t ies .  The film is b roken  down at  h igher  
cur ren t  densities, effecting an increase in e lectrode area. The area  increase  
has been cor robora ted  by  doub le - l aye r  capaci tance measurements .  S tandard  
exchange  cu r ren t  of a f i lm-free  e lec t rode  in LiC104 is 1.78 • 0.33 m A / c m  2. 

L i th ium meta l  is a promis ing  ma te r i a l  for use as an 
anode in nonaqueous ba t t e ry  systems.  Besides being 
one of the  more active meta ls  and possessing a ve ry  
low equivalent  weight ,  l i th ium has been shown, at 
least  in the  case of its amalgam,  to be a h igh ly  re -  
vers ible  electrode.  Cogley and But le r  (1) have eva lu-  
a ted  the so-cal led " t rue"  exchange cur ren t  for l i th ium 
amalgam in L iC l -d ime thy l  sulfoxide e lec t ro ly te  at 
app rox ima te ly  3 m A / c m  2. 

The presen t  inves t igat ion is a s tudy of the  kinet ics  
of the  solid l i th ium elect rode in another  solvent  of 
cu r ren t  interest ,  p ropy lene  carbonate.  The e lec t ro ly te  
was LiC104, a soluble l i th ium sal t  commonly  used in 
nonaqueous  ba t t e ry  studies. Due to the  na tu re  of ex-  
pe r imen ta l  condit ions and the existence of in ter fer ing  
processes, the resul ts  obta ined should be considered 
pre l iminary .  At  this  ea r ly  s tage of our  unders tand ing  
of this  system, r igorous  measures ,  such as correct ion 
for doub le - l aye r  effects of ac t iv i ty  coefficients, were  
not  used in analysis  and in te rp re ta t ion  of expe r imen ta l  
results.  

Experimental 
Most of the  cu r ren t -vo l t age  da ta  for the  l i th ium 

electrode react ion were  obta ined by  the i n t e r rup ted  
cur ren t  technique.  This type  of measuremen t  r ep re -  
sents s t eady-s ta te  condit ions for the  test  electrode,  
and permi t s  the  polar iza t ion  to be corrected for ohmic 
drop. A pulse method  was also used. 

Cell  cur ren t  was control led  by  a Tacussel  Model  PIT 
20-2X potent ios ta t  in a galvanosta t ic  mode. The con- 
t ro l  s ignal  was suppl ied f rom a va r i ab l e -ga in  i nve r t -  
ing adder  which summed a constant  d-c  potent ia l  and 
a single 100-~sec pulse f rom a Tek t ron ix  Model  160 
Pulse Generator .  

The pulse  ampl i tude  was in i t ia l ly  ad jus ted  to 
counterba lance  exac t ly  the  d-c  potential .  The resul t  
was a signal  where in  the  d -c  level  corresponded to 
c losed-ci rcui t  opera t ion  and the pulse per iod to the  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  l i t h i u m  e lec t rode  k ine t i cs ,  f i lm f o r m a t i o n  on l i t h i u m ,  

l i t h i u m  in  p r o p y l e n e  ca rbona te .  

open-c i rcu i t  condit ion.  For  the  pulse exper iments ,  the  
d-c  level  was nulled.  Var ia t ion  in the  c losed-ci rcui t  
cur ren t  was achieved by  changing the gain of the  
adder.  S t eady - s t a t e  cell  voltages were  measured  on a 
Dana Model  5400 digi ta l  vol tmeter .  Trans ient  cell  po-  
ten t ia l  and cell  cur ren t  were  observed on a Tek t ron ix  
Model 564 Storage  Oscilloscope wi th  a Model  3A3 dual  
channel  different ia l  amplif ier  using the a.c.-coupled 
input. The set t l ing t ime for the  cur ren t  in ter rupt ion,  
defined as 97% of the ful l  step, was less than  2 ~sec, 
as shown in Fig. 1. 

The cell  for this  w o r k  was a 50-ml P y r e x  beake r  
wi th  a t ight - f i t t ing  Teflon top which  he ld  the  th ree  
electrodes wi th  ve r t i ca l ly  or ien ted  surfaces. Al l  e lec-  
trodes,  test,  counter,  and reference,  were  pieces of 

Fig. I. Typical oscilloscope trace showing current interruption 
for lithium metal electrode in 0.1M LiCI04. Upper trace: current, 
500 /~A/cm. Lower trace: potential 50 mV/cm. Sweep rate: $ 
~sec/cm. 
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99.96% l i thium foil obtained from Foote Mineral  Com- 
pany. This foil was known to contain 100 ppm potas- 
sium, 200 ppm sodium, and 150 ppm calcium. The test 
electrode was a flat plate, 0.5 x 1.0 cm, exposed to 
electrolyte on both sides, and surrounded by the 
counterelectrode which was suspended around the 
per imeter  of the cell. Though near ly  cylindrical,  this 
geometry may have led to nonuni form distr ibut ion of 
the current  at the electrode surface. According to 
Wagner  (2), the current  density at the edges of the 
electrode could, for the conditions employed in this 
part icular  experiment,  be as much as twice that of 
the average based on a para l le l -p la te  model for the 
cell. The effects of nonuni fo rm current  distr ibution 
should, however, largely cancel in the determinat ion 
of the kinetic parameters  from the average current,  
and, in view of the pre l iminary  na tu re  of the work, 
this effect shall be disregarded. 

The reference electrode was situated adjacent  to 
and in the same plane as the test electrode. Li th ium 
metal  is known to be a stable reference electrode, and 
in the present work was found not to vary  more than  
1 mV from an auxi l ia ry  twin reference electrode, even 
after prolonged use. The area of the test electrode was 
controlled and known. Pr ior  to their  use, the surfaces 
of the electrodes were cleaned by  brushing with Car- 
borundum cloth. 

During the earliest work, those parts of the test 
electrode not in tended to contact the electrolyte were 
coated with Microtex masking lacquer. Later, this sub- 
stance was shown by gas chromatography (g.c.), to 
introduce trace quanti t ies  of u n k n o w n  organic con- 
taminants  into the electrolyte. Consequently, the use 
of the masking lacquer was discontinued, and the 
electrode area was controlled instead by cut t ing away 
all unwan ted  metal.  The electrode of the desired size 
was suspended just  below the surface of the electro- 
lyte by a thin thread of l i th ium metal  remaining  from 
the original  piece. The results obtained using this type 
electrode were, however, no different than those 
where the lacquer was used. 

The entire cell and associated work area were in-  
corporated in a glove box containing a purified, con- 
t inuously  renewed argon atmosphere. Oxygen was re-  
moved from the argon by passing it over hot copper 
turn ings  and water  vapor was removed with Linde 
13X Molecular Sieve. Dur ing  quiescent periods, the 
argon flow rate was 0.8-1.3 std ft3/hr, which corre- 
sponds to an hourly rate of 15-23% of the box capacity. 
The flow rate was considerably higher at times when 
the t ransfer  chamber  was opened. The humidi ty  in the 
box was monitored by a Panametr ics  Hygrometer,  
Model 1000, and throughout  the course of the work 
was progressively reduced to about 5 ppm water  
vapor. The ni t rogen content  of the atmosphere was 
below limits detectable by g.c. Under  these conditions, 
l i th ium metal  remained visual ly bright and clean in-  
definitely. Ambien t  tempera ture  wi th in  the box was 
23 ~ • I~ 

Propylene carbonate was purified by vacuum dis- 
t i l lat ion from a Podbie lniak column at 8 mm Hg and 
100~176 column head temperature.  The resul t ing 
product still contained some low level contamination,  
probably 1,2-propanediol. It  is known (3) that  the 
glycols are v i r tua l ly  impossible to remove completely. 
Ul t rapure  l i th ium perchlorate made by vacuum fusion 
was obtained from Anderson Physical  Laboratories, 
and was used wi thout  fur ther  purification. After  prep-  
aration, electrolytes were stored over Linde 4A Molec- 
u lar  Sieves and occasionally also stored in the pres-  
ence of l i th ium wool. 

The normal  procedure was first to obtain data at 
increasing levels of anodic polarization, followed by 
decreasing the current  back to open circuit, each point  
requir ing 3-8 rain to establish. This pat tern  was then 
repeated in the cathodic direction. Nonohmic steady- 
state polarization was evaluated by extrapolat ing the 
ini t ial  region of the potent ia l - t ime curves back to the 

ini t iat ion of the pulse, then subtract ing the obtained 
ohmic drop from the steady-state  cell voltage. The 
electrode potential  could be determined with an error 
of •  of the IR  drop or 1 mV, whichever  was the 
greater. 

Current -vol tage  data were then  plotted according to 
the Al len-Hickl ing method (4). In  this technique, 
polarization data are corrected for the back reaction by 
plott ing the logari thm of the funct ion I l l  -- exp (~/~) 
vs. the overvoltage, 0, where  I is the current  density 
and ~ = R T / F .  A one-electron process is assumed. 
This permits  data points very close to equi l ibr ium to 
be taken into account. In  addition, cathodic and anodic 
branches are colinear, thereby reinforcing one another. 

Results and Discussion 
The current-vol tage  behavior  of the electrode 

seemed to depend in par t  on the humid i ty  of the 
glove-box atmosphere. During the ini t ial  phases of this 
work, the water  vapor content  of the glove box was 
approximately 30 ppm. A current-vol tage plot typical 
of these conditions is given in Fig. 2, where the circles 
represent  data taken under  increasingly positive po- 
larization and the tr iangles the opposite direction. The 
cathodic branches of these plots were seldom colinear 
with the anodic branches, and usual ly  fell away (to 
higher polarization) as the current  density increased. 
The l i thium deposits corresponding to this region were 
loose, granular ,  and poor in quality. 

The average exchange current  density, I0, for 1M 
LiCO4 at this stage of the work was found to be about 
0.64 • 0.04 m A / c m  ~, and the cathodic t ransfer  coeffi- 
cient, a, about 0.63 • 0.02. The corresponding kinetic 
parameters  for 0.2M LiC104 were 0.32 • 0.01 mA/cm 2 
and 0.69 • 0.01, respectively. The cathodic t ransfer  
coefficient calculated from the dependency of exchange 
current  on l i th ium-ion  concentrat ion was in good 
agreement  with the slope of the Al len-Hickl ing plots. 

At this point, glove-box conditions were improved 
to the extent, tha t  water  vapor was reduced to about 
15 ppm. All  measurements  were then repeated using 
new batches of materials.  A pronounced change in po- 
larization behavior  was found to occur. Although the 
water  vapor was thereafter  reduced even fur ther  to 5 
ppm, no addit ional change in results occurred. 

Current -vol tage  curves characteristic of those ob-  
tained are i l lustrated in Fig. 3. Data points taken under  
the ini t ial  increasing anodic polarization indicated 
very  clearly the usual  l inear  region with an exchange 
current  approximately equal to the previous measure-  
ments. At a point  midway in the series, however, 
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usual ly in the range of 2-5 m A / c m  2, the overpotential  
suddenly diminished, as shown by the dashed line. 
These lat ter  data points, as well  as those taken under  
subsequent  decreasing current ,  define a second l inear  
region with a higher exchange current .  The extension 
of the upper  line was often colinear with the cathodic 
branch, as i l lustrated in Fig. 3. After  an electrode 
had once achieved the active condition, subsequent  
anodic t rea tments  resulted in retracing the upper  
curve, as shown in Fig. 4 for 0.2M LiC104. 

The l inear i ty  of the anodic branch of the cur ren t -  
voltage plot indicates that  electron t ransfer  is the 
ra te -de te rmin ing  phenomenon in this region. Steady-  
state conditions are superseded at current  densities 
above 15 m A / c m  2 where diffusion polarization is pre-  
sumed to take effect. 

The dual  Tafel behavior  is believed to be due to the 
existence of an insulat ing film on the electrode surface 
which ini t ia l ly covers m a n y  of the active sites avail-  
able for reaction. Such a film is not the normal  product 
of anodization of l i th ium metal  but  is probably the 
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Fig. 4. Allen-Hickling plot of polarization data showing retracing 
of upper curve. 

result  of a side reaction with the solvent or an im-  
purity.  This interpreta~tion is supported by the obser- 
vat ion by Cogley and But ler  (5) of a waxy  film de- 
posited on l i thium amalgam in propylene carbonate 
electrolyte. 

As the current  is increased under  in te r rupter  con- 
ditions, the effect of the film can be overcome, causing 
the effective area of the electrode to be abrupt ly  in -  
creased. This point occurs when the rate of creating 
new sites through either dissolution or deposition ex- 
ceeds that  of film formation. Fi lm formation is prob-  
ably l imited by the rate of diffusion of reactant  
through solution. 

Fi lm formation may be catalyzed by  the presence 
of water, hence the dependence on the humidi ty  of 
the glove box. Of the two levels of activity, the upper  
is probably more representat ive of the intr insic  prop- 
erties of the electrode because of the absence of the 
film. The electrode remains  in this enhanced mode as 
long as the current  appreciably exceeds the rate of 
film formation. Below this point, the film is reformed, 
causing the downward decay of the Al len-Hickl ing  
plots. 

Independent  evidence has been obtained that  a reac- 
t ive substance which might lead to film formation is 
present  in the electrolyte system. Linear  sweep volt-  
ammet ry  of propylene carbonate solutions of various 
electrolytes has revealed the presence of two cathodic 
peaks between 0.0 and 1.0V with respect to Li /Li  +. 
These peaks might be a t t r ibuted to formation of 
l i th ium intermetal l ic  compounds with the substrate. 
The peaks have been observed in this laboratory, 
however, even in the complete absence of l i th ium ion, 
or where l i th ium compounds are not expected to form, 
such as for nickel electrodes shown in Fig. 5. Fu r the r -  
more, it may be shown from thermodynamic  data that 
propylene carbonate may be expected to decompose 
in this potential  region. 

The film formation theory was fur ther  confirmed by 
applying current  pulses ra ther  than  current  in te r rup-  
tions to the electrode. In  the case of pulses, t h e  amount  
of mater ial  removed from the electrode is negligible, 
hence the film would be expected to main ta in  its 
integrity. Figure 6 shows the results of an electrode 
which was subjected to both pulse and current  in ter -  
rupt ion techniques. The circles, open and solid, repre-  
sent the first pulse exper iment  for ascending and des- 
cending current,  respectively. The usual  shift in polar-  
ization was not observed, indicating that  the film 
remained intact. 

The current  in ter rupt ion  run,  denoted by the t r ian-  
gular data points, was made the next  day. The first few 
points are therefore considerably lower than the pulse 
series due to fur ther  film formation which occurred 
overnight.  Nevertheless, midway through the run,  the 
electrode switched to the enhanced state and remained 
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Fig. 7. Log plot of potential response after pulse 

in tha t  condit ion for  the  ba lance  of the  exper iment .  
The square  points a re  for another  pulse series immedi -  
a t e ly  fol lowing the  i n t e r rup t e r  run. I t  is seen tha t  the  
ac t iv i ty  of the  e lect rode remained  high dur ing  this 
period.  The agreement  be tween  the  pulsed and in te r -  

Table I. Double-layer capacity and polarization resistance 
for pulsed runs, 1M LiCIO4 

Co. I R p  
/ ~ F / c m  2 o h . ~  

L o w e r  c u r v e  2 . 4  2 0 . 4  

U p p e r  c u r v e  5 .2  9 .3  

rup ted  resul ts  indicates  fu r the r  tha t  the re  was no 
t empe ra tu r e  increase  dur ing  the  in t e r rup te r  series due 
to res is t ive heat ing of the  e lectrolyte .  

As fu r the r  charac ter iza t ion  of the  insula t ing effect 
of the  film, an indica t ion  of the  area  change was ob-  
t a ined  by  eva lua t ing  the  doub le - l aye r  capaci ty  (Cdl) 
f rom pulse data,  both  before  and af ter  the  in t e r rup te r  
run. Using a pa ra l l e l  res i s to r -capac i tor  equiva lent  
c i rcui t  as a model  for  the  double  layer ,  Cdl was eva lu -  
a ted  f rom the slope of log poten t ia l  vs. t ime plots,  as 
in Fig. 7. Because of the  expe r imen ta l  difficulties in 
making  such measurements  under  f i lm-forming con- 
di t ions and because of the  marg ina l  fitness of the  
model  in this  range  of overpotent ia l ,  Cdl values  should 
be considered va l id  only for  purposes  of comparison.  
As shown in Table  I for  1M LiC104, the  doub le - l aye r  
capacity,  hence e lect rode area,  does increase  roughly  
in propor t ion  to the  increase in exchange cur ren t  while  
the  polar izat ion resis tance (Rp) is seen to decrease.  
The exchange cur ren t  ca lcula ted  f rom Rp, 2.7 m A / c m  2, 
is in good agreement  wi th  tha t  obta ined f rom the 
i n t e r rup ted  cur ren t  measurements ,  vide infra. 

Due to the  i r r eproduc ib i l i ty  and non l inea r i ty  of the  
Al len -Hick l ing  plots for the  cathodic data,  k inet ic  
pa rame te r s  were  de te rmined  la rge ly  f rom anodic 
measurements .  Only  where  the  cathodic da ta  tended  
to subs tant ia te  anodic resul ts  were  they  uti l ized.  The 
charac te r  of the  resul ts  f rom the  cathodic region m a y  
p robab ly  be a t t r ibu ted  to a mixed-e l ec t rode  process 
involving both me ta l  deposi t ion and solvent  decom- 
position. Convect ion is ru led  out  as an explana t ion  for  
the non l inear i ty  because of the  agreement  be tween  
in t e r rup te r  and pulse data.  

The  combined pu l se - in t e r rup t e r  measurements  were  
car r ied  out  at  severa l  concentrat ions  of electrolyte .  
The exchange currents  eva lua ted  by  this means,  as 
wel l  as those obta ined  by  the  convent ional  i n t e r rup te r  
procedure,  were  combined to give the resul ts  l is ted 
in Table  II. As one means  of de te rmin ing  the  t ransfe r  
coefficient, ~, these da ta  are  p lo t ted  vs. log concen-  
t r a t ion  in Fig. 8. The s t ra ight  l ines represent  the  data  
according to a l eas t - squares  analysis;  the  numer ica l  
pa rame te r s  for the  l eas t - squares  l ines are  given as the  
last  en t ry  in Table II. The da ta  obta ined by  the pulse  
technique  a re  solid points,  whi le  those obta ined  by  
in te r rup t ion  are  shown as open points. The re la t ion-  
ship of the  upper  and lower  curves  is seen ve ry  c lear -  
ly. The da ta  f rom the  ear l ies t  exper iments  obta ined 
before  the dual  effect was encountered  are  represen ted  
by  the crosses and the  dashed  line, and are  in good 
agreement  wi th  the  lower  curve. 

The t ransfe r  coefficient has been de te rmined  both 
f rom the polar izat ion slope and f rom the concentra t ion 

Table II. Li/LiCI04 electrode kinetic parameters at 23~ 

U p p e r  c u r v e  L o w e r  c u r v e  

CLt  + Io b c  Io bc 
( m o l e / l i t e r )  m A / c m S  m Y / d e c  a m A / c m ~  m Y / d e c  a 

1 .0  

0 . 5  

0 .2  

0 .1  

A l o g  Io 

A log C 

1 . 7 6  • 0 . 1 0  

1 . 2 2  -4" 0 . 0 3  

0 . 7 6  • 0 . 0 7  

0 . 4 9  "4- 0 . 0 9  

1 .7 8  • 0 . 3 3  

9 2  + 2 0 . 6 4  ----- 0 . 0 1  0 . 6 9  - -  0 . 1 6  

100  ~ 14 0 . 5 9  - -  0 . 0 8  0 . 5 3  ----- 0 . 0 5  

9 4  ----- 2 0 . 6 2  +--. 0 . 0 1  0 . 3 3  ~ 0 . 0 8  

9 2  ----- 5 0 . 6 4  • 0 . 0 3  0 . 3 0  ----- 0 . 02  

1 3 0  • 6 0 . 4 5  ----- 0 . 0 2  0 . 6 7  ----- 0 . 2 5  

96  - -  5 0 . 6 1  _ 0 .03  

98  - -  2 0 . 6 0  __- 0 . 0 2  

92  - -  4 0 . 6 4  + 0 . 0 3  

92  "4- 9 0 . 6 4  ~ 0 .06  

96 • 13 0.61 ~ 0 . 0 8  
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dependence  of exchange  current .  The first method,  
whi le  n o r m a l l y  prefer red ,  suffers f rom the influence of 
surface films and in te r fe r ing  corrosion processes at  low 
currents .  The second method  m a y  produce erroneous 
results  because no correct ion has been made  for double-  
l ayer  effects or for ac t iv i ty  coefficients. For  the  ma jo r i t y  
of cases, an  average  value  for  the  t ransfe r  coefficient of 
0.62 is obtained,  but  for  the  reasons s ta ted  the  re l i ab i l -  
i ty  of this  figure is somewhat  in question. The s t andard  
exchange cur ren t  obta ined  by both methods  is ca. 1.8 
m A / c m  2. S t anda rd  devia t ions  for these v a l u e s  are  
given in Table  II. The pr inc ipa l  factor  in the  scat ter  
of the  kinet ic  pa rame te r s  f rom run  to run  is p robab ly  
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the i r r ep roduc ib i l i ty  of the  film. This is suppor ted  by  
the  qua l i ta t ive  observat ion  tha t  the  da ta  scat ter  for 
the  lower  s ta te  of e lect rode ac t iv i ty  is somewhat  
g rea te r  than  for  the  more  act ive state where  the  film 
is supposedly  absent.  The above kinet ic  pa rame te r s  
m a y  be c o m p a r e d w i t h  those of Cogley and But le r  (5) 
who obta ined values  of 0.75 and 8.6 m A / c m  2, respec-  
t ively ,  for Li  (Hg)-LiC1 in DMSO. 

It  is concluded tha t  the  solid l i th ium electrode is 
indeed act ive enough to compare  f avorab ly  wi th  o ther  
electrodes p resen t ly  ut i l ized in p r i m a r y  ba t t e ry  appl i -  
cations. Whi le  t h e  format ion  of a film wi th  some com- 
ponent  of the  e lec t ro ly te  m a y  reduce the  apparen t  
ac t iv i ty  of the  metal ,  the  e lec t rode  discharge pe r fo rm-  
ance should improve  unde r  cont inuous dra in  condi-  
tions which tend  to remove  the film. In the  final ana l -  
ysis, such a film m a y  ac tua l ly  p rove  beneficial  as a 
pro tec t ive  l aye r  dur ing  idle  periods.  
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ABSTRACT 

Three  represen ta t ive  lead oxides were  used in fabr ica t ing  lead-ac id  cells 
wi th  pure  and an t imonia l  lead grids. The cells were  cycled and overcharged.  
Posi t ive  plates  were  r emoved  at  in terva ls  and the act ive ma te r i a l  was  ex-  
amined  by  x - r a y  diffraction, e lect ron microscopy,  and by  spectroscopy. Bulk  
densi t ies  of the  act ive mate r ia l s  were  also determined.  The cells wi th  pure  
lead grids usua l ly  had somewhat  lower  capacit ies than  the corresponding 
an t imonia l  cells, and lost app rox ima te ly  80% of the i r  in i t ia l  capaci ty  be tween 
5 and 10 cycles. None of the an t imonia l  cells suffered ma jo r  capaci ty  loss 
dur ing  the 21 cycles compris ing the  test.  The ra te  of loss in bu lk  dens i ty  of 
the  PbO2 was h igher  in the  pure  lead  cells. This and the loss in capaci ty  
have  been a t t r ibu ted  to the  gra in  growth  and anhedra l iza t ion  tha t  t ake  place  
more  r ap id ly  when  an t imony is absent.  A n t i m o n y  appears  to act as a nu -  
cleat ing cata lys t  for the  PbO2 and inhibi ts  c rys ta l  growth.  

The fu l ly  charged posi t ive e lect rode of the l ead -ac id  
cell  is a porous po lycrys ta l l ine  aggregate  of PbO2. The 
ind iv idua l  c rys ta l l i tes  a re  usua l ly  of submicroscopic 
d imens ions  (1), and the  aggregate  must  re ta in  its 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  

mechanica l  s t rength  and e lect r ica l  cont inui ty  under  
s t r ingent  requi rements :  percola t ion  of H2SO4 th rough-  
out  the  mass, cyclic vo lume changes be tween  PbO2 
and PbSO4 dur ing  e lect rode operat ion,  and vigorous 
O2 gas evolut ion dur ing  overcharging.  The ab i l i ty  of 
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the  work ing  e lect rode to wi ths tand  such use is the  
combined resul t  of severa l  factors. Voss and Huster  
(2) have shown that ,  in an t imonia l  cells, the  d u r a -  
b i l i ty  of the  PbO2 mass  is re la ted  to the  depth  of dis-  
charge dur ing  cycling, wi th  deep or complete  dis-  
charges most destruct ive.  The composit ion of the  sup-  
por t ing  gr id  a l loy has an effect on the  cycle  life of the  
act ive mater ia l .  Under  usual  conditions,  plates  made  
wi th  an t imonia l  a l loy  gr ids  have  signif icantly longer  
cycle life than  those wi th  nonant imonia l  lead grids 
(3, 4). 

In  general ,  the  s t rength  of po lycrys ta l l ine  aggregates  
has been shown to be re la ted  to the i r  micros t ruc tures  
(5, 6), and i t  has been suggested tha t  the du rab i l i t y  
of a PbO2 aggregate  is re la ted  to the  morpho logy  of 
the  par t ic les  as seen in the  e lect ron microscope (3, 7). 

In  the  first phase of this study,  electrodes fabr ica ted  
f rom th ree  represen ta t ive  lead oxides were  oxidized 
whi le  suppor ted  on pure  and an t imonia l  lead grids 
(8). The resu l tan t  PbO2 was examined  by  x - r a y  dif -  
f ract ion and e lec t ron microscopy,  and i t  was concluded 
that  the f reshly  anodized mass comprised  compound 
spikes of crys ta ls  of app rox ima te ly  0.5g average  d iam-  
eter,  which  were  overgrown wi th  smal le r  sessile c rys-  
tal l i tes ,  0.1g or less in diameter .  The descr ipt ive  t e rmi -  
nology was selected because botanica l  analogy is f re -  
quent ly  employed  to descr ibe  crys ta l  formations.  Such 
a geometr ica l  morphology  r ead i ly  expla ins  the  differ-  
ence in surface area  of the  po lycrys ta l l ine  mass when 
measured  by  gas absorpt ion  methods,  about  7 mS/g, 
and the va lue  of 14 to 24 ml /g ,  ca lcula ted  on the basis 
of x - r a y  l ine  broadening  (4, 9). The ve ry  smal l  sessile 
crys ta l l i tes  lie wi th in  the  range  tha t  gives r ise to a 
l imi ted  degree  of x - r a y  line b roadening  (10). Since 
the  smal le r  crys ta l l i tes  cover  the l a rge r  crystals ,  and 
because the  specific x - r a y  absorpt ion  of lead is high, 
the  ent i re  mass appears  to consist of the smal le r  c rys-  
tal l i tes.  In  such a specimen, the  under ly ing  la rger  
crysta ls  cont r ibute  l i t t le  to the x - r a y  diffraction pa t -  
t e r n ,  a l though the  l a rge r  crys ta ls  m a y  make  up the 
ma jo r  f ract ion of the  total  weight  of the  sample.  
Kordes  (4) de te rmined  f rom neut ron  diffraction tha t  
the  in te r io r  por t ions  of the  crys ta ls  or agglomera tes  
of PbO2 electrodes appea red  to have  be t te r  "c rys ta l -  
l in i ty"  than  the  outer  layers  or gra in  bounda ry  ma te r -  
ial. This was borne  out by  the  direct  examina t ion  of 
PbO2 by e lect ron microscopy (8). In  fu r the r  agree-  
ment  wi th  the conclusions of Kordes  (4), it was ob-  
served tha t  the  ini t ia l  oxidat ion,  or format ion  of PbOl,  
was not  s ignif icantly different  when  ant imonia l  or pure  
lead suppor t ing  grids were  employed.  

I t  was also found that  the re  was no significant d i f -  
ference in the  ini t ia l  morphology  of the  act ive ma te r i a l  
among the th ree  r ep resen ta t ive  oxides employed,  a l -  

Table I. Cell characterization* 

Oxide  

9 -P la te  cells** 3 -P la t e  cells** * 

Desc r i p t i on  D t  F G D F G 

A A m i l l e d  n o n l e a d y  64 1.050 1.250 65 1.0585 1.2247 
l i t h a r g e  

C A b a l l - m i l l  l e a d y  64 1.100 1.250 65 1.0585 1.2247 
l i t h a r g e  c o n t a i n -  
i ng  25% free  lead  

H A f u r n a c e d  l i t h a r g e  64 1.10O 1.250 66 1.0585 1.2247 
c o n t a i n i n g  25% 
Pb30~ 

* Pas tes  of each  ox ide  we re  a p p l i e d  to  pu re  and  7% a n t i m o n i a l  
l ead  gr ids ,  and  p o s i t i v e  and  n e g a t i v e  p la tes  w e r e  p a s t e d  w i t h  the  
same  m a t e r i a l s  a t  the  same  t ime.  

** Ma te r i a l s  u sed  in  f a b r i c a t i o n  of  these  cel ls  are  cha rac t e r i zed  
in  Ref. (11). 

*** Ma te r i a l s  used  in  f a b r i c a t i o n  of these  cel ls  are cha rac t e r i zed  
in  Ref.  (8). 

t S y m b o l s  s i g n i f y :  D - - w e t  pas te  dens i t y  i n  g/ in .a ;  F - - s p  g r  
H~SO~ used  in f o rma t ion ;  G - - s p  gr  H~SO4 used in  the  c y c l i n g  and  
o v e r c h a r g i n g  rou t ines ,  T a b l e  II. 

though the oxide tha t  o r ig ina l ly  contained Pb304 gave 
rise to the  larges t  ind iv idua l  c rys ta ls  (8). 

The present  phase  of the  s tudy  was unde r t aken  to 
de termine:  whe the r  e lec t rochemical  cycl ing and over-  
charge in H~SO4 has an effect on the  crys ta l  morpho l -  
ogy of Pb02, whe the r  differences in active ma te r i a l  
morphology  a t t r ibu tab le  to the  presence of an t imony 
in the  grid me ta l  could be observed,  as indica ted  by  
ea r l i e r  s tudies (3, 4), and whe the r  differences could 
be ascr ibed to the  or ig inal  oxides f rom which the 
electrodes were  fabr icated.  

Materials and Methods 
Three rep resen ta t ive  lead oxides, des ignated  A, C, 

and H, were  used in this  study.  The meta ls  and indi -  
v idua l  oxide product ion  batches were  character ized in 
deta i l  in ear l ie r  repor ts  (8, 11). Convent ional  ba t t e ry  
plates  were  hand  pas ted  and cured fol lowing s t andard  
pract ice  for each of the  oxides us ing pure  and an t imon-  
ia l  lead  grids, nomina l ly  7% Sb by  weight .  No addi -  
t ives were  used in pla te  fabricat ion,  and posi t ive and 
negat ive  plates  were  pas ted  wi th  ident ica l  mater ia ls .  
F r o m  these plates,  12 fu l l -s ized 9-plate  cells were  as-  
sembled for e lect rochemical  cycl ing and overcharge  
tests (12). Six  smal l  3-p la te  cells (2 negat ives  and 1 
posi t ive)  were  manua l ly  cycled a few times. These 
exper iments  a re  summar ized  in Tables I and II. 

Two each of the  posi t ive and negat ive  p la tes  were  
removed  from six of the  9-plate  cells af ter  11 cycles. 
These were  rep laced  by  heavy  plast ic  sheets to re ta in  
app rox ima te ly  the  no rma l  e lement -e lec t ro ly te  balance  

Table II. Capacity cycling and overcharge procedures 

9-P la t e  cel ls  3 -P la t e  cells* 

D i scha rge  Cut -o f f  D i scha rge  Cut -o f f  D i s c h a r g e  
Cycle  No. r a t e  (A) v o l t a g e  Cycle  No. r a te  (A) v o l t a g e  Cycle  No. r a t e  (A) Grids 

I ,  3, 5, 8, i0 ,  18 3** 1.75 13, 20 I00 l.O0 I,  3 1.0 P u r e  l e ad  
2, 4 0.5 

2, 9, 12"** 150 l.OO 14, 21 50 1.70 

4, 7, 10 150 1.00 15 25 1.70 1, 4-8 1.0 A n t i m o n y  a l loy  

6, l l t  20 1.70 16 12 1.70 2, 3 0.5 
17 6 1.75 

* The  3-p la te  cel ls  we re  cyc led  at  a m b i e n t  r oom t e m p e r a t u r e  w h i c h  v a r i e d  b e t w e e n  20~176 A p o s i t i v e  p l a t e  p o t e n t i a l  vs. H g / H g l S O 4  of 
0.75-0.8V was  u sed  as the  cu t -o f f  vo l t age .  

** The  20-hr  ra te  a t  26.67~ (80~ 
*** Cycles  2, 9, and  12 w e r e  r u n  a t  --17.78~ (0~ A l l  o the r s  we re  r u n  a t  26.67~ (80~ 

t F o l l o w i n g  11 cycles,  6 cel ls  (one of each  type  ox ide  a n d  g r id )  w e r e  r e m o v e d  f r o m  the  cycle  test .  A f t e r  r e m o v a l  of two  each of the  
pos i t i ve  and  n e g a t i v e  p la tes ,  these  cel ls  we re  p laced  on the  f o l l o w i n g  o v e r c h a r g e  r e g i m e :  o v e r c h a r g e ,  120 h r  a t  2.5A; s tand ,  48 h r  less t he  
t i m e  r e q u i r e d  fo r ;  h i g h  ra te  d i scharge ,  75A a t  37.78~ (100~ to a cut -off  v o l t a g e  of  1.00V. F a i l u r e  was  r e a c h e d  w h e n  t he  cel l  capac i ty  f e l l  
b e l o w  40% of  the  i n i t i a l  capac i ty  a t  the  75-A d i s cha rge  rate .  

Note :  The  c h a r g i n g  s chedu le  for  the  9 -p la te  cel ls  was  to  r e s to re  135% of the  capac i ty  d i s c h a r g e d  on the  p r e v i o u s  d i scharge .  The  schedu le  
for  t he  3 -p la t e  ce l l s  was  to  r e s to re  125% of  the  capac i t y  d i s c h a r g e d  on  t he  p r e v i o u s  d i s c h a r g e  a t  c o n s t a n t  c u r r e n t .  I f  the  o n - c h a r g e  v o l t a g e s  
o r  the  specif ic  g r a v i t y  o f  t h e  e l e c t ro ly t e  w e r e  no t  s table ,  c h a r g i n g  was  c o n t i n u e d  u n t i l  t h e  r e a d i n g s  i n d i c a t e d  a f u l l y  c h a r g e d  c o n d i t i o n  or  
a de fec t i ve  cell.  
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and cell  packing,  p r io r  to cont inuing wi th  the  over -  
charge phase of the  study.  Af t e r  reassembly  as 5-plate  
cells, the  pure  lead  cells were  p laced on the over -  
charge tes t  for 2 weeks,  and the an t imonia l  cells for  
5 weeks.  The r ema in ing  six 9-pla te  cells were  con- 
t inued on the  cycle tes t  for a to ta l  of 21 cycles. 

The smal l  3-pla te  cells were  assembled  in po lye thy l -  
ene bags which  were  sh immed ex te rna l ly  to approach  
a no rma l  e l ement -e lec t ro ly te  balance.  A Hg/Hg2SO4 
reference  e lec t rode  was placed in each 3-pla te  cell, 
and current ,  posi t ive plate ,  and  celt  vol tages  were  r e -  
corded continuously.  Af t e r  formation,  these pure  lead 
cells were  given 4 cycles, and  the  an t imonia l  cells 8 
cycles. 

F u l l y  charged posi t ive p la tes  were  removed  from 
the  cells a t  selected in te rva ls  and, a f te r  b lo t t ing off 
excess e lectrolyte ,  the  p la tes  were  dr ied  in air  at  room 
t empera tu r e  or  at  60~176 (140~176 The plates  
were  weighed before  and af te r  r emova l  of the  act ive 
mater ia l .  The PbO2 was examined  by  x - r a y  diffraction 
and e lec t ron microscopy b y  the  same techniques  de-  
scr ibed ear l ie r  (8). Posi t ive  act ive mate r ia l s  from the 
9-pla te  cells were  analyzed spec t rographica l ly  for 
ant imony,  and the i r  bu lk  densit ies  were  measured  by  
the  method  of Di t tman  and Sams (13). 

Results and Discussion 
During  opera t ion  of a Pb02 electrode in H2SO4, 

changes in capaci ty  (2, 14), e lect r ica l  cont inui ty  
(15-17), bu lk  dens i ty  (13), and par t ic le  size (4) take  
place in the  e lect rode mass. U l t ima te ly  i t  fails  to 
de l iver  adequa te  e lect r ica l  capacity,  and must  be re-  
placed. Some of these  changes have been examined  in 
this  s tudy to de te rmine  the na ture  of the  difference 
in behavior  of PbO2 when  suppor ted  on pure  and 
an t imonia l  lead grids, and to compare  the  behavior  of 
three  r ep resen ta t ive  lead oxides. 

Capacity.---Discharge capacit ies  of the cells used in 
this s tudy are  given in Table  III, and Fig. 1 shows the  
change in ac tua l  cell  capaci ty  at  the  20-hr ra te  wi th  
cycling at  26.67~ (80~ The cel ls  wi th  pure  lead 
grids usua l ly  had somewhat  lower  capacit ies  than  the 
corresponding an t imonia l  cells, and lost app rox ima te ly  
80% of the i r  in i t ia l  capac i ty  be tween  5 and 10 cycles. 
High ra te  discharges  showed less difference be tween  
an t imonia l  and pure  lead  cells, and this m a y  be a t -  
t r ibu ted  to the  r e l a t ive ly  smal l  amount  of act ive m a -  
te r ia l  requi red  to t ake  pa r t  in such cycles (14, 18). I t  
has also been  suggested (12) tha t  in the  pure  lead 
cells a ba r r i e r  l aye r  m a y  form be tween  the  gr id  and 
act ive ma te r i a l  and m a y  offer less resistance at  high 
than  at  low discharge rates. None of the  an t imonia l  

Table III. Discharge capacities of the 9-plate cells (A-hr/kg 
of dry unformed active material) 

P u r e  l ead  g r i d s  A n t i m o n i a l  g r id s  
Ox ide  Oxide  

Cycle  
No. A C H A C H 

1 103.4 120.3 128.4 130.0 139.0 137.3 
2 30.7 31.0 30.7 31.6 24.8 29.4 
3 97.5 94.0 134.6 139.7 144.1 149.3 
4 47.1 50.0 45.1 49.4 50.0 50.6 
5 97.5 95.9 123.4 140.7 139.1 144.7 
6 87.8 90.6 102.3 111.4 116.0 112.2 
7 40.4 28.4 46.9 53.8 54.3 56.9 
8 93.5 35.1 75.0 149.8 147.2 151.4 
9 25.7 22.0 20.7 31.0 27.7 27.4 

10 24.0 31.5 25.2 142.2 141.7 146.1 
11 45.8 59.3 64.9 119.9 116.9 118.0 
12 19.7 18.1 17.5 27.2 26.4 26.4 
13 41,7 52.1 47.2 61.5 61.5 59,3 
14 43.0 58.0 52.0 71.0 69,0 71.0 
15 40.0 69.0 62.0 100.0 99.0 99.0 
16 49.0 43.0 62.0 124.0 121.0 123.0 
17 21.0 21.0 20.0 137.1 133.4 136.6 
18 14.3 24.3 12.3 147.4 146.6 147.2 
19 14.5 20.8 18.0 38.8 37.3 37.5 
20 3.6 22.8 23.5 65.6 66.0 05.5 
21 17.0 46.0 18.0 78.7 77.2 70.0 

Va lues  fo r  cycles  1-11 are  the  a v e r a g e  of two  cells;  those  fo r  
cycles  12-21 are  fo r  s ing le  cells. 
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Fig. 1. Actual cell capacities at the 20-hr rate discharged at 
26.67~ (80~ Three of the pure lead cells had failed by the 8th 
cycle and all had failed by the 10th. Hone of the antimonial cells 
had failed at the conclusion of the test at 21 cycles, o, Oxide A; 
I I ,  oxide C; end A ,  oxide H on pure lead grids. O ,  Oxide A; [~, 
oxide C; and A,  oxide H on 7% Sb-Pb grids. 

cells suffered ma jo r  capaci ty  loss in the  cycle tests  of 
this  invest igat ion.  Visual  examina t ion  of the  posi t ive 
p la tes  at  the  conclusion of the  cycle  tests indica ted  
that  the pure  lead cells fa i led  by  degrada t ion  of the  
act ive mater ia l ,  whi le  the  an t imonia l  cells would have  
fai led because of gr id  corrosion a l though none reached 
fa i lure  dur ing  these cycles (12). 

Overcharge.--During the  first week  of the  over -  
charge test, Table  II, the re  were  indicat ions tha t  the  
soft lead cells were  beginning to short  out. These cells 
were  opened and the lead whiskers  and br idges  r e -  
moved,  and the  cells r e tu rned  to the  line. Dur ing  the 
second week  the short ing p rob lem became general ,  
and the soft lead cells were  removed  from test  at  the  
end of the  second week.  The ant imonia l  cells did  not 
begin to show shor t ing t roubles  unt i l  the  end of the  
four th  week,  and the i r  test  was discont inued a f t e r  5 
weeks. 

The combinat ion  of 11 deep capaci ty  cycles and 
overcharge  is ev iden t ly  a ve ry  severe  regime for the  
l ead-ac id  cell. Visual  examina t ion  of the posi t ive 
p la tes  indica ted  tha t  in the  pure  l ead  cells the  act ive 
ma te r i a l  failed, whi le  in the  an t imonia l  cells the  grids 
l imi ted  cell  life. In  addit ion,  i t  appears  tha t  an t imonia l  
grids grow to a g rea te r  ex ten t  than  pure  lead grids 
in the  overcharge  test, whereas  the  pure  lead grids 
grow to a g rea te r  degree  t han  t h e  an t imonia l  ones 
dur ing  cycling., 

Utilization of PbO2.- -Dur ing  c y c l e  opera t ion  of the  
posi t ive pla te  of the  l ead-ac id  cell, only  a f ract ion of 
the  act ive ma te r i a l  is ac tua l ly  used. Nomina l ly  eve ry  
k i logram of PbO2 is capable  of giving 224 A - h r  capac-  
i ty.  The coefficient of use var ies  with the  ra te  and 
ambien t  condit ions of discharge,  usua l ly  ly ing in t h e  
range  of 10-50% of theory  (14). The coefficient of use 
also appears  to depend on the  grid metal ,  wi th  the  
same act ive ma te r i a l  pas te  y ie ld ing  less capaci ty  wi th  
pure  lead grids than  when  suppor ted  on ant imonia l  
grids. Represen ta t ive  values  of the  coefficient of use 
for the  cells in this  s tudy are  given in Table  IV. The 
values of 18-63% ut i l iza t ion obta ined  wi th  the  p la tes  
and  condit ions of this s tudy  l ie  wi th in  the  accepted 
opera t ing  range.  Differences among the th ree  oxides 
were  less on ant imonia l  than  on pure  lead  grids. 

Bulk density.--The bulk  or apparen t  dens i ty  of the  
posi t ive  active ma te r i a l  decreases  wi th  cycl ing (13). 
F igure  2 shows the change in bu lk  dens i ty  of p la tes  
fabr ica ted  wi th  the  th ree  oxides on pure  and an t imon-  
ial  lead grids. On pure  lead, the  ra te  of densi ty  loss 
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Table IV. Average utilization coefficients of Pb02* (U. C. in A-hr/kg) 

Pure lead grids 
Oxide 

A C H 
Discharge 
rate (A) U.C. %** U.C. % U.C. % 

Antimonial lead grids 
Oxide 

A C H 

U.C. % U.C. % U.C. % 

3 97.0 43.6 100.2 44.7 123.9 55.3 

29 85.2 38 .O 87.6 39.1 96.6 43.1 

150 42.3 18.9 48.4 21.6 44.8 20.0 

137.5 61.4 138.0 61.6 141.2 63.1 

112.1 50.0 112.8 50.3 112.2 50.1 

51.3 22.9 51.1 22.3 52.9 23.6 

* Representative values for cells in good condition operating at 26.67~ (SO~ 
** Percentage utilization calculated on the basis of a maximum capacity of 224 A-hr/kg of PbO~. 

was greater than  for the same active mater ial  sup- 
ported on ant imonia l  lead grids. The rate of change 
in  the bu lk  density is more significant than  the actual  
magni tude  since it is the change that  is of interest. 
Changes occurred with all oxides on both pure and 
ant imonia l  lead grids; however, the rate of density 
loss was greater  on the pure lead grids. 

The bulk  densi ty of a porous granular  aggregate 
depends on the degree of close packing of the individ-  
ual solid particles. With in  the mass, pores may be 
opened by actual  removal  of mater ia l  throughout  the 
structure. This mechanism does not  al ter  the over-al l  
volume of the mass. Decrease in the apparent  density 
may also result  from an over-al l  volume expansion of 
the aggregate with a corresponding increase in the 
in terna l  pore volume. In  such an expanded mass, the 
individual  particles are less closely packed. This is 
the characteristic of g ranular  masses that  gives rise 
to the phenomenon known as di la tancy (19-21). Di-  
la tancy was first described and named by Reynolds in 
1885 (19) who noted the most famil iar  example: the 
drying out of an area of wet beach sand around each 
step as a person walked along the  shoreline, followed 
by a resurfacing of the water  after the weight was 
removed. Reynolds demonstrated that  application of 
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Fig. 2. Bulk density of the positive active material at various 
stages of the study. The rate of density loss is markedly greater for 
the pure lead cells. The plates containing oxide H were consider- 
ably less dense than the other two oxides and this may be attrib- 
uted to the growth of the largest crystals of Pb02 in these plates, 
and dilatant behavior of the active material. G and e, oxide A; 
[ ]  and i ,  oxide C; A and A ,  oxide H. 

force to a granular  mass, n o t r i g i d l y  contained, caused 
an expansion or dilation of the mass, and an increase 
in in te rna l  porosity. The disrupt ion of an unconfined 
granular  mass resul t ing from a localized stress is not 
l imited to neares t -neighbor  particles, but  is propagated 
through the s t ructure  for considerable distances 
(19-21). 

The volume contraction of a granular  mass upon 
pulverizat ion is also a very famil iar  effect, but  the 
reverse action, the expansion of a close-packed granu-  
lar a r ray  upon growth of the individual  particles, is 
less commonly appreciated. 

The decrease in bu lk  density of the cycled PbO2 
electrode probably results from both the opening up 
of in te rna l  voids by conversion of relat ively low dens-  
ity materials  to the high density PbO2 dur ing forma- 
tion, and by an over-al l  volume increase owing to an 
increase in individual  particle size. It may well  be that 
the growth of the individual  particles exerts sufficient 
force to cause the granules  to shift from their  ini t ial ly 
more close-packed configuration. This suggests that  
it is grain growth that causes the expansion of the 
apparent  volume of the PbO2 electrode dur ing cell 
operation. The relat ion of this expansion process to 
positive plate life, warping,  a n d  grid fracture has been 
pointed out by Di t tman and Sams (13). 

X-ray  di]fraction examination.--The major  solid 
phase of the ful ly charged electrodes was identified 
by x - r ay  diffraction to be rut i le  type #s-PbO2 in all 
positive plates. Some plates showed one broad extra  
diffraction peak of low intensi ty  in the vicini ty of the 
position of the strongest l ine in the diffraction pa t te rn  
of a-PbO2. It is not possible to make an identification 
on the basis of a Single diffraction line; therefore, the 
plates used in this study may  or may not have con- 
tained a small  amount  of a-PbO2. Tetragonal  PbO, Sb, 
Sb203, and several other lead oxides also have strong 
diffraction peaks in this position. Dur ing  cycling of the 
plates, this extra l ine disappeared from the diffraction 
patterns. 

It  has been reported earl ier  (4, 8, 22) that there is 
some evidence of a small  degree of preferred or ienta-  
t ion in freshly formed PbO2 electrodes. This is sug- 
gested by the deviat ion in  relative intensit ies of the 
diffraction lines from those of the s tandard pat tern.  
This effect was not e l iminated by hand gr inding of 
the specimens in  a mor tar  and pestle and sieving 
through 125-~ mesh screens; however, electrochemical 
cycling of the electrodes gradual ly  e l iminated this de- 
viation. It  may be that  the deviatior~ from standard 
intensit ies is caused by crystal aniso~ropy of a degree 
insufficient to give the usual  mix ture  of broad and 
slender peaks in the diffraction patterns.  The in tensi ty  
of the diffraction pat terns also increased with cycling, 
and this can be at t r ibuted to an increase in crystal size 
to give more efficient diffraction of x-rays.  The degree 
of crystal l ini ty  did not, however,  become sufficient to 
give good resolution of the Ka doublet. The small  
sessile crystallites of the freshly formed PbO2 ap- 
peared to be about 10 -5 cm in average diameter  (8). 
Line broadening is present  but  slight in the range 
10 -5 to 10 -8 cm, and line broadening resul t ing from 
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aniso t ropy  of the  smal l  crys ta l l i tes  would  not  neces-  
sar i ly  be d is t inguishable  in such a specimen (10). Dis-  
tor t ion of the  la t t ice  m a y  also give rise to s imi lar  
effects in the  diffract ion pa t t e rns  of the  f reshly  
formed PbO~ electrodes.  I t  is not  feasible in these  
specimens to dis t inguish be tween  these  possible causes 
of the  pecul iar i t ies  in the  diffract ion pat terns ,  and al l  
factors m a y  be presen t  in the  e lec t rochemical ly  formed 
PbO2 mass. 

Geometrical morphology and the effect of antimony. 
- - T h e  par t ic le  morpho logy  of the  PbO2 undergoes  
m a r k e d  change dur ing  cycl ing in H2SO~. In addit ion,  
the  presence of an t imony  in the gr id  meta ls  appears  
to have a most significant effect dur ing  cycle opera t ion  
of the  cells. A l l  th ree  oxides included in this  s tudy  
underwen t  s imi lar  changes wi th  cycling, and  for this  
reason only selected e lect ron micrographs  of changes 
in oxide  A on both pure  and an t imonia l  lead gr ids  are  
presented  here  as represen ta t ive  of the  th ree  oxides. 
Oxide H, that  in i t ia l ly  gave rise to the  larges t  crysta ls  
upon format ion  (8), again produced  the  larges t  PbO2 
crys ta ls  in this  study.  This g rea te r  gra in  g rowth  is 
reflected in the  g rea te r  loss of bu lk  dens i ty  of oxide H 
compared  to oxides A and C, Fig. 2. 

F igure  3 shows an electron mic rograph  of f reshly  
formed PbO2 elect rode ma te r i a l  made  f rom oxide A. 
The agglomera tes  a r e  be l ieved to be t rue  spherul i tes  
made  up of ve ry  smal l  crys ta ls  t ha t  have  grown on 
the  surfaces of somewhat  l a rge r  skele ta l  c rys ta ls  (8).  
This s t ruc ture  changes wi th  cycling, and Fig. 4 (a) 
shows the morpho logy  af ter  four  cycles on pure  lead 
suppor t ing  grids. The increase in par t ic le  size is c lear -  
ly  apparent .  The smal les t  c rys ta l l i tes  are  no longer  
present ,  and the  spherul i t ic  charac te r  has la rge ly  dis-  
appeared.  The spiney growth  on the  surface of a l a rge r  
gra in  in the  center  of the photograph  appears  to be a 
stage in the  a l te ra t ion  of a spherul i t ic  formation.  The 
same oxide suppor ted  on an t imonia l  lead, Fig. 4 (b) ,  
shows a m a r k e d  loss of spherul i t ic  morpho logy  af te r  
8 cycles; however ,  the  par t i c le  size is smal le r  than  
when pure  lead grids were  used as in Fig. 4 (a) .  
The accumulat ion  of an t imony  in the  e lect rode mass 
is progressive,  Table  V, and the  change shown by  
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Fig. 4(a). Electron micrograph of a carbon replica of PbO2 from 
oxide A after 4 cyc~les on pure lead grids. The smallest sessi|e 
crystallites have disappeared and the particle size is larger than 
the freshly formed material, Fig. 3. The spiked formation at the 
center of the photograph suggests that the smallest crystals are 
consumed in discharge, and the recharge process involves deposi- 
tion on the residual crystals of PbO2 so that they become larger 
with each cycle. 

Fig. 3. Electron micrograph of a carbon replica of PbO2 from 
oxide A after formation on 7% antimonial lead grids. These 
agglomerates appear to be true spherulites of small sessile crystals 
overgrown on spikes of larger crystals. Marker equals approximately 
1~. 

Fig. 4(b). Electron micrograph of a carbon replica of PbO2 from 
oxide A after 8 cycles on 7% Sb-Pb alloy grids. Cycling has pro- 
duced considerable grain growth and the small crystallites arigina|ly 
present after formation have been consumed; however, the 11 
cycles have not resulted in grains of the size seen in Fig. 4(a) 
after 4 cycles on pure lead. Many of these crystals appear to have 
surface and edge defects that may serve as active sites for the 
discharge reaction. Markers equal approximately 1~. 

compar ing  Fig. 3, 4 (b) ,  5, and  6 (b) is be l ieved to be 
the  resul t  of the  g radua l  increase  in the  an t imony  con- 
ten t  of the  posi t ive act ive mater ia l .  This is fu r ther  
bor. l  out by  compar ing  the  appearance  of the  act ive 
mate r ia l s  a f te r  11 capaci ty  cycles plus overcharge,  
Fig. 6 (a) and (b) .  Here  the  effect of an t imony  on the 
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active mater ia l  is especially apparent.  In  the pure  
lead cell, there has been marked grain growth and 
anhedral izat ion of the PbO2 particles. The small  crys- 
tallites present  after formation have disappeared, and 
the particles have the smooth surfaces and rounded 
outlines associated wi th  so-called normal  crystal  
growth (23, 24). The active mater ia l  from the an t i -  
monial  cell, on the other hand, has regained its spheru-  
litic form, the individual  crystalli tes are larger than  
those in  the freshly formed material ,  Fig. 3, but  small-  
er than  those in  the pure  lead cell, Fig. 6 (a) .  They 
have i r regular  convoluted surfaces and edges. The 

Table V. Spectrographic analysis for Sb in positive active material 

Af te r  11 
After After After cycles plus 

Oxide Grid formation 11 cycles 21 cycles overcharge 

A P b  BL* B L  B L  0.004* * 
7% S b  0.094 O.10O 0,24 0.31 

C P b  B L  0.0017 0.O01 0.002 
7% S b  0.094 0 .140 0.27 0.29 

H P b  B L  B L  0,001 O.001 
7% S b  0.075 0 .120 0,28 0.35 

* BL---below the limit of the method used, or less than 0.001% 
Sb.  

** Accumulation of the relatively small amounts of antimony in 
the pure lead cells may be the result of contamination inadvertently 
introduced during testing. 

PbO2 taken  from the ant imonial  cells was a l ighter 
b rown than  that  from the pure  lead cells which was 
very dark brown, almost je t  black. 

These direct observations are in  agreement  with 
conclusions of earlier studies (3, 4) comparing an t i -  
monial  and nonan t imonia l  cells. The increase in 
particle size and change from spherulit ic to regular  
crystal  growth appear to be the cause of the early 
disintegrat ion of the positive active mater ia l  in  non -  
ant imonia l  cells. It  appears that dur ing cycling the 
larger crystals grow at the expense of the smaller  
ones. The ini t ial  electrical capacity of the electrodes 
has been at t r ibuted to the large surface area of the 
small  crystalli tes (4). As grain  growth occurs, the 
surface area and electrical capacity would decrease. 
In  addition, the s t ructural  s t rength of the g ranu la r  
mass would be expected to decrease owing to di latant  
behavior  as ment ioned previously. 

The PbO2 particles in  the pure  lead cells grow more 
rapidly and to a larger size than those in the an t imon-  
ial cells, resul t ing in more rapid paste disintegrat ion 
and failure. Ant imony  retards the crystal  growth rate 
so that  these effects are less rapid. However, even i n  
ant imonia l  cells, the bu lk  densi ty of the mass gradual-  
ly decreases, Fig. 2, and the autoradiographic studies 
of Bode et al. (15-17) indicate that, at the end of life 
of ant imonia l  cells, pockets of PbO2 become electrically 
isolated so that  they may not be discharged. This is 
readily explained by the long-range  effects of stresses 
in granular  masses. 

Fig. 5. Electron micrographs of carbon replicas of PbO~ from 
oxide A after 21 cycles on 7% Sb-Pb alloy grids. (a) Top: The 
accumulation of Sb in the active material, Table V, has apparently 
acted as a growth inhibitor for the PbO2 so that the individual 
crystals do not grow significantly in size after 8 cycles. (b) Bottom: 
A considerable fraction of this active material is made up of very 
slender prismatic crystals that have in some instances been over- 
grown with small sessile crystals. Markers equal approximately 1F. 

Fig. 6(a). Electron micrograph of a carbon replica of PbO~ from 
oxide A after 11 cycles plus 2 weeks' overcharge on pure lead 
grids. Marked grain growth and anhedralization are visible in 
this example. The crystals have smooth surfaces and edges. 
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Fig. 6(b). Electron micrograph of a carbon replica of PbO2 from 
oxide A after 11 cycles plus 5 weeks' overcharge on 7% Sh-Pb 
alloy grids. The Sb present in this active material appears to have 
promoted the nucleation of many small crystals and to have in- 
hibited the growth of larger crystals. The surfaces and edges of 
the individual crystals contain many flaws that may indicate a high 
degree of electrochemical activity. This cell had failed on the 
overcharge test by grid corrosion. Markers equal approximately i/~. 

The mechanism by which an t imony  has the  above 
effect on the  morpho logy  of PbO2 is not  defined. I t  
may  be concluded tha t  essent ia l ly  i t  acts as a nuc lea t -  
ing agent  for  PbO2, s imul taneous ly  inhibi t ing  Crystal 
growth.  I t  m a y  accomplish this by  enter ing the PbO2 
la t t ice  b y  subs t i tu t ional  solid solution. This could give 
r ise to an increased number  of nucleat ing centers  on 
the surfaces of the PbO2 crystals .  Incorpora t ion  into 
the la t t ice  has been suggested as the  cause of a s imi-  
lar  effect of Sb~O3 on crys ta l l iza t ion of ru t i le  type  
CrO2 (25). Up to 2% by  weight  of the  an t imony oxide  
can enter  the  CrO2 la t t ice  wi th  no de tec table  change 
in la t t ice  parameters .  In  this case, the  an t imony  has 
been said to act as a nuclea t ing  ca ta lys t  producing  
smal l  h igh ly  acicular  crystals .  Electrochemical ly ,  pen-  
tava len t  an t imony  is the s table species at the  po ten-  
t ials  of the  PbO2 e lec t rode  in acid solutions (26). In  
c rys ta l l ine  oxides, the  oxygen coordinat ion is the  same 
for Pb  4 and  Sb 5 (27), and  the  spect rographic  results ,  
Table  V, and rad ioac t ive  t racer  analyses  (28, 29) indi -  
cate  tha t  an t imony  remains  associated with  the  PbO2 
electrode mass. Thus it seems l ike ly  tha t  an t imony  
can en te r  the  PbO2 latt ice,  occupying Pb 4 posit ions in 
the  oxygen  octahedra.  Quite  another  mechanism is also 
possible.  The an t imony  m a y  be adsorbed  at the  g rowth  
sites on the  PbO2 crys ta l  surfaces, p robab ly  p re fe r -  
en t ia l ly  on the fastest  growing faces, and act as a 
g rowth  inhibi tor .  Under  these circumstances,  nuc lea-  
t ion would  be a secondary  effect. The complexi t ies  of 
ful l  mechanism definit ion and coordinat ion of e lect ro-  
chemical  and crys ta l l iza t ion processes have been em-  
phasized b y  Bockris  and  Razumney  (24). I t  is apparen t  
tha t  fu r the r  effort is r equ i red  to define the  mechanism 
by  which  an t imony  promotes  nucleat ion of PbO2 and 
inhibi ts  c rys ta l  growth.  When  this is  understood,  it  
m a y  be possible to select  another  ma te r i a l  tha t  wil l  
serve  the  same functions and at  the  same t ime be  f ree  
of the  de t r imen ta l  side effects of an t imony in the  
l ead -ac id  cell  (14). 
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ABSTRACT 

The adsorpt ion  of V (III)  on mercu ry  e lect rodes  in th ioeyanate  e lec t ro ly tes  
has been measured  chronocoulometr ical ly .  The adsorpt ion  is not  s t rongly  
dependen t  on potent ia l  except  in the  v ic in i ty  of the  V ( I I I ) / V  (II)  h a l f - w a v e  
potent ial .  The adsorbing species is a V ( I I I ) - t h i o c y a n a t e  complex  containing 
one or  more  thiocyanates .  The adsorpt ion  of V ( I I )  also occurs, but  is much 
weaker  than  tha t  of V ( I I I ) .  A min imum value  for the  exchange  cur ren t  
for the  V ( I I I ) / V ( I I )  couple in the  adsorbed  s tate  has been es t imated  coulo-  
s tat ical ly.  Al though this exchange cur ren t  is qui te  la rge ,  0.5 A / c m  2, its magn i -  
tude  can be l a rge ly  accounted for  by  the enhancement  of the  reac tants '  
surface concentra t ions  produced by  the i r  adsorpt ion.  

The spontaneous adsorpt ion of e lec t rochemical  
reactants  on the surface of e lect rodes  often produces  
complicat ions in the s tudy  o f  the  kinet ics  of the i r  
e lec t rode  reactions.  A n  elect rode process tha t  can 
proceed by  more  than  one pa thway,  e,g., via  both the  
adsorbed  and unadsorbed  reactants ,  corresponds to a 
complex  equiva lent  c i rcui t  which contains e lements  
that  cannot  be eva lua ted  in separa te  exper iments  in 
the  absence of the  reactants .  As a result ,  a l a rger  
number  of kinet ic  pa rame te r s  mus t  be ex t rac ted  f rom 
the  ra te  data,  and confidence in the  accuracy and 
uniqueness of the  resul t ing  kinet ic  pa rame te r s  is 
weakened.  Under  these circumstances,  i t  is advan ta -  
geous to have independent  quant i t a t ive  informat ion  on 
the ex ten t  of adsorpt ion  of the  reac tan ts  because the  
kinet ic  da ta  can then  be analyzed  wi th  one less ad-  
jus table  parameter .  

The technique  of chronocoulometry  (1) is wel l  
sui ted to provide  the  des i red  quant i t a t ive  adsorpt ion  
data.  I t  has been appl ied  in the  presen t  s tudy to eva lu -  
ate the  adsorpt ion  of V ( I I I )  and  V ( I I )  on m e r c u r y  
e lect rodes  in th iocyana te  solutions. The V ( I I I ) / V ( I I )  
sys tem was chosen for  severa l  reasons. I t  offered an 
oppor tun i ty  to compare  the  adsorpt ion  of a t rans i t ion  
meta l  redox couple wi th  the  ex tens ive ly  s tudied anion-  
induced adsorpt ion  of whi te  me ta l  cations (2-6) 
[ C d ( I I ) ,  Z n ( I I ) ,  P b ( I I ) ,  I n ( I I I ) ] .  Second, the  equi -  
l ib r ium adsorpt ion  of V ( I I I )  and V ( I I )  could be m e a -  
sured in poised solutions containing both halves  of 
the  redox  couple, thus  a l lowing the potent ia l  depen-  
dence of the  adsorpt ion  in the  v ic in i ty  of the  h a l f - w a v e  
potent ia l  to be determined.  Analogous  da ta  for the  
whi te  me ta l  cat ions are  less s t r a igh t fo rward  to obta in  
because of the  difficulties associated wi th  the p r e p a r a -  
t ion and s torage of me ta l  ama lgam electrodes.  F ina l ly ,  
the  V ( I I I ) / V ( I I )  sys tem was a t t rac t ive  because the  
electrode kinet ics  of the  couple have  been ex tens ive ly  
s tudied (7-14) in e lec t ro ly tes  where  no reac tan t  ad-  
sorpt ion occurs. I t  was hoped tha t  a comparison of 
these ra tes  wi th  those measured  wi th  adsorbed  reac-  
tants  would  cont r ibute  to an unders tand ing  of the  
effect of adsorpt ion on the ra te  of e lect rochemical  
charge  t rans fe r  for  a s imple  redox  reaction.  

Experimental 
Techniques.--The adsorpt ions  of V ( I I I )  and V ( I I )  

(which shows ve ry  l i t t le  adsorpt ion)  were  eva lua ted  
at  potent ia ls  r emoved  f rom the  h a l f - w a v e  potent ia l  
by  double  po ten t i a l - s t ep  chronocoulometry  (1). The 
theory  and pract ice  of this  technique  have been de-  
scr ibed (15, 2). To measure  V ( I I I )  adsorpt ion the elec-  
t rode  potent ia l  was s tepped f rom var ious  in i t ia l  values,  

* Elect rochemical  Society Act ive  Member .  
1 P e r m a n e n t  address :  Ins t i tu te  Rud je r  Boskovi~, Zagreb,  Yugo- 

slavia,  

Ei, to --900 mV, where  the  ra te  of reduct ion of V( I I I )  
is diffusion l imited,  and then  back  to El. To search for 
V ( I I )  adsorpt ion the potent ia l  was s tepped f rom va r i -  
ous ini t ia l  values,  we l l  cathodic of El/2, to --300 mV 
where  the  oxida t ion  of V ( I I )  is diffusion l imi ted  in 
th iocyana te  solutions. 

Data  acquisi t ion and analysis  were  pe r fo rmed  by  
means  of the compute r -based  appara tus  prev ious ly  
descr ibed (16). In  most  cases, da ta  points  (i.e., the 
va lue  of the charge  passed up to each t ime)  were  
recorded (au tomat ica l ly )  eve ry  400 ~sec. Typical ly ,  
100 such points  were  obta ined  dur ing  the first potent ia l  
s tep and another  100 fol lowing the  r e tu rn  of the  po-  
t en t i a l  to its in i t ia l  value.  The amount  of adsorbed 
V ( I I I )  was evaluated,  as before,  (3, 16) f rom regres -  
sion analysis  of the  two sets of da ta  points  according 
to the  theore t ica l  equat ions of double  po ten t i a l - s t ep  
chronocoulometry  (15). 

The double  po ten t i a l - s t ep  technique was not useful  
at values  of Ei near  El/2, where  both V( I I I )  and  V ( I I )  
a re  present ,  because the  coupling be tween  the mass  
t rans fe r  process and the  Nerns t ian  l imi t  on the  elec-  
t rode  reac t ion  ra te  g rea t ly  complicates  the  theore t ica l  
analysis.  A modified single po ten t i a l - s t ep  chronocou-  
lometr ic  method  was employed  to evalua te  the  ad-  
sorpt ion in these cases. Detai ls  a re  descr ibed in the  
section on Resul ts  and Discussion. 

To evalua te  qm, the  charge dens i ty  on the  mercu ry  
electrode,  in solutions where  the  e lec t rode  was idea l ly  
polar izable ,  i.e., when  only V (I I I )  or  V (I I )  was pres -  
ent, the charge flowing into a po ten t ios ta ted  dropping  
me rc u ry  e lect rode (dme)  was measured  and analyzed 
as p rev ious ly  descr ibed (2, 17, 18). The same expe r i -  
men ta l  p rocedure  was also employed  wi th  poised solu- 
t ions containing both V ( I I I )  and V ( I I )  in which the 
dine behaved  as a nonpolar izab le  electrode.  As is ex-  
p la ined  later,  these  exper iments  y ie lded  values  of qm 
plus a f ract ion of the  amounts  of adsorbed V ( I I I )  and 
V ( I I )  r a the r  than  qm alone. Measurements  of qm wi th  
the  dine were  also pe r fo rmed  by  means  of the  com- 
pu t e r -ba sed  da ta  acquisi t ion and analysis  system (16). 

Coulostatic exper imen t s  designed to measure  large  
e lect rode react ion rates  were  pe r fo rmed  wi th  conven-  
t ional  c i rcu i t ry  (19). The po ten t i a l - t ime  t rans ients  
were  obta ined pho tog raph ica l l y  wi th  a Tek t ron ix  Type  
C-12 camera  and a Type  531 CRO wi th  a Type  W 
preamplif ier .  This combinat ion  recovered  f rom being 
d r iven  off scale wi th in  1.0 ~sec or less, but  exper i -  
menta l  da ta  f ree  f rom ohmic pe r tu rba t ions  were  
usua l ly  not  ava i lab le  at  t imes  shor ter  than  1.5 ~sec. 

Reagents.--All solutions were  p repa red  f rom reagent  
g rade  salts  and t r ip ly  dis t i l led  water .  Recrys ta l l iza t ion  
of the  salts  p roduced  no changes in the  expe r imen ta l  
results .  Evidence for the  qua l i ty  of the  reagents  was 
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the  good agreement  be tween  values  of the  e lect rode 
charge measured  in these exper iments  and those p re -  
viously obta ined (by  others)  for the  same elect rolytes  
f rom double  l aye r  capaci tance measurements .  Solu-  
tions of V ( I I )  were  p repa red  b y  control led  potent ia l  
reduct ion  of V(V)  at  a s t i r red  mercu ry  pool at  --1100 
mV in the  same cell  employed  for  the  subsequent  elec-  
t rochemica l  measurements .  Solut ions of V ( I I I )  were  
p repa red  by  oxidat ion  of V ( I I )  at  the  me rcu ry  pool 
at  --300 inV. Wi th  suppor t ing  e lect rolytes  containing 
more  than  0.01M th iocyanate  the spontaneous react ion 
be tween  V(V)  and S C N -  was not  negligible.  There -  
fore, w i th  these solutions V(V)  was reduced  to V (IV) 
by  reduct ion  at  the  m e r c u r y  pool  at  --100 mV before  
any th iocyanate  was added.  

The concentra t ions  of V ( I I I )  and V( I I )  were  de te r -  
mined polarographica l ly .  The source of V(V)  was 
V205 dissolved (af te r  p ro longed  s t i r r ing)  in 0.5M 
perchlor ic  acid. Al l  test  solutions were  0.01-0.02M in 
HC104. Higher  acidi t ies  were  avoided to minimize  the  
slow acid ca ta lyzed  decomposi t ion of thiocyanate .  Cal-  
culat ions show tha t  the  hydro ly t i c  d imer  of V( I I I )  
(20) const i tuted less than  1% of the  total  V ( I I I )  p res -  
ent  in al l  solutions studied. 

Solut ions were  deoxygena ted  wi th  prepuri f ied n i t ro-  
gen tha t  had  been passed successively through copper 
turnings  at  350~ and a t rap  main ta ined  at  --77~ The 
ionic s t rength  of al l  solutions was adjus ted  to 1.0M 
wi th  NaC104. Measurements  were  carr ied  out  at  25 ~ 
__ 2~ Al l  potent ia ls  a re  re fe r red  to the  sa tu ra ted  
calomel  electrode.  

Appara tus . - -The  hanging mercu ry  drop e lect rode 
was a commerc ia l ly  avai lab le  uni t  (Br inkman  In-  
s t ruments ,  Inc.) modified to improve  the electr ical  
contact  (21). The mercu ry  pool e lect rode used for the  
control led  potent ia l  genera t ion  of V ( I I I )  and V ( I I )  
served as the  aux i l i a ry  e lect rode in the  chronocoulo-  
metr ic  and coulostat ic exper iments .  

The electronic control  device used to impose po-  
ten t ia l  pe r tu rba t ions  on the  indicator  e lect rode and to 
measure  the  cur ren t  and coulomb responses consisted 
of appropr i a t e ly  connected opera t ional  amplif iers  
(Ph i lb r i ck  Type  SP 656), me rcu ry  wet ted  relays,  bias 
potent iometers ,  and switches. Its design and opera t ion  
were  essent ia l ly  ident ical  to prev ious ly  descr ibed units  
(16, 22). 

Results and Discussion 
Two ma jo r  aspects of the  e lec t rochemis t ry  of the  

V ( I I I ) / V ( I I )  couple have  been studied:  the  adsorp-  
t ion of V( I I I )  on mercu ry  and the kinetics of the  
V ( I I I ) / V ( I I )  couple in the  adsorbed  state. In  order  
sensibly  to address  the  second aspect  the  resul ts  of 
the  adsorpt ion  studies a re  requ i red  so these wi l l  be 
discussed first. 

V ( I I I )  adsorption in the  absence of V ( I I ) . - - T h e  ad-  
sorpt ion of V ( I I I )  was searched for in perchlorate ,  
bromide,  iodide, and th iocyanate  e lectrolytes  by  double  
potent ia l  s tep chronocoulomet ry  (1, 2). Only  in th io-  
cyana te  solutions was significant adsorpt ion  detected.  
The s tandard  double - s tep  chronocoulometr ic  technique 
depends  on the  assumption tha t  the  product  of the 
e lect rode react ion is not  adsorbed on the  electrode.  
Two lines of evidence indica ted  tha t  the  adsorpt ion 
of V ( I I )  in th iocyanate  solut ions is ve ry  small :  (i) 
single po ten t ia l - s tep  chronocoulometry  wi th  pure  
V ( I I )  solutions gave in tercepts  of charge vs. ( t ime)  1/2 
plots which  matched  (wi thin  •  2) the  charge 
change obta ined be tween  the same two potent ia ls  in 
the absence of V ( I I )  ; (ii) when reac tan t  but  not  p rod -  
uct  is adsorbed,  the  slopes of the  chronocoulometr ic  
plots for the  fo rward  and reverse  potent ia l  steps are  
unequal,  the  reverse  slope being larger .  The ra t io  of 
the  slopes can be calcula ted f rom a knowledge  of the  
amount  of adsorbed reac tan t  (15). Thus, if products  
were  adsorbed,  the  ca lcula ted  and observed slope 
rat ios would  disagree.  As the  da ta  in Table  I show, 

Table I. Calculated and observed slope ratios for double 
potential step chronocoulometric measurements 

with 1 mM V(II I)  in thiocyanate a 

Reve r se  s l o p e / f o r w a r d  s lope 
F r v ( n i ) ,  

-- E ~, m V  /zC/cm'-" c a l c u l a t e d  b o b s e r v e d  

250 14.1 1.27 1.26 
300 14.2 1.27 1.27 
350 13.6 1.26 1.27 
400 13.0 1.25 1.24 

~ S u p p o r t i n g  e l ec t ro ly t e  was  0.1M NaSCN-0 .9M NaC104-0.O1M 
HC104. The p o t e n t i a l  was  s t epped  f r o m  E~ to --900 m V  and  back.  

S lope  ra t ios  were  ca l cu l a t ed  f r o m  St~St  = 1 + a l F F v ( i i i ) / S f r  1/~, 
w h e r e  Sr  a n d  S t  are t he  r eve r s e  and  f o r w a r d  slopes,  r e spec t i ve ly ,  
r is the  d u r a t i o n  of t h e  f i rs t  p o t e n t i a l  s tep,  and  a l  is  def ined  in  (15); 
fo r  t he  e x p e r i m e n t a l  c o n d i t i o n s  e m p l o y e d  a l  = 0.966. 

the  ca lcula ted  and observed slope rat ios  are  in good 
agreement  indica t ing  l i t t le  or  no adsorpt ion  of V ( I I ) .  

Table  II  summarizes  the  da ta  obta ined on V (III)  ad-  
sorpt ion at  var ious  potent ia ls  and th iocyana te  con- 
centrat ions.  The ra ther  s l ight  dependence  of the  ad -  
sorpt ion on the e lect rode potent ia l  is evident .  The 
values  of qm in :Table II  were  obtained in two ways:  
(i) the  charge  flowing into a dme potent ios ta ted  in the 
V ( I I I ) - S C N  solution of in teres t  was de te rmined  (17, 
18); (ii) the  va lue  of qm at --900 mV, the  potent ia l  to 
which the e lect rode was stepped,  was measured  as in 
(i) .  Then the difference in charge  be tween  the ini t ia l  
potent ia l  and --900 mV was obtained,  in the usual  
way  (15), f rom the  in tercept  of the  chronocoulometr ic  
plot  for the reverse  step. Subt rac t ion  of the  va lue  of 
qm a t  --900 gave the  va lue  of qm at t he  ini t ia l  potent ia l  
in the  presence of the  adsorbed V ( I I I ) .  Both p ro -  
cedures gave the same values  for qm, but  the  chrono-  
coulometr ic  method  was p re fe rab le  because of diffi- 
cult ies in e l iminat ing  t races  of reducib le  or oxidizable  
impur i t ies  which cont r ibu ted  undes i rab ly  large fa-  
rad ic  components  to the  to ta l  charge consumed in the  
dine exper iments  wi th  the  V (III)  solutions. 

F igure  1 shows tha t  the  adsorpt ion  of V ( I I I )  is 
only  weak ly  affected by  changes in the  amount  of ad -  
sorbed th iocyanate  ions. Values of rSCN-- used in Fig. 
1 were  evalua ted  f rom the da ta  of Wroblowa et al. 
(23) obtained in pure  th iocyana te  solut ions by  assum- 
ing tha t  the  adsorpt ion  of th iocyana te  in pure  and 
mixed  e lect rolytes  would  be the  same at  cor respond-  
ing salt  act ivi t ies  (24). 

The da ta  in Table  II  and Fig. 1 cont ras t  wi th  s imi lar  
da ta  for the  th iocyana te - induced  adsorpt ion  of Cd (II)  
(2) and Z n ( I I )  (25,26) in tha t  the  adsorpt ion of 

V( I I I )  is less affected by  changes in potent ial ,  elec-  
t rode  charge, and adsorbed th iocyanate  than  are  the  
whi te  me ta l  cations. We bel ieve  these smal le r  depen-  
dences reflect a difference in the mode of adsorpt ion 
of V ( I I I ) .  The whi te  meta ls  are  bel ieved to be ad -  
sorbed as uncharged,  ca t ion-anion  complexes  by  bond 
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Fig. 1. Adsorbed V(III)  vs. adsorbed SCN- .  Supporting electro- 

lyte: 1, 0.01M NaNCS-0.98M NaCIO4-0.01M HCIO4; 2, 0.1M 
NaNCS-0.89M NaCIO4-0.01M HCIO4; 3, 0.99M FIaNCS-0.01M 
HCIO4. 
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Table II. Values of rV(lll) and qm in thiocyanate electrolytes a 

M a r c h  1970 

[SCN-] ,  M :  0.01 0.03 0.10 0.30 l.O 

q~,  FFV(III), qm, FFV(IID, qm, F r v ( i i l ) ,  qm, FFv(III),  qm, FFv(III),  
-- E~, m V  ,~C/cmS #C/cm~ /~C/cm ~ #C/cm:~ /LC/cm ~ /~C/cm ~ /zC/cm 2 /zC/cm ~ /zC/cm ~ /~C/cm ~ 

[V( I I I ) ]  = l . 0 m M  
250 8.5 9.6 i 0 . I  12.7 14.6 14.1 15.8 14,1 17,4 11.4 
~ 0  6.3 9.0 7.6 11.8 12.0 14.2 13.0 13.4 14.9 11.3 
350 3.6 8.9 5.4 11.3 9.7 13.6 10.9 13.3 12.5 11.2 
400 0.8 8.6 3.7 10.8 7.8 13.0 9.1 12.8 10.4 10.8 

[ V ( I I l ) ]  = 0 . 5 m M  [V(Ill) l=O.5mM 

250 8.9 6.4 14.1 12.8 
~ 0  6.8 5.8 11.7 12.7 
350 4.6 5.3 9.8 12.2 
4 ~  2.3 4.9 7.7 11.2 

250 
300 
350 
400 

[V(HI)]=O.3mM [V(III)] =O.ImM 

9.9 6.6 13.7 8.0 
7.7 5.7 11.8 7.4 
6.8 4.9 9.6 7.0 
3.7 4.3 7.6 5.9 

[V(III) ] = 2.0 mM 
250 13.7 15.8 
300 11.8 15.2 
350 9.6 14,8 
400 7.6 14.0 

[V(II I )  l = 0 
250 9.6 10.6 14.2 16.4 16.7 
300 7.9 8.6 12.3 13.7 15.5 
350 6.9 - -  10.1 11.6 13.0 
400 4.2 4.8 8.3 9.3 10.7 

A l l  s o l u t i o n s  c o n t a i n e d  0.01M HClO~ a n d  were  a d j u s t e d  to  an  ion ic  s t r e n g t h  of  1.0 w i t h  NaClO4. 

format ion  wi th  addi t ional  anions which are  specifically 
adsorbed on the e lect rode (2, 5, 6). V a n a d i u m ( I I I ) ,  on 
the  o ther  hand,  is more  l ike ly  to be adsorbed  by  means  
of the  same th iocyanate  anions wi th  which it is com-  
p lexed in the  bu lk  of the  solution. This assert ion is 
based p r i m a r i l y  on re la ted  exper imen t s  wi th  C r ( I I I )  
th iocyanate  complexes  (27) which, because of the i r  
subst i tut ion inertness,  can be s tudied in the  absence 
of any  free th iocyana te  anions. The adsorpt ion  of these  
C r ( I I I )  complexes  is decreased monotonica l ly  by  the 
addi t ion of th iocyanate  anions as the  la t te r  compete  
for  the  avai lab le  e lect rode surface. Thus, the adsorp-  
t ion of the  C r ( I I I ) - t h i o c y a n a t e  complex resul ts  ex -  
c lus ively  f rom the in terac t ion  be tween  the coordi-  
na ted  th iocyana te  and the  mercu ry  surface. 2 

A n  analogy has  been d r a w n  (27) be tween  the ad -  
sorpt ion of C r ( I I I ) - S C N  complexes  on mercu ry  elec-  
t rodes  and the  homogeneous  react ion 

CrNCS 2+ + Hg 2+ ----- CrNCSHg 4+ [1] 

which  proceeds  ex tens ive ly  f rom lef t  to r ight  (28, 29). 
The V ( I I I )  analog of react ion [1] cannot  be observed 
because of the  subst i tut ion lab i l i ty  of V ( I I I ) ,  but  the  
adsorpt ion of the V ( I I I ) - t h i o c y a n a t e  complex  on 
m ercu ry  can be observed,  and it shares too many  of 
the  behaviora l  aspects of the  C r ( I I I ) - t h i o c y a n a t e  ad -  
sorpt ions to ignore the  l ike ly  connection. 

The adsorpt ion  of the  Cr ( I I I )  complex  is thought  to 
ar ise  from increases in the  l igand field s t rength  of the  
n i t rogen a tom in the  coordinated  th iocyanate  molecule  
when  a m e r c u r y - s u l f u r  bond is fo rmed at  the  sulfur  
a tom in the  same molecule  (27, 30). The dr iv ing  force 
for  adsorpt ion according to this  scheme would  be less 
for the  doubly  charged V ( I I )  than  for t r i p ly  charged  
V ( I I I )  because of the  smal ler  l igand field split t ing, 4, 
and s imi la r ly  less for the  d 2 V ( I I I )  ion than  for the 
d3 Cr ( I I I )  ion; the  observed re la t ive  adsorpt ions  of 
these th ree  ions are  in this  order .  

2 A d s o r p t i o n  of  m e t a l l i c  ions  on m e r c u r y  v i a  c o o r d i n a t e d  l i g a n d s  
w a s  proposed  by  O ' D o m  and  M u r r a y  (4) i n  the  case of i n d i u m  ad-  
so rp t i on  f r o m  iod ide  e lec t ro ly tes .  We h a v e  a r g u e d  aga in s t  th i s  
m e c h a n i s m  for  a d s o r p t i o n  in  the  case of w h i t e  m e t a l  ca t ions  (3), 
b u t  we  f a v o r  i t  in  t he  case of t r a n s i t i o n  m e t a l  ca t ion  a d s o r p t i o n  
i n d u c e d  b y  t h i o c y a n a t e  (27). 

Identity of the adsorbed-V (III) species.--Attempts 
to de te rmine  the  composi t ion of the adsorbed V( I I I )  
complex  were  l a rge ly  unsuccessful.  The adsorpt ion 
reaches a m a x i m u m  at a concentra t ion of th iocyanate  
near  0.1M (see Table  I I ) ,  bu t  i t  does not seem justif ied 
to ident i fy  this  adsorpt ion  m a x i m u m  wi th  the  m a x i -  
mum concentra t ion of a pa r t i cu la r  V ( I I I ) - t h i o c y a n a t e  
complex  because  increasing the  th iocyanate  concen-  
t ra t ions  also increases  the  adsorpt ion  of free th iocya-  
na te  anions which compete  for the  avai lab le  e lectrode 
surface wi th  a l l  V ( I I I ) - t h i o c y a n a t e  complexes.  F u r -  
thermore ,  the  avai lab le  da ta  on the  format ion  con- 
stants for complexa t ion  of V (I I I )  wi th  th iocyanate  are  
not  adequate  to a l low the re la t ive  concentrat ions  of 
the  var ious  possible  V ( I I I ) - t h i o c y a n a t e  complexes  to 
be calculated.  F u r m a n  and Garne r  (31) showed tha t  
VNCS 2+ is the  p redomina te  complex  formed in solu- 
t ions 5 mM in V ( I I I )  and  S C N - ,  but  evidence for  
h igher  complexes was c lear  a t  h igher  th iocyana te  con- 
centrat ions,  such as p reva i l ed  in the present  exper i -  
ments.  

Exper iments  wi th  the C r ( I I I ) - t h i o c y a n a t e  com- 
plexes,  where  the  ident i t ies  of the  adsorbing species 
were  cer ta in  (27), showed tha t  the  adsorpt ion in-  
creased cons iderably  as the  number  of coordinated 
th iocyanate  ions increased f rom one to three.  S imi la r  
behav ior  in the  subs t i tu t ion- lab i le  V ( I I I ) - t h i o c y a n a t e  
system could lead  to the  p re fe ren t ia l  adsorpt ion  of a 
complex  containing more  than  one thiocyanate ,  even 
if the  h igher  complex  were  a r e la t ive ly  minor  con- 
s t i tuent  in the  solution. 

In severa l  previous  studies (3, 6, 20), in format ion  
on the charge  of the  adsorbing species was ob ta ined  
f rom measurements  of the changes in the  ra tes  of 
i r revers ib le  e lect rode react ions  produced  by  the  ad -  
sorption. This approach  fai led in the  present  instance 
for the  lack  of sui table  e lect rode react ion whose ra te  
could be measured  in the  na r row  potent ia l  "window" 
be tween  the  reduct ion of V ( I I I )  and the oxida t ion  of 
me rc u ry  in the  th iocyana te  suppor t ing  electrolytes .  

V ( I I I )  adsorption in the presence of V ( I I ) . - - I n  
solutions containing mix tures  of V( I I I )  and V ( I I )  the  
s tandard  double  po ten t i a l - s t ep  chronocoulometr ic  
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techniques is not applicable because the separation of 
double layer charging from faradaic reduction of ad- 
sorbed V(III) is no longer possible by means of the 
intercepts of the two plots of charge vs. appropriate 
functions of time. This inseparabilRy of double layer 
and faradaic charge has been subjected to extensive 
analysis and discussion by Delahay and co-workers 
(32"34) and Sluyters and co-workers (35, 36). Review 
articles with treatments of this topic have also ap- 
peared (37-39). The ramifications of charge insepara- 
bility for the present experiments become clear if a 
single potential-step chronocoulometric experiment is 
contemplated: suppose the potential of a mercury elec- 
trode is stepped from its equilibrium value in a 
V(III)oV(II) mixture to --900 mV where the reduc- 
tion of V(III) is diffusion limited. Plots of the total 
charge passed at time, t, vs. tv= are l inear  and have 
intercepts on the charge axis equal to the sum of the 
amount  of V(I I I )  adsorbed at the equi l ibr ium poten-  
tial and the difference in the charge on the elec- 
trode between the ini t ial  potential  and --900 mV. If 
the usual  chronocoulometric analysis were applied, the 
charge on the electrode at the ini t ial  and final poten-  
tials would be measured in independent  experiments  
and the result ing difference in  charge subtracted from 
the observed intercept  to obtain the amount  of ad- 
sorbed V( I I I ) .  The value of the charge on the elec- 
trode, qm, at --900 mV can be obtained, as described in 
the Exper imenta l  section, from measurements  of the 
charge flowing into a dine potentiostated at --900 mV 
in a solution containing V(I I )  but  no V(I I I ) .  How- 
ever, if the same procedure is followed at the equil ib-  
r ium potential  with the mixture  of V(I I I )  and V(I I ) ,  
the value of q~ at the init ial  potential  is not obtained. 
Instead, the sum of qm plus a fraction of the amounts  
of V(I I I )  and V(I I )  adsorbed at the equi l ibr ium po- 
tent ial  is obtained. This result  has been anticipated in 
previous work by others (40, 41), but  it has, so far as 
we are aware, never  been explicitly tested by experi-  
ment.  For this reason, it seems useful  to give a, largely 
unoriginal,  thermodynamic  analysis of the expected re-  
sults along with those obtained experimental ly.  

We shall consider a mercury  electrode at equi l ib-  
r ium in a solution containing the salts NaNCS, 
V (NCS) ~, and V (NCS) 3. The electrocapiltary equation 
for this system is (42) 

--d7 -~ qm dE- Jr rNa+d#NaNCS 
+ rv(iii) (d/LvtNcs)2 + F dE-) Jr rv(n)d/~vcNcs)2 [2] 

where  it has been assumed that  the V ( I I ) - V ( I I I )  
couple functions as a reversible redox couple; i.e. 

d/zv(Ncs)a = d#V(NCS)2 -~- F dE- [3] 

And where v is the interracial  tension, qm is the charge 
density on the mercury,  E -  is the potential  of the 
mercury  electrode with respect to an electrode re-  
versible to thiocyanate ion, the #'s and r ' s  are the 
chemical potentials and surface excesses of the sub-  
scripted species, respectively, and F is the Faraday.  
Suppose a series of measurements  of the interracial  
tension are made in solutions containing varying  
ratios of V (III) to V (II) bu t  wi th  a constant total con- 
centrat ion of vanadium,  C*. 

Cv(zm + Cv(m ---- C* = const. [4] 

Under  these conditions Eq. [3] and [4] can be com- 
bined to yield 

d/~v(Ncs)2=--F ( C*--Cv(n) )dE - [5] 
C* 

Subst i tu t ing [5] into [2] and rear ranging gives (2) 

--d~" = FNa+(~NaNCS Jr [ qm Jr Frv(III) 

--F(rv(m) + rv (m)  ~ ,  dE- [6] 
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which leads to 

-- (0Ed'~'-~-)/~NaNCS =qm 
F 

Jr ~ (rv(iiDCv(ii) -- Pv(II)Cv(III)) [7] 

Thus, a measurement of the slope of the electrocapil- 
lary curve at potentials where both V(II) and V(III) 
are present does not give q% but a more complex 
quantity dependent on the concentrations and surface 
excesses of V(III) and V(II). 

The measurement of the charge flowing into a poten- 
tiostated dine in a V (II)-V(III)-thiocyanate mixture, 
according to the procedure described in the Experi- 
mental section (2, 17, 28), amounts to an experimental 
evaluation of the slope of the electrocapillary curve. 
This assertion seems quite reasonable because the time 
scale of the experiment is several seconds and the 
heterogeneous rate constant for th~ V(II)/V(III) 
couple in thiocyanate media is greater than 10-s cm/ 
sec so that there is no reason to doubt that thermo- 
dynamic equilibrium prevails throughout the data 
collection. Note also that so long as the thiocyanate 
concentration is large compared with the total vanadi- 
um concentration, as the ratio of V(III) to V(II) is 
changed, the derivative with the respect to E is es- 
sentially the same as the derivative with respect to 
Eref, the potential measured vs. a fixed-potential refer- 
ence electrode. 

An experimental test of this analysis is given in 
Fig. 2 which gives "charge"-potential curves for two 
supporting electrolytes in the absence and presence 
of V(III) and V(II). With the sodium perchlorate 
electrolyte the values of charge obtained from the 
dine experiment are the same, within experimental 
error (• gC/cm2), whether or not the V (Ill)/V (If) 
couple is present. This accords with the chronocoulo- 
metric result that no adsorption of V(III) or V(II) could 
be detected in pure perchiorate electrolytes; the second 
term in Eq. [7] is thus zero at all potentials and the 
true charge on the electrode, qm is obtained in the 
presence, as well as in the absence of the V(III)/V(II) 
couple. [This conclusion ignores any nonspecific ad- 
sorption of V(III) and V(II) in the diffuse layer, but 
this is negligibly small at the ionic strength (~ = 1.0) 
and vanadium concentrations (C* ~ 1 raM) em- 
ployed.] 

5 
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~E o , 2///I 

I f I 
4 0 0  5 0 0  6 0 0  7 0 0  

-E, vs S C E ,  mV 

Fig. 2. Potential dependence of the values ofq dine obtoined with 
a dropping mercury electrode. Solution compositions: |,  ]M NaCI04; 
2, 3, O.]M NaNCS-O.gM NoCI04. Solid lines are for the pure sup- 
porting electrolytes; plotted points represent values obtoined in 
the same electrolyte in the presence of vanadium: [V(I I I ) ]  -I- 
[V( I I ) ]  = 1.0 raM. All solutions olso contained O.02M HCI04. 
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A different result  is obtained with the mixed per-  
chlorate- thiocyanate electrolyte (Fig. 2). With this 
support ing electrolyte the charge-potent ia l  curves do 
not coincide in  the absence and presence of V(I I I )  and 
V(I I ) .  Again, this behavior  accords with the chrono- 
coulometric result  that substant ia l  V(I I I )  adsorption 
occurs from 0.1M NaNCS solutions. Equat ion [7] pre-  

C* 
dicts that  in a solution where  Cv(ili) = CvcII) = ~-, the 

value of "charge" resul t ing from the dme exper iment  

should be given by qm + .~  (rv(Inl -- rv(ll) .Values 

of F rv(m) and F rv(n) obtained chronocoulometrically 
for a solution containing 0.5 mM V(III) and 0.5 mM 
V(II) are 7 ___ 1 ~C/cm 2 and 0 • 1 ~C/cm 2, respec- 
tively. Thus, if qm were unaffected by the adsorption 
of V (III), the expected value of charge resulting from 
the experiment with a dme poised at the equilibrium 
potential would be 3.5 ~C/cm2 greater in the presence 
of 0.5 mM V(III) and V(II) than in their absence. 
The observed difference (Fig. 2, E = --520 mV) is 
3 ~C/cm 2. Comparable agreement was obtained at 
other potentials in the vicinity of the half-wave po- 
tential which supports the analysis given above. The 
inseparability of faradaic from nonfaradaic charge 
with poised electrodes in Nernstian systems where 
substantial reactant adsorption occurs is also clearly 
demonstrated. 

One may inquire why more total charge is supplied 
by the potentiostat to the dine in the presence of 
V(III) and V(II) even if the (not directly measur- 
able) value of qm is not changed by the adsorption of 
V(III). The explanation is that as the drop grows 
some of the V(III) at its surface is "consumed" by 
being adsorbed on the electrode. The Nernstian balance 
of V(III) and V(II) at the electrode is thereby dis- 
turbed, and the potentiostat supplies the additional 
charge necessary to oxidize enough V(II) to restore 
the ratio V ( I I I ) / V ( I I )  to its ini t ial  value. This faradaic 
charge will  be supplied at just  the same rate as is the 
nonfaradaic charge needed to main ta in  the charge 
density, qm, because both charge-consuming processes 
are proport ional  to the rate of change of the electrode's 
area. It is just  this indis t inguishabi l i ty  in t ime that 
renders  the two kinds of charge exper imenta l ly  in -  
separable. 

The comparison made above of the separation near  
E~/2 of the two charge-potent ia l  curves for the thio- 
cyanate electrolyte in Fig. 2 with the separation c a n  
culated on the basis of Eq. [7] depended on a knowl-  
edge of rv(xn/ and rv(ii) at potentials near  El~2. How- 
ever, the inseparabi l i ty  of the faradaic and nonfaradaic  
charges just  described prevents  the direct measure-  
men t  of the double layer charging corrections which 
must  be subtracted from the observed intercepts of 
chronocoulometric charge- (time) l/2 plots to obtain 
values for rv(m). This leaves the question of how the 
values of rv(xn/ and rv (m quoted above as prevai l ing 
at potentials near  E~/s were obtained. In  two ways: 
the simplest was to assume, on the basis of the be-  
havior observed at potentials removed from El/2, where 
separation of faradaic and nonfaradaic charges is no 
problem, that a negligible change in qm at potentials 
near  Ell2 is produced by the adsorption of V( I I I ) .  
Then the charge change measured in the absence of 
vanad ium for a potent ial  step from init ial  potentials 
near  Ell2 to --900 mV could be subtracted from the 
chronocoulometric intercept  obtained in  the presence 
of vanad ium to obtain rv(Ill). The reasonableness of 
the assumption on which this method is based was 
checked by evaluat ing rv(m) by a second method 
and comparing the results. 

The second route to values for rv(in) took advantage 
of the fact that  measurements  of q~ at --900 mV by 
the dme procedure gave the same result, --9.5 ~C/cm 2, 
in the presence and absence of V( I I ) .  The intercepts, I, 

of chronocoulometric (charge vs. t 1/2) plots for poten-  
t ial  steps to --900 mV from ini t ial  equi l ibr ium poten- 
tials in solutions containing both V(I I I )  and V(II )  
are therefore given by Eq. [8] 

I = F rvcln) + qm-900 -- qmEi 
= F r v ( I I I )  - -  qmEi -- 9 .5  [ 8 ]  

An independent  relat ion between the same quanti t ies 
results from the dme charge measurements  with the 
poised solution at E~. From Eq. [7] 

( O-~E ) qdmeEi qmEi.- ~ f l F l ~ v ( l i i )  [ 9 ]  

where qdmeEi is the charge supplied to the growing 
drop at a rate proport ional  to its change in area and 

: Cv(II)/C*. Equations [8] and [9] can be solved 
s imultaneously to yield values for Frv~iIi) (as well as 
qmE i. 

Both of the methods were applied to obtain values 
of  rv(in) at potentials near  E1/2, and the resul t ing data 
are summarized in Table III. The agreement  between 
the values of rv(ni)  obtained by the two methods is 
only fair presumably  because the assumption that  qm 
is unaffected by the adsorption of V (III)  is not  strictly 
valid and also because of the relat ively large uncer -  
tainties associated with the values of qdmeE i obtained 
from the dme experiments  in poised solutions. How- 
ever, the data do demonstrate  unambiguous ly  that  a 
substant ial  amount  of V(I I I )  is adsorbed in the vicin-  
ity of the hal f -wave potential  for the couple. 

The strong potential  dependence of rv(iiI) near  E1/2 
reflects the fact that  the concentrat ion of V(I I I )  is 
very  potential  dependent  near  E1/2 (Nernst  equat ion) .  
A similar dependence on the concentrat ion of V(I I I )  
is also observed at potentials well  anodic of E1/2 
(Table II) .  

With reference to the ideas of Delahay et al. (32-34), 
it may be worth not ing that  in  the present  instance, 
the evaluat ion of rv(Ii,) by the combinat ion of the 
chronocoulometric intercept  with the dme charge 
measurement  (Eq. [8] and [9]) accomplishes a separa-  
tion of the total charge into faradaic (F r )  and non-  
faradaic (qmE~) components. However, this separation 
is not a priori because it resorts to the non- the rmody-  
namic chronocoulometric measurements .  Nevertheless, 
this tactic can be helpful  in evaluat ing the "true 

double- layer  capacitance"; i.e., ~ , in the pres-  

ence of reactant  adsorption. Just  such use is made of 
this possibility in the experiments  on the kinetics of 
the V ( I I I ) -V  (II) couple in thiocyanate solutions to be 
described next.  

E~ects of V(II I )  adsorption on the kinetics of the 
V ( I I I ) - V ( I I )  couple.--The problem of measur ing the 
rate of a rapid electrode reaction when  the reactant  is 
adsorbed on the electrode has long plagued electro- 

Table Ill. Comparison of the values for rv(nz) 
obtained by two different methods 

S u p p o r t i n g  e l ec t ro ly t e :  0.9M NaC104-0.1M NaNCS-0.01M HC104 
[V(I I ) ]  + [ v ( I n ) ]  = 1.0, m M  

FFv(IID, b /zC/cm ~ 
F F V ( I I I ) ,  a ~C/cm a, f r o m  i n t e r c e p t  and  

--E.  m V  vs.  SCE f r o m  i n t e r c e p t  d ine  m e a s u r e m e n t s  

480 9.7 ~ 0.4 7.2 4- 1.5 
500 8.9 7.3 
520 7.2 7.6 
550 3.9 2.4 

These  v a l u e s  we re  o b t a i n e d  by  s u b t r a c t i n g  f r o m  the  i n t e r cep t s  
of c h r o n o e o u l o m e t r i e  cha rge - ( t im e ) l /~  p lo t s  t he  c h a r g e  c o n s u m e d  
in  s t e p p i n g  t he  e lec t rode  f r o m  the  s ame  i n i t i a l  e q u i l i b r i u m  po ten -  
t i a l  to  --900 m V  in  the  s u p p o r t i n g  e l ec t ro ly t e  a lone.  The  r ep ro -  
d u c i b i l i t y  of  each v a l u e  was  ca. +0 .4  #C/cm-*. 

b These  v a l u e s  we re  c a l c u l a t e d  b y  c o m b i n i n g  Eq. [8] and  [9] to  
g ive  (1 -- ~)FFv(r i i )  = I -- qdme - -  9.5. The  r e p r o d u c i b i l i t y  of each  
c a l c u l a t e d  v a l u e  was  ca. -~1.5 /~C/cm 2. 
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chemical kineticists. A large number  of theoretical 
analyses and exper imental  attacks on the problem have 
been made [ref. (43-50) are a representat ive but  not 
comprehensive set of examples].  They all boil down 
to extrapolations to infinite frequencies or vanishingly  
small  times where, it is assumed, only adsorbed reac- 
tant  can be reacting because of the finite t imes re-  
quired to t ransport  unadsorbed reactant  from the 
solution to the electrode surface. This philosophy was 
applied to the V ( I I I ) - V ( I I )  couple in  thiocyanate 
solutions in  the present  exper iments  by means of the 
coulostatic technique (19): small  charges were in-  
jected into a hanging mercury  drop electrode ini t ia l ly 
at its equi l ibr ium potental  in a solution containing 
approximately equal concentrat ions of V(I I I )  and 
V(I I ) .  The resulting, open-circuit ,  potent ia l - t ime 
transients  were observed on an oscilloscope, recorded 
photographically, and analyzed to obtain informat ion 
about the kinetics of the electrode reaction. To carry 
out the analyses of the transients,  values of the differ- 
ent ia l  double- layer  capacitance are required (51, 52) 
and the appropriate value of the capacitance is that 
for solutions containing the reactant  couple. When no 
reactant  adsorption occurs the double- layer  capaci- 
tance measured at the same potent ial  in reactant-free  
supporting electrolyte is usual ly  an excellent approxi-  
mat ion of the capacitance in  the presence of reactant.  
When reactant  adsorption is known to occur, as with 
V(I I I )  in thiocyanate solutions, the approximation 
that  there is no change in double- layer  capacitance is 
much poorer. Fur thermore,  the a priori inseparabi l i ty  
of faradaic current  and double- layer  charging cur ren t  
referred to earlier complicates at tempts to evaluate 
the t rue double- layer  capacitance in the presence of 
reactant  adsorption (47-50). 

The approach adopted in the present  experiments  
was as follows: values of qmE i at various values of El 
were obtained by simultaneous solution of Eq. [8] and 
[9] as described earlier. A plot of these values of 
qmE~ VS. potential  in the vicini ty of E1/2 was made. 
The slope of the resul t ing line gives the appropriate 
differential double- layer  capacitance for use in ana-  
lyzing the coulostatic potent ia l - t ime transients.  The 
exper imental  errors involved in obtaining the values 
of qmE i leave some uncer ta in ty  in the value of the 
double- layer  capacitance in the presence of vanad ium 
as is indicated in Fig. 3. It  seems likely that  the 
capacitance is actual ly about the same, 46 gF/cm 2, in 
the presence of vanad ium as in the pure support ing 
electrolyte. However, the slope of the dashed rather  
than  the solid l ine in Fig. 3 was used to evaluate the 

$ 
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I I I I I 
480 500 520 540 560 

-E, vs S.CE., mV 

Fig. 3. Charge-potential curves. The solid line is the result of 
measurements of qm with the dme procedure in pure supporting 
electrolyte 

0.1M NaSCN-0.9M NaCIO~.-0.02M HCIO4 

Its slope corresponds to a double-layer capacitance of 46 /~F/cm ~-. 
The four points marked with bars were obtained from the corre- 
sponding points in Fig. 2 by subtracting the appropriate fraction of 
rv (n i )  as calculated from Eq. [7] .  The length of the bars in- 
dicates the range of the values obtained in replicate experiments. 
The dashed line through the four points corresponds to a double- 
layer capacitance of 50/~F/r 2. 
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Fig. 4. Cathodic coulostatic relaxation transients for V( I I I ) /V( I I )  
in thiocyanate. 1, Supporting electrolyte alone: 0.1M NaSCN-0.gM 
NaCIO4-0.O2M HCIO4; 2, calculated diffusion limited relaxation 
transient in the same electrolyte as I for [V(I I I ) ]  = [V( I I ) ]  = 
0.5 raM; 3, experimental transient in the same electrolyte as 1 with 
[V(l l l ) ]  ~ [V(l l ) ]  ~ 0.5 mM; 4, as in 3 except [V(I I I ) ]  = 
[V(I I ) ]  = 5 raM. The overvoltage, ~1, is plotted on a logarithmic 
scale. In each case, the initial potential was --520 mV and the 
charge injected was --0.176/~C/cm 2. 

capacitance as 50 ~F/cm 2 in the presence of V(I I I )  
and V(I I ) .  The t rue value of the capacitance should 
be bracketed by these two values. 

Curve 3 in Fig. 4 shows a typical cathodic potentia]-  
t ime relaxat ion t rans ient  obtained with 0.5 mM V (III) 
and 0.5 mM V(I I )  in a 0.1M NaNCS-0.9M NaC104 
support ing electrolyte. It  is unusual  in that  even at 
the shortest times at which measurements  could be 
made, the observed potential  is well below the value 
that  is obtained in the same electrolyte without  vana -  
dium, curve 1. Curve 2 is the calculated t ransient  that 
would be observed for a diffusion l imited electrode 
reaction with the same bu lk  concentrations of V( I I I )  
and V(II )  and the double- layer  capacitance of the 
support ing electrolyte. It  is clear from curve 2 that  
very little of the difference between curves 1 and 3 can 
be at t r ibuted to the reaction of the bu lk  reactants, 
especially at the shortest observable times. The poten- 
t im difference between curves 1 and 3 could arise 
ei ther from a large difference in the double- layer  
capacitance for the two solutions or from the very  
rapid faradaic reaction of adsorbed V(I I I ) .  However, 
the double- layer  capacitance has been shown to in -  
crease by no more than  4 ~F/cm2 (from 46 to 50 ~F 
cm 2) in the presence of V(I I I )  and V(II )  (Fig. 3), 
while a change of 30 ~F/cm ~ would be required to 
account for the difference between curves 1 and 3 in  
Fig. 4. Thus, the faradaic reaction of adsorbed V(II I )  
seems clearly to be the source of this difference. 

As a check on these conclusions, a set of coulostatic 
experiments  was also carried out in a bromide sup- 
port ing electrolyte where substant ial  anion adsorption 
occurs, bu t  no evidence of V( I I I )  adsorption was ob- 
ta ined in chronocoulometric measurements .  Figure  5 
shows the results: essentially no difference at the 
shortest t imes between the curves obtained in the 
presence and absence of V(I I I )  and V(I I ) .  These re-  
sults with the bromide electrolyte confirm that  V (III) 
adsorption in the thiocyanate electrolyte is the reason 
for the differences between curves 1 and 3 in  Fig. 4. I t  
seems reasonable, therefore, to use the difference be-  
tween these two curves to calculate a value for the 
exchange current  for the adsorbed V ( I I I ) / V ( I I )  
couple. Unfor tunately ,  only a lower l imit  on the rate 
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Fig. 5. Cathodic coulostatic relaxation transients for V( I I I ) /V( I I )  
in bromide. Supporting electrolyte: IM  NaBr-0.02M HCIO4. I,  
Supporting electrolyte alone; 2, experimental transient with [V(l l l ) ]  

[V(I I ) ]  = 0.5 mM; 3, experimental transient with [V(I I I ) ]  = 
[V(I I ) ]  ~- 5 mM; 4, calculated diffusion limited transient for 
IV( I l l ) ]  ~ [V( I I ) ]  ~ 5 raM. The overvoltage, ~1, is plotted on a 
logarithmic scale. In each case, the initial potential was --470 mV 
and the charge injected was --0.239 ~,C/cm 2. 

can be obtained because the essentially constant level 
of the potent ia l - t ime t rans ient  at the shortest ac- 
cessible t imes (curve 3, Fig. 4) indicates that  the re- 
duction of the adsorbed V(I I I )  is completed by the 
t ime the ohmic potential  drop decays to negligible 
values, ca. 1.5 gsec. At t = 1.5 #sec, the difference be- 
tween curves 1 and 3 amounts  to 1.8 mV which cor- 
responds (on the basis of the double- layer  capacitance 
in the presence of adsorbed V(I I I )  obtained from Fig. 
3) to 0.090 ~C/cm 2 of charge. This charge difference 
can be a t t r ibuted to the reduct ion of the same amount  
of adsorbed V(I I I ) .  Thus, 0.090 ~C/cm~ of V(I I I )  were 
reduced wi th in  1.5 ~sec. The m i n i m u m  average fara-  
daic current  flowing during this period was thus 60 
m A / c m  2 and the average overvoltage dur ing this 
period was 3.4 inV. If the same linearized cur ren t -  
potential  relat ion commonly used to analyze the ki-  
netics of unadsorbed reactants  (53) is applied to the 
present  case, a value of the m i n i m u m  exchange cur-  
rent  can be calculated 

F 
I = Io-~-~- 71 [10] 

where I is the faradaic current,  Io is the exchange 
current ,  ~1 is the overvoltage, and F / R T  = 0.0392 
mV -1 at 25~ Equation [10] leads to Io -= 0.50 A /cm 2 
as the m i n i m u m  value of the exchange current  for 
the adsorbed reactants. 

If positive instead of negative charge is injected in 
the coulostatic experiment,  the resul t ing anodic t r an -  
sient duplicates the cathodic transient .  This indicates 
that sufficient V(I I )  is adsorbed to provide a sym- 
metrical  relaxat ion pa thway via the adsorbed reac- 
tants. The chronocoulometric value for V (II) adsorp- 
t ion at E~/2 was 0 _ 1 ~C/cm 2, but  the coulostatic 
measurements  are more sensitive for detection of small  
quanti t ies of adsorbed reactant.  Hence, 0.5 ~ C / c m  2 was 
taken as a reasonable value for the amount  of adsorbed 
V ( I I ) .  

The ra ther  large m i n i m u m  exchange current  ob- 
tained for the V ( I I I ) / V ( I I )  couple in the adsorbed 
state contrasts with the smaller  exchange currents  
previously measured for this couple in electrolytes 
where no reactant  adsorption was involved (7-14). 
This large difference might  be regarded as an instance 
of t rue  catalysis by the electrode surface, i.e., electro- 
catalysis. Before reaching this conclusion however, it 
is necessary to compare the exchange currents  for the 
homogeneous (no reactant  adsorption) and hetero- 
geneous (both reactants adsorbed) cases with equiva-  

lent  concentrations of reactants. "Equivalent  concen- 
trat ions" for these two cases implies homogeneous 
concentrat ions that  expose the electrode surface to the 
same amounts  of reactants per square cent imeter  as 
are adsorbed in the heterogeneous case. The molar  
reactant  concentrat ion that is required to match the 
cross-sectional concentrat ion in the bulk  of a homo- 
geneous solution with a surface concentrat ion of ad- 
sorbed reactant,  ri, can be calculated from Eq. [11] 

CH2O 
C~ ---- - -  ri [11] 

ru2o 

where C~ is the required molar  reactant  concentration, 
CH2o = 55.5M, and rH2o is the number  of moles of 
water  per square centimeter  in the bulk of the solu- 
tion; for pure water  rH2o = 2.7 • 10 -9 moles/cm 2 
(54). 

For the V ( I I I ) - V ( I I )  system unde r  consideration 
the surface concentrations of the two oxidation states 
at --520 mV estimated from chronocoulometric mea-  
surements  of their adsorptions are rv(m) = 7.5 • 10 -11 
moles/cm 2 and rv(ii) = 5.2 • 10 -12 moles/cm 2. The 
matching homogeneous bulk  concentrations calculated 
from Eq. [9] are Cv(~ii) = 1.5M and CvcH) = 0.10M. It  
is the exchange current  that  would be measured in an 
(hypothetical) exper iment  with a solution containing 
these calculated concentrat ions of V(I I I )  and V(II )  
that  must  be compared with the exchange currents  ob- 
served with adsorbed reactants  in order to assess 
whether  the adsorption has had an effect on the elec- 
trochemical reactivity of the V ( I I I ) / V ( I I )  couple. 

To make this comparison a value for the homo- 
geneous exchange current  for the V ( I I I ) / V ( I I )  couple 
in the same electrolyte is needed. Coutostatic relaxa-  
tion t ransients  for solutions 0.5 mM i n  V(I I I )  and 
V(I I ) ,  such as curve 3 in Fig. 4, are not suitable for 
this purpose at any  accessible t imes because the cor- 
rections for mass- t ransfer  contr ibut ions to the re laxa-  
t ion are sizeable, and complex with reactant  concentra-  
tions this low (51). For this reason, the coulostatic 
experiment  was repeated wi th  a solution ten times 
more concentrated in vanad ium ([V.(III) ] = [V(II)  ] 
= 5 raM). The result ing t rans ient  is shown as curve 4 
in Fig. 4. The slope of the straight l ine drawn through 
the points at the shortest times (before mass t ransfer  
begins to slow down the relaxat ion)  with the double 
layer capacitance obtained from the data in Fig. 3 lead 
(51) to an exchange current  of 69 m A / c m  ~. 

To check on the reasonableness of this value the 
exper iment  was repeated in a 1M NaBr electrolyte 
where there are no complications from adsorbed re-  
actants. CUrve 3 in  Fig. 5 shows the re laxat ion t r an -  
sient that resulted. Its slope corresponds to an ex-  
change current  of 29 m A / c m  2 which makes the ex- 
change current  obtained in the thiocyanate electrolyte 
seem reasonable. 

Taking the value of 69 m A / c m  2 for a solution 5 mM 
in V(III )  and V(II )  and assuming that  the t ransfer  
coefficient, a, is 0.5, one calculates that  the exchange 
current  that would correspond to a solution containing 
1.5M V(II I )  and 0.1M V(II )  is 5.4 A /cm 2. This value 
is ten  times greater than  the estimated m i n i m u m  ex- 
change current  with adsorbed reactants in the 0.1M 
NaNCS-0.9M NaC104 electrolyte. It is, therefore, not 
possible to observe any electrocatalytic effects if they 
are present. The increase in rate  arising mere ly  from 
the increased concentrat ions of reactants is so large 
that it effectively masks any enhancement  (or depres- 
sion) in the electrochemical reactivi ty of the com- 
plexes result ing from their adsorption. 

The much higher reaction rates (exchange currents)  
observed with adsorbed reactants are to be expected 
because of the large increase in their  surface concen- 
trat ions which are produced by even ra ther  weak 
adsorption (10 -12 moles/cm 2 or less). This fact may 
often permit  the reaction rate for both the adsorbed 
and nonadsorbed reactants  to be evaluated because the 
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character is t ic  r e l axa t ion  t imes  for the two kinet ic  
pa thways  m a y  be sufficiently different  for  two dist inct  
re laxat ions  to be observed.  The presen t  case is such 
an example :  the  adsorbed  V ( I I I )  is r educed  so much 
more  r ap id ly  than  the  dissolved V ( I I I )  tha t  the  l a t -  
ter ' s  r a te  of reduct ion  can be measured  wi thout  serious 
contr ibut ions  f rom the react ion of the  adsorbed species 
(curve  4, Fig. 4). Some complicat ions might  be ant ic i -  
pa ted  f rom contr ibut ions  of the  adsorbed  reac tan t  to 
the  s lower re laxa t ion  of the  dissolved reac tan t  because 
the  overvol tage  which  controls  the  ra te  of both  proc-  
esses continues to change. I t  is l ike ly  tha t  curve 4 in 
Fig. 4 depar t s  f rom l inea r i ty  at  longer  t imes  ( lower  
overvol tages)  for this  reason. Nevertheless ,  the  ini t ia l  
slope of this  curve should provide  a reasonable  est i -  
mate  of the  exchange cur ren t  for the  homogeneous 
reaction.  

Nfi rnberg (55) has suggested recen t ly  tha t  weak  
adsorpt ion  of V ( I I I )  and V ( I I )  m a y  occur in per -  
chlora te  electrolytes .  We could find no evidence for 
this chronocoulometr ica l ly  nor  even in the  much more  
sensi t ive coulostatic exper iments .  Relaxat ion  t r an -  
sients obta ined in 1M NaC104 ex t rapo la t ed  to the  same 
ini t ia l  overvol tage  as was obtained in b lank  exper i -  
ments,  i.e., they  resembled  curve 3 in Fig. 5 r a the r  
than  curve 4 in Fig. 4, and the ca lcula ted  exchange 
cur ren t s  [Io ---- 250 ~A/cm~ wi th  0.5 mM V ( I I I )  and 
V ( I I )  ] agreed  wi th  previous  measurements  (7-9).  

S luy te r s  and  co -worke r s  have repor ted  on the  k i -  
netics of a number  of m e t a l / m e t a l  ama lgam elec-  
t rode  react ions in which weak  reac tan t  adsorpt ion  oc- 
curs (35, 36, 56-58). In  every  case, the  exchange cur-  
rents  were  too large  to be measured  (wi th  the a-c  
br idges  employed)  when  reac tan t  adsorpt ion  was evi-  
dent.  S imi la r  behavior  has also been observed by  
others  (46, 59) and this apparen t  genera l i ty  lead S luy -  
ters  and co-workers  to speculate  recen t ly  (60) as to 
whe the r  there  might  not  be "a causal  connection be-  
tween  (e lect rochemical)  revers ib i l i ty  and specific ad-  
sorpt ion" of reactants .  One conclusion ar is ing f rom the 
present  invest igat ion is that  concentra t ion enhancement  
r a the r  than  t rue  catalysis  m a y  often be the  source of 
the  much l a rge r  e lectrode react ion rates  observed wi th  
adsorbed reactants .  Essent ia l ly  the same point  has been 
made  by  Mai ranovsk i i  in discussing the po la rography  
of adsorbed organic reac tants  (61, 62). 

I t  seems l ike ly  tha t  e lect rode react ions which are  in-  
he ren t ly  s lower  than  those so far  inves t iga ted  may  
pe rmi t  a c learer  dis t inct ion to be made  be tween  ra te  
enhancements  due to t rue  cata lyt ic  adsorpt ion  and 
those ar is ing only f rom concentra t ion enhancement  by  
adsorption.  Kinet ic  studies of a number  of t rans i t ion  
m e t a l  th iocyanates  a re  p resen t ly  under  way  in this 
l abora to ry  to explore  this  possibil i ty.  
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Thermogalvanic Cells: Equations for 
Special States and Ionic Mobilities 

Philip B. Lorenz 
Bartlesville Petroleum Research Center, Bureau of Mines, U. S. Department of the Interior, Bartlesville, Oklahoma 

ABSTRACT 

Linear  phenomenological  equations for processes in thermogalvanic  cells 
are set up in two forms. One form is used for examining  the na ture  of six 
special states: the thermal  and shorted ini t ial  states, and the isothermal, 
thermal,  shorted, and adiabatic steady states. With aqueous electrolytes the 
following are predicted: a large var iat ion in the Soret effect and a moderate 
var ia t ion in the Pel t ier  heat with changes in electrical state; a difference be-  
tween electrical and thermal  t ransference numbers ;  and a small  tempera ture  
gradient  set up by the flow of cur ren t  under  adiabatic conditions. The other 
form of the equations is used for examining  the mobil i ty of ions in a thermal  
field and a comparison with the mobil i ty  in  an electrical field or a concen- 
t rat ion gradient.  In t roduct ion of electrostatic potential  as a variable suggests a 
way of measur ing thermodynamic properties of individual  ions. 

The thermogalvanic cell serves as a prototype for 
processes involving electric potentials of chemical and 
thermal  origin. The spontaneous electric potentials in 
the earth are of considerable importance in logging of 
oil wells and other geophysical analyt ical  methods. 
With ordinary  geothermal gradients, the thermal  com- 
ponent  of a measured potential  can amount  to m a n y  
millivolts. This par t  of the potential  has received less 
than its share of at tention,  al though electrochemical 
and electrokinetic potentials have been considered ex-  
tensively. 

For all  kinds of potentials, a systematic formulat ion 
by means of l inear  phenomenological  equations pro- 
vides a sound basis for fur ther  unders tanding  of the 
processes. A var ie ty  of formulat ions has been pre-  
sented (1-5), but  some are more convenient  for mak-  
ing predictions than  others. It is i l luminat ing  to com- 
pare the work that  has been done with the isothermal 
concentrat ion cell. 

For  the la t ter  system, one formulat ion in part icular  
has been used for describing the behavior  of the cell 
under  a var ie ty  of exper imental  conditions (6). The 
variables in  this formulat ion are current,  potential, 
diffusion rate, and gradient  of chemical potential,  
which are closely related to exper imental  quantit ies.  
A special state is the steady state when  electrical cur-  
rent  mainta ins  a constant concentrat ion gradient. This 
state is relat ively unfamil iar ,  but  has been used as a 
basis for a separation procedure (7). 

The more abstract formulat ion in terms of electro- 
chemical potentials (8) leads to a relat ion between 
electrical and diffusion mobil i ty  that amounts  to an 
extension of the Nerns t -Eins te in  equation to finite 
concentrations. 

The purpose of the present  work is to extend the 
same t rea tment  to the thermogalvanic  cell. From the 

Key words:  initial state, ionic act ivi ty coefficient, ionic entropy,  
ionic mobility,  Pelt ier  heat ,  Sorer coefficient, s teady state, the rmal  
emf,  thermogalvanic  cell, 

formulat ion in terms of exper imental  quantities, we 
find that  there are six special states. The character-  
istics of two of these states have long been considered, 
viz., the steady state of "Sorer equi l ibr ium" and the 
"initial" state of uniform concentrat ion when  the tem-  
perature  gradient  is first established. However, when  
the various possible electrical and thermal  constraints 
are permuted,  there are three other steady states and 
one other ini t ial  state. 

From the formulat ion in  terms of electrochemical 
potentials, we gain more informat ion about the indi-  
vidual  properties of the migrat ing ions. This informa-  
tion is of theoretical interest  and, moreover, is needed 
for a knowledge of the behavior  of mixed electrolytes. 

The Cell 
The salient features of the analysis can be seen in 

the simple case of a cell with a single electrolyte in a 
single solvent, with all the gradients  in  one dimension. 
The electrodes are reversible to one of the ions accord- 
ing to the reaction 

(1/zr) [M] --> (1/Zr)r z ~- e -  [1] 

where [M] is a substance, or a group of substances, e.g. 

[M] = [�89 [AgC1 -- Ag], [Iz~PbO -}- 1~H20 -- �89  

r = H § CI - ,  O H -  

For definiteness, the cell will  be oriented so that  re-  
action [1] takes place as wr i t ten  at the left, and in 
reverse at the right. All  fluxes and forces wil l  be taken 
as positive from left to r ight  (Fig. 1). Thus, the cell 
emf 

E = A~r/ZrF [2] 

is positive when the r igh t -hand  electrode has the sign 
of the r ion. E is a difference funct ion that  is formally 
converted to a gradient  in the subsequent  t reatment .  
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Table I. Coefficients of [3] and [4] 

Subscript -- L -- C 
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I I  (K + ~rsm~K/F~T) / T  K / T  

12 -- ~r.rnK/TF ~ m l D  
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22 ~ m~D 
23 t ~ / n ~ F  -- ts/n~F 
33 (maD~A) + ( t~/n~F)~ 1/~ 

Fig. 1. Schematic diagram of thermogalvanic cell 

Phenomenological Equations and 
Experimental Coefficients 

The flux of solvent is e l iminated by assuming the 
Hittorf  convention. The electrolyte flux is then a 
s traightforward exper imental  quant i ty  in a cell such 
as tha t  shown schematically in Fig. 1. The thermal  
flux will  be represented by the flux of entropy. The 
reason for this choice is that  the  coefficients of the 
equations can be more convenient ly  interpreted than  
when heat flux is used directly. 

The total  entropy flux includes a convective te rm 
for bu lk  t ranspor t  that  results from the frame of ref-  
erence anchored to the solvent. However,  it is the non-  

convective portion of the flux, ~ ,  that  is conjugate 
with the tempera ture  gradient  (5), and moreover the 
quant i ty  

Js = Js - -  ~ ] i S i J i  

is the conjugate flux when  ordinary  chemical or elec- 
trochemical potentials are used in place of the total 
chemical potentials that  include the temperature  var i -  

A 
ation.l For  the processes under  consideration, Js is 
unaffected by the frame of reference; it is the "reduced 
heat flow" divided by the temperature  (5). The re-  
duced heat flow is measured calorimetrically as the 
heat accumulat ion on one side of the cell and depletion 
on the other. (The two quanti t ies are not equal, but  
the difference is a second order effect.) 

By the use of [2] and t ransformations that  have 
been discussed previously (6), the phenomenological  
equations for the thermogalvanic  cell can be put  into 
the form 

A 
J s  = L l l ~ T  J r  L l 2 V E  J~ L 1 3 V # I  

I = L 1 2 V T  -}- L22~TE -~- L 2 3 V ~ l  

J 1  --~ L 1 3 V T  -[- L 2 3 V E  -~- L 3 3 V ~ l  [3] 

The Onsager reciprocal relations have been incor-  
porated into Eq. [3]. A modificaton of these equations 
is less symmetr ical  bu t  more closely related to famil iar  
exper imental  quanti t ies  

A 
Js = C l l V T  "t- C12V In ml  + C13I 

J1 -~ C 2 1 V T  -~- C 2 2 ~  In m l  -}- C~.~I 

E : C z l V T  -{- C3~V In ml  ~ C~3I [4] 

where ml is the molal  concentrat ion of the electrolyte. 
In  this case C2I ---- C12/A, C~2 : --C2~A, and C31 : 

A 
1 F o r  the  s y s t e m  u n d e r  cons ide ra t ion ,  Js  can be e x p a n d e d  to  

-- S'.~J~I -- ~ J 1 ,  w h e r e  JM is a f i c t i t ious  f lux  of  e lec t rode  m a t e -  
A 

r ia l ;  or  ~s can be t r a n s f o r m e d  to Jsk + ~ r J r  + ~ J g  + ,.geJ~ + 
~ e  + -Sr/zr -- S~/Z~]Je, w h e r e  the  t e r m  in  b r acke t s  is  t h e  ca lor i -  
m e t r i c  e n t r o p y  of  t he  e l ec t rode  reac t ion .  

Table II. Values of coefficients for common inorganic 
aqueous electrolytes at 25~ (MKS units) 

0.01N KCI  
A g / A g C l  Effect  of  species  and  V a r i a t i o n  w i t h  Refe r -  
e lec t rode  e l ec t rode  a t  0.01N c o n c e n t r a t i o n  ences  

C u  --2.03 x i0  -a S m a l l  S m a l l  (9, I0) 
C~.~- 1.92 x i 0  -s L i~SO4: - -0 .9  • I0 ~s P r o p o r t i o n a l  (11} 

HCI:  --3.2 X I0  -s 
C33 -- 7.07 HCl :  --2.4 I n v e r s e l y  p ro-  (12) 

L a C h :  -- 21 p o r t i o n a l  
C ~  --1.30 • 10 -7 L i l :  +0.9 x 10 -7 (A -- B~[m)m (I, 3, 11) 

H~SO4: - -26  x 10 -7 ( r o u g h l y  • 5 
pe r  decade  of 
conc.) 

C~ +0.39 • 10-t HCI:  --3.5 • 10 -2 A -- B ~  (3,13) 
K I  w i t h  A g / A g I :  ( r o u g h l y  x 9.7 

+ 2 x 10-~ per  decade  of  
conc. ) 

Cm --5.08 • i0  -6 L iCI :  --3 • 10 -6 S m a l l  (12) 
HCI:  --8 • I0 -e 

A 4.73 • 10 a P r o p o r t i o n a l  to v S m a l l  (11) 

--C13, where A = vRT(1  ~ d i n  7 •  In ml) .  Expres-  
sions for the coefficients of [3] and [4] in  terms of 
convent ional  exper imental  quanti t ies are given in 
Table I. 2 Extra  terms appear in the L-coefficients be-  
cause diffusion and thermal  conductivi ty are measured 
with no electric current  ra ther  than with no electric 
potential. Table II  gives examples of numer ica l  values. 

Special  States 
There are three "initial" states: the isothermal in i -  

tial state ( I IS);  the thermal  ini t ial  state (TIS),  in  
which a tempera ture  gradient  is established in the ab-  
sence of electric current  and before mater ial  fluxes 
have produced a significant concentrat ion gradient;  
and the shorted ini t ial  state (SIS),  which is the TIS 
with electrodes short-circuited. There are four steady 
states, two induced by the flow of current  and two by 
a tempera ture  gradient.  In  the former category belong 
the isothermal steady state (ISS) and the adiabatic 
steady state (ASS),  the later produced by an adiabatic 
flow of current  unt i l  the fluxes of solute and entropy 
both cease. The steady states produced by a thermal  
gradient  are the thermal  steady state (TSS) or Soret 
equi l ibr ium in the absence of current ,  and the shorted 
steady state (SSS),  which is the TSS with electrodes 
short-circuited. 

Expressions equal to the various ratios under  these 
special conditions are listed in Table III. Expressions 
is braces are included only for completeness. To get 
expressions compact enough for tabulat ion,  it was 
necessary to develop the shorthand portrayed in Table 
IIIa. Examinat ion  of Tables II, III, and IIIa leads to 
the following conclusions: 

1. The effect of electrical state (SIS and SSS) on 
thermal  conductivi ty of aqueous electrolytes is very 
small, 1 par t  in  10~ for 0.01N KC1 and not over 1% 
in extreme cases. In  fused salts or semiconductors this 
effect could be quite substantial ,  as much as 30%. 

2. The Pel t ier  heat of 0.01N KC1 is increased about 
6% by the establ ishment  of ISS. This varies in sign 
and magni tude  with electrolyte species. It  depends on 
a large Soret coefficient and reasonable gegenion t rans -  
ference number .  The increase is larger at low concen- 
trat ion;  however, both the steady state and the low 

The  t h e r m a l  a n d  e lec t r i ca l  c o n d u c t i v i t i e s  of the  e x t e r n a l  c i r cu i t  
c o n t r i b u t e  to the  o v e r - a l l  process,  a n d  the  coeff icients  of Tab le  I 
are, to  a s l i gh t  ex ten t ,  a p p r o x i m a t i o n s .  
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Table III. Expressions equal to various ratios 

IIS TIS SIS ISS TSS SSS ASS 
0 = ~'T, V m l  Vm~, I VE, Vm~ J~, V T  J~, I J~, VE J , ,  J~ 

Cn C n W ~  C n W m  L n  (1 -- L21~/L~L.~) 0 

~ C~W~ ~ ~ C ~ W ~  x 

A 
T h e r m a l  conduc t i v i t y  x 1 / T  "J-~/~7T 

Pel t ie r  coefficient • 1 / T  2) , / I  

T h e r m a l  e m f  ~ E / ~ T  

Elect r ica l  res i s t iv i ty  V E / I  

Vln m~ 
Sore t  coefficient 

- C~a - C~aUu 

Cz~ C~Wa~ 

- Cm/C,,~ 
C~t U~ 

VT C~ W~ 

C2~U~ 
Trans fe rence  J~/l  C~  0 0 

[/12 -- 1 

Steady-state concen t r a t i on  V l n  m l / I  

concentrat ion increase the power required to t ransfer  
heat. 

3. The foregoing effect in 3 is numer ica l ly  equal to 
the difference in  thermal  emf between ini t ial  state 
(TIS) and Soret equi l ibr ium (TSS). 

4. The electrical resistance as usual ly  measured with 
a l ternat ing current  depends only on the distr ibuted 
resist ivity due to distr ibuted concentration. Values in 
Table III  refer to an increase in current  flow and the 
s imultaneous adjus tment  of the system to a new 
steady state. In  this case V E / I  is almost double the 
normal  resistivity. 

5. The Sorer effect is defined for TSS, but, if the 
concept is extended to other steady states, the coeffi- 
cient for 0.01N KC1 is reversed in sign and increased 
eightfold in magni tude  by short circuit ing (SSS). This 
change is large for any  system with a large Pelt ier  
coefficient and a reasonable gegenion transference 
number .  It  varies greatly with the electrolyte species; 
the sign is not  always reversed. 

6. The transference of electrolyte by current  in 0.01N 
KC1 is about 6 % smaller  when the current  is generated 
by a thermal  gradient  than when it is generated by an 
applied emf. This means that  a larger portion of the 
current  is carried by the reversible ion when  the cur-  
rent  is thermal ly  generated. 

7. The concentrat ion gradient  in the cur ren t - induced  
steady state is v i r tua l ly  the same under  isothermal 
(ISS) and adiabatic (ASS) conditions. In  the adia-  
batic case, the tempera ture  gradient  is - - C l s U ~ /  
CuW22, which for 0.01N KC1 is an increase in the di- 
rection of current  flow of 0.33 deg m -2 A - ]  (0.0033 
deg cm -~ A - D .  This value depends pr imar i ly  on the 
Pel t ier  coefficient, but  it also increases significantly 
with an increase-in the Soret coefficient. 

Phenomenological Equations and Mobilities 
The other form of the equations to be considered is 

Js ---- flssVT + l~sr~Pr § ~sg~Pg 

J r  ~ l ~ s r ~  T ~- l ~ r r ~ # r  § ~ r g ~ P g  

Jg = ~ s g V T  § ~ r g V / - t r  § ~'~ggVPg [ 5 ]  

Table Ilia. Shorthand for Table III and values (dimensionless) 
for 0.O]N KCI 

1 -- W12 = C z 2 C ~ / C n C ~  + 0.96 • 10 -7 
2 -- W23 = C23C~2/C22C~ --0.94 
1 -- W ~  = C~Cal/C11C~ --2,82 X I0 -a 
1 -- Uz~ = C ~ C ~ / C ~ . C ~  + 26.6 
2 -- U m =  C~C~a/C~aC~ --1.7 x IO -a 
2 -- U~ = C~Cs/C~C,2~ --5.7 x I0 -~ 
L~ze//-~b~3 + 1.20 x 10 -~ 
X = (1 -- L~2/LnLa~) / (1  -- LmL~/L~L~)  
Y = (2 -- U~/W:~) (2 -- W ~ )  + ( W ~ - -  1)U~/W~2 
Z = 1 + (W~a -- 1 ) U ~ / ( W ~  -- 1)U~ + ( W ~  -- 2) U ~ / W ~  

{ - C~Z}  

C~aW~a + Y 

C=U~a ( U s  -- I) 

0 0 

- C~/C~ 
CaaU~ } C~ U,~ 

C~aUla(U~ -- 1) --'C.~2 W~ 

These equations emphasize the contr ibutions of the 
separate ions to the cell process. Here the coefficients 
are thermal  and electrochemical mobilities. 3 Their  
relat ion to the coefficients of Eq. [4] are 

~ s s  = C n  § C 1 3 2 / C 3 3  = - -  ( K  -~- ~ 2 s m K / T F 2 ) / T  

12sr -~ Vr[ (C12/A) § C13 (C23 § 1/•rF)/C33] 
A 

=trK~sm/TzrF 2 -- v rS lmlD / A  

asg = rg[ (C22/A) + Cl3C2z/C83] 
A 

-~ Sgr~sm/TZgF 2 -- vgS2mlD/A  

~rr---- vr2[ (C22/A) + (C23 -t- 1/nrF)2/C~3] 

-~ --trZr/zr2F 2 -- vr2m2D/A 

ngg = vg2[ ( C ~ I A )  + C~2/C83] 

= - - t g 2 K / z g 2 F  2 - -  v g 2 m 2 D / A  

~rg = VrZ, g [  (C22/A) § C23 (C23 § 1/nrF)/C33] 

= --trtgK/ZrZgF 2 -- vrl, gm2D/A  [6] 

To develop a relat ion among inabilities, a special sym- 
bol is defined for the entropy of t ransfer  when  the 
electric current  is carried by one ion alone 

~ I r  ~-  ( ~ s / J r )  [ 7 ]  
Jg=~TT=O 

A A 
Slg = (Js/Jg) [8] 

Jr=~TT=O 

By use of the relations 

J g  = vgJ2 [ 9 ]  

Jr = vrJ2 § I /ZrF [10] 
it is found that 

A 
:-  tg~2/vr Zr~sm/T S~r = ZrF[C23 -- C22C~/C22] -- [11] 

A 
S1g = zgF[C23 -- C12(C23 § 1/nrF)/C~2] 

A 
= trS* /vg- -  Z ~ s m / T  [12] 

From Eq. [6], [11], and [12], it follows that  

A A 
~ s r  ~--- ~ r r S l r  ~- ~ r g S I g  [13] 

^ 
~ s g  = ~'~gg Ig ~- ~ r g S t r  [14] 

The lef t -hand side of each equation represents the 
mobil i ty of the ion under  the sole influence of a ther-  
mal  gradient. From a thermodynamic  point  of view, 

^ 
- - S I r V T  is the " thermal  force" for the migrat ion of 

3 ~rr  = ( e / Z r  2F) Ur w h e r e  c is equ iva l en t  concen t r a t i on  a n d  Ur = 
(migra t ion  speed ) / (vo l t age  g rad i en t ) .  
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r- ions accompanied by the electrode reaction. Thus, 
^ 
Szr serves to convert  the electrochemical mobility, ~ r ,  
into a part  of the thermal  mobility. This first term is 
the principal  term. The second term involves ~ r g ,  
which is sometimes called a drag coefficient, and rep- 
resents a kinetic interact ion between the two ions. 
This interact ion introduces a correction term into the 
thermal  mobilitites, so that  they are not  identical  with 
the electrochemical mobilities. 

A similar  s i tuat ion exists in  the relation between 
electrical and diffusion mobili ty.  For  the electrolyte, 
it is seen from Eq. [6] that  

m l D / A  = ( t r tgK/nr2F "") - -  nrg/vrvg  [15] 

and for the self-diffusion of a single ion, it can be 
shown that, approximately 

m r D r / v r R T  -~ ( t r r / Z r n r F )  -- ~ r g / v g  [16] 

In  both cases, the second term on the right is a cor- 
rection to the ideal Nernst  equation. It has been shown 
(8) that  ~rg is proport ional  to ~ /m at high dilution, so 
in the limit, thermal,  electrical, and diffusion mobil i -  
ties of the i - ion are all equal  to ~ii. The nonequal i ty  of 
mobilit ies at higher concentrat ion is introduced by the 
differing conditions of measurement .  

Properties Associated with Individual Ions 
A ^ 

The quanti t ies  Szr and Szg represent  a composite of 
processes in  the solution, in the external  circuit, and at 

A 
the electrodes. When Szr is expanded to show the en-  
tropy contr ibut ion of each process 

S i r  = ( S r  -5  ZrSe -- S M )  [17] 

where Sr is the entropy t ransported by the r - ion  in 

solution, ~ e  i s  the entropy t ransported by the electron 
in the wire, and SM is the aggregate of molar  entropies 
in the group [M]. The r igh t -hand  side of [17] is the 
same as the expression (3) for the thermoelectric 
power of the cell in  Sorer equil ibrium, since by reci- 
procity 

^ 

( J s / J r )  Q=VT=0 = - - Z r F ( d E / d T )  J1 =~=~ [18] 

Equations [17] and [18] are of value in developing 
expressions that suggest a measurement  of thermody-  
namic properties of individual  ions. 

For  i l lustrat ion of the reasoning, consider first the 
electron in  the wire. The differential of its total po- 
tent ial  in  the thermal  gradient  at zero electric current  
is (3) 

d ; e  = --S--e d T  [ 19] 

But if the temperature of a charged, isolated conductor 
IV[ is raised, the increase in the total potential of the 
electrons is d~e = --SedT. If the conductor is con- 
nected with a sample of the same material at the 
original temperature, there will be a slight shift of 
charge because of the decreased escaping tendency at 
higher temperature. The electrons migrate from the 
cold end to the hot end until the thermal and electrical 
fields balance. The total potential is determined by 
the change in electrostatic (Volta) potential, ~, as well 
as the tempera ture  

d;e ~ - -  --S-edT - -  Fd~, [20] 

Equating [20] and [19] 
A 

d~ ---- (Se/F) dT [21] 

The electrostatic potent ial  is measurable  in pr inci-  
ple, al though a comparison of values at different t em-  
peratures would be less simple than  measurements  
of isothermal changes. Table IV gives calculations from 
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Table IV. Electrostatic potentials (~V/deg) an metals calculated 
from electronic entropies (joule/deg) 

P t  Cu 

S ~  O.lO - 0 . 0 4 5  
Se b 0.05 + 0,033 

~,, 0.05 - 0.078 
d~/dT 2.0 -- 3.3 

a T e m k i n  a n d  K h o r o s h i n  (14). 
b S ta t i s t ica l  v a l u e  b a s e d  on  1.0 f r ee  e l e c t r o n  p e r  a t o m  fo r  Cu a n d  

0.6 fo r  P t  (15). 

Eq. [21] for copper and plat inum. The thermal ly  in-  
duced electrostatic potential  is a few microvolts per  
degree. This effect would probably be masked by the 
variat ions in local electrostatic potential  due to in -  
homogeneous surfaces. 

Now the differential of the total potential  for the 
r - ion  can be easily derived by setting up the condi- 
tion for equil ibrium, i .e. ,  reversibil i ty,  at the elec- 
trodes. The expression is (3) 

d~r : zrFdE + [ Z r ~ e  - -  -SM]dT = Z r  -5  [ Z r ~ e  - -  SM]dT 
[22] 

Then, by use of 

d;i  = ~rd;r + ~gd~5 = ~rd~r + ~gd.~ -- ~ l ~ r  [23] 

it follows that  

d#-g = d~g -5 [z2e  -- ( z g l z r ) S M  - -  ~ l v g ]  d T  [24] 

When the thermogalvanic  cell is in an ini t ial  state 
(IIS),  d E / d T - - - - ~ s m / T F ,  and this can be combined 

with [11], [17], and [22] to give 

d;r= ( - ~  + ^ t g S 1 / u r ) d T  -~ - - -SrdT  -5 z r F d ~  [25] 

Here ~ is to be taken as the electrostatic potential  at 
the surface of the solution. Thence 

A A 
( d ~ / d T ) i n  = ( - -Sr  -5 t g S 1 / v r ) / z r F  [26] 

Example calculations from Eq. [26] are given in 
Table V. Separate calculations (a) and (b) are made 

A 
from different estimates of Sr. The chief difference 
lies in the choice of a value for Sr for the hydrogen 
ion, which was --4.5 eu in  (a) and --5.5 eu in (b).  
This makes an appreciable change in the predicted 
surface potential  difference. In  principle, since SH is 
the basis for all convent ional  ionic entropies, measure-  
ments  of surface potentials could be used to get actual  
ionic entropies (16). 

When a cell is in Sorer equil ibrium, according to 
^ 

[17] d E / d T  -~ - - S I r / Z r F ,  and [25] is replaced by 

d~r = - - S r d T  = - - S r d T  -5 R T  d In 7rmr -5 ZrF~ [27] 

Table V. Electrostatic potentials (p.V/deg) on O.01N electrolytes 
calculated from entropies of transport (joule/deg) 

KC1 HC1 K O H  

R e v e r s i b l e  ion C1 H K 
tg 0.490 0.175 0.73~ 

~ i  a 7.1 43.9 63.5 
~r ~ (a)~ 7.5 40.6 0o 

I (b) b 2.1 43.2 7.1 

~ (a) -- 41 -- 341 484 
(d~/dT) 

Jar .  (b) + 14 --368 409 
[" (a) -- 40 -- 193 329 

(d~/dT) J 8 t 

~.~ 3.5 22.0 32.0 

a A c c o r d i n g  to de  B e t h u n e  ( I ) .  
A c c o r d i n g  to A g a r  (3).  
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where the second te rm on the r ight  is the var iat ion of 
Lange's  "real potential" with concentration, and "tr is 
some funct ion of concentrat ion that  amounts  to an 
activity coefficient for the reversible ion. Under  the 
same conditions 

^ 
d In ml /dT  -~ -- S1/A [28] 

Now since mr ~ v r ~ ? , l  

A 
(d~/dT)st : - -Sr  d- (S1/v) [ (1 d- d in  7r/d in  m l ) /  

( 1 - t - d l n T •  [29] 

Values given in Table V are based on the assumption 
that the quant i ty  in square brackets is unity,  i.e., that  
the ionic activity coefficient is directly proport ional  to 
the mean  activity coefficient of the electrolyte. The 
last l ine of the table shows differences that  would 
result  from a 10% change in the square brackets. This 
suggests a possible way of getting a numerica l  com- 
parison of the activity coefficient of an electrolyte 
with an activity coefficient for its ions. 

Manuscript  submit ted Ju ly  31, 1969; revised m a n u -  
script received Nov. 7, 1969. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 

LIST OF SYMBOLS 
A activity correction, defined under  Eq. [4] 
c concentrat ion;  equivalent  �9 m -3 
C coefficients of Eq. [4] 
D Fick diffusion coefficient; fo rmula-wt  

m - 2 .  sec-1 
e electron (species) 
E Cell emf; V (sign of r igh t -hand  electrode) 
g gegenion (species to which electrodes are 

not reversible) 
I current  density; A �9 m -2 
J1, Jr, Jg flux density of electrolyte, r-ion, g-ion; 

fo rmula-wt  �9 m -2 - sec -1 
~---A 
Js, Js, Jsk entropy flux density: total nonconvective,  

"calorimetric," heat conduction (see foot- 
note 1) ; joule �9 deg-1 �9 m - 2  �9 sec-1 

K Fourier  thermal  conductivity;  joule �9 m -1 
�9 sec-1 . deg-1 

L coefficients of Eq. [3] 
m molal  concentrat ion;  fo rmula-wt  �9 (kg of 

solvent) -1 
M species in electrode reaction, Eq. [1] 
ng ~-~ vgZg ~ --YrZr ~ - -n r  
r reversible ion (species) 
R gas constant;  joule �9 deg-1 �9 mole-1 
]k /k /k /k 

S1, Sr, Sg, Se Eastman entropy of electrolyte, r-ion, 
g-ion, electron; joule �9 deg -1 �9 ( formula-  
wt) -1 

S (various subscripts) part ial  molal en-  
tropy; joule �9 deg -1 �9 ( f o r m u l a - w t ) - I  

S (various subscripts) t ransported entropy; 

= S + S  
A 
St entropy of current  transfer,  Eq. [7] and 

[81 

t Hit torf  t ransference number  
T temperature;  deg Kelv in  
u ionic mobil i ty;  m S .sec-  ~ - V -  1 
z algebraic valence of ion 
e "thermoelectric power" in  the ini t ia l  state; 

V �9 deg -1 
-~• molal activity coefficient 
K specific electric conductivity;  ohm-1  . m-1  
m chemical potential  of electrolyte; joule �9 

( formula-wt)  -1 

~_ electrochemical potent ial  of ion 
total chemical potential  ( including tem-  
pera ture  term) 

v+, v- ,  vr, vg number  of cations, anions, r-ions, g-ions, 
into which electrolyte dissociates 

~sm Pelt ier  coefficient: heat absorbed from 
outside when  current  passes from solution 
to metal;  joule �9 equivalent  -1 
electrostatic (Volta) potential;  V 

1~ :oefficients of Eq. [5] 

REFERENCES 
1. A. J. de Bethune, This Journal, 107, 829 (1960). 
2. S. R. De Groot and P. Mazur, "Non-Equi l ibr ium 

Thermodynamics,"  Chap. 13, Interscience Pub-  
lishers, Inc., New York (1962). 

3. J. N. Agar, in "Advances in Electrochemistry and 
Electrochemical Engineering,"  Vol. 3, Paul  Dela- 
hay, Editor, Chap. 2, Interscience Publishers,  
New York (1963). 

4. E. A. Guggenheim, "Thermodynamics,"  5th ed., 
Chap. 13, North Holland Publ ishing Co., Amster -  
dam (1967). 

5. R. Haase, "Thermodynamics  of I rreversible  Proc-  
esses," Chap. 4, Addison-Wesley Publ ish ing Co., 
Reading, Mass. (1969). 

6. G. W. Murphy and R. C. Taber, In terna t ional  
Symposium on Sal ine  Water  Conversion, Na- 
t ional Acad. Sciences--Nat ional  Research Coun- 
cil Publ icat ion 568, p. 196, Washington, D. C. 
(1958). 

7. J. Piguet, W. Kuhn,  and H. Kuhn,  Helv. Chim. 
Acta, 34, 1183 (1951); G. W. Murphy, Ind. Eng. 
Chem., 50, 1181 (1958). 

8. P. B. Lorenz, J. Phys. Chem., 65, 704 (1961). 
9. Handbook of Chemistry and Physics, 45th ed., 

p. E-2. Chemical Rubber  Publ ishing Co., Cleve- 
land (1964). 

10. In terna t ional  Critical Tables, Vol. 5, p. 229, Mc- 
Graw-Hi l l  Book Co., New York (1929). 

11. R. A. Robinson and R. H. Stokes, "Electrolyte 
Solutions," pp. 461, 479, and 494. But terworths  
Scientific Publications, London (1955). 

12. H. S. Harned and B. B. Owen, "The Physical 
Chemistry of Electrolytic Solutions," 3d ed., pp. 
697 and 699. Reinhold Publ ish ing Corp., New 
York (1958). 

13. R. Haase and H. Sch~inert, Z. physik. Chem. 
(Frank]urt), 25, 193 (1960). 

14. M. I. Temkin  and A. V. Khoroshin, Zhur. Fiz. 
Khim., 26, 500 (1952). 

15. N. F. Mott and H. Jones, "The Theory of the 
Properties of Metal and Alloys," p. 316, Dover 
Publications, Inc. New York (1958). 

16. P. B. Lorenz and A. S. Coolidge, This Journal, 112, 
1041 (1965). 



Thermodynamic Properties of Molten Mixtures of Cobalt 
Chloride with Some Alkali Halides 
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Department of Chemistry, Oregon State University, Corvallis, Oregon 

ABSTRACT 

Thermodynamic  properties including the activity coefficient, and the 
part ial  molar free energy, enthalpy,  and entropy of mixing have been deter-  
mined for the solute CoCl~ in the solvents KC1, NaC1, LiC1, and 1:1 NaC1-KC1. 
Values of the properties were established by measur ing the reversible emf 
of cells of the type 

CoICoC12, MCIIC12,C 

where M represents an alkali  metal  cation. Cell emf's were determined over 
a range of concentrat ion from approximately 10 -4 to as high as 8.3 x 10 -1 
mole fraction of solute and temperatures  ranging from the mel t ing points of 
the solvents to 900~ Exper imenta l ly  determined values of the quant i ty  
AG ~ , the s tandard change in Gibbs funct ion for the reaction 

Co(c) + Cl2(g) -~ COC12(I) 

have been found to agree to wi thin  I kcal with values calculated on the basis 
of Brewer 's  (19) tabulat ion:  the agreement  with values calculated from 
other data in the l i terature is not as close, bu t  is still wi th in  the stated limits 
of uncer ta in ty  of the data. Reference electrodes of the type 

Ag]AgCI, MCI[] 

which utilized solid porcelain as a bridge, were immersed in the same melts 
and allowed continuous monitoring of chlorine electrode potentials as solute 
concentrations varied. 

This report  concerns electrochemical cells which 
may be designated 

CoICoC12(N), MC1 (1 -- N) IC12, C 
where 

moles solute 
N--- 

moles solvent + moles solute 

and MC1 is KC1, NaC1, 1: 1M NaC1-KC1 or LiC1. Ref- 
erence electrodes of the type 

AglAgC1 (N), MCI (1 -- N)rr 

similar to those described by Lamb and Labrie (1) and 
Littlewood (2) were also placed in the melts of the 
cells described above. The solvent, MC1, was always 
the same on both sides of the membrane.  This ar range-  
ment  allowed continuous measurement  of the quant i ty  

hE' = E'Ag -- E A g  

where E%g and EAg are emf's for the cell 

Ag[AgCI (NAgcl), MCI 1 ]MCI, CoCI2 (Ncocl2)]C12, C 

in the respective cases Ncoc,2 r 0 and Ncoc12 = 0. The 
magnitude of AE' is useful in determining the limits 
of COC12 concentration over which one may convert 
potentials measured with the Ag reference electrode 
to potentials based on the chlorine reference electrode 
without correcting for junction effects. 

Cell emf's were determined over the ranges of solute 
concentration and temperature shown in Table I. 

Experimental data have been extrapolated to unit 
mole fraction of CoCt2 to establish a basis for the cal-  
culat ion of solute activities and par t ia l  molar  free en-  
ergies, enthalpies, and entropies of mix ing  of COC12 in 
the various solvents. 

Experimental 
Several experimental details have been described 

in a previous paper and will not be repeated here (3). 

Present address: Linfield College, McMinnville, Oregon. 
* Electrochemical Society Active Member. 

These include cell envelope and chlorine electrode 
design; cleaning procedures; gas meter ing method; 
furnace, tempera ture  control, and tempera ture  mea-  
surement ;  emf measurements  and ins t rumenta t ion;  
measurement  of thermoelectric emf's developed by 
electrode pairs; details concerning preparat ion of the 
Ag[AgC1 reference electrodes; and source and t reat-  
ment  of metal  electrodes. 

The chlorine, argon, and HC1 gases were Matheson 
Company "high purity." The HCI and chlorine gases 
were passed over Mg(C104)2 and hot (500~ pow- 
dered graphite (Ultra Carbon UF-4-S)  before enter ing 
the cell. The argon was passed over Mg(CIO4)2 or 
P205 and then over hot Cu at 500~ the Cu was in the 
form of pellets formed by reduction of CuO with H2. 
The gas del ivery system was glass except for a few 
inches of rubber  tubing near  the cell top. 

The salts used in this work were: 
NaC1 and KCl.---Reagent grade materials  were fur -  

ther  purified by passage through ion exchange columns 
(4, 5). The salts were then vacuum desiccated and 
oven dried at 120~ in air for 48 hr. After  two moles 
of salt were weighed into the cell crucible, the salts 
were subjected to two days vacuum-oven  t rea tment  
at temperatures  up to 200~ and pressures of approxi-  
mately  10 -2 m m  Hg. The crucible was then t ransferred 
to the cell, in air, and the salt was again held at a 
pressure of approximately 10 -2 mm Hg while being 
slowly brought  to near  its mel t ing point over a two 
day period. Fusion was carried out under  dry HCI and 
the salt was then chlorinated in the presence of 
carbon (6). 

Table I. Concentration and temperature ranges 

Solute range, 
Cell Solvent T, ~ Nc~ 

I KCI  800-900 9.7 • 10-4-4.8 • 10 -I 
I I  NaC1 800-900 1.4 • 10-4-5.3 • 10 -I  
I I I  1:1 NaC1-KCI  700-900 5.0 • 10-4-5.4 • 10-~ 
IV  L i C l  700-800 1.1 x 10~ -8 .3  • 10-3 
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LiCl.--Reagent grade was used. Drying procedure 
was the same as for NaCl and KCl. 

CoCl2.--Reagent grade COC12 �9 6H~O was initially 
vacuum oven dried at approximately 10-~ mm Hg at 
200~ The salt was subsequently dried for at least 
4 hr under flowing dry HCI at 400~ It was then 
transferred to weighing bottles in a glove bag under 
nitrogen, capped, and stored in a desiccator over P20.~ 
until used. 

A schematic diagram of the cell envelope and elec- 
trodes is shown in Fig. 1. Each cell contained one 
AglAgCI reference electrode housed in a ~/2 in. diam- 
eter McDanel PT 38 MV30 porcelain tube, a Vycor 
sheathed chromel-alumel thermocouple, two chlorine 
electrodes, and one 6 mm Vycor tube, constricted to a 
capillary at the lower end, which protected the Co 
electrode from direct attack by dissolved chlorine (7). 
The Co electrode was immersed in the melt several 
minutes before its use in an emf determination. At 
other times it was positioned above the melt inside 
the protection tube where it was protected by a dr;" 
argon atmosphere. Equalization of melt concentration 
inside and outside the metal electrode compartment 
was achieved by purging with dry argon and allowing 
the compartment to refill. 

After solvent preparation was complete and the 
electrodes were immersed, continuous monitoring of 
the chlorine electrode potential with respect to the 
AglAgCl reference electrode was begun. Subsequently, 
solute was added, either by electrolysis at low con- 
centrations (N < 10 -3) or as the bulk anhydrous CoCl2 
powder at higher concentrations; transfer to the cell 
involved brief exposure to the atmosphere. Cell emf's 
were measured as a function of temperature, the usual 
sequence being high, low, and intermediate tempera- 
tures. 

At any nominal bath concentration three samples of 
the melt were taken through the vacuum port by 
means of an acid-washed, flamed, 6 mm Vycor tube. 
Cobalt in the samples was determined spectrophoto- 
metrically at 520 nm in aqueous solution as the soluble 
red complex anion formed by Co + + and nitroso-R salt 
(sodium 1-nitroso-2-hydroxynaphthalene-3,6-disulfo- 
nate) (8). Aqueous solutions of known concentration 
of CoCI2 were used to establish a curve of absorbance 
per cm vs. concentration. The limit of error (99% 
confidence level) of bath concentration, based on devi- 
ations of the original 10 standardizing absorbances 
from the least squares line, and also on the deviations 
of 10 other absorbance values for samples made up 
from the original standard solution, is taken to be 
+3% of bath concentration. This estimate is based on 

Vocuum Port  . f-~,.,o, 

r h_m 
= C 

D 
F 6,4 r 

Fig. 1. Schematic diagram of cell envelope and electrodes: a, Ag 
reference electrode; b, thermocouple; c, Vycor protection tube; d, 
chlorine electrode. 

dilutions to yield absorbance values in the range 0.2 
to 0.7 c m - L  

R e s u l t s  
Reversibility of Co and chlorine electrodes was 

verified as reported previously (3). The treatment of 
the primary cell data is illustrated in Fig. 2 for cell 
III, solvent 1:1 NaCI-KCI. All emfs have been cor- 
rected for thermoelectric effects. In all cases the re- 
lationship of cell emf to temperature was assumed to 
be linear. The uncertainty in the determination of the 
slopes was estimated to be 5 x 10 -5 V/degree. From 
Fig. 2 and similar plots cell emf's were read at con- 
stant temperature to prepare the curves shown in 
Fig. 3. Straight lines, giving the best fit by least 

1500  , , , 

- ~ " ~  5 - I 0  -4 
1.450 

1,51 ' I0  -~ 

,- oo 

2 

Lu" 1.20C 

LI - I  - 
I J5C 

. . . .  ~  iii 1.05C 

LOOC 

I I I 
600  700  800  900  

T, ~ 

Fig. 2. Primary data for .cell III, 1:1 NQCI-KCI sol~ent. Solute 
concentrations are indicated. 

5oo! ..... 

,,oo  \ 

0.900- KCI E" 700 ~ i.400 

' N~CI " 

 ,ooo  

o aoo I ""'--.I 
E~ 900e~ i  I 

t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 
iO 4 I0  ~ JO "~ I0  -~ I 

LOG Nc~cl 2 

Fig. 3. Cell emf, E, vs. log NCoCl 2 at 700% 800 ~ and 900~ 
Cell I KCI solvent, O ;  cell II, NaCI solvent, I I ;  cell III, 1:1 NoCI- 
KCI solvent, ~ ;  cell IV, LiCI solvent, ~ .  Uncertainty in concen- 
tration is indicated by extended bars where the magnitude of the 
uncertainty exceeds the size of the symbol representing the data 
point. Dashed lines; Raoult's law slope. 
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Table II. Least squares treatment of the low concentration data 
ColCoCl2(N), MCI(1--N)ICI2,C 
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O b s e r v e d  s lope ,  
S o l v e n t ,  M e 1  T, ' C  dE/d loglo N, V I n t e r c e p t ,  V 

N e r n s t  
s lope ,  V ~, V* n'~ 

KC1 800 -- 0.106 1.192 -- 0.106 0.002 4 
KC1 900 -- 0.116 1.146 -- 0.116 0.002 4 
NaC1 800 -- 0 .108 1.055 -- 0.106 0.003 6 
NaCI 900 --0,116 1,020 --0.116 0,004 6 
1 : 1 NaC1-KC1 700 -- 0.0969 1.164 -- 0.0965 0.002 6 
I : 1  NaC1-KCI  800 - -0 .105  1.127 - -0 .106  0.002 6 
1:1 NaC1-KCI 900 -0.116 1.083 -0.116 0.002 6 
LiC1 700 -- 0.0981 0 .980 -- 0 .0965 0.001 4 
LiCl 800 - 0.107 0.943 - 0.106 0.002 4 

* ~ = standard deviation.  
? n = number  of data points. 

squares analysis, for the low concentrat ion data are 
shown, and the slopes of these lines are compared 
with  the Nernst  equat ion value, 2.303 RT/2F, in Table 
II. 

The data of Fig. 3 have  been extrapola ted to unit  
mole  fraction, using Raoult 's  law to predict  a l imit ing 
slope as N ~ I, in order  to establish the  values of E ~ 
at 700 ~ and 8O0~ The thermodynamic  functions for 
the assumed cell react ion 

Co(c)  + C12(g) --> CoC12 (in liq. soln. at conc. N) [1] 

have  been calculated on the  basis of the definitions 

Iim a 

N-> 1N 

a ~  N7 

where  a, N, and ~ re fer  to the solute, COC12. Thus, the 
standard and reference states of the solute are chosen 
as the pure  l iquid with  the propert ies  of the pure  
l iquid at the t empera tu re  of the exper iment  and one 
atmosphere total pressure. The standard state for CI,, 
was taken as the pure gas at one atmosphere pressure. 
Corrections for var ia t ion  in barometr ic  pressure  and 
depth of immersion of the CI~ electrode were  est imated 
to be definitely less than 1 mV and were  neglected. 
The reference  function for the  metal l ic  reactants  is 
mole fraction and the reference  and standard states 
for the metals  are taken as the pure  elements in the i r  
stable modification at one a tmosphere  total  pressure, 
at 1 a tm pressure, and the t empera tu re  of the exper i -  
ment. Thus, for Co the stable phase and standard state 
is the ~ phase, stable f rom 718~ to 1400~ at 1 a tm 
pressure (11). The part ial  molar  Gibbs function of 
mix ing  and the par t ia l  molar  enthalpy and entropy of 
mixing are given by 

G - - A G - - A G  ~ = - - 2 F E - - A G  ~ 
H -- AH -- AH ~ 

S - - A S - - A S ~  ( OE ) - ~ - -  p - - A S  ~ 

where  AG ~ AH ~ and AS ~ are the standard changes for 
reaction [1]. The excess free energy of mix ing  is 
given by 

~ E  - -  - ~  _ R T  I n  N = R T  I n  7 

The values of AG ~ ---- -- 2FE ~ de te rmined  in this s tudy 
are given in Table III  along with  values calculated 
f rom data in the l i te ra ture  (9, 10, 11). 

The quant i ty  AS" ~- 18.5 eu was determined by ex -  
t rapolat ing a curve  of AS vs. log N to N ---- 1; the scat-  
ter  of the data indicate an uncer ta in ty  of at least ___2 
eu in this quanti ty.  

Emf  values were  read at selected concentrations 
f rom the curves of Fig. 3 and used to calculate the 
values of the functions given in Tables IV through 
VII. Values of S" given in the table are smoothed 
values based on graphs of AS vs. log Ncoc12 and the 
value of AS" ment ioned above. 

The Ag[AgC1 reference electrodes incorporated in 
cells I through IV are described in Table VIII. E'Ag 
was found to be independent  of Ncocl2 up to Ncoc12 

10 -2. The values of E'A8 given in the tables are 
average  values, corrected for thermoelect r ic  emf's, 
taken over  the durat ion of the exper iments  with CoC12 
concentrat ions up to N ---- 10 -2. The m a x i m u m  devia-  
t ion f rom the average is given. Nonzero values of 
A E '  = E ' A g  - -  BAg were  observed at h igher  concentra-  
tions; these values are plotted in Fig. 4 along wi th  
similar  data for n icke l  electrodes and the solute NiC12 
taken f rom an ear l ier  paper  (3). 

Discussion 
The cobalt electrode has been studied in fused salts 

by Flengas and Ingrahm (12), Lai t inen and Liu (13), 
S t romat t  (14), and Trzebiatowski  and Kisza (15). 
Flengas and Ingrahm used the reference electrode 

Ag[AgC1 (N),  1:1 NaC1-KCI[I 

where  the double l ine represents  an asbestos fiber, to 
measure  the potential  of the Co electrode as a function 
of COC12 concentrat ion up to N = 6.12 x 10 -2 at 710~ 
in 1:1 NaC1-KC1. In an independent  exper iment  the 
potential  of the reference was established with respect 
to the chlorine electrode in the same solvent. Thus, 
the cell emf 's  for the CoCt2 format ion cell  may  be 
calculated f rom Flengas and Ingrahm's  data. Correc-  
tions for thermoelectr ic  effects of 4-5 mV were  in-  
cluded in a la ter  paper;  however ,  as discussed prev i -  
ously (3) for the case of Ni, the polar i ty  of the cor-  
rection is in doubt. Flengas and Ingrahm's  earl ier  data 
points wi thout  thermoelect r ic  correction for the Ag-Co 
couple all  lie wi thin  __+6 mV of the least squares line 
given in Table II. The major i ty  of the points lie above 
the least squares line, and it is bel ieved that  proper  
inclusion of the thermoelectr ic  correction would leave 
the two sets of data in good agreement .  

S t romat t  has carr ied out a ra ther  extensive but un-  
published study of solvent effects on nickel and cobalt 
electrodes at fixed solute concentration.  Measurements  
of cobalt electrode potentials with respect to a chlorine 
electrode were  taken at or near  0.1M and normalized 
to 0.1M at 670~ Solvent  composition was var ied over  
wide ranges for the mixtures  NaC1-KC1, LiC1-KC1, 
and LiC1-NaC1; however ,  measurements  were  not 

Table III. Standard free energy of formation, CoC.,{2(|) 

- - A G  ~ k c a l  
T e m p ,  ~ a b c d e 

700 45.9 46.7 41.9 41.8 
800 45.1 43.6 44.8 39.3 40 .0  
900 41.3 43.0 37.0 38.0 

10~:O 41.5 39.1 41.2 

C o l u m n  a,  H a m e r  e t  al. (9) ;  b, K u b a s c h e w s k i  e t  a l .  (10) ;  c, 
W i c k s  a n d  B l o c k  (11) ;  t h e  ~ p h a s e  of Co w a s  a s s u m e d  p r e s e n t  a t  
t e m p e r a t u r e s  a b o v e  7 1 6 ~  a n d  t h e  h e a t  c a p a c i t y  of l i q u i d  C o C b  
w a s  e s t i m a t e d  to  he  24.2 c a l / m o l e  deg ,  t h e  m e a n  of t h e  v a l u e s  
g i v e n  f o r  l i q u i d  NiCI~ a n d  FeC12 (10) ;  d, c a l c u l a t e d  f r o m  d a t a  of  
re f .  (19) ,  u s i n g  l i n e a r  i n t e r p o l a t i o n  of t h e  f r e e  e n e r g y  f u n c t i o n ;  
e, t h i s  s tudy .  
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Table VIII. AglAgCI , MCI reference electrodes 

E ' ~  (vol ts )  
Ce l l  N~gcz S o l v e n t  700 ~ 8 0 0  ~ 

I 5.5 )< 10 -~ K C I  1.131 • 4 m V  
II  6.0 • 10-2 NaC1 1.030 + 2 rnV 
I I I  6.6 • 10:s  1:1 NaC1-KC1 1.074 • 2 m V  1,074 _ 2 rnV 
IV  7.3 • 10 -3 IACI 0.975 ----_ 2 m V  0.969 • 2 rnV 

carried out uti l izing the pure alkali  metal  chlorides 
as solvents. Comparison of Stromatt 's  data with the 
present  data require, in the case of 1:1 NaC1-KC1, both 
a tempera ture  and a thermoelectric adjus tment  of 
data. Tempera ture  coefficients of emf from the pres-  
ent study and Handbook (17) thermoelectric values 
were used to make the necessary corrections. The 
value 1.378V at NCoCl2 = 6.63 x 10 -3 calculated from 
Stromatt 's  data is in good agreement  with that  found 
in the present  study, 1.375V. 

Trzebiatowski and Kisza (15) have studied the cells 

CoICoC12(N), MC1 (1 -- N)IC12,C 

where MC1 is KC1, NaC1, or LiC1. Five concentrations 
were studied in  the case of KC1, three for NaC1, and 
only two for LiC1. Both the cell emf's and tempera ture  
coefficients may be compared with the present work. 
The emf values reported by Trzebiatowski and Kisza 
are higher in all cases than those reported here; the 
magni tude  of the  disagreement  ranges from 7 to over 
30 mV. Trzebiatowski and Kisza (31) made no cor- 
rections for thermoelectric effects, the magni tude  of 
which would depend on exper imental  a r rangement  and 
can, in this case, be as high as 20 to 30 inV. Correction 
for thermoelectric effects might  improve the agree- 
ment  between the two sets of data; however, it must  
also be noted that  their  slopes, dE/d log N, for KC1 
deviate rather  s trongly from the  Nernst  values, indi-  
cating the possibility of mixed electrode reactions. 
Values of dE/dT  determined by Trezebiatowski and 
Kisza are un i formly  lower than  those determined in 
this study, the two sets of data differing by a factor 
of about 1.5. 

The apparent  lack of agreement  between certain 
values of AG ~ reported in Table III  requires comment.  
Values in columns a, b, and c are calculated from 
thermochemical  data and are all based on  AH~ 
--77.8 kcal, given by Rossini (18). The uncer ta in ty  in 

' ' ' ' ' ' ' ' i  ' ' ' ' ' ' ' '  

2 0 0  

J6o �9 

~= ,2o 0 

"J G 
<I 8o ;(} 

i o - Z  iO- f  

L O G  N M C f 2  

Fig. 4. Values of AE'Ag ~-- E'Ag - -  EAg vs. log Nacl2, 800~ 

Solute, RCI2 Solvent MCI Symbol 

NiCI2 1:1 NaCI-KCI 0 
NiCI2 LiCl 0 
NiCI2 KCI 
COCI2 KCI (D 
COCI2 NaCI 0 
CoCl2 1:1 NaCI-KCI �9 
COCI2 LiCI �9 

this quant i ty  is given by Kubaschewski  (10) as --+4 
kcal. Brewer e t a l .  (19) obtained A H ~ 2 9 8  ~ --74 +_ 1 
kcal, using the heat of solution given by Bichowsky 
and Rossini (20) and the data of Je l l inek and Uloth 
(21) for the heat of reaction of COC12 with H2. Our 
directly determined values of AG ~ , which are general-  
ly about 4 kcal less negative than those in columns a, 

A ~ b, and c, support  the values of H 29s given by Brewer 
et al. At the same time the agreement  of our values 
with the others listed is, in general, not outside the 

A ~ uncer ta in ty  quoted for Rossini's H 29s. 
Quite clearly, addit ional  differences appear among 

the values of AG ~ , arising from the considerable spread 
in the values chosen for the heat capacity and heat of 
fusion of COC12. 

Egan (22), from measurements  on the cell 

ColCoC12(c ) IBaC~2(c), AgC1 (N = 0.2)lAg 

found AG ~ at 400 ~ and 450 ~ to be, respectively,  2.7 and 
2.5 kcal less negative than that calculated by Wicks 
and Block, which again suggests that  AH~ should be 
less negative than the value given by Rossini. 

A small error may arise in the present  work from 
the dilution of C12 by vapors of the melt. At 800~ the 
vapor pressures of NaC1, KC1, and COC12 are 4.5 x 10 -4, 
9.1 x 10 -4, and 4.0 x 10-2 atm, respectively; at 900~ 
the pressures are, respectively, 2.7 x 10 -3, 5.0 x 10 -5, 
and 1.7 x 10 -1 atm (23, 24, 25). No data are available 
for mixtures.  The error from this source would in-  
crease with solute concentrat ion and temperature.  Two 
cases are considered: N = 0.63 at 800~ and N = 0.5 
at 900~ Assuming Raoult 's law to apply (which 
seems unl ike ly  as CoCl2 is known to form complexes 
with the alkali  halides which should markedly  reduce 
its vapor pressure),  and taking acl2 ~ Pcl2, the errors 
arising from dilut ion of C12 by COC12 vapor would be 
1.6 and 4.5 mV, respectively. The lat ter  amount  is an 
upper  l imit  for the error from this source, and it has 
been assumed that  at lower temperatures  and con- 
centrat ions the error could be disregarded. No at-  
tempt was made to correct the data, since vapor pres-  
sures over the mixtures  are not known. 

The negative deviations of the solute from Raoult 's  
law observed in this work follow a well  established 
pa t te rn  with respect to solvent cation, i.e., the magni -  
tude of G E becomes greater in the order LiC1 < NaC1 
< 1:1 NaC1-KC1 < KC1. In the case of the solute CoCI2 
it is reasonable to a t t r ibute  the observed deviations, 
at least at low concentrations, to the formation of the 
te t rahedral  complex anion, CoCl4 =. The existence of 
this ion has been demonstrated spectroscopically at 
low concentrat ion in a n u m b e r  of fused chlorides (26- 
28). There is also evidence (27) which would indicate 
te t rahedral  coordination for this par t icular  solute even 
at high concentrations. 

A comparison of the degree of depar ture  from 
ideality of the solutes NiC12, CoC12, and MgC12, as 
measured by  G E, is of interest. Values of G E for these 
solutes in KC1 at 800 ~ are given in Fig. 5. At concen- 
trat ions below N ---- 0.1 there are significant differences 
in the degree of departure of the solutes from ideality. 
COC12 exhibits the greatest departure  followed by 
NiC12 and MgC12. The same order is exhibited by these 
solutes in the solvent 1:1 NaC1-KC1 at 800~ (13, 16). 
It is interest ing to note that  the order, COC12 > NiC12 
> NIgCle, is reflected by the hexacoordinate crystal  
radi i  of Co (II) ,  Ni (II) ,  and Mg (II) .  These radi i  are 
0.72, 0.69, and 0.66A, respectively (32). However, it is 
not suggested that the observed ordering should be 
a t t r ibuted simply or even pr imar i ly  to differences in 
ionic radii. 

In  Fig. 6 the variat ion of the part ial  molar entropy 
of mixing  of COC12, S, is shown as a funct ion of log 
Ncocl2. The solid curve corresponds to the equation 

S = - -R In N 

that is, the value predicted by ideal mixing  (Raoult 's 
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Fig. 6. Partial molar entropy of mixing for CoCI2,S, as a function 
of log Ncoci2. Solid line is S = - -R in N. Symbols are related to 
cells and solvents as in Fig. 3. 

law) or the Temkin  model (30). 2 Within  the uncer-  
ta inty  in S, the solutions follow this relation. The 
entropy of mixing  for a n u m b e r  of models have been 
discussed previously for NiC12 solutions (3) and the 
conclusion was reached that, while some models (such 
as the vacancy model) may  be ruled out on the basis 
of the observed entropy of mixing, the data are in -  
sufficiently accurate to allow one to select unambigu-  
ously the most representat ive model. 

The calculation of the potential  of a par t icular  metal  
electrode, R, with respect to the chlorine electrode 
from data available on the cells 

RIRCI2(N), MCI(1 --  N) IIAgCI(N') , MCI(1 -- N ' ) IAg 
Ag]AgCI(Ng,  MCl(1 -- N') ] IMClJCl2,C 

is f requent ly  of interest.  Detailed consideration of cell 
reactions (29) indicates that  an error hE', defined 
above, is involved in the calculated potential. 

Provided the two surfaces of the membrane  each 
act as an electrode reversible to the M + ion (which 
would be expected, for example if t ranspor t  through 

,2 T h e  s a m e  r e l a t i o n s h i p ,  m o d i f i e d  b y  a n  a d d e d  c o n s t a n t ,  m a y  be  
s h o w n  to h o l d  if  t h e  so lu t e  o b e y s  H e n r y ' s  l a w  o v e r  a r a n g e  of t e m -  
p e r a t u r e s .  

the membrane  were solely by means of the M + ion) ,  
it ma y  be shown that  

hE' = -- ( R T / F )  in  a~cl 

where aMCl is the activity of MC1 in  the RC12 (N), 
MC1 (1 -- ]V) solution. The solid curve in Fig. 4 gives 
the value of hE' calculated from this relat ion assuming 
that  aMCI ~- NMC1. Exper imenta l  results for the solutes 
COC12 and NiC12 are in good agreement  at  NRCl2 < 5 x 
10-2 and in fair agreement  in most of the solvents up 
to NRCI2 -~ 0.I. 

If this result, valid for both NiC12 and CoCls, is 
taken also to be valid for FeC12, the AgBAgCI,MCIII 
reference electrode may be used reliably in place of 
the chlorine electrode to study low-concentration solu- 
tions of FeCI~, which otherwise would undergo oxida- 
tion by chlorine. In this case EAg may be determined 
(i.e., with NFeCl2 = 0) by comparison with the chlorine 
electrode; E'Ag may then be taken  as 

E'Ag : EAg -- (RT/F)  In NMCl 

for NFeCI2 ~ 0.1. 
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Thermodynamics of Lithium Iodide in 
Anhydrous Dimethyl Sulfoxide 

Mark Salomon 

National Aeronautics & Space Administration, Electronics Research Center, Cambridge, Massachusetts 

ABSTRACT 

The thermodynamic  properties of Lil  in dimethyl  sulfoxide have been 
determined by the emf method. Results are consistent with the concept 
tha t  anions are less solvated in the aprotic solvent, but  that the order 
of increasing solvation is C1- < B r -  < I - .  The significance of individual  ionic 
solvation energies is (quali tat ively)  discussed. 

Previous thermodynamic  studies in d imethyl  sulf- 
oxide (DMSO) have involved either the LiC1 (1-3) or 
LiBr (4) sal t-solvent  systems. The present  work ex- 
tends the measurements  to the LiI-DMSO system. 
The work was carried out by emf measurements  on 
the cell 

LilLiI-DMSOITII, T1 (Hg) [ 1 ] 

These emf measurements  were t ransferred to emf's for 
the solid tha l ium cell 

Li]LiI-DMSOITII, T1 [2] 

by reference to the cell 

TIlTI+ ]TI(Hg) [3] 

The relat ion between the emf's of cells [1]-[3] is 

~2 = 81 - 83 

and the  va lues  fo r  ~3 as a func t i on  of  t e m p e r a t u r e  
were obtained from the data of Richards and Daniels 
(5). 
The s tandard  potential  of cell [2], 82 ~ was obtained 
from 

2RT 
82 = 82 ~ -- ~ l n  (m• -~• [4] 

F 

where -y_+ was evaluated from (6) 

A m'/2 
In -y• ---- {- 2 ~ m [5] 

l -}- m V2 

In Eq. [4] and [5], m• and 7• are the mean molalities 
and activity coefficients, respectively; A is the Dehye- 
Hiickel constant; ~ is a constant and all other terms 
have their usual significance [e.g., see ref. (4) ]. 

Finally by reference to the cell 

LilLi+ [T1 + IT1 [6] 

the solubil i ty product for TII can be calculated from 

in  K sp (TII) = (~2 ~ -- 86~ [7] 

In  DMSO at 25~ 86 ~ = 2.641V (4). 

Experimental 
All cells, solutions, and equipment  used were iden-  

tical to those reported earlier (4, 7). Reagent grade 
LiI .3H20 was dried at 240~ under  vacuum for 24 hr  
[cf. ref. (11), (12)]. One batch of 2.73% T1 (by 
weight) amalgam was used for all the runs. The 
potentials of cell [1] were recorded over a period of 
3 to 4 days and a constant  potential  (to wi th in  0.1 mV) 
was usual ly  at ta ined on the second day. Below solu- 
t ion concentrat ions of 0.1M, the emf's of cell [1] ex-  
hibited cont inual  drift, decreasing slowly over the 
entire t ime the cells were studied. Stable potentials 
were not reached, and no data are reported for these 
small  concentrations. 

Results 
The cells were studied at 25 ~ , 35 ~ , and 45~ To 

evaluate ~2 ~ the Guggenheim approximation was used 
(6). This approximation was found to fit other very  
similar systems quite well  (1-4, 7, 8). In  this method 
a plot of ~' vs. m is extrapolated to infinite dilution. 
Here 8 '  is defined as 

2RT 
8'  = 82 + --I~-- ~ i n  m• I -l- m'/, J A_m'/, 

A typical  plot is shown in Fig. 1 for the data at 25~ 
Results for all  three temperatures  are shown in Table 
I. Energies and enthalpies in Table I were obtained as 
follows: calculated ~2 ~ values were fitted to a second 
order polynomial,  i.e. 

AG2 ~ (DMSO) = -- 39.313 -- 0.11172.T 
-p 2.1637.10 -4 �9 T 2 kcal /mole 

and hH2 ~ and hS2 ~ are obtained by differentiating this 
relat ion with respect to temperature.  A similar t rea t -  
ment  for cell [2] in aqueous solutions (9) gives the 
following relat ion 

AG2 ~ (H20) = -- 44.771 -- 0.04387 �9 T 
-t- 5.7264 �9 10 -5 �9 T 2 kcal /mole 

Activity coefficients of LiI  for the three temperatures  
are given in  Table II. These 7-+ values were calculated 
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Fig. 1. Plot of E' vs. molality at 25~ 

from Eq. [4] using the 82 ~ values listed in Table I. 
F ina l ly  a value for the TII solubil i ty product  was 
calculated from Eq. [7]. It is found that Ksp (TII) 
= 3.1 �9 10 -6, and this value can be compared to Ksp 
(TIBr) ~ 6 .0 .10  -7 (4) and Ksp (TIC1) : 5 .9-10 -7 
(3). 

Discussion 
The solvation of ions in dipolar aprotic solvents 

differ significantly from aqueous systems (10, 4, 7, 8). 
Evidence for specific ion properties comes main ly  from 
solubilities (10) and  free-energy and enthalpy data 
(4, 7, 8, 11, 12). Significant insight into the na ture  of 
solvation processes in DMSO can be achieved by com- 
paring free energies, enthalpies, and entropies of 
transfer,  AGt ~ AHt ~ and ASt ~ respectively, from water  
to DMSO. Comparisons of these quanti t ies  involving 
many  solvents has been made  elsewhere (4, 7, 8). 
Tables III  and IV list those quanti t ies for the t ransfer  
of the Li-hal ide salts from water  to DMSO. 

Inspection of Tables III  and IV reveal information 
support ing previous interpretat ions  (4, 7, 8, 10) that  
the degree of solvation of the anion increases in the 
order C1- < B r -  < I - .  This is dramatical ly  demon-  
strated by  plott ing In 7+ vs. mV=; such a plot is shown 
in Fig. 2. The shape of these plots are very similar to 
the aqueous data [e.g., see (13)] with the exception 
that  (i) the aqueous data is shifted upward  by about 
0.2 -- 0.4 ln7 units  and, (ii) the ln~/ plot for LiC1 in 
H20 shows a m in imum at about m = 0.4 whereas no 
such m i n i m u m  is observed for LiC1 in DMSO. Since 
this m in imum is associated with solvation effects (13), 

Table I. Thermodynamic quantities for cell [2 ] *  

25 - -53 .39  0.581 - -58 .55  -- 17.30 2.3152 
35 - -53 .19  0.578 - -59 .86  - -21 .63  2 .3065 
45 - -52 .96  0.558 - -61 .21  - -25 .96  2 .2964 

* A l l  d a t a  in  t h i s  t a b l e  a r e  b a s e d  on m o l a l  s ca l e .  ~ ~  i s  in  v o l t s ;  

AG ~ a n d  AH ~ a r e  in  k c a l  m o l e  -1, AS" i s  i n  eu ,  a n d  fl is i n  k g / m o l e .  

Table II. Mean molal activity coefficients of Lil in DMSO 

7 •  
m 25~ 35~ 45~ 

0.10270 0 .5644 0.5853 0 .5900  
0.12677 0 .5696 0 .5451 0 .5628  
0 .18630 0.5559 0.5883 0.5932 
0.24380 0.5535 0 .5719 0 .5767 
0.32250 0.5646 0.5851 0.5885 
0.36076 0.5432 0.5635 0 .5685 
0.44181 0 .5832 0 .6026  0 ~ 0 5 3  
0.50181 0.6045 0.6235 0.6251 
0.69333 0 .6619 0.6814 0.6826 
0.71890 0 .6698 0.6915 0.6942 
0 .89290 0.7485 0.7708 0.7718 

Table III. Free energies of transfer of G-Salts from H20 to DMSO* 

AGbm ~ 
S a l t  25~  3 5 ~  45~ 

L i C l  4.865 5,121 5.353 
L i B r  2.515 2.792 3,064 
L i I  -- 0.626 -- 0 .340 -- 0.022 

* AGt"  v a l u e s  i n  k c a l / m o l e  ( m o l a l  s ca l e ) .  

Table IV. Energetics of transfer of Li-halides from H20 to 
DMSO at 25~ * 

S a l t  A G  t ~ A H  t ~ ~ S  t ~ O A H  t ~ Ref .  

LiC1 4.865 - -3 .12  - -26 .78  2.55 (1) 
- - 2 . 05  3.38 (11) 

L i B r  2.515 -- 5.67 -- 27 ,46 0,0 (4) 
- - 5 . 4 3  (11) 

"LiI -- 0 ,626 -- 8.60 -- 27.03 -- 3.02 T h i s  w o r k  
- -0 .07  - -3 .64  (11) 

* AGt ~ a n d  AHt ~ a r e  in  k c a l / m o l e  a n d  ~S~ ~ is in  eu .  A l l  a r e  b a s e d  
on t h e  m o l a l  sca le .  

it is apparent  that  the solvation of LiC1 in DMSO is 
smaller  than it is in  H20 as proposed earlier (4, 7, 10). 
This can now be demonstrated (qual i tat ively)  as fol- 
lows. It is well known  that  the "true" molality, m', of 
a given solution differs from the convent ional  molality, 
m, by (13) 

m'  = ~r~/(1 -- 0.001 hm) [8] 

In  Eq. [8], h is the solvation n u m b e r  and arises from 
the fact that in a solution containing m moles of solute 
in 1000g of solvent, there are 1 0 0 0 / m w - - h m  moles of 
free solvent (mw is the molecular  weight) .  The cor- 
responding relat ion between the "true" and conven-  
t ional activity coefficients is therefore 

h 
l n - y = l n - { - - - - l n a l - - l n ( 1 - - 0 . 0 0 1 h m ' m w )  [9] 

v 

w h e r e  v is the total  number  of ions into which the 
solute molecule dissociates and al is the solvent activ- 
ity. We assume [cf. Robinson and Stokes, ref. (13)] 
that  ln7' is given by the Debye-Hfickel relat ion 

lnT' = -- Ak/m' / (1  + Baix/m') [10] 

where m' is obtained from Eq. [8]. The solvent act iv-  
ity coefficient can be calculated from the observed 
activity coefficients (lm/• by use of the Gibbs-Duhem 
equation 

~0 x2 d in  a2 
X2 

In at = -- 1 -- X------~ 

In  this equation al and a2 are, respectively, the solvent 

O2 

03 ~ LiI 

0.4 �9 �9 LIBr 

�9 0 �9 

0.7 

O8 

0.9 01 0.2 03 04 0,5 0 6 07 0.8 0 9 1,0 

Fig. 2. Plot of In 3,+_ vs. m 'I~ for lithium halides in DMSO: O ,  
present data for Lil, A ,  LiBr (4), I ,  LiCI (1, 2). 
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and solute activities, and X1 and X2 are the corres- 
ponding mole fractions. To obtain an exact integral,  
the lna2 term was fit to the polynomial  

I n  a2  = a + fl X 2  + 7 X 2  2 

so that  

In al = ~ (X2 + In X1) + At (X12 -- 4X1 + 21nX, + 3.0) 

F ina l ly  in  order to evaluate the solvated radii term 
(ai in  Eq. [10]) we use the approximate relat ion [cf. 
ref. (13) ] 

a~ = [3V (h -- A)/4~] 1/3 + r+ + r -  [11] 

where V is the volume occupied by 1 solvent molecule 
( ! .185.10 -2.2 cc for DMSO), r+ and r -  are the crystal  
radii of the cation and anion, respectively, and • is an 
adjustable  parameter  called the "penetrat ion distance." 
in  the present  calculations, values of 0.1 and 1.0 were 
taken for a in the aqueous and nonaqueous systems. 
It  should be pointed out that  several serious l imitations 
exist in this calculation (see below) and the results, 
while quali tative,  do in fact reflect the differences in 
solvation between the solvents H20 and DMSO, Equa-  
tion [9] was easily solved by an i teration procedure 
on an IBM 7094 computer  by slowly increasing h from 
0 in steps of 0.05. The i terat ion was carried out un t i l  
the calculated lnT• (Eq. [9]) equaled the observed 
value to wi thin  __0.001 units. The results of these cal- 
culations are shown in Table V. The effect of changing 

from 0.1 to 1.0 is small  as indicated in  this table. 
While the calculations are not, by any means, quant i -  
tative, they are significant in the sense that  they do 
demonstrate  that the various Li-salts are less solvated 
in the organic solvent than they are in water. The 
fact that h in Table V increases from C l -  to I -  in both 
solvents is fortuitous and results from the simplified 
t rea tment  for al (Eq. [11]) used in these calculations 
(13). A more exact t rea tment  (14) equates the experi-  
menta l  activity coefficient, 7, to three contributions,  i.e. 

log ~ = log fc + log fh + log fso 

where the f's are ra t ional  activity coefficients and the 
subscripts c, h, and so refer, respectively, to coulombic, 
hydration,  and mutua l  sal t ing-out  interactions. The first 
two terms can be calculated simply as discussed by 
Conway (14), but  the sal t ing-out  term requires specific 
knowledge of part ial  molal  volumes. The lack of such 
data prevents  the accurate determinat ion of solvation 
numbers .  

Single ion contr ibut ions to hGt  ~ •  ~ and • ~ are 
of interest  since they are impor tant  in comparing sol- 
vent  kinetic effects (10, 11, 15) as well  as dist inguish- 
ing between specific solvation effects between anions 
and cations. In  Table IV, it is seen that  both the 
enthalpy and energy of t ransfer  of the anion become 
more negative in going from C1- to I - .  This is demon-  
strated for the enthalpy of t ransfer  in the last column 
of Table IV where O• ~ is the relat ive (to B r - )  en-  
thalpy of t ransfer  of the anion from H20 to DMSO, i.e. 

O• ~ = ~ H t  ~ ( X - )  - -  ~ H t  ~ ( B r - )  

The fact that  ASt ~ is almost independent  of the na ture  
of the anion indicates that the increase in solvent 
s t ructure  in  t ransferr ing the salt to DMSO is largely 
a cation effect. Using the approach described by 
Feakins (16), where individual  energy contr ibut ions 

Table V. Solvation numbers in H20 and DMSO at 25~ 

Sa l t  H.~O 1 H2Oe DMSO z DMSO e 

L iCI  4.2 4.5 0.2 1.0 
L i B r  4.5 5.0 0.2 1.O 
L i I  7.5 7.7 1.5 1.8 

1A = 0.10. 
A = 1.00. 

are given by 

AGt ~ ( M X )  = AGt  ~ ( M  +) + k / r -  [12] 
o r  

~ G t  ~ ( M X )  = AGt ~ ( X - )  - -  re~r+ [13] 

it was found that  Eq. [13] gave satisfactory results for 
the a lka l i -ch lor ide-N-methyl  formamide system (7). 
In  these equations, k and m are constants and the in -  
tercept of a plot of AGt ~ ( M X )  vs .  1/r gives the single 
ion value for the free energy of transfer.  However in 
the course of the present  work, use of Eq. [12] has led 
to values for ~Gt  ~ (Li +) of the order of --30 kcal/mole,  
~Gt~ - )  values of 485  kcal/mole,  and ~ H t ~  - )  
values which were in  complete disagreement with 
those more reasonable values found by Arne t t  and 
McKelvey (23). This demonstrates the complete break-  
down of Eq. [12] for the present  data but  does not  
indicate that  the use of Eq. [13] is invalid. Indeed the 
use of Eq. [13] over [12] is to be preferred (16) es- 
pecially when one is t ransferr ing salts to solvents more 
basic than water. It  has been suggested (17) that  the 
use of equations such as [12J and [13] should be cor- 
rected for mutua l  polarization arising from dispersion 
forces, i.e. 

• ~ = ~Gt ~ (el) + ~Gt ~ (neut)  

where .~Gt ~ (el) is given by Eq. [12] or [13] and ~Gt  ~ 
(neut)  is proport ional  to r ~ and can be estimated from 
solubil i ty data of rare gases in the two solvents (17). 
• ~ (neut)  contr ibut ions can be evaluated by use of 
Henry 's  law 

p / c  -~ exp { ( n  ~ -- #g~ 

Here ~s ~ and ~g~ are the chemical potentials of the 
solute (uni t  concentrat ion) in  solution and gas phase, 
respectively, p is the part ial  pressure, and c is the con- 
centrat ion in solution. Using this equation together 
with the data for rare gas solubilities in DMSO (18) 
and H20 (19), it is found from a plot of ~Gt~ 
vs.  r 2 that  AGt ~ (neut)  for Li +, CI - ,  B r - ,  and I -  is 
244, --285, --390, and --551 cal/mole, respectively 
(values are based on molal uni ts) .  The result ing plot 
of ~Gt  ~ ( M X )  - -  ~ G t  ~ (neut)  vs.  l / r -  still gave AGt  ~ 
(Li +) values close to --30 kcal mole -1 and AHt ~ (Li +) 
values close to 20 kcal /mole  thereby indicat ing that  
~Gt  ~ (el) in Eq. [14] cannot  be evaluated simply by a 
1/r (Born) - type  law. In  fact in highly polarizable sol- 
vents such as DMSO (10), the possibility of ion-quad-  
rupole and ion- induced quadrupole probably become 
significant. For example in H20, which has a lower 
polarizabili ty than does DMSO, the interact ion energy 
between an ion and the H20 quadrupole  is, for a l inear  
a l ignment  

Eo = eo /d  3 

where o is the quadrupole moment  (,~2.10 -26 esu);  e 
is the electronic charge and d is the diameter  of the 
water  molecule (~-3.10 - s  cm).  Eo is therefore of the 
order of 5 kcal /mole  and is by no means insignificant 
[cf. ref. (20)]. In  the aprotic solvents such as DMSO 
and propylene carbonate, dipole moments  are high (10) 
and are a t t r ibuted to the highly charged oxygen center 
and a very diffuse negative charge spread out over 
the remainder  of the molecule. The success of applying 
Eq. [13] to evaluate A G ~  - )  from a series of salts 
such as LiC1, NaC1, KC1 would appear to arise from 
the fact that  the cations are very much less polarizable 
and that  the major  interact ion energy is an ion-dipole 
one whereas anions, which must  interact  with the 
polarizable end of the solvent molecule, do not behave 
so simply. Fur the r  demonstrat ion of this cation vs.  
anion effect can be seen from work on other solvent 
systems where individual  ionic contr ibutions to g G t  ~ 
are always made on the basis of some ext ra thermo-  
dynamic assumption involving the cation (21, 22). This 
effect is also significant for t ransfers  between hydro-  
gen-bonded (protic) solvents as individual  ~ G t  ~ values 
between H20 and methanol  were always significantly 
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higher for the anion plot (Eq. [12]) than  for the cation 
plot (Eq. [13]) as discussed by Feakins  (16). 

Acknowledgment 
The author  is grateful  to Dr. J. N. Butler  for m a n y  

helpful  discussions and for making available experi-  
menta l  data prior to publicat ion [cf. ref. (8)].  

Manuscript  submit ted Sept. 2, 1969; revised ma nu-  
script received Nov. 1O, 1969. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 

REFERENCES 
1. W. H. Smyr l  and C. W. Tobias, This Journal, 115, 

33 (1968). 
2. G. Holleck, D. R. Cogley, and J. N. Butler, ibid., 

116, 952 (196,9). 
3. D. R. Cogley and J. N. Butler,  ibid., 113, 1074 

(1966). 
4. M. Salomon, ibid., 116, 1392 (1969). 
5. T. W. Richards and F. Daniels, J. Am. Chem. Soc., 

41, 1732 (1919). 
6. E. A. Guggenheim, Phil. Mag., 19, 588 (1935). 
7. M. Salomon, J. Phys. Chem., 73, 3299 (1969). 
8. J. N. But ler  and  J. C. Synnott ,  "Thermodynamics  of 

LiC1 in Dimethyl  Formamide,"  in course of pub-  
lication. 

9. A. J. deBethune,  T. S. Licht, and N. Swendeman,  
This Journal, 106, 617 (1959). 

10. A. J. Parker,  Chem. Rev., 69, 1 (1969); this major  
review gives many  references to ion-solvation 
in dipolar aprotic solvents. 

11. R. F. Rodewald, K. Mahendran,  J. L. Bear, and R. 
Fuchs, J. Am. Chem. Soc., 99, 6698 (1968). 

12. Y. Wu and H. L. Fr iedman,  J. Phys. Chem., 20, 
501 (1966). 

13. R. A. Robinson and R. H. Stokes, "Electrolyte 
Solutions," Butterworths,  London (1959). 

14. J. E. Desnoyers and B. E. Conway, J. Phys. Chem., 
68, 230,5 (1964). 

15. M. Salomon, ibid., 70, 3853 (1966). 
16. D. Feakins and P. Watson, J. Chem. Soc., 1963 

4734; see also D. Feakins, "Physico-Chemical  
Processes in Mixed Aqueous Solvents," F. 
Franks,  Editor, Elsevier Publ ishing Co., New 
York (1967). 

17. C. L. DeLigny and M. Alfenaar,  Recueil, 84, 81 
(1965). 

18. J. H. Dymond, J. Phys. Chem., 71, 1.829 (1967). 
19. W. F. Linke, "Solubilities," American Chemical 

Society, Washington, D. C. (1965). 
20. A. D. Buckingham, Discussions Faraday Soc., 

24, 151 (1957). 
21. H. Strehlow, "The Chemistry of Non-Aqueous S31- 

vents," J. J. Lagowski, Editor, Chap. 4, Academic 
Press, New York (1966). 

22. J. F. Coetzee and J. J, Campion, J. Am. Chem. Soc., 
89, 2513, 2517 (1967). 

23. E. M. Arnett and D. R. McKelvey, ibid., 88, 2598 
(1966). 

Oxygen Reduction on Oxide-Free Platinum in 85% 
Orthophosphoric Acid: Temperature and 

Impurity Dependence 
A. J. Appleby* 

Institute of Gas Technology, Chicago, Illinois 

ABSTRACT 

Oxygen electrode kinetics in 85% orthophosphoric acid have been studied 
as a funct ion of temperature  and impur i ty  level in the electrolyte. It  is 
shown that  the mechanism of reaction is the same as that  in N perchloric acid, 
and that  rate constants and Tafel slopes are dependent  on impur i ty  adsorp- 
tion. Hydrogen peroxide is not a significant reaction product, at least at high 
temperatures.  The activation energy of the reaction at the reversible poten-  
tial was determined to be 22.9 ~- 0.9 kcal. 

Work carried out in recent years on the oxygen 
electrode on p la t inum in acid solution has stressed the 
importance of the surface oxides on the metal  whose 
hal f -wave reduct ion potent ial  is close to that for oxy- 
gen reduct ion at all pH values (1). Some workers have 
noted inhibi t ion of the oxygen reduction process by 
oxides of p la t inum (2-6); in other cases the reaction 
was accelerated (1). 

The major i ty  of workers consider that  a two-stage 
reduction takes place, with hydrogen peroxide as an 
in termediate  (4-7). This product was either reduced 
or spontaneously decomposed (8) on the p la t inum 
surface at the  same potentials as those of its formation. 
However, in other cases no hydrogen peroxide was 
detected as a reaction product (3, 9). 

Recent work has shown that  oxide-free p la t inum 
(10, 11) under  h igh-pur i ty  conditions is more active 
than  oxidized p la t inum (12) for oxygen reduction in 
dilute acid and is kinetical ly quite different (11, 12). 
It has also been shown that  under  these conditions 
impur i ty  adsorption is associated with the formation 
of hydrogen peroxide (13) which is produced in a 

* Electrochemical Society Active Member. 

process paral lel  to the main  reaction of oxygen reduc- 
t ion direct to water  (14). 

As it is evident  from the l i terature that  a wide 
variat ion of results has been obtained in the past unde r  
different conditions in acid electrolytes, an examina-  
t ion of oxygen reduction on oxide-free p la t inum under  
different conditions of impur i ty  level and tempera ture  
in 85% orthophosphoric acid has been carried out to 
determine the effect of these variables on kinetics. 

Experimental 
To reduce the possibility of at tack by the electrolyte 

(85% orthophosphoric acid), especially at the highest 
temperatures  of study, all parts  of the electrochemical 
cell in contact with the acid were constructed from 
fused silica. The reference electrode was a dual  bub-  
bl ing hydrogen electrode in the same electrolyte as 
that used in the cell. All  potentials quoted in this paper 
are referred to this electrode (HRE potentials) .  The 
counterelectrode was a large-area  p la t inum grid. 
Working electrodes were 1 cm~ p la t inum foils of zone- 
refined (nominal  99.999%) grade hung  on p la t inum 
wires. They could be moved up or down as required 
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by means of sliding seals. All  gaskets and seals in the 
equipment  were of Teflon or Viton A. A general  de-  
scription of the layout  of the cell and anci l lary equip-  
ment  together with the cleaning procedure used has 
been published (15). 

Hydrogen for the reference electrodes and oxygen 
or oxygen-ni t rogen mixtures  for the working com- 
par tment  of the cell were passed through presaturators 
containing 85% orthophosphoric acid before being led 
into the cell. The cell and presaturators  were ma in -  
tained at the required temperatures  in the range 25.1- 
136.1~ in a thermostatic oil bath. The hydrogen and 
oxygen used were of Matheson u l t rah igh-pur i ty-grade ,  
and the ni t rogen was of 99.997% puri ty.  All gases con- 
rained less than  0.1 ppm oxidizable organics, bu t  as a 
fur ther  precaution the hydrogen and oxygen or oxygen-  
ni t rogen mix ture  were passed over a bed of platinized 
asbestos at 300~ before going to the cell. Reproducible 
oxygen-ni t rogen mixtures  of known oxygen part ial  
pressure were made using capil lary flowmeters and a 
mixing chamber. During experiments,  oxygen or 
oxygen-ni t rogen mixtures  were normal ly  bubbled 
through the cell at the rate of approximately 10 
ml /min .  

The p la t inum foil or disk electrodes were degreased, 
and washed with HC1, conductivi ty water, and the 
electrolyte itself before use. The electrolyte was 
normal ly  prepared by a succession of hydrogen per-  
oxide t rea tments  to remove oxidizable matter,  al- 
though in some experiments  unt rea ted  analyt ical  
reagent-grade  85% (14.6M) orthophosphoric acid was 
used. 

The major i ty  of measurements  were carried out 
galvanostat ical ly using a convent ional  ba t te ry-oper-  
ated, high-resistance circuit, al though with the rotat ing 
r ing-disk  electrode a potentiostat  was used. The r ing-  
disk electrode was used to investigate the role of hy-  
drogen peroxide in the oxygen reduction reaction. Its 
construction will  be discussed elsewhere. 

Results 
Electrode activation.--The work of Damjanovic and 

Brusic (11) has emphasized the difference in kinetic 
character for the oxygen reduction reaction between 
"bare" or "reduced" p la t inum surfaces, and p la t inum 
which has been subjected to anodizing or other in ten-  
sive oxidation (12). The importance of obtaining a re-  
producible surface has been often stressed in the l i ter-  
ature. Accordingly, it was decided in these experiments  
to use a s tandard electrochemical method of surface 
preparat ion for all the working electrode specimens. 

After  preparat ion of the electrodes by the method 
described above, the p la t inum specimens were hung 
unt i l  required above the electrolyte level in a pure 
oxygen atmosphere in the cell. After  specimens were 
lowered into the cell, they were subjected to an anodic 
galvanostatic pulse, followed by a series of about three 
anodic and cathodic pulses between 1.0V and 50 mV at 
a current  density of 10 -3 A/cm~. The final pulse was 
in every case cathodic, after  which the electrodes were 
allowed to reach their  rest potentials. In the ini t ial  
anodic pulse the electrodes were allowed to reach a 
max imum potential  of 1.2-1.3V. A series of p re l iminary  
experiments  established that  the max imum potential  of 
this activation procedure, provided it was above about 
1.1V and below approximately 1.4V, was unimpor tant .  
Puls ing above 1.4V led to electrodes of slightly in-  
creased activity. This may be a t t r ibuted to an increase 
in surface energy (increase in the number  of surface 
defects) on reduction of the phase oxide monolayer  
formed at these potentials (16, 17). 

The major  purpose of this activation procedure was 
to desorb impuri t ies  on the electrode surface (18). A ny  
phase oxide or adsorbed oxygen radicals formed at 
high potentials are reduced in the cathodic portion of 
the pulse. It  was established that  potentiostat ing the 
electrodes at  0.25V for long periods, a procedure which 
should slowly remove any  "dermasorbed" oxygen 
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Fig. I. Cathodic Tafel plots on oxide-free platinum, pure elec- 
trolyte. 

ini t ia l ly present  in the p la t inum (19), made no differ- 
ence to the final behavior  of the electrode. This activa- 
t ion method is essentially similar to the electrochemi- 
cal t rea tment  used by Damjanovic  and Brusic (11). 
However, their  procedure involved exposing the elec- 
trode to a potential  of 1.TV for a period of several 
seconds, which produced an electrode with similar 
kinetic character but  higher activity (by a factor of 
2) than  chemically t reated or thermal ly  reduced 
electrodes. 

Rest potentials.--In clean (hydrogen peroxide 
treated) electrolyte saturated with oxygen at 1 a tm 
pressure, the p la t inum electrodes after pulsing at-  
tained rest potentials in the range  985-1000 mV. A slow 
rise was noted over a period of several hours, when a 
ma x i mum potential  of about 1010-1015 mV was 
reached. A slow decay followed; a final potent ial  of 
about 990-1000 mV was noted after 24 hr, which would 
remain  constant  1 thereafter.  The rest potentials were 
not significantly tempera ture-dependent ,  but  at the 
highest temperatures  studied they tended to be a few 
millivolts lower. Values of rest potentials, general ly 
close to those noted in other aqueous media, are con- 
sidered to be due to a mixed potent ial  mechanism to 
explain the low value of the rest  potential  compared 
with the thermodynamic  value for the oxygen elec- 
trode (about 1.2V at 25~ In this mechanism, the 
cathodic process is oxygen reduction, and the anodic 
process is considered to be either p la t inum oxidation 
(20) or the oxidation of impuri t ies  (21). 

Tafel plots.--Galvanostatic Tafel plots were made 
immediate ly  after electrode activation at six different 
temperatures  in the range 25.1~176 They are i l lus- 
t rated in  Fig. 1. Equi l ibr ium was quickly at tained at 
each point  wi th in  1-2 min, after which the potential  
remained steady for 15-20 rain. This period was fol- 
lowed by a very  slow decay of potential  at constant 
current,  which was more rapid at lower potentials. This 
may be a t t r ibuted to the slow deactivation of the 
electrode by impuri t ies  diffusing in  from the solution. 
It was noted that  deactivation was most rapid at high 
oxygen bubbl ing  rates, which would indicate a diffu- 
sion-controlled process. A similar effect has been 
noted, though at lower potentials, in 0.1N sulfuric acid 
using a rotat ing disk electrode when  the electrolyte 
had been similar ly purified (13). The original poten- 
tial could then be restored by pulsing to either 1.0V or 
50 mV, which desorbed the impuri t ies  responsible. 

Results thus obtained were very reproducible;  the 
data for three different electrodes cut from the same 
sample of p la t inum foil are shown together on the 
plot for 25.1~ (Fig. 1). Results at higher tempera-  
tures for different electrodes were wi th in  10 mV. It 
may be seen in each case that  a high-potent ia l  region 
exists in which there is little change of potential  with 
current  density, followed by  a Tafel region, followed 
by a region of higher slope leading to the l imi t ing-  
current  region. Results are general ly  s imlar  to those 
reported by Damjanovic and Brusic (11) in 0.1N per-  
chloric acid at room temperature.  It should be noted 
that  the Tafel l ines at 116.0 ~ and 136.1~ are prac-  

1 O v e r  a p e r i o d  o f  w e e k s .  
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tically coincident because of the rapid increase in 
water  vapor pressure over phosphoric acid, and hence 
the fall in oxygen part ial  pressure in  this tempera ture  
range. Table I lists the Tafel slopes and extrapolated 
exchange current  values, together with values of 1/a, 
where a is the t ransfer  coefficient. In  each case, the 
exchange cur ren t  values have been obtained by ex-  
t rapolat ing back to the va lue  of the reversible poten- 
t ia l  at the tempera ture  of experiment,  calculated for 
gaseous water  from the data of Lewis and Randell  
(22), and corrected for the water  vapor pressure over 
85% orthophosphoric acid (23). The figures quoted in 
Table I refer to the theoretical  emf of the cell 

H2(1-p) atm 85% orthophosphoric acid O2~1 atm) 

where  p is the water  vapor pressure over the electro- 
lyre. The exchange cur ren t  values have been corrected 
for the oxygen part ial  pressure and are expressed for 
a s tandard pressure of 1 atm. The correction has been 
made on the basis of first-order oxygen reduction 
kinetics at constant potential  (see below). It  is ap-  
parent  from Table I that  the Tafel slopes, at least 
above 900 mV, are very  close to RT/F. 

Kinetic data in analytical-grade acid.--A n u m b e r  
of experiments  were carried out in  analyt ical-grade 
acid to determine the effect of traces of oxidizable im-  
purit ies on the system. Such impuri t ies  have been de- 
tected in  orthophosphoric acid and have been identi-  
fied as traces of phosphorous and hypophosphorous 
acids (24). On immersion, chemically cleaned elec- 
trodes general ly  took up rest potentials of about 750 
mV (at 25~ to 920 mV (at 136~ in  analyt ical-  
grade electrolyte. 

After  cathodic polarization, higher values were 
noted: 836 mV at 25.1~ 916 mV at 76.1~ and 941 
mV at 116.0~ With in  24 hr, these values had fallen 
considerably, to about 600 mV at 25~ and 800 mV at 
136~ 

Galvanostatic Tafel plots.--A steady-state galvano- 
static Tafel plot was made at each tempera ture  on 
electrodes tha t  had been allowed to stay on open cir-  
cuit in the solution for 1 hr so that  equi l ibr ium could 
be reached between the electrode surface and the 
residual impuri t ies  in  the solution. A high current  
density i n  the appropriate range was applied to the 
electrode, and an ascending steady-state Tafel plot 
was made. The electrode was left at each point for 
sufficient t ime for less than 1 mV change in 5 min  to 
occur. Normally,  steady state was achieved wi th in  
10 min. 

Downward Tafel plots were similar, but  had some- 
what  lower slopes, registering lower potentials in the 
low current  density part  of the plot. Downward plots 
taken on electrodes which had been in the solution 24 
hr were normal ly  steep (slope ~2RT/F) ,  and 
showed more evidence of electrode deactivation 
(higher polarizations at low current  densities).  

To show the effect of impur i ty  desorption by puls-  
ing to 50 mV, a second plot was made at each tem-  
perature.  These are i l lustrated in Fig. 2 for 25~176 
For these Tafel plots the electrode was activated by 
pulsing before each point  since it was noted that  slow 
deactivation over a period of some minutes  took place. 
The potent ial  eventual ly  re turned  to values close to 
the ini t ial  curve for each current  density studied. A 
much more effective method of electrode activation 

Table I. Kinetic data in purified 85% orthophosphoric acid 

Erev at 
T e m p ,  1 a r m  0 2 ,  S l o p e ,  

~  m V  H R E  m V / d e c a d e  1/<x io ,  A / c m ~  
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Fig. 2. Cathodic Tafel plots on oxide-free platinum, analytical- 
grade electrolyte. 

was shown to be a method of pulsing between 50 mV 
and 1.2V before each galvanostatic point. Results of 
this method are also shown in  Fig. 2. Deactivation was 
in this case exceptionally rapid compared with a pur i -  
fied solution, and was dependent  upon the rate of stir-  
r ing of the solution. A typical potent ia l - t ime curve for 
such an activated electrode (after pulsing to 50 mV) 
is shown in Fig. 3. The electrode surfaces obtained by 
this technique are probably essentially free from ad- 
sorbed impuri t ies  after pulsing, as the plots of maxi-  
m u m  potential  reached after pulsing against log cur-  
rent  density (Fig. 2) are close to the steady-state plots 
obtained in purified electrolyte (Fig. 1). 

Tafel slopes, 1/~ values, and extrapolated apparent  
exchange current  values for the s teady-state  plots in 
analyt ical -grade acid are given in Table II. 

Order of reaction 5or oxygen.---The effect of oxygen 
part ial  pressure in  the Tafel region at 52.1~ in pur i -  
fied electrolyte has been published (25). For  this ex- 
per iment  oxygen was diluted with ni t rogen to give 
the part ial  pressure required before being led into the 
cell. The results obtained indicate that  the reaction is 
essentially first order for oxygen at constant  potential.  

20 minutts 
I ~ I 

+900mY-  

+60OmV-  

POTENTIAL, 
mV (HRE) 

15.u A /sq  cm 

95.9=C 

Fig. 3. Decay curve of electrode activity in analytical-grade 
electrolyte. 
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Table II. Kinetic data in analytical-grade acid 

~o Corrected for 
o x y g e n  p a r t i a l  p r e s s u r e ,  

A / e m 2  
Initial plot A f t e r  a n o d i c  

T e m p ,  T a f e l  s l o p e ,  a n d  cathodic 
~ m Y / d e c a d e  1 / a  I n i t i a l  p l o t  p u l s i n g  

25 .1  89  1 .51 5 .0  X 10 -14 2 .5  X 10-1~ 
52 .1  82 1 .29  4 .6  X 10-1~ 3 . 6  • 10  -11 
76 ,1  87 1.28  3.8 x 10 -1~ 4 .3  X 10 -1~ 
95.9 81 1.11 3.5 X 10 -1:'- 1.7 X 10 -~ 

116.0 91 1.18 1.4 x 10 - l~  6.1 X 10 -0 
136.1  9 0  1 ,11 7 .4  x 10-1o 1.6 x 10 -s 

Hydrogen peroxide formation.--An examinat ion of 
the contr ibut ion of oxygen reduct ion to hydrogen per-  
oxide to the over-al l  process was carried out using a 
rotat ing r ing-d isk  electrode at 3140 rpm in the pur i -  
fied electrolyte at 76.1 ~ and 116.0~ The electrode disk 
had art area of 0.212 cm 2 and  was t reated before use in 
the same way as the p la t inum for electrodes. D u r i n g  
the experiments,  the l ightly platinized electrode r ing 
was main ta ined  at a potent ial  of 1.3V, at which oxida- 
t ion of any  hydrogen peroxide produced in the oxygen 
reduct ion reaction at the disk wil l  be diffusion-con- 
trolled. 

The shapes of the oxygen reduct ion waves obtained 
at 76.1 ~ and 116.0~ are shown in Fig. 4. At 76.1~ the 
reduction wave has the appearance of a double wave 
as noted for instance on mercury  in di lute acid solu- 
tions (26). In  the  lat ter  case, the first wave corre- 
sponds to oxygen reduction to hydrogen peroxide, and 
the second wave corresponds to oxygen reduction di- 
rect to water.  

The data obtained on hydrogen peroxide oxidation 
at the r ing as a function of disk potential  are also 
shown on Fig. 5. As the collection factor of the r ing 
electrode in the apparatus used is 0.35, hydrogen per- 
oxide production only accounts for a max imum of ap- 
proximately  16% of the total oxygen consumed, the 
figure being considerably less (under  5%) at 116.0~ 
It is clear that  the double-wave effect cannot therefore 
be a t t r ibuted to oxygen reduction to hydrogen per-  
oxide. 

It was noted that pulsing of the disk between 1.2V 
and 50 mV would restore the disk current  to about 
60 #A in the potential  range 0.75-0.3V, corresponding 
to the value of l imit ing current  for the 4-electron 
process of oxygen reduction. The l imit ing current  
value then gradual ly fell, over a period of some min-  
utes, down to the values in  Fig. 2, the rate of fall  being 
most rapid in the potential  range 400-500 inV. In  the 
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Fig, 5. Arrhenius plot for exchange current values on oxide-free 
platinum. 

Tafel region the rate of deactivation of the electrode 
was very small. These results are similar  to those 
noted by Mfiller and Nekrasov (27) in  dilute sulfuric 
acid, which these authors a t t r ibuted  to anion adsorp- 
t ion in  the double- layer  region (below about 800 mV),  
so that oxygen reduct ion sites on the electrode sur-  
face are blocked. Damjanovic,  Genshaw, and Bockris 
(13) have recent ly shown that  in dilute sulfuric acid 
this deactivation effect only occurs in the presence of 
nonoxidizable impurit ies which are not removed by 
extended pre-electrolysis or by hydrogen peroxide 
treatment .  They conclude that  anion adsorption is not 
directly responsible as deactivation is apparent ly  con- 
trolled by the slow diffusion of some species to the 
electrode surface. This species can only be removed 
from the electrolyte by the use of a large-area plat i -  
num adsorber electrode potentiostated for extended 
periods at the potential  of ma x i mum deactivation 
(about 300-400 mV in dilute sulfuric acid), which is 
removed from the solution taking with it the impur i -  
ties at the end of the operation. The na ture  of these 
capi l lary-act ive impurit ies is open to question; they 
may be traces of organic greases or adsorbable foreign 
ions. 

Miiller and Nekrasov (27) have shown the deacti-  
vat ing effect of chloride ions in acid solutions, and 
Miiller and Sobol (28), the corresponding effect of di-  
valent  cations on oxygen reduction in  alkal ine solu- 
tions. It is cer ta inly possible that  polyphosphates are 
responsible in this present case. 

Damjanovic et al. (13) have shown that  hydrogen 
peroxide production in  acid solution is associated with 
the presence of these capil lary-act ive materials,  and 
they at t r ibute  this to the blocking of h igh-energy 
sites on the electrode surface, where O-O bond dis- 
sociation (and direct reduct ion of O2 to water)  takes 
place. When impuri t ies  are eliminated, little H202 
results. 

In  the present  case, very  little peroxide was de- 
tected as a reaction product, but  it is cer ta inly pos- 
sible that catalytic decomposition of hydrogen per-  
oxide takes place during the t ime occupied in diffu- 
sion from the disk to the ring, so that  the collection 
factor of the electrode is effectively reduced. The pre-  
cursor of hydrogen peroxide produced in  the reaction 
is, according to Nekrasov (29), the 02I-I- ion ad-  
sorbed on the electrode. This mater ia l  may be ex- 
pected to become progressively more unstable  (and 
liable to dissociate) with rise in temperature,  so that  
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the yield of hydrogen peroxide wil l  fall, even in the 
presence of adsorbed impurities.  

At 116.0~ the oxygen reduction wave shows much 
less the influence of any  impuri t ies  in the solution. It 
is therefore apparent  that  their  heat of adsorption on 
p la t inum is comparat ively low. 

We may conclude from these data that  hydrogen 
peroxide is only a minor  product of oxygen reduct ion 
on oxide-free p la t inum in  concentrated phosphoric 
acid at temperatures  of interest  in the operation of 
fuel cell cathodes. 

Activation energy for oxygen reduction.--The acti-  
vat ion energy for oxygen reduction on oxide-free 
p la t inum at the reversible potential  has been obtained 
from the Arrhenius  plot (Fig. 5) of the extrapolated 
exchange current  values (corrected to atmosphere 
oxygen pressure) in  purified electrolyte. The value 
obtained is 22.9 __+ 0.9 kcal. This is considerably higher 
than  the value on oxidized p la t inum (13.1 kcal) (15) 
and is close to the value reported for the oxygen 
electrode reaction in alkal ine solution (12,30). No 
activation energy correction has been made in the 
present  case for changes in oxygen solubil i ty or water  
activity of the electrolyte, but  such corrections are 
small. 

As has been already noted, the nonoxidizable capil- 
lary-act ive  mater ia l  has no effect on Tafel slopes and 
exchange currents  (13), so fur ther  purification is not 
expected to significantly influence these quanti t ies  or 
the activation energy. 

Discussion of Mechanism 
In  pure  solutions, oxygen reduct ion on oxide-free 

p la t inum is first-order, and the Tafel slope is RT/F. 
Under  the conditions of the exper iment  it is not pos- 
sible to obtain any  other re levant  kinetic parameters  
which might  fur ther  clarify the mechanism. I t  is not 
possible to obtain the order of reaction for (H + ) at 
constant  ionic s t rength in concentrated phosphoric 
acid; as oxygen evolut ion takes place on an oxidized 
surface, no direct determinat ions of the stoichiometric 
n u m b e r  are possible as the nea r -equ i l ib r ium and 
anodic regions are not accessible. 

Under  Langmui r  adsorption conditions, we may use 
the following relat ion for ~, the measured t ransfer  
coefficient (12, 31-33) 

~ a  

where ~ is the symmet ry  factor of the r a t e -de te rmin-  
ing step, v is the stoichiometric n u m b e r  of the ra te-  
de termining step, n is the number  of electrons t rans-  
ferred in the ra te -de te rmin ing  step, and na is the total 
n u m b e r  of electrons t ransferred before the ra te -de ter -  
min ing  step. Assuming that the ra te -de te rmin ing  step 
is a charge t ransfer  with t~ = 1/~ and that  only one 
electron is t ransfer red  in the ra te -de te rmin ing  step, 2 
with the exper imental  value of a equal to 1 

The only solution is n a  = 1, ~ = 2.  ~-a = 2, v = 4 is not 
possible as only 4 electrons are involved in the over-  
all reaction. 

However, if ~ -~ 2, i.e., two identical charge- t ransfer  
reactions occur for one un i t  of the over-al l  process, 
then  the chemical order of reaction for 02 must  be 1/2, 
not  1 as is exper imenta l ly  observed. Hence, under  
Langmui r  conditions the ra te -de te rmin ing  step cannot 
be a charge- t ransfer  unless fl has the nonphysical  
value of unity.  

If the ra te -de te rmin ing  step is a chemical process 

n = 0 ,  and  n a / ~ - i  

Again, for un i t  oxygen reaction order, ~ must  be 1, 

I t  is  a s s u m e d  t h a t  a two  e l ec t ron  t r a n s f e r  w o u l d  r e q u i r e  too 
h i g h  an a c t i v a t i o n  ene rgy .  
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hence na = 1; that  is, the data are consistent with a 
chemical step following a 1-electron transfer.  

The above analysis applies only to 1:1 coupled 
mechanisms (31). For  more complex paths in which 
chemical steps control without  p re l iminary  charge- 
t ransfer  other possibilities exist. G n a n a m u t h u  and 
Petrocelli  (34) have provided a useful list of possible 
oxygen reaction mechanisms, which includes 1:1 and 
more complex paths, with kinetic parameters  evalu-  
ated assuming Langmui r  adsorption. 

Tafel slopes of RT/F appear in  certain complex 
paths, which also satisfy the exper imenta l  oxygen re-  
action order requirement .  Again neglecting paths in-  
volving 2-electron charge transfers,  the only reactions 
which satisfy the above conditions are as follows, "S" 
in each case being an undefined surface site. The cal- 
culated Tafel slope follows each reaction 

A. 02 -t- S + S -- HfO -~ SOH -t- SO2H o~ 
(rds) SOfH + SH20 --> SOH -t- SH202 RT/F 
[the "hydrogen peroxide path" (35) ] 

B. 02 + S + SH20 -> SOH -t- SO2H 
(rds) SO~H d- S -~ SO ~ SOH RT/F 
["metal peroxide" (35) or Conway and 
Bourgaul t  (36) paths] 

C. S -J- O2 + e -  --> SOs-  2RT/F 
(rds) SO2- d- H + -~ SOfH RT/F 3 
l ives (37) or Hoare's (38) paths].  

Damjanovic and Brusic (11) have pointed out that  
their H + reaction order data (rate cc [H+]3/2) for 
dilute perchloric acid are inconsistent  with mechanism 
C, which is first order in H +. Similarly,  the complex 
(nonconsecutive) mechanisms A and B, which are 
zero-order in H +, are not in agreement  with their  
exper imental  data. 

Consequently,  it appears that the present  results, 
and the results of Damjanovic and Brusic (11), are 
not explicable assuming Langmui r  adsorption. These 
authors have, however, noted that in the potential  
range in which results are obtained, p la t inum is cov- 
ered by less than  monolayer  quanti t ies of water  oxida- 
t ion fragments  [ - -OH and - -O,  with the lat ter  pre-  
dominat ing (21) ]. 

Experimental ly,  a l inear  relationship between 
steady-state coverage and potential  holds in N per-  
chloric and sulfuric acids (11, 21). This coverage-po- 
tent ial  relationship implies that  the heat of adsorption 
of the oxygen radicals on the p la t inum surface falls 
off l inear ly  with increasing potent ia l  and increasing 
coverage (21). If one assumes that  the intermediates 
in the oxygen electrode process follow a similar  iso- 
therm to that of the adsorbed water  fragments  (11), 
then it is possible to show the exper imental  data are 
consistent with the mechanism 

S + 0 2  ~ S02 

(rds) S -- O2 -b H + + e -  -~ SO2H 

followed by 
SO~H -b 3H + -b 3 e -  -> 2H20 

which proceeds by u n k n o w n  (though rapid) steps. 
The isotherm which describes the adsorption of in -  

termediates in the reaction is thus the Temkin  iso- 
therm, in which the heat of adsorption of a par t icular  
species is dependent  on the total  coverage of 'all species 
on the electrode (39). As BSld and Breiter (40) have 
shown, it is necessary to assume that  Temkin  adsorp- 
tion of oxygen and - - O H  radicals takes place on 
p la t inum in order to explain the exper imental  cyclic 
vol tammetr ic  scans in  dilute perchloric and sulfuric 
acid. Similar  plots are obtained in concentrated phos- 
phoric acid (41), and hence it  is reasonable to assume 
that the same isotherm applies in  this case. A complete 
analysis of this mechanism is given as the Appendix.  

3 G n a n a m u t h u  and  P e t r o e e l l i  (34) p o i n t  ou t  t h a t  t he  s lope m a y  
be g r ea t e r  t h a n  RT/F i f  t h e  p l a n e  of  c losest  a p p r o a c h  fo r  t h e  ad-  
sorba te  and  the  H e l m h o l t z  p l a n e  are no t  iden t ica l .  
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One may only speculate on steps following the rate-  
de termining step. As shown by Damjanovic,  Genshaw, 
and Bockris (13), hydrogen peroxide production in 
dilute sulfuric acid is accompanied by impur i ty  ad- 
sorption, which results also in lower reaction rates. 
The same has been shown here to take place in con- 
centrated phosphoric acid. The next  steps of the re- 
action therefore probably are  

3H + 
(a) SOfH-) SO + SOH-----> 2H20 + 2S 

o r  

3 e -  
(b )  SOfH + H + + e -  > SH20.~ ~ S + H.,O.~ 

[or perhaps 2SO2H--> 2S + H202 + O.~ ref (1)] 

The first reaction wil l  take place only preferent ial ly  
if the heats of adsorption of the product  are sufficiently 
high. In  the presence of adsorbed e lec t ron-donat ing 
impurit ies the net  heat of adsorption of negative 
species (for instance --O2H) on the electrode surface 
should be lowered. From the previous discussion, this 
will  reduce the over-al l  reaction rate and make re- 
action (b) above the preferred step. 4 

It should be noted that  in absence of impurit ies the 
reaction 

S -- O2 -[- H + -[- e-  -> S -- O2H 

will take place under Langmuir conditions of adsorp- 
tion, with low total coverage of adsorbate, in the 
double-layer region (below about 750 mV HRE). In 
the presence of impurities, again Langmuir conditions 
will occur, now involving high coverages of capillary- 
active adsorbate. In this case, however, much lower 
rate constants would be expected, as the adsorbed ma- 
terial will depress the heat of adsorption of the re- 
action product --O2H. 

We have noted that in the presence of gross amounts 
of oxidizable impurity (untreated electrolyte) the rest 
potential is depressed. This is to be expected if the 
rest potential is a mixed potential, with anodic process 
diffusion-controlled impurity oxidation and the cath- 
odic process oxygen reduction. The effect of pulsing 
the electrode desorbs impurities from its surface (18) 
and leaves more sites available for reaction. If the heat 
of adsorption of impurities is potential-dependent, the 
final Tafel plot will appear to he the locus of a family 
of normal (Langmuirian) Tafel plots of 2RT/F slope, 
but with changing rate constant, according to impurity 
coverage. If coverage falls with increase in overpo- 
tential, a slope of less than 2RT/F will occur. If a rise 
in coverage with increasing potential occurs, a net 
slope greater than 2RT/F results. 

Slopes between RT/F and 2RT/F are frequently ob- 
served on oxygen reduction electrodes, and have been 
observed in impure solutions during the course of this 
work, on the electrodes which have been in contact 
with the solution for I hr. After 24 hr in the solution, 
high coverages of strongly bound impurities may be 
considered to be present. These materials probably do 
not appreciably desorb during the Tafel plot so that 
slopes close to theoretical for a 1-electron charge 
transfer, with no previous charge transfer, under 
Langmuirian conditions (2RT/F) occur, although at 
high overpotential. 

It is interesting to note when large amounts of 
strongly adsorbable anion are present (e.g., in HC1 
solution) slopes appreciably greater  than  2RT/F occur 
(8), probably indicat ing progressively increasing ad- 
sorption of anion with overpotential.  In addition, the 
adsorbed anion effectively prevents  SOfH breakdown 
on the electrode surface, as H202 appears to be the 
pr imary  reaction product (8, 44). 

T h i s  is  p e r h a p s  e q u i v a l e n t  to  s a y i n g  h i g h  e n e r g y  s i t e s  fo r  d i r e c t  
r e d u c t i o n  of  O2 to I-LeO a re  b locked .  

[AHr V2 (AHp 
{forward  =const. 0* [H + ] exp -- 
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On this basis, it is possible to rationalize past data 
for oxygen reduct ion on bare p la t inum in  acid solu- 
tions. When electrodes are given a preparat ive t reat -  
ment  consisting of anodic and cathodic pulsing (or 
hydrogen pre t rea tment  at high tempera ture) ,  slopes 
close to RT/F are obtained. In  other cases, slopes are 
obtained which depend more on potent ia l -dependent  
impur i ty  adsorption than  on oxygen electrode kinetics 
as such. 

Similarly,  due to the higher slopes of Tafel plots 
obtained under  impure  conditions, apparent  exchange 
current  values might  be higher (Tables I and II) than  
under  pure conditions. This does not imply  higher rate 
constants, but  indicates that  the observed slope is too 
high due to potent ia l -dependent  electrode deactiva-  
tion. 

Final ly,  the ra te -de te rmin ing  step for oxygen re- 
duction on phase-oxide-free p la t inum 

S - - 0 2 + H  + + e - - - > S O f H  

appears to be common to all aqueous acid electrolytes 
which are stable at oxygen-electrode potentials, re-  
gardless of tempera ture  or concentration. In  acids with 
anions which are not s trongly adsorbed, this reaction 
will  take place under  Temkin  conditions at potentials 
above 750 mV, with an approximate slope of RT/F. 

APPENDIX 

Oxygen Reduction under Temkin Adsorption Conditions 
The arguments for the derivation of a Temkin-type 

rate-control l ing equation are as follows. Consider the 
above reaction taking place at a potent ial  V, under  
charge- t ransfer  control, at a potent ial  sufficiently far 
from equi l ibr ium to make the backward reaction 
negligible. 

The rate equation would be 

kT 
(0 ' )  [H +] ( e x p  / fo rward  ~ F h " 

) _[AG~ + (1 -- ~) (AGp AGr)] �9 exp [1] 

RT RT 
where k, h, and F have their  usual  meanings,  e* is the 
oxygen coverage on the electrode, AGe is the free 
energy of activation in absence of adsorption, AGr is 
the free energy of adsorption of reactants (O2 only, as 
we assume H + is not specifically adsorbed),  AGo is the 
free energy of adsorption of products (---OfH), and 
is the symmetry  factor. 

Assuming ~ = 1/z 

( / f o rward  = F " ~ 0*  [ H  + ] e x p  
h 

) _ [AGe + ~/z (AGp -- AGr) ] exp ~ [2] 

RT 
If we write AG = AH -- TAS in each case 

/ f o rward  = const. 0* [H + ] ( exp 

[AHq:--TAS~+ V2 (AHp--AHr) -- ~/2T (ASp--ASr) ] '~ 
) RT 

We make the assumption that  a potent ia l -dependent  
adsorption of reactants and products occurs, which 
may be reasonably described by a Temkin  isotherm 
in the range of 0.2 > 0T > 0.8, where 0T is the total  
coverage on the electrode of strongly bonded adsorbed 
species (39). These constitute pr imar i ly  O radicals at 
high potential  (21). We then obtain 

- -FV "{-qpOT--AHr-~qrOT)--V~T(ASp--ASr) ] .) exp(  ~ )  [4] 

RT 
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where AHr and AH, are the heats of adsorption at low 
coverage, and qr and qp are enthalpy-coverage factors 
for reactants and products. It  is understood that  q is 
positive for a reduction in heat of adsorption; AH~ 
and AS~ are the enthalpy and entropy of activation in 
absence of adsorption. 

/forward ~ const. 0* �9 [H + ] ( exp 

[l;/z ( q p -  qr)OT--RTI~T ( A S P -  A S r )  ] ~ e x p / ]  ~ 2- '~) - -FV 

[5] 

We must now substitute a relation for 0* in terms of 
Po2. It  is reasonable to assume that  0" is very low, and 
that  oxygen adsorption follows a Langmuir  isotherm, 
so that  

0" 
Po2 = A exp (AG/RT) [6] 

I -- 0T 

where • is the free energy of adsorption of oxygen. 5 
However,  according to our previous postulate, that  
heat of adsorption of the reactants depends on 0T, we 
may write 

( Ol_*Or ) (• [7] Po2 = A exp 
RT 

Assuming changes in entropy of adsorption with cov- 
erage are negligible (42) we  may  write 

P o 2  --~ A [  ~ ] e x p [  AHr-TASr  ] exp[[ qrOT ~ j  [8] 
RT 

which is basically a modified Frumkin  isotherm. 
We have seen from Eq. [5] that 

~cc8" 

and we have found experimental ly that  

i oc Po2 
Now, from Eq. [8] 

P o ~  cc 8"  

for small values of 0* provided that  the expression 

exp[  (AHr -- TASr -{- qr0r) /RT] [9] 

f rom Eq. [8] does not substantially change with aT. 
Assuming that  ASr does not depend on total coverage 

(42) and, as we noted experimental  first-order de- 
pendence between 0r = 0.1 (at low potentials) and 
aT ~ 0.2 (at about 1000 mV) to within 10%, then 

exp(aHr/RT) > 0.9 exp [(AHr -{- qrOr)/RT] [10] 

This inequality gives the upper limit of qr, the lower 
limit being 0. Thus, 

exp -- 0.1 qr/RT > 0.9 
giving 

0.1 qr/RT < 0.1 
Hence 

qr < 0.6 Real/mole6 

We may  conclude, therefore, that  qr is small; it has 
been shown that  qo is about 23 kcal /mole in N per-  
chlorie and sulfuric acids (11, 21). 

Assuming 0" is small  

r 
OPo2 1 -- Or 

and, substituting Eq. [8] in Eq. [5] we have 

i = const. Po2[H +] [ e x p  

[1/~ ( q p  __ qr)O T __ I/ZT (AS p __ ASr)] ] 
J RT 

. --FV e x p - - (  [AHr--TASr+qrOT] ) e x p  ( - - - ~ - )  [11] 
RT 

The constant  A has been in t roduced  in Eq. [6] to a l low AG to 
represent  the free energy  of adsorpt ion of oxygen at  low coverage. 

0 This impl ies  also tha t  AHr is s m a l l  which  is reasonable as oxy-  
gen is adsorbed as molecules,  

which gives, as AHr is constant 

const. Po2[H +] exp 

[ I/'z(qp'~ qr)OT-- ~/zT(ASp"~" ASr) ] 
RT 

--FV 
e x p (  2 - - - ~  ) [12] 

Again, assuming that  changes in 0 do not influence 
ASp or ASr, we obtain 

( ~(qp-~-qr) 0T ) (--FV) 
i cc Po2[H + ] exp -- exp 

RT 
[13] 

It  should be noted that  this is basically the same 
equation as that  derived by Damjanovic and Brusic 
(11) except that  their equation predicts tha t  wea re r  
adsorption of reactants would cause an increase in the 
reaction rate; that  is, they have --qr, not -}-qr in their 
equation. 

Damjanovic and Brusic (11) have shown that  for 
plat inum an approximately linear variation of cover- 
age exists in the intermediate coverage region 
(0.2 < 0 < 0.8) and that  the potential for unit  cov- 

erage changes by 60 mV per unit of pH. 
Hence, where K is constant, we obtain 

8(V, pH) = K �9 V -t- K(RT/F) �9 pH ~ const. [14] 

Substituting in Eq. [13] we obtain 

icc Po2[H +] ( exp 

[1 /~(qp  -~- q r )  �9 (KVq-K(RT/F)pH)]  
/ RT 

- -Fl r  
exp ( 2.-~-~- ) [15] 

From published data (11, 21) we find that  qp ~ 23 
kcal/mole. Hence we may  write, as qr < ~  qp 

i ~ Po2[H + ] ( exp 

_ - -FV ) 
RT 

Under equilibrium conditions, neglecting pre-exponen-  
tim terms in the forward and backward  Temkin rate 
expressions (21) and as "q" is large (43) 

q 6 o ~ F S V  

That is, the change in heat of adsorption in the inter-  
val AV is equal to the change in electrochemical po- 
tential.7 

q = F  ~ -v --~-~ J-H [17] 

and, f rom Eq. [14] 
1 

(oY/O0) pa = - -  [18] 
K 

where  q refers to any strongly bound species. 
Substituting Eq. [17] and [18] in Eq. [16], we obtain 

( [Y2FVq-1/2RT(pH)]) 
icc po2[H + ] exp -- RT 

- - F V  
exp ( - - ~ - ~ - )  [19] 

o r  

7 i t  should be noted tha t  i t  may  perhaps  be more accurate  to 
wr i te  FSV = hAG 
where  AAG is the equ i l ib r ium change in free energy  of adsorpt ion 
of the in termedia te  in the in terval  5V. If  we subst i tute  this  quan-  
t i ty  in Eq. [2], i t  is not  then  necessary to suppose tha t  the ent ropy 
of adsorption is coverage- independent  (42). 

Hence 
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i oc po~[H+]3/2 exp ( -- - - ~ - )  [20] 
FV 

This equat ion has a Tafel  slope of RT/F,  and has the  
correct  oxygen pa r t i a l  pressure  and pH-dependence  
(11). 
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Rotating Ring-Disk Electrodes 
II. Digital Simulation of First and Second-Order Following Chemical Reactions 

Keith B. Prated and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 

ABSTRACT 

A digi ta l  s imula t ion  technique has been employed  to t r ea t  the  s t eady-s ta te  
and t rans ient  r ing cur ren t  behavior  a t  the  ro ta t ing  r i ng -d i sk  e lect rode 
(RRDE) for cases where  the  in te rmedia te  genera ted  at  the  disk electrode 
undergoes  a first- or  second-order  homogeneous chemical  react ion leading to 
a nonelect roact ive  species. Where  comparisons were  possible,  the  resul ts  were  
found to be  in good agreement  wi th  previous  approx ima te  theore t ica l  t r e a t -  
ments.  Work ing  curves  are  provided  which  al low de te rmina t ion  of ra te  
constants  of the  homogeneous  react ions f rom r ing -cu r r en t - ro t a t i on  ra te  data.  

The ro ta t ing  r ing -d i sk  e lect rode (RRDE) was in-  
t roduced by  F r u m k i n  and Nekrasov  (1) as a means  
of de tec t ing  in te rmedia tes  of e lec t rode  reactions.  An  
in termedia te ,  B, is genera ted  at  the  d isk  electrode by  
the react ion 

A • ne ~ B [1] 

and B is de tec ted  at  the  r ing  e lec t rode  by apply ing  a 

1 P r e s e n t  add re s s :  U n i v e r s i t y  of Texas  a t  E1 Paso,  E1 Paso,  Texas.  
* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  Member .  

sufficient potent ia l  such tha t  a l l  B reaching the  r ing is 
t r ans fo rmed  back  to A by  the  react ion 

B • ne ~ A [2] 

If B is a s table  species, t hen  the  rat io  of the  cur ren t  
at  the  r ing e lec t rode  to the  cu r ren t  at  the  disk elec-  
t rode  is a funct ion only of the  geomet ry  of the  elec-  
t rode  (2). This ra t io  is cal led the  collection efficiency, 
N, and is given b y  the  express ion 
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N ---- --{r/id [3] 

If species B undergoes a chemical reaction which de- 
pletes i t s  concentrat ion as it passes from the disk to 
the ring, then  the observed collection efficiency unde r  
these conditions, Nk, (the kinetic collection efficiency) 
wil l  be smaller  t han  that  found in  the absence of 
these reactions. In  this case, the collection efficiency is 
a function, not  only of electrode geometry, but  also of 
the rate constant  of the reaction, the rotat ion rate, 
~, and other solution parameters.  

Albery  and Bruckenste in  (3) have given an ap- 
proximate t rea tment  of steady-state kinetic collection 
efficiencies for the first-order EC mechanism (where 
EC denotes an electron t ransfer  followed by a chemi- 
caI reaction) 

k, 
B .~ X [4] 

in which B reacts to give an electro-inactive species X. 
This t rea tment  is valid only for extremely th in - r ing  
th in-gap electrodes and then only for certain values 
of kl/~. In  a later  paper, Albery,  Hitchman,  and Uls-  
t rup (4) modified the previous t rea tment  to make it 
applicable to a wider  range  of electrode geometries. 
Albery  (5) has also t reated the r ing  current  t ransients  
for this mechanism in the case of a constant  current  
at the disk electrode. 

/~lbery and Bruckenste in  (6) have also give*~ an ap- 
proximate t r ea tment  of the second-order EC mech-  
anism 

k~ 
B+C-* Y+Z [5] 

where C, Y, and Z are electro-inactive species. Unfor- 
tunately, the treatment of this mechanism is valid 
only for very small values of the parameter k2C~ 
where C~ is the bulk concentration of species A. 

Albery, Hitchman, and Ulstrup (4) have presented 
experimental work to support the modified treatment 
of the first-order case, and Johnson and Bruckenstein 
(7) have investigated the second-order case. In both 
of these studies, however, the systems chosen did not 
strictly conform to the above mechanisms in that in 
all cases one product of the homogeneous following 
reaction was the starting species, A. Thui, the experi- 
mental studies were more related to the catalytic re- 
action mechanism; a theoretical t rea tment  of that  case 
will be given in a la ter  paper. 

In this paper, we present  the results o i  the applica~ 
tion of a digital  s imulat ion technique (8) to the first- 
and second-order EC mechanisms. In addition to 
steady-state kinetic collection efficiencies, r ing current  
t rans ient  behavior  is presented. This s imulat ion tech- 
nique can be applied to any  electrode and the results 
are valid for any  value of the rate parameters,  k l /~  
and k~C~ A/~. 

Digital Simulation Method 
The basic method for the digital s imulat ion of the 

RRDE including the s imulat ion of the first-order EC 
mechanism has been presented in a previous paper 
(8). Only two modifications of the s imulat ion tech- 
nique previously presented are necessary in order to 
s imulate the second-order  EC mechanism. First, the 
collection efficiency for such a process wil l  be deter-  
mined not only by the value of the rate constant, k~, 
the rotat ion rate, oJ, and the bu lk  concentrat ion of 
species C, C~ For the second-order case, then, an 
addit ional parameter,  m, given by 

r~ = C~176 [6] 

must  be specified. Thus in  setting up the ini t ial  condi-  
tions, the fractional concentrat ion of species A in any 
box will be 

FA(J,K) ---- 1.0 [7] 

and the ini t ial  fractional concentrat ion of species C in 
any box will  be 

Fc (J,K) = m [8] 

A second difference between the treatment of the 
first- and second-order cases concerns the form of the 
dimensionless rate parameter. The pertinent rate law 
for the second-order mechanism is 

--dCc/dt = --dCB/dt = k2CBCc [9] 

In terms of the simulation this becomes 

--~Cc = --~CB = k~CBCc• [I0] 

Dividing through by C~ and letting 

Cc/C~ ---- Fc [Ii] 
and 

CB/C~ = FB [12] 

then Eq. [10] becomes 

--~Fc = --~FB = k2FBCcAt [13] 

Replacing Cc by FcC~ and using the equation (Eq. 
[12] and [25], ref. (8)) 

At ---- tk/L = vi/aDA-i/s~-IL -i (0.51) -2/3 [14] 

one obtains 

--AFc • --AFB ---- kutkC~ [15] 

The product k2tkC~ is the dimensionless rate param- 
eter applicable to this mechanism and is called XKTC. 
Thus 

XKTC = k2tkC~ ---- k2COA~-lvl/3DA -1/3 (0.51)-2/3 [16] 

where as before v is the kinematic  viscosity and DA is 
the diffusion coefficient of species A. 

The effects of kinetics on the  concentrat ion in any 
box may be taken  into account by replacing the exist- 
ing concentrat ions of B and C, FB and Fc by 

F'B (J,K) ---- FB (J,K) -- AFB (J,K) [17] 

F'c (J,K) ---- Fc (J,K) -- hFc (J,K) [I8] 

Other than  these two modifications, the s imulat ion is 
identical to that  previously presented. 

A digital computer program based on the digital 
s imulat ion model with the appropriate modifications 
was used to obtain the results which  wil l  be presented. 
These results were obtained by first selecting a value 
for the appropriate dimensionless rate parameter  

XKT = (0.51)-2/3kw-l~-l /SDA -1/3 [19] 

for the first-order case or XKTC for the second-order 
case. In  the second-order  case, a value for the param-  
eter m was also specified. The computat ion was then 
carried out unt i l  a steady state was attained. This 
computat ion yields both steady-state kinetic collec- 
t ion efficiencies, Nk, and the r ing current  t ransients  
as functions of the dimensionless rate parameters  and 
m. In  all cases unless otherwise stated, L = 50 and 
D,~ ---- 0.45 and the appropriate correction factors were 
used. 

First-Order Results 
Steady-state behavior.--The simulated collection 

efficiency vs. XKT curve for an  electrode approximat-  
ing the th in - r ing  th in-gap electrode t reated by Albery 
and Bruckenste in  is shown in Fig. 1 and 2. In  Fig. 1, 
the simulation is compared with Albery  and Brucken-  
stein's Eq. [6.4] (3) in the region of small  XKT. The 
entire s imulated curve is shown in  Fig. 2 as is the com- 
parison with their  Eq. [5.8] (3). These graphs show 
clearly the regions in which the approximate t reat -  
m e n t s o f  Albery  and Bruckenste in  apply for an elec- 
trode of this geometry. These regions of applicabil i ty 
are quite close to those suggested by Albery  and 
Bruckenstein.  

In  a later  paper (4), Albery  pointed out that  the 
th in - r ing  th in-gap  t rea tment  is not valid for most 
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Fig. 1. Collection efficiency vs. XKT for a first-order following 
reaction at a thin-ring thin-gap electrode (IR1 = 2000, IR2 
2040, IR3 = 2080). (~) Comparison with Albery's Eq. [6.4] (2). 
XKT = k l ~ - Z D - 1 / % z / 3 ( 0 . 5 1 ) - 2 / 3 .  
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Fig. 2. Collection efficiency vs. XKT for a first-order following re- 
action at thin-ring thin-gap electrode (IR1 = 2000, IR2 = 2040, 
IR3 = 2080). (~) Comparison with Albery's Eq. [5.8] (2). XKT 
k l ~ -  Z D -  1 / 3 ~ P / 3 ( 0 . 5 1 ) - 2 / 3 .  

practical electrodes, and he presented a modified 
theory which should be applicable to a wider  range of 
electrode geometries. The results of the s imulat ion of 
the two electrodes for which Albery presented his 
calculations are shown in Fig. 3 as well  as Albery 's  
calculated values for the collection efficiency as a 
function of (XKT) 1/g. The agreement  over this range 
of XKT values is excellent. 

It  is interest ing to consider the effect of electrode 
geometry on the range of applicabil i ty of different 
electrodes to studies of first-order following reactions. 
The results of the s imulat ion of three  different elec- 
trodes are given in Fig. 4. Electrode A is the electrode 
previously presented which approximates the th in - r ing  
th in-gap electrode. Electrode B is one of Albery 's  elec- 
trodes. It has a fairly th in  gap and a moderately thin 
ring. Electrode C which has been used in these lab- 
oratories has a comparat ively wide gap and ring. The 
simulated working curves show, as expected, that  the 
th in - r ing  th in-gap  electrode (A) is the most applicable 
of the three for s tudying extremely fast reactions, while 
electrode C, with a wider  gap is more useful  for slow 
reactions. The point to be made here is that  while 
electrodes similar  to electrode A should be used for 
s tudying fast reactions, they are not useful  for slow 
reactions (k ~ 0.1) because even at the lowest usable 
rotat ion rates such a reaction does not proceed to any 
detectable extent  in  the t ime required for species B 
to reach the r ing electrode. In  these cases, electrodes 
with gaps as wide as that  in electrode C or even wider 
should be used 

o4 
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Fig. 3. Collection efficiency vs. (XKT)'/2 for a first-order following 
reaction for two electrodes of different geometries 

a. rl = 0.3635 r2 = 0.3777 r3 = 0.4835 

IR1 = 200 IR2 = 208 IR3 ---- 266 

b. rl = 0.4770 r2 = 0.4869 r3 -= 0.5222 

IR1 = 820 IR2 =- 837 IK3 = 898 

(~) Comparison with Albery's Fig. 2 (4). XKT --~ k w - 1 D - 1 / 3 v  1/3 
(0.51) -2 /3.  
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Fig. 4. Collection efficiency vs. XKT for a first-order following 
reaction for three electrodes of different geometries. XKT ~ 
klm-lD-1/3u1/3(0.51) -:2/3. a, r J r l  = 1.02, r.3/r2 = 1.02;  b, 

r 2 / r l  = | . 04 ,  r3 / r2  = | . 2 8 ;  c, r 2 / r l  = 1.14, r3 / r2  = 1.70. 

For this first-order case, identical s teady-state col- 
lection efficiencies are predicted when  the boundary  
condition at the disk electrode corresponds to a con- 
stant  current  step instead of a potent ial  step. The 
constant current  boundary  condit ion at the disk affects 
only the t rans ient  and not the s teady-state  behavior  
of the collection efficiency. 

Transient behavior.--The simulated r ing current  
t ransients  (RCT) for this mechanism due to a potential  
step at the disk are shown in Fig. 5. Each curve rep- 
resents the RCT for the specified value of the d imen-  
sionless rate parameter,  XKT. As must  be the case, the 
steady-state currents  are seen to decrease with increas- 
ing values of XKT. An interest ing feature of these 
curves is that, unl ike  the RCT in the absence of a 
following reaction, the r ing current  passes through a 
ma x i mum before at ta ining steady state. This is be-  
cause under  the potential  step condition, a very large 
instantaneous flux of species B is generated at the ini-  
t iat ion of electrolysis [see Fig. 2, ref. (8)].  The short 
t ime in terval  be tween the generat ion of this large 
flux of B and the detection of B at the r ing does not 
permit  the homogeneous reaction to reduce the con- 
centrat ion of B to its eventual ,  lower steady-state 
value. Hence a m a x i m u m  in the r ing cur ren t  is ob- 
served. Identical  s imulat ion results are obtained if 
the s imulat ion is carried out with L = 1000 and no 
correction factors. This effect is more clearly shown in 
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Fig. S. Ring current transients for a first-order following reaction 
for different values of XKT. a, 0.0; b, 0.5; c, 1.0; d, 2.0; e, 4.0. Zr 
= i r I (O.51) l /3nFADC ~ ADB2/3ml/2V -1 /6 .  XKT = k l ~ - l D - 1 / 3 ~ r  1/3 
(0.51) -213. Simulated with IR1 = 83, IR2 = 94, ~IR3 = 159. 

Fig. 6 in which the RCT's have  each been normalized 
by the eventua l  s teady-s ta te  current  for each va lue  
of XKT. This plot also po in t s  out that  the va lue  of 
~t D1/3~-1/3(0.51) 2/3 at which  the r ing current  is one- 
half  (or any other  fraction) of the s teady-sta te  value 
is a function of XKT and could in principle be used to 
de termine  the rate  constant, as has been suggested by 
Albery  (5). 

These results can be compared wi th  those obtained 
using a constant cur ren t  boundary condition at the 
disk. The results of two simulations which  differed 
only in the boundary condition at the disk are shown 
in Fig. 7. Note that  no m a x i m u m  is observed when a 
constant current  is applied to the disk. The effect of 
the ra te  pa ramete r  on the normalized RCT's wi th  a 
constant current  step at the disk is shown in Fig. 
8. As before, the  va lue  of the t ime  parameter ,  
~t D1/3v-1/3(0.51)2/3, at a specified fract ion of the 
s teady-sta te  current  is a function of the ra te  pa ram-  
eter, XKT. It  should also be pointed out that  these nor-  
malized curves are independent  of the va lue  of the 
applied constant  current.  

S e c o n d - O r d e r  Results  
Steady-state behavior.--A series of curves of Nk Vs. 

(XKTC) (m) for different values of m, for a fol lowing 
second-order  react ion and for the disk electrode held 
at a potent ia l  where  the l imit ing cur ren t  for the con- 
vers ion of A to B occurs, is shown in Fig. 9. Also 
shown in Fig. 9 is the s imulated collection efficiency 
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Fig. 6. Ring current transients for a first-order following reaction 
for different values of XKT. a, 4.0; b, 2.0; c, 1.0; d, 0.5; e, 0.0. 
Curves are normalized by the steady-state current at each value 
of XKT. Simulated for IR1 = 83, IR2 = 94, IR3 = 159. XKT = 
kl~-ZD-1/3u1/3(0.51)-2/3. 
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Fig. 7. Ring current transients for a first-order following reaction 
for XKT = 2.0, IR1 ~ 83, IR2 z 94, IR3 z 159. tk 
~-lD-Z/3vl/3(0.51)-2/3. a, Potential step at the disk electrode; 
b, constant current at the disk electrode. 
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Fig. 8. Ring current transients far a first-order following reaction 
with constant current at the disk for different values of XKT. tk 
~ - Z D - 1 / 3 u l / 3 ( O . 5 1 ) - 2 / 3 .  a, 2.0; b, 1.0; c, 0.5; d, 0.0. IR1 = 83, 
IR2 ~ 94, IR3 = 159. 
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Fig. 9. Collection efficiency vs. (XKTC)(m) for a second-order 
following reaction for different values of m = C~176 a, 0.10; 
b, 0.20; c, 0.50; d, 1.0; e, 10.0. (~) Simulated first-order curve. 
IR1 ~ 83, IR2 ~ 94, IR3 ~ 159. XKTC 
k2a~-ICO AD-113vll3(0.51 )-213. 

curve  for a f i rs t -order  fol lowing reaction. Note that  
when  C is in tenfold excess, the second-order  curve  
is almost indist inguishable f rom the f irs t-order curve;  
thus when  m = 10.0, the second-order  process can be 
t reated as a pseudo-f i rs t -order  one. 

In the case of this second-order  mechanism, unl ike 
that  of a fol lowing f i rs t -order  reaction, the s imulated 
collection efficiencies presented here  are val id  only 
for the case id -- ilim. If a constant current  less than 
the l imit ing current  were  applied to the disk, differ- 



Vol .  117, No.  3 R O T A T I N G  R I N G - D I S K  E L E C T R O D E S  339 

ent collection efficiencies would be observed as pointed 
out by Albery and Bruckenstein  (6). The simulat ion 
of the effects of a constant  current  less than the l imit-  
ing cur ren t  can easily be done, but there seems to be 
li t t le reason to do so. 

In  the t rea tment  of this case by Albery  and Bruck-  
enstein (6), the current  at the disk electrode is ad- 
justed to a value where the concentrat ions of B and C 
are equal at the inner  edge of the r ing electrode. Under  
these conditions, the current  at the r ing due to species 
B will  be dependent  on the rate  of the reaction be-  
tween B and C and is given by the following equation 

ir = BnF~r2~DA~/2v - I/~k2-1 [20] 

The constant, B, was originally calculated to be 590 
(6) but  more recently has been given as 210 (7). The 
disk current  necessary to produce the appropriate con- 
ditions is given by 

id = 620nFnr12DA2/3el/2~-l/6C~ (1 -- F ( a ) ) - 1  [21] 

where F(a)  is a geometrical parameter  of the elec- 
trode which has been tabulated by Albery and Bruck-  
enstein (2). Note that for the par t icular  value of m, 
given by 

m = C~176 = 1 -- F(~)  [22] 

Eq. [21] becomes 

id = 620nF~r12DA213~l/2v-1/6C~ [23] 

This is precisely the l imit ing current  due to species A 
as predicted by the Levich equation. Thus from Eq. 
[20] and [23], Nk in  this case is given by  

Nk = (B/620) (r2/rl)2 ~k2-1COA-1D1/~v-1/3 [24] 
or 

Nk = (B/620) (r2/r1)2(0.51)2/3(XKTC)-I [25] 

Note that  Eq. [24] must  at best be valid only as 
,~/k2C~ approaches zero where it accurately predicts 
that, under  these conditions, Nk approaches zero. At 
the other limit, as ~/k2C~ approaches infinity, Eq. [24] 
predicts that  Nk should increase without  bound, while 
in real i ty the actual  upper  l imit  is N, the collection 
efficiency in the absence of kinetic complications. 

To compare the digital s imulat ion results with those 
of Albery  and Bruckenste in  (6), an electrode of a 
given geometry was chosen, and m was adjusted ac- 
cording to Eq. [22]. Values of Nk at various values of 
XKTC with id at its l imit ing value can then be used 
to investigate the useful  range of Eq. [24]. 

Simulated collection efficiencies vs. 1/XKTC are 
shown in  Fig. 10 for one of Albery 's  electrodes under  
these conditions. Also shown is the l ine predicted by 
Eq. [25] using B = 210. The s imulat ion yields curves 
which approach the proper l imits (zero or N) for the 
extreme values of ~/k2C~ In the region of small 
~/keC~ the simulated curve is approximately linear, 
but  the agreement  with Eq. [25] depends on the par-  
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XKTC "i 
Fig. 10. Collection efficiency vs. (XKTC) - 1  for a second-order 

following reaction, m = 0.60. IR1 ~ 200, IR2 = 208~ IR3 = 266. 
XKTC = k2o~-lC~ (0.51)-213. Curve a is a plot of 
Eq. [25] ; curve b is the simulated curve. 

t icular  geometry. The slope of the simulated curve as 
~/k2C~ approaches zero yields a value of B of about 
260, but  it seems that  the use of the entire s imulated 
working curve would be preferable to an approximate 
l inearizat ion nea r  ~/k2C~ = 0. 

Albery and Bruckenstein 's  recommended experi-  
menta l  procedure involves variat ion of id at values be-  
low the l imit ing current  and at constant  ~ to obtain 
the ir values used in fitting Eq. [24]. It  appears that  a 
more straight forward procedure when  working curves 
such as those in Fig. 9 are available, would involve 
main ta in ing  id at its l imit ing value and s tudying the 
variat ion of Nk with ~ and m. The value of k2 is then 
obtained by fitting the exper imental  results to these 
working curves. 

Transient behavior . - -A description of RCT's for 
second-order following reactions has not been given 
previously. The s imulat ion shows that  the  RCT's for 
the second-order mechanism are similar  to those for 
the first-order case. As shown in Fig. 11, the extent  to 
which a ma x i mum is predicted in  the potential  step 
case is a function of the ratio of the bu lk  concentra-  
tions of species A and C. If A is in  excess, then the 
ma x i mum is small  because very li t t le B disappears on 
its way to the r ing and the RCT approaches the RCT 
in the absence of a following reaction. If C is in excess, 
then the maxima are similar  to those obtained for 
the first-order case. 

C o n c l u s i o n  
The digital s imulat ion technique is capable of de- 

scribing both the steady-state  and t rans ient  behavior  
at the RRDE for systems involving homogeneous re-  
actions following the electrode reaction for a wide 
range of electrode geometries, ~ and R. Although the 
simulat ion technique permits  the calculation of the 
t ransient  behavior  of the r ing current ,  there are many  
exper imental  problems involved in measur ing these 
transients.  The most impor tant  problem is that  ad- 
sorption of the intermediate,  B, on the disk electrode 
will delay and smear out the RCT while desorption of 
B produced from adsorbed A will  produce a max imum 
similar in form to the one predicted for this kinetic 
case, even in the absence of kinetic effects. Brucken-  
stein (9) has considered cases like this and their  effects 
on transients.  Since adsorption of ei ther product or 
reactant  is so f requent ly  found, the observation of 
the maxima predicted by the simulat ion will  be diffi- 
cult. For the same reason, the use of RRDE transient  
measurements  to investigate the kinetics of homo- 
geneous reactions is probably  less profitable and more 
difficult, than the corresponding steady-state measure-  

0 . 5 /  

o 0 1.0 2.0 3.0 
t / t k  

Fig. 11. Ring current transients for a second-order following 
reaction with a potential step at the disk. tk = 
~ - l D - 1 1 3 v I I 3 ( 0 . 5 1 ) - 2 / 3 .  IRI = 83. IR2 = 94, IR3 = 159. The 
curves are all generated for (XKTC)(m) = 2.0 at different values 
of m; also shown is the first-order curve, a, First-order; b, 10.0; c, 
5.0; d, 1.0; e, 0.5; f, 0.1. 
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ments. We might  point out that adsorption interferes 
in  a similar  way in other types of electrochemical 
t rans ient  measurements  (e.g., cyclic vo l tammetry  and 
chronopotent iometry) .  

The method of ob ta in ing  rate constants proposed 
here involves setting the disk cur ren t  at its l imit ing 
value, observing the r ing current  as a funct ion of ,~, 
and fitting the results to working curves for the par-  
t icular RRDE employed. This technique should prove 
just  as useful, and operat ionally somewhat easier, than  
the technique suggested by Albery  and Bruckenstein  
(6). The relat ively small  value of m which yields es- 
sential ly pseudo-first-order behavior  (m > 10) sug- 
gests that  a good fit to the first-order working curves 
does not necessarily indicate that  a second-order re-  
action is not involved. 
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Technica  Notes Q 
Ultrafine Porous Polymer Membranes as Battery Separators 

Joseph L. Weininger* and Fred F. Holub 
General Electric Research and Development Center, Schenectady, New York 

In  nonaqueous galvanic systems, based on organic 
solvents, it is impor tant  to keep soluble ions of the 
cathodic reactant  from the anode. Conventional  ion 
exchange membranes  have been used (1,2) for this 
purpose, but  have not been able to support appreciable 
current  densities. In  solvent exchange only an insuffi- 
cient amount  of organic solvent, e.g. propylene car- 
bonate or dimethyl  sulfoxide, replaces water  in the 
ion exchange resin. To obviate this problem and ob- 
ta in  a separator for organic electrolyte cells, an al ter-  
nate method of ion exclusion is reported in this note. 

It  is possible to restr ict  migrat ion of solvated ions 
by reducing the pore size of microporous membranes  
below a certain limit. Different methods are known 
of producing microporous polymers by  the in t roduc-  
t ion of additives into a thermoplast ic resin and follow- 
ing this by the removal  of the additive to leave a 
porous structure. For  example, Sargent  and Safford 
(3) introduced anionic surfactants into polyethylene 
and processed the mixture.  After  the additive is 
leached out, there remains  a microporous structure.  
Similarly, in the present  method ultrafine porous 
polymer  membranes  are prepared. These membranes  
are flexible, about 50% porous, and, most importantly,  
have extremely fine pore size. The average pore size 
is between 40 and 120A. 

Membranes were prepared by adding sodium ben-  
zoate or other salts of benzoic acid to the melted 
polymer  in a weight ratio of 70-85 parts of benzoate 
to 30-15 parts  of polymer. The salt does not dissolve 
in the polymer, bu t  forms a dispersion or colloidal 
suspension. In  processing, the polymer was milled on 
differential rolls with the benzoate salt at 140~176 
for polyethylene or 170~176 for polypropylene.  The 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member ,  

mixtures  were then cooled close to the softening point 
of the polymer and sheeted into 0.005-in. thick films. 
The final leaching of the sheets occurred in water  at 
20~176 The salt was general ly extracted in  1-16 hr. 
However, leaching is almost complete wi th in  5-10 min. 

In  some cases the polymers were also i r radiated 
with high energy electrons of 20 Mr at a dose rate of 
10 M r / m i n  before or after extraction of the salt. This 
i r radiat ion step was employed to improve the thermal  
and mechanical  properties of the porous polymer  for 
possible later use at greater  than  ambient  pressures 
and temperatures.  I r radiat ion after leaching was more 
effective in s t rengthening mechanical  and thermal  
properties, but  by this t rea tment  the smallest pores 
were closed by cross-linking. 

Membranes  were tested rout inely  for porosity, gas 
permeabil i ty,  and electrolytic conductivity. The poros- 
i ty was determined by density measurements ,  the gas 
permeabi l i ty  from ni trogen flow as a function of ap- 
plied pressure, and the electrolytic conductivi ty was 
measured at 1 kHz with a conductance bridge after 
filling the membrane  with 1M KC1. 

The known porosity of 40-50% corresponds to the 
ini t ial  weight ratio of polymer and additive. The con- 
ductivi ty is of the same order of magni tude  as that  of 
the solution filling the membrane.  This shows an open 
continuous pore structure. Finally,  small  gas perme-  
abil i ty is a measure of small  pore diameters. 

From the magni tude  of the conductivity,  a tortuosity 
factor can be calculated. It is the ratio of the actual  
electrolytic conductance to that  expected at the given 
porosity and thickness for a s t ructure  with straight 
pores, normal  to the surfaces. 

The properties of three membranes  are listed in  
Table I. They are given as examples of the magnitudes 
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Table I. Geometry, gas permeability, and electrolytic 
conductivity of membranes 
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Composi t ion before  l each ing  
(parts  by weight )  

Polyethylene* 1 1 
Polypropylene  1 
Sodium benzoate  3.5 4 4 
Poros i ty  (per cent) 52 55 51 
Thickness  (in.) 0.0033 0.0004 0.005 
Ni t rogen  flow ( m l / m i n / c m D  

at 5.3 ps i  12.0 5.9 2.6 
at  65.3 psi  33.4 27.5 13.5 

Resis tance of m e m b r a n e  filled 
wi th  IM KC1 (ohm) 0.48 0.31 0.95 
Conduct iv i ty  (mho/cm)  2.9 • 10-~ 0.7 x 10 -3 2.2 • 10 -3 

Tor tuos i ty  fac tor  3.1 1.2 4.0 

* Densi ty--0 .948 g / c m  3, mel t  index  0.2. 

involved  and are  r ep resen ta t ive  of the  ve ry  la rge  num-  
ber  of membranes  which  were  p repa red  f rom h igh-  
dens i ty  po lye thy lene  and h igh ly  c rys ta l l ine  po ly -  
p ropy lene  together  wi th  salts  of benzoic acid as the  
addit ives.  

The med ian  pore  size of these  membranes  is about  
40-120A. Mater ia ls  of different  pore  size are  i l lus t ra ted  
in Fig. 1, 2, and  3. F igure  1 is an e lect ron mic rograph  
of a porous po lye thy lene  sheet  p r epa red  by  dissolving 
an anionic sur fac tan t  in po lye thy lene  and subsequent ly  
removing  the  addi t ive  (3). F igures  2 and 3 show por -  
ous po lye thy lene  and po lypropy lene  p repa red  by  the  
present  method.  In Fig. 1 the  pores  have  a d imen-  
sion of about  1~ (10,000A), whereas  in the  o ther  m e m -  
branes  most  of the  vis ible  pores  are  about  100/k large.  
The m a j o r i t y  of pores  are  smal le r  than  100A median  
upper  l imit .  

To obta in  a quan t i t a t ive  es t imate  of the  pore  dis-  
t r ibut ion,  the fol lowing wide ly  d ivergent  phys ica l  
methods  were  used to de te rmine  the  pore  sizes: 

1. Elect ron microscopy.  
2. Cap i l l a ry  f l ow- -mercu ry  in t rus ion poros imetry .  
3. Capi l l a ry  f low-- l iqu id  permeabi l i ty .  
4. Gas d i f fus ion- -Knudsen  flow. 
5. Smal l  angle x - r a y  scat tering.  

Each of these methods  has i ts specific l imi ta t ion  so 
tha t  the quant i t a t ive  values  obta ined indicate  the  l imits  
of pore sizes r a the r  than  the i r  dis tr ibut ion.  However ,  
a d is t r ibut ion  curve can be constructed,  combining the 
resul ts  of the  above  phys ica l  methods.  F igure  4 shows 
the qua l i ta t ive  d is t r ibut ion  of pore  d iameters  on a 
logar i thmic  scale. The d is t r ibut ion  ordinate,  ,~N/N, is 

Fig. 2. Electron micrograph of ultrafine porous polyethylene 
membrane. 100,000X. 

Fig. I. Electron micrograph of porous polyethylene membrane, 
prepared with anionic surfactant as additive. 10,000X. 

Fig. 3. Electron micrograph of ultrafine porous polypropylene 
membrane. 100,000X. 

a qua l i ta t ive  es t imate  of the  abundance  of pores  wi th  
different  d iameters .  The numbered  bars  and the  single 
point  above the  curve correspond to the  different  
methods  and the  range  of pore  d iameters  obta ined 
wi th  them. 

These membranes  are  now being used as separa tors  
in rechargeab le  organic e lec t ro ly te  systems, containing 
a negat ive  l i th ium elect rode and a posi t ive b romine  
electrode:  O L i ( o n  Ni) /0 .2M LiBr  -t- 0.8M LiC104 in 
p ropy lene  carbonate  (PC) /porous  po lye thy lene  m e m -  
brane/1.5M Br2 W 1.6M LiBr  in PC/porous  C @. Wi th  
excess b romine  solution, the  cell  is l imi ted  in cur -  
ren t  efficiency by  l i th ium uti l izat ion,  which, therefore ,  
becomes a measure  of se l f -d ischarge  caused by  b ro -  
mine  diffusion to the  nega t ive  electrode.  Table  I I  
shows the  ut i l iza t ion of l i th ium as a funct ion of cycle 
life. These resul ts  were  obtained by  charging  and dis-  
charging the  cell  in 45-min ha l f  cycles, charging the 
cell  at 4.2V and 1 m A / c m  2, d ischarging it at app rox i -  
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Fig. 4. Distribution of pore diameters in ultrafine porous mem- 
brane. 

mately  3.2V and at a current  density to match com- 
plete discharge in  each cycle; for example, 0.9 m A / c m  ~ 
for 90% util ization in the first 100 cycles. 

Such use of the galvanic system as a secondary cell 
is made possible by the presence of the porous mem-  
brane  as separator. Electro-osmotic measurements  in -  
dicate that  each t r ibromide ion and bromine molecule 
is associated with 4-6 molecules of the solvent. The 
solvated ent i ty  is less than  20A in size, but  this size in 
combinat ion with its polar character, and the larger 
t ransport  number  of the positive ion, prevents  bromine  
from reaching the l i th ium electrode compartment,  ex- 
cept through the largest pores of the separator. Addi-  
t ional evidence for this is adduced from comparable 
experiments  with porous Vycor glass which has a un i -  
form pore diameter  of 60A. In  this lat ter  case, no 
bromine diffusion or migrat ion occurs. 

Table II. Utilization of lithium in lithium-bromine cell on 
continuous cycling 

Cycle No. 0-100 100-300 300-1785 

A p p r o x  % u t i l i z a t i on  90 70 30 

The al ternat ive of using ion exchange membranes  
as separators in  the nonaqueous system fails, because 
it has not been possible to exchange the solvent water  
in the ion exchange membrane  with a sufficient amount  
of organic electrolyte to render  it conducting. For 
example, a convent ional  cation exchange membrane  
was equil ibrated with l i th ium ions, vacuum dried, and 
equil ibrated with organic solvent (PC),  or water  was 
replaced stepwise by PC. In  both cases, the conduc- 
t ivi ty  of the cation exchange membrane  in  its organic 
form was about 2 x 10 -9 mho /cm as compared with 
0.46 x 10 -a  mho /cm for the ul trafine porous separator 
in operation of the l i th ium-bromine  cell, and 1.5 x 10-3 
and 0.94 x 10 -a  mho/cm, respectively, for the ini t ia l  
solutions in the positive and negative electrode com- 
par tments  of the above cell. 
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Electroreduction of  -Diketones on Mercury 
E. Kariv,  J. Hermol in ,  and E. Gi leadi  

Institute of Chemistry, Tel-Aviv University, Ramat-Aviv, Israel 

The electroreduction of ketones has been widely re- 
ported in the l i terature  (1-6). Dimers formed by re-  
ductive coupling are often found, in par t icular  in the 
presence of mercury  or amalgams (1). ~-Diketones are 
of special interest  since they can follow several re-  
duction pathways when reduced electrochemically (7). 
The polarography of some ~-diketones has been 
studied (7-11) and different products were obtained 
by varying the conditions of electrolysis (7). Cyclo- 
propandiols formed by in t ramolecular  reactions have 
been proposed as intermediates  in chemical reduction 
(12-14) and recent ly such compounds formed dur ing 
electroreduction have been isolated (15). 

The reduction of dimedone (I) on a mercury  cath- 
ode was studied. Butanol, methanol,  isopropanol, or 
DMF were used as solvents. Te t r ae thy l - ammonium-p-  
toluene sulfonate which was used as the electrolyte 
increased the solubil i ty of the reactant  and reduced 
the rate of s imultaneous hydrogen evolution. 

The product of the reaction has been separated and 
identified as the dimer  (III) ,  formed by a single elec- 
t ron t ransfer  per  molecule of dimedone (I).  The same 
prodUct was proposed before (8) on the basis of a 
polarographic de terminat ion  of the n u m b e r  of elec- 
trons t ransferred in the reaction. However, no at tempt  
was made to separate and identify the product in  this 
previous study. The dimer (III) is a ~-hydroxy-ke tone  

which loses two molecules of water  easily to yield the 
dimer (IV) with a conjugated double-bond system. 
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mately  3.2V and at a current  density to match com- 
plete discharge in  each cycle; for example, 0.9 m A / c m  ~ 
for 90% util ization in the first 100 cycles. 

Such use of the galvanic system as a secondary cell 
is made possible by the presence of the porous mem-  
brane  as separator. Electro-osmotic measurements  in -  
dicate that  each t r ibromide ion and bromine molecule 
is associated with 4-6 molecules of the solvent. The 
solvated ent i ty  is less than  20A in size, but  this size in 
combinat ion with its polar character, and the larger 
t ransport  number  of the positive ion, prevents  bromine  
from reaching the l i th ium electrode compartment,  ex- 
cept through the largest pores of the separator. Addi-  
t ional evidence for this is adduced from comparable 
experiments  with porous Vycor glass which has a un i -  
form pore diameter  of 60A. In  this lat ter  case, no 
bromine diffusion or migrat ion occurs. 

Table II. Utilization of lithium in lithium-bromine cell on 
continuous cycling 

Cycle No. 0-100 100-300 300-1785 

A p p r o x  % u t i l i z a t i on  90 70 30 

The al ternat ive of using ion exchange membranes  
as separators in  the nonaqueous system fails, because 
it has not been possible to exchange the solvent water  
in the ion exchange membrane  with a sufficient amount  
of organic electrolyte to render  it conducting. For 
example, a convent ional  cation exchange membrane  
was equil ibrated with l i th ium ions, vacuum dried, and 
equil ibrated with organic solvent (PC),  or water  was 
replaced stepwise by PC. In  both cases, the conduc- 
t ivi ty  of the cation exchange membrane  in  its organic 
form was about 2 x 10 -9 mho /cm as compared with 
0.46 x 10 -a  mho /cm for the ul trafine porous separator 
in operation of the l i th ium-bromine  cell, and 1.5 x 10-3 
and 0.94 x 10 -a  mho/cm, respectively, for the ini t ia l  
solutions in the positive and negative electrode com- 
par tments  of the above cell. 
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The electroreduction of ketones has been widely re- 
ported in the l i terature  (1-6). Dimers formed by re-  
ductive coupling are often found, in par t icular  in the 
presence of mercury  or amalgams (1). ~-Diketones are 
of special interest  since they can follow several re-  
duction pathways when reduced electrochemically (7). 
The polarography of some ~-diketones has been 
studied (7-11) and different products were obtained 
by varying the conditions of electrolysis (7). Cyclo- 
propandiols formed by in t ramolecular  reactions have 
been proposed as intermediates  in chemical reduction 
(12-14) and recent ly such compounds formed dur ing 
electroreduction have been isolated (15). 

The reduction of dimedone (I) on a mercury  cath- 
ode was studied. Butanol, methanol,  isopropanol, or 
DMF were used as solvents. Te t r ae thy l - ammonium-p-  
toluene sulfonate which was used as the electrolyte 
increased the solubil i ty of the reactant  and reduced 
the rate of s imultaneous hydrogen evolution. 

The product of the reaction has been separated and 
identified as the dimer  (III) ,  formed by a single elec- 
t ron t ransfer  per  molecule of dimedone (I).  The same 
prodUct was proposed before (8) on the basis of a 
polarographic de terminat ion  of the n u m b e r  of elec- 
trons t ransferred in the reaction. However, no at tempt  
was made to separate and identify the product in  this 
previous study. The dimer (III) is a ~-hydroxy-ke tone  

which loses two molecules of water  easily to yield the 
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Product identification.--The dimer (III) has been 
isolated as sparingly soluble white crystals (metha- 
nol), mp 226~ (corr.). It had no absorption in the 
u.v. region. IR (KBr) 3440 (OH) and 1690 cm -I 
(C = 0); mass spectrum m/e 282, 264, 246; molecular 
weight (by bp elevation) 280. 

The dimer (IV) has been isolated as yellow plate- 
lets, mp 180~ (corr.). U.V. max (95% CsHsOH) 286 
n~ (r IR (KBr) no absorption in the OH re- 
gion, 1655 cm -I (C = 0); nmr (CDCI~)5 1.08 (singlet 
12H), 2.31 (singlet 4H), 2.4 (doublet 4H) and 6.28 ppm 
(multiplet 2H); mass spectrum m/e 246; molecular 
weight 247. Upon very mild dehydration on florisil at 
room temperature, pure dimer (III) yielded exclu- 
sively the dirner (IV). 

The combined Faradaic yield for the dimers (III) 
and (IV) was 30-70% depending on both potential and 
the concentration of reactant in solution. 

Kinetic studies.--Current-potential measurements 
were taken on a dropping mercury electrode equipped 
with a tapper which knocks off equal sized drops at 
equal intervals of time (ca. 0.2 sec). The maximum 
current (observed just before the drop is knocked off) 
was measured, and the current density was calculated 
from the average drop weight, assuming that the 
drops were hemispherical. 

A wave due to reduction of dimedone is observed at 
--1.5 to --1.8V vs. SCE, depending on the concentra- 
tion of reactant in solution, as shown in Fig. 1. The 
shape of the curves and the reduction potentials are 
not essentially affected by changing the solvent. The 
reaction is first order at lower concentrations and po- 
tential, but tends to zero order as the concentration 
and/or potential are increased. A limiting current is 
observed at higher potentials, as shown in Fig. 2, 
where the values of the current, corrected for back- 
ground current, are plotted vs. potential. This behavior 
implies a rate-determining surface reaction, with re- 
action l imi ted  currents ,  as found also by  Conway et al. 
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Fig. I. Current-potential plot for the electrochemical reduction 
of dimedone on mercury. 1M tetraethyl p-toluene-sulfonate in 
n-butanol. 
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(5) for the  reduct ion  of acetophenone on mercury .  
I t  is also consistent  wi th  the  product  ( I II)  formed 
by  combinat ion  of two radicals  (II)  which  are  un-  
s table  in the  homogeneous phase  and can only have a 
subs tant ia l  s t eady-s t a t e  concentra t ion on the  e lect rode 
surface. 
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ABSTRACT 

A crucible-free technique for pul l ing single-crystal  cuprous oxide from 
the melt  has been developed, involving the use of an arc- image furnace to 
form a melt  on the top of a cylindrical  ingot of cuprous oxide. Single crystals 
approximately 1 cm in diameter  and 3.5 cm long were grown along [111], 
[110], and [111] directions by the use of oriented seeds. The crystals were 
found to cleave preferent ia l ly  along (111) planes. A count of chemical etch 
pits on (111) faces indicates a dislocation density of 10 4 to 10 5 cm -2. 

Cuprous oxide has been the subject  of a n u m b e r  of 
investigations main ly  because of its interest ing elec- 
trical properties which depend on a depar ture  from 
stoichiometry. It has been only recently that  single 
crystals have become available for these investigations. 
These single crystals of cuprous oxide have been pre-  
pared by grain growth from polycrystal l ine cuprous 
oxide (1-4), by careful oxidation of s ingle-crystal  
copper (5), and by hydrothermal  methods (6). How- 
ever, while these single crystals are useful for m a n y  
studies, the methods have the disadvantage of giving 
usual ly  th in  samples with a l imited control of orien- 
tation. 

At tempts  to grow cuprous oxide from the melt  in 
our laboratory and elsewhere have been hampered by 
the reactivi ty of molten cuprous oxide with the s tan-  
dard crucible materials.  Zucker (7), who used the 
Czochralski method to grow single crystals of CueO 
from the melt, investigated a number  of crucible ma-  
terials of which sintered magnesia was found to be 
]east reactive. 

Because of this reactivi ty problem, it would be 
preferable to dispense with the use of crucibles. We 
have developed a crucible-free method of growing 
cuprous oxide single crystals from the melt  by use of 
an arc- image furnace. We report  here some details of 
this procedure and of the qual i ty of the crystals ob- 
tained. 

Crystal Growth Procedure 
Essentially, the method consists of the use of focused 

radiat ion from a carbon arc to form a melt  on top of 
a cylindrical  ingot of cuprous oxide. The surface ten-  
sion of the molten cuprous oxide is sufficient to hold 
the melt  in place. Single crystals are then pulled from 
this melt  by the Czochralski technique which consists 
of part ial  immers ion and wi thdrawal  of a seed crystal. 
Since the present method dispenses with the use of 
crucibles, the crucible contaminat ion problems asso- 
ciated with past methods have been eliminated. 

The bas ic  design of the arc-image furnace used in 
these experiments  has been described by Poplawsky 
and Thomas (8). The source of the radiant  energy is 
a h igh- in tens i ty  carbon arc powered by an a.c.-d.c. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  T e x a s  I n s t r u m e n t s ,  Inc . ,  P .O.  B o x  5936, M.S.  

147, Dal las ,  T e x a s  57222. 

motor generator  supplying 150A d.c. at 78V. Imaging 
is accomplished by a double-paraboloid system (9) 
using two 150-cm parabolic mirrors  set on a vertical  
axis with the carbon arc at the focus of the lower 
mir ror  and the part ial ly mol ten ingot at the focus of 
the upper mirror.  The crystal pul l ing mechanism pro- 
vides for both rotat ion and vertical  t ransla t ion of the 
seed and the bu lk  material.  F inal  t empera ture  control 
is obtained by varying  the position of the melt  in  rela-  
t ion to the focused image of the arc. The rotat ion and 
t ranslat ion functions are motorized but  final control of 
the position and rota t ion is a t ta ined by manua l  ad-  
jus tment  of the motor  controIs according to the judg-  
ment  of the operator who views the work stage 
through a telescope. 

The start ing mater ia l  for the preparat ion of the bu lk  
mater ia l  in the experiments  reported here was high-  
pur i ty  copper metal  (99.999+% pure, supplied by the 
American Smelt ing and Refining Company) usual ly  in 
the form of 9-mm rods or sometimes 0.3- x 0.3- x 
15-cm 3 strips. These were oxidized completely to Cu20 
by heating in air in  a separate furnace at 1030~ for 
3 days. The rods of Cu20 were then t ransferred to the 
arc- image furnace where they were  fed from above 
into the focus of the upper  mir ror  and thus melted and 
deposited onto a h igh-pur i ty  copper base. By gradual  
feeding in of the source rods and downward wi thdrawal  
of the work stage from the melt  zone, an ingot of bu lk  
mater ial  3.5 cm in diameter  and 3 cm high could be 
bui l t  up. The work stage could also be surrounded by 
a Pyrex envelope to provide for control of the atmo- 
sphere. Usual ly the ingot bu i ld -up  procedure was 
carried out under  reduced pressure (2 Torr) in order 
to aid in the removal  of gas bubbles t rapped in the 
melt. 

For  the crystal growth process, the above pro- 
cedure was essentially reversed so that  mater ia l  was 
t ransferred upward  from the ingot to a Cu20 seed 
crystal, but  with more s tr ingent  control requirements.  
The crystal growth was begun by properly adjust ing 
the power to the arc and the position of the ingot of 
bulk  mater ial  in relat ion to the focal point so that a 
melt  of the correct size and tempera ture  was produced. 
A seed crystal, cut from a plate of cuprous oxide 
grown by the grain  growth method (1), was then  
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merged with the melt. Material  was t ransferred to the 
seed by upward  vert ical  t ransla t ion of both the seed 
and the bu lk  mater ia l  at the correct relat ive rates. The 
crystal growth was usual ly carried out in air at 1 atm 
with a seed wi thdrawal  rate of 1.5-2.0 cm/h r  and 
rotat ion rates of 32 and  12 rpm in the same direction 
for the seed and bulk  material,  respectively. 

Results and Evaluation of Crystals 
The crystals obtained by this method were typically 

about 8-10 m m  in diameter  and 3-5 cm long. Difficulties 
with obtaining larger stable mol ten zones have thus 
far l imited the max imum obtainable diameter  to about 
10 ram. Also, the length of the samples obtained is 
present ly l imited by the bu rn ing  t ime of the carbon 
arc. No preference for direction of growth was ob- 
served since equal success was obtained for growth 
along the [100], [110], and [111] directions. The crys- 
tals were found to cleave preferent ia l ly  along the 
(111) planes. Some typical samples are shown in 
Fig. 1. 

The single-crystal  character of the samples was 
evaluated by examining  ground faces for grain bound-  
aries and by back-reflection Laue x - ray  diffraction. 
Grain  boundaries  when  present  were revealed by 
gr inding  a flat surface on the sample and then etching 
the surface with 0.5N NaCN solution. Under  ade- 
quately  controlled conditions the first portion of the 
sample pul led from the melt  was invar iab ly  single 
crystal  in character, but  there was f requent ly  a ten-  
dency for the growth to become coarsely polycrystal-  
l ine toward the end of the sample. On the average, 
grain boundaries were found to appear approximately 
3A of the way down the sample. This deterioration of 
the s t ructure  toward the bottom end of the sample 

Fig. 1. Samples of Cu20 as grown by the arc-image furnace 
method. The two samples at the left are single crystals as grown; 
the first has the seed still attached. The third sample was cut to 
reveal a cross section for examination. The fourth sample shows 
the ground surface of a lengthwise slice, showing the absence of 
grain boundaries. The fifth sample shows polycrystalllne regions 
in a ground and etched slice. 
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was fur ther  confirmed by x - r ay  analysis in that sec- 
ondary  diffraction spots became apparent.  However, 
it was possible with care to grow samples which were 
single crystal in character over the entire length. 

Examinat ion  of cross sections of the samples re-  
vealed a n u m b e r  of pinhole-size voids which ap-  
paren t ly  originated from gas bubbles trapped in the 
viscous melt  and subsequent ly  t ransferred to the crys- 
tal. Subject ing the melt  to a moderate  vacuum before 
a run  diminished but  did not el iminate the voids. It  
is possible that these bubbles provided nucleat ion sites 
for the secondary crystall ization that  occurred. An-  
other factor tha t  probably  contr ibuted to the poor 
s tructure at the bottom of the samples is the basic 
instabil i ty of the carbon arc as a heat source. 

In  order to obtain a measure of the dislocation den-  
sity in these samples, the density of chemical etch pits 
on the (111) planes was determined. Samples were 
prepared by first gr inding a flat surface on the sample 
and then chemically polishing in a solution containing 
17% HNO3, 41.5% H3PO4, and 41.5% HAc (5) to re-  
move the surface damage. The etch pits were de- 
veloped by immersion of the sample for 30 sec in a 
solution containing 12% copper n i t ra te  and 10% nitr ic 
acid (10). The etch pit densi ty was found to vary  
across a p lane  perpendicular  to the growth axis, 
typical values being 104 to 105 cm -2 near  the center. 
The density of etch pits was also found to increase 
down the length of the sample. 

The increase in etch pit densi ty toward the center 
of the sample was probably  due in part  to the tem- 
perature  dis tr ibut ion in the melt  zone during the 
crystal growth. As shown for the double-paraboloid 
type of arc- image furnace (8), the mel t -zone has a 
large radial  tempera ture  gradient  which leads to a 
highly concave l iquid-solid interface. Samples formed 
by solidification through such an interface could con- 
ta in  large stresses which would lead to the produc- 
t ion of the dislocations. 

Manuscript  submit ted Ju ly  24, 1969; revised m a n u -  
script received Oct. 17, 1969. 

A ny  discussion of this paper  will appear in  a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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ABSTRACT 

Decay times, efficiencies, and spectral energy distr ibutions of a n u m b e r  
of Ce3+-aetivated phosphors have been determined.  Decay t imes as short 
as 25-30 nsee are found for YPO4-Ce, YOC1-Ce, and YA13B4OI2-Ce; the two 
f i rs t -named phosphors show a weak, the last a strong, afterglow. The tech- 
niques of measurement  have been described. 

Ce3+-activated phosphors are known as phosphors 
with very short decay times. The emission is ascribed 
to a 5d -> 4f t ransi t ion in the Ce ~+ ion. The decay 
t ime is found to be shorter than  100 nsec due to the 
fact that an allowed transi t ion is involved. Recently 
Ropp (1) summarized the results previously ob- 
tained and gave new data on Ce3+-activated rare 
earth phosphates. The decay times of the lat ter  phos- 
phors are about 30 nsec, i.e. shorter than reported 
previously for Ce z+ phosphors. Awazu and Muto (2) 
described sensitization of YPO4-Ce by the incorpora- 
t ion of thor ium ions, leading to a higher photo- 
luminescent  efficiency. 

The emission band  of Ce~+-activated phosphors has 
a doublet  character due to the split t ing (~2000 cm -1) 
of the ground state (2FT/2,2Fs/2). The emission is near ly  
always located in  the blue or ul traviolet  region of the 
spectrum. An  exception is the yellow emission of the 
phosphor Y3A15012-Ce which has been recently de- 
scribed (3). 

In  this paper, decay times, efficiencies, and spectral 
energy distr ibution of the emissions are given for sev- 
eral Ce 3 +-act ivated phosphors, especially yt t r ium, 
scandium, and l an thanum phosphates and borates and 
y t t r ium oxychloride. 

The cer ium-act ivated phosphors find application in: 
(a) Flying-spot  cathode-ray tubes for the TV t rans-  
mission of films and slides. For color TV, an emission 
is required  covering the whole visible spectrum. (b) 
A special type of color-TV receiving tube, the so-called 
index tube where an ul t raviolet  emit t ing phosphor is 
required in order to obtain the index signal (4). 

Experimental  
The preparat ion of the phosphors has been described 

by us earlier (5). The cer ium concentrat ion is 1-2%. 
The decay times are measured both with ul t raviolet  

and cathode-ray excitation. With cathode-ray excita- 
tion, a square pulse of voltage is displayed to the grid 
of the electron gun of a demountable  cathode-ray tube, 
so that the phosphor can be irradiated during a var i -  
able t ime and with a variable  repeti t ion frequency. 
The method is analogous to that  described previously 
by Bril  and Klasens (4), but  now much shorter times 
can be measured due to the use of a square-wave  
oscillator giving short pulses with a very short rise 
t ime (Tektronix Type 109, rise t ime 0.25 nsec, repeti-  
t ion frequency 550-720 pulses/sec) in combinat ion with 
an oscilloscope with a wide frequency band (Philips 
No. 3330, bandwidth  70 MHz). The oscilloscope pictures 
were photographed with the aid of a Polaroid camera. 
To find all decay components, it is necessary to i r ra-  
diate the phosphor with a wide range of excitation 
times in  succession. Suppose a short and a long decay 
t ime component  of equal efficiency are present, of e.g. 
50 nsec and 1 msec. When the phosphor is then  i r -  
radiated with a pulse of about 50 nsec duration, the 
max imum height of the rise and decay curve of the 1 
msec component  is negligible with respect to that of 
the 50 nsec component (the areas under  the curves 
being equal) .  As a consequence, the long decay t ime 
component  may be overlooked. This difficulty is 

avoided by exciting the phosphor for longer  times 
also. 

With ul traviolet  excitation, use was made of two 
methods. (a) The TRW Nanosource ins t rument  shown 
schematically in  Fig. 1. The radiat ion source is a hy-  
drogen discharge lamp for shor t -wavelength  u.v. or a 
ni t rogen discharge lamp for long-wavelength  u.v.; 
the durat ion of the exciting pulses is 4 nsec or 9 nsec, 
the rise time less than 1.6 or 4 nsec, respectively, while 
the repeti t ion frequency can be varied from zero to 5 
KHz. The exciting radiat ion is filtered in such a way 
that the desired u.v. region is t ransmit ted  and imaged 
on the phosphor. The emitted radiat ion passes a filter 
t ransmi t t ing  only the fluorescence and is then collected 
by a photomult ipl ier  with fast response time. With this 
instrument ,  the excitation t ime cannot be prolonged 
beyond a few nanoseconds which is a disadvantage as 
ment ioned above. (b) Therefore, an addit ional method 
is used: longer decay times with u.v. radiat ion can be 
measured with the aid of a se t -up described pre-  
viously (6), using a cathode-ray tube with a fast, u.v.- 
emit t ing phosphor. In  this case, u.v. pulses of shorter 
and longer durat ion can be obtained by modulat ion of 
the electron beam with a square-wave oscillator. 

The spectral energy distr ibutions were measured 
with the aid of a Jar re l l -Ash 0.50m grating mono-  
chromator (15000 g/in., blazed at 750 nm) .  In  the blue 
and ul traviolet  region, the measurements  were carried 
out in second order of the grating. As a detector, a 
photomult ipl ier  with S2O photocathode was used (EMI 
9558 Q), the current  of which is amplified with the aid 
of a phase-sensi t ive a-c amplifier. To obtain the 
emitted power as a function of wavelength  from the 
measured photocurrent,  a correction for the varying 
ins t rumenta l  response G as a function of ~ has to be 
made (G consists of the var ia t ion of the response of 
the photomult ipl ier  and of the t ransmission of the 
monochromator) .  This correction has been applied 
automatically,  using a circuit whose diagram is given 

P 

-~F 2 

@ 
Osc 

Fig. 1. Schematic diagram of the Nanosource instrument for 
decay time measurement: L ~ lamp, F1 ~ ultraviolet transmitting 
filter, I ---~ lens, F2 ~ ultraviolet absorbing filter, P M  ~ photo- 
multiplier, Osc  ~ oscilloscope, P ~ phosphor. 
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Fig. 2. Schematic diagram of automatic correction for instru- 
mental response in spectral energy distribution measurements: L 
light source, M = monochromator, D = detector, Ch = chopper 
(770 Hz), I = lamp, p ~--- photodiode, ref .  = reference signal, 
A = phase sensitive amplifier, O.A. = operational amplifier, R 
recorder, M T P  = multiturn potentiometer, C ~ curve follower. 

in  Fig. 2. On the axis of the wavelength drive, a mul t i -  
tu rn  potent iometer  is fixed, to which a voltage of a few 
volts are applied. The variable  voltage of the mul t i -  
tu rn  potentiometer  is fed to the X-circui t  of a flat-bed 
XY recorder. On this recorder, a piece of paper  is 
placed on which the ins t rumenta l  response 1 / G  = $(~)  
is drawn. This curve is read with the aid of a curve 
follower. In  this way a variable  resistance, propor-  
t ional  to the value of 1 / G  (~), taken from the bu i l t - i n  
Y-potentiometer,  is displayed to the  feedback channel  
of an operat ional  amplifier (Hewle t t -Packard-Dymec) .  
The normal  signal i (~) of the photomult ipl ier  is fed to 
an input  channel  of this amplifier. The output of the 
operational amplifier then gives the product of the two 
signals I (~.) : i (~) �9 1 / G  (k), represent ing the emitted 
radiant  power per constant  wavelength in terva l  (in 
a rb i t ra ry  uni ts ) .  In  the u.v. region, the correction fac- 
tor G(~) proved to be near ly  constant. Apparent ly ,  
the ins t rumenta l  response did not  change much in this 
wavelength region. 

Results and Discussion 
In  Table I, the decay times, the efficiencies and the 

maxima of the emission bands are given, both for 
cathode-ray and ul t raviolet  excitation. Some of the 
data, together with excitation and reflection spectra, 
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Fig. 3. Spectral energy distribution of the fluorescence. Along 
the ordinate, the radiant power per constant wavelength interval 
(I) in arbitrary units is given: (a) (cathode-ray excitation) 1. 
Ca2MgSi207-Ce, 2. Ca2AI2SiO7-Ce, 3. YOCI-Ce, 4. YPO4-Ce. (b) 
(cathode-ray excitation) 5. YBO3-Ce, 6. LaPO4-Ce, 7. Sc2Si207-Ce, 
8. ScBO3-Ce. (c) YAI3B4012-Ce, - -  cathode-ray excitation, 
. . . .  u.v. excitation. 

have already been published but  are given here for 
completeness (7). In  Fig. 3, the spectral energy dis- 
t r ibu t ion  curves with cathode-ray excitation for some 
phosphors are given. 

Generally,  the doublet  character of the emission (see 
introductory paragraphs)  can be observed. However,  
sometimes a third, very  short wavelength  u.v. band is 
present, which has been ascribed to fluorescence from 
higher 5d-levels (6). For  Y3A15012-Ce, ScBO3-Ce, 
and Sc2Si2OT-Ce, this very  short wavelength emission 
is present with u.v. excitation, but  is absent or only 
weakly present  with cathode-ray excitation. On the 
contrary  for YA13B4012-Ce such a third band is found 
with cathode-ray excitation but  is absent  with u.v. 
excitation. For  LaBO3-Ce, this very  short wavelength  

Table I. Some properties of Ce 3 +-phosphors 

Qmax 
~- 6 C.R. U.V. 

Phosphor C.R. U.V. C.R. (20 kV) % * *  nsee  nsec  % of m a x  int .  % 

kmax. of e m i s s i o n  b a n d  ( room t e m p )  
C.R. exci t .  U.V. exci t .  

(20 kV) (253.7 nm)  
n m  n m  

YsAl~OI2-Ce 70* 55 6 3.5 ~ 7 0  
YA13B~O~-Ce 30 25 18 2 40 
YOCI-Ce 25 25 1.5 3.5 60 
YPO~-Ce 25 25 1.5 2.5 30 
LaPO4-Ce 35 1.5 2 40 
ScBO3-Ce 40 35 2 70 
YBOa-Ce 60* 30 2 50 
LaBO~-Ce 25* 0.2 35 
Sc~i~OT-Ce 35 30 1.5 65 
Ca~Al,zSiOT-Ce 50 50 9 4.5 
Ca~MgSi2OT-Ce 80* 45 3 4 

550 340,360,550 
305,345,365 345,365 

380,400 380 
330,355 335,355 
320,340 320,335 
385,420 330,385,420 
385,415 390,415 

310,355,380 315,355,380 
390,410 335,390,420 

405 
370,395 

v : Decay  t ime ,  w h e r e  the  1/e v a l u e  of the  in i t i a I  i n t e n s i t y  is  r e ached  {exci ta t ion  p u l s e  < 10 nsec) .  
6 : P e r c e n t a g e  of  the  i n i t i a l  i n t e n s i t y  80 gSec a f t e r  t he  end  of the  pu l se  of 20 s sec  dura t ion ,  
*/ : R a d i a n t  eff iciency ( ene rgy  c o n v e r s i o n  eff iciency),  C.R. e x c i t a t i o n  (20 kV) .  
q : Q u a n t u m  eff iciency,  U.V. exc i t a t ion .  
* : N o n e x p o n e n t i a l  decay.  
** : The  Ce concentration is 1-2%. 
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band is present  for both types of excitation. The rea-  
son for the difference in  behavior  of the two types of 
excitation is not understood. 

For u.v. excitation, the decay t ime ~ is given, de- 
fined as the t ime at which the 1 /e-value  of the ini t ia l  
intensi ty  at the end of the pulse is reached. These 
values for �9 are obtained for shor t -dura t ion  pulse ex- 
citation (less than  10 nsec),  leading general ly to ex- 
ponent ial  decay curves. 

In  some Ce-activated phosphors, more decay com- 
ponents  are present. For  Ca2Al~SiOT-Ce, for example, it 
is well  known that  in the freshly prepared phosphor at 
least two decay components are present, from which 
the slower component  disappears dur ing life (8). 
Moreover, this phosphor and m a n y  other Ce~+-acti - 
vated phosphors show a strong deviat ion from the ex- 
ponential  law at much longer times (see Fig. 4). A 
long afterglow occurs, milliseconds even. This may be 
due to release of excitation energy stored in traps as 
a consequence, e.g. of impuri t ies  or imperfections in 
the host lattice. This long afterglow is troublesome in 
some applications such as the index-color -TV receiv- 
ing tube. Therefore, for cathode-ray excitation we 
give not only the decay t ime �9 (1 /e-value) ,  but  in the 
4th column of Table I also a value 8, defined as the 
percentage of the ini t ial  in tensi ty  80 ~sec after the end 
of an excitation pulse of 20 #sec duration. From the 
table it can be seen that 5 varies considerably for the 
phosphors measured: it is 18% for YA13B4012~Ce, 
while only 1.5% is found for YOC1-Ce, YPO4-Ce, and 
LaPO4-Ce. These lat ter  phosphors are therefore suit-  
able in cases where  not only a short decay t ime but  
also a low-in tens i ty  afterglow is required (9). 

For  LaFO4-Ce, Ropp (1) gives a value of 32 nsec 
close to our value of 35 nsec. For calcium magnes ium 
silicate, Ropp gives 114 nsec for cathode-ray excitation 
(1/e-value) ,  while we find a value of 80 nsec for our 
Ca2MgSi207-Ce. This difference may be due to another  
composition of the substance, so that  the long decay 
t ime components are different (moreover, these de- 
pend also on the dura t ion of the excitation pulse).  In  
this respect, it is remarkable  that  for our Ca2MgSi207- 
Ce we measure  a decay t ime of 50 nsec with an ex- 
ponent ia l  decay curve for u.v. excitation when a very 
short excitation pulse of less than  10 nsec is used. With 
cathode-ray excitation, however, the curve is found 
to be nonexponent ia l  when extended over long enough 
times, e.g. 500 nsec (see Fig. 4; excitation pulse also 

10" 

E 

t" 
2 

I0  

5 :I 
0 

I I f I '  I I I I 

ca2 Mg si2 oz-ce 

- -  " U.V. eXC. 

I I I I I I I i 
20 60  60  80  100 120 140 160 n sec 

time 

Fig. 4. Decay curves of Ca2MgSi207-Ce for cathode-ray and u.v. 
excitation. 

less than  10 nsec).  For  the 1/e value, we find T = 80 
/~sec. 
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The Efficiency of Cathode-Ray Phosphors 
I. Measurement 

G. W. Ludwig* and J. D. Kingsley 
General Electric Research and Development Center, Schenectady, New York  

ABSTRACT 

The cathode-ray efficiency of a var ie ty  of phosphors has been studied, 
including (ZnCd)S:Ag,  Zn2SiO4:Mn, ZnO:Zn,  and oxide hosts activated with 
Eu 3+, Tb 3+, and other rare earths. In  addit ion to the basic measurement  of 
efficiency at 10 kV, the voltage dependence was measured over the range 
0.2-20 kV and analyzed following Gergely. 

One of the most impor tant  parameters  of a cathode- 
ray  phosphor is its power efficiency: the watts of radi -  
ant  output  per un i t  power in the incident electron 
beam. The measurement  of absolute efficiency has 
been discussed by Bril  (1). He determined the incident  
power by measur ing the accelerating voltage and the 
sample current .  A thermopile  having a flat spectral 

* Electrochemical  Society Act ive  Member.  

response was used to detect the emitted radiation. To 
calibrate the thermopile and obtain an absolute effi- 
ciency measurement ,  Bri l  replaced the phosphor 
plaque with MgO of known reflectivity, i rradiated it 
with a s tandard lamp, and measured the detector out- 
put. (If, instead, the radiated power is detected with 
a photomultiplier,  one must  calibrate its spectral re-  
sponse and measure the spectral  energy dis t r ibut ion 
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from the phosphor.) Bri l  found efficiencies ranging 
from 0.2 to 21% for a set of s tandard phosphors ob- 
tained from the National  Bureau of Standards.  

Many workers have contented themselves with mea-  
surement  of relat ive efficiency. For  example, Buchanan  
et al. (2) used a set of commercial  phosphors as s tan-  
dards (accepting published efficiency figures for them) 
to cal ibrate the response of their  detection system. 
The booklet "RCA Phosphors" (3) quotes relative 
radiant  energy (i.e., efficiency) of phosphors taking 
t h e  output  from RCA Phosphor No. 33-W-2A 
(Zn2SiO4: Mn) to be 100. 

Only  scattered values for the efficiencies of many  of 
the newer  phosphor materials  are available in  the 
l i terature.  Moreover, the efficiency of a part icular  
phosphor may be substant ia l ly  influenced by prepara-  
tory and /o r  handl ing  techniques. Therefore, it was 
deemed worthwhile  to investigate the efficiency of a 
sizable number  of phosphors, both new and old. The 
measurements  on the older ones form a basis of com- 
parison for the newer  ones. We have measured com- 
mercial  phosphors, the s tandard phosphors from the 
NBS studied by Bril, YVO4 doped with rare earths, 
Eu-doped oxide phosphors such as Gd203 and Y202S, 
etc. 

In  addit ion to the basic measurement  of efficiency at 
10 kV, the relat ive efficiency has been studied over the 
range 0.2-20 kV. The result ing curves have been ana-  
lyzed in terms of a formula suggested by Gergely (4) 
for de-exci tat ion associated with the surface of the 
phosphor particles. From the analysis one obtains 
three parameters  characterizing a phosphor, including 
a characteristic (or "dead") voltage. Of course, such 
measurements  are of considerable interest  for evalu-  
ating phosphors for low voltage applications, and have 
not been available for most phosphors hitherto. 

For  some hosts, such as YVO4, there is reason to 
expect that  the ratio of the cathode ray to u.v. effi- 
ciency will  be a constant  independent  of the activating 
impur i ty  or its concentration. To allow a check on 
this expectation, the absolute efficiency of many  of 
the phosphors has been measured under  excitation at 
2537A. 

We have been interested in correlating the cathode- 
ray efficiency with other phosphor parameters.  In  a 
companion paper (5) we discuss the processes involved 
in cathode-ray excitation, and the use of photons of 
energy up to ~25 eV to simulate fast electron excita- 
tion. Comparison is made there between cathode-ray 
efficiency and efficiencies observed under  u.v. excita- 
tion. Exper imenta l  techniques and results are pre-  
sented and discussed in  this paper. 

E x p e r i m e n t a l  T e c h n i q u e s  
Preparation 05 phosphor pLaques.--Phosphor pow- 

ders for investigation under  cathode-ray excitation 
were obtained from several sources including the 
General  Electric Company Chemical Products Business 
Section, Cleveland; The National  Bureau of Standards;  
and commercial  sources. Short ly before use, the pow- 
ders were sieved through a 400 mesh screen, or a 
coarser screen for re la t ively coarse powders. 

Phosphor plaques were prepared having a phosphor 
weight in the range 8-14 mg/cme. Such a weight was 
adequate to produce plaques having no areas covered 
so l ightly that  the electron beam could penetrate  com- 
pletely through the phosphor layer. 

The phosphor plaques were prepared by settl ing the 
powdered phosphor in a 3 in. d iameter  cyl inder onto 
1 x 2 in. pure silver (or a luminum)  plates. Silver was 
chosen because it is an excellent electrical and thermal  
conductor, minimizing electrical charging and tem- 
perature rise, and is an excellent reflector for visible 
light from the settled phosphors. Some plaques were 
prepared by sett l ing in water  without binder, while 
for others a LiOH binder  was used. In  the lat ter  case 
380 cc of ba r ium acetate solution (0.060 g/ l i ter)  was 
first poured into a cyl inder  containing a silver plate. 

E F F I C I E N C Y  O F  C A T H O D E - R A Y  P H O S P H O R S  
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Fig. I .  Apparatus used to measure cathode-ray efficiency of 
phosphors; 

A suspension of the phosphor in 240 cc of l i th ium hy-  
droxide solution (0.4 g LiOH/l i ter)  was then  added. 
The phosphor was allowed to settle, the liquid slowly 
drained through an outlet, and the plaque allowed to 
a i r -dry  at room temperature.  

Cathode-ray excitation.--The plaques were excited 
using the apparatus shown in Fig. 1. The demountable  
cathode-ray tube wil l  accept four plaques. The sample 
holder is a copper block which is thermal ly  isolated 
by a length of stainless steel tubing, so that  measure-  
ments  may be made in the temperature  region 77 ~ 
420~ An electron beam from a commercial ly avai l -  
able oxide cathode gun (10FP4) was magnet ical ly  
focused onto a plaque and magnet ical ly deflected to 
produce a raster of the desired size. The plaque was 
oriented at 45 ~ to the incident  beam, while the emitted 
light passed through a quartz port at 90 ~ to the beam. 
The beam voltage was adjusted in the range 0.2-10 kV 
by applying the potential  to the electron gun. Post- 
acceleration of the beam was used to obtain voltages 
up to 20 kV. The sample holder, which was near  
ground potential, was biased positive relat ive to nearby 
parts of the tube so that secondary electrons were 
collected and the measured sample current  was equal 
to the total incident  electron beam current,  the mea-  
surement  error being a few per cent. 

Absolute efficiency measurements  were made at 10 
kV or occasionally 20 kV beam voltage. For such 
measurements  a thermopile 1 was used as the detector 
element.  To high accuracy such detectors produce a 
response which is proport ional  to the total incident 
radiant  energy independent  of its wavelength.  The 
electron beam was swept vert ical ly at a f requency of 
25 Hz, and a spherical mir ror  was used to focus the 
light on the active surface of the thermopile.  Since the 
image of the phosphor was twice as long as the active 
surface of the detector, the thermopile signal was 
square wave modulated at the vertical  scan frequency. 
This signal was synchronously detected using a Pr ince-  
ton Applied Research Model HR-8 lock-in amplifier. A 
25 Hz square wave was used both to synchronize the 
vert ical  scan and as an input  to the lock-in  amplifier 
operated in the selective external  mode. When a mea-  
surement  was completed, the sample holder was ro- 
tated to position a new sample in the electron beam, 
and micrometer  drives were employed to so reposition 
the thermopile as to maximize the signal from it. 

The thermopile is sensitive to radiant  energy from 
the phosphor in the infrared and ul traviolet  as well as 
in the visible portion of the spectrum. In  cases where 
informat ion concerning the spectral dis t r ibut ion of the 
radiat ion was of interest, energy ranges were isolated 
by interposing appropriate  filters in the light path to 
the thermopile.  

The thermopile was a Model RSL-6S obtained from Charles M. 
Reeder and Co., Detroit, Mich. 
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The re la t ive  efficiency of phosphors  was measured  
as a funct ion of beam vol tage  over  the  range  0.2-20 
kV. In these  measurements ,  use of the  thermopi le  de -  
tec tor  was  abandoned  in favor  of the  g rea te r  sens i t iv-  
i ty  of a photomul t ip l ie r  such as a 1P21. In  o rder  to 
main ta in  a r as te r  of s t andard  size, i t  was necessary  
to adjus t  the  focus coil vol tage  and the hor izonta l  and 
ver t ica l  deflection coil vol tages at each va lue  of beam 
voltage.  The pho tomul t ip l i e r  tube  used as the  de tec tor  
was posi t ioned d i rec t ly  in front  of the  quar tz  window 
wi th  no collect ing optics for  the  light.  

Phosphor  emission spect ra  were  also taken  wi th  
cathode r a y  excitat ion.  A lens in front  of the  quar tz  
window served to focus the  emi t ted  l ight  on the  en-  
t rance  slit  of a 1~ me te r  J a r r e l l - A s h  spectrometer .  

UltravioZet efficiency at 2537A.~The absolute  r ad ian t  
efficiency of a phosphor  under  u.v. exci ta t ion cus- 
t omar i l y  is defined as the  emi t ted  rad ian t  power  
d ivided by  the power  absorbed f rom the  incident  
beam. We have  measured  this  efficiency by  a technique  
s imi lar  to tha t  of Bri l  and Hoeks t ra  (6). A block d ia-  
g ram of our  appara tus  is shown in Fig. 2. Radia t ion  
f rom a 4w germic ida l  lamp, consist ing la rge ly  of the  
mercu ry  l ine at  2537A, was mechanica l ly  chopped at 
13 Hz. A na r row band  in ter ference  filter passed a band 
centered nea r  2537A and suppressed o ther  components.  
The radia t ion  was reflected f rom an MgO plaque onto 
a thermopi le  and synchronously  detected using a P e r -  
k in -E lmer  Model  107 amplifier.  The MgO plaque  then 
was rep laced  by  a geomet r ica l ly  s imi lar  phosphor  
plaque.  Readings  of the  the rmopi le  signal  were  taken  
both wi th  and wi thout  in terpos ing  a fi l ter (which r e -  
moves 2537A rad ia t ion)  be tween  the  p laque  and the r -  
mopile.  The absolute  efficiency, ~2537, and  reflection 
coefficient, r~537, of the  phosphor  were  then calcula ted 
f rom the  formulas  (6) 

~2537 = P ( V p  - -  VpFT - 1 ) / V M g O  [1] 

/J VPF  
119"~7 = T(1  - -  ?*) "VMgO [2]  

In [1] and [2] VMgo, Vp, and ~Tpy a r e  the  t h e r m o -  
pile signals f rom the MgO plaque,  the  phosphor  wi th  
no filter interposed,  and the  phosphor  wi th  a t t enua t ing  
fi l ter for  2537A interposed,  respect ively.  The p a r a m -  
eters  p and  ~ are  the  ref lect ivi ty of the  MgO and the  
t ransmiss ion of the  fi l ter for the  fluorescent radiat ion.  
The formulas  assume equal  t ransmiss ion of the quar tz  
window of the  thermopi le  for  2537A and the  fluores- 
cent radiat ion.  

Resul ts  
The re la t ive  l ight  output  of phosphors  under  ca th-  

o d e - r a y  exci ta t ion was s tudied f rom 0.2 to 20 kV. 
Typical  resul ts  for the  l ight  output  pe r  uni t  cu r ren t  
a re  shown in Fig. 3. At  high vol tage the  output  ap -  
proaches  a s t ra ight  l ine th rough  the  origin, whi le  at  
low vol tage  i t  falls  subs tan t ia l ly  be low the line. As 
the  vol tage  is lowered  the  inc ident  e lec t rons  pene t r a t e  
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Fig. 2. Apparatus used to measure absolute efficiency of phos- 

phors under 2537• excitation. 
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Fig. 3. Relative light output of a Gd20.~:Eu phosphor as the 
beam voltage is varied. 

the  phosphor  grains  less and  less. I t  is genera l ly  ac-  
cepted tha t  the  decrease  in power  efficiency at  low 
beam vol tage  is associated wi th  surface loss. 

Gerge ly  (4) has analyzed  the  vol tage dependence  of 
ca thodoluminescence unde r  a set of s impl i fy ing  as-  
sumptions.  He assumes a range  for  the  incident  elec-  
t rons  of the  form 

R = KV~ [3] 

where  K and b are  ma te r i a l  constants.  He approx i -  
mates  the  exci ta t ion dens i ty  as un i form throughout  
the range.  He assumes tha t  f ree  car r ie rs  are  produced 
which diffuse th rough  the  phosphor  and recombine  at  
the  surface, charac ter ized  by  a surface recombina t ion  
velocity.  The resul t  of his analysis  is tha t  the  effi- 
ciency, normal ized  to 1 at  high voltage,  is given by  
[cf. his Eq. (8) ] 

[ 1 - - e x p ( - - / ~ R )  ] [4] 
~N = 1 -  Q ~R 

where  /~ is the inverse  of the  diffusion length  and Q 
is a surface recombina t ion  loss pa ramete r .  However ,  
we can use the  range  re la t ion  of Eq. [3] to express  
nN in te rms  of the  beam vol tage  V and a character is t ic  
vol tage  Vo 

~R =- (VIVo)b [5] 

1 --  e x p [ - -  (V/Vo) 8] 
n~ = 1 --  Q [6] 

(ViVa) b 

Plots  of nN for b ---- 1.5 and different  values  of Q are  
shown in Fig. 4. Fo r  Q = 0 (no surface  loss) ~N is in-  

1.0, Q , , , 

~O.Gt ~ / / / 
; l yi ,,,-o(,-,,,[-,,,,o,,]} 

o, fy  
O0 I 2 3 4 5 v" i = t = = 

RELATIVE VOLTAGE V/V 0 

Fig. 4. Theoret ical  curves for normalized cathode-ray efficiency 
as a function of voltage for di f ferent  strengths of surface re- 
combination. 
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dependent  of voltage. As Q increases toward 1, the 
l imit ing efficiency at low voltage approaches zero. In 
all cases, the ~lN approaches un i ty  at high voltage. 

In  Fig. 5 ~N is plotted for Q = 1 and different 
values for b. Large b implies that  the range risds 
rapidly with voltage. Correspondingly, for b large the 
efficiency rapidl ly approaches un i ty  as the voltage in-  
creases. 

Gergely's assumption that energy transport  in the 
phosphor grain is by diffusion of free carriers may not 
apply to m a n y  of the phosphors of present  interest.  
However, it does seem possible to fit the exper imental  
data rather  well  by a curve of the form Eq. [6] with 
~udicious choice of the parameters  Vo, b, and Q. Data 
were matched to that equation in the following way: 
We normalized the efficiency to 1 at high voltage and 
extrapolated the efficiency to zero voltage to find 
Q ~ 1 - ~lN(0). Vo can be found by realizing that  at 
Vo, ~N = 1 -  Q ( 1 - - e - D ,  while the parameter  b is 
found by matching curves such as those of Fig. 5. 

The exper imental  data of Fig. 3, normalized at high 
voltage, were replotted as normalized efficiency vs. 
normalized voltage in Fig. 6. There is reasonable 
agreement  be tween the exper imental  points and the 
calculated curve for nN. 

The efficiency of the phosphors at 10 kV was mea-  
sured using the thermocouple detector. 2 

2 No cor rec t ion  was  a p p l i e d  fo r  a b s o r p t i o n  of the  e m i t t e d  l i g h t  
i n t e r n a l  to the  p h o s p h o r  or  on re f lec t ion  b y  the  m e t a l  b a c k i n g  p la te .  
I t  can  be s h o w n  t h a t  t he  co r r ec t ion  f ac to r  n e e d e d  to  c o n v e r t  m e a -  
s u r e d  to  i n t r i n s i c  ef l lc iencies  is  a p p r o x i m a t e l y  2 / (1  + R) w h e r e  R 
is  t he  r e f i e e t i v i t y  of  t h e  p h o s p h o r - b a c k i n g  p l a t e  c o m b i n a t i o n  [c.I. 
ref.  (7)]. F o r  sul f ide  p h o s p h o r s ,  s e t t l ed  on  a l u m i n u m ,  we  f ind R 
0.8, w h i l e  fo r  most other phosphors, se t t l ed  on s i lve r ,  R > 0.9. 
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The absolute efficiency and reflection coefficient 
under  excitation at 2537A were calculated using Eq. 
[1] and [2], assuming at value p = 0.91 for the re-  
flectivity of MgO (1) and using a measured value 
T ---- 0.92 for the visible t ransmission of the Pyrex filter 
used to at tenuate  2537A radiation. 

Values for the cathode-ray efficiency at 10 kV, ~)cr, 
the parameters  V0, b and Q describing the voltage de- 
pendence of the efficiency, and the parameters  ~e~87 and 
r ~ 7  describing the efficiency and reflection coefficients 
under  2537A radiat ion are given for various phosphors 
in Tables I-V. Unless otherwise indicated, samples 
were obtained from J. Rabatin.  

Comments and discussion.--Cathode-ray efficiencies 
of commercial and NBS standard phosphors (Tables 
IA and II) . --Bri l  (1) has published efficiency values 
for a number  of s tandard phosphors obtained from the 
National  Bureau of Standards.  The booklet, "RCA 
Phosphors" (3) lists the efficiency of a series of RCA 
commercial  phosphors relat ive to a Zn2SiO4:Mn phos- 
phor. We have used Bril 's (1) and Hardy's  (8) pub-  
lished efficiency for Zn2SiO4:Mn to set the absolute 
efficiency scale for the RCA phosphors: a relat ive 
efficiency of 100 apparent ly  corresponds to an absolute 
efficiency of 6%. 

Figure 7 shows our detector reading for a number  
of phosphors along with the efficiency as published by 
Bril  or as derived above for RCA phosphors. The effi- 
ciency scale for our detector readings can be set by 
drawing a straight l ine on the basis of the experi-  
menta l  points. The substant ial  deviations from the 
l ine are a t t r ibuted par t ly  to random errors, par t ly  to 
differences in measurement  conditions (beam voltage 
and current ,  p laque preparation,  etc.), and par t ly  to 
real differences in  efficiency between different phos- 
phor lots. Our measurements  on the same phosphor lot 
are repeatable to •  or so; that  is for two succes- 
sive measurements  nl and n2 it general ly  is t rue that 

0.95 nl -- 0.5 < ~ < 1.05 m + 0.5 

where nl and ~12 are expressed in per  cent. 
We have also made an independent  determinat ion of 

the efficiency scale for our detector readings. The ther-  
mopile was irradiated with light from a s tandard lamp, 
the energy output  of which previously had been cali- 
brated by the National  Bureau  of Standards.  The light 

Table IA. Cathode-ray excitation of NBS phosphors 

N~S War Vo 7]Br | l*  
Phosphor N u m b e r  (%) (kV) b Q (%) 

Zn~,~iO~ :Mn 1021 4.7 1.3 1.2 0.89 8 
ZnS:Cu 1022 12.4 2.2 1.4 0.99 11 
( Z n , C d ) S : A g  1023 18.7 2.4 1.4 0.97 19 
(Zn,Cd)  S : C u  1024 9.7 3.1 1.4 1.00 12 
Zn3(POD 2:Mn 1025 3.1 1.4 1.2 0.91 6 
CaWO4:Pb  1026 3.4 1.5 1.3 0.92 3 
M g W 0 4  1027 2.9 2.5 ~ 1 . 9  1.09 2.5 
Zn2SiO4:Mn 1028 6.8 1.6 1.4 0.89 6 

* See Ref. (1). 

Table lB. 2537A excitation of NBS phosphors 

NBS P r e s e n t  
P h o s p h o r  N u m b e r  m e a s u r e m e n t s  

~2537 1"2.587 
(%) (%) 

B r i l  &: Hoeks t ra~  
~25S~ T2537 
(%) (%) 

ZneSiO4:Mn 1021 22 25 35 30 
CaWO4:Pb  1026 45 4 41 5 
NIgWO~ 1027 49.5 4 43 6 
Zn~SiO4:Mn 1028 33 3 33 6 
CaS iOs :Pb ,Mn  1029 10 10 29* 11 
(MgO)~ (As20~) ~:Mn 1030 34 4 30 4 
3 C ~  (POD ~ �9 

Ca (F,CI) 2:Sb,Mn 1031 32 10 34* 14 
BaSI2Os:Pb 1032 66 10 55* 14 

t See Ref. (7). 
* M e a s u r e d  w i t h  e x c i t a t i o n  o v e r  the  2500~2750A band .  
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Table II. Cathode-ray excitation of some commercial phosphors 

~er Vo WPB I 
Phosphor Designa t ion  Source (%) (kV) b Q ( % ) 

Z n S : C u  33-Z-245A RCA 17.5 1.5 ~1,3 0.95 22 
(1'31) 

Z n S : A g  33-Z-646A RCA 19.6 1.8 ~1.3  1.00 21 
( P l l )  

(Zn,Cd) S:Ag I18-322PL47 GE 21 2.8 1.6 l.O0 
(TV green)  

(Zn,Cd) S:Ag 33-Z-658A RCA 21 2.1 1.5 1.00 14.9 
(TV green) 

(Zn ,Cd)S:Cu 33-Z-601B RCA 7.9 2.1 1.6 1.00 7.1 
(1>2) 

Y20~S :Eu 33-Y-256 RCA 13 1.2 1.4 1.00 
R05-31 

Z n O : Z n  33-Z-613A RCA 11.8 ~6.5 0.3 2.6 
Z n O : Z n  CE8036-5 N . J .  Z inc  5.1 5.5 0.6-0.8 
Zn~SiO4:Mn 33-W-2A RCA 4.8 6.0 

*The booklet  " R C A  Phosphor s "  (2) l ists the  total re la t ive  r ad ian t  ene rgy  f r o m  phosphors  under  ca thode- ray  exci tat ion.  WPB is the  ca th-  
ode-ray  efficiency calculated a s suming  that  a total  re la t ive  rad ian t  e n e r g y  of 100 corresponds to an efficiency of 6% [see A.E. Hardy ,  ref. 
(10) ]. 

was mechanical ly  chopped at 26 Hz and the detector 
output  read with the lock- in  amplifier. In  this way 
we obtained a value for the detector sensit ivity for 25 
Hz square wave modulation.  The absolute efficiency 
scale could then be set by  est imating the fraction of 
the total  emitted light from the phosphor gathered by 
the mirror  and focused onto the thermopile. The effi- 
ciency scale estimated in  that  way agreed within  about 
10% with  the scale as estimated in the preceding para-  
graph from measurements  on s tandard phosphors. 

Ultraviolet efficiency of NBS phosphors (Table IB).-- 
A comparison between our measurements  of u.v. 
efficiency and those of Bril  and Hoekstra (6) on the 
NBS standard phosphors is given in Table IB. Our 
measurements  tend to be slightly higher. The average 
could be made to agree more closely if a lower value 
for the parameter  p, the reflectivity of our MgO plaque 
for 2537A radiation, were assumed. 

YVO4:RE phosphors (Table III).--The cathode-ray 
efficiency of all  the YVO4: RE samples fell in the range 
1-7%, with YVO4:Eu being the most efficient. All  of 
the phosphors showed high surface loss (Q ~ 1), and 
the parameter  b in the range-vol tage relat ion (R ~ V b) 
was measured to be 1.4 __+ 0.2. The characteristic voltage 
Vo is a measure of the voltage (and hence depth 
within the phosphor grain) at which surface de-ex-  
citation is still important .  We find that  Vo varies 
somewhat with the activator and is largest in the un-  
activated sample where one might expect energy 

24 
' ' 53-Z-245A' 

ZnS:Cu . 

55 -Z -646A* /  
20 ZnS:Ag / .  

io23 y 

gl6 - 

/ 33-Z-658A �9 /_ ZnCdS:Ag 

~12 1024 �9 
ZnCdS:Cu / �9 1022 

/ ZnS:Cu 
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Fig. 7. Calibration of the cathode-ray efficiency scale using 
standard and commercial phosphors. 

t ransport  over relat ively large distances, since there 
are no purposely added activators to t rap the excita- 
tion. 

It  is general ly  accepted that  YVO4 phosphors are 
host-sensitized in both cathode-ray and u.v. excitation; 
the excitation energy is absorbed by the lattice and 
transported to activators via the VO4 -3 groups. Thus, 
both the cathode-ray efficiency and the u.v. efficiency 
at 2537A are expressible as the product of two effi- 
ciencies, one describing the excitation of VO43- groups 
by fast electrons (or 2537A photons) ,  and the other 
the production of luminescence from VO43- excitation. 
The lat ter  efficiency wil l  depend on the activator and 
other impurit ies present  in the sample, but  should be 
the same for cathode-ray and 2537A excitation. The 
former efficiency differs for cathode-ray and 2537A ex- 
citation, but may not be sensitive to the impuri t ies  and 
defects in the sample unless they produce traps which 
intercept  the excitation energy before the V O 4 3 -  

g r o u p s  are excited. In  the absence of such traps we 
expect the ratio I]cr/~]2537 to be the same for all samples 
and activators. Indeed, we find ~]cr/q2537 ~ 0.16 + 0.03. 
On the other hand, Kano and Otomo report on im-  
purities, such as Mo, W, and Ta which apparent ly  pro-  
duce traps such that  the cathode-ray efficiency is re- 
duced while the photoefficiency at 2537A is largely un -  
affected (9). 

Eu ~+ activated oxide, oxysulfide, and oxyhalide phos- 
phors (Table IV ).--Except for the oxyhalides, all of 
the Eu 3+ activated phosphors which we investigated 
are at least as efficient as YVO4: Eu, the most efficient 
being Gd~O3:Eu and YzO2S:Eu. All  show strong sur-  
face losses (Q ~ 1) and are reasonably efficient unde r  
2537A excitation. 

Tb 3+ activated oxyhalide and oxysul]ide phosphors 
(Table V).- -Except  for YOC1, the phosphors in Table 
V are at least moderately efficient under  both cathode 
ray and 2537A radiation. 
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Table III. C.-R. and u.v. excitation of YVO4:RE phosphors 

Activation 

71er 

(%) (kV) b Q (%) (%) ~ss7 

None 2.4 2.0 1.3 0.98 
0.6% Eu 4.1-4,9 1.4 1.3 0.98 30 2 0.14-0.16 
2.5% Eu 6.0-6.7 1,2 1,3 1.00 37 2 0.16-0.18 
10% Eu  5,9 1.2 1.4 1.00 33 2 0.18 
20% Eu 3.4 1.7 1.5 0.99 22 3 0.15 
0.8% Sm 3.0 0.9 1.00 23 4 0.13 
0.8% DY 3.6 1.1 1.6 0.98 24 4 0.15 
0.8% Ha 1.3 1.2 1.6 0,97 8 3 0.16 
0.8% Er 2.3 1.3 1.6 1,00 16 3 0.16 
0.8% T m  4.4 0.9 1.1 1.00 
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Table IV. C.-R. and u.v. excitation of Eu3+-activated oxide, 
oxysulfide, and oxyhalide phosphors 

Table V. C.-R. and u.v. efficiency of Tb 3+-activated oxyhalide 
and oxysulfide phosphors 

EuS+ 
cone Desig-  ~cr Vo * / ~  rsea7 

Phosphor (%)  n a t i o n  (%) (kV)  b Q (%) (%) 

Tl~+ 
eonc D e s i g -  ~;cr Vo ~; ~-~T rx,8~ 

Phosphor (%) n a t i o n  (%) (kV) b Q (%) (%) 

Y O F  5 1479" 3.8 1.3 1.1 0.97 27 38 
YOCI 5 Y124-I 0.1 1.6 1,2 0.80 9 28 
La~O.~S 1 N54-A 11.8 0.6 1,1 1.00 23 4 

* O b t a i n e d  f r o m  J .  S a r v e r ,  G e n e r a l  E l ec t r i c  C o m p a n y  L i g h t i n g  
Research L a b o r a t o r y .  

Y208 4.5 6.5 0.7 1.S 0.97 35 24 
Gd203 S N-125-1  9.6 1.1 1.1 1.00 41 9 
Gd2Oa GOR-53*  11.7 0.9 1.1 0.99 44 21 
C,,d208 1327-121 11.7 1.0 I.I 1.00 42 10 

PL-4 
NasOGd~Oa 1 N124-1 8.7 3.7 1.5 1.00 32 18 

5 N124-2  8.8 2.0 1.5 1.00 38 5 
YsO~S G G I 0  13.1 1.2 I . I  1.00 26 6 
La20~S N329-B 10.8 1.3 I . I  1.00 21 6 
GdsO~S N322-C  10.2 1.9 I . i  1.00 22 5 
Y O F  4.5 ~ 0 . 5  1.0 1.1 0.90 16 18 
Y O C I  8 2.9 2.8 ~ 1 . 5  1.00 20 17 

*A S y l v a n i a  phosphor. 

J. Rabat in  for prepar ing m a n y  of the phosphor 
samples. 

Manuscript  received Aug. 11, 1969. This was Paper  
60 presented at the New York Meeting of the Society, 
May 4-9, 1969. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
J O U R N A L .  

REFERENCES 
1. A. Bril in "Luminescence of Organic and Inorganic 

Materials," p. 479, Ka l lman  and Spruck, Editors, 
John Wiley & Sons, New York (1967). 

2. R. A. Buchanan,  K. W. Wickersheim, J. L. Weaver,  
and E. E. Anderson, J. Appl. Phys., 39, 4342 (1968). 

3. "RCA Phosphors" TPM-1508B 1-66, obtained from 
RCA, Parts  and Devices, 415 South St., Harrison, 
N.J .  

4. G. Gergely, J. lahys, Chem. Solids, 17, 112 (1960). 
5. J. D. Kingsley and G. W. Ludwig, This Journal, 117, 

353 (1970). 
6. A. Bril and W. Hoekstra, Philips Research Repts., 

16, 346 (1961). 
7. A. Bril  and H. A. Klasens, ibid., 7, 401 (1952). 
8. A. E. Hardy, RCA Engineer, 2, 12 (1965); A. E. 

Hardy, Trans. Electrochem. Soc., April  1947. 
9. T. Kano and Y. Otomo, This Journal, 116, 64 (1969). 

The Efficiency of Cathode-Ray Phosphors 
II. Correlation with Other Properties 

J. D. Kingsley and G. W. Ludwig* 
General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

In cathode-ray excitation of a phosphor the energy of the fast electrons 
appears, in an intermediate  stage, as excitation of the valence shell electrons. 
We have used photons of energy up to 25 eV to s imulate cathode-ray excita- 
tion. Attempts  to account for cathode-ray efficiencies on the basis of the photo- 
excitation efficiencies give agreement  in some cases and substant ial  lack of 
agreement  in  others. A. correlation between high plasma resonance energy and 
low cathode-ray efficiency is pointed out. 

In  the preceding paper (1) we have presented mea-  
surements  of the cathode-ray efficiency of a var ie ty  
of phosphor materials.  In  this paper we discuss the 
processes involved in cathode-ray excitation (2). We 
then seek to correlate the cathode-ray efficiency with 
results of other experiments,  notably  with the photo- 
efficiency observed unde r  u.v. excitation. 

When a fast electron enters a phosphor it loses 
energy predominant ly  by ionizing electrons from the 
inner  shells of atoms. The penetra t ion of fast electrons 
and the processes whereby the excitation energy is 
t ransferred to valence-shel l  electrons and from them 
to the activator atoms are discussed. Photons of energy 
up to ~25 eV have been used to simulate the excita- 
tion of phosphors by fast electrons. Comparison is 
made between observed cathode-ray efficiencies and 
expectations based on the photoexcitation measure-  
ments. In  addition, a correlation between low cathode- 
ray efficiency and high plasma resonance energy is 
pointed out. While our crude models meet with some 
measure of success in accounting for observed cathode- 
ray  efficiencies, there is substant ia l  lack of agreement  
in other cases. Thus, the unders tanding  of cathode- 
ray  efficiency still is in a pr imi t ive  state and much 
remains  to be done. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

The penetrat ion of fast electrons into phosphor ma-  
terials is summarized,  and  the host excitat ion thereby 
produced is discussed. We present  and discuss meth-  
ods for est imating cathode-ray efficiency on the basis 
of photoexcitation efficiency in  the u.v. and make some 
concluding comments. 

Penetration of Fast Electrons (3) 
As a fast electron passes through a medium it in ter -  

acts with nearby  atoms via Coulomb forces. An elec- 
t ron with a kinetic energy in the 20 kV range is not 
sufficiently energetic to displace nuclei  from their la t -  
tice sites. Rather, it is scattered elastically by the nu -  
clear potential  as screened by the electrons of the 
medium. However, in passing near  an atom a fast 
electron can impart  a sufficient electromagnetic pulse 
to a bound electron to cause it to ionize. The energy 
loss of a fast electron is p redominant ly  by ionization 
of electrons from inner  shells of atoms, and is given 
approximately by Bethe's formula (4) 

dE 2nNe4 In X/2.71~//2 [11 
dX E �9 

Here E is the electron energy, X is the path length, N 
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is the densi ty of bound electrons, e is the electronic 
charge, 2.717 is the base of na tura l  logarithms, and Ei 
is an average ionization energy for the bound elec- 
trons. Since the logarithmic term is slowly varying,  
dE/dX is approximately  inversely proport ional  to the 
electron energy, and the max imum excitation density 
occurs near  the end of the electron's path. Equat ion 
[1] is only valid as long as the energy lost in  an 
ionization event  is small  compared with the electron's 
energy (El < <  E~). With the reservation that  the ini t ial  
energy must  be large compared with Ei, Eq. [1] can be 
integrated to give the relat ion between electron en-  
ergy and integrated path length. 

In  est imating the spatial distr ibution of the energy 
dissipated by incident  fast electrons, account must  be 
taken of the deflections suffered by the electrons in 
elastic scattering events. The problem is a difficult one 
because the electrons suffer mult iple  collisions and 
undergo both small and large angle deflections. Thus, 
the ini t ial  t ra jectory of an electron is completely lost 
before it dissipates its energy. 

Spencer (5) has made numerica l  calculations of the 
energy dissipation in a series of different elements for 
the exper imenta l ly  impor tant  case of a plane perpen-  
dicular  source of fast electrons of a given energy. His 
numerica l  results include values for the electron range 
and for the excitation in tensi ty  as a function of depth. 
The excitation in tensi ty  shows a peak which moves 
deeper into the mater ia l  as the ini t ial  electron energy 
is increased. 

Ehrenberg and King (6) have made an interest ing 
exper imental  study of the penetrat ion of electrons into 
a phosphor crystal. They focused a nar row electron 
beam onto a flat crystal face. The luminous glow 
through an adjacent  face at right angles to the first 
was enlarged with a microscope and photographed 
using a series of different exposures. Contours of equal 
brightness could be traced out, giving a direct measure 
of the dis tr ibut ion of excitation within the crystal. 
At high incident  electron energy the excited volume 
resembled a sphere joined to the surface by a nar row 
neck. As the electron energy was decreased, the neck 
shortened unt i l  at low energy the excited volume was 
roughly hemispherical. From measurements  at differ- 
ent  energy Ehrenberg and King were able to deduce 
to range-energy  relation. For a range of different 
phosphors they found a practical range P cc E 1.7• 

The penetra t ion of fast electrons in nonluminous  
materials has also received much exper imental  at-  
ten t ion  (7). 

There is a close correspondence between the ex- 
perimental and the theoretical determinations of the 
spatial distribution of energy loss. For example, the 
determinations of the voltage-range relation are con- 
sistent. Thus, a reasonable understanding of the basic 
features of the penetration of electrons into matter has 
been achieved. 

Lattice Excitation Produced by the Fast Electrons 
From Eq. [1] we see that to first approximation a 

sufficiently fast electron loses energy to each bound 
electron of an atom at the same rate. Since there are 
more inner  shell electrons than  valence shell electrons, 
the former account for the major  part  of the energy 
loss. Thus, the major  p r imary  excitations produced by 
a fast electron are fast secondaries and excited ions. 

In the second stage of the excitation process, excited 
ions lose energy by Auger  transi t ions in which one 
outer shell electron is ejected from the ion, while a 
second such electron falls into the hole in the inner  
shell. Energetic secondary electrons can also cause 
ionization. Thus, a shower of energetic secondaries 
and ionized atoms is formed. As more and more ioniza- 
t ion of the medium is produced by  repeti t ion of the 
above processes, the average energy of each excitation 
of course decreases. A fraction of the incident p r imary  
electrons and their  secondaries leave the solid, re- 
sult ing in a back-scat ter ing loss which typically 

I I I I ! I 

I 
0 tO 20 ~ 40 

ENEI~Y LOSS. eV 

Fig. I. Energy lass spectrum for fast electrons incident on an 
AI203 film [after Swanson (12)]. 

amounts  to about 10% of the energy of the primaries. 
In  addition, a very  small  fraction (,~1%) of the ex- 
citation is lost by x - r ay  emission. 

As the average energy of the  secondary electrons 
falls below the binding energy of deep inner  shell 
electrons, energy loss to valance shell electrons be-  
comes relat ively more important .  Loss to these elec- 
trons has been described in terms of the longi tudinal  
dielectric function, ~L(k,~), which is dependent  on both 
the energy lost,~,~, and the momen tum t ransfer red ,~k.  
The complex longi tudinal  dielectric funct ion 

e L ( k , ~ )  : e l L ( k , ~ )  -~- ie2L(k,~) 

and the energy loss to the valence-shel l  electrons are 
related by 

1 e2 L 
--Im - -  ~ [2] 

~L(k,~) (~IL) 2 + (~2L) ~ 

Energy loss of relat ively energetic electrons (,~20 
keV) to valence-shel l  electrons can be determined 
directly by the characteristic energy loss measurement  
(8, 9). 1 A thin foil of the solid under  investigation is 
prepared. The foil is i rradiated with monoenergetic 
electrons, and the electrons passing through it are 
analyzed in  energy. In  addit ion to the electrons which 
pass through without  loss, one observes electrons 
which have lost energies characteristic of the solid. 
For some metals, the loss occurs main ly  at one reason- 
ably well-defined energy and mult iples thereof; for 
A1 such a loss occurs at about 15 eV. No optical ab-  
sorption band occurs at this energy, and it thus does 
not represent an in te rband  transit ion.  The loss peak 
ra ther  occurs at the resonant  energy for longi tudinal ly  
polarized, collective oscillations in  the density of the 
A1 valence electrons. These oscillations are the so- 
called plasma oscillations. 

Plasma resonance phenomena 1 have been discussed 
by Bohm and Pines (10) and Nozieres and Pines ( l l ) .  
They arise from the Coulomb interact ion between 
electrons. One can show that plasma resonance occurs 
near  an  energy given by 

( 4~Nve2 ) 1/2 
Ep - - t i  [3] 

m 

Here Nv is the valence electron density and m is the 
mass of a free electron. 

Swanson's  measurement  (12) of the energy loss 
spectrum of an oxygen-dominated  lattice, AleO3, is 
shown in Fig. 1. The loss peak occurs near  the plasma 
resonance energy as calculated from Eq. [2]. However, 
the great width of the peak indicates that  any  col- 
lective oscillation is very  short lived, soon decaying to 
other forms of host excitation. The bumps on the broad 
loss peak presumably  represent  in te rband  transi t ions 
and /or  exciton transitions.  

Characteristic energy loss measurements  have been 
made for CdS (13), bu t  not  for most other phosphor 
lattices. 

1References  (8) and (9) are  r ev iew articles discussing ]plasma 
resonance phenomena  and the characterist ic ene rgy  losses of 
electrons in s o l i d s .  
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The energy loss of fast electrons to valence-shel l  
electrons can also be estimated from the optical prop- 
erties of the mater ia l  (14, 15). The optical properties 
are described by the t ransverse  complex dielectric 
f u n c t i o n  eW(k,w). For  k ~ 0 excitations e T ~ e L, and 
e T can be used in place of ~L in the loss funct ion [2]. 

Figure  2 shows Swanson's  comparison (12) between 
@2L[(~IL) 2 ~ (e2L)2] -1 as deduced from energy loss of 
fast electrons in  A12Oa and e2w[ (ezW) 2 T (e2W) 2] --Z de- 
termined from the optical constants of the material.  

We have measured the optical constants of single 
crystals of the phosphor host YVO4 as a function of 
photon energy in the region 3-25 eV (16). The real and 
imaginary  components of the t ransverse dielectric 
funct ion were determined by  a Kramer ' s -Kron ig  
analysis of the reflectivity data. They are shown in 
Fig. 3 along with the energy loss funct ion as estimated 
from eT. 

The loss funct ion has a broad max imum near  the 
plasma resonance energy as given by Eq. [3]. The 
structure on the curve is a t t r ibuted to in te rband  
and /or  exciton transit ions.  

Of major  concern in  cathodoluminescence are the 
excitations produced by relat ively low energy sec- 
ondary  electrons. Since the momen tum loss varies as 
E -1/2, there  wil l  be comparat ively large m o m e n t u m  
transfer  associated with energy loss of slow electrons. 
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Fig. 2. Energy loss function e~/(e] 2 "Jr- e22) of AI203 as deter- 
mined from optical ond from energy loss measurements [offer 
Swonson (12)]. 
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Fig. 3. Real and imaginary parts of the dielectric constant, el 
and e2, respectively, and the energy loss function e2/(ez 2 -I- e22), 
as deduced from a Kramer's-Kronig analysis of reflectivity data for 
a YV04 single crystal. 

Unfortunately,  there is no direct informat ion on 
eL(k,~) for k appreciably different from zero. As k in-  
creases, ptasmon creat ion tends to be suppressed in 
favor of in te rband  transitions.  No estimates are avail-  
able on how severely the loss funct ion is affected. It is 
likely, however, that  in most phosphors the energy of 
fast electrons u l t imate ly  goes to exciting valence-shel l  
electrons in  a fundamenta l  loss band similar  to that  
shown in Fig. 3. 

Estimation of Ca thode-Ray  Eff iciencies 
The excitation of luminescence by energetic elec- 

trons can be described by the following sequence of 
steps: 

1. The p r imary  electrons lose energy predominant ly  
by exciting electrons from inner  shells of ions, thereby 
leaving a t rai l  of fast secondaries and excited ions. 
They also excite valence-shel l  electrons. 

2. The excited ions decay, pr incipal ly  by Auger  
transitions, producing addit ional  secondary electrons 
and excited ions. A small fraction (about 1%) of the 
excitation is lost through x - ray  emission. 

3. The processes of 1 and 2 continue, each succes- 
sive step reducing the average energy of the sec- 
ondaries and excited ions, and increasing the excitation 
of the valence shell electrons. 

4. Except for the roughly  10% lost by back-scat ter-  
ing and x - r ay  emission, all  of the energy of the pr i -  
mary  electrons ul t imately  appears as excitations of the 
valence-shel l  electrons in  the " fundamenta l  energy 
loss region" from a few electron volts to several  10's 
of eV. The excitations ini t ia l ly  formed may consist 
of a mixture  of free electrons and holes, plasmons, and 
excitons. We wil l  neglect the excitons, since probably 
few are formed initially. Moreover, the plasmons de- 
cay, pr incipal ly  into in te rband  excitations, almost im-  
mediately. I t  is as though energetic-hole pairs were 
excited directly by the energetic p r imary  and sec- 
ondary electrons. 

5. The total  excitation energy of a typical electron- 
hole pair  is 20-30 eV. This energy consists of the band  
gap energy plus the energy of the energetic electron 
relat ive to the conduction band  m i n i m u m  and that  
of the energetic hole relat ive to the valence band 
maximum.  An energetic electron (or hole) can excite 
an addit ional  electron-hole pair  if its energy exceeds a 
threshold energy Et. It can also excite phonons. Theo- 
retical calculations (17) by Kane  and Mahan show 
that  a very energetic charge carrier  loses much more 
energy to pair  creation than  i t  does to phonon ex-  
citation. However, as its energy decreases, the cross- 
section for pair  creation decreases, while the phonon 
cross-section remains  essentially constant. Obviously, 
a carrier with a kinetic energy less than Et can excite 
phonons bu t  not pairs. It  may also excite defects or im-  
purities, including activators. (However, we assume 
that  the excitation of activators at this stage is negli-  
gible.) Carriers having  insufficient energy to excite 
addit ional  electron-hole pairs eventual ly  thermalize 
by  phonon emission. 

6. Activators are excited by thermalized pairs. One 
possible mechanism is through successive capture of 
an electron and a hole. This mechanism is very  l ikely 
operative in  I I -VI  compounds and other semiconduc- 
tors. A second mechanism involves the ini t ial  forma- 
t ion of an  exciton, which then migrates to an activator 
and excites it. This mechanism is thought  to be im-  
portant  in YVO4, CaWO4, and similar materials.  The 
activator relaxes to the emit t ing state and fluoresces, 
usual ly  with the emission of part  of the energy as 
phonons. 

The loss of p o t e n t i a l  excitat ion energy occurs 
principal ly in steps 5 and 6. The energy available from 
one thermalized electron hole-pair  is Eg, the band gap 
energy. In  all cases for which informat ion is available, 
one pair produces at most one emitted photon, with 
energy hve, so that  the energy efficiency of step 6 is 
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no greater than  hve/Eg. Let us make the assumption 
that  the n u m b e r  of emitted photons per thermalized 
pair produced under  cathode-ray excitation is equal  
to the quan tum efficiency ~lq, which is observed for 
photoexcitation just  above the absorption threshold. 
Then the  radiant  efficiency of step 6 wil l  be tha t  
which is observed for excitation with u.v. radiation;.  

bye 
nu.v. ---- nq h---'~" with hv __~ Eg. If the mean  energy re-  

quired to make  a pair  is Ex, the efficiency of step 5 
is EJEx, and the over-al l  cathode-ray energy effi- 
ciency is given by (18) 

Eg bye Eg 
~ c - r :  (1  - - * q b a c k )  ~ x  " ~ g  ---- (1  - - ' ; l b a c k )  ~ ? l u , v . ( E g )  

[4] 

where ~back is the fraction of the energy lost by back-  
scattering. 

Equat ion [4] is useful only if we have an indepen-  
dent  means for determining Ex. In  principle, Ex could 
be calculated if the dielectric funct ion e L ( w , k )  w e r e  
known out to large values of k, corresponding to ap-  
preciable momen tum transfer.  However, as ment ioned 
previously, at best sL(k,~) is known for small  k, where 
it can be deduced from optical measurements.  Mahan 
(17) has calculated Ex for YVO4 by neglecting any 
dependence of the loss funct ion on momentum and 
assuming that  the energies of the hole and electron 
produced in each pair creation event  are equal. Under  
these assumptions, he estimates Ex to be about two 
times the threshold energy for optical absorption. 

A simple model which allows us to estimate Ex de- 
scribes the host as having parabolic valence and con- 
duction bands. I t  assumes that the probabi l i ty  of an 
energetic electron (or hole) creating a pair  is much 
larger than the probabi l i ty  of its losing energy to 
phonons if and only if its energy exceeds some thresh-  
old energy, E r e  ( o r  E t h ) .  Then, as is shown in the ap-  
pendix, it is general ly  t rue that  the max imum energy 
an electron-hole pair  can have without  being able 
to excite addit ional  pairs is Eg -5 Ete -5 Eth ---- 4Eg. 
This value, 4Eg, is an upper  l imit for Ex which would 
be realized only if both charge carriers were produced 
with energies just  under  their  respective thresholds 
in  each excitat ion event. The m i n i m u m  value Ex can 
have is Eg. This occurs if the energy of the high energy 
electrons is channelled ent i re ly  into creation of elec- 
t ron-hole  pairs  in which both carriers have zero 
kinetic energy. We thus find Eg < Ex < 4Eg. 

Various estimates of Ex have appeared in the l i tera-  
ture  (19, 20).3 Such data as are available are consistent 
with Ex values between 2Eg and 4Eg. 3 

Informat ion  on the efficiency of a phosphor under  
photoexcitation in  the photon energy range up to ~40 
eV is of interest  relative to an unders tand ing  of its 
cathode-ray efficiency for several  reasons: 

(a) Measurement  of the radiant  efficiency at the 
band gap energy, nu.v.(Eg), may  be combined with 
estimates of Ex/Eg and (1 - -  T ] b a c k )  to yield a predic-  
tion of the cathode-ray efficiency from Eq. [4]. 

(b) The region up to N40 eV is the energy range 
in which the excitation energy of fast electrons even-  
tual ly  shows up as excitations of the valence shell 
electrons. If excitations of a given energy are suffi- 
ciently similar, whether  produced optically or by fast 
electrons, then one expects the cathode-ray efficiency 
to be a weighted average of the photoexcitation effi- 
ciency over this energy range. The weighting func-  
t ion to be used is the relative amount  of excitation 

-~Shockley (19) a n d  Kle in  (20) h a v e  g iven  es t imates  of Ex. H o w -  
ever ,  t he i r  es t imates  a r e  based  on  a mode l  w h e r e i n  the  inc iden t  
fas t  e lec t rons  (of p e r h a p s  20 keY energy} con t inua l ly  lose e n e r g y  
b y  p h o n o n  emiss ion as wel l  as b y  e lec t ron-ho le  p roduc t ion .  Ac-  
co rd ing  to M a h a n  (17), such  a mode l  is unrea l i s t ic .  

a Da t a  on  pa i r  p roduc t i on  s u m m a r i z e d  b y  Kle in  (20) is con-  
s is tent  wi th  va lues  2.7 ---~ Ez/E~ ~-- 4.0 for  the  s emiconduc to r s  C,e, 
Si, GaAs, SiC, PbO, and CdS. 

produced by fast electrons at each energy; the energy 
loss funct ion as determined optically might  be a 
suitable approximation. 

We have studied the photoexcitation efficiency of a 
number  of phosphors in the range of photon energies 
3 < hv < 25 eV by  exciting them with u.v. f rom a vac- 
uum monochromator.  (Exper imental  l imitations have 
thus far prevented us from extending the measure-  
ments  to higher energy.) The luminescent  output  was 
compared with that  from a sodium salicylate plaque 
assumed to have a quan tum efficiency which is inde-  
pendent  of photon energy over the range of interest.  
Measurement  of the absolute radiant  efficiency at 
2537A and a value of the average emission energy 
hve could then be used to compute the absolute quan-  
tum efficiency and absolute radiant  efficiency as a 
funct ion of photon energy. Several  representat ive 
q u a n t u m  efficiency curves are shown in Fig. 4. 

The energy dependence of the quan tum efficiency is 
most readily in terpre ted for Zn2SiO4: Mn samples. Be- 
tween 4 and 5.5 eV the photoexcitation appears to be 
associated with absorption by the Mn activator, since 
the s t rength depends on the Mn concentration. Host 
absorption apparent ly  sets in at about 5.5 eV. From 6 to 
14 eV the qua n t um efficiency remains  roughly con- 
stant  between 70 and 90%. We in terpre t  this to mean  
that each absorbed photon yields either one or no 
emitted photons. At 14 eV the quan tum efficiency be-  
gins to rise, indicat ing that  some of the absorbed 
photons yield more t han  one emitted photon. A 14 eV 
photon produces an electron and a hole at least one 
of which has sufficient energy to excite a second 
electron-hole pair. Thus, for one or both carriers 
5.5 < Et < 14 - -  5.5 or 5.5 < Et < 8 . 5 .  

The quan tum efficiency curves for "IVO4: Eu, 
Gd203:Eu, and CaWO4:Pb shown in Fig. 4 are not as 
readily interpreted.  For energies sl ightly greater  than  
the absorption threshold, the efficiency reaches values 
of 80-100%. At in termediate  energies (~8  eV) the 
quan tum efficiency falls. We believe that  this decrease 
in  efficiency occurs par t ly  because of surface de-ex-  
citation and par t ly  because the intr insic or bu lk  effi- 
ciency of the excitation produced in  this energy range 
is less. The absorption coefficient ~(h~) for far u.v. 
photons is high for the phosphors in question. For ex-  
ample, for YVO4 ~ N 106 cm-1 for hv > 7 eV, and the 
bu lk  of the u.v. radiat ion is absorbed wi th in  100A of 
the surface. The depth over which surface deactivation 

PHOTON ENERGY �9 eV 

Fig. 4. Quantum efficiency of four powder phosphors as a func- 
tion of the energy of the incident u.v. photons. 
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is important ,  for electron excitation, is given approxi-  
mately  by the electron range R(Vo) ,  where  Vo is 
the characteristic voltage as determined from the 
voltage dependence of the cathode-ray efficiency. As 
estimated from the vol tage-range relation, 4 40A 
R(Vo) < 1000A for most phosphors, and R(Vo) ,-~ 130A 
for YVO4:Eu. Consequently,  a substant ia l  par t  of the 
dip in  the quan tum efficiency curve may be due to 
surface de-excitation,  assuming that  u.v. produces the 
same kind of excitation as fast electrons. 

The decrease in  q u a n t u m  efficiency near  8 eV may 
also be due to a change in the excitation mechanism. 
Near the excitation edge it is l ikely that  excitons are 
formed directly by the absorption of the u.v. photons. 
As the photon energy is increased, one expects to en-  
counter  a threshold for the formation of free electrons 
and holes. The quan tum efficiency for fluorescent emis- 
sion may  be lower for free carriers, because they are 
susceptible to nonradia t ive  t rapping processes which 
do not effect neu t ra l  excitons. The increase in effi- 
ciency at 10-12 eV is believed due to in terna l  mul t i -  
plication. 

Parameters  describing the photoexcitation and cath- 
ode-ray excitat ion of several phosphors are sum- 
marized in Table I. 5 

Let us compare the measured cathode-ray efficiency 
of several phosphors of Table I with an estimate based 
on Eq. [4]. Taking 1 -- ~]back = 0.9 and 1 < Ex/Eg < 4, 
we estimate that  0.22 < ~lc-r/~lu.v.(Eg) < 0.9. For a 
typical  value Ex/E~ ---- 3, ~]~-r = 0.3 ~u.~. (Eg). Unfor tu-  
nately, Eg is not known  for most phosphors, and per-  
haps the best we can do is to assume that ~u.v.(Eg) _~ 
~]u.v.max~ w h e r e  l lu.v,  max i s  the m a x i m u m  radiant  effi- 
ciency in the near  ultraviolet .  Figure  5 shows ex- 
per imental  values of ~]c-r plotted vs. 0.3 ~u.~.. There is 
rough agreement  for Gd~O~:Eu and Na2OGd20~:Eu, 
while the remain ing  materials  have ~r < <  0.3 ~u.~. ma~. 
One source of the discrepancy may be the assumption 
that ~u.v,(E~) = ~]u.v.max; the max imum i n  ~]u.v. may 
correspond to the excitation of excitons rather  than 
free carriers. It  is also possible that  our assumption of 
a sharp threshold Et for pair  creation is at fault. If the 
probabi l i ty  of pair  creation increases slowly above 
threshold, the effect would be to raise Ex and decrease 
the expected ~]c-r. 

Let us now make the assumption that excitations in  
the fundamenta l  loss region produced optically yield 
the same luminescent  efficiency as the excitations of 
the same energy produced by fast electrons. Since we 
do not  know the spectrum of excitations produced by 
fast electrons in  the phosphors in question, we simply 
compare ~]c-r with 0.9 ~]u.v., where  ~u.v. denotes the 
range of photoexcitation efficiencies observed between 
9 and 25 eV, and the factor 0.9 takes into account the 
back-scat ter ing loss in fast electron excitation. (No 
correction for surface de-exci tat ion has been applied.) 
The comparison is made in Fig. 6. There is rough 
agreement  for several phosphors including Gd203:Eu 
and Y20~:Eu. For MgWO4, CaWO~:Pb, and Zn2SiO4: 
Mn ~lu.v. is high compared with ~c-r, and application of 
a surface correction would only worsen the agreement.  

The  v o l t a g e - r a n g e  r e l a t i o n  was  ca l cu l a t ed  b y  a s s u m i n g  t h a t  
t h e  r a n g e  R = 0.4I, w h e r e  I is the  i n t e g r a t e d  p a t h  length,. I n  t u rn ,  
I was  ca l cu l a t ed  u s i n g  the  f o r m u l a  g i v e n  on  p. 753 of  ref.  (6). 

See Ref.  (1) fo r  a d d i t i o n a l  i n f o r m a t i o n  c o n c e r n i n g  these  p a r a m -  
e te rs  a n d  t h e i r  m e a s u r e m e n t ,  
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Fig. 5. Comparison between maximum photoexcitafion efficiency 

in the near u.v. and cathode-ray efficiency. 
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Fig. 6. Comparison between the photoexcitation efficiency in 
the range V2Ep < h~incident < Ep and the cathode-ray efficiency. 

The above at tempt  to relate ~]c-r to the vacuum u l t ra -  
violet photoexcitation efficiency has thus met  with 
very limited success. But the excitations made by 
photons and  electrons may  have different momenta  
and a different division of energy among electrons and 
holes. Thus, there  may be a fundamenta l  difficulty in 
relat ing the two kinds of measurement .  The cathode- 
ray efficiency seems to be more variable and sensitive 
to phosphor preparat ion than the near  u.v. photoeffi- 
ciency. For example, by  incorporat ion of certain im-  
purities, Kano and Otomo (21) were able to substan-  
t ia l ly  reduce the cathode-ray efficiency of YVO4:Eu 
while leaving the near  u.v. efficiency largely un- 

Table I. Parameters describing the luminescence of selected phosphors 

Phosphor Designation Vo R (Vo) h~e hv ~?q 0.3~u.v. max Ep 
(kV) (eV) (eV) (eV) (%) (%) ~ (eV) 

ZnO:Zn CE8036-5 6.5 1200 3.4 11.1 5.1 20.9 
Zn2SiO4:Mn 1021 1.3 140 2.45 6.0 88 10.8 4.7 22.3 
CaWO4:Pb 1026 1.5 150 2.6 4.6 88 14.4 3.4 23.6 
MgWO~ 1027 2.5 380 2.5 4.4 97 16.5 2.9 24 
Zn2SiO4:Mn 1028 1.6 200 2.34 4.9 70 9.9 6.8 22.3 
YVO~:Eu  1.2 130 2.0 4.0 90 14,2 6.5 25 
Y~O3:Eu 0.7 64 2.0 5.2 100 ~12  6.5 21.8 
Gd~O~:Eu N-125-1 1.0 2.0 5.0 100 12.2 9.6 19.2 
NazOGd=O3:Eu N-124-2 ~ 3  640 2.0 5.0 94 11.5 8.8 ~ 1 9  
ZnS : A g  33-2-646A 2.82 3.7 19.6 16.3 
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affected. Pairs  having appreciable energy and mo- 
m e n t u m  may undergo t rapping and nonradia t ive  decay 
processes which pairs having low energy and mo- 
m e n t u m  avoid (perhaps because the lat ter  pairs  
quickly form excitons).  Fur the r  progress in  unde r -  
s tanding cathode-ray efficiency is made difficult by 
a lack of knowledge of how impor tant  undesired t rap-  
ping processes may be, and thus how high the efficiency 
might  be in their absence. Addi t ional  knowledge about 
the excitations produced by fast electrons and about 
exciton formation, surface de-excitation, band  gap en-  
ergies, etc., would be useful. 

We have noticed a correlation be tween  high plasma 
resonance energy of a phosphor host and low cathode- 
ray  efficiency (see Fig. 7). We know of no phosphor 
having Ep > 21 eV and l~c.r > 8%. The very  efficient 
phosphor hosts (Zn ,Cd)S:Ag and Gd203:Eu have 
Ep ~ 15.4 and 20.8 eV, respectively. One simple model 
for phosphor excitation is that  the energy of the fast 
electrons is used exclusively to produce plasmons and 
that  each plasmon decays to form one electron-hole 
pair, with no fur ther  mul t ipl icat ion (Ex = Ep). As-  
suming ~q = 1, we find 11c-r = (1 - -  ~ l b a c k ) h P e / E p  from 
Eq. [4]. This relat ion is obeyed to wi th in  •  for 
about one thi rd  of the samples for which we have 
made the comparison. However, other phosphors (such 
as ZnS:Ag)  show a higher ~c-r than  the above model 
predicts, indicat ing that  Ex < Ep. 

Concluding Comments 
We have presented several  models of the excitation 

mechanisms involved in  cathodoluminescence. Each of 
these models is capable of "explaining" the efficiencies 
of only a fraction of the materials  we have invest i -  
gated. We thus do not  have, as yet, a general ly  ap- 
plicable picture of cathodoluminescence. The reasons 
for the failure of our models in  m a n y  instances are 
unders tandable ,  but  the means for improving them 
are not obvious. 

A thorough unders tanding  of cathodoluminescence 
appears to require a more detailed knowledge of the 
band  structure,  excitat ion processes, and decay proc- 
esses in the energy range from the band  gap to the 
plasmon energy. This knowledge is not easily acquired 
either exper imental ly  or theoretically. Determinat ion 
of the optical constants  of more phosphor materials 
and a more detailed unders tanding  of the vacuum u.v. 
excitation spectra and surface de-excitat ion may be 
useful. 

There are some comparat ively certain conclusions 
which one can draw, however. Specifically, the more 
efficient phosphors are expected to be, and in practice 
t u r n  out to be, those with small  band gaps and low 
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Fig. 7. C a t h o d e - r o y  e f f i c i e n c y  a n d  c n l c u l a t e d  p l a s m a  r e s o n a n c e  
energy Ep _~ ~l(4nb/e2/m)Y2 of o series of phosphors, 

Table II. Some compounds having low plasma resonance energy 
(see Eq. [3]) 

Ep 
Compound (eV) 

Cs~O 9.9 
Csl  I0.5 
Hg2I~ 12.2 
BaS 12.6 
BaI,_, 12.6 
Gd.~Sa 13.3 
NaI  13.6 
LaIs 13.6 
HgSe  14.2 
CdS 14.5 
ThC2 14.5 
HgS 14.6 
La2Ss 16 
ZnS 16.3 
ThOS 17,1 
LaCh 17.4 
GdCh 18.0 

plasma resonance energies. Thus, an empirical  search 
for new phosphor hosts may be more frui t ful  if the 
materials  investigated are those which tend to have 
small  Eg and ~.~p. Obviously, the band gap cannot  be 
arbi t rar i ly  small  if a mater ia l  is to emit visible emis- 
sion efficiently at room temperature.  As a guide, we 
have listed a n u m b e r  of materials  with low Ep in 
Table II. 
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APPENDIX 

Threshold Energies for Pair Creation by an Energetic Carrier 
We assume that  the host has parabolic conduction 

and valence bands, and use the subscripts e and h to 
denote electron and hole, respectively. The smallest 
possible energy for pair  creation corresponds to the 
case where the momenta  of all the particles are parallel  
or antiparallel .  We assume that momen tum is con- 
served without  the aid of phonons or impuri t ies  and 
equate the momen tum loss of the energetic carrier  to 
the total momen tum of the pair  

Ap = Pe -t- Ph [A- l ]  

Furthermore,  we equate the energy loss of the ener-  
getic carrier to the total  energy of the created pair  

[Po 2 -- (Po -- AP)2]/2m = Eg + pe2/2me + ph2/2mh 
[A-2] 

Solving for Po and el iminat ing Ph we find 

m [ E g + A P 2  pe2 (AP--Pe)~  ] [A-3] 
po = ~p ~ - ~  + ~ -~ 2m~ 

The m i n i m u m  value of Po can be found by  differenti- 
at ing Eq. [A-3] with respect to Ap, and with respect 
to Pe, and equating each to zero and solving the  pair  
of s imultaneous equations. The mi n i mum occurs for 
Ap = 2m(me + mh)Eg/(m + me + mh) and Pe = 2m 
(me)2Eg/[(m + me + mh)(me + mh)].  The threshold 
energy for pair  creation is then given by 

Et = [1 + ml(me + mh)]Eg [A-4] 

For m = me ~--- mh, Et = 3/2 E~. For me << m~, Ere 
= E g ,  E t h  - -  2Eg. We find that  E t e  -{- E t h  -~- E g  = 4Eg, 
independent  of the effective masses. 
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Anomalous Thermal Behavior of Boron-Doped 
Low-Temperature Ge Epitaxial Layers 

M. Berkenblit,* T. B. Light, and A. Reisman* 
IBM Watson Research Center, Yorktown Heights, New York  

ABSTRACT 

Recently, conditions have been defined for the growth of mir ror -smooth  
layers of Ge on either Ge or semi- insula t ing  GaAs by the GeI~ dispropor- 
t ionat ion reaction. In  a t tempt ing to dope such layers with p- type  impurit ies 
under  the defined surface-ra te- l imi ted growth conditions, it was observed 
that  order -of -magni tude  decreases in resist ivity occurred on heat ing the 
grown layers to temperatures  higher  than  the original growth temperature.  
This indicated that  impuri t ies  were ini t ia l ly incorporated in an electrically 
inact ive state. Results are presented which show this behavior  to be in-  
creasingly pronounced for fast growth rates and low substrate temperatures.  
and growth conditions to minimize the effect are defined. 

Recently, conditions were defined for the growth of 
mirror-smooth layers of Ge on Ge or semi- insula t ing 
GaAs (110) substrates by the GeI2 disproport ionation 
reaction (1). In  a t tempting to fabricate devices in 
layers that  were boron doped and grown unde r  de- 
fined surface-ra te- l imi ted growth conditions, a marked 
thermal  instabi l i ty  was detected. It  was observed that 
mater ia l  grown at 350 ~ exhihited an order of magni tude  
decrease in resistivity as a consequence of a process 
step which required temperatures  higher than  the 
original growth temperatures  (e.g., 700~ As diffusion 
for diode fabricat ion).  As a consequence, i t  was diffi- 
cult to achieve control of resistivities of 0.1 ohm-cm or 
greater. Ini t ia l  at tempts at preparing As-diffused 
diodes in B-doped Ge layers grown at 350~ under  
the surface l imit ing conditions described in  reference 
(1) resulted in devices with soft reverse character-  
istics. 

Invest igat ion of the anomalous behavior  demon-  
strated that  the thermal  instabi l i ty  is a function of 
the tempera ture  at which the layer is grown, the 
growth rate  and to some degree the concentrat ion of 
the added impuri ty.  The results presented in  this 
paper are main ly  concerned with B-doped Ge. Ga- 
doped samples, prepared using a solid source of GaCh, 
were shown to exhibit  a similar resistivity change fol- 
lowing heat t reatment .  Wi th in  the limits of the experi-  
ment,  As-doped layers did not behave in this manner .  
In the following, conditions are defined for layer  
growth and anneal ing which permit  stabilization of 
the electrical behavior and the main tenance  of the 
desired surface smoothness. 

Experimental Procedure 
Germanium ep/ taxy. - -The  Ge layers were grown in 

a horizontal  reactor under  the required  high-velocity 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

and high-GeI2-concentrat ion conditions described pre-  
viously by the authors (1). Substrate  tempera ture  
was var ied  from 350 ~ to 410~ and the velocity and 
concentrat ion of the carrier  and reactant  gases were 
adjusted upwards with increasing tempera ture  in 
order to main ta in  surface-react ion-rate  l imit ing con- 
ditions. The Ge source bed was held at 600~176 A 
15% H2-85% He mixture  was used as a carrier gas at 
an input  flow rate of 900-1500 cc /min  [ room-tempera-  
ture  average l inear -gas-s t ream velocity (1.g.s.v.) at 
the substrate equal to 190-320 cm/min] .  The I2 source 
tempera ture  for the HI generator  was varied from 
65 ~ to 85~ (•176 at a given tempera ture) ,  which 
is equivalent  to a range of HI pressures of 11.0-39.2 
Torr. 

Purification of the carrier  gas, preparat ion of the 
substrates, and the use of a vacuum chuck substrate 
holder to protect the surface dur ing Ge deposition 
have been described in detail previously, as have a 
n u m b e r  of general  considerations regarding the low- 
tempera ture  disproportionation reaction (1-4). 

Doping.--The prime source for p- type  doping was 
BI3. The use of BBr3 and GaC13, as well  as e lemental  
Ga with which HI was reacted, were tested and found 
to be unsui table  as a means of introducing a controlled 
impur i ty  concentrat ion into the reactive gas stream. 
During the course of the investigation, a method was 
developed for the in situ synthesis of BI3 which made 
available a reproducible source of boron and el imi-  
nated the problems of handl ing  a highly reactive ma-  
ter ial  (5). Arsenic as an n - type  impur i ty  was obtained 
from the in situ decomposition of As I~  carried into 
the reactor as a dilute mix ture  in 15% H2-85% He. 

Annealing.--Germanium layers, grown by the iodide 
process as well  as by other deposition techniques, and 
bu lk  Ge wafers were annealed  at 500~ for 16 hr in  a 
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Table I. Resistivity of bulk Ge and epitaxial Ge layers 
on Ge or GaAs substrates annealed at 500°C for 16 hr 

Deposi t ion " A s  g r o w n "  Resis t iv i ty  
Deposit ion t empe r -  res is t iv i ty  a f te r  16 hr  

process  a ture ,  °C of Ge layer  a t  500°C 

GeI2 (BIB) 350 0.1 to ~12  ohm-cm,  p- type  
p - type  and n - type  ~-0.0'2 ohm-ore 
(low BI3) 

Bulk  Ge wafe r s  ~ - -  No change  
(n-or p- type)  

GeCl,  (BsI-I0) 800 ~0.1 ohm-cm,  p- type  No change  
GeH4 (B~H6) 650 ~0.1 ohm-cm,  p- type  No change 
GeI2 (no BI3) 350 n- type  Sl ight  change 

quartz tube furnace in a 15% H2-85% He ambient.  A 
comparison was made between the iodide process and 
the other deposition methods, and with bulk  material,  
to obviate the possibility of an impur i ty  present  in 
the anneal ing furnace causing the resistivity shift, and 
to determine whether  the  method of deposition in -  
fluenced the results. 

Measurement oi electrical characteristics.--A 3-point-  
probe spreading-resistance technique was used to de- 
te rmine  the resistivities of the "as grown" layers and 
to follow the changes resul t ing from the various an-  
neal  cycles. Van der Pauw samples were prepared from 
a n u m b e r  of samples for Hal l -mobi l i ty  and active- 
impur i ty-concent ra t ion  determinations.  P lanar  diodes 
were fabricated by As diffusion at 700°C for 30-60 rain 
through openings in  vapor-depasi ted SiO2 layers. The 
diode area was about 1.8 x 10 -5 cm 2. The reverse char-  
acteristics of the  diodes were measured from 0.2V to 
breakdown. 

Results and Discussion 
Table I shows the var iat ion of resist ivi ty with an-  

neal ing for samples of Ge from various sources. It 
may be observed that  B-doped Ge layers (approxi-  
mately 0.1 ohm-cm) ,  grown at 350°C at a rate of 5 ~m/  
hr, exhibit  a very pronounced decrease in resistivity to 
~0.02 ohm-cm as a result  of a heat t rea tment  at 
500°C. Such behavior was found to be characteristic 
of the p- type Ge grown by the iodide process and was 
not  observed in  Ge deposited at higher temperatures  
by other methods (pyrolysis of GeH4 at 650°C and the 
reduction of GeC14 at 800°C). Ge wafers cut from bulk  
grown material,  both p- and n- type,  showed no change 
following heat t reatment .  In  layers grown by the io- 
dide process without  BI3 or any other in tent ional ly  
added impur i ty  present  in the vapor stream, only a 
slight shift in resistivity could be detected after heat 
t reatment .  1 Similar  slight changes were observed some 
years earlier by Marinace et al. (6, 7), and were at-  
t r ibuted by  them to incorporated iodides. F rom the 
above results it is clear that  iodide contaminat ion in 
the grown layers does not contr ibute  significantly to 
the anomalous resistivity effect. Final ly,  the instabil i ty 
of the deposited-Ge layer was similar  whether  the 
substrate used was Ge or GaAs. 

The major  conclusion from the informat ion in Table 
I is that  boron appears to be incorporated to a large 
degree in an electrically inactive state at 350°C under  
the nonequi l ib r ium growth conditions employed, and 
is subsequent ly  activated by an anneal ing process. 
Significantly, in p~evious work, B-doped Ge layers, 
grown at 350°C under  flux conditions approaching 
equil ibrium, did not exhibit  a resistivity shift. All  of 
the above indicate that  the resist ivi ty changes ob- 
served are a consequence of the growth parameters,  
primari ly,  and the a t tendant  mechanism of impur i ty  
incorporat ion dur ing the specific growth procedure 
used. 

The extent  to which growth rate affects the observed 
stabil i ty of B-doped Ge was studied in  a series of 
depositions at 350°C. It was found that  the resist ivity 

1 "As  g r o w n , "  undoped layers  were  h igh  res i s t iv i ty  n- type  (of the 
order  of  2 ohm-cm) ,  and  they  r e m a i n e d  h i g h  res i s t iv i ty  a f te r  an-  
nea l ing  {some samples  conver ted  to p- type  h igh  res is t iv i ty  and 
others  r e m a i n e d  n- type ,  hu t  w i t h  a h igher  res is t iv i ty) .  

change following annealing at 500°C was large (ap- 
proximately an order of magnitude) for layers grown 
at rates of 2-10 #m/hr. For layers grown at 1.2 ~m/hr 
the effect was somewhat diminished, and at an 0.8 
~m/hr growth rate there was less than a 10% change 
in resistivity. It should be noted that, as the growth 
rate was reduced, the epitaxial-layer surface quality 
deteriorated and the layers were less suitable for fine- 
line device fabrication. Consequently, as equilibrium 
growth conditions were approached, electrical stability 
was gained at the expense of surface quality. 

The resistivity change, after annealing the deposited 
Ge layers, was reduced markedly also as a result of a 
relatively small increase in substrate temperature. In 
order to retain surface-rate-limiting growth condi- 
tions and attendant surface smoothness, it was neces- 
sary to increase the vapor phase concentration and 
velocity as the substrate temperature was increased. 
This, of course, resulted in an enhanced growth rate 
with increasing temperature; for example, at 385°C it 
was necessary to employ a growth rate of approxi- 
mately 20 ~m/hr in order to obtain surfaces compar- 
able to those obtained at 350°C at a rate of 5 ~m/hr. 
At 400°C deposition temperatures, the growth rates 
were of the order of 25-30 ~m/hr. In this range, how- 
ever, some degradation of surface quality resuRed, 
since the maximum practical concentration and veloc- 
ity obtainable in the system employed was only mar- 
ginally adequate. 

A summary  of the deposition parameters  is shown in  
Table II. The flux requirements  in terms of HI vapor 
pressure, carrier  gas input,  and average l inear-gas-  
s tream velocity at the substrate site are listed to- 
gether wi th  the result ing growth rates. The BI3 con- 
centrat ion is an approximate value required to provide 
an "as grown" resistivity of 0.1 ohm-cm. 

A numerica l  comparison of the relative stabilities 
of layers deposited at various substrate temperatures  
was estimated by  calculating a ratio of inactive boron 
in the "as grown" layer to the total  boron in the layer. 
Spreading resistance values for resistivity were con- 
verted to carrier  concentrat ion using the curves of 
Sze and I rv in  (8). The total boron concentration, CT, 
was obtained from the  resist ivity of the annealed 
sample (neglecting corrections for charge carrier com- 
pensation and mobil i ty) .  The concentrat ion of inactive 
boron, CT-CI, was taken as the difference between the 
annealed value, CT, and the value derived from the 
"as grown" resistivity, CI. (CT-CI)/CT represents  the 
fraction of the boron that  is incorporated into the "as 
grown" Ge layer  in an electrically inactive state. 
Figure 1 is a plot of this ratio as a function of sub-  
strate temperature.  The inactive boron fraction is seen 
to decrease from 0.83 to 0.12 in the substrate  tempera-  
ture in terval  350°-400°C, respectively. This is con- 
sistent with the observed decrease in the BI~ concen- 
t rat ion required in the gas phase (Table II) .  

A fur ther  evaluat ion of the effect of substrate tem- 
pera ture  dur ing growth and anneal ing was made from 
Hall  mobil i ty  data. Van der Pauw samples were pre-  
pared from Ge layers grown on semi- insula t ing GaAs 
substrates at 350 ° and 385°C. The insulat ing substrates 
were used to provide isolation of the epitaxial  film. 
Half of each Ge/GaAs structure was given an extended 
anneal  (48 hr  at 500°C) to insure  complete equi l ibra-  
t ion of the Ge layer. The results are shown in Fig. 2a 

Table ]1. Deposition parameters used to obtain smooth 
surfaces as a function of temperature 

Sub- 
strate 

t e mpe r -  
a ture ,  

°C 

HI  BIs 
vapor  Flow G r o w t h  concen- C ~ -  Cz 

pressure ,  ra te ,  L.G.S.V. rate,  t ra t ion,  
Tor r  cc /min  c m / m i n  /~m/hr p p m  C~ 

350 11.0 900 190 5 90 0,83 
385 27.6 1200 250 20 70 9,58 
400 27.6 1500 320 25 50 0.12 
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Fig. |. Variation of the fraction of inactive boron with substrate 
temperature. 

and 2b as plots of mobi l i ty  vs.  car r ie r  concentrat ion.  
The solid l ines represen t  publ i shed  da ta  for  bu lk  mo-  
b i l i ty  (9). The shape of the  curves  at  the  high ca r r i e r  
concentra t ion end (dashed port ions)  was obta ined  
f rom values  de t e rmined  b y  Woods (of these l abo ra -  
tor ies)  on bu lk  mater ia l .  Samples  grown at 385~ 
exhibi t  a Ha l l  mobi l i ty  close to tha t  of bu lk  mobi l i ty  
at room tempera tu re .  Fo l lowing  anneal ing  at 500~ 
the  res is t iv i ty  of these samples  decreases s l ight ly  and 
is accompanied,  as expected,  b y  a s imi la r ly  smal l  de-  
crease in Hal l  mobi l i ty .  Samples  g rown at  350~ ex -  
hibi t  a Ha l l  mobi l i ty  cons iderab ly  smal le r  t han  the  
bulk  value.  Fol lowing  anneal ing  there  is a consider-  
able  res i s t iv i ty  change accompanied b y  a somewhat  
smal le r  Hal l  mobi l i ty  change. The Hal l  mobi l i ty  of 
such samples  at  room t empera tu r e  fol lowing anneal ing  
is still,  however ,  cons iderab ly  smal le r  than  the  bu lk  
value.  

Fo r  these  same samples  measured  at 77~ the fol-  
lowing is observed:  the  mobi l i ty  of the  sample  grown 
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Fig. 2. Hall mobility vs. carrier concentration, as-grown and 
after annealing at 500~ a, Room temperature; b, liquid nitrogen 
temperature. 

at  385~ and annea led  at  500~ is essent ia l ly  the  bu lk  
value,  whereas  tha t  of the  sample  grown at  350~ and 
annea led  at  5O0~ shows a significant increase  f rom 
the  "as grown" value,  bu t  is s t i l l  less than  the  b u l k  
value.  Unaccountably ,  when  measured  at  77~ the  
l aye r  grown at  385~ exh ib i ted  essent ia l ly  bu lk  mo-  
b i l i ty  fol lowing annealing,  bu t  the  ca r r i e r  concent ra-  
t ion decreased af te r  anneal ing.  In  v iew of the  resul ts  
for both  the  annea led  and unannea led  layers  deposi ted 
at 385~ this  las t  resu l t  is unexpec ted  and as ye t  
unexpla ined.  Wha t  does appear  to be  clear,  however ,  
is tha t  wi th  a s l ight  increase  in g rowth  t e m p e r a t u r e  
of the  layers ,  one obta ins  Ha l l  inabi l i t ies  more  nea r ly  
approx imat ing  bu lk  values.  As we  shal l  show below, 
diodes fabr ica ted  f rom layers  grown at  different  t em-  
pe ra tu res  show leakage  character is t ics  tha t  cor re la te  
wi th  Hal l  da ta  in the  sense that ,  as Hal l  inabi l i t ies  
approach bu lk  values,  diode character is t ics  improve.  

The character is t ics  of diffused diodes made  in Ge 
layers  grown under  var ious  condit ions of g rowth  rate,  
subs t ra te  t empera tu re ,  and anneal ing  t ime were  com- 
pared.  Al l  of the  Ge layers  were  given at  least  a 
s t andard  anneal ing  t r ea tment  of 500~ for 16 hr  before  
diode fabr icat ion.  

Typica l  reverse  character is t ics  are  shown in Fig. 3 
for diodes in bu lk  Ge, and in h igh-  and l o w - t e m p e r a -  
ture  ep i tax ia l  layers  of Ge deposi ted on Ge and GaAs 
substrates.  Diodes formed in bu lk  Ge and in Ge epi-  
t ax ia l  layers,  deposi ted b y  the  reduct ion of GeC14, were  
indis t inguishable  f rom one another .  The Ge layers  de -  
posi ted on GaAs subst ra tes  by  the pyro ly t ic  dissocia-  
t ion of GeH4 were  more  heav i ly  doped, wi th  the  resul t  
tha t  t hey  had  a lower  b r e a k d o w n  voltage;  below 
breakdown,  the  character is t ics  a re  equivalent  to those 
for bu lk  Ge. 

As seen f rom Fig. 3, the  B-doped  layers  formed by  
the d ispropor t iona t ion  of GeI2 at  350~ y ie lded  soft 
reverse  I -V  characteris t ics ,  whe the r  deposi ted on Ge 
or on GaAs substrates.  As the  reverse  vol tage  increases,  
it  even tua l ly  reaches  a sa tura t ion  va lue  at  about  the  
expected b r e a k d o w n  voltage.  

The majo r  difference be tween  diodes fabr ica ted  in 
layers  g rown at  h igher  and lower  t empera tu re s  is seen 
in the  slope, n, of the  log I vs.  log V character is t ic  in 
the  p r e - b r e a k d o w n  region. Thus, n ~ ~ log I/• log V. 
If  n --> 0, then this is indica t ive  of  wha t  is no rma l ly  
t e rmed  a hard  diode character is t ic .  I f  n --> 1, a res is t -  
ance - l ike  or soft character is t ic  is indicated.  

F igure  4 gives a s u m m a r y  of the  values  of n for t y p i -  
cal diodes in ep i tax ia l  layers  formed by  different  h igh-  
and l o w - t e m p e r a t u r e  ep i tax ia l  processes. The  B-doped  
layers  p roduced  by  the  h i g h - t e m p e r a t u r e  processes 
(GeC14 and GeH4) yie ld  acceptable  diodes, even when  
deposi ted on GaAs  subst ra tes  (via  t h e  GeI-Lt process) .  
I t  should be noted tha t  Ge layers  deposi ted on GaAs 
using the GeH4 process a re  p las t i ca l ly  deformed (10). 
Consequently,  the  quest ion of c rys ta l  perfec t ion  in-  
fluencing these resul ts  was tested.  An  As -doped  l aye r  
on Ge, p roduced  by  the low t e m p e r a t u r e  process (GeI~ 
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Fig. 3. Reverse I-V characteristics for diffused diodes made in 
bulk Ge and in Ge layers deposited by different processes. 
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Ge layers deposited by different processes. 

at 350~ substrate tempera ture) ,  also yielded accept- 
able diodes. We can see from the data of Fig. 4 that  
nei ther  substrate type nor  plastic deformation are im-  
portant  factors leading to high values of n, but  that  
low deposition temperatures  combined with the use of 
B doping does result  in high values of n. 

The effects of substrate tempera ture  and growth 
rate on n are shown in Fig. 5. Log n is plotted against 
the ratio AT~R, where AT is defined arbi t rar i ly  as the 
substrate temperature,  Ts, minus  325~ and R is the 
growth rate in ~m/hr.  The ratio AT/R is used, since 
it is expected that the incorporation of active B would 
be enhanced by larger AT or smaller  R. Most of these 
data are for layers grown on Ge substrates. 

As ment ioned previously, all of the Ge layers from 
which these data were obtained were annealed at 
500~ for 16 hr prior to diode fabrication. Some of the 
samples were given extended heat t rea tments  at 50O~ 
for 32-48 hr or at 800~ for 45 min. The n-va lues  for 
these samples were about a factor or two lower than  
would be expected from the substrate  temperature,  
growth rate, and s tandard  anneal.  

It can be seen, then, that  the growth conditions 
which lead to min imal  changes in resist ivi ty also lead 
to improved diode reverse characteristics. The resis- 
t ivi ty  data indicate that  the B dopant  present  in the 
350~ layers is not all incorporated into electrically 
active sites in the Ge lattice. The mobil i ty  data indi-  
cate that  there is an extra scattering mechanism taking 
place i'n these layers. The inactive B may be associated 
with imperfections which adversely affect the mobility. 

Summary 
1. The resistivities of Ge layers deposited at the 

lower substrate tempera ture  (350~ using high GeI2 
concentrat ions and high carrier gas velocities, were 
thermal ly  unstable  (exhibi t ing resist ivity decreases 
of a factor of 10) and the mobil�9 were low. 

2. The resistivities of Ge layers deposited at the 
higher substrate temperatures  (>375~ showed much 
less thermal  instabi l i ty  (10% decrease in  resistivity 
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Fig. 5. Measured values of the pre-breakdown slope (n = Alog 
I/~log V) of V-I characteristics for diodes made in Ge layers 
deposited under different conditions of substrate temperature, Ts, 
and deposition rate, R. 

at 400~C) and yielded satisfactory diodes after annea l -  
ing. 

3. The thermal  instabil i ty is a t t r ibuted to incom- 
plete incorporation of electrically active B in the Ge 
lattice. 
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High-Dose Implantations of P, As, and Sb in Silicon: A 
Comparison of Room-Temperature Implantations Followed 

by a SSO~ Anneal and Implantations Conducted at 
600~ 
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ABSTRACT 

A study has been made of room-tempera ture  implantat ions  of large doses 
of P, As, and Sb into Si substrates, followed by anneal ing in the tempera ture  
range 550~176 and of implanta t ions  of these species into Si substrates 
main ta ined  at 600~ Neutron activation combined with anodic oxidation and 
HF stripping techniques was used to determine the profiles of the implanted 
ions. Electrical evaluat ion of the implanted layers by Hall  effect and sheet 
resistivity measurements  in conjunct ion with anodic oxidation and HF strip- 
ping techniques yielded profiles of the net  electrically active species. The pro- 
files obtained for 600~ implantat ions  are markedly  orientat ion dependent  
since the crystal l ine na ture  of the Si lattice is main ta ined  dur ing the im-  
plantat ion.  Most of the P, As, or Sb ions implanted at room tempera ture  are 
electrically active after anneal ing  at 550~176 and the carrier  mobil i ty  
observed in the implanted layer approaches that  observed in comparably 
doped bulk  Si. Only a small  fraction of the ions implanted at 600~ are elec- 
tr ically active and uncompensated,  and the carrier mobi l i ty  in these layers 
reflects the increased scattering due to charged compensat ing defects. 

In the process of ion implanta t ion doping of silicon 
at room temperature ,  the overlapping of disordered 
regions produced by the energetic heavy ions even-  
tual ly  results in the formation of a completely amor-  
phous region extending to the surface of the silicon 
substrate, provided the implanted dose is sufficiently 
large (1). The recrystall ization of such amorphous re-  
gions occurs in the tempera ture  range 500~176 and 
results in epitaxial  regrowth onto the under ly ing  
undamaged Si substrate (1,2). If the substrate is ma in-  
ta ined at a high enough tempera ture  (e.g., greater  
than 400~ for dose rates normal ly  employed in ion 
implanta t ion)  during the implanta t ion process, enough 
radiat ion damage is annealed dur ing  the course of the 
implanta t ion to preclude the formation of a completely 
amorphous region (3). In  a previous publication, the 
presence of a completely amorphous region w a s  

demonstrated to be advantageous in achieving a large 
fraction of the implanted  species electrically active 
and uncompensated (P, As, and Sb in Si) at a low 
anneal ing tempera ture  (e.g., 600~ (4). The purpose 
of the present  paper is to expand these ini t ial  invest i -  
gations. The profiles (total and net electrically active) 
for P, As, and Sb implanted into Si have been invest i -  
gated for (a) room-tempera ture  implantat ions  fol- 
lowed by a 550~176 post implanta t ion annea l  and 
(b) implantat ions  into Si substrates main ta ined  at 

600~ The total  doses employed were sufficiently large 
to produce a visible amorphous region for the room- 
tempera ture  implantat ions.  

Experimental 
The group V ions were implanted into Si samples 

using a Cockcroft-Walton accelerator capable of oper- 
ation to 300 kV. The ions P and As were obtained 
from gaseous species (PFs, ASH3) in an oscillating elec- 
t ron source of our design (5). An Ar  plasma was used 
to heat solid Sb in a quartz crucible suspended inside 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
1 P r e s e n t  add re s s :  SEMI ,  1910 W. C h e r y l  D r i v e ,  P h o e n i x ,  Ar izona .  

the same source, thereby obtaining a sufficient vapor 
pressure of Sb. The ion beam was focussed, mass ana-  
lyzed magnetically,  and scanned uni formly  over the 
sample (4 cm2). In  the case of Sb, Sb '2~ was employed 
since this isotope, upon neu t ron  activation, yields 
Sb 124 which has a 60.9-day half life. The Si substrates 
were <100> wafers cut from Czochralski-grown crys- 
tals, which were boron doped and 1 ohm-cm resistivity. 
The substrates were lapped and chemically polished. 
It was possible to heat the samples as high as 700~ 
dur ing implantations.  The totaI dose was obtained by 
integrat ing the current  from the samples ( room-tem- 
perature  implantat ions)  or from a beam profile moni -  
tor (h igh- tempera ture  implanta t ions) .  The currents  
were measured wi th  a Faraday  cup. Dose rates were 
typical ly 1-5 ~A cm -2. For this study, accurate target  
a l ignment  (i.e., within  0.1 ~ was not available since 
the beam sweep was over approximately • 

After implantat ion,  the wafers to be used for ob- 
ta ining the total profile of the implanted species were 
subjected to a thermal  neu t ron  flux 1018 cm -2 sec -1 
for a few days to produce p32, As76, or Sb 124 depending 
on the implanted species. After  sufficient t ime for the 
Si zl (half life 2.5 hr) to decay, the wafers were sec- 
t ioned by anodizing and dissolving the anodic oxide in 
dilute HF. A radiochemical assay by liquid scinti l la-  
t ion counting was performed on the resul tant  solu- 
tions to determine the specific activity of each sec- 
tion; precautions were taken to insure against the 
loss of any radioactive mater ia l  and to avoid cross 
contamination.  The system was calibrated by includ-  
ing a s tandard wafer  of known  impur i ty  concentra-  
t ion with each group of activated wafers. Half-l ife 
determinat ions and -~-ray spectral analyses were used 
for positive identification of the isotopes. 

The electrical evaluat ion of ion- implan ted  layers 
uti l izing Hall effect and sheet resistivity measurements  
on van der Pauw configurations in conjunct ion with 
anodic oxidation and HF stripping techniques has been 
described fully by Mayer, Marsh, Shifrin,  and  Baron 
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(6). In  the following experiments,  the electrical pro- 
filing operation was performed in one sample holder 
(Fig. 1). This design allows etching, anodic oxide 
formation, and electrical measurements  to be per-  
formed in situ, with electrical contacts being applied 
only once. To facilitate good electrical contact to the 
implanted regions, diffused contact pads (As doped) 
were utilized. Clover-leaf  van  der Pauw configurations 
(Fig. 2) were obtained by etching techniques em- 
ploying a 3: 2:1 mixture  of nitric acid, acetic acid, and 
hydrofluoric acid. Contact to the diffused contact pads 
was achieved by evaporated A1. A fifth large-area A1 
contact was evaporated onto the rear  of the wafer  (for 
use in evaluat ing the effectiveness of the electrical 
isolation provided by the p -n  junct ion formed by the 
implanted species in  the B-doped Si substrates) .  The 
contacts were sintered at 450~ for 5 min. Electrical 
contact was made by fastening Pt  wires to the A1 
pads by means of conducting Ag paste. 

The anodic oxide growth (and consequent Si re-  
moval)  was accomplished in situ by the insert ion of a 

, J  

A B 
C 

V// / / / / /J,  ~ ~ ~ _ "//////.4 o 

r / / / / / / / / /  

Fig. I .  Tile sample holder used for stripping and measurements 
consists of three parts. The holder consists of two Teflon parts, 1 
and 2, which fit together well enough to provide a seal at A to 
protect the contact areas from anodizing and etching solutions. An 
"a" ring provides a seal at B between the Si wafer, E, and the 
upper section, 1, thus defining a reservoir, C, for containing ano- 
dizing and etching solutions. The upper and lower sections, ! and 
2, are held together by nylon screws, D. Electrical contacts termi- 
nate in a Jones plug, F, which has five connections, four to the 
van der Pauw sample and one to the back of the Si substrate. 
Contact to the van der Pauw sample is provided by Pt wires attached 
to the AI pads (Fig. 2) and soldered to the posts, G. Contact to the 
back of the sample is provided by Ag paste between AI on the wafer 
and the contact, H. A groove, I, in the lower section fits over one 
pole face of the magnet, allowing reproducible alignment of the 
sample. The section 3 constructed from Teflon and with a Pt 
cathode, J, provides a reproducible cell geometry for the anodir 
oxidation. 

AI CONTACT PADS 

/ ~ -  I M P L A N T E D  R E G I O N  

ETCHINGBEFORE [ L r ~  [~L~--~-DIFFUSEO CONTACT REGIONS 

AFTER P 
ETCHING l - -  J 

[ At CONTACT PADS OVER DIFFUSED CONTACT REGIONS 

~ = ~  ETCHED MESA IN VAN OER PAUW CONFIGURATION 

~ LOCATION OF "O" RING IN SAMPLE HOLDER 
I 

Fig. 2. The sample configuration used for resistivity and Hall 
measurements is a modified van der Pauw configuration. The test 
sample is produced by etching a mesa, relying on the junction to 
provide electrical isolation from the substrate. The portion of the 
sample which is stripped is inside the area delineated by the "o" 
ring. 

Pt cathode into the sample holder (Fig. 1) and the use 
of the Hall  contacts and the rear  contact to complete 
the circuit. The electrolyte used was a 0.001N solution 
of potassium ni t ra te  in N-methylacetamide  to which 
was added 3% water. The film growth was terminated  
automatical ly by presett ing the l imit ing voltage on a 
constant  current  power supply. Typical oxide film 
thicknesses ranged from 430 to 1000A (corresponding 
to 200-460A of Si removed) .  

Electrical measurements  were made by conventional  
d-c potentiometric techniques. The van  der Pauw con- 
figuration is ideally suited to str ipping techniques in 
that  a viton "o" r ing seal may be inserted between 
the contact pads and the central  region (Fig. 2). The 
contacts are unaffected by the etching and oxide 
growth to be performed on the central  region and 
therefore need be applied only once. The magnetic 
field used for the Hall  measurements  was 7.5 kilo- 
gauss. At the beginning of a s tr ipping run, typical  
currents,  provided by a constant current  power supply, 
were 10 -4 A and were reduced as the sample resistance 
increased to minimize the voltage drop across the 
sample contacts but  yet main ta in  sufficient sensit ivi ty 
in the Hall  measurement .  

At the conclusion of a str ipping experiment,  one has 
a set of sheet Hall  coefficients and sheet resistivities 
corresponding to a number  of successive removals of 
a known quant i ty  of Si. These data can be reduced to 
a profile of the concentrat ion and mobil i ty  of carriers 
as a funct ion of the depth from the surface. The de- 
tails of this data reduction are ful ly explained in 
Ref. (6). 

The samples which were used for electrical evalu-  
ation were implanted under  identical  conditions to 
those used to obtain the total profile of implanted 
atoms with neu t ron  activation analysis and str ipping 
techniques. The use of two separate samples was 
dictated by the fact that, dur ing  the process of neu t ron  
activation, massive damage to the sample is incurred 
which would also influence the  anneal ing  character-  
istics of electrical properties of the implanted ions. 

Exper imental  Results and Discussion 
Profffes of implanted species.--Typical profiles ob- 

ta ined by neut ron  activation and str ipping techniques 
are presented for P (Fig. 3), As (Fig. 4), and Sb (Fig. 
5) implanted into <100> silicon wafers. For  the P 
implantat ions (Fig. 3), the energy of the ions was 
280 keV and the dose was 9 x 1015 cm -2 ( room-tem-  
pera ture  implanta t ion)  and 3 x 1015 cm -2 (600~ im-  
planta t ion) .  The room-tempera ture  implanta t ion  ex- 
hibits a somewhat smaller  most probable range, R,, 
than the 600~ implanta t ion  (0.38 and 0.42~, respec- 
t ively) .  The significant difference in the profile ob- 
tained at 600~ relat ive to the profile obtained at room 
temperature  is the markedly  more asymmetric  and 
broader  dis t r ibut ion of ions which penetra te  more 
deeply into the Si substrate than  the most probable 
range. For  As implanta t ions  (Fig. 4), s imilar  results 
were obtained [Rp = 0.19~ (room temperature)  and 
0.24~ (600~ The implanta t ion  parameters  for these 
As implantat ions  were: 280 keV, total dose = 4 x 1015 
cm -2 (room temperature)  and 3 x 1015 cm -2 (600~ 
The solid curve in Fig. 4 was obtained for a <100> 
silicon substrate misoriented by 7 ~ dur ing the 600~ 
implanta t ion of 3 x 1015 As cm -2 (the data points are 
omitted for c lar i ty) .  

Dur ing  the room-tempera ture  implantat ions,  most of 
the implanted ions impinge on amorphous Si, since 
the total dose in all cases was more than  sufficient to 
produce a completely amorphous region extending to 
the substrate surface. Crystal l ine effects such as 
channel ing were thus not impor tant  for most of the 
ions implanted at room temperature,  since channel-  
ing is markedly  reduced when sufficient lattice dis- 
order is present  (7, 8). Dur ing  600~ implantat ions,  
much of the damage is cont inuously annealed (3), and 
crystal l ine effects, such as channeling,  were impor tant  
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dur ing  the ent i re  implanta t ion.  The a s y m m e t r y  in 
the  600~ implan ta t ions  is thus due to c rys ta l l ine  
effects (channel ing)  and the or ienta t ion  of the  sub-  
s t ra te  is important ,  as evidenced in the  m a r k e d  differ-  
ence in profiles obta ined  at  600~ for the  <100>  si l i -  
con subs t ra te  and  the <100>  silicon subs t ra te  mis -  
or ien ted  by  7 ~ Al though  not  shown in Fig. 4, a nea r ly  
ident ica l  profile to that  obta ined for the  <100>  silicon 
subs t ra te  was observed for 280 keV As (3 x 1015 cm -2) 
implan ted  into a <111>  sil icon wafe r  at 600~ (no 
misor ien ta t ion) .  

F igu re  5 depicts  the  profile obta ined f rom a room- 
t empe ra tu r e  Sb 12~ implan ta t ion  (120 keV, 1 x 1015 
cm -2) into <100>  Si. The  deeply  pene t ra t ing  ta i l  is 
undoubted ly  due to channel ing  effects p resen t  dur ing  
the ini t ia l  stages of the  implan ta t ion  when  the amount  
of la t t ice  d i sorder  is not  sufficient to p reven t  such 
effects, as has been  expe r imen ta l ly  verif ied for As 
implanta t ions  at room t e m p e r a t u r e  (7). 

Profile of net electrically active species.--A compar i -  
son of the  profile of total  P atoms (280 keV, 8 x 1015 
cm -2) wi th  the  net  e lec t r ica l ly  act ive carr iers  is p re -  
sented in Fig.  6. The implanta t ions  were  conducted 
at room t e m p e r a t u r e  into <100>  Si  substrates.  The 
e lec t r ica l ly  act ive profile was obta ined a f te r  a series 
of 30 min isochronal  anneals  from 500 ~ to 800~ Af t e r  
the  550~ isochronal  anneal ,  the  sheet  res is t iv i ty  of 
this implan ta t ion  was 14 ohms/sq  wi th  a cor respond-  
ing car r ie r  concentra t ion of 6.4 x 1015 cm -2, Af te r  the  
800~ anneal ing  step, the sheet res i s t iv i ty  was 12 
ohms/sq  wi th  a cor responding 6.1 x 1015 carr iers  cm -2, 
Most of the  implan ta t ion  is thus  e lec t r ica l ly  act ive 
af ter  only  a 550~ 30 min anneal.  2 F r o m  Fig. 6, it  is 
apparen t  that  essent ia l ly  al l  of the  P a toms implan ted  
are  e lect r ica l ly  act ive af ter  an 800~ anneal ,  except  
perhaps  in the  t a i l  region beyond  0.6#. The ca r r i e r  
mobi l i ty  of this  sample  as a funct ion of car r ie r  con- 
cent ra t ion  is p resented  in Fig. 7, which  indicates  tha t  
the  mobi l i ty  in the  implan ted  layer  is comparab le  to 
wha t  would  be observed for  bu lk  Si  of comparab le  
doping levels [af ter  I rv in  (9) ]. 

Quite a different  s i tuat ion is observed for P im-  
p lanta t ions  conducted at  600~ (Fig. 8). The imp lan ta -  
t ion pa rame te r s  were  300 keV, 1.5 x 1016 P cm -2, 600~ 
Si subs t ra te  <100>  orientat ion.  The car r ie r  concen- 
t ra t ion  is m a r k e d l y  lower  than  the concentra t ion of 
implan ted  P atoms. In addit ion,  the  mobi l i ty  of the  
car r ie rs  in this sample  is m a r k e d l y  lower  than  tha t  
p red ic ted  for  bu lk  Si of comparab le  car r ie r  concen-  
t rat ions,  perhaps  indica t ing  increased scat ter ing by  
charged  compensat ing  defects  responsible  for the  l ack  
of complete  e lectr ical  ac t iv i ty  of the  implan ted  P 
atoms (Fig. 7). 

Analogous  resul ts  were  also obta ined  for  As and Sb 
implanta t ions;  namely,  r o o m - t e m p e r a t u r e  imp lan ta -  
t ions fol lowed by  a 600~ anneal  p roduced  mate r i a l  in 
which  most of the  implan ted  species a re  e lec t r ica l ly  
act ive wi th  a mobi l i ty  character is t ic  of bu lk  Si  of 
comparab le  doping levels,  whi le  600~ implan ta t ions  
y ie lded  layers  in which  most  of the  implan ted  atoms 
are  not e lec t r ica l ly  act ive and uncompensated  and the  
mobi l i ty  observed is m a r k e d l y  lower  than  expec ted  for 
uncompensa ted  bu lk  Si of comparab le  ca r r i e r  concen-  
t rat ions,  indicat ive  of apprec iab le  scat ter ing by  defect  
centers.  

The profiles resul t ing  f rom anneal ing  r o o m - t e m p e r a -  
tu re  implanta t ions  of As (280 keV, 4 x 1015 cm -~, 

The  ca r r i e r  c o n c e n t r a t i o n  r e f e r r e d  to  he re  is  an  e f fec t ive  ca r r i e r  
c o n c e n t r a t i o n  cm -2 d e t e r m i n e d  f r o m  the  shee t  Ha l l  coeff icient  of 
t he  e n t i r e  i m p l a n t e d  l ayer  by  t he  s i m p l e  r e l a t i o n s h i p  [n% = 1 /  
(RHe)] ,  w h e r e - n * s  is t he  e f fec t ive  n u m b e r  of ca r r i e r s  cm -~, R~x is 
the  m e a s u r e d  shee t  Ha l l  coefficient,  a n d  e is the  e lec t ron ic  charge .  
The  n u m b e r  of ca r r i e r s  cm -2 d e t e r m i n e d  f r o m  th i s  m e a s u r e m e n t  is  
a l w a y s  l o w e r  t h a n  t he  t rue  n u m b e r  cm-~ o b t a i n e d  b y  i n t e g r a t i n g  
over  the  o b s e r v e d  ca r r i e r  d i s t r i b u t i o n .  Th i s  occurs  because  the  shee t  
Ha l l  coeff icient  is a w e i g h t e d  a v e r a g e  w h i c h  f a v o r s  ca r r i e r s  of 
h i g h e r  m o b i l i t y  [see Ref.  (6) f o r  a good d i scuss ion  of t h i s  po in t ] .  
The  decrease  in  r e s i s t i v i t y  and  the  decrease  in  e f fec t ive  ca r r i e r s  
cm-2 u p o n  a n n e a l i n g  to 800~ is due  p r i m a r i l y  to  t he  fac t  t h a t  t he  
t a i l  of the  d i s t r i b u t i o n  becomes  e l ec t r i ca l l y  ac t ive  on ly  a t  t he  
h i g h e r  a n n e a l i n g  t e m p e r a t u r e .  Th i s  p o i n t  is  d i scussed  more  f u l l y  
in  connec t ion  w i t h  Fig .  9 of the  text .  
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Fig. 5. Implantation profile of Sb +, 120 keV, into < 1 0 0 >  Si. 
The total implanted dose was 1 x 1015 cm -=.  

<100> Si) for 30 min at either 550 ~ or 800~ are 
shown in Fig. 9. The observed carrier concentration 
beyond 0.36# in the sample annealed at 5000C exhibits 
a marked fal l -of f  relative to that in the sample an- 
nealed at 800~ This phenomenon is due to only a 
small fraction of the implanted As atoms being elec- 
t r ica l ly  active and uncompensated in this tai l  region 
in the sample annealed at 550~ rather than to a diffu- 
sion of As atoms occurring in the sample annealed at 
8000C. In a previous study, i t  was determined that no 
noticeable diffusion of implanted As atoms occurred at 
temperatures below 850~ (7). An attractive explana- 
t ion of this phenomenon is tha t  the  amorphous  Si  
l aye r  did  not  ex tend as deep  as 0.36~ and thus  a t em-  
pe ra tu re  much higher  than  550~ would  be requ i red  
to achieve a l a rge  f ract ion of the  implan ted  ions in the  
ta i l  as e lec t r ica l ly  act ive and uncompensated .  This is 
consistent  wi th  the  prev ious ly  publ i shed  anneal ing  
character is t ics  of P and  As implanta t ions  at  doses be -  
low the  cr i t ical  dose requ i red  to produce  an a m o r -  
phous  Si l aye r  (4). 

Summary 
As in our  previous  s tudy  (7), for  sufficiently high 

doses of P, As, or  Sb ions, the  profiles obta ined  by  
r o o m - t e m p e r a t u r e  implanta t ions  are  re la t ive ly  in-  
sensi t ive to c rys ta l l ine  orientat ion.  "Tailing," due  to 
channel ing in the  ini t ia l  stages of the  implan ta t ion  (7), 
is more  pronounced  for P than  for  As Or Sb (i.e., for 
equal  doses, a l a rger  f ract ion of the  implan ted  ions is 
pa r t i a l l y  channeled  for  P than  for  As or  Sb)  as ex -  
pected,  since more  damage  per  ion produced b y  the 
heav ie r  As or Sb would  cur ta i l  channel ing  at  an 
ear l ie r  stage. In  this  paper ,  we  have  demons t ra ted  
that ,  for 600~ implanta t ions ,  c rys ta l l ine  effects r e -  
main  impor t an t  dur ing  the ent i re  implan ta t ion  and 
tha t  the or ienta t ion  of the  subs t ra te  is impor tan t  in de-  
t e rmin ing  the final profile. 

Implan ta t ions  conducted into Si  subst ra tes  ma in -  
t a ined  at  600~ resul t  in only  a f ract ion of the  im-  
p lan ted  ions e lec t r ica l ly  act ive and uncompensated.  
The ca r r i e r  mobi l i ty  in such implan ted  layers  reflects 
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Fig. 6. Room-temperature implantation profile of P+, 250 keY, 
8 x 1015 cm -2,  into < 1 0 0 >  Si. Open circles, G ,  represent the 
total P as determined by neutron activation, and Closed circles, 0 ,  
represent the carrier concentration, as determined by Hall and 
sheet resistivity measurements, after annealing at 800~ for 30 
rain. 
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e ,  represent the Hall mobility observed in an implant conducted 
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increased sca t ter ing  f rom charged  defects y ie ld ing  mo-  
bil i t ies m a r k e d l y  lower  than  tha t  expected  f rom un-  
compensated  bu lk  Si  of comparab le  ca r r i e r  concent ra-  
tions. In  contras t  to this  behavior ,  h igh :dose  im-  
p lan ta t ions  of P, As, or Sb into Si  subs t ra tes  at room 
t empera tu r e  fol lowed by  a 550~176 annea l  y ie ld  the  
ma jo r i t y  of the  implan ted  car r ie rs  e lec t r ica l ly  act ive 
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and uncompensa ted  wi th  ca r r i e r  mobil i t ies  approach-  
ing tha t  expected for bu lk  Si  of comparab le  doping 
levels. Tempera tu res  m a r k e d l y  h igher  than  550~ are  
r equ i red  to r ende r  the  atoms in the  ta i l  of the  d i s t r ibu-  
t ion of room t e m p e r a t u r e  implan ta t ions  of P, As, or  
Sb e lec t r ica l ly  act ive and uncompensated,  p r e sumab ly  
due  to the  fact  t ha t  these  a toms l ie  outside the  a m o r -  
phous Si surface layer .  3 
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A n y  discussion of this  paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1970 
JOURNAL. 
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Contact Resistance in Diffused Resistors 
i. F. Chang 

IBM Burlington, Components Division, Essex Junction, Vermont 

ABSTRACT 

The metal-si l icon interface resistance is an impor tant  factor in  the total 
resistance value of a diffused resistor. A contact correction term has to be 
considered for the design of resistors on an integrated circuit chip. This 
correction term is explored both exper imenta l ly  and theoretically. Exper i -  
menta l  results of contact correction are obtained for a luminum,  sputtered 
molybdenum,  and pyrolytic molybdenum to silicon contacts of various di-  
mensions. Theoretically, a modified t ransmission line (MTL) model is in-  
troduced to describe the contacts of the diffused resistors. This model is based 
on the considerations of the geometry and the fabricat ion processes of the 
diffused resistor and its contacts. Model calculations compare very well  with 
exper imenta l  findings. Thus, the equations derived from the MTL model can 
be used as design formulas to est imate a realistic value of the contact cor- 
rection te rm for any  given contact size and fabricat ion process, provided the 
process parameters  are determined experimental ly.  In  addition, the lower 
l imit  of the contact correction te rm is also obtained based on geometrical 
considerations only. 

The design of monolithic integrated circuits re-  
quires a set of simple and correct device formulas as 
a design guide. For a diffused resistor, one usual ly  
uses the simple formula (1) :for the resistance, R 

L 
R = ps: [1] 

W 

where L and W are the resistor length and width. The 
sheet resistance, ps, is defined (2) as 

p 1 
ps = -- - -  (for uni form doping profile) [2] 

Xj q~NXj 
o r  

1 
ps = (for graded doping profile) [3] 

q~ S :  j N (x)dX 

where p is the resistivity and Xj is the junction depth 
of the diffusion. N(x) is the doping profile and q and 
are, respectively, the charge and average mobility of 

the majority carriers. When formula [1] is used in 
practice, it is often found to be yielding incorrect re- 
sistance values for actual diffused resistors. This dis- 
crepancy exists because the contacts to the resistor are 
contributing some resistance to the over-all resistor 
value. This extra resistance is particularly important 
in the design of low value resistors and resistors with 
tracking requirements. Therefore, one must add a con- 
tact correction term to Eq. [1] as 

L 
R = ps ~ -t- 2Rcc [4] 

W 

in order to achieve a correct design. Rc~ is defined as 
the contact correction term per single contact. It  is the 
in tent ion of this work to analyt ical ly  determine the 
added term, Rcc, such that  Eq. [4] can be used as a 
design formula. 

In  general, the contact correction term may  con- 
sist of several parts  which may be caused by various 
different or combined mechanisms.  For instance, the 
current  crowding phenomenon due to the geometry of 
the resistor contacts can contr ibute  to the Rcc term. 
This effect has been studied by Kennedy  and Murley 
(3) using a two-dimensional  model. The electric field 
dis tr ibut ion in the resistor is numer ica l ly  determined.  
The current  crowding in the vicini ty of the ohmic con- 
tacts is clearly shown in  their  graphical  presentation. 
Their  model assumes a perfect metal-semiconductor  
interface which is never  the case. In  reality,  one may 

have a metal  semiconductor alloy at the contact region 
which may or may  not be ohmic. The nonohmic type 
contacts f a l l  outside the range of our concern here. 
The ohmic type, depending on the metal lurgical  proc- 
esses, of course, contributes some resistance to t~cc. 

A few measurements  (4-6) of metal-si l icon contacts 
have been performed in  the past. However, these 
studies were made on large contacts and did not con- 
sider the chemical and metal lurgical  processes in-  
volved in  the  integrated circuit  technology necessary 
for fabricating the diffused resistors. In  particular,  
there is evidence (7) indicat ing that  sometimes con- 
ductive or nonconduct ive films may exist at the meta l -  
semiconductor interface. These films could be either 
by-products  of some chemical masking processes or 
left-overs of imperfect cleaning and etching processes. 
They may also contr ibute  to the contact correction 
term. 

The above-ment ioned possible contr ibut ions to Rcc 
can occur s imultaneously and cannot be separately 
determined by exper imental  measurements .  However, 
the contact correction term as a whole may be analy t -  
ically obtained. This work intends to show that  an 
analytic formula can be used to calculate the contact 
correction te rm as a whole for all sizes of contacts 
provided two process parameters  are exper imenta l ly  
determined.  This is necessary since Rcc is definitely a 
function of fabrication processes. 

The measurements  and the results of various meta l -  
lurgical contacts of various sizes are described. Experi-  
menta l  data of contacts from a luminum,  sputtered 
molybdenum,  and pyrolytic molybdenum to silicon 
have been statistically compiled. An  analytic model 
s imulat ing a metal  contact of a diffused resistor is 
introduced. Model calculations are compared with ex- 
per imenta l  results. A formula for the contact correc- 
t ion term is obtained. Fur thermore,  based on geometri-  
cal considerations only, a formula for contact correc- 
tion can be derived to serve in the lower l imit  cases 
of Rcr for any given size of contacts. Conclusions are 
made. 

Measurements 
In  order to s tudy the contact correction te rm with 

respect to geometry and dimensions, resistors with 
various contact sizes and shapes were designed on a 
chip. Figure 1 shows a typical  resistor pat tern.  All  
dimensions, W, a, d are nomina l  wafer  dimensions. 
The side diffusion effect and contact over etch effect 
has been accounted for in the design. Two metal  pads 
were connected to each contact so that  one could be 
used as a voltage te rmina l  and one as a current  te rmi-  
nal. Thus, any contact resistance introduced by  mea-  
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Fig. 1. Resistor test pattern for measurement of contact correc- 
tion. 

suring probes are excluded from the measurements.  
All  the measurements  were performed on the C O S M I C  
programmed tester using an IBM 1130 computer. By 
program instruction, two probes can be chosen to be 
current  te rminals  which supply constant  cur ren t  at 
1 or 10 mA levels. The remain ing  probes sequent ia l ly  
measure the potentials on different contacts with re- 
spect to the grounded current  terminal .  The program 
is repeated when  the test probes step on to the next  
chip. The series of measurements ,  according to the 
informat ion they provide, can be classified as follows: 

1. The measurement  of resistor value with respect 
to the current  direction into the contact: The current  
is applied to two contacts through any pair  of pads 
as shown in Fig. 1 (a).  The potent ia l  between two pads 
is recorded accordingly. Resistor values derived from 
these measurements ,  however, do not show significant 
differences. 
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2. The measurement of Rc (defined below): The 
current is applied between two adjacent contacts on a 
long diffused resistor. Voltages on one contact and its 
neighboring contact [shown in Fig. l(b)] are re- 
corded. Thus Rc is defined as 

V2 V1 - V3 
Rc = -- = [5] 

11 11 

3. The measurement of the contact correction term 
and sheet resistance of the diffused resistor: Fig. 1(c) 
shows the scheme for measuring two resistors with 
identical contacts. From measured resistor value RI 
and R2 we obtain the sheet resistance and the contact 
correction term of the diffused resistor 

W (RI - R2) 
ps = [0] 

L1 - -  L 2  

R2L1 - -  R1L2 
R~c = [7] 

2 ( L 1  - -  L 2 )  

The above measurements  were performed on a large 
n u m b e r  of chips. Different wafers were made with 
a luminum,  sputtered molybdenum,  and pyrolytic 
molybdenum contacts. In  all cases, the meta l  deposi- 
t ion is made immediate ly  after  a convent ional  l ight 
hydrofluoric acid etch. In  the case of molybdenum 
contacts, a th in  layer  of p l a t inum silieide is formed at 
the interface in  order to make  good ohmic contact 
with molybdenum.  The results of ps, Rcc, and  R~ ob- 
ta ined from the chips on these wafers have a fair ly 
t ight distribution. The mean  values, peak values, and 
ranges of these measured results are shown in  Table I. 
The sheet resistances obtained are essentially wi th in  
a few per cent deviation from the mean  values. Thus, 
only the mean  values are shown in the table. The ex-  
per imenta l ly  determined contact correction term is 
plotted as a funct ion of contact width and length in 
the next  section when comparison is made with the 
MTL model calculations. It can be seen from the table 
that  the molybdenum contacts, in general,  have higher 
contact correction values than  the a l u m i n u m  contacts. 

Modified Transmission Line (MTL) Model 
As ment ioned before, the contact correction term 

not only depends on the geometry of the contact but  
also depends on the chemical and metal lurgical  proc- 
esses involved in making  the diffused resistor and its 
contacts. Therefore, one can only take an analytic ap- 
proach to arr ive at a useful  formula. The formula 
should be such that an integrated circuit designer 
could use it to calculate contact corrections for various 

Table h Mean and peak values and ranges of measured results 

A1 

Sputtered 
Mo 

Pyrolytic 
Mo 

x} ps 
(~) olm~/sq 

1.2 94 

1 148 

1 189 

W a f e r  
->I d I<-- 

[:] W - 2 a  Distribution of Distribution of 
Roe (ohm) Re (ohm) Eq. [18] 

W d W - 2 a  Rcc 
(mils) (mils) (mils) Mean Peak Range Mean Peak Range (ohm) 

2.0 7 7 4-9 3.5 3 1-5 0.98 
0.5 1.0 14 15 10-18 7 5 4-9 1.96 

0.5 24.5 28 18-32 15.4 13 9-21 
2.3 3.92 

2.0 9 8 6-14 '7 6 1-8 0.98 
0,3 1.0 18.5 19 13-24 14 15 6-19 1.96 

0.5 34 32 24-42 26.5 26 18-39 3.92 

2.0 7.7 '7 5-10 3.7 3 1-6 1,29 
0.5 1.0 15.3 16 13-19 7.5 6 5-9 2.5"/5 

0.5 25 26 20-30 16.8 15 12-18 5,16 
3,3 

0.5 28 2"/' 23-31 
1.0 0.3 14 13 12-16 8.88 
2.0 4 5 1-6 

2.0 8.2 9 6-10 4.4 6 3-7 1.38 
0.5 1.0 17.5 17 11-21 10 10 9-14 2.76 

0.5 31 30 26-35 21 21 18-24 5.52 
3.3 

0~5 34 35 30-38 
1.0 0.3 16 15 14-20 9.21 
2.0 7 7 2-8 
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sizes of contacts  and res is tors .  A n y  process p a r a m e t e r  
involved in the  fo rmula  should be  expe r imen ta l l y  mea -  
sured for any  given fabr ica t ion  process. 

Recent ly  Berger  (8) has  proposed  a t ransmiss ion l ine 
(TL) model  to descr ibe  the  contact  problem.  However ,  
when it is appl ied  to the  cases discussed here,  one 
finds tha t  the  TL model  calculat ions do not agree  wi th  
the  expe r imen ta l  resul ts  p resented  in the  section on 
Measurements .  Nevertheless ,  if cer ta in  modifications 
a re  made,  a correct  and useful  fo rmula  for contact  
correct ion can be der ived.  The modifications a re  based 
on fabr ica t ion  process considerat ions.  We in t roduce  
these modifications along wi th  a br ief  descr ip t ion  of 
the  TL model  below. 

The TL mode l  assumes a pa ramete r ,  ~c, conduct iv i ty  
per  unit  area,  to descr ibe  the  contact  sheet  resistance.  
The series resis tance beneath  the  contacts  is descr ibed 
by  the  same sheet  resistance,  ps, of the  diffused resistor. 
This is n o t  a lways  a val id  assumption,  since in most  
cases the  contact  region is a me ta l - semiconduc to r  
a l loy which  wi l l  def ini tely have different  resis t ivi ty.  
Fur the rmore ,  the  contact  width  is assumed to be the  
same as the  diffused resis tor  in t he  TL t rea tment .  This 
approx imat ion  wil l  lead to er rors  when  the contact  
wid th  is much smal le r  than  the  res is tor  width.  How-  
ever,  consider ing the two assumptions  above, an equiv-  
a lent  c i rcui t  can  be d r a w n  for  the  contact.  F igu re  2 (a )  
shows the  equiva len t  c i rcui t  in which  R" and G'  a re  
defined as fol lows 

ps 
R'  = - -  [8]  

W 

G' : ecW [9] 

The transmission l ine equation for this equivalent 
circuit  can be wr i t ten  in  terms of the load voltage and 
the load current. For open end termination, one 
obtains  

V --~ ERCOSh('/y) [i0] 

Ez 
I ----, sinh (~y) [11] 

Zo 
where 

Z o =  = 

and ER and IR are  the  vo l tage  and the  current ,  respec-  
t ively,  at  the  load end. F rom Eq. [10] and [11] one 
can der ive  the  fol lowing 

__ Zo 1 (p~) '/2 ( ~ )  - i/= 

y=d t anh  (~d) W tanh  [ (p~c) Wd] 
[12] 

l. 

R ~ 
R j = Ps/W,G '=Oc w 

lfz  

R II 

GI=~ (W-2a), Rt=Ps/(W-2a), R"= p$/20 

(b) 

Fig. 2(o). Equivalent circuit for TL model. (b). Equivolent circuit 
for MTL model. 
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ER { Zo 1 (ps) ~/2 (r - ~= 

I Rc = --7" ,=d sinh (-/d) W sinh[  (ps~c) '~d] 
[13] 

Equat ion [12] gives the  input  impedance  which  is 
equiva len t  to the  contact  correct ion t e rm Rcc, and 
Eq. [13] is the  t ransfe r  impedance  identif ied as Rc. 
F rom Eq. [12] and [13] one obtains  the  p a r a m e t e r  

1 [ 1  R c c ]  2 
a~ = m m c o s h  -1 [14] 

ps d Rc 

which can be de t e rmined  by  the  expe r imen ta l  mea -  
surement .  

If  the  TL model  were  correc t ly  p red ic t ing  the  con-  
tact  correct ion term,  then  r de te rmined  f rom Eq. [14] 
should be a constant  regard less  of contact  size. How-  
ever, this  is not  the  case. The reason is tha t  Rcc/Rc 
var ies  wi th  the  contact  wid th  W. This can be i l lus-  
t r a t ed  in another  fashion. Fo r  example ,  we measured  

ps = 161 ohms/sq  
Rcc = 17 ohms, Rc = 10 ohms 
W = l m i l ,  d =  0.5rai l  

for a typical  sample  of pyro ly t ic  m o l y b d e n u m  contacts. 
The ca lcula ted  ~c of Eq. [14] is 0.0317 ohm/ ra i l  2. How-  
ever, when  subst i tu t ing  this  va lue  into Eq. [12] and 
[13], one obtains  values  of R~c and Rc, 87.9 and  51.43, 
which  are  far  above  the  values  we  measured.  

In  v iew of the  fabr ica t ion  processes used for making  
the contacts, the  above resul t  is expected.  When  cer-  
ta in  fabr icat ion processes a re  used, they  are  l ike ly  to 
produce  meta l - semiconduc to r  a l loy at the  contacts. 
This a l loy m a y  consist of the  semiconductor  ma te r i a l  
and the same me ta l  used for the  contact,  or  a different  
k ind  of metal .  For  example ,  in the  case of our  mo lyb -  
denum test  wafers  p l a t inum is used to form p la t inum 
silicide be tween  the mo lybdenum and silicon at  the  
contacts. Therefore,  the  assumpt ion made  in the  TL 
model  should be modified. 

A new p a r a m e t e r  
p' 

Ps' = ~ ~ Ps 

is in t roduced here  to represent  the  series resis tance at 
the  contacts. A fu r the r  modification should be made,  
tha t  is to t ake  into account the  fact tha t  the  contact  
wid th  is usua l ly  designed to be smal le r  than  the res is-  
tor  width.  A n  exact  t r ea tmen t  of this  case would  be 
too complicated.  However ,  one could app rox ima te  this  
case by  employing  a para l l e l  res is tor  scheme shown 
in the  modified equiva lent  circuit,  Fig. 2 (b ) .  There-  
fore, the  contact  correct ion t e rm  is 

R c c  ~ 

/ / , ~ ,  ac (W 2a) tanh  W -- 2a 

[15] 
and 

/ / ~  " ) / , ~ c ( W  -- 2a) ~ 11/2 
[ (  W - - 2 a  2 a P s '  

R r  

/ / ~  ~r 2a) sinh W --  2a 2a 

Rcc/Rc = cosh W -- 2-------~ ~ a  ~c (W --  2a) 

[16] 
A B  

where  A / / B  = - 
A + B  " 

At  this  point,  we  can d i rec t ly  compare  the  exper i -  
men ta l  da ta  wi th  the  resul ts  of the  MTL model, specifi-  
cally, Eq. [15] and [16]. F r o m  Table  I, Rc and Rcc of 
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Table II. Calculated ps' and ac of metallurgical contact 

Sputtered P y r o l y t i c  
Wafe r  A1 Mo Mo 

p. 94 148 159 ohm/sq 
p.' 33.~5 44 39.8 ohm/sq 
Gc 0.21~8 0.202 0.1~84 ohm/mfl  

the widest contacts are used to determine ps' and r by 
Eq. [15] and [16]. Table II shows the calculated Ps' 
and ~c of all  three different metal lurgical  contacts. The 
sheet resistance, ps, of different wafers is also in -  
cluded in  the table. Since the model predicts the con- 
tact correction te rm for all  contact sizes once the 
process parameters  ps' and ~c are determined,  we could 
calculate Rc and Rcc as functions of contact width, 
which is equal  to W -- 2a, and the contact length, d. 
The results  of a luminum,  sputtered molybdenum,  and 
pyrolytic molybdenum coated wafers are plotted in 
Fig. 3, 4, and 5, respectively. The contact correction, 
R~, and Rc are plotted as functions of the contact 
width with the contact length as a parameter.  The 
exper imental  data are included in these figures for 
comparison. The agreement  is very good. One notes 
that  all three  figures show the  effect of the contact 
width on the contact correction, that  is, the smaller  
the width the higher the contact correction. Fu r the r -  
more, the measured and calculated results of a lumi-  
num contacts wi th  d = 0.3 mil  and d----0.5 mil  are 
given in Fig. 3 which indicates that  Rcr is higher for 
smaller  d. In  the case of molybdenum contacts; three 

Rcc /~1 
or 

R c/~1 

2O 

I0 

WAFER WITH A[ CONTACTS 

= 94R1 o X j = L 2 F  #'5 
w = 2 5m)~s 

3~%~s ~ = RCC {EXPERIMENTAL) I d=O I 0 = RC 

.... MTL MODEL ( Eqs (15)and (16)) 

0 .5 . .~ .~  . 'N, \ ~  ~ LOWER LIMIT( Eq. (18)) 
d = 

\ ~'\ 

% 

~C 
Rcc (d =03mils ) 

RCC (d=O 5 mils ) 
RC (d=O'3mils) 

R c {d=O,Emils ) 

X 

~ R c c R c c  

I I l ~ [  I 
0.2 0.5 I 0  E.O 5.0 
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Fig. 3. Contact correction for aluminum contacts 
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Fig. 4. Contact correction for sputtered molybdenum contacts 
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5. Contact correction for pyrolytic molybdenum contacts 

contacts with identical widths but  different lengths 
were measured. Calculations made as a funct ion of 
contact length, d, are compared with the data. This 
is shown in the left hand corners of Fig. 4 and 5. The 
data fall on the curves of the formulated hyperbolic 
functions. 

Since the calculations agree very  well  with the 
measured results, we conclude that  these curves shown 
in Fig. 3, 4, and 5 for different metal  contacts can be 
used to estimate the contact correction te rm for any  
given size of contact. In  other words, Eq. [15] and [16] 
can be used as design formulas for the  contact correc- 
t ion of diffused resistors. For  example, if the sputtered 
molybdenum contacts of size W ---- 0.8 rail and d ---- 0.5 
rail were to be used, one would obtain the contact 
correction te rm to be 17 ohms by Fig. 4. 

It  is interest ing to know whether  one can obtain a 
lower l imit for the contact correction by considering 
only the geometry of the contact and the resistor. If 
this l imit  could be obtained in an analyt ical  form, it 
will  be a useful  formula in addit ion to Eq. [15] and 
[16]. Let us consider a simple case which assumes 
that  the contact holes have the same width as the re-  
sistor. A perfect, in t imate  metal-semiconductor  con- 
tact is also assumed. With these considerations, we see 
only the geometrical effect on contact correction, Rcc. 
We can now represent  this resistor by  a two d imen-  
sional mathemat ical  model  original ly due to Hall  (9, 
10) and recent ly evaluated in detail  for th in  film re-  
sistors by Ting (11). The model assumes that  the metal  
surfaces are at constant  potential  and so does the center 
cross section of the diffused resistors since L > >  Xj. 
Then the resistance, RAC, can be calculated by making 
use of the Schwartz-Christoffel  t ransformat ions  (12, 4). 
One obtains 

RAB = 2RAc = 2 Ps{-~ "t- ~-  W " in  1 -- e-~d/xJ 

[17] 
where ps and Xj are defined as in  Eq. [2], In  normal  
practice, the contact length, d, is at least one order of 
magni tude  higher than Xj. Therefore, the exponent ial  
t e rm in  Eq. [17] can be neglected. Comparing Eq. [4] 
and [17] we obtain 

Rcc = 0.441 ps.Xj [18] 
W 

This result  is arr ived at ent i rely from geometrical 
considerations. It  is applicable only when  the meta l -  
semiconductor contact resistance is negligible. There-  
fore, Eq. [18] serves as a lower l imit  formulat ion of 
Rcc. Together with Eq. [15] and [16] they serve as 
design formulas. In  Table I, Fig. 3, 4, and 5, the lower 
l imit  data derived from Eq. [18], are also shown for 
comparison. 
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Conclusions 
A useful  fo rmula  for  the  contact  correct ion te rm 

is der ived  f rom the  MTL model.  Model  calculat ions 
compare  ve ry  wel l  wi th  expe r imen ta l  da t a  of var ious  
meta l - s i l i con  contacts. Equat ions  [15] and [16] of this 
analyt ic  model  are  recommended  to be  design fo rmu-  
las for diffused resistors.  Fu r the rmore ,  a lower  l imi t  
for the  contact  correct ion t e rm  can be es tabl ished by  
consider ing the  geomet ry  of the  diffused res is tor  only. 
This lower  l imi t  together  wi th  the  MTL resul ts  can 
sufficiently serve  as guide  l ines in the  design work  of 
diffused resis tors  on an in tegra ted  circui t  chip. 
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Interface Properties of Si-(SiO )-AI 03 Structures 
M. T. Duffy* and A. G. Revesz 1 

RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

A l u m i n u m  oxide films have been  deposi ted on silicon subs t ra tes  a t  420~ 
by  the rma l  decomposi t ion of a luminum-isopropoxide .  An  e lect r ica l  evaluat ion  
of the  in terface  proper t ies  of Si-A1203 and Si-SiO2-A1203 s t ructures  has been 
made.  MOS capaci tance measurements  have shown the impor t an t  role of a 
postdeposi t ion hea t  t r ea tmen t  in 02 in e l imina t ing  r o o m - t e m p e r a t u r e  hys t e re -  
sis and reducing the  scat ter  in f ia t -band  vol tage values  of Si-A1203 s t ruc-  
tures.  This t r e a tmen t  has an over r id ing  effect on the  influence of deposi t ion 
condit ions on interface  propert ies .  The dens i ty  of in terface  s tates  var ies  f rom 
1010 to 1011 c m - 2  ( e V ) - l ,  and the  f ia t -band  vol tage  (for ~1000A oxide)  is 
about  %2V. The f ia t -band  vol tage  g radua l ly  shifts to more  posi t ive values  
under  large  negat ive  bias (field ~10 e V/cm)  at  250~ There  is a s t rong 
tendency  toward  localized conduct ion in these  films and the re  a re  indicat ions 
tha t  conduct ion is control led  by  the in te r face (s )  r a the r  than  by  the  bu lk  
mater ia l .  This p rob lem was a l lev ia ted  by  growing a thin SiO2 film (~200~k) 
on Si  pr ior  to deposit ion.  The in ter face  proper t ies  of Si-SiO~-Al~O3 s t ruc-  
tures  depend on the Si or ientat ion.  For  (100) or ientat ion,  the  densi ty  of in te r -  
face s ta tes  is about  10 TM cm-2  ( e V ) - 1  and the  f ia t -band vol tage  is zero. The  
radia t ion  resis tance of deposi ted A1203 is be t t e r  than  tha t  of SiO~ and com- 
pa rab le  to that  of A1203 films p repa red  by  p lasma anodization.  I r r ad ia t ion  by  
1 MeV electrons under  §  bias in t roduces  a dens i ty  of posi t ive oxide 
charge  of a few t imes 10 TM e /cm 2. 

Sil icon dioxide  films are  wide ly  used for pass ivat ion 
of silicon device surfaces. The technological  impor tance  
of these  devices led to ex tended  research  ac t iv i ty  which 
y ie lded  a reasonably  good unders tand ing  of the p rope r -  
t ies of the  oxide  film and the  oxide-s i l icon in ter face  
(1). However ,  some problems rema in  unsolved. These 
include a somewhat  high radia t ion  sens i t iv i ty  and the  
inab i l i ty  to obta in  posi t ive  f la t -band vol tage  values  
re la t ive  to silicon. In addit ion,  the  re la t ive ly  low value  
of the  dielectr ic  constant  of SiO2 makes  the use of an 
insula tor  wi th  h igher  dielectr ic  constant  desirable.  

Recently,  A120~ films have  d rawn  the  a t ten t ion  of 
severa l  worke r s  (2-8).  A comparison of the  bu lk  p rop-  
er t ies  of A1203 and SiO2 (see Table  I)  shows A1203 
super ior  in some respects,  including h igher  dielectr ic  
constant  and grea te r  density.  Other  advantages  are  
the  lower  rad ia t ion  sens i t iv i ty  and grea te r  impe rme-  
abi l i ty  to impur i t y  diffusion. The ab i l i ty  to deposi t  
films at t empera tu re s  as low as 400~ is also desirable.  

The purpose  of this  work  was to explore  the  poten-  
t ia l  of A1203 in MOS devices. Hence, we were  main ly  

* Electrochemica l  Soc ie ty  Act ive  M e m b e r .  
1 Present  address:  COMSAT L a b o r a t o r i e s ,  C l a r k s b u r g ,  M a r y l a n d .  

concerned wi th  in ter face  propert ies .  MOS measu re -  
ments  have  been pe r fo rmed  on Si-A12Oa and Si-SiO2- 
A12Oa s t ruc tures  and the i r  s tab i l i ty  and rad ia t ion  r e -  
sistance examined.  

Experimental 
Thin film deposition.--Thin dielectr ic  films of a lu-  

minum oxide have been deposi ted on silicon subst ra tes  
by  the pyrolys is  of Al - i sopropox ide  in the  presence of 
oxygen (2). The a lkoxide  vapors  were  t r anspor t ed  to 
the  r f -hea t ed  subst ra tes  by  bubbl ing  he l ium th rough  
the mol ten  a lkoxide  at 125~ This gas w a s  subse-  
quen t ly  mixed  wi th  n i t rogen and oxygen.  The  deposi-  
t ion t empera tu re  was usua l ly  420~ but  in some c a s e s  

deposit ions have been per formed  at var ious  t e m p e r a -  

Table I. Comparison of AI203 and SiO2 

B o n d  s t r e n g t h ,  V o l u m e  p e r  Dielectr ic  
k c a l / m o l e  D e n s i t y  g a t o m  O, cma constant  

SiO~ 104 2.20 13.7 3.8 

A12Os 138 3,5-4.0 8.5-9.7 ~ 7 . 5  
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tures from 350 ~ to 925~ The exper imenta l  ar range-  
men t  of the rf system was the same as that  reported 
by Duffy et al. (9). 

Both p-  and n - type  silicon substrates of (111) and 
(100) orientat ion were used. The resistivity was usu-  
ally 10 ohm-cm, but  some degenerate substrates were 
also used for dielectric investigations. The wafers were 
cleaned by s tandard chemical means prior to deposition 
and had a residual  SiO2 film of about  30A. Because of 
conduction problems associated with Si-A1203 struc- 
tures, A12Os films were also deposited on Si-SiO2 sam- 
ples prepared by thermal ly  oxidizing silicon in dry O2 
at ll00~ The oxide thickness was usual ly  200A. The 
oxidation was followed by 15 min  He anneal ing  at 
l l00~ prior  to deposition of A1203; these processes 
were performed in situ. Postdeposit ion heat t rea tments  
in He, N2, H2, and O2 have also been investigated. For 
electrical evaluation, MOS contacts were provided by 
vacuum deposition of a luminum.  

Measuremen t s .~Th icknes s  and refractive index val -  
ues were determined by el l ipsometry at the mercury  
wavelength 5461A in the case of A12Os films up to 
1400A. In the case of SiO2-A12Os structures, the SiO2 
film thickness was separately determined after etching 
off the A1203 film in phosphoric acid. Fi lm s t ructure  
was determined by reflection electron diffraction and 
the morphology by optical microscopy. Some films w e r e  
analyzed by mass spectrometry using an u l t rapure  gold 
electrode for sparking. 

The frequency dependence of the dielectric constant 
and loss tangent  was determined in the range 102 to 
10s Hz on a capacitance bridge. These measurements  
were performed on films deposited on degenerate sili- 
con or on Si-A12Os structures which showed strong 
accumulat ion at zero bias. 

Interface properties were studied by the MOS ca- 
pacitance and conductance methods (1). Most capaci- 
tance-voltage (C-V) measurements  were made at 1 
MHz using an automatic recording apparatus (10). 
Many specimens were also examined by an MOS im- 
pedance method in the f requency range 3 x 102 to 105 
Hz using phase-sensit ive detection (I1).  MOS mea-  
surements  also gave information on the apparent  re-  
sistivity (as an order of magni tude)  of films with 
appreciable d-c conduction. Computer  analysis of the 
C-V curves gave the surface charge density as a func-  
t ion of energy within  the Si forbidden band. From this 
information the charge density at f la t-band condition, 
QFB (charges/cm2), and the interface state density, 
Qss ( /cm 2 �9 eV), were determined. The interface state 
density was also determined from the MOS conductance 
(G-V) measurements  assuming a uniform distr ibut ion 
(energy-wise)  of these states in the Si forbidden band 
(12). 

The stabil i ty of the charge distr ibution was mea-  
sured by applying positive and  negative voltages for 
vary ing  times to the gate electrodes of samples kept  
in He atmosphere at 250~ Differences between C-V 
measurements,  made both before and after the bias- 
tempera ture  (BT) tests, indicated the result ing charge 
redistribution. 

Radiation resistance measurements  were made by 
i r radiat ing MOS units,  while under  applied gate bias, 
with 1-MeV electrons. The fluence level corresponding 
to each bombardment  was 1014 e /cm 2 and a bombard-  
ment  was made at each of the gate voltages 0, --2, 
--5, --10, -t-2, +5,  +8,  and +10V successively. MOS 
capacitance measurements  were performed after each 
bombardment  and the density of induced charge de- 
termined.  

Results 
Bulk  proper t i e s . - -A luminum oxide films ranging in 

thickness up to 8000A have been obtained. The deposi- 
t ion rate was usual ly  about 100 A/ ra in  at 420~ but  
in some cases deposition was performed at a slower 
rate (17 A/ra in) .  The etch rate was about 90 A / m i n  
in 85% H3PO4 at 40~ The refractive index varied 

Si- (SiO~)-AhO8 STRUCTURES 373 

9 .4  . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  

9 . 0  

~ 8 . 6  

8 
8.~ 

I-- 

7 . 0  a i i i i i r  , , , , , i , i /  i a , , , , , , J  , , i , , , ,  

0 2 10 3 10 4 I0  5 10 6 
FREQUENCY, Hz 

Fig. I. Frequency dependence of dielectric constant of AI203. 
Curve 1, as deposited; curve 2, oxygen treated. 
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Fig. 2. Loss tangent vs. frequency. Curve 1, as deposited on de- 
generate silicon; curve 2, deposited on ,~ 10 ohm-cm silicon and 
heat treated in 02. The upward trend of curve 2 results from the 
resistance of the substrate; the broken curve approximates the 
expected effect. 

from 1.60 to 1.68. Films deposited at temperatures  up 
to 700~ were noncrystal l ine,  and remained noncrys-  
tal l ine even after O2 t rea tment  for 30 min  at 700~ 
By contrast, films deposited at 925~ and also those 
heated in O2 at 800~ were polycrystall ine.  Films were 
uniform and did not show any  discernible s tructure 
when examined by optical microscopy. An order of 
magni tude  estimate of the impur i t y - t o - a luminum ratio 
(atomic) was obtained by mass spectrometry. The 
ratio for Zn, Cu, and Cr was 10-~; for S, 10-2; and for 
C ,  1 0  - 2  t o  1 0 - 1 .  2 

The dielectric constant  and loss tangent  are fre-  
quency dependent;  typical curves are presented in  
Fig. 1 and 2. The curve labeled 1 in both figures 
represent  data obtained on an untrea ted  film which 
was deposited on degenerate silicon, while the curves 
labeled 2 represent  the data f rom measurements  on a 
sample which received an in situ postdeposition O2 
t rea tment  at 700~ The substrate in this lat ter  case 
was ~ 10 ohm-cm silicon; the series resistance of this 
substrate accounts for the upward  t rend in  curve 2, 
Fig. 2. The broken curve approximates the expected 
effect. The results of Fig. 1 and 2 indicate that  the 02 
t rea tment  increases the dielectric constant  and de- 
creases the apparent  value of the loss tangent.  

~ T h e s e  r e s u l t s  w e r e  o r i g i n a l l y  o b t a i n e d  a s  i m p u r i t y - t o - s i l i c o n  
r a t i o s .  S i n c e  t h e  d e p t h  o f  t h e  c r a t e r  p r o d u c e d  b y  s p a r k i n g  i s  m u c h  
l a r g e r  ( ~ 5 / D  t h a n  t h e  o x i d e  t h i c k n e s s  ( ~ 1 0 0 0 A ) ,  l a r g e  e r r o r s  m a y  
b e  i n t r o d u c e d  i n  c o n v e r s i o n  to  t h e  a b o v e  f o r m .  H o w e v e r ,  t h e  e x -  
p e r i m e n t a l  v a l u e  o f  t h e  A I / S i  r a t i o  c o r r e s p o n d s  t o  6 • 1 0  ~ A1 
a t o m s / c m  s i n  t h e  o x i d e  w h i c h  a p p r o x i m a t e s  t h e  c a l c u l a t e d  v a l u e  
4 .3  x 10  ~z ( t a k i n g  t h e  d e n s i t y  a s  3 .7  g / e r o S ) .  T h e  O / A 1  r a t i o  w a s  
a b o u t  u n i t y ,  i n  g o o d  o r d e r  o f  m a g n i t u d e  a g r e e m e n t  w i t h  t h e  t h e o -  
r e t i c a l  v a l u e  1.5.  A l s o  t h e  A 1 / S i  r a t i o  f o r  a b l a n k  S i  s p e c i m e n  w a s  
t h r e e  o r d e r s  o f  m a g n i t u d e  l o w e r  t h a n  t h a t  o f  t h e  S i -A12Oa  s p e c i m e n .  
F r o m  t h e s e  c o n s i d e r a t i o n s ,  t h e  o r d e r  o f  m a g n i t u d e  v a l u e s  o f  i m -  
p u r i t y  c o n t e n t  a r e  p r o b a b l y  c o r r e c t .  
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Fig. 4. Effect of electron irradiation on MOS capacitance of 
1400A AI203 film. The parameter is the gate bias during irradiation. 

Interface properties.--The C-V behavior of as- 
deposited Si-A1203 structures shows large scatter in 
f lat-band voltage values and large room-tempera ture  
hysteresis. A typical  example is shown in  Fig. 3. The 
extent  of the hysteresis depends on the deposition tem-  
perature  and rate of deposition. Higher deposition 
temperatures  and slower deposition rates favor reduced 
hysteresis and less scatter in f lat-band voltage values. 
The na ture  of the hysteresis is such that negative and 
positive gate biasing results in  a shift of the f lat-band 
voltage toward more positive and negative values, re-  
spectively. Postdeposition heat t reatments  in He, N2, 
and H2 were unsuccessful in modifying the C-V be- 
havior. However, a heat t rea tment  in O2 at 700~ 
el iminated the room-tempera ture  hysteresis and re- 
duced the f lat-band voltage scatter. This t rea tment  had 
an overriding effect on the influence of the deposition 
conditions on interface properties. 

After  oxygen t reatment ,  the charge density at flat- 
band  condition varied from --5 x 1011 e /cm e to --1.5 x 
10 TM e/cm 2a (corresponding to +1.4 to 3.6V flat-band 
voltages for 1000A oxide film) as determined from 
C-V measurements  at 1 MHz. The density of interface 
states, de termined from G-V measurements,  varied 
from 10 TM to 1011 states/cm 2 �9 eV. 

Bias- temperature  (BT) tests on O2-treated speci- 
mens revealed that  the charge distr ibution in the Si-  
A1203 structures is unstable.  The principal  effect is a 
shift in the f lat-band voltage to more positive values 
under  negative bias. The extent  of this shift is typi -  
cally about  4.5V for 1000A oxide after the application 
of --5V gate bias for 5 min  at 250~ The application 
of --10V usual ly  led to excessive conduction. Positive 
biasing did not cause a shift to more negative values, 
and in  some cases actually caused a shift toward more 
positive voltages. 

A typical  set of C-V curves obtained after successive 
i rradiat ion of a 1400A film (under  varying  bias) with 
1-MeV electrons as previously described is presented 
in Fig. 4. Bombardment  under  + 10V bias led to a shift 
(normalized to 1000A oxide thickness) of --9.8V. This 

3 e R e p r e s e n t s  t h e  a b s o l u t e  v a l u e  o f  t h e  e l e c t r o n i c  c h a r g e .  

corresponds to an induced charge of 4.6 x 10 TM e/cm 2 
at f lat-band condition. The smallest shift observed for 
+10V bias was --6.4V, corresponding to an induced 
charge of 2.7 x 10 TM e/cm 2. No significant effect results 
from irradiat ion under  negative bias. The densi ty of 
interface states was found to increase slightly dur ing 
bombardment ;  a typical value is 2 x 1011 to 7 x 1011 
states/cm 2. eV. In  the case of A1203 samples which 
were not  t reated in oxygen, the induced oxide charge 
was unstable.  The negative shift in f lat-band voltage 
resul t ing from irradiat ion decreased after the i r radia-  
t ion was stopped. 

Conduction.--Most MOS capacitors showed very  
varied d-c conduction behavior. Conduction was usual ly 
observed dur ing  C-V measurements  as a decrease in 
the set bias when  gate contact was made. This decrease 
in applied bias is due to d-c cur ren t  flow through the 
capacitor. This conduction is localized in the sense that  
a given sample had conducting and nonconduct ing ca- 
pacitors. It  has not been possible to correlate this be-  
havior with Process parameters  including postdeposi- 
t ion oxygen t reatment ,  nor  with morphological defects. 
However, it has been found that  conduction developed 
or became greatly enhanced dur ing  BT tests, even 
when samples were heated in hel ium at 250~ without  
bias; e.g., a sample which in i t ia l ly  showed no apparent  
conduction (estimated p > 10 TM ohm-cm) ,  had an 
apparent  resistivity of about 108 ohm-cm after  heat ing 
in He at 250~ for 10 min. The largest change was ob- 
served for a polycrystal l ine specimen which had been 
deposited at 925~ No noticeable conduction occurred 
before the BT test, but  after applying --5V at 250~ 
for 5 rain in He the apparent  resist ivi ty changed to 
less than 104 ohm-cm. In general,  the development  of 
conduction was accompanied by the occurrence of the 
Schottky depletion layer capacitance (13) as observed 
in the C-V measurements  (see ~ig. 3) on both O~- 
treated and unt rea ted  specimens, while nonconduct ing 
samples did not exhibit  the Schottky depletion layer 
capacitance. Some samples developed this depletion 
capacitance dur ing electron bombardment ,  but  this 
effect and the induced charge were unstable  and re-  
verted at a diminishing rate  to the original  state after 
irradiation. During the relaxat ion process, the Schottky 
capacitance disappeared (see Fig. 5). 

Si-SiO~-A1203 structures.--The problem of conduc- 
t ion associated with A1208 films was alleviated by 
growing a SiO2 film (,-,200A) before deposition of 
A1203 (1000-1300A). The double insulator  structures 
did not show any hysteresis effects, even when no post- 
deposition O2 t rea tment  was applied. In contrast to 
the case of Si-A1203 structures, both the f lat-band 
voltage and the densi ty of interface states character-  
istic of the double insulator  s tructures depend on the 
Si crystallographic orientation. Typically, for (111) 
orientat ion the f lat-band voltage is about --2.5V (cor- 
responding to about 7 x 1011 e /cm 2 charge density) for 
a combinat ion of 1000A A1208 and 200A SiO~ films, and 
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Fig. 5. Unstable charge distribution resulting from electron ir- 
radiation. Curve 1, C-V behavior before bombardment; curve 2, 
after bombardment at - -SV gate bias; curve 3, final state after 
termination of relaxation process at room temperature. 
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the interface state density varies from 4 x 10 z0 to 2 x 
1011 s tates/cm 2 �9 eV. For (100) orientat ion the f lat-band 
voltage is approximately  zero, and the interface state 
density varies from 1 x 10 TM to 4 x 1010 states/cm 2 �9 eV. 
Similar  results were obtained on both n-  and p- type  
substrates. 

Bias- tempera ture  tests revealed that  the charge dis- 
t r ibut ion in the double insulator  s t ructure is also un-  
stable. This is demonstrated in Fig. 6 where the flat- 
band  voltage is plotted as a function of t ime for which 
the bias was applied. The principal  effect is caused 
by negat ive biasing. In  the range from --5 to --13V, 
the change in f lat-band voltage is approximately pro- 
portional to the change in bias. The effect of a given 
negative bias saturates with time even when the se- 
quence of applying negative bias is in te r rupted  by the 
application of positive bias (see part  B of Fig. 6). 
Unlike Si-A1203 structures, the composite films con- 
sistently showed a shift in the f lat-band voltage under  
positive bias dur ing  the BT test. The extent  of this 
shift is t ime dependent  and varies from 1 to 4.5V. The 
magni tude  of the bias apparent ly  has no influence on 
this shift. The effect of positive bias was independent  
of whether  the BT test started wi th  negative or posi- 
t ive bias. 

A different ins tabi l i ty  behavior  was observed for 
Si-SiO2-A1203 structures which were not t reated in 
02 after deposition of A12Oa (see Fig. 7). Before the BT 
test, the specimen had an appreciable d-c conduction 
and the C-V curve showed the development  of the 
Schottky capacitance. After applying +5V for 5 min 
at 250~ both the d-c conduction and the Schottky 
capacitance disappeared, and the f iat-band voltage 
shifted to a more negative value. Application of --5V 
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Fig. 7. MOS capacitance measurements made on on untreated 
SI-SiO2-AI203 specimen during bias-temperature tests (2003` SiO2 
and 11003` AI203). 

bias shifted the f lat-band voltage to a more positive 
value; the extent  of the shift is comparable to that  
shown in Fig. 6. It also led to the reappearance of the 
Schottky capacitance and d-c conduction. The C-V 
curve is now distorted and reveals a hysteresis which 
is in  the opposite sense to that  observed for Si-A1203 
structures. 

Although the conduction problem was largely allevi-  
ated by growing a th in  SiO2 film before the deposition 
of A1203, the double insulator  structures still showed 
localized conduction to a greater extent  than  thermal ly  
grown SiO2. 

Electron bombardment  of the  double insulator  s truc-  
tures caused negative shifts in  the f lat-band voltage 
under  positive bias and positive shifts under  negat ive  
bias. The scatter in the results was quite large. Never-  
theless, even the largest shift at +10V bias (about 
--20V) was less than that  observed for dry oxygen-  
grown SiO2 of comparable thickness (about --50V). 
A l u m i n u m  oxide films alone show better  radiat ion 
resistance than the SiO2-A120~ structures. The bias 
dependence of the radiat ion induced charge did not 
show the asymptotic behavior  characteristic of SiO2 
or A12Oa films alone. Also, the charge dis tr ibut ion was 
general ly uns table  even at room temperature.  The 
radiat ion behavior  of the Si-SiO2-A1203 interface sys- 
tem requires more study. 

Discussion 
Bulk properties.--No systematic s tudy of the effect 

of deposition parameters  on bulk  properties has been 
under taken  in this investigation. This has been treated 
in detail  by Aboaf (2). Our measured values of re-  
fractive index are higher than  those reported in  Ref. 
(2), but  are still lower than the refractive index of 
7-A1203 (1.7) or ~-At203 (1.765). These differences 
may represent  differences in density or mole refraction. 
The f requency dependence of the dielectric constant  is 
typical  of a noncrysta l l ine  dielectric (14). Oxygen-  
t rea tment  at 700~ (Fig. 2) decreases the apparent  
value of t an  8; this value, 3.5 x 10 -8 at 103 Hz, is 
comparable to that  reported (2) for A1203 deposited in 
the absence of 02 and is lower than the value 7.5 x 
10 -3 given for O2-deposited films. The tan  8 values 
represented by curve 1, Fig. 2, are larger; than  ex- 
pected on the basis of Ref. (14). This may be due to 
d-c conduction through the film of the unt rea ted  sam- 
ple. 

The crystall ization behavior of these films upon 
anneal ing  exhibits a similar t r end  to that  reported 
by Aboaf (2) bu t  differs significantly from that  re-  
ported by Nishimatsu et al. (7) who report  crystall iza- 
tion at 500~ It appears from Ref. (7) that  the deposi- 
tion of a lumina  films was performed in the absence of 
oxygen, while in the present  work oxygen has been 
used. Matsushita and Koga (4) have shown that pyro-  
lytic a lumina  films deposited in  the absence of oxygen 
and at high deposition rates can have an A1203 content  
as low as 80%, the remain ing  film possibly consisting 
of polymer impuri ty,  while those films deposited at 
l o w  deposition rates in the presence of oxygen contain 
as high as 100% AltOs. They also report  significant 
differences in insulat ing properties of the two types 
of films. The above differences in crystall ization be- 
havior may be due to differences in impur i ty  content  
of the respective films, and it is expected that  significant 
differences in interface properties will  also occur. That  
this is so can be seen from a review of the results 
reported here and in Ref. (7). 

Interface properties.--The charge instabi l i ty  effects, 
including hysteresis, displayed by Si-A120~ structures 
show the same t rend  as reported for S i -SiO2(grown)-  
SiO2(deposited) structures (15) but  differ from those 
of the Si-Si3N4 system (16). 

The diminished hysteresis obtained at higher deposi- 
t ion temperatures  and lower deposition rates suggests 
that  this effect is associated with incomplete oxidation 
of the Al-alkoxide,  possibly the presence of H + or 
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O H -  ions in the oxide. The effectiveness of a post-  
deposi t ion 02 t r ea tmen t  in e l iminat ing  the hysteres is  
m a y  resul t  f rom the deact iva t ion  of these species upon 
fu r the r  oxidat ion.  

Ano the r  poss ibi l i ty  is tha t  the  02 t r ea tmen t  modifies 
the defect  s t ruc ture  of the  Si-AI203 interface.  Such a 
process could be a modification of the  defect  s t ruc ture  
of the  res idual  SiO2 ( ~  30A) on the silicon surface. 
A "densification" of this  oxide pr ior  to deposi t ion of 
SisN4 was r epor t ed  (17) to have a large  influence on 
the charge  t ransfe r  behavior  of the  Sz-Si~N4 interface.  
However ,  the  hysteres is  associated wi th  Si-A1202 
s t ructures  is in the opposi te  sense to tha t  expected for 
such a t ransfe r  mechanism at the  Si-A12Os interface.  
The observed hysteres is  is s imi lar  to that  resul t ing  from 
charge  t ransfe r  at  the  gate e lect rode or ionic polar iza-  
t ion of the  oxide  resul t ing  f rom ions present  or  p ro -  
duced by  field ionizat ion of defects in the A1203 film. 
However ,  t he  presence of a 200A thick SiO2 film be-  
tween  the  Si and A1202 e l iminates  the  hysteresis .  It 
is un l ike ly  that  these mechanisms could be grea t ly  in-  
fluenced by  the  presence of a 200A SiO2 film except  
insofar  as tha t  the  field in the  l a t t e r  is about  twice  
as high as in the  Al~O3 film. Thus, it  has not been 
possible to expla in  the  observed hysteres is  in t e rms  of 
charge  t ransfe r  at  the  gate electrode.  We cannot,  at  
present ,  propose a sa t i s fac tory  model  for  the  hysteres is  
effects in Si-A1203 structures.  

In  agreement  wi th  previous  repor ts  (4-7),  the  A1203 
film ( including the Si-A1203 interface)  is associated 
wi th  nega t ive ly  ionized acceptor  states. By contrast ,  
A1202 films produced  by  plasma anodizat ion of a lu -  
minum have an associated posi t ive charge  (3). How-  
ever, a f te r  a hydrogen  hea t  t rea tment ,  the  charge in 
the  p l a sma-g rown  oxide becomes negative.  A typical  
final value  is --8 x 101~ e/cm 2. This behavior  has been 
a t t r ibu ted  to e lect ron and hole cap ture  dur ing  anodiza-  
t ion and subsequent  empty ing  of t raps  by  the rmal  
exci tat ion.  The  fact tha t  the negat ive  charge  densi ty  is 
h igher  for deposi ted than  for p l a sma-g rown  oxide sug- 
gests that  t r a p p e d  holes in the  la t te r  pa r t i a l l y  compen-  
sate the negat ive  charge  due to t r apped  electrons. No 
apprec iab le  hole inject ion can occur dur ing  chemical  
deposi t ion because of the  absence of a high electr ic  
field across the  oxide. Consequently,  the  apparen t  nega-  
t ive  charge  densi ty  is larger .  

Because of the  f requent  deve lopment  of excessive 
conduct ion dur ing  the  BT tests, no de ta i led  s tudy  of 
the  charge  ins tab i l i ty  was made.  The observat ions  indi -  
cate, however ,  that  the  ins tabi l i ty  m a y  be due to a 
red is t r ibu t ion  of posi t ive or  negat ive  ions which  were  
or ig ina l ly  in the  v ic in i ty  of the  S i -ox ide  or ox ide -ga te  
interface,  respect ively .  As in the case of Si-SiO~ s t ruc-  
tures  (1), such a process could resul t  in a vol tage 
asymmetr ic  ins tabi l i ty ,  but  in the  opposi te  sense. A n -  
other  possibi l i ty  is tha t  under  nega t ive  bias e lectrons 
a re  in jec ted  f rom the gate  e lect rode into the  oxide, 
leading to posit ive space charge  in the  silicon. This 
process seems plaus ib le  in view of the  genera l  t endency  
toward  e lec t ron t r app ing  in A1203. The  occasional ly  
observed posi t ive shifts under  posit ive bias are  similar ,  
but  again in the  opposi te  sense, to the  slow t rapp ing  
ins tab i l i ty  associated wi th  imperfec t  Si-SiO2 in ter face  
s t ructures  (1).  This can be a t t r ibu ted  to the  in ject ion 
of electrons f rom silicon in A1203 and t r app ing  near  
the  interface.  

Si-A1203 s t ruc tures  are  more  res is tant  to high energy  
e lect ron radia t ion  than  MOS devices using SiO2 as 
insulator.  Bombardmen t  of 1000A of ,%1203 under  -~ 10V 
gate  bias produces  a f la t -band  vol tage  shift  of --9.8V 
(4.6 x 10 TM e /cm 2 induced charge)  which compares  wi th  
,~ --50V for Si02 (18) (1.3 x 1013 e / cm 2 induced 
charge) .  Since the  dielectr ic  constant  of A1203 is about  
twice  as la rge  as tha t  of SiO2, an ident ical  change in 
the  surface charge,  as due to i r radiat ion,  gives r ise to 
only half  the  shift  in the  f la t -band  voltage.  

I t  can be seen from Fig. 4 that ,  l ike  Si02 and p lasma-  
grown A1203 (3), the  effect of posit ive bias under  Jr- 

r ad ia t ion  saturates .  The behavior  under  negat ive  bias  
is, however ,  different  f rom the  other  cases. In  the  case 
of SiO~, i r rad ia t ion  under  negat ive  bias also resul ts  in 
an increase  in the  posi t ive oxide charge  ( though to a 
lesser  ex ten t  than  under  posi t ive b ias) .  I r r ad ia t ion  of 
p l a sma-g rown  Al~O8 under  negat ive  bias leads to an 
increase  of the  negat ive  oxide charge.  This has been 
a t t r ibu ted  to e lect ron t r app ing  in the  A120~ film (3). 
The difference in behavior  be tween  chemica l ly  de -  
posi ted and p l a sma -g row n  A1203 can again  be ex-  
p la ined  by  the  presence of t r a ppe d  holes in the  la t ter .  

The resul ts  of i r rad ia t ion  exper iments  demons t ra te  
tha t  the  defect  s t ruc ture  of A1203 is different  f rom tha t  
of SiO2. The p redominan t  fea tu re  of the  la t te r  is an 
abundance  of hole t raps  which  capture  the r ad ia t ion -  
produced  holes. This resul ts  in a net  posi t ive charge  
in the  oxide  (18). Recent invest igat ions  of rad ia t ion  
effects in SiO2 and A120~ films, using the  t h e r m o l u m i -  
nescence glow curve  technique,  showed tha t  po lyc rys -  
ta l l ine  A120~ has a barge densi ty  of t raps  (p robab ly  both 
hole and e lect ron t raps)  which  ha rd ly  increases  wi th  
i r radia t ion,  whereas  the  p r e - i r r ad i a t i on  t r ap  densi ty  
in SiO2 is low but  increases subs tan t ia l ly  dur ing  i r -  
rad ia t ion  (19). Because of the  presence of e lectron 
t raps  in A1203, the  net  t r a ppe d  posi t ive charge  is much 
less than  in SiO2. Ano the r  con t r ibu t ing  effect could 
be the  recombinat ion  of r ad ia t ion -gene ra t ed  electrons 
and holes before  significant t r app ing  takes  place. F rom 
our  observat ions,  it  is ev ident  that  A12Oz has a g rea te r  
t endency  toward  conduct ion than SiO2. On the o t h e r  
hand, samples  showing no observable  d-c  conduction 
were  not  more  sensi t ive to rad ia t ion  than  those show-  
ing some conduction. However ,  there  a re  indicat ions 
tha t  conduction is control led by  the in te r face (s )  so 
tha t  apprec iab le  movement  of electrons a n d / o r  holes 
might  occur in the  oxide  wi thout  giving rise to d-c  
conduction. The ins tab i l i ty  of the  induced charge  in 
samples  which d id  not receive an 02 t r ea tmen t  pos- 
s ib ly  resul ted  f rom such recombinat ion,  and  demon :  
s t ra tes  again the  effect of this  t r ea tmen t  in changing 
the  defect  s t ruc ture  of the  oxide. 

Conduction.--Most conduct ing samples  exhibi t  the  
Schot tky  deple t ion  capaci tance dur ing  C-V measu re -  
ments.  This indicates  tha t  the  minor i ty  car r ie rs  (elec-  
t rons for p - t y p e  mate r ia l )  cannot  accumula te  in the  
silicon space-charge  region but  a re  in jected into the  
oxide  and dr i f t  to the  pos i t ive ly  biased gate electrode:  
S imi la r  behav ior  has also been observed in Si-SiO2 
s t ructures  where  the  SiO2 film was p r e p a r e d  by  anodic 
oxida t ion  of silicon. This oxide film shows localized 
conduct ion to a g rea te r  ex tent  than  the rma l ly  grown 
SiO2 (1). This behavior  differs f rom that  observed  for  
Si-SiO2 s t ructures  having  a la rge  densi ty  of in ter face  
s tates  (20), since holding the  gate  under  posi t ive bias 
did  not lead  to accumula t ion  of minor i ty  car r ie rs  in the  
space-charge  region and, thus, to the  d i sappearance  of 
the  Schot tky  capacitance.  Ra ther  the  behavior  is s imi-  
l a r  to that  r epor ted  for semiconduc tor -e lec t ro ly te  sys-  
tems where  inject ion of electrons f rom a p - t y p e  semi-  
conductor  into the  e lec t ro ly te  occurs when  the  l a t t e r  
is under  negat ive  bias (21). 

The s imul taneous  deve lopment  of conduction and 
Schot tky  capaci tance  in BT-s t ressed  samples  suggests 
tha t  conduct ion is control led  by  the  in ter face  (s) .  P roc-  
esses (e.g., heat  t r ea tment ,  i r rad ia t ion)  which  affect 
in ter face  proper t ies  have  a large  influence on the ob-  
served conduction. The na tu re  of the  in te r face (s )  ap -  
p a r e n t l y  changes f rom blocking to in ject ing and in 
many  cases e lect ron a n d / o r  hole inject ion at  the Si-  
A1203 in ter face  controls  the  conduction. T h a t  A1203 
films have a grea te r  t endency  toward  conduct ion than  
SiO2 films has also been observed by  Matsushi ta  and 
Koga, especia l ly  for pure  A1203 (4). I t  would  be p re -  
ma tu re  to speculate  on the exact  mechanism of con- 
duction, bu t  i t  is un l ike ly  tha t  it  is a bu lk -con t ro l l ed  
F r e n k e l - P o o l e  mechanism as proposed for silicon 
n i t r ide  (16). 
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Si-SiO2-A12Oa structures.--The fact  that,  in contras t  
to Si-A12Os s tructures ,  the  surface s tate  densi ty  of the  
Si-SiO2-A1208 s t ructures  is or ien ta t ion  dependent  cor-  
robora tes  the  a rgument  tha t  this dependence  is re la ted  
to the  mechanism by  which the  SiO2 film grows on 
sil icon (1). When  the  insula tor  is deposi ted ins tead of 
grown no or ienta t ion  dependence  can be observed.  

The charge  ins tab i l i ty  associated wi th  these  s t ruc-  
tures  under  negat ive  gate bias is p robab ly  due to in-  
ject ion of e lectrons f rom the  gate into the  A1203 a n d / o r  
to field ionizat ion of defects in A1203. In the  l a t t e r  
mechanism,  posi t ive ions and electrons are  genera ted  
by  the field and the electrons repe l led  to the  Al~O3- 
SiO2 in ter face  which they  cannot  penetrate .  Such a 
mechanism has been proposed to expla in  the ins tab i l i ty  
behavior  of S i -S iO2(grown) -S iO2(depos i t ed )  s t ruc-  
tures  (15). The  ins tab i l i ty  under  posi t ive bias is p rob-  
ab ly  due to Na + ions since no a t t empt  was made  to 
provide  a sod ium-f ree  env i ronment  dur ing  the growth  
of the  SiO2 film. I t  is un l ike ly  tha t  i t  is caused by  in jec-  
t ion or  t r app ing  since the  ins tabi l i ty  effect is indepen-  
dent  of the  magni tude  of the  posi t ive  bias and  the 
ex ten t  of f la t -band  vol tage  shift  dur ing  previous  nega-  
t ive b ias ing (see Fig. 6). 

The s tab i l i ty  behavior  of Si-Si02-A1203 s t ructures ,  
which did not  receive a postdeposi t ion O2 t rea tment ,  
requires  more  s tudy.  This behavior  (Fig. 7) again  
demons t ra tes  tha t  d - c  conduct ion is cont ro l led  b y  the 
i n t e r f ace ( s ) ,  which, in turn ,  can be modified by  the 
BT tests. 

Summary and Conclusions 
1. The rma l  decomposi t ion of Al - i sopropoxide  at  

420~ resul ts  in noncrys ta l l ine  A1203 films whose r e -  
f rac t ive  index var ies  f rom 1.60 to 1.68. The dielectr ic  
constant  at  10O kHz is about  7.5, and the  tan 5 is about  
O.01. The MOS capaci tance curves  show large  scat ter  
and r o o m - t e m p e r a t u r e  hysteresis .  

2. Postdeposi t ion hea t  t r ea tmen t  in oxygen at  700~ 
reduces this  sca t ter  and e l iminates  the  hysteresis .  This 
t r ea tmen t  overr ides  the  effects on in ter face  proper t ies  
of the  deposi t ion conditions. A typica l  va lue  of the  
f l a t -band  vol tage (for 1000A thick film) is -{-2.0V. The 
dens i ty  of in ter face  s tates  var ies  f rom 1010 to 1011 
states/cm~ �9 eV. Localized conduct ion occurs f requen t ly  
in these films; there  a re  indicat ions tha t  it  is cont ro l led  
by  the  in t e r f ace ( s ) .  

3. Bombardmen t  wi th  1 MeV electrons (fluence ---- 
1014 e / cm 2) under  posi t ive bias resul ts  in a r e l a -  

t ive ly  smal l  shift  in the  f la t -band  vol tage;  the  smal les t  
value  observed was --6.4V under  -{-1OV bias (equiva-  
lent  to 2.7 x 1012 e /cm 2 surface charge) .  Bombardmen t  
under  nega t ive  bias has p rac t i ca l ly  no effect. 

4. The conduction observed in Si-A1203 s t ructures  
was g rea t ly  reduced  by  growing ,~200A th ick  SiO~ 
film on sil icon pr ior  to the  A1203 deposit ion.  Typica l  
f l a t -band  vol tages  for ~1200A to ta l  insula tor  thickness  
a re  --2.5V and zero volt  for (111) and (10O) or ien ta -  
tions, respect ively.  The corresponding interface  s ta te  
densit ies a re  4 x 1010 --  2 x 1011 e /cm 2 . e V  and 1 x 
10 TM --  4 x 1010 e / cm 2 �9 eV. 

5. Under  la rge  nega t ive  bias (co~rresponding to about  
106 V / c m  field) a t  250~ the  f l a t -band  vol tage  shifts  
to more  posi t ive  values.  At  a given bias, a s tab le  s i tua-  
t ion can be achieved wi th in  roughly  20 rain. Posi t ive  
bias shif ts  the flat band to more  negat ive  values  but  
only  by  about  1V. 

6. The  resul ts  repor ted  here  differ significantly f rom 
those of Nishimatsu  et  al. (7). This is pa r t i cu l a r ly  
marked  in the  crys ta l l iza t ion behavior  of the  respec-  
t ive  a lumina  films and the  charge  ins tab i l i ty  phenom-  
ena, including hysteresis ,  associated wi th  Si-A1203 and 
Si-SiO2-A1203 structures.  These differences may  be 
due to differences in impur i ty  content  of the  films re -  
sul t ing f rom differing p repara t ion  condit ions (e.g., 
presence or absence of oxygen dur ing  deposi t ion) .  

The resul ts  r epor ted  here  have  been ob ta ined  wi th -  
out using special  clean technology.  The radia t ion  re-  
sistance of the  Si-AI203 s tructures ,  the  posi t ive values  
of the  f la t -band  voltage, the  lack of significant ins tab i l -  
i ty  effects of pres t ressed  samples, and the value  of 
dielectr ic  constant  make  A1203 a t t rac t ive  f rom the 
v iewpoin t  of device fabricat ion.  However ,  the  p rob lem 
of localized conduction must  be brought  under  control.  
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Oxygen Diffusion in Monoclinic Zirconia 
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ABSTRACT 

Oxygen-18 enriched oxygen and carbon dioxide-carbon monoxide at-  
mospheres have been used in the determinat ion of the oxygen self-diffusion 
coefficient in monoclinic zirconia at 990~ Oxygen exchange measurements  
were made on zirconia spheres in the average size ranges of 90 and 126~. The 
diffusion coefficient was found to be independent  of both oxygen part ial  
pressure over the range 1-18-19 atm and sphere size. The value of the  diffusion 
constant  has been used with previously determined electrical conduct ivi ty  
data to verify postulates of a defect model involving oxygen ion vacancies 
for monoclinic zirconia. 

The na ture  of the defect s t ructure and the t ranspor t  
properties of oxygen in monoclinic zirconia have been 
the subjects of several recent investigations (1, 2). 
For example, Vest, Tallan,  and Tripp (3) measured 
the electrical conduct ivi ty  of zirconia at 990~ as a 
funct ion of oxygen pressure from 1 to 10 - ~  a tm and 
found an electronic semiconductor, with the t ransi t ion 
from n- type  to p- type conductivity occurring at ap- 
proximately  10 -16 atm. Their results ,have been fur ther  
discussed by KrSger (1) who advanced a Schottky-  
type model involving both isolated oxygen vacancies 
and zirconium vacancies singly associated with oxygen 
vacancies, and also by Douglass and Wagner  (2) who 
proposed an an t i -F renke l  type model involving oxygen 
vacancies and interstitials.  It is predicted by both of 
these models that oxygen ionic conduct ivi ty may be 
considered to be predominant  at moderately low oxy-  
gen pressures, between the extremes of n -  and p- type 
electronic conductivity.  

Recently, Madeyski and Smeltzer (4, 5) have ap- 
plied the gas-solid oxygen-18 exchange technique to 
determine the oxygen self-diffusion coefficient in mono-  
clinic zirconia prepared as annealed spheres at t em-  
peratures in  the range 808~176 and at oxygen pres-  
sures close to atmospheric. In this paper, these results 
have been extended at 990~ to oxygen partial  pres- 
sures as low as 10 -19 atm, by  the use of oxygen-18 
enriched CO-CO~ atmospheres. 

Experimental 
In Fig. 1, a schematic drawing of the gas preparat ion 

t ra in  and the reaction apparatus is given. The oxygen 
exchange apparatus is identical  to that previously de- 
scribed (5). 

The preparat ion of microspheres of near-stoichio-  
metric ZrO2 in the size ranges 75-105~ and 105-147~ by 
oxidation of 99.92 w /o  (weight per cent) zirconium 
sheet (4), and of oxygen gas containing about 1.3 a/o 
(atomic per cent) 1sO has already been described (5). 
Carbon dioxide containing about 0.9 a/o isO was pre-  
pared by equi l ibrat ing normal  carbon dioxide with 
oxygen-18 enriched water  in the five-l i ter  flask shown 
on the diagram, followed by removal  of the water  by 
t rap- to - t rap  disti l lat ion between dry  ice-acetone and 
l iquid ni t rogen traps. Carbon monoxide conta in ing 
about 0.9 a/o 1sO was prepared by  exposing either the 
oxygen or the CO2 prepared as above to an excess of 
activated charcoal for approximately 24 hr  at 1080~ 
followed by t ransfer  through three l iquid ni t rogen 
traps to a 5-liter storage flask with the aid of a Toepler 
pump. The equali ty of the oxygen-18 enr ichment  in 
the carbon monoxide and carbon dioxide was carefully 
checked by mass spectrometric analysis and adjusted 
to bet ter  than  0.2 relat ive per cent difference. 

Microspheres of stoichiometric zirconia were first an-  
nealed for 24 hr in the reaction chamber  containing a 

* Electrochemical Society Active Member. 

CO-CO2 atmosphere of normal  isotopic composition 
and desired oxygen part ial  pressure. Oxygen part ial  
pressures were calculated from the free energies of 
formation of carbon monoxide and carbon dioxide as 
tabulated by Rossini et al. (6). In  a few experiments,  
pure oxygen was used at pressures of approximately 
0.5 atm. At the conclusion of the anneal,  the normal  
gases were pumped out and an oxygen-18 enriched 
CO-CO2 atmosphere of identical  oxygen part ial  pres- 
sure was admitted. The progress of the exchange reac- 
t ion was then followed by taking approximately ten  
samples of the gas atmosphere over a total  t ime period 
of general ly about 30 hr. 

Oxygen self-diffusion coefficients D* were obtained 
from the mass spectrometric analyses of the gas sam- 
ples with the aid of the error function equation devel-  
oped by Carmen and Haul (7) 

Q - Q1 71 3"y l  -- 
- -  = - -  eerfc A/~ 
Q2 - Q, 7, + 72 ~- 

72 - - 3 7 2  - -  
-t- eerfc ~/T [1] 

"Y1 -t- 72 
where  

] 7 1 = ' ~  1 + - ~ - +  1 , 7 2 = ~ 1 - -  1, ~ = D * t / a  2 

[2] 

In  this equation, Q, Q1, and Qe represent the atom 
fraction of oxygen-18 in the atmosphere at t ime t, in 
the oxide at zero t ime ( taken as the na tura l  abundance 
0.00204), and in the atmosphere at zero time, respec- 
t ively;  a is the sphere radius and k is the ratio of the 
total  mass of oxygen in  the gas atmosphere to that  in  
the solid oxide. These calculations were performed 
with the aid of a computer.  

Results and Discussion 
Plots of the results, ~/~-vs. ~/t,, are i l lustrated in 

Fig. 2-4. For clarity, successive plots have been dis- 

�9 -<~ Ground Gloss Joints 

Fig. 1. Gas preparation and oxygen diffusion apparatus 
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placed  by  X/~ = 0.03 in  Fig. 2-3 and  X/~ ----- 0.04 in 
Fig. 4. Since they  are  l inear  and  ex t r apo la t e  to the  
origin, oxygen  diffusion in the  spheres  would  appear  
to de te rmine  the  exchange kinetics.  In  Fig. 5, the  va l -  
ues of the  self-diffusion coefficient D* have been p lo t -  
ted against  the  oxygen pa r t i a l  p ressure  over  the  range  
10-1~-1 atm. Least  squares  analys is  of these resul ts  
demons t ra ted  tha t  the  oxygen  self-diffusion coefficient 
was independent  of both  oxygen pa r t i a l  pressure  and 
sphere  size, and to have the  va lue  

D* = (1.9 __ 0.3) X 10 -1~ cm ~ see -1 [3] 

This resul t  agrees  f avorab ly  wi th  the  va lue  D* = 1.98 
• 10-12 cm 9- sec-1  ca lcula ted  for  Poe --  0.5 a tm from 
the  Ar rhen ius  equat ion presented  ear l ie r  (5). 

The pa r t i a l  e lectr ical  conduct iv i ty  due  to oxygen  ions 
m a y  be r e l a t ed  to the  oxygen  self-diffusion coefficient 

0 2 4  

0.20 

016 

o 

r~ 

0 . 1 2  

0.08 

' I ' I ' I 

P = ~  

P = 4 . 2  x I 0  -I~ 

0.04 

p =  4 . 9 x 1 0  -15  

0 I . /  ~ I i [ = I I 
0 I 0 0  2 0 0  3 0 0  

{ T i m e  ) t / 2  ( s e c  ) 1 / 2  

Fig. 2. Oxygen self-diffusion coefficients for the first set of smarl 
spheres, 75-105/~ in diameter. 
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Fig. 3. Oxygen self-diffusion coefficients for the second set of 
small spheres, 75-105# in diameter. 
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Fig. 4. Oxygen self-diffusion coefficients for large spheres, 105- 
147/~ in diameter. 
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Fig, 5. Oxygen self-diffusion coefficient in monoclinic zirconia at 
990~ 

by  means  of the  Nerns t -Eins te in  re la t ionship  to a 
first approx imat ion  by  the fol lowing express ion 

4F2D* 

Klo. = = 3.2 • 10 -7  ohm -1 cm -1 at  990~ 
V m R T  

[4] 

where  Vm, the  molar  volume of oxide,  is equal  to 
21.15 cm 3 mole -1. In  Fig. 6, the  ionic conduct iv i ty  at  
990~ is compared  wi th  the  to ta l  e lect r ica l  conduct ivi ty,  
as de te rmined  by  Vest et  al. (3). As i l lus t ra ted  by  the  
pressure  dependency  of the  conduct ivi ty ,  n - t y p e  con-  
ductance  is p redominan t  a t  Po2 ~ 10-18 a tm and p - t y p e  
conductance is p redominan t  at  Po~ ~- 10 -1~ atm. I t  is 
also to be seen tha t  the  ionic conductance,  which i*s 
independent  of oxygen  pressure  over  the  range  10-19-1 
atm, l ies wi th in  the  range  typ ica l  of both  the  in t r ins ic  
and n - t y p e  e lec t r ica l  conduct ivi ty .  

I f  i t  is assumed tha t  the  m i n i m u m  value  of the  to ta l  
e lec t r ica l  conduct iv i ty  is associated wi th  oxygen  ion 
migrat ion,  the  excess e lect r ica l  conduct iv i ty  i l lus t ra ted  
in Fig. 6 at  10 -17 atm for the  po lycrys ta l l ine  hot -  
pressed zirconia  may  be expla ined  as being due to 
shor t -c i rcui t  anionic conduct ivi ty .  This behavior  asso- 
c ia ted wi th  s t ruc ture  would  appea r  to be  most  p robable  
since the  to ta l  weight  per  cent  of zirconia in the  com- 
pacts  and spheres is of the  same o rde r  of magni tude ,  
99.82 vs.  99.92 w/o.  In  previous  invest igat ions on the  
oxygen  diffusional proper t ies  of the  microspheres  and  
po lycrys ta l l ine  oxide (5, 8), it  has been shown tha t  
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Fig. 6. Ionic and electronic conductivity of monodinic Z~rCOnri~ 
at 990 ~ . 

the diffusion rate was much larger in the lat ter  s truc-  
ture  and of values typical for short-circuit  diffusion 
in the tempera ture  range 750~176 Accordingly, the 
apparent  electrical conductivi ty Kapp is wr i t t en  in  terms 
of the lattice conductivi ty XL and boundary  conduct iv-  
i ty  xB as follows 

Kapp = teL (i -- $) + KBI [5] 

where f is the fraction of oxygen ion sites at line de- 
fects such as dislocations and crystal boundaries. The 
values of f may be estimated from the ionic conductiv- 
ity calculated here together with an estimate o~ KB de- 
rived from the results of oxygen diffusion measure- 
ments in polycrystalline zirconia slabs performed 
earlier (8). If one estimates that  f = 0.1 in the poly- 
crystal l ine slabs, DB at 990~ is found to be approxi-  
mately 3 • 10 -8 cm2/sec, from which one obtains KB 
= 5 • 10 - s  ohm -1 c m - L  Subst i tu t ing these values 
into Eq. [5] and solving for ], one obtains f = 5 • 
1O -4. This represents somewhat defective mater ia l  wi th  
0.05% of the oxygen lattice sites located at crystal  
boundaries  or line defects such as dislocations. 

Two defect models involving oxygen ion vacancies 
have been proposed for monoclinic zirconia from which 
theoretical predictions may  be made on the var iat ion 
of the electronic and ionic conductivities as a function 
of oxygen pressure. KrSger (1) has proposed a Schott-  
ky- type  model involving zirconium vacancies singly 
associated with oxygen vacancies, as follows 

nil ~:~ ([-]zrr]o)" -~ Do'" K1 = CA% [6] 

where CA denotes the concentration of associated va- 
cancies. On the other hand, Douglass and Wagner (2) 
have proposed anti-Frenkel disorder, similar to that 
found for calcium fluoride by Ure (9) 

nil  ~ -  [ I ""  + Oi" KI '  = %Ci  [7] 

Equations for the production of electrons and electron 
holes, and for the incorporation of oxygen from the gas 
phase, which are common to both models, may be wr i t -  
ten as follows 

ni l  ~ e' -{- h" K2 = CoC e [8] 

1 1 
-- O2 + no'" + 2 e ' ~  0 L K3 = [9] 
9. 0[]C 02 P 02 '/2 

where OL represents a lattice oxygen ion. From these 
equations, together with the appropriate approximation 
for the e lectroneutra l i ty  condition, equations for the 
oxygen pressure dependence of the various defects 
may be writ ten.  

Under  conditions in which the zirconia exists with 
near ly  ideal stoichiometric composition, the electro- 
neu t ra l i ty  condit ion may  be expressed by  

C = C i = K 1  "/2 or C = C A = K , Y ~  [1O] D [] 

and it follows from Eq. [6] to [9] 

Co = K3 -V2 KI-W Po2-'/4 [II] 
and 

C e = K2K3 '/~ K1'/4 Po2'/4 [12] 

At very low oxygen pressures, where  an excess of 
oxygen vacancies exists in oxygen-deficit  zirconia, the 
e lectroneutral i ty  condition may be expressed by 

2C = Co [] 

and from [9] it follows that 

2 ~1/3 
2Cn= Co = \-~3 / Pos -*/8 

[18] 

[143 

At very  high oxygen pressures, in oxygen-r ich  zir-  
conia, the e lectroneutral i ty  relationship may be ex- 
pressed in terms of either oxygen interst i t ials  or zir- 
conium vacancies associated with oxygen vacancies, as 
follows 

2Ci = C e or 2CA---- Ce [15] 

Using Eq. [6]-[9], it may be seen that 

2Ci = C$ = (2KI'K22K3) I/3 Po21/6 [16] 
or 

2CA = C e = (2KIK22K3)  I/3 P021/6 [17] 

depending on whichever model is selected. It is there- 
fore seen that the two models are mathematically 
equivalent, with Oi" in the anti-Frenkel model cor- 
responding directly to (rTzr[3o)" in the Schottky model, 
provided that, in the Schottky model, further associa- 
tion of a second oxygen vacancy or dissociation of the 
complex is neglected. 

The ionic and electronic conductivity of zirconia may 
now he explained by reference to these models. Figure 
6 shows that the ionic conductivity is independent of 
oxygen pressure over the range 1-10 -19 atm. Appar- 
ently, the solid behaves as an intrinsic semiconductor 
in which the total oxygen defect concentration involv- 
ing oxygen vacancies and interstitials is fixed by the 
value of the constant, KI or KI', being much greater 
than the value of the constant K2. That the value 
observed for the ionic conductivity refers to both for- 
mation and movement of oxygen vacancies has been 
shown by the fact that the activation energy for oxygen 
diffusion in spheres at 0.5 atm pressure, 56 kcal (5), 
is approximately twice that observed for oxygen dif- 
fusion in plates of columnar zirconia of identical com- 
position (8). Hence, the e lectroneutral i ty  relat ion 
would not appear to be marked ly  influenced by  im-  
purit ies present  in the oxide specimens and accordingly 
may be defined by  Eq. [10], wi th in  the exper imenta l ly  
accessible pressure range. Consequently the concentra-  
tions of electrons and holes would be given by Eq. 
[11] and [12], respectively. 

The part ial  electronic conductivity,  Ke, may be ex- 
pressed by 

Ke = Ke + K~ = F(/~eCo + #eCe)/Vm [18] 

where F is the Faraday constant, Vm the molar volume, 
and /~e and ~ the mobilities of electrons and positive 
holes. Substituting Eq. [Ii] and [12] into [18], it is 
found that 

F 
Ke = ~ [/zoKz-'/2K, -V" ) Po2 -v'~ 

+ (#eK2K3'/2Kx'/4) Po2 +V4] [19] 

The electronic conduct ivi ty  has been shown in Fig. 6 
where  it is seen that  a Po2 + ,/4 relationship is consistent 
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with Vest et al.'s results at Po2 ~ 1-10-4 atm. The low 
pressure data does not extend to a sufficiently low pres- 
sure to verify the Po2-t/, relationship. 

The partial  ionic conductivity, Kion, in terms of the 
mobilit ies for the point  defects is given by 

gion = 2F (~O CO ~- ~ACA) /Vm [20] 
o r  

Kion ~- 2F (~C] % -k/ziCi)/Vm [20a] 

depending on which defect model is selected. If the 
Schottky disorder type were present, the zirconium 
vacancies present in the associates would be expected 
to contr ibute  somewhat to ~,A, resul t ing in a zirconium 
self-diffusion coefficient within a few orders of magni -  
tude of the oxygen self-diffusion coefficient. However, 
if the an t i -F renke l  defect model were present, the 
cationic lattice would be near ly  perfect compared to 
the anionic lattice and the zirconium self-diffusion co- 
efficient would be several orders of magni tude  lower 
than the oxygen self-diffusion coefficient. Unfor tu-  
nately, data on zirconium self-diffusion in pure zirconia 
is lacking. Extrapolat ion of data on zirconium self- 
diffusion in calcia-stabilized zirconia at 1700~176 
(10) to 990~ would indicate D*zr/D*o to be approxi-  
mately  10 -8, apparent ly  favoring the an t i -F renke l  
model as the predominant  defect s t ructure  for mono-  
clinic zirconia. However, in stabilized zirconia, the 
concentrat ion of zirconium vacancies or oxygen in ter -  
stitials (dependent  on which model is chosen) is ex- 
pected to be lower than the value for pure zirconia by 
an amount  dependent  on the equi l ibr ium constant  for 
association of oxygen vacancies with calcium ions in 
stabilized zirconia (1). Thus the value of D*zr in pure 
zirconia can be expected to be higher, and it is there-  
fore concluded that  a decision on which defect model is 
impor tant  for either oxide must  await  the exper imental  
determinat ion of values for D*zr in pure zirconia. 

Conclusions 
The oxygen self-diffusion coefficient in monoclinic 

zirconia microspheres at 990~ was determined to be 
D* -~ 1.9 • 10 -12 cm 2 sec -1. This value is independent  
of both sphere size in the range 90-126~ and  oxygen 
pressure in the range 1-10 -19 atm. A comparison of 
the part ial  electrical conduct ivi ty  due to oxygen ions 
as calculated from the Nerns t -Eins te in  relationship to 

the total  conduct ivi ty  of hot-pressed compacts indicates 
monoclinic zirconia to be an n - type  electronic conduc- 
tor at Po2 ~ 10-1s atm and a p- type  electronic conduc- 
tor at Po2 ~-- 10-1~ atm, with predominant  oxygen ionic 
t ransport  at in termediate  pressures. The excess elec- 
trical conduct ivi ty  exhibited by the polycrystal l ine 
compact at in termediate  pressures is believed to be 
due to short-circuit  anionic conductivity,  with an esti- 
mate  of approximately  0.05% of the oxygen ions s i tu-  
ated at l ine defects. Although data for zirconium dif- 
fusion in stabilized zirconia would appear to support 
the an t i -F renke l  model  as the predominant  defect 
model for pure zirconia, it is impossible to draw a 
conclusion unt i l  a value for the zirconium self-diffusion 
coefficient in pure zirconia has been measured. 
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Technical Notes @ 
Luminescent Properties of Eu" and 
Eu" + Mn" Activated BaMg2Si207 

Thomas L. Barry* 
Sylvania Lighting Center, Sylvania Electric Products Incorporated, Danvers, Massachusetts 

Recently, a great deal of work has been done on 
divalent  europium activation of silicate phases (1-9), 
largely devoted to three  t e rnary  systems: 

1. CaO -- MgO -- SiO2 
2. SrO -- MgO -- SiO2 
3. BaO -- MgO -- SiO2 

* Electrochemical  Society Act ive  Member .  
Key  words:  phosphors alk ear th  silicates, luminescence alk ea r th  

silicates, s u b s o l i d u s  p h a s e  relations, europ ium (2 +) activation, emis-  
sion spec tra ,  e x c i t a t i o n  spectra, energy  t ransfer  Eu(2+) to Mn(2+), 
sensitizer and ac t iva tor  d e p e n d e n c i e s .  

and their  respective bounding b inary  systems. In  par-  
ticular, joins and isothermal sections between phases 
with analogous formulas were considered; examples 
of this being the 3-1-2 and 2-1-2 (RO-MgO-SiO2) com- 
pounds in the t e rnary  isothermal sections (common in 
all three systems) and the 2-1 compounds in the 
bounding alkal ine earth oxide-silica b inary  joins. Such 
selections are easily unders tandable  due to the wide 
var ie ty  of subst i tut ion possible in such compositional 
regions and the accompanying changes in  the excita- 
t ion and emission spectra which may  be studied. 
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The subsol idus phase  re la t ionships  in the  BaO-MgO-  
SiO~ system were  in i t ia l ly  s tudied by  Klasens,  Hoek-  
stra,  and  Cox (10) and recen t ly  redone  b y  Argy le  (11), 
the l a t t e r  r epor t ing  th ree  new compounds  (3BaO-5SiO2; 
5BaO.8SiO2; BaO.MgO.3SiO2) .  The fea tures  of the 
two d iagrams  which  a re  pe r t inen t  to this  luminescence 
s tudy,  however ,  a re  ident ical .  

F igure  1, t a k e n  f rom the  w o r k  of Argy le  (11), gives 
the subsol idus relat ionships.  F ive  t e r n a r y  compounds 
exis t  in the  sys tem luminescence being s tudied in the  
3-1-2 and 2-1-2 compounds (1, 5, 7). A compound wi th  
the 1-2-2 s to ich iomet ry  occurs only in this  system. It  
does not  fo rm in the o ther  two t e r n a r y  systems m e n -  
tioned. This compound mel t s  congruen t ly  at  1600~ 
and provides  the  m a t r i x  on which  the  luminescence 
s tudies  of this  pape r  have  been  conducted.  

Other  fea tures  of Fig. 1 which are re fe r red  to la te r  
a re  the  observat ions  tha t  (A) the  1-2-2 compound lies 
on a b ina ry  join be tween  BaMgSiO4 (1-1-1) and 
MgSiO8 (1-1),  and also be tween  BaSi20~ (1-2) and 
MgO; (B) the  compounds BaSiO3 (1-1) and Mg2SiO4 
(2-1),  and BaO plus MgSiO3 (1-1) possess such stoichi-  
ometries  tha t  when  mixed  in the  p roper  propor t ions  
and comple te ly  reac ted  y ie ld  the  1-2-2 compound.  

Exper imental  
Of the  s ta r t ing  mater ia ls ,  the  ba r ium carbonate,  

silicic acid, and  manganese  carbonate  were  lumines-  
cen t -g rade  chemicals,  the  ba r ium chlor ide  h e x a h y d r a t e  
and ammonium c h l o r i d e  were  commerc ia l ly  ava i lab le  
reagent  g rade  chemicals;  the  basic magnes ium carbon-  
a te  was a Mal l inckrodt  ana ly t ica l  reagent  containing 
less than  0.005% sulfa te  as an impur i ty ;  and  the  
europium oxide was 99.9% pur i ty .  Assays  were  run  
on those mate r ia l s  w h e r e  it was necessary  to compen-  
sate for sorbed water .  A p p r o p r i a t e  propor t ions  of the  
r aw  mate r ia l s  were  d ry  b lended  in a Spex  Mixe r /Mi l l  
for 15 min to obta in  s ta r t ing  mixtures .  The b lended  
mix tures  were  fired in a wet  fo rming-gas  a tmosphere  
(80% ni t rogen-20% hydrogen  passed th rough  wa te r  
at  t empera tu re s  a round  50~ at  t empe ra tu r e s  be tween  
950 ~ and 1250~ and t imes  of f rom 1 to 4 hr. The 
pa r t i cu la r  combinat ion  employed  depended  on the flux 
combinat ion  a n d / o r  concentrat ion.  Lower  t e m p e r a -  
tures  and longer  t imes  were  used when a concurrent  
double  flux of NH4C1 and BaC12 was used (e.g., 4 hr  
at 1000~ and h igher  t e m p e r a t u r e  and shor ter  t ime  
when  jus t  a r e l a t i ve ly  smal l  amount  of NI-I4C1 was 
employed  (e.g., 1 hr  at  1200~ Af t e r  firing, the 
samples  were  cooled to nea r  room t empera tu r e  in the  
reducing atmosphere .  Chemical  analysis  of phosphors  
p r epa red  as descr ibed showed no chlor ide  re ta ined  in 

MgO 
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Fig. 1. Subsolidus phase relationships in the BaO-MgO-Si02 
system. [Ref. (11)]. 
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Fig. 2. Spectral energy distribution curve for Boo.96Mg2Si207: 
Eu 2 + o.o4 (2537~, excitation). 

the  finished phosphor.  This es tabl ished chlor ide  as a 
flux, influencing the  luminescence of the  phosphor  
produced  and the course of the  reac t ion  y e t  not  being 
incorpora ted  in the  mat r ix .  

A Norelco di f f rac tometer  wi th  f i l tered CuK~- rad ia -  
t ion was used in phase identif icat ion for  v i r t ua l ly  eve ry  
run  on eve ry  sample.  Exci ta t ion  spec t ra  were  obta ined  
wi th  a modified Hi tachi  P e r k i n - E l m e r  fluorescence 
spectrophotometer ,  Model  MPF-2A,  which has  been 
correc ted  for  the  output  f rom the  source. The emission 
spec t ra  and  peak  he ight  measurement s  were  de te r -  
mined  using equ ipment  and techniques  prev ious ly  
descr ibed by  Eby  (12). T h e  luminescence intensi t ies  
given in Fig. 2, 3, 4, 6, and  7 were  obta ined  vs. 
Zn2SiO4:Mn 2+ (Rela t ive  Energy  ----- 1.00) as a s tandard  
and are  thus  d i rec t ly  comparable .  

Results and Discussion 
Luminescent properties of BaMg2Si2OT: Eu2+0.04.-- 

When  the  1-2-2 compound is p r epa red  unde r  equi l ib-  
r ium condit ions (flux methods  descr ibed in exper i -  
men ta l  section) and ac t iva ted  by  d iva len t  europium, 
a phosphor  whose SED curve (254 nm exci ta t ion)  is 
given in Fig. 2 is obtained.  This phosphor  responds  
to both  long-  and shor t -wave leng th  u.v. as wel l  as to 
ca thode - r ay  exci ta t ion  giving an emission band  p e a k -  
ing at 400 nm and a wid th  at  ha l f  height  of 25 nm. 

The peak  wave leng th  of this  phosphor  is consider-  
ab ly  less (.-.35 nm)  than  those obta ined  f rom com- 
pounds or  c rys ta l l ine  solutions wi th  a 3:1-2 s toichi-  
ome t ry  (1, 5). These phases had  prev ious ly  y ie lded  
the shor tes t  peak  wavelengths  of the  a lka l ine  ea r th  
sil icates repor ted  to date. Addi t iona l ly ,  the  lumines -  
cence in tens i ty  of this  compound (1-2-2) a t  i ts  peak  
wave leng th  is g rea te r  than  the  vast  m a j o r i t y  of the  
3-1-2 phases at  the i r  pa r t i cu l a r  p e a k  wavelengths .  

Luminescent properties of nonequilibrium prepara- 
t i ons . - -When  equi l ib r ium is not  a t ta ined  in synthes iz -  
ing this phosphor  (when no fluxing act ion is em-  
p loyed) ,  an SED curve  such as tha t  g iven in Fig. 3 may  
be character is t ic  of the  assemblage obtained.  Three  
peaks  are  ev ident  in the  composi te  SED curve. Data  
f rom x - r a y  diffract ion and u.v. microscope studies 
p rev ious ly  r epor ted  on by  Bouchard  (13) have  been 
used to exp la in  such a dis t r ibut ion.  Employ ing  these 
methods,  the  format ion  and identif icat ion of a react ion 
in t e rmed ia te  have  been established.  The in te rmedia te  
phase,  I BaMgSiO4:Eu ~+, in m a n y  instances is difficult 
to detect  in spect ra l  energy  da ta  due to over lapping  
peaks,  and in x - r a y  pa t t e rns  due to the  smal l  amount  
present .  This phase  is immed ia t e ly  obvious when 
v iewed under  the  u.v. microscope since its peak  (440 

A. 1-1-1 reac t ion  in t e rmed ia t e  was  also obse rved  in the  synthes i s  
of t e rna ry  compounds  in  the  CaO-MgO-SiO2 sys tem by  Drs.  A. L. 
Smi th  and  A. D. Power ,  of Radio Corporat ion of Amer ica ,  especial ly 
w h e n  the  l a rge r  a lkal ine  ea r th  oxide to silica ra t io  in  the  b l e n d  

was  1:2, as  is the ra t io  in the  presen t  work .  
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Fig. 3. Spectral energy distribution curve for o nonequilibrium 
assemblage (no flux employed in synthesis). 

nm)  is displaced approximately 40 n m  from that  of 
the violet peak of the major  phase. In  addition to the 
presence of this in termediate  which may  be detected 
as a shoulder in the emission peak in  the violet region, 
a second, broader  peak appears in  the green region of 
the spectrum. 

This is a much grosser effect than the one just  de- 
scribed. This green emission was at first thought  to be 
due to an addit ional  secondary phase. Microscopic 
examinat ion uti l izing ul t raviolet  radiat ion showed the 
emission bands to be due to individual  crystallites, 
ra ther  than mul t ip le  emission from crystalli tes com- 
posed of in tergrown phases. Thus crystallites giving 
rise to the individual  emission bands could be separat-  
ed. X- r ay  diffraction data taken on separated fractions 
showed only the (1-2-2) phase to be present, and the 
same degree of crystall inity,  whether  dominated by 
either green or violet emission. Thus these two emis- 
sion bands are due to divalent  europium in two differ- 
ent positions in the same lattice. The violet emission 
is a t t r ibuted to the subst i tut ion of Eu ~+ in Ba ~+ sites. 
The green emission, which results from a metastable 
condit ion and can be removed by prolonged heat ing is 
possibly due to subst i tut ion of Eu 2+ for Mg s+, or more 
likely the incorporat ion of Eu 2+ in s t ructural  holes in  
the lattice (as in  feldspars).  

An at tempt  was made to take advantage of the fact 
that  BaMgSiO4:Eu s+ is formed as an in termediate  
when the const i tuent  oxides are reacted. This com- 
pound and enstati te (MgSiOz) were synthesized and 
reacted to form BaMg2Si2Ov:Eu 2+ according to the 
following reaction 

BaMgSiO4: Eu ~+ -{- MgSiO3--> BaMg2Si2OT: Eu ~+ 

Note that  in  Fig. 1 the product  (the finished phosphor) 
lies on a b inary  join between these reactants. 

Al though a wel l - reacted product could be obtained 
at somewhat lower temperatures  (100~176 than  
required to react the const i tuent  oxides (x - ray  evalua-  
t ion) ,  the luminescence of these samples was consid- 
erably less (~50-60%) than  that  of the samples pre-  
pared from the oxide raw materials.  An  addit ional  
reaction, represented by another  b inary  join in Fig. 1, 
between BaSi205 and MgO was also explored. 

BaSi2Os: Eu  2+ ~- 2MgO --> BaMg2Si20~: Eu  2+ 

Better results were anticipated here as syntheses in -  
volving silicate and oxide materials  are general ly  con- 
sidered to be more react ive than  syntheses when  the 
reactants are both silicates. However, the output  of the 
phosphor prepared in  this m a n n e r  was only 25-30% 
of that  prepared from the const i tuent  oxides. 

The two other schemes investigated involved react-  
ing two silicates or an oxide and a silicate 

BaSiOz: Eu 2 + + Mg~SiO4 --> BaMg2Si2OT: Eu 2 + 
BaO: Eu 2+ + 2MgSiO3 -> BaMgzSi2OT: Eu ~+ 

with the correct stoichiometries to yield the desired 
product. These proved to be even less successful. 

Incorporation of other alkaline earth ions.--Since no 
(1-2-2) compound exists in ei ther the CaO or SrO 
analogs of the BaO-MgO-Si02 system, varying  com- 
positions between compounds with analogous formulas 
is not a possibility. At tempted Ca2+ or Sr~+ subst i tu-  
t ion for Ba 2 + in  this mat r ix  resulted in a decrease in 
the luminescence in tens i ty  in  both instances. With 
Sr 2+, the drop is gradual  up to the 0.20 atom fraction 
Sr 2+ formulation,  followed by a quite drastic decrease 
in the luminescence in tens i ty  for formulat ions con- 
ta in ing greater  Sr 2+ concentrations. At the same time, 
an emission band  from a secondary phase emerges at 
(460-470 nm)  a t t r ibutable  to Sr2MgSi20~:Eu ~+. The 
appearance of this compound is easily rationalized, as 
no 1-2-2 compound forms in  the SrO-MgO-SiO2 sys- 
tem. The composition which corresponds to this stoichi- 
ometry  falls in a three-phase field. The compound 
Sr2MgSi207 is the only one efficiently activated by 
divalent  europium. The other two phases are forsterite 
(Mg2SiO4) and enstati te (MgSiO3) which are not ef- 

ficiently activated by Eu ~+ for exciting radiat ion be-  
tween 160 and 320 nm. 

When the incorporation of Ca ~+ is attempted, the 
luminescence in tensi ty  again drops wi th  increasing 
Ca ~+ concentration, in this case in almost a continuous 
manner .  The SED curves of these samples show the 
appearance of a new emission band at 445 nm due to 
the diopside (CaMgSi2Oo: Eu 2+ ) secondary phase 
formed. Beyond 0.30 atom fraction calcium, the in-  
tensi ty of the 445 n m  band also drops and a third band 
at 535 nm due to the formation of akermani te  
(Ca2MgSi2OT:Eu 2+ ) results. 

These observations again may  be explained due to 
the nonexistence of a compound with the 1-2-2 stoichi- 
ometry in the CaO-MgO-SiO2 system. Again formu-  
lat ing to this stoichiometry leads to a composition fal l-  
ing in a three-phase field where  diopside (CaMgSi206), 
forsterite (Mg2SiO4), and akermani te  (Ca2MgSi20~) 
are in equil ibrium. The  changes in the relat ive amounts  
of the phases, which can be efficiently activated by  
divalent  europium, can thus be observed in the SED 
curves run  on these samples. These data are in tended 
only to show in a qual i tat ive m a n n e r  the de t r imenta l  
effect on the luminescence intensi ty  of a t tempted Ca ~+ 
or Sr 2+ subst i tut ion for Ba ~+ in this mat r ix  under  
the specific conditions of synthesis employed (4 hr at 
1200~ 

Double activation with Eu 2+ and Mn2+.--The SED 
curve of the phosphor which results when  both euro- 
p ium and manganese  are incorporated as activators is 
given in Fig. 4. The emission from Eu ~+ remains  at 
400 nm, and a new band  appears at 690 n m  due to 
emission from Mn s+. The SED curve in  Fig. 4 is for 
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Fig. 4. Spectral energy distribution curve for the europium, man- 
ganese doubly activated phosphor, Boo.96Mg;.80Si207:Eu2+o.~, 
M n  2 + 0:20. 
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the phosphor when the formulat ion allows for Eu 2+ 
subst i tut ion for Ba 2+ and Mn~+ subst i tut ion for Mg ~+. 
More detail  of the effect on luminescence in tensi ty  
of the subst i tut ion schemes which allow for the in -  
corporation of the activator ions is given in a subse- 
quent  section of this paper. 

Figure  5 presents the excitat ion spectra for emission 
peaked at 400 nm, in samples with Eu activator only, 
or 690 n m  in  those having  Eu -b Mn or Mn alone. 
Ident i ty  of the excitation spectra for the first two 
shows there  is Eu +~ ~ Mn+~ energy transfer,  while the 
third curve shows that  direct excitat ion of Mn (sensi- 
t ivi ty was increased 10 to 100 times over that  used for 
the others to obtain this curve) is weak. 

Effect of Mn ~+ and Eu 2+ concentrations on lumines- 
cence intensity.--The effect of vary ing  the manganese  
concentration, as the Eu~+ is held constant,  on the two 
emission bands is shown in  Fig. 6. Data are given for 
two postulated subst i tut ion schemes. 

(A) Baa-x-yMg~Si~O~:Eux ~+, Mn~ ~+ 
(B) Ba~-~Mg2-~Si~O~:Eu= ~+, Mn~ 2+ 

In  the series r u n  covering both subst i tut ion schemes, 
x was held constant  at 0.04, and y was varied from 
0.10 to 0.50 in  steps of 0.10. In  the first scheme (A),  
max imum red emission at 690 nm, due to emission 

Bo Mg~SizO 7 :Eu 2+ 
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Fig. 5. Excitation spectra of BoMg2Si207:Eu 2+, BoMg2Si207: 
Mn 2§ and of the doubly activated phosphor BaMg2Si2OT:Eu 2+, 
Mn2 +. 
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from manganese,  occurs at y = 0.10-0.20 and falls off 
drastically at y --  0.30, probably  due to concentrat ion 
quenching. When a value of y = 0.50 is reached in  
this scheme, the typical emission bands as in  Fig. 4 
are extremely weak and some l ine emission from Eu 3 + 
now appears. For  the same substi tut ions made ac- 
cording to scheme (B), ma xi mum red emission occurs 
for y = 0.20 and is 50% greater  than  the  ma x imum 
achieved in  scheme (A).  

Even at y = 0.50 in  scheme (B), substant ia l  emis- 
sion due to Mn :+ is realized. These results show tha t  
ma x i mum red emission from manganese  is realized in 
scheme (B) and in t imate  that  manganese  substi tutes 
for magnes ium rather  than ba r ium in this pyrosilicate 
phase. This scheme is more in  l ine with simple crystal 
chemical considerations, such as ionic size and phase 
relations in magnes ium si l icate-manganese silicate 
systems. 

The effect of vary ing  that  Eu2+ concentrat ion when  
the Mn ~+ is held at the opt imum value is shown in 
Fig. 7. Initially,  there is a rise in both europium and 
manganese  emission. The ini t ia l  rise in  europium 
emission is due to improved u.v. absorption by  the 
phosphor as the europium concentrat ion is increased. 
The ini t ial  rises are followed by a decrease in europium 
and a fur ther  increase in  manganese  emission as the 
energy t ransfer  process becomes more efficient. Finally,  
a decrease in both emissions as europium self-quench-  
ing sets in and less energy is available for t ransfer  
to manganese.  
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Effect of Water Vapor on the Combustion 
of Flash-Heated Beryllium Droplets 1 

Jack L. Prentice 
Michelson Laboratories, Naval Weapons Center, China Lake, California 

Corrosion and corrosion processes a re  of except ional  
impor tance  to both science and technology.  In  pa r t i cu -  
lar, oxide t r anspor t  in the  Be-BeO-H20  system th rough  
corrosion processes is of impor tance  in the  fields of 
ceramics,  nuclear  reactor  technology,  and prope l lan t  
combustion.  The react ion 

BeO(solid) + H20(gas) .~ Be(OH)2(gas); 
AH~ ~ +42  kca l /mo le  [1] 

is r epo r t ed  to be the  pr inc ipa l  process and is p robab ly  
the  one of impor tance  here  a l though there  is as ye t  no 
spectroscopic identif icat ion of the  gaseous species 
Be(OH)2.  The process has both advantages  and dis-  
advantages,  depending on where  it is encountered.  In 
ceramics and nuclear  reactor  technology, oxide t r ans -  
por t  through corrosion processes resul ts  in  damaged  or 
des t royed appara tus  (wi th  possible dire  consequences) .  
In some indus t r ia l  applicat ions,  the  process is e i ther  
employed  to grow la rge  BeO single c rys ta ls  or  to p ro -  
duce h igh -pu r i t y  BeO of ve ry  fine c rys ta l l i t e  size 
( ~  1~). In  p rope l lan t  combustion,  the  mechanism of 
combust ion of the  be ry l l i um meta l  addi t ive  can be 
changed by  the presence of significant amounts  of 
wa te r  vapor.  

To this author ' s  knowledge,  no previous  demons t ra -  
t ion of oxide  t r anspor t  f rom burn ing  be ry l l ium drople ts  
has been repor ted.  Such a phenomenon is descr ibed in 
this  communicat ion.  

When  submi l l ime te r  d iamete r  Be par t ic les  were  
burned  at  a tmospher ic  pressure  in air, carbon dioxide,  
or a mix tu re  of 20% oxygen  in argon, long, we l l - fo rmed  

i This work was sponsored by the National Aeronautics and 
Space Adminis t ra t ion unde r  NASA Work Order  6032. 

hexagonal  whiskers  of BeO were  formed on the d rop le t  
surface dur ing  the in t e rmed ia te  phases of bu rn ing  (1, 
2). Cont inued oxida t ion  accompanied by  r i s ing  drople t  
t empe ra tu r e  resul ted  in to ta l  encapsula t ion  of the  
drople t  by  mol ten  beryl l ia .  Repet i t ion  of such ex -  
per iments  wi th  the  gases sa tu ra ted  with  w a t e r  vapor  
at  room t e m p e r a t u r e  resul ts  in the prevent ion  of oxide 
accumulat ion on the  drople t  surface, and ne i ther  
wh i ske r  format ion  nor  encapsula t ion  occurs. 

In our  combust ion exper iments ,  each Be part icle ,  
nomina l ly  500~ in d iameter ,  was p repa red  and igni ted 
by  exposing a smal l  square  of Be foil  to the  t he rma l  
pulse from a h igh- in tens i ty  xenon flash discharge lamp. 
In this  technique,  deve loped  by  Nelson (3), a meta l  
foil, 1.6 m m  on a side and 12.7g thick, was pe rmi t t ed  
to fal l  f ree ly  th rough  a glass react ion vessel  in which  
an appropr ia t e  oxidizer  was provided  and whose top 
was sur rounded  by  a hel ical  quar tz  flash lamp. As the  
par t ic le  passed th rough  the  l amp  area,  the  l amp  was  
fired e lec t r ica l ly  and the foil ignited,  fo rming  a sphere.  
Ind iv idua l  burning  par t ic les  were  quenched on P y r e x  
plates  at  var ious  distances f rom the  flash l amp  and 
wi thd rawn  for s tudy  wi th  a scanning e lect ron micro-  
scope (SEM).  By judicious sampling,  a comple te  pic-  
ture  of the  evolut ion of the  burn ing  par t ic le  geomet ry  
may  be  reconstructed.  

F igure  1 is a composite  of SEM photomicrographs  
sketching the  evolut ion of par t ic le  geomet ry  for  Be 
burn ing  in a d r y  oxygen -a rgon  mixture .  The figure 
shows random growth  of i l l - fo rmed  BeO on a spongy,  
unmol ten  Be substrate ,  g rowth  of hexagona l  whiskers  
of BeO on a mol ten  drople t  of  Be (mp ----- 1556~ and 
f inal ly encapsulat ion of the  Be drople t  by  mol ten  BeO 

Fig. 1. SEM micrographs sketching the evolution of particle geometry for flash-ignited beryllium foil burning in a mixture of 20% 
oxygen-argon at 705 ~ 5  Torr. Particles quenched at (a) 20, (b) 30, and (c) 40 cm from the lamp. 
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(mp = 2820~ Shortly after encapsulation, radiative 
heat loss from the extensive beryllia surface lowers the 
temperature enough to freeze the oxide, vapor phase 
combustion is terminated, and particle temperature de- 
cays to ambient. These specimens were quenched at 20, 
30, and 40 cm from the lamp and represent burning 

t imes  (i.e., t ime from ignit ion to quench) of about  250- 
500 msec. F igure  1 (c) shows a specimen in which  the  
heavy  surface oxide  has f rac tu red  on cooling. 

Opt imum be ry l l i um combust ion proceeds by  a vapor  
phase mechanism. The  ambien t  t empe ra tu r e  mus t  
the re fore  be kep t  high enough to keep  the  encapsu la t -  

Fig. 2. SEM micrographs of flash-ignited beryllium particle quenched while burning in I atm of 20% oxygen-argon saturated with 
water vapor at 28~ Note clean surface burning. 

Fig. 3. SEM micrographs of specimens burned in both "wet" and dry O,~/Ar. Note absence of ~eO whiskers on specimens burned in wet 
gas (a, b). Both specimens (a, c) quenched 30 cm from flash lamp. 
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ing oxide mol ten  or the  vapor  phase  combust ion wil l  
be stifled and the  drople t  combust ion wi l l  be forced 
to proceed via the  much s lower  process of  oxidizer  di f -  
fusion through the  oxide crust  and  subsequent . sur face  
reaction.  Gulbransen  and A n d r e w  (4) have shown tha t  
the  vapor  pressure  of be ry l l ium may  be reduced by  as 
much as 100-fold by  an oxide coat ing 0.4~ th ick  at 
1200~ Thus, oxide skins or films on burning  be ry l l i um 

~particles s imi lar  to tha t  in Fig. lc,  which  m a y  be as 
much as 50# thick, must  su re ly  exer t  a r e t a rd ing  effect 
on combust ion efficiency. 

F igure  2 is a composite  of SEM photomicrographs  
showing the  effect of burn ing  a be ry l l ium par t ic le  in 
an oxygen-a rgon  mix tu re  sa tu ra ted  wi th  w a t e r  vapor.  
No t race  of hexagonal  whisker  format ion  exists  on 
specimens burned  in the  presence of water .  When  ex-  
amined by  low-power  ( ~ 6 0 X )  opt ica l  microscopy,  
such specimens appear  as shiny, b r igh t  meta l l i c - looking  
spheres  as cont ras ted  wi th  the  opaque,  m i l k y - w h i t e  
oxide  encapsula ted  specimens in Fig. 1. F igure  3 con- 
t ras ts  be ry l l i um drople ts  quenched whi le  burn ing  in 
"wet"  and d ry  oxygen-argon .  

Douglas (5) has rev iewed  the  h i g h - t e m p e r a t u r e  
the rmodynamics  of the  BeO-H20 system and has pos tu-  
la ted tha t  h igher  gaseous hydra tes  of be ry l l ium oxide 
m a y  be impor tan t  at  high tempera ture .  For  example ,  
he suggests tha t  the  t r i m e r  (BeO)s  �9 H~O is p reva len t  
above about  1850~ The analysis  indicates  tha t  the  
J A N A F  the rmodynamic  da ta  may  be in e r ror  and tha t  
at t empera tu re s  above 2500~ the re  would  be more  
BeO in the  gas phase than  indica ted  by the  J A N A F  
tables which assume B e O .  H20 to be the  gaseous 
species. Douglas '  analysis  indicates  tha t  at  2000~ the  
pa r t i a l  pressure  of (BeO).~ �9 H~O would  be on ly  about  
10% of tha t  of BeO �9 H20, but  a t  3000~ the  pa r t i a l  
p ressure  of ( B e O ) s -  H20 would  be 100 t imes  tha t  of 
the  monomer  Be(OH)2.  

The exper iments  repor ted  here  appear  to lend sup-  
por t  to the  conclusions of Douglas. The  specimen in 
Fig. 2 shows that  no BeO has accumula ted  on the  d rop-  
let  surface indicat ing tha t  BeO is being des t royed  or 
removed  at  least  as fast as it  is being formed. The 
J A N A F  d a t a  indicate  tha t  this  should occur only  at 
t empera tu re s  ~ 4500~ and ye t  the  physical  condit ion 
of the  quenched par t ic les  shown in the  figures leads 
to the  conclusion that  the  drople t  t e m p e r a t u r e  was 
somewhere  be tween  1600 ~ and 2800~ (be tween mel t -  
ing points  of meta l  and  oxide) .  Lack of oxide accumu-  
lat ion on the drople t  as shown in Fig. 2 is difficult to 
reconcile wi th  the  react ion in Eq. [1] where  only  one 
BeO molecule  is t r ansp i red  by  each wa te r  molecule. 
In  view of the  observed ra te  of oxide  r emova l  and 
the  p robab le  drople t  t empera ture ,  i t  would  appea r  tha t  

h igher  gaseous hydra tes  than  the  monomer  a re  involved  
in the  oxide t r anspor t  processes du r ing  combust ion of 
be ry l l ium drople ts  in wet  gases. 

In  repor t ing  on a s tudy-o f  be ry l l ium par t ic le  com- 
bust ion in a f lat-flame burner ,  Ma~ek and Semple  (6) 
r epor t  tha t  addi t ion of ~ 1% wa te r  to the i r  flame gases 
resul ted  in an increase of burn ing  t ime of about  30%. 
The presence of wa te r  also resul ted  in lower  drople t  
t empera tu re s  and narrowerv par t ic le  t racks  than  when  
burn ing  in d ry  gases. Macek and Scruple suggest  that ,  
despi te  the  significant change in burn ing  rate,  only  a 
s l ight ly  modified vapor  phase  diffusion model  is ade-  
quate  to descr ibe  the  combustion.  They  leave  open 
the cause of the  flame zone contract ion but  suggest  
tha t  i t  m a y  be due  to reduced  vapor  pressure  of 
bery l l ium caused by an except iona l ly  heavy  p re -  
ignit ion deposi t  of oxide in the  presence of w a t e r  
which persists  dur ing  combustion.  The quenched be ry l -  
l ium par t ic les  shown in Fig. 2 and 3 demons t ra te  tha t  
such is not the  case. [For  a more  extens ive  discussion 
of this  mat ter ,  see Ref. (7).] 

Nar rower  par t ic le  t racks  ( re la t ive  to d r y  gases) 
and lower  color t empera tu re s  a re  character is t ic  of 
f lash- igni ted be ry l l ium drople ts  burn ing  in wet  gases. 
The react ion in Eq. [1] is endothermic  by  42 kca l /mo le  
and thus  it or  a s imi lar  react ion of the  form 

nBeO(~ + H20(g) ~ (BeO)n �9 H20(g) [2] 

should be a significant energy sink dur ing  drople t  
combust ion in the  presence of wate r  vapor.  Thus the  
oxide t r anspor t  process i s  seen to have an effect on 
the  flame tempera tu re ,  flame radius,  d rop le t  geometry ,  
burning  rate,  and burn ing  mechanism.  

Manuscr ipt  submi t t ed  Sept.  29, 1969; revised m a n u -  
scr ipt  received ca. Dec. 22, 1969. 

A n y  discussion of this  paper  wil l  appear  in  a Dis-  
cussion Section to be publ i shed  in the  December  1970 
JOURNAL. 
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Epitaxial Growth of GaAs PI_  
from the Liquid Phase 

K. K. Shih* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 

GaAs~Pl -x  is a useful  ma te r i a l  because it emits  v is i -  
ble l ight  efficiently f rom p - n  junct ions  (1). G a A s z P l - z  
has been p repa red  in var ious  ways  such as by  vapor  
t r anspor t  in both c losed- tube  (2) and  open - tube  (3, 
4) systems,  and by  hor izonta l  Br idgman  (5) and solu- 
t ion growth  (6) methods.  For  a number  of mater ia ls ,  
the l iquid  phase ep i tax ia l  method of g rowth  has p ro-  
duced g rown- in  pon junct ions  of super ior  qual i ty ;  for  

* Electrochemical  Society Act ive  M ember .  

example ,  as evidenced by  the  improved  luminescent  
proper t ies  in the  case of GaAs (7),  GaP  (8),  and 
GaxAl l -xAs  (9). In the  present  work,  the  l iquid  phase 
epi tax ia t  method has been employed  to grow single 
crysta ls  in p - n  junct ions  of G a A s x P l - x  on GaP  s ingle-  
c rys ta l  substrates.  The growth  pa rame te r s  and some 
luminescent  p roper t ies  of the  junct ions  are  described.  

The ver t ica l  g rowth  method  descr ibed b y  Rupprech t  
et al. (9) was employed.  This method  permi t s  the  
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formation of both sides of a p -n  junct ion  in a single 
cooling cycle. An  a lumina  crucible charged with Ga, 
GaAs, and GaP was contained in a vertical  quartz tube. 
For n - type  growths, the donor dopant, Te, was added; 
the acceptor, Zn, was added for p- type  growths. The 
epitaxial  layers were deposited mostly on B ( l l l )  
oriented GaP substrates supported on a graphite 
holder. GaP single-crystal  substrates were grown by 
the solution growth method (10) and zone-bomb 
method (11). GaAs substrates have been tr ied but  
they dissolved in the melt  which contains Ga, GaAs, 
and GaP dur ing the growth process. High-pur i ty  form- 
ing gas was passed through the system prior to and 
dur ing the overgrowth cycle. The layers deposited 
dur ing cooling from 955 ~ to 860~ 

The composition of the deposited layers was adjusted 
by varying  the proportions of GaAs and GaP added 
to the melt. In  order to form bu i l t - i n  p - n  junctions,  
the first layer, an n - type  layer  about  2 mils thick, was 
deposited on an n - type  substrate with carrier concen- 
trat ion about 101~ cm -8 by cooling from 955 ~ to 900~ 
Then the melt  was counterdoped, with sufficient ac- 
ceptor dopant to overcompensate the previous dopant, 
and cooling was continued to 860~ to produce a 
p- layer  about 2 mils thick, then the substrate with de- 
posit was lifted from the melt. It was found that  the 
best results were obtained when the melt  which con- 
ta ined Ga and different amounts  of dissolved GaAS 
was "saturated" with GaP, depending on the desired 
composition, with none or a slight excess floating on 
the melt. It  is recognized that  this is not a t rue  equi-  
l ibr ium since the melts are not stable in the presence 
of ei ther of these pure  components. This si tuation is 
general ly  encountered in liquid epitaxy experiments  
and pseudo-equi l ibr ium appears to be achieved when 
the remaining  undissolved solid becomes coated with 
a layer  of the mixed compound, thus prevent ing  
fur ther  dissolution. 

In  order to establish the conditions for this pseudo- 
equil ibrium, the t ake -up  of GaP by melts containing 
various amounts  of dissolved GaAS was measured. The 
exper iment  was similar  to that  reported by Hall  (12) 
and the amount  dissolved was determined by weight 
loss. The results at 945 ~ and 955~ are shown in Fig. 1. 
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Fig. 1. Solubility of GaP in Ga-GaAs melt at 945 ~ ond 955~ 

The informat ion in Fig. 1 is helpful  for de termining the 
amount  of GaAs and GaP which should be used in 
order to grow good GaAsxPl-x  p -n  junctions.  

The deposits had smooth surfaces when  grown on 
either side of the (111) oriented GaP substrates, but  
mater ia l  grown on the B ( l l l )  surface looks a little 
better. A terraced or sometimes coarse granular  sur-  
face resulted if the substrate was off more than 1 ~ from 
the (111) orientation. Microscopic examinat ion  of de- 
l ineated p -n  junct ions  revealed them to be quite 
planar,  as shown in Fig. 2. By inspecting the color 
change of the crystal, it seems that  the content  of 
GaAs in the t e rna ry  alloy increased gradual ly  along 
the direction of growth. 

For the fabrication of electroluminescent  diodes, the 
substrate side of the wafer was th inned to reduce series 
resistance, then A u- S n  and I n - Zn  alloy dots were ap- 
plied to the n and p sides, respectively, of a small  
cleaved section in an atmosphere of flowing forming 
gas. The emission spectra were measured with a 
Bausch-Lomb monochromator.  The quan tum efficiency 
was measured wi th  an in tegra t ing  sphere type  of ap-  
paratus, using Si photodiodes as detectors. 

The electrical and optical properties of a large n u m -  
ber of diodes were studied. No GaP-Ga  (As, P) hetero-  
junct ion  was observed. The current -vol tage  character-  
istics of all diodes had the same general  characteristics. 
The current  varied as a funct ion of voltage according 
to the equation I = Io (eV/~ kT).  In the l inear  region 
from I = 10 -4 mA to 5 mA at 300~ ~ = 2 indicat ing 
that  recombinat ion is in the space-charge region (13). 

The diodes emit light from the visible to the infrared 
range of the spectrum, with the peak energy depending 
on the composition of the melt  from which the epi- 
taxial  layers were grown. For example, when  2g GaAs 
and 0.21g GaP were added to a 20g Ga melt, the re-  
sult ing diodes emitted light with a peak at about 6800A 
with about 70 meV width at 300~ as shown in Fig. 3. 

Fig. 2. Typical cross section of a GoAsxPz-~ p-n junction 
structure grown in GaP substrate cleaved and chemically stained to 
reveal the individual regions. 
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Because of the nar row width of this emission, it is 
identified as a band - to -band  transit ion.  An  external  
quan tum efficiency of about 5 x 10-4 at 6800A at room 
tempera ture  was measured. This increased by more 
than  a factor of 1O at 77~ The efficiency may improve 
by optimizing the doping profile. 
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Oxidation Studies on Iron 
Using the MSssbauer Effect 

D. A. Channing and M. J. Graham 1 
Central Electricity Generating Board, Berkeley Nuclear Laboratories, Berkeley, Gloucestershire, United Kingdom 

This communicat ion indicates the potential  of MSss- 
bauer  spectroscopy for quant i ta t ive  study of high-  
tempera ture  oxidation processes on iron. In particular,  
we describe experiments  concerning the formation at 
5OO~ of the duplex scale Fe304 and a-Fe203. 

Johnson-Mat they iron foils of pur i ty  99.9 + % and 
thickness 9.5 ~,m were used. Oxidation was performed 
in one atmosphere of high pur i ty  oxygen (B.O.C. grade 
X).  MSssbauer absorption measurements  were made on 
the s tar t ing foils and after specified oxidation periods. 
The spectrometer, a "constant acceleration" ins t rument ,  
employed a C057/pd s ingle- l ine source and a NaI (T1) 
scinti l lation detector. All  spectra were determined with 
both source and absorber at room tempera ture  using 
a fixed counting arrangement .  Background radiat ion 
was essentially unchanged between measurements  and 
_~ 20% of the recorded counts. 

By reference to s tandard spectra of Fe 57 in Fe304 
and a-Fe203, the presence of the two oxides in the 
scale is immediate ly  established from the measured 
spectrum. The relat ive quanti t ies  of the oxides, and of 
unused metal, are obtained from the respective intensi-  
ties of absorption. Taking ni as the areal density of 
Fe 5~ (a toms .  mm -2) in the i th component,  we may 
wri te  (1) 

n i  ~-- k A i / f i  

where Ai is the corresponding total absorption area 
corrected (upwards)  for "saturat ion effects," ]i is the 
recoil-free fraction, and k is a constant. The I~ factors 
are not expected to differ greatly, and our experiments  
confirm this. Saturat ion corrections range up to ~ 15% 

1 Presen t  address: Divis ion of Chemistry,  National  Research Coun- 
cil, Ottawa,  Ont., Canada. 

and may be estimated from tables (2). Thus, roughly, 
the relative number of resonant atoms in the three 
components is simply the ratio of observed absorption 
intensities. 

Measurements are presented in Fig. 1-3. Included are 
the line positions, indexed I, 2, 3, . . . . ,  of the indi- 
vidual components. The spectra for iron and ~-Fe203 
are single Zeeman patterns of six lines [ref. (3) and 
(4, 5), respectively]. For Fe304, the spectrum com- 
prises two superposed Zeeman patterns which are in- 
completely resolved (6-8). The first has lines at 1, 8, 
5, 7, 9, and 10, the second at 2, 4, 6, 8, 9, and I0. 

Figure 1 shows the s imultaneous growth of the two 
phases. The spectra are for a foil oxidized for suc- 
cessive periods up to a total of ~ 31 hr, by  which t ime 
most of the metal  is consumed. The course of oxidation 
is best followed by lines a-Fe203 1, Fe304 1 and 2, and 
Fe 1. At all  stages, FesO4 is the major  oxide. With 
continued oxidation, the source of metal  is exhausted 
and the flow of iron to the reaction zone stops. The 
oxidation of Fe304 to ~-Fe203 can then be directly 
investigated and results are displayed in Fig. 2. No 
metal  is detected at ~-- 77 hr, and at _~ 395 hr the con- 
version to a-Fe203 is almost complete. Analogously, if 
the oxygen supply is cut off once a scale has formed, 
the reduction by iron of ~-Fe2Os to Fe304 can be di- 
rect ly studied. Thus, in Fig. 3, spectrum (a) was ob- 
ta ined for a foil oxidized 18 hr, and spectrum (b) 
after a subsequent  1 hr vacuum anneal  ( <  10 -5 Torr) .  
Referr ing to lines a-Fe203 1 or 6, a marked decrease 
in a-Fe203 is clearly evident  after the anneal.  

Spectral  areas are determined as follows. First, we 
assume that the relat ive line intensit ies wi th in  each 
Zeeman pat te rn  r e m a i n u n a l t e r e d  throughout  the ex-  
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periments. This appears to be a reasonable assumption. 
[Significant variations are expected on ly  if  major 
changes in magnetization occur (3).  Saturation effects 
wi l l  introduce some variation, but this is small  and 
would not easily be detected.] Having established these 
ratios, the total absorption areas are then derived by 
analyzing only  the outer most intense lines, specifically 
Fe 1, FesO4 10, and a-Fe208 1 or 6. The ratios adopted 
(2.7 : 2.2 : 1.0 : 1.0 : 2.2 : 2.7 for iron, 2.7 : 1.5 : 1.0 
: 1.0 : 1.5 : 2.7 for both FeaO4 and a-Fe~Oa) are based 
upon detailed analysis of the two initial  metal  spectra, 
spectrum (c) of Fig. 2 which shows virtual ly  only  
a-FezOs, and spectrum (b) of Fig. 3 showing pre- 
dominantly  Fe~O4 but also metal. These same four 
spectra are also used for checking the variation of i i  
factors. Thus, noting that the total number of Fe s7 
atoms in a g iven foi l  is constant, equations of the type 

~ i  ( A i / f i )  : Ao/fFe 

are solved, where  Ao is the corrected starting metal  
absorption. We find fFe : IFeaO4 : Ia-Fe2Oa = 1 : 1.15 
(___0.15) : 1.20 ( •  Visual  curve fitting is em-  
ployed throughout the analysis, and the absorption of 
a l ine is taken as depth t imes half-width.  

More detailed experiments  on growing iron oxide 
films, at temperatures 400~176 are in progress. Our 
main aim is to provide data for the diffusion of iron 
ions through Fe304 and of oxygen  ions through a-Fe2Oa. 
In prel iminary experiments  at 700~ three phase scales 
of FeO, FesO4, and a-FezOa have been observed and 
analyzed. 
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Anodic Oxidation of InSb in Nonaqueous Electrolytes 
L. C. Brennan .1 and N. J. Gri 2 

Avco Laboratories, Cincinnati, Ohio 

The anodic oxidat ion  of InSb in aqueous e lect rolytes  
has been ex tens ive ly  inves t iga ted  by  Dewald (1). This 
sys tem was  chosen by  Dewald  because InSb has the 
zinc b lende s t ruc ture  which  does not have a center  of 
inversiOn and t h u s  anodizat ion ra tes  on ( l l l A )  and 
( l l l B )  faces are  different.  Dur ing  work  car r ied  out at  
Avco Laborator ies ,  it  was found that,  at cu r ren t  dens i -  
t ies g rea te r  than  1 m A / c m  2, anodic oxidat ion  was 
l imi ted  to a film thickness  of ~1200A when the  anodiza-  
t ion was car r ied  out in  an aqueous electrolyte .  If 
anodizat ion was cont inued to h igher  voltages, the  
anodic film began to b r e a k  down and a b lack  oxidat ion  
product  was formed.  In an a t t empt  to grow th icker  
films at  h igher  cu r ren t  densit ies,  the  anodic oxidat ion  
of InSb  in nonaqueous or l a rge ly  nonaqueous e lec t ro-  
lytes  has been invest igated.  This r epor t  consti tutes the  
in i t ia l  resul ts  of this  invest igat ion.  

Some of the  solutions inves t iga ted  were:  (a) n-  
me thy l ace t amide /KOH,  (b) t e t r a - h y d r o - f u r f u r y l  alco- 
ho l /KOH,  and (c) e thy lene  g lyco l / sod ium t e t r a b o r a t e /  
H20 (90% ethylene  glycol, 5% Na2B4OT. 10H20, 5% 
H20).  

The InSb  used was suppl ied  by  Cominco Amer ican  
Incorpora ted  and was n- type ,  t e l lu r ium doped wi th  a 
ca r r i e r  concentra t ion of 1 x 10 TM at 77~ 

The slices were  app rox ima te ly  1 in. in d iamete r  by  
25 mils  th ick  cut  pa ra l l e l  to the  (111) plane.  The B 
surface was lapped and the A surface was pol ished to 
a smooth surface using 3/10~ alumina.  Jus t  pr ior  to 
anodization,  the  wafers  were  etched in a 10% solut ion 
of HNO3 in lactic acid for  5 rain. 

I t  was found tha t  for  all  the  e lec t ro ly tes  studied, at 
cur ren t  densit ies g rea te r  than  1 mA/cm2, anodizat ion 
could be  car r ied  out  to much grea te r  thicknesses  than  is 
the  case for aqueous electrolytes .  Fo r  example ,  at cu r -  
ren t  densi t ies  of 1.5 m A / c m  2, it  was found tha t  b r e a k -  
down of the  anodized l aye r  occurred at  ,~1200A, 
whereas,  for the  same cur ren t  density,  b r eakdown  of 
the anodized l aye r  did  not  occur up to 5000A when  the  
films were  formed in a solut ion of sodium pen tabora te  
in e thy lene  glycol  (Soln. C).  A possible explana t ion  of 
the  fact  tha t  anodizat ion can be car r ied  out to g rea te r  
thicknesses in nonaqueous e lect rolytes  could be tha t  
in nonaqueous e lect rolytes  an outer  porous film is 
formed on an inner  compact  layer  as is the  case for 
the  anodizat ion of a luminum.  To check this possibil i ty,  
the  na tu re  of the  surface was examined  using surface 
repl ica  e lect ron microscopy.  The surface repl icas  were  
p repa red  by  the col loidal  s t r ipping  method.  Severa l  
areas  of the  sample  had a surface s t ruc ture  consist ing 

* Electrochemical Society Active Member .  
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2 P r e s e n t  Address: TRW Semiconductor,  Lawndale ,  California.  

of a high dens i ty  of hillocks. However ,  at  the  magnif ica-  
t ions used (16, 500, X) no evidence of poros i ty  was ob-  
tained.  No pa t t e rns  were  obta ined when this ma te r i a l  
was examined  by  e lec t ron diffract ion indica t ing  tha t  
the  ma te r i a l  is amorphous.  

Elec t r ica l  measurements  were  taken  on the anodized 
InSb surface using the me ta l -ox ide - semiconduc to r  
(MOS) method (2).  MOS test  units were  made by  
evapora t ing  chromium over  the  oxide  and a l loying 
ind ium to the  back  for an ohmic contact. Some of the  
evapora ted  surface electrodes were  kep t  less than  100A 
th ick  to a l low tes t ing for l igh t - induced  surface po ten-  
t ia l  shifts which  have  been observed (3-5) in th in  
anodic oxides formed in aqueous electrolytes .  

The capac i tance-vol tage  character is t ics  were  ob-  
ta ined  at  77~ using a capaci tance br idge  opera t ing  at  
1 MHz. A posi t ive in ter face  charge Qss was observed 

on al l  samples.  Measured  values  of Qss/q were  1-8 x 
1011 cm -2, showing s imi la r i ty  to those repor ted  by  
Chang and Howard  (6) for th in  anodic oxides formed 
in aqueous electrolytes .  

A significant difference has been observed in that  
l igh t - induced  surface poten t ia l  shifts did not  occur in 
the  th ick  oxides fo rmed  in nonaqueous electrolytes .  
This observat ion  was made  in al l  cases where  the  MOS 
samples  were  s t rongly  i l lumina ted  wi th  zero, posit ive,  
or  negat ive  vol tages appl ied  to the  surface electrode,  
in contras t  to r epor ted  (3-5) surface potent ia l  shifts 
unde r  the  same condit ions for  th in  oxides.  These 
resul ts  indicate  tha t  photon  absorpt ion  and charge 
bu i ldup  occur wi th in  the  oxide  and not at  the  semi-  
conductor  interface.  
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Passivation Phenomena and Potentiostatic 
Corrosion in Molten Alkali Metal Carbonates 
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ABSTRACT 

Potentiostatic corrosion rates of certain metals and alloys in molten car-  
bonates at 680~ have been studied under  both par t ia l ly  and ful ly immersed 
conditions using a var ie ty  of gas atmospheres above the melt. Measurements  
were made wi th in  the range 0.00 to --1.00V vs. Au/(O2 -- CO2) 1:2 reference 
electrode. Of part icular  interest  was the resistance to corrosion of fer roalumi-  
n u m - t y p e  alloys. These materials  have been successfully t e s t e d j n  working 
molten carbonate fuel cells under  conditions where contact betw~een the cor- 
rosive electrolyte and a support ing member  is unavoidable.  

The purpose of this investigation was to determine 
the suitabil i ty of certain metals for s t ructural  parts 
of molten carbonate fuel cell assemblies. In the past, 
the only materials  exhibi t ing sufficient long- term re-  
sistance to the melt  have been those based on high- 
tempera ture  sintered oxides, namely  a lumina  and mag- 
nesia. However, these materials are fragile and show 
poor resistance to thermal  shock. F rom the mechanical  
point  of view, metals would offer m a n y  advantages. 
Up to the present  time, most metals have exhibited 
high corrosion rates when  exposed to mol ten car-  
bonates. Janz and co-workers (1-3) have investigated 
certain materials  for corrosion resistance including the 
noble metals and some of their  alloys and, in addition, 
nickel, 304 and 34'/ stainless steels, and silver. The 
noble metals exhibit  a vary ing  amount  of resistance 
to the melt, but  are not suitable from the cost point of 
view. Nickel and, to a lesser extent,  304 and 347 s ta in-  
less steels are corroded by molten alkali  metal  carbon-  
ates, but  some degree of passivation was observed in 
our measurements.  The degree of protection afforded, 
however,  has proved to be insufficient to war ran t  their  
use for s t ructural  components of mol ten carbonate fuel 
cells. Nevertheless, the fact that  passivation was ob- 
served led us to suspect that  other materials  were  well  
worth invest igat ing in this respect, especially as certain 
metal  oxides (e.g., alumina)  are very  resistant  to 
molten carbonates. For this reason, we included some 
commercial f e r roa luminum alloys in our study. 

Experimental 
The s tandard technique for obtaining potentiostatic 

corrosion current  densities for metals was adopted. The 
potentiostat  used was a Wenking Model 6622 TRH, and 
the potent ial  scan was generated by  a Wenking motor 
potentiometer,  MP 0.64. The current  was recorded by 
monitor ing the voltage drop across a s tandard resistor 
by means of ei ther  an X-Y recorder (Mosely Model 
No. 7000 A),  or a digital voltmeter.  Some details of 
the electrochemical cell used for these studies are 
shown in Fig. 1. The reference electrode was of the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  m o l t e n  ca rbona te  f u e l  cells,  corros ion.  

type described by Borucka (4). The counterelectrode 
consisted of gold foil spot-welded to gold wire. The 
crucible containing the melt, the gas pipes, and the 
various parts of the reference electrode were all of 
h igh-pur i ty  sintered alumina.  The gas atmosphere over 
the melt  could be controlled. The reference electrode 
was fed cont inuously with a gas mixture  consisting of 
67 m/o  carbon dioxide and 33 m/o  oxygen. The refer-  
ence electrode assembly was connected to the bulk of 
the electrolyte by an electrolyte film on the concen- 
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Fig. l. Apparatus for potentiostatic polarization studies in molten 
carbonates: A ~ o l d  counterelectrode, B--working electrode, C-- 
alumina crucible separator, D--gold reference electrode, E-- 
atmosphere inlet, F--O2-CO2 supply for reference electrode, G-- 
stainless steel furnace body, H--thermal insulation, I--thermo- 
couple, J--alumina crucible, K--heater. 
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tric a lumina  separating crucible, C. This was done to 
avoid the possibility of contaminat ion of the electrolyte 
in the reference electrode compar tment  by  corrosion 
products from the test sample. The cell assembly was 
so arranged that  only gold, recrystallized pure alu-  
mina, and the test sample were in contact with the 
melt. This consisted of a b inary  eutectic mix ture  of 
analyt ical -grade sodium and l i thium carbonates. The 
test sample took various forms which ranged from 0.06 
in. diameter  wire to strip cut from rolled sheet. The 
area of immersion of the samples was of the order of 
1 cm 2. The samples were cleaned with abrasive paper 
no finer than  400 grit. No at tempt was made to obtain 
a high degree of finish on the test samples, as the main  
object was to establish their  sui tabil i ty for s t ructural  
components of molten carbonate fuel cells. 

Table I shows the composition of certain of the 
metals investigated. These alloys are based on either 
i ron or nickel, with their  h igh- tempera ture  oxidation 
controlled by formation of chromium or a luminum 
oxides. The samples were first investigated while com- 
pletely submerged in the melt. The mater ial  under  
test was spot-welded to 0.01 in. diameter  gold wire 
and the sample was completely immersed such that  
the meniscus was in contact with the gold wire. In 
this case, the atmosphere above the melt  was cont inu-  
ously swept with a mix ture  of dry air containing 1% 
carbon dioxide. 

Fur ther  measurements  were made with corrosion 
samples only par t ia l ly  submerged in the melt. Under  
these conditions, the observed currents  were strongly 
dependent  on the na ture  of the gas atmosphere above 
the melt  and reproducible measurements  were obtained 
for oxidizing, neutral ,  and reducing atmospheres. 

Results and Discussion 
Measurements with fully submerged samples.--Some 

of the results obtained under  these conditions are seen 
in Fig. 2. The scan rate was approximately 60 mV/hr .  
This is a realistic compromise since the traverse should 
actually be carried out infinitely slowly. The curves 
were quite reproducible and for the resistant alloys 
were unaffected by the position on the potential  scale 
from which the scan was started, provided that  a 
short period (typically ~/4 hr) was allowed for equi-  
libration. The curves were also unaffected by the di- 
rection of scan. The apparent  high degree of reversi-  
bili ty at these scan rates can be at t r ibuted to the fact 
that the n u m b e r  of coulombs associated with the forma- 
t ion of a protective oxide film becomes small  compared 
with the product of the background current  and time. 
At high sweep rates (10-150 V/hr ) ,  hysteresis was ex- 
pected and observed. Depar ture  from ideality was 
considered to be small  for sweep rates of 60 mV/hr .  
The scale of Fig. 2 was chosen to show a direct com- 
parison with the  passivation phenomena  observed for 
347 stainless steel. Nickel is included as a guide to the 
extent  of corrosion which can be observed. It is ap- 
parent  that  certain of the alloys exhibit  superior car- 
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Fig. 2. Potentiostatic polarization curves for fully submerged 
samples, binary sodium, lithium carbonate eutectic, 680~ 

rosion resistance when  compared with either 347 s tain-  
less steel or nickel. The exact na ture  of the surface 
species restricting corrosion of the samples was not 
determined, although for the Kan tha l  and  Hoskins 
alloys it is quite probable that  this is an a lumina  film 
or reaction products of a lumina  with the melt, e.g., 
l i th ium aluminate.  

The open-circui t  potential  of fully submerged K a n -  
thal  A-1 in a b inary  sodium and l i thium carbonate 
eutectic at 680~ with respect to the gold/oxygen plus 
carbon dioxide (1:2) reference electrode was also in -  
vestigated. The voltage between the sample and the 
reference electrode fell quite rapidly ini t ia l ly  and con- 
t inued to decrease for approximately 6 hr  at which 
t ime a final potential  of approximately --71 mV for 
the Kanthal  A-1 was obtained. This is close to the 
meniscus potent ial  which might  be expected for the 
gold supporting wire with the part icular  gas atmos- 
phere present above the melt  and suggests complete 
passivation of the Kanthal .  The sample remained 
mir ror -br igh t  after 40 hr  of exposure. 

In  Fig. 3, the alloy Kantha l  A is shown. A number  
of 0.01 in. diameter  wires were embedded in  a paste 
mixture  of mol ten carbonate and an iner t  filler~ and 
heated at 700~ for more than  1000 hr. The wires were 
not connected to an external  circuit, no polarization 
being applied. This represents a practical uti l ization 
of corrosion resistant metals in molten carbonate fuel 
cells in that  the wires were used to reinforce the paste 
electrolyte and improve its resistance to mechanical  
and thermal  shock prior to melting. It  is apparent  
that  the depth of corrosion is hardly  significant and, 
in fact, this wire could not be dist inguished from a 
sample which had not been exposed to the melt. 

Based on the assumption that  the corrosion rate of 
totally immersed samples is directly measured by the 
current  density observed, the data in Table II were 
obtained. The rate of at tack was predicted by assuming 

Table I. Nominal composition of certain metals investigated 

F e  N i  C r  C o  A1 C M n  S i  T i  C u  O t h e r  

K a n t h a l  A l X  B a l .  - -  2 2 . 0  0 .5  5 .5  . . . . . .  
K a n t h a l  A �9 B a l .  - -  2 2 . 0  0 .5  5 .0  . . . . .  - -  
H o s k i n s  8 7 5  ~ B a l .  - -  2 2 . 5  ~ 5.5 0 .1  - -  0 . 5  - -  - -  - -  
H o s k i n s  8 1 5  ~ B a l .  - -  22 .5  ~ 4 .6  0 , I  0 .5  - -  - -  - -  
3 4 7  S . S .  B a l .  11 .0  18 .0  ~ - -  0 .1  2 . ~  1 .0  - -  - -  C b - T a  1OxC 
321  S . S .  B a l .  11 .5  18.0  - -  - -  0 .1  2 .0  1 .0  5:~C - -  - -  
3 1 0  S . S .  B a l .  20 .5  2 5 . 0  ~ - -  0 .3 2 .0  1.5 - -  - -  - -  
N i k r o t h a l  80  ~ - -  B a l .  20 .0  . . . . . . . .  
D u r a n i c k e l  3013  0 .1  B a l .  4 .5  0 .2  0 .2  0 .5  0 .5  - -  
H a s t e ] J o y  X~ 1 8 . 0  B a l .  2-~,0 1.5 - -  0 .1  . . . .  M o ,  9 .0 ,  W ,  0 .6  
H a s t e l l o y  N~ 5 .0  B a l .  7 .0 0 .2  0 .2  - -  0 .8  1.0 0 .3  0.3 M o ,  17.0,  W ,  0 .5  
N i c k e l  200a  0.I B a l .  - -  ~ - -  0.i 0 .2  0 .1  0.1 - -  - -  

T h e  K a n t h a l  C o r p . ,  W o o s t e r  S t . ,  B e t h e l ,  C o n n .  
2 H o s k i n s  M a n u f a c t u r i n g  Co . ,  4 4 4 5  L a w t o n  A v e . ,  D e t r o i t ,  M i c h .  
8 T h e  I n t e r n a t i o n a l  N i c k e l  Co.  o f  C a n a d a ,  L t d . ,  55 Y o n g e  S t . ,  T o r o n t o  1, O n t . ,  C a n a d a .  

U n i o n  C a r b i d e  C o r p . ,  M a t e r i a l s  S y s t e m s  D i v i s i o n ,  S t e l l i t e  W o r k s ,  K o k o m o ,  I n d .  



394 J. Elec$rochem. S o c . : E L E C T R O C H E M I C A L  T E C H N O L O G Y  March I970 

Fig. 3. Cross section of 0.010 in. diameter Kanthal A wire after 
1000 hr in 53% lithium aluminate plus ternary sodium, lithium, 
potassium carbonate eutectic paste at 700~ (1 div = 2 • 10 -5 
in.). 

tha t  the  observed cur ren t  was en t i re ly  due to the  con- 
version of i ron to the  fer rous  state. The  corrosion rates  
at  two potent ia ls  represen t ing  app rox ima te ly  the 
work ing  potent ia ls  of the  anode and the  cathode are  
given. I t  is seen that  Kan tha l  A and A1 and some of 
the  other  al loys are  super ior  to 347 stainless steel. For  
samples  wi th  low corrosion currents  (e.g., Kantha l ) ,  
the cur ren t  due to corrosion of the  a l loy becomes com- 
pa rab le  to the  cur ren t  due  to t he  gas reaction.  

2e + CO~ + ~/z 02 r C03 ~-  

occurr ing at the  meniscus of the  0.01 in. d iamete r  gold 
suppor t ing  wire  and ac tua l  corrosion rates  cannot  be 
es t imated wi th  any  degree  of accuracy.  I t  seems p rob-  
able, however ,  tha t  fu l ly  submerged  Kan tha l s  can have  
an even lower  corrosion ra te  than  those indica ted  in 
Table  II, since samples  which had  been exposed under  
open-c i rcu i t  condit ions at  the  res t  potent ia l  r emained  
untarn ished  for  long periods.  

Measurements with partially submerged samples.-- 
The h igh ly  sa t is factory  resul ts  obta ined  wi th  cer ta in  
al loys in the  comple te ly  submerged  condit ion led to 
the  invest igat ion of the i r  pe r fo rmance  in s i tuat ions 
more closely akin  to those found in some s t ruc tura l  
components  of mol ten  carbonate  fuel  cells. Under  these 
conditions,  t hey  could be in contact  both  wi th  e lect ro-  
!yte and gaseous phases. The potent iostat ic  corrosion 
curves  were  therefore  obta ined for samples  which 
were  only pa r t i a l l y  submerged,  the  unsubmerged  por -  
t ions being exposed to var ious  gas atmospheres.  The 
a tmospheres  used were  e i ther  oxidizing (e.g., oxygen /  
carbon d ioxide  mix tu res ) ,  iner t  (e i ther  n i t rogen or 
he l ium) ,  or  reducing (carbon dioxide,  ni trogen,  hy -  
drogen mix tu re s ) ,  and a lways  contained at least  1% 
carbon dioxide  to l imit  decomposi t ion of the melt .  The 
to ta l  pressure  of the  gas a tmosphere  was main ta ined  
f rac t ional ly  g rea te r  t han  the a tmospher ic  pressure.  

Table II. Estimated corrosion rates (mm/yr) for fully submerged 
materials at the electrode working potentials. 

(Binary sodium, lithium carbonate eutectic, 680~ 

M e t a l / a l l o y  - -  850  M . V .  -- 100 NL V.  

Kantha l  A 0 0.02 
K~nthal  A I  0 0.16 
Hoskins 815 0 0.60 
34"/ Stainless 2.~ 1.30 
Nikro tha l  80 0 3.6 
310 Stainless  1.5 4.2 
321 Stainless 6.9 7.6 
Duran icke l  301 0 8.0 
Nickel  200 0 29.4 
I ron  105.0 525.0 

The resul ts  were  p lo t ted  in two ways,  e i ther  by  con-  
s ider ing the same meta l  in differing a tmospheres  or  
different  meta l s  in  one a tmosphere .  The  cur ren ts  for  
these measurements  on p a r t i a l l y  submerged  samples  
were  p lot ted  as a funct ion of the  meniscus length  on 
the specimens (e.g., /,A c m - O .  This was done la rge ly  
as a consequence of the  observat ion  tha t  samples  
tended to show far  g rea te r  corrosion cur ren ts  in the  
meniscus or  e lec t ro ly te  film regions than  in the  fu l ly  
submerged  regions. Even this  is an approximat ion ,  
since the  submerged  par t  of the  e lec t rode  wil l  be 
ca r ry ing  a smal l  por t ion  of the  current .  

F igu re  4 shows the  corrosion cur ren ts  for al loys in 
a pa r t i a l l y  immersed  condition, wi th  a 50/50 mole  rat io  
oxygen / ca rbon  dioxide  a tmosphere .  I t  wi l l  be noted 
tha t  the  al loys which p rev ious ly  showed resistance,  
name ly  the  K a n t h a l  A series and the  Hoskins alloys, 
aga in  show a high degree  of resis tance to the  mel t ,  
and exhib i t  low corrosion currents  compared  wi th  347 
stainless steel. Hoskins 875 is ve ry  s imi lar  in com- 
posit ion to Kan tha l  A1, as is Hoskins 815 to Kan tha l  
A. It  is apparen t  tha t  the  oxidizing a tmosphere  in this 
case does nothing to des t roy  any  pro tec t ive  film which 
is l ike ly  to be formed on the samples.  

In  Fig. 5, the  oxidizing a tmosphere  has been r e -  
p laced  by  an iner t  one, name ly  ni t rogen.  He l ium was 
inves t iga ted  and gave resul ts  ve ry  nea r ly  ident ical  to 
those for ni trogen.  The cur ren ts  pe r  uni t  meniscus 
length  are  somewhat  h igher  and the posi t ions of zero 
cur ren t  have been moved  to more  negat ive  potent ials .  

.14, 
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Fig. 4. Potentiastotic polarization curves for partially immersed 
samples, binary sodium, lithium carbonate eutectir 680~ 
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Fig. 5. Potentiostatic polarization curves for partially immersed 
samples, binary sodium, lithium carbonate eutectic, 680~ 
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It is reasonable to assume that the currents  at poten-  
tials more negative than --0.3V are largely due to 
formation of oxides and that only a small  par t  of the 
current  is due to the carbon dioxide/oxygen evolution 
reaction (see Fig. 8 and 9). Unfor tunate ly ,  it is not 
possible from this exper iment  to determine the current  
efficiency of either of these reactions. It  wil l  be noted, 
however, that the position of 347 stainless steel under  
the same conditions is much inferior. Figure 6 shows 
the effect of a reducing atmosphere. In this case, all 
the alloys exhibit  net  anodic currents  for most of the 
potential  range investigated. One of the few conclu- 
sions that  can be drawn is that  appreciable anodic 
currents  can be obtained from all the samples under  
reducing atmospheric conditions, and any insulating,  
protective film must  therefore be destroyed by the 
presence of hydrogen at all the potentials of interest. 
It is not possible to determine what  the corrosion 
rates would be in the potent ial  range --700 to --1000 
mV, where the anode is normal ly  operated, since the 
electrode reaction 

CO3 = + H2 -~ CO2 + H20 + 2e- 

does not necessarily involve corrosion of the metal. 
However, the formation of steam at 680~ greatly in- 
creases the probability of direct chemical corrosion of 
the metal.  

Comparison of the curves obtained for part ial ly im-  
mersed samples with a reducing atmosphere, with 
those obtained for the completely submerged samples 
attached to 0.01 in. diameter  gold wire  leads shows 
that, in both cases, two competing reactions govern the 
observed corrosion potentials. These are: (a) the re-  
actions involving the gas phase, pr incipal ly in the 
meniscus region, and (b) the normal  corrosion reac- 
tions occurring where the submerged surface con- 
tacts the electrolyte. When the gas phase reaction is 
l imited to that  occurring at the meniscus region on 
0.01 in. diameter  gold support ing wire (i.e., total im-  
mersion of the sample),  the corrosion reaction might 
be expected to predominate  except in cases where 
passivation of the sample is almost complete. 

For par t ia l ly  submerged samples, however,  the gas 
phase reaction can be enhanced and its current  ca- 
pacity increased by the much greater meniscus length 
involved. Since in terms of cur ren t -ca r ry ing  capabil i ty 
the electrode process involving the gas phase might 
now be  expected to be much greater than  t ha t  at-  
t r ibuted to the immersed corrosion reactions, the po- 
tent ial  moves toward that  of the gas reaction 

COs = ,~- CO2 + i/~ 02 -5 2e 

which is also occurring at the reference electrode. This 

~l, l j  ' i , = , , , z I ! 

I j ' L 4 / C  O s / N j  ' 2 0 / 2  0 / 6  0 "  
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Fig. 6. Potentiostatic polarization curves for partially immersed 
samples, binary sodium, lithium carbonate eutectic, 680~ 
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explains why certain materials,  e.g., 347 stainless steel 
in COJO2, appear more noble at their  rest or corrosion 
potentials (part ial ly immersed, zero external  cur-  
rent)  than they do when ful ly immersed in  the melt, 
despite the fact that  in the part ial ly immersed mode 
they could be corroding by in ternaI  currents  due to 
the difference in potent ial  be tween the meniscus and 
immersed zones. Under  these conditions, therefore, a 
more "noble" corrosion potent ial  cannot necessarily be 
interpreted as a decrease in  corrosion rate. 

In the case of alloys which are protected from high- 
tempera ture  oxidation by chromic oxide (Fig. 7), be-  
havior, as might be expected (Table I),  is somewhat 
similar to 347 stainless steel, the main  difference for 
Hastelloy N being that  the bu lk  of the mater ia l  is now 
nickel. The mater ia l  appears to corrode in an oxygen/  
carbon dioxide/ni t rogen atmosphere and is comparable 
to stainless steels in this respect. 

Measurements  with the nickel-based alloys contain-  
ing chromium indicated a tendency toward higher cor- 
rosion rates with decreasing chromium content. Nickel-  
based alloys containing a luminum (e.g., Duranickel  
301, Inconel  702) did not show the same degree of re-  
sistance as the i ron-based alloys. 

Figure 8 shows the effect of oxidizing and reducing 
atmospheres on par t ia l ly  submerged gold. The gold in  
this case appears to be acting as a reversible gas elec- 
trode and the potential  shift corresponds closely to 
that  which would be expected from the gas composi- 
t ion at the sample compared with the reference elec- 
trode. The curve for the atmosphere containing hydro-  
gen is something of a measure of gold's abili ty to act 
as a hydrogen electrode, since the high currents  for 
curve B can be at t r ibuted to the reaction 

0 I I I I i ! ! 

/ /  ~-5 A-~/CO=/N=, 20/20/60. 
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vo LTS. 

Fig. 7. Effect of gas atmosphere on potentiostatic polarization 
curves for partially immersed Hastelloy N, binary sodium, lithium 
carbonate eutectic, 680 ~ C. 
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Fig. 8. Potentiostatic polarization curves tar partially immersed 
gold wire (0.76 mm diameter); binary sodium, lithium carbonate 
eutectic, 680~ C. 



396 J. Electrochem. Sot.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  M a r c h  1970 

+g , ~ ,  | = = 

+6 SI LV E R. A / A  

*3 

/ C- N=/H=, 70130. 

I I t | I 
- 0.1 - 0 " 2  - 0 " 3  - 0 4 *  - 0 " 5  

VOLTS. 
Fig. 9. Potentlostatic polarization curves for partially immersed 

silver wire (0.04 in. diameter; 0.75 in. immersed), binary sodium, 
lithium carbonate eutectic, 680~ 

H2 + C03 = "-> H20 + C02 + 2e 

The currents  for silver (Fig. 9) are higher than 
might  be expected, especially for the ni t rogen atmos- 
phere, where anodic currents  are in excess of the pre-  
dicted rate for carbon dioxide-oxygen evolution. The 
high value was subsequent ly  found to be largely due 
to the formation of silver dendrites around the mel t -  
atmosphere interface, which enormously increased the 
surface area of the silver at the three-phase boundary.  
Similar  effects have been observed by  Broers (5). 

An exper iment  was carried out to determine the 
long- term resistance of Kantha l  A1 to exposure to air, 
cathode gases, and other gases in the env i ronment  of 
a working mol ten  carbonate fuel cell. Two disks of the 
metal  were used as anode and cathode support ing 
members  in the cell. The disks were both in contact 
with the electrolyte and with either anode or cathode 
and their  respective fuel and oxidant  gases. Creepage 
of electrolyte over both the inner  and outer surfaces of 
the disks occurred immediately,  but  inspection after 
1200 hr of operation indicated that  the cathode disk 
was substant ia l ly  unchanged. Corrosion of the  anode 
disk was appreciable, bu t  nevertheless far superior 
to any  other non-nob le  metal  or alloy so far used 
under  these conditions. 

In  summary,  corrosion of fe r roa luminum alloys oc- 
curs most rapidly with a mol ten carbonate film in the 
presence of a reducing atmosphere, and is very  much 
reduced in the presence of oxygen. The most favorable 
case appears to be the total ly immersed open-circui t  
condition, where corrosion rates seem l ikely to be 
lower than  for some noble  metals, e.g. p la t inum.  

Manuscript  submit ted April  24, 1969; revised m a n u -  
script received ca. Dec. 11, 1969. This was Paper  352 
presented at the Montreal  Meeting, Oct. 6-11, 1968. 

Any discussion of this paper  wil l  appear in a Dis- 
cusslon Section to be published in the December 1970 
JOURNAL.  
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Preparation and Properties of Sputtered Hafnium 
and Anodic Hf02 Films 

M .  T.  Thomas 1 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Hafn ium films sputtered at high voltages (4 kV) had a density of 98% of 
the bulk, specific resistivities as low as 50 ~ohm-cm and TCR as high as 1580 
ppm/~ Films with a density of 50% of tha t  of the bulk, a specific resistivity 
of 815 ~ohm-cm, and TCR of 800 ppm/~  were obtained at the lower sput ter-  
ing voltages (1.5 kV). High- and low-densi ty  films had H a l l  coefficients of 
--2 x 10 -5 cm3/coulomb and +12 x 10 -5 cmZ/eoulomb, respectively. All  the 
sputtered films had the same hexagonal  close-packed s t ructure  as the bu lk  
material ,  al though the high-  and low-densi ty  films had different preferred 
orientation. The oxide density, anodization constant, and dielectric constant  
for ha fn ium oxide were found to be 7.9 g/era 3, 20 A/V,  and 18, respectively. 
The anodized hafn ium oxide had a monoclinic polycrystal l ine s t ructure  with 
some preferred orientation, (111) or (001) plus (102). Test capacitors with 
anodic oxides formed to 100V at 1 mA/cm~ had capacitance density values of 
0.085 ~f/cm 2, dissipation factors below 0.01 at 1 kHz, and a frequency de- 
pendence of capacitance of •  in the range  of 0.1-100 kHz relat ive to the 
1 kHz value. Tempera ture  coefficient of capacitance values varied from 300 to 
600 ppm/~ 

Sputtered and react ively sputtered t an ta lum films 
have been investigated in considerable detail with 
respect to their  electrical, structural ,  and anodization 
properties. A rel iable th in  film passive component  tech- 
nology, suitable for integrated circuits, has been devel-  

o P  resen t  address :  Wash ing ton  State Univers i ty ,  D e p a r t m e n t  of 
Physics ,  Pu l lman ,  Washington .  

oped as an outgrowth of these studies (1). Recent 
studies on diode sputtered hafn ium films showed that 
capacitors formed from these films by anodic oxidation 
had interest ing properties (2-5). 

The purpose of this paper is to present  some experi-  
menta l  data on the electrical, structural ,  and anodiza- 
t ion properties of hafn ium films. In particular,  the 



Vol. 117, No. 3 S P U T T E R E D  H A F N I U M  F I L M S  397 

density, resistivity, t empera tu re  coefficient of resistance, 
and the Hall  coefficient of these films were  studied for 
different sput ter ing voltages and sputter ing current  
densities. The s t ructure  of these films w~s determined 
using reflection x - r a y  and electron microscope tech-  
niques. 

The anodization characterist ics in various electrolytes 
using both the constant current  and constant voltage 
methods for anodization were  also investigated. 
Hafnium-anodic  hafnium dioxide-gold structures were  
used to measure  the capacitance, t empera ture  coeffi- 
cient of capacitance, and f requency dependence of 
capacitance. F rom all of these measurements ,  it was 
possible to de termine  the hafnium dioxide density, 
anodization constant, and dielectric constant of anodic 
hafn ium dioxide. 

Experimental Procedure 
The sputter ing exper iments  were  conducted in a 

CVC 18 in. meta l  bell  j a r  system which was capable 
of reaching an u l t imate  pressure in the low 10 -6 Torr  
range. This system consisted of a 15 CFM mechanical  
fore pump backing a 6 in. diffusion pump (untrapped 
pumping speed of 1520 l i ters /sec  for air) which was 
isolated f rom the exper imenta l  chamber  by a l iquid 
ni trogen cold trap and a gate valve.  The dynamic 
argon flow d-c sput ter ing technique was used for all 
experiments.  The substrates could be heated to ap- 
proximate ly  400~ and were  covered by a shutter  so 
the cathode could be cleaned by presputtering.  A 
thermocouple  imbedded in the substrate heater  was 
used to moni tor  the t empera tu re  during all stages of 
the deposition procedure.  F igure  1 shows the geo- 
metr ical  a r rangement  of the sput ter ing chamber.  The 
cathode to substrate distance was fixed at 7.62 cm. As 
can be seen, both sides of the cathode were  used to 
sputter  hafnium films simultaneously.  Before any films 
were  deposited, the cathode was cleaned of any etch- 
ing residues by a 3 hr  presput ter  (6). 

The cathode consisted of a square hafnium sheet 
14.92 cm on a side and 0.145 cm thick, and was sup- 
plied by Wah Chang Corporation, Albany,  Oregon. The 
chemical analysis supplied by the manufac tu re r  indi-  
cated that  the cathode contained 2.15% zirconium wi th  
the fol lowing other  impurit ies (in ppm) : C--90, O-180, 
Nb--<100,  Fe---265, and Ta--<200.  All  the other  im-  
purit ies were  less than 40 ppm. A number  of ha fn ium-  
coated sapphire slides were  analyzed using x - r ay  
fluorescence to detect  some of these impuri t ies  in the 
films themselves.  No niobium or tan ta lum peaks were  
seen above the background signal, but  iron and zir-  
conium were  detected on all samples tested. By corn- 
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paring the x - r ay  fluorescence data obtained from the 
sput tered mater ia l  to those taken on a bulk sample, it 
was found that  the concentrat ion of z i rconium in the 
films (for both the 4 and 1 kV sput tered films) was 
the same as that  of the  bulk  cathode. For  zirconium in 
a hafnium matr ix ,  therefore,  there  is approximate ly  a 
one to one t ransfera l  of these low-concent ra t ion  alloy~ 
ing atoms during the sput ter ing process. The presence 
of zirconium and iron in the  films could be an im-  
por tant  factor influencing the behavior  of these haf -  
n ium films based on the  results of meta l  al loying for 
thin-f i lm tan ta lum oxide capacitors (7). 

Film Properties as a Function of Sputtering Parameters 
The specific resistivity, t empera tu re  coefficient of  

resistance, the Hall  coefficient, and the densi ty of the 
hafnium films were  studied as a function of sput ter ing 
voltage, sput ter ing current  density, t ime of presput-  
ter, film thickness, and substrate temperature .  Most 
of the films were  deposited on 1 x 3 in. Corning a lu-  
mino-borosi l icate  glass slides, al though the thickness 
Calibrations and the density measurements  were  per-  
formed on films deposited onto 1 in. square  sapphire 
slides. In addition, the s t ructure  and topology of the 
films were  examined with  x-ray ,  reflection electron 
diffraction, e lectron-transmission,  and replica tech-  
niques. For  the electron transmission studies, ve ry  
thin hafnium layers were  sput tered onto mica, SiO 
films, and a carbon-coated molybdenum screen. 

Hafnium films wi th  electr ical  propert ies  closest to 
that  of the bulk were  obtained with  a sput ter ing vol t -  
age of 4000V and a sput ter ing current  density of 0.112 
mA/cm2. These films had a shiny metal l ic  appearance 
8nd ranged from 5000 to 6000A thick (1 hr  sput ter ing 
time, corresponding to a deposition rate  of 80-100 
A / m i n ) .  The specific resis t ivi ty of these films var ied 
f rom 50 to 68 nohm-cm depending on the substrate 
t empera ture  and ambient  pressure of the system as 
compared to the bulk value of 35 ~ohm-cm. The lowest 
specific resistivit ies were  obtained wi th  the substrate 
at 400~ and the lowest background gas pressures in 
the chamber.  As might  be expected, there  was no 
change in the electrical characterist ics of the films re-  
sult ing f rom a deposition of a few minutes  to a few 
hours, nor were  any changes seen upon vary ing  the 
presput ter ing t ime from 15 rain to 2 hr. For  most ex-  
periments,  a presput ter ing t ime of 30 min  was chosen 
to insure that  the  system had reached dynamic equi-  
l ibrium. 

Figure  2 gives the deposition rate  for hafnium in 
~;g/(min-cm 2) and the densi ty of the sput tered films 
in g / cm a as a function of sput ter ing voltage. A con- 
stant current  density of 0.112 m A / c m  ~ and a substrate 
t empera ture  of 400 ~ were  used for all of these mea-  
surements.  Because of the large change of film density 
be tween the sput ter ing voltages of 2 and 3 kV, the 
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deposition rate is given in terms of the mass per un i t  
area per un i t  t ime ra ther  than  in  angstroms per  un i t  
t ime as is usual ly  done. At 4 kV the density of the 
films was 12.8 g /cm ~ or about 97.7% of the bulk  den-  
sity, while at 1.5 kV the density dropped to 6.6 g /cm 3 
or about one half that  of the bu lk  density. Accompany-  
ing this change in densi ty was a change in specific re-  
sistivity from about 53 ~ohm-cm at 4 kV to about 815 
#ohm-cm at 1.5 kV as shown in Fig. 3. I t  should be 
noted that  s imilar  changes in the film density and 
resistivity as a function of sput ter ing voltage have been 
reported previously with t an ta lum (8, 9). However, in 
contrast to low-densi ty  t an t a lum films, the resist ivi ty 
of low-densi ty  hafn ium films did not drift  as a funct ion 
of t ime after exposure to the atmosphere. This prob-  
ably means there is not the same large uptake of 
oxygen by the hafn ium films as there  is by the tan ta -  
lum films (8). Figure 3 shows the resistivity at room 
temperature  and the TCR measured between room 
tempera ture  and liquid ni t rogen tempera ture  as a 
funct ion of the sput ter ing voltage. Qualitatively,  the 
TCR varies in a m a n n e r  that  would be expected from 
the resist ivity curve; i.e., the TCR decreases when the 
resistivity increases, al though the decrease is not as 
large as expected on the basis of an impur i ty  scatter- 
ing mechanism. The 4 kV films had a TCR of about 
1580 ppm/~ while those sputtered at 1 kV had a TCR 
of about 800 ppm/~  (the bulk  TCR value is 4.4 x 108 
ppm/~  at 20~ 

The low-densi ty  hafn ium films were quite different 
in appearance from the high-densi ty  films. The former 
were black, nonmetal l ic  looking, and quite t ransparent .  
Light  could be seen through even the thickest films 
(approximately 10,000A thick, sput ter ing time: 2 hr) .  
The low-densi ty  films have a very  porous qua l i ty  as 
can be seen in Fig. 4(a) which is an electron micro- 
graph taken of a carbon replica of 5000A film sputtered 
at 1.5 kV on alumino-borosi l icate  glass. The films 
consist of m a n y  voids and interconnected islands. It  is 
this very~open s t ruc ture  with the m a n y  grain bound-  
aries, comparable to low-densi ty  tanta lum,  that  con- 
t r ibutes to the high specific resistivity observed with 
these films. For comparison, Fig. 4(b)  shows a carbon 
replica of a film sputtered at 4 kV and, as can be 
seen, these films are much more continuous and un i -  
form. The appearance of the hafn ium films is the 
same when viewed with t ransmission electron micro- 
scopy. For example, Fig. 5(a) and 5(b) show micro- 
graphs of films approximately 400A thick deposited 

Fig. 4(a). Electron micrograph from a carbon replica of a low- 
density hafnium film, 5000.~ thick deposited on a 7059 glass. 
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Fig. 3. Specific resistivity and TCR as a function of sputtering 
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Fig. 4(b). Electron micrograph taken from a carbon replica of 
high-density hafnium film, 5000.~ thick deposited on 7059 glass. 

on SiO films at a voltage of 1.5 and 4 kV, respectively. 
The appearance of the films was independent  of the 
substrates used for the electron microscope studies. 
Both the electron diffraction and x - r ay  diffraction 
studies show that  both the high-  and low-densi ty  
films had the close-packed hexagonal  s t ructure  which 
is the normal  bu lk  mater ia l  structure. The films de- 
posited at 4 kV showed both (10.0) and (00.2) planes 
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Fig. 5(a). Transmission electron micrograph 
hafnium film about 400.~ thick deposited on SiO. 
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of low-density 

sputtered on cold as well  as hot substrates. The 
crystalli te size of both the high-  and low-densi ty  films 
was about a few hundred  angstroms. 

Figures 6 and 7 show the variat ions of the deposi- 
t ion rate, density, resistivity, and TCR of films sput-  
tered at 4.0 kV, but  at various current  densities. As 
would lie expected, the deposition rate increases l in-  
early with current  density except for the higher cur-  
rents where backscattering at pressures of the order 
of 40 x 10 -3 Torr  causes the deposition rate to drop off 
from the expected rate. There is no appreciable change 
in the density and only a slight increase in the specific 
resistivity of the films over the range of current  den-  
sities inves t iga ted-- f rom 0.112 to 0.672 m A / c m  2. The 
TCR, however, varies more than would be expected 
from the small  change in resistivity, which means 
that Matthiessen's rule (10) does not  apply. White  and 
Woods (11) have reported a departure  from Matthies-  
sen's rule for bu lk  hafn ium samples with varying  
amounts  of zirconium. For divalent  or mul t iva len t  
metals which must  be described by a two-band  model, 
Matthiessen's rule is not necessarily expected to hold 
(12). Such materials  may  have complicated Fermi  
surfaces which could overlap more than  one Bri l louin 
zone and one might  have to take into account in ter -  
band  scattering. This si tuation can vary  as a function 
of crystal or ientat ion for anisotropic materials  (hafni-  
um has a hexagonal  close-packed s t ructure) .  The re-  
sistivities of these materials  are sensitive to changes in 
the amount  and type of impuri t ies  present  as well  as 
on the orientat ion in the sample. General ly  it is as- 
sumed that Matthiessen's ru le  may  be applied to each 
band separately bu t  not to the total  conductivity.  As 
is seen below, one may  have to assume two types of 
carriers for hafnium. Although there was not  a large 
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Fig. 5(b). Transmission electron micrograph of a high-density 
hafnium film about 400.~ thick deposited on SiO. 

preferent ia l ly  paral lel  to the substrate  surface, while 
the films deposited at 1.5 kV had the (10.0) planes 
about 40 ~ to the substrate  surface with no preferred 
orientat ion paral lel  to the substrate surface. At  the 
higher cur ren t  densities for the films deposited at 4 kV 
there appeared to be more (00.2) preferred or ienta-  
tion, and at times some (10.1) orientat ion was ob- 
served. Some preferred orientat ion was seen for films 
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change in resistivity with sput ter ing current ,  one 
would expect an addit ional  impur i ty  content in the 
films sputtered at the lower deposition rates. Also, as 
ment ioned above, there was some effect in the pre-  
ferred orientat ion of the film with increasing current  
density. The films seemed more strongly oriented as 
the current  density increased, which, coupled with a 
variat ion in the impur i ty  concentration, might  con- 
t r ibute  to the changes in TCR seen in Fig. 7. 

Figure 8 shows the var iat ion of the Hall  coefficient, 
R, of the ha fn ium films as the sputter ing voltage was 
varied with a constant  sput ter ing current  densi ty of 
0.112 m A / c m  2, and Fig. 9 shows the variat ion in the 
Hall  coefficient for 4 kV sput ter ing voltage as the  cur-  
rent  density was varied. As can be seen, the Hall  co- 
efficient varied from --2 x 10-s to +12 x 1O -5 cmS/cou - 
lomb as the voltage varied from 4 to 1 kV. Such a 
change in sign was an unexpected resul t  and indicates 
that one must  assume two types of carriers in haf-  
n ium;  i .e.,  both electrons and holes must  be present. 
Vol 'Kenshteyn and Galoshina (13) have reported a 
value of +4.3 x 10 -5 cm3/coulomb at room tempera-  
ture with hafn ium sample of 99.4% purity,  the major  
impur i ty  being 0.5% zirconium. However, they re-  
ported a change in sign of the Hall  coefficient at 56~ 
and at l iquid hel ium tempera ture  R had a value of 
about --2 x 10-~ cm3/coulomb. To explain this var ia-  
tion of the Hall  coefficient with temperature,  Vol '-  
Kenshteyn and Galoshina assumed a two-band  model 
where the effective masses, mobil• and carrier  type 
differed in each band. In  a tabula t ion  of electrical 
properties of hafnium, Mart in  and Pizzolato (14) re-  
ported a value of the Hall  coefficient of --0.16 x 10 -5 
cm3/coulomb at room temperature ,  but  unfor tuna te ly  
no informat ion as to the pur i ty  of the sample was 
given. An unambiguous  value for the bu lk  value of the 
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Hall coefficient for hafn ium has not been found in the 
l i terature.  

The fact tha t  the low-densi ty  films have a high 
resistivity due to their  porous and granular  s t ructure 
does not explain the var iat ion in the Hall  coefficient. 
Koppe and Ryan (15) have shown by a theoretical 
a rgument  that  voids and holes in a mater ia l  do not 
effect the Hall  voltage. Roesch and Willens (16) have 
reported that the Hall  coefficient of t i t an ium has dif-  
ferent  values and sign depending on the orientat ion of 
the sample in  the magnetic  field. In  part icular ,  they 
reported values of RII ~ +4.2 x 10 -5 cm~/coulomb 
and R1  = --7.7 x 10 -5 cm~/coulomb, where RII and 
R • are the Hall  coefficients when the magnetic field is 
parallel  to and perpendicular  to the c axis, respec- 
tively. For anisotropic media, the Hall coefficient must  
be considered a tensor quant i ty  rather  than  a scalar 
quanti ty.  As was stated above, the low-densi ty  films 
have a preferred orientat ion different from that of the 
high-densi ty  films which could explain both the change 
in sign and magni tude  of the results measured on the 
hafn ium films. Figure 9 shows the variat ion of the Hall  
coefficient with sputter ing current  density. Again, as 
was stated above, the greater the current  density the 
more oriented the films became, which could explain 
the change in the m a g n i t u d e  of the Hall  coefficient. 
Also, there may be more incorporation of impurit ies 
at the smaller current  densities which might  also 
contr ibute  to the variat ion seen here. Before any defini- 
t ive statements can be made concerning the mech- 
anisms responsible for the changes in the Hall  coeffi- 
cient in the sputtered hafn ium films, fur ther  studies 
must  be performed, including perhaps measurements  
on pure bulk single crystals. 

Anodization Characteristics of Sputtered Hafnium Films 
The anodization characteristics of both the 4 kV, 

0.112 mA / c m 2 and the 1.5 kV, 0.112 m A / c m  2 sputtered 
hafnium films were investigated using 0.01% citric 
acid in water, or equal volumes of aqueous solution of 
oxalic acid and ethylene glycol, or 1% potassium hy-  
droxide in water  as electrolyte. All anodizations were 
done at room temperature.  Of course, the surface tem-  
perature  of the film may increase slightly dur ing  the 
constant  current  method of anodization and may rise 
considerably dur ing  the constant  voltage method of 
anodization. High-dens i ty  ha fn ium films (4 kV sput ter-  
ing voltage) anodized in  a manne r  similar  to high-  
density t an ta lum films, but, in contrast  to low-densi ty  
t an ta lum films (6), the low-densi ty  hafn ium films 
anodized completely at very low forming voltages. 
Figure 10 shows typical  voltage and current  vs.  t ime 
plots of anodizations of h igh-densi ty  ha fn ium films 
using the constant  current  technique. Curves A and B 
correspond to a current  densi ty of 1 mA / c m ~, While 
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Fig. 10. Anodization characteristics of hafnium sputtered films 
in saturated aqueous solution of oxalic acid and ethylene glycol 
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curves C and D correspond to a current  densi ty of 5 
m A / c m  2. In  both cases, the forming voltage was 100V. 
As can be seen, the cur ren t  dropped to 10% of the 
star t ing current  I0 for the 1 mA/cm 2 anodization, but  
it dropped to about 1% of the start ing cur ren t  I0 for 
the 5 mA/cm 2 anodizations, implying the oxide may be 
more dense for the higher current  density anodizations. 
It  was observed that  there was more gas evolution 
(oxygen) as the anodizing current  density was in-  
creased and also at the higher forming voltages. Gas 
evolution was associated with pinholes that  were ob- 
served in the oxide. There were only minor  differences 
in  the anodization characteristics using the above- 
ment ioned electrolytes. The constant  voltage technique 
of anodization was also tried using the oxalic acid- 
ethylene glycol solution. The films anodized very rap-  
idly using this method and, at least with the films used, 
the oxide growth was accompanied by a considerable 
amount  of bubbl ing  on the film surface, i.e. gas evolu-  
tion. 

The low-density,  1.5 kV films could not be anodized 
above 10V which means that  all of the metal  had been 
consumed at 10V and therefore no fur ther  oxide could 
be grown at the high voltages. This can be seen in Fig. 
11 which shows the voltage vs. t ime curves during 
anodization of these films at different voltages. Curve A 
shows an at tempt  to anodize a film to 130V. Curves B 
and C show attempts to anodize two different portions 
of the same slide to 20 and 10V, respectively. In all of 
these cases, the result ing film was completely t rans-  
parent.  There was, however, a very slight darkish tinge 
on the film anodized to 10V. Even for the thickest films 
sputtered at 1.5 kV, approximately 10,000A, an anodiza- 
tion of 10V produced a clear, t ransparent  film. Such 
behavior is not too difficult to unders tand  if it is re- 
alized that  these are highly porous metal  films. From 
the electron micrographs of these films [see Fig. 4(a) 
and 5(a) ] ,  it is seen that  these films are composed of 
many  voids and empty spaces. This means that  the 
hafnium metal  which forms the boundaries  of the 
voids is of such a size as to be completely anodized at 
about 10V. Using an anodization constant  of 20 A / V  
determined below and assuming that  twice as much 
area of the film is exposed to the anodization solution, 
the film structure should be composed of islands about 
400A in size. This estimate agrees with the size of the 
crystalli tes obtained from the s t ructural  studies. These 
anodization characteristics are quite different than those 
found for low-densi ty  tantalum. Low-densi ty  t an ta lum 
exhibits an induct ion period dur ing  anodization where 
the voids are filled with oxide followed by the normal  
anodization characteristics of h igh-densi ty  t an ta lum 
films (8). The in terpre ta t ion of this is that, after the 
voids in the t an ta lum film are filled, there is still suf- 
ficient metal  remaining  to produce the typical anodiza- 
t ion characteristics. 

X- r ay  investigations show that  for both the 4 and 1.5 
kV films the oxide formed is monoclinic HfO2 and that  
the oxide has a polycrystal l ine s tructure ra ther  than 
being completely amorphous. The crystall i te size of 
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hafnium films. 

the oxide formed on the 4 kV films was approximately 
the same as those in the film, while for the 1.5 kV films 
the crystall i te size of the oxide was smaller  (less than 
100A) than those in the film. There was a slight ( l l i-)  
orientat ion on the oxide from the 4 kV films, and on the 
oxide from the 1.5 kV films there was a slight (001) 
and (102) orientation.  This is not too surprising since 
the metallic hafn ium films had a different preferred 
orientation. In  addition, there appeared an extra dif- 
fraction line at the position of the strongest l ine of the 
h igh- tempera ture  HfO2 tetragonal  phase (1965~ 

Density, Anodization Constant, Dielectric Constant 
of HfO: 

Estimates of the density, anodization constant, and 
dielectric constant  for the oxide grown on the sputtered 
films were obtained from measurements  of the mass 
change dur ing anodization and oxide thickness (17). 
For these evaluations, the normal  stoichiometry of the 
hafn ium oxide was assumed which may  not  be true, 
especially at the oxide-hafnium interface. Also, for 
these calculations the measured value of the 4 kV sput-  
tered film density was used rather  than  the bulk density 
of hafnium. The average densi ty of hafn ium oxide was 
found to be 7.9 g /cm 3 which is about 19% lower than 
the bulk value. 

Using the calculated value of the oxide film density, 
the constant  current  anodization constant was 20 A/V. 
For constant  voltage anodization, however, the anodiza- 
t ion constant was 45 A/V. In  this case, the bulk  oxide 
densi ty was used in the calculation since pre l iminary  
data indicate that  the oxide formed by constant  voltage 
anodization is higher than  that  formed by constant  
current  anodization. The scatter in the data includes 
the bu lk  value. Qualitatively,  the reason for this  differ- 
ence in the anodization constant  between two methods 
of anodization can be explained by noting that  for 
constant voltage anodization the ini t ia l  stages of oxide 
growth are accompanied by a large current  surge 
which could develop localized heat ing on the surface 
of the film, increasing the tempera ture  and thus en-  
hancing film growth. Huber  reported an anodization 
constant of 65 A / V  for constant  voltage anodization (2). 

The dielectric constant  can be determined from the 
anodization constant  and measured values of capaci- 
tance density. The area of each capacitor was 0.105 cm 2 
and both gold and nichrome gold counterelectrodes 
were used. Table I gives some typical  values of the 
capacitance densi ty and dissipation factors for the 
three electrolytes used and for various anodization 
parameters.  I t  should be noted that  the capacitance 
density is a funct ion of the electrolyte, current  density 
dur ing  formation, and the technique of formation (con- 
stant  current  or constant  voltage).  

If the low value of hafn ium oxide density is assumed, 
the dielectric constant is calculated to be 16. However, 
if the bulk  oxide density is assumed, the anodization 
constant becomes 26.6 A/V and the dielectric constant  
has a value of 24 which agrees quite well with the val-  
ues reported in the l i terature.  For example, Goldstein 
and Leonhard (18) have reported a value of 24.5 for 
the dielectric constant  of reactively sputtered hafn ium 
dioxide, and Gers tenberg (19) in a recent  tabula t ion  
of dielectric constants of various thin-f i lm dielectrics 
formed by anodic oxidation and reactive sput ter ing 
listed a value of 25. Huber  has reported (2) a dielectric 
constant of 45 for hafn ium oxide formed by constant  
voltage anodization, and capacitance densities for oxide 
formed to 13OV of about 6.2 x 104 ~ f / c m  2. These ca- 
pacitance densities agree wi th  those measured dur ing 
this investigation; see Table  I. For comparison, the 
dielectric constant for anodic t an ta lum oxide formed 
on sputtered t an ta lum thin  films often reported (18, 
19) is 25, and the capacitance density of t an t a lum 
oxide formed to 130V is about 10 x 104 ~ f / c m  2. It  
should be noted that  the value of the dielectric con- 
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Table I. Typical values of capacitance density and dissipation 
factor at 1 kHz for various anodization conditions 

Capacitance 
Anodization density,  

Electrolyte  condition / d / c m  2 Tan 

0.01% 1307 0.0585 0.Ol0 
Citr ic  acid 1 rnA/cm2 0.0583 0.003 

0.0620 0.009 
0.0579 0.021 

130V 0.0646 0~031 
50-50 Sa tura ted  1 rnA/cm2 0.0650 0.031 
aqueous solution 0.0651 0.031 
oxalic  acid 0.0634 0.033 
and 100V 0.0825 0.016 
e thylene  glycol 1 m A / c m  2 0.0809 0.011 

0.0818 0.014 
0.0798 0.036 

1007 0.0747 0.011 
5 mA/cra2  0.0753 0.006 

0.0751 0.006 
0.0714 0.034 

50V 0.1561 0.010 
1 rr,.A/cm 2 O. 1581 0.007 

0.1624 0.013 
0.1639 0.022 

50V 0.1510 0.008 
5 m A / c m  ~ 0.1505 0.006 

0.1498 0.006 
0.1544 0.006 

lOOV 0.0433 0.052 
constant  0.0441 0.052 
voltage 0.0467 0.051 

0.0456 0.050 
1% lOOV 0.0911 0.005 
K O H  1 mA/cm2  0.0923 0.005 

0.0928 0.O04 
0.0946 0.004 

IOOV 0.0889 0.009 
5 m A / c m  2 0.0872 0.009 

0.0889 0.009 
0.0852 0.010 

stant  of Ta205 formed on bulk  t an ta lum 
foil measured by Young (20) is 27.6. 

or t an ta lum 

Frequency and Temperature Dependence of 
Capacitance 

The capacitance and dissipation factor of the test 
capacitors as a function of frequency in the range from 
0.1 to 100 kHz were studied. Only a ~1% variat ion 
in c/ct kHz was found in this range and there was very 
little difference in the f requency dependence for the 
oxides formed in the oxalic acid-ethylene glycol, KOH, 
and citric acid solutions. This capacitance vs. frequency 
variat ion agrees very well with that reported by Huber  
(2). Low values of the dissipation factor, ~ 0.01 at 
1 kHz were measured for all the electrolytes and the 
normal  var iat ion of t an  5 wi th  f requency was observed. 

The ini t ia l  at tempts to measure TCC indicated that  
for ei ther gold or nichrome-gold counterelectrodes the 
capacitance varied in an erratic and nonreproducible  
fashion as a function of temperature.  The gold counter-  
electrodes seemed to have the wider variations. Only 
after placing the capacitors in a chamber and evacuat-  
ing to a few microns did the capacitance as a funct ion 
of tempera ture  cycle in a reproducible manne r  and 
then only after one complete tempera ture  cycle. This 
behavior was basically the same whether  any  of the 
three electrolytes were used or whether  constant cur-  
rent  or constant  voltage anodization was used to form 
the dielectric. The TCC values varied from about 300 
to about 600 ppm/~ with the lowest values measured 
with the capacitors formed at constant  voltage. I t  is 
interest ing to note that  a change in capacitance of 
about half that  measured by increasing the tempera ture  
to 10O~ was obtained upon placing the capacitors in  a 
vacuum of a few microns. One possible explanat ion for 
this behavior  and the erratic capacitance changes is 
that  the capacitors are very  sensitive to humidity.  This 
would be expected if the oxide were porous which 
seems the case for the oxide formed with the anodiza- 
t ion conditions used (the anodic oxide density was 
found to be about 20% lower than that  of the bulk  
oxide). The larger variat ion observed with the gold 
counterelectrode could have been caused by adhesion 
problems. The values of TCC reported here are larger 

by a factor of 2 to 4 than those reported previously 
(2, 3), even for those formation conditions tha t  closely 
approximated those studies. 

Conclusions 
As is the case with many  materials  and in part icular  

tanta lum,  the electrical and s t ructural  properties of 
ha fn ium are a funct ion of the sput ter ing parameters.  
No phase of hafn ium equivalent  to the E-phase (21) in 
t an ta lum was observed but  a low-densi ty  film was ob- 
tained at the low sput ter ing voltages. In  contrast, sput-  
tered niobium (22) exhibits nei ther  a low-densi ty  
s tructure nor a E-phase. These low-densi ty  films have 
a large specific resistivity and a large positive Hall co- 
efficient in contrast  to the films sputtered at the higher 
voltages. All of the films sputtered had a hexagonal  
close-packed s t ructure  which was the same as the bulk  
but  wi th  preferred orientat ions that  were dependent  
on the sput ter ing conditions. These different preferred 
orientations may be the cause of the change in sign 
and magni tude  of the Hall coefficient for the different 
films. 

The hafn ium films sputtered at 4 kV anodized in 
a manne r  similar to tanta lum,  al though the final 
anodization current  did not decrease by  the same per-  
centage as that  with tanta lum.  One implication of this 
might  be that there is a larger var iat ion in the stoichi- 
ometry  of the oxide than  with t an ta lum or the film 
may have a greater n u m b e r  of defects. This, coupled 
with the fact tha t  the density of the high-densi ty  
ha fn ium films is smaller  than  the bulk  value, could ex- 
plain the relat ively low value of the densi ty of the 
HfO2 films. Klerer  (17) reported the densi ty of the 
t an ta lum oxide formed on the sputtered films smaller  
than that  of the bulk oxide. The anodization constant  
for hafn ium was found to be about 20 A / V  which is 
somewhat higher than that  of tanta lum,  16 A / V .  Also, 
the value of the dielectric constant  was determined and 
found to be 18 using the low value of the oxide density. 

One of the problems encountered dur ing anodization, 
which is not unique  with hafnium, was gas evolution 
dur ing oxide growth and pinholes in the final oxide. 
Pinholes affect capacitor yields and performance. The 
capacitance densities, capacitance as a function of fre- 
quency, and the leakage current  agree reasonably well 
with those reported previously (2, 3). However, the 
values of TCC measured were higher by a factor of 2 
to 4. In addition, it was found that  the capacitors are 
quite sensitive to the environment ,  probably  humidity,  
and only after placing the capacitors in an evacuated 
oven were reproducible capacitance vs. tempera ture  
data obtained. 

One of the interest ing facts discovered about the 
anodic oxide was that  it was not amorphous but  poly- 
crystal l ine monoclinic with some preferred orientation. 
Also, x - r ay  studies showed a diffraction r ing belonging 
to either the h igh- tempera ture  te tragonal  oxide or the 
bcc hafn ium oxide postulated by Passerini  (23). 
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Electrodeposition of Thin Magnetic Permalloy Films 
H. V. Venkatasetty* 

Honeywell Corporate Research Center, Hopkins, Minnesota 

ABSTRACT 

A c i t r a t e -complexed  n icke l - i ron  e lec t ro ly te  which has a long useful  p la t -  
ing l ife f rom the point  of v iew concerning the magnet ic  p roper t ies  of the  
p la ted  films and a be t te r  p la t ing  efficiency compared  to the  convent ional  
baths  has been used to p la te  th in  magnet ic  films of 80:20 n icke l - i ron  f rom 
about  150 to about  8000A. The magnet ic  properties., l ike the  coercive force 
(He) and the aniso t ropy field (Hk), were  de te rmined  at a known thickness  as 
a funct ion of cur ren t  densi ty,  pH, temperature~ and the  concentra t ion of 
c i t ra te  ion and the p la t ing  condit ions optimized. The fer romagnet ic  domain 
pa t te rns  observed by  the Bi t te r  technique as a funct ion of th ickness  show 
the same behavior  as those observed in evapora ted  films. In te rna l  s t ress  mea -  
surements  made  as a funct ion of thickness,  cur ren t  density,  and t empe ra tu r e  
show tha t  both the  current  dens i ty  and the  t empe ra tu r e  have significant effect 
on stress. Pho tomicrographs  of deposi ts  obta ined  at  a wide  range  of cur ren t  
dens i ty  show the differences in the  s t ruc ture  of the  deposits.  

Within  the  last  ten years,  the s tudy of e lect rolyt ic  
p repara t ion  and proper t ies  of th in  fe r romagnet ic  films 
of pe rma l loy  and pe rma l loy  type  mate r i a l  useful  as 
memory  e lements  for  computers  (1~6) has received 
great  a t tent ion  by  research  workers .  Electrodeposi t ion 
has the  unique advan tage  in tha t  control led  quanti t ies  
of e lements  l ike P, As, S, etc., can be in t roduced into 
the  deposi t  to produce  films of va ry ing  magnet ic  p rop -  
er t ies  (2, 5-7). By manipu la t ing  the p la t ing pa r a me -  
ters, l ike the  cur ren t  densi ty  and the t empe ra tu r e  of 
the  bath,  the  roughness  of the  surface topography  of 
the  subs t ra te  ma te r i a l  can be var ied  and, by  subsequent  
p la t ing of fe r romagnet ic  ma te r i a l  on such a surface, 
a wide range  of specific desi rable  magnet ic  proper t ies  
can be produced (8). The d i sadvantage  of e lec t ropla t -  
ing lies in the difficulty in control l ing the impur i ty  
content  of the  bath,  the  adsorpt ion of ions on the ca th-  
ode, and the  codeposit ion of hydrogen.  In  the  conven-  
t ional  pe rma l loy  bath  where  ei ther  ferrous  sulfate  or 
fer rous  formate  is used, fer rous  ions undergo anodic 
oxidat ion to ferr ic  ions dur ing  plat ing.  Fer r ic  hyd rox -  
ide and o ther  hydro lys i s  products  l ike Fe  (OH) + + and 
Fe  (OI-I)2 § are  incorpora ted  into the  deposi t  and affect 
the magnet ic  proper t ies  of p la ted  pe rma l loy  (9). 

With  a view to p revent ing  the adsorpt ion  and inclu-  
sion of the  ferr ic  compounds in the  deposi t  causing a 
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Key words:  electrodeposition, permal loy,  m e m o r y  e lement ,  thin 

film, coercive iorce, anisotropy field. 

deleter ious  effect on the  magnet ic  proper t ies  of the 
pe rma l loy  on prolonged plat ing,  c i t ra te  ion was added  
to the  solut ion and the condit ions to pla te  pe rma l loy  
were  optimized.  It has been found tha t  pe rma l loy  films 
of good magnet ic  proper t ies  can be obta ined from the  
c i t ra te  ba th  even when used over  a long per iod of t ime 
(,~ 25 hr ) ,  whereas  s imi lar  studies wi th  the  sulfate  
ba th  show tha t  the  films exhib i t  poor magnet ic  p rope r -  
ties af ter  a few hours  of use ( ~  10 hr )  and a new ba th  
should be used (9). I t  is also found tha t  the  uns t i r r ed  
sulfa te  ba th  is ve ry  sensi t ive to smal l  changes in the  
opera t ing  pa ramete r s  l ike the  cur ren t  density,  pH, and 
the  t empe ra tu r e  of the  bath,  whereas  the  c i t ra te  ba th  
is much less sensi t ive to the  above opera t ing  pa ramete r s  
making  it easier  to reproduce  the films wi th  good 
magnet ic  proper t ies  (9). This paper  describes a method 
for p repar ing  80:20 n icke l - i ron  films of va ry ing  th ick-  
ness and the effect of p la t ing pa rame te r s  l ike the  pH, 
t empera ture ,  c i t ra te  ion concentrat ion,  fer rous  sulfate  
concentra t ion on the  magnet ic  proper t ies  of the  films. 
Fer romagne t ic  domain pa t te rns  are  observed as a func-  
t ion of film thickness.  Stress  measurements  made  wi th  
and wi thout  sacchar in  in the  ba th  are  also described.  

Experimental Procedure 
The method of p repara t ion  of the  bath,  though s imi-  

lar  to the N i - F e - M o  bath  p r e p a r e d  by  Fre i t ag  and 
Mathias  (5), is different  from the  composit ion of the  
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present  bath and the bath is operated at a different pH 
and current  density. The typical  plat ing solution is 
made with reagent-grade  chemicals by  dissolving in 
distilled water  about 112g of NiSO4.6H20,  5g of 
FeSO4 �9 7H20, 75g of citric acid and /o r  sodium citrate, 
1.5g of K2SO4, 0.0-0.4g of sodium lauryl  sulfate, and 
1.0g of saccharin, and di lut ing the solution to 1 liter. 
The pH is adjusted to 4.8 by sodium hydroxide or citric 
acid. The plat ing cell is a l i ter  flask with a flat surface 
fitted with a Lucite cover that  can hold the electrodes 
rigidly and can be positioned accurately. A p la t inum 
sheet was used as anode. Glass slides with chromium 
and gold evaporated on them were used as substrates 
and the films were deposited from a nonagitated bath 
using a sequence of current  pulses of vary ing  ampli tude 
(7.5 mA/cm2-18 m A / c m  2) with 3 sec on period and 3 
sec off period from a constant  current  source to min i -  
mize the concentrat ion gradients across the thickness 
of the deposit. The bath can be operated from 25 ~ to 
45~ and the films were made at  25~ and 30~ A 
coil wound around the bath generates a uniform vert i -  
cal magnetic field of about 100 Oe. 

The coercive force (He) and the anisotropy field 
(Hk) of the films were measured in a 1000 cycle 
hysteresis loop tracer using the s tandard procedure 
(10). The s tandard spectrophotometric method was 
used to estimate iron in the deposit (11) at 522 m~ 
using a Beckman Du spectrophotometer. The iron was 
precipitated twice and complexed with dipyridyl.  The 
amount  of i ron in the deposit was calculated with a 
calibration curve made using 99.8% A.R. grade iron 
wire. These determinat ions are accurate to •  or 
better. The thicknesses of the films were estimated 
from the total weight of the alloy deposited in a given 
area and these measurements  are accurate to _+10%. 

The we l l -known Bitter  technique using a Zeiss met-  
allographic microscope was used to observe the domain 
walls (12, 13). The photomicrographs of the deposits 
made at different current  densities were also obtained 
using a Zeiss metallographic microscope. The in te rna l  
stress in the deposits was measured using a Brenner  
and Senderoff spiral contractometer  (14). The copper 
spiral was coated with gold ( ~  3000A) and a smooth 
deposit of copper ( ~  3000A) using a proprietary copper 
bath and the procedure recommended by Brenner  and 
Senderoff was used. The measurements  are accurate to 
• 

Results and Discussion 
Permal loy films (2000-8000A) deposited at 7.5 and 

10 mA/cm 2 as a function of pH at 25 ~ and 30~ show 
that  at pH less than 4.5 the deposits are rough looking 
and give distorted B-H loops (Fig. 1). The deposits 
plated at pH 4.6-5.2 are shiny and have good magnetic  
properties and square hysteresis loops in the easy 
direction (Fig. 1). The deposits plated at pH more 
than 5.2 are rough looking with high values of He and 
Hk (Fig. 2) with distorted B-H loops. The variat ion of 
pH can cause a large variat ion in nickel content  of the 
alloy deposited from the citrate bath. It has been 
shown that  above pH of 6 the deposit consists mainly  
of nickel due to the preferential  complexing of iron by 
the citrate ion (15). Apparently,  the relative affinity 
of citrate ion for complexing iron and nickel must  
vary  with pH. The Frei tag and  Mathias bath seems 
to be highly sensitive to pH change and it was oper- 
ated at pH 5.2 (5) which is the l imit ing end of the pH 
range applicable to the present  bath (Fig. 2). They 
prepared Ni-Fe-Mo films (600-800A) which were 
highly magnetostrictive,  whereas the present studies 
relate to nonmagnetostr ic t ive films covering a wide 
range of thickness (500-8000A) since nonmagnetost r ic-  
tive forms of permalloy comprise the bu lk  of the mag-  
netic film mater ial  used for magnetic  storage and 
switching purpose. 

The films of thickness 2000 and 3000A deposited at 
different temperatures  from 25 ~ to 55~ show that the 

Fig. 1. B-H loops of easy and hard axis of 3000A Ni-Fe films 
plated at different pH: (a) easy axis loop at pH 3.7, (b) hard axis 
loop at pH 3.7, (c) easy axis loop at pH 4.8, (d) hard axis loop at 
pH 4.8. 
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Fig. 2. Variation of Hc and Hk for Ni-Fe films 3000/~ as a 
function of bath pH; C.D. 10 mA/cm 2 at 30~ 

deposits have good magnetic properties up to 45~ 
above which the deposits become rough looking with 
distorted B-H loops with high values of Hc and Hk 
(Fig. 3). The magnetic properties of the deposits 
( ~  3000A), Hc and Hk, were studied as a function of 
the citrate ion concentration. It is found that  both 
Hc and Hk values remain  almost constant  up to citrate 
ion concentrat ion of 125 g/li ter,  above which the Hc 
and Hk increase (Fig. 4) and the B-H loops are dis- 
torted. The effect of citrate ion on the composition of 
nickel- i ron deposit has been described (16). It  has 
been found that  the iron content of the alloy increases 
with increase in the citrate ion concentrat ion in the 
bath, and the deposits from a bath with very  much 
citrate ion were found to contain organic inclusions 
(16). 
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Fig. 3. Variation of Hc and Hk with temperature of the bath 
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Fig. 4. Variation of Hc and Hk with citrate concentration for 
Ni-Fe films, 3000~ plated at pH = 4.8. 

The chemical  analysis of the films with zero mag-  
netostr ict ive propert ies showed that  the film composi- 
tion corresponds to 80% nickel and 20% iron by weight.  
The deposits plated at 25 ~ and 30~ with 7.5 and 10 
m A / c m  2 were  very  sl ightly i ron-r ich  below ,~ 1000A, 
and f rom 1000A to lt~ they were  all zero magnetost r ic-  
t ive  wi th  good magnet ic  propert ies  (Fig. 5). Exper i -  
ments done with  near  zero or zero magnetost r ic t ive  
films ( ~  600-8000A) to determine  the effect of film 
thickness on Hc and Hk show that, while  Hc is ve ry  
much thickness dependent  with a value  of 4 . 2 0 e  at 

600A and 1.0 Oe at 8000A, Hk is less dependent  on 
thickness wi th  a value of 5.2 Oe at ,~ 600A and level ing 
off at 4.0 Oe f rom 1000 to 8000A in good agreement  
wi th  the results of Wolf for films made f rom the 
sulfa te-chlor ide bath (1) (Fig. 6). 

Fi lms ( ~  3000A) were  deposited f rom the baths con- 
taining vary ing  amounts  of ferrous ion concentrat ion 
at constant nickel  ion concentration, and He and Hk 
were  measured.  At 2.5g of F e S O 4 . 7 H 2 0 / l i t e r ,  the 
film has high Hc of 15.0 Oe and drops to about 1.2 Oe 
at 3.75g of FeSO4 �9 7H20/l i ter ,  remains about the same 
at 5.0g of FeSO4 �9 7H20/l i ter ,  above which it increases 
steadily to 1.8 Oe at 10.0g of FeSO4 �9 7H20/l i ter .  At 2.5g 
of FeSO4 �9 7H20/li ter ,  the film has Hk of 17.0 Oe, drops 
to 4.0 Oe at 3.75g FeSO4 �9 7H20/l i ter ,  and remains at 4.0 
Oe up to 5.0g of FeSO~ �9 7H20/l i ter ,  above which it in-  
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Fig. 7. Variation of Hc and Hk with ferrous sulfate concentration 
in the bath at constant nickel sulfate concentration for Ni-Fe 
films, 31~0,~. 

creases rapidly with increase of ferrous sulfate in the 
bath, reaching a value of 9.5 Oe at 10.0g FeSO4 �9 7H20/  
l i ter  (Fig. 7). These results are in excel lent  agree-  
ment  with those of Wolf (1) and point out the wel l -  
known composition dependence of Hk with a min imum 
value in the zero magnetostr ic t ive  range. 

Exper iments  run to de termine  the plat ing efficiency 
of the bath at various current  densities (7.5-18.0 m A /  
cm 2) at 30~ show that  the plat ing efficiency is about 
85% compared to about 60% for convent ional  sulfate 
baths. The lower plat ing efficiency of the sulfate bath 
can be explained in terms of lower operat ing pH ~ 2.6 
where  a significant amount  of hydrogen is l iberated. 

The internal  stress developed in an electrodeposited 
mater ia l  is possibly caused by the mismatch and dis- 
order in the a r rangement  of the atoms in the latt ice 
during the  growth process. Some of the factors that  
influence the stress are the substrate roughness, impur i -  
ties in the bath, tempera ture ,  pH, and current  density. 
Stress measurements  made as a function of cur ren t  
density and film thickness show that stress is tensile in 
nature  and is ve ry  much dependent  on plat ing current  
density. At each current  density, the init ial  stress is 
high and levels off wi th  increasing thickness which in-  
dicates that  the film substrate interface has a great  
effect on stress. Stress measurements  made at 6.5 m A /  
cm 2 as a function of t empera tu re  show that  stress de-  
creases from a value  of about 9.7 x 109 dynes /cm 2 at 
25~ to about 5.0 x 109 dynes /cm 2 at 47~ It is found 
that, on adding weighed quanti t ies of saccharin to the 
bath, the stress of 6.0 x 109 dynes /cm 2 measured  at 5 
mA/cm~ with no saccharin gradual ly  decreases wi th  
increase of saccharin to a constant value  of 1.9 x 109 
dynes /cm 2 at saccharin concentrat ions of 1 g / l i t e r  and 
above (Fig. 8). Stress values measured  in this work  
compare favorably  with  those of Maeda and Mukasa 
for permal loy  (17). 

Though it is wel l  known that  the domain wal l  p rop-  
erties are impor tant  to the  study of fer romagnet ic  films 
and their  applications, ve ry  l i t t le work  is repor ted  on 
the domain wall  studies of  electrodeposited films. Bi t ter  
pat tern  observations were  made on demagnet ized 
n ickel - i ron  films as a function oi film thickness f rom 
N 150 to 2800A. It is apparent  f rom these observations 
that, as the film thickness increases, the influence of 
the stray fields on domain wall  configuration changes. 
As predicted f rom theory, N~el walls are observed at 

150 and N250A films [Fig. 9(a) ,  (b) ] ,  whereas  at 
~ 6 0 0 A  cross-tie walls appear [Fig. 9 (c ) ] ,  and in 
thick films ~ 2800A Bloch walls are observed [Fig. 
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Fig. 9. Bitter patterns of the domain walls in Ni-Fe films as a 
function of film thickness: (a) N~el walls ~ 150~ Ni-Fe film, easy 
axis approximately vertical; (b) N~el walls ~ 250.& Ni-Fe film, easy 
axis approximately vertical; (c) cross-tie walls ~ 600,~ Ni-Fe film, 
easy axis approximately vertical; (d) Bloch walls N 2B00A Ni-Fe 
film, easy axis approximately vertical. 

9(d ) ] .  The localized field due to the  free magnet ic  
pole ly ing  inside the  thin fe r romagnet ic  film wil l  be 
d i rec ted  para l l e l  to the  surface in the case of N~el 
walls.  The col loidal  par t ic les  of the  Bi t te r  solut ion are  
used for easy flux closure, thus giving rise to ve ry  in-  
tense deposi ts  of colloids. In  Bloch walls,  these localized 
s t rong fields l ie pe rpend icu la r  to the  surface and hence 
have a w e a k e r  force on the  colloidal  par t ic les  giving 
rise to poor ly  defined lines. Cross- t ie  wal ls  represent  a 
t rans i t ion  f rom Bloch to N~el walls, where in  the  cross- 
t ies serve  to decrease  the  magnetos ta t ic  energy (18, 
19). Ka inuma  and Tsuya (20), who s tudied the domain 
pa t te rns  of e lec t rodeposi ted  Ni -Fe  films, could not 
observe these pa t te rns  be low 300 magnification, whereas  
the  present  observat ions  could be made  at  magnif ica-  
t ions of 60 and above. Maeda and Nukasa  (21), who 
made  domain pa t t e rn  studies of e lec t rodeposi ted  Ni-  
r ich and Fe - r i ch  samples  of N i - F e  films from 400 to 

Fig. 10. Photomicrographs of the surface of Ni-Fe films deposited 
at different current densities: (a) I mA/cm 2, (b) 5 mA/cm 2 (c) 20 
mA/cm ~, and (d) 25 mA/cm 2. 

7000A, observed cross- t ie  wal ls  for 450-1300A and 
Bloch wal ls  at 70O0A. 

The photomicrographs  of 80:20 NiFe films p la ted  at  
different  cur ren t  densi t ies  show tha t  the  films are  
smooth and sh iny  [Fig. 10(a) ,  (b ) ]  wi th  low values  
of Hc, Hk, and easy axis dispersion ( a~)  and square  
loop in the  easy direct ion at 1 and 5 m A / c m  2, whereas  
at  20 and 25 mA/cm2 the  deposi ts  become rough [Fig. 
10(c),  (d ) ]  wi th  high values  of Hc and Hk and easy 
axis dispers ion (22). 

Conclusion 
It  has been shown that ,  us ing the c i t ra te  bath,  80:20 

n icke l - i ron  films of va ry ing  thickness  wi th  magnet ic  
p roper t ies  comparab le  to films made  by  vacuum deposi-  
t ion can be produced.  The ba th  has a h igher  p la t ing  
efficiency and longer  useful  l ife and the  process has a 
high degree  of r eproduc ib i l i ty  as compared  to the  
sulfate  bath.  
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Vapor Phase Etching of GaAs in the H -H20 Flow System 
Chinyueh Lin, Lin Chow, and Kenneth J. Mi(ler* 

Department o~ Chemistry, Northeast Louisiana State College, Monroe, Louisiana 

ABSTRACT 

The GaAs-H20-H2 etch reaction has been studied as a function of flow 
rate, temperature,  and GaAs surface area. Exper imenta l  and calculated equi-  
l ibr ium constants for the reaction have been compared. The formation of 
Ga203(s) is considered. The var ia t ion of sample surface texture  with gas 
composition is examined. 

An unders tanding  of the chemical equi l ibr ium of a 
reaction is essential for its useful applicati<~n. In this 
study, the chemical equi l ibr ium of the GaAs-H2-H20 
reaction has been studied par t icular ly  as this reaction 
may be applied to the controlled in situ etching of 
samples prior to epitaxial  deposition of thin films by 
chemical transport .  Such in situ etching may be useful 
for pur i ty  control of substrate surfaces. Since this reac- 
t ion also takes place at the "source" when H20 vapor 
t ransport  is used in epitaxial  deposition under  a tem- 
perature gradient, it is also impor tant  to unders tand  
its equi l ibr ium to control epitaxial  deposition. Various 
exper imental  methods have been used in prior studies 
of this etch reaction (1, 2); in the present study, a 
horizontal reactor suitable for processing rela t ively 
large area samples has been used and the effect of 
temperature,  flow rate, and GaAs surface area on the 
reaction equi l ibr ium and of gas composition on etched 
surfaces has been studied. 

Experimental 
Single-crystal  (111) oriented GaAs sample wafers 

obtained from the Monsanto Chemical Company were 
lapped and polished in 1800 grit  a lumina  and with 
Linde B, and chemically polished in b romine-methanol  
solution according to the method of Sul l ivan et al. (3). 
Hydrogen was pre-purified grade obtained from Mathe- 
son Company and was fur ther  purified by passing 
through a Pd-Ag diffusion tube purifier. Hydrogen was 
bubbled through DI water  held in a Pyrex  saturator  
immersed in an ice-water  bath. For  all etching, the 
H20/H2 mole ratio was ~ 6 X 10 -3. Figure  1 shows a 
schematic drawing of the furnace and furnace tempera-  
ture  profile. A 28 m m  ID X 24 in. long quartz reaction 
tube was used. The furnace tempera ture  profile was 
constant  wi thin  ___ 1 ~ over about 5 in. The GaAs sample 
was placed on a flat quartz sample holder held in  the 
center  of the reaction tube by a quartz tube with a test 
tube  end fused to the bottom of the flat sample holder 
directly below it so that the sample tempera ture  could 
be measured with a thermocouple. The exper imental  
details of similar flow reactors have been described by 
Moest (4) and by Lawley (5). 

* Electrochemical  Society Act ive  M e m b e r ,  to  w h o m  c o r r e s p o n -  
d e n c e  s h o u l d  be addressed. 

Results 
Figure 2 shows an Arrhenius  plot of the data for 

the etch reaction giving an exper imental  activation 
energy of approximately  44 kcal /mole  in  the 900 ~ 
1050~ tempera ture  range for a H20-H2 flow rate of 
300 craZ/min and a H20-H2 gas flow velocity of 50 cm/  
min. The lat ter  flow rate etched samples at a rate 
convenient  for useful  etching, between 0.1-2 ~/min.  
The sample area used to determine this plot was ap- 
proximately 3 cm 2, large enough to minimize nonun i -  
form edge etching. It was not possible to distinguish 
different etch rates between the (111) and (100) sur-  
faces. 

Figure 3 shows a plot of GaAs sample weight loss at 
1000~ as a function of H20-H2 flow rate for sample 
areas > 10 cm 2. A weight loss of approximately 23 X 
10 -4 g / mi n  was obtained at a flow rate of 300 cm3/min 
for sample areas ~ 10 cm 2. However, a weight loss of 
approximately  5.56 X 10 -4 g / mi n  was obtained for the 
3 cm 2 area normalized to 1 C m2, as used to obtain Fig. 
2. This decrease in weight loss with decrease in surface 
area at constant  flow rate and tempera ture  indicates 
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Fig. 1. Furnace and temperature profile 
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rote for sample area ~ 10 cm 2. 

incomplete react ivi ty of the reactants. The dependence 
of reaction rate on surface area is not unexpected and 
is usual  for the relat ively fast flow rates used when 
reactions are applied in practice. Figure 3 indicates 
that  the etch rate reaction under  the exper imental  con- 
ditions used to obtain the data in Fig. 2 is closer to a 
s teady-state  equi l ibr ium than  a t rue thermodynamic  
equil ibrium. If it is assumed that, for sample surface 
area ~ 10 cm 2 the reaction of reactant  gases is complete 
at a flow rate of 300 cm3/min, then sample weight loss 
under  these conditions should be independent  of sur-  
face area and represent  a close to true thermodynamic  
equil ibrium. 

Figure 4 shows photomicrographs of the (111) GaAs 
face following etching a t  10O0~ When the H20-H2 
gas composition is diluted with nitrogen, it can be 
seen that the GaAs surface is smoother and more un i -  
form. The effect of ni t rogen on etching is believed to 
be pr imar i ly  due to H~O-H2 dilut ion ra ther  than to 
chemical reaction since etching is taking place at about 
the decomposition tempera ture  of gall ium ni tr ide (6). 

Fig. 4. GaAs (111) face following etching at 1000~ A ~ 0 0  
cm3/min, 5 min; B--100 cmS/min plus 300 cm3/min N2 by-pass, 
5 min; C--50 cm3/min plus 400 cm3/min N2 by-pass, 15 rain. 

When (100) surfaces were etched, it was found that  
they yielded a smoother etched surface as compared 
to (111) surfaces etched under  the same conditions. 

Discussion 
The over-al l  idealized etch reaction, l imited by 

tempera ture  and par t ia l  pressures of H2 and H20, can 
be wr i t ten  

GaAs(s)  -~ 1/2H20(g) ~-~ �89  

q- 1/2H2(g) + 1/2As2(g) [1] 

where the pressure of As4 has previously (2) been 
shown to be less than  10% of the total  arsenic pressure 
above approximately 900~ An equation showing the 
var iat ion of the equi l ibr ium constant  for [1] with tem-  
perature  in the 1000~176 range has been obtained 
using recently evaluated free energy functions for 
GaAs(s)  from Lichter and Sommelet  (7), free energy 
functions for Ga20(g)  from Cochran and Foster (8) 
and heats of formation using the data of Ar thur  (9), 
and Thurmond  and Frosch's (10) value for AH~ of 
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Ga20 (g) ,  as wel l  as da ta  f rom J A N A F  Thermochemica l  
Tables (11) and Stu l l  and Sinke (12) 

--13.15 • 10 a 
log Kp---~ -~- 8.21 [ l a ]  

T 

At  1000~ Kp ca lcu la ted  for react ion [ i ]  using [ l a ]  is 
7.6 X 10 -3  as compared  wi th  the  va lue  for Kp obta ined 
f rom the expe r imen ta l  da ta  in Fig. 2 of 2 X 10 -3. The 
l a t t e r  exper imen ta l  va lue  for K ,  var ies  from Kp cal-  
cula ted  by  about  one order  of magni tude;  however,  it 
should be noted that  the  the rmal  da ta  unce r t a in ty  of 
• 1.5 kca l  causes an  unce r t a in ty  of app rox ima te ly  one 
order  of magni tude  in ca lcula ted  Kp values.  The Kp 
obta ined f rom the exper imen ta l  da ta  of Fig. 3 where  
sample  a rea  is ~ 10 cm 2 and flow ra te  is 300 cmS/min 
is 0.9 X 10 -2, compar ing  more  closely wi th  the  Kp 
calculated,  than  the va lue  obta ined at  3 cm 2 sample  
area, indica t ing  tha t  closer to t rue  the rmodynamic  
equi l ib r ium has been achieved in this case. The method 
used for  the  de te rmina t ion  of exper imen ta l  Kp values  
has prev ious ly  been descr ibed (2). F igure  5 shows 
smooth semilog plots of Kp for  the  etch react ion [1] 
as a funct ion of t e m p e r a t u r e  as ca lcula ted  f rom [ la ]  
and as obta ined  expe r imen ta l ly  f rom the  kinet ic  da ta  
of Fig. 2. Fo r  comparison,  Fig. 5 shows the two ex-  
pe r imen ta l  values  in this  t e m p e r a t u r e  range  f rom the  
work  of Micheli tsch et al. (2). In the  la t te r  s tudy,  gas 
veloci ty  was cons iderab ly  grea te r  than  tha t  used in 
this  present  s tudy.  

The range  of pa r t i a l  pressures  of H20 and H2 in 
react ion [1] is l imi ted  by  the fo rmat ion  of Ga203(s) .  
The react ion for Ga203(s)  format ion  when  PH20 is 
r e la t ive ly  high or Pn2 re la t ive ly  low, based on exper i -  
menta l  observations,  is proposed  as 

� 8 9  W H20(g)  ~ �89  -{- H2(g) [2] 

An equat ion showing the var ia t ion  of Kp for [2] wi th  
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t empe ra tu r e  in the  1000~176 range  has been ob-  
ta ined  as fol lows 

13.5 • 103 
log Kp-~  8.02 [2a] 

T 
F igure  6 shows a smooth semilog plot of Kp calcula ted 
f rom [2a] as a funct ion of t empera tu re ,  indica t ing  
that  react ion [2] can affect the  etch react ion signifi- 
can t ly  unless the  pa r t i a l  pressure  of H20 is smal l  com-  
pa red  to that  of hydrogen.  Equat ion [2a] has been ob-  
ta ined  using free energy funct ions given by  Cochran 
and Fos te r  (8) for G a l a ( g )  and Ga203(s) ,  AH~ for  
Ga20~(s) of --261 kca l /mole  (13) and hH~ for 
Ga20(g)  of --21.5 kca l /mo le  (10). 
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Technical Notes 

Compatibility of Battery Materials 
with Fuel Cell Catalysts 

C. H. Weeks 
CSIRO, Division of Mineral Chemistry, Port Melbourne, V/ctor~a, Australia 

Materials for construct ing low-tempera ture  fuel cell 
batteries must  be carefully selected not only  to resist 
at tack by  corrosive electrolytes, but  also to avoid 
poisoning of catalysts. Very few systematic studies of 
fuel cell catalyst poisoning have been published. With-  
erspoon and Adams (1) studied a Rh-Pd hydrogen 
anode catalyst and found that  cupric and ferrous ions 
in solution and a surfactant  (Tri ton x 100) caused some 
loss of activity, while  sulfide ion caused severe poison- 
ing. Ter ry  (2) reports that  short life of hydrogen-a i r  
cells was a t t r ibutable  to poisoning from sulfur  in 
molded rubber  cell frames. Cathro (3) has found that  
p la t inum-based  formaldehyde anodes fail rapidly in 
the presence of copper and silver ions in acid solution. 
Workers at Esso Research and Engineer ing (4) found 
that  copper poisoned methanol  anodes, but  that  a lu-  
m inum had no effect. 

Active catalysts for the oxidation of both methanol  
and formaldehyde have been developed in this labora-  
tory (5, 6) and tested successfully for long periods in 
small-scale fuel  cells. Early versions of larger cells and 
batteries were less successful, showing poor perform- 
ance and short life, and it was evident  that  anode cata-  
lysts were becoming poisoned by impuri t ies  in solution. 
The experiments  described below were under taken  to 
determine the undesirable  impuri t ies  and their  sources 
and to investigate possible substitutes. 

Experimental 
Each test was performed using a covered 2 l i ter glass 

pot cell. Five holes in the cover contained leads to the 
working and counterelectrodes, a probe leading out to 
a mercury /mercurous  sulfate reference electrode, a 
glass-sheathed immersion heater, and a glass thermis-  
tor pocket. Anode catalyst (approx 150 mg of P t -Re-  
Sn) was electrodeposited onto a gold-plated expanded 
tan ta lum or n iobium disk of 13 cm~ nominal  area to 
form the working electrode. The counterelectrode was 
p la t inum gauze, and was surrounded by a glass tube to 
prevent  evolved hydrogen reaching the working elec- 
trode. The solution was main ta ined  at 60~ and agi- 
tated by the use of a magnetic st irrer  unit.  The working 
electrode was supplied with a current  of 0.SA (38 m A /  
cm 2) from an external  source. The fuel used was 
formaldehyde (0.3 _ 0.15M) dissolved in 2M sulfuric 
acid electrolyte. A few exper iments  were also per-  
formed with methanol  (approx 1.0M) as fuel. Results 
were general ly  similar  to those with formaldehyde.  

The procedure for each test was to run  the electrode 
for 50 or more hours to allow it to reach a steady 
potential, then to introduce a sample of the mater ia l  
to the pot. Where possible, size and physical form of 
the samples were selected to correspond with the 
max imum exposure l ikely in a practical battery. Work-  
ing electrode potential  was recorded daily, and any  
poisoning effect was detected by the result ing rise in 
potential. Corrections for IR drop were determined 
by a simple in ter rupt ion  technique. 

Results and  Discussion 
One electrode was tested for several hundred hours 

in a solution free of impurities,  using reagent-grade 
formaldehyde. The potential  remained steady at 0.21 
• 0.02V vs. SHE throughout  this time. The fuel supply 
was then changed to commercial 40% formaldehyde 
which contained some 8 ppm of iron. No evidence of 
poisoning was observed, and the electrode has now 
mainta ined  the same potential  for over 9000 hr. 

The metals a luminum,  zinc, and iron were tested as 
possible poisons. These are often present  in l iquid fuels 
stored in steel or a luminum containers  and in contact 
with rubber  seals or hoses. A l u m i n u m  was introduced 
to the test pot as chips of commercial  metal  which 
slowly dissolved, while the other metals were added 
as reagent-grade sulfates. In  each case, the concentra-  
t ion was approximately 2 g/li ter,  but no poisoning was 
detected over periods exceeding 100 hr. This result  for 
iron is in contrast  to the poisoning detected by Wither-  
spoon and Adams (1) using alkal ine electrolyte and 
hydrogen anodes. 

Fur the r  tests were made with 28g of unfilled poly- 
propylene sheet and with 26g of plasticized PVC tube 
immersed in the solution. Slight poisoning (see Fig. 
1) was apparent  with PVC, perhaps from the plasti-  
cizer which was leached out by the acid formaldehyde 
solution. 

Tests with rubbers  and components of rubber  com- 
pounds proved the most informative.  As shown in Fig. 
2, sulfur  cured buty l  rubber  (used for seals in early 
ba t te ry  tests) caused rapid and severe poisoning. 
Leaching the rubber  samples for 4 weeks in a mix ture  
of hot 2M sulfuric acid and  ethanol retarded but did 
not el iminate this poisoning. Three other nonsulfur  
cured rubbers  were tes ted- -a  peroxide cured e thylene-  

0"5 I J I I 

e, 
.~ 0.4 
I 

..i 

0.3 

~O'Z~ C ~ CL 

0-1 I t I I 
0 I00 ZOO 300 400 500 

T IME-  HOURS 
Fig. 1.. Effect of plastics on formaldehyde electrodes: (a) 28g 

polypropylene (Shell KM 61) in cell; (b) 26g plasticized PVC tube 
(assorted pieces) in cell. 
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Fig. 2. Effect of rubbers on Formaldehyde electrodes: (a) 20g Fig. 3. Effect of rubber formulation components on formaldehyde 

electrodes: (a) 0.20g commercial sulfur in cell; (b) 0.10g mercapto- sulfur cured butyl rubber in cell; (b) same as (a), but rubber pre- 
leached for 4 weeks in acid-ethanol solution; (c) 14g peroxide benzethiazole in cell; (c) 0.10g tetramethyl thiuram disulfide in cell; 
cured ethylene-propylene-diene terpolymer in cell; (d) 7g resin (d) 0.10g sodium diethyl dithiocarbamate in cell. 
cured butyl rubber in cell; (e) 7g Permalux cured cblor-butyl rubber 
in cell. 

Any sul fur-conta in ing component  should be com- 
propylene-diene terpolymer,  a resin cured buty l  rub-  pletely e l iminated from rubber  formulat ions used for 
ber, and a Pe rmalux  cured chlor-butyl  rubber.  (Per-  molding fuel cell frames or seals. Sul fur- f ree  formula-  
malux  is a diorthotolyl guanidine  salt of dicatechol tions are available which show reasonable acid resist-  
borate.) The resul t ing potential  changes (Fig. 2) were ance and life and el iminate the risk of catalyst poison- 
small  or negligible. Slow poisoning was observed with ing. Unfilled polypropylene has proved a satisfactory 
some samples of e thylene-propylene-d iene  rubber ,  mater ial  for construction, unl ikely  to affect electrode 
probably a result  of contaminat ion with traces of sul-  catalysts. 
fur dur ing  manufacture.  A c k n o w l e d g m e n t  

Various components of these rubber  compounds were The assistance of Dr. K. J. Cathro in prepar ing the 
then tested individually.  Zinc oxide (see zinc test many  working electrodes used in this s tudy is grate- 
above),  sample carbon blacks, a process oil, Pe rmalux  fully acknowledged. 
cur ing agent, and Santofiex I.P. ant i -ozonant  (N iso- 
propyl N' phenyl  paraphenylene  diamine) were found Manuscript  received Nov. 3, 1969. 

to cause no significant poisoning. Several  sul fur-con-  Any  discussion of this paper will  appear in a Dis- 
ta ining organic compounds, and also a sample of corn- cussion Section to be published in the December 1970 
mercial  sulfur, caused rapid poisoning (see Fig. 3). JOURNAL. 
Evident ly  the hot acid-formaldehyde solution attacks REFERENCES 
these compounds, releasing sulfide ion or some other 1. R. R. Witherspoon and R. L. Adams, Extended Ab-  
soluble sulfur  species equally effective as a catalyst stract No. 344, Electrochem. Soc. Meeting, 
poison. These and similar  compounds are widely used Montreal, Oct. 6-11, 1968. 
in rubber  formulat ions as curing agents, accelerators, 2. P. L. Terry, "60 Watt  Hydrogen-Air  Fuel  Cell 
and anti-oxidants .  Except where the sulfur is present System," In ter im Report, Feb. 1966, U.S. Clearing-  
in an oxidized form such as sulfate or polystyrene-  house Fed. Sci. Tech. Information.  No. AD 629 220. 
sulfonic acid, all su l fur -conta in ing organic compounds 3. K. J. Cathro, Unpubl ished work. 
need to be considered as possible catalyst poisons. 4. Esso Research and Engineer ing Company, "Hydro-  

carbon-Air  Fuel  Cell," Semi -Annua l  Report, Dec. 
C o n c l u s i o n s  1965, U.S. Clearinghouse Fed. Sci. Tech. Informa-  

The catalysts used in this s tudy are not affected by lion. No. AD 634 078. 
substant ial  concentrat ions of iron, zinc, and a luminum 5. K. J. Cathro, Electrochem. Technol., 5, 441 (1967). 
in solution. 6. K. J. Cathro, This Journal, 16, 1608 (1969). 

The Electrodeposition of Metals in Porous Glass 
Francis  P. Feh lner  1 

Research and Development Laboratories, Coming Glass Works, Corning, New York 

Porous glass impregnated with a soft superconductor 
such as lead behaves like a hard superconductor having 
a high critical magnetic field (1). Schmidt and Charles 
(2) made such a mater ia l  by  hydrostat ical ly inject ing 
molten metal  into the fine capil lary labyr in th  of porous 
glass. The metal  was dispersed in the glass as filaments 
or adjoining spheres having a diameter  of less than 
100A. In  the present  work, an electrochemical method 
has been used to impregnate  Corning Code 7930 porous 
glass with both lead and silver. 

1 Present address: Signetics Corporation, Sunnyvale, California. 

Exper imenta l  
Glass preparat ion proved to be the most critical step 

in the exper imental  procedure. Samples of 3/16-in. 
porous glass sheet (pore size: 40-60A) 11/2 in. square 
were cleaned by boiling in 5% H20~ or baking in air at 
500~ Ind ium film electrodes, 1 in. square, were evap- 
orated onto one side of the glass and a lead wire  was 
attached to the electrode with indium solder. The edges 
of the glass and the electroded side were completely 
covered with paraffin. This was done so that  the plat ing 
solution could only approach the indium electrode by 
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passing through the glass. The final steo in  preoar ing a 
sample for electrolysis was humidification of the glass 
so that  it would not crack when it was introduced into 
the plat ing solution. 

The unsymmetr ica l  a-c electrolysis apparatus is out-  
l ined in Fig. 1. A negative d-c bias on the indium elec- 
trode is combined with a 60-Hz, ha l f -wave  rectified a-c 
signal to produce an unsymmetr ica l  a-c signal. The 
waveform produced by this signal is shown in Fig. 2. 
The positive portion of the voltage waveform applied 
to the lead or silver electrode brings about plat ing in 
the pores of the glass. Conversely, the negative portion 
causes deplating. The p la t ing/depla t ing  ratio can be 
adjusted by changing the relat ive a-c and d-c com- 
ponents of the unsymmetr ica l  a-c signal. 

Dur ing  the lead deposition in porous glass, the u n -  
symmetr ical  a-c signal was applied for upward  of 3 hr. 
A d-c level of 1V at 30 mA was employed but, because 
of the d-c blocking resistor located next  to the a-c 
source (Fig. 1), an a-c level of 30 VRMS was required 
to obtain 7 mA. These numbers  are given to show the 
magni tudes  involved, and are to be considered nei ther  
exact nor  ideal, since some interference occurred be-  
tween the a-c and d-c portions of the circuit  shown 
in Fig. l. 

The lead-pla t ing solution (3) consisted of the follow- 
ing compounds dissolved in distilled water:  Pb(OH)2 �9 
2PbCO~, 0.150g ml-1 ;  HF (50%), 0.240g ml-1 ;  and 
H~BO3, 0.105g m1-1. The resul t ing solution was st irred 
at room tempera ture  in a Teflon beaker. The counter-  
electrode was technical-grade sheet lead. 

In  the case of silver, a solution of 0.133g AgNO0 
ml -1  of distilled water  was used, along with a sheet- 
silver counterelectrode. 

IK 

~PLATING SOLUTION 

,I 

~ P A R A F F I N  

~ l n  ELECTRODE 

CODE 7 9 3 0  GLASS 

Fig. 1. Diagram of the circuit used for unsymmetrical a-c 
electrolysis. 

Results 
Deposition of metal  in the pores of Code 7930 glass 

did not be~in immediate ly  when a prepared sample was 
introduced into the plat ing solution and the unsym-  
metrical  a-c voltage was applied. Instead, there was a 
lag of approximately 20 min  dur ing  which the electro- 
lyte diffused from the front  of the glass, through the 
pores, to the indium electrode. After this induct ion 
period, a black deuosit could be seen to grow over the 
ind ium and into the glass. This was the beginning  of 
metal  deposition in the pore structure. 

Under  the influence of a d-c potential  alone, portions 
of the metal  deposit grew faster than the rest of the 
deposit. These "leading dendrites" quickly reached the 
surface of the glass, prevent ing  fur ther  deposition of 
metal  in the pores. The unsymmetr ica l  a-c electrolysis 
corrected this problem by deplating metal  fastest at 
the points of highest potential  gradient, i.e. at the "lead- 
ing dendrites." During the subsequent  plat ing pulse, 
metal  was deposited un i formly  over the whole growth 
front. In this manner ,  the "leading dendri tes" were 
destroyed and the metal  growth front  advanced steadily 
through the sample. 

The density of lead electrodeposited in  Code 7930 
porous glass was not as high as was theoret ical ly pos- 
sible. After  3 hr, only 10% of the pore volume had been 
uniformly filled with lead. It should be possible to 
improve both the rate of deposition and the per cent of 
pore filling by adjust ing the process variables such as 
tempera ture  and p la t ing/depla t ing  ratio. 

Unsymmetr ica l  a-c electrolysis has also been used to 
deposit f i lamentary silver in porous glass. Sample 
preparat ion and plat ing conditions similar to those used 
for lead gave good results. In  fact, the silver samples 
appeared to be of bet ter  qual i ty  than  the lead speci- 
mens. 

Optical microscopy showed that  the metal  deposited 
in porous glass formed a dendrit ic s t ructure  which 
cont inuously branched into shorter and shorter limbs. 

Fig. 2. Waveform of the unsymmetrical a-c voltage across the 
plating bath. The voltage level refers to the lead or silver electrode. 
Plating and deplating occur in the pores of the Code 7930 glass. 

Fig. 3. Photomicrograph of lead electrodeposited in Code 7930 
porous glass. Transmitted light; 200X. 
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An  opt ical  micrograph  of chips f rom a l e a d - i m p r e g -  
na ted  sample  is shown in Fig. 3. The d iamete r  of the  
smal les t  branches  could not  be resolved optical ly,  a l -  
though the  dendr i t ic  s t ructure ,  both in the  direct ion of 
g rowth  and in cross section, was r ead i ly  visible.  Elec-  
t ron  microscopy of a s i lver  deposit  showed tha t  the  
d iamete r  of the  meta l  f i laments was less than  100A. 
This compares  wel l  wi th  the  pore  size of app rox ima te ly  
50A. 

Conclusions 
Unsymmet r i ca l  a -c  e lectrolysis  is a useful  method  for 

impregna t ing  the  pores  of Corning Code 7930 glass wi th  
metals.  In the  case of lead  and silver,  glass p repara t ion  
is the  most cr i t ical  s tep in the  procedure.  However ,  it  
wi l l  be necessary  to exper imen t  fu r the r  wi th  the  p la t -  
ing parameters ,  if a denser  deposi t  is desired.  
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A Simple Procedure for Mounting Sodium-Tungsten 
Bronze Electrodes 
R. S. Alwitt* and A. K. Vijh *,I 

Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

Recently,  Mannan  (1) has r epor ted  a r a the r  e lab-  
ora te  method for mount ing  sod ium- tungs ten  bronze 
electrodes in a glass-Teflon assembly.  Here,  a much 
s impler  procedure,  which is a minor  var ia t ion  of our  
previous  suggestion for p repa r ing  metal l ic  electrodes 
(2), is described.  

A NaxWO3 crystal ,  C in Fig. l ( a ) ,  is chiseled wi th  a 
d iamond wheel  a n d / o r  a d iagonal  cu t te r  (or a sui table  
subst i tu te)  to give it the  form of a crude cone. This 
chiseled end is deposi ted in the  s l ight ly  funneled,  
f lame-pol ished end of a "Trubore"  (or any other)  glass 
tubing,  G [Fig. 1 ( a ) ] .  Af te r  C is p laced in G, this  end 
of the glass tubing,  G, is sur rounded  by  a sui table  
length  [Fig. 1 (b ) ]  of a special, hea t - sh r inkab le ,  two-  
l aye red  Teflon tub ing  ava i lab le  Commercial ly (e.g., 

* Elec t rochemical  Society  Act ive  Member .  
1 P resen t  address :  Ins t i tu te  of Research,  Hydro-Quebec ,  Varennes ,  

P. Q., Canada.  

C G 

C7 

I 
Fig. l(a). A sodium tungsten bronze piece chiseled into a rough 

cone, C, and a "Truhore" glass tubing, G, with its end slightly 
funneled and flame polished. 

"Flo t i te"  manufac tu red  by  Pope  Scientific Incorporated,  
Menominee  Fal ls ,  Wisconsin) .  The Teflon tub ing  is 
then heated by  means  of a heat  gun to ~ 330~ first 
at glass-Teflon bounda ry  (shown by l )  and  then, a f te r  
cooling, at the  Tef lon-glass-bronze  bounda ry  (as shown 
by 2). A compact  and sa t is factory  seal of Teflon thus  
connects the  bronze to the  "Trubore"  glass tubing.  
The electr ical  contact  m a y  then  be made  by  means  of 
a copper wi re  and a me rc u ry  d rop  (or some sui table  
subst i tute ,  e.g. G a - I n  a l loy) .  The e lec t rode  surface 
m a y  be made smooth by  pol ishing gent ly  on an a b r a -  
sive wheel  wi th  subsequent  c leaning by  a va r i e ty  of 
solvents. A typical  e lect rode thus  obta ined  is shown 
schemat ica l ly  in Fig. 2. 

2 

C 

~--~T 

G 

I 
I 
I 

Fig. l(b). Cone, C, sitting in the funneled end of glass tubing, 
G. The C-G boundary is surrounded by a piece of "Flntite" tubing, 
T. Heat must be applied first around the region marked 1 and then 
at2. 
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"TRUBORE" GLASS TUBING 

COPPER WIRE 

MERCURY 

TEFLON SEAL 

SODIUM -TUNGSTEN BRONZE 

Fig. 2. A schematic representation of a sodium-tungsten bronze 
electrode mounted in a glass-Teflon assembly. 

It  m a y  be added  that,  wi th  sl ight  obvious modifica-  
tions, the  descr ibed procedure  may  be used for moun t -  
ing any metal l ic  (2) or  nonmeta l l ic  e lec t rode  ma te r i a l  
p rovided  that  it  can wi ths tand  t empera tu re s  up to ca. 
40O~ [for substances wi th  somewhat  lower  mel t ing  
points, see Ref. (2)] .  This p rocedure  would  thus  be 
expected  to be also sui table  for p repa r ing  electrodes 
f rom germanium,  silicon, graphi te ,  carbides,  borides, 
and a va r i e ty  of o ther  mater ia ls .  
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Erratum 

In the  paper  "Studies  on Chlorate  Cell  Process,  V. 
Theory  and Prac t ice  of a Modified Technology for 
Elect rolyt ic  Chlora te  Product ion"  by M. M. Jaksi6, 
A. R. Despi6, I. M. Csonka, and B. Z. Nikoli6 which 
was publ i shed  on pp. 1316-1322 of the  Sep tember  1969 
issue of the  JOURNAL, VO1. 116, No. 9, severa l  er rors  
appeared  in Append ixes  I and  II  (pp. 1320-1322). The 
correc ted  Append ixes  follow. 

A P P E N D I X  I 
One can a r r ive  at Eq. [5] both  in the  given and 

an ex tended  form, which  takes  into account aI1 k inds  
of losses in the e lect rolyt ic  product ion of chlorate  for  
a c losed- loop system, by  considering the ma te r i a l  
ba lance  of ava i lab le  chlor ine wi th  respect  to the  cell  
at  quasi  s t eady-s t a t e  condit ion,  which  is defined by  
[cf. (4) ] 

v~.  \ ~ )  = 0  [151 

The pa r t i a l  contr ibut ions  of ind iv idua l  components  
of production,  consumption,  and loss of ava i lab le  
chlor ine  dur ing  the process would be as follows: 

(a) Anodic  genera t ion  of ava i lab le  chlorine,  which  
is conver ted  to chlora te  by  two possible para l l e l  paths  
(Eq. [2] and  [3]) 

( dC,c ) t l . I  
Vc" ~ cl = 2F [16] 

where  t l  is the  f ract ion of cu r ren t  used for genera t ion  
of chlor ine  b y  anodic oxidat ion  of chlor ide  

2C1- ~ C12 q- 2e [17] 

wi th  subsequent  hydro lys i s  

C12 q- 2H20 ~ HC10 q- HsO + q- C1- [18] 

and conversion (Eq [2]) ,  or  fu r ther  anodic oxidation 
(Eq. [3]) to chlorate.  

(b) Anodic  genera t ion  of avai lable  chlorine,  which 
is subsequent ly  lost  in the  e lect rolyt ic  product ion 
process by  cathodic reduct ion 

C 1 0 -  + H~O -t- 2e--> C1-  + 2 O H -  [19] 

is descr ibed as 
( d C s c ~  t 2 . I  

Ve" ~ / ~ 2  = 2F [20] 

where  t2 is the f ract ion of the  cur ren t  used for gen-  
era t ion of tha t  pa r t  of ava i lab le  chlorine. 

(c) Anodic  genera t ion  of ava i lab le  chlorine,  which 
is subsequent ly  lost by evapora t ion  in the hydrogen  
s t ream 

dCse ~ t3 �9 I 
Vc" ( " ~ x  / ~  -- 2F [21] 

where  t3 is the  f ract ion of the  cur ren t  used for un-  
hydro lyzed  chlorine.  

(d) F u r t h e r  anodic oxidat ion  of ava i lab le  chlor ine 
to chlora te  (Eq. [3]) .  

dCsc ~ _ t4 " I 
Vc " ( "--d-~T/ox F 

[22] 

where  t4 is the  f ract ion of the  cur ren t  for the  anodic 
chlora te  formation.  

(e) Ava i l ab le  chlor ine consumpt ion by  cathodic r e -  
duct ion 

. ( d C s e )  t 2 . I  
Yc \ ~ RED = 2F [23] 

which corresponds to Eq. [20]. 
(f) Cur ren t  losses by  chlor ine  evapora t ion  in the 

hydrogen  s t ream 

V c "  ( d C s c ) ~  E = --  t3"I2F [24] 

(g) Conversion of ava i lab le  chlor ine  to chlorate  
(Eq. [2]) inside the  cell  (18, 19), which operates  as 

b a c k - m i x  flow reac tor  

V c  " ~ CH = - -  3Ic2" kr, c " Vc " [HC10]c 2 " [C10- ]c  

[25] 

(h) The difference in quant i t ies  of ava i lab le  chlo-  
r ine leaving the cell  and enter ing the cell  f rom the  
holding volume in the  considered t ime in te rva l  (which 
is equal  to the conversion of ava i lab le  chlor ine to 
chlora te  inside the holding volume)  

Ve" ( d C s c ) = - - q ( C s c - - C s h ) ~  H [26] 

The ma te r i a l  balance (Eq. [15]) thus is given by  the 
fol lowing re la t ion 
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t l  �9 I t2 " I t3 " I t4 " I t2 " I 

2----~ -t- ~ -} 2F F 2F 

t3 �9 I 
3fc 2 �9 kr,c �9 Vc �9 [HC10]c 2 �9 [C10-]c  

2F 
--  q(Csc --  Csh) = 0  [27] 

Indiv idual  fractions of the anodic current  are, in 
that  case, connected by the relat ion 

t, + t2 -t- tz Jr t4 ---- 1 [28] 

By combining Eq. [27] and [28], one obtains the ex- 
plicit expression for the current  efficiency on chlorate 

2 2Ir 2 �9 kr,c �9 Vc " F 
tl = -~- -{- I �9 [HC10]c 2 �9 [C10-]c  

- ~ - F  -~- " (Csc- -C,h)  ---~-  ( t2~-t~)  [29] 

in which fur ther  t ransformat ions  of the second and 
third terms are possible, as given in the main  par t  of 
the paper. By dividing all terms of Eq. [27] by three, 
one can relate the generat ion and consumption of 
available chlorine with chlorate production, which 
means that tl also defines the current  efficiency in the 
process of electrolytic chlorate production. 

The current  losses due to the catalytic decomposi- 
tion of available chlorine and chlorate, or the anodic 
oxidation to perchlorate, are practically avoided under  
normal  conditions of production, and thus need not be 
taken into consideration in the presented analysis. 

The fraction of the current  loss due to cathodic re-  
duction is given as a ratio of the difference between 
the theoretical amount  of hydrogen (Vo) and that 
actually produced amount  (V1), to the theoretically 
given amount  (Vo) for a certain durat ion of electrol- 
ysis, namely  

g o  - -  VI 
t~ -_ [30] 

Vo 

The fraction of the current  loss due to chlorine 
evaporation can also be determined by gas analysis as 
the ratio of percentage fractions of chlorine (Q) and 
hydrogen (H) 

Q 
= - -  [31] 

H 

under the conditions of negligible cathodic reduction 
of available chlorine. If it is not negligible, this rela- 
tion gives the ratio of evaporated chlorine to the theo- 
retical amount of hydrogen developed for the same 
time interval. 

In the presence of dichromate ions, with sufficiently 
high current densities and in a suitably defined pH 
region, both kinds of loss tend to zero, and Eq. [29] 
reduces to Eq. [5]. 

APPENDIX II 

The equation for calculating the current  efficiency 
from the gas analysis, which takes into account all  
kinds of losses, listed in Appendix  I, can be derived 
using Faradaic stoichiometry, i.e. coulometric balance. 

Consider the passage of N faradays through the cell 
during a definite t ime in terval  under  quasi s teady- 
state conditions of electrolytic chlorate production. 
This should be dis tr ibuted as follows: 

(a) Let x be the fraction of the charge, N, at the 
anode which is used to oxidize those chloride ions 
(Eq. [17]), which on discharge give molecular  chlorine 
subsequent ly  lost by evaporat ion (unhydrolyzed chlo- 
r ine) .  Then x �9 F produce x / 2  moles of evaporated 
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chlorine at the anode, and x / 2  moles of hydrogen at 
the cathode. 

(b) Let y be the fraction used to oxidize chloride 
ions which produce available chlorine to replace that  
which is consumed by chemical conversion to chlorate 
(Eq. [2]). Then y �9 F produce y / 2  moles of available 
chlorine at the anode and y / 2  moles of hydrogen at 
the cathode. 

(c) Let z be the fraction used to oxidize fur ther  
the available chlorine into chlorate (Eq. [3]). Then z / 4  
moles of oxygen are produced at the anode and z /2  
moles of hydrogen at the cathode. 

d) Let w be the fraction which produces hypo- 
chlorite ions to replace those reduced at the cathode 
(Eq. [19]). Then w �9 F produce w / 2  moles of available 
chlorine at the anode and reduce the same amount  at 
the cathode. 

All  the fractions must  sum up to give the total  
amount  of charge as 

x -t- Y -t- z ~ w = N [32] 

The fraction of oxygen (S) in the gas mix ture  
shored then  be 

z 

02 4 
S~--- 

I~2 ~-O2-~-C12 ( x y z z x )  

[33] 

while the content  of unhydrolyzed (evaporated) chlo- 
r ine (Q), obtained by gas analysis, is given by the 
equation 

x 

C12 2 
Q =  

~t2 "~ O~ ~- C12 ( X y Z Z X ) 
-if+ + + 

[a4] 

The current  fraction lost by cathodic hypochlorite 
reduction (P ---- tf) is expressed by the following re la-  
t ion 

2 
p _-- [35] 

( x  y z w )  y+y+y+  
The current  efficiency of chlorate formation (t l) ,  

which has to be equal to the theoretical  amount  of 
electricity required for the yield divided by the ac- 
tual  amount  used, is then given, expressed as a fraction 
of unity,  by 

Y 

2 
t1 ---- [36] 

( x  y z w )  y+y+y+  
Equations [33-36] represent  a system of four ho- 

mogenous l inear  equations, which can be solved for 
tl  by e l iminat ing the u n k n o w n  quanti t ies x, y, z, and 
w 

( 1 - -  2Q --  3S) ( 1 - -  P)  
tl  = [37] 

1 - q - s  

The partial fractions of oxygen (S) and chlorine 
(Q) are determined by the gas analysis, while the 
determination of the current fraction losses by hypo- 
chlorite reduction at the cathode (P = t2) is discussed 
in Appendix I. Carbon dioxide is added to the oxygen 
content in the present calculations. 
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ABSTRACT 

The phenomenon of oxygen t ransfer  to the surface of a p la t inum cathode 
has been clarified for a hydrogen-oxygen fuel cell. The cathode which was 
par t ia l ly  submerged in acid electrolyte was investigated at various steady- 
state conditions, for various methods of raising and lowering, and at several 
s ta r t -up  conditions. Large currents  are generated in the cathodic area close 
to the meniscus because t ransfer  of oxygen is relat ively easy there. Larger 
currents  can be obtained by lowering or in some cases by raising a cathode 
which is par t ia l ly  immersed in the acid electrolyte. 

Convincing evidence has been presented recent ly 
that  the most impor tant  reaction zone on the anode 
of a hydrogen-oxygen fuel  cell is the th in  portion of 
the meniscus and the adjacent  th in  film of electrolyte 
(1-6). The diffusion path of the hydrogen from the gas 
phase to the electrode surface is short in this zone, 
and concentrat ion polarization is reduced (3, 4, 7-9). 

Vertical movements  of the anode of a hydrogen-  
oxygen cell part ial ly immersed in acid electrolyte were 
found by Will  (3) to produce significant t ransient  
effects. Currents  were ini t ia l ly depressed when a 
platinized anode was raised, bu t  they were increased 
when it was lowered. Ennis  (6) found, however, for a 
sand-blasted p la t inum anode that  the currents  were 
larger than steady-state  with both raising and lower-  
ing. Davit t  and Albr ight  (5) resolved this apparent  
anomaly by demonstrat ing that  the character of the 
surface roughness is impor tant  relat ive to these t r an-  
sient currents.  They also reported large ini t ial  surges 
of current  with quick anode lowering and increased 
currents  with gradual  constant-speed lowering. The 
average current  was found to depend on the rate  of 
anode movements,  applied potential,  and surface con- 
dition. 

In the present  investigation, uns teady-s ta te  current  
responses dur ing cathode motion were studied. The 
objectives were to provide detailed data for motion of 
the oxygen cathode in acid electrolyte similar to those 
presented by Davitt  asd Albright  (11) for the anode 
and to examine fur ther  the constant-speed lowering 
phenomena.  Steady-state,  s ta t ionary-cathode data are 
compared with the unsteady-s ta te  currents.  Current  
changes dur ing  lowering are proposed to be similar 
to the t rans ien t  currents  at cell s tar t-up.  Results of 
cathode raising are explained in terms of changes in 
the meniscus region. 

Experimental 
The cell was constructed main ly  of borosilicate glass 

(Pyrex)  and consisted of a large cathode chamber 
separated from the smaller  (450 ml) anode chamber 

1 Present  address: Humble  Oil and  Ref ining Company,  Bay town,  
Texas.  

by a porous glass disk. The electrolyte was 1N sulfuric 
acid prepared from reagent grade acid and distilled 
water. A bubbler,  which was immersed in the electro- 
lyte 4 in., was shielded by a glass cyl inder  with an 
open end immersed 5 in. Oxygen was bubbled  through 
the electrolyte at the rate of about 800 cc /hr  and then 
flowed to the cathode chamber. A glass s t i r rer  was 
used to agitate the electrolyte and assure its homo- 
geneity. The tempera ture  of the electrolyte was main-  
tained at 30 ~ ___ 0.3~ and the cathode chamber  was 
operated at atmospheric pressure. 

The three cathodes used were prepared from pla t i -  
num foil 0.0125 cm thick and 3 cm wide by 8 cm high. 
The top of each cathode was spot-welded to a 12 cm 
length of p la t inum wire which was connected by cop- 
per wire to the external  circuit. The first cathode (S) 
was unal tered  foil wi th  a mir ror - l ike  surface. It  pro-  
duced low currents  which did not achieve steady-state 
but  which decayed over long periods of time. Similar  
difficulties with smooth p la t inum has been reported by 
others (4). Because a rel iable s teady-state  reference 
could not be developed for this cathode, only l imited 
exper imentat ion was tr ied with it. The other two cath- 
odes were platinized using 10% chloroplatinic acid and 
a current  densi ty of 10 m A / c m  2. Pla t in iz ing for 120 
sec produced a "moderately platinized" cathode (hence- 
forth called cathode M) and for 240 sec yielded a 
"heavily platinized" cathode (cathode H).  Roughness 
factors (BET surface/geometric surface) for the three 
cathodes were calculated to be 1, 75, and 150 for the 
smooth, moderately  platinized, and heavi ly  platinized 
cathodes, respectively. These calculations are based on 
the measured capacitances at the rest potential  and the 
specific capacitance (capacitance/BET surface area) 
reported earl ier  (10, 11). 

The anode (often par t ia l ly  submerged in the elec- 
trolyte) consisted of two rectangular  strips of plat i-  
num foil total ing 48 cm 2 geometric surface area, which 
was platinized for 5 min  at a current  density of 20 m A /  
cm 2. Hydrogen was cont inuously supplied to the anode 
chamber  at approximately  800 cc/hr. 

Potentials  were referred to a Leeds and Northrup 
saturated calomel electrode (SCE) which has a poten-  
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t ial  re la t ive  to the normal  hydrogen electrode (NHE) 
of 0.242V at 30.0~ (12). A potentiostat  s imilar  to the 
one described by Schwarz and Shain (13) was used to 
control  the cathode potential .  ,Current measurements  
were  repor ted  continuously on a Sargent  Model SR re-  
corder. 

A glass tube through which the electr ical  lead f rom 
the cathode was passed was used as a support  for the 
cathode. It  was often connected to a motor -d r iven  
elevator  for adjust ing the ver t ica l  height  of the cath-  
ode at various constant rates. Al ternat ive ly ,  the posi- 
t ion could be hand adjusted by 2 to 4 cm in less than 
1 sec. The currents  as repor ted  here  for s ta t ionary 
positions of the cathode are the s teady-s ta te  values 
obtained after  about 20-40 min. For  runs at a constant 
rate  of raising, the  ful ly  submerged cathode was first 
a l lowed to reach a s teady-s ta te  current  before rais-  
ing was started. 

Pr ior  to each run the electrode was cleaned by im-  
mersion for 0.5 hr  in a solution of 20% reagent  grade 
nitric acid at the boiling point. Af te r  a thorough rinse 
in distil led wa te r  the cathode was introduced into the 
cell, and the cell  was al lowed to equi l ibrate  4-12 hr  
before the start  of the run. Exper iments  wi th  sta- 
t ionary cathodes resul ted in currents  which were  re-  
producible to wi th in  •  while  those wi th  moving 
cathodes were  reproducible  to wi thin  •  

Results 

Stationary cathodes.--The current  phenomena for 
the modera te ly  platinized and the heavi ly  plat inized 
cathodes were  invest igated at cell s tart-up.  In each 
case, the cathode was immersed  in the electrolyte  and 
then al lowed to equi l ibrate  in the system for at least 3 
hr  at open-circuit .  The circuit  was then closed, a n d  a 
given potent ial  was applied. F igure  1 indicates resul t -  
ing current  responses repor ted  as m A / c m  2 for both 
cathode M (moderate ly  plat inized cathode) and cathode 
H (heavi ly plat inized cathode) .  

A high init ial  current  was obtained in all cases at 
start-up, but the current  decayed rapidly toward the 
s teady-sta te  va lue  in the first few minutes. Higher  
initial currents  were  obtained at 0.158V as compared 
to 0.558V. The difference in the results for the two 
cathodes at 0.158V was small. If the cell was shut down 
(i.e., the  circuit  was opened) and then res tar ted 
within  less than 3 hr, the init ial  current  was less than 
that  shown in Fig. 1. Hence equil ibrat ion of the cathode 
with  the surroundings is an impor tant  consideration. 
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Fig. 1. 'Current as a function of time after cell start-up for 
heavily platinized cathode (cathode H) and for moderatively plat- 
inized cathode (cathode M). 
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Fig. 2. Cur ren t  as a funct ion  of  e m e r g e n t  he ight  for  ca thode  H 

a t  three  appl ied  potent ia ls .  

Steady-s ta te  currents  were  obtained af te r  about 20- 
40 min, and these currents  were  invest igated as a func-  
tion of the length of the cathode extending  above the 
surface of the electrolyte,  called here the emergent  
height, h. F igure  2 shows the results  for cathode H at 
heights be tween  ful ly  submerged,  h ~ 0, and just  
touching the electrolyte  (but wi th  a complete  menis-  
cus), h ~- 8 cm. The results for cathode M were  essen- 
t ial ly identical. 

The meniscus contr ibuted the increase in the s teady-  
state current  be tween h = 0 and approximate ly  
h = 0.5 cm (at which height  the meniscus was ful ly 
developed) ,  or  the total  current  at h ---- 8. In most 
cases, these two current  values were  identical  wi th in  
exper imenta l  accuracy. The complete ly  submerged 
cathode of course contr ibuted the cur ren t  at h = 0. 
The currents  at 0.158 and 0.358V were  qui te  similar  
and significantly higher  than those at 0.558V. At about 
h = 0.5 cm, the meniscus produced for cathodes M and 
H approximate ly  40% of the total  current  at 0.158 and 
0.358V, and about 30% at 0.558V. The meniscus for the 
smooth cathode (cathode S) however  produced less 
than 5% of the cur ren t  for that  cathode. At 0.158V, the 
meniscus for cathodes M and H contr ibuted about 0.38 
m A / c m  of meniscus length which is in excel lent  agree-  
ment  wi th  0.40 m A / c m  found by Maget  and Roethlein 
(4) at 0.156V. 

Comparisons of the currents  obtained f rom similar ly 
polarized cathodes and anodes are of interest.  Table  I 
gives one such comparison. The results of cathode H 
at  0.158V and of the anode at 0.55V as used by Davi t t  
and Albr ight  (5) were  used to prepare  this table. These 
voltages represent  polarizations (deviations f rom open 
circuit) for the s imilar ly act ivated electrodes of about 
0.6 and 0.8V, respectively.  The current  density of the 
completely  submerged cathode was about 60% greater  
than that  of the submerged anode. The meniscus cur-  
rent  of the anode was, however ,  about 4.7 t imes  greater  
than  that  of the cathode. Comparisons of the  meniscus 

Table h Comparison of currents generated at cathode and anode 

Cathode ,  (this 
work)  A n o d e  (5) 

P o t e n t i a l  SCE 0.158V 0.55V 
P o l a r i z a t i o n  0.6V 0.8V 
D i m e n s i o n s  3 c m  • 8 cm 2.5 c m  • 8 c m  
G e o m e t r i c a l  su r face  area,  cm 2 48 40 
C u r r e n t  w h e n  c o m p l e t e l y  sub-  3.8 2,0 

m e r g e d ,  m A  
C u r r e n t  w h e n  compIe fe ly  sub-  0.08 0.05 

m e r g e d ,  m A / c m  2 
M e n i s c u s  cu r r en t ,  m A  2.2 9.0 
C u r r e n t  pe r  l i n e a r  l e n g t h  o f  0.37 1.8 

men i scus ,  m A / c m  
E s t i m a t e d  c u r r e n t  d e n s i t y  in  1.5 7.2 

m e n i s c u s  area  (0.25 cm m e -  
n i scus  h e i g h t  a s sumed)  
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currents  for an anode (3) and of a cathode (4) at 
lower polarizations gave a s imilar  result. Current  
densities in the meniscus region are  greater  by a factor 
of about 20 and 150 as compared to the densities in the 
submerged portions of the cathode and anode, respec-  
tively, if it is assumed that  the effective height  of the 
meniscus in each case is 0.25 cm. 

Rapid height changes of cathodes.--Current-time 
response was invest igated for a rapid change in height  
(within 1 sec or  less) f rom h ---- 2 to h ---- 6 cm, or vice 
versa. Lower ing  cathode H caused the currents  at po- 
tentials of 0.158 and 0.558V to first surge rapidly above 
14 mA and then to decay in a few seconds to wi th in  
3 mA of the new s teady-s ta te  currents  at h = 2 cm 
(see Fig. 3). The cur ren t - t ime  response when  the cath-  
ode was quickly lowered f rom a position completely 
wi thdrawn from the electrolyte  to a given emergent  
height  h was found to be identical  wi th in  exper imenta l  
accuracy to the response for the s tar t -up of the sta- 
t ionary cathode at the  same height. 

Raising cathode H rapidly caused an init ial  current  
depression then a 5-10 mA surge and finally a decay to 
the s teady-s ta te  cur ren t  at h ---- 6 cm, as shown in Fig. 
4. The cur ren t  surges and the t ime of decay were  
considerably grea ter  at 0.158V than  at 0.558V. The cur-  
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Fig. 3. Current as a function of time after rapid lowering of 
cathode H. 
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Fig. 4. Current as function of time after rapid raising of cathode 
H. The insert indicates the current response immediately after rais- 
ing the cathode at 0.558V. 
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rent responses for both rapid raising and lowering 
were found to be quite similar for cathodes H and M. 

Constant-speed movement of cathode.~Constant- 
rate  raising or lowering exper iments  wi th  cathodes NI 
and H were  begun with  the cathode ei ther  complete ly  
submerged at s teady-sta te  current  or  completely  ex-  
posed to an oxygen atmosphere,  respectively.  Figures  
5 and 6 show results for cathode H at 0.558 and 0.158V, 
respectively.  In these figures, the current  was plotted 
vs. the  emergent  height  for various rates of lowering 
and raising. Larger  increases of current  were  obtained 
especially at 0.158V, as the ra te  of lower ing increased. 
The currents  for the s tat ionary cathode (i.e., zero ra te  
of lowering)  are also shown and designated as s teady-  
state currents.  About  a seven-fold  increase was ob- 
ta ined when the rate  of lower ing was 18.5 c m / m i n  as 
compared to the currents  for the s tat ionary cathodes. 
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Fig. 5. C u r r e n t  as a funct ion 0f  e m e r g e n t  he ight  during constant -  

speed mot ion of ca thode  H a t  0.558V. 
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Fig. 6. Current as function of height during constant-speed low- 
ering of the heavi ly p la t in ized c a t h o d e  (ca thode  H)  a t  0.158V po- 

tent ia l .  
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These higher currents  continued even when the cath- 
ode was completely submerged in the electrolyte, that  
is for h < 0 cm. 

Raising cathode H at rates of 4.7-12�9 c m / m i n  caused 
the current  to decrease slightly as compared to the 
steady-state  values of current  when  the potential  was 
0.556V, as also shown in Fig. 5. Larger currents  were 
obtained however at 0.I58V when the cathode was 
raised at constant  rates. In  general, this t rend was 
proport ional  to the rate of raising as the rate was 
increased to about  8 cm/min .  About  a 2-fold increase 
of current  was obtained at this rate as compared to the 
currents  for the s ta t ionary cathode. No significant 
change in current  was noted however between raising 
rates of 8.0 and 18.4 cm/min.  

The average current  obtained dur ing  either the rais- 
ing or the lowering of the cathode at constant speed 
was calculated by averaging the cur ren t -emergent  
height data from 0 to 8 cm. Such an averaging tech- 
nique is useful in quant i ta t ive ly  comparing how the 
rate of lowering or raising the cathode affects the cur-  
rent  density. Results for raising and lowering at both 
0.158 and 0.558V with cathodes H and M are shown in 
Fig. 7. Cathode H produced slightly higher currents,  
but  the types of electrode surface had relat ively less 
effect as compared to the applied potential  and the di-  
rection of motion. 

Discussion of Results 
The general  phenomena and current  responses noted 

in the present  investigation for various cathodes were 
quite similar in  character to those noted earlier for 
anodes (5). As had also been found in  the anode study, 
the current  generat ion is controlled to a considerable 
extent  by physical effects ra ther  than  by electro- 
chemical ones. Controll ing factors for the cathode in-  
clude t ransfer  of the oxygen to the electrode and the 
character of both the meniscus and adjoining film. 

The results of Fig. 2 indicate that  s teady-state cur-  
rents for par t ia l ly  submerged cathodes were diffusion 
controlled, especially in the range of 0.158'0.358V. In  
this range, they increased slightly with decreasing po- 
tential.  Activat ion control is thought, however, to be 
l imit ing at 0.558V and  above, at which potentials con- 
siderably lower currents  are obtained. These conclu- 
sions and the general  character of the cur rent -he ight  
curves are in  good agreement  with Maget and Roeth- 
lein (4). 
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Fig. 7. Average current as a function of speed during constant- 
speed motion of cathodes (solid lines indicate lowering experiments 
and dotted lines indicate raising experiments). 

Current on Sully submerged electrode.--When a gas 
diffuses through a liquid as is occurring at both the 
cathode and the anode, the molar  flux (N) for such a 
t ransfer  is expressed by Fick's law (12). For  a dilute 
system, the molar  flux through a given thickness of 
l iquid to a flat electrode is proport ional  to the product 
of the diffusivity coefficient (D) of the gas and the 
concentrat ion gradient  (~C) /L  of the gas dissolved in 
the l iquid 

N g a s  ~ Dgas- l iquid AC/L 

~C is equal to the concentrat ion in the ma in  body of 
the electrolyte minus  the concentrat ion at the elec- 
trode surface and L is the diffusion layer thickness. 
For diffusion-limited conditions such as f requent ly  oc- 
cur in the case of the submerged cathode or anode (5), 
the reactant  concentrat ion at the surface is essentially 
zero. The dissolved concentrat ion in the bu lk  of the 
electrolyte in this work is almost equal to the saturated 
concentrat ion since efforts were made to keep the elec- 
trolyte saturated�9 

Using available values for the diffusivity coefficients 
and for the equi l ibr ium concentrat ions of the two 
gases in water  (14), the diffusion layers for the cathode 
and anode were calculated to  be in the range 1000-2000 

thick�9 For the conditions compared in Table I, the 
diffusion layer for the cathode was the thicker of the 
two. These calculations indicate that  the ratio of the 
current  densities generated on the submerged portions 
of a cathode and anode are at least in re la t ively good 
agreement  with theory if diffusion is the ra te- l imi t ing 
step. 

Meniscus current.--Currents generated in the region �9 / �9 
of the memscl  of both the cathode and anode are diffu- 
sion controlled (rather than limited) at high polariza- 
tions, e.g., 0.158V for the cathode or 0.56V for the 
anode�9 The controll ing step is slow diffusion but  cur-  
rent  is nevertheless dependent  on potential  because 
the molar  dr iving force, C b u l k -  Cadsorbed ,  varies as 
Cadsorbed  varies with potential  (3,15). Although the 
driving force is larger in the fully submerged region 
w h e r e  Cadsorbed ~ 0, the diffusion length is smaller in 
the upper  portions of the meniscus where the liquid 
thicl~ness is 50~ or less. Significantly increased current  
densities are generated in these portions of the menis-  
cus (4). 

Raising cathodes.--Rapid raising of cathodes acted 
to disrupt  and extend the s tat ionary meniscus and film 
which were relat ively oxygen-r ich as compared to the 
diffusion layer  surrounding the submerged portion of 
the cathode. The following events l ikely occur after 
the cathode is moved: 

(i) The original meniscus is stretched and thinned.  
The newly formed meniscus has a lower con- 
centrat ion of oxygen than the original. 

(ii) Motion of the electrode causes dis turbance of 
the diffusion layer  surrounding the cathode, 
forced convection currents  are induced in the 
electrolyte, and  the oxygen t ransfer  rate in -  
creases. 

(iii) Electrolyte clinging to the wi thdrawn port ion 
of the cathode absorbs oxygen as it drains into 
the meniscus increasing available oxygen for 
reaction. 

(iv) Eventua l ly  a stable meniscus is reformed and 
s teady-state  concentrat ions develop resul t ing 
in a s teady-state  current .  

These meniscus effects, which l ikely occur more or 
less in a chronological order, suggest a rat ionale for 
the observed current  phenomena after a quick raise 
of the cathode�9 Step (i) is the reason for the ini t ial  
drop of current�9 Sudden meniscus stretching causes a 
condition similar to a thin film above a s tat ionary 
meniscus where it has been shown that  concentrat ion 
and ohmic polarization both l imit  current  (4). Steps 
(iS) and (S/i) are responsible for the higher currents  
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noted, as shown in Fig. 4, before steady-state conditions 
are established. 

Whether  the currents  obtained dur ing  constant-speed 
raising are greater or less than  the steady-state  cur-  
rent  depends on the applied potential. Since the slopes 
of constant-speed raising curves are about equal to 
the steady-state  slopes (see Fig. 5), meniscus changes 
are presumably  responsible for the major  deviations 
from steady-state  currents.  All  the meniscus effects 
postulated for quick raising should apply to constant-  
speed raising, bu t  they would occur simultaneously.  
Meniscus stretching and lower meniscus oxygen con- 
centrat ion would reduce current ,  whereas forced con- 
vection to the submerged electrode and electrolyte 
dra in ing would counteract  this tendency. The over-al l  
effect is a slight decrease in  current  dur ing steady 
raising at 0.558V and a moderate increase at 0.15V 
(not shown) compared to steady state. Note that  a 
slow activation step at 0.558V more than  cancels con- 
vection and dra in ing  dur ing steady raising, bu t  for 
quick raising the larger molar  convection flux appar-  
ent ly  increases oxygen concentrat ion at the submerged 
electrode surface to an extent  that  the slow reaction 
is accelerated. 

Lowering cathodes.--The large current  surges with 
rapid lowering of the cathode are thought  to be caused 
by  at least one of the following two factors: 

1. The lower end of the cathode moves into fresh 
electrolyte in which the concentrat ion of the oxygen 
is high. 

2. The port ion of the electrode ini t ia l ly above the 
electrolyte surface carries some absorbed oxygen (and 
oxygen dissolved in the electrolyte film) into the 
electrolyte where it quickly reacts. The exact condi- 
tion of the oxygen is not known. Some of it may be 
present as a chemisorbed state and some as a p la t inum 
oxide (16). This lat ter  phenomenon is designated as 
the s ta r t -up  effect. 

It is of interest  to note that  the  relationship between 
current  and time is essentially identical for both quick 
lowering of the cathode into the electrolyte and for 
s ta r t -up  of the cathode after open circuit. The same 
effects which cause the current  surges with quick low- 
ering of the cathode are apparent ly  responsible for the 
current  behavior  with constant-speed lowering. A dif- 
ferent ial  area on the cathode surface experiences a 
surge in current  densi ty when  it first contacts the 
electrolyte. The current  generated at this area then 
decays (as at cell s tar t-up,  see Fig. 1) as the cathode 
moves into the electrolyte. The bottom edge of the 
cathode however cont inuously encounters  fresh elec- 
t rolyte  and its current  density will  therefore be main-  
tained at a relat ively high level. 

A simplified model is proposed for a cathode which 
is lowered at a constant  rate into electrolyte. The 
s tar t -up effect for this model is a rb i t ra r i ly  assumed to 
apply only to the upper  half  of the submerged portion 
of the cathode. The fresh electrolyte effect is assumed 
to apply to only the lower half  of the cathode. Calcu- 
lations were performed for cathode H at 0.158V. Cur-  
rent  densities on the upper  half  of the submerged 
portion of cathode H were calculated using the s ta r t -up  
data for this cathode. An  arb i t ra ry  funct ion for the 
fresh electrolyte effect was devised so that  the pre-  
dicted value at h = 4 cm and 8.3 c m / m i n  fit the actual  
current  data. The funct ion was actually the measured 
s tar t -up current  for t ime ~ 0.2 min  with the ini t ial  
current  surge replaced by a smoothed curve extrap-  
olated to 0.86 m A / c m  2 at t ime ---- 0. This same function 
was used in subsequent  calculations for other rates of 
lowering. Calculated curves for 5.2, 8.3, and 18.5 
c m / m i n  are presented in  Fig. 8. 

The model ra ther  accurately predicts the results for 
low-speed lowering, but  it is less accurate at higher 
rates. It  is inaccurate up to about 20% for 13.7 cm/min  
and up to 25% for 18.5 cm/min.  When the model was 
modified, however, to include the s tar t -up effect over 

45 I "X ", ,,, 
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Fig. 8. Predicted model for average current as function of emer- 
gent height during constant-speed lowering of cathode H at 0.158V 
(dotted lines indicate predicted values and solid lines indicate ex- 
perimental values). 

the entire cathode, the model accurately represented 
the results at 18.5 cm/min.  I t  seems logical that  the 
s ta r t -up  effect would be more impor tant  and the fresh 
electrolyte effect less impor tant  for higher rates of 
lowering of the cathode. In  such cases, the oxygen at 
or near  the cathode would be less depleted between 
h ---- 8 and h ---- 1 cm, and the relat ive contr ibut ion of 
oxygen convection from the bu lk  electrolyte would be 
reduced. 

Figure 9 i l lustrates qual i ta t ively the proposed m a n -  
ner  in which the current  density varies with the sub-  
merged distance dur ing cathode lowering. These curves 
are based in part  on the model just  described. Since 
the model is accurate at low speeds, the proposed low- 
speed current  density profile is s imilar  to the profiles 
assumed for the model, i.e., there is a significant fresh 
electrolyte effect at the lower end of the cathode. The 
predictions of the model were too high at higher  

~ E HIGH SPEED / / 

i '<2" / 

, f 
DIRECTION OF MOTION 

Fig. 9. Proposed family of current density profiles for a cathode 
being lowered. 
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speeds, and the error was probably  caused by over-  
est imating the importance of the fresh electrolyte 
effect. The proposed current  density profile for high- 
speed lowering includes less allowance for this effect 
than does the model. 

Conclusions 
Transfer  of oxygen is controll ing in the reactions 

which occur on the surface of a highly polarized 
cathode that  is par t ia l ly  immersed in  a dilute acid 
electrolyte. Large currents  are generated in the cath-  
odic area close to the meniscus because t ransfer  of 
oxygen is re la t ively easy there. Larger  currents  can 
be obtained by lowering or in some cases by  raising a 
cathode which is par t ia l ly  immersed in the acid 
electrolyte. 
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The Hydrated Nickel Hydroxide Electrode 
Potential Sweep Experiments 

D. M. Mac Arthur* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The mechanism of the hydrated nickel hydroxide electrode, used in the 
nickel cadmium battery, is a mat ter  of considerable controversy. Potent ia l  
sweep experiments  were performed on film nickel hydroxide electrodes in an 
effort to determine the oxidat ion-reduct ion mechanism. The existence of more 
than  one reduced structure was confirmed and the s t ructure  known as 
a-nickel  hydroxide was studied in detail. A model based on a reversible charge 
t ransfer  step with a ra te-control l ing diffusion process was used to analyze 
the data. The results were in good agreement  with the model. The over-al l  
reaction for a-nickel  hydroxide was found to be 

213Ni(OH)2 �9 2H20] -t- 6 O H -  ~- 3/2KOH 

2 [3NiOOH �9 7/2H20 �9 3/4KOH] ~ 3H20 ~ 6e -  

The ra te-control l ing process, which was assumed to be proton diffusion, was 
found to have a diffusion coefficient of approximately 2 x 10 -9 cm 2 sec -1. Evi-  
dence for the formation of a poorly conducting layer  dur ing discharge of the 
electrode was found and capacity loss was a t t r ibuted  to this. 

The commercial  success of the nickel  cadmium 
bat tery  has aroused considerable interest  in the nickel 
electrode used in this battery.  Many studies (1-4) have 
been reported in which the s tructure and the electro- 
chemical mechanism have been the subject of inves-  
tigation. No real progress was made in unders tanding  
this electrode unt i l  recent ly when several (5-7) in-  
vestigations achieved some success in unders tanding  
the s t ructural  modifications of the electrode. Although 
the s tructure is now par t ly  understood, the electro- 
chemical mechanism of this electrode is still not clear. 

It  is well  established that  the reduced form is 
Ni(OH)21 and the oxidized form is general ly be-  
l ieved to be NiO(OH).  Both these structures have 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
K e y  words:  batteries,  ox ide  elec t rodes ,  n i c k e l  h y d r o x i d e  e lec t rode .  
1 Ni(OH)2 is u sed  he re  as an  a b b r e v i a t e d  s y m b o l  fo r  t he  n i c k e l  

h y d r o x i d e  e lectrode  w h i c h  ex i s t s  in  a v a r i e t y  of h y d r a t e d  fo rms .  

been shown (6) to exist in two modifications called 
and fi for the reduced structure and correspondingly 
and fi for the oxidized structure.  The reduced a 

form has fur ther  been shown to have the formula 
3Ni(OH)2-2H20. These structures and their  modifica- 
tions are probably hydrated  to a greater  or lesser 
extent. It was also shown that  ~ nickel hydroxide is 
formed by electrochemical precipitat ion from 
Ni(NO3)2 solutions as used in prepar ing the elec- 
trodes for this study. I t  was fur ther  found that  
nickel hydroxide is unstable  on s tanding on open cir- 
cuit or cycling. Lukovtsev (8) has presented a theo- 
retical a rgument  for a redox mechanism in which 
proton diffusion through the lattice is one of the re-  
action steps. Lukovtsev and Slaiden (9) have re-  
ported exper imental  results in tended to measure the 
rate of diffusion of protons in the electrode but  their  
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results were  only quali tat ive.  Sagoyan (10) used iso- 
topic t racers  to show that  dur ing the redox reaction, 
protons are exchanged wi th  the solution while  there  
is ve ry  l i t t le  oxygen exchange. 

Fei tknecht  (11) and coauthors measured the diffu- 
sion coefficient of protons in the nickel  hydroxide  la t -  
tice by measur ing the ra te  of exchange of radioact ive 
hydrogen with  wate r  vapor. They found that  at t em-  
pera tures  above 100~ the enthalpy of diffusion was 
about 23 kcal  deg -1 mole -1 and Do in the expression 
D = Do exp (--  ~H/RT) was about 2 X 10 -~ cm 2 
sec -1, a l though the la t ter  value could be wrong by 
several  orders of magni tude  since the data showed 
considerable scatter. 

Experimental 
Electrolysis cell.--A sketch of the cell is shown in 

Fig. 1. A four-necked  flask constructed of alkali  re-  
sistant Corning No. 7280 glass was used to hold the  
solution. The working  electrode was a disk of high 
pur i ty  Inco 270 Ni which was machined to give a 
surface area of 1 cm% The sides and back of the disk 
as wel l  as the support ing wire  were  insulated with  
heat  shr inkable polyethylene  tubing. The sides of the 
disk itself were  coated with  a th in  film of alkali  re-  
sistant resin glue before the shrinkable tubing was 
applied since this resul ted in a ve ry  close fit of the 
tubing onto the disk. Nonetheless,  it was found that  
in the more  concentrated KOH solutions, e lectrolyte  
was beginning to work  its way  be tween  the tubing 
and the disk af ter  about one week  in the solution, 
and a new electrode would  have  to be prepared. 

The reference electrode was a Hg /HgO electrode 
in a solution of the same concentrat ion as that  in the 
electrolysis cell. It  was connected to a Luggin capil-  
la ry  th rough a Py rex  glass tube. The counterelec-  
trode was a coiled Pt  wire. N2 was continuously bub- 
bled through the solution f rom a glass f r i t ted disk. 

The screen electrode shown in the diagram was a 
nickel  hydroxide sintered electrode about 1 in. 2. It 
was used for exper iments  not included in this report  
but  had the addit ional  feature  of exposing a large 
surface area  to adsorbable impuri t ies  and thus prob- 
ably helping to keep the working  electrode cleaner  
than would  otherwise occur. 

So~utions.--Baker analyzed reagent  grade KOH was 
used to prepare  solutions in dist i l led water.  Ordinary 
precautions were  taken to minimize carbonate forma-  

! 
Fig. 1. Electrolysis cell. M, mercury contact; N, nitrogen diffus- 

er; P, platinum wire; R, Luggin "capillary; S, screen electrode; T, 
shrinkable polyethylene tubing; W, working electrode; C, counter- 
electrode. 

tion. The solution used for precipi tat ing Ni(OH)2 
films was 0.5M reagent  Ni(NO3)2 and fresh solution 
was used in the prepara t ion of each electrode. 

Equipment.--A Wenking Model 61RS potentiostat  
and motor  potent iometer  were  used in the potential  
control  circuit. An X-Y recorder  was used to measure 
current  as a function of potential.  The X axis was 
cal ibrated with  a precision voltage cal ibrator  and the 
Y axis wi th  a precision mil l iammeter .  The X-Y re-  
corder was fitted wi th  microswitches which reversed 
the direct ion of the potential  scan at any preset vol t -  
age. This made  it possible to automatical ly  run  many 
scans on an electrode. 

Preparation of electrode.--The surface of the disk 
was polished wi th  several  grades of emery  paper, the 
last being 4/0, before washing with 10% HC1 and dis- 
t i l led water.  It was then immersed in 0.5M Ni(NO3)2 
solution and made cathodic. The counterelectrode was 
a sheet of Inco 270 nickel. The current  distr ibution 
was essentially uniform over  the cathode surface. 
After  deposition the electrode was washed in running 
tap water  and running distil led water  and then im-  
mersed in the KOH solution. Scanning was started 
about 1 min later. All  exper iments  were  done at room 
tempera tu re  (25~ 

Currents  and deposition t imes used in the prepara-  
tion of the electrodes are given in Table I. 

Results and Discussion 
Aging characteristics.--In pre l iminary  work it ap- 

peared that  the potent ial  at which the  oxidat ion peak 
occurred var ied  wi th  the history o f  the electrode. The 
shift in potential  was about 50 mV moving to higher  
potentials as the electrode was cycled or was al lowed 
to stand in KOH. Because the magni tude of the po- 
tent ial  shift was similar  to that  found by Bode (6) 
and because it occurred while  the electrode was im-  
mersed in KOH, we assume that  this shift in poten-  
tial corresponds to the conversion of ~ nickel hydrox-  
ide to fl nickel  hydroxide  as described by Bode. It was 
found that  the rate of this conversion was accelerated 
in more  concentrated KOH and while  potent iostated 
in the reduced state. The conversion is i l lustrated in 
a series of consecutive scans of an electrode in Fig. 2. 
The rate  of conversion shown here was unusual ly  
rapid and was a result  of the electrode being potent io-  
stated at reducing potentials for a longer t ime than 
that  used for the scans in the la ter  work. 

According to Bode (6) a-nickel  hydroxide  is oxi-  
dized to the 7 structure.  The work  of Bode and co- 
workers  has not established that  7 may be reduced 
to a. F rom the results presented here, ev iden t ly  it is 
possible to cycle be tween the a and 7 structures, al-  
though only for a l imited time. 

Potentia~ scans at various KOH concentrations.- 
From the preceding work  it was found that  it was 
possible to work  with  the a s t ructure  for a reasonable 
period of time. It was not  possible, however ,  to do the  
same wi th  the fl s t ructure  because there  always was 
evidence of at least some ~ present. As a result, poten-  
t ial  scans in KOH of var ious  concentrat ions were  
taken only of the a s t ructure  in an a t tempt  to obtain 
the dependence of the revers ible  potent ial  on the KOH 
concentration. 

Table I. Currents and deposition times for electrode preparation 

Current density 
(rnA/cmS) Time (min) 

I i 
1 2 
2 2 
2 4 
4 4 
4 8 
4 12 
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Fig. 2. Consecutive scans of a film electrode. Numbers refer to 
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Fig. 3. Potential scans in various KOH solutions. Numbers are 
molalities. 

The we l l -known hysteresis of the charge-discharge 
curves for the nickel electrode has suggested that  the 
reaction is irreversible. Examinat ion  of the potential  
scans, however, reveals a potential  range where both 
oxidation and reduction may occur. It was therefore 
decided to take the reversible potential  as that  poten-  
t ial  at which the oxidation and reduction currents  are 
equal. 2 This reversible  potent ial  was found to be in-  
fluenced to a small  extent  by the scanning speed but  
for slow and moderate speeds was essentially inde-  
pendent  of the scan rate (see Fig. 4). 

Several  electrodes were used at each KOH concen- 
t rat ion and the reversible potentials of the different 
electrodes were averaged. Potent ial  scans at the var i -  
ous concentrat ions are shown in Fig. 3. Since the 
Hg/HgO reference electrode has the same dependence 
on hydroxyl  ion activity as the nickel electrode, the 
changes in potential  were associated with dependence 
on KOH and water  activities. The reversible poten- 
tials found in the different solutions are given in 
Table II. These potentials are for the reaction 

HgO + 2[Red] +4- mKOH--> Hg + 21Ox] +4- nH20 

where [Red] and [Ox] are the reduced and oxidized 
forms of the Ni(OH)2 electrode and m and n are con- 
stants for the reaction. The potential  of the reaction 
may be wr i t ten  as 

[aKOH] m 
Er = Eo -- 0.0591 log 

[aH20] n 

at 25~ Subst i tu t ing the values for Er and  using 

The  j u s t i f i c a t i o n  fo r  th i s  choice  res t s  on the  o b s e r v a t i o n  t h a t  the  
r eve r s e  c u r r e n t  d u r i n g  a scan in  e i t h e r  d i r ec t i on  was  neg l i g ib l e .  
Th i s  p h e n o m e n o n  p r o b a b l y  is  r e l a t e d  to  the  s t r u c t u r a l  changes  
t a k i n g  p lace  in  t he  la t t i ce .  

Table II. Reversible potentials in different solutions 

K O H  Er vs .  H g / H g O  
(mola l i ty )  (vol ts)  

0.200 0.435 
1.OO 0~414 
6.00 0.382 
8.00 0.367 
10.0 0.360 
12.0 0.348 

values given by Akerlof and Bender  (12) for aKOH 
( =  ~+--2~rt2) and aH20, a least squares fit gives 

Eo = 0.411 + 0.003V 

m ,= 0.494 

n = 0,0012 

The  above chemical reaction may be separated into 
two half reactions 

HgO + H20 + 2e-  --> Hg + 2OH-  

2[Red] -t- mKOH + 2OH-  ~ 21Ox] 

+ (n  + 1)H20 + 2e-  

Taking the probable value for n as zero we find the 
Ni(OH)2 half reaction to be 

213Ni(OH)2.2HuO] 8 + 6OH-  + 3/2KOH 

e~-213NiOOtt.7/2H20.3/4KOH] -4- 3H20 + 6e 

Bode (6) has given the formula [NiO(OH)]sOa- 
(OH)K2 for the oxidized 7 structure.  In  the present 
work the same mole ratio of potassium to nickel has 
been found (1:4) but  there is some difference in the 
water  content. This agreement  between two different 
techniques (Bode's formula was based on x - r ay  anal -  
ysis) is encouraging. Equations derived by  other 
workers for what  was probably /~Ni(OH)2 are 

2Ni (OH) 2" 1.28H20 + 0.I4KOH + 2OH-  

2NiOOH.0.14KOH + 4.56H20 + 2e-  

[Bourgault  and Conway (13)] 

2Ni(OH)2.2H20 + 2OH-  

2NiOOH.H20 +4- 4H20 + 2e -  

[Zedner (2) ] 
2Ni(OH)2 +4- 2OH-  ~ 2NiOOH.0.2H20 

+ 1.8H~O + 2e-  

[Forster (14) ] 

2Ni(OH)2 +4- 2OH-  +4- 0.067KOH ~ 2NiOOH. 

0.067KOH. 1.16H20 + 0.84H20 + 2e-  

[Kornfei l  (15) ] 

It may be seen that  our dependence on H20 and KOH 
is greater  than  any of these. This is not surprising 
since our results were obtained for a nickel hydroxide 
which has a more open structure. 

Potential scans at different rates.--Several attempts 
(9-11) have been made to measure the rate of diffu- 
sion of protons in the nickel hydroxide lattice. Only 
one was successful in obtaining quant i ta t ive  data and 
this (11) for temperatures  greater  than 100~ There 
appears to be little data available for proton diffusion 
coefficients in hydrated  lattices at room temperature.  
A very  wide range extending from 10 -5 cm 2 sec -1 
for solutions to about  10 - i s  cm 2 sec -z  for self-diffu- 
sion in solids would appear to encompass reasonable 
values for the proton diffusion coefficient. With such 

a We use Bode ' s  f o r m u l a  fo r  aNi (OH)e .  
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a wide range of possible values to choose from it 
appeared that some rela t ively unsophisticated experi-  
ments  should be done in order to obtain an estimate 
of the diffusion coefficient in the hydrated nickel 
hydroxide lattice. 

The model that  we use to describe the nickel elec- 
trode reaction is a simplified one. It ignores some 
features that  other authors have used, par t icular ly  
that  of phase changes in the solid. Electron t ransfer  
through the nickel hydroxide lattice is believed to 
occur rapidly in comparison to proton t ransfer  (thus 
the redox reaction Ni H ~--~ Ni m may be regarded as 
reversible) .  Protons are released adjacent  to the nickel 
ion sites when  Ni II is oxidized to Ni m and a proton 
vacancy is created when Ni m is reduced to Ni H. During 
oxidation the proton diffuses to the electrolyte in ter -  
face where  it reacts with O H -  to form a water  molecule 
in the electrolyte. Dur ing  reduct ion protons diffuse 
from the interface into the lattice to fill up the proton 
vacancy. The rate of the reaction is believed to be 
controlled by the rate of proton transfer.  This reaction 
meets the following conditions: (i) the electrode proc- 
ess is rapid compared wi th  the rate of diffusion, and 
( i i )  the reaction product is soluble either in the solu- 
t ion or in the mater ial  of the electrode. Randles (16) 
has solved the semi-infinite diffusion problem for 
these conditions and obtained the current-vol tage rela-  
t ionship for a potential  scan. Delahay (17) has shown 
that  the solution may be wri t ten in the form 

ip = 2.7 X 10 ~ n 8/2 A D  1/~ C o %ri/2 

where ip (A cm -2) is the peak current  dur ing a poten- 
t ial  scan at 25~ as a function of scan rate V in V sec-~. 
Accordingly a plot of the peak current  against (scan 
rate) ~/2 will  be a straight line with slope proportional 
to the area of the electrode (A, cm2), the square root 
of the diffusion coefficient (D, cm 2 sec -1) and the 
init ial  concentrat ion (C ~ which he re  is taken as the 
n u m b e r  of nickel sites per uni t  volume expressed as 
moles/cm ~. This is simply the density of the nickel 
hydroxide film divided by the molecular weight. For 
this calculation the molecular weight used was that  of 
~Ni(OH)2.2/3H20 and the density was taken as 2.5 
g/cm z, the value found by x - r ay  measurements  (6). 
Potent ia l  scans for a single electrode in 1M KOH at 
various rates are shown in Fig. 4, and a plot of ip vs .  
(scan rate) 1/2 for electrodes of various thickness i s  

given in Fig. 5. The plot shows a l inear  relat ionship 
indicating a diffusion-limited reaction; however, the 
change in slope as the thickness of the film varied was 
unexpected. The explanat ion of this result  was sought 
in the relationship between the thickness of the film, 
the dura t ion of the experiment,  and the diffusion 
coefficient for the reaction. (It  may be noted that it 
was not possible to increase the thickness of the film 
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Fig. 5. Oxidation peak height vs. (sweep rate) '/z. Numbers refer 
to films of increasing thickness (0.]7, 0.31, 0.5], 0.93, 1.3, 
1.8/~). The dashed line was obtained after correction for tblcknesss. 

beyond that  used here since thicker films general ly 
were less adherent.)  

An estimate may be made of the m a x i m u m  diffusion 
coefficient which would still allow use of the semi- 
infinite diffusion equation. The depth of the diffusion 
layer may be estimated as ~/2Dt where D is the diffu- 
sion coefficient and t is the t ime from the start  of the 
diffusion process. This depth must  be less than the film 
thickness if the semi-infini te diffusion equation is to 
be applicable or, expressed mathemat ical ly  

d ~ x/2Dt 

where d is the film thickness in centimeters. The t ime 
required for the potential  to scan through the oxida- 
tion peak was about 360 sec. The max imum D allowed, 
therefore, is about 0.5 X 10 -1~ cm 2 s ec-1 for the thick- 
est films (1.8 X 10 -4 cm, estimated from the electrode 
capacity). As will  be shown below, D apparent ly  ex- 
ceeds this value, therefore, it is not surpris ing that the 
slope of the lines in Fig. 5 varied with the thickness of 
the film. In  an effort to obtain an approximate value 
for the diffusion coefficient, an at tempt was made to 
extrapolate from the data  to an infinitely thick film. 

A plot of the peak current  at various scan rates as 
a funct ion of the electrode capacity (proport ional  to 
film thickness) is shown in Fig. 6. These curves were 
fitted with an empirical  equation of the form i~ = 
ip~(1 -- exp -- 7Q) where Q is the capacity of the 
film and ip~ is the peak height for an infinitely thick 
film. The form of this equation was chosen because it 
approaches a l imit ing value as the thickness of the 
film increases. The coefficient of 7 was found to give 
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Fig. 4. Potential scan at various sweep rates. Numbers ere volts/ 
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Fig. 7. Interrupted scans. Dashed lines show curves following a 
pause (arrow) in the scan in 6.0M KOH. 

the best fit for the various rates of scan. As may be 
seen these curves pass below the exper imental  points 
for the thickest films. We a t t r ibute  this to a complicat- 
ing reaction that  occurs with these thicker films. As 
the film thickness increases, the potential  at which the 
peak cur ren t  appears is shifted to more anodic poten- 
tials where the proposed competing reaction (8) 

O H -  + NiO24-~ NiO(OH) + Oads + e -  

begins to take on greater  importance. Thus the current  
is abnormal ly  high for the thicker films. 

The values for ip| were obtained for each scan rate. 
These values of ip~ for which diffusion is presumed to 
be the only mechanism for introducing protons into 
the surface layer, are shown in Fig. 5. A dashed line 
has been d rawn through them. From the slope of this 
line, the diffusion coefficient was found to be 1.9 • 10 -9 
cm 2 sec -1. It was found that  the slope of the l ine was 
independent  of the electrolyte concentrat ion as indeed 
it  should be for the proposed mechanism. Because of 
the uncertaint ies  contained in the curve fitting pro- 
cedure, this value may be considered only an order of 
magni tude  estimate. It  is, however, the first quant i ta -  
t ive estimate of the diffusion coefficient. This value 
is about four orders of magni tude  smaller  than the 
corresponding value for ions in solution. It suggests 
that  the diffusion occurs in a solid. 

Intermittent scans.--The model tha t  has been used 
for these calculations is that of a reversible charge 
t ransfer  step with a diffusion l imit ing process. Al-  
though the species involved have not been unambigu-  
ously established, we believe the charge t ransfer  step 
occurs a t  the nickel ion sites in the lattice. During 
charging a proton is released at the site and diffuses 
to the surface. During discharge the proton moves 
from the surface to the nickel site. The slow step in  
this reaction is believed to be the proton diffusion 
process. However, the assumption of a reversible 
charge step requires fur ther  investigation in view of 
the fact that  the open-circuit  potential  varies depend- 
ing on whether  the electrode has been undergoing oxi- 
dat ion or reduct ion (18). 

This apparent  i r reversibi l i ty  was investigated by 
the use of an in te rmi t ten t  scan technique (Fig. 7). In 
this procedure the potential  scan was stopped at various 
potentials in the oxidation and reduction regions dur -  
ing successive scans (arrows on Fig. 7). The potential  
was held constant  un t i l  the current  had fallen to zero. 
The scan was then continued. In the oxidation region 
it was noted that  the electrode had become almost 

T h e  s u r f a c e  m a y  be  o x i d i z e d  to t h e  N i  IV s t a t e ,  i f  n o t  t h e  r e a c -  
t i o n  m i g h t  be  O H -  + N i O ( O H )  --~ N i ( O H ) s  + Oads + e- .  

ful ly charged dur ing  the pause and when the scan was 
cont inued there was no unusua l  increase in current.  
In  the reduction region, however, the electrode did 
not become completely discharged dur ing the pause 
and on cont inuing the scan there was a sharp current  
peak that  occurred at a potential  roughly 20 mY more  
cathodic. This behavior  was observed throughout  the 
potential  range where reduction occurs. 

These results suggest that  a poorly conduc t ing  film 
forms dur ing reduction. The film resistance apparent ly  
increases when  the electrode is held at constant  po- 
tent ia l  and prevents  fur ther  reduct ion of the elec- 
trode. In  order to achieve film breakdown, a poten-  
tial several tens of millivolts more cathodic is required, 
at which time a surge of cur ren t  is noted. There are 
several compounds which could form this layer; NiO 
at the substrate interface, Ni304 or unhydra ted  
Ni(OH)2 at the electrolyte interface. The most l ikely 
compound is Ni304 on the basis of the potentials in-  
volved. The s tandard potential  for the nickel  hydroxide 
electrode was found to be 0.411V vs. Hg/HgO. On the 
hydrogen scale in basic solution this potent ial  is 0.499V. 
Reduction of NieO3.H20 (which may also be wr i t ten  
as NiO(OH))  to Ni304 occurs at a potent ial  of 0.477V 
as given by Pourbaix  (19). Thus the Ni304 electrode 
might  be expected to have a potent ial  about 20 mV 
more negative and the apparent  i r reversibi l i ty  of the 
nickel hydroxide electrode reaction possibly is caused 
by the formation of Ni304 dur ing  reduction. 
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Effect of Electron Donor and Acceptor 
Elements on Passivity of 

Copper-Nickel Alloys 
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ABSTRACT 

The electron configuration theory  of passivity is fur ther  eva lua ted  through 
data obtained for two additional nontransi t ion elements,  i.e., Ge and Ga 
(electron donors) added to Cu-Ni  alloys. These studies follow previous in-  
vestigations on effects of al loyed Zn and Al. Data are also presented for 
Cu-Ni  alloys containing transi t ion meta l  components, i.e., Fe and Co, which 
act as electron acceptors. Potentiostat ic  polarization curves and potent ia l  de- 
cay- t ime  data in IN H2804 are employed as an index of passivity, or of its 
absence. The results show that  a cri t ical  alloy composit ion exists for each alloy 
series at which and for h igher  electron donor percentages,  passivity is no 
longer observed. The critical composition is in terpre ted  as that  at which 
surface d e l ec t ron  vacancies of Ni are just  filled by valence electrons f rom 
donor elements. Hence, Cu, Ge, Al, and Zn are found to donate i, 4, 3, and 2 
electrons per atom, respectively.  Ga donates more near ly  2 electrons per  atom, 
perhaps in accord with  the tendency of Ga to form lower  valent  as wel l  as 
t r iva lent  compounds. Fe and Co act in accord with their  expected behavior  as 
electron acceptors, favoring passivity ra ther  than el iminat ing it as in the case 
of electron donors. The present quant i ta t ive  data lend addit ional  support  to 
the theory  and to the concept of a passive film on Cu-Ni  alloys made up  
largely of chemisorbed oxygen, the formation of which is favored by surface 
d electron vacancies. When such vacancies are filled by valence electrons of 
al loyed component  atoms, passive propert ies  are no longer  observed presum-  
ably because oxygen is no longer chemisorbed. 

A previous invest igat ion (1) on passivi ty of Cu-Ni  
alloys showed that  a critical Ni composition exists 
above which potentiostatic polarizat ion curves exhibi t  
a typical  passive current  density qual i ta t ive ly  similar  
to that  shown by nickel, and below which the passive 
current  density disappears and the alloys behave  like 
copper. The cri t ical  composition, in terpre ted  in accord 
with  the electron configuration theory  of passivi ty (2), 
is that  at which one electron per  Cu atom just  fills the 
avai lable surface d electron vacancies of Ni (1.6/ 
atom) .2 When, for example,  Zn is al loyed with  Cu-Ni  
(3), the crit ical  composition shifts to a lower  Cu /Ni  
ratio consistent quant i ta t ive ly  wi th  donation of two 
electrons per Zn atom; s imilar ly  when A1 is alloyed 
(4) the contr ibution is three electrons per  A1 atom. 
These facts persuaded us to survey other  possible alloy 
additions, e.g., Ga and Ge which are predicted to con- 
t r ibute  3 and 4 electrons per  atom respectively.  In 
addition, the question arose: What  would be the effect 
on the crit ical  composition of Cu-Ni  alloys of an added 
transi t ion element  which supplies electron vacancies? 
According to theory  it should shift the crit ical  com- 
position in the opposite direction, that  is toward a 
higher  Cu /Ni  ratio. Hence, alloys containing Fe and 
Co, the d electron vacancies of which per atom are 
known f rom magnet ic  saturat ion moment  data, were  
included in the present  program. 

Experimental 
The choice of possible al loying components was 

l imited to those having reasonable solid solubil i ty in 

* Electrochemical Society Active Member. 
1 P r e s e n t  a d d r e s s :  Science Center, North American Rockwell Cor- 

poration, Thousand Oaks, California. 
-~ It is also possible to show that d vacancies of Ni may be filled 

by d o n o r  e l e c t r o n s  from Cu independent of surface effects. In this 
case the assumption is made that mutual coupling of d electrons of 
metal atoms, having a maximum number of vacancies in the gaseous 
state, is linearly related to concentration of such atoms in the alloy, 
resulting in the observation that the solid metal contains fewer un- 
coupled d e l e c t r o n s  o r  d v a c a n c i e s  the higher its concentration in 
the alloy. ]For example, there are 2 d vacancies per atom for gaseous 
Ni but only 0.6 d vacancy per atom for solid Ni. On this basis, it 
is calculated that the d band of Ni is filled by electrons from Cu at 
and below 41 a/o (atom per cent) Ni in conformity with measure- 
ments of magnetic susceptibility. H. H. Uhlig, to be published. 

Cu-Ni  alloys. The passivity of many  single phase alloys 
can be satisfactorily in terpre ted  based on electron 
sharing, but that  of mul t iphase  alloys is more  complex. 
Single phase alloys were  present ly  assured by adding 
only small  concentrat ions of the components previous-  
ly named. The m a x i m u m  amount  in each case was 
est imated f rom the b inary  phase diagrams and was 
later  checked by meta l lographic  examinat ion  of the 
swaged and annealed ingots. 

Alloys were  prepared by induction mel t ing in vacu-  
um using dense pure  a lumina crucibles. Af te r  the 
alloys were  melted, the furnace was filled with  purified 
argon to 1 atm, and the melt  was drawn into 7 or 9 mm 
Vycor tubes, then water  quenched. Subsequent  addi-  
tions to the mel t  were  made as required,  fol lowed by 
periodic casting. The ingots were  then homogenized in 
argon in a quartz  tube at 850~176 for 24 hr, swaged 
to a smaller  diameter ,  annealed in argon at 850~176 
for 1 hr, and air cooled whi le  remaining  in argon 
within  the quartz  tube. They were  swaged to the final 
d iameter  rod (0.35-0.45 cm) and then annealed and 
cooled as before. 

Alloys were  prepared f rom h igh-pur i ty  Cu (99.999%) 
and f rom carbonyl  nickel, the  lat ter  being supplied by 
courtesy of the In ternat ional  Nickel Company. Germa-  
n ium was of semiconductor  grade. Gal l ium of 99.99% 
puri ty  was weighed in glass bulbs, cooled by solid CO2, 
and added to the mel t  as frozen pellets. I ron was elec- 
trolytic grade fu r the r  decarburized, and cobalt (99.9%) 
was obtained through courtesy of the Cobalt Informa-  
tion Center  at Bat te l le  Memoria l  Institute.  Chemical  
analyses of the final alloys are listed in Table I. 

Electrodes were  machined in the form of cylinders 
approximat ing 1.5 cm long and 0.3 cm diameter.  They 
were  mounted  in a special glass holder  using a Teflon 
gasket as described previously  (3). Af te r  mounting,  
the electrodes were  degreased in hot benzene and then 
briefly pickled in dilute HC1 and H2SO4 at 90~ Sub-  
sequent  anodic polarizat ion in 1N H2SO4 before  each 
run assured remova l  of the co ld-worked  surface. 

Potentiostat ic anodic polarizat ion curves were  ob- 
tained in 1N H2SO4 deaerated with  nitrogen. Ei ther  a 
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Table I Composition of Cu-Ni alloys 
Atom per cent 

G a l l i u m  ser ies  
A t o m i c  

% Cu % Ni  % G a  ra t io  = 

58.2 41.8 - -  1.39 
57.0 (42.1) b 0.9 1.42 
56.1 (42.3) 1.6 1.44 
65.1 (42.3) 2.6 1.49 
54.1 (42.3) 3.6 1.53 
52.2 (42.9) 4.9 1.56 
52.0 (42.9) 5.1 1.57 
50.8 (42.9) 6.3 1.63 
51.3 (42.5) 6.2 1.65 
48.6 (43.0) 8.4 1.72 
49.7 (42.4) 7.9 1.73 
47.2 43.2 9.6 1.76 
47.0 (43.1) 9.9 1.78 
44.4* (43.2) 12.4 1.89 
43.3 (42.7) 14.0 2.00 
43.9 42.2 13.9 2.03 

G e r m a n i u m  ser ies  
A t o m i c  

% CU % Ni  % Ge  ra t io  a 
58.0 42.0 - -  1.38 
57.45 (42.15) 0.4 1.49 
56.9 (42.2) 0.86 1.43 
56.2 (42.r) 1.66 1.49 
55.5 (42.3) 2.22 1.52 
54.8 (42.2) 3.03 1.59 
53.7 (42.2) 4.02 1.65 
52.8 (42.6) 4.58 1.67 
52.0* (42.8) 5.26 1.71 
51.2 42.4 6.34 1.81 

A l u m i n u m  series** 
A t o m i c  

% CU % Ni  % A1 ratio= 
45.3* (44.8) 9.9 1.68 

Z inc  series*** 
A t o m i c  

% CU % Ni  % Z n  rat ion 
43.0* (43.1) 13.9 1.65 

I ron  ser ies  
A t o m i c  

% Cu % Ni  % Fe  r a t io -  
52.9 42.8 4.3 1.12 
54.0 (42.9) 3.1 1.17 
55.0 (42.4) 2.6 1.22 
56.9 {40.7) 2.4 1.32 
59.0 (38.5) 2.5 1.44 
61.9 (35.5) 2.6 1.62 
63.2 (34.3) 2.5 1.72 
65.5 (32.2) 2.3 1.90 
67.8 29.8 2.4 2.10 

(68.5) * t (29.1) (2.4) 2.2 

Coba l t  ser ies  

A t o m i c  
% Cu % N i  % Co ratio = 
52.6 44.1 3.3 1.11 
54.4 43.4 (2.2) 1.19 
58.1 39.7 (2.2) 1.39 
60.3 37.5 (2.2) 1.52 
63.1 34.7 (2.2) 1.71 
65.7 32.2 (2.1) 1.92 
68.2* 29.5 (2.3) 2.14 
70.5 27.0 2.6 2.39 

CoPpe r -Nicke l~ t  

65.8* 34.2  1.92 
68.3* 31.7  2 .16 

= A t o m i c  r a t i o  = (% Cu + n % Y ) / %  Ni  w h e r e  n is the  n o r m a l  
v a l e n c e  of  a d d e d  n o n t r a n s i t i o n  e l e m e n t  Y. F o r  t r a n s i t i o n  m e t a l s  
(Fe, Co) t he  a t o m i c  ra t io  = % C u / ( %  Ni  + % Z) w h e r e  Z r e p r e -  
sents  the  a l l oyed  t r a n s i t i o n  m e t a l .  

b Va lues  in  p a r e n t h e s e s  o b t a i n e d  b y  d i f fe rence .  
* Cr i t i c a l  c o m p o s i t i o n .  

** C o m p l e t e  ana lyses  g i v e n  in  ref.  (4). 
*** C o m p l e t e  ana lyses  g i v e n  in  ref .  (3). 

? E x t r a p o l a t e d  compos i t ion .  
t t  C o m p l e t e  ana ly se s  g i v e n  in  ref.  (5). 

continuous sweep rate of • m V / m i n  was employed, 
or a stepwise procedure was used instead for which 
the potent ial  was kept at a fixed value unt i l  the cur-  
rent  was re la t ively constant  for at least 2 rain. Potent ia l  
steps were 20 mV in the active and passive regions and 
40 mV in the transpassive region. In  general, the alloy 
composition at which the p~ssive current  density, 
/(pass.) converged with the critical cur rent  density 
i(crit .)  (polarization in noble- to-act ive  direction),  
corresponded to disappearance of passivity as present-  
ly defined. It  occurred at the same composition which-  

ever polarization procedure was followed. Two or 
more runs were made for each alloy composition. 

Measurements were extended into the region of 
secondary passivity, noble to the region of pr imary  
passivity, where either the current  density decreased 
again, or oscillations of current  (unstable secondary 
passivity) and O2 evolution occurred. The current  den-  
sity was noted just  before it decreased or before oscil- 
lations occurred, and again at the m i n i m u m  value 
beyond which oscillations, if they were observed, 
diminished and finally ceased. I t  was assumed that  
observed oscillations of cur ren t  accompanied the 
formation and breakdown of passivity wi th in  the 
secondary region, the m i n i m u m  current ,  therefore, 
corresponding to the passive state. In  accord with 
this assumption, oscillations were not observed for 
any of the alloys which proved to be nonpassive in the 
pr imary  region. 

Potent ia l  decay curves were obtained in 1N H2SO4, 
supplementing polarization data as a measure of pas- 
sive properties. The alloy was first polarized into the 
region of secondary passivity (2V) remain ing  there 
for 5 min. The polarizing current  was then shut off and 
the potentials recorded corresponding to points of in-  
flection in  the potent ia l - t ime curve using a Keithley 
No. 602 electrometer as amplifier. The lat ter  insured 
m i n i m u m  polarization of the alloy electrode dur ing 
decay, serving both to improve detection of small  dis- 
continuit ies of slope corresponding to Flade potentials, 
and the accurate determinat ion of such potentials. 
Typical potent ia l - t ime curves are given in  ref. (4) 
and (5). 

All  measurements  were carried out in a constant  
temperature  room mainta ined  at 25 ~ _ 0.5~ 

Results 
It was felt advisable to first establish in fur ther  

detail the potentiostatic polarization characteristics of 
the b inary  Cu-Ni alloys in  the region of critical com- 
position. Curves for i(crit .)  and /(pass.) based on 10 
alloys are shown in Fig. 1. Good agreement  was found 
with similar data reported previously by  Osterwald 
and Uhlig (1). Characteristics of secondary passivity 
and decay potentials for the same alloys were reported 
earlier (5). Although values of i(crit .)  and /(pass.) 
were readily established for the alloys exhibi t ing 
passivity, values of current  density analogous to 
i(crit .)  for the nonpassive alloys at which a rapid 
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change of slope occurred beyond the l inear  Tafel 
region, were less easily estimated [see, for example, 
the polarization curve for Cu in Fig. 2, ref. (4)].  The 
procedure used for the nonpassive alloys and for simi- 
lar  alloys to be described later  was to take the value 
of current  density corresponding to the intersection of 
two straight lines represent ing polarization data on 
either side of the region of max imum curvature.  The 
same procedure was used for est imating values of po- 
tential  corresponding to discontinuities in  slope of 
potent ial  decay curves. The potentials obtained in  this 
manne r  were less a rb i t ra ry  than  those chosen at some 
point  of max imum change of slope, especially in cases 
where the change of slope was not marked. 

Because of the asymptotic approach of /(pass.) to 
i (cr i t . ) ,  the critical composition for the Cu-Ni  alloy 
series cannot be determined precisely. It  may  be taken 
at the composition corresponding to an atomic ratio of 
1.92 or at the higher atomic ratio of 2.16 (Fig. 1). For  
data obtained in the act ive- to-noble  direction (not 
shown),  typical overshoot in the polarization curves 
makes it necessary to take the critical composition as 
that value beyond which a constant  difference between 
i (crit.) and / (pas s . )  is observed. The same atomic ratio 
approximat ing 1.9-2.2 is obtained either way. 

Polarization curves corresponding to the region of 
secondary passivity (5) locate the critical composition 
at an approximate atomic ratio of 1.7-1.9. Because of 
the na ture  of the measurements  in this region, these 
values are considered less reliable than those obtained 
in the region of p r imary  passivity. 

Data for potent ial  decay (5) show that  Flade poten-  
tials become more noble as the critical alloy composi- 
t ion is approached. The values reported previously for 
b inary  Cu-Ni alloys and present ly  for Cu-Ni  alloys 
with addit ion elements are more noble than  the values 
reported previously for the 45% Ni-Cu-A1 alloys (4). 
This difference occurs par t ly  because the method of 
intersecting lines present ly  used to estimate the poten-  
tials leads to somewhat more noble values; the trend, 
however, is not altered. The par t icular  method em- 
ployed for est imation does not affect absolute values 
corresponding to secondary passivity because the 
change of slope is relat ively abrupt.  But for Flade 
potentials of Cu-Ni  alloys for which the change of 
slope is gradual,  the method used for est imation be-  
comes more important .  The change of slope is so small 
for Ni compared to that  for iron, for example, that 
Flade (6) originally reported nickel to show no "um-  
schlagspunkt" (Flade potential)  at all. 

Gallium series.--Curves for / (pass . )  and i(cri t . )  are 
shown in Fig. 2 with convergence at an atomic ratio 
of 1.89. Shapes of the curves, in part icular  a m i n i mum 
in / (pa s s . ) ,  are similar to those reported earlier for A1 
additions (4). Convergence occurred at the same ratio 
whether  the data were obtained proceeding from the 
noble- to-act ive  or act ive- to-noble  directions. Analo-  
gous curves for secondary passivity are shown in Fig. 3 
showing parallel  convergence at an atomic ratio of 1.89 
and a similar m i n i m u m  in the lower current  density 
at an atomic ratio of 1.7. 

Decay potentials related to both secondary passivity 
and to pr imary  passivity (Flade potentials) are shown 
in Fig. 4. No discontinuities of slope were observed 
for alloys of atomic ratio greater  than that  of the 
critical composition in either the pr imary  or secondary 
regions, at 0 ~ or 25~ Instead the potentials decayed 
smoothly to active values approximating the corrosion 
potential. This behavior  is consistent with the previous 
conclusion that such alloys are not passive, that  is they 
show no evidence of a decreasing current  density or 
/(pass.) on shift to more noble potentials in typical  
potentiostatic polarization curves. 

Decay potentials  for secondary passivity of the 
Cu-Ni-Ga alloys were not observed at 25~ for alloys 
of atomic ratio less than 1.53 even though polarization 
curves indicate passive behavior. The probable reason 
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is that  the re levant  current  densities become so high 
that soluble corrosion products accumulat ing at the 
alloy surface rapidly destroy the passive film after the 
polarizing current  is shut off. For  the same reason, 
Flade potentials were not observed below a ratio of 
1.44. Decay potentials of Fig. 4 corresponding to sec- 
ondary passivity are independent  of atomic ratio or 
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gall ium content, but  the Flade potentials tend toward 
more active values at higher atomic ratios. 

Germanium series.--Curves for i (pass.) and i (crit.) 
are given in Fig. 5. These show that  stepwise polariza- 
tion measurements  lead to higher values of i(crit .)  
than  are observed with continuous polarization mea-  
surements,  bu t  values for /(pass.) are the same, and 
the convergence of the two current  densities occurs at 
the same atomic ratio of 1.7. Small  additions of Ge 
decrease values of /(pass.) ,  but  only slightly, and 
larger additions have the opposite effect. A m i n i m u m  
occurs at about 2 a/o (atomic per cent) Ge correspond- 
ing to an atomic ratio of 1.5. Values of i(crit .)  decrease 
as the critical alloy composition is approached similar  
to the behavior  of other alloy series of relat ively con- 
stant Ni content. The t rend is opposite in Cu-Ni  alloys 
for which Ni content  decreases as the critical composi- 
t ion is approached. 

Secondary passivity was observed in the potential  
region > l .6V for alloys of atomic ratio less than  1.7, 
but  the differences in  current  densi ty  characteristic 
of secondary passivity were smaller  than  for the Cu-Ni 
alloys and less reproducible. For this reason they were 
not plotted. 

Decay potentials corresponding to both the secondary 
and pr imary  regions of passivity are shown in Fig. 6. 
Measurements were taken at I~ because passivity is 
more stable at low than  at room tempera ture  making 
it possible to discern small  discontinuit ies in potential-  
t ime curves similar to those depicted in curves of Fig. 
6, ref. (4). The potentials corresponding to secondary 
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passivity lie between 1.7 and 1.SV showing a slight 
t rend toward more active values as the critical com- 
position is approached. The Flade potentials show an 
even steeper negative slope. Consistent with polariza- 
tion data, no discontinuities in ei ther the secondary or 
p r imary  regions were observed at or above an atomic 
ratio of 1.7 which  corresponds to the critical composi- 
t ion shown in Fig. 5, and above which a passive cur-  
rent  density is not observed. 

Iron and cobalt series.--These series of alloys were 
made up with variable Cu and Ni contents but  ap- 
proximately constant  in Fe (2.5 a/o)  or cobalt (2.3 a/o).  
The shapes of curves for / (pass . )  and i(crit .)  are simi- 
lar to those for Cu-Ni (Fig. 7 and 8). Fe and Co, as 
well  as Ni, are t ransi t ion metals, hence the atomic 
ratio: a /o Cu / [ a / o  Ni 4- a/o (Co or Fe) ]  groups these 
addition elements with Ni rather  than with Cu with 
which the nont rans i t ion  elements are grouped. The 
critical compositions for convergence of /(pass.) and 
i(crit .)  lie at higher atomic ratios compared to Ga or 
Ge additions, confirming that  alloyed Fe and Co act 
like Ni. 

Convergence of current  densities for the Fe series, 
according to Fig. 7, occurs at an atomic ratio greater 
than  2.1. The extrapolated ratio is about 2.2, and the 
corresponding calculated critical composition is given 
in Table I. Secondary passivity data (Fig. 9) confirm 
that  the critical composition for the Fe series lies above 
the atomic ratio 2.1. For the Co series the critical com- 
position occurs at or above a ratio 2.14 with some 
possible justification for choosing 2.39 instead. Sec- 
ondary passivity data (Fig. 10) lend weight to a crit i-  
cal composition at an atomic ratio 2.1. 
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Al though  a systematic  s tudy was not car r ied  out at 
this t ime,  p r e l i m i n a r y  poten t ia l  decay - t ime  curves  for 
the  two series at  25~ showed two discontinui t ies  for  
the  al loys of lowest  a tomic ratio,  but  e i ther  one or no 
discont inui ty  for al loys approaching  the cr i t ical  com- 
position. As ment ioned  before,  it  is p robab le  tha t  high 
cur ren t  densi t ies  character is t ic  of the  cr i t ica l  composi-  
t ion s e rved  to des t roy  passive films before  potent ia l  
decay measurements  could be car r ied  out. As wi th  the 
other  a l loy series, discontinui t ies  were  more  p ro -  
nounced at lower  t empera tu res  where  pass iv i ty  de-  
cayed less rapidly .  

Discussion 
I t  is apparen t  tha t  as the cr i t ica l  composit ion is ap-  

proached,  decreasing i (c r i t . )  is usual ly  accompanied 
by  decreas ing F lade  potent ia l  CF (A1, Ga, Ge ser ies) .  
On the o ther  hand,  when  i (c r i t . )  increases, ~bF also in-  
creases (Ni-Cu ser ies) ,  or when the  change of i (c r i t . )  
is small ,  change in ~bF is smal l  (Zn ser ies) .  This in te r -  
dependence  can be exp la ined  b y  the  re la t ion  presen ted  
prev ious ly  (7):  ~F --  r ~ act ivat ion polar izat ion 
+ concentra t ion polarizat ion.  Since the  corrosion po-  
ten t ia l  r is observed to be about  the  same for al l  
the  al loys (0.2V), CF --  r increases as CF be-  
comes more  noble. Fur the rmore ,  since the  Tafel  slope 

for anodic dissolution of al l  the  al loys in the act ive 
region was observed to be about  30 mV, the  cur ren t  
densi ty  i (c r i t . )  r equ i red  to polar ize to Cf is obviously 
grea te r  the  more  noble the  va lue  of CF- Simi lar ly ,  if CF 
becomes more  act ive wi th  al loy composition, cor re -  
sponding values  of i (c r i t . )  show a decreas ing t rend.  

Since the  intersect ion o f / ( p a s s . )  wi th  i (c r i t . )  at the  
cri t ical  composit ion occurs at  a cur ren t  dens i ty  of 
about  100 m A / c m  2 or  higher,  this  va lue  corresponds to 
the  r emova l  of about  170 a tom layers  pe r  second. 
L imi ted  diffusion in the  me ta l  la t t ice  at  room t em-  
pe ra tu re  accompanied  by  continuous rap id  r emova l  of 
surface a toms make  it l ike ly  tha t  surface composit ion 
does not  differ essent ia l ly  f rom the  ove r -a l l  a l loy 
composition. 

I t  wi l l  be noted tha t  the  absolute  values  o f / ( p a s s . )  
lead to a less sa t is factory  corre la t ion  wi th  al loy com- 
posi t ion than  does the  presen t  corre la t ion  based on 
both convergence o f / ( p a s s . )  wi th  i (c r i t . )  and on po-  
t en t i a l -decay  curves.  The  p robab le  reason is tha t  
values of i (pass.) ,  which are  p ropor t iona l  to p reva i l ing  
corrosion rates  in the  passive state, a re  subject  both 
to var iables  of a l loy composit ion addi t ional  to those 
enter ing fo rmat ion  of the  passive film, as wel l  as on 
preva i l ing  potent ia ls  of the  me ta l  exposed to the  elec-  
t rolyte .  On the o ther  hand, the  cr i ter ia  of  pass iv i ty  
used in the  presen t  paper  mere ly  indicate  whe the r  or 
not a passive film is present  wi thout  re la t ion to abso-  
lute  react ion rates.  S imi lar ly ,  cur ren t  oscil lat ions as 
p resen t ly  employed  to indicate  the  presence of a sec- 
ondary  passive film m a y  v a r y  wide ly  depending on the 
alloy, its env i ronment  and the  r e l evan t  appl ied  po-  
tential .  

In  accord wi th  the  discussion presen ted  in ear l ie r  
papers ,  the  cr i t ical  composit ion is in t e rp re ted  as the 
specific a tom rat io  be low which surface d electron 
vacancies exist  and above which such vacancies are  
filled. Nickel  on which  oxygen  of the  passive film is 
adsorbed was assumed to supply  1.6 vacancies per  a tom 
(0.6 pe r  Ni a tom plus 1 vacancy  resul t ing  f rom elec-  
t ron  t rans fe r  to adsorbed  O).  Copper,  on the  other  
hand, was assumed to donate  1 e lect ron per  a tom ac- 
counting for a predicSed filled d band  at  62 a /o  Cu or  
at  an atomic rat io  Cu /Ni  of 1.6. The observed conver-  
gence of i (pass . )  and i (c r i t . )  according to da ta  of 
Fig. 1 comes ve ry  close to this  atomic rat io  but  is more  
prec ise ly  located at a h igher  ra t io  of 1.9 or 2.2. 

By s imi lar  reasoning,  it  was shown in accord wi th  
predic t ion  that  a l loyed Zn supplies  2 electrons pe r  
atom, the atomic rat io  

(a /o  Cu + 2 a /o  Zn)/a/o Ni 

for convergence of / (pass . )  wi th  i (c r i t . )  occurr ing at  
1.65 compared  to the theore t ica l  1.60. Simi lar ly ,  for 
a l loyed  A1, supply ing  3 e lect rons  per  atom, the  cor-  
responding atomic rat io  (a /o  Cu -{- 3 a /o  A 1 ) / a / o  Ni 
was observed at 1.68. Fol lowing the same principles,  
the  cr i t ical  atomic ratios, al l  of which are  expected at 
1.6 for nont rans i t ion  components,  are  p resen t ly  ob-  
served at values  of 1.9 for Ga and 1.7 for Ge. Fo r  the  
a l loyed t rans i t ion  meta l  Fe, the  cr i t ical  atomic rat io  
a /o  C u / ( a / o  Ni -5 a /o  Fe)  should also be  observed at  
1.6 provided  that  Fe  behaves  as does Ni, or  at some 
higher  value  if the  number  of d electron vacancies pe r  
Fe  a tom is g rea te r  than  for Ni. The same si tuat ion ap-  
plies to a l loyed Co. Data  of Table  I show tha t  the  cr i t i -  
cal atomic rat ios a re  2.2 and 2.14, respect ively,  hence 
Fe  and Co p robab ly  cont r ibute  more  d vacancies pe r  
a tom than  does Ni. Magnet ic  sa tura t ion  moment  da ta  
confirm that  d e lect ron vacancies per  Fe  a tom are  2.2 
and for Co they  are 1.7 (8). A t  the surface, because 
of adsorbed oxygen,  they  are  assumed to increase by  
1 (2), and hence they  become 3.2 and 2.7, respect ively .  
Data  of Fig. 1, 7, and 8 show tha t  the differences be -  
tween  / (pass . )  and i (c r i t . )  at an atomic ra t io  of 1.6 
a re  70 m A / c m  2 for Cu-Ni,  90 m A / c m  2 for Cu-Ni-Co,  
and 180 m A / c m  2 for C u - N i - F e  alloys. Hence at  the  
same atomic ratio,  Fe  is more  effective than  Co which 
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in tu rn  is more effective than  Ni, in impar t ing passivity 
to Cu-Ni  alloys. 

At the critical composition the n u m b e r  of vacancies 
equals the n u m b e r  of donor electrons, therefore the 
following general  relat ion is expected to hold 

a/o Cu -t- n ( a / o  Y) ~- 1.6 (a/o Ni) 

where n is the n u m b e r  of electrons donated per atom 
of alloyed e lement  Y. Similarly:  a /o  Cu --: 1.6 (a/o Ni) 
+ v (a/o Z) where v is the number  of vacancies per 
t ransi t ion metal  atom Z. It is possible therefore to plot 
a/o Cu -- 1.6(a/o Ni) against n ( a / o  Y) having nega-  
t ive uni t  slope for alloyed nont rans i t ion  elements or 
electron donors, and similar ly against v ( a / o  Z) with 
positive uni t  slope for alloyed t ransi t ion metals  or elec- 
t ron acceptors. Doing so for the critical compositions 
given in Table I produces a straight l ine passing above 
the origin with a slope of 1.35 as shown in Fig. 11. For 
Ge, n = 4; for Al, n = 3; for Ga, n = 3 (or 2); and 
for Zn, n -~ 2. For Fe and Co, v = 3.2 and 2.7, respec- 
tively. The Ga point  is relat ively accurately placed by 
polarization data both in the pr imary  and the sec- 
ondary regions. If Ga were to contr ibute  2 instead of 3 
electrons per atom, the point then lies close to the l ine 
represent ing other elements. Consideration, therefore, 
should be given to this possibility, especially since the 
chemical properties of Ga have established that  it 
tends to form lower valent  compounds much more 
readily, for example, than does A1 (9). 

The slope of the l ine is obviously high; it can be 
reduced to un i ty  and at the same t ime pass through 
the origin in accord with predictions of the equations 
given heretofore by assuming that  Cu donates less than 
one electron per atom (e.g., 0.7-0.8) and that Ni has 
fewer v.acancies per atom (e.g. 1.4-1.5). Justification 
for modifying the number  of donor electrons or d va-  
cancies per atom, and also the conditions under  which 
such modifications may be expected to apply, lie out-  
side the scope of the present discussion and are more 
properly the subject of a future  communication.  The 
fact that  the points of Fig. 11 lie close to a straight 
l ine on either side of the Cu value without  addit ional 
assumptions, is in itself significant. 

Conclusions 
The first conclusion derived from the accumulated 

data, therefore is that several nont rans i t ion  elements 
added to the Ni-Cu alloy system apparent ly  donate all 
or the major  part  of their  valence electrons to the d 
electron vacancies of Ni, and that when such vacancies 
are filled, passivity is no longer observed. Transi t ion 
metal  additions, to the contrary,  favor conditions for 
passivity by acting as electron acceptors, supple- 
ment ing  the n u m b e r  of d vacancies of Ni. These re la-  
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1.6 vacancy/Ni atom; 1 electron donated/Cu atom. 

tions support  the electron configuration theory of 
passivity beyond any  of the evidence previously avail-  
able. 

The second conclusion is that the present ly reported 
relations between d band vacancies and observed 
passivity provide strong support  for an adsorbed struc- 
ture of the passive film having monolayer  to mul t i layer  
dimensions in  accord with the adsorption theory of 
passivity (10-13). Metals containing d band vacancies 
( transi t ion metals) are wel l -known to favor chemi- 
sorption of oxygen, for example, more so than metals 
with filled d bands (nontransi t ion metals) .  Passivity 
in Ni-Cu alloys accordingly is observed only when 
surface d electron vacancies are present;  when  such 
vacancies become filled by electrons from alloyed com- 
ponents, the required chemisorption of oxygen making 
up the passive film does not occur. 

The simple band  theory, therefore, successfully de- 
scribes conditions leading to passivity or activity in 
the present  alloys. Similar  success has been achieved in 
explaining magnetic susceptibili ty (14). Some doubt 
has been expressed that  such a model can adequately 
explain properties of Ni -Cu alloys such as electrical 
resistance, electronic specific heat, or thermo-electr ic 
properties (15,16) indicat ing that  refinements of 
theory are needed. These refinements can be expected 
as fur ther  data become available and as theoretical 
concepts of alloy s tructure mature.  It  is obvious in 
any event that  the property of passivity, which is im- 
portant  not only to Ni-Cu alloys bu t  also to several 
t ransi t ion metal  alloys, e.g., Cr-Fe  (stainless steels), 
must  be included in any  extension of present  theories 
of the metallic state to more general  explanations of 
alloy properties. 
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ABSTRACT 

An ellipsometric study of the kinetics of oxide growth for pure copper 
and a series of alpha-brasses immersed in tarnishing ammoniacal  envi ron-  
ments  has established ' that the growth of the oxide, shown to be cuprous 
oxide, obeys a l inear  law in each case, and that the rate of growth increases 
significantly with (a) increasing zinc content  of the solid, (b) increasing tem-  
perature,  and (c) the application of anodic potentials. On the basis of these 
results it is suggested that  the oxide is porous and that  oxide growth involves 
the dissolution of metal  ions at the base of the pore (anodic reaction) and 
the i r  deposition at the oxide surface (cathodic reaction),  electrons flowing 
through the oxide film. The influence of zinc content  on the oxide-growth 
rate is a t t r ibuted to its effect on the dissolution kinetics. 

The in te rgranula r  stress-corrosion cracking (SCC) 
of a lpha-brass  in aqueous ammonia,  commonly re- 
ferred to as season cracking, occurs in those am- 
moniacal  envi ronments  which cause tarnishing (1, 2), 
and it has been suggested that  the tarnish plays an 
impor tant  role in  the cracking process (3, 4). Electron 
diffraction (3), x - ray  (5), and electron microprobe (6) 
studies have shown that  the tarnish  formed on Cu-30 
Zn consists main ly  of an epitaxed layer of cuprous 
oxide, Cu20, which is severely depleted in zinc with 
respect to the alloy. The mechanism of tarnishing,  
however, has not been established. In this respect sev- 
eral investigators (4, 7) have suggested that  the tar -  
nish is fully dense and protective, and that the growth 
process involves the solid-state diffusion of cuprous 
ions across the film. Conversely, other workers (3, 6, 8) 
have suggested that  it is porous. Tromans and Nut t ing 
(8) based their  suggestion on the observation of pores 
at both grain and twin  boundaries  in replicas of tarnish 
formed on Cu-30 Zn by exposure to moist ammonia  
vapor. For ty  and Humble  (6) supported their conclu- 
sion by the fact that  when  glass tubes containing tar -  
nishing solutions were sealed with thin brass foils, 
leaks eventual ly  developed even though the foils ap- 
paren t ly  remained coherent. Electron microscope 
studies by the lat ter  workers also showed the tarnish 
to consist of an aggregate of small  platelets of crystal-  
lites, about 500A in diameter  and about 100A thick. 

The present  ellipsometric studies were under taken  
to provide quant i ta t ive  data on the kinetics of the 
growth process and thereby to clarify the mechanism 
of tarnish growth. In  addition to the kinetic measure-  
ments  of oxide growth, electron-diffraction studies 
were carried out to determine the composition of the 
tarnish for a wide range of alpha-brasses. 

Experimental 
The studies were carried out on 99.999% pure copper; 

on brasses, prepared from base metals  of similar  pur i -  
ty, containing, 5, 10, and 20 w/o  (weight per cent) 
zinc; and on 30 w/o zinc alloy of 99.97% purity.  Disks 
of each material,  1.9 cm in diameter  and 0.05 cm in 
thickness, were cut from annealed sheet and si lver-  
soldered onto a copper base plate. The base plate was 
firmly attached to a glass specimen holder by a poly- 
tetrafluoroethylene seal. The surface of the specimen 
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of  Standards, from S e p t e m b e r  1967 to  S e p t e m b e r  1968. 

was prepared by mechanical  polishing using I/a ~m 
diamond abrasive on a napped cloth, followed by elec- 
tropolishing in a 60/40 orthophosphoric acid/water  
solution. Final ly,  before use, the surface was rinsed 
in distilled water, methanol ,  and spectro-grade acetone, 
and then dried in a blast  of oxygen. This procedure 
produced surfaces which gave rise to reproducible 
results. 

The tarnishing ammoniacal  solution was prepared 
by dissolving 8g of electrolytic copper dust in 1 l i ter  
of oxygen-sa tura ted  15N aqueous ammonia.  This solu- 
tion was the same as that  used for previous stress- 
corrosion studies (2, 9). The refractive index of this 
solution was 1.3535 at 25~ small changes of the re-  
fractive index of this aqueous solution as a function 
of tempera ture  were neglected (10). 

Electron-diffraction studies were carried out to es- 
tablish the composition of the tarnish formed on pure  
copper and all the s-brasses. Metal foils were prepared 
by electropolishing in orthophosphoric acid/water  
solution. Diffraction pat terns were then obtained both 
before and after immersing the foil in the tarnishing 
environment .  

The ellipsometric technique and its application to 
the measurement  of the thickness of films formed dur -  
ing corrosion and oxidation has been described in 
detail elsewhere (11-16). Essential ly the technique de- 
pends on the fact that  the state of polarization of 
elliptically polarized light incident on a surface is 
changed on reflection. The change in ell ipticity is mea-  
sured in terms of two parameters,  tan  # and h, where  
tan  ~ represents the relat ive ampli tude ratio and 4, 
the relat ive phase re tardat ion of an equivalent  set of 
electric field vectors parallel  and normal  to the plane 
of incidence. In  addition to the film thickness d, the 
change in ellipticity on reflection is dependent  on sev- 
eral factors such as the optical properties of the media 
involved, the angle of incidence r the wavelength of 
light L In  terms of these factors, the change in elliptic- 
i ty may be expressed as 

A A A 
( tan r e i~ ---- $(nl,  n2, ns, r d, k) [1] 

A 
where n is the refractive index. For an absorbing me-  
dium the lat ter  is a complex quant i ty  which may be 
expressed as 

A 
n ---- n (1  -- ik) [2] 

where n is the real  part  of the refractive index, k the 
extinction coefficient (both for a given wavelength) ,  
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and i is ~ / - -  1. The suffixes 1, 2 and 3 refer  to the 
environment ,  the film, and the substrate respectively.  
Accordingly,  for a me ta l / env i ronmen t  system in which 
A A 

hi, n3, ~ and ~ are known it is possible to compute 
values of tan 7~ and ~ for films of various thicknesses 
and optical constants, i.e., n2 and k2 values. In this 
s tudy the computat ions were  carr ied out using a pro-  
gram developed by McCrackin (17). The thickness of 
the film then  may  be de termined  by selecting the op- 
t ical  constants which provide  the closest agreement  
be tween  the computed data and the exper imenta l  
results. 

In general ,  the el l ipsometer  a r rangement  used in this 
s tudy was similar  to that  described by Kruger  (13), 
a l though some minor  modifications vcere introduced. 
For  instance, due to l ight absorption, the blue am-  
moniacal  solution requi red  the use of blue light. Thus 
a monochromater  was employed to isolate a blue line 
(k = 4358A) of the mercu ry  arc. Also to permit  rapid 
filling of the cell  (volume ~ 100 cm 3) by a g rav i ty -  
feed system a large d iameter  (1.25 cm) inlet  tube was 
connected to the cell. Two plat inum electrodes were  
located in the cell  so that  when  the specimen was com- 
pletely immersed,  the envi ronment  completed the 
circuit be tween  the electrodes and indicated the start  
of the test on a recorder.  The el l ipsometer  cell was 
constructed so-that the optical axis of the cell windows 
intersected the plane of the specimen surface giving 
an angle of 70 ~ with  the normal  to the surface. Each 
window of the cell consisted of two optical flats, sepa- 
ra ted by an evacuated space, in order  to avoid conden- 
sation of moisture on the outer  window at lower test 
temperatures .  To obtain the lower temperatures ,  the 
cell  was wrapped  with cooling coils and insulated with  
polystyrene foam so that  the t empera tu re  could be 
maintained,  wi th in  +_3~ of the requi red  value, in the 
range --35 ~ to-{-25~ Methanol,  precooled in a me th -  
ano l /d ry  ice mixture,  was used as coolant. 

In the ell ipsometric technique it is general ly  neces-  
sary to measure  the optical parameters  of the bare 
meta l  surface and usual ly in solution environments  
this is accomplished by cathodically protect ing the 
specimen. In this instance, however ,  this procedure  
was not possible since cathodic deposition of copper 
occurred. Thus an a l ternat ive  procedure  was adopted 
in which the polished specimen was inserted into the 
ceil  and the  elIipsometric values of the  electropolished 
surface were  measured in air. The optical parameters  
of the "bare"  meta l  surface were  then calculated f rom 
this data. The  "bare"  surface was probably covered 
with  an oxide film as a result  of washing wi th  wate r  
(18) and might  also be coated with  a thin phosphate 
film from the electropolishing process (19). However ,  
the ell ipsometric parameters  as measured in situ were  
found to be v i r tua l ly  unchanged when  the electro-  
polished specimen was cathodically polarized in a solu- 
tion of phosphoric acid (in which there  was no dis- 
solved copper) indicating that  the electropolished 
surface was covered by a film which was much th in-  
ner  than  the film thickness to be determined in the 
ammonia  solution. 

Af te r  the parameters  of the init ial  surface condition 
had been established, the ammoniacal  solution was in- 
t roduced to the cell and subsequent  changes in el l ip-  
someter  values were  moni tored by manual  operation 
of the instrument.  For  the Cu-30 Zn alloy oxide growth 
was too rapid to be fol lowed in this manner .  In this 
case the el l ipsometer  was preset to certain values of 

and ~, corresponding to a par t icular  film thickness. 
It  should be noted that  in most f i lm-covered systems 
the zi values are cyclic and any par t icular  A value  is 
repeated at certain intervals  which are a function of 
film thickness (11). The t ime intervals  requi red  for 
the oxide to attain these preset  values are then  mea-  
sured. To do this the photodetector  output is recorded, 
a min imum of l ight intensi ty being observed each t ime 
the actual parameters  of the film approximated the 

preset values. The in terval  be tween  successive min ima 
corresponds to an increment  of thickness which may 
be computed. To provide a useful est imate of the in-  
c rement  of thickness the actual  ~ value  need not be 
exact ly equivalent  to the preset  values (in most of the 
exper iments  in this s tudy r is cyclic but  the exact 
values are not repeated, see Fig. 2). It should be em-  
phasized that  this method gives only a rough est imate 
of the ra te  of film growth, but it was used because 
no other  technique was avai lable  to measure  the very  
rapid oxide growth of the Cu-30 Zn alloy. 

The ra te  of oxide growth  was measured  for pure  cop- 
per  and the a-brasses as a funct ion of tempera ture ,  
and for the Cu-30 Zn alloy also as a function of applied 
anodic potential.  

Results 
The el l ipsometric results are presented in polar-  

coordinate diagrams in which ~ and ~b are the angular  
coordinate and radial  coordinates, respectively.  The 
changes in el l ipsometer  values, measured as a function 
of t ime for pure  copper at two temperatures ,  are shown 
in Fig. 1. Similar  measurements  for the series of brasses 
invest igated are i l lustrated in Fig. 2. F igure  1 shows 
that, at ambient  tempera ture ,  t h e  el l ipsometer  values 
move in an anticlockwise direct ion and almost describe 
a closed loop, whi le  at 10~ the sense of rotation 
changes to a clockwise direct ion after  one loop. 

The fact that  the e l l ipsometer  values describe a loop 
is significant in terms of t h e  thickness of the surface 
film. For  a nonabsorbing film on an absorbing sub- 
strate, the film thickness corresponding to a change 
of 360 ~ in A is that  thickness which shifts the phase 
of the incident radiat ion by an amount  equal  to its 
period (11) as shown in Fig. 3a. This thickness, d, is 
given by 

k 
d = [3] 

2 �9 n2 �9 sin 

For  absorbing films (k2 ~ 0) approximate ly  the same 
situation exists. It  may  be seen f rom the computed 

§  ~ 

Fig. 1. Experimentally determined ellipsometric curves of A and 
plotted on polar coordinates for the growth of cuprous oxide 

on copper at (a) 22.5~ and (b) 10~ In each diagram point A 
indicates the parameters of the "film-free" surface in air and point 
E represents the initial surface in the ammoniacal environment. 
The numbers beside each curve indicate the elapsed time, in min- 
utes, from the moment of immersion. 
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Fig. l .  Experimentally determined ellipsometric curves of A and 
plotted on polar coordinates for the growth of cuprous oxide on 

a range of brasses. Points A and E and the numbers beside each 
curve have the same significance as in Fig. 1. 
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curves shown in Fig. 3 that  each 360 ~ rotat ion about  
the center of the spiral corresponds to the same incre-  
ment  in film thickness. The electron-diffraction studies 
showed that  for pure copper and all the a-brasses the 
t a rn i sh  film was composed of cuprous oxide Cu20. 
Thus, in this par t icular  case (k = 4358A) if the refrac- 
tive index, no, of Cu20 is taken as 2.75 (14), then the 
value of d is approximately 900A. However changes 
in the optical constants, i.e., ~v2 and k2 values of the 
film may alter  this estimate of thickness, al though in 
this respect only changes in n2 will  be significant. The 
observed changes in  the direction of rotation of the 
curves in Fig. 1 and 2 suggest that  the optical constants 
are not the same in every case. Thus it is necessary 
to determine whether  and to what  extent  these con- 
stants change as a function of the exper imental  var i -  
ables before making  any estimate of film thickness. 

To examine whether  the changes in the shape of the 
curves shown in Fig. 1 and 2 are due to changes in n2 
and /or  k2, a series of curves were computed assuming 
various n~ and ks values for the film. The computations 
were made using the parameters  for the electropol- 
ished surface, 2 i.e. point  A in Fig. 1 and 2, and n2 and k2 
of the film were assumed to vary  between 2.3-3.2 and 
0.0-1.0, respectively. Figures 3 and 4 represent  a selec- 
tion of these computed curves. Figure 3 i l lustrates 
curves computed assuming constant  n2 (2.75) and 
vary ing  ks (0.0-0.2), while Fig. 4 i l lustrates curves for 
constant  ks (0.2) and varying  n2 (2.5-2.9). These fig- 
ures show that the changes of shape in  the experi-  
menta l  curves of Fig. 1 and 2 are not due to changes 
in n2 (Fig. 4) bu t  may be accounted for solely on the 
basis of small  changes in k2 (Fig. 3) which would not 
appreciably affect the estimate of film thickness. 
Figures 3 and 4 also show that  the completion of one 
ellipsometer loo1~ is equivalent  to an oxide thickness 
of 900A. In  fact, the figures show that  even if the 
refractive index, n2, varied wi th in  the range 2.5-2.9, a 
considerably greater var iat ion than that reported for 
Cu20 films grown under  different conditions (14), the 
computed thickness would be in error by only 10%. 
Using the t ime to complete one ellipsometer loop as an 
increment  of given thickness it was possible to examine 
the influence of zinc content, temperature,  and applied 
potential  on the kinetics of oxide growth by simply 
measur ing the t ime required to complete successive 
loops under  the various conditions. These results are 
presented below. 

Influence of zinc content.~Figure 2 and Table I indi-  
cate the influence of zinc content  on the oxide growth 
kinetics. Figure 2 shows that  curvature  of the ellip- 
sometric spiral increases for increasing zinc content  of 
the substrate, and a comparison of this figure with the 
computed curves of Fig. 3 suggests that  the extinction 
coefficient, k2, of the oxide increases for increasing 
zinc content  of the brass. Table I shows that  the t ime 
required to grow an oxide of given thickness decreases 
with increasing zinc content  of the substrate, i.e., the 
oxidation rate is more rapid the higher the zinc con- 

T h e  c o m p l e x  r e f r a c t i v e  i n d e x  of t h e  c o p p e r  s u b s t r a t e  w a s  ca l -  
c u l a t e d  to be  1.5 (1 -2 .39 i ) .  T h i s  v a l u e  is  in  t h e  r a n g e  of v a l u e s  r e -  
p o r t e d  in  W i n t e r b o t t o m ' s  s u r v e y  (11).  I t  s h o u l d  be  p o i n t e d  ou t  t h a t  
t h i s  v a l u e  w a s  n o t  s u b s t a n t i a l l y  c h a n g e d  f o r  t h e  a l l o y s  a n d  w a s  
t h e r e f o r e  a l so  u s e d  in  a l l  c a l c u l a t i o n s .  C h a n g e s  o f  t h e  r e f r a c t i v e  
i n d e x  of  t h e  s u b s t r a t e  o v e r  t h e  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d  
w e r e  c a l c u l a t e d  to  b e  s m a l l  a n d  w e r e  t h e r e f o r e  n e g l e c t e d  {20). 

F o r  a s p i r a l - s h a D e d  c u r v e  a loop  i s  s a i d  to  b e  c o m p l e t e  w h e n  a 
l i n e  d r a w n  f r o m  t h e  b e g i n n i n g  to  t h e  c e n t e r  of  t h e  s p i r a l  cu t s  t he  
s p i r a l  i t se l f ,  i .e . ,  a t  p o i n t  C in  F i g .  4b.  
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Fig. 3. Computed ellipsometric curves of • and ~ plotted on 
polar coordinates for the growth of cuprous oxide on copper assum- 
ing for the oxide constant n (2.75) and varying k (0.0-0.2). In each 
diagram point S indicates zero film thickness and the numbers be- 
side each curve indicate values of film thickness in angstroms. 
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Fig. 4. Computed ellipsometric curves of A and ~ plotted on, polar 
coordinates for the growth of cuprous oxide on copper assuming 
for the oxide varying n (?..5-2.9) and constant k (0.2). Point S in- 
dicates zero film thickness and the numbers beside each curve 
indicate values of film thickness in angstroms. 

tent  of the brass. In  fact, in the case of Cu-30 Zn the 
process was found to be so rapid that  it could only be 
followed manua l ly  at --35~ However, by using the 
technique described earlier in which the ellipsometer 
was preset to certain values, it was estimated that an 
oxide of ~-- 900A thickness was formed in  ~ 1-2 sec at 
room temperature.  

A fur ther  result  apparent  from Table I is that, for 
the range of oxide thicknesses studied (0-2700A), the 
oxidation process follows a l inear  law, i.e., the t ime 
required for the oxide to grow the second 900A incre-  
ment  is almost the same as for the first increment.  
This result, which appears to be valid both over the 
temperature  range investigated ( - -25~176  and 
under  conditions of applied potential,  is well  i l lus-  
trated in the case of Cu-5 Zn at --20~ see Table II. 
In  this instance if it is assumed that  a 900A oxide is 
formed in 37.5 min, then the t ime required to form 

Table I. Effect of zinc content and temperature on the kinetics of tarnish growth 

Meta l  S u b s t r a t e  Cu  Cu-5  Z n  C u - 1 0  Z n  C u - 2 0  Z n  Cu-30  Z n  

T e m p e r a t u r e ,  "C - - 1 5  - - 5  10 22.5  - - 2 0  0 26.5 - - 2 0  0 21.5 - - 1 5  0 22 - -35  
T i m e ,  r a in ,  to 900A 83.5 61 59 44 37.5 17 16 28 6.5 3.7 12 3 1 1 

to  1800,k 200  147 138 97 82 38 40 58 13 6.5 25.5 6.3 3 2.7 
to  2700A . . . .  121 - -  49.5 75 - -  - -  38 9.5 5.5 - -  

0 22 

* P r o c e s s  too  r a p i d  to  m e a s u r e  m a n u a l l y ,  e s t i m a t e d  b y  r a p i d  r e c o r d i n g  t e c h n i q u e  to  be  ~ 1-2 see a t  22~ 
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Table II. Oxidation of Cu-5 Zn at --20~ 

Time,  min ,  C a l c u l a t e d  A s s u m i n g  E x p e r i m e n t a l  
to a) L i n e a r  l aw  b) P a r a b o l i c  l a w  re su l t s  

900A 37.5 37.5 37.5 
18OOA 75 150 82 
2700A 112.5 337.5 121 

Table III. Effect of applied anodic potential on the 
oxidation of Cu-5 Zn at 22~ 

Time,  rain,  A p p l i e d  po ten t i a l ,  mV, SCE 
to  --390 (Ecorr) --330 --300 

900A 37.5 9.7 5 
1800A 82 23.5 10.5 
2700A 121 - -  16.5 

successive increments  of oxide may be calculated as- 
suming both l inear  and parabolic growth laws. Table 
II shows that  the exper imental  observations approxi-  
mate to the values computed assuming the l inear  law. 

E~ect of temperature.--For pure  copper and the 
alloys the rate of oxide growth was found to increase 
with temperature,  Table I. The variat ion in the t ime 
required to form an oxide of given thickness as a func-  
t ion of tempera ture  was used to estimate the activa- 
t ion energy of the process. For pure copper a plot of 
the t ime to form a 900A film vs. the reciprocal t em-  
perature  gave an activation energy of 84.44 kjoules /  
mole (20.2 kcals/mole)  for the  reaction. For  the alloys, 
however, no estimate of the activation energy was 
possible as the dependence was not l inear  over the 
l imited range of temperatures  examined. 

EI~ect of anodic potential.--The application of a 
potentiostatically controlled anodic potential  was 
found to increase the oxidation rate of Cu-5 Zn at 
22~ In  fact, the results in  Table III  suggest that  the 
logari thm of the t ime to grow a 900A film follows a 
l inear  relationship as a funct ion of applied potential. 
If it is assumed that  the oxide thickness is equivalent  
to the quant i ty  of mater ia l  dissolved, 4 then this sug- 
gests that  a Tafel relationship is operative, i.e., that  
the logari thm of the current  is proport ional  to the 
applied potential.  Genera l ly  a Tafel relationship is 
obeyed when anodic dissolution under  activation con- 
trol occurs. Dur ing  these measurements  it was also 
noted that  the applied current  required to sustain a 
given potential  was v i r tual ly  constant  dur ing film 
growth, indicat ing that  the oxide formed is not pro- 
tective. 

Discussion 
The present  results provide considerable insight into 

the mechanism of oxide growth. The observation of 
l inear  kinetics over the thickness range 0-2700A in-  
dicates that  diffusion across the film is not ra te -con-  
trolling. Thus, these results would appear to el iminate 
an earlier suggestion that  the process is controlled by 
the solid-state diffusion of cuprous ions across the 
film (4, 7). Fur thermore,  such a model cannot be rec- 
onciled with the rates of film growth observed in 
the present  studies, viz., from ,~ 10 - s  cm/sec for Cu to 
,~ 10 -5 cm/sec for Cu-30 Zn. Taking the diffusion co- 
efficient of cuprous ions in cuprous oxide at ambient  
tempera ture  to be ~ 10 -26 cm2/sec (21) and assuming 
a concentrat ion gradient  across a 1 ~m film to be 

10 -3 mole /cm 3, then it may be shown that  solid- 
state diffusion of copper ions would give rise to a rate 
of oxide growth of only ~ 2.4 x 10 -24 cm/sec. 

The l inear growth process and the observation dur -  
ing anodic polarization that  the oxide is not protective 
both support  the suggestion (6, 8, 22) tha t  the oxide is 
porous and that the env i ronment  has access to the 
metal  via pores. Thus it is suggested that  oxide growth 

This  a s s u m p t i o n  is no t  exac t  as t he  zinc, w h i c h  compr i ses  5% 
of the  a l loy,  r e m a i n s  in  s o l u t i o n  on d i s so lu t ion .  

involves dissolution of metal  ions at the base of the 
pore (anodic reaction) and their  deposition at the 
oxide surface (cathodic reaction) electrons flowing 
through the oxide film. Such a process is also con- 
sistent with the earlier observations that  the oxide is 
severely depleted with respect to zinc (6). Moreover, 
this model can account for the observed growth kinet-  
ics. Thus, taking the diffusion coefficient of copper ions 
in solution at ambient  temperatures  to be ~ 10 -5 
cm2/sec (23) and again assuming the concentrat ion 
gradient  of copper ions across a film of 1 ~m thickness 
to be 10 -3 mole /cm 3, then  it  may  be shown that  diffu- 
sion in solution would give rise to oxide-growth rates 
of ~ 2.4 x 10 -3 cm/sec. 

While in the present  work oxide growth is l inear  
over the thickness range 0-2700A, previous workers 
(24) have reported that  a l imit ing thickness is eventu-  
ally reached. It  was shown for Cu-30 Zn immersed in  
Mattsson's solution (1) of pH--~7.2, that  a l imit ing 
thickness of 5 ~m was attained, at which point it was 
suggested that  the rate of growth was equal to the 
rate of dissolution of the oxide. In  terms of the present  
observations it is possible that, for film thicknesses 
considerably in excess of 2700A, diffusion through 
pores would be rate-controll ing.  Alternat ively,  oxide 
growth could be l imited either by an increase in the 
copper ion concentrat ion at the base of the pore which 
would in itself restrict  the dissolution kinetics (25) 
or by electron t ranspor t  through the film. 

The magni tude  of the activation energy of the oxide- 
growth process for copper, ,~20 kcal/mole,  and the 
fact that  the process appears to obey a Tafel re lat ion-  
ship suggests that  the ra te-control l ing step is anodic 
dissolution at the base of the pore. Accepting this, then 
the strong influence of zinc content  on the oxide- 
growth rate of the metal  can be a t t r ibuted to the in-  
fluence of zinc on the kinetics of anodic dissolution 
which, in turn,  may be at t r ibuted to the high thermo-  
dynamic activity for dissolution of zinc. I t  is reason- 
able to suggest that  the dissolution of a copper atom 
from the surface occurs via some type of active site, 
such as a k ink  site or ledge, and that  the rate of 
dissolution of copper atoms is related to the number  
of such active sites. If zinc atoms, because of their  
high thermodynamic  activity for dissolution, may be 
dissolved directly from the plane surface producing 
monotomic pits, then this would lead to the creation 
of a large n u m b e r  of addit ional active sites from 
which dissolution of copper atoms would be facilitated. 

While the present  results provide a general  outl ine 
of the mechanism of oxide growth, several details 
remain  to be established. In  particular,  the specific 
role (24) of the cupric complex, Cu(NH3)42+, in the 
ta rn ishing process is not understood. It  has been sug- 
gested (5) that  the reduction of these complexes pro- 
vides an efficient cathodic reaction but  the precise role 
of this reaction is not clear. Also, it is not understood 
why the base of the pore remains  free of oxide. It  is 
well  established that  oxide formation is critically de- 
pendent  on the chemical composition of the envi ron-  
ment,  par t icular ly  on pH (1, 2). However,  the way in 
which the reactions at the base of the pore main ta in  
oxide-free conditions requires fur ther  attention. F ina l -  
ly, it would appear that  season-cracking might  be 
curtai led by control l ing the anodic dissolution reac- 
t ion at the base of the pores; for example, by the 
addit ion of minor  alloying elements which might  
poison the active sites at which dissolution occurs. 
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A Simple Crevice Corrosion Theory 
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ABSTRACT 

A simple theory for the concentrat ion and potent ial  var ia t ion in  a crevice 
is compared with exper imental  results from a model crevice. A consequence 
of the theory, confirmed by experiments,  is that  a small  potential  difference 
in a crevice can cause a large concentrat ion change and a corresponding 
large increase in corrosion current  at a given applied potential. The theory 
gives a simple way to estimate concentrat ions in crevices in  real corrosion 
situations. 

We wish to present  a very  simple approximate 
theory for the concentrat ion changes which accom- 
pany  current  flow to an electrode confined in a crev-  
ice. The t rea tment  is especially applicable to corrosion 
along a grain boundary  when the sides of the crevice 
are ent i re ly  inert,  but  with simple modifications it 
could be used to predict  concentrat ion changes in a 
pit. Following the derivat ion of equations, experi-  
ments  using a model crevice are discussed in the light 
of the theory. This theory differs from the more com- 
plicated analyses of concentrat ion changes in crevices 
by Beck and Grens (1) and by Posey (2) pr incipal ly 
in the fact that  the sides of the crevice are com- 
pletely inert.  

Theoretical 
Consider a crevice of depth l having a thickness w 

and an a rb i t ra ry  dimension perpendicular  to w and l. 
The current  is assumed to flow only in a direction 
parallel  to the depth, and to be carried by only one 
ion, for instance, an ion of the metal  being dissolved. 
In  each volume element  perpendicular  to l of thick- 
ness dx we have 

Ipdx 
d~ ----- I dR = [1] 

A 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

in which ~ is the electrical potential, 1 is the current  
flowing in the crevice, R is the resistance of th~ solu- 
t ion in the crevice, p is the resistivity of the solution, 
and A is the cross-sectional area of the crevice. For  
dilute solutions the resist ivity is given by 

1 
p = [2] 

zF~C 

in  which z is the valence of the ion which carries the 
current ,  F is Faraday 's  constant, ~ is the ion mobility, 
and C is the ion concentration. If each volume element  
is electrically neutral ,  a very good approximation in 
most situations of interest  (3), then the concentrat ion 
of the cur ren t -car ry ing  ion must  be equal to that  of 
the anion (assumed to have equal charge).  The con- 
centrat ion of the anion is given by 

C ---- Co exp ze~/kT [3] 

in which Co is the concentrat ion of the anion in the 
bulk  of the solution. Int roducing the value for C from 
Eq. [3] and the Einstein relationship ~ ---- zDe/kT 
with D the diffusion coefficient, e the electronic 
charge, k Boltzmann's  constant, and T the tempera-  
ture  into Eq. [2] and [1] gives 
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J dx kT 
Co exp zer de = - -  [4] 

z 2 FeD 

in which J is the current  density. A solution of Eq. 
[4] is 

Jx  
C = zFD + const. [5] 

Since C = Co at J = 0 we have from Eq. [5] 

Jx  
C - Co = [6] 

zFD 

The potent ial  at any point  in the crevice can be found 
by integrat ing Eq. [4] and not ing  that r = 0 at x = 0, 
which gives 

r  1 +  zF-DCo [7] 

kT AC 

where ~C is the concentrat ion change at the position 
in  question. 

Equations [6] and [8], the fundamenta l  equations 
result ing from the theory, are l imited to very dilute 
solutions in  which the ion mobil i ty  is not a funct ion 
of concentration. To a first approximation, however, 
the equations are useful  to concentrat ions of about 
molar. 

There  are two modifications which make  the basic 
equations more useful. The first is to consider the 
concentrat ion change in  the solution just  outside the 
crevice. The same general  method for that  region, 
which has approximately cylindrical  geometry, leads 
to the equation 

Jw In r2/r 
AC = [9] 

~zFD 

in which r2 is the radius  at which the bulk concen- 
trat ion is reached and r is equal to w/2. Equation [8] 
is valid for the potential  in this region, with r = 0 
corresponding to the point where the bulk  concentra-  
t ion is reached. 

The second modification is useful for total applied 
potentials large enough so that the concentrat ion 
reaches a value in excess of molar  wi th in  the crevice, 
and the resistivity is no longer represented adequately 
by Eq. [2]. A crude approximation is to consider that 
Eq. [6] and [8] are valid to a distance xl at which 
the concentrat ion reaches some value such as molar, 
and that  deeper in the crevice the resistivity of the 
solution is constant. The value of xl is found from 
Eq. [6] to be 

z F D  Aemax 
xl [10] 

J 

in which ACmax is the difference in concentrat ion be-  
tween 1 M/1 and the concentrat ion at the mouth of 
the crevice. The equation for the total potential  in 
the crevice is then 

kT ( [ : o  ACmax ~ 
= J " pmax (1 - -  x l )  -F i n  1 + - - - ~ - - - /  [11]  

ze 

in which pmax is the constant  resistivity reached deep 
within  the crevice. 

E x p e r i m e n t a l  
Sample preparation.--Two types of samples were 

attempted. First, a t tempts were made to prepare  
samples by clamping th in  iron foil between optically 
flat quartz plates; this approach was unsuccessful be-  
cause electrolyte always penetrated between the foil 
and the quartz. 

The second type of sample, which was more suc- 
cessful, was prepared in  the following manner .  Optical 

AgA~LAYER 
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\ Fe, ~ 1.6 FM. THICK 

I M.M. INITIAL 
CREVICE D E P T H  

Fig. 1. $chemotie of the model crevice 
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Fig. 2. Results of experiment using ]O-aM No2504 at 25~ 

flats were prepared on pieces of Lucalox, 1 which is a 
sintered form of A1203 having theoretical  density. 
The Lucalox pieces were about 2.5 cm 2 by 0.25 cm 
thick. A strip 0.1 cm thick was masked off along one 
edge of the optical flat surface of each piece, and iron 
was vaporized onto the surface to a thickness of 
8000A. The two pieces were then sintered together at 
900~ for 1 hr in hydrogen. A load of about 25 lb was 
placed on the pieces to promote good contact and 
sintering. Following the s inter ing t reatment ,  gold was 
vaporized onto the end of the sandwich for an elec- 
trical contact to the iron. A schematic i l lustrat ion of 
the completed sample is shown in Fig. 1. Dur ing  sub-  
sequent experiments,  the sides of the sample were 
coated with stopcock grease to prevent  access of the 
electrolyte to the iron except in the crevice. 

Potentiostatic anodic polarization experiments.-- 
Polarization experiments  were carried out in 10 -3 M 
Na2SO4 and 10 -3 M H2SO4, using a Wenking  Model 
66-TA-10 potentiostat.  A saturated calomel reference 
electrode (SCE) was employed with a salt-bridge, 
Luggin-probe,  and Pt counterelectrode. All  runs  were 
carried out at room temperature  (25~ in air satu- 
rated solutions. Current  was measured as a function 
of t ime at constant potential. Samples were equili-  
brated overnight  under  open-circui t  conditions prior 
to  a r u n .  

Results 
Figure 2 is a plot of current  vs. t ime at an applied 

potential  of 0.0V SCE in 10-3 M Na2SO4. The experi-  
menta l ly  measured ini t ial  current  was 1 ~A, cor- 
responding to an ini t ial  cur rent  density of 2.5 x 10 -3 
A/cm 2. The ini t ial  current  may be calculated from the 
electrolyte resistivity, the ini t ial  crevice depth, the 
area of the crevice, and the open-circui t  potential.  In  
this experiment,  the electrolyte resistivity was 5000 
ohm-cm and the open-circui t  potential  was --0.50V. 
For  these conditions, the ini t ial  resistance of the elec- 

Tradename. 
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t ro ly te  wi th in  the  crevice is calculated to be 1.25 x 106 
ohms and the init ial  current  should have  been 0.4 ~A. 

There  are two reasons why  the calculated and ex-  
per imenta l  init ial  currents  may  not be in exact  agree-  
ment.  First,  some dissolution of the iron may  occur 
whi le  the sample  is being equi l ibra ted under  open 
circuit  conditions, leading to a decrease of the electro-  
lyte resistance and therefore  an increase in the init ial  
current.  Second, it is difficult to measure  the current  
dur ing the first few seconds of the run  whi le  the ap- 
pl ied potent ia l  is being adjusted to the desired level.  
Consequent ly  the calculated value  given above may  be 
considered to be in reasonable agreement  wi th  the 
exper imenta l  value. 

The current  was observed to increase steadily for 
about I hr, reaching a m a x i m u m  value  of 25 ~A, which 
corresponds to a current  density of about 6.3 x 10 -2 
A / c m  2. The slow increase of current  is a consequence 
of the gradual  concentrat ion of the solution in the 
crevice as the  current  flow continues. At  that  point 
the cur ren t  was observed to decrease in an i r regular  
manner  to a value  of 4-5 ~A. 

From Eq. [3], [8], [9], and [11] the values of con- 
centrat ion and potent ia l  at various points in the sys- 
t em were  calculated wi th  the fol lowing assumptions. 
The contr ibut ion of Na + was neglected, since current  
flow removes  it f rom the crevice;  this neglect  intro-  
duces a small  er ror  in the results for the  space outside 
the crevice. The contr ibution of O H -  was also neg-  
lected, since it is present  in the bulk  solution at a ve ry  
low concentration. I t  was assumed tha t  the bulk con- 
centrat ion was reached at r~ ---- 10-~ cm because of 
na tura l  convection. With these assumptions, using 
z ---- 2, F �9 D -~ 1, the observed current  density (0.063 
A/cm2),  w = 1.6 �9 10 -4 cm, r ---- 0.8 �9 10 .4  cm, and pmax 
---- 5 ohm-cm, the results shown in Table I w e r e  ob- 
tained. 

The theory  predicts tha t  the concentrat ion at the 
bot tom of the crevice is greater  than 1 M/1 and that  
the potent ia l  at that  point  is --0.105V SCE. For  com- 
parison, potentiostatic exper iments  using 1M Na2SO4 
solutions and pure  iron specimens of various kinds 
showed that  the current  density reached values of 
about 0.15 A / c m  2 at a potent ial  of --0.4V SCE, and 
then fell  to 0.05 A / c m  2 at a potent ia l  of --0.2V SCE 
and remained at that  value to 4-0.25V SCE. These 
results are in excel lent  agreement  wi th  those f rom the 
crevice corrosion experiment .  The decrease in current  
at long t imes in Fig. 2 may be the result  of part ial  
passivation by  precipi tat ion of Fe (OH)2 in the crevice. 

In order  to minimize Fe (OH)2  precipitat ion fur ther  
exper iments  were  made using 10 -3 M H2SO4, wi th  the 
result  shown in Fig. 3. In these exper iments  2 hr  were  
al lowed for the ini t ial  equil ibration,  and the  open 
circuit  potent ia l  was again --0.5V SCE. In each run 
the current  was still  increasing when  the run  was 
terminated,  but  ev ident ly  a s teady-s ta te  was ap- 
proached. One problem encountered in these exper i -  
ments  is that  the crevice depth increases dur ing the 
run. After  each run, the  crevice depth was measured 
optically (the Lucalox is t ranslucent) ,  and the in-  
crease in crevice depth was always consistent wi th  
the coulometr ical ly  integrated cur ren t - t ime  curves. 
F igure  4 presents a photograpb of a typical  sample 
af ter  a series of runs in the 10 - s  M H2SO4. I t  is evident  
that  iron dissolution was re la t ive ly  un i form along the 
crevice. 

In the exper iments  of Fig. 3 a potent ial  of --0.2V 
SCE was used. Calculations like those per formed 

IO -3 M H z SO 4 
60 E: : -0.20 V 

RUN I ~ :  IMM 

50 "1" MAx =44p. Az JNAX: I.I x I0 - I  A/CM 2 

~.. 40 

"rMAX = 56FA ; JMAX =9.0 x IO-2A/CM z 20 : ; : . - 

I0 

0 ,50 IO0 150 
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Fig. 3. Results of experiments using 10-3M H2S04 at 25~ 

Fig. 4. Photograph of sample after experiments using H2S04; 
4X. 

above but using J =- 1.1 . 10 -1 A / c m  2 gave the results 
shown in Table II. 

Numerous exper iments  using M H2SO4 are reported 
in the l i terature,  and all  agree that  a current  density 
of about 0.1 A / c m  ~ would be expected at a potent ial  
of about --0.34V SCE in good agreement  wi th  the 
observed value. It  is interest ing that  an iron wire  in 
the same 10 -3 M H2SO4 solution at --0.2V SCE gave 
a current  density of only 2 x 10 -3 A / c m  2, an impres-  
sive demonstrat ion of the effectiveness of the crevice 
in increasing the corrosion rate. As wi th  the exper i -  
ments  in Na2SO4, the init ial  current  of about 5 gA in 
Fig. 3 is h igher  than the calculated value  of 1 ~ , .  In 
the longer  crevice (Fig. 3, run  2) the  currents  are 
lower  as expected. 

Summary 
The simple theory  for the concentrat ion and poten-  

tial var ia t ion in a crevice makes predictions which 
are in reasonable accord with  exper imenta l  results. A 
consequence of the theory, confirmed by experiments,  
is that  a small  potent ia l  difference in a crevice can 
cause a large concentrat ion change and a correspond- 
ing large increase in corrosion current  at a given 
applied potential.  The theory  gives a simple way  to 
estimate concentrations in crevices in real  corrosion 
situations. 
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Table I. Calculated values for experiment using 10-3M Na2S04 Table II. Calculated values for experiment using 10-3M H2S04 

Posit ion C o n c e n t r a t i o n ,  M/1  P o t e n t i a l  ( S C E ) ,  V P o s i t i o n  C o n c e n t r a t i o n ,  M/1 P o t e n t i a l  (SCE) ,  V 

B u l k  10 4 0 
M o u t h  of  c r e v i c e  7.8 10 -s - - 0 . 0 2 8  
Posi t ion ~1 1.0 -- 0.091 
B o t t o m  of  c r e v i c e  - -0 .105  

B u l k  l 0  s - -0 .2  
M o u t h  of c r e v i c e  1.4 10 -s - -0 .235  
P o s i t i o n  x l  1.0 -- 0.290 
Bot tom of c r e v i c e  -- 0.340 
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Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Transport Numbers and the Structure of 

Porous Anodic Films on Aluminum 

A. Dekker and A. Middelhoek 
N. V. Philips' Gloeilampenfabrieken, Development Laboratory, Zwolle, The Netherlands 

ABSTRACT 

Experiments  are described in which a l u m i n u m  samples, covered wi th  a 
porous oxide layer  by  anodization in oxalic acid, are subsequent ly  re-anodized 
in boric acid ("forming") .  The exper imental  techniques employed combine 
s tandard voltage and current  measurements  with gravimetric  and  optical  
methods for film thickness determinat ion and measurements  of the rate of 
film dissolution. The results show that  for a given anodizing electrolyte the 
porosity depends only on the anodizing voltage and that  it decreases wi th  in -  
creasing voltage. The growth of the porous films is de termined solely by  the 
formation of oxide at  the oxide/metal  interface. This can be used to define 
a t ransport  number  for the positive ions dur ing  anodization, which was found 
to be t+ = 0.33. During forming in boric acid of a sample already covered 
with a porous oxide layer  some of the oxide is formed in the pores and some 
at the metal /oxide  interface. For  this process a t ransport  number  t+ ---- 0.24 
was obtained. The average pore diameter, cell diameter, and barr ie r  layer 
thickndss vary  l inear ly  with the anodizing voltage, the cell wall  thickness 
being somewhat th inner  than the barr ier  layer. 

It  is well  known that  a luminum may be covered 
with an oxide layer by anodic oxidation. The structure 
of these anodic films depends markedly  on the elec- 
trolyte used, par t icular ly  on the degree to which it 
acts as a solvent for the oxide. In  a solution contain-  
ing oxalic acid or other acids which attack the oxide, 
a porous layer is obtained, whereas in boric acid solu- 
t ion a compact uni form layer  is formed. The difference 
between these two extreme cases is clearly demon-  
strated by the shape of the voltage vs. t ime curves 
obtained dur ing  growth of the layers at constant  anode 
current  density. In oxalic acid the voltage first rises 
to a relat ively low max imum (5-100V), then decreases 
slightly and approaches a constant  value (e.g., Fig. 1). 
However in  boric acid the voltage increases l inear ly  
with time, at least unt i l  the "sparking voltage" 
(usually several hundred  volts) has been reached. A 

gene ra l  review of the subject is given by Young (1). 
It is also possible to re-anodize an a luminum sample 

in boric acid which has been anodized previously in 
oxalic acid. In  fact Dekker  and Van Geel (2) used 
this as a technique to obtain informat ion about the 
s tructure of the porous layer laid down initially. Ac- 
cording to these authors the pores of the porous layer 
are filled dur ing  the re-anodizat ion process and from 
the voltage vs. t ime curve obtained at constant  cur-  
rent  densi ty dur ing  this process they deduced a value 
for the porosity of the original  film. This technique 
has received little fur ther  a t tent ion in  the l i terature.  
The interpreta t ion of Dekker  and Van Geel has been 
rejected in the l i terature (3), but  in our opinion wi th-  
out any  factual justification. Recently, however, Dunn  
(4) essentially confirms the pore-fil l ing process. 

The present  paper deals with exper imental  results 
obtained by anodization of a luminum in oxalic acid 
and subsequent  re-anodizat ion in boric acid. In  the 
following the re-anodizat ion in boric acid shall be 
referred to as "forming;" the term "anodizing" is re-  

Key  w o r d s :  anod ic  oxidation, transport numbers, porosity of  a lu -  
m i n u m  oxide films, Tolansky thickness m e a s u r e m e n t s .  

served for the production of a porous layer in  oxalic 
acid. The present study extends that  of Dekker and 
Van Geel by combining the s tandard cur ren t  and volt-  
age measurements  with optical and gravimetric  
methods for film thickness determinat ions and mea-  
surements  of the rate of film dissolution. The data ob- 
ta ined permit  the determinat ion of the porosity of the 
films produced by anodization, the t ranspor t  numbers  
associated with anodization and subsequent  forming, 
and the diameter  and densi ty of the pores in  porous 
films. 

Experimental Evidence for the Pore-Filling Process 
In this section we discuss some simple experiments  

which confirm and extend the results obtained earlier 
by Dekker and Van Geel. They provide conclusive 
evidence for the pore-fil l ing mechanism and lead to a 
model which is used for the in terpre ta t ion  of the 
results described in  the sections that  follow. We first 
describe briefly the procedures and equipment  used 
in these experiments.  

Samples 
The samples were punched from a luminum foil of 

100~ thickness and a pur i ty  of 99.98% (impuri t ies  in 
ppm: Cu 26, Si 51, Fe 24, Mg 6). They consisted of a 
circular area of 50 m m  diameter  and were provided 
with a contact strip; it tu rned  out that  a constriction 
in the stem just  above the circular area prevented the 
electrolyte from creeping up. The total  anodizable 
area was 39.0 cm 2. The samples were cleaned by sub-  
ject ing them to the following sequence of procedures: 
(a) immersion in NaOH (20 g/ l i ter)  at 20~ for 9 min;  
(b) r insing in deionized water  at 20~ for 2 min;  (c) 
immersion in 48% sulfuric acid at 90~ for 3 rain; (d) 
r insing in deionized water  at 20~ for 2 min;  (e) im-  
mersion in a mix ture  of 950 ml  deionized water,  50 ml  
H3PO4 (85%) and 20g CrO~ at 85~ for 2 min;  (f) 
r insing in deionized water  at 20~ for 2 min;  (g) r ins-  
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ing in alcohol at 20~ for 5 min;  and (h) dry ing  in a 
furnace at 50~ for 30 rain. 

Anodizing 
The anodization process was carried out in  an  oxalic 

acid solution (80 g/ l i ter)  at a constant  current ,  sup- 
plied by a constant  current  generator  (max imum 
variat ion 1% from 0 to 500V) in a thermostat  held 
constant  within 0.1~ The current  generator could be 
regulated between 100 and 500 mA for voltages be- 
tween 0 and 1000V. An a luminum plate served as 
cathode. Dur ing  the process the voltage (V) across the 
cell was recorded as a funct ion of t ime (t) on a Philips 
line recorder (Type PR 2210 U/21).  After  anodizing 
(or forming) the samples were cleaned twice in 
alcohol at 20~ the first t ime for 10 min  and the sec- 
ond time for 20 min;  alcohol was used ra ther  than 
water  to prevent  hydrat ion of the oxide and because of 
the good solubil i ty of oxalic acid in alcohol. After-  
ward, the samples were dried in air at 50~ Since 
fur ther  heating of the samples in air at 450~ for 30 
min  did not produce a detectable change in weight, 
the drying procedure was considered satisfactory. 

Forming 
Forming of a single sample was carried out at a 

constant current  density of 0.38 m A / c m  2 at 25 ~ • 0.5~ 
in an electrolyte prepared as follows. A solution con- 
sisting of 27.9g glycol, 24.9g boric acid, and 12.4g am-  
monia (13N) was heated at 140~ unt i l  its specific 
resist ivity was about 5000 ohm-cm at 25~ and diluted 
with alcohol to give a forming electrolyte with a 
specific resistivity of approximately 1300 ohm-cm at 
25oC. 

Results and Discussion 
First  of all  a number  of experiments  analogous to 

those performed by Dekker and Van Geel were car- 
ried out, i.e., the voltage V" was measured as a function 
of t ime t dur ing  forming with constant  current  in 
boric acid of samples that  had been anodized pre-  
viously. Since these results confirmed those of Dekker 
and Van Geel it may  suffice to give one i l lustrative 
example. Two samples have been anodized with dif- 
ferent  current  densities J~ and Jb (Fig. 1). The cor- 
responding curves for subsequent  forming at equal 
current  densities (Fig. 2) show different ini t ial  slopes; 
the steepest slope is found for the specimen that  has 
been anodized with the highest current  density. The 
first stage in both cases corresponds to the pore-filling 
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Fig. 1. Voltage vs. time during anodizing in 80 g/I oxalic acid 
at 20~ Curve (a) corresponds to on over-all current density Ja = 
0.63 mA/cm 2 for 18 min; curve (b) corresponds to Jb ~ 2.54 mA/ 
cm 2 for 4.5 rain. 
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Fig. 2. Voltage vs. time during forming with 0.38 mA/cm 2 at 
25~ after anodizing; curves (a) and (b) refer to the anodizing 
current densities Ja and Jb of Fig. 1. 

mechanism proposed by Dekker and Van Geel. The 
final slopes are equal to that found for a virgin speci- 
men formed with the same current  density. Hence 
the point where the two straight parts of the V-t  curve 
meet  (the "knee-vol tage")  corresponds to the si tua-  
t ion where  the pores have been filled completely. 
Since dV/d t  is constant dur ing the pore-fi l l ing stage 
it makes sense to introduce a porosity ~a of the ano-  
dized layer defined by the total cross-section of the 
pores per uni t  area of the sample. It  follows from 
Fig. 2 that the porosity increases with decreasing 
anodizing current  density. If all the oxide dur ing 
forming were produced at the pore-base/electrolyte  
interface, aa would simply be given by the ratio of the 
final and ini t ial  slopes. However a part  of the oxide, 
as will  be shown later, is produced dur ing forming at 
the metal /oxide  interface. This complicates the deter-  
minat ion  of ~a. The nonzero value of V for t ---- 0 
(Fig. 2) results from the presence of a compact barr ier  
layer in the porous films adjacent  to the metal;  this 
barr ier  is bui l t  up dur ing  the anodizing of the sample 
(Fig. 1). 

A second type of exper iment  was performed with 
two samples of which one was anodized for 12 min  in 
oxalic acid with a current  density Ja and subsequent ly  
for 3 min  with another  current  density Jb, and the 
other sample was similarly anodized with the same 
current  densities but  in  reverse order (Fig. 3). The 
V- t  curves recorded dur ing forming (Fig. 4) now con- 
sist of three l inear  stages with slopes that  are equal to 
those encountered in  the first type of exper iment  
wi thin  the limits of accuracy. From the order in 
which these slopes occur, one may conclude that  the 
porous layer grows at the meta l /oxide  interface, i.e., 
the "old" oxide will  be found at the top of the layer. 

The anodizing conditions dur ing the second stage 
may be chosen in such a way that  the corresponding 
porosity aa approaches un i ty  so that  the layer pro-  
duced dur ing the first stage no longer adheres to the 
metal. In  a typical  exper iment  of this kind a sample 
was first anodized with a current  density of 5.1 m A /  
cm 2 dur ing  45 min  at 20~ and thereafter  with a cur-  
rent  density of 0.13 m A / c m  2 at 40~ With great care 
it was possible to obtain in this m a n n e r  an oxide 
membrane  of about  8 gm thick. This was found to be 
permeable to a colored liquid (a solution of picric 
acid in d imethylformamide) ,  which supports the con- 
clusion that such layers are poro_u_s. It_is, in!crest ing to 
note that  w~' 
heated for 2 nr  at ~4u'u,  ~ts welgnt  oecreaseo uy omy 
1.4%, implying that  the degree of hydrat ion of the 
membrane  is very low [see also Bernard and Randall  
( 5 )  ]. Subsequent  boil ing in  deionized water  for 3 min  
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Fig. 3. Voltage vs. time during anodizing in 80 g/I  oxalic acid 
at 20~ I refers to an anodizing current density Ja ~ 0.63 mA/ 
cm 2 applied for 12 min and, subsequently, Jb = 2.54 mA/cm 2 for 
3 min. II corresponds to the reverse sequence. 
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Fig. 4. Voltage vs. time of forming with 0.38 mA/cm 2 at 25~ 
offer the anodizing procedures I and II of Fig. 3. 

increased the weight  by  11.6%; this wa te r  could be 
removed  easi ly by  heat ing.  One m a y  thus  conclude 
tha t  the  anodized layers  a re  porous and contain 
or ig ina l ly  r e l a t ive ly  l i t t le  water ,  in contras t  to the 
opinion of Murphy  and Michelson (6).  

S imi la r  informat ion  as re fe r red  to above concern-  
ing the  s t ruc ture  of porous layers  can be obta ined by 
cur ren t  r a the r  than  vol tage  measurement s  dur ing  
forming. Such measurements  have been car r ied  out in 
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par t i cu la r  w i th  a "duo-c i rcui t"  in which  two samples  
a re  formed in pa ra l l e l  in boric  acid wi th  a constant  
to ta l  current ;  one of the  samples  a v i rg in  a luminum 
specimen and the  o ther  anodized p rev ious ly  in oxalic 
acid. Fo r  this  sys tem we then  measured  the  cur ren t  
d rawn  by  the v i rg in  specimen, I f ( t ) ,  the  current  
d r a w n  by  the anodized specimen, Ia,f(t) ,  and the  vol t -  
age V(t) across the  cell  dur ing  the forming  process. 
Typica l  resul ts  a re  shown in Fig. 5. We can dis t inguish 
th ree  stages: Dur ing  the first of fo rming  stage (from 
t = 0 to t = ta) only  the  v i rgin  sample  draws  current .  
For  t -~ t~ the  field across the  ba r r i e r  l ayer  of the  
anodized sample  becomes large  enough to a l low ionic 
t r anspor t  and the second stage is reached in which Ia.f 
and  If r ema in  essent ia l ly  constant  wi th  Ia.f < If. This 
is consistent  wi th  the  in te rp re ta t ion  tha t  dur ing  the 
second s tage the  pore-f i l l ing  mechanism is operat ive.  
Near  t = tb the  pores  are  p rac t i ca l ly  filled and the 
field becomes large  enough for  the  onset of ionic t r ans -  
por t  th rough  the whole  area  of the  anodized plate;  this 
leads  to the  final s tage in which  the  samples  share  the  
to ta l  cur ren t  equally.  The t ime tb was found to be 
propor t iona l  to the  per iod  of anodization,  in agree-  
ment  wi th  the  pore-f i l l ing mechanism.  The overshoot  
in the  Ia.f (t) - cu rve  (Fig. 5) near  A is a t rans ient  
effect which is of no fu r the r  in teres t  to us here.  The 
dip near  B in this  curve indicates  the  presence of a 
constr ict ion in the  pores, p r e suma b ly  re la ted  to the i r  
ini t ia t ion because the  oxide at  the  top of the  l aye r  is 
p roduced  dur ing  the  ini t ia l  stages of the  anodizat ion 
process. For  h igher  anodizing t empera tu re s  a n d / o r  
lower  anodizing cur ren t  densi t ies  the  constr ict ion is 
not observed and m a y  even be t rans formed into an 
en la rgement  as a resul t  of the  aggressive act ion of the  
electrolyte .  

Even for th ick  porous layers,  for which the  "knee-  
vol tage" of the  D e k k e r - V a n  Geel  technique  cannot  be 
de termined,  the  duo-c i rcu i t  m e t h o d  can be used con- 
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Fig. 5, Forming with constant total current of 20 mA in the 
"duo-circuit" of a virgin sample and a sample that had been 
anodized in 80 g/I  oxalic acid with 1 mA/cm 2 for 6 rain at 15~ 
I f ( t )  and la,f(t)  represent the currents drawn by the virgin and 
anodized sample, respectively. The common voltage V is also 
shown as a function of time, Vk refers to the "knee-voltage" and 
Vb to the voltage across the barrier layer t ~ ta. 
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Model of the Pore-Filling Process 

The results described above as well  as those re- 
ported earlier by Dekker  and Van Geel show that  
dur ing forming in boric acid of a sample covered with 
a porous oxide layer at least some of the new oxide 
is formed in the pores. I t  is evident that this requires 
t ransport  of positive ions under  influence of the elec- 
tric field from the metal /oxide  interface to the pore- 
base/electrolyte interface. On the other hand, the 
results do not exclude the possibility that  some of the 
new oxide is formed at the metal /oxide  interface as 
a result  of the motion of negative ions. In  the next  
section we shall see that this is actual ly what  happens. 
The assumption of t ranspor t  of positive as well  as 
negative ions leads to a schematic model as given in 
Fig. 6 as a basis for the discussion of the process of 
forming in boric acid of a sample already covered 
with a porous layer. Let At be the total  area of the 
anodized portion and let Ap represent  the total cross 
section of the pores. The porosity aa of the porous 
layer may then be defined as 

aa = Ap/At [i] 

Let Ia�9 be the current  employed during forming and 
suppose that  the pores are only par t ly  filled. The 
weight of new oxide produced per uni t  t ime is then 

ea,f ~]a,f Ia,f [2] 
a,f 

where e~,f is the electrochemical equivalent  of the 
new oxide and ~la,f the current  efficiency of the process. 
We may then define a t ransport  number  t+ for the 
positive ions by 

weight of new oxide formed in  the pores /un i t  t ime 
t + ~  

total weight of new oxide fo rmed/un i t  t ime 
[3a] 

For simplicity we assume that the density of the oxide 
formed in the pores, pa,f is the same as that  formed at 
the meta l /oxide  interface. 

Using Fig. 6 and Eq. [2], Eq. [3a] becomes 

t + = pa,f A p ( d h +/dt) / ( e~] ) a,f Ia,f [ 3 b ] 
Similar ly  

(1 -- t+) = pa,f At (dh-/dt)/(e~l)a,fla,f [3c] 

Solving [3b] and [3c] for the sum (dh+/dt + dh - /d t )  
or (dh/dt)a,f, and replacing Ap/At by r a from [1], 
gives 

(dh/dt)a,f = - 7  a , f - -~-  t /-  (1 -- t+)  [4] 

dh 

ha h* 

h b 

h_ 
dh-' LIjljjIIjjjJJJIIJJJ I 

L A, .! 

na,f h 

Fig. 6. Schematic picture of farming of an anodized sample in 
the pore-filling stage. Ap represents the total cross section of all 
pores in a sample of total area At. h+ and h -  represent the oxide 
formed in the pores and at the metal side, respectively, hb repre- 
sents the thickness of the barrier layer. 

For a virgin a luminum sample formed with a current  
I~ the rate of change of thickness would be given by 

\ p / f A t  

In  order to discuss the kind of experiments  described 
above it is convenient  to t ransform from thicknesses 
to rates of change of voltage across the samples. Thus, 
let Ef and Ea,f represent  the effective electric field 
strengths dur ing forming of the virgin and anodized 
samples, respectively. Mult iplying [4] by Ea,f and [5] 
by Ef, gives the rates of change of voltage, i.e., Eq. [6] 
and [7]. 

='raf  .'--:-- + ( l - - t + )  [6] 
T a,f �9 A t  aa  

-- 7f [7] 
f At 

where 
= ( e~]E 

7a,f ( e~E ) and 7f__ , 7 )  [8] 
p a,f f 

The basic Eq. [6] and [7] can be used to discuss ex-  
per imental  results such as shown in Fig. 2 and Fig. 4 
as well as those shown in Fig. 5. For example, the 
condition required during the second stage of the duo- 
circuit  experiment  of Fig. 5 reads 

from which we find for the ratio of the two constant  
currents  

Ia,f %' 
fl ~. -- with 7 ------ 7f/Ta,f [10] 

Ir (t+/~a) + ( i -  t+) 

Solving for t+ we may write this relation in the fol- 
lowing convenient form 

t+ = 1 -- aa ~ [11] 

From its definition it is clear that  7 must  be approxi-  
mately equal to unity,  small  deviations may arise, for 
example, from a slight difference between Ef and Ea,f. 
In  fact, from a rather  intricate analysis of exper iment-  
al results, which we shall not give here, we found 7 
= 0.98. 

From Eq. [6] and [7] we can also derive an expres- 
sion for the ratio of the final and initial slopes of a 
V-t curve during forming of a single anodized plate, 
such as given in Fig. 2. The final slope must then be 
identified with (dV/dt)f and the initial one with 
(dV/dt)a,f. The condition for this type of experiment 
is expressed by 

Ia,f = I~ [12] 

and we find for the "voltage ratio" from [6] and [7] 

(dV/dt)  f 7 
= ~ [13] 

(dV/dt)a,f (t+/aa) + ( 1 -  t+) 

For the anodizing conditions per ta ining to Fig. 5 we 
actually found a voltage-rat io of 0.33, which is near ly  
equal to the exper imental  cur rent - ra t io  of 0.34, as 
required by [13]. According to [11] the t ransport  
number  t+ can be obtained from exper imental  values 
of aa and 8, assuming 7 is known or taken equal to 
un i ty  as a reasonable approximation. We therefore 
discuss next  the determinat ion of a~. 

Determination of the Porosity 
The porosity of a porous layer  produced by anodi-  

zation with a current  density of 1 m A / c m  2 in 80 
g/ l i ter  acid at 15~ was determined by gravimetric 
and  optical thickness measurements .  The principle of 
th i s  de terminat ion may be explained with reference 

venient ly  because it incorporates directly a virgin 
reference anode. 
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l oxide 

ha 

Fig. 7. Schematic view of a partly anodized sample from which 
part of the oxide has been removed, illustrating the principle of 
the thickness measurements according to Tolansky. 

to Fig. 7 where  ha represents  the thickness of the 
anodized layer  and ha m the thickness of the meta l  
layer  consumed for the anodization. Let  Wa and Wa" 
represent  the corresponding weights  per unit  over -a l l  
area; pa is the density of the oxide (excluding the 
pores) and pm the density of the metal.  Making use 
of the definition [1] of the porosity a~ we may  wr i te  

dWa = pa (1 -- aa) dha [14] 
or 

1 dwa pm d W a / d W a  TM 

~a=l --= I-- [15] 
Pa dha  pa d h a / d h a  m 

The porosity was obtained by measur ing  the quant i -  
ties appearing in the last expression. 

The densities pa and pm were  measured  by weighing 
the anodized samples in air as wel l  as in distilled 
glycol wi th  a density of 1.1108 g / c m  3 at 20~ and a 
tempera ture  coefficient of --0.58 m g / c m  8 ~ in the 
region be tween  15 ~ and 30~ By repeat ing this pro-  
cedure af ter  removal  of the oxide in chromic-phos-  
phoric acid the required densities could be found. The 
results obtained f rom at least three  determinat ions 
were  

pa = 2.96 • 0.03 andpm = 2.698 • 0.003 g / e m  3 [16] 

The weights  W~ and Wa TM were  obtained by weighing 
the samples before anodizing, af ter  anodizing, and 
after  remova l  of the anodized layer  in chromic-  
phosphoric acid. The results are plotted for a series 
of exper iments  in Fig. 8, and we conclude that  the 
so-called "coating rat io" 

d W a / d W a  m = 1.16 [17] 

The thickness measurements  were  carried out by 
the Tolansky method (7) employing a Leitz Metal lux 
Microscope provided wi th  a sodium light source. Since 
this method requires  ve ry  flat surfaces, evaporated 
a luminum layers  on glass were  used. For  this purpose 
Corning 7059 glass sheets were  cleaned by ultrasonic 
agitat ion in isopropylalcohol for 10 min. Af te rward  
they were  r insed in hot isopropylalcohol in a Soxleth  
apparatus. The substrate was then  heated in vacuum 
for 1 hr  at about 350~ to remove  adsorbed water  in 
order  to obtain good adherence.  The a luminum was 
deposited at about 150~ substrate t empera ture  f rom 
a tungsten spiral to a thickness of about 1~. Af ter  
anodizing the oxide was removed from one half  of the 
anodized surface in chromic-phosphoric  acid. Finally,  
the whole surface was covered with  a thin layer  of 
evaporated a luminum to obtain sufficient reflection. 
The in terference lines were  photographed in regions 
where  differences in height  occurred. F rom the shift 
of the in terference lines at a par t icular  step the step 
height  could be de termined  with  an er ror  of a few 
per cent. The results obtained for various periods of 
anodization were  plotted in the form of a graph of ha 
as a function of ha m (Fig. 9). 

dha/dha TM = 1.21 [18] 
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Fig. 8. Weight of anodic oxide (Wa) as o function of the weight 
of aluminum consumed (Wa TM) for anodization with a current 
density of 1 mA/cm 2 in 80 g/I oxalic acid at 15~ The points re- 
fer to anodization periods of 2, 4, 6, 8, 10, 12, 14, and 16 min. 
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Fig. 9. Height of the oxide film (ha) as a function of the height 
of the metal layer consumed (ham), determined by the Tolansky 
technique for evaporated samples anodized in 80 g/I oxalic acid 
at 15~ The points refer to anodization periods of 8, 12, and 16 
min. 

We may remark  that  the values found for ha m were  
in good agreement  wi th  those calculated from the cur-  
ren t  density and the period of anodization, assuming 
a current  efficiency ~la ~ 1. F rom the  last four formulas 
we thus obtain for the porosity of the anodized layer, 
under  the exper imenta l  conditions used, aa = 0.18. 

The porosity can also be obtained from the formula  

h~ - -  W a / p a  
aa = [19] 

h a -  hb 

which follows immedia te ly  f rom Fig. 6. Using a bar -  
r ier  layer  thickness hb --~ 150A (as de termined in the 
next  section) and the values of ha and Wa correspond-  
ing to an anodizing t ime of 18 min  in Fig. 8 and 9, we 
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find aa = 0.11. In wha t  follows we shall  use 

a a  = 0.12 [20] 

The Transport Numbers 
From the above informat ion one can calculate the 

t ransport  number  t+ of the posit ive ions during fo rm-  
ing in boric acid of a sample previously  covered with  
a porous layer.  In fact, substi tut ing into expression 
[11] the value  /~ = 0.34 (obtained f rom Fig. 5), aa 
---- 0.12, and ~ = 0.98 one finds t+ = 0.26. A check on 
this va lue  was obtained as follows. Equat ion  [3] can 
be changed from weight  to vo lume terms assuming 
for simplici ty that  the density of the oxide formed in 
the pores equals the density of the oxide formed at 
the me ta l /ox ide  interface. Thus f rom Fig. 6 

aa h +  h +  = ha - -  hb  - -  (ha.f -- h) 
t+ = where  

a a h +  -~- h -  h -  = h a , f  - -  h a  [21] 

For a sample anodized for 16 min  wi th  a current  den-  
sity of 1 m A / c m  2 at 15~ and formed subsequent ly in 
boric acid to 395V, the Tolansky technique yielded 
ha = 3930A and ha,f = 5320A. The quanti t ies hb and h 
were  de termined  by charging the sample before  and 
af ter  forming wi th  a small  current  densi ty (5 ~A/cm 2) 
so that  fur ther  growth was prevented  and a constant 
voltage was reached. Under  these circumstances 1V 
corresponds to 13.4A and f rom the measured voltages 
we  found hb = 150A and h = 4870A. Subst i tut ion into 
[21] then yields t+ = 0.22. We thus find an average 
value 

( t  + )  forming ~ -  0.24 [22] 

Consequently,  the largest  fract ion of the current  dur-  
ing forming of an anodized layer  is carried by nega-  
t ive ions, at least under  the exper imenta l  conditions 
used. 

In recent  years several  values for the  t ransport  
number  have  been repor ted  based on techniques em-  
ploying some kind of "marker ."  For  example,  Davies 
et  al. (8) introduced Xe as a marke r  and reported in 
one series of exper iments  wi th  an electrolyte  consist- 
ing of a solution of borax in glycol and wate r  t+ 
= 0.58. In another  series using an aqueous ci trate 
solution they repor ted  values vary ing  between 0.33 
and 0.72. More recent ly  Randal l  (9) found t+ = 0.27 
by employing p~2 as a marker .  The rel iabi l i ty  of these 
results will  s t rongly depend on the absence of in ter-  
action of these marke r  atoms with  the environment .  
It  would seem that  our  method is more  direct  and, 
consequently,  more rel iable  than methods using 
markers.  

We shall  now discuss the t ransport  number  of the 
posit ive ions during the anodization process in oxalic 
acid, i.e., during the formation of the porous layer  
itself. In this connection it is impor tant  to real ize that  
in the s tat ionary period of growth wi th  constant anode 
current  the vol tage across the sample remains con- 
stant (Fig. 1), i.e., that  the distance be tween  the m e t a l /  
oxide interface and the pore-base /e lec t ro ly te  in ter-  
face remains  constant. F r o m  this we  conclude that  
dur ing anodization the rate  of dissolution of oxide at 
the pore -base /e lec t ro ly te  interface must  just  cancel 
the ra te  of growth of the barr ie r  layer  between the 
pore-base  and metal. Assuming again t ransport  of 
positive and negat ive  ions, the amount  of oxide that  
dissolves at the pore-base  consists of two portions: 
(i) the amount  of oxide that  would  be produced in 
the pores by that  par t  of the current  that  is carried 
by posit ive ions; and (ii) a fraction aa of the oxide 
produced at the me ta l /ox ide  interface due to t rans-  
port  of negat ive ions. Consequently,  only the fraction 
(1 -- t+)  (1 -- ~a) of the  anodizing current  is effective 
in producing oxide. Since this newly  formed oxide is 
dis tr ibuted over  a f ract ion (1 -- ~ )  of the  total  area 
of the sample, the over -a l l  thickness of the anodic 
oxide layer  (ha in Fig. 7) is de termined direct ly  by 
the t ransport  number  t - =  ( 1 -  t+)  of the negat ive 
ions. Employing the  nomencla ture  introduced in earl i -  
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er sections we may  thus wri te  for the s tat ionary state 
dur ing anodization wi th  a current  density J 

ea 
dha = (1 --  t+)  ~ l a J  [23] 
dt pa 

Expressing the current  density in terms of the amount  
of meta l  consumed dur ing anodization 

pm d h a  TM 

~laJ  = - -  [ 2 4 ]  
em dt 

this leads to the  relat ion 

1 -- t+ = dha m [25] 

According to [18] dha/dha m = 1.21 and f rom [16] we 
obtain pa/pm = 1.10. If we assume that  the oxide is 
pure A1203 the ratio of the electrochemical  equivalent  
ea/em ~ 1.89 and we find ( l - - t + )  ----- 0.70 or 
( t + ) a n o d i z i n g  ~--- 0.30. However ,  a t i t rat ion with  KMnO4 
showed that  the anodized layer  contained 3.85% oxa-  
late. This incorporat ion of foreign mater ia l  in the 
oxide would change the effective ratio of the electro-  
chemical  equivalents  to ea/em = 1.97, leading to 
( t + )  anodizing -~- 0.33. 

In any case, there  is some difference between the 
t ransport  numbers  obtained for the anodizing and 
forming process, indicating some dependence of t+ on 
the electrolyte  used. Employing  the duo-circui t  we 
also found that  for given anodizing conditions the 
current  ratio fi and the knee voltage Vk (see Fig. 5) 
depend somewhat  on the forming electrolyte  used. 

Pore Diameter and Pore Density 
In this section the s tructure of porous oxide layers 

on a luminum is studied in more detail  by employing 
measurements  of the porosity aa as a function of the 
anodizing voltage Va and addit ional  information ob- 
ta ined by measurements  of the ra te  of dissolution of 
the films. 

Consider a porous film containing N pores per  unit 
area. With each pore one can associate a "cell" with 
a diameter  D defined by the relation 

I/4~ND2 - - - -  1 [27] 

Per unit area the total pore area is equal to the poros- 
ity aa and we can define a pore diameter p such that 

1/4~Np2 -- ~a [28] 

In terms of these definitions we have 

aa = p2/D 2 [29] 

The Dependence of p and D on Va 
An extensive series of measurements  of ~a covering 

a t empera tu re  range be tween 3 ~ and 450C, a current  
density range be tween 0.1 and 20 m A / c m  2, and a vol t -  
age range be tween  3 and 50V showed that  for a given 
anodizing electrolyte  aa depends only on Va. For  this 
purpose a a was de te rmined  by substi tut ing into ex-  
pression [11] or [13] the observed ratio fi and taking 
t+ = 0.24 in accordance wi th  [22]. The results for 
oxalic acid (80 g / l )  and sulfuric acid (63.5 g/ l )  are 
shown in Fig. 10. According to [29] these results imply 
that  p / D  is also a function of Va only. 

Now, f rom a study of the geometr ical  propert ies  of 
porous anodic films on a luminum, Keller ,  Hunter ,  and 
Robinson (10) ar r ived  at a model  in which p, D, and 
the anodizing vol tage Va satisfy the relat ion 

D = 2AVa -}- p [30] 

where  A is a constant. Assuming this relat ion to be 
correct  it is easy to show in combination with  [29] 
that  one should have  

"-- D 2 
P -- 2"X/ha Va and -- Va [31] 
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Fig. 10. Porosity aa as a function of anodizing voltage Va. The 
points refer to 80 g,/I oxalic acid and the crosses to 63.5 g/I  sul- 
furic acid. 
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Fig. 11. Quantities p/A and D]A as a functio~ of anodizing volt- 
age. The paints and open circles refer to oxalic acid, the crosses 
and plus signs refer to sulfuric acid. 

From a knowledge of aa as a function of Va one can 
thus calculate p / A  and D / A  as a function of Va. The 
results shown in Fig. 11 show that  formula [30] indeed 
applies if both D and p are considered to be l inear  
functions of Va. The lat ter  result  evident ly  contra-  
dicts the conclusion of Keller,  Hunter ,  and Robinson 
that p is independent  of Va. 

Determination of the Pare Diameter and Pore Density 
Addit ional  informat ion concerning p and D was ob- 

tained by dissolving an anodized layer at constant  
tempera ture  (25~ in  chromic-phosphoric acid and 
measur ing the reduction in weight as a funct ion of 
time. Similar  experiments  have been carried out by 

Nagayama and Tamura  (11). In  these experiments  it 
is assumed that there is a constant rate of dissolution 
v = - - d h / d t  where h represents the thickness of any 
part  of the oxide surface exposed to the etching solu- 
tion. A typical  result  for the change in weight  of an 
anodized sample as a funct ion of the etching t ime is 
shown in  Fig. 12. There is evident ly  a ra ther  wel l -de-  
fined t ime tR required to dissolve the anodized layer 
completely. The quan t i ty  A introduced in  expression 
[30] per ta ining to the Ke l le r -Hunte r -Robinson  model 
is clearly related to t~ as follows 

S - % ( D - - p )  = v t R = A V a  [32] 

where S represents the cell wal l  thickness. Once v and 
tR are known, A can be obtained and from it p and D 
can be determined from [31]. 

The rate of dissolution v was determined as fol- 
lows: A sample covered with a porous oxide layer  was 
formed in boric acid together wi th  a vi rgin  specimen 
in the duo-circuit  un t i l  the knee voltage Vk was  
reached (see Fig. 5). The pores are then just  filled and 
the thickness of this layer  was determined by  charging 
the sample with a small  cur ren t  density (5 ~A/cm 2) 
and measur ing the final constant  voltage Vm across the 
sample. Since 1V corresponds to 13.4A this is an effec- 
t ive method for determining the thickness of the layer. 
Typical results for the measured voltage Vm as a 
funct ion of the etching t ime in chromic-phosphoric 
acid at 25~ for such layers are presented in  Fig. 13 
for various anodizing current  densities. Since the 
amount  of forming oxide in the pores is relat ively 
small  (~10%) ,  it is assumed that  the rates of dissolu- 
t ion so determined are characteristic for the porous 
layers. Exper imenta l  values of v are given in Table I; 
they depend somewhat on the anodizing current  den-  
sity. From v and tR we found A = 9.0 A/V. Values 
of p and D calculated from [32] and [31] are also 
given in Table I, together with the current  ratio 
from which aa was calculated from [11] assuming 
t+ ---- 0.24. Final ly,  Table I gives the values of the 
harr ier  layer thickness, hb, which amounts  to 10.6A/V. 
Note that  this is somewhat larger than A, i .e.,  the 
barr ier  layer is somewhat  thicker t han  the cell wal l  S. 

It  is of interest  to point  out that  the explicit form 
of the t ime-dependence  of Wa dur ing  etching can also 
be used to determine p and D. Assuming that  the dis- 
solution occurs with the same rate v at the top of the 
layer, inside the pores and at the base layer we can 
set up an expression for Wa(t) as follows. With refer-  
ence to Fig. 6 we may wri te  dur ing etching 

ha(t) ---- h a ( 0 )  - -  vt and p ( t )  = p(0)  + 2vt [33] 
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Fig. 12. Change in weight as a function of etching time for a 
sample anodized with a current density of I mA/cm 2 during 16 

mln. 
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Fig. 13. Measured voltage Vm as a function of dissolution time 
for sample anodized with various current densities. 

where p( t )  represents the pore diameter.  Let hp rep- 
resent the pore depth, i.e., the distance between the 
top of the oxide layer  and the pore base. The weight 
of the oxide layer per un i t  area at t = 0 is then 

"Wa(0) -~-- pa[ha(0) -- 1/4N:rhpP2(t) ] [34] 

and after a period t of etching 

Wa(t) = pa[ha(0) -- vt] -- 1/4~Nhppa[P(O) -k 2vt] 2 [35] 

Note that h,  is constant. Consequently 

AWa W a ( 0 )  - -  W a ( t )  
-- : paY[1 -{- N~hpp(O)] 

t t 
-k paNnhp v2t =- C % Bt [36] 

An  exper imental  example of this relationship is shown 
in Fig. 14 for a sample anodized with a current  den-  
sity of 5 m A / c m  ~. In  this case B = 1.10 x 10 -2 ~g/cm 2 
min  2 and C ---- 0.77 #g/cm 2 rain. In  terms of B and C 
the original  diameter  p(0)  and the density of pores N 
are given by 

( C - -  v,oa ) 4 B 
v and N . . . . .  [37] 

p ( O ) - :  B ~D 2 z~pahpv 2 

When we calculate p(0) and D by subst i tut ing the 
exper imental  values for the various quanti t ies into 
[37] we find, with hp ~ 3260A, p(0) ---- 282A and 
D = 930A, in good agreement  with the corresponding 
values in Table I for an anodizing current  density of 
5 mA/cme. 

Conclusions 
The results obtained above lead to the following 

conclusions. 
(a) Anodic films obtained in oxalic acid are indeed 

porous in the sense that  the pores can be filled by sub-  

Table I 

J Va v p D hb 
( m A / e m ~ )  (V) ( A / r a i n )  ~ oea (A) (A) (A) 

1 14.1 3.35 0.344 0.116 131 386 150 
2 24.1 3,84 0.283 0,089 182 617 251 
3 30.9 4.11 0,264 0,082 223 780 332 
4 36.2 4.22 0,257 0.078 259 910 379 
5 39.7 4.97 0.243 0.074 266 975 429 

F o r  t h e  m e a n i n g  of  t h e  s y m b o l s ,  see  t ex t .  

"E 
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Fig. 14. Quantity AWa/t as a function of dissolution time in 
chromic-phosphoric acid of a sample anodized in 80 g/I  oxalic 
acid at 15~ with a current density of 5 mA/cm 2 during 3.2 rain. 

sequent forming in an electrolyte that  does not dis- 
solve the oxide, such as boric acid. The porosity de- 
creases with increasing anodizing current  density. 

(b) Dur ing  forming in boric acid of a sample al-  
ready covered with a porous layer  some of the oxide 
forms at the pore-base/electrolyte  interface and some 
at the metal /oxide  interface. This behavior  can be 
used .to define a t ranspor t  number  t+ for the positive 
ions; under  the exper imental  conditions used i t  was 
found that  t + ---- 0.24. This invalidates the quant i ta t ive  
interpreta t ion of Dekker and Van Geel (2) because 
these authors tacit ly assumed t + ---- 1. 

(c) The growth of a porous anodic film is deter-  
mined solely by the formation of oxide at the oxide/  
metal  interface. This can also be used to define a 
t ransport  n u m b e r  for the anodization process, which 
was found to be t + ---- 0.33. 

(d) The average pore diameter, cell diameter, and 
barr ier  layer thickness of a porous film vary  l inear ly  
with the anodizing voltage, the cell wal l  thickness be-  
ing somewhat less than the barr ier  layer thickness. 
This requires some modification of the Ke l l e r -Hun te r -  
Robinson model (10) in which pore diameter  is con- 
sidered independent  of the anodizing voltage. 
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ABSTRACT 

The anodic oxidation of e thylene in 1.5M sulfuric acid at 80~ has been 
shown to occur at a gold-coated p la t inum electrode with a Tafel slope of 
0.083V. The effect of variat ion of the weight of electrodeposited gold and also 
of tempera ture  were studied. The products were carbon dioxide, acetone, 
acetaldehyde, and propionaldehyde, the Faradaic efficiency of conversion to 
carbon dioxide being 20% at 0.79V (vs. NHE). The addition of surface active 
agents to the electrolyte tended to increase the overpotential  for e thylene 
oxidation at p la t inum and gold electrodes. The effect was par t icular ly  pro- 
nounced in the case of cetyl pyr id in ium bromide, probably because of pref-  
erential  adsorption of bromide ions on the electrodes. Par t ia l  anodic oxidation 
of acetylene in 1.5M sulfuric acid was observed at the gold electrode at 80~ 
Much less oxidation was observed for methane and ethane. 

In  recent years there has been much fundamenta l  
research into electro-organic oxidation, par t icular ly  
with reference to fuel cells. Because of the large n u m -  
bers of parameters  involved (e.g., electrode type, na -  
ture  of electrolyte, fuel gas, temperature,  etc.) much 
more invest igat ion is required before a comparative 
picture of the electro-oxidation of hydrocarbons over a 
reasonably wide range of parameters  can be obtained. 
This work is a study of the anodic oxidation of some 
simple hydrocarbons.  

Experimental 
All experiments  were carried out in a thermostated 

Pyrex  H-cell, of conventional  design, which contained 
1.5M sulfuric acid as electrolyte. The anode and cath- 
ode compartments  were separated by means of a s in-  
tered glass disk which prevented diffusion of gases or 
products be tween compartments.  Connection between 
the anode and  the reference electrode was via a Luggin 
capil lary (1). The reference electrode was mercury-  
mercurous sulfate in contact with the same 1.5M sul-  
furic acid electrolyte which was used in the ceil. This 
el iminated any liquid junct ion potential. The reference 
electrode was standardized at 20~ against a hydro-  
gen electrode with 1.5M sulfuric acid as electrolyte. 
The p la t inum and gold anodes were prepared as elec- 
trodeposits, the method of plat ing being chosen to give 
a powdery deposit of high surface area (2). Before each 
run  the electrodes were electrically pulsed to remove 
adsorbed oxygen and organic impurities.  F requen t  
"blank" experiments  were used to test for electrode 
poisoning. When this had become significant, the elec- 
trode w a s  stripped and replated. 

A 6V lead-acid accumulator  was used as a d-c cur-  
rent  source, the actual current  through the cell being 
controlled by means of a simple galvanostat.  For  each 
run, the anode and cathode compartments  were first 
purged with ni t rogen to remove any  dissolved oxygen 
or carbon dioxide. The ni t rogen supply to the catholyte 
was maintained,  while that to the anolyte was replaced 
by hydrocarbon gas bubbled through at about 6-8 
cc/min. The rest potential  was observed for some 30 
rain after the hydrocarbon had been admitted. The 

desired cur ren t  was then set and the anode potential  
recorded when a stable potential  (potential  change less 
than 10 mV/hr )  had been reached. All  potentials are 
expressed vs. the normal  hydrogen electrode at 20~ 

The Faradaic efficiency for the oxidation of ethylene 
to carbon dioxide was determined by a t i t r imetric 
procedure (3). 

The effect of the surface active agents on the anodic 
oxidation of ethylene was investigated by adding them 
as a 0.1% w / v  solution in the 1.5M sulfuric acid in the 
anode compartment .  The cathode and reference com- 
par tments  contained 1.5M sulfuric acid only. Blank 
runs  with no surfactant  added were carried out before 
every addition of surfactant  to check that  the elec- 
trodes retained their  original  act ivi ty  throughout  the 
experiments.  

Reagents.--The methane,  ethane, and ethylene were 
Matheson C.P. grade and the acetylene and ni t rogen 
commercial  "oxygen-free" grade. The water  used had 
been previously de-ionized. Sulfuric acid and hydro-  
chloric acid were "Analar"  grade and the chlorauric 
acid was laboratory reagent grade. Mercurous sulfate 
was anodically generated from mercury  and sulfuric 
acid by the flowing anode method (4). The surface 
active agents used were anionic-Teepol-610 (Shell 
Chemica l s ) - -mix tu re  of sodium secondary alkyl  sul-  
fates, cationic-cetyl pyr id in ium bromide ( laboratory 
reagent grade),  and nonionic-Nonidet  P40 (Shell 
Chemica l s ) - -an  octyl phenol /e thy lene  oxide conden- 
sate. 

Results 
Anodic oxidation of ethylene at gold electrode.-- 

Figure  1 shows the polarization curve obtained for 
the oxidation of e thylene in 1.5M sulfuric acid at 80~ 
at anodes plated with varying quanti t ies  of gold. A 
l inear  relat ionship is observed in the approximate re-  
gion § to ~-0.95V. Except in the case of the elec- 
trode with the heaviest gold deposit, anode potentials 
stabilized almost ins tantaneously  in the Tafel region 
and were independent  of changes in ethylene flow rate. 
Below -~0.75V the potentials were slow to stabilize and 
were very nonlinear .  This was a t t r ibuted to charging 
of the double layer. The slope of the Tafel region is 
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Fig. 1. Current-potential curves for anodic oxidation of ethylene 
in 1.5M sulfuric acid at 80~ variation with weight of deposited 
gold. O 0.4375 mg Au cm-2; X 1.5625 mg Au cm-2; /X 4.0375 
mg Au cm-2; [ ]  7.325 mg Au cm -~. 

0.085V, which corresponds closely to (2.303 RT) /F ,  at 
all electrodes except that with the lowest weight of 
gold, at which it is 0.110V. Figure 2 shows the variat ion 
of rest potent ial  with gold coverage. 

Polarizat ion curves for ethylene oxidation at the 
gold electrode at temperatures  between 26 ~ and 90~ 
are shown in Fig. 3. The slope and length of the Tafel 
lines are independent  of tempera ture  wi thin  the range 
investigated, but  the Tafel l ine is displaced toward 
higher potentials as the tempera ture  is decreased. Cal- 
culation of an apparent  activation energy for the e thy-  
lene oxidation from this data gave a value of 13 kcal 
mole -1. This value will  include heats of adsorption of 
products and reactants  as well  as the t rue activation 
energy which refers to reactants  at the electrode sur-  
face. 

Gas chromatographic analysis, using a hydrogen 
flame detector, of  the anolyte after oxidation of ethyl-  
ene at the gold anode indicated the presence of pro- 
pionaldehyde, acetone, and acetaldehyde, the lat ter  two 
in  approximately equal trace amounts.  Carbon dioxide 
was the only product  conclusively detected in the 
effluent gases from the anode compartment .  The Fara-  
daic efficiency for the oxidation of ethylene to carbon 
dioxide at the gold anode was determined as 20%. 
Figure 4 shows the effect of the presence of three 

l.OglO Curren~ Densil F (Alum -2) 

Fig. 3. Current-potential curves for anodic oxidation of ethylene 
in 1.5M sulfuric acid, effect of temperature. O c)0~ /k 70~ X 
60~ V 50~ [ ]  40~ ~ 26 ~ 

different surface active agents on the polarization 
curves obtained for the anodic oxidation of ethylene at 
gold and p la t inum electrodes. 

Anodic oxidation oi rr~ethane, ethane, and acetylene 
at gold electrode.--Current-potential curves obtained 
with these gases in 1.5M sulfuric acid with the gold 
electrode are shown in Fig. 5. The curves for the two 
saturated hydrocarbons indicate that  some oxidation 
occurred insofar as a short Tafel region can be seen in 
the 10 -~ A c m  -2 region. The acetylene plot shows a 
Tafel region from 1.25 x 10 -4 A cm -2 to 7.5 x 10 -3 A 
cm -2, the slope of the l ine being 166 mV which corre- 
sponds closely to 2(2.303 RT)/F.  Potentials  in this 
region exhibited a slow, continuous oscillation wi thin  
+--4 mV of the mean  value. On completion of the 
experiment,  the anolyte had acquired a golden-yellow 
color and had an aldehydic odor. 

Discussion 
The results shown in Fig. 1 confirm that  ethylene 

can be anodically oxidized at gold electrodes. Kuhn  
et at. (5) proposed the following mechanism for this 
reaction 

C2H4 ~-- C2H4 (ads) [1] 

H20 ~--OH (ads) -5 H + -5 e [2] 

Call4 (ads) -5 OH (ads) --> - -CH2--O--CHa (ads) [3] 

u 
2 4 . o  O 

2 . 0  

oA o.'o o[, 
Re~t ~ot~nti~l (t,) 

Fig. 2. Variation, with gold coverage, of the rest potential in the 
presence of ethylene in 1.5M sulfuric acid at 80~ 

9 
--CH~--OCH3 (ads) ~ CH3--C 

H [4] 
--CH--CH2" + H20--> CO2 

where reaction [3] is rate determining.  The results 
described in this work are consistent with this mech-  
anism. The Tafel slope of 85 mV is associated with a 
chemical reaction following first charge t ransfer  or 
following any  later  charge t ransfer  in which the reac- 
tant  is at ful l  coverage (6). Subst i tut ion of ni t rogen 
for ethylene at the gold anode produced an immediate  
rapid rise in potent ial  in the Tafel region, whereas at 
the p la t inum electrode little change occurred unt i l  10 
min  after the gas substitution. This supports the view 
that  the ra te -de te rmin ing  step at the gold anode in-  
volves the species C2H4 (ads) [3], while at the p la t inum 
anode the slow step is the preceding water  discharge 
reaction [2]. The observed production of aldehydes 
from the anodic oxidation of ethylene on gold is prob-  
ably due to the desorption of intermediates  from the 
gold surface, reaction [4]. This reaction should be more 
rapid at the gold electrode than  at a p la t inum electrode 
because the s t rength of a part ial ly covalent bond be-  
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Fig. 4. Effect of surface active agents on current-potential curves 
for anodic oxidation of ethylene in 1.5M sulfuric acid at 80~ 
at: (a, top) gold anode; (b, bottom) platinum anode. (~) 1.5M sul- 
furic acid only; /~ 0.1% w/v Nonidet P40 (non-ionic) in 1.5M sul- 
furic acid; X 0.1% w/v Teepol 61~ (anionic) in 1.5M sulfuric acid; 
[ ]  0.1% w/v cetyl pyridinium bromide (cationic) in 1.5M sulfuric 
acid. 

tween metal  and organic species is about 20 kcal lower 
for gold than  p la t inum (7). 

Passivation of the gold electrode is shown by the 
continuous increase in potential  at higher current  
densities. This is probably due to retardat ion of the 
ethylene oxidation process due to geometric and 
catalytic re tardat ion effects of oxide formation. 

The slopes of the Tafel plots shown in Fig. 1 show 
that  the oxidation of e thylene is l i t t le affected by  the 
p la t inum substrate on which the gold electrode is 
plated. The displacement of the Tafel l ine to more 
positive potentials as the gold coverage decreases (Fig. 
2) can be a t t r ibuted to roughness factor variations. 
Comparison of the current  densities at a single poten-  
tial indicates that  the roughness factor for the high 
gold weight electrode was approximately fifty t imes 
greater than  that  for the low gold weight electrode. 
Figure 1 indicates a l imit ing current  density of ap-  
proximately 10 -3 A~cm -2 at which the ethylene oxi- 
dation reaction becomes diffusion-controlled. A similar 

1 .4  

o . ~  

o . 4 .  

I t I 
- s . o  . ~ . o  - 3 . o  - 2 . o  

Fig. 5. Current-potential curves for anodic oxidation at gold 
electrode of various hydrocarbons in 1.5M sulfuric acid at 80~ 
[]  acetylene; 0 methane; A ethane. 

region has been observed at p la t inum electrodes (3). 
A Fick's law calculation indicates that the value lies 
between 2.6 x 10 -3 and 0.5 x 10 -3 A cm -2 which is in 
good agreement  with our exper imenta l  value. Thus, 
diffusion control in the l imit ing current  region is due to 
slowness of t ranspor t  of sufficient ethylene from the 
solution to the electrode surface. 

Figure 3 shows that  the effect of variat ion of t em-  
perature  (26 ~ -> 90~ on ethylene oxidation at the 
gold electrode was mere ly  to displace the l inear  Tafel 
regions to higher or lower potentials. The length and 
slope of the Tafel region was unaffected, showing that  
anodic oxidation o~ ethylene on gold can be carried 
out in the region of ambient  temperatures.  The value 
of 13 kcal mole -1 obtained for the apparent  act ivation 
energy for ethylene oxidation at the gold anode is 
lower than  the value of 20 kcal mole -1 calculated by 
Bockris (3) for the oxidation at the p la t inum electrode. 
It should be remembered  that  complete oxidat ion to 
carbon dioxide occurs at the p la t inum electrode 
whereas, at the gold electrode, oxidation is incomplete. 
The relat ionship between this apparent  activation 
energy and the t rue  activation energy at the electrode 
surface, could well  be quite different for the gold than  
for the p la t inum electrode because of the greater  n u m -  
ber, complexity, and var iat ion of absorbed species 
occurr ing at the gold surface. 

For complete conversion of ethylene to carbon diox- 
ide 12 electrons per molecule are transferred,  whereas 
if only aldehydic compounds are produced the n u m b e r  
is 2. In  our experiments,  using the gold electrode, 20% 
of the ethylene was oxidized to carbon dioxide. Hence 
the average number  of electrons t ransferred per  mole- 
cule of e thylene electro-oxidized was approximately 
four. The efficiency of the gold electrode as a cur ren t -  
producing device is, therefore, in the region of 30%. 
Since gold has a similar capital  cost to plat inum, it 
would appear that gold is not a practical possibili ty as 
an ethylene fuel cell anode, in spite of the reaction 
having a lower Tafel slope and activation energy com- 
pared to the values at the p la t inum electrode. The 
tempera ture  effect is of value, however, if the products 
of the part ial  oxidation of e thylene are required. 

The detection of propionaldehyde, acetaldehyde, 
and acetone in the electrolyte after anodic oxidation of 
ethylene is in agreement  wi th  a reaction sequence in 
which the final stage is a branched reaction involving 
desorption of intermediates  to form aldehydes. That  
part ial ly oxidized products other than  acetaldehyde 
were obtained indicates that  the desorption branch of 
Eq. [4] is an oversimplification. In addition to desorp- 
tion to produce acetaldehyde, the postulated in ter-  
mediate - -CH2--O--CH3 (ads) may undergo fur ther  
reaction at the gold surface, possibly with adsorbed 
ethylene, to produce other intermediates  containing 
more carbon atoms. 

It  is l ikely that  the effects observed when various 
surfactants were present  in the electrolyte, Fig. 4, were 
due to adsorption of various species at the surface of 
the electrodes resul t ing in changes in the effective elec- 
trode potentials. Bromide ions are known  to be 
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strongly adsorbed at p la t inum electrodes (8-10). 
Vasil 'ev and Bogotskii (9) state that  the introduct ion of 
CI- ,  B r - ,  or I -  ions in 10-2N concentrat ion will 
completely inhibi t  the electrolytic oxidation of an or- 
ganic substance, an effect which they ascribe to micro- 
blocking of the electrode surface. I t  has also been 
shown (9) that  various organic molecules (aldehydes, 
carboxylic acids, and high molecular  weight alcohols) 
are adsorbed at a p la t inum electrode and have an in-  
hibi t ing effect on the electro-oxidation of ethanol  and 
formic acid. 

The polarization curves obtained in the presence of 
cetyl pyr id in ium bromide are probably due to the 
electrostatic at traction between the electrode and 
bromide ion leading to preferential  adsorption of the 
B r -  ion ra ther  than  ethylene. The steeper polarization 
curve obtained at the p la t inum electrode indicates that 
B r -  ion is more strongly absorbed at the p la t inum 
than  the gold electrodes under  the conditions of our 
experiments.  

With the exception of the non- ionic  surfactant  at the 
gold electrode, the effect of the anionic and non-ionic  
compounds is to displace the Tafel lines to more anodic 
potentials, but  without  a change in slope. I t  would 
appear that  the mechanism of ethylene oxidation is 
not changed by the presence of these agents, but  that  
the number  of active sites is reduced probably by 
blocking due to preferent ial  adsorption of the sur-  
factant  molecules. 

Figure  5 shows that  acetylene is much more strongly 
oxidized than methane  and ethane at the gold anode 
at 80~ in 1.5M sulfuric acid. The presence of alde- 
hydes in the anolyte indicates that  the oxidation is 
incomplete. The rapid stabilization of potential  at low 
current  density observed for acetylene is consistent 
with the observations of Bianchi (11). Bianchi at-  
t r ibuted  rest potentials on p la t inum in the presence of 
ethane, ethylene, and acetylene to be due to firmly 
adsorbed acetylene and carbon radicals formed by 
successive hydrogenat ion and dehydrogenat ion of the 
hydrocarbon. Potentials  anodic to the rest potential  but  
less positive than  the commencement  of the Tafel 
region were considered due to dehydrogenated carbon 
radicals whose rate of formation is most rapid in the 
case of acetylene. 

A change in the na ture  of the species adsorbed at 
the electrode, in the presence of acetylene, is indicated 
by the onset of the second region, 1.25 x 10 -5 to 1.25 x 
10 -4 A cm -2, in Fig. 5. The observed Tafel slope of 
2(2.303 R T ) / F  for the acetylene oxidation indicates 
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that the reaction mechanism is different to that  for 
e thylene oxidation (Tafel slope 2.303 RT/F) .  The Tafel 
slope for the acetylene oxidation suggests that  the 
ra te -de te rmin ing  step is a charge t ransfer  reaction. 
However, Bockris et al. (12) state that  if the total 
coverage is l inear ly  dependent  on potential,  a chemical 
reaction involving adsorption of one radical  as ra te-  
de termining step would also give the observed Tafel 
slope. More exper imental  data is required to determine 
the reaction mechanism for the anodic oxidation of 
acetylene at the gold electrode. 
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Photoelectrochemical Processes on Silver-Silver Oxide Electrodes 

R. Memming, F. M~llers, and G. Neumann 
Philips Zentrallaboratoriu~ GmbH, Laboratorium Hamburg, Germany 

ABSTRACT 

Oxidation and reduction processes of s i lver-si lver  oxide electrodes were 
studied, especially the influence of light excitation on these processes. The 
exper imental  results have shown that  light absorption by silver (I) oxide 
leads to an anodic oxidation to silver (II) oxide. The electrochemical re-  
duction of silver (II) oxide formed dur ing  i l luminat ion  is considerably in -  
hibited. A possible mechanism explaining the photoelectrochemical processes 
and the inhibi t ion is discussed. 

The electrochemical behavior of si lver-silver oxide 
electrodes has been extensively studied dur ing the last 
two decades because of great interest  in its application 
in high energy batteries. It  is wel l -known that  silver 
is oxidized in two steps (1) using alkaline solutions. 
It is general ly assumed that  silver (I) oxide is formed 
in the first step and silver (II) oxide in a second step. 

There is still uncer ta in ty  about the existence of oxides 
in which silver apparent ly  has an oxidation state 
greater than two. 

Several  authors have found also that  the i l lumina-  
t ion influences the electrochemical properties of a sil- 
ver electrode. Blocher and Garret t  (2) observed a shift 
of the rest potential  dur ing  i l luminat ion and suggested 
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that  oxide layers are involved in this process. Pr inci -  
pally an i l luminat ion  could lead either to a photo- 
decomposition of the silver (I) oxide followed by a 
re-oxidation of the silver nuclei  or to a fur ther  oxida- 
t ion into silver (II) oxide. GShr and Brei tenstein (3) 
performed measurements  with electrodes produced by 
evaporat ing silver on gold substrates. They concluded 
from their  results that  photodecomposition is always 
the pr imary  step. In  order to obtain more informat ion 
about the photochemical reactions we performed cor- 
responding electrochemical investigations with differ- 
ent  kinds of silver electrodes. 

Experimental 
Different types of silver electrodes were used in our 

experiments:  silver sheets, single crystals, and silver 
film produced by vacuum evaporation or electrolytic 
deposition. In  the lat ter  case (film) a nickel substrate 
covered with a gold film was used. The silver sheet 
and single crystals were etched in HNO3 solution be- 
fore each measurement .  

The experiments  were performed in 1N K O H  satu- 
rated with silver (I) oxide. The current-potent ia l  
curves were measured using a Wenking potentiostat, 
the electrode potential  determined vs. a Hg/HgO elec- 
trode in 1N KOH. 

For measur ing photocurrents  a tungsten  lamp (100W) 
was used as a light source. The full in tensi ty  of this 
lamp was necessary in those cases where products 
formed dur ing i l luminat ion  had to be analyzed. In  other 
cases, e.g., measur ing  the potent ial  dependence or the 
spectral d is t r ibut ion of the photocurrent  itself, consid- 
erable changes of the surface layers on the electrode 
dur ing i l luminat ion  had to be avoided. Then the in -  
tensi ty  was reduced by several orders of magni tude  
using graded filters, the light was chopped (60 cycles) 
and the corresponding photocurrent  amplified (lock- 
in amplifier) and displayed on a recorder. In order to 
dist inguish between photocurrents measured at high 
and low intensities, the la t ter  one (a-c method) will 
be called "differential photocurrent." 

Results and Discussion 
As already ment ioned in the introduct ion it is a well-  

known fact that  silver electrodes are readi ly oxidized 
dur ing anodic polarization. Sweeping across the cor- 
responding potential  range with constant  speed two 
main  current  peaks could be general ly observed (Fig. 
la ) .  As it was proved by several authors (4-6) the 
first current  peak is due to the oxidation of silver to 
silver (I) oxide (Ag --> Ag20) and the second peak to 
the formation of silver (II) oxide (Ag20 -+ AGO). The 
corresponding reduction peaks occur dur ing the poten- 
t ial  sweep in the cathode direction. The electrode re-  
actions are given by  

2Ag + 2 O H -  ~ A g 2 0 +  H20 -~- 2e-  [1] 

Ag20 + 2 O H -  ~- 2AgO + H20 + 2e -  [2] 

The oxidation from Ag20 to AgO occurs at a ra ther  
high overvoltage (redox potential  at +0.47V). Dirkse 
and co-workers (7) discussed the origin of this over-  
voltage. Since it is not impor tant  for our investiga- 
tions it will  not be used in our paper. 

On the other hand the shape of the cur ren t -poten t ia l  
curves depend very  much on the pre t rea tment  of the 
electrode. This is especially observed for the first ox- 
idation step Ag --> Ag20. In  Fig. l a  a typical  cur ren t -  
potential  behavior  is presented (as measured with a 
si lver sheet) after several  oxidat ion-reduct ion cycles, 
i.e., after 5 or 6 cycles the shape of such a curve is not 
changed any  more. In  the first cycle of a freshly pre-  
pared electrode, however, no distinct 2,g/Ag20 peak 
is visible, only a very weak current  peak extending 
over a much larger potential  range was observed. Ex- 
per iments  with other types of electrodes, e.g., Ag 
single crystals rOr evaporated films, have shown that  
different types of electrodes show a different behavior 
only dur ing the first potential  sweeps. 
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Fig. 1. (a) Interracial current vs. electrode potential (measured 
against Hg/HgO in 1N KOH) for a silver sheet in 1N KOH. Sweep- 
ing speed: 5t1 mV/min. (b) Differential photocurrent vs .  electrode 
potential (measured simultaneously with the curve in (a). [Differen- 
tial photocurrent is measured during illumination with chopped light 
of low intensity, i.e., dark current is eliminated.] 
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As already reported by GShr (3) the anodic current  
is increased by i l luminat ing  the electrode provided 
that  AgeO is present  on the electrode surface. We also 
observed a fast current  increase as soon as the light is 
switched on and a slow decrease wi thin  about 10 min 
as demonstrated in Fig. 2. This result  indicates that  the 
Ag20 film is changed dur ing  the i l luminat ion.  In  order 
to obtain more informat ion on the origin of this photo- 
process, we measured the potential  dependence of the 
photocurrent  as shown in Fig. Ib, using a differential 
method as described in the previous section. In  this 
case the light in tensi ty  was kept low so that  the com- 
position of the Ag20 layer remained unchanged and 
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Fig. 2. Interfacial current vs .  time during illumination of an 
Ag/Ag20 electrode at different electrode potentials. (Electrolyte: 
1N KOH.) 
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Fig. ].  Reduction (dark) current vs. electrode potential after 
anodic formation of an Ag20 layer on the silver (sheet) electrode 
followed by illumination at UE ~ +0.SSV. The electrode was kept 
at this potential always for 10 rain. In the latter part of this period 
the electrode was illuminated for a certain time interval as indi- 
cated. (Electrolyte: 1N KOH.) Sweeping speed: 20 mV/sec. 

consequently the differential photocurrent  remained 
constant over a long period of time. This small  differ- 
ential  photocurrent  was measured independent ly  from 
the dark current  (Fig. la ) .  

Comparing Fig. la  and lb  it is quite obvious that  the 
anodic differential photocurrent  sets in as soon as a 
Ag~O layer is formed on the electrode, as was reported 
by GShr (3). During the potential  sweep in the cath- 
odic direction a photocurrent  was observed also as 
soon as the higher oxide (AGO) was reduced to Ag20. 
In  this case, however, photocurrents  of different signs 
were found. This result  implies that  the origin of the 
photocurrent  cannot be explained only by an increase 
of the electron conductivi ty wi th in  the bu lk  of Ag20.1 
This problem wil l  be discussed later. 

As ment ioned above, the anodic current  increases 
considerably wi thin  a certain potential  range dur ing 
strong i l luminat ion and decreases wi thin  several min-  
utes (Fig. 2). The main  question is what  kind of prod- 
uct is formed by light excitation. GShr (3) explained 
this process by  assuming a decomposition of Ag20 into 
silver and oxygen followed by an electrochemical re-  
oxidation of silver nuclei  to Ag20 if the electrode po- 
tent ia l  is more cathodic than the redox potential  2 of 
Ag/AgO ( =  0.37V on our scale), whereas above this 
potential  the silver nuclei  are re-oxidized directly to 
AgO. In  the first case (below 0.37V), however, the de- 
crease of the photocurrent  is difficult to understand.  
This difficulty does not occur if only AgO is formed 
within  the whole potential  range. Then the formation 
of AgO dur ing i l luminat ion must  not necessarily pro- 
ceed via photodecomposition. It  is also possible that  
holes are generated wi thin  the Ag20 by light excita- 
tion which leads directly to a fur ther  oxidation from 
Ag20 to AgO. 

The existence of AgO after i l luminat ion  should be 
very easy to prove since the reduction of AgO to Ag20 
appears as a typical  current  peak near  0.5V when 
sweeping toward cathodic potentials (see Fig. 1). We 
performed corresponding experiments  and the results 
are plotted in Fig. 3. These reduction curves were ob- 
ta ined after having  i l luminated the electrode at + 0.55V 
for different t ime intervals.  For the i l luminat ion we 
selected an electrode potential  (+0.55V) at which 
the formation of an Ag20 film is completed and no 
AgO is formed in the dark. For comparison we also 
plotted a curve measured after having kept the elec- 
trode at the same electrode potential  in the dark. Con- 
t ra ry  to the assumption that  Ag20 is oxidized to AgO 
dur ing  i l lumination,  the typical  current  peak AgO --> 
Ag20 around +0.5V (see Fig. la)  is not  visible in Fig. 
3. On the other hand a new current  peak around UE 

0 is buil t  up in a potential  range where Ag20 is re- 
duced to Ag. Although the AgO --> Ag20 peak is not 
visible it may be concluded that  the product formed 

1 According to Le Blanc and Sachse (8) the conduct ivi ty of Ag.20 
is of the order  of 10-8 ohm-1 era-1. 

This is a theoret ical  value de te rmined  f rom the redox potentials 
Ag/AgeO and AgeO/AgO. 

during i l luminat ion  is at least par t ly  reducible. In 
order to get informat ion about the origin of this prod- 
uct we checked the charge balance in the oxidation- 
reduction cycle and studied the composition of the 
oxide layer using x - r ay  analysis. 

Composition of Oxide Layers 
For measurements  of the x - r a y  diffraction pat tern  

the electrode was separated from the electrolyte fol- 
lowing polarization at a certain electrode potential. 
The validity of this method was tested by s tudying the 
diffraction pat tern  after polarizing ~he electrode with-  
out i l lumination.  In  this case we found, as expected, 
typical  signals of an Ag20 s t ructure  after having po- 
larizecl the electrode a round +0.5V, whereas the AgO 
structure  occurred after polarizations above 0.7V. The 
lat ter  one disappeared again as soon as the AgO was 
reduced at 0.25V (see Fig. la ) .  This is in agreement  
with the results obtained from the electrochemical 
oxidat ion-reduct ion cycle. 

The same AgO pat tern  was also found after i l lu-  
minat ing  an Ag20 film in the potential  range 0.30- 
0.50V, where no AgO was formed in the dark. 

According to these results the anodic photocurrent  
observed dur ing i l luminat ion of the Ag20 layer is only 
due to the formation of AgO. Obviously this AgO can-  
not be reduced around 0.5V (see Fig. 3) but  only in a 
more cathodic potential  range where normally,  i.e., 
without  previous i l lumination,  the reduct ion of the 
Ag20 to Ag occurs. 

Charge Balance 
The charges consumed dur ing  the anodic and cathodic 

processes were determined as follows (see also Fig. 4) : 
an  Ag20 layer  was formed dur ing a potential  sweep 
from --0.2 to +0.5V (sweeping speed 0.1 V /min ) .  
Within this potential  and t ime in terval  the growth 
of the Ag20 layer  was completed. The charge Qo.1 3 
consumed in this process was determined from the 
corresponding cur ren t - t ime  curve. Then the electrode 
was polarized at a certain potential  (between +0.4 
and 0.6V) and i l luminated (strong light intensi ty)  for 
10 min  unt i l  the photocurrent  dropped to a very low 
level. In  this t ime interval  the photocurrent  was also 
recorded and the corresponding charge, QL, could be 
determined. Immedia te ly  af terward the i l luminat ion 
was tu rned  off and the electrode was reduced by 
sweeping back toward cathodic potentials. From the 
cur ren t - t ime  relation we obtained the charge (Q2.D 
necessary for the reduction of AgO to Ag20 and the 
sum of charges necessary for the reduction of Ag20 to 
Ag and of the species produced dur ing i l luminat ion 
(Ql.o + &Q). The exper imental  conditions, i.e., the 
t ime dependence of light intensity,  potential,  and cur-  
rent,  are shown schematically in Fig. 4. 

The charges obtained by this method are plotted in 
Fig. 5 against the electrode potential  UL at which the 
electrode was i l luminated.  As shown in Fig. 5 the sum 
of all charges consumed during the anodic process 
(~Qanod.) a re  within a few per cent identical with 
those found in the cathodic process (~Qcath.). Since 
the anodic charges were always slightly larger than  
the cathodic values we assume that a few per cent of 
the anodic charge were used for the evolution of 
oxygen. I t  should be emphasized that  the same amount  
of charge is lost performing those experiments  without  
any  i l lumination.  From this follows 

[Q0.1 + QL] ~ [Q2.1 + (ql.0 + hQ)] 

~ 4 a n o d .  ~Q~cath. 

This result  demonstrates clearly that  the oxidation 
products remain  on the electrode. In  Fig. 5 we also 
plotted the charges QL and Q2.t which were deter-  
mined separated as outl ined above. The addit ional  

3 The index represents  the oxidation state of silver, i .e .  

Qo.1 : Ag--> Ag~O Qz.o : Ag~O--> Ag 
Q1.2 : Ag=O--> AgO Q~.z : AgO--> Ag20 
QL = charge consumed dur ing  illumination. 
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Fig. 5. Charges consumed in different processes vs. electrode 
potential for a silver sheet in 1N KOH. 

Ag20 to AgO. Consequently,  photodecomposi t ion has 
to be excluded.  Since no reduct ion of AgO was found 
in the  potent ia l  range  (a round  +0.50V) where  it is 
usua l ly  observed af ter  s t rong anodic oxida t ion  in the  
dark,  the  reduct ion  of the  AgO formed b y  l ight  ex-  
ci tat ion is obviously  inhibi ted.  A model  for  this  in-  
h ibi t ion wil l  be given in the  next  section. 

On the o ther  hand  when i l lumina t ing  the  e lect rode 
above UL > 0.57V, the  mechanism changes. Now AgO 
produced  above 0.57V is reduced  in the  potent ia l  range 
where  i t  is also found wi thout  i l luminat ion,  since Qe.1 
increases (see Fig. 5) whereas  hQ decreases.  The 
charge  QL consumed dur ing  i l lumina t ion  also rises r ap -  
idly. This increase,  however ,  is not  equiva lent  to an 
increase of the  photocur ren t  itself. This is indica ted  
by the fact  tha t  in this case the  cur ren t  did  not  decay  
immedia t e ly  af ter  the  l ight  was switched off (af ter  
about  20 sec).  This also is shown by Fig. 2 (solid l ine)  
where  a second cur ren t  peak  appears  a f te r  about  1 
min of i l luminat ion.  Obviously,  the  oxidat ion  proceeds 
in this potent ia l  range  even in the  da rk  af ter  having  
formed few AgO nuclei  dur ing  i l luminat ion.  This i l lu-  
mina t ion  potent ia l  UL at which Q2.1 increases, could 
be shif ted t oward  lower  values  by  increas ing the l ight  
in tens i ty  or using th inner  Ag20 layers.  

We s tudied the  charge balance wi th  different  types  
of electrodes,  s i lver  sheets, single crystals ,  and evap-  
ora ted  films. In  a l l  cases we obta ined  s imi lar  results ,  
i .e. 

• Q a n o d .  = Z Q c a t h .  and hQ ~ Q L  

GShr (3) did not  obta in  the  same result .  He ob-  
served  tha t  ZQcath. is cons iderab ly  smal ler  than  ZQanod.. 
During  the  reduct ion  per iod  these authors  only  found a 
cer ta in  percentage  of the  charge  QL consumed dur ing  
i l luminat ion.  The percentage  var ies  f rom 0 to 50%. 
Ac tua l ly  GShr 's  model  is based on this resul t :  the  
charges  lost in this  process GShr in te rp re ted  to be 
due to the  format ion  of oxygen dur ing  photodecompo-  
sition. 

The question arises, of course, why  our resul ts  differ 
from those obta ined b y  GShr. In  connection wi th  this 
p rob lem it has to be ment ioned tha t  GShr only  de te r -  
mined the charge ba lance  wi th  s i lver  layers  af ter  
many  ox ida t ion- reduc t ion  cycles. Since we first thought  
that  the  p re t r ea tmen t  m a y  be impor t an t  for the  mech-  
anism, we s tudied severa l  types  Of electrodes.  As 
ment ioned above we found •Qanod. ~ ~Qcath. in al l  
cases. Only for r a the r  poor films formed by  deposi t ing 
a thin l ayer  e lec t ro ly t ica l ly  is the percentage  of 
charges lost dur ing  an ox ida t ion- reduc t ion  cycle some-  
wha t  larger.  In  this  case, however ,  the  absolute  value 
of QL was also much lower  than  for good electrodes 
as shown in Fig. 6. We therefore  th ink  tha t  the  mecha-  
nism is ident ical  for al l  types  of electrodes.  

Mechanism of Photo-oxidation and Reduction 
Measurements  of the  charge balance  have shown 

tha t  the  oxidat ion  products  formed in the  d a r k  and 
dur ing  i l luminat ion  are  comple te ly  reducible.  More-  
over, it  could be concluded f rom x - r a y  diffraction 
measurements  that  AgO is produced dur ing  i l lumi-  

charge 5Q found in the  reduct ion  process a f te r  i l lu-  
minat ion  can be calcula ted according to Fig. 4c using 
the equat ion 

~Q = (Qi.0 -t- ~Q) -Q0 .1  

and is p lo t ted  in Fig. 5. According to this  figure the  
addi t ional  charge  hQ found dur ing  the  reduct ion per iod  
af te r  i l lumina t ion  be low UL = 0.57V is p rac t ica l ly  
ident ical  wi th  the  charge QL consumed dur ing  the 
i l luminat ion.  Our  x - r a y  measurements  show qua l i ta -  
t ive ly  tha t  AgO is formed b y  i l lumina t ing  an Ag20 
l aye r  a t  anodic polar izat ion.  F rom this resul t  and f rom 
the  fact tha t  the  anodic charge QL consumed dur ing  
i l luminat ion  is rega ined  comple te ly  dur ing  the reduc-  
t ion per iod (AQ ~ QL), it  has to be concluded tha t  the  
anodic pho tocur ren t  is only  due to the  oxidat ion  of 
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Fig. 6. The same experiment as in Fig. 5 with a thin silver film 
electrode (0.4/~) deposited on a gold substrate at high evaporation 
rate in a poor vacuum. 
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nation. According to our results discussed above the 
question arises, however, why the reduction of AgO 
is inhibi ted if it is produced by i l luminat ing  the Ag20 
layer. In  order to solve this problem the reaction 
mechanism itself has to be discussed in more detail. 

As reported above, an Ag20 film is efficiently grown 
on an Ag electrode above 0.27V. The thickness of this 
oxide layer depends very much on the pre t rea tment  
of the electrode surface. After  several  oxidat ion- 
reduction cycles it reaches about several hundred  
Angstroms. Basically the film growth is controlled by 
the ionic conductivi ty in the oxide itself. The ion 
t ransport  can proceed by interstitials,  lattice vacan-  
cies, or pores. Since ra ther  thick oxide layers are 
formed and since the anodic current  decreases rapidly 
as soon as a certain thickness is obtained, main ly  pores 
must  be involved in the t ransport  process. 

A fur ther  oxidation to AgO occurs at the Ag20/elec-  
t rolyte  interface. It is not possible that  AgO is formed 
on the silver itself for thermodynamic  reasons. Con- 
sequent ly the oxidation to AgO sets in as soon as the 
potential  at the Ag20 surface passes a certain value 
so that some crystal  nuclei  of AgO are formed. Since 
the highest electrical field is main ta ined  at surface 
areas where the original  Ag20 layer is ra ther  thin, 
the oxidation will  main ly  proceed wi th in  those pores. 

As it was proved in the previous sections the elec- 
trochemical oxidation from Ag20 to AgO occurs at 
lower anodic potentials (see Fig. lb)  when the elec- 
trode is i l luminated.  Since visible light is absorbed 
by the Ag20 layer electron-hole pairs are created in 
Ag20 by light excitation so that more charge carriers 
are available for a fur ther  electrode process. This 
phenomenon is very  we l l -known from studies with 
semiconductor electrodes (9, 10). In  general  it is ob- 
served with this kind of electrodes that, without  light 
excitation, charge t ransfer  processes are practically 
blocked if minor i ty  carriers are involved. Provided 
that  an anodic process proceeds, e.g., via the valence 
band and not sufficient holes are available at the sur-  
face (n- type  semiconductor) then the over-al l  reac- 
tion rate is enhanced by formation of holes (minori ty  
carriers) dur ing i l lumination.  According to this model 
we have to assume that  in Ag20, holes created by light 
excitation are consumed for fur ther  oxidation. This 
process, however, is only possible in that  region of 
Ag20 where light is absorbed, i.e., the thickness of an 
AgO layer depends main ly  on the penetrat ion depth 
of light in the AgeO region. In  this case deep pores 
extending fur ther  than the penetra t ion depth of light 
have not  much influence on this process. According 
to its spectral distr ibution (Fig. 7) the photocurrent  
is observed below a wavelength of 1.3~ and reaches a 
max imum at about 0.7#. Rough absorption measure-  
ments  have shown that  the l ight absorption in Ag20 
also sets in at about 1.3~. Since the absorption edge 
for the higher oxide AgO is even shifted toward the 
infrared region, AgO also absorbs light around 0.%, 
i.e., AgO formed on the Ag20 surface screens off the 
Ag20 with respect to light excitation. 

As we have shown pores extending fur ther  into the 
noni l lumina ted  region of Ag20 do not affect essentially 
the oxidation process induced by light. Consequently, 
we have a discrete layer s t ructure  consisting of 
Ag/Ag20/AgO/elec t ro ly te  as shown schematically in 
Fig. 8. This scheme leads also to an interpreta t ion of 
the inhibi t ion of the cathodic reduction of AgO: since 
the silver electrode is separated from the AgO by an 
Ag20 layer  of ra ther  low conductivi ty the reduction 
current  in a potent ial  region between 0.25-0.5V is 
relat ively small. Obviously, the reduction of AgO can 
only proceed with a higher rate when  the Ag20 layer 
is made sufficiently th in  by reducing par t  of it. This 
model explains the result  that, after i l lumination,  the 
reduction of AgO occurs main ly  at more negative 
potentials, i.e., in this case in the same potential  range 
where the lower oxide Ag20 is reduced. It should be 
ment ioned again that, in contradiction to the behavior 
of AgO after i l luminat ion,  AgO is formed in the dark 
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Fig. 7. Spectral distribution of differential photocurrent after 
formation of an Ag20 layer on a silver (sheet) electrode. (Electro- 
lyte: 1N KOH.) 
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Fig. 8. Schematic structure of a silver-electrolyte interface dur- 
ing and after illumination. 

only in those areas (pores) where the Ag20 layer is 
ra ther  thin. In this case it is not  necessary to reduce 
some of the Ag20 prior to the reduct ion of AgO. 

We tried to test this model as follows: 

A thin layer  (about 0.1~) of silver was evaporated 
on a glass plate covered with a conducting t ransparent  
SnO2 layer (see Fig. 9b). Then most of the silver was 
oxidized electrochemically into Ag20. By using such 
an electrode a r rangement  with a t ransparen t  electrode 
it is possible to i l luminate  the Ag20 from two differ- 
ent directions, through the electrolyte (case I) or 
through the glass plate (case II) .  In  the first case we 
would not expect any results different from those ob- 
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Fig. 9. Reduction current vs.  electrode potential after anodic 
formation of an Ag20 layer on a SnO2 substrate. These curves were 
obtained after having illuminated the electrode from two different 
directions as indicated in the lower part of this figure. (Electro- 
lyte: 1N KOH). 
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ta ined with solid Ag electrodes. After  i l luminat ion  we 
observed no reduction of AgO around 0.SV, but  only 
at more cathodic potent ials .  Following i l luminat ion 
of the Ag20 from the reverse side ( through the glass 
plate) ,  the reduction of the AgO formed during il- 
luminat ion  occurs at more anodic potentials than in 
the first case, as shown in  Fig. 9a. These two experi-  
ments  differ from each other in so far as the absorp- 
t ion of light wi thin  the Ag20 occurs near  the electro- 
lyte if the oxide is i l luminated through the electrolyte 
(case I) ,  whereas the light is absorbed in an oxide 
region near  the SnOe layer if the oxide is i l lumi-  
nated through the glass plate (case II) .  In  the lat ter  
case AgO is formed in an area adjacent  to the silver 
layer  on the SnO~ surface, i.e., AgO produced in this 
way is not  separated from the Ag by a thick low con- 
ducting Ag20 layer. I t  should be mentioned, however, 
that oxidation in this region can only occur if O H -  
ions are also available, which may be provided via 
pores, i.e., the photo-oxidation does occur near  the Ag 
surface but  probably only at pores. This a rgument  
may  also explain the fact that reduct ion of AgO in 
case II is still shifted toward cathodic potentials with 
respect to the reduct ion following the formation of 
AgO in the dark. 

Potential Dependence of Photocurrenf 
As ment ioned before, an anodic photocurrent  was 

always observed as soon as a thin Ag20 layer was 
formed (see Fig. 1). Figure  lb  shows the differential 
photocurrent  dur ing  growth and reduction of the oxide 
layers, i.e., Fig. l b  does not real ly  give a defined po- 
tent ia l  dependence of the differential photocurrent  
because no equi l ibr ium was achieved. For measur ing 
the potential  dependence itself we prepared the Ag20 
layer  at first by polarizing the silver electrode at 
+0.55V for about 1O rain. Within this t ime interval  
the dark current  decreased to a very  low value. After  
having completed the Ag20 layer in this way we ob- 
tained wi th in  a certain range a l inear  dependence be- 
tween differential photocurrent  and electrode potential  
as shown by  curve (a) in Fig. 10. It  should be m e n -  
tioned again that  in this exper iment  also the light 
in tensi ty  was kept so low that  fur ther  oxidation was 
negligible. The values of curve (a) were independent  
of the sweeping direction, i.e., they are stat ionary 
values wi th in  the potent ial  range 0 . 2 2 . . .  0.55V. 

According to this result  the anodic photo-oxidation, 
represented by the differential photocurrent  in curve 
(a) in Fig. 10, sets in  not only at lower potentials 
than wi thout  i l luminat ion  but  also below the redox 
potential  of Ag20/AgO (0.47V). Similar  potential  
shifts were always found with typical  semiconductor 
electrodes (9, 10) and could be explained by the fact 
that  no equi l ibr ium between electrons and holes exists 
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Fig. 10. Differential photocurrent vs. electrode potential after 
onodic formation of Ag20 on a silver electrode. (Electrolyte: IN 
KOH). (a) Without previous illumination. (b)-(d) After strong illum- 
ination at +0.55V. Dotted line: replotted from Fig. lb. 

during light excitation. Such a deviat ion from equil ib-  
r ium is, of course, re la t ively large for low conducting 
materials  or if the equi l ibr ium concentrat ion of one 
type of charge carriers (electrons or holes) is small. 
Since also in Ag20 electrons and holes are produced 
by i l lumination,  at least the density of holes is in-  
creased considerably above its equi l ibr ium value in 
this process. 

In  fur ther  experiments  the AgeO layer was i l lumi-  
nated with a ra ther  strong light intensi ty  for a certain 
period of time. As discussed previously, a certain 
portion of the Ag20 is t ransformed into AgO at  the 
Ag20/electrolyte interface. Since AgO absorbs visible 
light, the anodic photocurrents  are smaller now as 
shown by curves (b) ,  (c), and (d) in  Fig. 10. In  con- 
tradiction to the first case [curve (a)] ,  however, a 
cathodic photocurrent  occurs around 0.2V, especially 
in curve (b). This effect disappears after a long pre-  
i l luminat ion.  This result  leads to the conclusion that 
the reduction process (AGO--> Ag20) may be en-  
hanced by light excitation. All  differential photocur-  
rents (anodic and cathodic) disappear, however, as 
soon as the AgO layer filters away too much light. 

In  the same way the differential photocurrents  mea-  
sured dur ing  a complete oxidat ion-reduct ion cycle 
can be interpreted (Fig. lb ) .  For comparison the 
photocurrent  obtained within  the reduct ion period in 
Fig. l b  is replotted in Fig. 10 (dotted l ine).  

Conclusion 
The exper imental  results presented in this paper 

have definitely shown that  l ight absorption by  an 
Ag20 layer leads directly to anodic oxidation to AgO. 
It is postulated that  holes present  in the dark only in 
negligible concentrat ions are involved in the oxidation 
process. Since the over-al l  reaction rate is controlled 
by the n u m b e r  of holes at the surface it is consider- 
ably enhanced by light excitation. According to our 
studies with different types of electrodes, the photo- 
decomposition of Ag20 into silver and oxygen postu- 
lated by  GShr (3) has to be excluded. 

Moreover, we observed that the reduction of AgO 
formed dur ing light excitation is inhibited. This result  
could be interpreted by the fact that  this AgO layer 
was separated from the silver substrate by a rather  
thick Ag20 layer of low conductivity. The thickness of 
the AgO layer  is l imited by t he  penetra t ion depth of 
the exciting light. The inhibi t ion depends slightly on 
the type of electrode. In  the case of very th in  porous 
evaporated silver films the inhibi t ion is somewhat 
weaker than  for silver sheet electrodes. 
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An Unusual 6-Aminopurine Polarographic Wave 
Borivoj Janik and Philip J. Elving* 

University ol Michigan, Ann Arbor, Michigan 

ABSTRACT 

In addition to a normal four-electron d-c polarographic reduction wave, 
some 6-amino- and 6-alkylaminopurines, including the biologically important 
adenine nucleotides, yield a more negative wave of anomalous behavior. The 
latter wave, which has some of the characteristics of a maximum of the second 
kind, is primarily due to an enhanced supply of purine as a result of onset 
of streaming of the solution over the electrode surface; the wave may also 
involve reduction of the 1,6 C=N bond in the pyrimidine ring which is re- 
generated by deamination of the initial reduction product. The second d-c 
polarographic wave of isoguanine is due to catalytic hydrogen evolution. 
Catalytic hydrogen evolution is a participant in the single voltammetric re- 
duction wave obtained on the HMDE with some derivatives, e.g., adenine and 
AMP, due to accumulation of reduction product at the electrode surface. 

Some 6-amino-subs t i tu ted  purines (1), as well  as 
adenine (6-aminopur ine)  nucleosides and nucleotides 
(2) produce at the dropping mercury  electrode 
(DME) under  cer ta in  conditions, in addition to a nor -  
mal  diffusion-controlled four-electron (4e) d-c 
polarographic reduct ion wave, a second more negative 
wave, which can be considered to be unusual  or ab- 
normal  in the sense that  its behavior  and cur ren t -con-  
troll ing factors do not follow any common pattern.  The 
few references to such a wave in the l i terature  are 
mostly in connection with adenine, which is the only 
6-subst i tuted pur ine  whose polarographic reduction 
mechanism and analyt ical  uti l ization (3-6) have been 
extensively studied. A postwave, which was el iminated 
by 0.002% Tri ton X-100, was observed in adenine solu- 
t ion in pH 2-4 chloride and McIlvaine buffers (5, 7). A 
second wave seen on the background discharge in 
acidic adenine (8, 9) and adenine 1-N-oxide (10) solu- 
tions was ascribed to catalytic hydrogen ion reduction. 
Whenever  the abnormal  wave was observed, it was 
treated as a complicating factor due to its unusua l  be- 
havior, ill-definition, and interference with the normal  
wave. 

Because of both the intr insic interest  in the odd 
behavior of the abnormal  wave and the necessity of 
being able to isolate it from and minimize its effect on 
the normal  faradaic wave pat tern  of the 6- 
aminopurines,  which are among the most important  
na tura l ly  occurring purines  as in DNA and  RNA, the 
mechanism of the abnormal  wave process was in-  
vestigated. 

Experimental 
The chemicals, buffer solutions, apparatus, and pro- 

cedures were the same as those previously described 
(1, 2) with the following additions. 

Control led-potent ia l  electrolysis was carried out in a 
th ree-compar tment  H-cell, whose main  compartment  
contained a bunch of twelve dropping mercury  elec- 
trodes as a working cathode, an indicator DME and a 
1.9 mM adenine solution in pH 3.0 McIlvaine buffer. 
One of the other compartments,  which was separated 
from the main  compartment  by a Sial No. 4 glass frit, 
contained a counterp la t inum anode in the background 
solution; the other contained a reference saturated 
calomel electrode. Nitrogen was bubbled  through the 
main  and counterelectrode compartments  dur ing elec- 
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trolysis. A Laboratorni  Pristroje LP 60 polarograph 
and a EZ 2 recorder were used for manua l  control of 
potential  and for recording of polarographic curves 
dur ing the course of electrolysis. 

Cur ren t - t ime  curves were recorded on a Akademie-  
werks t~t ten-Ber l in  GWP 563 polarograph at a chart  
speed of 10 mm/sec  for serial drops from a capillary, 
whose end was t i l ted to an angle of 45 ~ (11). 

Voltammograms and cyclic vol tammograms at the 
HMDE (hanging mercury  dropping electrode) were 
recorded at polarization rates of 1 to 2 and 100 mV/sec, 
respectively. 

The DME was observed by a laboratory microscope 
with a 30-fold magnification. Powdered active char-  
coal was added to the solution examined in an amount  
just  sufficient to indicate s treaming of the solution. 
Accumulat ion of small bubbles at the capillary orifice 
indicated hydrogen evolution. 

Unless otherwise indicated, measurements  were 
made on 0.5 M ionic s t rength solutions at 25~ 

Abnormal Wave Characteristics 
The abnormal  wave is general ly  difficult to define 

due to its merging with the normal  wave and/or  back- 
ground discharge. 

Eyyect of depolarizer nature and Concentration.--The 
abnormal  wave has only been observed with pur ine  
derivatives having amino or substi tuted amino groups 
in the 6-position, e.g., 6-amino-  (adenine) ,  6-meth-  
ylamino- ,  6-hexylamino- ,  and 6-benzylaminopurines ,  
adenosine-5 '-phosphate (AMP),  deoxyadenosine-5 '-  
phosphate (dAMP),  adenosine-5 ' -diphosphate (ADP),  
and adenosine-5 ' - t r iphosphate (ATP).  6 -Phenylamino-  
and 6-dimethylaminopurines ,  adenosine, and de- 
oxyadenosine produce only the normal  wave; however, 
the l imit ing portion of the lat ter  is often steeply in -  
clined, indicating the presence of an addit ional  faradaic 
process. Isoguanine (2-hydroxy-6-aminopur ine)  yields 
a second more negative wave, whose behavior, as sub- 
sequent ly discussed, differs markedly  from that  of the 
abnormal  wave. Pur ine  and its 6-methyl -  and 6- 
methoxy-  derivatives exhibit  no wave in addition to 
the one or two waves which represent  the 4e reduc-  
t ion of the 1,6 N = C  and 2,3 C = N  bonds of the pur ine  
ring. 

Below 0.1 to 0.2 mM depolarizer concentration, the 
abnormal  wave is small  and ill-defined, and is usual ly  
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seen as an addit ional  contr ibut ion on the normal  wave 
l imit ing portion. With increasing concentration, the 
abnormal  wave height increases re la t ively more than 
that of the normal  wave; the ratio in pH 3.1 McIlvaine 
buffer is 1.0, 1.4, and 1.8 in  0.25, 0.50, and 1.00 mM 
adenine, respectively. 

Effect of pH, buyer  concentration and composition, 
and ionic strength.--Since the abnormal  wave gradu-  
al ly merges with background discharge as the pH de- 
creases or increases, a relat ively well-defined l imit ing 
portion is usual ly obtained only between ca. pH 2 and 
4 to 5 (Fig. 1). The wave exists in a nar rower  pH 
region at lower concentrat ions for some derivatives, 
e.g., 0.25 mM benzylaminopur ine  exhibits the abnormal  
wave only  in pH 2 chloride buffer. 

The hal f -wave potential, El/2, of the abnormal  wave 
shifts negat ively with increasing pH at a rate similar  
to that  of the normal  wave for the compound involved 
(1, 2). Variat ion of i~ with pH depends on the de- 
polarizer concentration, e.g., il increases with increas- 
ing pH in  0.50 mM solutions and remains  practically 
constant  in 0.125 mM solutions (Fig. 1). The second 
isoguanine wave sharply decreases with increasing pH 
and disappears at ca. pH 5; at pH 1, it is about eight 
t imes as high as the normal  wave. 

Format ion of the abnormal  wave is more favorable 
in McIlvaine than in acetate buffers, e.g., the wave 
has been observed in pH 3.9 McIlvaine buffer but  not 
in acetate buffer of the same pH. 

In  pH 3-4 McIlvaine buffer of 0.1M ionic strength, 
the abnormal  wave either is not formed, e.g., below 
ca. 0.5 mM adenine, or appears as a nonmeasurable  
current  superposed on the normal  wave l imi t ing por-  
tion, e.g., adenine and AMP above ca. 0.5 and 0.2 
mM, respectively. With increasing buffer concentrat ion 
or ionic strength, e.g., on addition of KC1, the abnormal  
wave gradual ly  increases to a l imit ing value at ionic 
s trength ca. 1; formation of the abnormal  wave is less 
evident  with AMP when background concentrat ion is 
brought up just  by adding KC1. 

Variation of limiting current wi th  mercury coZumn 
height . - -The variabi l i ty  of plots of il vs. h, e.g., l inear  
or curved with slopes varying  from slightly positive to 
more or less negative incl inat ion to the h axis, is at 
least part ial ly due to the i l l-definit ion of the abnormal  
wave and to the marked change of its shape with h 
with resul t ing uncer ta in ty  in est imation of il. De- 
pending on pH, the abnormal  wave more or less merges 
with background discharge at low h. As h increases, 
the l imit ing portion becomes better  defined due to a 
positive shift of the wave, while the background dis- 
charge potential  does not change. At the same time, 
the normal  wave shifts negat ively so that it gradual ly 
merges with the abnormal  wave; a similar effect oc- 
curs when the drop- t ime is gradual ly  shortened by 
hi t t ing the capillary. 

Effect of temperature . - -The tempera ture  coefficient 
of the abnormal  wave in pH 3.0 McIlvaine buffer varies 
from 4.5 to 9.0% for adenine, 6-methylaminopur ine ,  
and AMP, compared to 1.1-2.2% for the normal  wave. 
The abnormal  wave is too small  at 10~ o to be 
measured meaningful ly ,  e.g., in  adenine and AMP at 
0.5M ionic strength, and completely disappears at 
lower temperatures  (Fig. 2), e.g., no indication of it 
can be seen at 1.5 ~ and 0.1M ionic strength.  

Effect of surface-active substances.--The abnormal  
wave given by up to 0.5 mM adenine (Fig. 3) and 6- 
benzylaminopur ine  is completely el iminated by only 
0.0006% Tri ton X-100. The same is t rue  for other de- 
r ivatives below ca. 0.2 mM. At higher depolarizer con- 
centrations, 0.0006% Triton suppresses the abnormal  
wave by 20-60%, 0.001-0.002% Tri ton almost com- 
pletely el iminates it but  at the same time decreases the 
normal  wave by 10-20%, and higher Tri ton concentra-  
tions distort the wave shapes. In  general,  Tri ton is 
more effective at higher pH and lower depolarizer con- 
centration, and in such situations where only an addi- 
t ional current  is superimposed on the normal  wave 
l imit ing portion, where the normal  and abnormal  
waves are relat ively well separated and where the lat-  
ter  wave merges with the background discharge. 

Other surface-act ive substances are also effective, 
e.g., less than 0.002% agar completely el iminates the 
abnormal  wave of 0.5 mM adenine in pH 3.0 MeIlvaine 
buffer. 

Current- t ime c u r v e s . b A t  potentials on the rising 
part  of the abnormal  wave, the parabolic character of 
the i- t  curves on a single drop is gradual ly  distorted 
as the potential  becomes more negat ive ;  the distortion, 
which is pronounced on the l imit ing portion of  the 
wave, is abrupt  with adenine and 6-methylamino-  
pur ine  and less apparent  with AMP. 

Microscopic observation of mercury e lec t rodes . -  
Streaming of the solution past the DME surface is ob-  
servable at potentials s tar t ing at the foot of the ab-  
normal  wave, e.g., for adenine, 6 -methylaminopur ine  

Fig. 2. Effect of temperature on polarographic wave pattern for 
0.5 mM adenine and 0.50 mM AMP in .oH 3.2 Mcllvaine buffer 
(0.SM ionic strength) at 25~ 

Fig. 1. Variation of polarographic wave pattern with pH for 
0.125 mM 6-methylaminopurine and 0.50 mM AMP in Mcllvaine 
buffer (0.5M ionic strength) at 25~ Current axis: 2.0 ~A/division 
for 6-methylaminopurine and 10 ~A/division for AMP. 

Fig. 3. Effect of Triton X-100 concentration on polarographic 
wave pattern for 0.25 mM adenine in pH 3.0 Mcllvalne buffer 
(0.5M ionic strength) at 25~ 
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and AMP solutions, or, where the abnormal  wave is 
absent, e.g., with adenosine, at the foot of the back- 
ground discharge. No or only negligible s treaming oc- 
curs at potentials on the normal  and second isoguanine 
waves. The direction of the s t reaming is f rom the bulk  
solution to the bottom of the DME, over the mercury  
surface to the top of the drop and from there back to 
the bulk  solution. The streaming is more intense as the 
potential  becomes more negative and diminishes with 
decreasing h. Addit ion of 0.002% Tri ton to 0.5 mM 
adenine at pH 3.0 el iminates the abnormal  wave, while 
the in tens i ty  of the s t reaming is on ly  lowered by a 
third. 

On the hanging mercury  drop electrode, HMDE, 
where only the normal  wave appears, s t reaming does 
not occur in 0.5 mM adenine even at constant  potentials 
on the background discharge. 

Hydrogen evolution is not observed at the DME unti l  
the background discharge is reached even in saturated, 
i.e., ca. 6 raM, solutions of adenine  and AMP at pH 
2-5, while it occurs on the HMDE at constant potentials 
at the foot of the normal  wave. 

Behavior on the HMDE.--Adenine, 6-methylamino-  
purine,  and AMP produce at pH 2.5-4 only a single 
cathodic wave on single-sweep vol tammograms and a 
single cathodic peak on cyclic voltammograms. Ell2 
of the wave and Ep of the peak are up to 30 and 100 
mV, respectively, more negative than El~2 of the nor-  
mal  DME wave under  similar conditions; the difference 
becomes smaller with decreasing pH. The vol tam- 
metric wave is i l l-defined due to merging with back- 
ground discharge; on the second and subsequent  runs  
at the same drop in unst i r red solution, E1/2 shifts more 
negat ively and the background discharge more posi- 
t ively so that  the wave finally disappears. Cyclic 
vol tammograms of isoguanine in pH 2.5 McIlvaine 
buffer exhibit  two peaks, whose ED are ca. 100 mV more 
negative than  El/2 of the corresponding DME waves. 

Electrolysis oJ adenine.--The ratio of the adenine 
normal  and abnormal  heights dur ing  controlled poten- 
tial electrolysis at pH 3 at a potent ial  on the crest of 
the normal  wave approximately equals that found for 
corresponding concentrat ions in fresh solution. Ell2 
of the normal  wave and, even more so, of the abnormal  
wave shift more negat ively  dur ing  electrolysis with the 
abnormal  wave consequently merging with back- 
ground discharge; the potential  of the lat ter  may shift 
up to 30 mV more positively dur ing electrolysis. 

Nature of the Electrode Process 
The exper imental  data concerning the na ture  and 

origin of the abnormal  wave are equivocal in the sense 
that several possible processes are more or less both 
supported and refuted. Consequently,  decision has to 
be made on the basis of the relat ive meri ts  of the 
evidence and the implications that can be drawn from 
it. 

The possibilities of the abnormal  wave being a dif- 
fusion-control led wave or an adsorption postwave in- 
volving the oxidized form of the depolarizer are el imi- 
nated by the concentration, h, and tempera ture  de- 
pendences, and by the i-t curves [O r ref. (12)];  the 
wave height is several  t imes higher than would be ex- 
pected for an adsorptinn wave (12, 13) and the 
depolarizers are s trongly adsorbed only at potentials 
about 0.TV more positive than those of the reduction 
(1, 2). 

Maximum of the second kind.--Streaming of the 
solutions as well  as the direction of such streaming at 
the DME at potentials on the abnormal  wave strongly 
indicate that  the lat ter  is a m a x i m u m  of the second 
kind (13, 14). Corroborative evidence is afforded by 
the following: (a) the wave decreases in height and 
finally disappears wi th  decreasing ionic s t rength and 
buffer concentration, (b) the wave height shows a 
high tempera ture  coefficient, (c) surfactants suppress 
the wave, and  (d) s t reaming diminishes on lowering 

h and does not occur at the HMDE. Two aspects of the 
behavior of the wave indicate that  it may not  involve a 
common ma x i mum of the second kind: (a) s t reaming 
can continue, only moderately  diminished, when the 
wave is completely suppressed by Tri ton addition, and 
(b) il is not proport ional  to h. The lat ter  is not too de- 
cisive an a rgument  since it is difficult to measure il 
precisely. 

Catalytic hydrogen evolution.--Although some fea- 
tures of the abnormal  wave support  part icipation of a 
catalytic hydrogen evolution (15), e.g., location near  or 
on the background discharge, effect of surfactants,  in -  
crease of wave height with increasing buffer concen- 
tration, and shift to more negative potential  with in-  
creasing pH, the bu lk  of the evidence is not  consistent 
with an appreciable contr ibut ion from a catalytic hy-  
drogen process (13, 15), e.g., the wave shifts to more 
negative potential  with increasing depolarizer con- 
centrat ion and its height increases with increasing pH 
or is, at least, pH- independent  and varies from a 
fraction to twice that  of the normal  (4e) wave. A 
catalytic hydrogen wave involving the pur ine  species 
as part icipant  would normal ly  be expected to decrease 
with increasing pH and to have a height which is many  
times that  of a corresponding diffusion controlled wave 
(13, 15), e.g., in pH 3 buffer containing 1 mM purine,  
it would be expected to be several times the height of 
the 4e pur ine  wave; actually, it is only 1.8 times that  
height. Fur thermore,  even though the normal  adenine 
wave, due to its behavior, was postulated to contain a 
catalytic hydrogen component  (3), hydrogen evolu- 
tion was not observed on the DME at potentials more 
positive than that of the background discharge. 

The oxidized and reduced forms of most pur ine  
derivatives, as well  as the degradation products of the 
latter, shift the background discharge to more positive 
potential, e.g., the shift, whose magni tude  increases 
with pH and depolarizer concentrat ion (2, 3), occurs 
even at pH where the pur ine  derivative is not reduced 
(1, 2, 3) and in solutions where adenine has been com- 
pletely electrolyzed (3). The shift, which has been 
ascribed to catalytic evolution of hydrogen (3), could 
interfere with the abnormal  wave. However, hydrogen 
evolution seems to be negligible in the abnormal  wave 
at the DME; its presence at the foot of the normal  wave 
at the HMDE is most probably due to accumulat ion of 
reduction product at the electrode surface which pro- 
motes the catalytic reduction of hydrogen ion and 
makes the reduct ion of pur ine  more difficult (13). 

The second isoguanine wave, which markedly  differs 
from the abnormal  wave, e.g., in having a counterpart  
on cyclic vol tammograms at the HMDE and in exhibi t -  
ing no s t reaming at the DME, is probably a catalytic 
hydrogen wave, as indicated by its being several times 
higher than  the normal  wave, decreasing sharply wi th  
increasing pH, and being proport ional  to h. 

Deamination re~ction.--As previously mentioned, 
the abnormal  wave has been observed only with 
purines having an amino or subst i tuted amino group in 
the 6-position. Exhaust ive electroreduction of 6-amino-  
pur ine  (adenine) at a mercury  pool electrode is a 6e 
process, involving reduct ion of the 1,6 and 2,3 double 
bonds, deaminat ion at the 6-position and reduction of 
the regenerated 1,6 double bond (3). Since deamina-  
t ion is slower than  the electrochemical steps (3, 10), it 
does not proceed appreciably under  polarographic 
conditions at potentials less negative than  the crest of 
the normal  adenine reduct ion wave (3). However, 
deaminat ion may be promoted by the electrostatic 
at tract ion of the protonated reduction site to the elec- 
trode and, consequently, could occur at the more nega-  
tive potentials, where the abnormal  wave is observed. 
Current  resul t ing from reduction of the regenerated 
1,6 C = N  bond may  thus be involved at the abnormal  
wave. Moreover, deaminat ion as well  as subsequent  
hydrolysis of the reduction product may result  in local 
concentrat ion and charge gradients and, consequently,  
in  surface tension differences, which, in turn,  may 
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promote s t reaming  of the solution over  the DME sur -  
face. 

Conclusions 
The resul ts  of exhaus t ive  electrolysis  of adenine in-  

dicate  e i ther  tha t  the  abnorma l  wave  is associated only 
wi th  the  oxidized form of adenine or  tha t  the  reduced  
adenine decomposes sufficiently r ap id ly  tha t  it  does 
not accumula te  and, consequently,  does not  cont r ibu te  
apprec iab ly  to the  abnorma l  wave  process; degrada t ion  
products  of reduced  adenine ev ident ly  also do not con- 
t r ibu te  to the  abnormal  wave  current .  

The supp ly  of depola r ize r  for the  abnormal  wave  
process is, therefore,  essent ia l ly  due to an increased 
t r anspor t  of the  oxidized form of the  pur ine  to the 
DME as a resul t  of s t r eaming  at the  potent ia ls  where  
the  abnorma l  wave  is seen. Simul taneous  creat ion of 
a depolar izer  via a chemical  react ion involving res to ra -  
t ion of the  reducib le  1,6 double bond through  deamina -  
tion, m a y  also be a cont r ibut ing  factor  in the  abnormal  
wave  current .  

Al though da ta  for the  n o r m a l  pur ine  reduct ion wave  
obta ined  in the  presence and absence of the abnormal  
wave  are  essent ia l ly  identical ,  the  p rox imi ty  of the  
two waves  makes  da ta  for  the normal  wave  obta ined 
in absence of the  abnorma l  wave  more  accurate.  Con- 
sequently,  i t  is r ecommended  tha t  in fu ture  e lec t ro-  
chemical  studies of 6-aminopur ines  and the i r  de r iva -  
t ives the  complicat ing presence of the  abnormal  wave  
be avoided by  the  use of low ionic s t rength  solutions 
and low tempera tu re ;  an ionic s t rength  of 0.1M and 
t empe ra tu r e  below 5~ a re  recommended.  

Al te rna t ive ly ,  if i t  is desi red to use solutions of 
0.5M ionic s t rength  at  25 ~ or  the  equivalent ,  the  con- 
cen t ra t ion  of the  e lect roact ive  species should not  ex-  
ceed 0.1 mM. Thus, in a s tudy  (17) of  ol igonucleotides 
the  abnormal  wave  was not  c lear ly  indica ted  wi th  
ApA, (Ap)3A, and (Ap)5A and wi th  dinucleot ides  con- 
ta in ing the adenine moiety,  appa ren t ly  due to the  low 
concentra t ions  employed  (ca. 0.05 mM) and to a 
marked  posi t ive shif t  of background  discharge,  es-  
pec ia l ly  wi th  ApG and GpA. 
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A Ring-Disk Study of HOBr Formation at Platinum 
Electrodes in 1.0M 
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ABSTRACT 

The ro ta t ing  Ling-disk electrode (RRDE) was used to s tudy  the  oxidat ion  
of B r -  at p la t inum electrodes in 1.0M H2SO4 suppor t ing  electrolyte .  In add i -  
t ion to the  e lectrochemical  oxida t ion  of B r -  to Br2 by  a convect ive-diffusion 
control led reaction, a smal l  amount  of HOBr was produced by  oxidat ion  of 
adsorbed  B r -  wi th  concurrent  ox ida t ion  of the  p la t inum elec t rode  surface. 
Bromide  does not adsorb at an anodized p la t inum surface, whereas  adsorpt ion  
is ve ry  rap id  at  a reduced p la t inum surface. The equi l ib r ium surface coverage 
by B r -  corresponds to a monolayer  for bu lk  concentrat ions  of K B r  grea te r  
than 4.5 x 10-~M. 

The purpose  of this  research  was to s tudy the for -  
mat ion  of posi t ive oxidation states  of b romine  at a 
p la t inum electrode in 1.0M H2SO4. No s tudy of such 
a process is to be found in the  l i t e ra tu re  even though 

* E l e c t r o c h e z n i c a l  Society Active M e m b e r .  

the  oxidat ion of iodine to h igher  oxidat ion  states at 
a p l a t inum e lec t rode  has been discussed by  many  
authors.  A review of this  l i t e ra tu re  is given by  Beran  
and Bruckens te in  (1). 

Many  invest igators  have  s tudied the B r J B r -  
couple at p l a t inum electrodes wi th  the  p r i m a r y  ob-  
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jective of de termining the electrode mechanism (2- 
5). The s tandard reduction potent ial  for the reac- 
t ion 

Br2 "k 2e = 2Br -  [1] 

is +0.841V (vs. SCE) (6). 
The two most l ikely higher oxidation states which 

might be produced in  !.0M HeSO4 at a p la t inum elec- 
trode appear to be HOBr and BrO3- whose standard 
reduction potentials are (6) 

HOBr + H + + e ~ 1/2 Br2 + H~O, 
E ~ ---- 1.34V (SCE) [2] 

HOBr -t- H + + 2e ~ B r -  + HsO, 
~~ ---- 1.09V (SCE) [3] 

BrO3- -t- 6H + + 5e ~- 1/2 Br2 + 3H20, 
E ~ 1.27V (SCE) [4] 

BrO3- -t- 6H + -b 6e ~ B r -  + 3H~O, 
E ~ ---- 1.20V (SCE) [5] 

Our exper imental  results indicate that  a l imited 
amount  of HOBr can be produced by oxidation of 
adsorbed bromide at a p la t inum electrode in 1.0M 
H.~SO4 via a surface controlled process and that  no 
detectable amounts  of BrO3- are produced. 

Experimental 
Ins t rumenta t ion .~The  r ing-d isk  electrode used in 

this research was constructed by Pine Ins t ruments  
of Grove City, Pennsylvania .  The electrode d imen-  
sions are given in Table  I of ref. (7) where the elec- 
trode is designated as electrode B. For this electrode 
a = 0.089, ~2/~ = 0.151, and N ---- 0.090, the area of 
the disk is 0.470 cm 2. 

The four electrode potentiostat  was constructed ac- 
cording to a design given previously (8) using an 
Analog Device 303 Operat ional  Amplifier as the ref- 
erence potent ial  follower, F-1 in Fig. 1 of ref. (8), 
and Analog Devices 106 Operational  Amplifiers in the 
remainder  of the circuit. Current  potential  (I-E) 
curves were recorded using an EAI, X-Y-Y',  1130 
Variplotter.  

Most exper imental  work was performed at 25 ~ • 
I~ al though the determinat ion of the diffusion co- 
efficient of B r -  in 1.0M H2SO4 was made at 25.0 ~ • 
0.2~ Except for instances when  bromide was pres-  
ent in the support ing electrolyte, air was removed 
from the solution wi th  Air  Products ' ,  high pur i ty  
(99.999%) ni t rogen which was presaturated with 
H20, and a ni t rogen atmosphere was main ta ined  
above the solution. 

The counterelectrode was a p la t inum wire coil 
placed in a fri t ted glass compar tment  containing 
1.0M H2SO4. The reference electrode was a Beckman, 
F iber-Junct ion ,  SCE in electrical contact with the 
solution through a Luggin capillary, containing a 
saturated KNO3 solution. The t ip of the Luggin capil- 
lary was placed about 2 mm from the surface of the 
rotat ing electrode, normal  to the Teflon between the 
r ing  and disk electrodes. All  potentials were mea-  
sured and are reported in volts vs. the SCE. 

Chemicals .~Al l  chemicals used were Mall inkrodt  
Analyt ical  Reagent grade. Solutions were prepared 
using t r ip ly  distilled water, with the second disti l la- 
t ion being from alkal ine permangana te  solution. 

A stock solution of HOBr (approximately 0.2M) 
was prepared according to a procedure similar to 
those described in  ref. (9-11). An  excess of Br2 was 
added to a mixture  of approximately 0.01M HNOs and 
silver acetate. The hydrolysis reaction of Br2 produces 
B r -  and HOBr, and the react ion is made complete by 
the precipitat ion of B r -  as AgBr. The precipitate was 
separated by filtering and the excess Br2 removed by 
bubbl ing  with nitrogen. The presence of HNO3 aided 
coagulation and separation of the AgBr precipitate. The 
HOBr was used approximately 2 hr  after preparation. 
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Notation.--The subscripts d and r to symbols for 
current ,  I, and potential,  E, represent  the correspond- 
ing quanti t ies at the disk and r ing electrodes, respec- 
tively. The subscript l, used with symbols Id and Ir, 
signifies that  the designated quant i ty  corresponds to 
the convective-diffusion l imited value. The superscripts 
a and c used only with the symbol Ed define the ex- 
t reme anodic ( + )  and cathodic ( - - )  disk electrode 
potentials used in obtaining the par t icular  I-E curve. 
Cathodic current  is considered as a positive and anodic 
current  as a negative quanti ty.  All  electrical currents  
are given in microamperes. 

Results and Discussion 
Id-Ed curves of B r - . - - F i g u r e  1 shows Id-Ed curves 

obtained i n  a 1 . 0 M  H2SO4-3.3 • 10-4M KBr solution. 
Ed was scanned between Ed c : --0.20V and the Ed a- 
value specified unt i l  no change in the Id-Ed curve was 
observed with continued potential  scans. For  [KBr] > 
i X 10-4M, no change in  the I-E curve was observed 
after the second cyclic potential  scan. Ed a was varied 
from 1.00 to 1.40V by 0.10V increments  and a final 
curve was obtained for Ed a ~ 1.60V. Three anodic 
waves were obtained with apparent  Ell2 values of 
0.90V, 1.06V, and 1.24V. These waves are designated 
A, B, and C, respectively, for discussion purposes. The 
observed EI/2 for wave A of 0.90V is in agreement  
with data presented in ref. (4) and (12) for the oxi- 
dation of B r -  to Bre in a similar  solution and we con- 
clude that wave A is due to the oxidation of B r -  to 
Br2. The small  reduction peak, D, obtained on the 
cathodic scan, Epeak ~ 0.gv, disappears at faster rota-  
t ion speeds and/or  slower Ea scan rates, and we con-  
clude it is caused by reduction of Br2 present  in the 
convective-diffusion layer adjacent to the electrode. 

The reduction peak E, Epeak = 0.5V, is also observed 
in the absence of B r -  (12, 13) and is caused by the 
electrochemical reduct ion of the oxidized p la t inum 
electrode surface. In  B r - - f r e e  1.0M H2SO4, electrode 
oxidation occurs if Ed a > 0.65V (12, 13). Figure 1 
shows that  peak E is obtained in this solution only if 
Ed a > 1.0V. Hence, electrode oxidation does not occur 
unt i l  the electrode surface concentrat ion of B r -  is zero, 
i.e., unt i l  Id equals the convective l imit ing curr6nt  for 
B r -  oxidation to Br2, Id.~ ( B r -  --> Br2). As Ed a increases 
beyond 1.0V, the height of peak E at 0.5V increases, 
thus electrochemical oxidation of the p la t inum disk 
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Fig. 1. Id-Ed vs. E~a; 1.OM H,2S04-3.3 x 1 0 - 4 M  KBr, 400 rpm, 
Ed scan rate = 6.0 V rain - 1 ,  ~ onodic Ed scan, - - - -  
cathodic Ed scan. 
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electrode surface occurs concurrent ly  wi th  the pro-  
cesses associated with  waves  B and C. The inhibit ion 
of p la t inum oxidat ion by halide ions in acidic media  
is a t t r ibuted to halide adsorption at the electrode sur-  
face (12, 14). 

The shape of the Id-Ed curves in the potent ial  re -  
gion Ed ~ 0.1V has been discussed and the cathodic 
and anodic processes are identified as the formation 
and dissolution of molecular  hydrogen, respect ively 
(12). 

Id-Ed curves were  also obtained whi le  holding the 
electrode stationary, Fig. 2, in 1.0M H2SO4-1.0 • 
10-~M KBr. The appearance of a reduct ion peak, F, at 
1.15V on the cathodic Ed scan indicates that  wave  C 
involves the production of a soluble electroact ive 
species other  than Br2, possibly a higher  oxidation 
state of bromine such as HOBr or BrO3-.  There  is no 
evidence that  wave  B corresponds to any react ion 
other  than oxidation of the electrode surface. 

I(i-Ed curves were  obtained at 400 rpm in the solu- 
tion used for Fig. 1 as a function of Ed scan rates f rom 
2-10V m i n - L  These curves showed that, after cor-  
recting for double layer  charging current,  wave  A 
was independent  of Ed-scan rate, while  the heights of 
waves  B and C increased in approximate ly  a l inear  
manner  wi th  increasing Ed scan rate. These results 
suggest that  waves B and C correspond to surface con- 
trolled reactions since the magni tude  of convect ive-  
diffusion l imit ing currents  are independent  of Ed scan 
rate. 

Icl-Ed curves were  obtained at 400 rpm in a solution 
identical  to that  for Fig. 1 for Eda ~ 1.60V and va ry -  
ing Ed c f rom --0.20 to +0.80V. Differences in the I-E 
curves in the  region of Ed > 0.80V obtained for 
--0.20V ~ Ed c < 0.40V were  negligible. For  Edc 
0.60V, however ,  the height  of waves  B and C de- 
creased. Waves B and C disappeared for Ed c ~-- 0.80V. 
Note that  for Edc ~ 0.80V, p la t inum oxide formed at 
the electrode surface for Ed ~ 1.0V is not reduced 
during the  cathodic port ion of the potent ial  cycle. The 
magni tude  of wave  A at 1.0V was not affected by 
variat ion of E~c. On the basis of these results and the 
observation in Fig. 1 that  /~ = Id,~ ( B r -  ~ Br2) dur-  
ing the cathodic Ed scan for 1.0 < Ed < 1.4V, we  con- 
clude that  the disk electrode react ion result ing in the 
production of peak F of Fig. 2 is control led by surface 
changes at the disk electrode which occur s imul tane-  
ously wi th  the electrode sur face  oxidation. 

Diffusion coe1~icient for B r -  in 1.0M H2SO4.--Values 
of Id,l ( B r -  --> Br2), wave  A, w e r e  measured  as a func-  
tion of [KBr] (2, 3, 4, and 5 • 10-4M) and rotat ion 
speed (400-10,000 rpm) for an Ed scan rate  of 0.SV 
m i n - L  At  this slow scan rate the heights of waves  
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Fig. 2. Id-Ed; I .OM H2S04-1.0 x 1 0 - 3 M  KBr, 0 rpm, Ed scan rate 
= 6.0 Y rain - 1 ,  - -  anodic Ed scan, - - - -  cathodic Ed scan. 

B and C were  negl igible  in comparison to that  of 
wave  A. Plots of Idj VS. ~1/2 measured at Ed ~--- 1.15V 
were  l inear  wi th  zero intercepts  over  the  ent i re  range 
of concentrations. The  diffusion coefficient of B r - ,  
DBr-, was calculated f rom each slope using the Levich 
equat ion for convect ive diffusion l imited currents  
(15). The average of 16 slope measurements  yielded 
DBr- -~- (1.58 • 0.06) • 10 -5 cm 2 sec -1. 

Ring-disk studies in KBr  solutions.--Ir-Ed curves 
were  recorded s imultaneously wi th  Id-Ea curves  in 
1.0M H2SO4-3.3 • 10-4M KBr  solution, in the manner  
described previously (7, 8), for Ed a ~- 1.60V and Ed c ---- 
--0.20V. Er was var ied f rom 0.00 to 1.30V by 0.10V in-  
crements.  Ir-Ed curves for three  values of Er are 
shown in Fig. 3. 

The Ir-Ed curves obtained for 0.20V ~ Er ~ 0.70V 
were  identical,  those for Er = 0.80V and 0.90V were  
identical  as were  the curves for 1.10V--~Er ~ 1.30V. 
[r-Ed curves obtained for Er in the vicini ty  of the Ell2 
for the reaction described in Eq. [1] var ied  qual i ta t ive-  
ly in the expected manner  for a sl ightly i r revers ib le  
process (16). The Ir-Ed curve  obtained for Er -- 0.10V 
and 0.00V were  identical  to that  for Er = 0.40V except  
that  the ring current  increased sharply for Ed > 1.4V 
due to the ring electrode reduct ion of oxygen pro-  
duced at the disk electrode. The r ing current  observed 
at Ed -- 1.10V for Er = 0.40V results f rom the  reduc-  
tion of the Br2 produced at the disk electrode to B r -  
(wave A).  The exper imenta l  collection efficiency at 
Ed = 1.1V calculated f rom Fig. 3 and the Id-Ed curve 
obtained simultaneously,  Nexp = --Ir/ld, is 0.090 in 
satisfactory agreement  wi th  the theoret ical  collection 
efficiency for this electrode. 

In Fig. 3, peak P corresponds to a soluble, e lectro-  
chemical ly reducible  species which was detected at 
the ring electrode, for E~ = 0.40V and 0.80V, coinci- 
dent wi th  the appearance of wave  C at the disk elec-  
trode. When the cathodic Ed-scan waS reversed  at 
Ea c = 0.80V, peak P was not obtained and Ir = 
--NId.z ( B r -  --> Br2) for Ed > 1.0V on both the anodic 
and cathodic Ed scans in agreement  wi th  results dis- 
cussed above for wave  C at the disk electrode. 

For  E~ = 1.20V, the ring cur ren t  observed at Ea < 
0.9V is equal  to #2/a t imes Id4 ( B r -  --> Br2) in the ab- 
sence of complicat ing reactions at the disk electrode, 
e.g., B r -  adsorption (16). For  Ed ~ 1.1V and Er = 
1.2V, I~ = (#e/3 _ N) t imes Id,1 ( B r -  -~ Br2) (16). 

F I I I I I I I I 

0 

E r  " 1.2 

~ ~ " I r , I  (Sr---'~Br2) . . . . . . . .  ,. I r  

�9 I I I I I I I I 
1.6 1.2 0.8 0.4 0.0 

Ed 

Fig. 3. lr-Eo, vs. Er; 1.0M H~$0~-3.3 x l O - 4 M  KBr, 400 rpm, 
Ed scan rate = 6.0 V rain - 1 ,  - -  anodic Ed scan, - - - -  
cathodic Ed scan. 



Vol.  I17, No. 4 

An additional current  decrease, peak Q, occurs in this 
exper iment  for 1.2V < Ed < 1.hV on the anodic Ed 
scan (region of wave  C). This peak wave  was not ob- 
tained if Ed c --~ 0.80V. 

Figure  2 shows that  the electroact ive species gen-  
erated at the disk electrode during wave  C is reduced 
for Ed < 1.2V. Since as stated above, the Ir-Ed curves 
obtained for Er ---- 1.10V and 1.30V are identical, the 
supposed posit ive oxidation state of bromine  pro-  
duced at the disk electrode during wave  C does not 
reach the r ing electrode during this exper iment  and 
undergoes a homogeneous decomposition in the elec-  
t rode diffusion layer. A reaction sequence which is 
consistent wi th  the data discussed above per ta ining 
to wave  C is 

(disk electrode, surface controlled) 

H20 + B r -  ~- HOBr + H + + 2e [6] 
and /o r  

H20 + 1/2Br2~- HOBr + H + + e [7] 

(solution, diffusion layer)  

HOBr + B r -  + H + ~-- Br2 + H20 [8] 

(ring electrode) 

Br2 + 2e ~ 2 B r -  (Er < 0.9V) 

B r -  ~,~ Br2 -'F 2e (Er > 0.9V) 

RING-DISK STUDY OF HOBr FORMATION 

[9] 

[10] 

The equi l ibr ium constant for react ion [8] has been 
calculated to be 1.7 • l0 s (17). Thus, in 1.0M H2SO4, 
this react ion lies far  to the r ight  at equil ibrium. The 
proposed react ion sequence is consistent wi th  the ex-  
per imenta l  results shown in Fig. 3 provided reaction 
[8] is ve ry  fast. Eigen and Kust in calculated the rate  
constant for the hydrolysis of Br2, the reverse  of re-  
action [8], as 110 sac -1 (18). We calculate the  rate 
constant for the forward  direction of react ion [8] to 
be 1.9 X 101~ M -2 sec -1,  fast on the t ime scale of this 
experiment .  

The above react ion sequence is also in agreement  
with the results shown in Fig. 2. For  Ed > 1.0V, the 
surface concentrat ion of B r -  is zero and any HOBr 
present at the electrode surface cannot undergo reac-  
tion according to react ion [8] and wil l  subsequently 
be reduced to Br2 during the cathodic Ed scan at Ed < 
1.2V. 

We have  excluded the possibility that  BrOa-  is 
formed as a product  of wave  C because: (i) BrO3-  
does not react rapidly wi th  B r -  in 1.0M H2SO4 acid 
to form Br2, (19), and (if) BrO3-  is not e lect rochemi-  
cally reduced in 1.0M H2SO4 at potentials more  posi- 
t ive than  0.2V in the presence of B r -  or Br2. 

Id-Ed curves  of HOBr in 1.0M H2SO4.--Id-Ed curves 
were  obtained for a solution of 1.0M H2SO4-9 X 
10-4M HOBr, Fig. 4. These curves show the expected 
two-step reduction wave  corresponding to the one 
electron reductions of hypobromite  to bromine and 
that  of bromine to bromide. HOBr is reduced for 
Ed < 1.2V, a resul t  which  is consistent wi th  our pro-  
posal that  the product  of wave  C is HOBr. 

I -E  curves  of Br2 in 1.0M H2SO4.--Figure 5 shows a 
Id-Ed curve  obtained at the s tat ionary disk electrode 
in 1.0M H2SO4-2 X 10-4M Br~. The curve  shown is 
the "reproducible"  curve  observed af ter  five cyclic Ed 
scans. Again three waves are formed in the anodic 
region of Ed > 0.8V corresponding to the oxidation of 
B r -  (produced dur ing the previous cathodic scan) to 
Br2, the init iat ion of p la t inum surface oxidation and 
production of HOBr. On the cathodic port ion of the 
Ed scan, peaks are observed for HOBr reduction 
(Epeak = 1.15V), Br2 reduct ion (Epeak = 0.95V), sur-  
face oxide reduct ion (Epeak : 0 .50V),  and oxygen re-  
duction (Epeak ~ 0.2V). Reversing the potential  scan 
at Ea c = 0.80V produced a subsequent Id-Ed curve 
showing no production or reduct ion of HOBr,  con- 
sistent wi th  results considered above. 
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Ir-Ed curves were  obtained at 400 rpm in 1.0M 
H2804-1 X 10-4M Br2 for Ed a ~ 1.60V and Ed c ---~ 
--0.20V varying Er f rom 0.20 to 1.40V by 0.10V incre-  
ments. Ir-Ed curves for four values of Er are shown in 
Fig. 6. The curves  recorded for 0.30V --~ Er --~ 0.50V 
were  identical  to each other  as were  those for 0.60V 
--~ Er ----- 0.80V, those for Er = 1.0 and 1.1V, and those 
for Er > 1.2V. The curve  found wi th  Er ---- 0.20V 
showed the reduct ion of oxygen produced at the disk 
for Ed > 1.4V. 

Note that  no r ing current  peak is observed in the 
Ed region of wave  C for Er = 1.20V. The absence of 
peak R is in accord with  the proposed react ion se- 
quence, since the bulk concentrat ion of B r -  is zero in 
this solution. HOBr produced at the disk electrode 
does not undergo rapid homogeneous react ion in the 
solution adjacent  to the disk electrode, in the  absence 
of B r - ,  and will  be t ransported by convect ive-dif fu-  
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Fig. 6. Ir-Ed vs. Er; 1.0M H2S04-1 x 1 0 - 4 M  Br2, 400 rpm Ed 
scan rate = 6.0 V rain - z ,  - -  anodic Ed scan, - - - -  cathodic 
Ed scan. 

sion to the r ing electrode where it will  be reduced as 
peak R. 

On the basis of the reaction sequence proposed in 
the above discussion, it would seem that  peak R for 
the collection of the HOBr at Er ~-~ 0.8V should be 
twice as great as observed at Er ~ 1.0V. The conclu- 
sion would follow since at Er = 1.0V, HOBr is re-  
duced to Br2 at the r ing  while for E~ = 0.8V it is re-  
duced to B r - .  Comparison of the areas for peak R ob- 
tained at the same t i m e  as wave C shows the area at 
Er -~- 0.BY is only about 30% greater  than  that  at 
Er = 1.0V. This discrepancy probably arises because 
B r -  is formed at the r ing electrode at Er = 0.8V and 
some of the HOBr from the disk reacts with this B r -  
to produce Br2 in the solution adjacent  to the r ing 
electrode. The fraction of this Br2 ul t imately  collected 
at the r ing electrode wil l  be less than unity, hence 
the total r ing cur ren t  will  be less than that  predicted 
by the disk current  and the theoretical collection 
efficiency. 

EfJects of variation of electrode rotation speed.-- 
Figure 7 shows Ir'Ed curves obtained in 1.0M H2SO4- 
3.3 • 10-4M KBr for 400 --~ rpm ~ 10,000. The r ing 
electrode peak current,  P, corresponding to wave C 
decreases in area with increasing rotat ion speed. Also 
the difference between the l imit ing r ing electrode 
collection current  at Ed = 1.1V for the anodic and 
cathodic Ed scans increases with higher rotation speed. 
The decrease in the area of peak P and other qual i ta-  
t ive changes observed wi th  increased rotat ion speed 
were produced at 400 rpm when small  (10-6M) in-  
crements of Na2SO~ were added to the solution. Evi-  
dence has been presented previously that  the pres-  
ence of sulfite impur i ty  in sulfuric acid will  affect 
I-E curves obtained from Pt  electrodes in such solu- 
tions (13). Reference (13) also states that  the sulfite 
level slowly increases in a bottIe of concentrated sul- 
furic acid opened repeatedly to the room atmosphere. 
In  this s tudy also, the affects of increased rotation 
speed, as shown in Fig. 7, were most severe when the 
electrolyte was prepared from bottles of "old" con- 
centrated sulfuric acid. 

Adsorption of B r - . - - E v i d e n c e  has been given that  
wave C results in the production of a small  amount  
of HOBr at the disk electrode via  a surface controlled 
reaction that  occurs s imultaneously with disk elec- 
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trade surface oxidation. Two possible mechanisms for 
this reaction are apparent,  (i) the fur ther  oxidation 
of a portion of the Br2 produced by the convective- 
diffusion limited oxidation of B r -  involving a process 
catalyzed by p la t inum oxidation, and (ii) the oxida- 
t ion of adsorbed B r -  or Br2. If the production of 
HOBr is the result  of a surface catalyzed process at 
active electrode sites, one would expect to see a large 
effect of Ed scan ra te  var ia t ion on the quant i ty  of 
HOBr produced dur ing  wave C as estimated from the 
Ir-Ed curves. This prediction follows since oxidation 
of the p la t inum surface prevents  HOBr formation. 
Hence, for decreasing scan rates the surface would 
remain  in a "catalytically active" state for a longer 
t ime and the amount  of HOBr found would be ex- 
pected to increase. This prediction does not agree 
with the exper imental  observation that the amount  of 
HOBr produced is independent  of scan rate from 2 to 
10 V min  -1. 

Studies using electrochemical and radiochemical 
techniques (12, 20-25) have shown that  B r -  is 
strongly adsorbed at p la t inum surfaces in acidic 
media. Reference (24) reports that  in 1N H2SO4 the 
desorption of B r -  at anodic potentials does not pro- 
ceed unt i l  E > 1.3V (SCE) which is consistent with 
the observed init ial  production of HOBr on the anodic 
Ed scan (Fig. 1, 3, 5). This reference also reports  find- 
ing bromate in the solution after the desorption pro- 
cess was carried out at E -- 2.0V (NHE). HOBr is 
known to decompose slowly to produce BrO~- and 
Br2 (10). 

The hypothesis that  the HOBr stems from the oxi- 
dation of adsorbed B r -  can be tested using the r ing-  
disk electrode. For exceedingly large concentrations 
of KBr the quant i ty  of HOBr produced will be l imited 
by the max imum disk electrode surface coverage by 
adsorbed Br - .  Simultaneous Id-Ed and Ir-Ed curves 
for Er ~ 0.60V were obtained at 400 rpm for 2.5 X 
10-4M ~ [KBr] --~ 6.0 X 10-3M. The area under  peak 
P, Qp, corresponding to the extra  Br2 collected due to 
the production of HOBr at the disk electrode and its 
subsequent  reaction according to Eq. [8], increased 
with increasing [KBr] in the m a n n e r  shown in Fig. 8. 
For [KBr] < 1.5 X 10-3M the points lie approxi-  
mately  on a straight line having near ly  a zero in ter-  
cept. For  [KBr] > 4.5 • t0-3M, Qp reached a l imit ing 
value of about 27.5 ~coul. Although the convective- 
diffusion equation has not been solved for this case, 
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if it is assumed that  one molecule of Bre is produced 
in the diffusion layer for each HOBr produced at the 
disk electrode, and that  the fraction of this Br2 col- 
lected at the r ing electrode is near ly  Ntheory, the l imit-  
ing surface coverage of adsorbed B r -  responsible for 
wave C, r, can be calculated as in Eq. [11]. In  Eq. 
[11], n, the number  of equivalents  per mole for the 
reduction of Br2, equals 2. 

Qp 

n (disk area) F Ntheory 

(27.5 X 10 -6) 
- -  [ i i ]  

2(0.470) (9.65 • 104) (9.0 • 10 -2) 

= 3.4 • 10 -9 g-ions cm -~ 

Using 1.5 • 1015 atoms cm -2 for the atomic pack- 
ing density for p la t inum as calculated from the den-  
sity (26), the surface coverage for an equivalent  
monolayer  is 2.5 X 10 -9 g-ions cm -2. Radiotracer 
studies indicate a surface coverage of 1.3 • 10-9 g- 
ions cm -2 for a 1N H2SO4-10-3N NaBr solution (24). 
From Fig. 8, r = 1.6 • 10 -9 g-ions cm -2 for 1 • 
10-aM KBr. In  view of the assumptions made regard-  
ing the relat ion of Qp to the quant i ty  of HOBr pro- 
duced at the disk electrode and the inevitable differ- 
ences in the surface roughness of our electrode and 
that  used in ref. (24), the close agreement  be tween 
our work and the radiotracer studies may be fortui-  
tous. We conclude, however, that the results given in 
Fig. 8 are consistent with a mechanism whereby HOBr 
is produced during wave C at the disk electrode by 
oxidation of adsorbed B r - .  Fur thermore,  we conclude 
that Fig. 8 shows that  the l imit ing value of Qp corre- 
sponds to complete disk electrode surface coverage by 
adsorbed B r -  for [KBr] > 4.5 • 10-~M. 

Examinat ion  of the Id-Ed curves obtained for the 
various concentrat ions of KBr in the above experi-  
ment  revealed that  the magni tude  of waves B and E 
remained near ly  constant  for increasing KBr concen- 
tration. Hence, wave B does not correspond to an 
oxidation of adsorbed B r -  to ei ther the atomic state 
or a positive oxidation state and we conclude that  
wave B results only in the oxidation of the p la t inum 
electrode surface. Furthermore,  the extent  of surface 
oxidation corresponding to wave B is unaffected by 
the surface coverage with adsorbed B r - .  Ir-Ed curves 
were obtained, as shown in Fig. 3, for Er = 0.8OV. 
Stopping the anodic Ed scan at 1.10V for t imes to 30 
sec did not  result  in a significant decrease in the 
amount  of HOBr produced on commencing the 
anodic Ed scan. Thus, p la t inum oxide formed at the 
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disk electrode with wave B does not result  in a de- 
crease of the disk electrode surface coverage by ad- 
sorbed B r - .  

A mechanism for the surface controlled production 
of HOBr which is consistent wi th  the exper imental  
results discussed above is given in Eq. [12]-[16]. 

(Oxide-free p la t inum surface) 

Pt  -p B r -  --> Pt(Br-ads)  [12] 

(1.OV < Ed < 1.2V) 
Pt (Br-ads)  -E H20-~ PtO(Br-ads)  ~- 2H + + 2e [13] 

Pt  + H 2 0 ~  P r o  + 2H + + 2e [14] 

(Ed ~ 1.2V) 

PtO(Br-ads)  -t- H 2 0 ~  PtO + HOBr -t- H + -t- 2e [15] 

PtO + It20 -~ PtO2 -t- 2H + + 2e [16] 

The Ir-Ed curve shown in Fig. 3 for Er = 1.20V in 
the region Ed < 0.8V shows effects of B r -  adsorption 
at the disk electrode. Deviation of Ir from the convec- 
t ive-diffusion l imit ing value in this Ed region, Ir j  
( B r -  ~ Br2), will occur due to adsorption and de- 
sorption of B r -  at the disk electrode surface. Adsorp- 
t ion of B r -  will  result  in Ir > Ir, t ( B r -  ~ Br~) and 
desorption will  result  in Ir < I~.1 ( B r -  -~ Br2). Note 
that the anodic r ing currents  are negative quantities.  
The value of Ir, t ( B r -  --> Br2) shown in Fig. 3 was 
obtained by stopping the Ed scan at Ed ~- 0.6V and 
lett ing Ir come to a s teady-state  value. Areas of devia-  
tion from Ir.t ( B r -  ~ Br~) in Fig. 3 are labelled S, 
T, U, and V. The in terpre ta t ion of these waves must  
also be consistent with the following observations: 

1. The reduction of the p la t inum oxide formed at 
the disk electrode for E d  ~ 1.0V occurs in the desig- 
nated Ed region. 

2. A small amount  of soluble electroactive plati-  
n u m ( I I )  has been found to be a product of this disk 
reduction reaction [13] and this p l a t inum(I I )  species 
may form bromide complexes (27). 

3. The amount  of p la t inum dissolution increases 
with increased halide concentrat ion (28.). 

4. Adsorption of bromide at an oxide covered plat i-  
num surface is very slow but  occurs rapidly following 
the reduction of the oxide (29). 

5. Adsorption of atomic and /or  molecular  hydro-  
gen competes with bromide adsorption for Ed < 0.1V 
(12). 

The Ir-Ed curve for Er = 1.2V in Fig. 3 shows that 
the adsorption of B r -  at the disk electrode dur ing  the 
cathodic Ed scan for Ed < 0.9V is negligible unt i l  re-  
duction of the p la t inum oxide at the disk electrode 
occurs, Ed = 0.6V. The rapid adsorption of B r -  at the 
reduced disk electrode produces wave T at the r ing 
electrode. This observation is consistent with state- 
ment  4 above. Ir-Ed curves were obtained for Er 
1.20V, Ed c = --0.20V and 1.0V ~ Ed a ~ 1.6OV. Wave 
T was obtained only for Ed a > 1.2, region of wave C, 
even though oxidation of the p la t inum electrode sur-  
face occurs for 1.0V < Ed ~ 1.2V, Fig. 1. This obser- 
vat ion is consistent with the hypothesis that  HOBr 
is produced by oxidation of adsorbed B r -  since for 
Ed a <( 1.2V no HOBr is produced and no adsorbed 
B r -  is removed from the disk electrode. 

Figure  3 also shows that  for E~ ~ 0.8V an anodic 
peak wave, U, is obtained dur ing the cathodic Ed 
scan. This, we conclude, is the result  of oxidation of 
a soluble p l a t i num( I I )  and /o r  p l a t inum(I I )  bromide 
complex species formed at the disk electrode. Com- 
parison of the peak potentials for waves T and U 
shows that B r -  adsorption occurs prior  to the pro- 
duction of the soluble p l a t i num( I I )  species. These 
observations are also consistent with the Ir-Ed curves 
obtained in Br2 solution and shown in Fig. 6. 

For Ed in the "hydrogen region," region V in Fig. 3, 
B r -  is desorbed on the anodic Ea scan as a result  of 
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the preferent ial  adsorption of atomic and /or  molecu- 
lar hydrogen. On the succeeding anodic Ed scan, the 
adsorbed hydrogen is ionized and B r -  is again ad- 
sorbed. A similar discussion may be given for the 
observations shown in Fig. 6. 

Because of the relat ively slow Ed scan rates used in 
obtaining the I-E curves in Fig. 3 and 5, it is difficult 
to accurately integrate  the Ir vs. t ime in order to at-  
tempt  a correlation with Qp. Potent ia l  step techniques 
at a RRDE are useful for the study of adsorption 
processes (30). Figure 9 shows Ir-t curves obtained in 
1.0M H~SO4 containing KBr, for Er = 1.2V, as a result  
of a Ed step from --0.2 to 0.8V. Figure  9a shows the 
results for 1.1 • 10-3M KBr. In tegrat ing the differ- 
ence between Ir and Ir,~ ( B r -  -~ Br2) vs. t ime shows 
that  the decrease in B r -  flux to the r ing electrode 
as a result  of the Ed step is 7.75 ~coul, i.e., the disk 
surface coverage by B r -  is 1.9 • 10 -9 g-ions cm-2.  
For the same solution, Ir-Ed curves were obtained in 
a manne r  identical to that  for Fig. 3. The area under  
wave P, Qp, was measured to be 13.2 ~coul indicat ing 
a disk surface coverage calculated by Eq. [11] of 
1.6 • 10 -9 g-ions cm -2. In  view of the lack of theo- 
retical support  for a calculation of surface coverage 
from Qp, as discussed earlier, we conclude that  the 
results of Fig. 9a shows that  sufficient B r -  is adsorbed 
on the disk electrode surface to account for the pro- 
duction of HOBr dur ing wave C by oxidation of ad- 
sorbed B r - .  

Figure 9b shows that  for 1.1 • 10-4M KBr, the rate 
of B r -  adsorption at the disk electrode is controlled 
by the rate of convective-diffusion of B r -  from the 
bu lk  solution to the disk electrode surface (30). This 
was also the case for [KBr] < 1.1 • 10-4M. This 
suggested that if the proposed mechanism is correct, 
variat ion of the length of t ime Ea is in a potential  
region where B r -  adsorption can occur wil l  cause a 
variat ion in the amount  of HOBr produced during 
wave C. This would hold provided the disk surface 
coverage by adsorbed B r -  does not reach the equil ib-  
r ium value, i.e., very low bulk  concentrat ions of B r - .  
Figure 10 shows Ir-Ea curves obtained in the usual  
manne r  for Ed a -~ 1.6V, Ed c = 0.0V, and Er ~ 0.6V 
with the exception that  the Ed scan was stopped at 
0.SV dur ing the anodic scan and held for 0 sec --~ t 
30 sec before completing the potential  cycle. For 
[KBr] = 0.6 • 10-aM, Qp increased in approximately 
a l inear  m a n n e r  with t ime for t < 25 sec. For t --~ 25 
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sec, the disk surface coverage of B r -  reached its 
equi l ibr ium value for that concentrat ion of KBr. For 
[KBr] = 1.1 • 10-SM, equi l ibr ium surface coverage 
was achieved from t --~ i0 sec and for [KBr] = 3.3 • 
10-~M, equi l ibr ium coverage was achieved for all 
t > 0 sec, i.e., within  the t ime required for the normal  
Ed cycling. These results are in agreement  with the 
proposed mechanism. 

Since B r -  adsorption at the p la t inum disk elec- 
trode does not occur unt i l  the oxidized surface layer 
is reduced and since the Ed for the production of 
HOBr (wave C) is approximately equal to the E ~ for 
reaction [3], no conclusion can be drawn from the 
above data as to whether  the oxidation of adsorbed 
B r -  is catalyzed by oxidation of the p la t inum elec- 
trode surface. The pH dependence of waves A, B, and 
C is present ly  being studied in the at tempt to answer 
this question. 
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A Transient Impedance Technique for 
the Study of Electrode Kinetics 

Application to Potentiostatic Methods 

Arthur A. Pilla 
ESB Incorporated Research Center, Yardley, Pennsylvania 

ABSTRACT 

A generalized approach to the study of the dynamic behavior of electro- 
chemical systems is presented in terms of the t rans ient  impedance technique. 
It is shown that in terpreta t ion of the t ime domain electrode response to an 
arb i t ra ry  per turbat ion by conversion of both functions to the f requency do- 
ma in  allows max imum usage of exper imental  informat ion with mi n i mum 
ambiguity.  Both real and imaginary  axis Laplace t ransformat ion are used to 
generate Z(~) and Z (j~), respectively. The theoretical and exper imental  use- 
fulness of both functions is considered in detail  and it is shown that  a very 
wide f requency range extending to i0 s rad/sec may be studied. The basis 
for the use of aperiodic equivalent  circuits to represent  active or passive 
electrodes is considered and sample circuits, r igorously derived, are presented. 
The equivalent  circuit approach is thus generalized and it  is shown how their 
use may constitute shorthand notat ion for the rigorous solution of the differ- 
ential  equations used to describe a part icular  electrode model. Applicat ion 
of the t rans ien t  impedance method to potentiostatic techniques is presented 
with emphasis on the m a n n e r  in which this approach allows ins t rumenta l  
errors and artifacts to be markedly  reduced, par t icular ly  at high frequencies. 

The use of t ime as a variable  to study the behavior  
of electrochemical systems is we l l -known (1-3). Tech- 
niques employing this variable  usual ly involve per-  
turb ing  the system with supposedly known functions 
of voltage (4-8), cur rent  (9-14), or charge (15-20); 
e.g., steps or pulses, and observing the corresponding 
response. The relat ion of this response to the kinetic 
processes occurring dur ing the per turbat ion  (or during 
the relaxat ion from it) requires data analysis which 
involves the creation of a physically significant model 
and subsequent  derivat ion of working equations which 
may be employed to obtain parameters  that  describe 
the mechanism and kinetics of the system under  study. 

Working equations have been obtained from the 
original differential equations descr ib ing  the part icular  
model chosen either by their  analytic solution (4, 6, 7, 
10-12, 14-18, 20) for certain simple cases or their  nu -  
merical solution (21-24) for more complex cases. 
Certain l imitat ions are present  in both approaches 
since the analysis is usual ly  performed in the t ime 
domain. One of the major  problems in t ime domain 
analysis lies in the difficulty with which the total 
amount  of informat ion which is contained in the re- 
sponse funct ion can be obtained (25). Thus, in the 
cyclic vol tammetry  technique, one of the most useful 
diagnostic criteria is the variat ion of peak current  with 
voltage sweep speed (21). However, while this rela-  

t ion has certainly allowed much informat ion to be 
gained for certain electrode reaction mechanisms, all 
of the available informat ion from the total response 
curve has not been used simply because it is not avai l -  
able in a convenient ly  usable format. This can result  
in some ambigui ty  for complex reactions. 

Another  problem lies in the fact that  the closed form 
working equations which have been obtained for, e.g., 
the potential  step method, are not readi ly usable in 
complete form because of their  complexity. Certain 
approximations are often required for their  use, such 
as measurement  at t imes short (or long) enough so 
that  simple t ime functions (e.g., %~ or 1/X/~) may be 
obtained. These approximations normal ly  do not allow 
all of the informat ion content  in the response function 
to be employed. In  addition, they place restrictions on 
data acquisition and often result  in some ambigui ty 
in the in terpre ta t ion of results (26-28). Thus, the t ime 
range over which simple funct ional  behavior  can be 
observed may be at such short times that  errors in 
the measurement  apparatus (e.g., nonl inear i ty)  can 
falsify the results. Fur ther ,  this t ime interval  may be 
so small  that  its exact detection could be highly sub-  
ject to error. 

In  addition to the above considerations, it has be-  
come increasingly apparent  that  many  electrode re-  
actions are more complex with respect to heterogene-  
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ous reaction steps than had previously been suspected 
(29-34). Thus, in addition to charge transfer,  surface 
processes such as adsorption may take place. It  is, 
therefore, of increasing importance to obtain informa-  
tion relat ive to the s tructure and components of the 
electrode-electrolyte interphase region (35-36). This 
means essentially that an at tempt should be made to 
evaluate the double layer capacitance, surface excess 
and electrode charge in  the presence of a faradaic 
reaction. If the reaction contains heterogeneous steps 
more complex than charge t ransfer  then the possibility 
that these may be very  rapid, and perhaps also in-  
separable from the double layer charging process 
(37-40), places certain severe requirements  on both 
the mode of measurement  and data analysis. For ex- 
ample, in  these cases, it is no longer acceptable to 
extrapolate over large t ime (or frequency) ranges in 
which measurements  were not made to evaluate pa- 
rameters  such as the double layer  capacitance (41, 42). 
This is especially t rue  if measurements  were made 
only over fair ly restricted t ime (or frequency) in ter-  
vals. It  is thus necessary to obtain meaningfu l  data 
over as wide a t ime range as possible including the 
shortest exper imental ly  accessible times. 

It is the purpose of this study to present  an approach 
to the in terpre ta t ion of the pulse response of electro- 
chemical systems such that  the concept of pulse im-  
pedance may be introduced. It  will  be shown that this 
approach generates, for most systems of interest, al- 
gebraic equations which are much less ambiguous to 
in terpret  than  classical t ime domain expressions, thus 
e l iminat ing the above-ment ioned difficulties to a large 
extent. In  addition, ins t rumenta l  problems, especially 
for short t ime or high f requency measurements ,  are 
eliminated. 

Theoret ica l  
Time to frequency domain conversion.--Impedance 

of an electrochemical system can be defined val idly 
only in an appropriate f requency domain (43), be-  
cause of its vector or phasor properties. Therefore, in 
order to obtain an impedance function from t ime 
domain behavior, it is necessary to convert  both the 
per turbat ion  and response from t ime functions into 
frequency functions. This is accomplished normal ly  
through the use of a t ransformat ion technique which 
operates on the t ime variable. One of the most useful 
techniques which may be employed for this is the 
Laplace t ransformat ion (44). Using this, a t ime func-  
tion, f ( t ) ,  may be t ransformed to a complex frequency 
function, F ( s ) ,  according to 

F(s )  = f ( t )  exp ( - -  st) dt [1] 

where s is the Laplace t ransform variable. The quan-  
t i ty s is a complex number  given by s = a + j~, in 
which a is the real and j~ the imaginary  part. The 
complete funct ion F (s) is thus described by a complex 
plane in which all absolute values of both a and j~ may 
be employed provided the integral  in [1] converges. 
This plane is known as the complex frequency plane. 
Examinat ion  of the properties of the function F(s) 
indicates that it is possible to perform the integrat ion 
along either or both the real and imaginary  axes of 
the complex f requency plane under  certain conditions. 
Thus, considering the real axis (s ---- a), Eq. [1] may 
be wri t ten  

So o F(a )  ----- fCt) exp ( - -  at) dt [2] 

It  is clear that  this integral  exists when a > 0 for any 
time funct ion which converges when mult ipl ied by 
exp ( - -a t ) .  This includes essentially all t ime functions 
of interest  in  electrode kinetic studies. When [2] is 
carried out, this will  be termed real axis t ransforma-  
tion. This type of t ransformat ion was first suggested 
for electrochemical applications by Wijen  (45), who 
considered the current  response to a potential  step for 
a diffusion coupled charge t ransfer  reaction. The scope 

of his approach was, however, somewhat l imited in 
na ture  since the aspect of impedance was not con- 
sidered and thus such problem s as more complex re-  
actions, double layer charging, or the use of an im-  
perfect potential  step (e.g., with finite rise) were not 
taken into account. Real axis t ransformat ion has since 
been considered by other workers (46, 47), however, 
essentially their  approach has been simply to express 
some classical faradaic impedance expressions in 
terms of the complex frequency variables. No at tempt 
was made to generalize the technique in terms of 
t ransformat ion along both axes or to i l lustrate the 
enormous advantages in  the actual  measurement  of 
impedance [see, however, ref. (48)]. 

In  order to see how real axis t ransformat ion is 
actually carried out on an exper imenta l  curve, con- 
sider Fig. 1. Here the t ime funct ion is a typical  current  
response to a potential  step having finite rise time. 
The current  function, i ( t ) ,  is mult ipl ied by  the ex- 
ponent ial  funct ion exp ( - -a t )  shown on Fig. 1. The 
area under  the resul t ing curve is then equal to the 
integral  defined in  [2]. This operation is performed 
using the total t ime funct ion (i.e., from t ---- 0) for as 
many  a values as desired. The resul t ing quanti ty,  I (a) ,  
then expresses the current  as a function of the fre- 
quency variable a in  radians per second. 

If the same operation defined in [2] is performed on 
the voltage dr iving function, V( t ) ,  the corresponding 
frequency function V(a) is obtained. Knowledge of 
both V(a) and I(a)  allows the real axis pulse impe-  
dance of the system, Z(a ) ,  to be defined as 

Z(~) = V(~) l I (a)  [3] 

The quant i ty  Z(a)  is a real funct ion and as such is 
the simplest of the impedance functions. To i l lustrate 
this, consider an RC series circuit. The real axis im-  
pedance of this circuit is given by 

1 
z (~) = R + C-T [4] 

This relation may be utilized in the same manner as 
a normal algebraic equation containing real variables. 
Thus, the quantities R and C may be obtained simply 
by plott ing Z(a)  as a function of 1/a as normal ly  
would be done for an equation of this type. 

In addition to real axis t ransformation,  conversion 
into the f requency domain by imaginary  axis t rans-  
formation (s ---- j~) may be performed. In  this case, 
[1] may be wr i t ten  

F( j~)  = f ( t )  exp ( - - j~ t )  dt  [5] 

Equat ion [5] is the we l l -known  single-sided Fourier  
t ransform (49). Inspection of [5] indicates that  this 
integral  will  converge only for certain t ime functions. 
Thus, functions of the type exp (--at) and err (~/bt) 
or erfc (~/bt) allow [5] to converge when mult ipl ied 
by exp ( - - j~ t ) .  

Most electrochemical systems respond, in part, ac- 
cording to functions of the type indicated above. How- 

e-a't  

t 

Fig. 1. Illustration of real axis Laplace transformation 



Vol. 117, No. 4 TRANSIENT IMPEDANCE TECHNIQUE 469 

ever, the complete t ime funct ion may contain additive 
constant  terms and it is clear that  the integral  in [5] 
wil l  not  converge. Use may  be made, however, of the 
fact that imaginary  axis t ransformat ion actual ly de- 
scribes the system behavior  in the same m a n n e r  as if 
the per turbat ion  were a steady-state sinusoidal func-  
tion (50). In  this case, it is permissible to carry out 
the complete t ransformat ion as described in  [1] on 
the constant  portion of f ( t )  and make the subst i tut ion 
s = jo, to obtain the result  which could have been 
obtained if [5] could have been employed. If the 
above is performed, it is now clear that  the imaginary  
axis t ransformat ion  for a constant  A is Alia .  There-  
fore, if ] ( t )  ---- A + exp ( - - a t ) ,  then the complete 
imaginary  axis t ransformat ion is obtained by using 
[5] for exp (--at)  and making  the above subst i tut ion 
for A. The complete t ransformat ion is then 

A 1 
F ( j a )  = --- + - -  [6] 

~ a + ja 

Use of the above procedure enables the pulse behavior  
of essentially every electrochemical system to be ex- 
pressed in terms of imaginary  axis Laplace t ransfor-  
mation. 

In  order to see how imaginary  axis t ransformat ion 
is actually carried out on an exper imental  curve, it is 
convenient  to rewri te  Eq. [5] as 

F(j~)  = I ( t )  c o s , o t d t - - j  I ( t )  s i n ~ t d t  [7] 

in which the complex funct ion F ( j a )  is expressed in 
terms of its real  and imaginary  parts. It  can be seen 
that in both eases mult ipl icat ion of the original t ime 
funct ion by a tr igonometric funct ion is involved. This 
is i l lustrated in Fig. 2. Here, the t ime funct ion is again 
the current  response, i ( t ) ,  to a potential  step input. 
This is mul t ip l ied from t = 0 to the t ime at which 
i ~ 0 by a sine (or cosine) function of given f requen-  
cy, a. The area under  the resul t ing curve is, as in real 
axis transformation,  equal to the integral  defined in 
[5]. This operation is performed, for both the real and 
imaginary  parts  of F(j~o), for as many  co values as 
desired. The resul t ing complex function I(j,o) is then 
the total current  expressed in  terms of the real fre- 
quency, co. 

A similar  series of operations may be performed on 
the voltage dr iving funct ion (in the case of, e.g., the 
potential  step method) to obtain the corresponding 
complex voltage frequency function, V(j~) .  Knowl-  
edge of both V(ja)  and I(jo0 allows, similar to the 
previous case, the imaginary  axis pulse impedance of 
the system, Z ( j a ) ,  to be defined as 

Z (ja) = V ( j a ) / I  (ja) [8] 

In this case, Z(joD is a complex funct ion having both 
real, R e ( Z ( a ) ) ,  and imaginary,  Im(Z(oD) ,  parts and 
the corresponding phase angle, a(~,). This function is 
mathemat ical ly  identical  in  form to that  employed in 
classical a-c techniques (51-58), where sinusoidal 
s teady-state conditions prevail. It  is to be remembered,  

i(t) 

Fig. 2. Illustration of imaginary axis Laplace transformation 

however, that  Z (a) in this s tudy is always considered 
as obtained under  nonsinusoidal  conditions (i.e., from 
conversion of both the input  and response t ime domain 
functions).  

Use of Z( ja )  for the RC series circuit considered for 
the previous case results in the following complex 
function 

Z ( j ~ )  = R - -  - -  [ 9 ]  
Co, 

In  contrast to the simple impedance function obtained 
above for this case Eq. [4], analysis of Eq. [9] to ob- 
ta in  the quanti t ies R and C requires, as is we l l -known 
(57), the use of a complex plane. Among the various 
approaches using this type of analysis, it  is preferable 
to consider separately, the funct ional  relationships 
which describe R e ( Z ( ~ ) ) ,  I m ( Z ( ~ ) ) ,  and 0(~) since 
this is, in fact, the most sensitive test of whether  a 
given model is valid or not. In  terms of Eq. [9], a plot 
of R e ( Z ( ~ ) )  and I m ( Z ( a ) )  vs. 1/~ should result  in  a 
horizontal l ine for the former, the value of which is 
equal to R, and a straight l ine for the latter, the slope 
of which allows C to be obtained. The use of ~(a) is 
not necessary in this simple case. 

It is to be emphasized that  obtaining both Z ( , )  and 
Z( ja )  involves operat ing upon the appropriate t ime 
domain functions from t = 0 (e.g., along the rise of a 
potential  step).  Thus, it is possible to obtain both im-  
pedance functions at frequencies as high as 1O s rad/sec 
provided the system can be per turbed  to such an ex- 
tent  that  an observable response is obtained at nano-  
second times. In  the case of real axis transformation,  
the use of large ~ values heavily weights the short 
t ime behavior  of f ( t )  since exp (--r  is a very rapid-  
ly decaying function in this case. As ~ becomes smaller, 
short t ime data contr ibutes reiat ively less to the total 
integral.  Correspondingly, for imaginary  axis t rans-  
formation, large ~ values emphasize the short t ime 
system response. This is so since the major  contr ibu-  
t ion to the product jr(t) sin at  for large a occurs only 
in those t ime intervals  dur ing  which the value of S(t) 
changes significantly over one frequency cycle. This 
means that  only small  t ime constants will  be observ- 
able for re la t ively large values of ~. Note that, al- 
though obtaining Z( ja )  from pulse measurements  
results in data identical to that  of classical a-c tech-  
niques, the requi rement  that  the system actual ly be 
per turbed by a sine wave funct ion has been relaxed. 
In fact, the restriction that  the per turb ing  function be 
exactly known for either Z(r or Z( ja )  is no longer 
applicable. This is highly significant with respect to 
exper imental  measurement  especially at high f requen-  
cies since the input  per turba t ion  and response may be 
arb i t ra ry  functions, even a highly distorted sine wave. 
In  addition, as long as the nonlineari t ies  in the mea-  
surement  system are the same for both voltage and 
current  functions, the calculation of Z(r and Z(j~)  
allows their  el imination.  This will  be treated fur ther  
below. 

It can be seen that the use of both real  and imagi-  
na ry  axis Laplace t ransformat ion on the single t ime 
domain response of an electrochemical system and 
the single t ime domain driving function, either being of 
a rb i t ra ry  form, allows a considerable amount  of in-  
formation to be obtained concerning the impedance of 
the system. The use of both Z(r and Z( ja )  permits 
four basic functions to be described, the specific func-  
t ional relationships of which can be used to provide 
less ambigui ty  in  the elucidation of re la t ively complex 
systems. 

Aperiodic equivalent  circuit ~nterpreta~ion.--The 
pulse impedance method lends itself quite readily to 
the description of an electrochemical system by an 
electrical equivalent  circuit containing frequency inde-  
pendent  elements (aperiodic equivalent  circuit) .  The 
use of equivalent  circuits as electrical analogs for some 
electrode reactions is, of course, we l l -known (51, 52, 
54, 58). However, the circuits employed usual ly con- 
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ta in  frequency dependent  elements. Litt le work has 
been reported concerning the use of aperiodic equiva-  
lent  circuits. The notable exception is the work of 
Barker (15) who quite ingeniously, al though somewhat 
empirically, developed aperiodic circuits which de- 
scribe a variety of electrochemical systems. The use of 
Laplace t ransformat ion to derive the current  and volt-  
age frequency behavior of various electrochemical 
reaction steps allows a great deal of flexibility insofar 
as the development  of a complete model for the par-  
t icular  electrode impedance is concerned. The pulse 
response of an electrochemical system can then be 
measured exper imenta l ly  and Z(q) and Z( j~)  evalu-  
ated with a m i n i m u m  of a priori assumptions neces- 
sary concerning the actual mechanism present. Diag- 
nostic criteria, consisting essentially in the de termina-  
t ion of the n u m b e r  of t ime constants and their place- 
men t  in  the appropriate equivalent  circuit (topology 
requirement)  can then be employed. 

To i l lustrate this approach, the construction of an 
aperiodic equivalent  circuit will  be performed for an 
electrode at which an adsorption coupled charge 
t ransfer  faradaic process occurs. It will  be assumed at 
the onset that a priori separation may be made of 
double layer charging current  from faradaic current .  
Thus, the electrode reaction may be considered as a 
leak across the double layer  capacitor, Cd. The general  
equivalent  circuit for this concept is shown in Fig. 3 
wherein  Re and ZF represent  the solution resistance 
and faradaic impedance, respectively. The impedance 
of this circuit  may  be vcritten in  terms of s, as 

1 
Z ( s )  = Re § [10] 

1/ZF(S) -b CdS 

In  general, the complexity of ZF(S) depends directly 
on the complexity of the electrode process. It can be 
shown (59) that  one addit ional  t ime constant  must  be 
added to Eq. [10] for every series reaction step, with 
the exception of eharge transfer.  Thus, as ZF(S) be-  
comes more complex, it is increasingly necessary to 
render  exper imental  eonditions sueh that  the t ime 
constant represent ing double layer  charging, Re Cd, 
be independent ly  observable so that  it may be ap-  
propriately el iminated from the total electrode im-  
pedance. This may be performed if a high enough 
frequency range can be chosen such that  the condition 
1/ZF(s) < <  Cgs may be obtained. In  this case, Eq. [10] 
is wri t ten  

1 
ZF(s) = ~ + R~ [11] 

which, in terms of ~ and j~, is given by  Eq. [4] and 
[9], respectively. The general  diagnostic criteria for 
double layer behavior (if separable from the faradaic 
process) is then, for real axis t ransformat ion l inear i ty  
of Z (~) vs. 1/~, and for imaginary  axis t ransformat ion 
l inear i ty  in 1/~ for I m ( Z ( ~ ) )  and constancy in ~ for 

R e 

C d 

II 

Z F 

Fig. 3. General aperiodic equivalent circuit for a microelectrode 
having uniform potential distribution and at which double layer 
aad faradaic processes may be separated. 

Re(Z(~,)) .  If at least an order of magni tude  in  fre- 
quency range may be obtained for all of these func-  
t ional relationships, then it may be considered with 
reasonable assurance that  double layer behavior is 
being observed. This then  allows the e l iminat ion of 
one t ime constant  from the general  impedance ex- 
pression (Eq. [10]) unmasking  the faradaic impedance 
for fur ther  analysis. 

In  order to derive ZF(S) for a series adsorption 
coupled charge t ransfer  process the impedance of each 
of these reaction steps can first be obtained and then 
appropriately added. The charge t ransfer  impedance 
may be derived in  a s traightforward fashion from, 
e.g., the commonly employed rate equation (60), wr i t -  
ten in terms of s, as 

I (s)  = I o  exp - - ~  [E(t)  - - s t ]  

Z [ ] -- Io exp ~ [E(t)  -- st] [12] 

where I (s) is the current  due to charge transfer;  E (t) 
the overvoltage driving this process; Io the exchange 
current  density; a the t ransfer  coefficient; the other 
quanti t ies  have their  usual  significance. This equation, 
while describing a potential  dependent  resistor, may 
be used under  certain l inear  conditions (i.e., low level 
per turbat ion)  to obtain a simple resistor, Rt. Thus, as 
E( t )  -> 0, [12] may be wr i t ten  

E (s) 1 RT  
- -  ~ -  R t  e q  [13] 

I (s) Io n F  

which is simply the we l l -known (61) charge transfer  
resistance under  equi l ibr ium conditions. As E( t )  be-  
comes relat ively large (e.g., the cathodic Tafel region) 
and when ~E(t)  --> 0, represent ing a small  pe r tu rba-  
t ion from steady-state conditions, Eq. [12] becomes 

.~E (s) 1 RT 1 
---- - -  R t  [ 1 4 ]  

~I(s)  Io ~nF e x p ( a n F E / R T )  

which also represents a pure resistor provided that  the 
exponential  term remains essentially constant  during 
the perturbation,  which is the case if it is of low level. 
Note that Rt given by Eq. [14] is of lower value than 
Rt eq, as expected. The above is an i l lustrat ion of the 
procedure of l inearizing about a s teady-state  condition 
which can be applied to the major i ty  of electrochemi- 
cal reaction steps, allowing potential  dependence- to  
be examined in a relat ively convenient  fashion. 

To develop an equivalent  circuit for the adsorption 
process, s tandard reaction rate consideration may be 
employed with no a priori assumptions concerning the 
actual kinetics of adsorption (62, 63). Thus, the net 
adsorption rate, v, can be expressed as 

V = k V i a ( s )  - - k  1 C i ( o , s )  [15] 

where Cia(s) and Ci(o,s) are the complex frequency 
concentrat ion functions of the adsorbed species, i, and 
of the same species in solution at the electrode-elec- 
trolyte interphase region, respectively, and k and k 1 
are adsorption and desorption rate constants, respec- 
tively. These quanti t ies  may be arb i t ra ry  complex 
functions of Ci a, Ci, and the number  and na ture  of 
available adsorption sites. The actual form of k and k 1 
depends on the type of adsorption kinetics involved 
(Langmuir ,  F rumkin ,  etc.). 

If equi l ibr ium or s teady-state  conditions are defined 
a s  

Vo = k Cia(o) = k 1 Ci(o,o) [16] 

where Vo is the exchange adsorption rate and the con- 
centrat ions are those before the application of the 
per turbat ion (t = 0), then  the following may be 
wr i t ten  

[ Cia(s) Ci(~ ] [17] 
V ~-~ Vo Vi a Ci  
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This re la t ion  describes the  adsorpt ion  process in te rms 
of a depa r tu re  f rom equi l ib r ium or s t eady-s ta te  con- 
ditions. The first ra t io  on the r.h.s, of Eq. [17] re la tes  
to the  change in concentra t ion of the adsorbed species 
and the second takes  into account mass t r anspor t  of 
this  species in the  e lectrolyte .  I f  mass  t r anspor t  is 
negl igible  (as assumed in this  s imple  model )  then 
Ci(o,s)/Ci= 1 and Eq. [17] is cor respondingly  s im- 
plified. 

The impedance  funct ion for adsorpt ion requi re  
knowledge  of both  the  cur ren t  due to adsorpt ion and 
its potent ia l  dependence.  The former  is given by  

Ia(s)  = n F  [v + s Cia(s) ] [18] 

which s imply  states  tha t  the  f requency  dependence  of 
the to ta l  adsorpt ion  cur ren t  is the  sum of tha t  due to 
the net  adsorpt ion  rate,  v, and tha t  due to the  change 
in concentra t ion of adsorbed species, s Cia(s),  as a re -  
sult  of the  per turba t ion .  The f requency  dependence  of 
the  vol tage function m a y  be obtained f rom the  l inear -  
ized Nerns t  equat ion 

RT 
Ea(s)  = - -  ACia(s) [19] 

n F  

where  ~Ci a(s) = (Ci a(s) --  Ci a ) /Ci  a, represen t ing  the 
re la t ive  concentra t ion change of adsorbed species. 
Using Eq. [18] and [19], the  impedance  express ion for 
adsorpt ion  is then  

RT [ Cia ] [20] 
Za(s)  -- n2 ~ 8 + vo/Ci a 

Inspect ion of Eq. [20] revea ls  tha t  i t  is ident ica l  to 
the  complex impedance  function for an ]~a-Ca para l l e l  
c ircui t  where  Ra and Ca are the  equivalent  adsorpt ion  
resis tance and capacitance,  respect ively.  Identif icat ion 
of Eq. [20] wi th  the  expression for the  ac tua l  equiva-  
lent  c ircui t  al lows physical  significance to be given 
to the  circuit  elements.  Thus 

n2F 2 
Ca = - -  Ci a [21] 

RT 

which states, as is to be expected,  tha t  Ca is a measure  
of the  concentra t ion of adsorbed species (analogous 
to the  s torage of charge  in a capaci tor ) .  R~ is given by  

RT 1 
Ra = - -  - -  [22] 

n2F 2 Vo 

indica t ing  tha t  i t  contains adsorpt ion  and desorpt ion 
ra te  constants.  In  general ,  Ra is r e la t ive ly  large  for 
slow or i r revers ib le  adsorpt ion  becoming re la t ive ly  
smal ler  as adsorpt ion  ra te  increases. 

In  o rder  to construct  a complete  aper iodic  equiva-  
lent  c ircui t  represen t ing  the complex impedance  of 
the e lec t rochemical  system descr ibed above, it  is 
mere ly  necessary  to subst i tute  for ZF in Fig. 3 the 
subcircui ts  de r ived  for both  charge  t rans fe r  and ad-  
sorpt ion placed in series. This is shown in Fig. 4. 
Analys i s  of both  impedance  functions for the presence 
of this  circui t  is r e l a t ive ly  s t ra igh t forward ,  pa r t i cu -  

C d 

I 
R e 

C o 

R t 

R o 

Fig. 4. Aperiodic equivalent circuit for on electrode exhibiting 
double layer behavior end adsorption coupled charge transfer. 
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l a r ly  when  the double l ayer  t ime constant  is able  to 
be isolated. This wi l l  be shown below. 

As a specific i l lus t ra t ion  of the  advan tage  of f re -  
quency domain  over  t ime domain  analysis,  a l inear  
diffusion coupled charge  t ransfe r  process for which 
the electrolysis  condit ions are  the  appl icat ion of a 
constant  cur ren t  pulse  wi l l  be considered.  The total  
current ,  IT, is the  sum of the  faradaic  current ,  IF, and 
the double  l aye r  charging current ,  Ic. This condit ion,  
which  has been genera l ly  employed  for cur ren t  step 
and other  re laxa t ion  studies (1), impl ic i ty  assumes 
that  a priori separa t ion  exists  for the  double  layer  and 
faradaic  processes. The to ta l  cur ren t  is then, in te rms 
of s 

IT(S) = IF(8) -~- I c ( s )  [23] 
Using the classical definition of capaci ty  charging 
current ,  Ic is given by  

Ic (s) = E(s) Cds [24] 
where  E (s) is the vol tage developed across the  double 
layer .  The faradaic  cur ren t  is given by  

IF (s) = E (S)/ZF (s) [25] 

The faradaic  impedance,  ZF(s), can be constructed by  
considering tha t  the  charge t ransfe r  res is tance is in 
series wi th  the  diffusion impedance  as the  model  for 
this  process assumes. Thus, IF(S) is given by, using 
the l inear ized ra te  equat ion 

IF (S)  = Io [ C~176 Cg(~ nF E(s) ] . . . .  CR --RT 

in which Io is the  exchange cur ren t  dens i ty  for charge 
t ransfer ;  Co and CR, the  bu lk  concentrat ions  of the  
oxidized artcl r educed  species, resPect ively;  Co(o,s) 
and CR(O,S) represen t  the  complex  f requency  depen-  
dence of these concentra t ions  at  the  e lectrode surface; 
and the o ther  symbols  have the i r  usual  meaning.  In -  
spection of Eq. [26] shows that,  in real i ty ,  the  diffusion 
impedance,  composed of t e rms  due to Co and CR, and 
contained in the  concentra t ion ratios,  is in series wi th  
the  charge t rans fe r  resis tance contained in the  last  
t e rm wi th in  the  bracke ts  on the  r.h.s, of Eq. [26]. (See 
Eq. [13] for Rteq.) 

A specific express ion for the  concentra t ion rat ios in 
Eq. [26] may  be obtained by  solving Fick ' s  second 
law, wr i t t en  in t e rms  of s, for p l ana r  diffusion wi th  
appropr ia te  bounda ry  condit ions for semi-inf ini te  
character .  The solut ion is of the  form 

Ci(o,s) IF(S) 1 
+ - -  [27] 

Ci nFC ~/Di~x/s 8 
in which Di is the diffusion coefficient of the  diffusing 
species, i. There  are  as many  equations of this  t ype  
as there  a re  diffusing species. Subst i tu t ion  of Eq. [27] 
wr i t t en  for Co and Ca in Eq. [26] gives 

E(s) 
IF (s) ~ [28] 

B / ~  + RT/nF lo 
where  

B = ~ - + ~ [29] 
n2F ~ Co~/Do CR~/DR 

Use of Eq. [24] and [28] al lows an expression for E (t) 
in the  t ime domain  to be obta ined provided  tha t  the  
form of the  cur ren t  input  is known. A t rue  cur ren t  
step would al low IT(S), Eq. [23], to be wr i t t en  as Io/s. 
For  this, the  s implest  of input  per turba t ions ,  the  com- 
plete  t ime  domain  re la t ion for E ( t )  is given by  Eq. 
[11] 

Io { _ ~  [ exp (bet) erfc (btl/2 ) E(t) =-Ca(a_ b)- 

+ ~X/-----~ 1 - - - - a  ~ exp (aCt) erfc (a t  1/2) 

+ .  1 ] [30] 
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where  
a nFIoB [ n2"Io~B ~ nF Io ] 1/2 

= +__ [31] 
b 2RT 4R2T 2 RT  Cd 

in which B is given by  Eq. [20]. As can be seen by  
Eq. [30], analysis  of this  system in the t ime  domain  
involves the  manipu la t ion  of a r e la t ive ly  complex  
equation. One approach  ex tens ive ly  employed  is s im-  
plification which requi res  tha t  measurements  be made  
at  short  t imes. This, as s ta ted  earl ier ,  a l lows a more  
usable  ~ / t - func t ion  to be employed.  However ,  in the  
case of, e.g., r e l a t ive ly  r ap id  charge  t ransfer  kinetics,  
such short  t imes  m a y  be requ i red  tha t  the  finite r ise  
of the  cur ren t  funct ion can cause considerable  error .  
When  this occurs, IT(S) can no longer  be given by  Io/s, 
but  assumes a more  complex  form the reby  adding  at  
least  another  t ime constant  to a new and even more  
complex  t ime domain  funct ion for  E ( t ) .  The sepa ra -  
t ion of appropr ia te  kinet ic  pa rame te r s  then  becomes 
exceedingly  difficult. 

The above-men t ioned  problems are  avoided when 
complex f requency  domain  analysis  is ca r r ied  out for 
this  system. In this  case, the impedance  function as 
given in Eq. [10] m a y  be employed.  This no rma l ly  
a l lows sufficiently high frequencies  to be obta ined 
tha t  the  double  l ayer  t ime constant  may  be isolated 
according to Eq. [11], thus  unmask ing  the  fa rada ic  
impedance  for fu r the r  analysis.  Inspect ion of Eq. [28] 
shows that  i t  can be used to obta in  ZF(S).  Thus 

E (s) B n F  1 
Z F ( S )  = '  -~ _ - l -  [32]  

IF (S) ~/S RT Io 

in which B is again given by  Eq. [29]. The last  t e rm 
on the r.h.s, of Eq. [32] is, as s ta ted earl ier ,  the  charge  
t ransfe r  res is tance Rt TM (see Eq. [13] ). The te rm B/~/s,, 
which represents  the  diffusion impedance,  ZD(S), is 
ident ical  in form to the  imepdance,  ZL (s) ,  of a n  RLCL 
semi-inf ini te  t ransmiss ion line. Thus 

RL 1 
ZL(S) ~- - -  [33] 

CL Vi' 

in which Rn and CL are the uniformly distributed re- 
sistance and capacitance per (arbitrary) unit length of 
line. The electrochemical equivalence of RL and CL 
can be obtained using the relation ZD(S) = ZL(s) and 
the original partial differential equations describing 
both diffusion (Fick 's  second law) and the  t ransmiss ion 
line. The la t te r  resul ts  in Di = 1/RLCL. In this manner ,  
R is given by  

RT 1 
RL ~- - -  [34] 

n2F 2 CiDl 
and CL by 

n2F2 
CL = Ci [35] 

R T  

The above  discussion indicates  tha t  the  aper iodic  
equiva lent  circuit  for p l ana r  diffusion is a semi , inf ini te  
t ransmiss ion line. The complete  equiva lent  circui t  for 
this  system can thus be constructed as shown in Fig. 
5, where  the charge  t ransfe r  impedance,  Rt, is in 
series wi th  the diffusion impedance,  ZD. 

Comparison of Eq. [32] wi th  [30] c lear ly  shows tha t  
the  former  is much s impler  in form. In addit ion,  exac t  
knowledge  of the funct ion for the  current  input  is 
not  required.  Al l  of the  necessary  kinet ic  constants  are  
read i ly  ob ta inab le  f rom Eq. [32] wi th  no app rox ima -  
tions. In  the  case of rea l  axis t ransformat ion,  the  
diagnost ic  plot  is ZF(O" ) VS.  1/~/~, the  in tercept  of 
which gives Rt eq, whi le  the  slope contains D. Imag i -  
na ry  axis t ransformat ion  gives the  w e l l - k n o w n  resul ts  
for R e ( F  ( j~) )  and Im (F ( j~) )  both  of which are  l inear  
in 1/~/~, having  ident ica l  slopes containing Di. The  
in tercept  of R e ( F ( j ~ ) )  again al lows Rt eq to be ob- 
tained.  

c d 

It 

A p r i l  1970 
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I Rt 
l ZD 

Fig. 5. Aperiodic equivalent circuit for an electrode exhibiting 
diffusion coupled charge transfer. 

The above examples  a re  presented  as i l lus t ra t ions  of 
the  re la t ive  ease wi th  which even a complex  elec-  
t rochemical  sys tem m a y  be ana lyzed  using equiva lent  
circuits  which  may  be coupled, if desired,  wi th  the  
pulse impedance  approach.  The use of aper iodic  equiv-  
a lent  circuits  al lows the represen ta t ion  of the  l inea r -  
ized ra te  expressions for each react ion step by  simple 
f requency  independent  circui t  elements.  Once the sub-  
circuits  have been es tabl ished for al l  of the  he te ro-  
geneous and homogeneous react ion steps genera l ly  en-  
countered  in e lect rochemical  reactions,  it  is r e l a t ive ly  
s imple  to construct  a complete  circuit  for specific 
fa radaic  processes. To do this, the  subcircui ts  are  
p laced in any series or pa ra l l e l  combinat ion  which i t  
is thought  adequa te ly  represents  the  e lect rode react ion 
under  study. In  addit ion,  the  poss ibi l i ty  of obta in ing 
l inear  behavior  at any  s t eady-s ta te  condit ion a l lows  
the potent ia l  dependence  of appropr ia t e  circuit  e le-  
ments  to be de te rmined ,  thus faci l i ta t ing the  e lucida-  
t ion of e lectrode mechanism and kinetics.  This ap-  
proach wil l  be presented  in general ized form else-  
where.  

I t  is to be noted that  express ing e lect rode behavior  
in t e rms  of equiva lent  circuits  does not  const i tute  an 
empir ica l  approach.  The circuits  are  mere ly  shor thand  
notat ion for the  r igorous solutions to the  severa l  s imul-  
taneous different ia l  and par t i a l  dif ferent ia l  equat ions 
needed to descr ibe  a pa r t i cu la r  e lect rochemical  model. 

Application to potentiostatic techniques . - -The t r an -  
sient impedance  approach  read i ly  lends i tself  to po-  
ten t ia l  control  methods  which  offer cer ta in  exper i -  
men ta l  advantages  especia l ly  wi th  respect  to high 
f requency  studies. To i l lus t ra te  this, the  dynamic  be-  
havior  of a genera l  single amplif ier  potent ios ta t  wi l l  
be discussed. Special  emphasis  is given to the  method 
of e l iminat ion of potent iosta t  pa rame te r s  t he r eby  al -  
lowing only  e lec t rochemical  quant i t ies  to be examined.  

The genera l  c ircui t  for single amplif ier  potent ia l  
control  of an e lect rode having  an a r b i t r a r y  impedance  
is given in Fig. 6 where in  the  represen ta t ion  of al l  

0{$) "VVV 

/ /  

F~ B 

Fig. 6. Block diagram of general potentiostat circuit 
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functions is made  in te rms of the  Laplace  t r ans fo rma-  
tion. Here,  the  output  vol tage  O (s) ,  of the potent iostat ,  
A, is appl ied  to the  e lec t rochemical  cell, Re, ZE, 
th rough  Ro, which represents  the  output  impedance  of 
A, the  countere lec t rode  impedance,  and a cur ren t  
measur ing  resistor,  if present .  The dr iv ing  p e r t u r b a -  
tion, V(s) ,  appears  across the e lec t rochemical  cell  as 
E(s).  

To descr ibe  the  behav ior  of the  po ten t ios ta t -e lec -  
t ro ly t ic  cell  ment ioned above in a quant i ta t ive  man-  
ner, it  is sufficient to consider  the  t ransfe r  funct ion 
of the  complete  system. This function is defined as the 
rat io  of the  t r ans fo rm of the  output  voltage,  O (s) ,  to 
that  of the  input  voltage,  V(s) .  This ra t io  is given by  

O(s) G(s) 
[36] 

V(s) 1 -5 G(s) H(s) 

where  G(s) is the  open loop gain function of the  po-  
tent ios ta t  and H(s) is the  funct ion represen t ing  the 
fract ion of the  output  vol tage  which is fed back  to the  
input  of the  potent iostat .  The potent ios ta t  gain  func-  
t ion determines,  to a large  extent ,  the  f ideli ty wi th  
which it can reproduce  the dr iv ing  function, V(s) ,  
across its control  points  as E (s) .  This is especial ly im-  
por tan t  when  it is des i red  to make  measurements  at 
short  t imes. Thus, for m a x i m u m  pe r tu rba t ion  and re -  
sponse s ignal  ampl i tude  at, e.g., nanosecond times, the  
potent ios ta t  should be able  to respond  to a step func-  
t ion such tha t  meaningfu l  measurements  m a y  be ob-  
ta ined at  these t imes. Op t imum gain functions for high 
speed appl icat ions  have been discussed e lsewhere  
(64). Briefly, however ,  the  ideal  potent ios ta t  would  be 
charac ter ized  by  G (s) ---- K, where  K is the  open loop 
d-c  gain (usual ly  g rea te r  than  1000). Unfor tunate ly ,  
al l  potent ios ta ts  p resen t ly  avai lable  have  a finite rise 
t ime and, as such, cannot  be descr ibed by the  s imple 
function given above. In  o rder  to adequa te ly  descr ibe 
a finite r ise  potent iostat ,  a first o rder  gain function of 
the  type  

K 
G (s) = . ~  [37] 

s ~ - 5 1  

must  be employed.  Equat ion [37] c lear ly  indicates,  
if T is known, the  t ime or  f requency  at which  the po-  
tent ios ta t  i tself  wil l  have  sufficient gain for observable  
response. To i l lus t ra te  the  genera l i ty  of the potent io-  
stat ic t rans ient  impedance  approach,  no a pr /or /  as-  
sumptions wi l l  be made  concerning the actual  form of 
G(s). I t  is to be borne in mind, however ,  tha t  G(s) 
must  a l low a s ignal  of sufficient ampl i tude  to be ob-  
served at the  shortest  t imes compat ib le  wi th  the  h igh-  
est f requencies  desired to be obta ined  by  real  or 
imag ina ry  axis t ransformat ion.  

The function H (s) is s imply  the  rat io  of the output  
vol tage  appear ing  across the  potent iosta t  control  points 
to the  to ta l  output  voltage.  Thus, for  the  sys tem de-  
scr ibed in Fig. 6, H(s) is given b y  

Re -5 ZE (s) 
H(s) = [38] 

Ro -5 R~ -5 ZE (s)  

The t ransfe r  function is then obta ined  using [36] and 
[38] 

O(s) [Ro -5 Re -5 Z E ( s ) ] G ( s )  
= [39] 

V(s) Ro -5 Re -5 ZE(S) -5 [Re -5 ZE(S) ]G(s) 

This re la t ion  m a y  be employed  to der ive  al l  of the  
funct ions needed  to develop an express ion for the  
t rans ient  impedance  of an e lec t rochemical  system 
when  a potent ios ta t  is employed.  Note that  no a priori 
assumptions  have been made  concerning the e lect rode 
impedance,  ZE(s). Thus, the  na tu re  of the  e lectrode 
impedance  has ne i ther  been  considered nor  wi l l  i t  
affect the  results.  

To obta in  an impedance  express ion Z(s) usable  for 
the evaluat ion  of e lec t rochemical  pa rame te r s  knowl -  
edge of E( s )  and the to ta l  ou tput  current ,  i ( s ) ,  is 

necessary.  E (s) is given by  

E(s) = O(s) -- i(s)Ro [40] 

f rom which, using [39] 

E(s) [Re + Z~.(s) ]G(s) 
= [41] 

V (s) [Re -5 ZE (S) ] [G (s) -5 1] -5 Ro 

Examina t ion  of Eq. [41] indicates  tha t  i t  is, in rea l i ty ,  
an expression for the  idea l i ty  rat io of the  potent iostat .  
Thus, a perfect  potent iosta t  would  have  E ( s ) / V ( s )  
---- 1. Depar tu re  f rom uni ty  is caused by  both  G(s) and 
Ro. Reduct ion of Ro by,  e.g., proper  cell  design and 
e l iminat ion of cur ren t  measur ing  resis tors  in the  nega-  
t ive feedback  loop effectively reduces potent ios ta t  r ise 
t ime. In addit ion,  the  smal les t  va lue  of �9 (see Eq. 
[37] ), also reduces potent ios ta t  r ise  t ime. 

The to ta l  output  cur ren t  is given by  

O(s) 
i (s) = [42] 

Ro 2i- Re -~- ZE (S) 

f rom which, using [39] 

i ( s )  G(s )  
- -  _ [43] 
V(s) [Re + Z E ( S ) ] [ G ( s )  + 1] + Ro 

Division of Eq. [41] by  Eq. [43] al lows the impedance  
expression to be obtained.  The resul t  is 

Z(s)  ---- E(s ) / i ( s )  = Re + ZE(S) [44] 

Inspect ion of Eq. [44] indicates  tha t  both  G(s) and 
Ro have  been e l imina ted  and tha t  Z(s) is a function 
only of wha t  appears  across the  potent ios ta t  control  
points  (i.e., be tween  reference  and work ing  e lec-  
t rodes) .  In this  way, the  potent ios ta t  character is t ics  
and the impedance  of the  counterelect rode,  cur ren t  
sampl ing  resistors,  and wire  inductance  in the  nega-  
t ive  feedback  loop are  not  included in the  final mea -  
surement .  The only inductance  which m a y  rema in  is 
tha t  of the  work ing  e lec t rode  lead which, in p rac -  
tice, m a y  be reduced  to a negl igible  amount.  

I t  has thus been shown tha t  knowledge  of the  func-  
t ion Z( s ) ,  as defined in Eq. [44], a l lows the  charac te r -  
istics of the  e lect rochemical  system to be isolated from 
the most t roublesome ins t rumenta l  ar t i facts  when a 
potent ios ta t  is employed.  Z(s) is obta ined  f rom both 
the  real  and imag ina ry  axis  t r ans format ion  of the  
vol tage  appear ing  across the  potent ios ta t  control  
points, E ( t ) ,  and the potent ios ta t  output  current ,  i ( t ) .  
As indicated in the  theore t ica l  discussion, both  E(t)  
and i(t) m a y  be obta ined at t imes  as close to zero as 
expe r imen ta l ly  feasible.  The shortest  t ime at  which  
meaningfu l  resul ts  can be obta ined is de termined,  to 
a la rge  extent  by  the  speed of the  potent iostat ,  i.e., 
G(s). 

Experimental and Results 
In order  to i l lus t ra te  and test  the t rans ien t  imped-  

ance technique,  the  genera l  potent ios ta t  c ircui t  shown 
in Fig. 6 was employed.  The specific form of ZE was 
in i t ia l ly  chosen to be a rea l  electr ic  circuit  consist ing of 
a capaci tor  represen t ing  the double  layer ,  Cd, in series 
wi th  the  e lec t ro ly te  resistance, Re, as shown in Fig. 7. 
The potent iostat ,  A, (Fig. 6), is the  u l t ra fas t  r ise 
Tacussel  Model  P IT-20-2A prov ided  wi th  ex te rna l  
phase compensat ion to correc t ly  ma tch  the  po ten t io -  
s tat  wi th  ZE for fast, smooth and easi ly  measurab le  
response. The step vol tage source, V(s ) ,  (Fig. 6), is 
the Monsanto 300A pulse genera tor  which  can be cor-  
rec t ly  m a t e d  to the  input  of the  potent ios ta t  th rough  
the use of its var iab le  r ise  and fal l  t imes. Al l  vol tage 

C d 
R e 

Fig. 7. Equivalent circuit representing double layer behavior only 
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and current  time functions were measured on a Tek-  
tronix 556 oscilloscope equipped with two 1A5 pream- 
plifiers. Active probes were used exclusively since the 
signal is detected at the probe tip at relat ively high 
impedance allowing fai thful  signal reproduction at rise 
times as short as 3 nanosec, effectively e l iminat ing the 
influence of cable length. For those cases in which cur-  
rent  could be measured outside the negative feedback 
loop, two Tektronix  P6045 FET probes were employed. 
When the current  measur ing resistor was placed inside 
the negative feedback loop [thus consti tut ing part  of 
Ro, (Fig. 6)],  two Tektronix  P6046 differential probes 
were employed. In  each case, identical type probes 
were utilized so that correct signal matching could be 
maintained.  Identical  probes could be matched to 
bet ter  than  ___5% by appropriate peaking of the high 
frequency circuits wi th in  the respective probe ampli-  
fiers to obtain as closely identical  pulse shapes from 
the same signal source as possible. In  this way, non-  
l inearit ies which may be present in signal measure-  
ments  are near ly  identical  for both current  and volt-  
age and cancel out of the result ing impedance ex- 
pression. 

Ini t ia l  experiments  were carried out using R~ = 5 
ohms and Cd ----- 0.15 microfarads. Note that  measure-  
ments  performed on electrical analogs at the t imes 
and frequencies at ta inable in this work require suit-  
able high f requency components. For this reason, only 
metal  film resistors and glass capacitors were used 
throughout  this study. The photograph shown in Fig. 
8 i l lustrates the oscilloscopic recording of current  and 
voltage t ime traces at 50 nanosec per major  horizontal 
division for the circuit given above. It can be seen 
from Fig. 8 that  an ini t ial  voltage or current  point at 
10 nanosec is readi ly accessible. As will  be seen be- 
low, this is sufficient, along with adequate point spac- 
ing, to enable frequencies as high as 108 rad/sec to be 
examined. 

Both real  and imaginary  axis t ransformations were 
performed by carrying out the mathemat ical  opera- 
tions in Eq. [2] and [7] numer ica l ly  using a digital 
computer  (Burroughs 5500 or EAI 640). Complete de- 
tails of the digital computer calculations will be pub-  
lished elsewhere. Briefly, however, the calculations 
proceed in the following fashion. Data points in digital 
form accurately represent ing the complete experi-  
menta l  t ime curve are introduced at the beginning of 
the program and a data check is made to detect errors 
in transcription,  e.g., t ime voltage or current  in-  
crement  errors. Note here that  all data is recorded 
with a point spacing which corresponds" to a ma x i mum 
of a 10% change in successive points. In  practice, 
when using an oscilloscope, several t ime overlapping 
pictures must  be obtained to accomplish this. Work is 
present ly  underway  in this laboratory to directly re-  

Fig. 8. Actual oscilloscope trace at 50 nanosec per major hori- 
zontal division. Lower curve is voltage and upper curve current. 

cord data in digital  fashion. This will  be performed 
using very fast sample and hold modules to record ap- 
propriate spaced ini t ia l  t ime points coupled with the 
single cycle data input  mode available on most small  
computers (such as EAI 640) enabl ing a data point to 
be obtained each memory  cycle (usually 1 to 1.5 #sec). 

Once the data has been checked, the calculations 
then proceed, according to the following algorithm in 
the case of real axis t ransformat ion 

F(~)=~[  ['(ti+l)e-~t"l--'(ti)e-~tq[t~+l--td ] 
�9 In [](ti  -t- 1) e~t~§ e~tq 

$(t~) 
+ ~ [ 4 5 ]  

where t~ and t~+l represent  successive t ime points; and 
t~ is the time at which the signal achieves steady state, 
if present. Inspection of Eq. [45] indicates that  this 
integrat ion is carried out by assuming exponent ia l  be- 
havior between any  two successive data points. The 
numerica l  summat ion is performed for every value of 

desired for all voltage and current  points where-  
upon Z(~) may be evaluated according to Eq. [3]. 

In the case of imaginary  axis t ransformation,  the 
real and imaginary  parts of the t ime funct ion are 
evaluated on the basis of Eq. [7]. The alogorithms 
employed again assume exponent ial  behavior  between 
any  two successive data points and are given by, for 
the real part  

Re[F (j,o) ] = 
1 

i a 2 -t- •2 

[ '(ti+l)[aeos~ti+l-t- ~176 ] [46 ] 
- - I  (ti) [a cos ~ot~ + ~ sin cotd 

and for the imaginary  par t  

I m [ F ( j ~ ) ]  = a 2 -t- w 2 

[,(ti:t~)[asin~t~+~--~cos~t~+~]]} ,(t~) 
- - ]  i) [a sin .~ti ~ cos ~oti] J e [47] 

where 
In [i(t.~+D/I(t~) ] 

a = [48] 
t ( i + l )  - -  t$ 

The summations given in Eq. [46] and [47] are per-  
formed for all desired co values for all voltage and cur-  
ren t  points from which Z(j~o) is evaluated by the ap- 
propriate division of V(jw) and I(j~o). 

It was found that  an exponent ial  approximation de- 
scribing the funct ion between two successive data 
points was the best possible for both t ransformations 
provided that these points are correctly spaced. That 
this is so can be seen from the fact that, for an elec- 
trochemical system which can be described by an 
aperiodic equivalent  circuit, only a single t ime con- 
stant will  be p redominant  over a sufficiently small 
t ime interval  and a single exponent ia l  will, therefore, 
prevail. Note that  the exponent ial  approximation is 
also valid for diffusion coupled systems exhibi t ing 
error function behavior since over re la t ively small  
t ime intervals, this funct ion also behaves exponen- 
t ial ly to a very good approximation. An obvious am-  
biguity in this approach exists for those cases in which 
two (or more) t ime constants are essentially identical. 
In  this case, the system will  behave as though only 
one t ime constant were present  over the t ime in terval  
considered and separation will  indeed be difficult. One 
possible solution to this problem is to vary  the ini t ial  
conditions of the exper iment  with respect to, e.g., po- 
tent ial  and /or  concentration, which, in most cases, 
alters the lumped t ime constants to widely differing 
degrees. 

One of the major  problems in numerica l  real and 
imaginary  axis t ransformations as performed in this 
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Fig. 9. Real axis impedance behavior of circuit shown in Fig. 7 
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Fig. 10. Imaginary axis impedance behavior of circuit shown in 
Fig. 7. 

earlier, provides a ra ther  powerful  crosscheck allowing 
decreased ambigui ty  in the elucidation of double layer  
behavior. Max imum error occurs in  the frequency in-  
terval  from 107 to l0 s rad/sec ranging  from --+3 to 10%. 

In order to more fully test the t ransformat ion tech- 
nique, the equivalent  circuit shown in Fig. 4 was 
examined. This circuit represents, as indicated earlier, 
an electrode exhibi t ing double layer behavior  along 
with charge t ransfer  and adsorption, i.e., a system with 
two t ime constants The circuit components chosen 
were Re = 5 ohms, Cd ---- 0.15 ~F, Rt ---- 50 ohms, Ca 
1.5 ~F, and Ra ~ 10 kohms. The value of Ra was chosen 
to be relat ively large in order to represent  irreversible 
adsorption for which Ra can then  essentially be ne-  
glected. An example of this is the hydrogen-p la t inum 
system at potentials anodic to the RHE which has re-  
cently been studied in this laboratory with the aid of 
the t ransient  impedance method (65). 

The total  impedance of this system, in terms of its 
equivalent  circuit (Fig. 4) is given by, neglecting Ra 

RtCaS -~- 1 
Z(s )  = Re -~ [49] 

RtCaCas ~ + (Ca + Ca)s 

which becomes, at sufficiently high frequencies 

1 
Z(s )  = Re + - -  [50] 

CdS 

thus i l lustrat ing that, for this case, there is a frequency 
range over which only  double layer behavior  will  be 
observed (see Eq. [10]). At sufficiently low f requen-  
cies, Eq. [49] becomes 

R t C a  1 
Z ( s )  = Re -l- ~ + " [51] 

Ca + Ca (Ca + CDs 

Examinat ion  of Eq. [50] and [51] indicates that there 
are two frequency ranges over which both Z(~) and 
Z (jw) exhibit  inverse frequency behavior.  

In order to i l lustrate this, Z(r was evaluated nu-  
merical ly and diagnostic plots of Z(r vs. 1/~ are 
shown in Fig. 11, 12, and 13. Over-a l l  behavior  is 
shown in Fig 11 in the f requency range  106 to 104 
rad/sec which covers the crossover region be tween 
only double layer  behavior and combined double layer 
and faradaic behavior. It  can already be seen that 
there is some indicat ion that the system may be diag- 
nosed according to Eq. [50] and [51], however, l in-  
eari ty in 1/~ is too short in either region to be un -  
ambiguous. Figure 12, therefore, shows the high fre- 
quency behavior  of this system over the range 108 to 
106 rad/sec. The plot is l inear  over near ly  this com- 
plete f requency range and allows the evaluat ion of 
Re and Ca which were wi th in  -+5% of their known 
values. Figure 13 shows the low frequency behavior  of 
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Fig. 11. Over-all real axis impedance behavior of circuit shown 
in Fig. 4. 

study is t runcat ion  error  which may arise, e.g., in the 
subtract ion of two large numbers .  It  is therefore im-  
portant  to arrange the steps of the computer  program 
in a sequence designed to minimize  this possibility. It 
is also necessary to have a sufficient n u m b e r  of cor- 
rectly spaced data points (following the 10% signal 
variat ion noted above) over the t ime region which 
contr ibute most heavily to a par t icular  va lue  of r or 
~. If this condition is not met, severe t runcat ion  error 
will also result. 

The numer ica l  procedure outl ined above was ap- 
plied to both current  and voltage t ime curves, with 
ini t ial  points being taken  at 10 nanosec, obtained for 
the Re-Ca series circuit ment ioned above (Fig. 7). 
Both Z(~) and Z(j~)  were then obtained. As indicated 
by Eq. [4], a plot of Z(~) vs. 1/~ should result  in a 
straight line for this circuit, the slope of which con- 
tains Cd while the intercept gives Re. This plot is 
shown in Fig. 9 for the highest f requency range at-  
tainable in this work (10 s to 106 rad/sec) .  It  can be 
seen that  even at the highest frequency, the results 
are meaningfu l  and adequately describe the system 
behavior in terms of Eq. [4]. Maximum error occurs at 
frequencies above 5 x 107 rad/sec and for this system, 
ranged from --+1% at 5 x 107 rad/sec to -+5% at 108 
rad/sec. 

The evaluat ion of Z( j~)  for this case allows the 
examinat ion of its real and imaginary  parts as a 
funct ion of l/w, according to Eq. [9]. A plot of both 
of these quanti t ies is shown in Fig. 10 for the fre- 
quency range 10 s to 106 rad/sec. It can be seen that  
expected behavior  is observed and, as indicated 
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Fig. 12. High frequency real axis impedance behavior of circuit 
shown in Fig. 4. 
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Fig. 13. Low frequency real axis impedance behavior of circuit 
shown in Fig. 4. 

this circuit  f rom 104 to 102 rad/sec .  As can be seen, 
this p lot  is again l inear  in 1/r over  this  f requency 
range.  The values  of Rt and Ca ca lcula ted  f rom this 
behavior  were  wi th in  •  of the i r  known value.  Es-  
sent ia l ly  s imi lar  resul ts  were  obta ined for Z(jw).  

I t  is to be  noted tha t  the t ime constants  of this  ex-  
ample  were  chosen so tha t  double  l aye r  behavior  can 
be observed only  if r e l a t ive ly  high frequencies  can be 
obtained.  A n  e lect rochemical  sys tem exhib i t ing  this 
behavior  is the  p l a t i num-hyd rogen  case (13, 65, 66). 
L inea r i ty  of Z(~) vs. 1/~ in the  re la t ive ly  low fre-  
quency  range  begins at  app rox ima te ly  105 rad/sec ,  
no rma l ly  a high f requency  for most  impedance  studies. 
Since this  p lot  is a good diagnost ic  for double l ayer  
behavior ,  i t  might  be assumed tha t  this sys tem did not  
exhibi t  adsorpt ion  propert ies ,  if r e l a t ive ly  h igher  f re-  
quencies were  not  examined.  This then  i l lus t ra tes  the 
impor tance  of mak ing  f requency  studies  over  as wide 
a f requency  range  as possible, especia l ly  if adsorpt ion 
is suspected. 

Conclusions 
The t rans ient  impedance  techniqUe presented  in this 

work  represents  an approach  to the  s tudy of e lect rode 
kinet ics  which  allows the sys tem to be examined  using 
re la t ive ly  s imple a lgebra ic  equations wi th  a m a r k e d  
reduct ion in ins t rumenta l  errors  and ar t i facts  over  a 
r e la t ive ly  wide  f requency  range.  The analysis  indi -  
cates tha t  mean ingfu l  resul ts  m a y  be obta ined  at  
f requencies  as high as 10 s r ad / s ec  because of the  in-  
herent  e l iminat ion  of nea r ly  a l l  ins t rumenta l  non-  
l inear i t ies  no rma l ly  encountered  at  these  frequencies.  
T h e  complete  impedance  funct ion is genera ted  f rom 

t ime domain da ta  th rough  the  use of rea l  and  imagi -  
n a r y  axis  Laplace  t rans format ion  car r ied  out  nu mer i -  
ca l ly  wi th  the  a id  of a d ig i ta l  computer .  Knowledge  
of both  Z(z )  and  Z(jw) al lows considerable  cross 
checking of resul ts  once diagnost ic  plots  r epresen t ing  
specific types  of e lec t rode  behavior  a re  available.  
These cr i ter ia  m a y  be obta ined  by  the  solution of 
equat ions descr ibing a pa r t i cu la r  model  in t e rms  of 
impedance.  In  this  way,  both  double  l aye r  and  fa ra -  
daic behavior  (in the  presence of each other)  m a y  be 
expressed as r e l a t ive ly  s imple  f requency  domain  func-  
t ions as compared  wi th  the  corresponding t ime  do-  
main  functions which, for complex  systems, become 
in t rac tab le  if, in fact, t hey  can be obta ined in closed 
form at all. In  addit ion,  use of the  t ime domain  does 
not  a l low the inheren t  s imple reduct ion  of ins t ru -  
menta l  errors.  Once the  e lec t rode  impedance  funct ions 
have  been r igorous ly  der ived,  t hey  can be identif ied 
wi th  aper iodic  e lect r ica l  equiva lent  circuits  for con- 
venience. Thus, c ircui t  e lements  represen t ing  the  
double  l ayer  and  faradaic  steps such as diffusion, ad-  
sorption, charge  t ransfer ,  etc., can be independen t ly  
der ived  and combined in a total  equiva lent  circui t  
fol lowing the pa r t i cu la r  e lec t rode  model  chosen. In  
addit ion,  the  var ia t ion  of these subcircui ts  w i th  poten-  
t ia l  can be  easi ly  der ived  if impedance  is obta ined  
using smal l  pe r tu rba t ions  f rom s teady-s ta te  potent ia ls  
as wel l  as at  the  equ i l ib r ium poten t ia l  a l lowing fu r -  
the r  e lucidat ion of the  sys tem under  s tudy.  I t  is to be 
emphasized tha t  the  impedance  of an e lect rochemical  
sys tem must  be s tudied over  as wide  a f requency 
range  as possible to obta in  min imum ambigu i ty  in the 
in te rp re ta t ion  of results.  This is especia l ly  impor t an t  
when  it is des i red  to eva lua te  the  double  l aye r  in the  
presence of a fa rada ic  reaction,  pa r t i cu l a r ly  when  ad-  
sorpt ion or o ther  surface processes m a y  be present .  
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The Absence of a Detectable 
Potential-Dependence of the Transfer 
Coefficient in the Cr§ Reaction 

Fred C. Anson,* Nancy Rathjen, and Robert D. Frisbee 
Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California 

ABSTRACT 

The rate of reduction of Cr +3 at mercury electrodes has been measured 
polarographically in an extensive series of electrolytes to search for the po- 
tential  dependence of the transfer coefficient recently reported (2) for this 
reaction. No clear evidence of such a potential dependence was found and 
it is concluded that unavoidable propagation of experimental  errors coupled 
with uncertainties in Frumkin double- layer  corrections prevent detection of 
the predicted potential  dependence. 

The first systematic study specifically intended to test 
the prediction of Marcus (1) that the transfer coeffi- 
cient, a, should show a potential-dependence was de- 
scribed recently by Parsons and Passeron (2). On the 
basis of their polarographic measurements of the Cr + 8/ 
Cr +2 electrode reaction they concluded "that there is 
clear evidence for the existence of the variation of the 

* Electrochemical Society Act ive  M e m b e r ,  

transfer coefficient with overpotential, and the magni- 
tude of this effect is in agreement with the theoretical 
prediction within experimental  error." This paper has 
been widely cited because it appeared to offer a very 
satisfactory confirmation of an important aspect of the 
Marcus theory. 

With the intention of examining the effect of the 
composition of the supporting electrolyte on the poten- 
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t ia l -dependence of a, we under took a series of polar-  
ographic experiments  with the Cr+2/Cr+3 reaction to 
extend the work of Parsons and Passeron which was 
confined to a single concentrat ion (~ ---- 0.5) of a single 
electrolyte (NaC104). We began by at tempting to du-  
plicate the results of Parsons and Passeron but  were 
not able to do so. A large number  of addit ional  experi-  
ments  was performed in  a search for the source of this 
discrepancy and some of the results of these experi-  
ments  are reported here. Our conclusion is that  in none 
of the cases studied is a clear potential  dependence of 

evident. The unavoidable  propagation of exper imen-  
tal errors dur ing  the usual  conversion of polarographic 
ilia values to rates, and of rates at various potentials 
to t ransfer  coefficients, results in such large uncer ta in-  
ties that  any potential  dependence of a is hidden by 
the theoretical and exper imental  errors. 

Experimental 
A water- jacketed polarographic H-cell  was employed 

with a mercury  pool serving as the auxi l iary electrode. 
The reference electrode compar tment  contained sup- 
port ing electrolyte and the reference electrode was a 
commercial ly  available saturated calomel electrode in 
which the KC1 electrolyte was replaced with NaC1 to 
prevent  the precipitat ion of KC104 in the fiber j unc -  
tion. Such dilute solutions of Cr( I I I )  were employed 
(0.1-0.5 mM) that  ohmic drops in the cell were always 
negligible. The DME (dropping mercury  electrode) 
had a na tura l  drop t ime of 5.5 sec at --800 mV; drops 
were not mechanical ly dislodged. 

Solutions were scrupulously deoxygenated by means 
of a ni t rogen stream that  passed through copper t u r n -  
ings at 450~ and a V +2 washing tower. Reagent grade 
salts were used without  fur ther  purification. The sodium 
perchlorate solution was prepared from HC104 and 
NaOH. The Cr +3 solutions were prepared by weighing 
out crystals of Cr (C104)3 prepared by the reduction of 
an acidic solution of CrO3 with H202, heating to de- 
stroy excess peroxide, and concentrat ing the solution 
by evaporation unt i l  crystals formed. Trea tment  of sup- 
port ing electrolytes with prepurified charcoal produced 
no changes in subsequent  polarograms. 

Curren t -poten t ia l  curves were obtained manua l ly  by 
adjust ing the potential  of the DME with a solid state 
operational  amplifier-based polarograph and recording 
the resul t ing current  for several drops with a high 
precision undamped pen and ink recorder. The potential  
was then changed by  10 mV and the process repeated. 
The max imum currents  at the end of drop life were 
used in analyzing the polarograms by means of the 
Oldham-Par ry  formula (3) for approximating the 
Koutecky funct ion (4). 

Data analysis.--The polarographic currents  recorded 
at the end of drop life were corrected for the residual  
current  and the ratio, ilia, of the cur ren t  at each poten-  
t ial  to the diffusion current  was calculated. 

In  a n u m b e r  of the support ing electrolytes studied 
the polarographic wave was shifted to the vicini ty of 
the s tandard potential  of the Cr+2/Cr +~ couple so that  
it became quasi-reversible.  In  such cases, the observed 
i/id ratio was corrected for the back reaction, i.e., Cr +2 
oxidation, according to Eq. [1] 

(�88 
] 

= ~d obs 1 -~ X Dcr+2  / exp [](E - -  E 0 ) ]  [1] 

where (i/id)corr is the corrected value of the ratio, 
(i/id)obs the exper imenta l ly  observed ratio, Dcr+3 and 
Dcr+~ are the diffusion coefficients of Cr +~ and Cr +2, 
E is the electrode potential, E 0 is the s tandard potent ial  
of the Cr+a/Cr+2 couple (--0.65V vs. SCE), and f = 
F/RT. When F r u m k i n  double- layer  corrections were 
being applied (E -- ~2) was subst i tuted for E in  Eq. 
[1], where r is the potential  at the outer Helmholtz 

plane. According to the data of Cornelissen (5) Dcr+3 
= 5.6 X 10 - 6  c m  2 sec  -1,  D c r + 2  = 7.9 • 10 -6 cm 2 
sec -1, and (Dcr+s/Dcr+2)'/2 = 0.84. The result ing values 
of (i/id)corr were then subst i tuted into the formula of 
Oldham and Pa r ry  (3) to obtain values of the rate of 
the electrode reaction at each potential. 

The sets of data relat ing logari thm of rate to potential  
were used to prepare Tafel plots by fitting with a 
s tandard least squares computer program to Eq. [2] 

In ~ . = a o + a l  ( E - - E  ~ [2] 

where k is proport ional  to the rate  of the reaction at 
electrode potential  E and al = --aF/RT. The apparent  
value of the t ransfer  coefficient, a, was calculated from 
the resul t ing value of al. 

To test for a potential  dependence in a the same data 
were also fitted by least squares to Eq. [3] 

l n ~ - ~ a o ~ a l  ( E - - E  0) ~ a 2  ( E - - E 0 )  2 [3] 

The result ing value of a2 expresses the potential  de- 
pendence of the t ransfer  coefficient. Equations [2] and 
[3] differ slightly from the corresponding equations em- 
ployed by Parsons and Passeron (2) to evaluate the 
same parameters.  They used the overvoltage, ~], i.e., the 
difference between the electrode potential  and its equi-  
l ibr ium value in the  Cr+2-Cr+3 mixtures  employed, 
ra ther  than (E -- E0), the difference between the elec- 
trode potential  and the s tandard potential  for the 
couple. According to the Marcus theory (1) (E -- E0), 
not 0, is the independent  variable that  should be used. 
However, the error introduced by the use of ~ instead 
of (E -- E 0) was probably not too large since the Cr +2- 
Cr +3 mixtures  employed by Parsons and Passeron 
covered only a small  range of equi l ibr ium potentials 
which were all fair ly close to E 0 (6). 

Maxima.--The Cr +8 reduct ion wave tended to de- 
velop a pronounced ma x i mum when lower concentra-  
tions of support ing electrolyte were employed. This 
problem could be par t ia l ly  c i rcumvented by employing 
low concentrat ions of Cr +~ (0.1-0.5 mM) but  the max-  
ima appeared in  all electrolytes if the ionic s trength 
was decreased sufficiently. This difficulty imposed the 
lower l imit  on the support ing electrolyte concentrat ions 
that  could be employed. 

Less severe problems with maxima were also en-  
countered at ionic strengths of 0.5-1M if the Cr +a 
concentrat ion exceeded about 1.5 mM. Not inf requent ly  
the pen and ink recording of the individual  cur ren t -  
t ime curves gave no clear indication of the presence of 
erratic behavior  a t t r ibutable  to maxima, but  the collec- 
t ion of cur ren t -poten t ia l  points became harder  to re-  
produce from run  to run.  Under  these circumstances 
the individual  cur ren t - t ime  curves were not completely 
identical from drop to drop when they were inspected 
in detail  by means of an oscilloscope. We concluded 
that  concentrat ions of Cr +a above 1 mM were to be 
avoided to prevent  errors arising from incipient  max-  
ima. Similar  behavior  has also been reported by Cor- 
nelissen (5). 

Parsons and Passeron (2) do not specify the concen- 
trations of Cr +2 and Cr +3 they employed but  if values 
as large as 2-5 mM were used (7), it seems quite l ikely 
that  their  data could have been affected by the 
presence of inconspicuous maxima.  

pH effects.--Parsons and Passeron adjusted the pH 
of their  solutions to 3.4 with HC104 but  employed no 
buffering agent. A pH value as high as 3.4 seems some- 
what  dangerous because of the extent  of hydrolysis of 
Cr +z that  would result  [the hydrolysis constant  for 
Cr +8 is K = 10 -4 M (8)].  An especially worrying point 
is the question of the pH prevail ing at the electrode 
surface dur ing  the reduction of Cr ( I I I ) .  At a pH of 3.4 
and a total Cr ( I I I )  concentrat ion of 2 mM the concen- 
t rat ion of CrOH +2 and H + are equal. The hydroxide ion 
l iberated by reduct ion of CrOH +2 (Cr +2 is unhydro-  
lyzed at pH 3.4) wil l  cause the pH at the electrode 
surface to become greater than 3.4 and the na ture  and 
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charge of the Cr (III) species being reduced will  change. 
To test these suspicions a series of polarograms were 
recorded for 0.5 mM Cr (IID in a 0.5F NaClO4 support-  
ing electrolyte having pH values from 2.0 to 4.0. The 
result  was that  the polarograms for pH values of 2.0, 
2.5, and 3.0 were essential ly identical. At pH 3.5 the in-  
dividual  cur ren t - t ime  curves were becoming less repro-  
ducible from drop to drop and at pH 4.0 the cur ren t -  
t ime curves displayed very  erratic behavior. The erratic 
cur ren t - t ime  behavior becomes more severe as the 
Cr( I I I )  concentrat ion is raised so that  data obtained 
by Parsons and Passeron (2) at pH 3.4 with Cr( I I I )  
concentrat ions of 2 mM and higher would very  l ikely 
have suffered from the same difficulties. To avoid this 
source of error in the present  experiments  we adjusted 
all solutions to pH 2.0 with perchloric acid and used 
Cr( I I I )  concentrat ions of 0.5 mM or less. 

C o r r e c t i o n s  f o r  t h e  d o u b l e  l a y e r . p F r u m k A n  double-  
layer corrections were applied to some of the data by 
application of Eq. [4] and [5] as is explained in the 
section on Results and Discussion. For perchlorate elec- 
trolytes the values of r required for the F r u m k i n  
correction were obtained by interpolat ion from the 
data of Payne  (9) for the corresponding concentrat ion 
of perchloric acid or from the data of Wroblowa e t  al. 
(10) for sodium perchlorate. For  iodide electrolytes, 
the data of Grahame (11) and Breiter, Kleinerman,  and 
Delahay (12) were used, and for bromide electrolytes, 
the data of Lawrence, Parsons, and Payne  (13). The 
specific adsorption of chloride is so slight at the poten- 
tials where Cr +3 is reduced (14) that the data for 
sodium fluoride were employed with the potassium 
chloride electrolyte. 

For  the l an thanum chloride electrolytes the Joshi- 
Parsons equation (15) was used to calculate values of 
r as a function of qm, the charge on the electrode, 
assuming the absence of specific adsorption. Next, Rus- 
sell's tables (16) were used to evaluate the electrode 
potential,  E, which would give the same values of qm 
in sodium fluoride solutions having concentrat ions equal 
to the ionic s t rength of the l an thanum chloride solution. 
The values of r corresponding to these values of E' 
were then used to calculate the electrode potentials 
corresponding to the ini t ia l ly calculated values of Ca 
for the l an thanum chloride solution. That is, at constant  
qm, E = E '  - -  (r - -  r  where E is the electrode po- 
tent ia l  and ~ the potent ial  at the outer Helmholtz 
plane, in a l an thanum chloride solution and E'  and 
r are the corresponding quanti t ies  in  a sodium fluoride 
solution of the same ionic strength. 

Results and Discussion 
Polarograms for 0.5 mM Cr +3 in 0.5M NaC104-0.01M 

HC104 were obtained for comparison with the data of 
Parsons and Passeron (2). Contrary to the behavior  
they reported, we observed rather  straight Tafel plots 
before F r u m k i n  double- layer  corrections were applied, 
and when  the data were forcibly fit to a quadratic re la-  
tion, Eq. [3], by a s tandard least square computer pro- 
gram the "goodness of fit," as measured by the F- level  
(17), decreased markedly,  and the coefficient, a2, of 
the term in (E -- E0) ~ had the opposite sign from that  
reported in ref. (2). Figure 1 shows a typical Tafel 
plot and compares it with the plot that  is predicted by 
the coefficients given by Parsons and Passeron (2). The 
same discrepancy was also obtained in a var ie ty  of 
other support ing electrolytes. As is shown in Table I, 
which summarizes the data obtained, only in l i th ium 
perchlorate electrolytes did the coefficient a2 in Eq. [3] 
become less than  zero. And even in this case, the F-  
levels resul t ing from the quadratic fit were so low that  
it is of doubtful  significance. 

Polarograms resembling more closely those that  
Parsons and Passeron apparent ly  obtained did result  
when  the pH was raised to 3.5, or if the Cr ( I I I )  was 
obtained from older stock solutions which contained 
substant ial  amounts  of Cr ( I I I ) -po lymers  as indicated 
by the ratio of their  absorptions at 260 and 230 nm (18). 

P O T E N T I A L - D E P E N D E N C E  I N  Cr+~/Cr+2  

c -  
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Fig. 1. Tafel plots for reduction of Cr +3 in 0.SM NaCl04. Curve 
1, Data from the present work; curve 2, data calculated from the 
parameters given in (2). 

It  seems likely, therefore, that  the solutions used by 
Parsons and Passeron contained hydrolyzed Cr( I I I )  
species which produced Tafel plots unrepresenta t ive  of 
the behavior  of monomeric Cr +3 ion. 

The theoretical prediction that the t ransfer  coefficient 
should show a potential  dependence (1) remains, how- 
ever, and it was of interest  to see if any such depen-  
dence could be found in the data obtained with solutions 
containing only monomeric, Cr +3 ions. To do so re-  
quires that F r u m k i n  double- layer  corrections be ap- 
plied to the data because the uncorrected data show an 
apparent  potent ia l -dependence of a which has the 
opposite sign from that predicted by the Marcus theory 
(1). This behavior  does not necessarily throw doubt on 

the theory because the expected double- layer  effects 
act in  the opposite direction to that  predicted for the 
potential  dependence of ~, i.e., the apparent  t ransfer  
coefficient before the double- layer  correction is ap-  
plied increases as the potent ial  becomes more negative. 

The data were, therefore, re -examined  by fitting 
them via least squares to the equations 

l n k + Z F r  b o +  bl ( E - -  E 0 - r  [4] 
and 

l n ~ + Z F r  bo + bl  (E  --  E o -  r 
-t- b 2 ( E  --  E ~ --  r 2 [5] 

where Z is the average charge of the Cr (III) in the bulk  
of the solution, account being taken of any  ion pair ing 
between Cr +3 and the anions of the support ing electro- 
lyte, be is the potential  at the outer Helmholtz plane, 
and k, E, and E 0 have the same significance .as in Eq. [2]. 
The coefficients by, b~, and b2 were evaluated by means 
of least-squares fit of the data to Eq. [4] or [5]. The 
results of this procedure are also shown in Table I. In  
all cases, applying the double- layer  corrections pro- 
duced decreases in F- levels  and increases in the s tan-  
dard errors of the coefficients result ing from the l inear  
least-squares fit. For  the quadrat ic  fit the double- layer  
corrections produced no clear t rend in s tandard errors 
or F-levels  (Table I) but  in every case the sign of 
the coefficient of the term in E 2 remained positive. Thus, 
wi thin  the limits set by the uncertaint ies  in the double-  
layer corrections, the data show no evidence of a po- 
tent ia l  dependence in the t ransfer  coefficient. We do 
not regard these results as demonstra t ing the absence 
of any potential  dependence in a. Rather  what  has 
become clear is that much more precise rate measure-  
ments, as well  as more accurate F r umk i n  double- layer  
corrections, will  be required before a judgment  can be 
reached. 

The last point  can be emphasized by examining the 
errors inherent  in ar~y polarographic evaluat ion of the 
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Table I. Parameters resulting from least-squares fitting of rate data to linear or quadratic Tafel plots 

S u p p o r t i n g  e l ec t ro ly t e  

Befo re  F r u m k i n  co r rec t ion  a p p l i e d  

Q u a d r a t i c  fit, Eq. [3] 
R a n g e  of  L i n e a r  fit, Eq. [2] 
I E - m l  ~ T  
covered ,  Std.  F - l e v e l  F - l e v e l  -- a l  S td .  

m V  ~ e r ro r  x 10 -a X 10 -3 F e r ro r  

2 R T  
a2 

F 
Std.  
e r ro r  Z ~ 

0.SM NaCIO,  110-240 0.60 0.005 29 0.029 0.50 0.02 0.59 0.11 3 
0.5M NaCIO~ 110-240 0.60 0.005 29 0.029 0.50 0.02 0.59 0.11 3 
1.0M NaCIO4 130-260 0.55 0.002 14 0.0023 0.48 0.04 0.33 0.21 3 
I.(~M NaCIO~ 130-280 0.55 0.062 14 0.0023 0.48 0.04 0.33 0.21 3 

Parsons-Passeron I00-250 0.53 -- 0.34 

0 .SIV[ KCI 100-260 0.57 0.001 8.3 0.09 0.38 0.02 0.85 0.I0 2.13 
0.SM KBr 90-240 0.S2 0.007 8,1 0.16 0.35 0.01 1.0 0.08 
1.0M KBr 110-270 0.48 0.004 13 0.19 0.35 0.01 0.71 0.05 2.12 
0.5M KI 20-190 0.43 0.007 3.5 0.070 0.31 0.0] 1.12 0.13 
0.SM LiClO~ 100-210 0.73 0.004 31 0.0002 0.75 0.04 - 0.13 0.28 S 
1.OM LiCIOi  130-240 0.69 0.006 13 0.014 0.87 0.05 -- 0.98 0.26 S 
O.OBM CsCl04  50-210 0.63 0.005 24 0.0014 0.61 0.02 0.16 0,17 
0.0883M (/~ ----- 0.5) LaClz 150-280 0.60 O.OOe3 40 0.018 0.50 0.02 0.45 0.11 2.24 
0.1666M (/~ = 1.0} LaCI~ 170-310 0.57 0.002 68 0.003 0.53 0.03 0.18 0.11 2.13 

C a l c u l a t e d  f r o m  r e p o r t e d  (18) or  e s t i m a t e d  (24) ion  P a i r i n g  cons tan t s .  
b D o u b l e - l a y e r  da t a  u n a v a i l a b l e  .for th i s  e lec t ro ly te .  
c A P p a r e n t  specif ic  ca ta lys i s  by  adso rbed  iod ide  p r e v e n t e d  m e a n i n g f u l  ca lcu la t ions .  See t ex t .  

rate of i r reversible  electrode reactions: The s tandard 
procedure involves measurements  of ins tantaneous or 
average currents  at small  potential  intergals  on the 
rising portion of the wave. These current  measurements ,  
normalized by division by the diffusion current,  are 
then usual ly  converted to a parameter  proportional to 
the rate constant  of the reaction by means of the t abu-  
lated conversion tables of Koutecky (4). Recently, 
Oldham and Par ry  (3) devised a simple algebraic 
formula which comes very  close to matching the 
Koutecky tabula t ion  and has the advantage of being 
a continuous function. Using the Oldham-Par ry  for- 
mula, the equation relat ing the rate of a one-electron, 
i rreversible cathodic electrode reaction to the experi-  
menta l ly  determined ratio of i l ia becomes 

= K - "1~ X exp [--  af(E -- E0)] [6] 

where k is proport ional  to the rate of the electrode 
reaction, X : i/id, K represents  a combinat ion of 
exper imental  constants, ] = F / R T ,  E is the electrode 
potential, and E 0 the s tandard potential  of the redox 
couple. The t ransfer  coefficient, ~, is assumed to be 
independent  of potential. If the only exper imental  error  
in the polarographic measurements  is assumed to reside 
in the evaluat ion of the current ,  then it can be shown 
that  the error in In k resul t ing from an error, AX, in X 
is given by 

( 1  1 1 - - - - ~ )  
~ l n k =  X 3 - - X  } aX [7] 

The values of X are confined to the in terval  from zero to 
un i ty  and measurements  typical ly cover the range 0.1- 
0.9. Within  this range the first factor on the r.h.s, of [7] 
varies from a max imum of 10.8 (at X ~ 0.1) to a min i -  
mum of 3.6 (at X = 0.5). Thus, if current  measure-  
ments  are made with a precision of, say, 1%, and po- 
tent ial  measurements  are free of error, the values of 
I nk  are established with a precision of only ca. 4-10%.. 

This uncer ta in ty  is increased fur ther  when the values 
of In k are used to evaluate the coefficient of (E -- E0) 2 
in Eq. [3] 

in k -- a0 -- al (E -- E 0) 
a2 = [8] 

( E  - -  E 0 )  ~ 

If the m a x i m u m  value of ( E -  E ~ at tained in the 
exper iment  is 0.25V, as in  the experiments  of Parsons 
and Passeron (2), a 5% uncer ta in ty  in In k results in a 
m in imum uncer ta in ty  of ca. 80% in the value of a2. 
When double- layer  corrections are introduced (by 
using Eq. [5] to evaluate the coefficient b2) the resul t -  
ing uncertaint ies  in b2 are even larger. Thus, the limits 
of error reported by Parsons and Passeron for their 
values of b2, i.e., ca. • seem undu ly  optimistic. 
When the combined uncertaint ies  arising from the 

l imited precision of polarograpbic rate  measurements  
and simple F r u m k i n  double- layer  corrections are con- 
sidered it is difficult to see how any  polarographically 
measured reaction rate at values of (E -- E 0) less than 
about 1V could be expected to give rel iable estimates 
of the value of b2 in Eq. [5]. The same general  l imita-  
tion would apply to the recent  proposal of Mohilner 
(19) that  exper imental  searches for potent ia l -depen-  
dent t ransfer  coefficients might  be more frui t ful  with 
intr insical ly  faster reactions than Cr+8/Cr +2 because 
the absolute value of b2 would be larger. To do so 
would require  rate measurements  much more precise 
than  are achievable polarographically because the at-  
ta inable  values of ( E -  E ~ would necessarily be 
smaller  due to present  exper imental  limits on the fast- 
est rates which can be measured. The uncer ta in ty  in t ro-  
duced into the values of b2 because of the small  size of 
the (E -- E0) ~ term can be overcome in principle (19), 
but  only by achieving a precision in the measurement  
of the electrode reaction rate considerably better  than  
any  that  has been at tained up to now. 

As pointed out by Parsons and Passeron (2), an inde-  
pendent  estimate of the magni tude  of the potential  
dependence of the t ransfer  coefficient predicted by  the 
Marcus theory can be obtained from Eq. [9] and [10] 
(1) 

[ - - a G o , ]  
ks ~- 104 exp [9] 

RT 

R T  F 
--2 b2 = ~ [i0] 

F 8~G0* 

where ks and aGO* are, respectively, the rate constant  
and free energy of activation of the reaction at E ~ 
After  double layer  corrections are applied, most of the 
values for ks in Table II are close to 10 -6,1. This value 
and Eq. [9] give a value of about 14 kcal for aGO* which 
leads to a predicted value of --0.20 V -1 for the coeffi- 
cient 2 R T / F  b2. Coefficients having much larger abso- 
lute values than this resulted when  most of the present  
data were forcibly fit to a quadrat ic  equation bu t  the 
coefficients had the wrong sign and the s tandard  errors 
increased greatly (Table I).  The fact that  data which 
fit a normal  l inear  Tafel plot very closely can, never -  
theless, produce quadratic coefficients which equal or 
exceed those predicted by the Marcus theory, fur ther  
emphasizes the need for increased precision in data 
employed to test this aspect of the theory. 

C o m m e n t s  on the  data s u m m a r i z e d  in Table  I . - - A  few 
features of the data in  Table I deserve special comment.  
The double- layer  data of Wroblowa et al. (10) and 
Payne (9) give discrepant values of ~2 but  very  similar 
values of O~2/OE. This accounts for the fact that  very 
similar  values of a result  from the l inear  fit after 
double- layer  correction using ei ther  set of ~z vs. E data. 
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Table I (Cont.) 

A f t e r  F r u m k i n  co r rec t ion  applied 

L i n e a r  fit, Eq.  [4] Q u a d r a t i c  fit, Eq.  IS] 

Std.  R T  Std.  
e r r o r  F - l e v e l  F - l e v e l  -- b~ e r ro r  
• 108 • 10 -a • 10 ~6 F • 10 ~ 

2 R T  
�9 be Std .  

F e r ro r  R e m a r k s  

0.47 0.005 7.3 0.029 0.35 0.02 
0,45 0.005 7.4 0.029 0.35 0.02 
0.48 0.005 8.I 0.004 0.40 0.04 
0.43 0.006 7,1 0.0046 0.34 0.03 

0.40 

0,42 0.02 1.8 0.055 0.13 0.02 

0.53 0.003 43 0.073 0.46 0.007 

0.58 0.004 20 0.00073 0.55 0.03 
0.58 0.006 11 0.0096 0.71 0.04 

0.54 0.004 17 0,038 0.41 0.02 
0.53  0.007 5.8 0.0020 0.42, 0.08 

0.96 0.18 r da t a  f r o m  (10) 
0.91 0.17 r da t a  f r o m  (9) 
0.47 0.25 r da t a  f r o m  (10) 
0.50 0.23 r da t a  f r o m  (9) 

0r 
-- 0.26 f r o m  (9) 

OE 
1.9 0.12 r d a t a  f r o m  (16) 

b 
0.40 0.05 r data f rom (13) 

c 
+ 0.12 0.14 r da t a  f r o m  (9) 
--0.86 0.28 r da t a  f r o m  (9) 

0.73 0.12 / r v a l u e s  calculated 
0.51 0.36 ~ as e x p l a i n e d  i n  t e x t  

On the basis of the corrected rate data in Table II, how- 
ever, there seems some basis for preferr ing the data of 
Payne  (9) to that  of Wroblowa et al. (10). 

For  KBr, the value of a result ing from the l inear  fit 
is greater after the F r u m k i n  correction is applied, while 
the contrary is t rue  with the other electrolytes. This 
difference results from the fact that  0r in 1M 
bromide is negative instead of positive, as in the other 
electrolytes. 

Adequate double- layer  data were available to apply 
the F r u m k i n  correction in the case of 0.5M KI (11, 12). 
However, the Cr+S-reduction is greatly catalyzed by 
iodide adsorption as is indicated by the smaller values 
of E -- E 0 at which the wave occurs. In  fact, some non-  
F r u m k i n  type of catalysis appears to be involved be-  
cause the observed cathodic currents  occur at potentials 
where net  anodic currents  are calculated to flow if the 
usual  F r u m k i n  correction and back-react ion correction 
are applied. 

The two LaC13 support ing electrolytes were used to 
assess the importance of matching the size and charge 
of the support ing electrolyte ions to those of the reac- 
tant  ion, as advocated by Asada et al. (20). Extremely  
l inear Tafel plots were obtained both before and after 
the F r u m k i n  correction but  comparable behavior  was 
also obtained with NaC104 and LiC104 electrolytes after 
the F r u m k i n  correction was applied. A clearer test is 
posed if the values of the s tandard rate constant  for 
the electrode reaction calculated from the F r u m k i n  
correction are compared. This comparison is shown in 
Table II from which it appears that  the s tandard F r u m -  
kin correction leads to a reasonably constant  value of 
the rate constant  in all of the electrolytes examined 
except for KC1. In  particular,  the LaCt3 electrolytes do 
not yield values which differ significantly from those 
for NaC104 or KBr. Thus, the restrictions on suitable 
support ing electrolytes suggested by Asada et aI. (20) 

Table II. Standard rate constants before and after double-layer 
correction 

l o g k ~  (E = --650 m V v s .  SCE) 

B e f o r e  A f t e r  
F r u m k i n  F r u m k i n  

E l ec t ro ly t e  co r rec t ion  Zo co r r ec t ion  

0.SM NaC104 --5.09 3 --6.89 r d a t a  f r o m  (1O) 
0.5M NaCI04  -- 5.09 3 -- 6.11 r da t a  f r o m  (9) 
1.0M NaC104 --5.10 3 --6.55 r da ta  f r o m  (10) 
1.0M NaC104 --5.10 3 --6.14 r da t a  f r o m  (9) 
0.5M NaClO4 

(Parsons -Passe ron)  --5.15 3 
0.5M KC1 --5.07 2.13 --5.67 
0.5M K B r  --4.77 - 
1.0M K B r  --4.87 2.12 --6.15 
0.5M K I  --4.01 b 
0.5M LiC104 --5.19 3 --6.42 r da ta  f r o m  (9) 
1.0M LiC104 -- 5.44 3 -- 6.41 r da t a  f r o m  (9) 
O.08M CsCl04  -- 4.67 
0.0833M (~ = 0.S) LaCI2 --5.19 2.24 --6.13 
0.1666M (/L = 1.0) LaCl2 --5.58 2.13 --6.11 

r v a l u e s  n o t  a v a i l a b l e  f o r  t h i s  e lec t ro ly te .  
b A p p a r e n t  specific ca t a lys i s  b y  a d s o r b e d  iod ide  p r e v e n t e d  m e a n -  

i n g f u l  c a l cu l a t i on  of the  " s t a n d a r d "  ra te  cons tan t .  

for accurate application of the F r u m k i n  correction do 
not appear to apply to the Cr+~/Cr +2 reaction. This 
observation, coupled with the recent  discovery (21, 22) 
that  the apparent  fai lure of simple diffuse layer theory 
in mixed electrolytes, as reported by Joshi and Parsons 
(15), resulted from an error in the data analysis, sug- 
gests that  the effective planes of closest approach for 
ions of differing size and charge may not be  as in -  
congruent  as has been imagined (23). 
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Electrochemical Reduction of Chromate in the Presence 
of Nickel Chloride in Molten Lithium 
Chloride-Potassium Chloride Eutectic 

Branko Popov ~ and H. A. Laitinen* 
Department of Chemistry and Chemical Engineering, University of Illinois, Urbana, Illinois 

ABSTRACT 

Chronopotent iometry  of chromate in the presence of NiC12 in molten LiCI- 
KCI eutectic reveals a diffusion controlled, three electron reduct ion step. In  
the presence of excess NiC12, chromate is reduced at --0.35V vs. P t ( I I ) / P t  
reference electrode and the electroactive species responsible for the chrono- 
potentiometric wave is estimated to have a diffusion coefficient of 1.06 �9 10 -5 
cm 2 sec - I  at 450~ The stoichiometry of the reduct ion product  depends 
main ly  on the tempera ture  at which the deposit is formed. At 500~ the 
deposit approaches the composition LiNi2CrO4. X - r a y  powder diffraction 
shows the deposit to be a single compound with a face centered cubic lattice. 
The length of the uni t  cell edge is estimated to be 4.14A. At 1400~ a weight 
loss of the deposit is observed. X- ray  powder diffraction shows the presence of 
two phases, which are identified as NiO and NiCr204. The weight loss is 
a t t r ibuted to volatization of Li20. 

Lai t inen and Propp (1) have shown that  the elec- 
t rcchemical  reduction product of K2CrO4 in LiC1-KC1 
eutectic containing dissolved MgC12 is a single unstoi-  
chiometric compound of formula LixMgyCrO4, where 
x W 2y -~ 5. The values of x and y depended on the 
conditions of the electrolysis, namely  current  density, 
temperature ,  and the molar  ratio of Mg (II) to Cr(VI)  
dissolved in the melt. Typical values of x ranged be- 
tween 0.3 and 0.5. 

Hanck (2) observed that the reduction of chromate 
in the presence of Zn( I I )  was shifted from --1.0V vs. 
P t ( I I ) / P t  reference to --0.5V. Analysis  of the deposit 
indicated the composition to be LiZn~CrO4. The stoi- 
chiometry of the compound was not affected by the 
electrolysis conditions. 

The present  investigation was under taken  to deter-  
mine  whether  the reduction of K2CrO4 is affected by 
the presence of NiC12 and to establish the composi- 
t ion of the reduct ion product. Spectrophotometric 
measurements  failed to indicate any  interact ion be- 
tween Ni( I I )  and chromate in the melt  (3). Ni( I I )  is 
known to exist as stable chlorocomplexes (4) in chlo- 
ride melts, and it was of interest  to determine whether  
any chloride is contained in the deposit. Also the re-  
duction potent ial  of Ni( I I )  lies about 0.2V below that 
of chromate in the absence of divalent  ions and it was 
of interest  to determine whether  the deposition of 
metallic nickel could be avoided. 

Experimental 
Apparatus.--A Hevi-Duty  MK 3012-S vert ical  split 

tube furnace (Hevi-Duty  Electric Company, Water -  
town, Wisconsin) was utilized in this work. The tem-  
perature  sensing element  was a chromel a lumel  ther-  
mocouple (Onega Engineering,  Inc., Springdale, Con- 
necticut) .  All  experiments  were made at 450~ except 
as noted. 

A Sargent  Model IV coulometric current  source was 
used for the electrolytic preparat ion of the electrode 
deposits. The constant  current  source for the chrono- 

* Elect rochemical  Society Act ive  Member .  
Z P resen t  address :  Facul ty  of  Engineer ing ,  Unive r s i ty  of Skopje ,  

Skopje,  Yugoslavia .  

potentiometric studies has been described previously 
(1). 

A Tektronix 503 oscilloscope served to record 
chronopotentiograms and to monitor  the potential  of 
the working electrode cont inuously dur ing the prepa- 
ra t ion of the electrode deposits. The Pyrex  cell and 
envelope have been described previously (5). 

Electrodes.--The Pt indicator electrode used in this 
study has been previously described (6). The electrode 
had a geometric area of 0.5 cm 2 and was constructed so 
the glass metal  seal was always kept above the level 
of the melt. The P t ( I I ) / P t  reference electrode was 
constructed as described by Ferguson (8). 

The p la t inum gauze electrodes used to prepare sam- 
ples of the film, as well  as the carbon electrode which 
served as the counterelectrode in all electrochemical 
investigations in the melt, were constructed as de- 
scribed by Propp (1). 

Chemicals.--All chemicals used in this study were 
reagent  grade. Potassium chromate (J. T. Baker  
Chemical Company, Phil l ipsburg,  New Jersey) was 
vacuum dried at 150~ before use. Anhydrous  NiC12 
was prepared by heat ing the hexahydrate  (J. T. Baker 
Chemical Company) in vacuum to 180~ over a three 
day period. Analysis  indicated it to be 99.3% pure. 

The LiC1-KC1 eutectic was obtained from Anderson 
Physics Laboratories, Inc., Champaign, Illinois. The 
method of purification has been described (7). 

Solid chemicals were added to the melt  by means of 
a small  glass spoon. A blanket  of argon was kept over 
the melt  at all t imes to exclude oxygen and water  
vapor. The purification t ra in  used in pur i fy ing the 
argon has been described (8). 

Experimental techniques.--Samples of the electrode 
deposit resul t ing from the reduction of chromate in 
the presence of NiC12 were obtained by constant  cur-  
rent  electrolysis using p la t inum gauze electrodes. The 
gauze electrodes were cleaned in boil ing HC104, r insed 
with distilled water, dried at 120~ for 16 hr, and 
weighed before their  insert ion into the molten salt 
solution. After  electrolysis the gauze electrodes were 
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Fig. 1. Effect of nickel chloride concentration on reduction of 
chromate. 1.56 x 10-2M K2CrO4. A. No NiCI2; B. 7.29 x 10-3M 
NiCI2; C. 3.28 x 10-2M NiCI2. 

washed wi th  deionized water,  dried at 120~ and re-  
weighed. The electrode deposits were  dissolved in 
boiling 72% perchloric  acid. The nickel  content  of the 
deposit was de termined  by an EDTA t i t rat ion using 
a murex ide  indicator.  The method chosen for the 
chromium determinat ion  is a modification of that  of 
Meier, Myers, and Swif t  (9). The procedure  used has 
been previously described (1). L i th ium was quant i ta-  
t ively de termined  by flame photometry.  

Results and Discussion 
C h r o n o p o t e n t i o m e t r y  of K2CrO4-NiC12-LiC1-KC] 

s y s t e m s . - - T h e  effect of Ni ( I I )  on the reduct ion of 
chromate  was demonst ra ted  by successively increasing 
the concentrat ion of Ni ( I I )  at constant chromate  con- 
centration. Figure  1 shows that  at a Ni ( I I )  concen- 
t ra t ion of 7.29 �9 10-~M, two transit ions were  obtained: 
one at 0.35V vs. P t ( I I ) / P t  reference and the other  
at --1.0V. Addi t ional  increases in the nickel concen- 
t ra t ion caused the wave  at --0.35V to grow larger.  At 
a sufficiently high N i ( I I ) / C r  (VI) concentrat ion ratio 
(2.1), the wave  at - - I .0V disappeared but a new wave  
appeared at approximate ly  --0.85V which corresponds 
to the reduct ion of N i ( I I ) .  Fur the r  increase in the 
Ni ( I I )  concentrat ion had no influence on the first re-  
duction step. This can be seen f rom the fact that  iden- 
tical t ransi t ion t imes were  obtained for 1.56 x 10-~M 
K2CrO4 solution containing 3.28 x lO-2M NiC12 and 
for one containing 5.6 x 10-2M NiC12. 

According to the Sand equation the product  of I~ 1/2 
is independent  of I for  a semi-infinite l inear diffusion 
controlled process. The dependence of I T 1/2 on I is 
demonstrated in Table I for the reduction of K2CrO4 

Table I. Chronopotentiometry of K2CrO~ in the presence of NiCI2 

E r / 4  = - - 0 . 3 5 V  A r e a  of t h e  P t  f lag  = 0.5 cra2 

irw~ 
(A sec  ~/~ 

C K z C  r 0 4 C N  i C 12 ~ T1/2 ~T1/2 c mO 
(M) (M) ( m A )  (see1/"~) (A see1/-") mole -1) 

7.8 • 10 -~ 1.34 x 10 -2 6.625 0.497 3.29 x 10--3 422 
5.0 0.665 3.25 • 10 -a 426 
4.0 0 .850 3 .40•  10 -8 439 
3.33 1.00 3.33 • 10 ~ 427 
2.0 1.605 3 .20 • 10 -3 410 

1.56 x 1O -2 5.67 X l 0  ~ 8 .33 9 .80 6.664 • 10 -~ 426 
10.0 0.656 6.56 • 10 ~ 427 
12.5 0.53 6.63 • 10-8 424 

2.30 • 1O -2 6.67 • 10 -3 12.5 0.775 9.68 • 10 -a 421 
16.7 0.565 9 .50 • l 0  s 412 
18.94 0.490 9.77 • 10 ~ 425  

2.75 x 10 ~ 5.67 • 10 -3 14.3 0 .79 11.3 • l o s  411 
I 6 . 7  0.67 11.25 • l 0  ~ 410  
18.94 0.566 11.30 • 10 -~ 411 
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Fig. 2. Dependence of I"~ �89 on concentration of K2Cr04. 0.5 
cm 2 Pt flag electrode. CNiC12/CK2Cr04 > 2.1. 

in the range of 7.8 x 10-3M to 2.75 x 10-~M. The re-  
sults indicate that  the reduct ion of chromate  in the 
presence of Ni ( I I )  is diffusion controlled over  the 
t ime in terval  investigated. Using n = 3 f rom the con- 
trolled current  coulometry,  a value of 4.19 • 0.010 
�9 103 A sec ~/~ cm ~ mo1-1 for the transi t ion t ime con- 
stant and 0.5 cm 2 for the area of the electrode, we 
calculate D = 1.06 _ 0.06 �9 10 -5 cm2 sec-1 for the 
chromate  reduct ion in the  presence of Ni ( I I )  at 450~ 
From the slope in Fig. 2 (plot of I �9 T 1/2 vs. C) the 
same value for the diffusion coefficient was obtained. 

In order to establish the chemical  composit ion of the 
electrode deposit, samples of the deposit, which had 
been prepared by constant current  electrolysis over  a 
wide range of p repara t ive  conditions were  analyzed. 
To guard against  the deposition of metal l ic  nickel, 
the  potent ial  of the working  electrode never  was 
al lowed to become more cathodic than --0.35 vs. 
P t ( I I ) / P t .  The influence of tempera ture ,  current  den-  
sity, and molar  ratio of Ni ( I I )  to Cr (VI)  on the de-  
posit composition was studied. 

While holding the current  density and the Ni ( I I )  to 
Cr (VI)  ratio constant, a series of deposits was pre-  
pared at 400 ~ 450 ~ and 500~ The results of chemical  
analyses of these deposits are shown in Table II. F rom 
this table one can see that  L i ( I )  content  increases 
and the Ni ( I I )  content  correspondingly decreases as 
the tempera ture  of the mol ten  salt bath  is increased. 
Table II  also shows that  the sum of the weight  pe r -  
centages of the three oxides, NiO, Li20, and Cr20~ is 
ve ry  close to 100%, indicating that  the chromium in 
the deposit is in the ~ 3  oxidation state, and that  no 
chloride or potassium ion is present. The absence of 
chloride in the deposit requires  that  the nickel  chloro-  
complex dissociate before the Ni ( I I )  is incorporated 
into the deposit. That  such a dissociation occurs 
rapidly  enough to p reven t  inclusion of chloride in the 
deposit is remarkable .  F rom Table II it is also ob- 
vious that  in spite of the fact that  the reduct ion po- 
tent ial  of Ni ( I I )  lies about 0.2V below that  of chro-  
mate  in the absence of d ivalent  meta l  ions, no evi -  

Table II. Composition of electrode deposit as 
function of temperature 

C K 2 C r O  4 ~ 0 . 0 5 2 M  

T e m p e r -  
a t u r e  W t  % 
(~ L i 2 0  

400 3 .75 
450 4 .09  
500 5.10 

CNim 2 = 0 .198M 

W t  % W t  % 
NiO Cr208 T o t a l  % F o r m u l a  

66.8 31 .90 102.0 Lio. e~fl~i2. ~CrO3.gt  
64.5 30.60 99,2 Lio, e~Ni~. ]2CrO3.~ 
64.0 31.90 101.0 b io .~Ni2 .~CrO~.~  
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dence to the  deposi t ion of meta l l ic  n ickel  was ob-  
tained.  The empi r ica l  fo rmula  which  best  describes the  
deposi t  composit ion is Li~NiyCrO4. As was observed 
by  Propp  (1) in his s tudy  of the  MgC12-K2CrO4 sys-  
tem, x + 2y ----- 5 indica t ing  tha t  no oxide is lost du r -  
ing the  electrolysis.  A t  high t empe ra tu r e  the  deposit  
approaches  the  composit ion LiNi2CrO4. 

Table  I I I  indicates  tha t  the re  is only  a smal l  change 
in the  composit ion of the  e lectrode deposi t  on changing 
the mola r  rat io  of N i ( I I )  to C r (VI ) .  There  is a s l ight  
decrease  in L i ( I )  content  and an accompanying in-  
crease in N i ( I I )  content  as the  molar  ra t io  of N i ( I I )  
to Cr (VI )  is increased.  The effect of cur ren t  dens i ty  
on the  composit ion of the  e lect rode deposi t  on holding 
the t e m p e r a t u r e  and the  molar  ra t io  of N i ( I I )  to 
Cr (VI )  constant  was observed and is indica ted  in 
Table  IV. Cur ren t  dens i ty  in the range  1-10 m A / c m  2 
does not  appea r  to be a significant factor  in de te rmin -  
ing the  chemical  composit ion of the  e lect rode deposit.  

X-ray powder di~raction studies.--Table V indi -  
cates tha t  the  deposit  is a single compound wi th  a 
face centered cubic lattice. The length  of the  unit  cell  
edge is es t imated  to be 4.14A. 

Therma~ stabitity o~ electrode deposit.--A sample  of 
deposit,  whi le  st i l l  on the  p l a t inum gauze electrode,  
was hea ted  in air  and in an argon a tmosphere  to 
1000~ for a per iod  of 48 hr. Weight  losses were  only 
0.5% in argon and 0.04% in air. Chemical  analyses  on 
the hea ted  samples  were  in agreement  wi th  the p re -  
vious analyses  of unhea ted  samples  The  hea ted  sam-  
ples contained 3.87% Li20, 66.7% NiO, and 37.50% 
Cr_~Os corresponding to the empir ica l  fo rmula  
Li0.60Ni2.nCrO3.91. The x - r a y  powder  pa t t e rn  of the  
deposi t  appeared  to change s l ight ly  a f te r  hea t ing  to 
t empera tu re s  above  950~ The or ig inal  face centered 
cubic l ines appeared  to shift  to give l a rge r  "d" spac-  
ings and diffuse l ines were  observed at  4~788 and 
2.494A. 

A powdered  sample  of the  deposit  was heated to 
1430~ in an a i r  a tmosphere .  The x - r a y  diffraction 
pa t t e rn  of the  hea ted  sample  is shown in Table  VI. 

The pa t t e rn  shows the presence of two phases;  a 
d iamond cubic phase  wi th  a uni t  cell  edge of 8.305A 
and a face centered cubic phase  wi th  a uni t  cell  edge 

Table III. Composition of electrode deposit as function of NiCI2 
concentration 

T e m p e r a t u r e  = 450~ I = 1.26 mA/cm-"  

CK2Cr0 4, M CNicl2, M T o t a l  W t  % F o r m u l a  

0.078 0.152 100.1 Lio.~lNi2.oeCrO3.o~ 
0.068 0.225 99,8 Lio.a~Ni2.1oCrO~.9~ 
0.058 0.312 99.1 Lio.ezNi~. 1~CrO3.~ 
0,056 0:481 99.0 Lio.e2Ni2.18CrOe.�s 

Table IV. Effect of current density on composition of electrode 
deposit 

CK~CrO 4 ----- 0.0482 M C~lcl~ = 0.124M T e m p e r a t u r e  = 450~  

I ,  m A / e m  ~- T o t a l  W t  % F o r m u l a  

1.21 99.2 Lio.er/~i--,. l sCr  O3..~n 
2.82 99.2 Lio.~Ni2.19CrO4.oo 
4.31 98.5 Lio.asNi~. 2oCrO~.~ 
9.82 98.9 Lio. ~Ni2. ~CrOs .  

Table V. X-ray data for electrode deposit 

d (A) I/Io h k l  a (A) 

2.3840 60 111 4,129 
2.0657 100 200 4,137 
1.4622 60 220 4,138 
1.2476 30 311 4,178 
1.1957 20 222 4.1403 
1.0352 10 400 4,141 

Table VI. X-ray powder pattern of electrode deposit heated to 
1430~ 

d(A) I/Io 

4,7533 10 
2.9180 15 
2.493 100 

*2.4024 60 
*2.0798 49 

2.0850 20 
1.6960 30 
1.5938 90 

"1.4730 20 
1.4696 100 
1.2635 10 

"1.2599 25 
1.207 10 
1.0798 10 

* F a c e  c e n t e r e d  cub i c  l ines .  

of 4.169A. The face centered  cubic phase corresponds 
reasonably  wel l  to NiO (a = 4.176A) and the dia-  
mond cubic phase to NiCr204 (a = 8.32A). No lines 
were  observed which  could be assigned to the  un-  
heated nickel  compound or to pure  Li20. 

Chemical  analyses  of the e lec t rode  deposi t  heated 
to 1400~ a re  in agreement  wi th  x - r a y  data.  The de-  
posit  contained 67.01% NiO, 32.3% Cr203, and no 
Li20, which  corresponds to the  empir ica l  fo rmula  
Ni2nlCrO3.61. 

The empir ica l  fo rmula  of an unhea ted  sample  was 
found to be Li0.vNi~.t0CrO4. If  the  Li20 is lost dur ing 
heating,  the  r e m a i n d e r  of the  compound mus t  have 
the empir ica l  fo rmula  Ni2.10CrO~.6 which is in agree-  
mea t  wi th  chemical  analyses  of the  hea ted  sample.  

Manuscr ip t  submi t t ed  Sept.  23, 1969; rev ised  m a n u -  
scr ipt  rece ived  ca. Dec. 1, 1969. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1970 
JOURNAL, 
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ABSTRACT 

The electrochemical reduction of meta-d in i t robenzene  (m-DNB) in  solu- 
tions of dimethylsulfoxide was studied on p la t inum electrodes. The rotat ing 
disk electrode and the potential  step technique were used. The diffusion co- 
efficient of m-DNB in the electrolyte solution was found to be 6.15 x 10 -8 
cm2/sec. The kinematic  viscosity of the test solutions was also determined. 
The electrochemical reduction in the absence of a proton donor takes place 
in two steps which correspond to the formation and reduct ion of the m-DNB 
radical  anion. When a proton donor is added, homogeneous reaction takes 
place with the radical anion in the solution near  the electrode resul t ing in an 
effective increase in the number  of electrons t ransferred to four. This cor- 
responds to the reduction to m-ni t rophenylhydroxylamine .  

The electrochemical reduction of organic compounds 
in  various media has been investigated by numerous  
workers. In  the absence of proton donors, Hoi j t ink 
et  al. (1) found that  the chief steps in the reduction of 
hydrocarbons could be described as follows 

R -t- e -  ~ R -  [I] 

R -  ~- e -  -> R = [II] 

The first reaction is the formation of a radical anion by 
a reversible one electron transfer.  The second reaction 
is the reduction of the radical anion. Reaction [II] 
occurs at more negative potentials than  reaction [I], 
giving rise to two wave behavior on a dropping mer-  
cury electrode polarogram. 

The product of reaction [I] may also diffuse into the 
bulk  of the solution and react with a hydrogen ion to 
form RH which then may dimerize or disproportionate. 
This would serve to reduce the observed n u m b e r  of 
electrons below 2.0 for the second wave because all 
R -  produced by reaction [I] would not be available 
for reaction [II]. R = will  also diffuse into solution to 
react eventual ly  with hydrogen ions to form RH2. In 
addition, R = may undergo reaction in the solvent to 
produce a species which is electroactive at more posi- 
tive potentials than  those of reaction [II]. Such be-  
havior would increase the effective number  of electrons 
t ransferred in the second step. Observation of exactly 
two electrons for the second step is ra ther  unl ike ly  as 
a result  of these competing reaction sequences. 

If a proton donor is present in the solution, the 
na ture  of the reduct ion process becomes quite com- 
plicated and many  types of behavior can be displayed. 
Given and Peover  (2), on investigation of the reduct ion 
of aromatic hydrocarbons and carbonyl  compounds in  
dimethylformamide,  found that  five different types or 
classes of behavior resulted from the addition of phenol 
and benzoic acid. The major  difference between classes 
is whether  the protonat ion occurs with the R, R - ,  or 
R = species and the potential  at which fur ther  reduc-  
t ion takes place. 

Kolthoff and Reddy (3) have reported that the re-  
duction of benzoquinone and quinhydrone  in 0.1M 
te t rae thy lammonium perchlorate (TEAP) solutions in 
dimethylsulfoxide (DMSO) gave two waves. The first 
corresponds to a one electron reversible step, while the 
second wave corresponds to an irreversible addition of, 
effectively, less than  one electron. This is just  reactions 
[I] and [II]. On addition of hydrochloric acid, the 
second wave shifted to more positive potentials. They 
suggest that  the R = radical anion is protonated, shift-  
ing the second reduction to a more positive potential. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
t E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  Member .  

Kemula  and Sioda (4) have reported the polarographic 
behavior of two ni t rocompounds in dimethylformamide 
(DMF). They found that  the addition of benzoic acid to 
a ni trosobenzene solution with NaNO~ as a support ing 
electrolyte caused the appearance of a new wave at 
potentials less negative than the first wave. This can be 
explained as protonat ion of the reactant,  R, which can 
then  react at a more positive potential  than  R. The 
addition of benzoic acid to ni t robenzene solution 
caused an increase in the height of the first wave to 
the height of the second wave observed in the absence 
of benzoic acid. The conclusions of Kemula  and Sioda 
were that  the reduct ion of the aromatic n i t ro-group 
was a four electron reaction in the presence of a proton 
donor, and the first step in absence of the proton donor 
represented the one electron formation of the free 
radical anion. 

In  a later study, Kemula  and Sioda (5) reported the 
visible spectrum of the ni t robenzene free radical  anion. 
Geske and Maki (6) have used ESR spectroscopy to 
observe the electrochemical generat ion of n i t robenzene 
free radicals. 

Cadle, Tice, and Chambers (7) have studied the 
reduction of several aromatic ni trocompounds as a 
function of the proton donor in solutions of acetonitrile, 
DMSO, propylene carbonate, and DMF. They found 
that  certain proton donors (trichloroacetic acid, 
o-phthalic acid, and others) caused new waves to 
appear at potentials more positive than  the wave for 
the formation of the radical anion. Proton donors such 
as benzoic acid, phenol, hydroquinone,  and water at 
low concentrations did not produce the behavior. It 
was also found that  the reduction of p-chloroni t ro-  
benzene in o-phthalic acid solutions of acetonitr i le 
resulted in an effective t ransfer  of three to four elec- 
trons. It was also found that  four moles of acid were 
used per mole of p-chloronitrobenzene.  This suggests 
the formation of chlorophenyl-hydroxylamine,  which 
was found by subsequent  analysis of the reaction 
products. P, p dichloro-azoxybenzene was also found, 
indicat ing that  there are at least two paths through 
which the reduction can proceed. It is interest ing to 
note that the complete reduction to the aniline, involv-  
ing six electrons and six hydrogen ions, was not ob- 
served. Apparent ly ,  in these part icular  systems, the 
phenylhydroxylamine  is resistant  to fur ther  reduct ion 
and only four electrons are t ransferred for each n i t ro-  
group. 

The purpose of the present  study was to determine 
the number  of electrons t ransferred in the reduction, 
on a p la t inum electrode, of meta-din i t robenzene 
(m-DNB) in DMSO in the presence and absence of a 
proton donor, ammonium perchlorate. Two indepen-  
dent electrochemical methods were used for the deter-  
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minations. These were  the rotat ing disk technique and 
the potential  step technique. 

In order  to use the techniques proposed, de te rmina-  
tions of the diffusion coefficient of m-DNB and the 
kinemat ic  viscosity of the test solutions had to be 
made. 

The potent ial  step technique, involving the solution 
of the semi-infini te spherical  diffusion equation, has 
been described by Delahay (8). The equat ion for the 
t ime-dependen t  l imit ing current  is 

1 1 
i = nFADV2 C ~ ~ + n F A D C  o ~ [1] 

where  n ---- number  of electrons t r ans fe r red /mole  of 
act ive species, F ---- Faraday ' s  constant, A = area of 
electrode, D = diffusion coefficient of the active spe- 
cies, C ~ = bulk concentrat ion of the active species, t = 
t ime from the start  of electrolysis, and ro ---- the radius 
of the spherical  electrode. 

By measur ing the cur ren t - t ime  relat ionship after  
imposit ion of a potent ial  step, the number  of electrons 
t ransferred can be calculated. 

The rotat ing disk technique has been described by 
Levich  (9) and Riddiford (10). Newman  (11) has 
shown that  the l imit ing current  on the rotat ing disk 
can be given by 

0.554 n F D  213 v -1/6 w 1/2 CoA 
ilim = [2] 

0.8934(1 + 0.298 Sc -1/~ + 0.14514 Sc -3/4) 

where  n, F, D, C ~ and A have the same meanings as for 
the potent ial  step case and v ---- kinematic  viscosity of 
the test solution, ~ = rotat ion speed of the disk, and 
Sc ---- Schmidt  number  for the system. 

By measur ing the l imit ing current  as a function of 
rotation speed, the number  of electrons t ransferred can 
be calculated f rom Eq. [2]. 

Experimental 
Di~us~on c o e f f i c i e n t . - - T h e  diaphragm cell  method of 

Stokes (12) was used to de termine  the diffusion co- 
efficient of m-DNB in the electrolyte  solutions of 0.1M 
TEAP in DMSO. The glass cell (13) was a vert ical  tube 
separated into two compar tments  by a sintered glass 
d iaphragm and fitted wi th  glass encased magnet ic  
s t i rr ing bars for each compartment .  The d iaphragm 
was 10 m m  in d iameter  and 3 mm thick with  a pore 
size of 10 to 15~. Dur ing exper imenta l  runs, a wa te r  
bath mainta ined the t empera tu re  at 25.0 ~ __ 0.1~ 
Calibrat ion was done with  0.1N KC1 in water  in the 
lower  compar tment  and redist i l led wate r  in the upper  
compartment .  Analysis of the cal ibrat ing solutions was 
done by precipi ta t ing the chloride ion as AgC1 and 
weighing. The durations of the calibration runs var ied 
f rom 175 to 7180 min. The  average cell  constant was 

---- 6.19 cm -2 with an average  deviat ion of 9.2%. 
Two runs were  made to de termine  the unknown 

diffusion coefficient. The runs were  5840 and 8225 rain 
in length and measured the diffusion coefficient in the 
concentrat ion range be tween infinite dilution and 
0.05M m-DNB in DMSO. Concentrat ions of m-DNB 
were  determined by comparing absorbance at 420 m~ 
with  that  of known standard solutions. A Beckman 
Model DU spectrophotometer  wi th  slit width  set at 
0.22 mm was used for this purpose. 

K i n e m a t i c  v i ~ c o s i t y . - - T h e  kinematic  viscosity of 
m-DNB solutions in 0.1M T E A P - D M S O  was measured 
as a function of concentration. A Cannon Ubbelohde 
Semi-Micro  viscometer  was used. It was cal ibrated to 
have a constant of 0.003910 centistokes/sec.  Measure-  
ments were  done in a constant t empera tu re  oil bath at 
24.2~ 

P o t e n t i a l  s t e p . - - T h e  potential  step cell (13) was a 
glass cyl inder  containing 190 ml of solution and sealed 
f rom the atmosphere.  The working  electrode was a 
sphere wi th  an area of 8.55 x 10 -2 cm 2 formed by 
mel t ing the tip of a piece of p la t inum wire  in an 
oxygen-gas  flame. The  electrode was sealed into a thin 

P y r e x  glass tube for insert ion into the cell. The 
counterelect rode (also used as a reference)  was a 
cyl inder  of p la t inum screen which surrounded the 
working  electrode at a distance of about 1.5 cm. The 
potent ial  was set between the  working and counter-  
electrodes wi th  an Anotrol  Model 4100 Research Poten-  
t ial  Controller.  Curren t  was measured  as a function of 
t ime from the application of the potential  step by a 
Tekt ronix  545-A oscilloscope fitted with  a Polaroid 
camera.  The oscilloscope measured  the vol tage drop 
across a General  Radio precision decade resistor. Po-  
tentials of --1.8 and --2.3V were  applied to the work-  
ing electrode to invest igate  the two waves  in the re -  
duction of m-DNB. Pre l iminary ,  slow potential  sweeps 
indicated that  these potentials are wel l  into the l imit -  
ing current  region for the respect ive reactions. This 
was confirmed by adjust ing the potent ia l  _+0.1V wi th -  
out any observed change in results. Total  observed 
t imes of electrolysis were  less than 2.0 sec f rom the 
application of the potential  step. The support ing elec- 
t rolyte  was 0.1M TEAP in all cases. 

R o t a t i n g  d i s k . - - T h e  rotat ing disk electrode equip-  
ment  (13) consisted of a var iable  speed motor  which 
drove a rotat ing shaft by means of pulleys. The motor, 
bearings, and electrode mountings were  constructed so 
that  vibrat ion was minimized. The working  electrode 
was a cross section of p la t inum wire  0.258 cm in 
d iameter  which was force fitted th rough a Teflon shaft 
of 3 cm diameter.  The surface of the electrode was 
careful ly  machined to e l iminate  wobble  and the face 
was polished to a mi r ro r  surface on No. 00 emery  
paper. 

The pla t inum working electrode was cleaned with 
a sa turated solution of ferrous sulfate in sulfuric acid. 
It was washed with  dist i l led water  and rinsed with  the 
test solution before each run. Between exper imenta l  
runs, the electrode was careful ly  repolished wi th  a soft 
tissue. The cell  was washed and dried wheneve r  a fresh 
solution was being used. 

The current  through the cell  was controlled by a 
Heathki t  Model IP-32 regula ted  power  supply which 
supplied power  th rough a Clarostat  power  resistor 
decade box in series wi th  the cell. A Kei th ly  Model 
610B e lec t rometer  was used to measure  the potential  
and a Simpson Model 262 vo l t -ohm-mi l l i ammete r  mea-  
sured the current.  

The potential  was measured vs. a saturated A g /  
AgC104, DMSO reference  electrode (13) or in some 
cases vs.  the counterelectrode.  Since the p la t inum 
counterelectrode 's  area was 3000 t imes the area of the 
working  electrode it was effectively at a fixed potential  
and per formed the same as the Ag/AgC104 electrode. 

Current  potential  curves were  generated for speeds 
be tween 200 and 1200 rpm and for concentrat ions of 
m-DNB from 0.01 to 0.04M. In all cases the support ing 
electrolyte  was 0.1M te t r ae thy lammonium perchlorate.  

The effects of wa te r  content  on the results of the 
rotat ing disk exper iments  were  examined.  Distil led 
DMSO with  water  content  below 100 ppm, as de ter -  
mined by Kar l  Fischer t i tration,  was used in a sealed 
cell  under  a dry ni t rogen atmosphere.  The m-DNB 
was recrystal l ized three  t imes f rom methanol  and the 
mel t ing  point was de termined  to be 89~ which is in 
good agreement  wi th  the l i te ra ture  values. The te t ra -  
e thy lammonium perchlorate  and ammonium per-  
chlorate used were  dried in a vacuum oven for 24 hr  
at 80~176 

It  was found that  increasing the water  content  of the 
DMSO up to 0.2% did not change the results of the 
experiments .  This is i l lustrated by Fig. 8 and 9 in 
which the m-DNB concentrat ion of 0.02M represents  
the data found using a ni t rogen blanketed closed cell 
and the other  points represent  the results  obtained 
with  the reaction vessel  open to the atmosphere.  These 
tests were  done at ambient  (22~176 temperatures .  

In addition to the above study, the effect of adding 
NH4 + as ammonium perchlorate  was investigated. For  
these measurements ,  a 0.02M m-DNB solution was used 
at a rotat ion speed of 300 rpm. Limit ing currents  were  
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recorded as a function of the concentrat ion of the 
ammonium ion. 

Results 
Diffusion coe#icient.--The results of the two exper i -  

ments  to de te rmine  the diffusion coefficient of m-DNB 
in the  solution of 0.1M TEAP-DMSO are summarized 
in Table I. 

A simple analysis of the above data indicates some 
discrepancies for run  No. 1. The volumes of the two 
compar tments  were  determined by filling with wate r  
and weighing.  They were  25.6 cm 3 for the bot tom com- 
par tment  and 25.7 cm 3 for the top compartment .  Using 
these volumes, it is possible to calculate any one of the 
four  concentrat ions in Table  I f rom the other  three. 
This can be done by means of the fol lowing molar  
balance 

C f t V t  -- C i t V t  = CibVb -- CfbVb [3 ]  

The results of the first exper imenta l  run do not 
satisfy Eq. [3]. Because of this discrepancy the  sec- 
ond run was undertaken.  Run No. 2 gave much bet ter  
agreement  wi th  Eq. [3] and yielded a diffusion co- 
efficient of 6.49 x 10 -6 cm2/sec. The value  of C f (top) 
seems to be in er ror  in run  No. 1. This value was dis- 
counted and a "corrected"  final di lute  concentrat ion of 
0.0018M was calculated f rom Eq. [3]. The result ing 
diffusion coefficient was 5.81 x 10 -6 cm2/sec. The mean 
value  of the two runs, used to analyze the  electro-  
chemical  experiments ,  was D = 6.15 x 10 -8 cm2/sec 
___10%. This leads to a discrepancy of •  in the value 
of D2/3 used in the rotat ing disk exper iments  for de-  
te rmining  the number  of electrons. 

Stokes (12) has repor ted  that  accuracies of bet ter  
than 1% can be obtained with  the d iaphragm cell  tech-  
nique. In this study deviat ions of up to 10% were  found 
among the various calibration runs and in the final 
de terminat ion  of the unknown diffusion coefficient. It  
is bel ieved that  the main cause of this error  was the 
blockage of some of the pores in the d iaphragm by air 
bubbles. Al though the solutions were  deaerated by 
evacuat ion with an aspirator  wa te r  pump, some bubble 
format ion was noted as the solution was sucked 
through the d iaphragm to start  the experiment .  The 
compar tments  were  refilled before the runs were  
started, but  there  is a possibility that  some air was 
still t rapped in the diaphragm. This would  cause the 
cell "constant"  to be different for different exper i -  
menta l  runs, possibly enough to account for the ob- 
served discrepancies. 

Kinematic viscosity.--The efflux t imes for flow from 
the viscometer  test section were  recorded at each con- 
centrat ion of m-DNB. The results of these measure-  
ments are summarized in Table  II for various concen- 
trat ions of m-DNB in 0.1M T E A P - D M S O  solutions. 

Potential step.--The application of a potential  step 
caused a soluble red product  to appear  at the p la t inum 
sphere electrode. The product  was sl ightly less dense 
than the 0.1M TEAP-DMSO solution, i.e., it s t reamed 

Table I. Initial and final concentrations in top and bottom 
compartments of the diffusion cell for two runs 

C l C t  C t 
Rtm Time top top bot tom 
N o .  (min) (molar) (molar) (molar) 

E L E C T R O C H E M I C A L  R E D U C T I O N  O F  m - D N B  

C ! 
bot tom 
(molar) 

1 5840 0 0.0042 0.0381 0.0363 
2 8225 0 0.0075 0.0500 0.0430 

Table II. Viscosity of m-DNB in 0.1M TEAP-DMSO solution 

Te mpe ra tu r e  = 24.20C 
Conc. m-DN'B p (Centistokes) 

0 . 0 0  1 . 9 5 8 ,  1 . 9 5 4 ,  1 . 9 6 1  
O.O1/Y/  1 . 9 8 9 ,  1 . 9 8 2 ,  1 . 9 8 5  
O.02M 2.008, 2.012, 2.018 
0.04.M 2.037, 2.045, 2.037 
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to the surface of the cell. I f  no m-DNB was present  in 
the cell, the  red substance did not appear. 

Figures  1 and 2 are plots of the observed current  vs. 
the inverse of the square root of the t ime from the 
application of the potent ial  step. F igure  1 data resul t  
f rom the applicat ion of --1.8V vs. the counterelectrode 
and corresponds to the first step in the reduct ion of 
m-DNB.  Figure  2 data  represent  the second step in the 
reduct ion due to a --2.7V potent ial  step. I t  is c lear  
that, for  t imes be tween 0.2 and 2.0 sec, the plots are 
l inear  and pass through the origin for each concentra-  
t ion investigated.  F igure  3 shows the dependence of 
the slopes of Fig. 1 and 2 on the bulk concentrat ion of 
m-DNB.  This is in agreement  wi th  Eq. [1] and in- 

I I I I 
m -  DNB CONCENTRATION 
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Fig. 1. Current vs. time-Y= for 1st wave reduction of m-DNB in 
DMSO in the absence of proton donors from the potential step 
method. 
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Fig. 2. Current vs. time -1I= for Znd wave reduction of m-DNB in 
DMSO in the absence of proton donors from the potential step 
method. 
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Fig. 3. Concentration dependence of the quantity i .t �89 for ]st 
and 2nd waves in reduction of m-DNB in the absence of proton 
donors from the potential step method. 

dicates that the desired diffusion controlled process 
has been attained under the conditions o f  these experi-  
ments. From Eq. [1], the slopes of the lines in Fig. 3, 
and the diffusion experiment  results, the number of 
electrons transferred in the first and second steps were 
calculated to be 0.95 +_ 0.1 and 1.71 ~_ 0.1, respectively.  

Rotating disk electrode.--Passage of current through 
the rotating disk produced a red product identical to 
that observed in the potential step experiments.  
Figure 4 'shows the dependence of the voltage on cur- 
rent for the galvanostatic reduction of 0.02M m - D N B  in 
the O.IM TEAP-DMSO solution. The voltage was mea-  
sured vs. the Ag/AgC104 reference electrode. Two steps 
in the reduction are clearly vis ible and are marked by 
l imit ing currents at 27 and 46 ~A, respectively.  

Figure 5 shows the voltage-current  curves for four 
rotation speeds in 0.0381M m-DNB.  The potentials in 
this case are measured vs. the plat inum counterelec-  
trode. The voltage drop due to solution resistance has 
not been subtracted from the data. It can be seen that 
the l imit ing currents for the two waves  increase wi th  
rotation speed. The dependence of the l imit ing currents 
for the first and second waves  on the square root of 
rotation speed is shown in Fig. 6 and 7. The effect of 
different concentrations of m - D N B  is shown in Fig. 
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Fig. 4. Current-voltage curve for reduction of m-DNB in the ab- 
sence of proton donors on the rotatin 9 disk electrode. 
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8 and 9. The l inear nature of  Fig. 6 through 9 is con- 
sistent wi th  Eq. [2]. From the data and Eq. [2] the 
effective numbers of electrons were calculated to be 
1.01 ___ 0.1 for the first w a v e  and 1.76 ~- 0.1 for the 
second wave.  

When ammonium perchlorate was added to the solu-  
tion, the characteristic red color of the first step prod- 
uct began to fade. At higher ammonium perchlorate 
concentrations the red color was not observed at all. 
The reduction of the ammonium ion appeared to inter- 
fere wi th  the second wave  of the m-DNB  reduction. 
(This is apparently hydrogen evolution, although cur- 
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Fig. 5. Current-voltage curves as a function of rotation speed for 
m-DNB in DMSO in the absence of protonr donors. 
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Fig. 7. Limiting current dependence on ~V2 for 2nd wave in the 
absence of proton donors. 
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rents were too small  to create hydrogen bubble evolu-  
tion.) Because of the interference, the effect of NH4 + 
addition on the first wave  only  was considered in this 
study. 

The addition of the NH4 + ion to the test solutions 
had a marked effect on the l imit ing currents observed. 
The quantity Rd is defined as the ratio of the concen- 
tration of the ammonium perchlorate to the concentra- 
tion of m - D N B  in solution. In these experiments  the 
m-DNB concentration was held constant at 0.02M 
whi le  the NH4 + ion concentration was increased by 
adding ammonium perchlorate. The rotation speed was 
held constant at 300 rpm. Figure 10 shows the effect of 
increasing Rd on the reduction of m-DNB.  As Rd is 
increased, the l imit ing current also increases. Figure 11 
shows the effect of increasing Rd on the l imit ing cur- 
rent of the first wave .  At  values of Rd below approxi-  
mate ly  three, the l imit ing current is proportional to 
Rd. Above  this value,  the l imit ing current is insensit ive 
t o  R d .  

- 5 . 0  

- 2 . 5  

z 

u~ 
~ - 2 . 0  

~ - I . 5  

~ - 1 . 0  

Ic~ = o.o2 ~ I I 

;77 

489 

- 0 . 5  

o I I I I 
20 40  60  80 I00 

CURRENT (MICROAMPS) 

Fig. 10. Current-voltage curves for m-DNB reduction as a func- 
tion of proton donor concentration. 
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Fig. 11. Effect of addition of ammonium perchlorate on the 1st 
wave reduction of m-DNB in DMSO. 

Discussion 
The results of both the potential  step and rotating 

disk experiments  are summarized in Table III. They 
indicate that the reduction of m - D N B  in 0.1M TEAP- 
DMSO solutions occurs in two steps. The first step 
results from a single electron transfer. This suggests 
the formation of the m - D N B  radical anion. The second 
step adds an effective 0.75 electrons to the radical 
anion produced by the first step. 

Kemula  and Sioda (4) found for nitrobenzene that 
the second wave  height  of the reduction in DMF was  
less than proportional to the concentration of nitro- 
benzene at concentrations greater than 3.5 x 10-4M. In 
all probability, considering the general reaction scheme 

Table III. Number of electrons transferred in the absence of 
proton donors for m-DNB reduction in DMSO 

R o t a t i n g  d i sk  1.01  • 0 .1  1 .76  _ 0.1 
P o t e n t i a l  s t ep  0 . 9 5  -~ 0 .1  1 .71 "4- 0 .1  



490 J. E lec trochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A p r i l  1970 

of Hoi j t ink  (14), the second wave involves the reduc-  
t ion of the radical anion to the di-negat ive state. The 
fact that less than one electron is involved is not  sur-  
prising. The radical anion may be destroyed by side 
reactions in  solution which prevent  it from reacting 
electrochemically. On the other hand, a reaction mech- 
anism recent ly  proposed by Grieg and Rogers (17) in 
the reduction of tr if luoromethyl subst i tuted n i t roben-  
zene suggests that  an electroactive nitroso compound 
may  be formed by  the action of the solvent  (or of 
residual  water)  on the dianion. This would increase the 
effective n u m b e r  of electrons transferred.  It  is pro-  
posed that  a mix ture  of these effects occurs here, with 
the destruction of the radical anion being dominant .  

The effect of the addit ion of ammonium perchlorate 
on the reduct ion of m-DNB appears to correspond to 
the behavior reported by Given and Peover (2) as class 
C. This involves the protonat ion of the radical anion 
formed by the first electron transfer.  The first reduc- 
tion step in the absence of a proton donor produced 
a red product. This corresponds to the formation of the 
m-DNB radical anion, or perhaps a product  of the de- 
composition of the radical anion after formation. If the 
radical  anion disappears by  reaction in solution on 
addit ion of proton donors, one would expect the color 
to disappear also. The observed loss of red color on ad- 
dition of ammonium ions is considered evidence that  a 
reaction, such as protonation, occurs. 

A detailed mechanism corresponding to class C be- 
havior of Given and Peover was proposed by Koop- 
m a n n  and Gerischer (15) for the reduction of n i t ro-  
benzene in weakly alkal ine aqueous solutions. By ex-  
tension of their  mechanism to the present  case, the 
reduction of m-DNB may take place as follows: 
I. A single electron step at the electrode which takes 
place four t imes 

NO~ _ [ NO~- '~ 
4 NO~ ~-4e =4~ "~NO2 ) 

II. A reaction in solution with the ammonium ion 

( NO2-~ k NHOH 
4 ~ NO2 / ~ 3NH4+ 

�9 ~ r  NO2 

NO~ 
3~NO 2 W 3NH3 ~- O H -  

The over-al l  reaction is 

, NO2 NHOH 
HI. ~ NO2 + 3NH4+ + 4e -  -= ~bNo 2 + 3NH3 + O H -  

Reaction III  predicts that the stoichiometric ratio of 
NH4 + ions to m-DNB in the solution is 3 to 1. Exper i -  
mental ly,  this is confirmed by Fig. 11 which shows the 
current  increasing with NH~ + concentrat ion to the 
point where  the  3 to 1 ratio is reached. At this point 
the ammonium ion concentrat ion no longer limits the 
current  and the current  becomes independent  of the 
NI-I4 + concentration. 

Equation [2], which was used to predict  the number  
of electrons t ransferred as a funct ion of the l imit ing 
current ,  was derived for the case in which no chemical 
reactions were taking place in solution. Reaction II 
represents just  such a reaction and, consequently, Eq. 
[2] must  be modified to account for this. In  order  to do 
this, the convective diffusion equations for the species 
of interest  must  be solved. If C1 represents m-DNB 
concentrat ion and if2 the radical anion concentration, 
these equations become 

dC1 d2C1 dC1 3 
, . = 0 = D -- Vx + kC2 

dC2 d2C2 dC2 
- -  : 0 = D - -  v~ kC2 

d t  dx2 d x  

where vx is the hydrodynamic velocity in the x direc- 
tion (i.e., perpendicular  to the electrode). The bound-  

ary  conditions are 

at x ~ 0, the electrode surface 

C I = 0  
and 

dC1 

dx  
a t x - :  

Ci = C ~ 

C2 = 0 

( l imit ing current  condition) 

dC2 

d x  
(assuming equal diffusion 

coefficients) 

(bulk concentrat ion of m-DNB) 

In addition, the flux of the active species at the elec- 
trode surface must  be compatible with the observed 
value of l imit ing current .  This final condition enables 
the calculation of the rate  constant  k for reaction II, 
assuming this is an irreversible reaction. The above 
equations were solved numer ica l ly  using an IBM 
360/75 computer  using the technique of Newman (16). 
A parabolic form of the velocity profile at the rotat ing 
disk surface given by  Levich as 

Vx = ~ 0.51 ~3/2 v-- l /2 X 2 

was used along wi th  the measured values of v, D, ~,, 
and the l imit ing current .  A rate constant of k = 336 
sec -1 with concentrat ions expressed in uni ts  of 
moles/cm s was found to give good agreement  with the 
observed l imit ing currents.  Almost identical results 
were obtained (13) using a simpler s tagnant  diffusion 
layer model with the layer thickness, 5, calculated from 
Levich's (9) equation for the mass t ransfer  boundary  
layer thickness at a rotat ing disk. It is possible, there-  
fore, to obtain a wave height corresponding to only 3.46 
electrons instead of 4 by consideration of the kinetics 
of a regenerat ive reaction producing electro-active 
m-DNB within  the diffusion layer. This explanat ion 
is also consistent with the observed ratio of 3 proton 
donors for each m-DNB molecule. 

Al ternate  explanations can be arr ived at by propos- 
ing competing, parallel  reaction sequences. For exam- 
ple, the presence of azoxybenzene as a product in the 
reduction of ni t ro compounds have been reported (7, 
17, 18). This reaction sequence consumes only three 
electrons per mole of nitro compound. If this reaction 
occurs in parallel  with a 4 electron sequence, an over-  
all or effective 3.46 electron reaction results if 54% of 
the M-DNB reacts through the 3 electron sequence. For 
our case, this possibility does not clearly explain the 
observed proton to m-DNB ratio. However, the data 
thus far cannot  definitely establish one mechanism or 
the other. 

Chambers and Adams (19) have suggested a mech- 
anism in which the O H -  ion product fur ther  reacts 
with the dini t robenzene compound to form a phenol. 
If all of the O H -  ions reacted in this m a n n e r  at the 
electrode, it would have the effect of reducing the 
over-aU electrons t ransferred to 2 per nitro group re-  
acting. Our data precludes this. If the reaction occurred 
only par t ly  and in the diffusion layer, its effect is to 
change slightly the in terpre ta t ion of the reaction rate 
constant, k. Since the O H -  concentrat ion will  be very 
small, it seems unl ike ly  that  this contr ibut ion is large, 
however. 
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Rotating Ring-Disk Study of the Silver 
Electrode in Alkaline Solution 

B. Miller* 

Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 

ABSTRACT 

Rotat ing r i ng -d i sk  electrodes have been used for observing the soluble 
products  on charge and discharge of potent ia l  or cu r ren t  cont ro l led  s i lver  
disks in 1.0-10.1M KOH and 1.0M NaOH. Limi ts  on the solubi l i ty  of h igher  
va len t  s i lver  species corresponding to AgO format ion  and the oxygen evolu-  
t ion region are  given. The re la t ive  surface concentra t ion of A g ( I )  for  al l  disk 
condit ions has been measured  and re la ted  to exist ing so lubi l i ty  data,  the  po-  
la r iza t ion  character is t ics  of silver,  and the  react ion mechanisms.  

The cu r ren t -po ten t i a l  character is t ics  of s i lver  elec-  
t rodes  in a lka l ine  solut ion and the  solubil i ty of the  
oxide phases have been ex tens ive ly  invest igated,  pa r -  
t i cu la r ly  since both these aspects a re  cr i t ical  in de-  
te rmining  the service of secondary  cells incorpora t ing  
a s i l v e r  positive. The purpose  of the present  work  is 
to seek a d i rec t  corre la t ion  of polar izat ion and solubi l -  
i ty  behav ior  by  s imul taneous  measurement  of the  
pa rame te r s  of a charge-d i scharge  cycle and the con- 
comitant  d is t r ibut ion  of species be tween  the elec-  
t rode  and the  contact ing solution phase. This may  be 
accomplished by  appl icat ion of the  ro ta t ing  r ing -d i sk  
technique (1-3) which permi t s  quant i ta t ive  assess- 
ment  of the  e lec t rode/so lu t ion  mass balance  th rough  
use of the  detect ing surface (r ing)  concurren t  wi th  re-  
cording of the  cu r r en t -po t en t i a l - t ime  behavior  of the  
s i lver  test  e lect rode (disk) .  

In  the  present  case, po tent ios ta t ica l ly  control led  
r ings al low dis t inguishing s i lver  (I)  f rom higher  states 
formed in the soluble phase by  the disk reaction. Wi th  
a known sys tem collection efficiency, as defined by  the 
r i ng -d i sk  geomet ry  (4),  the  f ract ion of d isk  anodic 
cur ren t  going into film format ion  at any  t ime  (or 
cumula t ive ly)  m a y  be ob ta ined  (5). Where  complica-  
tions due to mul t ip le  oxidat ion  states  exist,  as in re -  
gions of t rans i t ion  f rom one oxide phase to another ,  
the  sp l i t - r ing  disk approach (5-7),  which adds a second 
equiva lent  de tec t ing  surface to t r ea t  the  increased 
number  of var iables ,  is of value.  In  such cases, wi th  
the appropr ia t e  separa t ion  of redox potent ia ls  tha t  
exists for the  different  s i lver  oxides,  the  concentrat ions  
of soluble s i lver  (I)  and  higher  va len t  s i lver  species, 
as wel l  as the  amount  of film, can be obtained.  Iden t i -  
fication of oxidat ion s tate  by  sp l i t - r ing  l imit ing cur ren t  
rat ios  independen t  of ac tua l  collection efficiencies is 
feasible,  as prev ious ly  shown for the  re la ted  copper  
sys tem in a lka l ine  solut ion (5). 

* Electrochemical Society A c t i v e  M e m b e r .  

Studies  on the solubi l i ty  of bulk  Ag~O and AgO are  
of re levance  both  to the  e lucidat ion of the  e lectrode 
mechanisms and to the unders tand ing  of the  pract ical  
cell  which is affected by  t r anspor t  of soluble s i lver  
species to the  (zinc) negat ive  and the i r  subsequent  
reduction.  Wi th  the  r i n g - d i s k  e lect rode i t  becomes 
r ead i ly  prac t ica l  to examine  the  solubi l i ty  as a function 
of the  s ta te  of the  s l iver  e lec t rode  wi th  possible im-  
plications,  therefore ,  for specifying op t imal  opera t ing  
condit ions wi th  respect  to this factor  in a ba t te ry .  
Ear l ie r  da ta  on the  solubi l i ty  of  Ag20 (8, 9) were  ex-  
t ended  by  Aml ie  and Ruetschi  (10) th rough  the  KOH 
concentrat ions  of in teres t  in the opera t ing  cell  and  in-  
dicate a m a x i m u m  at about  6N KOH. Data  of Pleskov 
and Kabanov  (11), obta ined b y  a ro ta t ing  disk method,  
and of Kovba  and Balashova (12), t aken  th rough  r a -  
dioact ive t racer  techniques,  both  show a g radua l  l eve l -  
l ing of Ag20 solubi l i ty  wi th  increas ing hyd rox ide  con- 
cent ra t ion  but  no in te rmedia te  max imum.  

The composit ion of the  soluble s i lver  ( I ) , s p e c i e s  
was suggested as A g O -  or its equivalent ,  A g ( O H ) 2 - ,  
by  the  ear l ie r  worke r s  (8, 9) f rom the  l i nea r i ty  of the  
solubi l i ty  of Ag20 wi th  [ O H - ]  at lower  hydrox ide  
concentrat ions.  A la ter  proposal  that  the  chief form is 
[ A g 3 0 ( O H ) 2 ] -  (11) was chal lenged by  Sill~n et al. 
(13) who found evidence only for mononuclear  com- 
plexes  in up to l l .5M KOH, fu r the r  concluding tha t  
A g ( O H ) 2 -  is p redomina te  to at  least  5M KOH, above 
which other  species such as Ag(OH)3  -2  m a y  perhaps  
occur, though there  was no posi t ive evidence for them. 

The s i tuat ion for  AgO has been confused by  the ex-  
pe r imen ta l  fact  tha t  the  appa ren t  solubil i t ies  of AgO 
and Ag20 in t e rms  of to ta l  s i lver  in solut ion nea r ly  
coincide (14). Aml ie  and Ruetschi  (10) and Pleskov 
(15) have shown by polarographic  techniques  tha t  
h igher  va len t  s i lver  species a re  essent ia l ly  absent,  less 
than  10-6M concentra t ion (10), in e lec t ro ly te  equi l i -  
b ra ted  wi th  AgO. The expecta t ion  (16, 17) of a h igher  



492 J. Electrochem. Soc.: ELECTROCHEMICAL S C I E N C E  Apr i l  1970 

solubili ty for AgO than Ag20 because of the higher 
oxidation state (a more acidic oxide) does not neces- 
sarily follow because of the now accumulated evidence 
[see ref. (18) for review] that  solid AgO is a A g ( I ) -  
Ag(I I I )  compound. Reaction sequences (17) based on 
the assumption that  AgO is real ly soluble but  disap- 
pears rapidly  have had little exper imental  basis. The 
r ing-disk  method, which makes it feasible to deter-  
mine  higher valent  silver and /or  its monovalent  de- 
composition products in the solution phase contacting 
an AgO disk, offers a ready test of such schemes. 

Exper imenta l  
The rotat ing r ing and spl i t - r ing disk mechanical  

(19) and electronic (7) systems, as employed in this 
laboratory, have been described elsewhere. The elec- 
trodes involved in the present study were fashioned 
as spl i t - r ing disks according to the procedure pre-  
viously out l ined (7). Short ing of the spl i t - r ings gives 
the equivalent  of a conventional  r ing-disk and was 
the configuration normal ly  used in this work. Where 
r ing current  measurements  for different potentials 
were accumulated in pairs by use of the spli t-r ing,  
this will  not be differentiated from the shorted, con- 
vent ional  manne r  unless specific use is made of the 
ratio of the currents.  Silver disks with either graphite 
or gold spli t -r ings were employed; the dimensions 
were disk radius 0.238 cm, inner  r ing radius 0.262 cm, 
and outer r ing radius 0.321 cm (disk area 0.178 cm2). 
The insulat ing gaps forming the spl i t - r ing reduced 
the calculated collection efficiency (4) by 1-2% (0.1 mm 
gap), yielding a theoretical r ing -cu r ren t /d i sk -cu r ren t  
ratio for an equal number  of electrons t ransferred at 
r ing and disk of about 0.165 per half-r ing.  Surface 
polishing of the electrodes was completed on Linde 
A (0.3~) alumina.  

KOH solutions were prepared directly from the re-  
agent grade for 1.0-10.1M and determined by titration. 
The cell was modified from an earlier design (6) to an 
all-glass version with an auxi l iary  electrode compart-  
ment  separated by a fr i t ted disk. A saturated calomel 
electrode (SCE) was used as reference, te rminat ing  a 
capi l lary- t ip  bridge to which it was sealed with a 
s tandard taper joint, effectively prevent ing  chloride 
contaminat ion wi th in  the exper imental  time scale (6). 
Nitrogen was passed cont inuously into the solution. 
Exper iments  were carried out at 23~ 

The previously described operational amplifier cir-  
cui t ry  (7) permits  galvanostatic or potentiostatic con- 
trol of the silver disk under  conditions of constant, 
stepped, or l inear ly  t ime swept values of either con- 
trolled variable, while fixed potentials on the half 
rings are maintained.  The lat ter  were normal ly  held 
at potentials corresponding to l imit ing currents  for re- 
duction of all silver species to silver metal  or of only 
higher valent  silver species to silver (I),  as determined 
from exper imental  disk cur ren t -poten t ia l  cycles. 

Displays were fed from the operational  amplifier 
circuitry into a Honeywell  580 XYY' recorder. For the 
s tudy of solubil i ty through r ing currents, when a 
steady-state flux of disk mater ial  was achieved, the 
outputs f rom the amplifiers measur ing current  were 
occasionally directly read from a Hewlet t -Packard  
3430A digital voltmeter.  

Results and  Discussion 
Potential sweep experiments.--The controlled po- 

tent ial  cycling of a freshly polished silver disk elec- 
trode from a totally reduced condition to oxygen evo- 
lut ion on AgO and immediate ly  back is shown in Fig. 
1, with the anodic and cathodic sweeps separated for 
clarity. The r igh t -hand  points of the separated traces 
actually coincide in time. Accompanying the disk 
traces are s imul taneously  measured l imit ing r ing-cur -  
rents for two potentials;  --0.2V for the reduct ion of all 
soluble silver species to metal  and +0.2V for the re- 
duction of higher valent  species to Ag( I ) .  It is to be 
noted that  the r ing-cur ren t  scale is 200 times more 
sensitive than that  of the disk, reflecting the disk film- 
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Fig. 1 .5  mV/sec potential sweep at 1000 rpm of freshly palished 
silver disk with graphite split ring in I N  KOH. Anodic scan (left) 
followed immediately by cathodic scan (right) with ring monitoring 
at --0.20 and +0 .20V vs.  SCE. Ring current scales both 1 ~A per 
indicated length, disk current 200 ~A per same unit. Anodic cur- 
rents (ring or disk) increase upward, cathodic downward. 

ing processes that  l imit t ransport  to the ring. This can 
be fur ther  seen in the fact that  disk current -potent ia l  
curves for s tat ionary disks are not dist inguishable from 
those on rotated electrodes. In  the disk behavior may 
be seen the successive formation of Ag20 and AgO and 
the corresponding two-step reduction of the oxides. 
This result  for a freshly polished surface is essentially 
repeated on cycling, except that  the first anodic peak 
(Ag --> Ag20) at the disk and the resul tant  cathodic 
ring current  (--0.2V) may  be broadened or, more 
usually, show a second peak or more complex struc- 
ture  superimposed on the major  transition. This effect, 
which typical ly develops after the polished surface 
has been electrochemically oxidized and reduced once, 
is shown along with addit ional effects due to higher 
hydroxide concentrations in the superimposed (as re-  
corded) anodic and cathodic sweeps in 6.24M KOH of 
Fig. 2. 

The cathodic r ing  current  for reduction of all species 
to silver metal  becomes constant  independent  of po- 
tent ial  after the ini t ial  single or s t ructured peak of 
disk current  on anodization (Fig. 1 and 2) and remains  
so unt i l  the disk reaction reaches the Ag20 --> AgO 
stage. If the scan is stopped in the peak region, the 
r ing-cur ren t  decays to this constant, potential  invar i -  
ant, value. Dur ing  the Ag20 --> AgO disk t ransi t ion this 
r ing current  for total reduction declines to a m in imum 
associated with the mi n i mum disk current  (conversion 
to AgO surface).  If the anodic scan were continued, 
the cathodic r ing current  at potentials in the --0.15 
and --0.20V region would increase because of oxygen 
evolution at the disk and its in terfer ing reduction at 
the ring. The r ing current  at the AgO disk min imum 
current  increases with hydroxide concentrat ion and 
with the accompanying shift of oxygen evolution closer 
to the point of AgO formation;  but  at no hydroxide 
concentrat ion up to the 10.1M limit studied does the 
r ing  current  at the AgO m i n i m u m  become equal to that  
from an Ag20 electrode. In  the concentrated hydroxide 
solutions the current  at the ring, when set at poten- 
tials for reduction to the metal  as negative as the 
--0.20V vs. SCE of Fig. 1, shows a sharp peak at the 
end of the disk potential  independent  plateau before 
the decline to the AgO minimum.  If the r ing potential  
is moved 50-100 mV more positive, still giving a l imit-  
ing current  for Ag (I) -> Ag (O), this peak is drastically 
reduced, indicat ing that  it is due to oxygen being gen- 
erated before efficient nucleat ion of AgO in concen- 
t ra ted base and not to higher valent  silver or its de- 
composition products. The potential  region involved 
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Fig. 2. Superimposed potential sweeps (anodic, solid llne, fol- 
lowed by cathodic, dashed line) of previously cycled electrode. Scan 
rate 5 mY/sec at 1000 rpm in 6.24N KOH. Ring current (upper 
traces) sensitivities at +0 .15  and --0.15V are 0.5 and 2 /*A per 
indicated markers, respectively. Left axis shows disk current (lowest 
trace). 

at the r ing corresponds to much less than four electron 
reduction of oxygen, being just  on the rising current  
portion of the reduct ion curve of the latter, much be-  
low the l imit ing current  values. 

In Fig. 1 and 2, the rings held positive of Ag(I )  re-  
duction but  negat ive of AgO reduct ion show only re- 
sidual cur ren t  unt i l  the Ag20 --> AgO transformation.  
Corresponding t o  this lat ter  process is a r ing current  
peak that increases wi th  hydroxide concentrat ion from 
only about 1/50 of the value of the r ing cathodic pla- 
teau current  in 1M hydroxide for a Ag20 covered disk 
(Fig. 1) up to approximately 1/4 of the plateau cur ren t  
in 10AM KOH. From the relative heights, about 1:30, 
of the same two r ing currents  in the in termediate  
6.24M electrolyte in  Fig. 2, the formation of higher 
valent  soluble species increases appreciably in con- 
centrated base. However, these reduction current  peaks 
for higher valent  species are m a x i m u m  values detected 
dur ing a t ransient  process. On the completed AgO sur-  
face beyond the peak, the current  is substant ia l ly  less. 

On the cathodic sweep, the disk current  first rises 
slightly in the anodic direction (Fig. 1 or 2) before the 
well-defined peak for AgO reduction. The anodic cur-  
rent  apparent ly  represents a net  corrosion reaction to 
Ag(I )  occurring below the potential  of AgO formation 
whose self-discharge also contributes to a Ag(I )  flux. 
This conclusion with respect to the product is substan-  
t iated by  the fact that  the cathodic r ing current  at 
--0.20 or --0.15V begins to increase dur ing  this anodic 
region at the disk, followed by a max imum as the AgO 
disk reduct ion proceeds and the net  disk current  is 
cathodic. Thereafter  a value independent  of disk po- 
tent ia l  is reached exactly equal to that  found in the 
anodic sweep for the Ag20 region. As the second disk 
reduction step strips the electrode to metal, the r ing 
current  re turns  to the residual value. The final reduc- 
t ion at the disk is always extremely nar row with no 
structure, in spite of the varying shape of the Ag --> 
Ag20 step on a polished or cycle-produced surface. 
Dur ing  the disk sweeps both conversions, Ag -~ Ag20 
and AgO --> Ag20, result  in t rans ient  supersaturat ion 
peaks for Ag(I )  at the ring, followed by identical 
equi l ibr ium levels of r ing  current  from Ag20 coated 
disks. Fur the r  substant iat ion of this in terpreta t ion 
wil l  be shown later. 

The ring held positive of Ag(I )  reduction detects 
essentially nothing on the disk cathodic sweep (upper 
trace of Fig. 2 especially).  Only in very  high hydroxide 
concentrations, like 10.1M, is there a dist inguishable 
r ing current  level  before AgO reduction, yet only 
about ~/a the peak found in the anodic sweep which, 
as noted, was itself only about 1/4 of the Ag(I )  --> Ag (O) 
r ing plateau current .  Considering equal  numbers  of 
electrons t ransferred in the corresponding r ing reac- 
tions (II ~ I and I --> O), this suggests even in 10.1M 
KOH the solubili ty of AgO is only abou t  1/16 of tha t  
of Ag20. 

Thus, for the entire range of KOH concentrat ion 
studied, the Ag20 -> AgO step produces a surface from 
which a much lower level of soluble species is ap- 
parent ly  found, as evidenced by the drop of the r ing 
currents  for reduct ion to metal  and the low currents  
produced for reduct ion to + 1. The fact that  both these 
currents  are low with respect to the plateau r ing cur-  
rent  from Ag20 demonstrates that  a solubil i ty mechan-  
ism for AgO of a high dissolution rate followed by a 
very fast, in - t rans i t  decomposition of higher valent  
species to Ag(I )  cannot be operative. This is s imply 
ruled out by the more negat ive r ing-potent ia l  result ,  
where Ag( I ) ,  generated in a post-electrode reaction, 
would also be counted. The absence of any  such ap- 
preciable current  in Fig. 1 and 2, which are represen-  
tat ive of all  the solutions examined, shows this mech- 
anism to be a min imal  factor. One possible a rgument  
for an actual  high AgO solubil i ty in spite of these facts 
would be that  the rate of dissolution of AgO is very  
slow and responsible for the low r ing currents.  Contra-  
dicting this thesis is the low degree of supersaturat ion 
seen in the r ing current  trace at --0.15 or --0.20V for 
the ini t iat ion of the AgO transi t ion at the disk. For an 
appreciable solubility, i.e., a moderate Ksp, to obtain 
with an assumed small dissolution rate Kdiss, the pre-  
cipitation rate, Kppt, would necessarily be correspond- 
ingly small  since Ksp ~ Kdiss/Kppt. This a rgument  thus 
predicts a distinct supersaturat ion for AgO formation 
in contradiction to experiment.  

The r ing-disk evidence in the AgO solubil i ty ques- 
tion corresponds well  to the conclusions of Amlie and 
Ruetschi (10) and Pleskov and Kabanov (11) that  a 
bulk AgO saturated solution contains micromolar or 
less levels of a higher oxidation state. It  fur ther  proves 
for the electrolytically formed surface that  this is cer- 
ta inly  not the result  of fast solution decomposition nor  
very probably the result  of slow equil ibrium. Since 
the half-l ife necessary for a higher oxidation state de- 
composing in t ransi t  from disk to r ing not to be de- 
tected is of the order of milliseconds, the technique 
used here is more likely to find detectable concentra-  
tions than conventional  microelectrode inspection of 
an equi l ibrated solution of KOH and solid AgO. The 
measured levels of r ing  currents  for the AgO surface 
may be converted to disk surface concentrat ions of 
higher valent  silver by using an approximate estimate 
at 1000 rpm rotation speed of a disk current  density 
equivalent  of about 0.5 mA/cm2/mM soluble silver from 
the Levich equation parameters  (29). On this basis the 
detected t rans ient  peaks correspond to a few micro- 
molar  higher valent  silver at 1M KOH [compare 180 
micromolar  Ag20 solubili ty (10)]. In 10.1M KOH, from 
the r ing  current  at +0.15V on formed AgO surfaces, 
the disk surface concentrat ion of higher valent  silver 
(calculated as +2)  is in the range of 25 ~M, or bet ter  

than  one order of magni tude  down from the Ag20 
equi l ibr ium silver data (10) of 440 ~M. 

A more severe test of the conclusion from the disk 
potential  sweeps that  the current  from a continuous 
Ag20 surface is disk-potent ia l  independent  comes from 
the results of potential  steps wi thin  this region as 
shown in Fig. 3. In th i s  exper iment  the disk and r ing 
are allowed to equilibrate,  with the r ing  held at 
--0.20V (unchanged throughout)  and the disk at 
+0.25V (Ag20 surface).  The d i sk  is stepped 100 mV 
positive unt i l  near ly  equilibrated, then  back, with a 
second cycle of this kind also shown. The r ing response 
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Fig. 3. Potential steps at silver disk between -~0.25 and -I-0.35V 
vs. SCE with ring current monitored at a constant --0.20V. Steps 
occur at bars on time axis; disk current left axis. 2.05M KOH, 
graphite ring, 1000 rpm. 2 /xA ring and 50 sec time markers are in- 
dicated. 

is essential ly zero, while the disk traces indicate sharp 
pulses corresponding to step direction and a very slow 
recovery to what  is eventual ly  a steady-state,  poten- 
t i a l - independent  value. The results indicate that  the 
r ing current  under  the exper imental  conditions is a 
funct ion only of the solubil i ty of the oxide film on the 
disk. The effect at the disk is a thickening (positive 
step) or th inn ing  (negative step) of the Ag20 film with 
a slow a t t a inment  of the current  level corresponding 
to the steady-state  replacement  of the dissolving film. 
The steady-state  values of the r ing-cur ren t  d isk-cur-  
rent  ratio are in satisfactory agreement  with the 0.33 
calculated collection efficiency of the shorted half-  
rings, with uncer ta in ty  lying mostly in the slight slow 
drift of the disk current  around an equi l ibr ium value. 
This is probably due, from the appearance of Fig. 3, 
to a very  small, long- te rm variat ion in  the control po- 
tential .  

The above conclusions may be compared to those of 
Oshe and Kabanov (20, 21) for similar experiments  on 
zinc electrodes in hydroxide solutions. For a zinc disk, 
the l imi t ing current  for zinc ion reduction at the r ing 
for anodic disk currents  resul t ing from small positive 
potential  steps at potentials somewhat positive of ini-  
tial passivation is that  given by the geometric collec- 
t ion efficiency. At quite positive potentials with re-  
spect to the open circuited zinc couple, the r ing  current  
has only a small  sensit ivi ty to disk change, near ing 
that  of the silver case. The behavior  exhibited by the 
Ag20-filmed electrode is apparent ly  approached by 
zinc oxides under  the lat ter  conditions, but  at less 
positive potentials, the th inner  solid phase acts either 
par t ly  or ent i rely as a potential  dependent  barr ier  to 
dissolution of under ly ing  zinc. The insulat ing silver 
oxide phase represents a classically simple chemical-  
dissolut ion-l imited passivity, and this aspect will  be 
quant i ta t ively  examined later. 

Although solid AgO contains nonequiva lent  silver 
atoms and is formulated as the Ag(I )  Ag(I I I )  mixed 
oxide, it is also well-established (22) that  AgO yields 
divalent  silver on dissolution in minera l  acids. This be- 
havior has been rat ional ized-(23) by the equi l ibr ium 
(24) Ag( I I I )  O + -t- Ag(I )  + -~ 2H + ~ 2 Ag(I I )  +2 
§ H20. It  is therefore of interest  to examine the n u m -  

ber of electrons t ransferred in  the oxidation of Ag(I )  
ion to AgO. Immediate  coulometric dist inction be-  
tween the schemes 

2 [Ag(I)  -> Ag( I I )  -t- el [ la] 

O H -  
2 Ag( I I )  -+ Ag I (OAgx'zO) [ lb]  

and 
Ag( I )  -+ Ag( I I I )  + 2e [2a] 

O H -  
Ag(I )  + A g ( I I I )  --> Ag I (OAgmO) [2b] 

cannot be made since the ratio of Ag(I )  reacted to 
electrons t ransferred is the same in both if [2b] is very 
rapid and quanti tat ive.  The first scheme implies that  
the origin of Ag(I I I )  is coupled with the formation of 
AgO; effectively a solid state disproportionation yields 
the more stable, mixed valent  silver oxide ra ther  than  
a t rue AgHO. The second path suggests that only half 
the Ag( I )  is oxidized and precipitates an equivalent  
amount  of Ag( I ) .  No mechanist ic  detail other than  
dist inguishing whether  the nonequivalence of the sil- 
ver  atoms originates in the electron t ransfer  process 
(scheme [2]) or not (scheme [1]) is to be implied. For 
example, the process of Ag(I )  oxidation by adsorbed 
OH. radicals (from O H -  ~ OH'ads + e) as Ag( I )  
-b OH- -* AgO + H + (25) is coulometrically a scheme 
[1] process in its implications for the behavior  of all 
+1  silver ions reaching the surface at appropriate 
potentials. 

Experimental ly,  the oxidation of soluble Ag(I )  pro- 
duced at the disk was examined by using the spl i t - r ing 
version of the potential  sweeps already described, with 
one hal f - r ing  held at --0.20V and the other at poten- 
tials positive of the AgO. disk peak. The reducing half-  
r ing  has the known one electron reaction Ag(I )  
Ag(O) and the simultaneous current  at the second 
ha l f - r ing  for the oxidation of an equal Ag(I )  flux can 
thus be compared. Graphite  half- r ings  operated in-  
dependent ly  at --0.20V give Ag20 plateau currents  (as 
in Fig. 1 and 2) within 1% of each other. However, 
with either a gold or graphite split r ing at potentials 
up to considerable oxygen evolution, no anodic current  
was found dur ing  a disk sweep except for an  increas- 
ing anodic residual (oxygen, surface oxides) current ,  
while the --0.20V hal f - r ing  was showing the expected 
curve. If the hal f - r ing  connections were then reversed, 
though, so that  the silver plated ha l f - r ing  from the 
--0.20V operation instead of clean gold or graphite was 
made about +0.50V vs. SCE, an anodic trace, reduced 
by a constant  factor from being an anodic mirror  
image of the --0.20V cathodic currents,  was found 
dur ing the disk anodic sweep. 

The above result  implies that oxidation of Ag (OH)5-  
occurs readi ly only on a previously AgO nucleated 
surface. Since r ing  deposition is not radial ly  uni form 
and the constant  factor ment ioned was variable  be- 
tween runs, the exper iment  was repeated with an all-  
silver spl i t - r ing disk electrode produced by plat ing the 
graphite spl i t -r ings from a cyanide bath formulated 
from reagent  pur i ty  materials.  The result  achieved is 
shown in Fig. 4, with an anodic ha l f - r ing  potential  of 
+0.51V. The two ha l f - r ing  traces above residual cur-  
rents are effectively reflections of each other, but  the 
measured anodic/cathodic plateau ratio obtained is 
0.93. The anodic current  is measured above a residual 
of height comparable to the Ag20 solubili ty current ,  
and fur ther  positive shifts of potential  beyond about 
+0.52V to be sure of reaching a l imi t ing-cur ren t  con- 
dit ion are restricted by  the stabil i ty of the background. 

The best in terpre ta t ion of the results is that  the ac- 
tual  ratio of electrons is un i ty  and the direct electrode 
oxidation product  of all  the Ag (I) is Ag (II) which is 
subsequent ly  incorporated into the AgO solid. This re-  
sult is independent  of rotat ion speed variation. While 
the 50% Ag(I)  --> Ag( I I I )  d- 2e conversion scheme [2] 
cannot be ruled out, it. is ra ther  difficult to visualize a 
l imit ing current  process with quant i ta t ive precipita-  
t ion of AgO from equal  surface concentrat ions of oxi- 
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Fig. 4. Half-ring currents during silver disk anodic potential 
sweep (10 mV/sec at 4000 rpm). Silver-plated graphite half-rings 
held a t - -0 .20  and +0.51V vs. SCE, with the same current sensitiv- 
ity in 1N NaOH. The zero current level of the positive half-ring is 
below the area of the figure (see text). 

dized Ag(I )  (Ag( I I I ) )  and precipi tant  Ag( I ) .  This 
would be necessary for the r ing current  to be equiva-  
lent to one electron per Ag(I )  in the flux generated 
at the disk. In  acid solutions, the oxidation of Ag(I )  
has also been identified as a one electron reaction using 
the r ing-disk electrode technique (26) under  condi- 
tions where  all silver species are soluble. In terpre ta-  
t ion of these lat ter  data as a direct Ag(I )  --> Ag(I I I )  
electron t ransfer  process is even more unl ikely  than 
in the alkal ine case because the complex clathrate 
solids (18) are not involved and an extremely stable 
I - I I I  solution complex would have to be invoked. 

Constant current and linear current sweep experi- 
ments.--Galvanostatic charge and discharge conditions 
have been applied in most silver electrode studies. 
Earl ier  work on the potent ia l - t ime or coulomb be-  
havior has been reviewed by Dirkse (27). In  the pres- 
ent study these aspects can be discussed in terms of 
the r ing -cur ren t  indications of the concentrat ions of 
soluble species, with the results of the previous sec- 
tion's potential  sweeps also in mind. A representat ive 
potent ia l - t ime plot for a disk, here anodized in 6.24M 
KOH at 1.87 m A / c m  2, is shown in Fig. 5, together with 
the r ing current  for reduct ion back to m e t a l  (--0.20V). 
The cur ren t  was reversed to cathodic at the disk just  as 
the potential  began to rise sharply to oxygen evolution. 
The cathodic part  of the cycle is carried through here 
beyond the disk potent ia l  shift from the "AGO" level 
to the "Ag~O" level, as is familiar  in the operation of 
the silver positive. The r ing current  trace at -b0.15 or 
0.2V, shown in the potential  sweeps, is not included 
here simply because almost no soluble higher valent  
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Fig. 5. Lower trace: potential (Ed) vs. time trace of disk anodized 
at 1.87 mA/cm 2 with current reversal at indicated point. 1000 rpm 
in 6.24M KOH, 50 sec time marker indicated. Upper trace: ring 
current at --0.20V, residual zero at upper left. 3 ~A marker near 
left axis indicates sensitivity. 

material  is detected. For example, the r ing current  at 
0.15V found in the AgO region on charge in 1M hy-  
droxide is indis t inguishable from that in the Ag20 re-  
gion wi thin  the <0.02 ~A noise level of the trace. 

The disk potent ial  traces, on ini t iat ion of anodic cur-  
rent,  show typical ly a small  overshoot of potential  and 
a shallow mi n i mum at about the middle of the Ag20 
t ransi t ion when  the electrode is well  stripped of oxide 
before starting. Otherwise, the overshoot and m i n i m u m  
are absent. At  the end of the Ag~O step the potential  
shows the characteristic large overshoot to nucleat ion 
of the AgO phase. A small, p remature  potential  rise 
is shown on the trace in  Fig. 5 before the major  AgO 
shift. This feature was sometimes absent  and varied 
from run  to run  but  with no corresponding var iat ion 
in the r ing  cur ren t  trace, which is shown exactly as 
recorded. The AgO potential  plateau was longer than  
the Ag20 step for every concentrat ion of hydroxide and 
current  level studied, a we l l -known characteristic of 
these conversions and independent  of the rotat ion of 
the disk. After  the current  was reversed at the point  
of potential  rise to oxygen evolution, the equally char-  
acteristic shorter discharge pla teau at the AgO poten-  
tial is seen. The rest of the discharge (not shown) ex- 
tends normal ly  to a 90% or more recovery of the 
coulombs of charge. 

The r ing current  for reduction to silver shows an 
ini t ial  peak on disk anodization. With higher current  
densities, the peak has a much more accentuated maxi -  
mum and a more rapid following decay than  that  shown 
in Fig. 5. The r ing current  declines to a value at the 
point of the AgO transi t ion that  is equal  to the plateau 
r ing current  in a potential  sweep with the same KOH 
concentrat ion and rotation speed. The galvanostatic 
exper iment  indicates an Ag (I) concentrat ion in excess 
of Ag20 solubility, presumably  because of supersatura-  
t ion in pores. This continues up to the point of com- 
plete coverage of the surface with Ag20 (equi l ibr ium 
solubil i ty indicated by the r ing cur rent ) ,  and this is 
identified with the ini t iat ion of AgO formation. The 
r ing current  declines after the potential  shift to the 
AgO level in an almost coulombically l inear  manne r  
to a m i n i m u m  near ly  equal to the residual  value at 
the point of the potential  j ump  to oxygen evolution. 
The r ing-cur ren t  decline is actually a little faster than  
the coulomb equivalent,  and this is accentuated as the 
hydroxide concentrat ion is lowered. The current  is 
due throughout  the AgO step to Ag20 remain ing  on 
the surface. This is confirmed by the absence of any 
current  level greater  t han  the m i n i m u m  shown for a 
--0.20V ring for a r ing held at a more positive potential  
detecting only higher oxidation states. The actual cur-  
rent  at any stage presumably corresponds to the frac- 
t ional surface coverage by the lower oxide. 

In contrast  to the Ag20--> AgO surface conversion, 
the reverse disk process produces a ( A g( I ) )  super-  
saturat ion peak at the r ing and forms an Ag20 covered 
film from the beginning of the cathodic current  appli-  
cation. Also of interest  is the r ing behavior  in the 
t ransi t ion to the Ag20 level dur ing which the disk po- 
tent ia l  falls sharply more than  0.25V; the current  is 
completely unal tered  by this change. The r ing current  
remains  at a constant level unt i l  some small nonun i -  
fortuity of the over-al l  formation and stripping leads 
to a drop in r ing-measured  Ag( I )  before the final po- 
tent ia l  fall (not shown in  Fig. 5). Even in this region, 
the r ing current  recovers to the previous constant 
value on open circuit ing the disk unt i l  discharge is 
very near ly  complete. 

The r ing trace in the conversion o~ Ag20 -* AgO 
shows that  for practical ba t te ry  purposes the amount  
of soluble silver is minimized by main ta in ing  the posi- 
t ive at full  charge. The current  reversal  shows the 
discharging cell produces Ag20 solubil i ty levels im-  
mediately.  Disk electrodes open circuited at the point 
of oxygen evolution show gradual  increases of r ing 
current  to that  of the Ag20 solubili ty level by self- 
discharge and fur ther  corrosion of under ly ing  silver to 
-t-1 as the passive film thins. A net  anodic current  
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must  therefore be passed to retain the AgO surface 
and a m in imum soluble mater ial  state. Ag(I )  ions al-  
ready in solution will also be slowly deposited as AgO 
under  these conditions. 

Supersaturat ion levels of A g ( O H ) 2 -  have been 
shown in both potent iodynamic and galvanostatic for- 
mat ion of Ag20 on silver and AgO. A fur ther  clear 
demonstrat ion of this process may be obtained from 
l inear  cur ren t  scan studies. If a crit ical surface con- 
centrat ion of A g ( O H ) 2 -  must  be reached to init iate 
the nucleat ion of a solid phase, then --0.2V ring cur-  
rent  disk current  plots up to that  point should be l in-  
ear with slopes corresponding to the collection effi- 
ciency. The exper imental  results with the disk poten-  
t ial  also monitored are shown in Fig. 6. A l inear  re- 
gion with a slope in good agreement  with the calcu- 
lated value (0.315 and 0.33, respectively) is obtained. 
At ir of about  11 ~A, the r ing current  ceases to increase 
l inear ly  with disk current  and subsequent ly  goes 
through a maximum,  declining (off the disk current  
scale of the plot) to the equi l ibr ium solubili ty value 
(12 ~A) just  before AgO formation is reached. Allow- 
ing for concentrat ion of KOH changes, the monitored 
disk potential  in Fig. 6 shows an Ag/Ag20 potential  
corresponding to the ini t ial  stage of reaction in the 
potential  sweeps of Fig. 1 and 2. The detectable super-  
saturat ion levels in l inear  cur ren t  or potential  sweeps 
or constant current  anodization vary  with the part icu-  
lar conditions, but  a factor of near ly  two times the 
solubili ty is about as high as has been observed. Other 
systems, Cu/Cu(OH)~ (5) or Pb/PbSO4 (26) for exam- 
ple, exhibit  r ing-measured  relat ive supersaturat ions 
more than an order of magni tude  higher than  Ag/Ag20. 
The same recovery of totally dissolved Ag(I )  on cur-  
rent  scans to the point  of critical supersaturat ion has 
been shown for the reaction AgO -~ Ag20 when the 
ir/id slopes are taken at disk potentials negative enough 
of the open circuit  value that  self-discharge processes 
do not contr ibute  appreciably to the r ing current .  

Charge capacity-rotation speed and current levels.-- 
When a film forms at a disk in the r ing-disk system, 
the disk coulombic capacity (quant i ty  of film) and the 
r ing  currents  measur ing the ins tantaneous  flux of 
soluble species dur ing the filming process have a 
different sensit ivi ty to some of the exper imental  var i -  
ables. It  would be predicted, for example, that  r ing 
currents  observed on discharge (Fig. 5) depend sys- 
tematical ly on rotat ion speed (vide in#a)  but  that the 
anodized film layer thickness (coulombic capacity) 
would be little dependent  on st irr ing in a system of 
low film solubility. These factors are examined in a 
series of cycles with fixed rotat ion speed and varied 
disk current  (Fig. 7) and fixed current  and varied rota- 
t ion speed (Fig. 8). 

. . . . .  ,,5, ~ . . . .  

Fig. 6. Lower trace: disk potential vs. disk current during 0.1 
/~A/sec linear current sweep at 2000 rpm in 2.05M KOH. Upper 
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trace: ring current at --0.20V during id scan with - -  slope at 

0.315 in linear region. 
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Fig. 8. Circled points are charge capacity, Q, plotted vs. ~V= for 
constant 400 /LA cycles in 1N NaOH, cycles as numbered. Solid 
line is ring current, i r - ,  at --0.20V for Ag20 surface (see text), 
with all points at given ~ averaged. 

The charge capacity, Q, is taken as the number  of 
mill icoulombs passed in going from silver to the point 
of the potential  excursion to oxygen evolution. Any 
other measure of capacity would give equivalent  t rends 
for the present  purposes. For  each point a complete 
cycle is r un  with current  reversed as in Fig. 5. The 
r ing currents  for Ag(I )  -~ Ag(O) are taken from the 
discharge, although the value at the point  of the Ag20 

AgO transi t ion on charge is equivalent .  The declin-  
ing slope of r ing  current  for short oxidation times 
(down to 6 sec) is so steep at that  point, however, 
that exper imenta l ly  the stable value on discharge is 
more reproducible and certain of measure. In  both 
Fig. 7 and 8, the numbers  on the points represent  the 
number  of the cycle. It is clear from Fig. 7 that  the 
r i n g  current  is independent  of the current  density at 
the disk for a constant  rotat ion speed. On the other 
hand, the coulombic capacity is decreased by more than  
a factor of five for a current  density increase from 
1.4 to 36 mA/cm 2, the extremes of measurement .  Addi-  
tionally, the capacity increases slowly in the course of 
cycling and roughening.  

In  Fig. 8 it is seen that  at constant  disk cur ren t  the 
charge capacity is essentially independent  of rotat ion 
speed but  tends to increase wi th  cycling. The r ing 
current  is a l inear  funct ion of the square root of the 
rotat ion speed and is constant wi thin  exper imental  
error  for each series of cycles at the given speed. The 
same results would obtain for any  other fixed current  
density. The essential independence of capacity and 
rotat ion speed is a reflection of this small  amount  of 

CONS~ OISK CURRENT, MILLIAMPS 

Fig. 7. Solid line: charge capacity, Q, plotted vs. constant disk 
current for cycles of silver disk in 1N NaOH at 1000 rpm. Number 
in points indicates the cycle. Dashed line: ring current, i t -  , at 
--0.20V for Ag20 surface (see text) with cycle number indicated. 



V o l .  117, N o .  4 

solubilized mater ia l  relat ive to the total  coulombs of 
charge, seen also in the fact that  the disk potent ial-  
t ime-cur ren t  behavior is near ly  the same at all speeds. 
Also, the larger proportion of charge is delivered at the 
AgO level, and this stage produces r ing currents  less 
than the Ag20 values in Fig. 7 and 8. 

So lub i l i t y  and  d i f fus ion  coefficients f r o m  ring vnea- 
sure~r~ents.--The above evidence has amply  indicated 
that  the r ing current  from a Ag20-surfaced disk is 
determined by the solubil i ty of that  phase. Placing 
this on a quant i ta t ive  basis requires combining a sim- 
ple model for the dissolution rate with the Levich 
t ransport  parameters  for the system. The dissolution 
rate of ionic crystals is ideally dependent  only on the 
t ransport  of solute ions by diffusion through a layer  of 
thickness ~ (28), assuming that  the solution remains  
saturated at the surface. This is wel l -supported by both 
the t ime-constancy of the r ing current  and its inde-  
pendence of disk potential.  The equivalent  disk cur-  
rent  for dissolution into a s i lver-free KOH electrolyte 
is given by  

n F A C s D  
id = 

6 

where n, F, and A are the number  of electrons t rans-  
ferred per ~ silver atom (----1), the Faraday,  and the disk 
area, respectively. Cs is the equi l ibr ium solubili ty of 
Ag~O in terms of silver ion, D is the diffusion coeffi- 
cient of the dissolving silver species (presumed to be 
A g ( O H ) 2 - ) ,  and 5 is the thickness of the diffusion 
layer. For the rotat ing disk, Levich (29) found 5 = 
K D ~/3 u 1/6 ~-~/2, with K a constant, ~/6 the kinematic  
viscosity, and ~ the rotat ion speed. Subst i tu t ion gives 
the Levich equation 

id ~ Kn F A Cs D 2/3 u -1/6 w 1/2 

in its usual  form except that  it is expressed for bound-  
ary conditions of CAgr = Cs at x = 0 (the elec- 
trode surface) and CAgr = 0 at x = ~ instead of 
the more usual, reverse si tuation of deposition at the 
disk from a saturated solution of Ag20. 

Since i~_ = N id, where  i~_ is the l imit ing r ing cur-  
ren t  for the Ag(I )  -> Ag(O)  reaction and N is the 
geometric collection efficiency, the relat ion between 
the two measured parameters  i t -  and w ~/2 may be 
expressed as 

i r -  
= ( K ,  F A N)  D 2/~ v -1/6 Cs 

wl/2 

The data shown already in Fig. 8 have verified the 
square root relationship. Extension of measurements  
to cover the range of KOH concentrat ions from 120 
to 10.1M is shown in Fig. 9. For  these measurements,  
the disk was potentiostatically held in the Ag20 region 

24 

22 Ag20 FILMED DISK 4.1Z 

20 RING Ag ( I ) ~ A g ( O )  

L8 

i 

4 

LEAST SQUARES LINES LABELED KOH MOLARITY 

. . . . .  o ~ ~ "o ~'o 
ojll2{rpm) 112 

Fig. 9. Plot of ring current, Jr-,  for the Ag(I) --> Ag(O) ring re- 
oetioa from o potentiostaticuliy held, Ag20-filmed disk vs. r 
KOH molority labeled on corresponding line. 
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and the r ing current  read for various rotat ion speeds 
at --0.20V. The lines are drawn with slopes and in te r -  
cepts obtained from a least squares t r ea tment  and are 
of higher precision than those obtainable by the tech- 
niques outl ined for Fig. 8 which involves many  cycles 
of the electrodes. Equivalent  data have also been ob- 
tained by anodizing the silver disk to an Ag20 film 
and then measur ing the r ing current  with the disk 
at open circuit, replacing the Ag20 as required. Of 
part icular  interest  in Fig. 9 is the ma x i mum in the 
slope as a funct ion of the KOH concentrat ion,  4.12M 
yielding the highest value of i r - / ~  1/2. This max imum 
is suggestive of the solubil i ty data of Amlie and 
Ruetschi (10), but  the product D 2/3 u - I /e ,  which also 
determines the slope, changes considerably from 
1 --> 10M KOH and must  be accounted for prior to 
conclusions regarding the shape of CG vs. KOH con- 
centration. 

Two equivalent  approaches were utilized. In  the 
first, constancy of the D1] product (1] = viscosity) was 
assumed for the KOH concentrat ion range involved 
and a corrected ir_/W 1/2 vs. KOH molar i ty  curve was 
compared to the solubil i ty curve (10). In  the second, 
the solubil i ty data of Amlie  and Ruetschi were taken 
and the Dn and D values calculated, checking the con- 
stancy of the former and comparing the lat ter  to the 
available data of Pleskov and Kabanov  (11). The con- 
clusion of Sill~n et al. (13) that  A g ( O H ) 2 -  is the only 
species for which there is evidence supports testing 
the D1] assumption. 

With D1] first taken as constant, the Levich product 
D 213 u -1/6 is proport ional  to 1] -2 /3  ( d / ~ ) 1 / 6  = 1]--5/6 all/6, 
the density, d, being obtainable from Akerlof and 
Bender  (30). Viscosities were interpolated from the 
data of Klochka and Gadneva (31) and 1VicIntyre (32). 
Table I gives the values of ~-5/6 dl/6 normalized to 1.00 
at 1.00M KOH. 

The solubil i ty data of Amlie and Ruetschi are plotted 
in the upper  dashed curve in Fig. 10 with the r ight-  
hand  axis giving the silver concentrations. The left-  
hand axis has been plotted with the solubil i ty in 
1.00M KOH normalized to unity.  The lower dashed 
l ine represents the solubili ty data normalized by mul t i -  
plication by the factors of Table I and thus represents 
a predicted curve for the normalized exper imental  
ir--/w 1/2 slopes of Fig. 9. The exper imental  values from 
Fig. 9 will  yield the solid l ine in Fig. 10, which is in 
satisfactory agreement  wi th  the predicted. The value 
denoted by the square da tum is from the slope of a 
id /N~ 1/2 plot for a 6.24M KOH solution equil ibrated 
overnight  with solid Ag20, where id is the cathodic 
l imit ing current  for the reduction of Ag(I )  at the silver 
disk. The small  deviat ion of the point from the two 
lines is in the direction of incomplete saturation. The 
agreement  of the predicted and measured curves, if 
not a fortuitous product of the assumptions, suggests 
that  the max imum of Ag20 solubili ty (10) at around 
6M KOH is correct ra ther  than  the monotonic variat ion 
found by other workers  (11, 12). 

With the Amlie  and Ruetschi solubil i ty data and 
l i terature values of ~ subst i tuted in the expression for 
r ing current ,  the diffusion coefficients and D~ product  
were calculated and are plotted in Fig. 11 along with 
the existing four D determinat ions of Pleskov and 
Kabanov  (11). The present  data give D's ranging from 
8.(} x 10 -6 cm2/sec (1M) to 2.3 x 10 -6 cm2/sec (10.1M). 
The Schmidt n u m b e r  u/D varies from about 1,100 to 
ll,00O over this range. Applying  the near ly  exact 

Table I. Values of ~1-5/6 d 1/8 

~ 1 8  dXlS 
M KOH (normalized) 

1.00 1.00 
2.05 0.91 
4.12 0.74 
6.24 0.59 
8.24 0.47 

10.I 0.37 
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Fig. 10. Upper dashed line is solubility of Ag20 (right hand axis) 
vs. KOH molarity, also normalized to unity at 1M KOH (left hand 
axis). Lower dashed line is upper curve corrected by factors of 
Table I. Solid line is plot of normalized slopes from Fig. 9 vs. KOH 
molarity. Point shown as [ ]  is described in text. 
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Fig. 11. �9 line is D vs. KOH molarity, this work. x points are 
data for D of Pleskov and Kabanav (11). [ ]  line is D~ t product vs. 
KOH molarity, this work. 

numerica l  solution of Newman (33) instead of the 
Levich equation, the D value range would be 9.0 to 
2.3 x 10 -8 cm2/sec. Either set of values is in appreciable 
disagreement with Pleskov and Kabanov only at their  
lowest concentrat ion point. The Pleskov and Kabanov 
values were obtained for cathodic disk currents  in 
de terminat ive ly  prepared Ag20 solutions and the Le- 
vich equation. Their  solubil i ty determinations,  which 
do not show a maximum, were made by mul t ip ly ing  
the ratio of disk current  for a saturated solution to 
that  from the known solutions by the known concen- 
tration. 

The D~l product is constant wi thin  exper imental  
error at 8.4 x 10 -8 g cm/sec 2. From rotat ing disk reduc- 
t ion studies in the 2-8M KOH concentrat ion range 
Davis, Horvath, and Tobias (34) found 13 x 10 -8 g 
cm/sec 2 for oxygen. The present  data are b e s t  con- 
sistent with an in terpre ta t ion of the solubili ty of Ag20 
passing through a max imum and the soluble species 
being A g ( O H 2 ) -  (or some other single formula) in 
major  proportion throughout  the KOH range studied. 

Examinat ion for A g ( I H ) . - - T h e  formation of a rela-  
t ively soluble Ag(I I I )  species by high current  density 
(70 m A / c m  2) anodization of a silver sheet has been 
reported recent ly by Cohen and Atkinson (35). The 
solubil i ty of this ion, identified by the authors as 
Ag(OH)4- ,  was found to be 2-5 times greater than 
that of A g ( O H ) 2 -  in the 1-10M KOH studied in the 
present work. All controlled potential  sweep and con- 
stant  current  curves described to this point were 
carried only to the region of the min imum of disk 
current  in AgO formation or to the corresponding point  

of t ransi t ion to oxygen evolution. For these experi-  
ments, when carried fur ther  in the anodic direction, a 
small  t ransient  peak at the r ing is obtained for the 
reduction of an almost immediate ly  insoluble product 
at the disk, the potentials for reduction being kept 
positive of these responsive to oxygen. The described 
behavior is s imilar  to that  noted for copper in hy-  
droxide solutions which was in terpre ted  as due to 
t rans ient  Cu(I I I )  formation and generat ion of oxygen 
on the higher oxide (5). Such a t ransient  oxide con- 
version is also suggested from resistivity measure-  
ments  (36). 

The current  density of the Cohen and Atkinson ex- 
per iment  yields profuse oxygen generation. At a r ing-  
disk electrode, in  spite of rotation, bubbles  collect and 
have the effect of lowering the r ing current  to some 
fraction of its normal,  collection efficiency value. This 
is readi ly seen by switching back to an Ag20 surface 
and observing the change in the well-defined Ag (I) -~ 
Ag(O) r ing current  level. Thus, quant i ta t ive  measure-  
ments  with appreciable oxygen generat ion currents  
flowing (visible bubbles)  are not feasible without  a 
correction for the effect. The cell used, however, is 
also equipped with an L-shaped glass tube  with medi-  
cine dropper bulb which directs a jet of electrolyte 
across the plane of the spinning disk, removing bub-  
bles. Recovery of the r ing response is noted and a 
reasonable estimate of the unper tu rbed  current  can be 
made. 

In  experiments  under  both potent ia l  sweep and con- 
stant  current  control, with r ing  potentials correspond- 
ing to reduction to a metall ic silver surface, no fur ther  
appreciable silver species is detectable even at 70 
m A / c m  2 and with allowance for the above bubble  
effects. For example, in 4.12M KOH, when the anodic 
cur ren t  at the disk was increased in  stages to 80 
m A / c m  2, the r ing current  at 0.00V vs. SCE increased to 
no more than 1 ;~A higher than  that  at the m i n i m u m  in 
the AgO surface conversion. At 1000 rpm, an Ag20 disk 
surface produces l imit ing current  at the r ing of 10 ~A, 
though the 0.00V potential  yields about 2.5 #A. The 
solubil i ty curve of Cohen and Atkinson (35) suggests 
that  more than  50 ~A should have been measured in 
the 80 mA / c m 2 experiment,  considering that the r ing 
potential  is such as to yield > 2 and < 3 electrons, 
according to their work. Uncompensated resistance 
effects between reference and working electrodes are 
in a direction to shift the r ing potential  more negative 
with increasing anodic current  and thereby to be fur-  
ther  certain of not missing any Ag (III) species. 

From the r ing-disk  electrode experiments  it must  b e  
concluded that  there is no appreciable solubil i ty of an 
Ag(I I I )  species from a strongly oxidized silver disk. 
Other citations of Ag203 (37, 38) emphasize its difficulty 
of formation and instabili ty,  and the present  experi-  
ments are suggestive only of a fur ther  incorporation 
of oxygen into the surface with possibly a small  
amount  of Ag( I I I )  being formed at the point  of free 
oxygen evolution. The exper imental  discrepancy with 
the Cohen and Atkinson paper remains cur ren t ly  un re -  
solved. 

Summary 
From the perspective of r ing-cur ren t  measurements ,  

the anodic-cathodic cycling of a silver electrode may 
be described as the following. On either controlled- 
potential  sweep or cons tan t -cur ren t  anodization of 
silver, Ag20 is formed through a dissolution-precipita-  
tion process involving a supersaturat ion approaching a 
detectable max imum of two times the solubility. Actual  
capacity losses by dissolution and not recoverable on 
cycling depend on current  levels, sweep rates, hydrox-  
ide concentrations, and convective diffusion or other 
transport,  but  the mechanism will  follow for all kinds 
of silver electrodes. At constant disk current ,  the r ing 
current  does not reach an equi l ibr ium level unt i l  the 
disk Ag20 --> AgO transit ion.  This implies that  the film 
does not become uniform unt i l  that  point, wi th  the 
excess solubil i ty coming from unblocked (pore) silver 
surface, as was also concluded from resistance studies 
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(36). The thickness  of the  film at  the  Ag20 -~ AgO 
t rans i t ion  is p r imar i l y  dependent  on cur ren t  density.  
In  the  potent ia l  sweep or step format ion  of the  Ag20 
film, the  in i t ia l ly  h igher  cur rents  at  the  r ing  drop to 
the  equ i l ib r ium solubi l i ty  level  of the  formed surface. 
F i lm thickness depends  on potent ial ,  reaching  the 
value  at  which t r anspor t  across i t  is equal  to the  dis-  
solut ion rate.  Shif ts  in potent ial ,  once the  film is 
formed,  a l t e r  only  the  thickness of the  film, not  the  
dissolution rate.  Quant i ta t ive  studies of the  re la t ion of 
r ing cur ren t  to growth  processes, nucleat ion,  and sur -  
face coverage r ema in  to be  done. 

The format ion  of AgO, seen pa r t i cu l a r ly  c lear ly  in 
the  constant  cur ren t  studies, occurs th rough  the vol-  
ume of the  anodized l aye r  wi th  the  nuclei  on the  
surface comple te ly  converged at  the point  of the  po ten-  
t ia l  r ise to oxygen evolution.  The surface coverage by 
AgO increases fas ter  than  the coulombs passed, more  
so at  lower  KOH concentrat ions.  On reduction,  the 
surface is a lmost  immedia t e ly  covered wi th  Ag20 with  
a supersa tura t ion  indica t ing  an ini t ia l  dissolut ion-  
prec ip i ta t ion  mechanism. On increasing the thickness  
of the  res is t ive  Ag20 layer  to some value  at  which the 
conversion ra te  of AgO cannot  be mainta ined,  the  
potent ia l  shifts to the  level  at  which e l emen ta ry  s i lver  
can be formed.  The corresponding drop in resis tance 
(36), however ,  is not  accompanied  by  any surface 
change; the  r ing  cur ren t  does not  respond indica t ing  
the  main tenance  of a Ag20 surface unt i l  the  end of dis-  
charge. 

The solubi l i ty  curve for  Ag20 obta ined on the basis 
of the  Levich equation,  r ing cur ren ts  and a constant  
Walden  product  assumption suppor t  a m a x i m u m  in the  
solubi l i ty  as a funct ion of KOH concentrat ion.  The 
solubi l i ty  of AgO is less than  that  of Ag~O throughout  
the  hyd rox ide  range  of 1-10.!M KOH. The only  evi-  
dence for a h igher  oxidat ion  s tate  in solution even at 
cur ren t  densit ies to 70 m A / c m  2 is the  t rans ien t  fo rma-  
t ions of an addi t iona l  reducib le  species which gives a 
decaying pulse  of cur ren t  at  the  r ing  at  the  ini t ia t ion 
of oxygen evolution,  as also suggested in resis tance 
studies (36). Higher  levels  of A g ( I I I )  genera t ion  (35), 
o ther  than  the t rans ien t  p re sumab ly  due to Ag203 are  
not  suppor ted  by  r ing evidence. 
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Correction 

In the  paper  "Mechanisms and  Kinet ics  of H2 Dis-  
sociation and Open-Ci rcu i t  Accumula t ion  of H Atoms 
Dur ing  the  Forma t ion  of the  Equi l ib r ium H2/H + Elec-  
t rode  on P la t inum"  by  Mur ray  Rosen and S igmund  
Schuld iner  which appeared  in the  J a n u a r y  issue of 
the  Jou rna l  [117(1)35-43 (1970)] curves 3 and 4 in 
Fig. 5 have  been misplaced.  The p roper  potent ia l  vs. 
t ime represen ta t ion  of these curves a re  in the  cor-  
rec ted  Fig. 5 shown here.  

Fig. 5. Oscilloscope traces for potential v s .  time relation of 
h.a.r. For Case 0 ,  trace 1; Case Q ,  trace 2; Case A ,  trace 3; 
Case A ,  trace 4. See Symbols. 
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Study of the Behavior of Ethylene Carbonate 
as a Nonaqueous Battery Solvent 
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In  recent years propylene carbonate (PC) has been 
the solvent most used in the efforts to realize high 
energy nonaqueous batteries (1). Prototypes of bat-  
teries using this solvent have been already constructed 
(2,3). 

Ethylene carbonate (EC) has some favorable physical 
properties with respect to PC, such as higher dielectric 
constant  and lower viscosity (see Table I), which have 
encouraged a detailed study on the possibility of its 
use in a nonaqueous system. In  this paper pre l iminary  
results of this s tudy are reported. 

The main  factor which may  have so far limited the 
investigations on EC as a useful solvent in nonaqueous 
cells could be its solid state at room temperature.  
Nevertheless this could represent  a remarkable  benefit 
in realizing a thermal  ba t te ry  in which eventual  self 
discharge processes would be greatly reduced. Fur ther -  
more, due to the high molal lowering of freezing point 
of EC (5.5~ it is also possible to have liquid solutions 
at room tempera ture  by choosing suitable electrolytes. 

Since there is a lack of data about the properties of 
EC solutions of the salts general ly used in organic 
solvent batteries, such as KPF6, KCNS, LiC104 and 
so on, it seemed useful to acquire all the necessary 
basic informat ion before examining  the behavior of 
a cell using an electrolytic EC solution. 

Purification of the solvent.--EC, reagent  grade, was 
distilled twice on CaO under  vacuum at 75~ to avoid 
decomposition. The analysis of the purified solvent was 
made by gas chromatography on a Cromosorb W col- 
u m n  packed with Carbowax 1500 (8%) at 120~ using 
flame ionization detection and hel ium as a carrier gas. 
The major  impuri t ies  were ethylene glycol (10 ppm) 
and a not yet  identified organic substance having a 
boil ing point close to that  of e thylene glycol (70 ppm).  
Other organic impurit ies were less than  5 ppm. 

The water  content  was estimatec~ to be about 15 ppm 
by the Kar l  Fischer method using a radiometer  ap- 
paratus. The specific conductivity was determined to 
be 7 �9 10 -7 ohm -1 cm -1' at 40~ and the freezing point 
36.2~ in agreement  with the data reported by Seward 
and Vieira (4). 

Preparation of the solutions.--The salts, all reagent  
grade, were dried under  vacuum. The manipula t ion  

�9 Electrochemical Society A c t i v e  Member .  

Table II. Solubilities (g/lOOg solution) of selected salts at 
various temperatures in EC 

T e m p e r -  
a ture ,  ~ KPF6 K C N S  LiC1O~ (CH3) ~NBr KBF~ LiC1 

25 17.0 27.1 26.1 
30 17.6 27.4 26.3 
35 18.3 27.7 26.6 
40 18.8 28.0 26.9 0.09 0.04 0.83 

of the products and the preparat ion of the solutions 
were done in a dry  box under  argon atmosphere. 

Solubility.--The salts general ly used in PC and simi- 
lar  solvents as electrolytes for bat tery  purposes were: 
KCNS, (CI-I3)~N~Br, LiC1, KPF6, KBF4, and LiC10~. 

The solubili ty of KCNS at various temperatures  and 
of (CI~)4NBr and LiC1 at 40~ was determined volu- 
metr ical ly using a method previously described (5). 

The solubili ty of KPF8 and LiC104 at various tem- 
peratures  and of KBF4 at 40~ was determined by an 
evaporat ion technique. Known amounts  of super- 
na tants  from saturated solution were slowly dried in 
an oven and the residual  salt weighed unt i l  constancy 
was reached. 

Both the volumetric  and the evaporat ion techniques 
have been tested dissolving known amounts  of salts in 
EC. The accuracy was of the order of 1-2%. The solu- 
bil i ty values are reported in Table II. 

Specific conductivity.--The specific conductivity of 
most soluble salts in EC, among those investigated, was 
measured at 25.00 ~ + 0.02~ by a Tinsley bridge, Type 
4896. 

Concentrated solutions of each salt in EC were 
progressively diluted to measure conductivi ty at vari-  
ous concentrations. 

The specific conductivities of the electrolytic solu- 
tions in EC are greater than those of the correspond- 
ing solutions in PC, as shown in Table III. The values 
are of the order of 1 �9 10 -2 ohm -1 cm -1 in  spite of 
the high value of the dielectric constant and the rela- 
t ively low value of the viscosity of the solvent. As it 
has already been emphasized in the case of solutions 
of alkali halides in formamide and its derivatives (5-7), 
the presence in nonaqueous solutions, even at high 
dielectric constant, of nonconduct ing species (pairwise 

Table I. Physical properties of ethylene carbonate (EC) and propylene carbonate (PC) 

M e l t i n g  Die l ec t r i c  
S o l v e n t  po in t ,  ~ cons t an t  

Specif ic  
Viscos i ty ,  c o n d u c t i v i t y ,  Dens i ty ,  

cP o h m  -1 c m  -1 g /cm8 

EC 36.2 89.1(40~ a 
95.3(25~ 

P C  --49 b 64 .4(25C' )  b 

1.9(4O~ 7.10-~(40~ 1.323(40~ b 

2.5(25~ 2.10-7(25"C)~ 1.198(25~ c 
2.3(40~ c 

a S e e  ref (4). 
b See ref .  (1). 
e Y u n g - C h i  W u  a n d  H. F r i e d m a n ,  J. Phys. Chem., 70, 501 (1966). 
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Table III. Maximum specific conductivity (ohm -1  cm -1" 103) of 
various salts in EC and PC at 25~ 

ETHYLENE CARBONATE AS BATTERY SOLVENT 

PC EC 

KCNS 8.9 (I.SN) a I I ,84 (II .3M; 1.6N) 
KPFe 6 . 8  ( 0 . 5 N )  b 11.32 (1.0M; 1.2N) 
LiCIO~ 5.6 (1.0N)c 7.87 (0.85M; 0.89N) 

J. Chilton, E. Duffek, and A. Reed, Final  Report,  Contr. NAS 
W- l l ,  Apri l  1961. 

b A. Lyall ,  H. Seiger, and 3. Orshich, Teeh.  Rept., AFAPL-TR-  
6 8 - 7 1 ,  Ju ly  1 9 6 8 .  

c R .  K e l l e r ,  J .  Foster, and J .  S u l l i v a n ,  R e p t .  N A S A  C R - 7 2 1 0 6 ,  
Sept. 1966 .  

and higher than  pairwise association) causes conduc- 
t ivi ty values, at high concentrations, much lower than 
those obtainable in  aqueous solutions. This remains  
one of the problems in  the use of organic electrolytes 
in  batteries. 

Lowering  of the Jreezing po in t . - -The  molal lowering 
of the freezing point of EC has been determined by 
using urea solutions. The average value of two different 
sets of measurements  is 5.5~ This high value justifies 
the possibility of having  l iquid solutions of KCNS or 
KPF8 or LiC104 in  EC at room temperature.  

Compatibi l i ty  of electrode and so lven t . - - I t  is very 
impor tant  to determine the behavior  of the solvent 
with respect to high reactive electrodes such as mag- 
nesium and li thium. 

A Mg electrode ( lAg) was dipped at 25~ in a solu- 
t ion 0.85M LiC104 in  EC (5g). After  24 hr the concen- 
t ra t ion of Mg 2+ ions in solution was polarographically 
detected to be 100 ppm. 

A l i th ium foil was dipped for 7 days in a similar 
LiC104-EC solution and nei ther  gas evolution nor phys- 
ical changes of the metal  surface were observed. 

In  conclusion the solvent does not seem to signifi- 
cant ly  attack magnes ium or l i thium. 

Hall  cell potent ials . --Li th~um electrode. - -As  pointed 
out by Elliott and co-workers (8), the behavior  of 
metallic electrodes in organic solutions is greatly 
influenced by the electrolyte used in  connection with 
both the open circuit  and under  load potential. 

In  this work l i th ium potentials have been measured 
in  EC solutions of KPF6, KCNS, and LiClO4, respec- 
tively, using a p la t inum foil as counterelectrode and a 
silver foil as reference electrode. 

Si lver  was used as a reference electrode instead of 
Ag/AgC1 because of the possible deteriorat ion of the 
lat ter  in PC solutions (9) and because a poised silver 
reference electrode has been reported elsewhere (10, 
11). In  the present  invest igat ion the stabili ty of the 
si lver electrode was • mV during repeated polari- 
zation experiments.  This stabili ty was sufficient for the 
purpose of this work. For greater  reproducibil i ty in 
other work involving l i th ium electrodes and electro- 
lytes containing l i thium ions, a l i th ium reference elec- 
trode may be preferred (12). 

The concentrat ion of the solutions used for the 
polarization runs  were those corresponding to the max- 
imum conductivity, i.e., KCNS 1.3M, KPFG 1.0M, LiC104 
0.85M. Li th ium rod, 99.9% pure, was reduced in a dry 
box under  argon atmosphere in foils of 2 cm 2 of surface 
for each side. 

Figure  1 shows polarization (reported as the differ- 
ence be tween the OCV and the voltage at the indicated 
current  density) vs. current  density, for the l i th ium 
electrode in the three solutions. Li th ium shows the 
best behavior  in  the LiC10~ solution. In  comparison the 
behavior  o8 the same electrode in a solution 1M LiC104 
in PC is also shown, 

Figure  2 shows polarization-t ime curves at constant  
current  density (10 m A / c m  2) for the l i th ium electrode 
in  the three solutions. These curves were obtained after 
the polarization runs  and show good stabil i ty of the 
l i th ium electrode. 

.~. 4o 

c 

~ ~~ 

0.0 

�9 0 8 5 m  LiCIO 4 - EC 

�9 1.0 rn KPF 6 - EC 

�9 1.3 m KCNS - EC 

1.0 2 0  

501 

Polarization ( V ) 

Fig. 1. Polarization of lithium anodes in various electrolytic EC 
solutions at room temperature and after a 3 min hold on the indi- 
cated current density. The PC solution polarization curve is taken 
from Elliott and co-workers (9). 

0 2 0  

0.60 '  

> 

0 . 5 0  

g 

~ 0  

0 4 0  ~ A ~ • 

a O . 8 5 m  L iC[O 4 ( 5 . 0  m A / c m  2 ) 

o.3oL �9 1 .0m KPF 6 ( 5 .4  , ) 

[ o 1 .3m KCNS ( 5 .4  ~, ) 
I P F 

0 60  120 180 

Time ( m i n u t e s )  

Fig. 2. Polarization-time behavior of lithium anodes at 10 mA/ 
cm 2 in various electrolytic EC solutions at room temperature. 

CuF2 electrode. - -The CuF2 electrode has been chosen 
for pre l iminary  investigations in EC electrolytic solu- 
tions, since it is the cathode most widely used in 
pr imary  organic batteries (13). The solubili ty of CuFf, 
polarographically determined to be 0.009 mol /kg  solv. 
at 25~ in a solution 0.85M LiC104 in EC, is of the same 
order of magni tude  as that  found in LiC104-PC solu- 
tions (13). 

The electrode has been prepared with a technique 
similar  to that  described by Boden and co-workers (14). 
A powder made of CuF (85%), graphite (10%) and 
polyethylene (5%) was dissolved in hot toluene and 
the paste obtained was spread on a copper net. After 
dry ing  in an oven at a tempera ture  of 45~176 the 
electrode was heated for 10 min  at 90~ and then com- 
pacted at a pressure of 2500 kg /cm 2 for 3 min. 

The ini t ial  OCV of the CuF2 electrode vs. an Ag 
reference electrode in a solution 0.85M LiC10~ in EC 
is 0.35-0.40V. The polarization curve of CuFa in the 
same solution is shown in Fig. 3. The behavior  of the 
electrode under  forced discharge is not very satis- 
factory since, even at low current  densities (i.e., cur- 
rent  densities greater than 0.6 mA/cm2),  it acquires 
negat ive potentials vs. Ag. At the end of the polariza- 
t ion run, the OCV of the electrode did not recover and 
stabilized on values of the order of • vs. Ag. 
Similar  behavior  has been found in LiC104-PC solu- 
tions (9). 

Bat tery  test . --As a final test for the uti l ization of EC 
electrolytic solutions in the development  of non-  
aqueous bat tery  in this program, the following cell 
was considered 

Li/LiClO4/CuF2, Cu [1] 

EC 



502 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE Apri l  I970 

3.0 

E 

v 

~>" 2.0 

c 
L 
o 

v 1D 

3 

0,0 - L 
0.0 0.5 1.0 

Polar izat ion ( V ) 

Fig. 3. Polarization carve of the CuF2 electrode in 0.85M LiCIO4- 
EC at room temperature. 

The s t ruc ture  of the  cell  was essent ia l ly  a CuF2 cathode 
be tween two l i th ium anodes and the construct ion de- 
ta i l s  a re  r epor ted  in Table  IV. The OCV is 3.4V at 
room tempera ture .  

F igure  4 shows typica l  d ischarge curves of cell [1] 
a t  room t e m p e r a t u r e  and at  var ious  cur ren t  densit ies.  
The  capaci ty  of cell  [1] is l imi ted  by  the ut i l izat ion 
coefficient of the  CuF2 elect rode which  is on the  aver-  
age 10% (1.5V endpoint) ,  comparable  wi th  that  found 
b y  Jas insk i  for  a s imi lar  e lect rode in LiC104-PC solu- 
t ions (I5).  

A t t empt s  to recharge  cell  [1] were  made.  The cell  
was  charged at  4-5 m A / c m  2 and at a vol tage of 3.85- 
3.90V and submi t ted  to few charge-discharge  cycles 
wi thout  showing apprec iable  changes in its per form-  
ances. Since the  successful use of CuF2 in secondary  
ba t t e ry  has not  ye t  been accomplished (13), the re-  
chargeabi l i ty  shown by  cell  [1] could t en ta t ive ly  be 
exp la ined  by  the occurrence of the  anod~c react ion 

Cu + 2C104- ~, Cu(C104)2 + 2e 

We have t r ied  to prove  this mechanism by charging 
and discharging the cell  

Li /LiC104/Cu,  C [2] 

EC 

at the  same condi t ion as cell  [1]. 
Af te r  charging,  cell  [2] showed the  same OCV ob- 

ta ined  wi th  cell  [1] but  ve ry  shor t  t imes of discharge.  
Fur the rmore ,  the  OCV of the  charged cell  [2] contin-  
uously d ropped  wi th  t ime. 

Another  possible explana t ion  of the  apparen t  re-  
chargeabi l i ty  shown by cell  [1] could be a cer ta in  

Table IV. Characteristics of cell [ I ]  

A n o d e :  l i t h i u m  fo i l  9 9 9 %  (4.3 c m  -~ e a c h  s ide) .  
C a t h o d e :  CuF2 85%,  g r a p h i t e  10%, p o l y e t h y l e n e  5% (4,3 cm2 e a c h  

s i de ) .  
Ce l l  a :  0 ,86 to ta l  g r a m s  on  a c o p p e r  n e t  s u p p o r t .  
Ce l l  b. 0.68 tota l  g r a m s  on  a c o p p e r  n e t  s u p p o r t .  

S e p a r a t o r :  f iber g lass  0.3 m m  thick .  
E l e c t r o l y t e  LiC'IO4 9% (0.85M) i n  EC. 

T i m e  ( hours ) 

I 2 3 4 

4 1 1.1 mA / cm 2 

2 0.55 mA / c m 2 

3! " ~ ' ~ " ~  3 O.33mA / cmz  

1 2 3 4 

2 4 6 8 I0 4 2  44  

T ime ( h o u r s )  

Fig. 4. Typical discharge curves of cell [ I ]  at various current 
densities and at room temperature. Curves 1 and 2 refer to upper 
scale and to cell a, curves 3 and 4 refer to lower scale and to 
cell b (see Table IV), 

reac t iva t ion  of the  cathode which  could a l low the 
ut i l iza t ion of undischarged CuF2. 

Conclusions 
The above repor ted  evidence indicates  tha t  EC is a 

useful  solvent  for  nonaqueous ba t t e ry  deve lopment  
invest igat ions.  

Pe r fo rmance  of cell  [1] could be apprec iab ly  im- 
proved  by  using a different  separator ,  b y  opt imizing 
the  p repara t ion  of the  cathode used or b y  changing 
to a more  effective posit ive electrode. This is, however ,  
outside the  scope of the  present  research  and wil l  be 
the  object  of fu tu re  work.  

Manuscr ip t  submi t ted  Aug. 19, 1969; rev ised  m a n u -  
scr ip t  rece ived  Dec. 31, 1969. This work  was spon-  
sored b y  the  Consiglio Nazionale  del le  Ricerche, under  
Contract  No. 115/0860/1894. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  December  1970 
J O U R N A L .  
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Determination of Optical Constants and Growth 
Rates of Anodic Alumina by Ellipsometry 

R. M. Goldstein, R. J. Lederich, and F. W. Leonhard 1 

McDonnell Research Laboratories, McDonnell Douglas Corporation, St. Louis, Missouri 

An ell ipsometric study of a lumina anodic films 
formed in aqueous ammonium pentaborate  (0.125M) 
and ammonium pen tabora te -e thy lene  glycol (34% 
weight  of salt) electrolytes has been made. 

Briefly, the exper imenta l  procedure  consisted of 
mechanical ly  polishing a luminum disks of 99.99% pur -  
i ty and 7.90 cm 2 in area and then electropolishing them 
at 0~ in an electrolyte  composed of 100 ml  distilled 
water,  200 ml nitric acid, 300 ml  of 85% phosphoric 
acid, and 400 ml  glacial acetic acid. The  a luminum disks 
( the backside masked) are anodized in a cell consisting 
of a p la t inum foil cathode, the disk as anode (separa-  
tion of 7 cm),  another  electrode in common wi th  the 
anode to measure  potent ial  drop across the electrolyte  
and the aqueous ammonium pentaborate  (AAP)  or 
ammonium pentabora te -e thy lene  glycol (AP-EG)  solu- 
tion as e lectrolyte  which is st irred and heated or cooled 
to 50 ~ or 5~ by a constant t empera tu re  bath  (Blue M).  
A constant current  density of 0.3 mA/cm2 is used in 
all the anodization, and the anodization vol tage is moni-  
tored on a high impedance (1 Mohm) recorder.  An  el-  
l ipsometer  (Gaer tner  Ll19) is used, and measurements  
are made  at 6328A at an angle of 70 ~ The detector  is a 
photomult ip l ier  (EMI 9502B) coupled to a lock-in 
amplifier (Ithaco 353) and chopper. The disks are  mea-  
sured for. their  zero point (i.e., clean substrate) after 
electropolishing, and the oxide thickness is measured 
immedia te ly  after  anodization. 

The method used in de termining optical constants and 
thickness values for the anodic a lumina film is a s tand- 
ard [for example,  ref. (1)] and involves obtaining a 
best fit of the exper imenta l  el l ipsometric parameters  
�9 ~ and A to those calculated by the computer  p rvgram 
of McCrackin and Colson (2). The parameters  ~ and zi 
are defined by tan ~ = (Rp/R~) �9 (EJF_~) and • = 
(J~p - -  ~ s ) r e f l e c t e d  - -  (!~p - -  ~ s ) i n c i d e n t  where  E~ and E~ are 
the ampli tudes of the incident beam, R~ and Rp are the 
ampli tudes of the reflected beam, ~s and ~p are phase 
angles, and where  the subscripts s and p re fer  to the 
resolution of the l ight into two components;  p is l ight 

~ P r e s e n t  address; Department of Elec t r i c a l  E n g i n e e r i n g ,  U n i -  
v e r s i t y  of Missouri, Columbia, Missour i .  
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Fig. 1. Elllpsometric data for alumina in AAP at 5~ e ,  n = 
1.65, k ~ 0; O ,  experimental points (first cycle); O,  experimental 
points (second cycle). 

with the electric vector  in the plane of incidence, and 
s is l ight wi th  the electric vector  perpendicular  to the 
plane of incidence. F igure  1 shows this fit for the oxide 
films formed in A A P  electrolyte  at 5~ and gives the 
optical constants as n = 1.65 +__ 0.02, k ---- 0.0. Similarly,  
Fig. 2 shows that  the optical constants for  the anodic 
oxide films formed in the A P - E G  solution at 5 ~ and 
50~ are n ~ 1.67 + 0.02, k = 0.0. These values are  in 
good agreement  wi th  Barre t t  (3) who obtained values 
of n = 1.66, k = 0.0 for a luminum anodized in 3% am- 
monium tar t ra te  electrolyte. The oxide thickness values 
obtained by use of Fig. 1 and 2 have  been plot ted as a 
function of forming voltage in Fig. 3. The forming vol t -  
age is defined here as the applied vol tage corrected for 
electrolyte  drop and the revers ible  potent ial  for oxide 
formation. We find that  at a current  density of 0.3 
m A / c m  2 the growth rate  for the AAP (5~ is 12.2 
A/V,  while for the A P - E G  the growth rate  is 11.5 A / V  
at 5~ and 13.3 A / V  at 50~ Previous  studies (4, 5) 
wi th  these electrolytes have indicated growth rates 
comparable  to the results reported here. 
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Fig. 2. Ellipsometric data for alumina formed in AP-EG at 5 ~ and 
50~ e ,  n = 1.67, k = 0; A ,  5~ (first and second cycle); ~ ,  
50~ (first and second cycle). 
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Chronopotentiometric Measurements of Chemical Reaction Rates 
III. On the Finite Difference Approach to the ECE Mechanism 

Henry N. Blount 1 and Harvey B. Herman*, 2 
Department of Chemistry, The University of Georgia, Athens, Georgia 

Curren t  reversal  chronopotent iometry has been 
applied to kinetic studies of the ECE mechanism 
(1, 2). This reaction scheme may  be represented by 

A + n l e -  -~ B lEA/B] [1] 

k 
B ~ C [2] 

c + n2e- ~ D iEc/DI < IEA/BI [3] 

during the forward electrolysis, and by 

B -- rise- -~ E lEE/B] [4] 

C -~ n2e-  --> D ]Ec/DI < lEE/B] [5] 

dur ing the reverse electrolysis. In the case where 
nl  = n ,  and A = E (e.g., the p-ni t rosophenol  system), 
the Laplace t ransform solution of the part ial  differ- 
ential  equations describing the electrochemical system 
is exact (1). However, in the case where ni  ~ na and 
A ~ E (e.g., the p-n i t rophenol  system),  the published 
solution is approximate [see Appendix,  ref. (1)].  

The technique of finite difference calculations has 
been shown to be valuable  in the solving of the part ial  
differential equations describing electrochemical be- 
havior (3-7), and in part icular  those related to the 
ECE mechanism. 

It is the purpose of this work to apply the f ini te  dif- 
ference approach to the heretofore approximate cur-  
rent  reversal  chronopotentiometric t rea tment  of the 
ECE mechanism. Moreover, the effect of an oxidat ion- 
reduction equi l ibr ium between the  E/B and C/D 
couples (Eq. [4] and [5]) as proposed by Feldberg 
et al. (4, 6) is considered from two different points of 
view. 

Experimental 
Current  reversal  chronopotentiometric data were 

obtained in  the m a n n e r  already described (2). Mea- 
surements  were made at 25.0~ in  20 v /o  (volume 
per cent) aqueous ethanol main ta ined  at a pH of 4~92 
by an equimolar  acetic acid/sodium acetate buffer 
system, C~A = 1.0M, with total ionic s trength adjusted 
to one molar  with potassium nitrate. The p-n i t rophenol  
(PNO2P) was obtained as the indicator from Eas tman 
Organic  Chemicals and was used as received. Current  
reversal  chronopotentiometric data were corrected for 

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

s e r v e  U n i v e r s i t y ,  C l e v e l a n d ,  O h i o  44106. 
~ P e r m a n e n t  a d d r e s s :  Department of  Chemistry, T h e  U n i v e r s i t y  

of  N o r t h  C a r o l i n a  at  G r e e n s b o r o ,  G r e e n s b o r o ,  N o r t h  C a r o l i n a  27412. 
K e y  w o r d s :  c h r o n o p o t e n t i o m e t r y ,  ECE m e c h a n i s m ,  d i g i t a l  s i m u -  

l a t ion .  

spherical diffusion and adsorption effects by the per-  
turbat ion t rea tment  of Deron and Lai t inen (8). 

Fini te  difference calculations were performed with 
an IBM System 360/65 computer. A central  difference 
boundary  condition was employed and is ful ly de- 
scribed elsewhere (9). 

Results and Discussion 
ECE mechanism.--Current reversal  chronopotentio-  

metric working curves for the ECE mechanism were 
determined for the case where nl ~ n2----n3 (i.e., the 
PNO2P case) using both the approximate Laplace 
t ransform (L.T.) solution and the exact finite differ- 
ence (F.D.) solution. These working curves shown in 
Fig. 1 coalesce at very large and very  small  values of 
kt s. They are, however, significantly different in the 
region --1 ~ l o g  ( k t f )~ - t -1  which is the region of 
paramount  interest. The val idi ty  of the finite differ- 
ence t rea tment  was demonstrated by the fact that  this 
approach gave rise to the same result  that  was ob- 
tained through the use of the exact Laplace t ransform 
solution in the case where nt  = n2 = n3, the p-n i t ro-  
sophenol (PNP) case. 

Values of the rate constant  for the dehydrat ion of 
p -hydroxyphenyl -hydroxylamine ,  the product  of the 
first reduction step in the electrolysis of PNO2P (1), 

- i I ~ i i I i 

0-3 
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0.1 

(>0 I I I I t I I 
- 2.0 -1.0 O.O 1.0 2-0 

LOG kt  

Fig. 1. Current reversal chronopotentiometrie working curves for 
the ECE mechanism, nl = 2n2 = 2n3, A ~ E, iox ~ 1/21red. 
Curve A: Evaluated by the "exact" finite difference solution. Curve 
B: Evaluated by the "approximate" Laplace transformation solu- 
tion. 
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Table I. Results of current reversal chronopotentiometric determinations of the rate constant for the reaction of the 
reduction product of PNO2P using the finite difference ECE working curves 

H M D E  r a d i u s  = 4.8 x 10 -e era, T = 25.0~ p H  = 4.92 in  20 v / o  a q u e o u s  e thano l .  
A l l  da t a  co r rec ted  fo r  adsorption and spherical diffusion effects,  iox = 1/2 ired. 
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A. 1.0 m M  PNO~P B. 5.0 m M  PNO2P C. 10.0 m M  PNO2P 

tf (sec) Vr/tf k (sec-1) tf (see) Tr/tf k (sec-1) tf (see) r,/tt k (sec-D 

0.541 0.244 0.40 0.218 0.292 0.39 0.246 0.282 0.46 
1.15 0.184 0.40 0.617 0.233 0.41 0.393 0.253 0.48 
3.40 0.092 0.34 1.26 0.177 0.38 1.02 0.192 0.41 
4.60 0.067 0.37 2.87 0.105 0.36 2.56 0.109 0.38 

6.19 0.052 0.34 8.93 0.030 0.39 
A v e r a g e  = 0.38 +__ 0.03 

A v e r a g e  = 0.38 _ 0.03 A v e r a g e  = 0,42 • 0.04 

were determined from current  reversal  chronopotenti-  
ometric data. Kinetic results obtained at various levels 
of PNO2P concentrat ion using the "exact" working 
curve are shown in Table I. Also, the data of Herman  
and Bard [ref. (1), Table IV-B] were re-evaluated  
using this exact working curve. The results of this re- 
evaluat ion are summarized in Table II. The values of 
the rate constant  obtained both in the present  work 
and through the proper t rea tment  of the Herman-Bard  
data are in  good agreement  with other workers '  mea-  
surements  of this parameter  (2, 10) determined under  
the same exper imenta l  conditions. The results shown 
in Table H clearly demonstrate  the difference between 
the approximate and exact solutions of the part ial  
differential equations describing the system. As was 
the case in the earlier work (1), it is not possible to 
assess the accuracy of the exper imental ly  determined 
kinetic parameter  without  prior knowledge of this 
quanti ty.  

Nuances  of  the  ECE m e c h a n i s m . - - H a w l e y  and Feld-  
berg (4) have considered the effects of "nuances" of 
the ECE mechanism (i.e., perturbat ions by the E /B-  
C/D redox equi l ibr ium) on the measured rated con- 
stant  for the in te rvening  chemical reaction. These 
workers have shown that  the chronoamperometric 
working curves are severely altered by such nuances  
(4). The effects of such per turbat ions  on current  re- 
versal  chronopotentiometric working curves were yet 
to be determined.  

In  order to qual i ta t ively see the effects of this redox 
nuance,  the simpler PNP system where nl  = ~t3 and 
A----E will  be used as a model. Consider, in addition 
to Eq. [1-5], the following 

kf 
A -t- D ~ B -t- C [6] 

7r 

where k f /kb  may also be represented by the equil ib-  
r ium constant, K, since 

Bf [B] [C] 
= K [7] 

7r [A] [D] 

Heretofore, cur rent  reversal  chronopotentiometric 
t reatments  of the ECE mechanism (1,2) have not 
taken into account the possibility of the reaction given 
by Eq. [6] and have thereby forced the value of the 
equi l ibr ium constant  given by Eq. [7] to be K = 0/0 
(4). Since Eq. [3] indicates that  the reduction of C 
occurs more easily than  that of A, the observed chron-  
opotentiometric behavior  may  be represented by 
Fig. 2(a) .  

In  the case where the nuance  reaction given by Eq. 
[6] is occurring and the value of the equi l ibr ium con- 
stant  is very  small  (K < <  1), the qual i ta t ive picture 
shown in Fig. 2 (a) is again valid since this si tuation 
corresponds to IEc/D[ <<: tEA/B]. 

At the other extreme is the si tuation where 
IEc/D] > >  ]EA/Bt which corresponds to a very large 

(a) - E 
- ~ - -  EA/B 

EClD 

P TIME 

(b) -E 
2 1 / ~  - -  Ec/o 

EA/B 

TIME 

Table II. Comparison of current reversal chronopotentlometric 
kinetic data obtained using Laplace transformation (1) and finite 

difference ECE working curves 

Data  of  H e r m a n  a n d  B a r d  (1) fo r  1.8 m M  PNO.zP, T : 24.8~ in  
20 v / o  a q u e o u s  e thano l ,  p H  = 4.9, H M D E  area  = 3.6 x 10 "-~ cm 2. 

See ref .  (1), Tab le  IV-H. 

Method 

L.T. L.T., corrected* lV.D, corrected** 

tf(sec) Tr/t t  k(sec-D l"r/tf k(sec -1) r r / t f  k(sec-D 

0.690 0.220 0.54 0.232 0.46 0.232 0.38 
0.870 0.190 0.60 0.201 0.53 0.201 0.43 
0.930 0.178 0.62 0.189 0.56 0.189 0.45 
3.16 0.078 0.54 0.087 0.49 0,087 0.39 
4.20 0.071 0.45 0.081 0.40 0,081 0.32 

A v e r a g e s :  0.55 - -  0.07 0.49 ~- 0,06 0.39 --  0.05 

* D a t a  of  H e r m a n  a n d  B a r d  (1) as co r rec ted  for  s p h e r i c a l  d i f fu -  
s ion effects  (8). K i n e t i c  p a r a m e t e r s  e v a l u a t e d  f r o m  L a p l a c e  t r a n s -  
f o r m  w o r k i n g  c u r v e  (1). 

** D a t a  of  H e r m a n  a n d  B a r d  (1) as co r rec ted  for  sphe r i ca l  d i f fu-  
s ion  effects  (8). K i n e t i c  p a r a m e t e r s  e v a l u a t e d  f r o m  f in i te  d i f fe rence  
working  c u r v e  (see t e x t ) .  

(C) -El ~ - - E ~ v ' ~ E c / D  

I 
TIME 

Fig. 2. Qualitative chronopotentiometric ECE behavior showing 
the effects of a redox nuance. Transition times are not to scale. 

Curve K Time region Principle electrode reactions 

I A-'> B, C-> D 
2(a) K < < I  2 B~A, C->D 

3 B--> A, D->C 

I A--> B, 
2 A--> B, C-> D 

2(b) K > > I  3 A->B, D->C 
4 B->A, D-->C 

1 A--> B, C--> D 
2(c) K~  1 2 B--> A, D-> C 
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value  of the  nuance  equi l ibr ium constant.  The chrono-  
potent iometr ic  behavior  of this  case may  be qua l i t a -  
t ive ly  represen ted  by  Fig. 2 (b ) .  

The in te rmedia te  case where  [EA/BI ~ IEc/D] is the  
most  difficult to t r ea t  exper imenta l ly .  The chronopo-  
t en t i ome t r i c  behavior  represen t ing  this s i tuat ion i s  
shown in Fig. 2 (c) .  

A m a j o r  p roblem which arises in the  cur ren t  r eve r -  
sal chronopotent iometr ic  t r ea tmen t  of a nuance-  
pe r tu rbed  ECE system is tha t  of adopt ing a consistent 
convent ion of defining " forward"  and  " reverse"  t r ans i -  
t ion t imes  which wil l  be va l id  for  al l  values  of the 
equi l ib r ium constant.  In  the  cases where  K < <  1 and 
K > >  1, this  considerat ion is r e l a t ive ly  s t ra igh t for -  
ward.  However ,  when K ~ 1, a t rans i t ion  cor respond-  
ing to a single ent i ty  is impercept ib le .  One may  choose 
to t rea t  the  to ta l  fo rward  and to ta l  reverse  t imes given 
by  regions 1 and 2, respect ively ,  in Fig. 2 (c).3 Expe r i -  
menta l ly ,  this  method is most  s t ra ight forward .  A l t e r -  
nat ively,  one could adopt  the convent ion of defining 
t rans i t ion  t ime as tha t  for the  A ~ B process and then 
e i ther  (i)  use p re t rans i t ion  cur ren t  reversa l  such tha t  
the  fo rward  electrolysis  t ime  is less than  tha t  requ i red  
for the  A--> B process, or (ii) follow the  surface con- 
cen t ra t ion  of A and B wi th  a spect ra l  technique such 
as in te rna l  reflection spec t romet ry  (11, 12). 

There  are  two possible approaches  to the  fo rmu la -  
t ion of the  equat ions descr ibing the  ECE system in the  
case of redox  nuances. The first involves  the  use of 
var ious  values  of the  equi l ib r ium constant ,  K, as was 
done by  Fe ldberg  et al., in the  chronoamperomet r ic  
t r ea tmen t  of the  p rob lem (4, 6). In  the  finite difference 
represen ta t ion  of this  approach,  diffusion of a l l  species 
is a l lowed to t ake  place  for  one t ime unit,  then equi -  
l ib r ium is forced to be ma in ta ined  th rough  imposi t ion 
of the  condit ions specified by  K in Eq. [7]. Fol lowing 
appl ica t ion  of the  "centra l  difference" bounda ry  con- 
di t ion (9),  the  ent i re  process is repea ted  for subse-  
quent  units of time. In  this approach,  the calculat ions 
must  be hand led  di f ferent ly  in each of severa l  cases, 
name ly  where  K < 1, K = 1, and K > 1. 

A second approach involves  the  use of the  ind iv idua l  
ra te  constants  kf and kb as defined in Eq. [7] r a the r  
than  the  equi l ib r ium constant,  K. F r o m  Eq. [1-3] and 
[7], one m a y  wr i t e  the  fol lowing diffusion equat ions 
wi th  appropr ia t e  kinet ic  per turba t ions  

. . . .  0CA = D 02CA --  kf[A]  [D] + kb[B] [C] [8] 
Ot Ox 2 

@CB.= D----O2Cs k[B]  + kf[A] [D] --  kb[B] [C] [9] 
Ot Ox 2 

0Cc = D 02Cc + k[B]  -t- kf[A] [D] --  kb[B] [C] [10] 
at  ax 2 

OCD = D 0~CD - - k f [ A ]  [D] + kb[B] [C] [11] 
"at 

The above equations completely descr ibe  the  diffusion 
and homogeneous chemical  react ions involving al l  
species presen t  in solution. Hence in a given t ime unit ,  
the  finite difference p rog ram need only t rea t  diffusion 
wi th  appropr ia t e  kinet ic  complicat ions as descr ibed 
by  Eq. [8-11] and boundary  conditions.  This s ingular  
t r ea tmen t  is val id  for al l  values  of the  equi l ibr ium 
constant,  K, as defined by  Eq. [7]. If  the magni tudes  
of k~ and kb a re  chosen such tha t  the  products  of these  
ra te  constants  t imes the i r  corresponding concentra t ion 
te rms are  large  compared  to the  produc t  k[B] ,  then  
the  effect of main ta in ing  the redox equi l ib r ium in 
solut ion is realized.  Moreover,  if  the  chemical  system 
under  considerat ion involves a nonequi l ib r ium redox 
per turba t ion ,  then  this  fact is eas i ly  represen ted  
th rough  appropr ia te  choice of kf and kb.  

The va l id i ty  of this  l a t te r  "kinet ic"  approach has 
been es tabl ished th rough  the chronoamperomet r ic  

a The au thors  acknowledge  the  helpful  c r i t ic i sm of a r e v i e w e r  
who sugges ted  th is  par t icu la r  appproach,  

A p r i l  I970 

t r ea tmen t  of the  ECE nuance and comparison of these 
resul ts  wi th  those obta ined  by  Hawley  and Fe ldberg  
(4) who used the  "equi l ib r ium" approach  to the  p rob-  
lem. The resul ts  of the  two t rea tments  are  indis t in-  
guishable  over the  ent i re  range of K or kf/kb when  the 
kinet ic  approach is appl ied  under  condit ions where  
equi l ib r ium is mainta ined.  

The equi l ibr ium nuance approach  has been appl ied  
to the  cur ren t  reversa l  chronopotent iometr ic  t r ea tmen t  
of the ECE mechanism. Par t ic ipa t ion  in the  react ion 
scheme by  the  A / B - C / D  redox  nuance  has a m a r k e d  
effect on the  cur ren t  reversa l  chronopotent iometr ic  
work ing  curves  both in the  case where  t he  total  for -  
wa rd  and to ta l  reverse  t imes are  considered (Fig. 3) 
and in the  case where  the  cur ren t  is r eversed  when 
the surface concentra t ion of A approaches  zero. In  the 
la t te r  case, the  reverse  t rans i t ion  t ime is t aken  when 
the  surface concentra t ion of B approaches  zero (Fig. 4). 

In  the  l imit  of ve ry  smal l  values  of the  equi l ib r ium 
constant,  the  behavior  is that  of an E C C  scheme, those 
react ions  being 

(E) A + n l e -  --> B [12] 

k 
(C) B -> C [13] 

K 
(C) A + D~B + C [14] 

where K << I. In the limit of very large values of the 
equilibrium constant, the system exhibits apparent EC 
behavior, namely 

(E) A + n l e -  -~ B [15] 

K 
(C) B --> C [16] 

K 
(NR) A + D~e~--B + C [17] 

where  K > >  1 and NR indicates  no apprec iab le  reac-  
t ion of B and C. These l imits  were  correc t ly  suggested 
by  Hawley  and Fe ldbe rg  (4), a l though the chronopo-  
ten t iomet r ic  approach  was not t r ea ted  in tha t  work.  

I t  is possible to fo rmula te  the  exact  express ion for 
the  boundary  condit ions in both l imi t ing cases because 
the  surface concentra t ion  of C is zero in the  ECC 

0 " 8 1 ~  e I i I 

0.7 

% 
tD 

0 .3  

0"21- E 

O-1 

O .O I I  i I i I i 
-2 'O - 1 O  O O +1O +2"0 

L O G  k%f 

Fig. 3. Effect of the A / B - C / D  redox nuance on the current re- 
versal chranopotentiometric working curve for the PNP system 
where the total forward and total reverse times are considered. 
These results are for if ~ 2-Jr at  a plane electrode. The equilibrium 
constant is defined in Eq. [ 7 ] .  A :  K ----- 10 - 5  . B: K ~ 10 - 3  . C:  
K = ] 0  - 1  . D : K  ~ -  9 x  10 - I  . E : K  = 10 t. F : K : ~  10 3 . 



Vol. 117, No. 4 C H R O N O P O T E N T I O M E T R I C  M E A S U R E M E N T S  507 

0.8 ~ 

c D E F 

0..~ 

O.C A B C 
I I I I 

-2.0 -1'.O 0',0 110 2-0 
LOG kt f  

Fig. 4. Effect of the A / B - C / D  redox nuance on the current re- 
versal chronopatentiometric working curve for the PNP system 
where the current is reversed when the surface concentration of A 
approaches zero and the reverse transition time is taken when the 
surface concentration of B approaches zero (both 0.1% of initial 
concentration of A). These results are for if = 2/r at  a plane elec- 
trode. The equilibrium constant is defined in Eq. [7 ] .  A:  ECC work- 
ing curve as well as all K ~-~ 10 -5 .  B: EC working curve as well as 
all K ~  10 3. C: K = 10 - 3  . D: K = 101 . E: K - -  9 x 10 - 1  . F: 
K = 10 -1 .  

scheme and the flux of C is zero in the EC scheme. An 
i terative procedure was necessary to calculate the 
surface concentrat ion and flux of C for intermediate  
values of K. Convergence was found to be very rapid. 

The boundary  value problem involved in  the kinetic 
nuance  approach is indeed complex. This boundary  
condition could conceivably be applied in two ways: 
through the use of heterogeneous rate expressions or 
through the use of equi l ibr ium arguments  at the elec- 
trode surface and the i terative procedure described 
above. Neither approach was at tempted in this work. 

Other workers have evaluated nuance part icipation 
effects on current  reversal  chronopotentiometric work-  

ing curves in  the l imit ing case of K = 0, and their 
results (13) are in  agreement  with those of this study. 
Although some chemical systems show nuance  partici-  
pation in their  ECE behavior  (6), it is apparent  from 
electrochemical results (1, 14), curve B in Fig. 4, and 
the  Laplace t ransform ECE working curve (1) that  
such part icipation is imperceptible in the case of the 
PNP system. 
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Ohmic Potential Measured by Interrupter Techniques 
J o h n  N e w m a n  

Inorganic Mater6.als Research Division, Lawrence Radiation Laboratory, 
and Department of Chemical Engineering, University of California, Berkeley, California 

In ter rupt ion  of the current  is used f requent ly  to 
assess the magni tude  of the ohmic potential  drop which 
is included in the measurement  of electrode potentials 
dur ing the passage of current.  The value so measured 
corresponds to the pr imary  current  distr ibution in the 
electrode system being studied. 

When the current  is interrupted,  the double- layer  
capacity is left charged at the value prevail ing locally. 
This double- layer  capacity may then be discharged by 
means of a faradaic reaction. The t ime constant for this 
decay of charge may be approximated by 

�9 1 = RTC/Fio [i]  

For an exchange cur ren t  density io of 1 m A / c m  2 and 
a double- layer  capacity, C, of 20 ~F/cm 2, this equat ion 
yields T 1 = 0.51 msec at 25~ The electrode potential  
may  subsequent ly  shift by decay of the concentrat ion 
overpotential.  

Immediate ly  after the current  is interrupted,  the cur-  
rent  density is not necessarily zero everywhere.  If the 
double layer was nonuni formly  charged, current  will  
flow through the solution from one part  of the double 
layer to another  in an at tempt to make the state of 

charge uniform. A characteristic t ime for this process is 

T 2 = ro C/K [2] 

where ro is a length characteristic of the electrode. The 
value x2 = 0.5 msec is obtained for ro = 0.25 cm, C = 
20 t~F/cm 2, and a solution conductivi ty of 0.01 mho/cm. 
For an ideally polarizable electrode, this process wil l  
take precedence over decay by a faradaic reaction and 
in at least one case obscured observation of double-  
layer relaxat ion at such an electrode (1, 2). 

Let us ignore for the moment  the concentrat ion over-  
potential. A nonun i fo rmly  charged double layer  is as- 
sociated with a nonuni fo rm ohmic potential  drop dur ing 
the passage of current.  In  such a case, what  ohmic 
potential  drop is measured by an in ter rupter  technique? 
It must  be some average value which does not prevail  
everywhere  on the electrode. Since, on interrupt ion,  the 
double- layer  capacity remains  charged, the potential  
just  outside the double layer (relative to the reference 
electrode) changes by a uniform amount  over the ent i re  
surface of the electrode. Hence, independent  of the 
cur ren t -dens i ty  dis t r ibut ion prevai l ing before in te r rup-  
tion, the cur ren t  density changes by amounts  which 
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correspond to a pr imary  distribution, and the observed 
ohmic drop measured by the in ter rupt ion  corresponds 
to this distribution. (Here the thickness of the double 
layer is taken to be small  compared to the size of the 
electrode, a condition which is unl ikely  to be violated. 
This allows the double layer to be treated as par t  of the 
boundary,  being characterized locally by its surface 
charge density and faradaic current  density.) 

A rotat ing disk electrode can be used to i l lustrate 
this general  conclusion. The current  and potential  dis- 
t r ibut ions have been worked out under  steady condi- 
tions (3), and the frequency dispersion in capacity 
measurements  has recently been treated (4) for a 
disk electrode embedded in a large insulat ing plane. 
The potential  ~o just  outside the double layer can be 
represented by  a series in Legendre polynomials 

ZF 
@o = ~r BnP2n(~l) [3] 

RT n=0 

where ~1 = V'I  -- (r/ro) 2. (To be consistent with ref. 
(3), the coefficient Z F / R T  has been introduced; it will  
cancel out shortly.) By means of the orthogonal prop- 
er ty  of the Legendre polynomials,  the coefficients Bn 
can be expressed as 

ZF 5o 1 Bn = (4n q- 1) R T  q'o(~l)P2n('q)d~l [4] 

In  particular,  the first coefficient Bo can be related to 
the total current  flowing to the disk 

ZF / '1  ZF I 
B o = ~ , } 0  ~ o ( ~ ) d ~ =  - -  [5] 

RT 4to K 

Let quanti t ies  after in te r rupt ion  be denoted by 
primes. Then, since the double- layer  charge does not 
change ins tantaneously  on in ter rupt ion  

where ~,I~ is constant  over the disk and represents the 
ohmic drop measured by the in ter rupter  technique. The 
Value of Bo' must  be zero since the total cur rent  is now 
zero. Hence 

Bo' = 0 = ~ (r -- ~r = A~ 
R T  ~ 4ro K 

[6] 

Thus ~ = I/4ro ~. The change in potential  and the re-  
sistance h~/ I  measured by the in ter rupter  technique 
correspond to the p r imary  current  distr ibution (5). 
Suitable allowance can be made for the position of the 
reference electrode probe (5), and the conclusion also 
remains  valid for other electrode geometries. (Except 

for Bo, the other Bn's will  not change at the instant  of 
interrupt ion,  that  is, Bn' z Bn for n ~ 1, 2 . . . . .  ) 

It may be noted that  the current  distr ibution will  ap- 
proximate the p r imary  distr ibution when  the concen- 
t rat ion and surface overpotentials are small  compared 
to the ohmic drop. In  this case, the in te r rup te r  may 
yield the desired value of the ohmic drop. On the other 
hand, when the current  distr ibution is more near ly  
uniform, the ohmic drop will  not be large compared to 
the overpotential,  and the in ter rupter  may still yield 
results of satisfactory accuracy. 

Of course, the value measured by current  in ter rupt ion  
will correspond to the ohmic potential  drop to some 
point on the electrode surface. On the basis of Fig. 1 of 
ref. (3), one can estimate that  this point will  be about  
80% of the way from the center to edge of the disk. 
At this point the current  density will  be approximately 
equaI to the average current  density, and errors asso- 
ciated with the nonuni form current  densi ty and poten-  
tial distr ibutions at the disk will  largely cancel if one 
associates the average current  density with the ohmic 
drop measured by the in ter rupter  technique. 

The concentrat ion overpotential  will  complicate the 
picture slightly. With an excess of support ing electro- 
lyte, conductivi ty variat ions probably make a negligible 
contr ibut ion to the ohmic drop. For discharge of an ion 
from a b inary  electrolyte, this contr ibut ion is larger but  
can be estimated separately. The observed ohmic drop 
would not correspond exactly to the p r imary  resistance 
in this case. 

McIntyre and Peck (6) recent ly perfected a short- 
t ime in ter rupter  for use under  potentiostatic conditions. 
For  a rotat ing disk electrode, the ohmic resistance was 
observed to be independent  of current .  This should be 
expected in view of the analysis presented here. It  
would be desirable to compare their  value with one 
estimated from the disk radius and the solution conduc- 
tivity, with due allowance for the placement  of the 
reference electrode and the size of the insulat ing disk 
in which the electrode was embedded. 
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Cuprous Halide and Cuprous Sulfide as 
Electrolytes in Galvanic Cells 

R. Routie, P. Taxil ,  and J. Mahenc 

Institut du Gdnie Chimique et Laboratoire d'Electrocl~imie, 
Facultd des Sciences de Toulouse, Toulouse, France 

Among the different types of solid electrolyte gal- 
vanic cells, Foley (1) has recent ly considered several 
cases of solid electrolytes us ing Ag +, CI- ,  Na +, and 
H + transport .  

The purpose of this communicat ion is to give an 
account of the use of cuprous halide and cuprous 
sulfide i n  the galvanic cell (at 400~ 

Cu-CuI-Cu2S-S (liq) -Pt  

the a r rangement  of which is the same as in Lehovec 
and Broder 's cell (2) with AgI and Ag2S as solid elec- 
trolytes at about 200~ 

Favorable  conditions for a sol id-component bat tery 
able to produce a high current  density result  from the 
part icular  lattice s t ructure  of cuprous halide and 
cuprous sulfide. Wagner  (3) has defined the various 
types of conduct ivi ty  occurring in such solid materials.  
The current ,  in cuprous sulfide, is carried by Cu + ions 
as well  by electronic holes: the electronic conductivi ty 
is assumed to depend on the deviations of ideal stoi- 
chiometry and is calculated as a funct ion of the ratio 
copper /sul fur  (4). The conduct ivi ty in  CuI  is exclu- 
sively due to Cu + ions, the t ranspor t  number  of Cu 
being very close to unity.  However, cuprous halide 
is essentially an ionic conductor (about 1 ohm - t  
cm-1) ,  between 380 ~ and 450~ when submit ted 
to a polarizing potential  of less than 0.3V: at higher 
potentials a p- type  conduction appears in addition to 
the ionic conduction (5). In  CuI and Cu2S, high con- 
duct ivi ty is a consequence of the lattice s tructure:  the 
anions ( I -  or S =) are bound to fixed lattice positions 
[large size and extremely low diffusivity (6)] whereas, 
according to x - ray  investigations (7), the cations 
(Cu +) are v i r tua l ly  distr ibuted at random among a 
larger number  of near ly  equivalent  lattice sites. 

In  the cell under  consideration, CuI is inserted to 
avoid electronic conductance. It is in fact a genuine 
electrolyte. 

Cuprous sulfide was prepared at about 450~ by 
reaction of copper with sulfur  vapor in a glass tube 
filled with argon. The product was then compressed to 
obtain cylindrical  pellets 12 mm in d iamete r  and 6 mm 
thick. 

Pellets of 99.99% pure copper and cuprous halide 
(3 mm thick) were used to assemble the cell in a 
Pyrex  glass vessel (Fig. 1). Sufficient electrical con- 
tacts, between the different solids, were secured by 
applying a slight pressure by means of a compressed 
steel spring. The choice of the thickness of the different 
solid phases was made in order to avoid crushing the 
cell. 

All  the experiments  were conducted in an atmo- 
sphere of purified argon in  an electrical furnace at 
400~ 

To obtain current  density vs. voltage curves, a cur-  
rent  of appropriate in tensi ty  was drawn from the cell 
by inser t ing a p la t inum load between the cuprous 
halide and cuprous sulfide pellets (Fig. 1). 

sleel 
spring 

pyrex 
glass 

Pt 

P~ 

Fig. 1. Experimental cell Cu-CuI-Cu2S-S(liq)-Pt 

Results 
In  the absence of an external  connection, the open 

circuit voltage of the cell Cu -CuI -CueS-S ( l i q ) -P t  is 
0.450V at 400~ At this potent ial  (higher than 0.3V) a 
t ransfer  of electrons and copper ions occurs internal ly ,  
within the cuprous halide, by means of part ial  elec- 
tronic conduction. Fur thermore,  the cuprous sulfide in 
equi l ibr ium with liquid sulfur  (or sulfur  vapor) has, 
at 400~ a re la t ively impor tant  electronic conduc- 
tivity. The life of the bat tery  under  open circuit con- 
ditions (shelf life) is therefore determined by the 
progress of the cell reaction (formation of Cu2S) and 
by the weights of copper and sulfur present  in the cell. 
The shelf life of this cell, at operat ing temperature,  is 
however considerable (several days) and the in terna l  
current  is always very  small  compared to the external  
current .  

The electrical performance of the cell is reported in  
terms of current  density vs. voltage curves for opera- 
t ion at constant  current ,  and is shown in Fig. 2. 

With in  a few seconds after the circuit is switched 
off, the voltage drops swiftly as a result  of in te rna l  
resistance, polarization and  interface resistance occur- 
r ing in this cell. 

During roughly the first 50 min, the voltage de- 
creases parabolical ly as a funct ion of t ime; the voltage 
is given by 

C ---- A -- B~/t- 
w i t h r A  --- -450-  1.08I 

\B 8.10-2I 

509 
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Fig. 2. Current density vs.  voltage curves 

U and A are expressed in mV; t in min;  I in mA/cm2; 
and B in m V / m i n  1/2. 

After  this t ransi t ion state, the voltage decreases as a 
l inear  funct ion of the t ime 

U = C - - D t  

w i t h ( C =  4 5 0 -  1.58I 
~D 4.10-3I 

C is expressed in mV and D in mV/min.  
The decrease of the voltage appears to be related to 

the increase in thickness of the product of the cell 

Apr i l  1970 

reaction, i.e., cuprous sulfide. The existence of two 
different steps for the electrochemical sulfurizat ion of 
copper (parabolic step and l inear  step) also conforms 
with the observations of Mrowec (8) on the copper 
tarnishing reaction in a sulfur  atmosphere, when  the 
product of the reaction is sufficiently thick. The para-  
bolic sulfurizat ion t ime is also about 50 rain. The cop- 
per diffusion, wi th in  cuprous sulfide, results from a 
concentrat ion gradient:  cuprous sulfide not  being an 
ideal stoichiometric crystal. The diffusion constant is 
3.10 -5 cm2/sec according to Mrowec and 10 -5 cm2/sec 
according to Wehefritz (9). 

Manuscript  submit ted Nov. 5, 1969; revised m a n u -  
script received Dec. 9, 1969. 

A ny  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Electrogenerative Chlorination 
Stanley H. Langer* and Sergei Yurchak 

Chemical Engineering Department, University of Wisconsin, Madison, Wisconsin 

To-date, few direct organic electrogenerative (1) 
processes have been reported or investigated to any 
appreciable extent;  systems involving migrat ing anions 
other than hydroxyl  ions would be of part icular  in-  
terest. (We define electrogenerative processes as those 
in which two or more materials  react at electrodes in  
a m a n n e r  such that favorable thermodynamic  factors 
drive the reaction, a useful product is produced, and 
by-product  electricity is generated.) We report  here 
the electrogenerative chlorinat ion process in which 
chlorine and  olefin are reacted with the assistance of 
catalytic electrodes and suitable electrolyte under  fa- 
vorable conditions to give dichloroalkanes and chloro- 
hydr in  in varying  amounts  with accompanying genera-  
t ion of electrical current .  Chlorine is reduced at the 
cathode to chloride ions which are t ransported through 
the electrolyte to the anode, where they combine with 
ethylene to form reaction products and electrons which 
are conducted through an external  circuit to the cath- 
ode for reaction with more Chlorine. The chlorine gas 
and unsa tura ted  hydrocarbon are introduced into cath- 
ode and anode chambers which are separated by the 
electrolyte barr ier  phase bounded by suitable gas per-  
meable electrodes. Both electrodes operate at a positive 
potential  relat ive to the s tandard hydrogen electrode 
under  favorable thermodynamic  influence. Chlorina-  
t ion rate and potential  of the over-al l  cell can be 
varied and adjusted with the external  resistive circuit 
(1). 

Observed cell reactions, based on product analysis, 
may be represented general ly as 

Cathode: C12 + 2e--> 2C1- [1] 

C1- (cathode) --> C1- (anode) [2] 

* Electrochemical  Society Act ive  Member .  

Anode: RCH--CHR' + 2C1--~ RCH--CHR'  + 2e [3] 
I I 

C1 C1 
or 

RCH--CHR' + 2C1- 4- H20 -~ RCH--CHR'  
I I 

C1 OH 

q- HCI q- 2e [4] 

For ethylene, electrogenerative chlorination requires 
no external power source and differs further from 
conventional electrochemical chlorination with aque- 
ous electrolyte [reviews in ref. (2) and (3) ] in that no 
significant amount of ethylene glycol is formed in the 
electrolyte (4, 5). 

The free electrolyte phase of our study was gen- 
erally acidic. In most cases, 2M aqueous potassium 
chloride was employed but 2M NaCI--1M HC104 elec- 
trolyte did not significantly alter cell performance. 
The molded gas permeable, electrolyte impermeable 
LAA-1 platinum black-polytetrafluoroethylene elec- 
trodes which confined the electrolyte were of a com- 
mercial type I and have been described in the literature 
(6). They were supported on 50-mesh tantalum screen. 
Carbon-polytetrafluoroethylene electrodes were un- 
supported. Exposed electrode area was 5.1 cm 2. Cell 
construction was similar to that of Landi et al. (6) 
except that only Teflon and Viton contacted the hydro- 
carbon and its reaction product. Electrolyte was static. 
Design of our gas handling system enabled the chlo- 
rination cell to be operated with gas flow or as a 
closed static system with gas circulation by a Teflon- 

I Pertinent literature is available through the Commercial Devel- 
opment Division of Amer ican  Cyanamid  Company,  Wayne,  New 
Jersey.  
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Table I. Electrogenerative chlorination 

T = ca. 23~ 2M KCI  e l ec t ro ly t e  
A n o d e  Open  C a l c u l a t e d  b 

ca ta lys t ,  = c i r c u i t  open  Vat  
Hydrocarbon m g / c m  2 vo l t age ,  V c i rcui t ,  V 4 m A / c m 2  

E t h y l e n e  Pt ,  9 0.81 0.77 c 0.1 
Ethylene Pt, 9-C 0.80 0.77c 0.07 
Ethylene Carbon-C 0.08 0.77 c 
P r o p y l e n e  Pt ,  9 0.79 0.76 0~'4 
C y c l o p r o p a n e  Pt ,  9 03)9 0.31 0.02 

a Ca thode  ca t a ly s t  i s  P t ,  9 m g / c m  ~- e x c e p t  w h e r e  C appea r s  a f t e r  
hyphen,  w h e n  i t  is carbon .  

b Based  on e s t i m a t e d  f ree  ene rg i e s  of f o r m a t i o n  f r o m  g r o u p  con-  
t r i b u t i o n s ,  O. A. Hougen ,  K.  M. Wat son ,  a nd  R. A. Ragatz ,  " C h e m i c a l  
P rocess  P r i n c i p l e s " ,  Vol. 2, Chap.  25, 2nd Ed., J o h n  W i l e y  & Sons,  
Inc.,  New York ,  (1959). 

c L i q u i d  1 ,2 -d ich lo roe thane ,  E ~ = 0.69 fo r  gaseous  d i e h l o r o e t h a n e .  

glass pump.  Cur ren t  genera ted  by  the cell was cou- 
lometr ica l ly  equiva lent  to the  chlor ine consumed. 2 
Typica l  opera t ing  da ta  for severa l  hydrocarbon  gases 
under  flow condit ions are  shown in Table I. 

Open circui t  potent ia ls  a re  surpr i s ing ly  close to 
ca lcula ted  values,  based  on free energies of formation,  
for operable  cells despi te  the  fact tha t  these cells 
genera l ly  a re  not  considered to be revers ible .  The 
absence of carbon ca ta ly t ic  ac t iv i ty  for the reac t ion  of 
in teres t  at  the  anode is reflected in a low open circui t  
potent ia l  and opera t ing  current .  However ,  carbon elec-  
t rodes  are  operable  as the  cathode. The low open c i r -  
cuit  potent ia l  for cyclopropane could reflect the  weak  
adsorpt ion of tha t  ma te r i a l  (7, 8), especia l ly  in the  
presence of specifically adsorbed chlor ide  ion (9, 10). 
This cel l  would  appea r  to be essent ia l ly  a chlor ine 
concentra t ion cell  since no ch lor ina ted  produc t  was 
found. However ,  wi th  e lec t rogenera t ive  hydrogenat ion,  
cyc lopropane  more  nea r ly  resembles  olefins wi th  re-  
spect  to open circuit  potent ia ls  and cur ren t  product ion 
(1). I n  the  chlor ina t ion  process, it  would  seem tha t  our 
ca ta lys t  does not  posi t ion reac tan ts  on the surface in 
a m a n n e r  resembl ing  the t rans i t ion  state so that  the 
the rmodynamic  dr iv ing  force is b rought  to bea r  on the 
reaction. 

At  22~ the measured  potent ia l  of the C12/C1- 
e lec t rode  in 2M KC1 is + I . l l V  vs. the  sa tu ra ted  cal-  
omel  electrode in the current density range 0 to 13 
mA/cm 2 (close to the standard potential of +1.36V for 
the chlorine electrode); therefore, the bulk of the 
polarization occurs at the anode. Liquid junction po- 
tentials and other corrections would be expected to 
be small under these conditions. 

Since chlorination occurs at potentials significantly 
lower than the reversible potential for the oxidation 

~We f o u n d  i t  neces sa ry  to  cor rec t  the  ch lo r ine  gas  v o l u m e  
changes  a t  the cathode fo r  sma l l  c o n s t a n t  losses  t h r o u g h  t he  cell  
gaske t ing .  O n l y  t r ace  q u a n t i t i e s  of 1 ,2 -d ich lo roe thane  were  o b s e r v e d  
on o p e n - c i r c u i t  a t  t he  anode,  w e l l  b e l o w  t h a t  expec ted  on t he  bas is  
of c h l o r i n e  losses. 

of chlor ide ions, i t  would  appear  tha t  the  organic 
molecule  par t i c ipa tes  in the  e lect ron t ransfe r  reaction.  
Quant i ta t ive  de te rmina t ion  by  gas ch romatography  of 
the  y ie ld  of 1,2-dichloroethane re la t ive  to the amount  
of e thy lene  reac ted  as a funct ion of anode potent ia l  
showed a s t rong dependence  (in a flow system) tha t  
has not been previous ly  repor ted.  At  an anode poten-  
t ia l  of +l .05V,  a 90% yie ld  was observed whi le  at  
1.24V this had  d iminished  to 40%. 

Gas chromatographic  analysis  of the  e lec t ro ly tes  by  
conversion of the  aqueous solutions to t r imethy l s i ly I  
e thers  and hexamethy ld i s i loxane  wi th  he xa me thy ld i -  
s i lazane (11, 12) and a t race  of HC1 showed the  pres -  
ence of only 1, 2 -ch lorohydr in  compounds,  no glycols 
being detected.  I t  would seem then  tha t  react ion is 
in i t ia ted  wi th  format ion  of C 2 H 4 C l a d s o r b e d  which can 
react  fu r the r  by  a l te rna te  routes. 

One would  hope that  by  sui table  combinat ion of 
catalyst ,  e lectrolyte ,  and  potent ia l  it might  be possible 
to increase control  of the  product  of react ion of olefins 
and chlor ine  under  e lec t rogenera t ive  conditions. Wi th  
this  in mind,  we are  inves t iga t ing  these react ions  fu r -  
ther .  
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High Activity Silver Electrodeposited from 
Silver Chloride 

Y. J. van der Meulen ~ and F. A. KrSger* 

Department oS Materials Science, University of Southern California, Los Angeles, California 

In the  course of exper iments  on the  electronic con- 
duct iv i ty  of s i lver  chlor ide (1), the  emf of the cell  
C, C12 (1 a tm) {AgCllAg was measured.  The chlor ine  
e lect rode consisted of high pur i ty  carbon in a 1 a tm 
chlor ine  ambient .  The  s i lver  e lec t rode  consisted ei ther  
of pure  Ag-fo i l  (4N) or of s i lver  deposi ted by  slow 

* Electrochemical  Society  Act ive  M e m b e r .  
1 On l e a v e  of absence  f r o m  U t r e c h t  S t a t e  U n i v e r s i t y ,  U t r ech t ,  The  

Netherlands.  

electrolysis  of the s i lver  chlor ide  crys ta l  at  390~ wi th  
a field --~ 150 m V / c m  at cur ren t  densi t ies  ~ 5 m A  cm -z.  
Cells wi th  the  former  type  of e lec t rode  gave an emf 
reproduc ib le  wi th in  1 mV and independen t  of t ime, its 
va lue  corresponding reasonably  closely to the  t abu la ted  
va lue  of the  f ree  en tha lpy  of the  react ion �89 -t- Ag --> 
AgC1 (Fig. 1). 2 In  the cells wi th  the  e lect rodeposi ted  

-" A s l i g h t l y  l a r g e r  v a l u e ,  E (392~ = 951 mV,  dE~dr = 5.8 • 10 -6 
V/~ was  r e p o r t e d  b y  R e i n h o l d  (2). 
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Fig. 1. EMF = I (T )  as measured for the cell 
C, CI2 (1 arm) IAgCIIAg (foil) (individual points) compared with 
values calculated from thermodynamic data (drawn line). 
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Fig. 2. EMF = f i t )  at 390~ for silver foil and electrodeposlted 
silver in the cell C, CI2 (1 atm) IAgCIIAg. The deposition took 
place on platinum at approximately 2 x 10 -3  A cm -2.  Total 
amount deposited was approximately 0.20 mg Ag. 

si lver electrodes, however,  the emf measured immedi -  
ately after te rminat ion  of the electrolysis changed with  
t ime and was ini t ial ly h igher  than when  si lver  foil  was 
used (Fig. 2). The result  was the same for electrodepo- 
sition of si lver by electrolysis of ul t ra  pure  AgC1 con- 
taining (5 to 10) x 10 -6 divalent  impurities,  main ly  Cd, 
and of AgC1 doped with  3 x 10 -~ Cd. The more slowly 
the electrolysis was carr ied out, the more  closely the 
emf  approached the value  found wi th  the foil. If  it is 
accepted that  the emf measured with  the foil electrode 
represents the standard equi l ibr ium value correspond- 
ing to the react ion be tween  silver at aAg --~ 1 and Pcl2 
= 1 atm, the excess emf wi th  electrodeposited s i lver  
could be due to one of the fol lowing effects: (i) effect 
due to preferent ia l  plat ing out of less noble impurities,  
(ii) polarization of the AgC1, (iii) formation of C12 at 
Pc12 ~ (Pc12) established, and (iv) format ion of Ag with  
act ivi ty  > 1. 

Possibility (i) is unlikely, in the first place because 
of the pur i ty  of the AgC1 used, in the second place be-  
cause impuri t ies  giving a higher  emf would need a 
higher  voltage to be deposited, and therefore  p re fe ren-  
tial deposition is not  to be expected. 

Possibil i ty (ii) is unl ikely  because of the small  over -  
vol tage used in the electrolysis. An in ternal  s i lver  ac- 
t iv i ty  > 1 is only to be expected as long as Ag has not 

nucleated. In such a si tuation in ternal  excess activities 
corresponding to 1 mV were observed for the plat ing 
of s i lver  f rom Ag2S at 400~ (3) ; this overvol tage  drop- 
ped to zero with  a re laxat ion t ime of ~1  rain when  
nucleation took place. 

Possibili ty (iii) may possibly occur for (Pc12)established 
< 1 atm if inert  gas is present, but  is unl ike ly  for 
(Pc12)established = 1 atm. The observed overvol tage  

would correspond to a chlorine pressure Pcl2 = exp 
(•  which for • = 7-8 mV as measured for 
si lver and chlorine discharged at 390~ on carbon, leads 
to Pc12 = 1.18-1.23 arm. Since chlorine is evolved at 
the AgCl-carbon  interface, its escape involves diffusion 
along the interface or through the carbon; and there-  
fore a certain overpressure  may  be buil t  up during the 
electrolysis. It is doubtful,  however ,  that  this overpres-  
sure may  be as high as 0.18-0.23 atm under  the condi-  
tions of the exper iment ,  and it is cer ta inly  unl ikely  that  
this overpressure  would remain  over  a period of I hr, 
par t icular ly  since chlorine is continuously consumed 
by the chlorinat ion of si lver (see below).  This then 
leaves only possibility (iv) open as an explanat ion for 
the excess emf, the effect being due to the high act ivi ty  
of the deposited silver. Now aAg = exp (hE/kT) ,  and 
for si lver deposited on carbon at 390~ where  hE = 
7-8 mV, aAg = 1.18-1.23. 

Si lver  deposited on p la t inum ~ gave  values of hE up 
to 4 mV, corresponding to a si lver act ivi ty  aAg = 1.11. 
Thus the silver is more near ly  normal.  The emf, how-  
ever,  decreased ini t ia l ly  more  rapidly  than wi th  the 
A g / C  electrode. This effect is a t t r ibuted to the diffusion 
of Ag into the p la t inum during electrolysis  and out of 
the p la t inum during the emf measurements  (4). Mea-  
surements  of this kind provide us wi th  a sensi t ive tool 
to s tudy the propert ies  of electrodeposited metals  as 
a function of deposit ion conditions. 

AG, and thus also hE, is re la ted to the dimensions of 
the surface structure,  points or rims. For  spherical  
particles this relat ion is hG = 3 ~ V/r  where  ~, is the 
surface energy, V the molar  volume, and r the radius. 
With 7 ~ 2.5-4 x 10 -4 cal cm -2, and V = 10 cm 3, AE 
= 5 mV corresponds to r ~ 0.1~ which  is not  unaccept-  
able. 

The  decrease of the emf with  t ime and the final drop 
after  90 min  is due to the consumption of si lver of the 
electrode by react ion wi th  chlorine at the other  side. 
This occurs even  when  no measurements  are made, its 
rate  being l imited by ambipolar  diffusion of Agi" or V'Ag 
and electrons or holes through the AgC1. In this process 
the contact be tween the silver and the crystal  is lost. 
That  this is actual ly  the mechanism is shown by the 
fact that  application of a pressure on the electrode, 
temporar i ly  re-establ ishes the contact Ag-AgC1 and 
therewi th  the emf. The gradual  lower ing of the emf  
with  t ime in the init ial  period is due to the preferent ia l  
consumption of the si lver wi th  the highest activity. 

Manuscript  submit ted Sept. 11, 1969; revised manu-  
script received ca. Jan.  2, 1970. This work  was sup- 
ported by the Directorate  of Chemical  Sciences, Air  
Force Office of Scientific Research under Contract  
AF-AFOSR-68-1405.  

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1970 
J O U R N A L .  

3 W h e n  w o r k i n g  w i t h  a p l a t i n u m  e lec t rode  care  was  t a k e n  to  
keep  the  v o l t a g e  on  the  cell  f r o m  d r o p p i n g  b e l o w  600 mV, in  o r d e r  
to  p r e v e n t  c h l o r i n a t i o n  of the  p l a t i n u m  i tsel f .  
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ABSTRACT 

Rates of oxidation of polycrystall ine,  (110), and (112) surfaces of iron 
have been measured at 24 ~ 100 ~ and 200~ by a manometr ic  method using 
an ini t ial  oxygen pressure of about 1.3 x 10 -2 Torr. At the lower temperatures  
the relat ive rates of oxidation are found to be polycrystall ine,  (110), and 
(112) in decreasing order. At 200~ the different single crystal surfaces oxidize 
at essentially the same rate. Logarithmic rate laws are obeyed reasonably 
well  for oxidations up to 200~ at which point  the oxidation rate, after a 
time, obeys a parabolic law. Using this parabolic rate constant  for the oxi- 
dat ion of polycrystal l ine iron at 200~ together with previous microbalance 
data for the low pressure oxidation of iron at 350 ~ and 400~ (1), an acti- 
vat ion energy of 32 kcal. mole-~ is found for the formation of magnet i te  on 
iron. Surface areas of polycrystal l ine and (112) surfaces have been mea-  
sured before and after oxidation using the BET method, employing krypton 
adsorption at 77~ It is found that the number  of surface sites for the ad-  
sorption of krypton is dependent  on the na ture  of the adsorbent  surface. 

Recent work in this laboratory has considered the 
oxidation of iron in  low oxygen pressures at 350 ~ 
and 400~ (1) and 450~176 (2). The microbalance 
used in this work was inadequate  for kinetic measure-  
ments  at low temperatures  and in order to extend the 
s tudy of magnet i te  formation to 200~ and below a 
manometr ic  system was designed. The apparatus could 
also be used for surface area measurements .  This 
paper reports the kinetics of magnet i te  format ion be-  
tween room tempera ture  and 200~ correlat ing the 
200~ results with the microbalance work (1), and 
also discusses the effect of an oxide film on mono-  
layer  krypton adsorption. 

Experimental 
Material and surface preparation.--Ferrovac E iron, 

analyzed to contain the following impur i ty  concentra-  
tions (in ppm) ;  Mn, 1; Si, 10; Ni, 10; A1, 10; Cu, 10; 
Co, 5; Cr, 5; C, 70; N, 20; O, 200 was used. Single 
crystals of known orientations were produced from 
this 0.02 cm thick mater ia l  by strain annealing.  

Polycrystal l ine iron coupons, 4-5 cm x 1 cm were 
degreased, abraded with 600 grit silicon carbide, and 
electropolished for 1 rain in a 95% glacial acetic acid- 
5% perchloric acid (70%) solution (3). The specimens 
were then  annealed in  vacuum at 700~ for 2 hr  and 
re-electropolished for a fur ther  minute.  The  single 
crystals were also electropolished before use. 

Oxidation apparatus.--The oxidation apparatus is 
shown schematically in Fig. 1. A Pi ran i  gauge was 
used to follow the kinetics of oxidation by measur ing 
the change in  oxygen pressure with t ime (at constant  

* Electrochemical Society Active M e m b e r .  
F o r m e r  Post-doctorate Research F e l l o w ,  

volume).  With the exception of glass pressure gauges 
and specimen chamber the apparatus was all metal. 
Hoke diaphragm seal valves (denoted by S in  Fig. 1) 
were silver soldered directly into stainless steel cou- 
plings and Varian flanges, minimizing the apparatus 
volume by e l iminat ing interconnect ing tubing. After  
an overnight bake at 200~ pressures bet ter  than  
10-7 Torr  were measured by the ion pump. 

The walls of the P i ran i  and  reference tubes were 
main ta ined  at constant  tempera ture  by immersing the 
tubes in an ice-water  bath. The Pi rani  was calibrated 
against a Decker Model 306 Differential Pressure 
Gauge which had a sensit ivity of 0.187 V Torr -1 found 
by previous cal ibrat ion against a McLeod gauge. The 
response of the Pi rani  gauge was found to be l inear  
up to an oxygen pressure approaching 4 x 10 -2 Tort,  
with a cal ibrat ion of 1.61V Torr  -1 for oxygen. An oxy-  

TO 
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Fig. ]. Oxidation apparatus 
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Fig. 2. Early stages of low temperature oxidation of polycrystatline 
iron. 

gen uptake causing the Piran i  balance to change by 
3.72 

1 mV was equivalent  to a mean  thickness of ~ A 
SA 

Fe304, where  SA is the specimen surface area. 
The working volume of the system, i.e., volume en-  

closed by valves $2 and $4, was found to be 50.0 ml and 
the volume enclosed by $2, $3, and $4 equal to 24.0 ml. 
The small  doser between S~ and $2 contained an 
approximate volume of 3.6 ml. 

The specimen chamber  was rectangular  in shape 
with in te rna l  dimensions of 7.0 x 1.3 x 0.2 cm. The 
chamber was joined to a Kovar  seal which was argon-  
arc welded into a Varian flange. 

Oxidation procedure.~After the system had cooled 
following an overnight  bake and when the pressure 
was about 1 x 10 -7 Torr, the specimen air- formed 
oxide film was reduced with hydrogen at about 4 Torr  
pressure for 1 hr at 570~ In order to main ta in  a 
H20:H2 ratio as low as possible, the system was evacu- 
ated and refilled with fresh hydrogen four times dur ing 
the hour. 

After  the hydrogen was removed, the specimen was 
cooled by lowering the furnace, then reheated under  
continuous pumping,  and mainta ined at the oxidation 
tempera ture  for half  an hour  before admit t ing oxygen. 
The tempera ture  gradient  of the oxidation furnace 
over the length of the specimen was •  ~ at 200~ 

In  all experiments  the ini t ial  oxygen pressure used 
was about 1.3 x 10 -2 Torr. The change in pressure, 
read on a 50 mV recorder range, measured the uptake 
of oxygen by the specimen as the oxidation progressed. 
When the oxygen pressure had fal len by about 40% 
another  dose was added to re-establ ish the ini t ia l  
pressure. 

Surface area measurements,--Surface areas of both 
hydrogen-reduced and oxidized specimens were mea-  
sured in  an all glass system which was similar in 
design to the apparatus  described above. 

After  the specimen had cooled to room tempera ture  
and the system was thoroughly evacuated, the speci- 
men chamber  was immersed in a l iquid ni t rogen bath 
to a fixed level, which was main ta ined  constant  
throughout  the experiment.  The tempera ture  was al-  
lowed to stabilize for 15 min before krypton was 
admit ted and the equi l ibr ium pressure read after a 
steady state had been reached. Four  or five equi l ibr ium 
measurements  taken in a relat ive pressure range  of 
0.01-0.1 were sufficient for de termining  the area. From 
the equi l ibr ium pressures and ini t ia l  dose sizes, the 
volume of krypton adsorbed by the specimen may be 
found after applying a dead space correction obtained 
by measurement  in the absence of a specimen. The 
values of the equi l ibr ium pressure were corrected for 
the thermal  t ranspira t ion effect using the expression 
of Bennet t  and Tompkins (4). 

The n u m b e r  of krypton adatoms in a monolayer,  
N,n, was calculated from the s tandard BET equation. 
Knowing  Nm and a vaIue of the cross-sectional area of 
krypton,  the surface area may be determined.  

Electron di~raction.lReflection electron diffraction 
observations were carried out at 50 kV to identify the 
oxide phases present. After  oxidation, the specimens 
were cooled rapidly to room tempera ture  in the oxidiz- 
ing atmosphere and t ransferred to the diffraction ap- 
paratus. Following oxidations at 200~ and below, 
only Fe3042 was observed; epitaxial  relationships 
agreed with those reported in the l i terature,  e.g., 
ref. (5). Specimens oxidized at 260~176 for k rypton  
adsorption studies showed (~-Fe203 as well. 

Results 
Kinetic data.--The early stages of oxidation of poly- 

crystal l ine iron at a series of temperatures  from 24 ~ 
200~ are shown in Fig. 2. (Oxide thicknesses are 
calculated by assuming a roughness factor of 1.) It  is 
observed that  the oxidation proceeds in two stages: 

2 A c u b i c  o x i d e  c o m p r i s i n g  p r o b a b l y  b o t h  Fe~O4 a nd  7-FelOn. 

(a) an init ial  ins tantaneous oxidation, followed by (b) 
a sharp t ransi t ion to a period of much lower oxidation 
rate. The oxide thickness at the tu rnover  of the kinetic 
curves is dependent  on the tempera ture  and also on 
metal  substrate orientat ion as is seen from Fig. 3, 4, 
and 5 where the rates of oxidation of polycrystall ine,  
(110), and (112) surfaces of iron at 24 ~ , 100 ~ and 
200~ are shown. 
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Fig. 3. Oxidation of polycrystalline, (110), and (112) iron sur- 
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Fig. 7. Parabolic plot of data from oxidation of polycrystalline 
iron at 200~ 

Oxidations at 24 ~ and 100~ followed a logari th-  
mic rate  law of the form x = A In t + B (x ---- film 
thickness, t = t ime) reasonably well  and the logar i th-  
mic plot for the oxidat ion of various surfaces of iron 
at 100~ is shown in Fig. 6. At 200~ the results for 
the first 20 min of oxidation fit a logari thmic plot af ter  
which t ime the data is best represented by a parabolic 
plot, as shown in Fig. 7 for polycrystal l ine iron. 

Surface .area measurements . - - In  the BET equat ion a 
value  of 3.0 Torr  was used for the vapor  pressure of 
krypton at 77~ Having  evaluated the monolayer  
coverage, f rom the slope of the BET plot, a value for 
the cross-sectional area of krypton is requi red  in order  
to de te rmine  the surface area. It  is becoming increas-  
ingly more  certain that  physical ly adsorbed atoms 
are held on surface sites and not adsorbed in a close- 
packed array, and so the cross-sectional area of, e.g., 
krypton wil l  be de termined  by the site densi ty of the 
part icular  adsorbent  used. Cross-sect ional  areas, ~, 
for k rypton  adsorbed on iron, der ived by Brennan 
and Graham from coverages based on site adsorption 
(6) are as follows: 

Po lycrys ta l l ine :  ~(Kr)  = 17.9A 2 
(112) p lane  : a (Kr )  = 20.0A 2 
(100) plane : ~(Kr)  = 16.4A 2 
(110) p lane  : ~(Kr)  ---- 17.4A 2 

the polycrystal l ine value  of 17.9A 2 being the mean 
value  of the cross-sectional area of krypton on the 
three  major  low index planes listed above. The ap- 
propriate  r values have  been used to calculate the 
surface areas of hydrogen reduced specimens given 
in Table I. [The above values compare with a com- 
monly used one of ~(Kr)  = 19.5A 2 (7).] 

Each area measurement  was repeated 3 or 4 t imes 
and the values were  reproducible  to an accuracy of 
~8-10%. (The reduct ion in monolayer  capacity for 
krypton of a surface after  oxidat ion wil l  be considered 
in the discussion.) 

Discussion 
Kinet ics .--I t  has been found, using a var ie ty  of 

exper imenta l  techniques,  that  the room tempera tu re  
oxidation of iron involves an initial rapid chemisorp-  
tion process followed by a slow approach to a mean 
film thickness of around 10-30A (8-12), the value de- 
pending on surface pre t rea tment ,  oxygen pressure, 
t ime of exposure, etc. The present  result  of a thickness 
of 17___0.5A after  10 min of oxidation of polycrystal l ine 
iron is in keeping wi th  previous findings. Oxide thick-  
nesses after  oxidation for 2 hr  at 100 ~ and 200~ 
viz., 30-+2A and 120+__8A (mean of two separate 
exper iments)  are in good agreement  wi th  those re-  
ported by Gulbransen (8) and Winterbot tom (9). 

The  re la t ive  rates of' oxidat ion at 24 ~ and 100~ 
are found to be polycrystal l ine,  (110) and (112) in 
decreasing order (Fig. 3 and 4). At 200~ the poly-  
crystal l ine mater ia l  again oxidizes at a faster  ra te  
than ei ther  the (110) or (112) face, but  now both 
single crystals oxidize at essentially the same rate  
(Fig. 5). The anisotropy of oxidation is probably re-  
lated to a vary ing  oxide grain size or subgrain size 
wi th  meta l  orientation. The smaller  the oxide grain 
size, the higher  the oxidation rate  because of the 
presence of more  leakage paths for easy diffusion. 
At higher  t empera tures  where  a-Fe203 is observed, the 
rate  of oxidat ion wil l  also depend on the rate  of 
nucleat ion of ~-Fe203 to form a continuous layer  
(1, 13, 14). 

The present oxidation results at 24 ~ and I00~ (and 
for the first 20 rain of oxidation at 200~ appeared to 
fit a direct logarithmic plot better than an inverse 
logarithmic plot, although after about 60 rain, the 
experimental points, particularly for room temperature 
oxidation, did begin to deviate from a direct logarith- 
mic plot and fitted equally well an inverse logarithmic 
dependency. As the data do not permit unequivocal 
rate law interpretation, it is not considered useful to 
speculate on the p~rticular mechanism of this thin 
film oxidation (15-18). 

The rate constant for the parabolic region of the 
oxidation at 200~ (from Fig. 7) is compared in 
Table II with parabolic rate constants determined in 
a previous study (i) for the initial oxidation of poly- 
crystalline Ferrovac E iron at 350 ~ and 400~ at 
about the same pressure of 10 -2 Torr. It should be 
emphasized that the rate constants refer to the forma- 
tion of magnetite alone; from electron diffraction 
studies no ~-Fe203 was detected during these parabolic 
periods. 

An Arrhenius  plot of the parabolic rate  constants 
given in Table II is shown in Fig. 8. Here  it is ob- 
served that  the present  data at 200~ correlates wel l  
with the previous microbalance work, and the resul t -  
ing act ivat ion energy  for the format ion of magnet i te  
on iron in the t empera tu re  range 200~176 is 
found to be 32 kcal. m o l e - L  This is higher  than the 
approximate  value  reported previously using data ob- 
tained at only 350 ~ and 400~ (1). 

Reduction in surf, ace sites fol lowing ox ida t i on . -  
Krypton  adsorption measurements  on clean meta l  
(prior oxide hydrogen reduced) and oxide covered 
polycrystal l ine and (112) iron surfaces show that  fol-  
lowing oxidation, the number  of krypton  atoms ad- 

Table I. Surface areas of polycrystalline and (112) iron specimens 

B E T  G e o m e t r i c  
S u r f a c e  s u r f a c e  a r e a  a r e a  R o u g h n e s s  

orientation (crnS) (cm~) f a c t o r  

Polycrystalline 15.6 12.6 1.2 
( 112 )  1 5 .0  11 .2  1 .3  

Table IL Parabolic rate constants for the oxidation of iron to 
magnetite at 200 ~ 350% and 400~ 

T e m p e r a t u r e ,  ~  P r e s s u r e ,  T o r r  K p ,  g~ c m  -4 s a c  -1 

2 0 0  1 .3  X 10  -2 2 .8  X 10  -a6 
3 5 0  1 X 10  -2 1 .3  • 1 0 -  TM 

4 0 0  1 x 10  -2 5 .5  x 10 - ~  
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Fig. 8. Logarithm ef parabolic rate constant for oxidation at 
200 ~ 350 ~ and 400~ plotted against (absolute temperature) -1. 
Data at 200~ from this work; data at 350 ~ and 400~ from the 
microbalance work of Graham and Cohen (1). 

sorbed in a monolayer  is reduced. Workers using 
evaporated metal  films find the monolayer  capacity of 
a surface is near ly  always lowered by the presence 
of a chemisorbed layer. The most probable explana-  
t ion is that  following oxidation or chemlsorption, the 
number  of surface sites for krypton adsorption has 
been reduced. 

This reduct ion in site density on oxide films formed 
at various temperatures  is shown in Fig. 9. The 
reference point for the number  of krypton atoms 
adsorbed per square cent imeter  (using the "real" sur-  
face area) of bare metal  is 1/~, the values of the 
cross-sectional area of k rypton  used were those given 
earlier. In  Fig. 9 it  is observed that  the n u m b e r  of 
krypton atoms required to complete a monolayer  not 
only changes from a bare metal  to an oxidized surface 
but  also depends on the part icular  oxide formed; 
~Fe203 appears to provide fewer surface sites than 
Fe304. The cross-sectional area of an adsorbate is 
probably  controlled by the site densi ty of the ad-  
sorbent  and thus would be expected to change as the 
na ture  of the adsorbent  surface is changed. 

Manuscript  submit ted Sept. 18, 1969; revised ma nu-  
script received ca. Dec. 19, 1969. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Fig. 9. Reduction in site density for the adsorption of krypton on 
oxide films farmed at various temperatures. 
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ABSTRACT 

Upon dissolution of zone-refined Fe in strong acids, main ly  three kinds of 
corrosion pat terns were observed in the crystalli tes of the sections. Regardless 
of the acids, the (110} plane always appeared on the three pat terns  in the 
form of smooth and even steps, ledges, or facets. The (ll2}, (122}, and (123} 
planes were also developed but  to a much lesser degree. The (100} and ( i l l }  
planes were not observed because grains of the respective orientat ion were 
missing on the sections. Attempts  were made to explain the formation of the 
planes by taking into consideration the ret icular  density of the planes and 
the frequency of their appearance. The theoretical relat ive corrosion rates of 
the separate crystallographic planes were estimated. The t rend obtained 
agreed with the observed rates. 

Zone-refined iron is attacked only slightly even by 
strong acids. As a result, in contrast  to a previous in-  
vestigation where a fine crystal l ine Fe was used (1), 
characteristic etch pat terns appeared on the polycrys- 
tal l ine sample, each grain showing an ar ray  of steps, 
ledges, and facets. The surface was also highly re- 
sistive to atmospheric corrosion. 

Etch pat terns on single Fe crystals (2, 3), kinetics of 
dissolution of Fe whiskers (4), potentials (5), and 
anodic dissolution rates of separate crystal  planes (6) 
were investigated previously. However, no reports on 
angular  measurements  between the ledges produced 
on single crystalli tes of an iron sample by the action 
of strong acids could be found. The aim of this s tudy 
was, therefore, to determine the indices of the faces 
developed on separate grains dur ing  corrosion of zone- 
refined Fe in several acids and to compare the results 
with those of other investigators who worked, e.g., 
with single crystal spheres and plates (2,3,6). 

The luster of the etched samples originates not only 
from the strongly reflecting ledges on each grain, but  
also from other, usual ly weaker reflecting step systems. 
If these systems are wi th in  the same crystallographic 
zone, the angles between them can be measured with 
an optical goniometer. As the wide and shiny steps 
(see e.g., Fig. 4) are easily indexed (see below), the 
indices of the other faces of the same zone can be 
determined from the angles optically measured, the 
bright  steps serving as reference planes. 

Samples and Technique 
High-pur i ty  zone-refined Fe was obtained from Bat-  

telle Memorial  Insti tute.  The main  impuri t ies  in ppm 
were: Ni, 20; A1, 15; Ca, 10; Si, 10;C,  9; P, 9; Cu 7; 
and other elements in still smaller  amounts.  The Fe 
rods were sliced into pieces of about 5 mm thick, and 
each slice was ground and polished. The specimens, 
1-5 cm 2 in surface area, were deeply etched using as 
solutions concentrated HC1, 1.5N HNOz, 2N H2SO4, aqua 
regia (25%), and concentrated HF (48%). Two hours 
produced an etch pa t te rn  in  concentrated HC1, whereas 
several days were required to obtain the same pat te rn  
in 2N H2SO4. Etching in each solvent was cont inued 
unt i l  the grain boundaries  were clearly resolved. 

As the Fe rods consisted main ly  of large crystalli tes 
(2-5 mm in diameter) ,  their  or ientat ion could be de- 
termined from Laue back-reflection pat terns (Fe ra-  
diation, sample-to-f i lm distance, 3 cm).  The strong 
reflections were read with the aid of the respective 
Greninger  (-Bond) chart, plotted into Wulff's stereo- 
net and the indices found in the usual  way (7, 8). 

To determine the indices of the brightest, most re-  
flective planes developed by etching (Fig. 4) on each 
grain of the sample, the lat ter  was mounted  on the 
head of an optical goniometer and so adjusted that  ~he 
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reflective steps of the grain became perpendicular  to 
the goniometer vertical  circle axis, which, in turn,  was 
parallel  to the x - r ay  beam. 

With the goniometer head and the adjusted sample 
now in the Laue camera, the indices of the surface of 
the paral lel  steps could easily be found. Minor optical 
reflections, e.g., the sides of the steps with larger area, 
were determined in the same way. This procedure of 
investigating grain after grain was cont inued on sev- 
eral sections of the polished and etched Fe samples. 

Results 
Figure 1, represent ing a uni t  t r iangle of a s tandard  

(001) stereographic projection, shows a random orien-  
tat ion distr ibution of the grains. 

The etch pat terns on each grain were similar to each 
other al though various etchants were used. However, 
only concentrated HC1 produced very clean surfaces 
with a shining metallic luster. Samples t reated with 
H~SO4 and HF were covered with a layer of whit ish-  
gray salts, and those etched with HNO3 and aqua regia 
par t ly  exhibited a brown oxide film. Nevertheless, the 
surface s tructure of all the grains on the sections was 
general ly  similar. 

Three major  corrosion pat terns could be dist in-  
guished: (i) a set of grooves r u n n i n g  near ly  paral lel  
across the grains (Fig. 2); (ii) tr iangles or pyramids 
(Fig. 3);  and (iii) i r regular  but  shiny ledges runn ing  
roughly paral lel  to each other (Fig. 4). Evident ly  the 
formation of these etch pat terns depended on the de- 
gree of incl inat ion of some crystallographic planes 
wi thin  the grains to the surface of the sample. 

All  of the Laue pat terns obtained from the larger 
area facets of different grains, etched with various 

T I I  

22 

O01 OI 

Fig. 1. Surface orientation of 8 large groins on a sample of zone- 
refined Fe. 
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Fig. 2. Crystallite of'zone-refined Fe. Etchant: canc. HCI, 12 hr. 
150X. 

111 TII 

T I 2  T22 ~12 -22 

001 

TII TI I  

/ _  
o ~ . /  -; 

ool Oll OOl Ol l  

Fig. 5. Orientations of the best defined facets on the grains of Fe 
samples etched with various acids: A, conc. HCI (10 grains); B, 
25% aqua regia (7 grains); C, 2N H2SO4 (5 grains); D, 1.5N HNO3 
(7 grains); full circles, ideal planes; open circles, planes deter- 
mined. 

Fig 3. Ditto. Triangles and set of parallel short dark lines on 
another grain. 150)(. 

Fig. 4. Ditto. irregular ledges roughly parallel to each other. 
320X. 

acids, were indexed. The orientat ion of these facets is 
shown by their  projections (Fig. 5). 

In  HF the grains were covered with a layer of corro- 
sion products too thick for goniometric examination.  
No at tempts were made to s tudy these specimens. 

Figure 5 clearly shows that  the indices of the larger 
reflecting areas were (in HC1): 6 close to (011), 4 to 
(122), and one to (123). In  aqua regia: 6 close to (011), 
1 to (]22). In H2SO4:5 close to (011), and in HNO3:5  
close to (011) and 2 to (]-22). The planes ment ioned are 
not  in the ideal positions of (011), ~22) ,  and (i23) 
because the planes formed due to corrosion are never  
smooth and large enough to produce sharp signals 
from each crystall i te in  the goniometer dur ing the 
setting procedure. 

In  addition, there were a series of other weaker  
optical reflections, the respective planes inaccessible to 
the x - r ay  technique. The optical goniometer was a use- 
ful  tool here. 

The angles between the reflections on crystallites 
showing the etch pattern,  Fig. 2, were measured nor-  
mal  to the striations. Surpr is ingly enough, no new 
planes were found (Fig. 6). 

To obtain as m a n y  reflections as possible on grains 
with etch pattern,  Fig. 3, the vertical  circle (carrying 
the sample) was also rotated: at each 5 ~ in terva l  the 
corroded surface of a certain grain was scanned by 
tu rn ing  the horizontal  circle. However, the reflecting 
planes were all the same, bu t  in addition there were 
weak reflections from {If2} and {123}. 

Etch pat tern  3 (Fig. 4) was investigated in the same 
way. Very strong reflections from the {011} planes 
and weak ones from {122} were obtained. 

Generally,  only the {If0} plane appeared as a ma in  
facet on the corrosion pat terns  of zone-refined Fe; the 
other planes were much smaller in extent  and dis- 
solved faster in  the acids used. 

Discussion 
Since the Fe used for the etching experiments  was 

very  pure, no significant local corrosion ensued. The 
corrosion pat terns observed are, therefore, a conse- 
quence of the reaction of the acids with the body 
centered structure of crystal l ine Fe. Such a possibility 
is deduced from the very slow attack of carbonyl  Fe 
by acids (1) and by the recent facts that  the four 
acids in agreement  with Buck and Leidheiser (2, 3), 
produced in essence the same corrosion pat terns  (see 
Fig. 2, 3, and 4) and the planes 

{110}, {112}, {122}, and {123} [1] 

This corrosion form of Fe can be compared with that  
calculated for a body centered crystal ( in equi l ibr ium 
with its vapor) by Kossel and Stranski  (9-12) 

I N ITIAL GRAI N SURFACE . . . . . . . . . . . . . . .  

Fig. 6. Planes measured on a crystallite of Fig. 2 with striations 
within the vertical axis of the horizontal circle of the optical goni- 
ometer. Section perpendicular to the striations. 
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{110}, {10O}, {112}, and (111} [2] 

whe reby  the  appearance  of o ther  planes  is not  ex -  
cluded. 

The explana t ion  as to w h y  in series [1] the  {100} 
and (111} planes  are  missing is tha t  none  of the  gra ins  
on the  sect ions were  close to these or ienta t ions  (Fig. 
1). On the  other  hand  the  ( l l 0 ) - p l a n e s  are  not  men-  
t ioned, e.g., by  Buck and Leidheiser .  Thus, the re  a re  
considerable  differences be tween  the  theore t ica l  
equi l ib r ium form [2] and the  corrosion form obta ined  
wi th  Armco Fe  or  L-s tee l  (2, 3), but  the re  a re  minor  
ones be tween  [2] and [1]. 

However ,  series [2] can also be obtained,  if one as-  
sumes tha t  the  most  s table  planes  in a homopolar  c rys -  
ta l  a re  those  wi th  the  h ighest  re t i cu la r  densi ty.  The 
sequence of planes  wi th  decreas ing re la t ive  density,  
s, is then  

(110), (10O), (112), (111), (123), (122) [3] 

s, as l is ted in Table  I, was obta ined  f rom both pu re ly  
geometr ica l  considerat ions and by  calculat ion f rom 

s ,., l l ( h  2 + k 2 + l 2) ,/2 [4] 

where  h, k, and I are  the  x - r a y  indices of a body -cen -  
t e red  s t ruc ture  (13). 

Thus, the  expe r imen ta l  corrosion form [1], would 
agree  wi th  the  theore t ica l  form [2] or [3] if the  (0Ol) 
and ( I l i )  planes  had  been in the  section areas  of the 
Fe  samples.  

A fu r the r  quest ion is which of the  p lanes  of form 
[3] would  appear  as dots  and  which  would  produce 
la rger  a reas  dur ing  a t t ack  by  s t rong acids? Only  es- 
t imates  can be made,  and  for this purpose  the  f re-  
quency of appea rance  of var ious  planes  (mul t ip l ic i ty  
factor, m, in x - r a y  analysis)  has to be considered.  As-  
sume tha t  the (O01)-plane of some crysta l l i tes  is in-  
c l ined to the  surface of the sample  and an e tchant  is 
applied.  The l a t t e r  wi l l  remove the  atoms f rom the 
surface and pene t ra te  into the depth  of the  respect ive  
crysta l l i te .  But  on its way,  before  reaching the nex t  
sound (0Ol ' )-plane it wi l l  meet  one of the high re t icu-  
la r  densi ty  (101)-planes  which occur more  f requent ly  
(m : 12, see Table I) than  the (100)-planes  wi th  

m ~ 6 .  
The corrosive process, therefore ,  wil l  be b locked by 

such planes  and pene t ra te  l a t e ra l ly  and pa ra l l e l  to 
them to produce  a s ta i r l ike  s t ruc ture  across the  gra ins  
wi th  (110) as ma in  b road  faces and wi th  {112}, {221}, 
and others  as na r row la t e ra l  ones (see, e.g., Fig.  4 and 
6). Even the {hkl} planes,  such as {123} wil l  appear .  
t towever ,  if  a (001)-p lane  is pa ra l l e l  to the  sample  
surface, i t  m a y  rema in  dur ing  corrosion. The same 
per ta ins  to the  ( l l l ) - p l a n e ,  which is corroded,  accord-  
ing to Buck and Leidheiser  (2, 3), fas te r  than  (O01), 
ev iden t ly  because of the  lower  re t i cu la r  dens i ty  (Table  
I ) .  

The  re la t ive  veloci ty  of corrosion,  V, of var ious  crys-  
ta l lographic  p lanes  can also be est imated,  assuming 
tha t  the  ra te  is p ropor t iona l  to the  mul t ip l ic i ty ,  rn, of 
the respect ive  dissolving planes  and inverse ly  p ro -  
por t iona l  to the  re t i cu la r  dens i ty  s. This opera t ion  

Table I. Relative reticular density, s, of some planes of b.c. metals. 
Multiplicity factor, m, and relative corrosion rates, m/s 

P l a n e  8 m m / s  m / s *  m / s  exp.** 

10O 1,000 6 6 1 1 
110 1.412 12 9.5 1.42 2.41 
111 0,577 8 13.9 2.32 3.51 
112 0.816 24 29.4 4.90 - -  
122 0.334 24 7! .9  11.96 - -  
123 0.535 48 89.7 14.96 2-4.8t 

* Cor ros ion  r a t e  of  {100} is  a s s u m e d  to  be  1. 
** A c c o r d i n g  to S h e m e n s k i  e t  aL (4) fo r  F e  w h i s k e r s  i n  1N H~SO~ 

+ 0.2N K ~ O s .  
Buck and Leidhelser (3) for steel in boiling 0.2M citric acid. 

wil l  also reduce  the  corrosion ra tes  of the  var ious  
p lanes  to the  same surface a rea  

V = k m / s  [5] 
Thus a p lane  wi l l  dissolve faster,  the  more  equiva-  

lent  direct ions ava i lab le  to the  e tchant :  the  corrosion 
process on a (001)-p lane  spreads  in 5 direct ions (or  6, 
if undermin ing  occurs) ;  on a { l l 0 } - p l a n e - - i n  6 to 12 
direct ions and on {123} or  genera l ly  {hkl}-- in  at  least  
24 direct ions (up to 48 dur ing  undermin ing) ,  etc. The 
l a t t e r  face will ,  therefore ,  produce a much h igher  cor-  
rosion ra te  than  (100). This s ta tement  is confirmed by  
the resul ts  of Buck and Leidheiser  (3). No extens ive  
faces wil l  be developed,  only  smal l  dots, because of the  
var ious  incl inat ions of the  {123} planes  to the  sample  
surface. A deve lopment  of l a rge r  {123} reflecting planes  
thus becomes impossible:  due to the increased ra te  of 
dissolution, corrosion res is t ive  planes,  e.g., (101) wi l l  
be reached soon and steps wi l l  develop as a l r eady  des- 
cribed. 

The theore t ica l  m a x i m u m  m / s  values  are  summa-  
r ized in Table  I, the  next  column showing the  r e l a -  
t ive  rates.  In  the  last  column rate  ratios,  as obta ined  
wi th  Fe  whiskers  by  Shemensk i  et al. (4),  a re  given 
for  comparison.  Al though object ions can be raised 
against  this  method  of ca lcula t ing ra te  ratios,  the  
t r e n d  does agree  wi th  the  expe r imen ta l  da ta  obta ined 
by  severa l  authors  for var ious  kinds of Fe  in differ-  
ent  solvents  (2, 3, 4, 6). Calcula ted ra te  ra t ios  for the  
{hhl} and {hkl} p lanes  are  too high because the  h igh-  
est m values  were  taken.  Fur the rmore ,  ion diffusion 
ra tes  would  l imi t  the  veloci ty  of corrosion. On the 
o ther  hand  oxidizers,  such as K~S2Os would  increase 
the  low rates.  The presence of impur i t ies  in app re -  
ciable amounts  would  dis tor t  the  ove r -a l l  picture.  
Taking  these factors into considerat ion,  the  agree-  
ment  be tween  the theoret ica l  and exper imen ta l  ra te  
ra t ios  for var ious  c rys ta l lographic  planes  should be 
rega rded  as ve ry  sat isfactory,  expla in ing  w h y  the cor-  
rosion ra te  depends  on the c rys ta l lographic  direction,  
at  least  for pu re  Fe. 
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Films of Oil Oxidation Products on Copper 
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ABSTRACT 

Films formed on metallic copper catalyzing the low temperature oxidation 
of pure hydrocarbon liquids and insulating oils were analyzed using re- 
flectance infrared spectroscopy. Onset of rapid air oxidation of n-decane, 
p-cymene, mineral oil, and a low aromatic content transformer oil at 90~176 
coincided with the appearance and rapid growth of copper oxalate films on 
the copper. Cuprous oxide and copper carboxylate species appeared earlier on 
the copper surfaces but these were not related directly to the autoxidation 
process. Addition of oxalic acid impurity to mineral oil both increased its 
power factor and reacted with the copper to form copper oxalate films. Oxalic 
acid appeared to be an important product in the oxidative deterioration of 
paraffinic hydrocarbons and insulating oils. Rapid air oxidation of decalin 
produced copper nitrate reaction products on the copper surfaces. No oxalate 
was detected. Addition of I-H benzotriazole to an insulating oil effectively 
inhibited corrosion of the copper by forming a film of copper benzotriazolate 
on the copper. Such films retarded the catalytic action of the copper in oxi- 
dation of the oil. 

Exposure to metall ic copper catalyzes the low tem-  
perature,  l iquid-phase oxidation of m a n y  oils. For 
example, t ransformer  oils, exposed to air in the pres- 
ence of copper and other metals suffer accelerated oxi- 
dation. Format ion of species such as peroxides, al-  
dehydes, and organic acids causes corrosive attack of 
the windings and other exposed metals and leads to 
earlier breakdown of the dielectric. Accelerated tests 
of the oxidation stabilities of these oils often make use 
of the catalytic action of copper. One convenient  test 
employs periodic measurement  of the d-c conductivity 
(converted to power factor) of an oil at 95~ exposed 
to air  and copper for several  days ( i ) .  

In  the absence of so-called copper "passivating" ad- 
ditives the oxidation of the oil is usual ly  governed by 
the copper in solution (2-4). If corrosion of the metal -  
lic copper source is inhibi ted sufficiently, the surface 
reactions or heterogeneous mechanisms can become 
rate controlling. Krieger  (5) found that  dissolution of 
Cu20 films normal ly  present  on metallic copper, pro-  
vided the ma in  source of the soluble copper. Freshly 
reduced copper surfaces did not exert  a catalytic ac- 
tion. Adding copper corrosion inhibitors (called "passi- 
vators" in insula t ing oil usage) to the oil could also 
make the heterogeneous reactions controlling (6). 
Some inhibi tors  served a dual  funct ion in  also chelat-  
ing the soluble copper to act as "metal deactivators" 
(4, 6). 

Previous studies of the role of copper dur ing  the 
oxidation of oils have focused at tent ion main ly  on the 
changes in composition of the oil phase. Melchiore and 
Mills (4) found a correlat ion between increasing power 
factors and increasing carbonyl  contents of degrading 
t ransformer  oils. Power factor measurements  (see Ex-  
per imenta l  section) provided sensitive tests of the ex- 
tent  of oxidation of their  oils. These and other authors 
have also reported that  varnish- l ike  deposits covered 
the surfaces of the metall ic copper catalysts after pro- 
longed oxidation of the oils. To our knowledge, no 
prior at tempts have been made to analyze these thin 
reaction product  films. Knowledge of their  composition 
and structure should aid in unders tanding  the mech- 
anism of the catalytic action of the copper and how to 
prevent  it. 

This paper reports infrared mul t ip le  reflectance 
spectroscopic studies of reaction products formed on 
copper mirrors  used as oil oxidation catalysts. Supple-  
menta l  tests on the oil phase included: power factor 
measurements ,  hydroperoxide (ROOH) ti trations,  and 
g a s  chromatographic analysis for other oxidation prod- 
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ucts. Oxidation tests were conducted usual ly  at  90 ~ 
100~ by bubbl ing  air  or oxygen for several  hundred  
hours through oil containing the copper mir ror  cata- 
lysts. Periodically, the mirrors were removed from the 
hydrocarbon, washed in n-pentane ,  air dryed, and their  
reflectance spectra recorded. Results are reported for 
the oxidation of n-decane,  decalin, p-cymene,  white 
minera l  oil, and  several  commercial t ransformer  oils. 
Reflection spectra from the copper mirrors  often 
changed dramatical ly  dur ing  the course of an oxidation 
test. Ini t ia l  reaction product  films usual ly  consisted of 
thin films ( <  100A) of copper soaps (RCOO-)2Cu + + 
on top of thin CusO films. No significant increases in  
power factor occurred dur ing  the appearance and 
growth of these products. Onset of rapid oxidation of 
n-decane,  p-cymene,  and minera l  oil was paralleled by 
formation and rapid growth of copper oxalate (CUC204) 
films on the copper. The copper oxalate films often at-  
tained thicknesses in excess of 400A after prolonged 
oxidation. No copper oxalate was detected from the 
oxidation of the naphthene  decalin. Instead, after sev- 
eral hundred  hours of oxidation, formation of copper 
ni t rate  (Cu(NO~)2) films paral leled a sharp increase 
in power factor. 

Addit ion of benzotriazole (C6H~NsH), an effective 
copper corrosion inhibitor,  to the oil produced protec- 
t ive films on the copper and prolonged the low power 
factor life of an insulat ing oil. 

Experimental 
Recording spectra of f i lms.--Spectra of th in  films 

formed on the copper-mirror  "catalysts" were re-  
corded from 230 to 4000 cm -1 on a Beckman 1R-12 spec- 
t rophotometer  us ing mult iple  reflectance accessory op- 
tics. Details of this accessory have been provided in 
a previous paper (7). These optics provided seven re- 
flections at 73 ~ increase from two planar  sample mir -  
rors (76 x 38 x 3 m m  and 51 x 38 x 3 mm) .  Use of these 
mul t ip le  reflections increased sensit ivi ty to record ab-  
sorption of the infrared by th in  semit ransparent  films 
on the mirror  surfaces. A wire-gr id  polarizer was in-  
stalled in the monochromator  section of the spectro- 
photometer. This was oriented to t ransmi t  the com- 
ponent  of light paral lel  to the plane of incidence of the 
light at the sample mirrors to fur ther  enhance sensi- 
t ivi ty  (7). Similar  optics with "clean" copper mirrors  
were installed in the reference beam of the IR-12 
double beam spectrophotometer. This main ta ined  op- 
tical balance and enabled spectra of films on the sam- 
ple mirrors  to be recorded differentially. 

Absorption band intensit ies in the reflectance spectra 
were measured in  terms of ~R, the fractional change in 
reflectivity at a band maximum,  i.e., ~R = (Ro -- R ) /Ro  
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where Ro = reflectivity in absence of a film; R = re-  
flectivity at band maximum. AR values as low as ca. 
0.0005 could be measured reproducibly.  Fi lm thick- 
nesses were calculated using the formula (8) 

(6.38 X 105 Nz 3) 
d ~ AR 

A -- ~K1 

(for 73 ~ incidence angle of the parallel  component)  
where NI = refractive index of the film material ;  K1 
= absorption constant  of the film = ak/4K; where a = 
absorption coefficient in cm -1 and k = wavelength of 
light in cm; v = band position in c m - L  

Values of K1 were determined from reference t rans-  
mission spectra of analogous compounds. Refractive 
indices were taken from the l i terature (9). Both rep- 
resent  approximations of the appropriate K~ and NI 
values for the thin films on copper. Previous similar 
studies (10,11) in which film thicknesses were checked 
interferometr ical ly  have indicated that  errors in the 
infrared spectroscopic values should be less than 10%. 
Spectra of films as thin as one monomolecular  layer  
could be recorded using this technique. 

Materials and procedures.~Copper mirrors were 
prepared by electropolishing plates mil led from OFHC 
copper (99.95% Cu) in a 1:1 mix ture  of H3PO4:H20 as 
electrolyte (12,13). The freshly polished plates were 
washed in distilled water, 10% H3PO4, boil ing distilled 
water, and finally methanol  to ensure that no phos- 
phate was retained on the mirror  surfaces (14, 15). 
Since these mirrors  contacted air they were covered 
rapidly by Cu20 films 10-20A thick (12). 

The n-decane  was Philips Research grade; p -cymene  
(p-isopropyl toluene) was Eastman White Label; dec- 
alin (decahydronaphthalene)  was a mix ture  of cis 
and t rans  forms; and the minera l  oil was Squ ibb-Nu-  
jol which was composed of 38.4% naphthenic  carbon 
and 61.6% paraffinic carbon with a molecular  weight of 
ca. 450. Three different commercial t ransformer  oils 
were tested. The aromatic, naphthenic,  and paraffinic 
carbon contents of these three oils were respectively: 
A, 12.5, 42.7, and 44.8%; B, 15.1, 35.5, and 49.4%; and 
C, 1.9, 50.8, and 47.3% Transformer  oil C was reported 
to also contain about 0.3% of a phenolic- type oxidation 
inhibitor.  

Oil oxidation tests were conducted with the copper 
mirrors  ful ly immersed in 100-200 ml  of the oil at 90 ~ 
100~ contained in a tubu la r  glass flask ca. 4.5 cm 
diameter  by 20 cm long. Each flask had a 40 mm vi ton-  
A o-r ing joint  at the top to provide access for the mir -  
rors. A gas bubbler  tube  extended to the bottom of 
the flask. When testing volatile hydrocarbons, a water-  
cooled reflux condenser was fitted to the top closure 
of each flask. 

The copper mirrors were removed periodically from 
the oil, r insed in n-pentane ,  air dried, and their  IR re-  
flectance spectra recorded. At  the same t ime the power 
factor of the oil was measured at 95~ using ASTM 
procedure D-924. Power  factor (P.F.) is related to the 
resistivity (R) of the oil by the equation P.F. = 
1/%/(2~f CR) 2 + 1 where f = frequency, Hz, and C is 
capacitance. Hydroperoxide contents were determined 
by $203 = t i t rat ions (16). Tests were cont inued for sev- 
eral days un t i l  high levels of power factor (i.e., P.F. > 
5%) were attained. 

Results and Discussion 
Oxidation of mineral oiL--Argon, CO~ and air  purg- 

ing.~Figure  1 shows four reflection spectra taken from 
a sequence of 13 that  were recorded during 1884 hr of 
oxidation of Nujol  oil at 90~ In  this test the oil was 
purged first with argon gas for 141 hr, second with 
CO2 for 890 hr, and thi rd  with air for 853 hr. The spec- 
tra shown in Fig. 1 were selected to i l lustrate the dra-  
matic changes that occurred in the composition of the 
reaction product films on the copper mirrors. These 
spectra were replotted from spectra recorded on a 
0-1.0 absorbance mode so that band intensit ies can be 
compared directly. In early stages of film growth, 
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Fig. 1. Reflection spectra from copper exposed to mineral oil at 
90~ A, After 302 hr (141 hr with argon purging +161 hr CO~;); 
B, 1031 hr ( + 7 2 9  hr CO~); C, 1225 hr ( + 1 9 4  hr air); D, 1884 hr 
( + 6 5 9  hr air). 

spectra were also recorded in an expanded per cent 
transmission mode (up to 25x). This resulted in greater 
sensit ivi ty to characterize these thin films than is in-  
dicated by Fig. 1A, for example. Background reflec- 
tance spectra of freshly electropolished copper mirrors  
were flat and featureless from 4000 to 230 cm -1. Ab-  
sence of an infrared band characteristic of the air-  
formed Cu20 films was due to the fact that spectra 
were recorded differentially. Nearly identical sets of 
copper mirrors  were present  ini t ia l ly in both sample 
and reference beams. Assignments  of the characteris-  
tic bands are shown at the top of Fig. 1. These assign- 
ments  are based on reference to t ransmission spectra 
of pure copper compounds (17-20) and on other inde-  
pendent  analyses described later. 

Figure 2 shows how the intensit ies (aR's) of some 
of the characteristic IR bands and the power factor of 
the Nujol  changed dur ing the 1884-hr exposure. During 
the ini t ial  141-hr argon purged exposure, thin films con- 
sisting of the equivalent  of about one monolayer  of a 

o r  o ~  
copper carboxylate ( R -  C - ' <  o.;.Cu),,  formed on the Cu 

(see spectrum A of Fig. 1). During the subsequent  
890-hr CO2-purged exposure, the copper carboxylate 
films grew to a thickness of ,-~200A (Fig. 1B). This was 
accompanied by growth of relat ively thick (~800A) 
Cu20 films on the copper as evidenced by the 640 cm -1 
Cu20 band in spectrum B of Fig. 1 (10). One possible 
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Fig. 2. Change in composition of film on copper and mineral oil 
power factor with time. 
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Table I. Copper catalyzed oxidation of oxygen-purged Nujol at 90~ 

O x i d a t i o n  H y d r o p e r -  P o w e r  f a c t o r  S p e c t r a  of r e a c t i o n  p r o d u c t  
t i m e - h r  ox ide ,  m / o  % a t  95~  f i lms  on coppe r*  

0 0.17 0.05 C l e a n  copper% 
285 -- 0.05 C o p p e r  soap  ( ~ 1 0 A )  
622 0.97 0.05 C o p p e r  soap  a n d  c a r b o x y l i c  

a c i d s  
832 8.1 0.13 C o p p e r  soaP a n d  c a r b o x y l i c  

a c i d  + CuC204 
1161 16.4 7.75 M o s t l y  CuCsO~ ( ~ 7 0 A )  

* T h e s e  f i lms  r e m a i n e d  on t h e  c o p p e r  a f t e r  r i n s i n g  in  p e n t a n e .  
C l e a n  c o p p e r  -= Cu  c o v e r e d  o n l y  b y  10-20A of a i r - f o r m e d  Cu20 .  

$ F i l m s  e x h i b i t e d :  3400  c m  -1 O-- -H;  1710 cm-1 a c i d  > C = O ;  1440-  
1390 cm-1 C - - O  or  O - - H  b a n d s .  

explanat ion for the growth of thick Cu20 films might  
be the disproport ionation of a CO2 corrosion product  
such as Cu(HCO3)2, i.e., Cu(HCO3)2 --> Cu20 -- Cu + 
H20 + 2CO2. Copper bicarbonate  is formed readi ly  in 
the presence of small amounts  of water  and oxygen 
(22). Nei ther  air nor oxygen purging of the hydrocar-  
bons resul ted in formation of such thick Cu20 films on 
the copper. The power  factor of the Nujol  remained low 
(<0.5%) throughout  the init ial  1031 hr of exposure. 

On changing to an air purge, af ter  1031-hr exposure, 
the Cu soap films th ickened and a new C-~O band 
appeared at 1680 cm -1 (see spectrum C of Fig. 1). Af-  
ter  about 700 hr of air purge the power factor in-  
creased rapidly. This deter iorat ion was paral led by 
the formation and rapid growth of copper oxalate  
(CuC204) on the copper mirrors  (see Fig. 2). At the 
end of the 1884 hr  of exposure, the mir ror  surface had 
a varn ish- l ike  appearance. The copper oxalate  was 
identified by: (i) appearance of new, highly charac-  
teristic inf rared bands at 1630, 1365, 1320, 825, ~500, 
380, and 285 cm -1. These corresponded closely to re fe r -  
ence transmission spectra of bulk copper oxalate  (18- 
20); (ii) reflection electron diffraction pat terns  from 
the copper mirrors;  (iii) solvation in water  ~ 3 rag /  
100 cc at 25~ but insolubil i ty in most organic sol- 
vents;  ( iv)  spot test analyses for oxalate  in aqueous 
extracts  of the films. The copper oxalate  films were  
calculated to be about 220A thick at the end of the 1884- 
hr exposure  (see spectrum D of Fig. 1). F igure  2 in-  
dicates that  the copper oxalate  was the only surface  
species that  was related direct ly  to the autoxidat ion 
of the Nujol. 

Oxygen  purg ing . - -A  test s imilar  to that  described 
above but  using an oxygen purge  produced similar  re-  
sults. When the oil began to oxidize appreciably, as 
indicated by increased power  factor and hydroperox-  
ide contents, copper oxalate  again appeared and grew 
on the copper mirrors.  Results are summarized in 
Table I. One notable difference be tween  these and the 
above results was that  wi th  oxygen purging the Cu20 
films did not thicken appreciably during the 1161 hr  
of exposure, F igure  2 indicates that  in the previous 
test, most of the Cu20 film growth occurred during the 
CO2 purging period. 
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With  oxalic acid addi t ion.- -The copper oxalate  films 
described previously were  bel ieved der ived f rom an 
oxalic acid oxidation product in the oil. A test was 
therefore  conducted on Nujol  containing 0.01 w/o  
(weight  per cent) of oxalic acid to test  the effects of 
this impur i ty  on both power factor and film composi- 
tion. Results are shown in Fig. 3. This small  addition 
of oxalic acid increased the 95~ power  factor from 0.05 
for pure unoxidized Nujol  to 0.28. Af te r  about 70 hr  of 
oxidation at 90~ using air purging,  the power  fac- 
tor had re turned  to 0.07, which was close to its original 
value. Par t  of the  oxalic acid impur i ty  had been con- 
ver ted  to copper oxalate  films approximate ly  55A thick 
on the copper mirrors.  These oxalate  films did not then 
grow thicker  unti l  the Nujol  began to oxidize appre-  
ciably af ter  about 300 hr. 

The 55A thick copper oxalate  films covering the 108.5 
cm 2 area of the copper mirrors  accounted for only a 
fraction of the 0.01 w / o  oxalic acid addition. Other  re-  
actions involv ing  the reducing proper ty  or decomposi-  
tion of oxalic acid probably also contr ibuted to the 
consumption of  the acid impur i ty  as such dur ing the 
70 hr of exposure. The above test did show, however ,  
that  both the power  factor and film composition were  
sensitive to the oxalic acid impuri ty.  

Oxidation of n -decane . - -The  copper catalyzed oxi-  
dation of n-decane  was studied to compare the be- 
havior  of a pure, normal  paraffin wi th  the above re-  
sults on Nujol, a mix ture  of naphthenic and paraffinic 
hydrocarbons.  In this test, the copper mirrors  were  
exposed to a i r -sa tura ted  n-decane  at ca. 95~ for a 
total t ime of 2516 hr. Reflection spectra were  recorded 
f rom the copper mirrors  at 14 different stages in this 
exposure. Results of some of these and other  analyses 
are summarized in Table II. Power  factors were  re-  
corded with  the decane at 25~ ra ther  than the stan- 
dard 95~ to minimize the fire hazard. This made the 
power  factor re la t ive ly  insensit ive to the onset of 
severe oxidation (21). 

Spectra  A and B of Fig. 4 i l lustrate  the dramatic  
changes that  occurred in the films on the copper mir -  
rors f rom 1990 to 2516 hr  exposure, respectively.  Spec-  

Table II. Copper-catalyzed 95~ air oxidation of n-decane 

Exposure, Power factor 
h r  at  25~  

G C  a n a l y s i s , t  m / o  
H y d r o p e r -  
ox ide ,*  m / o  K e t o n e  A l c o h o l  E s t e r  

I R  s p e c t r a  of  f i lms  on  Cu  

C o m p o s i t i o n  
T h i c k -  
ness ,  A 

0 0 .07 
194 0.26 
356 0.3 
656 0.4 
965 0.4 

1105 0.5 
1487 0.5 
1990 0.5 
2516 ~ i  

0.53 0.5 0.2 0.1 
0 .70 - -  - -  - -  
0 .84 - -  - -  - -  
1.31 ~ - -  - -  
2 .0  ~ - -  - -  
1.1 3.2 0.8 1.0 

Clean Cu 
Cu ++ soap 
Cu ++ soap + CuC20~ 
M o s t l y  CUC204 
M o s t l y  CuC204 
M o s t l y  CuC204 
M o s t l y  CuC~O~ 
Mostly CuC~O~ 
CuC~O~ + ester 

20 
32 
33 
33 
42 
50 

~ 5 0 0  

* B y  $208 = t i t r a t i o n .  
GC = gas  c h r o m a t o g r a p h i c .  
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tra recorded from ca. 600 to 1990 hr  exposure were all 
similar to spectrum A of Fig. 4. These identified the 
main  const i tuent  of the thin reaction product films as 
copper oxalate. In  spite of this appearance of oxalate, 
oxidation of the decane appeared to progress slowly 
up to the last 60-70 hr of this test. While the decane 
was still clear and colorless at 2450-hr exposure, at 
the end of 2516 hr it had a b lue-green  hue and sludge 
was visible at the bottom of the flask. In  addition, the 
copper oxalate had thickened rapidly to about 500A 
dur ing  this last exposure period. This result  was based 
on the intensit ies of the copper oxalate bands at 1650, 
1365, 1322, 825, and 500 cm -1 in spectrum B of Fig. 4. 
Although this spectrum identified the major i ty  of the 
film as copper oxalate, addit ional  bands at 3400, 2960, 
2930, 2860, 1680, and 1435 cm -1 were a t t r ibuted to the 
presence of ketone and ester products as welt. Decom- 
position of hydroperoxide probably provided these 
products. Table II indicates that  the hydroperoxide 
conterit of the deeane fell appreciably during this last 
exposure period. Results in Table II and Fig. 4 show 
that rapid growth in thickness of the copper oxalate 
film coincide with the onset of rapid or autocatalytic 
oxidation of the decane. 

Oxidation of decalin.--Decalin (decahydronaphtha-  
lene) was selected for s tudy to analyze films formed 
on copper by the oxidation of a naphthenic  hydrocar-  
bon. The copper mirrors  were exposed for a total  of 
346 hr  to a i r -sa tura ted  decalin at 90~ Results are 
summarized in Table III. Reflection spectra from the 
copper mirrors recorded after A, 20 hr; B, 226 hr; and 

Fig. 5. Reflection spectra from copper exposed to air-saturated 
decalin at 90~ for: A, 20 hr; B, 226 hr; C, 346 hr. 

but  water  extracted the species responsible for them. 
Chemical analysis of the aqueous extract  confirmed 
the presence of copper nitrate.  No oxalate was detected 
in these films. This is in contrast  to results of the pre-  
vious tests. The only source for the ni t ra te  found in 
this test appeared to be fixation of ni t rogen from the 
air purge. Fur ther  s tudy is necessary to explain this 
unexpected result. 

Oxidation of p - c y m e n e  (p- isopropyl  toluene ) . - -A i r -  
saturated p-cymene  (p-CH3C6H4CH(CHs)~) was oxi- 
dized for a total of 334 hr at 90~ After  330 hr, severe 
oxidation .of the aromatic hydrocarbon began and was 
accompanied by growth of copper oxalate films (,~100A 
thick) on the exposed copper mirrors.  In  addition to 
copper oxalate, the reaction product films exhibited 
weak aliphatic C-H bands. No aromatic C-H bands 
were detected in the films. During this test the hydro-  
peroxide content  increased from 0.3 to 2.0 m/o  (mole 
per cent) and the power factor at ta ined a final high 
value of 8.3%. 

Oxidation of commercial  insulating oi ls . - -Trans-  
former oils A and B were of s imilar  composition in 
terms of their  aromatic, napthenic,  and paraffinic car-  
bon contents. In  90~ a i r -sa tura ted  oxidation tests 
of these oils, the ini t ial  th in  product  films formed on 
the copper-catalyst  mirrors  consisted pr imar i ly  of 
copper carboxylates. After  rapid oxidation had o c -  

C, 346 hr  are shown in Fig. 5. These spectra i l lustrate 
the pronounced changes that  occurred in the composi- 
t ion of the reaction product films dur ing  this test. Thin  
films of Cu soap that  formed dur ing  the first few days 
of exposure exhibited spectra similar  to Fig. 5A. Addi-  
t ional  bands that  appeared in spectra of the 114 and 
226-hr films were assigned tentat ively  to amide or 
covalent  n i t ra te  complexes (Fig. 5B). 

The hydroperoxide content  and power factor of the 
decalin increased slowly and  almost l inear ly  for 226 
hr of exposure. Both then exhibited a sharp increase 
in the last 120 hr  of exposure and a relat ively thick 
film of copper n i t ra te  appeared on the copper. Bands 
at 1435, 1335, 1045, and 815 in spectrum C of Fig. 5 
were a t t r ibuted to the copper n i t ra te  (17, 18). Trea t -  
ment  of the filmed mirrors  in solvents such as CHC13 
and CH3CN had no effect on these IR absorption bands 

Table III. Copper-catalyzed 90~ air oxidation of decalin 

I R  spec t ra  of  f i lm 

A p p r o x -  
P o w e r  i m a t e  

Exposu re ,  f ac to r  H y d r o p e r -  t h i c k  - 
h r  a t  95~ ox ide ,  m / o  C o m p o s i t i o n  ness ,  A 

0 O. 13 - -  C lean  C u  0 
20 O. 14 0.18 Cu++ soap 40 
42 1.5 0.58 C u  ++ soap 50 

114 3,2 2.9 Cu++ soap + a m i d e  80 
or n i t r i d e  

226 7.9 7.2 S a m e  120 
346 25+ 12.5 Same + Cu(NO3)2 ~300 

curred, films exhibi t ing spectra similar to that  shown 
in Fig. 6A had formed on the copper mirrors. This 
spectrum was recorded after 158-hr exposure of cop- 
per mirrors  to t ransformer  oil-A. By this t ime the 
power factor had risen from an ini t ial  value of ca. 0.1% 
to a high value of ca. 5%. The main  bands in spectrum 
A are believed due to copper bicarbonate present  at a 
film thickness of several  hundred  angstroms. Al though 
no reference spectrum of copper bicarbonate  was found 
in the l i terature,  the s imilar i ty  of Fig. 6A to spectra 
of other bicarbonates  gives some credance to this in -  
terpretation.  This product was insoluble in several 
organic solvents but  dissolved readily in water  to leave 
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the  under ly ing  copper  soap films exhib i t ing  spec t rum 
B of Fig. 6. No copper  oxa la t e  was detected in these  
films. 

Blending  of 0.01 w/o  of an effective copper  corrosion 
inhibi tor ,  benzotr iazole  (CeHsN3), into these t r ans -  
former  oils resu l ted  in ma jo r  improvements  in the i r  
oxidat ion  stabil i t ies.  For  example ,  inhib i ted  t r ans -  
former  o i l -A  exhib i ted  a power  factor  of about  1% 
af ter  140 h r  exposure  ins tead of 5-7% which was  t y p -  
ical wi thout  this addi t ive.  Reflectance spec t ra  f rom 
the copper  mi r ro rs  showed tha t  the  benzotr iazole  had  
reac ted  wi th  the  copper  "ca ta lys t"  to form highly  p ro-  
tect ive  films of copper  benzotr iazola te  (11). These 
spec t ra  indica ted  tha t  the pro tec t ive  films formed 
quickly.  They a t ta ined  a thickness  of ca. 90A af ter  
1-hr  and 200A af te r  ca. 140-hr exposure.  

Oxidat ion  tests  on the  low aromat ic  content  t r ans -  
former  oi l -C differed significantly.  This oil res is ted 
severe  oxidat ion,  wi th  a i r - p u r g i n g  at  95~ for over  
1000 hr. Dur ing  this per iod  the  usual  thin films of cop- 
pe r  ca rboxy la t e  were  fo rmed  on the copper  mirrors .  
Af t e r  1200 hr, the  oil was oxidized severe ly  and copper  
oxala te  made  up a ma jo r  propor t ion  of the  re la t ive ly  
th ick  films formed on the copper.  

Conclusions 
Onset of severe  a i r  oxida t ion  of severa l  hyd roca r -  

bons was accompanied by the format ion  of h igh ly  
charac ter i s t ic  react ion product  films on the surface 
of exposed metal l ic  copper  catalysts .  In f r a red  mul t ip le  
reflection spect ra  provided  a sensi t ive means  for an-  
a lyz ing  both the  composit ion and thickness  of these 
films. 

Paraffinic hydrocarbons  genera ted  copper  oxala te  
films on copper  when t hey  began to autoxidize  ap-  
preciably .  These copper  oxala te  films appear  to re -  
sul t  f rom react ion of the  copper  ( +  Cu20) surfaces 
wi th  oxal ic  acid oxidat ion  products  genera ted  in the  
l iquid phase. In  addit ion,  the  power  factor  of an insu-  
la t ing  oil was found to be sensi t ive to the  presence of 
smal l  amounts  of oxal ic  acid impur i ty .  For  example ,  
addi t ion of 0.01 w / o  oxalic acid to minera l  oil increased 
its 95~ power  factor  by  app rox ima te ly  5 t imes  (i.e., 
f rom 0.05 to 0.28%). Da ta  in the l i t e r a tu re  indica ted  
tha t  o ther  expected  oxidat ion  products  such as mono-  
carboxyl ic  acids exer t  much smal le r  effects (21). In  ad-  
dition, the  lower  the  molecu ls r  weight  of these acids the  
l a rge r  the i r  effect on the  power  factor.  These resul ts  
suggest tha t  genera t ion  of oxal ic  acid p lays  an impor -  
tant  role  in the  oxida t ive  de te r iora t ion  of insulat ing 
oils of low aromat ic  content.  This in f ra red  spectroscopic 
s tudy  provides  wha t  appears  to be the  first evidence 

for the  product ion of such species dur ing  such low 
t empera tu r e  ( <  100~ oxidations.  The concentra t ing 
action of scavenging oxal ic  acid f rom the  l iquid phase 
by  the  copper  mi r ro rs  p robab ly  cont r ibuted  signifi-  
can t ly  to our detect ion of oxal ic  acid der ivat ives .  

Evidence on the mechanism of the  format ion  of oxa-  
lic acid is stil l  lacking. React ion of CO2 gas wi th  an 
oxidat ion  product  l ike formic acid appears  to be ru led  
out  by the  observat ion  tha t  oxala te  films were  formed 
using pure  oxygen purging  conditions. 

Manuscr ip t  submi t ted  Oct. 20, 1969; revised manu-  
script  rece ived  ca. Nov. 28, 1969. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1970 
J O U R N A L .  
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Reactively Sputtered Silicon Oxynitride as a 
Dielectric Material for Metal-Insulator-Metal Capacitors 

R. I. Frank 1 and W. L. Moberg 
Sperry Rand Research Center, Sudbury, Massachusetts 

ABSTRACT 

Silicon oxyn i t r ide  was formed by  r f  reac t ive  sput te r ing  of sil icon in m i x -  
tures  of N~ + N20. The dependence  of dielectr ic  constant,  etch rate,  b r e a k -  
down strength,  and IR t ransmi t t ance  on the  N20 concentra t ion in the  p lasma  
was determined.  F ive  to ten per  cent N20 gave an average  b r eakdown  s t rength  
of 1.1 x l0 T V/cm for m e t a l - i n s u l a t o r - m e t a l  capaci tors  having mo lybde num 
electrodes.  The other  capaci tor  pa rame te r s  were  also measured.  An  exp lana -  
t ion of the  high b reakdown  s t rengths  in these  capaci tors  is suggested. 

The proper t ies  of r f  reac t ive ly  spu t te red  silicon n i -  
t r ide  and silicon oxyn i t r ide  have  been s tudied as par t  
of a p rog ram to inves t iga te  new dielectr ic  mate r ia l s  
for  use in passive components  in in tegra ted  circuits,  

1 R a y t h e o n  C o m p a n y ,  E q u i p m e n t  Division,  528 B o s t o n  P o s t  Road,  
S u d b u r y ,  M a s s a c h u s e t t s .  

pa r t i c u l a r l y  for me t a l - i n su l a to r -me ta l  (MIM) capaci -  
tors. Sil icon n i t r ide  was inves t iga ted  because of its 
compat ib i l i ty  wi th  in tegra ted  circuits  and because its 
h igher  dielectr ic  constant  and  h igher  dielectr ic  
s t rength  promised  a g rea te r  capaci tance  per  uni t  a rea  
than  sput te red  silicon dioxide (1). Sput te r ing  was used 
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because it is a low- tempera ture  process which permits  
deposition over existing metallization, such as bottom 
capacitor electrodes and interconnect ion patterns. The 
reactive sput ter ing approach was chosen because of 
the h igh-pur i ty  silicon source mater ia l  available and 
the possibility of vary ing  the composition of the de- 
posited film by controll ing the composition of the re- 
actant  gas. Finally,  r f  sput ter ing was selected because 
of the superior film properties that  had been obtained 
in comparison with d-c sput ter ing (2). 

Since the low etch rate of pure silicon ni t r ide (3) 
makes it a difficult mater ial  to process in integrated 
circuit work by direct etching (4), an investigation was 
under taken  to determine whether  the addition of an 
oxygen-bear ing  species to the reactant  gas would form 
a silicon oxyni t r ide which would have properties in -  
termediate  between those of pure oxide and nitride.  
This would result  in the desired increase in  etch rate 
and in a less desirable, but  unavoidable,  decrease in 
dielectric constant compared to pure nitride. It  was, 
in ~act, found that  the etch rate in 7:1 buffered HF 
could be increased from 20 A / m i n  for pure silicon ni -  
tride to 200 A / m i n  with a decrease in dielectric con- 
stant  of no more than 20%. Thus, a reasonably fast etch 
rate was achieved, while a substant ial  advantage in di- 
electric constant  over pure  silicon dioxide was still re-  
tained. At the same time, a substant ia l  increase over 
pure silicon ni t r ide in both breakdown strength and 
yield of capacitors was obtained, great ly increasing the 
usefulness of this mater ia l  in in tegrated circuit  appli-  
cations. 

Exper imental  
Equipment and procedure.~The sput ter ing system 

was a CVC AST 100 Plasma Vac Uni t  with AST 200 rf  
dielectric sput ter ing accessory. This system uses an 
auxi l iary  filament as a source of electrons to sustain 
the discharge at low pressures and an external  magnet  
to Confine the plasma. A vert ical  geometry was used 
for the target  and substrate, with the silicon target  
supported by  a rod extending from the rf feedthrough 
and screwed into an a luminum disk bonded to the 
back of the silicon. Sput ter ing of a l u m i n u m  from this 
disk was prevented by clamping a silicon backup plate 
against the rear  of the target. This plate had a hol- 
lowed-out  recess to fit over the a luminum disk, as 
shown in Fig. 1. The target  was a 3-in. diameter  by 
%-in. thick h igh-pur i ty  polycrystal l ine silicon disk. 
A 5-in. diameter  Pyrex  tube enclosed the target and 
the electron beam travel ing upward  from the auxi l iary 
filament. It  also served to confine the discharge and 
the deposition of sputtered materials.  A rotat ing sub-  
strate holder was placed just  outside this tube  at a 
distance of 2% in. from the target. This holder  was a 
circular plate that  held six 1-in. diameter  silicon wa-  
fers by means of spr ing-loaded clips. An electrically 
isolated shield with a hole opposite each wafer  was 
used over the front of the substrate holder to prevent  
deposition onto adjacent  wafers dur ing  sputtering. By 
depositing onto a single wafer and then rotat ing the 
next  wafer into position, a n u m b e r  of sput ter ing con- 
ditions could be investigated in a single pumpdown. 

The substrate plate was electrically isolated and 
could be biased to a par t icular  voltage dur ing  sput ter-  

STAINLESS STEEL QUARTZ TUBE 
NUT ~ ~  W~ SHERS ? INSULATORS ~ i i/I '~ SIL ICON 

I ( I f / I f  THREAD TO FIT ~ : , ~ '  
INTO RF FEED / S AIPi' 
THROUGH LS PRING LOAC STEEL ROB FOR BACKUP 

PLATE A L Ut/,IPIUtv: DISC 
BONDED TO BACK �9 OF TARGET B ~  

WALL OF PYREX ~ 
INNER CHAMBER ~ 

SILICON BACKUP PLATE 

Fig. 1. Silicon target assembly using aluminum disk for attach- 
ment. 
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ing. It had a heater and thermocouple, with the leads 
brought  out through a s l ip-r ing arrangement .  A 
schematic of the fixturing is shown in  Fig. 2, and de- 
tails of the substrate  assembly are shown in Fig. 3 and 
4. 

The vacuum system had an oil diffusion pump with a 
l iquid ni t rogen cold trap. A pressure of 2 x 1 . 0 - ~  Tor t  
was reached before the sput ter ing gas was admitted. 
The vacuum-t igh t  gas inlet  system was stainless steel 
and Pyrex.  The gas manifold is seen in Fig. 5 along 
with an over-al l  view of the vacuum system. F o r  sput-  
tering, ni trous oxide (N20) was first admit ted and the 
pressure was set by the ion gauge, since the flow rate 
was usual ly  too small to register on a flow meter. Ni- 

Anode + 

rf power ~ I ] ~  
/ 

Back up plote i 

Si cathode 1 - - - ~  

Pyrex tube 

- - I  

Filament 

I U  Sub ...... ( BJ wofe I ) 

I U D ~  ~ .............. 
#~ Shield 

I ~ Fdoment housinq 

Fig. 2. Schematic of fixturing in sputtering system 
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Fig. 3. Rotating substrate holder 
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Fig. 4. Detail showing wafer mounted on substrate holder 
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Fig. 5. Over-all view of vacuum system showing gas manifold 

t rogen was then admit ted  to give a total  pressure of 3~. 
Ion gauge readings were  checked periodically during a 
run. The ni t rogen was analyzed research-grade  gas 
containing less than 1 ppm of impurities.  The oxyni -  
t r ide was formed by the addition of nitrous oxide 
ra ther  than oxygen to the sput ter ing gas. This pe rmi t -  
ted the use of larger  quanti t ies  of the addi t ive gas, 
and made  the mix ing  of the reactant  gases easier to 
control. For  instance, sput ter ing in a mix ture  of 5% 
oxygen and 95% ni t rogen was found to be sufficient 
to shift the IR absorption m a x i m u m  of the silicon oxy-  
ni tr ide f rom the 12~ location obtained wi th  100% N2, 
to 9.3~, which is characterist ic of pure  SiO2. Over  20% 
of N20 in N~ was necessary to cause the same IR shift. 
The N20 was mass spectrometer  analyzed and found 
to contain 20 ppm argon as the only detectable im-  
purity. The flow rate  used was 15 standard cc/min,  
which was chosen to be as large as possible wi thout  
causing excessive forepressure,  in order  to reduce the 
effect of outgassing f rom the f ixturing and chamber  
walls dur ing sputtering. 

Measurement procedures.--This section describes the 
measurements  made and the methods used for mea-  
suring. 

Thickness.--Since this is a basic measurement  r e -  
qui red  in the determinat ion  of etch rate, dielectric 
constant, and breakdown strength, its accuracy is of 
the utmost  importance.  In order to de termine  thick-  
ness, a port ion of a silicon wafe r  wi th  a sput tered 
dielectric layer  was coated wi th  black wax, and the 
wafer  was immersed  in buffered HF unt i l  the  sput tered 
deposit was complete ly  removed from the unwaxed  
portion. The height  of the step resul t ing from this 
procedure  was then equal  to the thickness of the 
sput tered deposit. Af te r  remova l  of the wax and after  
coating the wafe r  wi th  silver, the step height  was de- 
te rmined  by the Tolansky method of mul t ip le  beam 
in ter ferometry ,  which  gives the film thickness to wi th -  
in ~- 50 to 100A. A typical  film thickness was 1500A. 

Etch r a t e . ~ T h e  etch rate  of the dielectric film is 
perhaps  the most sensi t ive method of detecting slight 
changes in film s t ructure  or composition. Etch rate  
was determined by measur ing the t ime requ i red  to etch 
completely  through the dielectric layer  to the bare 
silicon underneath,  as detected by the sudden change 
in wet tabi l i ty  which occurs when  the bare silicon sur-  
face is exposed. An etchant  of 7:1 buffered HF was 
used for all measurements .  This etchant  was prepared 
by  dissolving 1 lb of NH4F in 680 cc of water ,  and then  
adding 100 cc of this solution to 15 cc of water.  

J. Electrochem. Soc.: SOLID STATE SCIENCE Apri l  1970 

In]rated transmission spectrum.--IR t ransmission mea-  
surements  give an absorption spectrum associated 
wi th  film composit ion and structure.  In the case of 
silicon ni t r ide a single broad band is obtained at 
~ 12.0~, while for SiO2 a sharp band at 9.3~ is obtained. 
In te rmedia te  compositions give bands be tween  these 
two values. IR measurements  were  done rout ine ly  on 
all samples using a P e r k i n - E l m e r  dua l -beam IR spec- 
t rophotometer .  Bare  silicon was used in the reference 
beam, and ni t r ide coated silicon was used for the 
sample. 

Dielectric constant--This quant i ty  is de termined f rom 
the capacitance, electrode area, and ni tr ide thickness 
using the usual formula  (5) K : TC/eoA, where  K : 
delectric constant, T ~ thickness, C = capacitance, 
A = electrode area, and ~o ~ 8.85 • 10 -12 F/m. The 
capacitance was de termined  on a W a y n e - K e r r  or 
Boonton bridge, which together  covered the f requency 
range f rom 100 Hz to 1 MHz. The  electrode area was 
measured  by photographing the electrode wi th  a cali- 
bra ted scale, and the thickness was determined as 
described above. 

Breakdown strength.--This measurement  was made 
with the wafe r  on a movable  stage which al lowed a 
set of probes to be brought  into contact wi th  each 
capacitor in succession. To de termine  breakdown,  the 
I -V t race on a Tekt ron ix  575 curve  t racer  was ob- 
served. The vol tage was gradual ly  increased f rom zero 
unt i l  e i ther  the current  t race went  suddenly off scale, 
indicating the device had broken down, or unt i l  the 
current  through the capacitor  (typical area 175 square 
mils) reached 0.05 mA. At this current  level, the  I -V 
t race was so steep that  the vol tage remained near ly  
constant to complete  breakdown.  A typical  I -V t race 
f rom this measurement  is shown in Fig. 6. 

I -V measurements .--I-V measurements  were  made 
using a Cary v ibra t ing  reed e lec t rometer  for currents  
be tween 10 -14 and 10-gA and a Hewle t t -Packa rd  
425 A microvol tammeter  for currents  be tween 10 -9 
and 10 -4 A. 

Types of structures used 5or dielectric meas~re- 
ments.--Bare 1 ohm-cm n- type  silicon wafers  were  
used as substrates for de termining physical propert ies  
such as etch rate, thickness, and infrared absorption 
spectra of the oxyni t r ide  films. For  electr ical  measure -  
ments  and capacitor studies the substrates were  first 
coated with  a sput tered or pyrolyt ic  oxyni t r ide  layer,  
and were  then metal l ized in a vacuum system. For  
general  electr ical  measurements ,  the oxyni t r ide  was 
deposited over  this continuous meta l  film, which 
served as a common bottom electrode. The top elec- 
trodes were  15 mil  d iameter  meta l  dots formed by 
etching a second evaporated layer.  A schematic of this 
s t ructure  is shown in Fig. 7. In addition, capacitors 
suitable for mount ing on headers  were  made by etch- 
ing individual  electrodes in the bot tom metal  layer,  
fol lowed by oxyni t r ide  deposition and top electrode 
deposition. It was then necessary to etch windows 
through the dielectric in order  to make  contact to the 
bot tom electrodes. The capacitors mounted on headers 
could be used for high f requency  measurements  and 
the determinat ion  of the t empera tu re  coefficient of 

Fig. 6. Typical I-V trace from capacitor breakdown measurement 
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Fig, 7. Schematic of MIM structure with a common bottom elec- 
trode.. 

Au- nlchrorne contact 
Crossover ~ i m  

* ~ MO top electrode -~ AU nlChrome contact 
t ~- Sil . . . . .  tr de ' J i 

I Mobo.om e ~ c r r ~ . ~  
f Base nltrlde 

Silicon 

~ -- - -  Heode~ 

Fig. 8. MIM capacitor structure used for devices to he mounted 
on headers. 

capacitance. A schematic of this s t ructure  is shown in 
Fig. 8. 

Results and Discussion 
Electrode materials.--The properties of A1, Mo, Ni, 

Cr, Au, and Pt were investigated for use as both top 
and  bot tom electrode materials.  The best results were 
obtained with Mo, with A1 and Cr second best. In  ad- 
dition, silicon was tested as a bottom electrode mater ia l  
by depositing the oxynitr ide directly onto bare silicon 
substrates. Poor adherence of metal  to dielectric and 
low breakdown strength were encountered with Au, 
Pt, and Ni. Molybdenum for both top and bottom 
electrodes gave breakdown strengths higher by about a 
factor of 1.5 over A1-A1 or Mo-A1 structures.  The 
breakdown strength of Mo-Si MIS capacitors biased 
so that the voltage drop across the dielectric was 
the same as that  of Mo-Mo structures. Molybdenum as 
a top electrode gave about 10% greater capacitance, 
and hence a higher effective dielectric constant  than  
other materials  used as top electrodes. This was found 
to be independent  of the bottom electrode material .  In  
addition, Mo is hard, durable,  and highly adherent  to 
silicon oxynitride, and its bulk  resistivity is only twice 
that  of AI. The Mo was deposited by electron beam 
evaporation. 

Contacts.--A contact mater ial  was necessary in ca- 
pacitors that  were to be mounted  on headers, since 
gold wires could not be attached directly to Mo. In 
addition, the Mo was not electrically continuous at the 
point  where  the top electrode crossed over the bottom 
electrode, so that  the contact mater ia l  had to be ex- 
tended onto this crossover as shown in Fig. 8. Gold 
was used for the contact material ,  but, since it did not 
adhere well  to Mo dur ing processing, a nichrome 
inter layer  was used to provide adherence. This gold- 
nichrome layer  was adherent  and provided electrical 
cont inui ty  at the crossover. 

E]]ect o~ subs~rate preparation.--The effect of sub- 
strate preparat ion on breakdown strength was very 
pronounced. This seemed to be a joint  effect of both 
smoothness and cleanliness. In  the case of MIM ca- 
pacitors with Mo bottom electrodes, a much higher 
breakdown strength was obtained with the common 
bottom electrode s t ructure  than with the s t ructure  
having individual  bottom electrodes. Since the only 
difference in  the fabrication method between the two 
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structures was in the photoresist work done to form 
the individual  bottom electrodes, contaminat ion from 
this step must  have been responsible for the difference 
in breakdown strength. It was found that  the break-  
down strength of the individual  electrode s tructure 
could be increased by either reverse sput ter ing of the 
bottom electrodes after photoresist processing or by 
the deposition of the bottom electrodes t h rough  a metal  
mask, thus avoiding all photoresist work on the bottom 
electrodes. 

Substrate  smoothness as defined by the absence of 
any  points of l ight in dark field i l luminat ion also had 
a strong effect on breakdown. Even devices with a 
common bottom electrode would show a poorer yield 
when  prepared on poor substrate material .  Best results 
were obtained on substrates which had been etched 
in HCI gas at 1200~ These substrates had the best 
appearance under  clark field i l lumination,  considerably 
bet ter  than  those cleaned by even the most elaborate 
wet chemical procedures. 

Dielectric properties as a function of N20 concentra- 
tion in the sputtering gas.--Measurements of the 
electrical and phys ica l :p roper t ies  of the sputtered 
silicon oxynitr ide films were carried out as described 
before over a range of N20 concentrat ions in ni t rogen 
varying  from 0 to 20%. In addition, silicon dioxide 
was sputtered in  a plasma consisting of 50% 02 in  
argon in order  to obtain a comparison with the N20 
data. Each type of measurement  was carried out on 
5-10 wafers sputtered unde r  the same conditions, and 
the results were then averaged. Electrical measure-  
ments  were made on 50=100 capacitors randomly dis- 
t r ibuted  over each wafer. 

The results of these measurements  are shown in 
Table I. The first column, for etch rate, shows a value 
of 20 A / m i n  for "pure~' silicon nitride, which is in 
general  agreement  w i t h  that  obtained by other work-  
ers (6). This value is not as low as the value of 
10 A/ ra in  obtained in this laboratory for pyrolyt ical ly 
grown silicon nitride, indicat ing that  the sputtered 
ni t r ide has a "looser" s t ructure  than  the pyrolytic 
nitride. The etch rate values increase monotonical ly 
with increasing per cent of N20 unt i l  a value of 1300 
A / m i n  is reached for the 50% O2 addition, which is 
somewhat higher than that  obtained for thermal ly  
grown silicon dioxide. 

The second column shows that  the IR absorption 
max imum also changes monotonical ly from the value 
for pure silicon ni t r ide to the value for pure silicon 
dioxide. The location of the IR absorption max imum 
for sputtered silicon ni tr ide agrees with that  for pyro-  
lytic nitride, which indicates the greater sensit ivity of 
etch rate in comparison with IR measurements  for 
detecting slight changes in film structure.  Figure 9 
shows a series of IR absorption curves for various 
N20 concentrations. The next  column, for breakdown 
field, wil l  be discussed separately and in more detail 
in the following sections. 

Measurements  for dielectric constant  are shown in 
column four and in Fig. 10. These measurements  were 

Table I. Effect of N~O additions on the dielectric properties 
of silicon oxynitride films 

I R  DI -  
absogDt ion ,  B r e a k d o w n  e l ec t r i c  

E t c h  r a t e ,  m a x i r a u m  field,* c o n s t a n t ,  F i g u r e  
% N~O A / r a i n  (~) V / e r a  x 106 a t  1 k H z  of  m e r i t  

0 20 12.1 0.0 9.1 5.4 
1 42 12.0 6.9 8.7 6.0 
3 143 11.8 9.3 8.3 7.7 
4 107 11.2 10.1 7.2 7.3 
5 225 I1.0 10.1 6.8 6.9 
7 305 10.7 10.1 6.1 6.2 

10 587 10.1 10.9 5.3 5.8 
20 1180 9.6 8.3 4.0 3.3 

(50% O~, 
50% Ar )  1300 9.3 8.0 3.9 3.1 

* A t  t he  c e n t e r  of h i g h e r  p e a k  on  b r # a k d o w n  d i s t r i b u t i o n  c u r v e  
fo r  M I M  c a p a c i t o r  (see F ig .  11).  
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Fig. 9. Infrared transmission spectrum of sputtered silicon oxy- 
nitride as a function of N20% in the sputtering gas. 

made with  molybdenum for both top and bottom 
electrodes. As ment ioned above, the use of molybde-  
num as a top electrode mater ia l  gives a higher  capaci- 
tance and therefore  a higher  effective dielectric con- 
stant than other  materials,  which accounts for the  
ra ther  high dielectric constant of 9.1 for pure silicon 
nitride. The last va lue  in the column, 3.9, agrees 
closely wi th  that  for the rmal ly  grown silicon dioxide. 

The last column gives the usual figure of mer i t  for 
capacitors, which is based on the product of dielectric 
constant and dielectric strength. It  is proport ional  to the 
max imum capacitance per  unit  area obtainable wi th  a 
given dielectric material .  The m a x i m u m  in the figure 
of mer i t  which occurs for 3% N20 addition is due to 
the high dielectric s t rength at this point. Normal ly  the 
dielectric having the largest  figure of mer i t  would be 
the most desirable choice for th in  film capacitors. 
However ,  the effect of capacitor yield is not ful ly  taken 
into account in the figure of merit ,  and since yield is of 
the utmost  importance in in tegrated circuit  applica- 
tions, the bet ter  choice is actual ly the oxyni t r ide  made 
with  5% N20 addition, as discussed below. 

Breakdown strength and yield of capacitors.--While 
most propert ies  change monotonical ly  wi th  increasing 
N20 concentration, the dielectric s t rength and break-  
down strength distr ibution or capacitor  yield, are ex-  
ceptions and have a max imum in the range of 5-10% 
N~O. Here  yield is defined as the percentage of dots 
breaking down wi th in  a given range of the  most prob-  
able breakdown, as de termined  f rom a breakdown dis- 
t r ibut ion plot. Figure  11 shows a set of such plots for 
N20 concentrat ions of be tween 0 and 20% of the re-  
actant gas. The data were  obtained f rom devices having 
a Mo common bottom electrode and 15 rail d iameter  Mo 
dots for top electrodes. To construct  these curves the  
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Fig. 10. Dielectric constant of sputtered silicon oxynitride as a 
function of per cent of N20 in the sputtering gas. 
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Fig. 11. Effect of N20 additions on the breakdown voltage dis- 
tribution curves for MIM capacitors. (Dielectric thickness 1~ ,~ ,  
Mo top and bottom electrodes.) 

number  of dots breaking down in a par t icular  10V range 
is plotted vs. the midpoint  of that  range, and a smooth 
curve  is then d rawn through these points. Each curve  
is based on a sample of 50-100 dots taken at random 
over  the wafer.  The curves show the str iking effect of 
the different N20 additions. The curves for the 0% N~O 
addition show a characterist ic double-peak  structure,  
which probably indicates the presence of two distinct 
b reakdown mechanisms. The lower peak occurs at a 
field of ~ 3 • 108 V/cm, and the upper  peak at ~ 6 • 
106 V/cm.  At 3% N~O addit ion the lower peak has de- 
creased substant ial ly in height, whi le  the upper  peak 
has shifted to much higher  fields of ~ 9 X 106 V/cm. 
For  5 and 10% N20 additions, the lower peak has 
vanished 2 and the upper  peak is nar row and is shifted 
to still h igher  fields. For  N20 additions in excess of 15% 
the s ingle-peaked distr ibution curves remain,  but  be- 
come somewhat  broader,  and the breakdown field at 
the peak decreases to about 9 X 106 V/cm. The  curve  
for 20% N20 il lustrates this behavior.  A sharply peaked 
distr ibution curve  means a high capacitor yield will  be 
obtained. For use as capacitors in in tegrated circuits, 
the lowest N20 percentage giving both a high yield 
and dielectr ic  constant, i.e. N20 additions of 4-5%, are 
most desirable. 

Other dielectric measurements.--High-frequency 
measurements  of capacitance and loss tangent  were  
made on devices wi th  individual  molybdenum top and 
bot tom electrodes, which had a dielectric sput tered in 
the presence of 5% N20 added to the nitrogen. These 
capacitors were  mounted  on TO-5 headers. The loss 
tangent  of these devices was 0.003 at 1 kHz, 0.0015 at 
10 kHz, and 0.01 at 1 MHz. These low f requency losses 
are quite  small  compared to other  thin film capacitors, 
and the increase at 1 MHz was due to losses in the 
electrodes (7). The dielectric constant changed by only 
3% in going f rom 100 Hz to 1 MHz. The t empera tu re  
coefficient of capacitance is + 150 ppm/~  between 
25 ~ and 125~ at 1 and 10 kHz. Thus, the measure-  
ments show these devices to have  h ighly  desirable 
proper t ies  as th in  film capacitors. 

I -V measurements  on MIS samples wi th  5% N20 
addit ion showed ohmic conduction to fields of ~ 1 X 
106 V/cm,  fol lowed by a relat ionship of the form I oc 
exp (const V 1/2) all the way  to breakdown.  Typical  cur-  
rents  through a 15 mil  d iameter  dot were  10 -12 A at a 
field of 1 • 106 V / c m  and 200 ~A at 1.2 X l0 T V/cm.  
There  was only a slight polar i ty  dependence, which  
with  the observed I -V relat ionship probably indicates a 
bulk l imited Poo le -Frenke l  conduction mechanism (8). 

Observations on breakdown processes in silicon oxy-  
nitride.--Molybdenum top electrodes of devices wi th  
high b reakdown vol tage were  observed through a 
microscope. As the applied field was gradual ly  in-  
creased to about 5 • 106 V/cm,  t iny sparks appeared at 

S o m e t i m e s  a f e w  c a p a c i t o r s  b r e a k  d o w n  a t  l o w  v o l t a g e s ,  b u t  
t h e y  a r e  a v e r y  s m a l l  f r a c t i o n  o f  t h o s e  w h i c h  h a v e  h i g h e r  v o l t a g e  
b r e a k d o w n s .  
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random across the surface. During this time, momen-  
tary  current  spikes were superimposed on the I-V 
trace of the device. If the voltage remained at this 
value, the sparking gradual ly  decreased and stopped. 
When the sparking ceased, so did the current  spikes. 
At this point, the ini t ia l ly  smooth electrode surface 
exhibited t iny  pits. The observed sparking therefore 
represented localized breakdown which burned  away 
the molybdenum at faults in the dielectric. The str ik-  
ing result, however, was the fact that after the sparks 
had disappeared, the field could be increased typically 
to a value of 10 v V /cm unt i l  the whole molybdenum 
electrode disintegrated at once. In contrast, other elec- 
trodes, such as gold and plat inum, exhibited a general  
breakdown at the lower fields that resulted only in the 
onset of sparking with molybdenum electrodes. 

As Table I indicates, the high ul t imate  breakdown 
voltage was observed only with molybdenum,  and then 
only with silicon ni tr ide containing a par t icular  range 
of N20 concentrations. This suggests that there exists 
a for tunate  combinat ion of molybdenum and silicon 
oxynitr ide that results in the rapid consumption of 
molybdenum when heated. This reaction of the molyb-  
denum is so rapid that  the localized electrical b reak-  
down process is te rminated  before it can affect the 
sur rounding  dielectric. This te rminat ion  must  be due 
to removal  of the field over the dielectric at the 
localized regions where the molybdenum electrode is 
bu rned  away. The high breakdown strength of Mo- 
silicon oxynitr ide capacitors thus results from the self- 
healing action of this par t icular  electrode-dielectric 
combination. For other electrode mater ial-s i l icon oxy- 
ni t r ide combinations, the electrode is apparent ly  not 
consumed rapidly enough to prevent  lateral  (probably 
thermal)  propagation of the breakdown process leading 
to premature  distruct ion of the capacitor. 

Summary 
The rf reactive sput ter ing of Si in 5% N20 -{- 95% 

N2 mixtures  yields a silicon oxynitr ide with many  de- 
sirable properties for use in integrated circuit applica- 
tions. Principal ly,  these are high breakdown strength, 

high yield, a dielectric constant  of 6.8, and an etch rate 
of ~ 200 A/min .  Due to the increased breakdown and 
dielectric constant, the ma x i mum capacitance per uni t  
area is about 2.5 times that  of sputtered silicon dioxide. 
In  relat ion to pure  silicon ni t r ide (0% N~O) the most 
str iking features are the increased etch rate, increased 
breakdown strength, and high yield as shown by  the 
sharply peaked breakdown dis tr ibut ion curve. 
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Mechanism of Heterogeneous Deposition 
of Thin Film Rutile 

R. N. Ghoshtagore 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

The kinetics of rut i le  (TiO2) th in  film deposition on silicon from the 
reaction TiCl4 W 02 -~ TiO2 -~- Cl2 has been studied over a range of tempera-  
ture  (673~176 t i t an ium tetrachloride part ial  pressure (2.9 x 10 -2 to 
9.28 x 10 - I  Torr) ,  and oxygen part ial  presure (2.5 x 10 - I  to 760 Torr) in a 
horizontal  flow system with a r f -heated susceptor. Between 673 ~ and l l20~ 
the reaction has been found to proceed by a Rideal-Eley mechanism with 
the surface reaction rate constant  (ks) following the relationship ks ~ 4.9 x 103 
exp (--0.775 + 0.044 eV/kT), over a range of part ial  pressures and flow rates. 
Homogeneous reaction becomes appreciable above 1120~ 

The vast influence of solid surfaces on reaction 
kinetics has been the subject of catalysis for more 
than a century. But a detailed unders tanding  of the 
molecular  mechanism of such interactions requires a 
knowledge of chemical reaction equi l ibr ia  and kinetics, 
vapor pressures of all the part icipat ing species, fluid 
dynamics of the system, and the adsorption and de- 
sorption characteristics ( including surface diffusion) 
of all the chemical entities. So few of these quanti t ies 
are known for most systems that  a complete theoreti-  

cal and /or  exper imental  analysis of most chemical 
vapor deposition reactions becomes almost impossible. 
However, several guidelines are available in this 
direction. 

Chemical vapor deposition under  large supersatura-  
tions or chemical dr iving force, is controlled by 
growth, producing a fine-grained, roughly random de- 
posit (1), with growth rates tending to approach a 
max imum as fixed by the slowest (rate determining)  
process. Under  low supersaturat ions (fixed by vapor-  
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phase mass t ransport)  nucleat ion can become rate-  
controlling, preferred=orientat ion deposits can form 
(epitaxy or oriented growth) ,  and growth rates can 
be less than  the maximum.  

Ti tan ium dioxide thin films are cur rent ly  the subject 
of many  investigations (2-5) since their  potential ly 
high dielectric constants would be of value in numer -  
ous applications. Since very  li t t le is known about the 
kinetics and mechanism of chemical vapor deposition 
of TiO2 film (6, 7) from the system TIC14 + O2 ~ TiO2 
Jr C12, this paper  reports some measurements  designed 
to elucidate such information.  The polycrystal l ine films 
prepared have the rut i le  s t ructure (8). Detailed exam- 
inat ion of the s t ructural  and electrical properties of 
these films has been made, and the results wil l  be 
communicated in fu ture  publications. 

Experimental Technique 
The experiments  utilize the chemical reaction be= 

tween t i t an ium tetrachloride and oxygen on a heated 
substrate in a convent ional  horizontal  quartz tube 
"silicon epitaxial" reactor at atmospheric pressure (9). 
Purified t i t an ium tetrachloride (prepared by mult iple  
dist i l lat ion of 99.995% pure mater ia l)  in thermostat-  
held quartz bottles is used as a t i t an ium source bubbler  
through which a carrier gas of u l t rapure  argon or 
u l t rapure  oxygen (Matheson) is passed at a con- 
trolled rate. This gas (saturated with TIC14 vapor) is 
then mixed with addit ional  u l t rapure  oxygen and/or  
argon through a set of calibrated flowmeters, l iquid 
traps, and filters and the mix ture  reacted on a quartz 
encapsulated high pur i ty  graphite susceptor heated by 
rf induction. The over-al l  reaction can be described 
by 

TiCh(g)  + O2(g) ~-TiO2(rut i le)  (s) + 2Cl2(g) [1] 

Free energy changes (hF) for this reaction, calculated 
from known thermochemical  data (10), are --33.0, 
--30.3, --27.7, and --25.2 kcal /mole  at 700 ~ 900 ~ 1100 ~ 
and 1300~ respectively. 

Single crystal  silicon wafers (15=20 mils thick) of 
(111), (100), and (110) orientations, obtained from 
Texas Ins t ruments ,  were lapped, polished in Linde B, 
and then chemically etched in 15: 5:3 HNOs:HAc:HF 
to a mir ror  finish by the supplier. Substrates  for TiO2 
deposition were prepared by scribing 5 m m  squares 
out of these wafers. The substrates were then de- 
greased by boiling in t r ichloroethylene and acetone 
and chemically polished in 15:5:3 HNO~:HAc:HF to 
remove about 5-10~ of surface layer. The substrates 
were then blown dry in dry nitrogen, mounted  on the 
susceptor, and baked for 20-30 min  in u l t rapure  hydro-  
gen at 900~176 to remove any residual  oxide film 
(11). 

The reactor atmosphere is then flushed with u l t ra -  
pure argon and the substrate tempera ture  is adjusted, 
the tempera ture  being monitored with an  optical py= 
rometer  [corrected for absorption by the quartz tube 
wall, reactor atmosphere, and substrate emissivity 
(12)] and /o r  an infrared radiat ion pyrometer.  T i tan-  
ium tetraehloride vapor in the carrier  gas is then 
passed into the reactor (after prolonged purging to 
vent) ,  argon flow is discontinued and mainl ine  ultra= 
pure oxygen is introduced at a predetermined flow 
rate. The deposits and substrates are then  pushed off 
the susceptor at regular  t ime intervals  with a quartz 
push rod and the deposition rate is determined from 
an average of 16-18 samples run  for 8-9 different t ime 
periods. F i lm thicknesses were determined by refer-  
ence to an ell ipsometrically calibrated color chart. The 
tempera ture  of t i t an ium tetrachloride was main ta ined  
at 25 ~ _ 0.5~ and that  of the substrates to ~5~ 

Results 
The kinetics of the polycrystal l ine ruti le film growth 

reported in this section was independent  of substrate 
orientat ion [(100), (110), or (111)], resistivity level 
(0.01-30 ohm cm), and resist ivity type (8) (arsenic 
and phosphorus-doped n=type or boron-doped p- type) .  

So, no ment ion  of these factors will  be necessary in 
the following. 

Flow rate relat ionships .--Dependence of rut i le  th in  
film growth rates on the total  gas flow rate is shown 
in Fig. 1 (a) and 1 (b). The slope of the mass t ransfer  
controlled region (where the growth rate ]s a function 
of the flow rate) approximates the theoretical value 
(13) of 1/2 at all PTiCl4 and at temperatures  at or 
below ll00~ Deposition rates could not  be deter-  
mined at very low flow rates because of nonuni formi ty  
of deposition (apparent ly  controlled by  nucleat ion) .  
Apparen t  slope of > 1/2 at 1205 ~ and 1320~ will  be 
discussed in a later  section. At  all temperatures  and 
PTiC]4 (Po2  = 1 atm) the surface reaction rate (as mea= 
sured from the growth rate) a t ta in  a constant  value 
at high flow rates. Boundary  layer  theory predicts 
that under  such circumstances the gas=phase mass= 
transfer  coefficient is much higher than  the surface= 
reaction rate constant  and the reaction kinetics is con= 
trolled by an activated process (adsorption, desorption, 
or surface reaction).  Figure 2 shows a plot of the 
m a x i m u m  Pric14 that  can be used to at ta in  an acti-  
vated process control of the heterogeneous reaction as 
a funct ion of total  flow rate at constant  Po2 of 1 arm. 
At any tempera ture  under  l l00~ they can be de- 
scribed by the relationship 

V = C/PTicI4 [2] 
where V is the m i n i m u m  flow rate and C is a t empera-  
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Fig. 1. Flow rate dependence of rutile deposition rate on silicon 
in 54 mm ID horizontal quartz tube epitaxial reactor at different 
substrate temperatures and titanium tetrachloride partial pressures, 
and a fixed oxygen partial pressure of 1 atm (susceptor dimensions: 
43 x 13 x 150 mm). 
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Fig. 2. Maximum titanium tetrachloride partial pressure for acti- 
vated ruffle deposition on silicon as a function of average gas flow 
rate at different temperatures (oxygen partial pressure ~--- 1 atm). 

tu re -dependen t  constant. No a t t empt  was made to ob- 
ta in such a relat ionship at h igher  t empera tures  be-  
cause as can be seen f rom Fig. 1 (b) they  do not fol low 
such a s imple model.  

Reactant partial pressure relationships.--Deposition 
rates of the rut i le  thin film as a function of PTiC~4 is 
shown in Fig. 3 at different substrate tempera tures  
and at a fixed Po2 of 1 atm. At each of these t empera -  
tures  the total  flow rate  was mainta ined such that  the 
deposition rate was independent  of the flow rate  (cf. 
Fig. 1 and 2) at each PTiCl4 used. As is evident  from 
Fig. 3 the surface react ion is of first order wi th  respect 
to t i tanium te t rachlor ide  at or under  l l00~ But  at 
1205 ~ and 1320~ the  apparent  react ion order  is more 
than one and is a funct ion of tempera ture .  

The surface react ion rates (as measured f rom dep- 
osition rates)  as a funct ion of Po~ at different but  con- 
stant Pwic14 is shown in Fig. 4 at two tempera tures  
where  the react ion is of first order  wi th  respect  to 
t i tanium tetrachloride.  The react ion is of one-hal f  
order  at low oxygen part ial  pressures, but  becomes 
zero order  above a min imum Po2 whose value  in- 
creases wi th  increasing Pric14 as shown in Fig. 5. All  
these data were  obtained at or above a total  flow rate  
ext rapola ted  f rom Fig. 2 using u l t rapure  argon as di lu-  
ent. Since the data of Fig. 1 were  obtained for Poe 
= 1 arm, their  val id i ty  at low Po2 was verified and 
found to hold. As can be seen from Fig. 5, wi th in  the 
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Fig. 3. Ruffle deposition rate as a function of titanium tetrachlo- 
ride partial pressure at different temperatures (oxygen partial pres- 
sure ~ 1 atm). 
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Fig. 4. Oxygen partial pressure dependence of rutile deposition 
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Fig. 5. Minimum oxygen partial pressure required for zero order 
(with respect to oxygen) activated ruffle deposition at different 
titanium tetrachloride partial pressures. 

range of exper imenta l  accuracy, the min imum Po2 re-  
quired for oxygen pressure independent  deposition 
rate  at any Pwic14 is independent  of t empera tu re  
(below l l00~  This can be described by the  equation 

Po2 = 1.8 • 103 (PTic14) a [3] 

where  the par t ia l  pressures are expressed in mi l l imeter  
Hg. It  can be noted f rom Fig. 5 that  the m a x i m u m  
PTiCI4 for 1 a tm of to ta l  pressure is of the  order  of 
7.6 x 10 - I  Torr. This explains  why  the  data  of Fig. 3 
could not be de te rmined  at h igher  PTiCI4. 

Temperature coe/~cient of the heterogeneous reac- 
tion.--Deposition rates are plot ted as a function of 
inverse absolute substrate t empera tu re  in Fig. 6. These 
data represent  the rates of the r a t e -de te rmin ing  acti- 
va ted  process because the vo lume flow was mainta ined 
at or above the value  where  the growth rate  is inde-  
pendent  of flow rate. At  850 ~ _ 5~ the film growth 
rate  at tained a m a x i m u m  at each of the Pwlcl4 values 
used. Surface deposition rates in units  of molecules 
TiO2/cm2/sec shown in the  left  ordinate  of Fig. 6 was 
calculated f rom the de termined  deposition rate  and 
theoret ical  density of 4.26 for rutile.  The surface reac-  
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Fig. 6. Temperature dependence of rutile deposition rate at  1 
atm of oxygen partial  pressure and different t i tanium tetrachloride 
partial  pressures. 

t ion rate constants were calculated from the data of 
Fig. 6 using the relationship 

G = __Co ks [4] 
N 

where G is the growth rate in  cm/sec, Cc is the t i tani -  
um tetrachloride gas phase concentrat ion in  molecules/  
cm s, N is the number  of TiO2 molecules per un i t  vol- 
ume of the film, and ks is the surface reaction rate 
constant (cm/sec).  These data for ks are shown in 
Fig. 7 as a function of absolute substrate  tempera ture  
and below 850 ~ _+ 5~ can be represented by the 
equation 

ks ---- 4.9 X 1~ exp (--0.775 -4- 0.044 eV/kT) cm/sec [5] 
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Fig. 7. Arrhenius plot of the surface reaction rate constant 

This activation energy of 0.775 __ 0.044 eV/molecule 
agrees wi th  that  for the velocity of reaction (0.796 eV) 
determined by Antipov et al. (6). The reasons for the 
inval idi ty  of Eq. [5] above 850~ will  be discussed 
later. 

Reaction efficiency.--Fractional efficiency (E) of this 
heterogeneous reaction at any  tempera ture  and PTIC14 
(Po2 ---~ 1 arm) can be calculated from the equation 

G 
E = - -  [ 6 ]  

CGV 

where G is the film deposition rate in moles TiO2/cm2/ 
sec, CG is the gas phase TIC14 concentration in moles/ 
cm ~, and V is the average calculated (from reactor 
cross-section) gas velocity in cm/sec. These data are 
shown in Fig. 8. Below 850~ all these lines (at differ- 
ent ~>ric14) have a slope of 0.65 eV. At any tempera- 
ture below 850~ the efficiency increases proportion- 
ally with Pwlct4 at fixed Po2 of I arm. This explains why 
these data are not comparable with those of Antipov 
et a/. (6) and Shchegrov (7), neither of whom pub- 
lished PTIC14 data of their experiments. The fact that 
the efficiency of the heterogeneous reaction decreases 
with increasing tempera ture  at any  PTiCI4 is consistent 
with the fact that  the equi l ibr ium constant  of the re- 
action represented by Eq. [1] [calculated from the 
available thermochemical  data (10)] also decreases 
with increasing temperature.  

D i s c u s s i o n  
Reaction behavior below 850~ is general ly  ac- 

cepted that a gaseous reaction involving two species 
on a solid surface involves the following steps: (i) 
diffusion of reactants to the surface, (it) adsorption of 
one or both of the reactants  on the surface, (iii) sur-  
face reaction preceded by surface diffusion and for- 
mat ion of activated complex, (iv) desorption of 
gaseous products with or without  some surface migra-  
tion, and (v) diffusion of products away from the 
surface. The following reasons wil l  let one exclude 
steps (i) and (v) as the ra te-control l ing mechanism 
in this system: 

(I) Steps (i) and (v) are not activated processes 
whereas the rate studied was that  for an activated 
process. To be certain that the studied rate was that of 
an activated process the value of the average boundary  
layer  thickness was calculated from a completely 
mass- t ransfer  controlled model and found to be very  
much higher than that calculated from fluid dynamic 
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Fig. 8. Rutile deposition efficiency as a function of temperature 
at  dif ferent t i tanium tetrachloride partial  pressures. 
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relationships. Moreover, the determined deposition 
rate was found to vary  exponent ia l ly  with inverse 
absolute tempera ture  and not with 1.5-2.0 power of 
temperature.  

( I I )  The value of activation energy of surface re-  
action rate constant  (Eq. [5]) is too high to be that of 
diffusion in the gas phase. 

Surface diffusion and desorption of the gaseous 
product chlorine (step iv)  also appears to be very un-  
likely as a ra te- l imi t ing  step because: 

(a) chlorine is not known to be strongly adsorbed 
on either silicon or rutile;  

(b) at any tempera ture  the calculated PcL2 (from 
thermodynamic  Kv, the stoichiometric Eq. [1] and the 
condition that  Po2 + Pwicl4 ~- PC12 ~ 1 atm) is 3 to 4 
orders of magni tude  higher than that in the immediate  
vicinity of the surface (calculated from the efficiency 
of reaction and gas phase PwicJ4) and so the concentra-  
tion of chlorine is almost negligible; 

(c) chlorine introduced into the reactor with the re-  
actants (at about the same concentrat ion as TIC14) had 
no detectable effect on the deposition rate. 

Now, of the two remain ing  possible ra te-control l ing 
steps [steps (ii) and ( i i i)]  there are two broad possi- 
bilities: 

(a) Langmuir -Hinshelwood Mechanism. In  this 
mechanism the reaction occurs between both the spe- 
cies adsorbed on adjacent sites with considerable com- 
petit ion for the adsorption sites. 

(b) Rideal-Eley Mechanism. Here the reaction oc- 
curs between an adsorbed species and a gaseous 
species without  any  competit ion for the adsorption 
sites. 

The major  dist inguishing feature of these two mech- 
anisms is that  in the former the rate (R) will  pass 
through a max imum as the par t ia l  pressure of either 
reactant  is varied, whereas in the lat ter  the rate will  
reach a l imit ing value when the part ial  pressure of 
one of the reactants is varied (which is the one that  is 
adsorbed).  It has been shown before that  

R cc (P02)1/2 (PTic14) [TJ 

at low Po2 and all PTiCI4, whereas 

R oc PTiCI4 [6J 

at high Po2 (depending on PTiC14) and all PTiCI4. Since 
the surface reaction rate is proport ional  to adsorption 
it is clear that Rideal-Eley mechanism is operating 
with atomic oxygen as the chemisorbed species and 
molecular  TIC]4 colliding on the surface from the gas 
phase. The fact that  at any tempera ture  Po2 required 
to saturate  the surface and follow Eq. [8] increases 
more than proport ionally with PTiCl4 can be explained 
by considering the unknown  equil ibr ium: O2(gas) -~ 
O (chemisorbed).  

For a closer examinat ion of other possible in ter -  
mediate species that  may  be involved in the reaction 
and the na ture  of the surface reaction the following 
facts are noted: 

(i) TIC14 is only a dimer in the liquid (14) and so 
can be expected to be v i r tual ly  unassociated in the 
gas phase at high temperatures.  

(ii) Available thermodynamic  data (10) indicate the 
equi l ibr ium concentrat ions of TIC1, TIC12, and TIC13 
above 400~ to be 7-10 orders of magni tude  less than 
that  of TIC14. 

(ii i)  TiOC12 is not an in termediate  product in this 
reaction (7). This was reverified dur ing  this study 
using a very sensitive technique due to Fowles et al. 
(15) and found to hold. 

( iv )  The deposition rates reported here were at 
high supersaturat ions and growth-control led region, 
and the deposition rate and preferred deposit or ienta-  
tions were substrate orientat ion independent .  

(v) ESR studies show the presence of both charged 
and uncharged adsorbed oxygen atoms on TiO2 (16- 
18). 

(v i )  No silicon oxide could be detected at the film- 
substrate interface (IR spectroscopy). 

Combining this information with the Rideal-Eley 
mechanism a detailed atomic mechanism can be pic- 
tured. After  the supersaturat ion-control led init ial  nu -  
cleation on silicon, atomic oxygen (charged or un -  
charged, dissociation after adsorption or adsorption of 
dissociated molecules) is chemisorbed on t i t an ium 
sites only. During the collision process of gaseous TIC14 
molecules with these chemisorbed oxygen atoms t i ta-  
n ium-oxygen  l inkage must  be formed for te t rahedral ly  
bonded t i t an ium of TIC14 to be incorporated in octa- 
hedral  configuration in bu lk  rutile. These configura- 
t ional changes of TIC14 in catalyzing organic reactions 
have been discussed in the l i terature (19). Subsequent  
reaction of such bonded TIC14 with the surface oxygen 
atom in the adjacent  site produces rut i le  (which can 
chemisorb more atomic oxygen) and removes chlorine 
atoms (ul t imately  as molecules) .  However, there does 
not seem to be any clear reason for producing fut i le  
form of TiO~ exclusively by this system in contrast to 
other known systems producing anatase (2). From 
this atomic mechanism it appears that  the surface re-  
action is the ra te-control l ing step in this heterogeneous 
reaction (at high Po2)- 

React ion  behav ior  above  850~ discussing the 
reaction behavior  above 850~ it should first be 
pointed out that the recorded rate at these tempera-  
tures were also of some activated process or processes. 
The major  abnormali t ies  of the reaction at these tem- 
peratures are listed below. 

(i) In the mass t ransfer  control range (Fig. 1) the 
slope of the apparent  reaction rate as a funct ion of 
flow rate is more than one-half,  i.e., less apparent  dep- 
osition rate than would be predicted by vapor phase 
mass transport.  

(ii) At fixed Po2 (---- 1 atm) and tempera ture  more 
than proportional amount  of TiO2 is deposited with in -  
creasing Pwicl4 (Fig. 3). 

(ii i)  At fixed Po2 ( =  1 atm) the drop in  the ap- 
parent  surface reaction rate as a function of 1 /T  is 
slower the higher the PTiC14 (Fig. 6 and 7). 

It  is clear now that a process which decreases the 
effective Pwlcl4 is involved. The probabili t ies are (a) 
sudden change in chemisorption rate of atomic oxygen, 
(b) depletion of PTiC14 by reaction on the reactor tube 
wall, and (c) depletion of Pwic14 by homogeneous re- 
action. Since such sharp change (as shown in Fig. 6) 
in the adsorption of a gas on a solid surface is not 
known for any system and hardly  any TiO2 deposit is 
found on the reactor tube wal l  above 850~ the first 
two possibilities appear improbable.  Moreover, since 
the homogeneous reaction at any tempera ture  and 
high Po~ (zero order range) will  consume a fixed 
fraction of TIC14, the more is the input  Pwic14 the more 
is the unreacted PTicl4 avai lable for surface reaction. 
Thus homogeneous react ion becomes quite  appreciable 
and can account for all the anomalous behavior of 
the reaction above 850~ including the disparity of the 
behavior  of Arrhenius  plots of Ant ipov et at. (6) and 
those reported in this study (Fig. 6 and 7). Since Ant i -  
pov et al. (6) designed their  experiments  to deter-  
mine  the total  reaction rate of Eq. [1], they could not 
distinguish the fraction of the reaction that pro- 
ceeded by adsorption on the solid (TiO2) surface. 

Conclusions 
The heterogeneous reaction of t i t an ium tetrachlo-  

ride and oxygen on silicon surface proceeds by Rideal-  
Eley mechanism. Atomic oxygen is chemisorbed on the 
t i t an ium sites of the ini t ial  rut i le  nuclei  and molecular  
TIC14 reacts with this oxygen from the gas phase. 
This explains why the reaction is first order with re-  
spect to TIC14 and one-half  order with respect to oxy- 
gen up to 850~ No intermediate  chemical species 
like TIC1, TiCI~, TIC13, and TiOCI2 seem to be involved. 
Above 850~ the Arrhenius  relationship does not hold 
because of the appreciable consumption of t i tan ium 
tetrachloride by the homogeneous gas phase reaction. 
Because of very low chemisorption rate of atomic 
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oxygen on rut i le  at  high t empera tu res  a la rger  amount  
of oxygen is requ i red  (for m a x i m u m  possible ra te  at  
any  t empera tu re )  than  indica ted  by  the  s toichiometr ic  
equation.  
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The Solidus Boundary in the GaP-InP 
Pseudobinary System 
L. M. Foster* and J. E. Scardefield 

IBM Research Division, Yorktown Heights, New York 

ABSTRACT 

The solidus boundary in the GaP-InP system was determined by a tech- 
nique which uses the electron microprobe to analyze the solid phase of com- 
positions equilibrated in the solid-liquid phase field. The boundary shows the 
substantial positive deviation from ideal behavior found in a number of 
other analogous III-V systems. Vegard's law for the relation between lattice 
parameter and composition holds for this system. 

GaxIn l -~P  is one of the  systems that  is cu r ren t ly  
being inves t iga ted  for p -n  junct ion e lec t ro lumines-  
cence. Hi lsum (1) pointed out  the  possibi l i ty  of ach iev-  
ing direct  b a n d - t o - b a n d  t rans i t ions  up  to about  2 eV 
in energy in composit ions of this ma te r i a l  tha t  con-  
ta ined  subs tant ia l  amounts  of InP. Lorenz et al. (2) 
showed expe r imen ta l ly  tha t  direct  gap charac te r  ac-  
tua l ly  is p rese rved  up to about  x ---- 0.8, where  band-  
to -band  t rans i t ions  up  to about  2.2 eV at room t em-  
pe ra tu re  should  be possible.  

G a P - I n P  forms a series of solid solutions over  the  
ent i re  composit ion range,  and  a T-x d iagram s imi lar  in 
genera l  charac te r  to those of GaSb- InSb ,  InSb-A1Sb,  
GaSb-A1Sb,  InAs-GaAs,  InSb- InAs ,  and I n P - I n A s  is 
expected (3). I t  is des i rable  to know the detai ls  of 
the  T-x d iagram in order  to explore  the  possibi l i ty  of 
single c rys ta l  g rowth  f rom the  melt .  

Panish  (4) has de te rmined  the l iquidus  in the  G a P -  
InP pseudobinary  system. The mel t ing  points  of the  
end products,  InP  and GaP,  a re  known  f rom the  
l i te ra ture .  In  the  presen t  s tudy  the solidus over  the  
ent i re  range  of mixed  crys ta ls  was de te rmined  to com- 
ple te  the  d iagram.  

Experimental 
Previously ,  the  solidus boundar ies  of s imi lar  sys-  

tems were  genera l ly  de te rmined  in one of two ways  

* Electrochemical  Society  A c t i v e  M e m b e r .  

(3). In the  first method,  finely ground mechanica l  
mix tures  or rap id ly  quenched two-phase  ingots a re  
annea led  at p rogress ive ly  h igher  t empera tu re s  unt i l  
complete  homogenizat ion is achieved,  as evidenced by  
an x - r a y  pa t t e rn  showing only a single phase, then the 
mel t ing point  of the  mixed  c rys ta l  is measured.  This 
method was first employed  by  S tohr  and K l e m m  (5) 
to es tabl ish tha t  misc ib i l i ty  ex is ted  over  the  complete  
range  of composit ions in the  Ge-S i  system. 

In  the  second method,  an in t ima te ly  mixed,  two-  
phase charge is equi l ib ra ted  at a t empe ra tu r e  tha t  is 
above  the  solidus but  be low the  l iquidus,  then i t  is 
r ap id ly  quenched.  The composit ion of the  solid phase  is 
then found by  de te rmin ing  its la t t ice  p a r a m e t e r  and 
compar ing  this wi th  the  values  of the  la t t ice  p a r a m e t e r  
obta ined  as a funct ion of composit ion for s ingle-  
phase al loys tha t  are  p r epa red  sepa ra te ly  by  the  first 
method  (or by  assuming tha t  Vegard ' s  law holds 
wi thout  expe r imen ta l  verif icat ion) .  This method was 
employed  by  Wool ley  and Lees (6) to de te rmine  
pseudobinary  d iagrams  wi th  InSb as one component ,  
and has been discussed in deta i l  by  Wool ley  and Smith  
(7).  

We have  employed  a modification of this  technique 
to de te rmine  the  solidus in the  G a P - I n P  system. In 
our case, the  quenched,  two-phase  mix tu re  tha t  had  
been equi l ib ra ted  above the solidus was analyzed  wi th  
the  e lect ron microprobe.  This p rovided  a direct  de-  



Vol. 117, No. 4 S O L I D U S  B O U N D A R Y  I N  G a P - I n P  S Y S T E M  535 

te rminat ion  of the composition of the solid phase and 
c i rcumvented the addit ional step of preparing homog- 
enized samples for x - r ay  analysis. 

The sample was in the form of a pellet pressed 
from a finely ground G a P - I n P  powder mix ture  with 
the aid of a fugitive binder.  After  outgassing to re-  
move the binder,  the pellet was sealed in a quartz 
capsule with a m in imum of free space so that the 
phosphorus loss dur ing  dissociation of the sample on 
mel t ing would not significantly change the composition 
of the charge. At temperatures  below 1200~ the 
capsule had sufficient s trength to contain the phos- 
phorus pressure arising from decomposition of the 
charge. For higher temperatures,  the capsule was 
backed by a graphite container.  For  very high tem- 
peratures it is desirable to contain the pellet in a 
separate a lumina  container  to prevent  contact with the 
quartz. This is essential for the study of the reactive 
systems, InAs-A1As and InP-A1P, for which the same 
assembly is being used (8). The assembly is shown in 
Fig. 1. 

The composition of the s tar t ing mix for a part icular  
tempera ture  was chosen to be approximately along the 
straight line connecting the mel t ing points of the two 
te rmina l  compounds. This assured very roughly  equal 
amounts  of l iquid and solid at equil ibrium. 

The charge was held at the chosen tempera ture  for 
one week. The init ial  exper iments  showed that  equi l ib-  
r ium had been achieved in that time. No survey was 
made to determine whether  a shorter  t ime would have 
been adequate. After  the holding period, the capsule 
was removed rapidly from the furnace. It was estab- 
lished that  the equil ibrated solid could be readi ly  dis- 
t inguished from the quenched l iquid when  this pro-  
cedure was followed and that  a more rapid quench 
was not necessary. 

The sintered pellet was sectioned approximately 
through the center and lapped with 3~ grit. For the 
electron microprobe analysis, an 0.8~ beam was moved 
across the lapped surface in 10~ steps. Pure  GaP and 
InP  standards were included, and the usual corrections 
for absorption and atomic number  were made. Ga, In, 
and P counts were taken. Ga and In  were considered 
to offer the greatest precision and over-a l l  composi- 
tions based on one agreed to wi thin  • 5% with those 
based on the other. 

Results and Discussion 
The success of this technique depends ent i re ly  on 

whether  equi l ibr ium is indeed achieved, and, if so, 
whether  the equi l ibr ium solid can be clearly dis t in-  
guished from the nonequi l ibr ium quenched liquid. The 
micrographs in Fig. 2 of three representat ive samples 
show that  the l iquid and solid can be clearly dis- 
tinguished. The top sample was the more typical  and 
shows a mosaic s t ructure  with large grains of the solid 
separated by the fine-particle quenched liquid. The 
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Fig. 1. Assembly for containing pellet of reaction charge at high 
temperature and pressure. 

Fig. 2. Photomicrographs of three homogenized GaP-InP charges 
(Magnification 10X). 

center sample shows an unusua l  case where much of 
the solid is found in one large grain situated near  one 
edge of the pellet, possibly as a result  of a very  slight 
tempera ture  gradient. For  the bottom sample, the 
ini t ial  composition was inadver ten t ly  very  near  the 
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Fig. 3. Representative electron microprobe data for the top and 
center samples of Fig. 2. 
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solidus boundary  so only  a small  amount  of l iquid 
remained between the solid grains. 

Cri ter ia  for equi l ibr ium are that the phase richest in 
GaP must  be the equi l ibr ium solid, and the individual  
grains of this phase must  be of constant  composition 
across their  entire breadth. That these criteria were 
met is evident  from Fig. 3, which shows the micro- 
probe da ta  for par t  of the two top samples of Fig. 2. 
The top trace shows an excursion across four promi-  
nent  arms of the s t ructure  and the ind ium-r ich  
quenched l iquid in between. The bottom trace shows 
an approach along an ind ium-r ich  valley and arr ival  
at the large equi l ibrated grain where the composition 
remained constant  wi th in  the precision of the method 
for its entire width of about 1000~ (100 data points).  
A sufficient excursion was made across each of the 
eight samples of the series to ensure that  a n u m b e r  of 
plateaus were included in the data, and that  no regions 
more rich in GaP than  the plateaus existed. 

The data are shown in Fig. 4. The InP  melt ing point 
of 1070~ was taken from Koster and  Ulrich (9). 
This agreed wi th in  ~- 2 degrees wi th  the recent de- 
te rminat ion  by Panish and Ar thur  (10). The mel t ing 
point  for GaP of 1465~ was taken from Richman 
(11). The l iquidus curve shown by  the dashed l ine 
was determined by Panish (4) and is included in Fig. 4 
to complete the diagram. 

The dependence of the lattice parameter  on com- 
position was determined on the same series of sam- 
ples by making  powder x - r ay  pat terns  from the finely 
ground peUets. A typical  pat tern  consisted of discrete 
reflections corresponding to the smallest parameter  
(highest GaP content)  phase, followed at larger angle 
by broad bands of close-spaced reflections from the 
nonhomogeneous,  In-r ich,  quenched liquid. The re-  
sults are shown in Fig. 5. It  is seen that  Vegard's 
law is followed within  the precision of the x - r ay  data 

on these samples, which were not ideally suited to 
x - r ay  work because of the large amount  of second 
phase present. 
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Insulating Films on Ni-Fe-Mo Alloy 
Powders by Fluorination 

J. H. Swisher, F. Schrey, P. K. Gallagher, and E. O. Fuchs 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

A new method has been developed to produce insulat ing films on Ni-Fe-Mo 
alloy (permalloy) powders by fluorination. The method consists of passing 
argon-fluorine gas mixtures  through a fluidized bed of the powder at 350~ 
Magnetic permeabi l i ty  and electrical resistivity data are given for bars 
pressed from the powders. F i lm thicknesses of 0.6~ or greater are required to 
obtain pinhole-free  films on the powders; however, high resistivities are ob-  
ta ined with th inner  films by subsequent ly  oxidizing portions of the particle 
surfaces exposed by the pinholes. With an improvement  in the stress-relief  
anneal ing procedure, this method would be competit ive with the present ly  
used Mg (OH)~-Na2SiO3 coating process for inductance coils. 

Magnetic alloy powders which have been coated 
with an insula t ing  film and pressed into toroids are 
used commercial ly in inductance coils. For one widely 
used coil, an 81% Ni, 17% Fe, and 2% Mo alloy powder 
(2 Mo permalloy) is coated with a magnesium hy-  
droxide-sodium silicate insulat ing film. The powder is 
first produced from cast ingots using a g ra in -boundary  
embr i t t lement  technique. Sulfur  is added to the liquid 
alloy, and a g ra in -boundary  sulfide ne twork  forms 
dur ing  hot rol l ing which causes the grains to break 
apart. The insulat ion is applied as an aqueous s lurry  
and dried by baking. Talc and zinc stearate are added 
to the s lurry  to facilitate pressing the powders into 
cores. The processing procedures are described in 
greater  detail by Harendza-Har inxma (1). Improve-  
ments  in coating technology are needed for min ia tu r i -  
zation of the coils, higher permeabil i ty,  bet ter  process 
control, and lower cost. 

Flaschen and Garn (2) used fluorination as a means 
of forming insulat ing coatings on a luminum and cop- 
per. Resistivities of the order of 1014 ohm-cm were 
obtained for A1F3 and CuF2 films; however, the films 
were hygroscopic and tended to oxidize at 500~ 
(A1F3) and 250~ (CuF2). 

Nickel and  its alloys are used as container  materials 
for handl ing fluorinating agents because nonhygro-  
scopic, protective NiF2 films are formed when nickel is 
exposed to fluorine. Cannon  et al. (3) review previous 
studies on the fluorination of nickel  and copper alloys 
and also present  addit ional  data on the passivation 
reactions. The l i terature on the fluorination of nickel 
alloys led us to believe that  adherent,  insulat ing films 
could be formed on molybdenum permalloy powder by 
direct reaction in a fluidized bed reactor. In  pursuing 
this idea, films of several  thicknesses were formed by 
varying  the fluorination t ime and tempera ture  and the 
fluorine part ial  pressure. Resistivity and permeabi l i ty  
measurements  on pressed bars were used to charac- 
terize the properties of the materials.  

Experimental 
The permal loy powder was taken from a commercial  

lot of mater ia l  produced by the Western Electric Com- 
pany, Chicago. These powders are screened to pass a 
120 mesh sieve (125g screen opening).  The average 
particle size is about 40g. A sample of powder insulated 
with a Mg(OH)2-Na2SiOa coating was obtained from 
the same supplier. This sample served pr imari ly  as a 
comparison s tandard for the fluorinated materials.  

Figure 1 shows a schematic diagram of the reactor 
used for f luorinating the powders. The dimensions of 
the inside of the reaction chamber  were 4 cm diameter  
by 4 cm high. Nickel was used in all parts of the 
reactor exposed to fluorine. Argon-f luorine gas mix-  
tures were passed through a preheat ing coil, then 

through a porous nickel frit  with a 75~ pore diameter.  
The reactor was contained in a vertical  resistance 
furnace. A thermocouple in the furnace was used to 
control the furnace temperature,  and another  thermo- 
couple inserted through the cover plate in the reactor 
was used to monitor  the tempera ture  of the sample 
The temperatures  used for fluorination were in the 
range from 200 ~ to 450~ Most of the t rea tments  
were done at 350~ with reaction times ranging  from 
15 rain to 8 hr. 

The usual procedure was to add 100g of powder to 
the reactor with mtrogen flowing through the system. 
A gas flow rate of 1 l i t e r /min  was used. This flow rate  
was sufficient to main ta in  movement  in the bed of 
particles; however, the density of the particles was too 
great to fluidize the bed in the usual  sense. For most of 
the work, mixtures  of 10% F2 in Ar were prepared by 
meter ing the individual  gases. Undiluted fluorine and 
premixed cylinders of 1 and 5% F2 in Ar were used in 
a few experiments.  The fluorine was 99% pure. The 
sum of the impur i ty  concentrat ions of HF  and CO2 
was 0.4%, the sum of the N2 and 02 concentrat ions w a s  

0.5%, and CF4 was present  at the ppm level. The only 
purification step used was passage of the fluorine 
through an NaF trap to remove HF. 

Commercially, the insulated powders are pressed 
into toroids of various sizes at a pressure of 200,000 
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psi. The pressed cores are stress relieved in a forming 
gas atmosphere at 625~ The magnetic permeabi l i ty  
of the annealed  cores is de termined from an a-c induc-  
tance measurement .  The qual i ty  of the insulat ion is 
determined by  winding  the cores with copper wire  
and measur ing the eddy cur ren t  losses in the material.  

Facilities were not readi ly  avai lable to obtain the 
same data on  the fluorinated samples, so the following 
method was devised to determine the qual i ty of the 
exper imenta l  materials.  Rectangular  bars, 0.25 x 0.25 x 
4.3 cm, were pressed from the powder at 100,000 psi. 
The permeabi l i ty  was determined from a d-c measure-  
ment,  using a balanced solenoid and a Lowell Elec- 
tronics DC Hysteresigraph. The electrical resist ivi ty of 
the pressed bars was measured with an ohmmeter  
when the resistivity was sufficiently low. For  higher 
resist ivity values, a 500V d-c bridge was used. 

Stress-rel ief  anneal ing  of the bars insulated by 
fluorination proved to be an impor tant  step in the 
processing. Heat ing the bars in a reducing or an iner t  
gas atmosphere to 625~ resulted in loss of fluorine 
from the samples by reduction or vaporization. A n-  
neal ing in air at 625~ resulted in part ial  conversion 
of the fluoride to oxide. While breakdown of the in-  
sulat ion did not occur dur ing air annealing,  the per-  
meabi l i ty  of the mater ial  could not be increased, which 
was the purpose of the annea l ing  step. The most 
satisfactory procedure proved to be encapsulat ion of 
the bars under  vacuum in quartz tub ing  with a small  
amount  of CuF2 added to the capsules. The capsules 
were then annealed at 625~ for 2 hr. The commercial  
analogue of encapsulat ion would be bell jar  annealing.  

The fluorine content  of the treated powders was 
determined by measur ing  the weight  loss of samples 
after hydrogen reduction of the fluoride film. The 
method consisted of passing hydrogen over the speci- 
mens in a control led-atmosphere tube furnace for 2 hr 
at 650~ Under  these conditions, the fluoride is 
readi ly  reduced by hydrogen to form HF, which is 
cont inuously swept from the furnace. No addit ional  
weight loss was observed when the specimens were 
held for longer times. The fluorine content  obtained for 
one sample was cross-checked with a magnetic mo- 
ment  measurement  using a pendu lum magnetom-  
eter and also with a wet chemical analysis. The mag-  
netic moment  measurement  yielded a fluorine content  
about 10% greater than by the weight loss method, 
and the wet chemical analysis gave a fluorine content  
about 15% greater. The weight loss method was 
adopted because it was considered sufficiently accurate 
for the present  purpose, and it was the most conven-  
ient  to use. 

Results 
A metallographic s tudy of the permalloy powders 

insulated both by fluorination and with the s tandard 
0.3g Mg(OH)2-Na2SiO~ coating was made by Bennet t  
(4). Two scanning electron micrographs obtained from 
this s tudy are reproduced in Fig. 2. Figure  2(a)  was 
obtained from a purposely mixed sample of un insu -  
lated and oxide-insulated powders. At the beam po- 
tent ia l  of 2 kV, the insulated part icle appears much 
darker  than  the uninsula ted  particles. The dark spots 
on the surfaces of the uninsula ted  particles are pre-  
sumed to be sulfide and /o r  oxide inclusions which 
were present  at grain boundaries in the original ingots. 
It  is this second phase mater ia l  at grain boundaries that 
causes the ingots to disintegrate into fragments  during 
the final stage of rolling. 

F igure  2(b)  was obtained from a powder sample 
treated in an Ar plus 10% F2 mixture  at 350~ for 
2 hr. There  appeared to be fluoride crystal growth 
swirls on the particles, meaning  that  the fluoride 
films are not  uniform in  thickness; however,  there was 
complete coverage of the metal  surfaces, at least under  
these fluorinating conditions. 

The results of an ini t ial  series of experiments  are 
listed in  Table I. The gas composition was Ar  plus 
10% F2 and the reaction t ime was 2 hr. Direct com- 
parisons should not be made be tween the permeabi l i ty  

Fig. 2a. Scanning electron micrograph of a mixture of oxide-in- 
sulated (dark) and uninsulated (light) permalluy powders. X425. 

Fig. 2b. Scanning electron micrograph of perma|loy powder fluor- 
inated in Ar + 10 pct 1:2 at 350~ for 2 hr. X400. 

values given in Table I and values obtained on com- 
mercial ly processed powder cores. Differences in  the 
magnetic test methods, powder compaction pressures, 
and other processing procedures lead to large differ- 
ences in the permeabi l i ty  values obtained. A com- 
parison was made on the oxide-coated mater ia l  using 
the two processing and test methods. The permeabi l i ty  
was about four t imes higher by the a-c inductance 
test on cores pressed at 200,000 psi than  by our d-c 
method on bars pressed at 100,000 psi. When the same 
comparison was made on fluoride-coated material ,  
the difference was about a factor of three. 

The film thicknesses in Table I were computed by 
considering the particles to have a uniform diameter  of 

Table h Properties of pressed bars of powders fluorinated for 
2 hr in Ar + 10% F2 at various temperatures 

Effec t ive  
F u r n a c e  p e r m e a b i l i t y ,  R e s i s t i v i t y ,  C o m p u t e d  f i lm 
tcmp,  ~ /ze ohm-e ra  F~, w / o  th i ckness , / z  

200 - -  <0 .03  0.15 0.05 
280 26.5 0.08 0.25 0.09 
300 22.2 5.0 0.68 0.24 
350 15.3 1.3 x 100 2.02 0.'/2 
450 Reac t i on  s t r o n g l y  exotberrnic  
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40~. The fluoride film was assumed to be (Ni, Fe)F2 
and to have a density of 4.4 g /cm 3. (NiF= has a density 
of 4.6 g /cm a, and FeF2 has a densi ty  of 4.1 g/cma.) By 
dissolving the fluoride film from the surfaces of one 
powder sample in boil ing water  and chemically analyz-  
ing for Ni, Fe, and Mo, the ratio of Ni to Fe in the 
fluoride was found to be 3.12 (weight basis).  The 
corresponding ratio for the  s tar t ing alloy was 4.77, so 
some enr ichment  of i ron in the fluoride phase oc- 
curred. No molybdenum was detected in the fluoride, 
which is unders tandable  in view of the high vapor 
pressure of MoF6. 

Examinat ion  of the data in Table I leads to the 
conclusion that  the rate of fluorination is strongly 
tempera ture  dependent.  The rate was fast, bu t  still 
controllable at 350~ At higher temperatures,  the 
exothermic na ture  of the reaction led to tempera ture  
excursions in the sample of more than 200~ At 
350~ there was an ini t ia l  increase of about 80~ 
dur ing the first few minutes  of exposure, then  the 
tempera ture  in the bed decreased slowly and ap-  
proached the tempera ture  of the furnace. In  all  subse- 
quent  experiments,  the furnace tempera ture  was ma in -  
ta ined at 350~ 

Data are plotted in Fig. 3 which show the computed 
film thickness as a funct ion of the square root of 
reaction time. The rate dur ing  the first hour  is es- 
sent ial ly parabolic and is presumed to be controlled by 
diffusion through an adherent  film. At  longer times, 
a gradual  acceleraticn occurs which is a t t r ibuted to a 
loss of adherency of the film. Although the diffusing 
species in NiF2 is known to be the fluoride ion (5), 
interdiffusion of metal  and fluoride ions may occur in 
(Ni, Fe)F2 films. The observation that  the Ni to Fe 
ratio in the fluoride differs from the ratio in the under -  
ly ing metal  is an indication that  interdiffusion may be 
occurring. 

Figure 3 shows data re la t ing the permeabi l i ty  of 
pressed bars, both before and after anneal ing  in quartz 
capsules, to the computed film thickness. Correspond- 
ing values are plotted for mater ia l  insulated with a 
Mg(OH)2-Na2SiOa coating. The film thickness in the 
oxide-coated mater ial  is taken to be 0.32~ (6). The 
l imit ing permeabi l i ty  obtainable  in the pressed bars is 
39.7, which is the value obtained when uninsula ted  
powder is pressed and annealed. In  Fig. 4, the per-  
meabi l ty  of the fluorinated specimens can be seen to 
decrease in a regular  manne r  with increasing film 
thickness. 

The theoretical permeabi l i ty  of pressed powder cores 
is given by the following equation (6). 
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Fig. 3. Film thickness vs. time plot for fluorination of permalloy 
powder in Ar + 10% F2 at 3 ~ ~  
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Fig. 4. Permeability of pressed bars of insulated permalloy pow- 
der as a function of film thickness. 

~ = [1] 
r(~ ~ 1) + 1 

where  ~o is the effective permeabi l i ty  of the core, ~ is 
the permeabi l i ty  of the magnetic  particles, and r is the 
ratio of the length of the flux path through the "air 
gaps" to the total length of the magnetic  circuit. Here 
"air gap" includes both the insulat ing film and voids 
in the pressed material.  Higher permeabil i t ies  can be 
achieved by decreasing the air gap and by anneal ing  
the compacts to increase the permeabi l i ty  of the par-  
ticles. Greater  compaction pressures and th inner  in -  
sulat ing films both decrease the air gap and increase 
the effective permeabil i ty.  

Notice in Fig. 4 that  while the as-pressed permeabi l -  
ity of the oxide- and fluoride-coated materials  are 
near ly  the same for the same film thickness, the 
oxide-coated mater ia l  is s o m e w h a t  bet ter  after an-  
nealing. The reasons for this difference are not obvious. 
One possibility is that  the fluoride film thickens dur ing 
annealing,  due to oxygen or fluorine pickup within  the 
capsule. 

In Fig. 5, data are plotted which show the var iat ion 
of the electrical resist ivity of pressed bars with film 
thickness. In  the range  of film thicknesses from 0 to 
0.6~, the logari thm of the resistivity increases approxi-  
mately  l inear ly  with film thickness. While this be-  
havior can be rationalized qual i ta t ively in terms of 
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Fig. 5. Electrical resistivity of pressed bars of insulated permalloy 
powder as a function of film thickness. 
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variat ions in charge-carr ier  concentrat ions across the 
film, the results of other experiments  demonstrated 
that  pinholes and other defects to a large degree 
l imited the resistivities obtained in the th inner  films. 
When th in  fluoride films were formed on permalloy 
strip specimens and gold spots evaporated onto the 
fluoride films, electrical cont inui ty between the gold 
spots and the under ly ing  metal  was observed. It was 
also found that  the resist ivi ty of pressed bars in which 
the fluoride film thickness was 0.2-0.4~ could be in-  
creased by about three orders of magni tude  by air 
baking the bars at 40O~ for 5 hr. Thus, by oxidizing 
the base metal  under  the pinholes in the film, re- 
sistivity values were obtained which were about the 
same as for the Mg(OH)2-NaeSiO3 insulated mater ia l  
with the same film thickness. There was no measurable 
change in the permeabi l i ty  of the materials after this 
heat t reatment .  

Referr ing again to Fig. 5, when the film thickness 
increased from 0.6 to 1.0~, the resistivity increased by 
a much smaller  amount,  indicat ing that conduction 
through pinholes was no longer important .  An ap- 
proximate calculation based on these data yielded a 
fluoride film resist ivity of 2 x 1011 ohm-cm. The esti- 
mated uncer ta in ty  in this value is half  an order of 
magnitude.  For films thicker than  1~, the resistivity 
decreased somewhat, due presumably to the loss of 
adherence of the thicker films to the metal  particles. 
This effect was also ment ioned in connection with the 
results shown in Fig. 3. Using a value of 2 x 1011 
ohm-cm for the fluoride resistivity, the ideal curve in 
Fig. 5 was computed for pinhole-free insulat ion on the 
powders. 

Discussion 
Fluor inat ion as a means of insula t ing  permalloy 

powder offers some advantages over the present ly 
used process of forming a complex oxide film by 
applying an aqueous s lurry  to the particles and re-  
moving the water  from the s lurry by heating. A fluori- 
nat ion process is simpler, more direct, and should in 
principle lead to lower costs and better  process control. 
F luor inated powders can also be pressed into dense and 
strong toroids without  the use of pressing aids. There 
are some limitations, however, which must  be over-  
come before a fluorination process can be considered 
better  than the present ly used commercial process. 
Among these l imitations are defects present in the 
films of the desired thickness and the difficulty of 
anneal ing the parts after pressing. 

The advantages of forming defect-free fluoride films 
on the powders are apparent  if we examine the ideal 
resistivity curve in Fig. 5. A 0.1~ defect-free film 
should result  in a resistivity of 109 ohm-cm in the 
pressed material,  which is about four orders of magni -  
tude higher than in the present ly used 0.3~ oxide 
insulation. With this reduct ion in film thickness from 
0.3 to 0.1~, the permeabi l i ty  would be increased by a 
factor of three from Eq. [1], if the "air gap" were 
reduced by the same factor. 

The safety hazard in fluorination processes, part icu-  
lar ly  when fluorine gas is used, is another  factor of 
importance. While undi lu ted  fluorine reacts vigorously 
and sometimes explosively with near ly  all substances 
the same reactions often occur at controllable rates 
when fluorine is diluted with an iner t  gas. In  our 
experiments  at 350~ the fluorination of permal loy 
powder could not be controlled when undi lu ted  fluor- 
ine was used. With 10% F2 in Ar, the fluorination re-  
action was easily controlled as long as the 350~ 
operat ing tempera ture  was not exceeded. By di lut ing 
fur ther  to 5% F2 in Ar, no noticeable change in the 
reaction rate was evident. (Some of the points in Fig. 
4 and 5 were obtained using 5% F2 in At.) When 1% 
F2 in Ar was used, the reaction rate was still appreci- 
able, al though slower by approximately a factor of two. 
Based on these data, di lut ion of the fluorine by a factor 

of approximately one to one-hundred  is recommended 
for large-scale processing because of safety considera- 
tions. 

Fluor inat ion of permal loy powder can be achieved 
without  using fluorine gas. A weaker  fluorinating agent 
such as NH4F can also be used. A few experiments  
were performed to demonstrate  that  fluoride films 
are formed when permalloy is exposed to NH4F. Solid 
NH4F and permal loy powder samples were placed in 
adjacent  boats in the hot zone of a horizontal  tube 
furnace at 350~ The vapor pressure of NH4F is 
appreciable at this temperature.  Hel ium was passed 
over the NH4F, then over the permalloy sample. In -  
sulat ing fluoride films were formed on the permalloy 
samples in this way, al though a more elaborate tech- 
nique was needed to coat the l~articles uniformly.  A 
better  technique might have been to insulate the par t i -  
cles in a two-stage fluidized bed reactor, the first 
stage to introduce NH4F into a carrier gas and the 
second stage to react NH4F in  the gas with the 
permalloy sample. In  both the NH4F and the direct 
f luorination experiments,  an al ternat ive method would 
have been to drop the powder through a furnace 
chamber  with the fluorinating gas flowing upward  
through the chamber. 

Thus far the discussion has been l imited to materials  
for powder cores. Permal loy is also used in tape-  
wound cores, high quali ty t ransformer  laminations,  
and as the soft magnetic component  in twistor wire. 
There is no xeason why fluorination could not be used 
to form insulat ing films required for these applications. 
Here a fluorination process might  be more attractive 
than for powder cores because anneal ing could be 
done before insulat ing the material.  

Summary 
Molybdenum permalloy powders were successfully 

insulated by direct reaction with argon-fluorine gas 
mixtures. Permeabi l i ty  and electrical resistivity data 
were obtained on bars pressed from powders insulated 
under  various f luorinating conditions. The magnetic 
and electrical properties were comparable to bu t  not 
bet ter  than properties obtained commercial ly with an 
oxide-coating process. The potent ial  advantages of a 
f luorination process are simplicity, bet ter  control over 
properties, and possibly lower cost. The disadvantages 
are handl ing problems associated with fluorinating 
agents and the difficulty of anneal ing  without  break-  
down of the insulation. 
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ABSTRACT 

Various forms of t i t an ium carbide crystals were deposited on graphite 
substrates from the vapor phase consisting of hydrogen, t i t an ium tetrachloride, 
and a hydrocarbon in the tempera ture  range of 1200~176 The correlations 
between the crystal  morphology and the growth conditions ( temperature,  gas 
flow-rates, concentrations, impurities, etc.) were investigated. The decom- 
position of the hydrocarbon was found to play an impor tant  role on the growth 
process. By x - r ay  diffraction, it was concluded that  the growth direction of 
these crystals was main ly  <111> although sometimes k inked toward < l h > .  
The growth mechanism of the single crystal  was fur ther  studied by observa- 
t ion of the etching figures of the cross section which showed hexagonal  
growth layers. F ina l ly  the tensile s trength of needle or pi l lar  crystals was 
measured and a l inear  relation (on log-log scale only) was confirmed between 
the diameter  and the strength. 

Ti tanium carbide, one of the typical inters t i t ia l  com- 
pounds having a high mel t ing point of 3250~ and 
Vicker's hardness of 3200 k g / m m  e, has been well-  
known  as a super-hard  and refractory material.  Boule 
single crystals of t i t an ium carbide have been prepared 
by the Arc-Verneui l  process and many  studies have 
been made on its crystal  s t ructure and physical prop- 
erties (1-4). Few papers, however, have been pub-  
lished on the preparat ion of needle or whisker forms of 
the single crystal from vapor phase, except a brief 
report  by Hertl  (5) who obtained fibrous t i t an ium 
carbide from TiO2 and colloidal carbon in a chlorine 
atmosphere. 

The purpose of this invest igat ion was to deposit 
needle, whisker, pillar, or polyhedron single crystals 
at least several mil l imeters  long a n d  to investigate 
the growth reaction, crystal  morphology, and growth 
mechanism. In  discussing the crystal growth process, 
the theory on whisker  growth of Wagner  et al. (6) was 
instruct ive as well  as the exper imental  study on silicon 
carbide (7) and boron carbide whiskers (8). The ex- 
trapolated values of the tensile s t rength may  be com- 
pared with published values of other whisker  ma-  
terials. 

Experimental 
The schematic diagram of the exper imental  ap- 

paratus is i l lustrated in Fig. 1. T i tan ium carbide single 
crystal was prepared according to the reaction: TIC14 
+ CxH, + H2 -* TiC + HC1 + CmNn, where CxHy was 
propane in this experiment.  The reaction was per-  
formed in a horizontal  quartz tube, the inside diam- 
eter of which was about 35 mm. A cylindrical  graph-  
ite tube (50 mm in length, 30-32 and 10-23 mm in out-  
side and inside diameters, respectively) was placed at 
the center of the tube, and served as the substrate for 
deposition of t i t an ium carbide. The tube was heated 
by induction. T i tan ium tetrachloride (bp 136.5~ was 
introduced into the hydrogen stream by means of a 
bubbl ing- type  saturator, main ta ined  at 90~ The gas 
flow rates of dried hydrogen and propane were mea-  
sured with a flow meter. After  precleaning the reac- 
t ion tube  with hydrogen, the flow of mixed gases of 
t i t an ium tetrachloride, hydrogen, and propane was 
initiated. It was necessary to keep the gas mix ture  at 
90~176 by cooling water  at the inlet  which was 
20-50 m m  in  f ront  of the surface of the graphite sub-  
strate to prevent  the propane from decomposing ex-  
cessively due to radiat ion from the heated graphite. 
The substrate temperature  was measured through the 
glass window W, wi th  a photopyrometer  and the 
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growth process was observed through the other glass 
window W2. Impuri t ies  such as Au, Pd, H2PtC16, HgC1, 
MnC12, Mn(NO3), AgNOm Na2SO4, etc., were incorpo- 
rated into the graphite and the impur i ty  effect on the 
crystal growth was investigated. 

The morphology of each single crystal was observed 
through the microscope. The deposits were identified 
by x - r ay  diffractometer and the growth directions 
were determined by the Laue method. The cross sec- 
t ion of needle and pil lar  crystals was etched in hot 
concentrated nitr ic acid for 5 rain, after abrading the 
surface. 

The fracture s t rength along the crystal  axis was 
measured by  the buoyancy method, whereby the crys- 
ta l  was fixed at both ends on copper supports, one of 
which was connected to a buoy via th in  tungsten wire 
and was loaded cont inuously in tension by draining 
the water  which sustained the buoy. 

Results 
Growth conditions.--The conditions for single crystal 

growth were investigated as a funct ion of temperature ,  
gas flow rate, and the shape of the graphite  substrate  
in the reaction tube. The tempera ture  dependence was 
noteworthy;  when the tempera ture  of the substrate 
was below 1200~ a thin film of t i t an ium carbide (9) 
was coated on the surface, and when above 1400~ 
polycrystals  were deposited rapidly. In  this experi-  
ment,  the single crystal growth was studied in detail 
in the tempera ture  range of 1200~176 Figure 2 
shows the influence of tempera ture  and the propane 
gas flow rate on the crystal growth, when the hydrogen 
gas flow rate was 4.0-8.0 cc/sec ( l inear  velocity 27.5- 
55.0 cm/sec in the graphite tube) .  It should be noted 
from Fig. 2 that  a suitable tempera ture  range for 
single crystal growth is from 1240~176 Using a 

&RAPHITE SUBSTRATE 

#t~ O000OOO 
,o v -%,. 

f,,h FLOW METER 

Fig. 1. Schematic diagram of the experimental apparatus 
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Fig. 2. Influence of temperature and propane gas flow rate on 
crystal growth. 

propane gas flow rate of 0.05 cc/sec [0.8 m/o  (mol e per 
cent) ]  is essential. The influence of hydrogen gas 
flow rate and tempera ture  on the crystal morphology 
is shown in Fig. 3 at a fixed propane gas flow rate of 
0.05 cc/sec. Needle or whisker  crystals were found to 
deposit at a re la t ively high flow rate of about 7.7 
cc/sec (53.1 cm/sec) ,  while pil lar  crystals were de- 
posited at a lower flow rate of 6.2 cc/sec (43.8 cm/sec) ,  
and polyhedron crystals at a higher tempera ture  range 
of 1250~176 These exper imental  data were ob- 
tained when  the inside diameter  of substrate was 
10 mm. As the inside diameter  decreased a number  of 
needle crystals 6-7 m m  long were deposited, but  it 
was difficult to obtain reproducible data. 

Crystal morphology.--Figures 4 and 5 show the 
needle crystals observed from two different directions. 
They occur in radiat ing clusters, apparent ly  from a 
single nucleus. The ini t ial  growth rate is from 5 to 
7 m m / h r ,  but  the rate decreases abrup t ly  in 60-80 

Fig. 5. Micrograph of needle crystals 

min. This seems to show that  the growth region of 
needles is l imited to the th in  gas film over the graphite 
surface, because some long needles k ink  toward the 
appropriate atmosphere at the tip. Whiskers from 2 to 
12~ in diameter  were observed together with fine 
needles at a higher l inear  flow rate of hydrogen gas 
(Fig. 6 and 7). A few pillar single crystals, shown in 
Fig. 8, grow in different directions from a single 
nucleus just  like the needle crystals. These are from 
30 to 50# in diameter  and from 1 to 5 mm in length, 
but  the growth rate is lower than  that  of needles. One 
pil lar  crystal is magnified in Fig. 9, where the side plane 
of the hexagonal  prism and the tip of the t runcated 
pyramid are observed. Each side has a smooth plane 
and a metal  gloss, except for a special case described 
later. Polyhedron crystals grown for several hours in a 
high tempera ture  range, have a different sort of mor-  

1350 

(.9 
v 1300 

~ 1~50 

~ 1200 
3O 

POLYHEDRONS 

PI L L A R S ~ -  

4.b 5o 61o 7.0 8~ 9.0 1 cto 
HYDROGEN F L O W  RATE (cC/sec) 

Fig. 3. Influence of temperature and hydrogen gas flow rate on 
crystal morphology. (Propane flow rate of 0.05 cc/sec.) Fig. 6. Micrograph of whiskers (temperature, 1240~ 

Fig. 4. Micrograph of needle crystals Fig. 7. Micrograph of a magnified whisker 2~ in diameter 



Vol. I17, No. 4 G R O W T H  O F  T i C  B Y  V A P O R  D E P O S I T I O N  543 

Fig. 8. Micrograph of a few pillar crystals 

Fig. 9. Micrograph of a magnified pillar crystal like on hexagonal 
prism. 

phology,  for  example ,  hexahedron  or  octahedron.  F ig -  
ure  10 shows the po lyhedron  crystals ,  whose t ips  a re  
octagonal  pyramids ,  and they  grow large  enough to 
become ad jacent  to each other.  

Growth direction.--After the  identif icat ion wi th  the  
t i t an ium carbide  ASTM card, the  growth  direct ion 
was de te rmined  b y  the  Laue  method.  X - r a y  beam 
from a mo lybdenum ta rge t  was rad ia ted  on a needle  
or p i l l a r  c rys ta l  mounted  ver t i ca l ly  on the goniometer  
head. F igure  11 (a and b) are  Laue  photographs  taken  

Fig. 11. Laue photographs (target, molybdenum; exposure, 40 kV, 
15 mA, 90 rain; crystal-to-film distance, 16 ram). (a) Laue spots 
with a mirror symmetry, radiated from a given direction, (b) I.aue 
spots from a rotated direction by 60 ~ around the axis. 

Fig. 10. Micrograph of polyhedron crystals (temperature, 1320~ 

f rom a given posi t ion (a) ,  and f rom the  ro ta ted  po-  
sit ion by  60 ~ (b) .  I t  is suggested f rom the two mi r ro r  
symmetr ies  in the  figures tha t  <111>  is the  growth  
direction,  since t i t an ium carbide  has a NaC1 type  
crys ta l  s t ructure.  Therefore,  each side of the  hexagona l  
p r i sm observed in Fig. 9 is appa ren t l y  (110). F igure  12 
shows the k ink ing  of needle  crys ta ls  descr ibed above, 
and the measured  ang le  of the  k inked  t ip  to the  
or iginal  d i rect ion <111>  is about  108 ~ so tha t  the 
k ink ing  direct ion is assigned the  same form <11-1>. 

Etching figure and growth steps.--Etching of the  
cross section in hot  concent ra ted  ni t r ic  acid reveals  
the  growth  layers  shown in Fig. 13 and  14. F igure  13 
shows the  e tching figure of a needle  crysta l ,  whe re  
the  nea r ly  c i rcular  g rowth  layers  a re  observed.  On the  
other  hand, there  a re  r egu la r  hexagonal  g rowth  layers  
in Fig. 14, which show the  etching figure of a p i l l a r  
crystal .  Each side of  the  hexagon is found to corres-  
pond to the  (110) plane indexed  previously.  At  the  
cen te r  of the  cross section, the re  is a c i rcular  p ro jec ted  
pa r t  about  10~ in both figures, which is difficult to 
etch. 
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ra te  by  incorpora t ing  a few kinds  of impur i t i es  into 
var ious  pa r t s  of the  g raph i te  substrate .  Fo r  example ,  
manganese  n i t ra te  shows a posi t ive effect on the  
c rys ta l  growth,  as shown in Fig. 18. I t  was found 
s imi la r ly  tha t  Au, Pt, Pd, Ag, etc., r ep resen ted  posi t ive 
effects, whi le  Cu, Fe, Co, Zn, etc., showed nega t ive  
effects. 

Tensile strength.--The f rac ture  s t rength  vs. t he  d i -  
ameter  of needle  or p i l l a r  crys ta ls  is p lo t ted  on loga-  
r i thmic  scales in Fig.  19. A l inea r  re la t ion  can be seen 
f rom Fig. 19. The ex t rapo la ted  va lue  to 5~ is about  
1000 k g / m m  2. The tensi le  s t rength  of t i t an ium carbide  
whiskers ,  therefore ,  is es t imated  to exceed tha t  of i ron 
(250 kg /mm2) ,  sapphi re  (350 k~/mm2) ,  and a lumina  
(560 k g / m m  2) for  the  same d iame te r  (10). 

Fig. 12. Micrograph of a kinked needle crystal 

Fig. 15. Micrograph of continuous large growth steps ot a pillar 
crystal. 

Fig. 13. Etching figure on the cross section of a needle crystal 

Fig. 16. Micrograph of magnified large growth steps followed 
by the secondary steps. 

Fig. 14. Etching figure on the cross section of a pillar crystal 

Continuous large  g rowth  steps were  observed  on 
the side of a p i l l a r  c rys ta l  (Fig. 15 and 16 magnified)  
and  each step has a secondary  step at the  edge. F igure  
17 shows a few i r regu la r  and la rger  g rowth  steps for 
a c rys ta l  grown at  the  h igher  t e m p e r a t u r e  range.  

Impurity e~ect.--Though i t  was difficult to get an 
exact  quant i ta t ive  knowledge  about  the  impur i t y  ef-  
fect, we could establ ish the  difference of deposi t ion Fig. 17. Micrograph of a few irregular larger growth steps 
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Fig. 18. Impurity effect on the graphite substrate incorporated 
with manganese nitrate (left side), and no impurity (right side). 

cumference. It  is convenient  to describe two steps; 
one is the whisker  growth and the other is the side 
growth of the needle or whisker crystals. Through 
microscopic observations, however, small  globules 
could not  be found at the tip of the whisker  or needle 
crystals. Also impuri t ies  were not always essential for 
whisker growth as indicated before. So it is not 
acceptable to explain whisker  growth by V.L.S. 
mechanism (12). More detailed investigations on the 
microstructure and the impur i ty  effect should be made 
to learn the mechanism of whisker growth. 

The growth layers in  Fig. 13 and 14 suggest the 
variat ions of chemical composition. The growth steps 
in Fig. 15 and i 6  show that  the la teral  growth rate 
increases when  bunched growth steps pass through 
any side. Therefore we conclude the pil lar  crystals 
grow by the movement  of steps on the side s imul-  
taneously with the t ip growth, while in the case of 
the needle crystals, the side growth is a little slower 
than  the tip growth. 
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Fig. 19. Fracture tensile strength vs. diameter of needle or pillar 
crystals. 

Discussion 
Vapor phase reaction and crysta~ morphology.---The 

fact that  the propane gas flow rate of 0.05 cc/sec 
(0.8 m/o)  and cooling of gas mixture  at 90~176 
were essential for growth of a single crystal, means the 
decomposition reaction of hydrocarbon play an im-  
portant  par t  in the formation of t i tan ium carbide 
single crystals. This suggestion seems to be supported 
by the study of Pearce (11) who discussed the reaction 
mechanism and concluded the ini t ial  formation of 
pyrocarbon is impor tant  ra ther  than  the reduct ion of 
the halide to e lemental  t i tanium. An appropriate tem- 
perature  distr ibution and gas diffusion process in the 
reaction tube should be employed to provide pyro-  
carbon on the surface of the graphite substrate.  In  
addition, a constant  supersaturat ion at the growth tip 
should be main ta ined  to obtain a given crystal  mor-  
phology as described by Gatt i  (8). When the inside 
diameter  of the cyl inder  is large, for example, it is 
difficult to introduce the proper quant i ty  of pyro-  
carbon while keeping the tempera ture  of the atmo- 
sphere constant. Consequently the reproducibi l i ty  de- 
creases. However, with small  inside diameters, the 
l inear  flow rate of hydrogen gas is higher, making  it 
easier to grow a fine whisker, as shown in Fig. 3. 

Growth mechanism.--Observations of the etching 
figures (Fig. 13 and 14) suggest differences in the 
growth mechanism between the center and the cir-  

Conclusion 
Single crystals of t i t an ium carbide were grown from 

the vapor phase in the tempera ture  range of 1200 ~ 
1350~ It was found that  the gas flow rate or the 
shape and the impuri t ies  of the substrate greatly 
affected the crystal  morphology. Above all, the con- 
t r ibut ion of propane gas flow rate was so remarkable  
that  the decomposition of propane gas was considered 
to define strictly the growth range of single crystals. 

Polyhedron crystals were deposited in the high tem- 
perature  range, and have smooth and glossy planes on 
the crystal surface. Pi l lar  crystals grew gradual ly  as 
hexagonal  prisms, while needle crystals grew rapidly 
from a growth nucleus. Whisker crystals about  3~ 
in diameter  were observed among them. The growth 
direction of needle or pil lar  crystals was found to be 
<111> by the Laue method and the k ink ing  direction 
was < ~ 1 > .  

Etched hexagonal  growth layers, the large growth 
steps, and impur i ty  effects suggested that  the tip 
growth of whiskers was followed by the movement  o f  
growth steps on the side. 

From the l inear  relat ion between the s t rength and 
the diameter, the tensile s t rength of 1000 k g / m m  2 was 
estimated at 5g in diameter. T i tan ium carbide whiskers, 
are worthy of note, as a mater ia l  having superior high 
tensi le strength,  as well  as the other mechanical  prop- 
erties. 

Manuscript  submit ted Sept. 8, 1969; revised manu-  
script received ca. Dec. 16, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Structure and Electrical Properties of 
FeO-P O  Glasses 

D. L. Kinser 
Vanderbi l t  Universi ty ,  Nashvil le,  Tennessee 

ABSTRACT 

Dielectric loss measurements ,  d-c conductivity, and t ransmission electron 
microscopic observations were made on thermal ly  t reated 55FeO-45P20 
(mole fraction) glasses. The results of this s tudy indicate that  this glass is 
par t ia l ly  devitrified after low tempera ture  treatments.  This dispersed crysta]- 
l ine phase gives rise to Maxwel l -Wagner-Si l la rs  heterogeneous dielectric 
dispersions similar to those previously a t t r ibuted to electron hopping reso- 
nance in these glasses. 

The electrical properties of FeO-P205 glasses have 
been investigated by Hansen (1). He has reported the 
d-c conductivi ty behavior of a 55FeO-45P205 glass with 
varying Fe3+/Fe ~+ + Fe 2+ ratio, with a m i n i m u m  at 
equal concentrations. Hansen et al. (2) have also re-  
ported a dielectric dispersion in three iron phosphate 
glasses with different Fe ~ + /Fe  3 + ~- Fe 2 + ratios. These 
dielectric re laxat ion peaks were tenta t ively  a t t r ibuted 
to resonance of the hopping electrons between ferrous 
and ferric sites. His x - r ay  and transmission electron 
microscope investigations of these glasses revealed no 
evidence of crystal l ine phases or l iquid- l iquid separa-  
t ion after anneal ing at 500°C. 

Previous work by the present  author  (3) in sodium 
phosphate-vanadium pentoxide glasses has shown the 
appearance of dielectric losses with thermal  t reatments  
that  cause small amounts  of crystallization. Marked 
changes in the d-c conductivi ty due to thermal  t reat -  
ment  were also reported in vanadium glasses by Ham- 
blen  et al. (4). 

The present  paper presents results of dielectric mea-  
surements  on a 55FeO-45P205 glass with different ther -  
mal  t reatments.  A dielectric loss peak in the audio fre-  
quency range has been shown to appear concurrent ly  
with the formation of crystals that  were observed by 
transmission electron microscopy. The dielectric loss, 
d-c conductivity, and transmission electron microscopy 
were correlated using heterogeneous dielectric models. 

Experimental Procedure 
Glasses examined in this s tudy were prepared from 

reagent grade Fe203 and P205, melted 1 hr  at 1300°C 
in p la t inum exposed to air  in  an electric furnace. The 
glass was poured in a steel mold that  yielded samples 
approximately 17 mm diameter  and 5 mm thick. All  
samples were annealed 1 hr at 300°C and air-cooled. 

Samples used for electrical measurements  were ther-  
mal ly  treated, then polished to approximately 3 mm 
final thickness. After  polishing, gold electrodes were 
vapor deposited in a guard- r ing  configuration. Al te rna t -  
ing current  electrical measurements  were conducted in 
a specially designed env i ronmenta l  chamber that  al- 
lowed atmosphere and tempera ture  control  dur ing 
measurements .  

Al te rna t ing  current  electrical measurements  were 
accomplished using convent ional  audio and radio fre- 
quency t ransformer  ra t io-arm bridges. Direct current  
measurements  were conducted in a guarded configura- 
t ion using a convent ional  electrometer with an applied 
field of approximately  2 V/mm. 

Samples for t ransmission electron microscopy were 
prepared from glass buttons, cast, and thermal ly  treated 
as above. The samples were mechanical ly cut to ap- 
proximately 0.3 mm thick and 3 m m  in diameter.  The 
outer annulus  of approximately 1 m m  width was then  
masked with a lacquer stop and the sample was placed 
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in  a boil ing solution of equal parts  HC1 and H20. The 
sample was left in this solution unt i l  a "dimple" de- 
veloped, then etching was stopped, and the outer mask-  
ing r ing was removed with acetone. The dimpled sample 
was then placed in the same solution and held by the 
outer r ing  with tweezers. As the first hole developed 
within  the dimple, the sample was removed and washed 
in distilled H20. The samples were then placed in a 
Philips EM-300 electron microscope and examined by 
conventional  techniques. No conducting layer was 
necessary to prevent  charging as is required in silicate 
glasses. This is apparent ly  the result  of the electronic 
conductivi ty and lack of polarization in these glasses. 

Each of the thermal ly  treated glasses was also exam- 
ined in  a Debye-Scherrer  x - r ay  diffraction camera. 

Results 
E~ectrical.--The d-c resis t ivi ty- inverse tempera ture  

dependence of each of the thermal ly  treated glasses is 
shown in Fig. 1. The resist ivity shows a subtle decrease 
with the 1-hr thermal  t reatments  up to 500°C. Com- 
parison of the d-c conductivi ty after anneal ing at 500°C 
with Hansen 's  data indicates that  the Fe3+/Fe 3+ 
Fe 2+ ion ratio is 0.12. Thermal  t reatments  of 1 hr at 
temperatures  of 600 °, 700 °, and 800°C cause pronounced 
increases in resistivity. Results of the dielectric mea-  
surements  are given in Fig. 2, 3, 4, and 5 in the form 

Fig. 1. D-C resistivity as a function of inverse temperature after 
noted thermal treatments of 1 hr duration. 
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Fig. 2. Loss tangent as a function of Ioglo of frequency for 
55FeO-4SP205 glass thermally treated 1 hr at 300~ Measurement 
temperatures noted on curves in ~ 
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peak  appears  in  the  f requency  range  102 to 106 Hz. Af te r  
a 1-hr  t r ea tmen t  at 400~ (Fig. 3), a b road  loss peak  
appears .  A similar ,  but  somewhat  sharper ,  loss peak  
also appears  in the  sample  t r ea ted  1 hr  at  500~ (Fig. 
4)i A 1-hr  t he rma l  t r ea tmen t  at  600~ (Fig. 5) yields  
a sample  f ree  of loss peaks  in the  102-106 Hz f requency  
range.  Thermal  t r ea tmen t  for 1 hr  at  700~ gives loss 
behavior  indis t inguishable  f rom Fig. 5. 

Microscopy.--Optical microscopy of samples  ther -  
m a l l y  t rea ted  in the  same manner  as the  e lect r ica l  
samples  shows crys ta ls  app rox ima te ly  0.1 m m  d iamete r  
in the  700~ samples  and app rox ima te ly  100~ in d i am-  
e ter  in the 600~ samples,  but  no crysta ls  in the  samples  
t r ea ted  at lower  tempera tures .  

Transmiss ion e lect ron microscopy of the  samples  
t he rma l ly  t r ea ted  1 hr  at  500~ (Fig. 6) shows a fine 
dispers ion of crystals  of e longate  morphology,  20,000- 
50,000A in length  and volume fract ion p robab ly  less 
than  1%. Electron micrographs  of the  samples  t h e r -  
m a l l y  t rea ted  1 h r  at 400~ show (Fig. 7) a s t i l l  finer 
dispers ion of e longated crystals ,  5,000-10,000A in length  
and volume fract ion indis t inguishable  f rom the 500~ 
sample.  Transmission e lect ron mic rography  of the  sam-  
ple  t he rma l ly  t r ea ted  1 hr  at  300~ shows no resolvable  
crys ta ls  (p robab ly  ~50A)  and no evidence of l iqu id-  
l iquid separat ion.  The glass-glass  phase separa t ion  
could be present ,  but  undetected,  because the  separa ted  
amorphous  phases would have nea r ly  equiva lent  elec-  
t ron scat ter ing behavior .  

Fig. 3. Loss tangent as a function of Ioglo of frequency for 
55FeO-45P205 glass thermally treated 1 hr at 400~ Measurement 
temperatures noted on curves in ~ 

Fig. 5. Lass tangent as a function of Ioglo of frequency for 
55FeO-45P205 glass thermally treated 1 hr at 600~ Measurement 
temperatures noted on curves in ~C, 

Fig. 4. Loss tangent as a function of |oglo of frequency for 
55FeO-45P20,~ glass thermally treated ! hr at 500~ Measurement 
temperatures noted on curves in ~ 

of tan  ~Total as  a funct ion of frequency.  The d-c  cont r i -  
but ions were  not  sub t rac ted  because the  res is t iv i ty  is 
so large  as to make  this unnecessary.  Samples  t r ea ted  
for 1 hr  at  300~ (Fig. 2) show tha t  no resolved loss 

Fig. 6. Transmission electron micrograph of 55FeO-45P205 glass 
after thermal treatment of 1 hr at 500~ 
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The Debye-Scherrer  technique shows crystals after 
1 hr  at 600 ~ and 700~ These crystals have been tenta-  
t ively identified as Fe3(PO4)2, al though several lines 
are shifted as if Solution of either FeO or P205 were 
present  in the crystal. 

Discussion 
The resist ivity decrease with thermal  t rea tment  tem- 

perature  up to 500~ indicates that  the matr ix  of the 
mater ia l  is becoming a bet ter  conductor. There are two 
possible explanat ions of this observation. The first is 
that  the increasing anneal ing tempera ture  is decreasing 
the volume of the mater ia l  and the ferrous-ferr ic  ions 
are coming closer together. As the mater ia l  is an elec- 
tronic conductor, this approach would increase the 
conductivity. The second, and more probable, explana-  
tion is that  the crystals observed after low tempera ture  
t rea tment  are preferent ia l ly  formed from ferrous ions, 
leaving the matr ix  relat ively richer in ferric ion, thus 
increasing the conductivi ty according to Hansen's  (1) 
observations. 

After  the higher tempera ture  t reatment ,  however, the 
opposite effect occurs, in  that  the dispersed crystals 
p r e f e r e n t i a l l y  incorporate ferric ions, leaving the 
matr ix  depleted in ferric ions. The dispersed conduct-  
ing phases do not contr ibute  to the d-c conductivity 
because they are not contiguous; hence, no high con- 
duct ivi ty path exists. The activation energies noted in 
Fig. 1 do not change appreciably with thermal  t reat -  
ment  and compare favorably with previous results. 
The small  deviation from l inear i ty  is also in agree- 
ment  with previous results. 

The Maxwel l -Wagner-Si l la rs  (5-7) heterogeneous 
dielectric analysis indicates that  a highly conducting 
dispersed phase gives rise to dielectric dispersion. Con- 
ditions which give rise to this type of loss appear to 
be present  in these materials  after 406 ~ and 500~ ther-  
mal  treatments.  The microscopic results indicate that  
the glass after a 300~ thermal  t rea tment  is homoge- 
neous and no dielectric dispersion is observed in glasses 

so treated. After thermal  t reatments  at either 400 ~ or 
500~ a finety dispersed crystal l ine phase is observed 
in these glasses. As these crystals appear, a dielectric 
dispersion also appears in these crystal-glass materials.  
It  seems that the crystal l ine phase is more conductive 
than the matr ix  phase, although no independent  con- 
ductivi ty data for the crystals are available. Thermal  
t reatments  at  higher temperatures  (600~ and above) 
yield a very  few large crystals which, because of their  
number ,  do not lead to observable losses. 

In  summary,  it can be said that  the dielectric loss 
behavior of the glasses examined in this work is con- 
sistent with part ial  devitrification dur ing  thermal  t rea t -  
ments  which have been previously used as anneal ing 
treatments.  This result  is confirmed by transmission 
electron microscopy, dielectric loss behavior, and d-c 
resist ivity data. 

I t  also appears l ikely that  the dielectric re laxat ion 
behavior observed by  Hansen in glasses of Fe3+/Fe 3+ 
-t- Fe 2+ ratios of 0.793, 0.465, and 0.147 can be at t r ibuted 
to similar preferent ia l  segregation in a crystal l ine 
phase. 

Conclusions 
1. Dielectric lo~ses observed in 55FeO-45P20~ glasses 

can be at t r ibuted to Maxwel l -Wagner-Si l la rs  heteroge- 
neous  loss mechanisms, ra ther  than  the electron hop- 
ping resonance between Fe3+-Fe 2+ ion sites previously 
proposed. 

2. The assumption of preferent ial  segregation of a 
part icular  oxidation state of t ransi t ion metal  ion is 
necessary to explain the pronounced d-c conductivi ty 
changes observed' in this glass. It is probable that  simi- 
lar behavior in other semiconducting t ransi t ion metal  
oxide glasses results from similar segregation. 
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Technical Notes 

Dielectric Properties of Crystalline Gamma-AI2 O3 
Formed on Dilute AI-Cu Alloys 

A.  J. Brock 

Metals Research Laboratories, Olin Corporation, New Haven, Connecticut 

At temperatures  of 425~ and above pure a luminum 
oxidizes to form films consisting of both amorphous 
and crystal l ine 7-A1203 (1). The outer amorphous 
component  grows by outward diffusion of a luminum 
ions whereas the crystal l ine phase grows as a series of 
expanding cylinders at the amorphous oxide-metal  
interface by  the inward  migrat ion of oxygen ions 
through the amorphous film. The parabolic rate con- 
s tant  for amorphous oxide formation has a high- 
tempera ture  sensitivity, 54 kcal/mol,  and is independent  
of the presence of under ly ing  crystals of oxide. The 
crystall ine oxide appears to offer l i t t le or no resistance 
to the egress of a luminum ions. 

Saunders  and Pryor  (2) determined an activation 
energy of 19.1 kcal /mol  for the parabolic growth of 
~-A12Os on copper-3% A1-2% Si in the tempera ture  
range 450~176 These-v-A1203 films were crystal l ine 
at higher temperatures  and had excellent  protective 
properties. The pre-exponent ia l  constant, A, in the 
Arrhenius  equation for the formation of amorphous 
~-AI20~ on pure a luminum below 525~ was around 
2 x l0 s t imes greater  than  for the formation of the 
s t ruc tura l ly  similar films of a lumina  on the copper 
alloy. Since the A vaIue was considered by the authors 
to represent  the n u m b e r  of cation diffusion paths in 
the oxide, they concluded that  copper ions occupied 
vacant  cation sites in the defect cation lattice of 
7-A1203, hence decreasing the rate of outward diffu- 
sion of a luminum ions. Since the number  of copper 
ions retained in the oxide increased with increasing 
temperature,  reduced tempera ture  sensit ivity together 
with low growth rate resulted. 

To throw fur ther  l ight on this phenomenon  the di- 
electric characteristics of crystal l ine ?-A1203 formed 
on h igh-pur i ty  a luminum and on an aluminum-0.1% 
Cu alloy were determined.  The composition of the 
metals is shown below. 

T h e  aluminum-0.1% Cu alloy was solution treated at 
500~ for 8 hr in high vacuum and quenched in still 
water. 

Specimens were etched for 15 rain in 0.5N NaOH 
solution at 25~ rinsed, immersed for 1 sec in 50% 
HNO3 at 85~ rinsed in distilled water  and methanol,  
and stored in a desiccator for 24 hr. The specimens 
were oxidized in  76 Torr  oxygen for 72 hr  at 500~ 
Such a procedure results in an oxide containing both 
crystal l ine and amorphous '~-A1203 with crystal l ine 
oxide coverage being essentially complete. This is 
evident  from the transmission electron micrographs of 
t h e  oxides stripped from the metals (Fig. 1). 

Gravimetr ic  experiments  (Fig. 2) permit  calculation 
of the total  weight and, hence, the total  thickness of 

Table I. Composition of aluminum and aluminum-0.1% Cu alloy 

Nominal 
composition Cu Fe Si 

A1 <0.0005 0.0027 0.0005 
AI-0.1% Cu 0.095 0.0018 0.0005 

Fig. I .  Transmission electron micrographs of oxide films formed 
an (a) (top) Aluminum, and (b) (bottom) aluminum-0.1% copper 
alloy after oxidation for 72 hr at 500~ in 76 Torr oxygen. 16,000X. 
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oxide formed on pure a luminum after 72 hr at 500~ 
Previous work on pure a luminum (1) showed that  the 
crystal l ine layer  was 217A thick. Subtract ion of this 
from the total thickness of oxide results in the thick- 
ness of amorphous oxide which was 128A. When such 
a duplex film is th inned to a max imum degree in so- 
d ium chromate solution (3) the equivalent  series ca- 
pacitance increases to a steady value. This value, to- 
gether with the equivalent  series capacitance of the 
un th inned  oxide, permits  calculation of the thickness 
of amorphous oxide dissolved (the solution will  not 
dissolve crystal l ine oxide) and hence the thickness of 
amorphous oxide when  th inn ing  has been completed. 
Results for pure a luminum are contained in Tabm II. 

The thickness of crystal l ine oxide formed on A1- 
0.1% Cu alloy was measured directly by shadowing 
the inner  suface of a stripped oxide film and yielded 
a value of 130A. Gravimetr ic  experiments  (Fig. 2) 
permit  calculation of the amorphous film thickness 
after oxidation for 72 hr  at 500~ which was 151A. 
Similar  th inn ing  experiments  established the thickness 
of the amorphous oxide present  on A1-0.1% Cu alloy 
after th inn ing  in chromate solution to be 23A (Table 
II) .  

The equivalent  paral lel  resistance and equivalent  
series capacitance measurements  made at 1 kHz on 
duplex films that  had been ful ly th inned in chromate 
solution, with corrections being made for the residual  
amorphous film which remained (Table II) ,  permits 
calculation of the resistivities (resistance/thickness) 
and apparent  dielectric constants of the ~-A120~ 
formed on a luminum and A1-0.1% Cu alloy. These re- 
sults are shown in Table III. 

The dielectric properties of the crystal l ine ~-A1203 
formed on the A1-0.1% Cu alloy are v i r tua l ly  identical 
to those of amorphous ~-A1203 whereas the crystal l ine 
oxide formed on pure  A1 is an extremely poor and 
lossy dielectric. It seems un l ike ly  that  these results 
can be explained in terms of the faults present  in the 
crystals since the crystals formed on A1 and A1-0.1% 
Cu alloy are visual ly faulted to the same degree (Fig. 
1). Accordingly, the high apparent  dielectric constant  
of the crystal l ine a lumina  formed on pure a luminum 
most l ikely results from the relat ively large numbers  
of defects (vacant  cation sites) in the cation lattice 
(2-2/3 per uni t  cell at stoichiometry).  Such an effect 
has previously been observed by Gray (4) on in t ro-  

Table II. Initial thickness, thickness removed and final thickness of 
amorphous "~-AI203 formed on Af and AI-0.1% Cu alloy 

In i t i a l  T h i c k n e s s  F i n a l  
A l l o y  th i ckness ,  A r e m o v e d ,  A th ickness ,  A 

A1 128 113 15 
A1-0.1% Cu 151 128 23 

Table III. Thickness and dielectric properties of crystalline 
7-AI203 farmed on aluminum and aluminum-0.1% Cu alloy 

Capac i t ance  A p p a r e n t  R e s i s t i v i t y  
a t  l kHz ,  T h i c k -  d i e l ec t r i c  a t  l k H z ,  

A l l o y  ~ F / e m  -~ ness,  A cons t an t  o h m - c m  

A1 4.54 21"/ 117 4.6 • 107 
AI-0.1% Cu 0.554 130 9.2 3.5 x 10 ~ 

ducing large numbers  of defects into bu lk  rutile, and 
by Pryor  (5) on int roducing fluoride ions into amor-  
phous 7-A1203. Since these cation vacancies will  be 
preferred sites for a luminum ion diffusion the greater 
their number  the lower will  be the ionic resistance. 

Copper ions enter ing the crystal l ine oxide will  have 
a strong tendency to associate with these vacant  sites 
par t icular ly  since both Cu20 and CuO form spinels 
with 7-A1203 (6, 7). Consequently,  the preferred paths 
for cation migrat ion will  be decreased in number  
thereby explaining the increased resistance of the 
crystal l ine oxide formed on A1-0.1% Cu alloy. This 
result  is in complete agreement  with the recent  work 
of Saunders  and Pryor  (2). Fur thermore,  since the 
number  of cation vacancies is decreased by doping 
with copper ions a more normal  dielectric constant  is 
to be expected. 

Resistance measurements  at 1 kHz are general ly 
taken to reflect the presence of both electronic and 
ionic defects in ~-A1203. Accordingly, in the present 
experiments  and at relat ively large film thicknesses, 
the loss measurements  at 1 kHz appear more sensitive 
to changes in ionic conductivi ty than  electronic con- 
duct ivi ty since the lat ter  must  have increased due to 
the presence of electrons in the oxide required to pre-  
serve electrical neutral i ty.  

Fur ther  evidence that the ionic resistance of the 
crystal l ine oxide is increased by addit ion of copper 
ions is seen from the rates of oxidation of the two 
metals at 500~ presented in Fig. 2. After  oxidation 
for about 60 hr, where crystal l ine coverage is sub- 
s tant ial ly  complete, the slope of the weight gain- t ime 
curve for oxide formation on A1-0.1% Cu alloy is con- 
siderably less than that  for oxide formation on high- 
pur i ty  a luminum.  Since these slopes represent  the rate 
of amorphous oxide formation on both alloys, when  
crystal l ine coverage is complete, the low rate on the 
A1-0.1% Cu alloy is due to the crystal l ine oxide af-  
fording addit ional substant ial  resistance to the egress 
of a luminum ions because its dielectric properties are 
similar to those of the amorphous oxide. This is in 
dist inction to pure  a luminum where  the crystals of 
7-A1203 are so lossy as to present  no significant barr ier  
to the passage of a luminum ions. 

Acknowledgments 
The author wishes to thank  the A luminum Division 

of the Olin Corporation for their  support  of this work 
and for their  permission to publ ish the results. 

Manuscript  submit ted Oct. 3, 1969; revised manu-  
script received ca. Dec. 12, 1969. 

A ny  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the December 1970 
J O U R N A L .  

REFERENCES 
1. A. F. Beck, M. A. Heine, E. J. Caule, and  M. J. 

Pryor,  Corrosion Sci., 7, 1 (1967). 
2. S. R. J. Saunders  and M. J. Pryor,  This Journal, 

115, 1037 (1968). 
3. M. A. Heine and M. J. Pryor,  ibid., l l0 ,  1205 (1963). 
4. T . J .  Gray, Pr ivate  communication.  
5. A. F. Beck, M. A. Heine, D. S. Keir, D. Van Rooyen, 

and M. J. Pryor,  Corrosion Sci., 2, 133 (1962). 
6. G. Holgersson, Z. Anorg. Chem., 264, 381 (1932). 
7. Hahn  and Lorent, Z. Anorg. Allgem. Chem., 279, 

241 (1955). 



Variation of the Optical Energy Gap with 
Composition in MnSe-CdSe Solid Solutions 

Heribert Wiedemeier and A. Gary Sigai 1 

Department oI Chemistry, Rensselaer Polytechnic Institute, Troy, New York 

Increas ing a t ten t ion  has been d i rec ted  toward  the  
inves t iga t ion  of a l loy semiconductors,  pa r t i cu la r ly  wi th  
respect  to the  var ia t ion  in energy gap with  composi t ion 
in p seudo -b ina ry  solid solutions. Studies  of such alloys 
of I I -VI ,  IV-VI,  and I I I -V  compounds show that  the  
change in energy gap wi th  composit ion is essent ia l ly  
l inear  in some cases [e.g., ZnSxSe l -x  (1), PbSexTe l -x  
(2),  ZnzCdl -xS  (3)]  and subl inear  in others  [e.g., 
G a x I n l - z S b  (4) ] ;  in some cases there  is even a min i -  
m u m  in energy  gap [e.g., ZnSexTel -x  (1) ]. 

The compounds MnSe and CdSe have the  NaC1 
(cubic) and wur tz i te  (hexagonal )  s tructure,  respec-  

t ively.  The  t empera tu re -compos i t ion  phase d iagram of 
the  p seudo-b ina ry  MnxCdl -xSe  sys tem (5, 6) includes 
a cubic one-phase  region be tween  0 and 10 m / o  (mole 
per cent)  CdSe and a hexagona l  one-phase  region be-  
tween  50 and 100 m/o  CdSe, separa ted  by  a two-phase  
region. The  present  work  deals  wi th  t r ansmi t t ance  
measurements  on single crys ta ls  and reflectance mea-  
surements  on powders  of solid solutions in the  MnSe-  
CdSe sys tem to de te rmine  the var ia t ion  in energy  gap 
wi th  composition. Measurements  have  been per formed  
on samples  in both the  cubic and hexagonal  one-phase  
regions. 

Experimental 
Preparation of materials.--The compounds MnSe and 

CdSe were  synthesized f rom h i g h - p u r i t y  e lements  by 
vapor  t r anspor t  react ions  (7) wi th  iodine  as the  t r ans -  
por t ing  agent.  Powdered  mix tures  of var ious  mole 
rat ios of the  pure  compounds were  thorough ly  mixed,  
pressed into pel le ts  at  a pressure  of 13.5 Kbar ,  and 
sealed under  a vacuum of 10 -6 Torr  or less in out -  
gassed quar tz  ampules.  The CdSe- r ich  mix tures  were  
annea led  for severa l  one -week  periods at 500~ the 
MnSe- r i ch  mix tures  for s imi lar  per iods  at  l l00~ To 
insure  homogene i ty  of the  solid solutions, the  samples  
were  powdered  and repressed  af te r  each anneal ing  
per iod  unt i l  the la t t ice  pa ramete r s  remained  constant.  
Single  crysta ls  of MnSe (8) and of CdSe were  p re -  
pa red  by  vapor  t r anspor t  react ion;  single crystals  of 
two hexagonal  solid solutions were  grown by  sub-  
l imat ion  of annealed  powder  samples  in evacuated  
quar tz  ampules  at 960~ in a t empera tu re  grad ien t  of 
less than  10~ Crysta ls  of severa l  mi l l ime te r  edge 
length  were  obta ined  in the  form of p la te le ts  and 
columns. The a s -g rown  faces of the  MnSe crys ta ls  
were  (111) planes,  and those of the  CdSe and solid 
solut ion crysta ls  were  (0001) planes,  as de te rmined  
by  the Laue  back-ref lec t ion  technique.  

Analysis.--Quantitative chemical  analysis  of the pure  
compounds by  EDTA t i t ra t ion  (9) revea led  that  both 
mate r ia l s  were  s toichiometr ic  wi th in  the  l imits  of ex-  
pe r imen ta l  e r ror  (Cd (exp.)  = 58.60%, Cd (calc.) = 
58.74%; Mn (exp.) = 40.96%, Mn (calc.) = 41.03%). 
On the basis of rad ioac t ive  t racer  s tudies by  Sch~fer 
and Odenbach (10), the  amount  of iodine incorpora ted  
into the  t r anspor ted  ma te r i a l  is es t imated to be less 
than  10 -2  m/o.  Emission spec t rographic  analysis  of 
the  compounds gave the  fol lowing meta l  impur i t ies  in 
ppm by  weight :  S i (6-60) ,  Cs(30-300),  Mg(3-30) ,  
Fe (3-30) ,  A1(15-150), Ca(10-1O0), Cu(6-60) .  Debye-  
Scher re r  x - r a y  diffraction studies were  car r ied  out 
using a 114.59 m m  camera  and Ni- f i l te red  C u K a - r a d i a -  
t ion to de te rmine  la t t ice  pa rame te r s  for the  pure  com- 

Presen t  address :  RCA Laborator ies ,  Pr ince ton ,  N e w  Jersey .  
K e y  words :  l inear  var ia t ion ,  optical e n e r g y  gap, M n S e - C d S e  

solid solutions,  t r ansmi t t ance  and reflectance measu remen t s .  

pounds and solid solutions. The final composit ion of 
the  solid solutions as confirmed by  la t t ice  p a r a m e t e r s  
agreed  wi th  the  nomina l  weights  of MnSe and CdSe 
used wi th in  the  l imits  of exper imen ta l  error .  The 
l inear  dependence  of la t t ice  p a r a m e t e r  on composi t ion 
was es tabl ished prev ious ly  (6) and y ie lded  the  equa-  
t ions ao ---- 5.462 ~ 0.202.N (for the  MnSe- r i ch  cubic 
phase)  and ao = 4.173 + 0.124-N, Co = 6.822 -t- 
0.193.N (for the  CdSe- r i ch  hexagona l  phase) ,  where  N 
is the  mole  f ract ion of CdSe. 

Reflectance measurements.--In the  absence of single 
c rys ta l  p la te le ts  sufficiently large  for  t r ansmi t t ance  
measurements  over  the  ent i re  range  of solid solUtion, 
the  diffuse reflectance of microcrys ta l l ine  powders  was 
used to provide  a re la t ive  measure  of the  absorpt ion.  
This method has been ful ly  descr ibed by  Fochs (11). 
The in tens i ty  of the  diffusely reflected l ight  f rom the 
powdered  sampl~ on a 3.5 cm d iamete r  disk  was mea-  
sured  with  a Beckman DU Spect rophotometer .  Mag-  
nes ium carbona te  was used as a reference.  Diffuse 
reflectance spec t ra  for severa l  MnxCdl -xSe  solid solu-  
tions are  shown in Fig. 1, whe re  the  per  cent  diffuse 
reflectance is p lo t ted  against  wavelength .  The curves  
possess a region of r e la t ive ly  constant  ref lect ivi ty  at  the 
shor te r  wave leng th  end since the  par t ic les  a re  com- 
p le te ly  absorbing.  Wi th  increas ing wave leng th  the  ab-  
sorpt ion coefficient decreases,  leading to mul t ip le  re -  
flections and refract ions  in the  powder  and to a net  
increase  in the  diffuse reflectivity.  When  the  absorp-  
t ion coefficient is ve ry  low, the  ref lect ivi ty m a y  ap-  
proach unity.  The energy  gap was ca lcula ted  f rom 
the  wave length  at the  intersect ion of the s t ra igh t - l ine  
ex t rapola t ions  above and below the shor t -wave leng th  
knee of the  curve.  Fochs (11) and Godik  and Ormont  
(12) have shown tha t  this  method  of eva lua t ion  yie lds  
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Fig. 1. Diffuse reflectance spectra of MnSe-CdSe solid solutions. 
Figures indicate m/o CdSe. 
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an accuracy of 1-2% and does not depend critically 
on the particle size of the powder. 

Transmittance measurements.--Measurements of the 
t ransmi t tance  (I/Io) were made on single crystal 
platelets of CdSe, two hexagonal  solid solutions and 
MnSe, all  grown from the vapor phase. A Cary re-  
cording spectrophotometer Model 14R w a s  used. The 
incident  l ight was perpendicular  to the faces of the 
crystal  platelets, and the degree of inherent  polar-  
ization of the ins t rument  was between 15 and 30% 
(13) in the wavelength range of interest. The energy 
gap was determined from the wavelength given by 
the intersection of the extrapolated l inear  port ion of 
the steeply descending t ransmit tance  curve wi th  the 
wavelength axis. The uncer ta in ty  in the wavelength 
intercepts is estimated to be less than  ___10 nm. 

Results and Discussion 
The compositions, lattice parameters,  colors, and 

energy gaps of the investigated materials  are sum-  
marized in Table I. The variat ion of the energy gap 
with composition for the one-phase regions of the 
MnSe-CdSe system is shown in Fig. 2. It  is seen that  
there is a l inear  dependence of the energy gap on com- 
position in the CdSe-rich hexagonal  one-phase region 
up to the phase boundary  at 50 m/o  CdSe. The rela-  
t ionship can be expressed by the equation 

Ec ---- 2.78 -- 1.08 �9 N [1] 

where N is the mole fraction of CdSe and Ec is given 
in eV. CdSe is known to have a direct band t ransi t ion 
(14); the l inear  var iat ion of the band gap could indi-  
cate (15) that  the solid solutions might also have di- 
rect gaps. 

The value of the energy gap for pure CdSe obtained 
from reflectance measurements  (1.70 eV) is identical 
with values obtained from t ransmit tance  measure-  
ments  on three CdSe (0001)-platelets of different 
thickness (1.70 eV, with light par t ia l ly  polarized per-  
pendicular  to the c-axis).  These results are in reason- 
able agreement  with the value found by Kel ler  and 
Pett i t  (16) (1.72 eV, with light polarized perpendic-  
u lar  to the c-axis) .  The slight disparity is probably 
due to different exper imental  conditions. 

Quali tat ive thermoelectric measurements  on CdSe 
platelets indicate n - type  conductivi ty in agreement  
with previous observations (17). This is usual ly ex- 
plained by the selenium deficiency of CdSe, since the 
entire homogeneity range of CdSe apparent ly  lies on 
the Cd-rich side of the stoichiometric composition 
(17). Thermoelectric measurements  on solid solution 
single crystals with 50 and 60 m/o  CdSe, respectively, 
also indicated n - type  conductivity. 

Reflectance measurements  on polycrystal l ine pow- 
ders of pure MnSe and solid solution samples contain-  
ing 10 m/o  CdSe yielded energy gap values of 2.00 and 
1.94 eV, respectively. P re l imina ry  investigation of 
t ransmit tance measurements  on single crystal platelets 
of MnSe indicated an extrapolated absorption edge at 

Table I. Lattice parameters, colors, and room temperature 
energy gaps for MnSe, CdSe, and their solid solutions 

B u l k  com- L a t t i c e  cons t an t  E n e r g y  
p o s i t i o n ,  (A)* k~d~,, gap,~ 

m / o  CdSe ao Co Color  n m  eV 

0 5.462 B r o w n - B l a c k  620 2.00 
10 5.483 B r o w n - B l a c k  640 1.94 
50 4.236 6.919 O r a n g e - R e d  555 2.23 
60 4.24"/ 6.938 Cr imson~Red  585 2.12 
70 4.261 6;958 Red-Vio le t  605 2.05 
80 4.272 6.973 B l a c k  645 1.92 
90 4.285 6.997 B l a c k  695 1.78 

100 4.298 7.016 B l a c k  730 1.70 

3.0 

2.5 

Q 

2.0 n 

(D 

(D 

I., ~ 
Z 
t~ 

1.0 

* The  e r ro r  l i m i t s  for  ao are  ~0 .001A in  t he  cub ic  phase  (9 a n d  
10 m / o  CdSe) ,  a n d  ~0.001 a n d  -~0.003A for  ao and  Co, r e spec t i ve ly ,  
in  the  w u r t z i t e  phase.  

t F r o m  ref lec tance  m e a s u r e m e n t s ;  the  u n c e r t a i n t y  in  the  e n e r g y  
g ap  is e s t i m a t e d  n o t  to  be  g r e a t e r  t h a n  1-2%. 
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Fig. 2. Energy gap as a function of composition in the cubic and 
hexagonal one-phase regions of the MnSe-CdSe system. 

680 nm (1.8 eV). An  energy gap value for MnSe of 
2.5 eV was reported by Lawson and Nielsen (18) with 
no indication of the exper imental  technique used. 
Makovetskii and Sirota (19) obtained a value of 0.7 
eV from measurements  of the electrical conductivi ty 
as a function of tempera ture  on sintered polycrystal-  
l ine powders of MnSe. Since the MnSe spec t rum is 
complicated by transi t ions wi th in  the d-levels of m a n -  
ganese, similar to the si tuation found for MnS (20, 21), 
a detailed analysis of the low tempera ture  spectrum 
of MnSe will be necessary in order to determine un -  
ambiguously the fundamenta l  absorption edge. For 
this reason the data reported for MnSe can be re- 
garded as only prel iminary.  
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Preparation of Thin Silicon Crystals by Electrochemical 
Thinning of Epitaxially Grown Structures 

H. J. A. van Dijk and J. de Jonge 
Philips Research Laboratories, N. V. Philips" Gloeilampenfabrieken, Eindhoven-Netherlands 

The availabi l i ty of large area, th in  silicon crystals on 
insulat ing substrates would increase the possibilities of 
design and fabrication of semiconductor devices. Sili- 
con on sapphire may be one approach to this subject. 
Another  way to obtain single crystals th inner  than  20~ 
wi th  areas larger than  1 cm 2 consists of controlled 
th inn ing  of lapped wafers by mechanical  or chemical 
means. Mechanical th inn ing  is not an easy way. Ma- 
chines used for this work are mechanical ly complicated 
because of the need of precise thickness and plane-  
parallel ism control. Equal ly  th inn ing  of wafers by 
chemical etching requires a good control of the etching 
conditions to realize a preset and uniform thickness 
over larger areas. The preparat ion of thin silicon crys- 
tals by selective electrochemical etching of suitable 
epitaxial  s tructures is described in this paper. The 
system is designed to be self-controll ing; the etching 
process stops automatical ly  at a preset thickness wi th-  
out the need of highly controlled etching conditions. 
Crystals with thicknesses of 0.5-20~ and as large as 
10 cm 2 can be made easily in rout ine  operations. 

The anodic dissolution of silicon has been studied by 
numerous  workers (1). We investigated the anodic 
dissolution rate of plate-shaped silicon single crystals 
in some detail, using a 5% solution of hydrofluoric acid 
in water  as an electrolyte. In  Fig. 1, schematically, the 
current  density of the silicon anodes is plotted vs. 
the applied potential. Since the cur ren t  density is re- 
lated to the dissolution rate of silicon, it can be seen 
that  p- type  and heavily doped n- type  mater ial  can be 
dissolved, whereas n - type  silicon does not dissolve at 
sufficiently low voltages. It  should therefore be possible 
to separate n +- or p- type regions from n-regions by 
electrochemical dissolution. This principle was evalu-  
ated to obtain high qual i ty thin crystals s tar t ing from 
suitable epitaxial ly grown structures. 

Experimental Technique 
The exper imental  set up is shown schematically in 

Fig. 2. On a heavi ly  doped n- type  substrate with a 
specific resistance of less than 0.015 ohm-cm an n-  
type layer  is grown epitaxially with a specific resist-  
ance higher than  0.3 ohm-cm. The epitaxial  wafer is 
mounted  face down on a glass plate wi th  beeswax. The 
anode contact is made by pressing a p la t inum strip on 
the n+-s ide  of the wafer close to its edge. The wafer  
is immersed completely in the electrolyte and the n + 
substrate is dissolved anodically using a current  den-  
sity of about 150 mA/cm 2. The dissolution process stops 
at those areas where the n-epi taxia l  layer becomes ex- 
posed to the electrolyte. A thin, plate-shaped crystal is 
left. 

In  order to prevent  the formation of isolated n +- 
islands (residues of substrate  material)  on the remain-  
ing n- layer ,  the substrate is bevelled prior to etching 
in such a way that  it is somewhat th inner  at the area 

O,3,xz.cm N 

$ 10 15 Va vo|ts 

Fig. 1. Current density vs. applied potential of silicon anodes in 
5% HF. 

FROM BY T 0 

N - e ~  - S i -  Rera~.i.g thin 
Laller (;wrl S i -c t~ 's la l  

N "-  SJ- m l remt  ( N - t y p e )  

Anodir diss~4uliOn el  N ~ - si l icon.  

Fig. 2. Experimental set-up of the process 

remote from the anode contact. This bevel l ing opera- 
t ion is not a critical process step and can be done by  
hand lapping. To prevent  any  etching of the epitaxial  
layer  as soon as it is exposed to the electrolyte some 
precautions must  be taken. Mechanical damage of the 
epilayer, the presence of hole- in ject ing structures as 
well  as excessive heat ing and exposure to l ight should 
be avoided. Hence the electrolyte is kept at room tem- 
perature,  and the etching is performed in total  dark-  
ness. 

Often, after electrochemical etching, the newly ex- 
posed crystal surface has a dull appearance due to a 
thin deposit (<0.1~) of u n k n o w n  composition. A t reat -  
ment  with a s low-working etch (e.g., a solution con- 
ta in ing HF, acetic acid and some KMnO4) results in  a 
smooth and shiny surface. It  may be clear that thick-  
ness variat ions of the thin crystals prepared by this 
technique only depend on the thickness control dur ing 
the epitaxial  growth. 

The preparat ion of thin, p- type crystals is possible 
by this technique start ing from n +np-structures.  
After  mount ing  on a glass plate with wax (with the 
p- type zone adjacent  to the glass) the n + substrate is 
dissolved anodically. The n - type  intermediate  layer 
acts as the etching-stop. This n - type  layer, which can 
be very  thin, can be etched away chemically. A con- 
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venient  way to prepare  thin p- type  crystals is to s tar t  
wi th  an epi taxial ly  grown p - type  layer  wi th  a spe- 
cific resis t ivi ty h igher  than 0.5 ohm-cm on a n +- 
substrate. The substrate is dissolved anodically, leav-  
ing a th in  p- type  crystal  wi th  a ve ry  thin n - type  layer  
adjacent  to the former  substrate side. 

Also thin n - type  silicon crystals with a thin n+-base  
(total  thickness, e.g., 10~) can be prepared with this 
technique start ing with  mul t i l ayer  epitaxial  s t ructures  
of suitable geometry  and doping levels. Both n + 
(substrate)  nn+n  and n + (substrate) pn+n-s t ruc  - 
tures can be used. Af ter  the substrate has been dis- 
solved electrochemical ly  the n-  or p - type  layer  can be 
etched away chemical ly  leaving the over ly ing thin 
crystal with  n+n-s t ruc ture .  The chemical  etching is 
not a cri t ical  process and can be carr ied out in the  
convent ional  way. 

The selective electrochemical  etching process out-  
l ined above may  contr ibute  to silicon device and cir-  
cuit  technology in various ways. One possibility is first 
to carry out all necessary diffusions, metal l izat ions 
etc. on the epi taxial  silicon wafers fol lowed by the re-  
moval  of the substrate by electrochemical  etching. 

MOS transistors and other  devices wi th  "ver t ica l"  
junctions have been prepared.  The prepara t ion  of ta r -  
gets for s i l icon-vidicon-TV pick-up tubes is possible 
wi th  this technique. Thin membranes  of single crystal-  
l ine silicon showed excel lent  propert ies for the prep-  
arat ion of pressure sensit ive devices for medical  and 
other  purposes. 
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The Effect of Gas Concentrations in the 
Diffusion of Silicon from 

a Phosphine Source 
James S. Kesperis 

U. S. Army Electronics Command, Electronic Components Laboratory, 
Integrated Electronics Division, Fort Monmouth, New Jersey 

The use of the gas phosphine (PH3) as a diffusion 
source for silicon was or iginal ly  presented by Donovan 
and Smith  (1). These workers  pointed out that  ad- 
jus tment  of the diluted phosphine concentrat ion in a 
ni t rogen carr ier  gas containing very  low O2 concentra-  
tions offered a means of creat ing a local P205 diffusion 
source in a predictable  manner.  There has been, how-  
ever, no discussion in the l i tera ture  of those process 
and control  factors whch determine  the ut i l i ty  of the 
process as a practical  and applicable technology. In 
the present paper, the exper imenta l  results on the 
effect of O2 and PH3 Concentrations on sheet resistance 
(rp), phosphosilicate glass growth, and process control  
are presented in a range per t inent  to the fabrication of 
npn-b ipo la r  based in tegrated circuits, and more  spe- 
cifically to the fabricat ion of emi t te r  and other  high 
conduct ivi ty  areas of such circuits. 

Experimental 
In all cases, diffusion depositions were  carr ied out 

in a Thermco furnace wi th  a 20-in. the rmal  zone flat 
to •176  Depositions were  made with  the silicon 
mounted  horizontal ly  on the diffusion boat. The phos- 
phine source is commercia l ly  prepared  as a 1% di- 
luted mix tu re  in argon. An  analysis by infrared spec- 
t roscopy provides the specific concentration. The 
phosphine was injected through a quar tz  vane which 
terminated  in the 55 m m  diffusion tube at a point 
corresponding to a t empera tu re  of 625~ Brooks In-  
s t rument  Corporat ion flow meters,  wi th  cal ibrated 
graduations for argon, were  used to moni tor  the phos- 
phine flow rate  in re la t ion to the  source tank  analysis. 
Direct ly  cal ibrated N2 and O2 flow meters  of s imilar  
type were  used. The meters  were  kept  in a cabinet at 
a t empera tu re  of 80 ~ _ 2~ It  was assumed that  the 
flow meters  exhausted into an open tube diffusion re-  
actor (atmospheric  pressure) .  N2 and O2 were  injected 
at the rear  of the tube. Hal f  of the total  N2 flow was 

coinjected with  the  PH3 through the vane. One- inch 
d iameter  wafers  were  used, the orientat ion was (111), 
and the resist ivi ty was p-type,  1 ohm-cm ___10%. The 
same total  flow rate, 1700 cc /min  was used in all 
cases. With  the exception of the data on the  depen-  
dence of sheet resistance on temperature ,  all deposi-  
tions were  made for 20 min. A deposition was ini t iated 
by insert ing the wafers  in a ni t rogen flow. Af te r  a 
stabilization period of 1 rain, the proper  amount  
of oxygen is in t roduced for a period of 1 min. The 
phosphine is then turned on for the deposition period. 
02 and N2 are a l lowed to flow for an addit ional  min-  
ute after  the PH3 is turned off. The O2 is turned off 
and the wafers  are left  in a ni t rogen flow for an addi-  
t ional minute  before pul l-out .  

It  should be noted that  in practice, diffusion runs 
are made in tubes which are mainta ined in a "doped" 
condition. All  runs in this s tudy were  made only af ter  
the tube had received a min imum of 1 hr  predoping 
dur ing the day of the run under  conditions of 1500 
ppm PH~ and 35% O2. Observat ions on the  behavior  
of the tube itself as an absorber or emit ter  of P205 
have  been described (2). For  the flow concentrat ions 
and dynamics in the present  study, tube predoping 
was found to have a negligible effect in the sheet re-  
sistance range of interest, and successive emi t te r  fab-  
r ication runs showed indist inguishable spreads in rp 
be tween wafers  wi thin  a run  and on a r un - to - r un  
basis. The fact that  the tube itself acts as a source 
means that  a phosphorous-containing oxide is formed 
on the silicon surface dur ing the 2-min in terva l  in the 
furnace prior  to the  int roduct ion of the phosphine 
source so that  an immedia te  diffusion source exists 
for the silicon. 

Effect of 02 and PH3 Concentrations 
In Fig. 1, r~ is plot ted against  the PH~ concentrat ion 

for oxygen concentrat ions ranging f rom 1.5 to 70.6% 



Vol. 117, No. 4 P H O S P H I N E  A S  D I F F U S I O N  S O U R C E  F O R  Si 555 

g 

~o ~3 

TOTAL FLOW RATE:ITEO CC/MtN 
DEPOSITION TIME: 20 MIN 
DEPOSITION TEMP:~75 "C 

VOLUME % 0 2 
70.6 

3~.3 

A . . . . .  ~o I000 1500 2000 25O0 3 0 
VOLUME FRACTION PHa ~PARTS PER MILLION 

Fig. l .  Variation of r~ with volume fraction PH3 

by volume. Each point represents an averaging of eight 
independent  runs made under  the indicated conditions. 
All  curves, with the possible exception of the one with 
70.6% 02, converge with increasing PH3 concentration. 
The rate of change of sheet resistance decreases as the 
PH~ concentrat ion increases. Process saturation, how- 
ever, when  defined as zero change in rp with change 
in PH3 concentration, is not reached even at 3200 p p m  
PH3. 

A change in oxygen concentration, from 1.5 to 8.8% 
produces no significant r~ change for 1500 ppm PH~ or 
more. Above 8.8% Oe the change in rp with uer cent O2 
change increases with increasing oxygen. The effect of 
increasing O2 concentration, impor tant  from a process 
control viewpoint, is to produce increasingly rapid rp 
changes as the phosphine concentrat ion decreases, the 
effect being m a x i m u m  at high oxygen concentrat ions 
and at low phosphine concentrations. 

In  Fig. 2, the same rp data are plotted in terms of 
equal volume fraction ratios (cc P H J c c  Oe) against 
r~ with cc PH~ as the parameter.  Here it can be seen 
that equal volume concentrat ions do not  produce equal 
sheet resistances. The rp values depend on the PH~ 
flow rate, and the curves shift upward  and to the left 

Table I. Sheet resistance control 
(values in ohms/square, "+- extreme variation) 

ppm PI~ 

% (~ 420 1500 2200 3200 

1.5 4.94 ----- 1.9% 3.45 ~ 0.8% 3.17 -4- 0.7% 2.95 ~ 0.5% 
8.8 5.51 ~ 3.7% 3.45 ~ 1.0% 3.20 +--- 1.1% 2.95 ~-~ 1.0% 

20.6 6.97 ----- 3.2% 3.66 ~ 1.9% 3.37 • 1.8% 2.99 ~ 0.7% 
3 5 . 3  1 0 . 7 0  • 3 . 2 %  4 . 1 5  ~ 2 . 0 %  3 . 5 1  ~ -  1 . 7 %  3 . 1 0  ~.~ 1 . 8 %  
58.8 - -  5.19 ~ 5.3% 3.97 "~ 4.0% 3.28 "~ 2.2% 
70.6 - -  6.78 ~- 5.0% 5.33 ~ 4.6% 4.44 ~ 2.8% 

with closer spacing as PH~ saturat ion of rp is ap- 
proached. Fur thermore ,  it is obvious that  rp decreases 
as the concentrat ion of both reactants  (O2 and PH3) is 
increased. 

Process Reproducibility 
The reproducibil i ty of the process increases gener-  

ally as rp goes toward saturat ion with respect to either 
PH3 or 02 concentration. In  Table I, the average sheet 
resistance of eight runs  for each point is listed together 
with the var ia t ion of the measured extremes about 
their  mean  in per cent. It  can be seen that for p p m  
PH3 = 1500 and % O2 ----- 35.3, the ma x i mum variat ion 
is •  The process is uncontrol lable  wi th  58.8 and 
70.6% 02 at 420 ppm PH3 for the indicated conditions 
of time, temperature,  and total flow rate. 

Phosphosillcate Glass 
The formation of a phosphosilicate oxide (glass) 

during the deposition process appears to be essential 
for controllable diffusion with this process. Attempts  
to utilize the thermal  cracking of PH3 in a nonoxidiz-  
ing atmosphere 

A 
2 PH3 > 3H2 ~P 2P [1] 

440~ 

for diffusion temperatures  of 1000~176 gave erratic 
results while  causing damage to the silicon surface. 
No controllable conversion to n - type  resulted in the 
reducing atmosphere, al though localized conversion 
was observed. Frequent ly ,  random pit t ing resulted, 
suggesting enhanced reactions at surface defect sites. 
At all t imes heavy deposits of phosphorus were ob- 
served at both the back and exit  ends of the reaction 
tube. In the presence of oxygen, the general  depen-  
dence of glass thickness on O2 and PH~ concentrat ion 
can be seen in Fig. 3. In  this figure, the indicated 
points were determined by interference techniques to 
establish the order and by very careful matching and 
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TOTAL FLOW RATE:ITO0 CC/MIN 
DEPOSITION TIME:20 MIN 
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Fig. 2. Variation of r e with the volume ratio PH3/02 
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Fig, 3. Dependence of oxide thickness on volume fraction PH3 
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in te rpola t ion-approximat ion  be tween established in- 
ter ference colors using actual cal ibrated oxidized sili- 
con samples. (In addition, this approximat ion in- 
volves an undetermined  error  in absolute oxide thick-  
ness because of differences in the indices of refract ion 
of the doped oxides and that  of pure SIO2.) The thick-  
ness can be seen to increase wi th  both PH3 and oxygen 
concentrations. Changes f rom 58.8 to 70.6% 02 pro-  
duced no detectable  color change for any given PH:; 
concentration, and the convexi ty  (above 1500 ppm 
PHa) of this curve is in contradist inction to the others 
in the figure, suggesting that  the glass growth rate 
mechanism differs at high oxygen concentrations. As- 
suming the  correctness of the curve shapes in Fig. 4, 
t h e r e  is no simple quant i ta t ive  relat ionship be tween 
growth rate  and ei ther  02 or PH3 concentrations. 
T h e r e  are  several  possible reactions involved in the  
deposition process which can de termine  both phos- 
phorus source avai labi l i ty and glass growth rate. 

For  low oxygen concentrations, Donovan and Smith 
h a v e  postulated reactions [1], [2], and [3]. 

4P + 5 02 --> 2P205 [2] 

2P205 + 5Si--> 5SIO2 + 4P [3] 

T h e  last [3] reaction involves the localized reduction 
of a P205 source by the silicon, wi th  the growth of a 
SiO2-Px glass phase f rom which diffusion takes place. 
In the present  study, wa te r  was consistently observed 
at the exit  port  of the diffusion tube, wi th  the amount  
condensed heaviest  at 3200 ppm PH3. This suggests 
that  for the dynamic tube conditions the P_~O5 source 
is mainta ined by 

2PH3 + 3 O2-> P205 + 3H20 [4] 

In the presence of excess 02 or HeO from [4], an in-  
creased oxidation ra te  of silicon would l imit  the direct  
reduct ion of P205 by the silicon as postulated by [3]. 
However ,  for any fixed O2 concentration, an increase 
in PH~ produces a th icker  oxide and a lower sheet 
resistance (Fig. 1 and 3) suggesting the incorporation 
of more avai lable phosphorus in the growing glass 
which acts as the diffusion source. On the other  hand, 
wi th  constant PH3, increases in O2 concentrat ion gen-  
eral ly yield an increased glass thickness wi th  an in- 
crease in sheet resistance throughout  most of the 
exper imenta l  range, suggesting for this range source 
l imitat ion in which diffusion determines  the phos- 
phorus avai labi l i ty  to the silicon. 

Temperature Dependence at rp 
An expression for rp as a function of average mobil i -  

ty (~), surface concentrat ion (N~) deposition t ime 
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Fig. 4. Thermal dependence of rp 

(tp), and an exponent ia l  t he rmal  dependence of the 
diffusion constant Do is given by the fol lowing for 
constant source conditions 

rp = (k/:r/2 q~ k/Dotp) (1/Ns) e E/2KT [5J 

If Ns and ~ show small  variat ions over  the tempera ture  
range, then a semilog plot  of the data should result  as 
shown in Fig. 4. The above dependency has been ob- 
served for various deposition systems, for example  
POCI~, BBr3 (2), and P2Os-CaO (3) among others. 
Phosphine depositions made  for 1 hr  in this study 
showed reasonable agreement  wi th  respect to s h e e t  
resistance and activation energy with  the P2Os-CaO 
closed box depositions of Mackintosh (3) in the same 
tempera ture  range. 

Th e  points on curve 4 were  made under  conditions 
of 35% 02 and 1500 ppm PH3 for 1 hr in the t empera -  
ture  range of 975~176 Three  independent  runs 
were  made at each t empera tu re  and averaged. No 
point group showed a m a x i m u m  spread of greater  
than 2%. It was found impossible to construct  such a 
curve  at 70.6% 02 because of poor control  at t empera-  
tures below 1075~ wi th  1500 ppm PH3. One hour rp 
values of 2.08 ohms/sq  with  1.5% 02 and 1500 ppm at 
1075~ and 4.20 ohms/sq  with  8.8% 02 and 1500 ppm 
at 1000~ have been reproducibly obtained, suggesting 
that  lines of approximate ly  the same slope lying below 
the 35% 02 curve  can be readily obtained for lower 
oxygen concentrations. Extrapolat ion,  however,  to 
lower tempera tures  for any fixed condition should not 
be made; and the relat ionship should be established 
empir ical ly  for desired conditions of time, concentra-  
tions, and total flow rate, first to establish the repro-  
ducibil i ty and second to de termine  inflection points 
to increased slope, which l imited exper iments  in this 
study have shown to occur at t empera tures  below 
1000~ 

Discussion 
The phosphine process, wi th  its r equ i rement  for an 

oxidizing atmosphere and its dependence on the t rans-  
port  of a P205 source to the silicon surface for diffusion 
of phosphorus, is similar  to the we l l -known  solid P205 
and liquid POCI3 source processes. The formation of 
water  is unique with  the PH3-O2 system, but  bears 
no paral le l  to the deleterious effect of mois ture  on the 
control  of sheet resistance with  the P205 source, since 
with  this system the P205 species is locally and con- 
t rol lably created wi th in  the diffusion tube in the vapor  
state. 

T h e  control of the  process is excellent,  par t icular ly  
in the sheet resistance range of interest  in this study, 
and m ax im um  control is obtained when the  process is 
performed at near  saturat ion conditions of rp. For 20- 
min deposition times, the use of the 35% O2, 1500 ppm 
PH3 process has yielded a 4.19 ohms/sq  _ 2.5% (2- 
sigma) var ia t ion in 140 test wafers used to monitor  
emi t te r  deposition runs dur ing IC and bipolar fabrica-  
tion. F rom Table I, it can be infer red  that  this control 
would be even t ighter  for the more  saturated condi- 
tions of lower 02 and higher  PH~ concentrations. 

The uni formi ty  and predictabi l i ty  of oxide color is 
excel lent  and surpasses that  observed for equivalent  
POC13 and P20~ depositions. Visual perfect ion and lack 
of microscopic defects is invar iably  obtained with  oc- 
casional nonuni formi ty  observed only where  the oxide 
thickness was less than 1250A (values for 420 ppm 
PHi) .  This oxide thickness increases wi th  the PH~ flow 
rate  (and the vo lume concentrat ion)  for any fixed 
exper imenta l  oxygen volume concentration. The th ick-  
ness also increases wi th  oxygen concentrat ion for 
fixed PH3 concentrat ions up to ~ 60% O2. In terms of 
vo lume ratios, the oxide thickness increases wi th  (cc 
PH3/cc 02) for constant oxygen concentrat ion and 
decreases for constant PH3 concentrat ion for oxygen 
concentrat ions less than 60%. 

It can be seen that  for a given t ime and tempera ture ,  
this process uniquely  permits  selection from a wide 
range of controllable emi t te r  sheet resistances and 
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oxide thicknesses by var ia t ion of the phosphine or 
oxygen concentrations. This permits  two degrees of 
f reedom over  the var ia t ion  of t empera tu re  conven-  
t ionally used with other  sources. Operat ional  simplic- 
i ty is a fur ther  advantage;  the desired rates are set 
by flow meter,  the process can be readily automated, 
and there  is no source preparat ion or reservoir  main-  
tenance involved.  The process is complete ly  compatible  
wi th  the fabricat ion of silicon integrated circuits. The 
fact of water  formation and the possibility of PH~-Ar 
commercial  source contaminat ion adversely  affecting 
the electronic qual i ty  of the device or the final SiO2 
layer  has been examined through the fabricat ion of 
high-gain bipolars. These devices, using phosphine-  
deposited emit ters  with areas as high as 3 square mils 
and with the deposition oxide retained, have exhibi ted 
gains of 1,000 with VCB = 0 at a collector current  of 
1 ~A. The collector currents  were  exponent ia l  wi th  
qVBE/KT f rom at least 100 pA to a few mil l iamperes,  
while  the base currents  var ied with  exp qVBE/nKT 
with n = 1.2 at a VBE corresponding to a collector cur-  
rent  of 1 ~A. Convent ional  w e t / d r y  oxidation tech-  
niques were  used for the original  thermal  oxide. 
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Brief Communication @ 
Oxygen X-Ray Emission Band Shifts Applied to the 

Characterization of Transition Metal Oxide Surface Layers 
H. B. Krause, 1 G. A. Savanick, and E. W. White 

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 

In the course of a research program on metal l ic  
corrosion an invest igat ion was under taken  to deter -  
mine the feasibil i ty of employing shifts in the oxygen 
x - r ay  emission band to characterize s t ructura l ly  and 
chemical ly the thin, often amorphous, oxide layers 
that  form when a meta l  corrodes. The first results of 
this research were  reported by Gigl, Savanick, and 
White (1), who observed shifts in the a luminum x - r ay  
emission band (A1 K/~) and the oxygen x - ray  emission 
band (O Ks)  and used these shifts to characterize thin 
corrosion layers on aluminum. 

This note demonstrates  that  shifts in the O Ks band 
can be used to character ize oxide films on transi t ion 
metals. Pr ior  to exper imenta t ion  on thin films it was 
necessary to invest igate the oxygen x - r ay  band shifts 
wi th  chemical  var iat ions of the emitter ,  using bulk 
samples of known composition. 

Three series of transi t ion meta l  oxides (Ti, Mn, and 
Fe) were  included in this study. The oxide standards 
were  in powder  form and were  prepared by drying 
from suspension onto polished carbon rods (V4 in. 
diameter)  af ter  being ground under  alcohol. 

The oxygen x - r a y  emission bands were  recorded 
wi th  an Applied Research Laborator ies  electron probe 
microanalyzer  model  EMX, equipped with  a flow pro-  
portional counter. A clinochlore crystal  (2d~28.39A) 
was used to disperse the oxygen x - r a y  emission bands. 
Baun and White (2) have  described clinochlore and 
demonstrated that  it is par t icular ly  wel l  suited for the 
x - r ay  spect rometry  of oxygen. 

i P r e s e n t  addres s :  Phys i c s  D e p a r t m e n t ,  N o r t h e r n  I l l i no i s  U n i v e r -  
si ty,  De Kalb ,  I l l inois .  

An accelerat ing vol tage  of 20 keV was selected and 
the sample current  was adjusted to 0.1 ~A result ing in 
peak O Ks count rates of 100-350 cps. A large (100#) 
electron beam diameter  was used to minimize beam 
damage in the specimen. The peaks were  scanned at 
approximate ly  0.03 A/rain.  Scans were  repeated in 
t r ipl icate f rom three  areas of each sample. Peak  posi- 
tions were  measured by extrapola t ing the line of mid-  
chords to the peak intensity. Al l  wave leng th  measure-  
ments  were  made with respect to the O Ka from 
quartz (s-SiO2). This quartz  peak was arbi t rar i ly  
assigned a wave leng th  of 23.60A. 

The data presented (Fig. 1 and 2) demonstrate  that  
the magni tude  of the shifts in the oxygen x - r ay  emis- 
sion bands is a continuous function of the meta l  to 
oxygen ratio of the emitter.  A plot of the position of 
the peaks for a series of manganese oxides of different 
chemical  compositions is presented in Fig. 1, along 
with s imilar  data for a t i tan ium oxide series. F igure  2 
shows the O Ks wave leng th  shifts with changing oxi-  
dization state of the cations in a series of iron oxides. 
In all these three  series the peaks shift toward shorter  
wave length  with  increasing oxidation. 

These plots demonstra te  that  the cation valence of 
these transi t ion meta l  oxides can be determined from 
measurements  of the O Ks  wavelength.  These data for 
the t i tanium oxides corroborate  the findings of Fischer  
and Baun (3) who published a figure showing a pro-  
gressive shift in the intensi ty m a x i m u m  of the oxygen 
band in the series TiO-Ti203-TiO2. The oxygen band 
shift technique was applied, to a th in  (0.5~) oxide 
layer  prepared by heat ing a polycrystal l ine iron bar 
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Fig. 2. Oxygen band positions for a series of iron oxide standards 
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at 290~ under  a pressure of 20,000 psi for 16 hr. The 
oxide existed as a blue surface layer  and was positive- 
ly identified as Fe304 by x - r ay  diffraction. Figure  2 
shows that  the wavelength of the O Ks band emitted 
from the blue oxide is essentially the same as that  
measured from Fe~O4 and is significantly different 
from the wavelengths of FeO and Fe203. Thus, th in  
iron oxide films can be identified with reference to 
oxygen shift data. 

Oxide films thicker than  100A can be investigated 
by this technique free of interference from the meta l -  
lic substrate. The oxide films need not be crystal l ine 
or of uni form thickness. 
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ABSTRACT 

The operating parameters  for a laboratory model Li/AgC1 but ton  cell are 
presented. The cell voltage is given as a function of current  density over a 
temperature  range from --55 ~ to +125~ Cathode uti l ization is 90% at 0.46 
mA/cm 2 at room temperature.  Cell life for these rud imenta ry  cells is esti- 
mated for several temperatures.  These studies indicate that the Li/AgC1 cell 
has properties which differ considerably from those of existing commercial  
systems and which permit  it to satisfy new power requirements.  

Over the past several  years, many  workers have 
directed their  efforts toward the development  of var i -  
ous nonaqueous bat tery systems (1). It is the purpose 
of this paper to examine the tempera ture  dependence 
of the shelf life and operat ing characteristics of cells 
based on the system, Li/LiA1C14, PC/AgC1, Ag [PC 
propylene carbonate (2) ]. 

The nor, aqueous Li/AgC1 cell has certain advantages 
and certain disadvantages. The advantages are: 

1. The high cell voltage allows the use of fewer cells 
in a battery.  

2. The operating tempera ture  range is very wide. 
3. The low tempera ture  performance is good. 

The disadvantages are: 

1. The cells must  be fabricated unde r  an inert  a t-  
mosphere and the solvent carefully distilled (3, 4). 

2. The high electrolyte resistance restricts the usage 
of these cells to low rate applications. 

3. The present  shelf life is low, roughly equivalent  
to that  of Leclanch6 cells. 

Results 
The three-piece polypropylene cell case used for 

these studies is i l lustrated in Fig. 1. The in terna l  
dimensions are 15 mm in diameter  by 13 mm high. The 
cells were fabricated in a control led-atmosphere dry 
box containing less than  1 ppm water  or oxygen in 
the vapor phase. The cathode, compar tment  is filled 
with about lg  of a silver chloride-acetylene black mix. 
The anode consists of 1/3g of l i th ium metal, which 
makes the cells cathode limited. About 4 cc of a 
LiA1CI4-PC electrolyte, saturated with LiC1, was used. 
The over-al l  cell weight was 10g and the open-circui t  
voltage was 2.84V. 

Some precautions were taken with the preparat ion 
of the electrolyte. These included the use of freshly 
distilled PC with a water  content  of about 40 ppm, the 
slow dissolution of Li.A1CI4 to prevent  overheating, and 
electrolyte storage in the presence of l i thium. All  of 
the necessary manipulat ions  were carried out in a dry 
box. This electrolyte was found to have a [C1-] 
activity which permits  the formation of AgC12- to a 
concentrat ion of 10-~ molar. This was determined by 
using procedures similar to those of Butler  (4). Some 
cell anodes were found to have very small quanti t ies 
of silver on them. 'The presence of silver is not un -  

expected, and the small  quanti t ies observed validate 
the low concentrat ion of AgC12- calculated above. 

Cell polarization.--The term cell polarization, as 
used here, is the sum of all factors causing a reduction 
in cell voltage from the open-circui t  potential. For 
convenience, the figures give the cell voltage ra ther  
than the polarization. This is done in order to provide 
a measure of cell output  which is needed to determine 
its suitabil i ty for a par t icular  use. 

The first impor tant  cell polarization effect is its 
increase with increasing current  density and decreas- 
ing temperature.  The data shown in Fig. 2, which 
gives the cell voltage vs. current  density as a function 
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Fig. 1. Construction detail of Li/AgCI button cells 
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of cell tempera ture ,  were  obtained as the average for 
two fresh cells at each temperature .  The smooth 
curves were  obtained by drawing them through the 
average of all data points. Three current  densities 
per decade were  selected and the current  held constant 
for 1 min prior to recording the cell voltage. The 
current  was then stepped to the next  value, Data were  
obtained for both increasing and decreasing Currents. 
No data were  obtained beyond 30 m A / c m  2 or below 
a cell vol tage of 2V. 

Two hours were  al lowed for the cells to reach the r -  
mal equi l ibr ium prior  to testing. Ident ical  results were  
obtained when  the cells were  retested after  an ad- 
ditional stand of 2 hr at temperature .  

The curves for the lower  tempera tures  are somewhat  
distorted as compared to those obtained at h igher  
temperatures .  The in ternal  resistance of the Li/AgC1 
cells is h igher  than that  of exis t ing systems because 
of the use of the low-conduct ivi ty ,  nonaqueous elec- 
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trolyte. As a result, heat ing effects are of greater  
importance.  

The var ia t ion of  cell  current  wi th  inverse t empera -  
ture at constant cell vol tage yields some information 
regarding the source of cell polarization. Figure  3 is 
such a representa t ion for a voltage drop of 10% from 
OCV. Similar  plots can be made for other  amounts 
of cell polarization from the data in Fig. 2. If  such 
plots are made, it is found that  the cell polarization 
arises from IR losses, concentrat ion effects, and chemi-  
cal polarization. The first two of these factors are 
expected to vary  with  t empera tu re  in the same manner  
as the electrolyte  conductivity.  At high tempera tures  
the rate  of reaction, cell  current ,  is roughly propor-  
tional to e lectrolyte  conduct ivi ty  wi th  only a small  
polarization a t t r ibutable  to chemical  polarization. At 
lower temperatures ,  there  appears to be an increase in 
chemical  polarization as de termined by the methods 
of Gorbachev (5). No specific values were  determined 
since the cells were  not identical, but  only similar  to 
one another.  

The other  impor tant  cell polarizat ion effect is its 
increase wi th  the increase in the extent  or depth of 
discharge. All  systems show a decreasing cell vol tage 
as the discharge continues (6). The more constant the 
cell vol tage throughout  the discharge, the higher  is the 
"qual i ty"  of the system as a power source. F igure  4 
compares the Li/AgC1 cell vo l tage- t ime characterist ics 
with those of three  impor tant  commercia l  systems 
(6-8). All  of  the characterist ics are for cells of similar  
structure,  the button or cylindrical  dry cell configura- 
tion. The 100 hr rate  was chosen since the cell polariza-  
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Fig. 3. Comparison of electrolyte conductance with current den- 
sity as a function of temperature. The current is obtained at a 10% 
drop in cell voltage from OCV. 

HOUR: 

Fig. 4. A comparison of the cell voltage of four systems dis- 
charged at comparable rates. Arrows indicate OCV and 0.8 OCV. 

tion of the Li/AgC1 cell is quite good at the 100 hr  
rate. It would be expected to be even bet ter  at a 
lower  rate. 

Cell capacity.--The theoret ical  cell capacity is the 
number  of ampere -hour  equivalents  corresponding to 
the amount  of act ive mater ia l  used in the l imit ing 
electrode. For  this study, the working or t rue  cell 
capacity is defined as the value of i x t obtained at a 
voltage greater  than 80% of the initial closed-circuit  
voltage. Therefore,  the t rue capacity is a function of 
the current  density and the t empera tu re  of operation. 
This dependence is not easily described. However ,  
exper imenta l  results of commercia l  mercury  and Le-  
clanch~ cells have  successfully been i l lustrated as 
approximate ly  l inear  on log-log plots of discharge 
t ime vs. current  density (8). F igure  5 treats  the data 
for Li/AgC1 cells in this manner  over  a wide tem-  
pera ture  range. The measured capacities achieved from 
10 to 90% of that  theoret ica l ly  obtainable f rom the 
cathode. The discharge t imes corresponding to 25, 50, 
and 100% of theoret ical  capacity are indicated for 
convenience. F igure  6 compares the Zn /HgO cell  wi th  
the Li/AgC1 cell at 0~ The mercury  cell has a 
s t ronger  dependence on current  density. F igure  7 i l lus- 
t rates the variat ion in the current  density to produce 
100% capacity as a function of temperature .  The per-  
formance of the mercury  cell falls rapidly  wi th  a de-  
crease in tempera ture .  The current  density in the si lver 
cell is low but decreases only ve ry  slowly wi th  a 
decrease in tempera ture .  As a result,  the  Li/AgC1 cell 
outperforms the mercury  cell  at t empera tures  lower 
than --5~ at all current  densities. 
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sumption,  a plot of log io/i+ vs.  t ime should be l inear  
for a first order reaction (where io is the ini t ial  current  
and it is the cur ren t  at time, t).  Under  the exper imental  
conditions of this study, this assumption seems to hold 
true as i l lustrated in Fig. 8. The actual cell discharge 
capacity was checked in several cases and found to be 
in substant ia l  agreement  with this concept. In this 
way, it is possible to extrapolate data to obtain a life to 
some predetermined capacity remaining in the cell, 
such as 10% of the original working capacity. Data 
obtained in this manne r  are given in Fig. 9. The end of 
cell life is at 10% of the original capacity. 

The actual cell capacity was measured for a group 
of cells stored at 62~ Cells were periodically re-  
moved from storage, then discharged at room tem-  
perature.  Cells stored for a short t ime gave a very  long 
extrapolated life. As the storage t ime became longer, 
the rate of degradation increased as indicated by both 
it and actual  cell capacity. It may be possible that  
poor construction techniques lead to seal problems 
which result  in  a short life through electrolyte loss. 

The extrapolat ion to room tempera ture  is not ob- 
vious. For lack of a bet ter  method, the slope of the 
lines given in Fig. 9 is the same as that  obtained by 
other workers for the degradation of aqueous batteries. 
These results indicate a room-tempera ture  life of 1.3- 
4.0 yr  with a possible max imum as large as 7.8 yr. The 
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Fig. 8. Cell degradation data, for cells at two temperatures. 

Cell  l i f e . - - T h e  shelf life of a bat tery is an  impor tant  
parameter.  However, in new cell systems it is im-  
practical to depend on such long- te rm tests to provide 
direction for a development  program. Accelerated test- 
ing is the only way in which data can be obtained 
rapidly enough to be of use. 

The shelf life data of commercial  systems have been 
presented as l inear  plots with the logari thm of the life 
vs.  the reciprocal absolute tempera ture  (9). In  other 
words, the degradation process behaves as though it is 
activation controlled. In  this way, it is possible to 
estimate the room-tempera ture  life from h igh- tem-  
perature data. I t  is not  the purpose of this work to 
prove the val idi ty of this procedure. One of the 
uncertaint ies  in this procedure is that  the degradation 
mechanism may  be a funct ion of temperature ,  so that  
the slope of the curve does not remain  constant. For 
this reason, it  is preferable  to obtain data as near  to 
the use tempera ture  as possible. 

These extrapolat ive procedures often do not yield 
results rapidly enough. Fur ther  acceleration of the 
testing and lower- tempera ture  data can be obtained 
from the t ime var ia t ion of the rate of discharge at a 
given cell voltage. Since flat paral lel  electrodes are 
used, the capacity as well  as the rate of discharge can 
be arb i t ra r i ly  assumed to be proportional to the area or 
quant i ty  of available active material .  Under  this as- 
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last figure is estimated from the long life extrapolated 
from 62~ 

The life of these crude laboratory cells is actually 
quite good and approximately equivalent  to the life of 
s tandard Leclanch~ cells. 

Discussion 
The operat ing parameters  of most cell systems are 

given in terms of expected usage. With a new system, 
this is not quite possible since a use is not established. 
The test ing that  has been done and is reported here 
gives an indication of possible uses. These are limited, 
to some degree, by the fact that the results presented 
in the preceding paragraphs are for a single rudi-  
menta ry  but ton cell design. The size and capacity of 
this cell is roughly that  of the PX-14 2.7V mercury  
battery. 

The operating characteristics of these cells are dif- 
ferent from any existing cell systems and thus have 
different possible applications. These Li/AgC1 but ton 
cells are expected to be useful in low rate (C/100) 
applications where a wide operating temperature  range 
and good voltage regulat ion is required. At low tem- 
peratures and rates, the discharge characteristics are 
competit ive with Zn/HgO but ton cells. In addition, the 
higher cell voltage permits  the fabrication of smaller, 
h igh-rel iabi l i ty  mult icel l  batteries. To estimate the 
possibility for using the Li/AgC1 system as a power 
source, these properties can be compared with the 
required properties. Basically, the Li/AgC1 cell is not a 
replacement  for all applications of any existing battery.  

It  has certain operating characteristics that present  
batteries ]ack. It is a new system which can fill some 
old, as well as some new, requirements.  
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Chemical Vapor Deposition of Silicate Glasses 
for Use with Silicon Devices 

I. Deposition Techniques 

Werner Kern* and Richard C. Heim I 
David Sarno~ Research Center, RCA Corporation, Princeton, New Jersey 

ABSTRACT 

Compositions synthesized include borosilicates, phosphosilicates, a lumino-  
silicates, aluminoborosilicates, and some zinc glasses. The compositions con- 
ta ining a luminum or zinc were prepared by simultaneous oxidation of the 
hydrides and tr imethy] a luminum or diethyl zinc vapor. The deposition tem- 
peratures were in the 300~176 range. The effects of system variables on 
the deposition rate and composition of borosilicate films obtained from silane, 
diborane, and oxygen were examined in detail. Variables investigated in-  
cluded carrier gas and hydride flow rates, s i lane/d iborane  and oxygen/hydr ide  
ratios, deposition t ime and temperature,  and reactor geometry. 

The need to protect semiconductor devices from 
humid or corrosive env i ronment  is well  recognized in 
the manufac tur ing  of transistors and integrated cir- 
cuits. Conventionally,  a passivating layer of thermal ly  
grown silicon dioxide has been used to stabilize de- 
vices, but  its molecular  ne twork  structure is not suffi- 
ciently impervious to contaminants,  and the thermal  
expansion mismatch with the substrate limits the 
layer thickness. The devices must  therefore be sealed 
in  hermetic enclosures. A more desirable packaging 
technology is based on the sealing of semiconductor 
device wafers with an impervious dielectric layer so 
that hermetic enclosures are no longer required. 
Chemical vapor deposition of silicate glasses is an 
attractive approach toward this objective. Glass films 
of suitable composition and high pur i ty  can be de- 

* Electrochemical  Society Active Member .  
Present  address: Kasper  Ins t ruments ,  Incorporated,  Santa Clara, 

California. 

posited at relat ively low substrate temperatures,  the 
film thickness can be readily controlled, and the films 
conform to the surface contours of a substrate. 

Both organic and inorganic source materials  can 
serve for the chemical vapor synthesis of silicate 
glasses. Evers te i jn  (1) deposited aluminosil icate films 
from tet raethyl  siloxane and t r i - isobutyl  a luminum in 
oxygen at 400~ Mayer, Kern,  and Goldsmith (2) 
utilized simultaneous pyrolytic oxidation of te t raethyl  
si loxane and t r imethyl  borate or t r imethyl  phosphate 
to form borosilicate or phosphosilicate films at 730~ 
The synthesis of lead silicate and lead borosilicate 
glasses with excellent passivating properties was 
achieved by incorporating te t raethyl  lead in the vapor 
mixture,  followed by a thermal  densification t reat -  
ment  of the films. Low deposition rates, toxicity, and 
other shortcomings of the organic systems led us to 
investigate low-tempera ture  hydride reactions based 
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on the silane oxidation system original ly described by 
Goldsmith and Kern  (3). The incorporation of di-  
borane or phosphine leads to borosilicate or phospho- 
silicate films, respectively. Ternary  glass compositions 
were synthesized by s imultaneous gas phase oxidation 
of silane, diborane, and either t r imethyl  a luminum 
leading to aluminoborosilicates, or diethyl  zinc leading 
to zinc borosilicates. The b inary  borosilicates synthe-  
sized from the hydrides and oxygen were found par-  
t icular ly well  suited for glassing of silicon devices; 
this system will  therefore be discussed in some detail. 
The properties of these various glasses will  be de- 
scribed in Par t  II (4) of this paper. 

Experimental 
Reactants and carrier gases.--Semiconductor-grade 

silane, diborane, and phosphine, in concentrations of 
4-8 vol % in argon (The Matheson Company, Inc.) 
were used as start ing materials. Mass spectrographic 
gas analysis served to establish the exact gas compo- 
sitions; the results are shown in Table I. Tr imethyl  
a luminum and diethyl  zinc (Ethyl Corporation) of 
commercial  pur i ty  were used for preparing the glasses 
containing a luminum or zinc. The pur i ty  of the oxygen 
was 99.9% and that  of ni t rogen was 99.998%. The 
ni t rogen and oxygen were passed through a submicron 
range final filter before enter ing the flow meters. 

Gas distributing system.--A schematic of the gas 
handl ing system is shown in Fig. 1. For  clarity, the 
ni trogen-flush for each of the hydride lines has been 
omitted. The system is operated nominal ly  at a tmo- 
spheric pressure, but  provision is made for pumping 
out gas lines initially, and for flushing them with 
ni t rogen prior to start-up.  A small  volume of l iquid 
metal  a lkyl  is d rawn from the storage cyl inder  into 
a constant  tempera ture  bubbler ,  e.g. 25~ through 
which ni t rogen is passed to carry alkyl  vapor to the 
reaction chamber. F inal  mixing of the gases is ac- 
complished by turbulence  and convection in the dep- 
osition chamber. 

Deposition apparatus.--The deposition apparatus 
consists essentially of a heated gear assembly which 
rotates the substrates in p lane ta ry  fashion. A com- 
mercial  h igh- tempera ture  hotplate with thermostatic 
control is used to at ta in  substrate temperatures  up to 
500~ An opening between the glass chamber  and the 
hotplate surface serves as exhaust. The apparatus is 
capable of reproducibly depositing uniform films si- 
mul taneously  on three semiconductor substrate wafers 
of up to 1.5 in. diameter. A complete description of 
the equipment  has been published previously (5). 

General deposition procedure.--The deposition pro-  
cesses were optimized for obtaining various glass com- 
positions, but  the general  procedure can be summar-  

ized as follows. The substrate wafers placed on the 
cold pedestals are introduced in the preheated, n i t ro-  
gen-purged chamber. Thermal  equi l ibrat ion of the 
rotat ing wafers is a t ta ined wi th in  5 rain. Diluted 
silane is introduced first, followed by the oxygen 20 
sec later. This sequence of int roduct ion of the sub-  
strates and the gases is designed to minimize oxidation 
of the metal  in the case of metallized device wafers. 
For  synthesizing borosilicates, diborane is introduced 
next. If the diborane were introduced before sufficient 
oxygen was present  in the deposition chamber,  oxy- 
gen-deficient films could form. The introduction of 
phosphine or of metal  alkyls is less critical with re-  
spect to the oxygen excess. For  synthesizing te rnary  
compositions, the alkyls are added to the gas stream 
subsequent  to the introduct ion of the hydrides. Layer  
structures can be made homogeneous, graded, or 
abrupt  by suitable ad jus tment  of the appropriate gas 
s t ream(s) .  The deposition is t e rmina ted  by  reversing 
the gas flow sequence. 

Fixed test conditions for parameter studies.--The 
evaluation was based on the deposition rate, the thick- 
ness uniformity,  several dielectric properties, and the 
chemical composition of 1~ thick films deposited on 
silicon. 

The fixed conditions for the borosilicate system were 
as follows: 1--mechanical ly  polished silicon wafers 
( i l l - o r i en t ed ,  10 ohm-cm p-type,  0.015 in. thick) were 
used as substrates; 2- - the  tempera ture  at the wafer 
surface was held at 450 ~ __ 3~ 3--a  hydride mixture  
corresponding to 22.5 m/o  (mole per cent) Bell6 and 
77.5 m/ o  Sill4 was metered, yielding a borosilicate 
composition of approximately 17 m/o  B203. 4- - the  
oxygen/hydr ide  volume ratio was 40:1; 5- - the  ni t ro-  
gen /hydr ide  volume ratio, 530: 1; 6- - the  exit opening 
of the reaction chamber  was 1 mm; 7- - the  reactive gas 
flowrates were chosen to yield in termediate  deposition 
rates in the range of 1400-1800 A min  -1 and were kept 
constant  wi th in  each experiment;  8 - - the  deposition 
was started and terminated by briefly lift ing the reac- 
tion chamber  dur ing the start of the gas introduct ion 
and before shutt ing off the gases. This procedure 
avoids formation of the ini t ial  and final thin silicon 
dioxide layers that would complicate the film anal -  
ysis. 

Rate of film deposition.--Film deposition does not  
begin immediate ly  upon introduct ion of the reactive 
gases but it is delayed for a period that depends on 
the deposition conditions and the substrate surface. 
Timing of the deposition was therefore started at the 
precise moment  a tan interference-colored deposit ap- 
peared on the surfaces of the substrate wafers. For 
films having a refractive index close to 1.5, this color 
represents a thickness of approximately 500A, which 
was taken into account in the calculation of deposition 
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I Fig. 1. Schematic of gas regu- 
lating and distributing system 
for chemical vapor glassing. 
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rates. The exact thickness and composition of the films 
were determined by methods described in the second 
paper of this series {4). 

Chemical Vapor Deposition of Borosilicate Glasses 
Deposition Rate and Borodlicate Composition as a Function at 

System Variables 
Hydride flow rates.--Within certain limits of hydride 

and ni t rogen inputs, the glass deposition rate is direct-  
ly proportional to the s i lane-diborane gas flow rates. 
The l inear  range of the deposition rate extends up to 
a flow rate of 11 cm '~ undi lu ted  hydride per minute,  
where a film deposition rate of 3200 A min -1  is ob- 
tained. The reaction yield of vitreous borosilicate glass 
product on the sample and metal  surfaces wi thin  the 
deposition chamber  averages about 20%. The remain-  
der forms a powdery deposit on the walls of the re-  
actor or passes out with the exhaust  gases. It will  be 
shown later  that  the yield of vitreous product can be 
substant ia l ly  increased by operating at different tem- 
peratures and flow rates. If  the hydride flow rates are 
increased beyond 11 cm 3 rain - I ,  the deposition rates 
under  the present  conditions tend to level off, but  the 
glass properties and film uni formi ty  are not affected 
appreciably. For example, doubling the gas flow to 22 
cm 3 rain -1 yields a deposition rate of 3640 A rain -1, an 
increase of barely 20%. 

Nitrogen l~ow rate.--The main  purpose of the ni t ro-  
gen is to dilute the reactive gases to a safe concentra-  
tion. The oxidation of the hydride is so vigorous that  
even at a concentrat ion of only 1.6% si lane-diborane 
in ni trogen the reaction proceeds with a bluish flame 
when mixed with excess oxygen (32: !) .  Dilution to 
1.2% or below allows the reaction to take place wi th-  
out flame. The concentrat ion in the present  test series 
was 0.17%. As seen from Fig. 2, insufficient dilution of 
the hydride mix ture  with ni trogen depresses the rate 
of deposition. The rates begin to level off at ni t rogen 
flow rates of about 2000 cm 3 min -1 ;  some addit ional 
increase is a t ta ined by extending the ni t rogen flow 
rate beyond the max imum in Fig. 2 to 4000 cm 3 min-Z.  
Still higher flows impede the deposition rate and lead 
to nonuni form films. 

Silane-to-diborane ratio.--The ratio of s i lane/di -  
borane is the pr imary  factor that  determines the 
chemical composition of the resul t ing glass films, pro- 
vided a large stoichiometric excess of oxygen is pres- 
ent. Figure 3 presents a correlation of the hydride 
composition with the resul t ing film composition at the 
substrate tempera ture  of 450~ The dashed line indi-  
cates the relationship expected on a stoichiometric 
basis. The boron content  in the glass was determined 
by dissolving the films in hydrofluoric acid and react-  
ing the BF4-  complex with N-methyl th ion ine  (6). The 
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colored complex was extracted and measured spectra- 
photometrical ly (7, 8). The precision of each coordi- 
nate  point  in Fig. 3 is defined by  the X - u  spread 
drawn. 

Oxygen-to-hydride ratio.--Based on the stoichio- 
metric reactions of the hydrides with oxygen to form 
the oxides and water  as products, the stoichiometric 
ratio of oxygen to hydride required for our silane plus 
diborane mixture  is 2.25. In  practice, a much larger 
ratio is required to prevent  the formation of the 
oxygen-deficient films. The composition of such films 
has not been determined with certainty, but  they are 
poorly insulat ing and are insoluble in hydrofluoric 
acid, have a high refractive index, and show no inf ra-  
red absorption bands in the B-O, B-O-Si,  or Si-O 
regions of 2.5-15~. Figure  4 indicates that  constancy 
in deposition rate and film composition is at tained at 
ratios beyond 20, a 9-fold stoichiometric excess. It  
should be pointed out that  this graph was obtained for 
the part icular  system conditions stated. (For example, 
borosilicates were obtained at oxygen ratios close to 
stoichiometry at 400~ under  different gas flow and 
reaction chamber conditions, but the B~03 content  in 
these films was abnormal ly  high.) 

Deposition t ime.--The increase of glass film thick- 
ness with deposition t ime was tested up to a thickness 
of 42~ (deposition period of 4~/2 hr) and found to be 
linear. The deposit on the wall  of the reactor was 
allowed to accumulate  dur ing  this test and had no 
measurable  effect on the glass composition. 

Substrate temperature.--The effect of tempera ture  
on the rate of film deposition is presented graphically 
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in Fig. 5. A plot (not shown here) of the log deposi- 
t ion rate vs. the reciprocal, absolute temperature re- 
veals that the curve is a composite of two straight 
lines. Borosilicate films begin to deposit at a substrate 
temperature of about 280~ The rate of deposition in-  
creases steeply with increasing temperature, levels  off 
at about 370 ~ and drops steeply as the temperature is 
increased above 375 ~ because of homogeneous gas 
phase nucleation. The rate of deposition on the walls  
of the reactor is thereby increased, competing with 
the formation of glassy borosilicate films on the sub- 
strate surface. 

The deposition temperature also affects the film 
composition (Fig. 6). Up to 375~ the boron oxide 
content in the glass increases rapidly; above this tem- 
perature, the change with increasing temperature is 
much smaller. Raising the temperature from 400 ~ to 
425 ~ increases the boron oxide content about 4%. The 
temperature of 450 ~ is least sensitive, and would be a 
desirable one from the standpoint of glass composition 
control. However,  the rates attainable at the lower 
temperatures are so much greater that a compromise 
of 400 ~ is usual ly  employed. 

The specifically marked data points in Fig. 6 were 
obtained by using a premixed diborane-si lane-argon 
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gas source to guarantee uni formi ty  in the hydride 
ratio. The mix ture  contained a slightly higher diborane 
concentrat ion than  used normally,  yielding a glass 
composition with 22.5 m/o  B203 at 450~ this compo- 
sition was matched by the separate source mixture.  

Deposit on reactor wall.--Three types of oxide prod- 
uct are formed: 1--a glassy borosilicate film on the 
heated substrate and the metal  hotplate surfaces; 2 - -  a 
white powdery deposit on the inside glass walls of the 
reactor and the glass support ring; and 3---colloidal 
oxide particles in the reaction exhaust  gases. To in-  
crease the yield of glassy product  and to avoid con- 
taminat ion  of the glass films, the formation of powdery 
product should be minimized. The bui ld-up  of wall  
deposit was measured both by the t ime required for 
the chamber  to become t rans lucent  by visual  observa-  
tion, and by weighing the wall  deposit in the reactor. 

Table II lists the effects of three critical system 
variables on the deposition rate on the walls: 1- - tem-  
perature  of substrate;  2 - - tempera ture  of reactor wall;  
and 3--flow rate of carrier gas. The data are presented 
in terms of stoichiometric yield of glassy substrate 
deposit and of deposit on the reactor wall. An estimate 
of the t ime for the reaction chamber  to become t rans-  
lucent is also listed. The theoretical 100% value was 
calculated from the following chemical reactions, the 
hydride flow rates used, and a glass density of 2.1 g 
cm-3: 

SiH4r ~- 2 O2(g) -~ SiO2~l ~- 2H~Or 
and 

B2H6(g) -{- 3 O2(g) -~ B2Oj(~) + 3H20(g) 

It was assumed that the reaction proceeded to com- 
pletion and that the entire exposed surface area of 
the heated sample stage was uniformly glass coated 
with the film thickness measured on the silicon wafers. 
The data in Table II indicate that lowering the tem- 
perature increases the yield of the glassy deposit and 
decreases the powdery deposit on the reactor wall. If 
the reactor walls are purposely heated, nearly all of 
the product deposits on the walls as a glassy layer. 
Water cooling the wall slightly increases the product 
yield on the substrate while slightly decreasing that 
on the wall. The best combination is a lowered sub- 
strate temperature and an increased flow rate of car- 
rier gas without deliberately modifying the tempera- 
ture of the reactor walls. The major portion of product 
now d.eposits as uniform glass coating on the substrate 
surface. 

Reactor geometry.--The geometry of the reactor in-  
fluences the flow patterns in the gas stream. Several  
different reaction chambers were tested in addition to 
the s tandard bel l-shaped reactor.~ These include cham- 
bers with modified neck curvature,  cylindrical  shapes, 

P h o t o g r a p h s  we re  s h o w n  in  a p r e v i o u s  p a p e r  (5). 

bottle and deflected designs, and reactors with provi-  
sions for either water  cooling or heat ing of the ves- 
sel walls. The effects of these variat ions are minor.  
However, the nonrestr ict ive concentric gas exit design 
of the present chambers was found superior to tubular  
or slotted openings with respect to deposit uni formi ty  
and deposition rate. The spacing between the reaction 
chamber  and the hot stage affects the rate of film 
deposition to some extent. The rate decreases 7%/mm 
increase of the opening. 

Nature oJ substrate.--The nature  of the substrate 
surface has a marked  effect on the induct ion period 
for film growth. The differences can be measured by 
s imultaneously depositing a th in  (e.g., 2000A) glass 
film on differently treated substrates and comparing 
the film thicknesses on the samples. For example, an 
HF-etched polished silicon surface has a short induc-  
t ion time, whereas thermal ly  grown silica or silicon 
ni t r ide layers have longer times. 

Preferred combination of deposition conditions.-- 
Based on the results of this study, a favorable combi- 
nat ion of conditions was formulated for the deposition 
of borosilicate films for our apparatus. A substrate 
tempera ture  of 400~ and a hydride mixture  yielding a 
glass having 17 _ 1 m/o B203 were chosen. The hy- 
dride mixture satisfying this condition corresponds to 
24 m/o B2H6 and 76 m/o Sill4. An oxygen/hydride 
volume ratio of 25: I was chosen, and a nitrogen/hy- 
dride volume ratio of approximately 400: I. The gas 
flow rates were adjusted to yield deposition rates in 
the range of 2000-3000 A rain -I. 

Stability of Silane and Diborane Sources 
Separate hydride sources.--The stabil i ty during 

storage of diluted silane and diluted diborane was 
evaluated so that  reproducible glass compositions 
could be prepared. As seen from Table I, variable 
fractions of higher hydrides of boron and silicon were 
detected in each of these mixtures,  necessitating 
proper corrections of the gas concentrations by as- 
suming complete oxidation of the higher hydrides. The 
composition of borosilicate films deposited after var i -  
ous periods of storage but  otherwise identical  con- 
ditions from stoichiometrically equivalent  mixtures  of 
these gases has shown that silane and diborane, both in 
argon at concentrat ions up to 8 vol %, are reasonably 
stable at room temperature  over a period of at least 10 
months (Table I I I ) .  

Silane plus diborane mixtures.--Premixed gas 
sources consisting of silane, diborane, and argon 
would simplify the control of the gas flow rates and 
assure a uniform composition. Stabi l i ty  studies con- 
ducted in our laboratory in connection with doped 
oxides deposited from silane plus diborane mixtures  
have shown variable degrees of instabili ty,  general ly 

Table II. Coating on substrate and coating on reactor 
wall as a function of three system variables 

Tes t  No. Def in i t ion  

S u b s t r a t e  C a r r i e r  
t e m p e r -  Reac to r  w a l l  f low rate ,  
a ture ,  ~ t e m p e r a t u r e ,  ~ cm ~ N~ m i n  -1 

Translucency 
t ime ,  r a in  

D i s t r i b u t i o n  of  depos i t s ,  
% of  s t o i c h i o m e t r y  

S u b s t r a t e  W a l l  Total  

1 S t a n d a r d  450 Neck  100 2900 
C e n t e r  140 
B o t t o m  220 

2 L o w - s u b s t r a t e  t e m p e r -  375 Neck  100 2900 
a t u r e  C e n t e r  120 

Bottom 175 
3 H i g h - w a l l  t e m p e r a t u r e  450 400-450 2900 
4 L o w - w a l l  t e m p e r a t u r e  450 ~ 2 5  2900 
5 L o w - w a l l  a nd  s u b s t r a t e  375 ~ 2 5  2900 

t e m p e r a t u r e  
6 H i g h  N2 ca r r i e r  gas f low 450 Neck  100 6200 

C e n t e r  140 
B o t t o m  220 

7 L o w - s u b s t r a t e  t e m p e r -  375 Neck  100 4000 
a t u r e  a nd  i n t e r m e d i -  Cen te r  140 
a te  N2 ca r r i e r  gas f low B o t t o m  175 

4 

6 

> >20 
4 
4 

>20 

8 

16 35 51 

35 13 48 

3 l19~,b 122 a 
21 30 51 
32 31 63 

15 c 46 61 

35 4 39 

a Excess  not  accounte d /or .  
b Clear ,  g lassy  w a l l  de pos i t  (al l  o t h e r  w a l l  depos i t s  are p o w d e r y ) .  
c N o n u n i f o r m  deposit. 
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Table III. Comparison of borosilicate compositions synthesized 
from various silane and dlborane sources 

C o m p o s i t i o n  
Elapsed  t i m e  N u m b e r  rat io** 

b e f o r e  or a f t e r  H y d r i d e  of f i lm P r o d u c t  
gas  a n a l y s i s ,  corn- s amp le s  

w e e k s  Cyl inder*  portent  a n a l y z e d  Reac t an t s  

-% 

- -4  A SiH~ ~ 8 
- -  4 B B~H~ d 

2 E Si l l4  ] 
2 F B~H~ [ 4 

15 C Sil l4  "[ 
15 D B~H~ [ 3 

38 A Si l l1  ] 
38 B B.~H. [ 2 

1.000 
( S t a n d a r d  cu rve ,  

F ig .  3) 

1.204 • 0.(>20 

1.002 __- 0.025 

1.000 • 0.000 

�9 Re fe r ence  to  Tab le  I. 
�9 * " R e a c t a n t s "  = The  b o r o n  con t en t  of v a r i o u s  gas m i x t u r e s  p re -  

p a r e d  d u r i n g  d e p o s i t i o n  by  f low m e t e r i n g  the  gases a t  e q u i v a l e n t  
ra tes .  

" P r o d u c t "  = T he  bo ron  c o n t e n t  of the  gas m i x t u r e  t h a t  cor-  
r e sponds  to the  boros i l i ca te  compos i t i on  ob ta ined .  These  g lass  com-  
pos i t i ons  we re  d e t e r m i n e d  by  i n f r a r e d  spec t roscopic  analys is .  The  
co r r e l a t i on  was  m a d e  b y  m e a n s  of Fig.  3. 

1.000 i nd i ca t e s  a pe r f e c t  cor re la t ion .  

on the order of 5% decrease in the diborane content 
per month  (9). In  the present  investigation, glass 
films were deposited from a mixture  containing 6 vol 
% Sill4 and 1.3 vol % B2H~ in argon (Precision Gas 
Company) over a period of 6 months. The mix ture  
had high concentrat ion of disilane (600 ppm as com- 
pared to normal ly  30 ppm) and a slightly increased 
amount  of higher boranes. The glass composition de- 
posited ini t ial ly and after 3 months showed a boron 
decrease of 7%. After  5 months of gas storage, it had 
decreased by an average of 11%, and after 6 months, 
by 13%. The magni tude  of these decreases should not 
adversely affect the glass composition if the mixture  
is used wi th in  a period of a few months. There is no 
question that  argon-di luted diborane mixed with 
silane is less stable than without  silane, which may 
cause diborane to polymerize to higher boranes that  
have a low vapor pressure. These would remain  in 
the cyl inder causing the gas to decrease in boron con- 
tent  as polymerizat ion continues. Trace impurit ies 
may have an inhibi t ing or catalyzing effect on this re-  
action; consequently, it is recommended that the high- 
est gas pur i ty  available be used and the concentrations 
of higher silanes and boranes be held to a minimum.  

Chemical Vapor Deposition of Other Silicate Glasses 
Several  other b inary  and te rnary  silicate composi- 

tions were synthesized from the hydrides with and 
without metal  alkyls. The effects of important  deposi- 
tion parameters  on the film composition are sum- 
marized below. 

Phosphosillcates and Phosphoborosilicates 
Films of phosphosilicates were deposited from ni t ro-  

gen-di luted silane, phosphine, and oxygen, analogous 
to the borosilicates from silane and diborane. Incor-  
porating diborane in the gas mix ture  yielded phospho- 
borosilicate with a composition similar  to that  ex- 
pected from the separately deposited b inary  glasses. 

Phosphosilicate films deposited at 400~ from a mix-  
ture  containing 0.93 vol % PH3 and 9.08 vol % Sill4 in 
argon, at an oxygen/hydr ide  ratio of 12:1, contained 
4.7 m/o  (10 w/o)  P20~. The composition corresponds 
very closely to the 4.6 m/o  expected from the chemical 
equation based on oxide and water  formation. At con- 
centrat ions up to 5 m/o  P205, the reaction at 400~ 
proceeds stoichiometrically, but  at higher phosphine 
ratios the phosphorus oxide content  in the glass does 
not increase proportionately.  The composition of 
glasses in the range of 5-10 m/o  P205 is not affected 
markedly  by changes in deposition temperatures  of 
325~176 and oxygen/hydr ide  ratios of 4-24. For ex- 
ample, films prepared at 325 ~ and an oxygen/hydr ide  

ratio of 4: 1, and films deposited at 475% ratio of 24: 1, 
had a chemical composition agreeing wi thin  10%. It 
can generalized that  the phosphine-si lane system is 
affected by deposition parameters  to a lesser extent  
than the diborane-s i lane  system. Fur thermore ,  the 
chemical stabil i ty of phosphine on storage is much 
better  than that of diborane; phosphine diluted with 
argon, or mixtures  of phosphine-si lane-argon,  were 
found to be stable over periods of at least 1 yr  (9). 

Aluminosilicates and Alumlnoborosilicates 
Films of a luminum oxide were obtained from tr i -  

methyl  a luminum vapor and oxygen at various tem-  
peratures (10). Incorporat ing ni t rogen-di lu ted t r i -  
methyl  a luminum vapor in the mix ture  of silane and 
oxygen, or of s i lane-diborane-oxygen,  yielded a lu-  
minosilicates or aluminoborosilicates, respectively. Re- 
action conditions similar to those employed for b inary  
borosilicate formation were used. 

Tr imethyl  a luminum was selected from a luminum 
a]kyl compounds because of the large a luminum- to -  
organic ratio, its relat ively high vapor pressure which 
allows liquid alkyl source to be used at room tempera-  
ture, and the high reactivi ty of the compound per-  
mit t ing relat ively low deposition temperatures.  The 
ni t rogen carrying the alkyl  vapor should be in t ro-  
duced in the d iborane-s i lane-n i t rogen  stream just  be-  
fore it enters the reaction chamber to prevent  pos- 
sible condensation of a luminum borohydride in the 
gas lines. Controlled oxidation of the a lkyl -hydr ide  
mixture  was carried out by introducing oxygen in the 
reaction chamber as for the b inary  borosilicate dep- 
ositions at substrate temperatures  of 450 ~ or 475~ A 
large stoichiometric excess of oxygen and a relat ively 
high tempera ture  promote complete oxidation of the 
organic consti tuents to carbon dioxide and water  with 
the formation of a luminum oxide according to the 
over-al l  reaction 

A 12( C H 3) ~  + 24 O2~g~ --> A120.~) + 6CO2~g/ q- 9 H 2 0 ~  

Zinc Silicates and Zinc Borosilicates 
Vitreous films of zinc oxide, zinc silicates, and zinc 

borosilicates were prepared analogously to the alu-  
mine-glasses. Diethyl zinc vapor was introduced to the 
system with ni t rogen carrier gas from a liquid source 
bubbler.  Zinc oxide films were deposited from diethyl 
zinc vapor and oxygen at 275~ The soft film deposits 
could be hardened by a heat t rea tment  in air at 
600~ Zinc silicates were deposited on silicon sub-  
strates at 450~ from diethyl  zinc, silane, and a large 
excess of oxygen with ni t rogen as di luent  gas. Zinc 
borosilicates were prepared by adding diborane to the 
gas stream. These films were deposited at a rate of 
800 A min -1. 

Conclusions 
The reaction of hydrides, o1" mixtures  of hydrides 

and metal  alkyl  vapors, with oxygen at 275~176 
in a special rotary reactor, has been optimized for the 
deposition of glass films. Reactants were silane, di- 
borane, phosphine, t r imethyl  a luminum,  diethyl  zinc, 
~nd oxygen. Nitrogen and argon were the carrier gases. 
Glass compositions synthesized include borosilicates, 
phosphosilicates, aluminosilicates, zinc silicates, a lu-  
minoborosilicates, and zinc borosilicates. 

The deposition parameters  for b inary  borosilicates 
synthesized from silane, diborane, and oxygen have 
been discussed in detail. Conclusions of par t icular  im-  
portance are: 1--To prevent  spontaneous ignition, n i -  
trogen should be added to the reaction mix ture  to 
dilute the hydride concentrat ion to 1% or less. 2--The 
molar  boron/si l icon ratio in the deposited films is 
lower than that in the reactant  gas. 3 - -The  oxygen/  
hydride ratio should be at least 20:1 to assure com- 
plete oxidation of the hydrides. 4 - -S ta r t ing  at 280~ 
the deposition rate of borosilicate films increases 
steeply as the substrate temperature  is increased to 
375 ~ The rate declines wi th  a fur ther  tempera ture  
increase because of the formation of powdery deposits 
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on the  reactor  walls.  5 - -The  deposi t ion t empe ra tu r e  
also affects the  composi t ion of the  glass films, the  
boron content  in the glass decreas ing wi th  decreasing 
tempera tures ,  especial ly  be low 400~ 6--Boros i l ica te  
glasses wi th  a high sil ica content  tha t  are  difficult to 
p repa re  homogeneously  b y  convent ional  ceramic tech-  
niques (because of the i r  high viscosi ty and l iquidus 
t empera tu re )  can be read i ly  prepared .  

For  phosphosi l icate  films containing up to 5 m / o  
P205, the  deposi t ion from silane, phosphine,  and oxy-  
gen at  400~ proceeds s toichiometr ical ly ,  bu t  at  h igher  
concentra t ions  the  y ie ld  of phosphorus  oxide d imin-  
ishes. 

The s imul taneous  gas phase  oxida t ion  at  450~176 
of t r ime thy l  a luminum or d ie thyl  zinc vapor  wi th  the  
silane or s i l ane -d iborane  y ie lded  aluminosi l icate ,  zinc 
silicate, a luminoborosi l icate ,  or zinc borosi l icate  com- 
positions. 

A the rmal  densification is requi red  to approach 
bulk  glass propert ies .  The effects of this t r ea tmen t  are  
discussed in P a r t  II  (4) of this  series, together  wi th  
an evalua t ion  of chemical,  dielectric,  thermal ,  and op-  
t ical  p roper t ies  of the films. 
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Chemical Vapor Deposition of Silicate Glasses 
for Use with Silicon Devices 

II. Film Properties 

Werner Kern* and Richard C. Heim 1 
David Sarnof] Research Center, RCA Corporation, Princeton, New Jersey 

ABSTRACT 

Chemical ,  dielectric,  thermal ,  and opt ical  p roper t ies  of glass films syn-  
thesized by  chemical  vapor  react ions  f rom the  hydr ides  a re  discussed. The 
b ina ry  borosi l icate  glasses deposi ted at  low t empera tu r e  f rom silane, d i -  
borane,  and oxygen requi re  a t he rma l  densification to approach  bu lk  glass 
propert ies .  The ra te  of densification in the  t empe ra tu r e  range  of 770~176 is 
ve ry  rap id  but  wa te r  vapor  has an accelera t ing influence, a l lowing densifica- 
t ion at  reasonable  rates  at t empera tu res  as low as 450~ The the rmal  ex-  
pansion match  wi th  silicon was sufficiently close to a l low the  c rack - f r ee  coat-  
ing of wafers  wi th  12~ of glass. Borosi l icate  films of 5~ thickness  on silicon 
withstood severe  t he rma l  shock, t empe ra tu r e  cycling, mois ture  penetra t ion,  
and corrosion resis tance tests. Densified borosi l icate  of typical  composit ions 
had a dielectr ic  constant  of 3.8-4.1 and a diss ipat ion factor  at  103 Hz of 0.10- 
0.15. The d-c  dielectr ic  field s t rength  sustained by  MIS capaci tors  made  f rom 
1~ th ick  densified films measured  before and af ter  a 1-yr  exposure  to room 
air, was 6 to 8 x 106 V cm -1. The proper t ies  of vapor -depos i t ed  phosphosi l icate  
glasses and of glasses containing the oxides of a luminum and zinc are  briefly 
described.  

This paper  is concerned wi th  the  proper t ies  of glass 
films deposi ted by  chemical  vapor  react ion f rom hy-  
dr ides  and oxygen by  the methods presented  in Pa r t  I 
of this series (1). Pa r t i cu la r  emphasis  is p laced  
on b ina ry  borosi l icate  glass composit ions synthesized 
f rom silane, diborane,  and oxygen at 400~176 
This type  of glass is wel l  sui ted for glassing silicon 
device wafers.  

Experimental 
Film thickness.--Approximate thicknesses of less 

than  1~ were  es t imated  f rom the in ter ference  color of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  address: Kasper I n s t r u m e n t s ,  S a n t a  Clara ,  Ca l i fo rn ia .  

the  films on pol ished silicon, using the known colors 
for SiO2 (2) and tak ing  into account changes of the  re -  
f rac t ive  index of the  var ious  glasses. Precis ion mea -  
surements  of films up to 2~ were  made  by  mul t i p l e -  
beam in t e r f e rome t ry  (3) of samples  in which  a s tep in 
the  glass was etched fol lowed by  overcoat ing wi th  an 
opaque meta l  film (4); the accuracy was typ ica l ly  
• Much th icker  layers  were  cross-sect ioned 
and measured  d i rec t ly  under  a Lei tz  microscope using 
a ca l ibra ted  filar eye piece. 

Film composition.--Except for the borosi l icate  
glasses, the  chemical  composit ion of the  films was de-  
t e rmined  by  s t andard  microchemical  techniques (1). 
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Routine composition measurements  of the borosilicate 
films were  carr ied out by infrared absorbance. The 
analysis is based on the ratio of the net intensities of 
two characteris t ic  main absorption bands, one for B-O 
and one for Si-O. The absorbance ratios of a series of 
p r imary  standards of deposited borosilicate films were  
correlated with  the compositions obtained by chemical  
analysis to establish a calibration curve. Details of the 
method were  presented e lsewhere  (5). 

Film etch rate and density.--The determinat ion of 
the etch ra te  was carr ied out by a technique previously 
described (6). The measurements  were  made at 
25.0 ~ _+ 0.1~ with  etchants including hydrofluoric 
acid of various concentrations, ammonium fluoride 
buffered HF (454g NH4F, 654 cm 3 H20 dist., 163 cm ~ 
HF 49%), and P-e tch  (7). 

The film density was calculated f rom thickness, 
weight, and surface area measurements  using 5-10~ 
thick glass films deposited on 1.25 in. d iameter  polished 
silicon wafers.  A microbalance (Mett ler  Type M-5) 
was used for the weight  determinations.  

Index o] reSraction and inSrared absorption.--The 
re f rac t ive  indices of 1#~ thick films were  de termined  in- 
te r ferometr ica l ly  by reflection spect rophotometry  (8) 
in the visible wave length  region using a double-beam 
grat ing spectrophotometer  (Beckman Model DB-6).  

Infrared measurements  were  used not only for de- 
t e rmin ing  the film composition but a lso  for comparing 
spectral  shifts caused by s t ructural  and chemical  
changes during densification and corrosion tests. 
Polished high-res is t iv i ty  silicon wafers  of constant 
and high infrared transmission were  used as substrates. 
Hal f  of each wafer  was str ipped of its coating and 
placed in the reference beam of the spectrophotometer  
(Pe rk in -E lmer  Model 137 B) to cancel possible sub- 
strate effects. 

Dielectric properties.--One-micron thick glass films 
were  deposited on low-res i s t iv i ty  polished silicon 
wafers.  Circular  top electrodes of 0.014 in. d iameter  
a luminum were  vacuum-evapora ted  on these films to 
form paral le l  plate capacitors. Capacitance and dis- 
sipation factor measurements  were  made with a ca- 
pacitance bridge (General  Radio Company Model 716- 
C) at 103 Hz. Measurements  were  made on at least six 
capacitors per  sample to obtain rel iable  average values. 

The d-c dielectr ic  s t rength of the films was mea-  
sured by connecting the capacitors so that  the silicon 
was at posit ive potent ial  to obtain the t rue  dielectric 
s t rength of the glass (9). The tests were  carr ied out at 
15% re la t ive  humidi ty  and 21~ The vol tage was 
raised in increments  to a current  of 1 na leakage. The 
results reported are the ar i thmet ic  means of the 
breakdown field values sustained by 10 different ca- 
pacitors on the same wafer.  

Glass densification treatments.--Densification of the 
films was conducted in a quartz tube furnace. The 
ambient  gases consisted of h igh-pur i ty  ni t rogen or 
argon, or room air. Water  vapor  generated from 
deionized and distilled water  in a quartz  vessel was 
used for  l ow- t empera tu re  densification. 

C H E M I C A L  V A P O R  D E P O S I T I O N  
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Properties of Vapor-Deposited Borosilicate Glasses 

Film etch rates.--The isothermal  etch rate  of boro- 
silicates is a characterist ic function of the boron oxide 
content of the glass and the etchant  composition. The 
etch ra te  in aqueous hydrofluoric acid increases wi th  
increasing boron oxide content  of the glass as shown 
in Fig. 1. Etch rates for the same samples after  thermal  
densification are also shown for comparison. The boron 
content  of the hydr ide  mix ture  can be correlated wi th  
the boron content of the glass by means of Fig. 3 
presented in Par t  I of this paper (1). A semilog plot of 
etch rates as a function of the boric oxide in the glass 
obtained by this (nonlinear)  relat ion is shown in Fig. 2 
for the concentrat ion range 0-30 m/o ,  (mole per cent) 
B203. 
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HYDRIDE COMPOSITION , MOL 'Go B2H 6 IN HYDRIDES 

Fig. 1. Etch rote of borosilicate films as functions of the hydride 
composition from which they were deposited, densification conditions, 
and etchant. A--Approximate etch rates for films as deposited at 
450~ dilute HF etchant (1 vol 49% HF: 2 vol H20). B--Densi- 
fled 5 min 770~ Ar; HF etchant (1 vol 49% HF: 2 vol H20). C - -  
Densified 5 min 770~ air; HF etchant (1 vol 49% HF: 2 vol H~O). 
D--As-deposited at 450~ HF-buffer etchont. E--Densified 5 min 
770~ Ar; HF-buffer etchant. 
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GLASS COMPOSITION , MOL ~7o B203 IN  GLASS 

Fig. 2. Etch rate of borosilicate films as functions of glass compo- 
sition, densificotion conditions, and etchant. A--Approximate etch 
rate for films as deposited at 450~ dilute HF etchant (1 vol 49% 
HF: 2 vol H20). B--Densified 5 min 770~ Ar; HF etchant (1 vol 
49% HF: 2 vol H20). C--Denslfied 5 min 770~ air; HF etchant 
(1 vel 49% HF: 2 vol H20). D--As-deposited at 450~ HF-buffer 
etchant. E--Densified 5 min at 770~ Ar; HF-buffer etchant. 

Different H F - w a t e r  compositions lead to different 
etch rates, but the slopes of the curves are similar. 
P -e tch  (7), a composition of diluted HF containing 
some HNO3, also yields similar  slopes. Thermal  densifi- 
cation lowers the film etch rates wi thout  great ly  a l ter -  
ing the slope of the curves. The rates of the densified 
films are similar  to those obtained with borosilicate 
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bulk glasses of comparable composition. The etch rate 
of a borosilicate glass can therefore serve as a rapid 
test for est imating its boron content. 

The etch rate in buffered HF decreases as the boron 
oxide content  is increased, apparent ly  because of a 
lowered react ivi ty of this etchant toward Si-O-B 
bonds. The increase in etch rate beyond the 20-23 m/o  
B2Oa composition appears to be caused by free B203. 
Vapor synthesized borosilicate compositions containing 
more than  approximately 25 m/o  B203 tend to de- 
vi tr ify and may be soluble in boiling water before and 
after densification at 800~ 

Corrosion resistance.--Thermally densified borosili- 
cate film deposits of s tandard composition, or composi- 
tions containing a lower concentrat ion of boron oxide, 
were found by infrared analysis to be stable, insoluble, 
and corrosion resistant even under  the following condi- 
tions: 1--exposure to cold concentrated HC1, concen- 
trated H2SO4; 2--chromic/sul fur ic  acid at 125~ 3 -  
sulfuric ac id /hydrogen peroxide at 125~ and 4 - -  
boiling deionized and distilled water  for 1 hr. The 
last t rea tment  is a par t icular ly  severe stabil i ty test for 
glass films (10). The borosilicates withstood all t reat-  
ments  without  change except for a small  amount  of 
reversible OH-uptake  dur ing the boiling water  t reat -  
ment. Microscopic examinat ion of borosilicate layers 
containing up to 19 m/o  B203 that  had been exposed for 
144 hr to 95% relat ive humidi ty  at 95~ showed no 
signs of devitrification or other defect formation in 
both the undensified and the densified states. 

Film density.--A 5~ thick borosilicate film deposited 
at 400~ contained 18 m/o  B20~ and had a density of 
2.25 g cm -3. Densification in argon at 800~ for 20 
min proceeded without  detectable loss in weight, while 
the layer thickness decreased by several per cent. Since 
there was no loss in weight, the changes observed 
represent  a molecular compaction or densification ef- 
fect. As expected, the density decreases as the boron 
oxide content  of the glass increases. A sample of a 7~ 
thick borosilicate film deposited at 375~ contained 
20 m/o  B203 and lost no weight on densification at 
800~ The density of this film after heat t rea tment  
was 2.24 g cm -a. The density values agree with those 
for bulk borosilicate glasses of comparable composi- 
tion. 

Resistance to moisture penetration.--The moisture 
resistance of glass layers was tested by exposing 
"uncanned" glassed transistors to high humidi ty  at 
elevated tempera ture  and monitor ing critical electrical 
parameters.  Silicon p lanar  npn  transistors with a pr i -  
mary  passivating layer of thermal  SiO2 and metallized 
with vapor deposited tungsten  (11) were used as test 
vehicles. The device wafers were coated with 5~ of the 
borosilicate glass, followed by densification at 770~ 
photoresisting, and chemical etching to expose the 
bonding pads and grid l ines for scribing. The device 
pellets were mounted  by conventional  techniques on 
headers, and wire bonded (11). Each transistor  was 
protected mechanical ly  with a topless metal  can. Two 
types of tests were conducted to check for moisture 
resistance: 1--Exposure to 95% relat ive humidi ty  at 
70~ for periods up to 150 hr followed by 30 min  dry-  
ing in room air. The moisture-sensi t ive collector-base 
leakage current  (IcBo at --10V d.c., in the low nanoamp 
range) was monitored. 2- -Opera t ing  life stress tests at 
95% relat ive humidi ty  and 70~ for 680 hr at period- 
ically increasing power levels. The parameter  mon-  
itored was VBE, the forward bias potential  of the emit-  
ter  ]unction required to main ta in  the rated power dis- 
sipation. This test was carried out at high tempera ture  
(heat from ambient  and heat generated at the collec- 
tor junct ion)  under  reverse bias and at high humidity.  
The electrical stabili ty observed demonstrated clearly 
that no moisture had penetrated through the films un -  
der these test conditions. 

to-substrate  seals is the absence of stresses tha t  would 
lead to cracks or other defects. A glass composition 
with an average coefficient of thermal  expansion close 
to that  of the substrate should yield a stress-free sys- 
tem. Actually, a sl ightly lower coefficient for the glass 
is preferable to force it under  compressive stress, 
thereby increasing its mechanical  s t rength con- 
siderably. In  addition to stresses associated with mis-  
matches in thermal  expansion, stresses are introduced 
dur ing  the process of film deposition. The total stresses 
of the various glass compositions were compared em- 
pirically observing the max imum layer thickness that  
could be bui l t  up on polished silicon wafers without  
forming microcracks. The films were deposited at 
450~ at rates of 650-1000 .% min  -1 and analyzed 
chemically as described earlier. The results presented 
in Table I indicate that  the thermal  expansion and 
contraction match of the glass/silicon system improve 
with increasing boric oxide content, as expected. The 
s tandard composition containing 17 m/o  B203 yielded 
crack-free layers of approximately  12~. Compositions 
much richer in B203 permit  the bu i ld-up  of substan-  
t ial ly thicker layers, but  the stabil i ty of these boron-  
rich glasses is poor. 

The max imum thickness of crack-free glass obta in-  
able is influenced by the surface area of the substrate. 
Layers of s tandard borosilicate were deposited on sili- 
con wafer  sections of approximately 1 cm 2. Layers as 
thick as 54~ were found free of cracks before and after 
densification at 800~ 

The softening temperatures  were measured semi- 
quant i ta t ively  by determining the tempera ture  at 
which two pieces of a glass-coated silicon wafer  
would fuse under  pressures on the order of a few 
hundred  pounds per square inch. The softening tem- 
perature  was in the range of 800~176 for boro- 
silicates of s tandard composition. It should be noted 
that  a few hundred  Angstroms of a SiO2 layer  over the 
glass are sufficient to prevent  fusion. 

Thermal  shock tests were conducted as follows: 
Silicon wafers coated with a 5~ layer of glass were 
cycled from a dry  ice-acetone s lurry  at --65~ to 
boiling water  and back, al lowing equi l ibrat ion periods 
of 30 sec. Similar  tests were also r un  using l iquid ni t ro-  
gen (--196~ and boiling water. Microscopic exam- 
inat ion at 1000-fold magnification showed that  no 
cracks or other defects formed dur ing these stress 
tests. When glassed silicon wafers were del iberately 
fractured, the glass did not separate from the silicon 
even though silicon fragments  tore out of the silicon 
substrate. 

E~ects of film densificatmn.--As a general  rule, the 
properties of dielectric films deposited at low tempera-  
ture  can be significantly improved by a heat t r ea tment  
which densities the film structure  and relieves lattice 
stresses introduced dur ing deposition. The rate of 
densification is dependent  on both tempera ture  and 
ambient.  Pl iskin and Lehman (7) found water  vapor 
to be par t icular ly  effective for densifying silicon di-  
oxide films deposited from organo-oxysilanes.  Effects 
of thermal  densification of silicon dioxide films from 
silane (12, 13) and of a var ie ty  of glass films syn-  
thesized from organic reactants (14) were discussed 

Table I. Maximum thicknesses of coherent borosilicate films on 
silicon wafers as a function of glass composition 

B20~ c o n t e n t  
m/o w/o 

F i l m  t h i c k n e s s  in m i c r o n s  
Free  of B e g i n n i n g  crack  
cracks  f o r m a t i o n  

0* 0* 2.2 ~ 2 . 5  
11.8 13.4 ~ 4  4.8 
15.2 17.1 <10 .8  <10.S  
16.8 19.0 ~ 1 2  13.2 
25.5 28.5 ~21 23 
32.5 36.8 >13 >13 

Thermal and structural strength properties.--An ira- �9 Si l i con  d i o x i d e  d e p o s i t e d  f r o m  s i l ane  a n d  o x y g e n  u n d e r  s i m i l a r  
portant  requi rement  for achieving h igh-qual i ty  glass- condit ions.  
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Fig. 3. Comparative IR absorption spectra of vapor-deposited 
borosilicate and silica films as-deposited at 450~ and after den- 
sification at 800~ in air for 10 rain. 

previously. The silicate glasses described in the present  
paper can be densified similarly. 

The etch rate data presented in  Fig. 1 and 2 are for 
films as deposited at 450~ and also after densifica- 
t ion at 770~ for 5 min  in pure argon or in nondried 
room air. No data for buffered etch were taken for the 
borosilicate samples densified in air, but  the etch rate 
value for SiO2 previously reported (12) was 21% lower 
than for the same sample densified in argon, indicat ing 
a general ly increased effectiveness of air. The major  
decrease of the film etch rates at temperatures  from 
770 ~ to 800~ takes place wi thin  the first 5 min  of 
heat t reatment .  Fur the r  decreases proceed at a slow 
logarithmic rate which is accelerated by water  vapor 
in the ambient  as reported in a separate paper  (5). 
This accelerating effect is much more pronounced at 
lower temperatures.  For  example, near ly  complete 
densification of a s tandard borosilicate composition can 
be achieved in steam at 450~ in about 5 hr, whereas 
dry ambients  would require  ext remely  long periods at 
this tempera ture  (5). Densification conditions com- 
patible with a part icular  device s tructure and metal -  
lization can therefore be chosen. The accumulat ive 
effects of progressive densification of the films are also 
manifested in changes of the infrared absorption bands 
and in the dielectric properties, as shown below. 

Infrared absorption.--The infrared spectrum of a 
typical borosilicate film before and after densification 
at 800~ is presented in Fig. 3 and compared with the 
spectrum of a silicon dioxide film deposited from 
silane. The dominant  absorbance max imum between 
the wavelengths of 9.2 and 9.4/~ in each curve, and the 
smaller  peak of 12.4~, are caused by the Si-O stretch- 
ing vibration. The peak at 10.85~ in the borosilicate 

spectra indicates the Si-O-B stretching vibration,  and 
that at 7.4~, the B-O stretching. The ratio of the ab-  
sorbance maxima for the 7~ B-O peak and the 9~ 
Si-O peak was found to be related to the glass com- 
position and was utilized for quant i ta t ive  analysis. The 
minor  peak at 2.7~ is caused by O-H stretching and 
disappears dur ing  the densification. Other effects of 
densification for both types of films are an increase in  
the absorbance intensi ty  of the Si-O major  peak and 
its shift toward shorter wavelengths,  similar to SiO2 
films deposited from other source materials  (7). It is 
significant that  the absorbance in tensi ty  of the B-O 
peak remains  constant, indicat ing that no loss of B203 
occurs dur ing the heat t rea tment  of the glass films. 

Index of refractio~.--Films prepared under  a var ie ty  
of deposition conditions were tested before and after  
densification. Similar  to other  film properties, the re-  
fractive index was re la t ively independent  of deposition 
conditions for a given glass composition. Typical  
borosilicate films measured in the 5000-6000A wave-  
length region before and after densification, had a re-  
fractive index of 1.42-1.43. The refractive index in-  
creased toward the shorter wavelength region, the be-  
havior  normal ly  observed for glasses. 

Dielectric properties.--Dielectric properties of 1~ 
thick borosilicate films deposited under  various condi- 
tions were evaluated before and after heat t rea tment  
at 800~ in air. The vapor compositions were adjusted 
to yield glasses containing between 17 and 19 m/o  
B203, regardless of the deposition conditions. The re-  
sults presented in Table II indicate that the dielectric 
properties are not influenced greatly by these var ia-  
tions. 

The dielectric constant  for densified films was similar 
to that  of a pure borosilicate bulk glass consisting of 
22.1 m/o  B203 and 77.9 m/o  SiO2, which has a value of 
4.05 for the frequency range 10 ~ to 3 x 109 at 25~ (15). 
The same borosilicate bulk  glass has a dissipation fac- 
tor of 0.086 (most commercial  borosilicate glasses con- 
ta ining minor  addit ional  components have much higher 
values) (15). Some loss tangent  measurements  were 
also made in the rf range; vapor-deposited and den-  
sifted borosilicate films of s tandard composition had a 
dissipation factor of approximately 1.3% when tested 
at 2 x 109 I-Iz at 23~ (16). The d-c electrical field 
s trength sustained by MIS capacitors made from 
various as-deposited 1~ thick films ranged from 6 to 
10 x 106 V cm i but  decreased substant ia l ly  on sample 
storage in room air over a period of 1 yr, whereas 
capacitors made from the densified films remained per-  
fectly stable. The dielectric breakdown potential  mea-  
sured at a leakage current  at 1 na ranged from 650 to 
800V (normalized to 10,000X film thickness),  cor- 
responding to 6.5-8.0 x 106 V cm -1. The films deposited 
at 400 ~ and 450~ showed distinct improvements  in 
dielectric s trength compared to those formed at 375~ 

The instabi l i ty  in dielectric s t rength noted above is 
explained as follows. Undensified borosilicates lose 
boric oxide on storage. The residual film has, there-  
fore, a lower densi ty which causes a decrease in the 

Table II. Dielectric properties of borosilicate films* as a 
function of deposition conditions and heat treatment 

Die lec t r i c  c o n s t a n t  D i s s i p a t i o n  f a c t o r  M a x i m u m  die lee-  
O x y g e n /  F i l m  depos i -  K a t  24~ ~ = l 0  S Hz % D a t  2%~ Y = 10 ~ Hz t r i c  s t r e n g t h  

S u b s t r a t e  h y d r i d e  t ion  ra te ,  % Decrease  % Decrease  10 e V cm-~ 
t emp ,  ~ r a t i o  A m i n  -~ a b o f  b a b o f  b a b 

C a p a c i t o r  
y i e l d , % * *  

a b 

375 15:1 3100 5.53 4.07 26 0.46 0.12 74 # 8.45 100 100 
375 50:1 3100 5.41 3.94 27 0.45 0.12 73 ~ 8.89 100 100 
375 15:1 5000 5.25 3,87 20 0.38 0.12 67 # 6.96 100 100 
400 15:1 3300 5.29 3.96 25 0,21 0,15 29 ~ 7.70 100 100 
450 15:1 1700 5.21 3.81 27 0.31 0.10 68 # 7.95t 100 100 

* C o n t a i n i n g  17-19 m / o  BzOs. 
a F i lm ,  as  d e p o s i t e d .  
b F i l m ,  h e a t - t r e a t e d  20 m i n  a t  800 ~ in  air .  
** Capac i to r s  t e s ted  for  s h o r t s  (10 de v i ce s  m e a s u r e d / s a m p l e ) .  
? F i l m  t h i c k n e s s  on ly  8600K (al l  o the r s  9400-10,000A). 
# U n s t a b l e :  o r i g i n a l  v a l u e s  we re  a t  l eas t  as h i g h  as t hose  i n  (b), b u t  dec reased  on s to rage  in  r o o m  ai r  ove r  a p e r i o d  of 1 yr. 
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Table I I I .  Dielectric properties, etch rates, and infrared absorbance 
of typical f i lms* of phosphosilicate, aluminosil icate,  and 

aluminoborosil icate 

Phosphosilicate Phosphosilicate A l u m i n o s i l i c a t e  A l u m i n o b o r o s i l i c a t e  
F i l m  p r o p e r t y  as  dep .  dens i f ,  as  dep .  dens i f ,  as  dep.  dens i f ,  a s  dep .  dens i f .  

F i l m  composition 
m / o  P~O5 6.1 8.6 O 0 
m / o  A12Oa O O 11.1 ~ 1 1  
m / o  B208 0 0 0 12 
m / o  SiO2 (by  d i f f e r e n c e )  93.9 91.4 89.9 77 

F i l m  t h i c k n e s s ,  ~ 0.89 0.85 0.90 0.99 
Dielectric c o n s t a n t ,  K 3.9 4.0 3.7 3.6 5.4 4.1 4.9 3.8 

C h a n g e  of  K on  dens i f i ca t ion ,  % 2.6 --2.7 - - 2 4  - -22 
Dielectric b r e a k d o w n ,  k V  0.85 0.70 0.90 0.70 0.65 0.60 0.80 0.75 
S u s t a i n e d  v o l t a g e  t e s t  (80% of  b r e a k d o w n  

v o l t a g e ,  15 r a i n  a t  25~ f a i l u r e s  O O O 0 
S t a b i l i t y  of dielectric s t r e n g t h  ( a f t e r  3 y r  

s t o r a g e ,  d r y  a i r ,  23~ 
V a t  1 n a  672 584 700 902 < 3 0 0  706 320 603 
V a t  10 n a  878 664 675 705 < 3 0 0  812 400 759 

Etch r a t e  in  b u f f e r e d  HF ,  A sec-~ 98 82 93 90 62 33 11.2 7.2 
C h a n g e  of  e t c h  r a t e  on  dens i f i c a t i on ,  % - -16  --3.2 - -47  - -36  

IR a b s o r b a n c e  m a x i m a ,  w a v e l e n g t h  
P - O  s t r e t c h i n g ,  /L 7.60' 7.55 7.60 7.55 
S i - O  s t r e t c h i n g ,  /L 9.18 9.07 9.14 9.07 9.30 9.24 9.29 9.23 
S i - O  conf i rn~at inn,  /z 12.30 12.50 12.50 12.35 12.35 12,30 12.46 12.35 
B - O  s t r e t c h i n g ,  ~t 7.18 7,26 
B - O - S i  s t r e t c h i n g ,  ~ 10.93 10.95 
N o t  a s s i g n e d  de f in i t e ly ,  ~ 10.92 - -  

* T h e s e  f i lms  w e r e  d e p o s i t e d  a t  475~  as  d e s c r i b e d  p r e v i o u s l y  (1). D e n s i f i c a t i o n  w a s  c a r r i e d  o u t  a t  770~ in  a n  a r g o n  a t m o s p h e r e  ~or 20 
ra in .  

dielectric strength. The loss of B203 is slow, but  can be 
detected over a period of t ime by infrared analysis. 

Phosphosilicates 
The effects on the film composition of variat ions in 

the s i lane/phosphine/oxygen ratio at deposition tem- 
peratures from 325 ~ to 475~ were described in Par t  
I (1) of this series. A summary  of dielectric properties, 
etch rates, and infrared absorbance of two typical  
phosphosilicate f lms  as-deposited at 475~ and after 
densification at 770~ in argon is presented in Table III. 

The most remarkable  differences between the phos- 
phosilicates and all other silicates tested are: 1-- the 
absence of marked  changes of the dielectric constant on 
densification, 2- - the  long- term stabil i ty in dielectric 
s t rength of both densified and undensified films, and 
3- - the  much smaller  decrease of the etch rate after 
densification. In  the more selective P-etch, etch rate 
changes are more pronounced than  in buffered-HF, 
and the etch rate increases sharply with increasing 
P205 content. 

Infrared spectra of a phosphosilicate film before and 
after densification are presented in Fig. 4. The Si-O 
band  in the 9~ region is much broader than that  ob- 
served for SiO2 (Fig. 3) and shifts on densification 
toward shorter wavelength to a greater  extent, prob-  
ably because of a phosphorus- induced increase in poly- 
merization of SiO4 te t rahedra (17, 18). A second pro- 
nounced change on densification (par t icular ly  for films 
deposited at 325~ is the large increase of absorbance 
of the P -O  band in contrast  to the B-O band in 
borosilicates. 

Eleven-micron  thick phosphosilicate layers contain-  
ing 4.65 m/o  P205 and deposited at 400~ on silicon 
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Fig. 4. IR absorption spectra of a vapor-deposited phosphosilicate 
f i lm as-deposited at  4 7 5 ~  and af ter  densiflcation at  7 7 0 ~  in ar- 
gon for 20  rnin. 

substrates were weighed before and after heat t rea t -  
ment  at 800~ in argon. As for borosilicates, no 
weight loss was detectable on densification. The sur-  
face of the glass at this thickness was nodular  but  the 
thermal  expansion matched silicon sufficiently well to 
prevent  cracking of the films when deposited on 
wafers. Phosphosilicate compositions containing 13 m/o 
P205 were deposited in 25~ thick layers without crack- 
ing. Thinner  layers of 5~ had a gra iny microstructure 
and exhibited a grayish appearance, whereas films less 
than 1~ thick were similar to deposited oxide films in 
appearance. 

The chemical stabil i ty of phosphosilicate films 
toward moisture at elevated tempera ture  is general ly 
poor because of their  inherent  hygroscopic nature.  For 
device glassing, phosphosilicates should therefore be 
used only in conjunct ion with a more stable outer 
layer. 

Aluminasilicate and Aluminoborosilicates 
Aluminosil icate films deposited from silane, t r i -  

methyl  a luminum,  and oxygen at 475~ (1) contained 
up to 11 m/o  A1203. Properties of a typical  a luminosi l i -  
cate film are shown in Table III. The infrared absorp- 
t ion spectrum was similar to that  of SiO2 films de- 
posited was 8 x 106 V cm -1 and remained stable over 
weak absorption m a x i m u m  noticeable in undensified 
films in the region of 10.8-11~. 

The incorporation of t r imethy l  a luminum in the 
s i lane-diborane-oxygen reaction mixture  did not 
markedly  affect the borosilicate composition. Films de- 
posited at 450~ at a rate of 600 A mi n  -1 consisted 
typical ly of 1.5 m/o  A1203, 18 m/o  B203, and 80.5 m/o  
SiO2. Layers of 12~ thickness were deposited on silicon 
without  cracking. Properties of a film with a higher 
a lumina  content and deposited at 475~ are included 
in Table III. The dielectric properties, etch rates, and 
infrared absorption characteristics of these films as- 
deposited and after densification in argon were very  
similar to those of b inary  borosilicates of the same 
boron content. Microscopic examinat ion of undensified 
and densified films of aluminosilicates and a lumino-  
borosilicates that  had been exposed to 95% relat ive 
humidi ty  at 95~ for 144 hr showed no devitrification 
or other changes. Life tests with transistors as de- 
scribed for borosilicates but  employing 5~ of densified 
aluminoborosil icate withstood moisture penetrat ion 
tests (680 hr exposure to 95% relat ive humid i ty  at 
70~ 

Zinc Silicates and Zinc Borasilicates 
These films were deposited from the appropriate 

hydr ide(s ) ,  diethyl  zinc vapor, and oxygen (1). The 
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etch rate of zinc silicate films in buffered HF solution 
was similar  to that  of si lane-deposited SiO2 films. 
Crack-free films of 2~ thickness were deposited; crack 
formation set in at 4~. Infrared absorption spectra 
were similar to those for deposited SiO2 except for the 
presence of an  absorption peak at 10.8~, which is 
probably  due to Si-OH bending similar to that  ob- 
served in evaporated SiO2 films (7). Layers of 1~ 
thickness withstood dielectric breakdown potentials of 
greater  than  400V. 

Crack-free zinc borosilicate films of 4~ thickness 
were obtained on silicon wafers; l ine cracks began to 
set in at 9~. Etch rates and infrared band positions 
were very similar to those for b inary  borosilicates of 
comparable boron content. As for zinc silicates, the 
dielectric b reakdown potent ial  of 1~ thick film was in 
excess of 400V. 

Conclusions 
Impor tant  properties of borosilicate films prepared 

by chemical vapor reaction of silane and diborane 
with oxygen have been evaluated. The thermal  ex- 
pansion and contraction match with silicon of com- 
positions of typical ly 17 m/o  B203 are sufficiently good 
to allow the crack-free bu i ld-up  of several -micron 
thick glass layers suitable for glassing of silicon devices. 
A thermal  densification t rea tment  is essential to pro- 
duce stable films of opt imum properties; water  vapor 
accelerates the rate of densification significantly, par-  
t icularly at low temperatures.  The dielectric properties 
of borosilicate films deposited under  a var ie ty  of con- 
ditions were found to be relat ively independent  of 
deposition parameters.  For densified films of glasses 
containing 17-19 m/o  B~O3, the dielectric values are as 
follows: dielectric constant, 3.8-4.1; dissipation factor, 
0.10-0.15; d-c dielectric breakdown field s t rength sus- 
tained, 6-8 x l0 s V cm-1.  The electrical stabili ty on life 
testing of borosilicate glassed planar  transistors in-  
dicates that  the glass layer was effective in prevent ing  
moisture penetration.  Several -micron thick densified 
borosil~icate films are smooth, uniform, t ransparent ,  
free of cracks or crazing, resist moisture penetration,  
and are well suited for silicon device glassing. 

The ratios of absorbance of the B-O and the Si-O 
infrared absorption maxima are related to the glass 
composition and have been utilized for quant i ta t ive  
film composition analysis. The etch rate of borosilicates 
in specific etchants is a characteristic function of the 
boron oxide content  and can be uti l ized to check the 
approximate glass composition. In  aqueous HF solu- 
tions or in P-etch,  the etch rate increases exponent ia l ly  
with increasing boron oxide. In  buffered HF, it de- 
creases steeply to a min imum and then increases 
rapidly with increasing boron oxide concentrat ion due 
to free B203. Densification of the films at temperatures  
from 450 ~ to 800~ lowers the etch rates markedly,  
indicat ing an increase of the apparent  film density. 
Densification of borosilicates at 800~ proceeds with-  

out weight loss and leads to densities comparable to 
borosilicate bulk glasses. 

The dielectric constant of phosphosilicate films 
chemically vapor deposited from silane, phosphine, 
and oxygen did not change on densification, in con- 
trast  to all other vapor-synthesized silicate films. The 
sustained dielectric breakdown field of films as de- 
posited was 8 x 106 V cm -z and remained stable over 
3 yr  of storage in air at room temperature.  Phosphosili-  
cates require a protective top layer because of their  
hygroscopic nature.  The properties of silicate glasses 
containing the oxides of a luminum or zinc showed no 
distinct advantages over the simpler b inary  boro- 
silicates. 

Manuscript  submit ted May 16, 1969; revised m a n u -  
script received Jan. 5, 1970. This was Paper  92 pre-  
sented at the Boston Meeting, May 5-9, 1968. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Technical Note @ 
The Development of a Primary Nonaqueous 

Lithium/Mercuric Fluoride Cell 
S. Lerner and H. N. Seiger* 

Electrochemical Research Laboratory, Gulton Industries, Incorporated, Metuchen, New Jersey 

The purpose of this program was to investigate the 
l i th ium/mercur ic  fluoride system. This communicat ion 
describes our efforts to make the H g F J H g  electrode 
dischargeable to a signficant extent  in a nonaqueous 
electrolyte. The theoretical wat thours / in .  3 (59) and 
wat thours / lb  (343) for the Li/HgF2 system compare 
favorably to those of the Ag /Zn  system (61 whr/in.3 
and 195 whr / l b ) .  In  addition, the theoretical open-  
circuit voltage of 3.4V is more than twice that of Ag /  
Zn (1.60V). 

Because of the dearth of informat ion about such 
systems, the approach chosen was based on previous 
experience with the l i th ium/n icke l  fluoride non -  
aqueous system (1). 

Preparation of Electrodes 
Mercuric fluoride was purchased commercial ly from 

Alfa Inorganics, Incorporated. Each shipment  of HgF2 
was analyzed for pur i ty  by x - r ay  diffraction. Li th ium 
metal  was purchased as a dispersion in minera l  oil 
from Foote Mineral,  Incorporated. 

The mercuric fluoride electrodes were prepared by 
pasting a mix ture  of HgF2, UCET acetylene black, 
silver powder, and Microthene on an  expanded Monel 
screen. The UCET is present  as a conductive diluent,  
as the HgF2 is not conductive. The silver is present  to 
prevent  electrode poisoning by amalgamat ing with the 
mercury  formed as a discharge product. The Micro- 
thene is a microporous polyethylene used as a binder.  
After pasting, the electrodes were heated to l l0~  to 
allow the b inder  to flow. 

The l i thium anodes were prepared by pasting l i thium 
in a minera l  oil dispersion onto an expanded nickel 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  p r i m a r y  b a t t e r i e s ,  n o n a q u e o u s  cel ls ,  l i t h i u m ,  m e r c u r i c  

f luor ide ,  l i t h i u m / m e r c u r i c  f luo r ide  s y s t e m .  

screen. The pasted screen was pressed in an iner t  at-  
mosphere to produce a un i form electrode. Prior  to 
constructing a cell, the dispersion oil was removed by 
leaching in hexane. 

The electrolyte chosen after investigations of a n u m -  
ber  of possible solvent-solute pairs was propylene car-  
bona te -phenyl  t r imethyl  ammon ium hexafluorophos- 
phate. 

Cell Testing 
Cells were constructed using l i th ium anodes, 

cathodes of composition 54% HgF2, 18% Ag, 18% UCET, 
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Fig. 2. C/6 discharge curve~HgF2/Li cell--electrolyte PC/ 
PTMAPF6D54% HgF2/18% Ag/18% C/10% binder (10 mA = 
2 mA/cm2). 

Fig. 1. Photograph of test cell 
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Fig. 3. C/150 discharge curve~HgF2/Li cell--electrolyte PC/ 
PTMAPF6D54% HgF2/18% Ag/18% C/10% binder (0.4 mA = 
0.08 mA/cm~). 
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and 10% Microthene binder,  and an electrolyte con- 
sisting of a saturated solution of phenyl  t r imethyl  am- 
monium hexafluorophosphate in propylene carbonate. 
The test cell block is shown in Fig. 1. The electrodes 
are placed in the slot and connections are made to the 
positive, negative, and reference electrodes. The jacks 
allow connection to an external  recorder. Typical dis- 
charges of cells of this type are shown in Fig. 2 and 3. 
Figure  2 is a C/6 discharge (10 mA or 2 m A / c m  2) in 
which the cell delivered 41% of its theoretical capacity 
at an average voltage of 1.66V. Figure 3 is a discharge 
at the 150 hr rate (0.4 mA or 0.08 mA/cm 2) in which 
the cell delivered 39% of its theoretical capacity. The 
average cell voltage for the entire discharge was 1.6V. 

Later  analysis showed the mater ia l  to be about 50% 
HgF2 and 50% HgO. Based on the HgF2 content, dis- 
charge showed about 80% uti l ization of theoretical 
capacity. Qualitatively,  self-discharge occurs to a sig- 
nificant extent  over a 2-week period. 

Conclusions 
The goal of this program was to prepare a mercuric 

fluoride electrode, dischargeable in a nonaqueous 
medium. 
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The work described in this communicat ion indicates 
that  a HgF2 pr imary  electrode can be prepared which 
yields a ramped shape voltage characteristic averaging 
1.6V at discharge rates of C/6 or lower, and is about 
80% efficient based on a two-electron change after cor- 
recting for the HgF2 content. It  has also been found 
that  the electrode polarization is, to a large measure,  
electrolyte dependent.  Also, the addition of silver to 
the electrode markedly  increases the voltage level on 
discharge. We believe this is due to amalgamat ion of 
the Hg as it forms, more so than to an increase of 
conductivity. 

Manuscript  submit ted Aug. 7, 1969; revised m a n u -  
script received Dec. 18, 1969. 

Any  discussion of this paper will appear in a Dis- 
cusslon Section to be published in  the December 1970 
JOURNAL. 
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Errata 
In the paper "A New Fas t -Charging  Power  Source" 

by P. Bro and N. Marincic which appeared on pp. 131- 
134 of the J anua ry  1970 issue of the JOURNAL, Vol. 117, 
No. 1, the charging rates were pr inted as ~ In  each 
case, these should be read without  the degree sign. 

In  the paper  "A Calorimetric Study of the Electroless 
Deposition of Nickel" by J.-P.  Randin  and H. E. Hin-  

t e rmann  which was published on pp. 160-167 of the 
February  1970 issue of the JOURNAL, Vol. 117, No. 2, 
in reactions [9], [11], and [12], p. 163, the coefficient 

b--2a 
(-~a/a) should be read x ~ ) "  
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A. Electrical Energy 

1. U. S. G e n e r a t i o n . - - I n  1968, t h e  e l ec t r i ca l  u t i l i t y  
i n d u s t r y  of  t h e  U n i t e d  S t a t e s  s co red  r e c o r d s  in  p r o d u c -  
t ion,  g e n e r a t i n g  c apab i l i t y ,  c o n s t r u c t i o n  e x p e n d i t u r e s ,  
sales,  a n d  r e v e n u e s .  P r o d u c t i o n  b y  t h e  i n d u s t r y  w a s  
1326 b i l l i on  k w h r ;  t h e  i n c r e a s e  of 114 b i l l i on  k w h r  
o v e r  1967 r e p r e s e n t e d  a n  i n c r e a s e  of 9.4%. F u r t h e r  
l a r g e  ga in s  a re  a n t i c i p a t e d  fo r  1969 (1) .  

T h e  t o t a l  U n i t e d  S t a t e s  e l e c t r i c a l  p o w e r  s y s t e m  
c a p a c i t y  a t  t h e  e n d  of 1968 w a s  293,366 Mw,  of w h i c h  
t h e  m a j o r  por t ion ,  226,293 M w  or  77.1%, w a s  o b t a i n e d  
f r o m  foss i l  fuel .  C o n t r i b u t i n g  f a c t o r s  to  t h e  l a r g e  
p r o p o r t i o n  of foss i l  f ue l  p l a n t s  a r e  r e d u c t i o n s  in  t h e  
cost  fo r  t r a n s p o r t i n g  coal, a n d  c o n s t r u c t i o n  of m i n e -  
m o u t h  p l a n t s  (2) .  

H y d r o e l e c t r i c  p o w e r  c o n t i n u e d  as t h e  s econd  m o s t  
i m p o r t a n t ,  b u t  dec l in ing ,  sou rce  of t h e  t o t a l  U.S. p o w e r  
supply .  C o n v e n t i o n a l  h y d r o e l e c t r i c  p l a n t s  a c c o u n t  for  
51,161 M w  or  17.6% of t h e  t o t a l  c apab i l i t y .  T h i s  
a m o u n t s  to  o n l y  26% of t h e  e s t i m a t e d  r e s o u r c e s  a v a i l -  
able .  Ye t  t h e  l a ck  of s u i t a b l e - s i z e  h y d r o  i n s t a l l a t i o n s  
h a n d i c a p s  f u t u r e  g r o w t h  of w a t e r  power .  O p p o s i n g  
t h i s  t r e n d  is t h e  a d v e n t  of  " p u m p e d - s t o r a g e "  s t a t ions .  
F o r  t h e  f i rs t  t ime,  p u m p e d - s t o r a g e  s t a t i s t i c s  h a v e  b e e n  
s e p a r a t e d  f r o m  c o n v e n t i o n a l  h y d r o e l e c t r i c  p r o d u c t i o n  
f igures.  W h i l e  t h e  n u m b e r  of c o n v e n t i o n a l  h y d r o  p l a n t s  
c o n t i n u e s  to  d w i n d l e  e a c h  year ,  t h e  d e v e l o p m e n t  of 
s i t es  fo r  t h e  p u m p e d - s t o r a g e  c a p a c i t y  is g r o w i n g  (3 ) .  

2. N u c l e a r  P o w e r . - - N u c l e a r  e n e r g y  d i d  n o t  m a k e  t h e  
o p e r a t i o n a l  ga in s  in  1968 t h a t  w e r e  expec t ed .  J u s t  380 
M w  w e r e  a d d e d  a c c o r d i n g  to t h e  d a t a  f r o m  t h e  F e d e r a l  
P o w e r  C o m m i s s i o n .  As  a r e su l t ,  t h e  t o t a l  of 2817 M w  
n u c l e a r - f u e l e d  g e n e r a t i o n  in  c o m m e r c i a l  o p e r a t i o n  
a m o u n t s  to  o n l y  1% of t h e  t o t a l  e l e c t r i c a l  p o w e r  sys -  
t e m  capab i l i t y .  T h i s  is t h e  s a m e  r e l a t i v e  pos i t i on  as a 
y e a r  ago. 

I n d u s t r y ,  h o w e v e r ,  is p l a n n i n g  i n c r e a s i n g  r e l i a n c e  on  
n u c l e a r  g e n e r a t i o n .  I t  is e x p e c t e d  t h a t  n e a r l y  35% of 
f u t u r e  e x p a n s i o n  i n s t a l l a t i o n s  wi l l  be  of t h i s  v a r i e t y .  
O r d e r s  fo r  d e l i v e r y  t h r o u g h  1974 a p p r o x i m a t e d  60- 
65,000 M w  of n u c l e a r - f u e l e d  capac i ty .  R e p o r t e d l y  o v e r  
70 u n i t s  a re  i n v o l v e d ,  of  500-1100 M w  size. O n l y  10% 
of t h i s  c a p a c i t y  is e x p e c t e d  to p r o d u c e  b y  t h e  e n d  of 
1970 (3 ) .  

T h e  t o t a I  a d d i t i o n s  to  U.S. p o w e r  g e n e r a t i o n  a r e  
l i s t ed :  

x This report is sponsored by the Industrial Electrolytic Division 
of The Electrochemical Society. Formerly it was known as the 
"Chlor-Alkali Report," but since 1963 it has been expanded to in- 
clude other electrolytic industries although it remains primarily a 
summary of production and developments in the chlor-alkali in- 
dustry. 

The material presented herein has been gathered from many 
sources, as noted in the References, and does not necessarily repre- 
sent the opinions of the authors. 

* Electrochemical Society Active Member. 

Generation additions in megawatts 

Total 
addi- 

Added Planned for: . . . . . . . .  tions 
Prime mover 1968 1969 1970 1971 1972 planned 

Hydro 2,493 1,757 1,723 1,461 3 ,915  8,856 
Pumped storage 818 400 - -  1,020 9,730 11,150 
Fossil steam 15,839 18,941 16,952 20,698 38,967 95,588 
Nuclear steam 805 2,885 6,873 8,065 44,444 62,267 
Internal combus- 

tion 345 267 60 47 522 896 
Gas turbine 2,495 4,107 2,261 256 666 7,290 
Total 22,795 28,357 27,869 31,547 98,244 186,017 

3. D-C Power T r a n s m i s s i o n . - - U t i l i t y  n e t w o r k s  
a d d e d  18,452 c i r cu i t  m i l e s  of  23 k V  a n d  over ,  h i g h -  
v o l t a g e  p o w e r  l ines  in  fiscal 1968. Th i s  w a s  a n  i n c r e a s e  
of 19% o v e r  1967. 

C o n s t r u c t i o n  c o n t i n u e d  on  t h e  i n t e r t i e  s y s t e m  l i n k i n g  
t h e  Pacif ic  N o r t h w e s t  a n d  t h e  S o u t h w e s t .  T w o  legs  a r e  
500 k V  a -c  l ines,  a l r e a d y  in  o p e r a t i o n .  A t h i r d  leg wi l l  
be  a n  825 mile ,  800 kV, d - c  l ine  f r o m  t h e  Da l l e s  S u b -  
s t a t i o n  on  t h e  C o l u m b i a  R i v e r  to  t h e  S y l m a r  s u b s t a -  
t ion  in  Los  Ange l e s .  T h e  f o u r t h  l ine ,  a lso 800 k V  d.c., 
e x t e n d s  f r o m  D a l l e s  to  H o o v e r  Dam.  B o t h  d - c  l ines  
a r e  c a p a b l e  of  d e l i v e r i n g  1350 M w  a n d  w i l l  r e a c h  
c o m p l e t i o n  in  1969 a n d  1972, r e spec t i ve ly .  W h e n  c o m -  
ple te ,  t h e  e n t i r e  s y s t e m  c a n  t r a n s f e r  4 m i l l i o n  k w  of 
p o w e r  in  e i t h e r  d i r e c t i o n  (3 ) .  

B. Chlorine-Caustic Soda 
1. P r o d u c t i o n . - - T h e  p r o d u c t i o n  of c h l o r i n e  i n c r e a s e d  

l a s t  y e a r  to  a n e w  r e c o r d  of 8,460,000 t ons  in  t h e  
U n i t e d  S ta tes ,  a c c o r d i n g  to t h e  p r e l i m i n a r y  f igures  of 
The  C h l o r i n e  I n s t i t u t e ,  Inc  (4) .  T h i s  is a n  i n c r e a s e  of 
a b o u t  10.7% o v e r  t h e  1967 p r o d u c t i o n  of c h l o r i n e  gas. 
I n  Canada ,  gas  p r o d u c t i o n  also r e a c h e d  a n e w  h i g h  of 
775,500 tons,  up  a b o u t  10.4% o v e r  t h e  p r e c e d i n g  year .  
A v e r a g e  a n n u a l  g r o w t h  r a t e  d u r i n g  t h e  p e r i o d  1959- 
1968 in  t h e  U.S. h a s  b e e n  73/4%. 

D u r i n g  1968, t h e  U.S. da i l y  c h l o r i n e  c a p a c i t y  j u m p e d  
1852 tons ,  or  a b o u t  8%. D u r i n g  t h e  s a m e  per iod ,  
C a n a d i a n  c a p a c i t y  g r e w  b y  1,97 tons ,  o r  a b o u t  8.6%. 
T h e  i n c r e a s e d  U.S. a n d  C a n a d i a n  c a p a c i t y  in  196'8 
s t e m m e d  f r o m  f o u r  n e w  a n d  s e v e n  e x p a n d e d  c h l o r -  
a l k a l i  p l a n t s ,  s o m e w h a t  f e w e r  t h a n  fo r  t h e  p r e v i o u s  
year ,  a n d  de sp i t e  t h r e e  p l a n t  s h u t d o w n s .  

D e s p i t e  t h e  a v a i l a b i l i t y  of a d d i t i o n a l  p r o d u c t i o n  
fac i l i t ies ,  U.S. m a n u f a c t u r e r s  in  1968 o p e r a t e d  a t  a v e r -  
age  m o n t h l y  r a t e s  of 96.4% of capac i ty ,  w h i l e  C a n a d i a n  
m a n u f a c t u r e r s  o p e r a t e d  a t  89.7 %. 

A t  t h e  e n d  of t h e  yea r ,  caus t i c  soda  w a s  in  t i g h t  
supp ly .  A l t h o u g h  t h e  g r o w t h  r a t e  fo r  caus t i c  is no t  
p r o j e c t e d  to b e  as g r e a t  as t h a t  fo r  ch lo r ine ,  i t  is 
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anticipated that  any future  oversupply of caustic soda 
will be solved by shifting the markets  between soda 
ash and caustic soda. Caustic soda has already re-  
placed soda ash in a luminum potlines, and it may 
accomplish a similar replacement  in the glass indust ry  
(5). 

2. Expansions . - -The Chlorine Inst i tute estimates 
that, by the end of 1969, projects now under  way will 
increase current  U.S. daily capacity of 25,090 tons by 
more than 2700 tons. Combined U.S. and Canadian 
annua l  capacity should reach 10,667,000 tons by the 
year 's  end. 

Recent changes and announced plans for capacity 
changes are shown below (6, 7) : 

Capacity,  Completion 
Company  & location Type of cell tons /day  date 

Monsanto,  Sauget ,  Mo. 

Monsanto, Annis ton,  Ala. 

(b) 
Alcoa, Point  Comfort ,  
Texas  
Allied Chemical  Corp., 
Baton Rouge, La. 
Allied Chemical  Corp., 
Syracuse ,  N. Y. 
Dow Chemical  of Canada 
Ltd., For t  Saska tchewan ,  
Alber ta  
Hooker  Chemical  Corp., 
Taft ,  La. 
Olin Mathieson Chemical  
Corp., Charleston, Tenn. 
Olin Mathieson Chemical  
Corp., Saltville, Va. 
React ive  Metals, Inc., 
Ashtabula ,  Ohio 
Vulcan Mater ia ls  Co., 
Newark ,  N. J.  

Amer ican  Magnes ium,  
Snyder ,  Texas  
Canso Chemical6 Ltd.,  
Abererombie ,  Nova  Scotia 
Consolidated Chemicals ,  
J a m a i c a  
Dow Chemical  Co., 
P i t t sburgh,  Calif. 
Dryden  Chemicals  Ltd., 
Brandon,  Mani toba  
G A F  Corp., Linden,  N. J.  

In te rprovinc ia l  
Cooperat ive  Ltd., 
Saskatoon,  Saska t chewan  
Kaise r  A l u m i n u m  & 
Chemical  Corp., 
Gramercy ,  La. 
Nat ional  Lead,  
Magnes ium Div.,  
Salt  Lake  City, Utah  
(Near Grantsvi l le)  
P P G  Industr ies ,  
Lake  Charles,  La. 
P P G  Industr ies ,  
Puer to  Rico 
Stauffer  Chemical  Corp., 
St. Gabriel ,  La. 
Velsicol, Memphis ,  Tenn. 

Wyandot te  Chemicals  
Corp., Geismar ,  La. 

(a) Shutdown 
Hooker  Jan.  1969 
D i a p h r a g m  
DeNora  May 1969 
Mercury  

Production Started 
DeNora  230 Apri l  1968 
Mercury  
Hooker  S-4 506 4th Quar te r  
D i a p h r a g m  1968 
Hooker  S-4 159 4th Quar t e r  
D i a p h r a g m  ] 968 
Dow 300 4th Quar te r  
D i a p h r a g m  1968 

Hooker  S-4 140 ? 
D i a p h r a g m  
Olin E-812 300 Mid-1968 
Mercury  
Olin E-812 ? 1st Quar te r  
Mercu ry  
Downs  50% exp. Por t ion mid-  

1968 
Hooker  100% exp. 2nd Quar te r  
D i a p h r a g m  ] 968 

(c) Building or Planned 
Magnes ium Port ion 1969 
Cells Bal. over 1970 
ICI  1st Quar t e r  
Mercu ry  1970 

500 1970 

Dow 450 Mid- 1970 
Mercury  
Dryden  60 2nd Quar te r  
D i a p h r a g m  1969 
BASF-Krebs  250 3rd Quar te r  
Mercu ry  1969 
K u r e h a  70 e:~p. 1st Quar te r  
HD-4 1969 
Mercury  
Hooker  S3B 300 exp. May 1969 
D i a p h r a g m  

Magnes ium 360 1971 
Cells 

DeNora  600 1st Quar te r  
Mercu ry  1969 
DeNora  500 ] 971 
Mercury  
Uhde 500 1st Quar te r  
Mercury  1970 
Hooker  S-4 2nd Quar te r  
D i a p h r a g m  1969 
Hooker  S-4B 350 April  1969 
D i a p h r a g m  

The greatest single end-use for chlorine is as a 
bleaching agent by pulp and paper mills, accounting 
for about 17% of all chlorine consumption, and the 
rate of growth of this usage is about as fast as the 
average of all the other uses. 

The major  growth market  for chlorine is in the pro- 
duction of v iny l  chloride. It was estimated that  more 
than 10% of the 1968 chlorine production was used for 
v inyl  chloride production as compared to less than  
9% in 1964, and the share going into monomer  produc- 
t ion will increase even more, since PVC output rose 
15% in 1968 and is still moving up (8). 

3. N e w  Deve lopments .ma.  Pricing. In  the last quar-  
ter  of 1968, a price hike of $4/ton of chlorine was 
announced, which brought  the price of chlorine in 
bulk  t ank-car  quanti t ies to $73-$74/ton (8). 

b. Mercury. The chlor-alkal i  indus t ry  continued to 
be the largest user of mercury, with significant in-  

creases this year in pharmaceut ical  and mi ldew-  
proofing paint  applications. Use of mercury  in catalysts 
dropped. 

Mine production of 25,600 flasks was up 8% over 
1967, and secondary product ion increased 35%. In 
addition, the General  Services Adminis t ra t ion  con- 
t r ibuted to the supply by cont inuing to release surplus 
mercury  at the average rate of 1700 flasks/month. In  
the first nine months of the year  this amounted to 
15,175 flasks, but  the stock was expected to be ex- 
hausted in early 1969. Ninety per cent of the domestic 
production was realized from California and Nevada, 
with the remainder  from Alaska, Arizona, Idaho, Ore- 
gon, Texas, and Washington. P r imary  production was 
valued at $13.9 million. 

Imports of mercury  decreased 12%, though world 
output  remained about constant. Turkey began ex- 
panding its production, and Cominco's Pinchi  Lake 
mine in British Columbia commenced production slated 
to reach 20,000 flasks/yr. 

The estimated average U.S. price was $542/flask in 
1968, compared with $489 for 1967 and $342 for the 
1962-1966 five-year period (9). 

Diamond Shamrock began production of mercury  in 
Texas in a plant  having an init ial  capacity of 2000 
flasks/yr. This company is also i nvo lved  in develop- 
ment  work in  Alaska where, with Hydrametals  Corp., 
it is evaluat ing a high-grade c innabar  deposit (10). 

C. Other Alkalis and Electrolytic Processes 
1. Caustic Po tash . - -Pre l iminary  production figures 

for caustic potash show an increase of about 8% to 
almost 178,000 tons in 1968 (11). The price for flake 
and liquid remained steady dur ing 1968 (12). 

Canadian na tura l  potash production continued to rise, 
and, for the companies with production facilities in 
both New Mexico and Saskatchewan, there is strong 
commercial  justification for increasing output  at the 
lat ter  at the expense of New Mexico (13). 

2. Soda Ash . - -Natura l  and synthetic sodium car- 
bonate (soda ash) production was 2.0 (14.) and 4.42 
mill ion (15) tons, respectively, in 1968. The bulk of 
the U.S. na tura l  production came from the Green 
River formation in Wyoming, with smaller  amounts 
from dry lake beds in California. 

While the quant i ty  of na tura l  soda ash rose about 
16% over the 1967 figure, the value of this production 
increased only 12%. Year-end bu lk  price was $1.55- 
$1.60/cwt; bagged price was $2.05-$2.15 in hundred-  
pound paper bags. 

According to British Chemical Engineering, dispro- 
port ionately rising chlorine consumption and the at-  
t endant  caustic excess has spurred design of an im- 
proved "electrolyser" by Czech researchers. The out-  
moded Hargreaves/Bird  un i t  ( introduct ion of carbon 
dioxide on the cathode side of a diaphragm cell to 
convert  hydroxide to soda) has been modified to a ver-  
tical cell with a deposited diaphragm, and graphite 
anodes. The hydroxyl  ions are mostly converted to 
carbonate ions and this catholyte processed to the 
final product by a second-stage carbonation in towers. 
An 80% conversion with a current  efficiency of 93-95% 
is reported (16). 

3. Sodium Chlorate . - -Uni ted States production of 
sodium chlorate in 1968 was 166,925 tons. This is about 
an 11% increase over the 1967 figure, larger than  the 
8% growth rate previously predicted (17). This growth 
rate is,expected to continue with the Penn-Ol in  com- 
pleted expansion to 31,000 tons/yr ,  and the Hooker 
and the American Potash expans ions  planned for 
early 1970 which will add 34,000 tons /yr  to indust ry  
capacity (18). 

The price of d rummed chlorate gradual ly increased 
to $190/ton by the end of 1968 (19). 

4. Sodium.--The projected production of sodium 
metal, based on the first n ine  months of 1'968, shows a 
drop of about 5%: 156,000 tons for 1968 compared to 
163,000 tons in 1967. Actual figures through September 
list 116,819 tons produced. Brick price continued most 
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of the  yea r  (20) at  $0.225/lb, but  ended the yea r  (19) 
sell ing for $0.24/lb; fused prices, in the  18,000-1b lots 
were  $0.225/lb at  year ' s  end. 

The largest  use of sodium is by  far  (over  80%) for 
the lead a lky l  business;  t e t r a - e t h y l - l e a d  and t e t r a -  
me thy l - l ead .  Of the  severa l  possible new marke t s  for 
sodium, the  br ightes t  appears  to be NACON (Simplex  
Wire  & Cable and Union Carbide  Corp.) Corp. 's me ta l -  
lic sodium po lye thy lene-c lad  electr ical  cable (21). A 
number  are  on test  in low-vol tage  applications,  and the 
next  ta rge t  is h igh-vol tage  cable. Other  possibil i t ies 
include l iquid sodium as a coolant  in nuclear  power  
stations, and as a reducing agent  in the  manufac ture  
of t i t an ium sponge. 

5. A l u m i n u m . - - P r o d u c t i o n  of p r ima ry  a luminum in 
the  Uni ted  Sta tes  in 1968 cont inued at  near  capaci ty  
for. most  of the  year  but  d ropped  s l ight ly  to 3.25 
mil l ion shor t  tons, pa r t ly  because of a midyea r  s tr ike 
at the  two leading producers  (22). 

Appa ren t  consumption of a luminum in 1968 in-  
creased s l ight ly  to about  4.1 mil l ion tons. The slight 
decrease in p r i m a r y  a luminum product ion was offset 
by  an increase in imports ,  in purchases  f rom surplus 
Government  stocks, and a decrease in producers '  
stocks. Secondary  a luminum product ion capaci ty  in-  
creases at  exist ing ins ta l la t ions  were  made by  addi t ion 
of new potl ines at: 

Anaconda  A l u m i n u m  Co., Columbia  Falls ,  Mont. 
Consol idated A l u m i n u m  Corp., New Johnsonvil le ,  
Tenn. 
Intalco A l u m i n u m  Corp., Bell ingham, Wash. 
Kaiser  A l u m i n u m  & Chemical  Corp., Tacoma, Wash. 
Reynolds  Metals  Co., Longview, Wash. 

New plants  are being bui l t  by:  

Eastalco A luminum Co., F rede r i ck  Co., Md. 
Gulf  Coast A l u m i n u m  Corp., Lake  Charles, La. 
Nat ional  Southwire  A l u m i n u m  Co., Hawesvil le ,  Ky. 
Nor thwes t  A l u m i n u m  Co., Inc., Warrenton,  Ore. 
Revere  Copper & Brass Co., Scottsdale,  Ala. 

The to ta l  Canadian  product ion in 1968 was approx i -  
mate ly  994,500 tons. I t  is expected tha t  the  product ion 
wil l  increase  about  10% in 1969 (23, 24). 

6. M a g n e s i u m . - - A p p a r e n t  consumption of magnes ium 
in 1968 was es t imated at  103,000 tons. A midyea r  
shor tage caused a severe stock deple t ion  coupled wi th  
an increase in net  exports .  Only 3600 tons of magne-  
s ium were  impor ted  in the J a n u a r y  to Sep tember  
per iod vs. exports  of 14,000 tons. In October,  however,  
legis la t ion enacted pe rmi t t ing  the Genera l  Services 
Admin i s t r a t ion  to offer 55,000 short  tons of magnes ium 
from the  na t ional  s tockpile y ie lded  only acceptable  
bids for 2600 tons. Thus it would  appear  the  midyea r  
shor tage had been a l levia ted  (25). 

Domestic product ion of p r i m a r y  magnes ium in 1968 
was 97,000 short  tons, or about  the  same as 1967. 
Secondary  magnes ium recovery,  too, was s imi lar  to 
1967, to ta l ing 13,000 tons this  year.  

Dow Chemical  Co. p lants  at  both  F reepor t  and 
Velasco, Texas, opera ted  at capacity,  producing mag-  
nesium from seawater ;  A labama  Meta l lurgica l  Corp. 
cont inued product ion f rom dolomite  at Selma, Ala.; 
and Ti tanium Metals  Corp. of Amer ica  at  Henderson, 
Nev., manufac tu red  magnes ium for t i t an ium produc-  
tion. As repor ted  last  year,  Amer ican  Magnesium 
Corp. began construct ion of a 30,000-tons/yr p lant  at 
Snyder ,  Texas. By mid-l '969, 10,000 tons of annual  
capaci ty  should be operable.  This faci l i ty  will  use mag-  
nesium chloride obta ined f rom underground  brines 
(26). 

Nor thwes t  Magnesi te  Co. pe rmanen t ly  shut  down 
the i r  operat ion of magnesi te  product ion at  Chewelah, 
Wash. I t  was repor ted  that  FMC planned  to discon- 
t inue opera t ion  of its magnes ium oxide plant  at  New-  
ark, Calif., if no buyer  was found b y  the end of the 
year .  Regard ing  the  Magnes ium Pro jec t  (of Nat ional  
Lead Co., Magnes ium Division) at  Grea t  Salt  Lake, 
plans are  moving fo rward  to opera te  a 45,000-tons/yr 

electrolysis  p lan t  for  magnes ium meta l  (and 81,000 
t ons /y r  of liquid chlorine). A major  step for MP cost 
considerat ions was real ized when the Utah  Public  
Service  Commission ordered  Utah  Power  and Light  
Co. to begin negot ia t ions which would  supply  the  
project  wi th  3.1 mil  power  on an un in te r rup tab le  
basis. Pi lot  operat ions  at  Henderson  have produced 
about 20 tons of magnes ium meta l  for deve lopment  
purposes  (27). 

Increas ing use of the BOF in the  steel  indus t ry  has 
reduced the per  unit  requi rements  for magnes ium re -  
fractories.  Accordingly,  cont inuing the t r end  s tar ted  
in 1966, product ion and demand  of refractor ies  fel l  
again in 1968. 

Dominion Magnesium, Ltd., the  only p r imary  mag-  
nes ium producer  in Canada,  shipped almost  22,200,000 
lb in 1968 as compared  to 19,550,000 lb in 1967. The 
demand  is expected to cont inue strong in 1969 (28). 

7. Manganese . - -A  reduct ion in impor t  dut ies  for 
manganese  fer roal loys  and meta l  was exper ienced  in 
1968, together  wi th  cont inuing soft ore prices. Domestic 
product ion of manganese  ore, ore concentrate,  and 
nodu les - -con ta in ing  35% or  more  manganese  cont inued 
to be insignificant compared  to consumption,  whi le  
both domestic  consumption and imports  showed l i t t le  
change f rom those of the  preceding year.  Aus t ra l ia ' s  
new Groote Eylandt  deposits became a m a j o r  suppl ier  
of manganese  ore for  both local consumption and ex-  
por t  (29). 

Domestic ore consumption was expected to be ap-  
p rox ima te ly  2.4 mil l ion tons, which is rough ly  the  same 
as tha t  for  each of the two previous years.  Foote  
Minera l  Co.'s large  new elect rolyt ic  manganese  meta l  
p lant  went  on s t ream in May  1968 at  New Johnson-  
ville, Tenn. 

Amer ican  Metal  Marke t  quotat ions for  manganese  
ore containing 46-48% manganese  dropped  1r ear ly  
in F e b r u a r y  to $0.59-$0.63 nominal,  per  long ton unit, 
c.i.f, eas tern  seaboard and Gulf  ports.  Manganese ore  
prices in all  marke t s  r emained  poor from the s tand-  
point  of suppliers.  Effective October  21, the price of 
s t andard  e lect rolyt ic  manganese  meta l  was cut to 
$0.266/lb f rom $0.2985. Reduct ions were  made in other  
grades of e lectrolyt ic  metal .  

8. B e r y l l i u m . - - F o r  the  four th  consecutive year,  the 
consumption of be ry l l ium in the U.S. increased.  Gen-  
eral  imports  of be ry l  dur ing the J a n u a r y  to S e p t e m b e r  
per iod of this year  tota led 3486 tons, valued at  $2,323,: 
639 at foreign ports.  Domestically,  Colorado and South 
Dakota  produced smal l  quanti t ies  of hand-sor t ed  beryl ,  
but  product ion da ta  ~are confidential.  The B r u s h  Be ry l -  
l ium Co., and Kawecki  Berylco Indust r ies  (Beryl l ium 
Corp. and Kawecki  Chemical  Co. merger )  processed 
hand-sor t ed  beryl ,  and electrorefined bery l l ium was 
made by  Bery l l ium Metals and Chemical  Corp. 

Government  inventor ies  at midyea r  showed 28,244 
tons of beryl ,  containing 11% BeO; 7387 tons of Bery l -  
l ium copper -mas te r  al loy;  and 229 tons be ry l l ium 
metal .  The Genera l  Services Admin i s t r a t ion  sold 16,857 
short  ton units  (stu)  of be ry l l i um oxide in Sep tember  
at $50.16-$53.27/stu. The same qual i ty  was offered for 
sale by  the GSA at the end of 1968 (30). 

In June, A lbe r t  H a y w a r d  (Assis tant  Director  of De-  
fense Engineer ing and Research)  s ta ted that,  in order  
to guarantee  a supply  of be ry l l ium meta l  for defense, 
the Government  may  consider subsidizing research in 
be ry l l ium product ion or possibly  even direct  a id  to 
producers.  A Government  r epor t  on sources and fab-  
r ica t ing capabi l i ty ,  supposedly  due in October, was to 
de te rmine  Government  action (31). 

9. Chromium. - -The  Uni ted  States  cont inued to re ly  
exclus ively  on imports  for its chromite  requirements .  
For  the  first nine months,  the meta l lu rg ica l  indus t ry  
consumed 634,000 short  tons of chromite  in producing 
287,026 tons of chromium alloys, whi le  the  re f rac tory  
and chemical  industr ies  consumed 249,000 and 150,000 
tons, respect ive ly  (32). 

Indus t r ia l  inventory  of chromite  on Sep tember  30 
was 26% lower  than at the  beginning of the year  as the  
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three  consuming industr ies  repor ted  significant de -  
creases in stocks. 

Genera l  Services  Admin i s t r a t ion  under  a long-range  
disposal  p rog ram placed on order  for fu ture  de l ivery  
99,031 shor t  d ry  tons of me ta l lu rg ica l  chromite.  This 
brought  the  to ta l  for the  p rog ram to 678,920 tons. Dur -  
ing the  first 11 months  of the  year,  indus t ry  took 
de l ivery  of 131,220 tons. In  October  and again in 
November ,  an addi t ional  183,680 tons of meta l lu rg ica l  
grade  chromi te  were  offered for sale on a compet i t ive  
bid basis. Al l  bids were  re jec ted  for both offerings. The 
ma te r i a l  is now avai lable  for  sale on a negot ia ted  
basis. 

In  November ,  GSA offered for sale on a compet i t ive  
b id  basis app rox ima te ly  22,000 tons of chemica l -g rade  
chromite.  (No acceptable  bids were  received.)  Indus t ry  
has shown no in teres t  in purchas ing this ma te r i a l  over  
the  past  three  years.  

Pr ice  of me ta l lu rg i ca l -g rade  chromite  cont inued to 
increase owing to Uni ted  Nations economic sanctions 
against  Southern  Rhodesia,  one of the  pr incipal  sup-  
p l iers  of domestic  requ i rements  pr ior  to 1967. The 
price of Russian (54-56% Cr203, 4-1 chromium to i ron 
rat io)  chromite  per  long ton was quoted at  $30.50-- 
$33.00 in 1967, $36.50--$40.00 in 1968, and $45.50--$49.20 
for 1969 del ivery.  The price of Turkish  ore fol lowed a 
s imilar  pat tern .  

10. T i t an ium.mTi tan ium sponge (refined ore) metal  
consumption dropped  apprec iab ly  f rom 20,000 tons in 
1967 to less than  15,000 tons this  year.  Sponge produc-  
t ion decreased 25%, due p a r t l y  to a s t r ike  at  React ive  
Metals  Inc. (owned by  U.S. Steel  Corp. and  Nat ional  
Dist i l lers  & Chemical  Corp.) , Ashtabula ,  Ohio, plant ,  
and pa r t ly  resul t ing f rom decreased demand.  Through 
September ,  genera l  imports  ( including some scrap)  
decreased about  one third.  There  were  no sales of 
t i t an ium sponge meta l  f rom the Government  stockpile 
dur ing  1968. At  the  end of the year,  99.3% pur i ty  
t i t an ium sponge meta l  sold for $1.32/lb; Japanese  
sponge meta l  was quoted at $1.25/lb. 

The s lump in the  use of t i t an ium is almost  whol ly  
due to cutbacks in aerospace programs,  which take  
about  90% of the  to ta l  U.S. output  (33). Pr incipal ly ,  
these were  reduct ions in federa l  spending caused by 
t igh te r  budgets  and the s t re tch-out  of the  supersonic 
t r anspor t  (SST) p rogram (34). In  an effort to bolster  
the sagging market ,  Ti tan ium Metals Corp. of Amer ica  
(owned by  Al legheny  Ludlum Steel Corp. and National  
Lead Co.) cut its prices on sheet, strip, and pla te  
by  about 20-30% in August  (35). I t  is hoped the price 
reduct ions wi l l  make  the  s t rong-bu t - l igh t  and ant i -  
corrosive qual i t ies  of t i t an ium more  a t t rac t ive  to con- 
s truct ion and chemical  industr ies.  Commerc ia l ly  pure  
sheet and s t r ip  (in 4000-1b lots, F.O.B. customer  p lant )  
d ropped  to $3.45/lb; alloy, $6.00-$9.90; p la te  HR, com- 
merc ia l ly  pure,  $3.00; alloy, $3.25-$4.85. 

Domestic product ion  and imports  of i lmeni te  both 
rose significantly. Consumption of i lmenite,  chiefly 
used for making  t i t an ium pigment,  r emained  near ly  
constant.  December  prices for domestic  i lmeni te  of 
60% TiO2 content  ranged f rom $30-$35/short ton; im-  
por ted  i lmeni te  of 54% TiO2 content  $20-$21/long ton 
or $1-$3/long ton less than  in December  1'967. 

Due to cessation of product ion in Ju ly  by M&T 
Chemicals,  sole U. S. producer ,  domestic  output  of 
ru t i le  was less than a th i rd  of wha t  it  was in . 1967. 
Ruti le  imports  were  also lower. Demand for ruti le,  
used in making  p igment  and metal ,  increased again 
this  year,  but  not  so much as in the last few years.  
In December  1968 impor ted  rut i le  of 96% TiO2 content  
was $121-$125/short ton, or  $2-$4/ton more than  last  
yea r  (36). 

11. Lithium, Cesium, and Rubidium.--The produc-  
t ion of l i th ium minera ls  and l i th ium carbonate  der ived  
f rom na tu ra l  sources was higher  in both quant i ty  and 
value  than  the  previous  year.  

The processors of l i th ium raw mater ia l s  to l i th ium 
p r imary  products  were  Foote Minera l  Co. at  Sunbright ,  
Va., and Si lver  Peak,  Nev.; Amer i can  Potash & Chemi-  

cal Corp., at  Trona, Calif.; and L i th ium Corp. of 
America ,  Inc., at  Bessemer  City, N.C. Product ion  data  
were  not avai lable  for publ ica t ion  (37). 

Some quoted prices for l i th ium products  are: l i th ium 
metal--100-1b lots, del ivered,  $8.00/lb; l i th ium car -  
bona te - -d rums ,  car  lots, ton lots, del ivered,  $0.445/lb; 
and l i th ium chloride,  anhydrous ,  car  lots, ton lots, 
del ivered,  $0.85-$0.87/lb. (19). 

Product ion  and prices of cesium and rub id ium in 
1968 were  about  the  same as in 1967 (38). 

12. Copper.  The indus t ry -wide  copper str ike,  which 
began Ju ly  15, 1967, cont inued th rough  the first qua r t e r  
of 1968 and resul ted  in a reduct ion  of mine copper 
output  again for the yea r  of 1968. The 1968 total  was 
1,199,000 tons, a reduct ion of 16% from the 1,429,000 
ton high es tabl ished in 1966; the month ly  output,  how-  
ever, based on the last  nine months of 1988 was 123,000 
tons which exceeded the 119,000 tons per  month  figure 
for 1966 (39). 

Smel te r  product ion f rom domestic  and foreign pr i -  
m a r y  mater ia l s  was listed, respect ively,  at 890,000 and 
220,000 tons for the  first ten months  in 1968, compared  
to 1,127,570 and 298,250 tons in 1966. The consumption 
of refined copper  also decl ined for the  second s t ra ight  
year,  to 1,860,000 tons; this represents  a decrease of 
4% from 1967 to 21% from 1966. Impor ts  of refined 
copper  and bl is ter  copper  were  up, es t imated at  400,- 
000 and 300,000 tons, respect ively,  over the 1967 values  
of 330,000 and 269,000 tons. Expor ts  of refined copper 
were  280,000 tons, or  about  the  same as 1966, af ter  a 
drop  of 159,000 tons in 1967. 

Stocks of refined copper  rose at p r ima ry  refineries, 
to ta l ing 46,000 tons; inventor ies  and unrefined copper  
also rose s l ight ly  to 272,000 tons by  the end of 1968. 

In Apri l ,  major  copper producers  ra ised the  price to 
$0.42/lb (from $0.38). Copper  scrap, at  a U.S. high 
of $0.48/lb in February ,  fel l  wi th  the resumpt ion  of 
product ion to $0.30/lb in May and leveled out at  $0.33/ 
lb as the  year  progressed.  The London Metal  Ex-  
change, s imilar ly,  quoted wi re  ba r  at a h igh of $0.90 
which decl ined to $0.58 by  December.  

13. N ickeL- -Grea t  ac t iv i ty  in the explora t ion  for, 
and deve lopment  of, nickel  deposits  throughout  the 
world,  coupled wi th  v i r tua l ly  universa l  product ion 
increases, fea tured  the indus t ry  in 1968. Supplies  re -  
mained  tight,  however,  despi te  the fact  that  no marked  
gain in domestic  consumption was registered.  The pro-  
ducer  pr ice remained  unchanged amid  rumors  of an 
increase in the  offing and differing opinion as to its 
p robable  t iming (40). 

Domestic product ion of p r i m a r y  nickel  from do-  
mest ic  ore was 13,050 short  tons, contained in fe r ro-  
nickel.  In addi t ion  to this production,  there  was ex-  
pected to be app rox ima te ly  1000 tons as a by -p roduc t  
of copper refining and 25,000 tons f rom secondary  
sources. 

Consumption in the  Uni ted  States  at approx ima te ly  
170,000 tons, as es t imated f rom nine months '  data, was 
at approx ima te ly  the  same level  as that  of the  p re -  
ceding y e a r - - s t i l l  down from the high of 1966. 

The producer  price for cathodes remained  at $0.94/ 
lb, F.O.B. shipping point, whi le  fer ronickel  remained  
at  $0.915/lb, same basis. Metals Week quotat ions for 
merchants '  or dealers '  cathodes had dropped by  De- 
cember  to $1.55-$1.65/lb, del ivered,  from $1.95-$2.05 at 
the  s ta r t  of the year.  

Impor ts  were  expected to approx imate  150,000 tons 
of contained nickel  wi th  expor ts  at the previous year ' s  
level  of app rox ima te ly  32,000 tons gross weight .  

World  product ion of nickel  increased approx imate ly  
553,000 tons wi th  h igher  product ion credi ted  for each 
of the impor tan t  producing countries.  Explora t ion  and 
deve lopment  were  vigorously  pursued  around the 
world.  

In  Canada, The In te rna t iona l  Nickel  Co. of Canada 
Ltd. announced tha t  construct ion was to s tar t  im-  
media te ly  on an $85-mill ion refinery at Copper  Cliff, 
Ontario. Also in Canada,  Fa lconbr idge  Nickel  Mines 
Ltd. brought  two new mines into production,  and 
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Sher r i t t  Gordon Mines Ltd. was construct ing a $2- 
mil l ion pi lot  p lant  for test ing la ter i t ic  ores from the 
Phi l ippines  and elsewhere.  

Both Fa lconbr idge  and In te rna t iona l  Nickel  p ro -  
ceeded with  plans designed to lead to eventua l  p roduc-  
tion f rom la ter i t ic  deposi ts  in the Dominican Re-  
publ ic  and  Guatemala ,  respect ively.  

P lans  for  underdeve loped  la ter i t ic  deposits  of the  
Phil ippines,  Indonesia,  New Caledonia,  and e lsewhere  
advanced as did deve lopment  of the  Aus t ra l i an  sulfide 
deposits. 

14. Zinc . - -The  increased smel ter  output  and the 
cont inued high impor ts  consumed in 1968 were  re-  
sponsible for a subs tant ia l  recovery  in the  domestic  
zinc industry.  Despi te  work  loss at  some locations 
due to strikes,  smel te r  product ion this  yea r  rose 6% 
to 1,070,000 tons, nea r ly  equal ing the a l l - t ime  1966 
high of 1,108,000 tons. The product ion of pigments,  
compounds,  and galvaniz ing by  direct  use of concen- 
t ra tes  increased about  9% to 124,000 tons of contained 
zinc. Pro jec ted  genera l  imports  of zinc wi l l  reach 
a l l - t ime  highs, app rox ima te ly  equal ing the 1943 ore 
va lue  of 539,000 tons and the  slab figure of 278,000 tons 
a t ta ined  in 1966. 

Despi te  the  1968 surge, U.S. mine  product ion of 
zinc d ropped  for the th i rd  s t ra ight  year ;  the  526,000- 
ton yield was the smal les t  since 1963. F i f t y - t h r e e  per  
cent of the  to ta l  came from Tennessee, New York, 
Idaho, and Colorado, in rank ing  order.  

P r ime  Western  grade  zinc on the East  St. Louis 
marke t  held  s teady for the yea r  at $0.135/lb. The Lon-  
don Metal  Exchange price var ied  a few tenths  of a 
cent dur ing  the year ,  and  was $0.119 in October  (41). 

D. Developments of Interest 
1. Vanad ium Ref ining. - -The Bureau  of Mines Meta l -  

lu rgy  Research Labora to ry  has developed an e lect ro-  
lyt ic  cell process for refining vanad ium to 99.99% 
pur i ty  for b reede r  reac tor  use. The process uses a 
mol ten  salt  e lec t ro ly te  containing vanad ium chloride. 
The anode is a cy l indr ica l  double  basket  containing 
99.5% pure  vanad ium briquettes,  and  the cur ren t  
passed th rough  the cells deposits  the  h igh -pu r i t y  
meta l  on a centra l  cathode of mo lybdenum (42). 

2. Dimensionally Stable Anode (DSA).--A devel -  
opment  of major  in teres t  to the  $500-mil l ion/yr  chlo- 
r ine /caus t ic  soda indus t ry  came this yea r  wi th  the  
announcement  by Diamond Shamrock  Corp. (Cleve-  
land, Ohio) and Oronzio De Nora Impian t i  E le t t ro-  
chimicici  (Milan, I t a ly )  of a d imensional ly  s table 
anode (DSA).  The anode is made  domest ical ly  by 
Diamond's  subsidiary,  Electrode Corp. ( fo rmer ly  Pe r -  
melec Corp.) which holds exclusive r ights  to p ro-  
duce, lease, and service the  new anode in the  U.S. and 
Canada and Mexico. De Nora is making  the DSA in 
I taly.  Monsanto, long the agent  marke t ing  de Nora 
cells in Nor th  America ,  wil l  continue on this role. 

The DSA is basical ly  an expanded  t i t an ium sheet 
having a th in  coating of a mix tu re  of severa l  conduc-  
t ive meta l l ic  oxides. The new anode is said to stay 
on s t r eam twice as long as the  convent ional  g raphi te  
anode. At  this t ime, servicing is requi red  which con- 
sists of recoat ing the t i t an ium subs t ra te  wi th  the  un-  
identif ied meta l l ic  oxides formulat ion.  Al though the 
coating remains  company-confident ia l ,  ru then ium ox-  
ide is thought  to be one of the components  (43). 

The advan tage  a t t r ibu ted  to a d imens iona l ly  s table  
anode would be the  constant  anode-ca thode  gap. I t  
is r epor ted  that  cells using the DSA operate  at 0.8V 
less than  graphite.  Such a condit ion reduces power  
losses, and power  is the  largest  single opera t ion  ex-  
pense. 

A cell  containing these electrodes is repor ted  to op-  
era te  at 50% higher  cur ren t  density,  increase cell 
product ive  capaci ty  by  50%, reduce electr ical  power  
requ i rements  by  10-20%, and requi re  less m e r c u r y  
ini t ia l ly .  I t  is also expected to opera te  wi th  less mer -  
cury loss per  ton of chlor ine produced (44). 

3. Great Salt Lake . - -The  Utah  Land  Board, th ree  
years  ago, de te rmined  to g r a n t  nonexclus ive  r ights  
to ex t rac t  the  dissolved sal ts  contained in Grea t  Sal t  
Lake.  In the  in te rven ing  period, two projects  have 
grown to ma jo r  significance: (a) L i th ium C o r p . - S a h -  
de t fu r th  A.G. 's  "Grea t  Sal t  Lake  Minerals  and Chem-  
icals Corp." and  (b) Nat ional  Lead  Co.-Magnesium Di-  
vision's "Magnesium Project ."  Nei ther  complex  wil l  be 
ful ly  operable  before  1970 (27). 

The  Grea t  Sal t  Lake  Minerals  and Chemical  Corp. 
is facing a total  expendi tu re  exceeding $30 mil l ion 
for  a solar  evapora t ion  (complet ion spr ing 1968) and 
l i th ium and salts  recovery  complex.  The "Magnesium 
Projec t"  outlay,  in the order  of $50 mil l ion over  the  
next  two years  i t  is reported,  wil l  encompass an elec-  
t rolys is  plant ,  a gypsum plant ,  and o ther  unspecified 
salts  recovery  plants.  

Recovery of salts  other  than  sodium chlor ide  is 
compl ica ted  by  the unique composit ion ( re la t ive ly  
high SO4 content)  and s t rength  of Grea t  Sal t  Lake  
brine. Sea wa te r  runs  about  3.5% dissolved salt;  G.S.L. 
analyses  27%: typ ica l ly  70% NaC1, 14% MgC12, 12% 
Na2SO4 and 4% KC1 plus impor tan t  smal l  concent ra-  
t ions of bromine  (100 ppm)  and l i th ium (40 ppm) .  
The Lake  covers 1000 square miles and is r epo r t ed  to 
be the biggest  source of low-cost  K2SO4 in the  world,  
in addi t ion to the  boon to chemical  product ion of 
magnesium, l i thium, and the other  salts. 

Manuscr ip t  received J u l y  22, 1969. This repor t  was 
presented  at  the  Indus t r ia l  Electrolyt ic  Division Lunch-  
eon at  the New York Meeting, May 4-9, 1969. 

Any  discussion of this r epor t  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1970 
JOURNAL. 
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Techniques for Melt-Growth of Luminescent Semiconductor 
Crystals under Pressure' 
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RCA Laboratories, Princeton, NeW Jersey 

ABSTRACT 

Wide -bandgap  I I I -V  and I I -VI  b ina ry  semiconductor  crysta ls  can b e  
grown f rom the mel t  by  a va r ie ty  of methods,  al l  requi r ing  pressure.  The 
necessary appara tus ,  f rom the s imple to the  sophist icated,  has been invest igated.  
Methods using resis tance or r f  heating,  unsuppor ted  or suppor ted  ampoules  
of severa l  mater ia ls ,  wi thout  or wi th  h igh-pressure  autoclave,  under  iner t  or  
act ive gas pressure ,  and the requi red  control  systems, a re  described.  A broad 
descr ipt ion of the  l iquid encapsulat ion method  is given, and construct ion de-  
tai ls  a re  contained in the figures. Special  a t tent ion  is given to the  growth  of 
ga l l ium phosphide  crysta ls  and to the  p repara t ion  of the s tar t ing ma te r i a l  
f rom the elements.  

Compounds l ike  ZnS [mp 1830~ (1)] ,  ZnSe [mp 
1515~ (2)] ,  CdS [mp 1475~ (1)] ,  ZnTe [mp 1300~ 
(3)] ,  and  GaP [rap 1470~ (4)]  decompose into the i r  
volat i le  components  far  be low the i r  mel t ing  points  so 
tha t  crystals  can be grown from the  mel t  only  under  
pressure.  Since la rge  crys ta ls  can be grown from the 
mel t  fas te r  and hence more  inexpens ive ly  than  by  
other  methods,  the  need for in i t ia l ly  costly pressure  
equipment  is no longer  a ma jo r  de ter rent .  

As usual  in many  fields, the long per iod of dormancy  
in which  only a few devoted enthusias ts  do the  ex -  
p lo ra to ry  work,  wi thout  much response, is over  for 
c rys ta l  g rowth  f rom the mel t  under  pressure.  Recent ly  
it became the focus of at tent ion.  This  was caused by  
the  coincidence of an indus t r ia l  need for  GaP crys-  
tals  for e lec t ro luminescent  diodes, t r iggered  by  the 
achievement  of high efficiency in the  visible,  and the 
achievement  of large  GaP single crysta ls  made  by  
pu l l ing  th rough  a boric  oxide  b lanke t  under  pressure.  

'Many of the  resul ts  descr ibed here  are  sca t tered  in 
government  contract  and conference repor ts  so that  
a r ev iew of this increas ingly  impor tan t  field is now 
t imely.  The  resul ts  of o ther  workers  in this  field a re  
included.  Most of the  methods  descr ibed below have 
ac tua l ly  been tes ted by  us, so tha t  thei r  advantages  
and d isadvantages  can be re la ted  wi th  authori ty .  

The pape r  is organized by descr ib ing the techniques 
in sequence of increas ing complex i ty  and refinement,  
which  coincides f requen t ly  wi th  the  chronological  or-  
der  of the i r  conception. Since mate r ia l s  synthesis  is 
closely in te rmeshed  wi th  crys ta l  growth,  the  synthesis  
methods are  not  descr ibed separate ly ,  but  wi th in  the 
p roper  context.  We t rea t  Br idgman  and Czochralski  
methods  under  high iner t  gas pressure  and under  ca-  
t ion or anion vapor  pressure,  the  necessary equipment ,  
control  systems as they  become necessary,  and m a -  
te r ia l  synthesis  f rom the  elements.  Since it is of p r ime  

1 T h e  r e s e a r c h  r e p o r t e d  in  t h i s  p a p e r  w a s  s p o n s o r e d  in  p a r t  b y  
t h e  A i r  F o r c e  C a m b r i d g e  R e s e a r c h  L a b o r a t o r i e s ,  Office of  A e r o s p a c e  
R e s e a r c h ,  u n d e r  C o n t r a c t  N u m b e r s  A F 1 9  (604} 8018 a n d  A F 1 9  (628)-  
3866; a n d  R C A  L a b o r a t o r i e s ,  P r i n c e t o n ,  N e w  J e r s e y .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c r y s t a l  g r o w t h ,  s e m i c o n d u c t o r  c rys t a l s ,  l i qu id  e n c a p -  

su l a t i on .  

impor tance  now, we descr ibe  in detai l  c rys ta l  growth  
using l iquid encapsulat ion,  publ i shed  by  Metz, Mil ler  
and Mazelsky (5) in 1962, appl ied  to GaP  first by  
Bass and Oliver  (6) at  SERL, and amplif ied b y  our 
own resul ts  (7). 

The paper  contains,  besides numerous  new scientific 
results,  prac t ica l  exper iences  and technological  inno-  
vations, especia l ly  in the  figures. The paper  is confined 
to techniques and methods; proper t ies  of the  p repa red  
crys ta ls  have been and wil l  be descr ibed elsewhere.  

Resistance Heater Methods 
Bridgman growth under high inert gas pressure.-- 

Tiede and Schleede (8) found that  ZnS and CdS could 
be mel ted  by  r e t a rd ing  the decomposi t ion wi th  high 
n i t rogen pressure .  We found this method to work  only 
for I I - u  compounds,  where  cation and anion are  s im-  
i la r  in volat i l i ty .  With  I I I - V  compounds,  the  me ta l  
has ha rd ly  any vapor  pressure  and thus  is re ta ined  
in the crucible,  whereas  the  anion escapes. GaN and 
InN decompose even under  200 a tm of N2 pressure.  
Due to the  s tabi l i ty  of the  N2-molecule,  n i t rogen be -  
haves  l ike  an iner t  gas in this case. 

To repulse  the emanat ing  vapors  effectively, the  
pressure  of the  iner t  a tmosphere  should be as high as 
possible; more  than  100 a tm are  usua l ly  appl ied  for 
ZnS and CdS. The a tmosphere  at  t he  mel t  surface 
should be still,  not  turbulent ,  which  precludes  c rys -  
ta l  pul l ing  because of s t rong the rma l  draf ts  at  the 
open meniscus of the  melt .  The crucible  should be 
covered by a lid. 

Af te r  examin ing  o ther  possible construct ions (1, 9), 
we found tha t  the  most advantageous  g raph i te  tube 
furnace,  sui table  for 2200~ max  and 200 atm, is the  
one shown in Fig. 1 (10, 11). In  this furnace,  a s traight ,  
h igh-dens i ty  carbon tube,  which can be t apered  in 
its wa l l  thickness  along its length  at  wi l l  to influence 
the  t he rma l  gradient ,  is c lamped and contacted at  one 
end by  a packing  of compressed graphi te  granules  to 
al low for the rmal  expansion and contraction.  The au-  
toclave  lid is one electrode, the  bo t tom vessel  the  
other. Since only 12V max  are  needed, the  pressure  
gasket  seal also acts as an e lect r ica l  insulator .  For  
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Fig. 1. Carbon-tuba furnace (12V, 2000A) for up to 2200~ 
250 atm. "The carbon tube with stepped-up wall thickness and 
radiation shields is held by granular carbon packings at the ends. 

reasons of purity,  use of carbon or molybdenum cyl in-  
ders as radiat ion baffles is preferable  to granular  
ceramic insulat ion (12). Other graphite furnaces using 
delicate double-wal l  graphite tubes  or double helixes, 
with contacts at the same side, are not as rugged and 
flexible in use. 

Corrosive vapors from the melt  at tack thermo-  
couples; smoke and thermal  schlieren in the com- 
pressed, dense gas make the use of optical pyrometers  
inaccurate. Therefore, the tempera ture  is sensed best 
with a sapphire rod light conductor (10), as shown 
in Fig. 1. Stabil ization of the input  power against l ine 
voltage fluctuations 2 is advantageous in all crystal 
growth equipment  described. For this part icular  fur-  
nace, temperature  control was via saturable reactor 
and s tep-down transformer,  using a proport ional  con- 
troller. To allow accurate control by the sluggish big 
saturable reactor, load inert ia  had to be increased by 
using a thick-walled,  cylindrical  graphite radiat ion 
baffle, not  shown in the figure. (To prevent  oscillations, 
a control system must  be able to respond faster than  
the process to be controlled.) A simple electromechani-  
cal mel t ing-poin t  detector (12) was found to be very 
useful. 

Crystals of all wide-gap II -VI compounds are now 
being grown successfully by this method at many  
places. 

The capillary-tipped ampoule method for ZnTe.-- 
ZnTe has a relat ively low mel t ing tempera ture  and 
decomposition pressure, but  the s tar t ing mater ia l  
usual ly contains a-s l ight ,  hard- to- remove  excess of 
te l lur ium. The ZnTe therefore develops a higher pres- 
sure when it is sealed into a quartz ampoule than its 
t rue  stoichiometric decomposition pressure, which is 
1.9 arm. 3 This leads to thermoplastic expansion of the 
ampoule. 

2 A u t o m a t i c  v o l t a g e  r e g u l a t o r ,  G e n e r a l  R a d i o  C o m p a n y ,  Conco rd ,  
M a s s a c h u s e t t s .  

T h i s  v a l u e  is h i g h e r  t h a n  t h e  p u b l i s h e d  v a l u e  of  0.6 a t m  ob-  
t a i n e d  b y  e x t r a p o l a t i o n  f r o m  m e a s u r e m e n t s  a t  l o w e r  t e m p e r a t u r e .  
W e  d e t e r m i n e d  it b y  l o w e r i n g  t h e  p r e s s u r e  o v e r  a l i q u i d - e n c a p s u -  
l a t ed  m e l t  (see l a t e r  in  t h i s  a r t ic le )  u n t i l  t h e  m e l t  s t a r t e d  f u m i n g  
v i o l e n t l y .  T h e  c o r r e s p o n d i n g  v a l u e s  fo r  Z n S e  (2.2 a t m ) ,  a n d  fo r  CdS  
(3.2 a r m ) ,  a lso  d i f f e r  f r o m  p u b l i s h e d  va lue s .  Z n S  cou ld  n o t  be  m e a s -  
u r e d  b y  t h i s  m e t h o d  d u e  to  r a p i d  v o l a t i l i z a t i o n  of t h e  e n e a p s u l a n t  
a t  1830~ 

i / - W I R E  
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Fig. 2. Melting of ZnTe in unsupported quartz ampoules with 
capillary cold trap to remove excess components. 

It was found that  ZnTe crystals can be grown from 
the melt  in unsupported quartz ampoules if the am-  
poules have a capillary extension which protrudes 
from the furnace into the cold, where it is closed (139. 
This cold capillary traps the excess volatile component  
and then  seals itself (Fig. 2). This simple method is 
applicable to other similar compounds. 

The "soft ampoule" method.--In order to control 
the stoichiometric composition of the growing crystal, 
one has to apply excess cation or anion pressure. This 
requires a gas-t ight  container  which is iner t  at tem-  
peratures of about 1500~ where compounds such 
as GaP, ZnSe or CdS melt. 

A quartz or borosilicate (Vycor) ampoule, even 
when thermoplastic at the melt ing point of the com- 
pound, serves as a gastight inert  vessel. By let t ing the 
in te rna l  decomposition pressure drive it against a 
t ight-fi t t ing graphite enclosure which counteracts the 
mechanical  forces (14) (see Fig. 3), many  atmospheres 
of pressure can be sustained. This method works for 
ZnSe and CdS, and has been used recent ly in modi-  
fied form for GaP (15). 

It was found earlier (14) that, dur ing the ini t ial  
heat ing of a compound to the mel t ing point, the in -  
ternal  pressure could be high while the ampoule is 
still brittle, leading to ampoule failure. This can be 
prevented by heat ing the ampoule  very  fast, so that  
it reaches its softening tempera ture  while the charge 
is still relat ively cool, and therefore, does not exert  
its full decomposition pressure. This method is simple 
but  limits the t ime of growth runs  to a few hours due 
to gradual  divitrification of the quartz, unless alkali  
contaminat ion is carefully avoided (26). 

Preparing II-VI compounds from the elements . -  
The II -VI compound materials can be purchased as 
chemically prepared fluffy powders. 4 Particle size can 
be enlarged by firing in hydrogen. But  if one melts 
such densified powders, the volume of the final ingot 
is still only about 1/5 of the original powder, leaving 
too much unused crucible space. 

As compared to the customary laborious synthesis 
of polycrystal l ine chunks from the elements by vapor 
reaction in sealed ampoules, the following method is 
much simpler and yields compact slugs which can be 
made exactly to fit the crucible that  is later  used for 
s ingle-crystal  growth. 

The spectroscopically pure elements are reacted in 
a small  "bomb" (Fig. 4) which is pressurized with full  

4 F o r  i n s t a n c e  f r o m  G e n e r a l  E l e c t r i c  C o m p a n y ,  1099 I v a n h o e  Rd. ,  
C l e v e l a n d  10, Ohio .  
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Fig. 4. Bomb for synthesis of polycrystalline II-VI ingots from 
the elements. 

t ank  pressure of argon (250 atm) (11). When the Mo- 
wound heater  is slowly warmed to the mel t ing point  
of the compound, the pressure rises to about 400 atm 
by thermal  expansion of the gas. The mixed pieces 
of the elements,  even if they should react  strongly 
exothermically, cannot create a shock wave, due to the 
iner t  atmosphere slowing down the rate of the reac- 
tion. The upper  end of the quartz tube reaches out 
of the furnace into the colder par t  of the bomb, acting 
as a t rap and "reflux" cooler. Since some anion vapor 
is usual ly  lost, one adds more than  needed at the be-  
ginning.  
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Fig. 5. RF Bridgman growth under controlled atmosphere in un~ 
supported quartz ampoule. 

All I I -VI compounds can be synthesized quite easily 
in this way, including ZnS. For the I I I -V compounds, 
especially the phosphides, bet ter  methods are described 
later. 

Induction Heater Methods 
Vertical and horizontal Bridgman method in un- 

supported quartz ampoules.--Induction heat ing can 
be more advantageous than  resistance heating be-  
cause it allows one to heat a graphite crucible to a 
very  high tempera ture  inside a quartz ampoule, 
whereas the ampoule  itself can be kept below its 
weakening temperature.  S tandard-wal l  quartz tubes 
of 1-in. OD can stand 30 atm of pressure up to 1000~ 
However, safety shields should be used for protection 
of the operator. 

In  the a r rangement  shown in Fig. 5, the lower, 
cooler par t  of the ampoule extends into a wi re -wound  
heater  which is bifilarly wound (two paral lel  helixes 
connected at one end, with both terminals  at the 
other end) as are all  wi re -wound  resistance heaters 
located near  rf coils, to prevent  rf coupling. It  con- 
tains the excess cation or anion mater ia l  which pro- 
vides the required vapor pressure. The upper, hotter  
par t  receives an exper imenta l ly  adjusted amount  of 
radiat ive heat from the graphite susceptor inside (13). 
The tempera ture  of this part  can be roughly checked 
wi th  "Tempilst ik" thermocrayons.  5 

To mel t -grow ZnS and CdS, a sulfur  atmosphere 
cannot  be used with porous carbon susceptors because 
of CS2 formation which leads to explosions (10, 16). 
Vitreous carbon is more inert, bu t  the growth runs  
still must  be short. Much better  results are obtained 
by melt ing II-VI compounds under  their  metal  vapors. 
In  this way, ZnS, CdS, and ZnSe can be prepared 
highly n - type  and with high mobi l i ty  (10) (especially 
with addit ional  a luminum doping) in a one-step proc- 
ess, in contrast  to other methods which require after-  
firing of the crystal submerged in a cation metal  melt. 

This method can also be used for horizontal  zone 
melt ing (16). For example, silver impurit ies have been 
effectively swept to one end of a ZnSe ingot, render -  
ing it weakly p- type  (17). 

Vertical Bridgman growth in pressure-relieved am- 
poules.--To remove the explosion hazard of quartz 
ampoules, the decomposition pressure inside the am- 
poule, which reaches a dangerous magni tude  in the 
preparat ion of GaP (35 atm),  can be balanced by ex- 
te rna l  gas pressure in a steel autoclave. 

s T e m p i l s t i k  C o r p o r a t i o n ,  N e w  Y o r k ,  N.  Y. 
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Fig. 6. RF Bridgman growth of ZnSe in pressure-com~nsated 
sealed ampoule in steel autoclave. Note the coaxial rf input. 

A n  rf  work  coil p laced  inside a t h i ck -wa l l ed  steel 
vessel  does not  lead to significant power  losses if 2-3 
in. of c learance is mainta ined.  The wa te r -coo led  r f  
leads should be brought  th rough  the  steel  walls  coaxi-  
a l ly  if magnet ic  steel  wal l s  and /o r  f requencies  above 
1 megacycle  are  used. Fo r  nonmagnet ic  (s tainless 
steel)  walls, which are  p re fe rab le  for cleanliness,  and 
for f requencies  of 500 ki locycles or  lower, s imple 
s t ra ight  pa ra l l e l  feedthroughs  with  Teflon bushings s 
are  sufficient. 

This ver t ica l  Br idgraan  method  (Fig. 6) has been 
successful ly used for  ZnSe crys ta l  g rowth  (I0, 17, 18) 
and  is appl icab le  to GaP growth  under  P pressure .  

In  o rder  to s impl i fy  this method  and do away  with  
ampoule  pumping  and sealing, a demountable ,  re -  
usable  ampoule  wi th  a ground ~oint can be used (17). 
The in te rna l  a tmosphere  communicates  wi th  the  ex-  
t e rna l  pressur ized gas (which, for  this  reason, must  
be of u l t rah igh  pur i ty )  th rough  a cap i l la ry  which is 
hea ted  to p reven t  clogging. The c rys ta l  grows, in the  
case of ZnSe for  example ,  in an a rgon-se len ium at-  
mosphere.  This method  has the  addi t ional  advan tage  
tha t  the  added  argon pressure  p reven ts  bubbl ing  of the  
sol idifying mel t  caused by  exuda t ion  of the  excess 
anion concentra t ion of the mel t  at the  interface,  which 
is f requent ly  observed in pure  anion atmospheres .  The 
d isadvantage  is, of course, tha t  some anion  vapor  es- 
capes th rough  the  capi l la ry  and contaminates  the  au-  
toclave;  th is  can be minimized  by  t r app ing  it on a 
nea rby  cold surface. 

Fo r  m e l t - g r o w t h  of GaP we found ear ly  (10) that  
boron n i t r ide  containers  a re  desi rable  since BN does 
not  react  wi th  GaP  (19). "Boral loy"  pyro ly t ic  BN cru-  
cibles 7 a re  ideal  since they  are  ve ry  pure  and can be 
reused  almost  indefini tely because the  GaP does not  
s t ick to the walls.  For  I I -VI  compounds,  v i t reous  ca r -  
bon s makes  an excel lent  conta iner  mater ia l .  

This g rowth  method,  in conjunct ion wi th  Boral loy 
containers,  has y ie lded the most economical  method 
for GaP  synthesis  and crys ta l  g rowth  (see Fig. 7). 
Pu re  ga l l ium and red  phosphorus  9 a re  p laced in a long 
conical  Bora l loy  crucible,  separa ted  by a pe r fo ra ted  
radia t ion  baffle, as shown. The  crucible  is closed by  

G " C o n a x  G l a n d s , "  m a n u f a c t u r e d  by  C o n a x  Corpo ra t i on ,  Buffa lo ,  
N e w  York.  

v Union Carbide Corporation, iNe~ York,  N. Y. 
s Beckwith Carbon Company. Van Nuys, California. 
~Gallium: Alusuisse, Metals, Inc., Fort Lee, N. J. Phosphorus: 

Mitsubishi International Corp., New York, N. Y. 

-.... 

I000 PSi 
I ARGON PRESSURE 

0 

0 

0 

0 

\ x 
\ \ \ \  
\ \ 

x 
x 

/ / /  
/ / /  
z/Z 
"/// 

;4/., 
/// 

/ / / 

/ 

~ BORALLOY 

~ H E  ATER, 59oe C ' ~  

~ ~RED PHOSPHORUS 

'. ~ ~BORALLOY PIECES ~', 

~L'-- ~RALLELOY R AD' ATION 

~ --"R F COIL 
O 
O .--- GALLIUM O 
n / H E  A T  ER 

CARBON 0 SUSCEPTOR 
0 

-.--B N PEDESTAL 

Fig. 7. GaP synthesis and crystal growth in a demountable pyro- 
lytic BN ampoule. 

a loosely fitting Boral loy lid, made  in ten t iona l ly  non-  
fi t t ing by a piece of red  phosphorus  which  volat i l izes 
subsequently.  The whole  sys tem is pumped,  filled, 
and pressur ized wi th  argon to 75 atm. The gal l ium is 
heated to 1500~ and the phosphorus  to 590~ cor-  
responding to 40 a tm of phosphorus  pressure.  The 
red  phosphorus  is qui te  s table  and decomposes only 
ve ry  g radua l ly  to a t ta in  its t he rma l  equ i l ib r ium pres -  
sure. 

Af te r  the  GaP has formed,  the  Bora l loy  crucible  is 
s]owly cooled, or  lowered  into a cooler zone, for  Br idg-  
m a n - t y p e  crystal l izat ion.  The thin  and flexible Bor -  
al loy conta iner  does not  exe r t  mechanica l  s t ra in  on 
the crys ta l  by differential, t h e r m a l  expansion.  Af te r  
this, the  sys tem is shut  off and depressur ized.  The 
GaP crys ta l  fal ls  r ight  out  of the  inver ted  Bora l loy  
crucible.  This is a one-s tep  opera t ion  which can be 
ful ly  automated,  wi th  no contaminat ion  b y  silicon 
(which occurs by  contact  wi th  quar tz)  or carbon (if 
a carbon rf  susceptor  in a phosphorus  a tmosphere  is 
used) ,  and al l  par ts  can be reused indefinitely.  

In  all  of these methods,  the necessary rf  power  set-  
t ing for  reaching the mel t ing  point  must  be de te rmined  
in a p r e l i m i n a r y  "dry"  run  where  a thermocouple  is 
inser ted  into the  crucible.  Tungs ten - rhen ium the rmo-  
couples 10 are  most  sui table,  even  though they  dr i f t  
somewhat  due to contaminat ion.  This effect is much 
s t ronger  in p l a t i n u m - r h o d i u m  thermocouples  which 
are  ve ry  sensi t ive to phosphorus.  

Dur ing  the  ac tual  run, one usual ly  rel ies  on the 
constancy of the  genera tor  output  which  is sensed 
via rf  p ickup coil and  " thermocross"  tube  11 (Fig.  8), or 
g r id -d ip  meter .  An  addi t ive  combinat ion  of t he rmo-  
couple t empera tu re  s ignal  and rf  p ickup signal  proved 
to give even be t t e r  constancy (20) (be t te r  than  • 
1~ Ve ry  smal l  loads ( th imble-s ized  crucibles)  r e -  
qui re  fas t - responding  control  systems using thyr i s to rs  
or  thy ra t rons  in the  rf  power  supply  (20), whereas  
la rger  (about  pound-s ized)  loads can be convenient ly  
contro l led  wi th  customary,  s luggish sa tu rab le  reactor  
systems in the  l ine power  supply.  Fo r  medium-s ized  
loads, such as for  a crucible  of 200g weight,  it  is be t -  

lo E n g e l h a r d  Indus t r i e s ,  Inc. ,  N e w a r k ,  New Jersey .  
z~ RCA t u b e  No. 1946. 
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te r  to use smal l  fas t - responding  p re sa tu ra t ed  sa turab le  
reactors  in the  pulsed d.c. of the  h igh-vol tage  l ine to 
the  rf  tubes,  TM presen t ly  st i l l  more  re l iab le  than  SCR's, 
r a the r  than  a bu lky  reac tor  in  the  l ine  vol tage  supply.  
Tempera tu r e  control  systems employing fast  smooth 
a l l -e lec t ronic  s ignal  transferee are  inexpensive  and 
p re fe rab le  to j e r k y  e lec t romechanica l  systems. 

Czochralski-type pulling under pressure.--Grem- 
m e l m e i e r - t y p e  pul l ing  (21) under  pressure  in sealed 
quar tz  ampoules,  wi th  force t rans fe r  by  ro ta t ing  m a g -  
nets, requi res  r a the r  accurate  bucking  of the  in te rna l  
decomposi t ion pressure  by  ex te rna l  autoclave pres -  
sure to p reven t  explosions or inplosions (10). The 
slow a t ta inment  of the  equ i l ib r ium phosphorus vapor  
pressure  over  red  phosphorus necessi tates  a differen-  
t ia l  manomete r  ( I0) ,  but  this  adds fu r the r  compl ica-  
tion. There  are  o ther  addi t ional  reasons which make  
this method  undu ly  difficult. In  addi t ion to the auxi l i -  
a ry  hea te rs  to ma in ta in  the  vapor  pressure,  one needs 
addi t ional  hea ters  to keep the v iewing windows un-  
fogged, since vis ibi l i ty  is manda to ry  for crys ta l  pu l l -  
ing. Fu r the rmore ,  for pul l ing I I -VI  compounds,  a t -  
mospheres  consist ing of the  group VI vapors  cannot 
be used because S, So, and  Te vapors  a re  opaque ( l f l ) .  
If one a t tempts  to grow under  cat ion vapor  pressure,  
the  requ i red  t empera tu res  to reach  the proper  vapor  
pressures  a re  above 700~ where  the  magnets  be -  
come ve ry  weak.  Ins tead  of the  Gremmelme ie r - type ,  
one must  use demountab le  ampoules  wi th  precis ion-  
sealed ro ta t ing  quar tz  shafts  (Fig. 9) (10), w i th  e lab-  
ora te  baff le  shields to p reven t  s t icking by  formation 
of deposits. Such systems have been built ,  and much 
effort was s p e n t  to pul l  GaP crysta ls  under  phosphorus 
pressure  using a magnet ic  pul l ing appara tus  (25), 
wi th  only pa r t i a l  success, due to these complications.  
However ,  in the  perspect ive  of this paper ,  the  method 
i l lus t ra ted  in Fig. 9 is p resen t ly  the  only one which 
would pe rmi t  pulling of I I -VI  crystals ,  for which no 
sui table  encapsulants  (see la ter )  are  avai lable  as yet.  

Crystal Growth Using Liquid Encapsulation (L.E.) 
Czochralski puIling.--Crystal pul l ing  using an or i -  

ented seed is undoubted ly  the  best  c rys ta l  growth 
method.  By placing a l iquid b lanke t  of mol ten  boric 
oxide  on top of the  semiconductor  mel t  and  apply ing  
iner t  gas pressure  exceeding the decomposi t ion pres -  
sure, mel t  decomposi t ion and escape of vapors  can be 
p reven ted  in an e legant  and s imple  way, making  
aux i l i a ry  hea ters  and ampoule  enclosures unnecessary  
(5, 6, 22). Now crys ta l  pul l ing under  pressure  th rough  
the vi t reous  viscous b l anke t  is possible. At  1500~ 
the  B~O~ evapora tes  only ve ry  slowly,  so tha t  crys ta l  
growth  runs ex tending  over  many  hours are  possible. 
The loss of phosphorus  is ve ry  slight. The boric oxide 
glass b lanke t  is also beneficial  in reducing  the t em-  

1~ M c D o w e l l  E l e c t r o n i c s  C o m p a n y ,  MetucherL,  N e w  J e r s e y .  
13 E l e c t r o n i c  C o n t r o l  S y a t e m s ,  Inc . ,  F a i r m o n t ,  W e s t  V i r g i n i a .  

Fig. 9. Pressure puller using close-fitting rotating shaft 

pera ture  loss of the  mel t  surface, and by  dampening  
oscil lat ions of the  mel t  meniscus caused by ex te rna l  
vibrat ions.  

Tempera tu re  control  at the  beginning of the run  is 
ve ry  crit ical.  If  the  mel t ing t empera tu re  is exceeded 
too far,  the  mel t  s tar ts  fuming and becomes meta l - r ich .  
This inevi tab ly  leads to polycrys ta l l in i ty .  To reduce 
this risk, the  iner t  gas pressure  should be as high as 
possible.  We use 75 a tm for GaP. 

At  present ,  boric oxide* seems to be the  only prac t ica l  
encapsulant .  I t  must  be v a c u u m - d r i e d  for 24 h r  at  
1200~ (6).  To be suitable,  an encapsulant  must  wet  
the  crucible,  o therwise  vapors  wil l  escape th rough  the  
annular  slot at the  crucible  wal l  (7, 10). Proposed  
mol ten  salts  such as BaF2 (22) do not wet  carbon or 
BN; they  wet  quartz,  but  heav i ly  a t t ack  it. Also, these 
mol ten  salts are  "pervious" b lanke ts  for I I -VI  com- 
pounds  because they  are solvents for the  mel t  (7, 10). 
Since they  are  not  vitreous,  they  dr ip  off the  seed near  
the  in ter face  and hence do not  protect  the  pu l led  
crystal .  In  th ick  layers  such mol ten  salts m a y  be usable  
for Br idgman  growth,  p rov ided  they  do not  contami-  
na te  or  dope the mel t  wi th  the i r  consti tuents.  

The boron contaminat ion  of I I I -V  mel ts  f rom B20~ 
is below the ppm range.  However ,  I I -VI  melts  p ick up 
about  300 ppm of boron (7). ZnSe can be pu l led  (7),  
but  I I -VI  pul l ing is much ha rde r  than  I I I - V  crys ta l  
pul l ing due to the  miscibi l i ty  of mol ten  BeD3 wi th  the  
I I -VI  melt.  New encapsulants  may  have to be found 
for  satisfactory I I -VI  pull ing.  

Our equ ipment  for L. E. pul l ing  is shown in Fig. 10 
and 11.14 The sys tem can be run  in a normal  labora tory ,  
wi th  direct  personal  control  and viewing,  as opposed to 
commercia l  systems which requi re  remote-control ,  
c losed-ci rcui t  te levis ion viewing,  and special, exp lo-  
s ion-pro tec ted  buildings.  

I t  is impor t an t  to s ta r t  with a GaP po lycrys ta l l ine  
ingot which fills the  crucible  solidly,  for the fol lowing 
reason:  If one s tar ts  wi th  a crucible  filled wi th  i r regu-  
l a r ly  shaped chunks, too much boric oxide is needed to 
fill the  crevices and to cover the  tops of the  highest  
chunks to p reven t  the escape of phosphorus.  When  the 
GaP finally melts,  the  resu l tan t  B208 layer  is too th ick  
for easy pul l ing,  since v is ib i l i ty  t h rough  this l aye r  
g radua l ly  de te r iora tes  due to emerging  excess gal l ium 

l~ B u i l t  a t  a to t a l  cost  of $12,000, i n c l u d i n g  t h e  con t ro l s  s h o w n  in 
F ig .  8 a n d  t h e  r f  g e n e r a t o r  (on ly  B k w  a r e  n e e d e d  w i t h  p r o p e r  i m -  
p e d a n c e  m a t c h i n g ) .  

* U l t r a p u r e  B~O3, U n i t e d  M i n e r a l s  & C h e m i c a l  Co., N e w  Y o r k ,  
N.Y. 
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Fig. 10. Apparatus for liquid encapsulation-pulling under 1000 
psi (75 arm) pressure, with direct viewing. The quartz rod eliminates 
most of the optical turbulence and is seff.defogging. Vibrations 
have been minimized by rubber-mounting the motors and by hoist- 
ing the autoclave on a spring. 
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Fig. 11. Crucible arrangement and accessories for liquid encap- 

sulation pulling. Note retractable melting point detector and 
electro-optic temperature sensor combined with rf power signal 
pickup for control. Temperature is measured by W-Re thermo- 
couples. Contact between seed and melt is monitored by an 
ohmmeter. 

which forms ga l l ium subbora te  d ispersed in the  B~O~. 
One can then  see the  pu l led  par t  of the  crys ta l  only  
minutes  later ,  when  it  emerges  f rom the  encapsulan t  
layer .  In  general ,  the layer  should not be th icker  than  
3/8 in. We therefore  found it  advantageous  to syn the-  
size a solid ingot  in the  same type  of crucible  f rom 
which the  c rys ta l  is pu l led  la te r  on. Demountable  r e -  
usable  equipment  capable  of producing  sound, s toi-  
chiometr ic  GaP ingots of 80g weight  is shown in 
Fig. 12. 

EATED T 

APtLLARY C / AUTOCLAVE 

700 PS "r ~ TNSULATION 

I QUARTZ CHUNKS 

EATER 

Fig. 12, Demountable setup for synthesis of GaP ingots 

The t e m p e r a t u r e  control  p rob lem presents  here  a 
new difficulty. One must  t ake  grea t  care to p reven t  the  
r u n a w a y  effect, which is much more  serious here  t han  
in normal  c rys ta l  pull ing,  due  to the  high t empera tu re ,  
and due to the  l imi ta t ion  of v is ib i l i ty  th rough  the 
B2Oa layer .  I f  one wants  the crys ta l  to become thicker ,  
the  increas ing c rys ta l  size d raws  more  hea t  f rom the  
melt ,  t he reby  cooling it, so tha t  in the ex t reme  ease the 
whole  mel t  solidifies. On the o ther  hand, if  one wants  
the crys ta l  to become thinner ,  for instance for forming 
a neck at  the  beg inn ing  of g rowth  to e l imina te  twins, 
the  th inner  c rys ta l  d raws  less hea t  f rom the  melt ;  if  the 
power  input  remains  constant ,  the  mel t  t e m p e r a t u r e  
increases,  unt i l  the  c rys ta l  is in ter rupted .  

M a x i m u m  use of the  "reset"  funct ion of the  3-act ion 
contro l ler  makes  mel t  t e m p e r a t u r e  more  independent  
of heat  demand.  This is p re fe rab le  to s imply  keeping 
input  power  constant .  Ins tead  of a thermocouple ,  a 
sapphi re  rod  l ight  conductor  (10) which  pipes the  
vis ible  hea t  rad ia t ion  into a sil icon solar cel l  is ve ry  
sensi t ive for control l ing,  due to the  T4 dependence  of 
rad ia t ion  intensi ty .  One can combine this  s ignal  wi th  
a s ignal  f rom the r f  ou tput  power  p ickup sensor 
(Fig. 11), in va ry ing  proport ions.  

Liquid encapsulation Bridgman growth.--The pre -  
viously descr ibed L. E. pul l ing method,  though a g rea t  
advance over  previous  methods,  requi res  h igh ly  ski l led 
manpower  and does not  y ie ld  a good crys ta l  every  
t ime.  L. E. B r idgman  growth,  a l though it  usua l ly  does 
not  y ie ld  or ien ted  crystals ,  is more  economical  since it 
can be ful ly  automated .  Compared  to the  method  de -  
scr ibed before (see under  Ver t ica l  Br idgman  growth  
in p res su re - re l i eved  ampoules ) ,  however ,  it  does not  
pe rmi t  synthesis  and growth  in one run,  and  the  GaP 
crys ta l  cannot be so easi ly removed  from the Bora l loy  
crucible  since the  B20~ pul ls  off a thin BN skin each 
t ime. 

Liquid encapsulation zone ~eveting.--The growth  of 
mixed  a r sen ide-phosphide  or sulfo-selenide crysta ls  
(which  are  of in teres t  for eIect roluminescence)  f rom 
the mel t  by hor izonta l  zone level ing was fo rmer ly  
impossible  because one could not  provide  the  correct  
pressur ized anion vapor  a tmosphere  mixture .  This di f -  
ficulty can now be overcome easi ly by  cover ing a long 
hor izonta l  boat  containing the al loy wi th  B2Oa, app ly -  
ing iner t  gas pressure,  and zoning in an autoclave  (7). 

Liquid encapsutation 5roaring zone growth.--Frosch 
and Der ick  (23) have  a l r eady  repor ted  c ruc ib le - f ree  
floating zone growth  of GaP. By embedding  the  in i t i -  
a l ly  po lycrys ta l l ine  GaP rod  in a B~Oa-melt, one can 
use the  buoyancy  to grow a th icker  c rys ta l  than  w i t h -  
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out  the  l iquid encapsulat ion.  Despite this, i t  is clear  
that  this  in teres t ing  method (24) poses no advantages  
at present .  

Summary and Conclusion 
Mel t -g rowth  of crysta ls  under  pressure  from decom- 

posable mate r ia l s  has come of age, especial ly  for the  
impor tan t  w ide -gap  I I I -V  and I I - V I  mater ia ls .  A syn-  
opsis of ava i lab le  methods  revea ls  that ,  for obta ining 
GaP single crystals ,  l iquid encapsulat ion (L.E.) pul l ing 
is the  most e legant  method.  However ,  a new unified 
synthesis  and Br idgman  growth  method in Bora l loy  
conta iners  m a y  be more  economical.  L.E. pul l ing of 
I I -VI  crysta ls  is more  difficult and must  p robab ly  
awai t  a more  sui table  encapsulant  than  8203 before  its 
widespread  application.  For  I I -VI  mater ia ls ,  the  va r i -  
ous Br idgman  methods  using component  vapor  or  iner t  
gas pressure  for the  suppression of decomposi t ion can 
be employed.  

For  al l  of these methods,  the  requis i te  technologies 
and most sui table  methods  have  been invest igated,  
evaluated,  and described.  
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Reports on ECS Summer Assistance Awards and Weston 
Fellowship Award for 1969 

During the summer  of 1969, the  fol lowing gradua te  
s tudents  received $800 each, represen t ing  th ree  Sum-  
mer  Assis tance Awards  of The Elect rochemical  Society. 

L a r r y  R. Fau lkner ,  Ha rva rd  Univers i ty ,  Cambridge,  
Mass., was awarded  the  Edward  Weston Fel lowship.  

Lucien Papouchado,  The Univers i ty  of Kansas,  
Lawrence,  K a n ,  was des ignated  rec ip ient  of the  Colin 
Garfield F ink  Fel lowship.  

K a t h r y n  R. Bullock, Nor thwes te rn  Univers i ty ,  
Evanston, Ill., received the ECS Summer  Fe l lowship  
Award .  

The S u m m e r  Assis tance A w a r d  is made  "wi thout  
r egard  to sex, citizenship, race, location, or financial  
need to a fel low or teaching assis tant  pursu ing  work  
be tween  the  degree  of B.S. and Ph.D. on a subject  in 
a field of in teres t  to The Elect rochemical  Society." I t  is 
in tended to cover a per iod  dur ing  which the recipient  
has no financial  suppor t  for the cont inuance of his 
work.  

The Edward Weston Summer 
Fellowship Report 

A summary  of Mr. Fau lkne r ' s  r epor t  is given below. 

Magnetic Field Effects on Some Fluid-Solution 
Processes Involving Anthracene Triplets and 

Their Relevance to the Mechanism of 
Electrogenerated Chemiluminescence 

Over  the  pas t  few years ,  a fa i r ly  subs tant ia l  research  
effort has been d i rec ted  toward  a grea ter  unde r s t and -  

ing of a novel  group of chemiluminescent  e lec t ron-  
t ransfe r  react ions (1-4).  As an example ,  a typica l  re -  
action of this type  might  involve the homogeneous one-  
e lect ron oxidat ion of the rubrene  radical  anion in some 
nonaqueous solvent  such as N,N-d imethy l fo rmamide .  
When  one carr ies  out this reaction,  one of ten observes 
the  emission of l ight  having  the same spect ra l  d is-  
t r ibu t ion  as the  fluorescence of rubrene.  Moreover,  one 
observes the same emission if one reduces the radical  
cat ion of rubrene  in a homogeneous react ion using 
some sui table  reduc tan t  (5). Severa l  studies have 
shown that  this  k ind  of chemi luminescent  e lec t ron-  
t rans fe r  react ion is common among aromat ic  hyd ro -  
carbons and the i r  der ivat ives  and also among sev~eral 
heterocycles  (2, 6-8). Since the reac tants  are  most 
easi ly  genera ted  and s tudied electrochemical ly ,  this  
phenomenon has become known as "e lec t rogenera ted  
chemiluminescence"  (ECL).  

The invest igat ions which have been carr ied  out thus 
far  wi th  these  organic systems s t rongly  suggest  tha t  
exci ted  molecular  electronic states are  popula ted  di-  
rec t ly  in the  redox  step. That  is, the  resul ts  indicate  
tha t  exci ted states are  ac tua l ly  in te rmedia tes  in these 
redox reactions.  Since e lec t ron- t rans fe r  react ions are  
fundamenta l  to all  of chemistry,  the discovery tha t  
exci ted states par t ic ipa te  in the  t ransfer  in some cases 
raises questions of substance to many  different  fields, 
such as the  Study of quenching mechanisms of exci ted  
states and the  s tudy  of e l ec t ron- t r ans fe r  in biological  
systems. Thus i t  is not  surpr is ing  tha t  inves t igators  
work ing  in this a rea  have sought  to unders tand  the  
more  in t imate  detai ls  of this react ion and its mech-  
anism. 
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Highlights for Los Angeles Meeting 
The Electrochemical 

Society Lecture 
Dr. Leo Brewer, Professor of Chem- 

istry and Head of the Inorganic Ma- 
terials Research Division of the Law- 
rence Radiation Laboratory at the Uni- 
versity of California in Berkeley, has 
been selected to deliver the ECS Lec- 
ture, choosing as his topic "Electrons 
--The Universal Glue." It will be pre- 
sented at the Plenary Session of the 
137th ECS National Meeting in Los 
Angeles, California, on Monday, May 
11th, at 9:00 A.M. 

Dr. Brewer attended California Insti- 
tute of Technology and received his 
B.S. in 1940. He attended the Univer- 
sity of California, Berkeley and re- 
ceived his Ph.D. in 1943. He then be- 
came a Research Associate, Manhattan 
District Project, University of Califor- 
nia, Berkeley. In 1946 he was appointed 
assistant professor, University of Cali- 
fornia, in 1950 associate professor, 
and in 1955 he became professor of 
chemistry. Since 1961 he is also Head 
of the Inorganic Materials Research 
Division of the Lawrence Radiation 
Laboratory. He became a member of 
the Natural Academy of Sciences in 
1959. A frequent invited speaker at 
national and international meetings 
such as the International Congress of 
Pure and Applied Chemistry, Paris, 
1957, he .has delivered honorary lec- 
tures at universities throughout the 
country. 

Dr. Brewer is an inorganic physical 
chemist of international stature who, 
by introducing the discipline of mod- 
ern high-temperature chemistry over 
15 years ago and most recently formu- 
lating an alloy theory for the transi- 
tion metals, has advanced the under- 
standing of the behavior of materials 
in areas most in need of improvement. 
He 'has systematically attacked im- 
portant chemical problems at high 
and very high temperatures .by experi- 
mental and theoretical means. His ap- 
proach includes an unusual array of 
techniques from the arsenal of mod- 
ern chemistry, physics, and metallurgy, 
combined with a great imagination 
and a keen judgment of critical fac- 
tors. 

Dr. Brewer is keenly interested in 
communicating the most advanced 
scientific results to his students and 
those concerned with the application 
of this knowledge to practic~al prob- 
lems. Very interested in the education 
of our youth, he has been actively en- 
gaged in the reform of high school 
science curricula in California. 

Some of the national awards re- 
ceived are: Guggenheim Fellow, Ox- 
ford, 1950-1951; 'Leo Hendrick Baeke- 
land Medal, ACS, 1953; E. O. Lawrence 
Memorial Award of the AES, 1961. 

Dr. Leo Brewer 

Banquet Speaker 
Dr. William H. Pickering, Director 

of the Jet Propulsion Laboratory, Cal- 
ifornia Institute of Technology, Pasa- 
dena, California will be the guest 
speaker at the Annual Banquet of the 
137th ECS National Meeting in Los 
Angeles on Tuesday, May 12th at 6:30 
P.M. His topic will be "Exploring the 
Solar System." 

For over a decade since the launch- 
ing of the Soviet earth satellite Sput- 
nik in late 1957, Dr. Pickering has 
been devising, developing, and super- 
vising significant space and satellite 
programs for military and civilian 
agencies of the United States Govern- 
ment. Under his direction, the U. S. 
lunar and planetary missions, RANGER, 
MARINER, and SURVEYOR were 
planned, developed, and carried out 
at JPL. 

In December 1962 the MARINER 11 
spacecraft successfully completed a 
fly-by mission of the planet Venus, 
culminating a 109-day journey of over 
180.2 million miles. This date marks 
the birth of the interplanetary age, 
indicating the first time that man pen- 
etrated the depths of space to the 
vicinity of another planet and obtained 
first-hand information. In July 1964, 
the spectacular flight of RANGER VII 
radioed to earth 4,316 high-resolution 
pictures of the lunar surface of the 
moon which proved to be 2,000 times 
better than those produced by the 
best earth-based telescopes. Again, in 
February and March of 1965, RANGERS 
VIII and IX successfully photographed 
still other selected areas of the moon. 

In July 1965 after a 228-day journey 
of over 325 million miles, the first 
close-up pictures of another planet 
(Mars) were obtained by the MARINER 
IV spacecraft. 

In June 1966 the SURVEYOR I space- 
craft, built under the technical di- 
rection of JPL, landed gently on the 
surface of the moon after a near- 
perfect 63-1/2 hour flight. Over a 
period of 42 days, SURVEYOR received 
and acted upon approximately 120,000 
commands from the earth and re- 
turned over 11,000 pictures of which 
the first 144 were relayed "live" through 
commercial television and Early Bird 
satellite to the nation and to Europe. 

Dr. Pickering was born in Welling- 
ton, New Zealand. He attended Can- 
terbury College, University of New 
Zealand, before leaving for the United 
States to continue his studies at the 
California Institute of Technology. He 
received his B.S. degree in Electrical 
Engineering in 1932, his M.S. in 1933, 
and his Ph.D. in Physics in 1936. He 
then joined the Caltech faculty as an 
instructor in electrical engineering 
and was appointed, successively, as- 
sistant professor, associate professor, 
and in 1946 professor in electrical en- 
gineering. In 1954 he was appointed 
Director of the Jet Propulsion Lab- 
oratory. 

Dr. Pickering is a member of the 
National Academy of Sciences and a 
Charter Member of the National 
Academy of Engineering. He is past 
president of the International Astro- 
nautical Federation; an Honorary Fel- 
low and Past President of the Ameri- 
can Institute of Aeronautics and Astro- 
nautics; a Fellow of the Institute of 
Electrical and Electronic Engineers; 
the American Academy of Arts and 
Sciences; and the American Associa- 
tion for the Advancement of Science. 
He is a member of the International 
Astronautics Academy; the American 
Association of University Professors; 
the American Geophysical Union; and 
the Royal Society of New Zealand. He 
is an Honorary Fellow of the British 

(Continued on page 158C) 

Dr. William H. Pickering 
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sense. Since I was doing a lot of trans- 
lating in other languages for the boys 
here, I thought I'd better get the Rus- 
sian, too." 

Dr. Frary, the man of science, found 
no conflict between religion and sci- 
ence. He considered religion the single 
most important factor in a man's life, 
saying: "A man is hired for his charac- 
ter and ability, and religion builds char- 
acter." 

Today, technicians at Alcoa Research 
Laboratories have the opportunity to 
start or continue their education with 
tuition loans from the Francis C. Frary 
Educational Fund. He established the 
fund with the $1000 he was awarded 
with the Acheson Medal of The Electro- 
chemical Society. 

About retirement, Dr. Frary said: "My 
main argument for retirement is that 
when a man gets to a certain age he 
should move along and let some of the 
young man have their shot." 

Until they moved to the nearby Pres- 
byterian Home, a grandfather clock, in 
the family since 1788, stood on the 
stair landing in the Frary home. Dr. 
Frary's study was an alcove with an 
antique desk and a wall of French 
windows looking out on his apple trees. 

Said his wife Alice: "The trees got 
exactly five sprays a yearand a spring 
pruning--and every pruning wound got 
a dab of aluminum paint. He loved to 
travel and work with his hands. He even 
built a fallout shelter downstairs. He 
never had enough time to read. And 
he had a passion for fruit. But, above 
all, work was his gospel." 

N E W S  I T E M .  

Mathers Lectureship Established 
at Indiana University 

A lectureship in chemistry, honoring 
Dr. Frank C. Mathers, professor of 
chemistry at Indiana University, has 
been set up through an anonymous 
donation from a former student of 
Dr. Mathers. Recognizing Dr. Mathers' 
productivity as a research chemist, 
the lectureship was established to 
present discussions of their research 
by noted chemists. The first holder of 
the lectureship is John S. Griffin, pro- 
fessor of chemistry at Indiana Univer- 
sity, who will give a series of four 
lectures during the 1970 spring se- 
mester. 

Dr. Mathers has continued to work 
regularly in his Indiana University re- 
search laboratory since his retirement 
20 years ago. when he had served on 
the faculty 47 years. Many of his 
former students have advanced to top- 
level positions in industry and as edu- 
cators. 

His principal research interest has 
been in electrochemistry, especially 
electroplating. He is credited with 
many improvements in technique in 
this field, During World War I, he dis- 
covered a workable method of prepar- 
ing fluorine gas. Fluorine produced by 
his method was used at Oak Ridge 
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National Laboratory in the processing 
of uranium for atomic reactors. 

Born on a Monroe County farm in 
1881, Dr. Mathers received his A.B. 
and his M.A. degrees at Indiana Uni- 
versity, and his Ph.D. from Cornell 
University. He returned to Indiana Uni- 
versity as an assistant professor, ad- 
vancing to associate professor in 1913 
and professor in 1923. He was interim 
chairman of the Department of Chem- 
istry in 1946-1947. 

Dr. Mathers was President of The 
Electrochemical Society in 1940-1941 
and has published many articles in 
the JOURNAL. In 1959 he became an 
honorary member. 

Notice to Members 
April 1 is Cut-Off Date 

Your attention is called to Ar- 
ticle Il l, Section 9 of the So- 
ciety Constitution which states: 
"Any member delinquent in dues 
after April 1 of each year shall 
no longer receive the Society's 
publications, and will not be al- 
lowed to vote in any Society 
election until such dues are 
paid. All members in arrears for 
one year after the first of April 
shall lose their membership 
status and can be reinstated only 
by action of the Board of Di- 
rectors." Members who have not 
sent in 1970 payments were 
mailed a second notice in March 
and are urged to make payment 
promptly in order to avoid delay 
in receipt of the JOURNAL. 

P O S I T I O N S  A V A I L A B L E  

Please address replies to the box 
number shown, c/o The Electrochem- 
ical Society, Inc., 30 East 42 St., New 
York, N.Y. 10017. 
Solid State Chemist Physicist or Metallurgist 
sought to take part in government sponsored 
project in major east coast university. Re- 
quired is interest in theoretical and calcula- 
tory work diffusion in solids. Reply Box B-52. 

Applications invited for Research Team in 
Electrochemistry to be bui l t  up on Campus 
East Coast University. Good background in 
modern electrode kinetics, practical knowl- 
edge in electronic instrumentation is ad- 
vantage. Hiring at Technician B.S. and Ph.D. 
level group leader intended. Apply Box B-53. 

Book Reviewers Needed 
The Electrochemical Soceity 

needs competent individuals to 
review .books for the Journal. 

Any Society member who 
wishes to volunteer his services 
should send his name, address, 
and field of competence to the 
attention of the Book Review 
Editor, Dr. Julius Klerer, c/o The 
Electrochemical Society, 30 East 
42 Street, New York, N. Y. 10017. 
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ABSTRACT 

The polarization characteristics of copper-cupric chloride electrodes in 
Lewis acid-type organic electrolytes, using propylene carbonate as an  aprotic 
solvent, were studied. Two exper imental  techniques were used: a mul t i re f -  
erence polarization cell (MRP) and a rotat ing disk electrode (RDE). For the 
latter, a range of rotat ional  velocities from 25 to 2000 rpm was covered. 
Following el iminat ion or accounting for concentrat ion polarization, the re-  
main ing  polarization is considered to be a t t r ibutable  not  only to charge t rans-  
fer steps, but  also to chemical steps such as a slow dissolution of the cupric 
chloride crystal in this electrode of the second kind. Apparent  exchange cur-  
rent  density values in the range of 3-6 x 10 -5 A/cm2 have been determined 
for the reduction of CuC12 to copper. 

The interest  in high energy bat tery systems em- 
ploying organic nonaqueous electrolyte with aprotic 
solvents has focused a t tent ion on metal  halides as 
cathode materials  (1). Litt le is known about the po- 
larization behavior of electrodes of this type in Lewis 
acid-type electrolytes in cyclic ester solvents such as 
propylene carbonate. The purpose of this s tudy was to 
develop and adopt two techniques for a s teady-state  
de terminat ion  of the polarization characteristics of 
metal  halide electrodes in nonaqueous media, and as 
an ini t ial  s tudy to determine the cathodic polarization 
of a copper-cupric chloride electrode in LiCI-A1C13- 
propylene carbonate electrolyte. 

Apparatus and Experimental Procedure 
Cathodic polarization of copper-cupric chloride 

electrodes has been determined by the use of two 
galvanostatic methods in  which the steady-state po- 
larization is achieved at successively increased levels 
of current  density. One of the methods is based on the 
employment  of a cell with a precise, uni form geome- 
t ry and equipped with a mult ipl ic i ty  of sidewall 
reference electrodes (MRP cell) ;  the other is based 
on the use of the rotat ing disk electrode in a closed 
system cell specifically developed for work with non-  
aqueous electrolytes. 

Multireference polarization cell (MRP cell).--The 
MRP cell was designed as a symmetr ical  cell of cyl in-  
drical un i form cross section in  which the working 
electrode (under  investigation) is located central ly  
between two auxi l iary  electrodes, completing the basic 
cell. A schematic presenta t ion of this cell is shown 
in Fig. 1. Figure 2 shows an exploded view of the cell 
components. The uni form cylindrical  geometry of the 
cell, the mount ing  of the electrodes to the accurately 
machined polypropylene sections of the cell, and the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Fig. 1. Multireference polarization cell (MRP cell) 

a 5 R 4 R 3 R 2 R 1 

Fig. 2. MRP cell, exploded view 
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equidistant  position of the electrode under  s tudy be-  
tween the two auxil iary electrodes provides a un i -  
form pr imary  current  distr ibution at the surface of the 
electrode. 

Several  s i lver-si lver  chloride reference electrodes 
are located at precise distances, on both sides, from 
the plane of the electrode under  study. The capil lary 
leading to each reference electrode compar tment  is 
buil t  into the side wall  of the polypropylene cell wi th-  
out any protrusions or indentat ions;  thus, the pr imary  
current  distr ibution remains  undis turbed,  and there 
are no shielding effects commonly involved in kinetic 
work where protruding glass capillaries are used. The 
location of the capil lary openings for references R1, R2, 
R4, and R5 (see Fig. 1) is such as to divide each half-  
cell compar tment  exactly into 1/3 lengths. Thus a 
measurement  of the emf while current  is passing 
through the cell between references R1 and R2, or R4 
and R5 provides a direct value for the iR-drop in-  
volved for the distance 1/3 L. 

There are several different ways in which the 
MRP cell can be employed for galvanostatic polariza- 
t ion studies. As can be seen in Fig. 1, it is possible to 
omit an electrode in position, A, place the working 
electrode under  study, e.g., in position C2, place a 
suitable counterelectrode in position C1, thus spacing 
current  from one end of the cell to the other end. 
Through the use of reference electrodes Rs, R4, and R3 
obtaining and carrying out measurements  between the 
working electrode, C2 and reference R~, as well  as 
between the other references, the extrapolative method 
may be used to correct for the iR drop included in the 
measurement  between C2 and R5, since the same iR 
drop is involved in the distance C2-R5 as in the dis- 
tance Rs-R4. 

It is also possible to employ the cell by placing the 
electrode under  investigation in the center and em- 
ploy the two end electrodes as counterelectrodes. In 
this case, a balanced polarizing circuit is employed to 
assure that  the same amount  of current  flows to both 
sides of the electrode under  investigation. This is 
i l lustrated in Fig. 3. It should be noted that in this 
case, by the use of reference electrode R3, which is 
connected by means of a 45 ~ capil lary directly to the 
face of the working electrode (or a similar reference 
electrode R6 on the other side), it is possible to reduce 
the iR drop involved in  the measurement  to a very 
small  value, depending on now small  and properly 
machined the capil lary is. At the same time, if the 
diagonal capil lary R3 is small, it indeed comes very 
close to the surface of electrode A. 

The polarization of the central  electrode, A can be 
determined by employing all references, R~, R4, and 
Rs. It should be noted that  the potent ial  difference 

between R3 and R4 includes not only the iR drop, but  
also the effects of any  concentrat ion changes at the 
surface of the working electrode. Thus, the measure-  
ment  employing reference, R3, offers the means for 
assessing reasonably closely the effects of concentra-  
tion polarization. Consequently,  another  way to ex- 
press activation polarization is offered by the relation 

• : (AR4) not - -  A (R.~R4) net 
- -  [~(R4R3) -- a(RsR4)] [1] 

where the last te rm in the square bracket  represents 
the m~jor portion of concentrat ion polarization compo- 
nent, ~Er (depending on the accuracy of the R3 loca- 
t ion).  In the exper imental  studies reported here, the 
method expressed by Eq. [1] was employed. Li th ium 
electrodes were used as counter -working electrodes to 
avoid any gas or undesirable  by-product  generat ion 
which would dis turb the experiment.  

The si lver-si lver  chloride reference electrodes were 
constructed of silver wires, 0.020 in. diameter,  te rmi-  
nat ing with a small  loop. The wires were carefully 
cleaned to remove any surface oxides and coated with 
silver chloride by dipping in a melt  of AgC1. The ref- 
erence electrodes were equil ibrated by immersion in 
the electrolyte prior to insert ion into the reference 
electrode compartments  of the MRP cell. The cell was 
assembled and filled with electrolyte in an argon dry-  
box. It was then removed from the drybox and used 
in the normal  laboratory environment .  A Keithley 
Model 621 electrometer and a Hewle t t -Packard  Model 
405CR digital voltmeter  were used for the emf mea-  
surements.  During the r un  a current  was set and emf 
measurements  performed unt i l  steady state was 
achieved. Subsequently,  a larger current  density level 
was set. During the run, reference to reference emf 
measurements  were taken at several current  values. 

Rotating disk electrode.--In order to work with non -  
aqueous electrolyte systems under  exclusion of air and 
moisture, a special housing was constructed for the 
rotat ing disk electrode using polypropylene materials  
which are inert  to the cyclic esters, and a gastight con- 
struct ion with "O" rings for the top and bottom plates 
of the cell. The cell has a large ID (6.35 cm) to ac- 
commodate a variety of rotat ing disk diameters. A 
schematic diagram of the cross section of the cell is 
shown in Fig. 4. The diagram il lustrates the relat ive 
positions of the rotat ing disk electrode (RDE) and of 
the Luggin capil lary leading to an Ag/AgC1 reference 
electrode. The distance of the tip of the capillary, 
which is in the same plane as the RDE from the 
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Fig. 3. Schematic presentation of MRP cell and technique (cu- 
pric chloride cathode in the center). 
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Fig. 4. Schematic diagram of RDE electrode 
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Fig. 5. Rotating disk electrode, assembled 

access of the latter,  is an impor tant  pa ramete r  since 
it affects the iR drop through the solution included 
in the  s teady-s ta te  measurement .  Figure  5 shows the 
assembled cell  in operat ion in the normal  laboratory 
envi ronment  fol lowing its assembly inside an argon 
drybox. A mercury  wel l  is employed on top of the 
cell  to provide  both electr ical  contact  to the RDE and 
a seal f rom the air  atmosphere.  The  emf  measurements  
be tween the RDE and the Ag/AgC1 reference electrode 
(prepared s imilar ly  to those for the MRP cell) were  
made wi th  a Ke i th ley  Model 621 e lec t rometer  and 
with a Hewle t t -Packa rd  Model 405CR d-c digital 
vol tmeter .  The RDE cell is constructed in such a way  
that  the distance be tween  the center  of the act ive area 
of the RDE and the  tip of the Luggin capil lary can be 
adjusted over  a range of values. For  these exper iments  
this radial  distance was set at 0.635 cm, and the radius 
of the active area of the electrode was Ro = 0.318 cm. 
Thus, the surface area of the RDE was 3.16 cm 2. 

The el iminat ion of the iR drop be tween  the working  
electrode and the Luggin  capi l lary tip of the reference  
electrode is an impor tant  mat te r  for consideration, 
especially due to the re la t ive ly  lower conduct ivi ty  of 
the electrolyte  employed. Under  favorable  exper i -  
menta l  circumstances,  it is possible to obtain the  value 
of the resistance involved by exper imenta l  means, 
such as the  use of an in ter ruptor  and an analysis of 
the emf  decay trace obtained on an in ter rupt ion  of the 
current.  Efforts to employ an in te r ruptor  consisting of 
a mercury  wet ted  Reed relay act ivated by an oscillo- 
scope (Tektronix  535) sweep pulse were  not success- 
ful in obtaining the iR drop at a fixed current  load, 
because of the surface resistance of the copper chloride 
layer  on the e lect roformed electrode. Different values 
were  obtained depending on the thickness of the elec-  
t roformed layer. For  this reason, the method of cal-  
culat ion of the iR drop in the cell  developed by 
Newman and Hsueh (2) was employed, using an ex-  
per imenta l ly  de termined  value of the specific conduc- 
t ivi ty of the electrolyte,  K. When the Luggin capil-  
laries are located in the plane of the RDE, their  re la -  
tion can be expressed as 

tan -1 ~o 0.523 
R ~- -- - - -  102.0 [2] 

2~ro K K 
where  

~ T 
~o = 1 at z = 0 

ro 
and the values applicable to this study are: 
K ---- specific conduct ivi ty  (5.13 x 10-s mhos / cm 2) 
ro = radius of disk electrode (0.318 cm) 
r = radial  distance to Luggin capi l lary of reference  

electrode (0.635 cm) 
Using the resistance value R = 102 ohms, the iR 

drops were  calculated for each level  of cur ren t  den-  

sity employed dur ing the polarizat ion run  and sub- 
t racted to obtain net  total  polarization values. 

The exper imenta l  procedure  consisted of fixing a 
given rotat ional  speed, obtaining the open-circui t  emf  
difference be tween the copper-copper  chloride RDE, 
and the Ag/AgC1 reference  electrode. Subsequently,  a 
given current  density was applied, held constant unti l  
s teady state was achieved, and the emf  determined at 
each level. Three  levels of rotat ional  veloci ty  were  
employed throughout  this study: 25, 300, and 2000 rpm. 
The rotat ional  speed was de termined  by using a mag-  
netic pickup, sensing the passage of a small  magnet  
at tached to the rota t ing shaft. The speed of the elec- 
trode, dr iven by a d-c series motor  (1/5 hp),  was 
controlled by a d-c  regula ted  power  supply (Power  
Designs Inc. Model 5015-S). 

Electrolyte and electrode preparation.--The electro-  
lyte  was prepared  f rom propylene carbonate  (Jeffer-  
son Chemical  Company) ,  twice vacuum distil led at 
50 mm of mercury  and a t empera tu re  of 150~ A n -  
hydrous a luminum chloride (Matheson, Coleman and 
Bell) was dissolved in it to yield a molal i ty  of 0.8M. 
Li th ium chloride (J. T. Baker ) ,  addi t ional ly dried in 
a vacuum oven overnight  at 150~ was added to yield 
a molal i ty  of 0.TM. At  the LiCI:A1C13 ratio of 0.7:0.8, 
the solution is essentially saturated in respect  to LiC1. 
The solution was stored in a glass stoppered Er len-  
meyer  inside an argon drybox. The physical propert ies 
of this e lectrolyte  were  de termined  by convent ional  
methods to be as follows 

Specific conductivi ty:  25~ 
K = 5.13 • 10 -3 mhos / cm (_+0.1) 
Viscosity: ~ = 4.05 Hz 
Density: d = 1.243 g /cc  
Kinemat ic  viscosity: v = 3.25 • 10 -2 cm2/sec 

As far  as the copper-cupric  chloride cathode is con- 
cerned, it was deemed necessary to employ a simple, 
essentially nonporous electrode in which only the 
species copper and cupric chloride would be present. 
Ini t ial  efforts to paste a suspension of anhydrous cu- 
pric chloride in acetone onto a copper foil were  un-  
successful, since poor adhesion resulted after  drying of 
the electrode. It  was consequent ly  decided to prepare  
the electrode by anodic e lect roforming of a surface 
layer of CuCI~ in an organic e lectrolyte  essentially of 
the same nature  as the electrolyte  in which the elec- 
t rode is to be studied. This approach was found suc- 
cessful and the final procedure adopted consisted of 
cleaning a copper foil (0.015 in. thick) to remove  oxides, 
rinsing with acetone and subsequent ly wi th  propylene  
carbonate, and then e lect roforming by making  the foil 
anodic in a 1.5M A1Cla solution in propylene carbonate, 
using pla t inum electrodes and applying a current  den-  
sity of 0.5 m A / c m  2 for t ime periods of 24-48 hr. These 
electrodes, in the form of a circular  disk of the proper  
diameter,  could then be inserted into the MRP cell  in 
such a way that  an act ive surface area of 4 cm 2 pre-  
sented itself to the electrolyte  inside the MRP cell. 

For  the RDE studies, the electrode was prepared by 
subject ing the exposed and cleaned end of the solid 
copper e lec t rode-rotor  to the same electroforming 
t reatment .  Care was taken  to provide a sufficient 
amount  of e lect roformed cupric chloride to cover the  
consumption occurr ing during the  cathodic polarization 
runs and provide for a safe margin.  

While the e lect roformed cathodes represent  the basic 
approach taken in this study, it was of some interest  
to invest igate  the compara t ive  behavior  of a porous 
pressed electrode. These could only be studied in the 
MRP cell, since a rel iable  a t tachment  of a pressed 
layer  to the rotor  electrode of the RDE cell could not 
be achieved. The pressed electrode for the MRP cell 
was prepared to provide  an equimolar  ratio of Cu-  
meta l  and CuC12. This corresponded to a weight  per  
cent ratio of 67% CuC12 and 32% Cu, to which 1% (by 
weight)  of a polyethylene  binder  was added. The cop- 
per was added as a meta l  powder  (No. MD 151). The 
CuClz (J. T. Baker)  was dehydra ted  by t rea tment  
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Table I. S=mple calculation of AEact (run 16, Fig. 6) 
according to Eq. [1] 

1 2 3 4 5 6 
C u r r e n t  [ h (R41~) n~ t 
density, (AR)4ne t ,  A(R6R4)uet, A(R~RS)nut, -h(R-oR~)net ] ,  AEaet, 
r n A/cm ~  V V V V V 

0.15 0.107 0.029 0.033 0.004 0.074 
0.25 0.1"/9 0.044 0.058 0.014 0.121 
0.50 0.312 0.0'/0 0.106 0.036 0.206 
1.25 0.592 0.164 0.237 0.0"/3 0.355 
3.00 1.485 0.436 0.587 0.151 0.898 

with thionyl  chloride and vacuum oven removal  (at 
150~ of SO2 and HC1 by-products.  Electrodes 0.035 in. 
thick were produced by pressing this mix ture  onto a 
24-mesh copper screen. The resul t ing volume porosity 
was 26%. 

The counterelectrodes employed in  both the MRP 
and the RDE cells were l i th ium pressed to a nickel 
foil. 

Results 
MRP cell studies.--A sample calculation for the ac- 

t ivat ion polarization, AEact, using Eq. [1] is given in 
Table I. As discussed previously, to the extent  that  
R3 is small  and accurately located, the bracketed ex-  
pression given in  column 5 of Table I represents all 
or a major  port ion of the concentrat ion polarization. 
This polarization remains  small  at lower current  den-  
sities and reaches 14.4% (0.15V out of a total  of 
1.049V) at an apparent  cur ren t  densi ty of 3 m A / c m  2. 
A comparison of column 3 (which expresses the JR- 
drop involved in  the polarizat ion measurement  of 
column 2) and of columns 5 and 6 serves to give an 
appreciation of the importance of iR corrections and 
concentrat ion polarization corrections for the accuracy 
of a Tafel plot. With an appreciation of these l imi-  
tations, Eq. [1] appears to offer a reasonable approach 
to a determinat ion of net  electrode polarization. 

The results for electroformed copper-copper chloride 
cathodes are shown in  Fig. 6 in the form of a Tafel 
plot. Four  runs  are presented, each with a fresh elec- 
trode; two for the cathode positioned in the center of 
the cell, and two for the cathode positioned at one end. 
The polarization, expressed in the form of activation 
polarization, was calculated from Eq. [1], or an equiv-  
alent  form of it. The curve in Fig. 6 was d rawn 
through the points for the cathode position in the 
center of the cell, since these results were somewhat 
more reproducible. It  may be noted, however, that  for 
the other two runs  the polarization values are only 
slightly higher. It  should be noted from the data that  a 
straight Tafel l ine would only apply over a l imited 
range of current  density values (approximately up to 
1 mA/cm2).  

The results for the pressed (26% porous) electrodes 
are given in Fig. 7 which shows independent  runs;  two 

Co/CoOl Z El~cteofo~.,~d o .  c .  Fo;I  

E l e c ~ r ~  O.80"1 m61ALICIICI3 } i n  p , C ,  

Temo: 25~ -+ 2 

E ~ Area: q r �9 

0 . q  - - -  X - - -  

- - - - - -  �9 0 - -  - - -  

~ 2  _ _ _ 

0 ol 0020  o] 0 o5 o o70  I o 2 o 3 050 .?  I 2 3 5 7 I 0 '  
CURRENT DENSITy (x io - j  Atnp/cm 2 ) 
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ode polarization, MRP cell. 

for the cathode position in the center, and  two for the 
end of the cell. Here, again, the runs with the elec- 
trode in the center are more reproducible  and, con- 
sequently,  the line was d rawn through these data. 
However, in general, the results are in agreement  for 
both electrode positions in the cell. A comparison of 
the results obtained for the two types of cathodes is 
shown in Fig. 8. The relat ively close agreement  of the 
results was at first considered surprising, s~nce a lower 
polarization for the same apparent  current  density was 
expected for the pressed electrode. The results indi-  
cate that  the porosity of the pressed electrode, pro- 
duced in this case at a pressure of 6 tons/ in.  2, must  
have been of the same order of magni tude  as the 
na tu ra l  porosity of the CuCl2 layer  on the surface of 
the anodically formed electrode. In  the cur ren t  density 
range of 0.1-0.5 m A / c m  2, Tafel slopes ir~ the range 
b = 0.18 to b = 0.23 appeared to be applicable. How- 
ever, deviation from l inear i ty  for current  density of 1 
m A / c m  2 or above, was significant. It  should be re- 
membered that  the polarization values as plotted in 
Fig. 8 are already those obtained after subtract ion of 
the concentrat ion polarization component  represented 
by the bracketed expression of Eq. [1]. As can be seen 
from the sample data shown in Table II, this concen- 
t rat ion polarization (columns 2a and 2b) is subtracted 
from the total polarization (columns la  and lb)  be- 
fore the activation polarization, AEact (columns 3a and 
3b) is plotted in  the figure. It  should be noted that  
the concentrat ion polarization values (columns 2a and 
2b) for the two types of electrodes do not  agree too 
well for a given current  density. However, this may be 
due to the drift  of the reference electrode potential  
which often occurred dur ing  a run.  Such references 
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Table II. Sample data from the MRP cell studies 

Elect roformed foil Pressed electrode 
(Run 16) (Run 14) 

Curren t  Total  Total  
density, polar., AEeone, ~Eaet, polar., AEeone, AEact, 
mA/cm~ l a  2a 3a Ib  2b 3b 

O 8  
0.25 0.135 0.014 0.121 0.119 0.009 0.110 
0.5 0.242 0.036 0.206 0.202 0.013 0.189 
1.25 0.428 0.073 0.355 0.457 0.041 0.416 
2.00 0.754 0.103 0.651 0.683 0.068 0.615 ~6 
3.00 1.049 0.151 0.898 0.946 0.104 0.849~ 

had to be replaced from time to time. The difference 
may also, however, be due to the different natures  of 
the electrode and its effect on the surface concentra-  
t ion of the chloride ion (see discussion in next  sec- 
t ion) .  

RDE cell studies.--The polarization values obtained 
in the RDE cell after the iR correction formal ly  still 
contain a mass t ransfer  or concentrat ion polarization 
component.  There is no direct way for its assessment, 
the way this could be done in the MRP cell. However, 
it can be readi ly estimated that  for an electrode proc- 
ess which is productive, ra ther  than  consumptive (i.e., 
in which a concentrat ion bui ld-up  occurs at the in ter -  
face; in this case, a bu i ld -up  of C1- ions or A1CI~- 
ions), concentrat ion polarization is usual ly negligibly 
small. Fur thermore ,  it should be noted that in  the 
RDE cell the diffusional mass t ranspor t  is practically 
of a radial  na ture  (considering the small  size of the 
electrode compared to the shape of the electrolyte 
volume in  the cell). Thus, a more uni form steady 
state is produced in the RDE cell than in the case of 
the s ta t ionary electrodes in  the MRP cell. 

F igure  9 shows the total  polarization (JR free) ob- 
ta ined for two runs  at 25 rpm. Unl ike  the MRP cell, 
the data here are in agreement  with the Tafel line over 
a wider  range of cur ren t  densities. Both curves in 
Fig. 9 give a slope of b ---- 0.18, al though somewhat 
different a values have resulted. The results at 300 rpm 
(Fig. 10) are, again, not completely reproducible, but  
they fall wi thin  a fairly nar row range of slopes of 
b = 0.18-0.23. The same can be said about the results 
obtained at 2000 rpm (Fig. 11) where, however,  one 
r u n  yielded significantly higher values of the constant, 
a. It may be interest ing to know that  by comparing the 
results of Fig. 9, 10, and 11, increased rotat ional  veloc- 
i ty did not  diminish the total polarization. This, indi -  
rectly, verifies the previously discussed estimate of 
negligible concentrat ion polarization in the MRP cell 
results. 

Discussion 
It  is interest ing to compare the RDE cell results 

with those of the MRP cell. I t  can be seen in Fig. 8 
for the straight lines with slopes b -~ 0.18 and b = 0.23 
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Fig. 9. Total polarization of Cu/CuCI2 electroformed cathode 
in the RDE at 25 rpm. 
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Fig. 10. Tatal polarization of Cu/CuCl2 eleclroformed cathode 
in the RDE at 300 rpra. 
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Fig. 11. Total polarizaton of Cu/CuCI2 electroformed cathode in 
the RDE at 2000 rpm. 

(and with a range of a-values  bracket ing the results 
of the RDE cell) that  fair agreement  is obtained in 
the lower ranges of current  density, but  serious devi-  
ation of l inear i ty  is indicated for the MRP cell above 
0.5 m A / c m  2, while l inear i ty  is preserved for the RDE 
cell data up to 4 or 5 m A / c m  2. This indicates that  
possibly ohmic effects resul t ing in a resistance type 
polarization are impor tant  for the s tat ionary cathode 
in the MRP cell, and that  these effects can become 
very  significant. For  instance, at 3 m A / c m  2, Fig. 10 
indicates a polarization of the order of 0.35V for the 
RDE cell. The corresponding value for the MRP cell 
is 0.84V (see Fig. 8). In  light of the fact tha t  the MRP 
cell method already subtracts the bu lk  solution con- 
centrat ion polarization, this large typical  difference 
can only be a t t r ibuted to ohmic effects on the surface 
of the cathode itself, as may result  from a possible 
crystall ization of l i th ium chloride as the discharge of 
CuCI~ (and consequently,  local bu i ld -up  of chloride 
ions) proceeds in the electrolyte layer  immediate ly  ad-  
jacent  to the cathode and already saturated in  respect 
to LiC1. Another  possibility is that  the larger po- 
iarizat ion is not due to an ohmic effect, but  to a "re- 
action polarization" associated wi th  an increased re-  
sistance to the dissolution of CuCI2 which may be a 
chemical step preceding the charge t ransfer  step in 
the over-al l  kinetics (see discussion fur ther ) .  In  any  
event, the MRP cell should not  be employed for ap-  
preciable current  densities and in runs  with prolonged 
duration. On the other hand, the RDE cell, with a 
small  electrode area compared to a large volume of 
electrolyte and with a un i form and high rate of mass 
transfer,  is conducive to obtaining overvoltage data 
free of resistance polarization components  associated 
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with part ial  or total  surface coverage by l i thium 
chloride, or any other species which may be involved 
in the mechanism. 

The over-al l  reaction in the discharge of the cupric 
chloride electrode can obviously be stated as 

CuCl2~s~ + 2e -  -* Cu~ + 2C1- [3] 

This is an electrode of the second kind, the kinetic 
t rea tment  of which is complex, since the over-al l  
process involves not only charge transfer,  but  also 
several chemical reactions. Not only is a solid phase 
CuC12 involved, but  also the possibility of complex ion 
formations which the cupric or cuprous state of the 
copper may enter into with C1- ions or wi th  Lewis- 
acid ions, A1CI~-. A theoretical  t rea tment  of elec- 
trodes of this general  t ype  involves, according to 
Jaenicke (4, 5) and Vetter (6), the reaction velocity 
of the chemical step, namely,  the dissolution of the 
ionic crystal immediate ly  at the phase boundary  with 
the metal  conductor (here, CuCI.,) prior to the charge 
transfer  step in the following scheme 

1. Cu ++ (crystal) + 4C1-~-[CuC14]-2soln. 
2. [CuCl4]-2soln.~-~ Cu ~ W 4C1- ~- 2e-  [4] 

In  reactions of this type the ra te -de te rmin ing  step is 
usual ly the first one. This has, of course, not yet been 
established specifically for the reaction investigated 
here. As far as step 2 is concerned, it may in real i ty  
consist of two sequential  steps, namely,  a reduction, 
first, of Cu § + to the cuprous state, and then to the 
metall ic state. The possibility of fur ther  interactions 
between the Cu + + state and Cu o state may also need 
consideration. 

In  this first s tudy an elucidation of the detailed 
mechanism was not under taken.  From a realization of 
the complexity of the kinetics, the l imited theoretical 
significance of an over-al l  exchange cur ren t  density, io, 
and of the t ransfer  coefficient, ~, is appreciated. These 
values should be regarded as apparent  values. On the 
other hand, from the point  of view of an assessment 
of over-al l  reversibi l i ty  of the processes involved, their  
calculations appear to be of interest. The values as 
obtained from the individual  methods and under  
specific conditions are given in Table III. 

The effective or apparent  exchange current  density, 
io, would appear to be p redominant ly  of the order 
6 x 10 -5 A /cm 2 for the results of the MRP cell, and 
predominant ly  of the order of 3 x 10-5 A/cm 2 for the 
RDE cell. A s tatement  of these effective values 
amounts  to a s ta tement  that the electrochemical re-  
duction of CuC12 in  the organic electrolyte under  study 
does not proceed very revers ibly and that  the pre-  
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Table III. Values from individual methods, under specific conditions 

A p p .  t r a n s  A p p .  e x c h a n g e  
coef f ic ien t ,  c u r r .  d e n s i t y ,  

S l o p e  b a a /o, A / c m  ~ 

M R P  ce l l  0 .18 0.77 0.164 5.3 • 10-5 
0.23 0.96 0.128 6.75 • 10-5 

R D E  0.18 0.76 0.164 6.02 • 10 -~ 
25 r p m  0.18 0.81 0.164 3.16 • 10 -5 

R D E  0.18 0.80 0 .164 3.8 • 10 -5 
300 r p m  0.23 0.91 0.128 11.2 X 10 -5 

R D E  0.18 0.81 0.164 3.16 x 10 -~ 
2000 r p m  0.23 1.04 0.128 3.02 x 10 -s 

dominant  mode of polarization one can expect would 
be activation polarization, by which we mean  all 
modes of polarization other than  that  a t t r ibutable  to 
mass t ransfer  resistance in the electrolyte. Obviously, 
when the geometric relat ionship in  the cell, the quan-  
t i ty of available electrolyte, and a l imited rate of 
mass t ransfer  of the chloride ion away from the sur-  
face of the Cu/CuCI~ cathode, combined with an ap-  
preciable bu i ld -up  of surface crystall ization of l i th ium 
chloride (or of other possible compounds in the par-  
t icular  electrolyte, e.g., LiA1C14), an appreciable com- 
ponent  of resistance polarization or of "reaction po- 
larization" associated with inhibi t ion of step 1 may 
result, as was clearly demonstrated by the results of 
the MRP cell, compared to those of the RDE cell. In  
the discharge of a galvanic cell, where  the l imitations 
of mass t ransfer  may be even more severe than  they 
were in the MRP cell, the importance of this phenome-  
non must  be ful ly appreciated. 

Manuscript  submit ted Jan. 16, 1968; final revised 
manuscr ipt  received Jan. 15, 1970. This was Paper  6 
presented at the Chicago Meeting of the Society, Oct. 
15-19, 1967. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December 1970 
J O U R N A L .  
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Charge Acceptance of the Cadmium-Cadmium Hydroxide 
Electrode at Low Temperatures 

Y. Okinaka* and C. M. Whitehurst 

Betl Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Premature  hydrogen evolution occurs when a discharged cadmium hy-  
droxide electrode is brought to a low tempera ture  and charged at a moderate 
rate. It  was found that, in addition to various other known factors, the dis- 
charge rate and the tempera ture  during discharge just  prior to the tempera-  
ture lowering greatly affect the charge acceptance in the first low tempera-  
ture charge. Light and electron microscopic examinat ion and BET surface 
area measurement  showed that  the cadmium hydroxide crystals formed at 
lower discharge rates and at higher temperatures  are larger in size and more 
difficult to reduce. The results are interpreted on the basis of the mechanism 
involving a soluble in termediate  species in both the charging and the dis- 
charging reactions. X- ray  and electron diffraction analyses of the cadmium 
hydroxide crystals formed on discharge in 6.9N KOH at temperatures  below 
--18~ showed the presence of -y-Cd(OH)2 in addit ion to the ordinary 
~-Cd(OH)2. Electrodes containing ~-Cd(OH)2 have a greater low- tempera-  
ture  charge acceptabili ty t h a n  those containing ~-Cd (OH)2 alone. 

When a sealed n icke l -cadmium bat tery  is brought  to 
a low temperature  in the discharged state and charged, 
hydrogen gas may evolve from the negative electrode 
before the positive electrode is fully charged (1). Since 
the rate of hydrogen recombinat ion in the cell is prac- 
tically negligible, it accumulates on repeating the low- 
tempera ture  charge and eventual ly  leads to a high in-  
ternal  pressure and a failure due to explosion. This is 
one of the serious l imitations in the applicabili ty of 
sealed n icke l -cadmium batteries. 

Gott l ieb (2) made an extensive investigation of vari-  
ous factors affecting the charge acceptance of the nega-  
tive cadmium hydroxide electrode and found that  the 
charge acceptance decreases with increasing charge 
rate, decreasing temperature  during the charge, and in-  
creasing temperature  during the preceding charge-dis-  
charge cycles. He interpreted these results on the as- 
sumption that  larger and/or  more perfect cadmium hy- 
droxide crystals are formed on discharge at higher 
temperatures  and they are difficult to reduce on charge 
at lower temperatures  and at higher rates. Popat and 
Rubin (3) reported exper imental  results similar in 
some respects to Gottlieb's, but  they proposed an en-  
t i rely different interpretat ion.  It was postulated by 
them and Rubin  (4) that  "active" and "inactive" 
forms of cadmium hydroxide are formed dur ing dis- 
charge, and they are reduced at different potentials 
on charge. 

The main  purpose of this communicat ion is to pre-  
sent exper imental  evidence support ing Gottlieb's as- 
sumption and showing that  there is a close correlation 
between the low-tempera ture  charge acceptance and 
the size of the cadmium hydroxide crystals. Experi-  
menta l  results are also presented showing that, in 
addition to the three factors studied by Gottlieb, the 
discharge rate and the tempera ture  dur ing the dis- 
charge immediately preceding the low-tempera ture  
charge have a profound effect on the size of cadmium 
hydroxide crystals formed and, consequently,  on the 
charge acceptance in the first low temperature  charge. 
An incidental  finding made dur ing the course of this 
invest igat ion was that  7-Cd(OH)2, the monoclinic 
modification, is formed preferent ia l ly  on discharge at 
lower temperatures  ra ther  than ~-Cd(OH)2, the or- 
d inary  hexagonal  modification. 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  cadmium,  c a d m i u m  hydroxide ,  bat tery ,  n ickel -cad-  

m i u m  bat tery .  

Experimental Methods 
All experiments  were performed in flooded cells with 

6.9M KOH. The cadmium hydroxide impregnated sin- 
tered nickel plate electrodes had a theoretical capacity 
ranging from 543 to 575 mA.hr .  Their dimensions were 
approximately 5.6 • 2.5• cm. The electrodes were 
prepared by a vacuum impregnat ion method consisting 
of impregnat ion in 4M Cd (NO3) 2, reduction in  hot 25% 
KOH, washing, and drying in nitrogen. This sequence 
was repeated five times. The electrodes were then 
subjected to eleven forming charge-discharge cycles at  
various currents. After  final ful l  discharge they were 
washed, dried, and stored under  ni t rogen atmosphere. 
The test cell contained one cadmium electrode, two 
nickel sheet counterelectrodes, and a 6.9M KOH salt 
bridge connecting the cell to a Hg/HgO (6.9M KOH) 
reference electrode. In each experiment,  the cadmium 
electrode was first "conditioned" by repeat ing the fol- 
lowing cycle three times: charge at 200 mA with ap- 
proximately 50% overcharge and then a full discharge 
to --0.5V against the reference electrode at the same 
current.  F ina l ly  the electrode was charged fully at 
200 mA before it was subjected to a study of various 
exper imental  variables. This conditioning was carried 
out at room temperature.  

Optical photomicrographs were taken with polarized 
light with a Uni t ron  Metallograph BNX-11 using a 
xenon i l luminator.  Electron photomicrographs were 
obtained on specimens prepared by t ransferr ing cad- 
mium hydroxide crystals from the electrode surface 
to a collodion film. X - r a y  diffraction data were ob- 
tained by using CuK,  radiation. Electron diffraction 
analysis was made by Ladd Research Industries, Inc., 
Burlington,  Vermont,  on carbon replicas prepared 
from collodion film specimens. BET surface area mea-  
surements  were made by Numec Ins t ruments  and Con- 
trols Corporation, Monroeville, Pennsylvania ,  using an 
Orr surface-area pore-volume analyzer. Krypton  was 
used as the adsorbate. The samples were degassed at 
50~ for 24 hr. 

Results and Discussion 
To i l lustrate the problem, a potent ia l - t ime curve 

obtained on charge and discharge at --18~ is com- 
pared in Fig. 1 with the curve obtained at 25~ before 
the tempera ture  lowering. Both curves were obtained 
at a constant current  of 200 mA. It is seen that  the 
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L m i 
CHARGE D I S C H A R G E  =1 I - -  

T I M E  ( H O U R S )  

Fig. 1. Charge-discharge curves of cadmium hydroxide electrode 
at 25 ~ and a t - -18~  after discharge at 25~ 

rise in potential  at --18~ toward the hydrogen evolu- 
t ion range occurs after only about 60% of the 25~ 
discharge capacity is re turned to the electrode. The 
arrow sign indicates where  the gas bubble  formation 
begins to become visible. The term "charge acceptance" 
is defined here as the ratio of the charge that the elec- 
trode accepted before this point to the charge capacity 
found in the discharge prior to the lowering of temper-  
ature. It is t rue  that  the charging reaction at the low 
tempera ture  continues after the potent ial  has reached 
the hydrogen evolution region, as is evidenced by  the 
fact that  the capacity found on the subsequent  dis- 
charge was considerable greater than  the charge that  
the electrode accepted before the onset of hydrogen 
evolution. However, it is the charge acceptance defined 
above that  is impor tant  in sealed n ickel -cadmium bat -  
teries because no hydrogen gas can be permit ted to 
accumulate. Two distinct plateaus on potent ia l - t ime 
curves, which were reported by Popat and Rubin  (3) 
and Rubin  (4) and a t t r ibuted by them to the reduc- 
t ion of "active" and '~inactive" cadmium hydroxides, 
were not observed under  our exper imental  conditions. 

In  the previous study, Gottl ieb (2) ment ioned that  
the charge acceptance at low temperatures  is not 
affected by the current  used for the preceding cycles 
at a higher temperature.  We found the contrary to be 
true, i.e., the low- tempera ture  charge acceptance is 
greatly affected by the magni tude  of the current  used 
for the discharge prior to the charge. Results are 
shown in Fig. 2. The experiments  were carried out 
in the following manner .  After  the condit ioning cycles 
described in the preceding section, the cell was placed 
in a bath main ta ined  at a desired tempera ture  and, 
after t empera ture  equil ibration,  discharged ful ly to 
--0.5V at a specific rate. The test electrode was then  
removed from the cell, and a small  port ion of it was 
cut off for microscopic and other examinat ion pu r -  
poses, while the remainder  of the electrode was im-  
mediately placed back into the cell. The cell was then 
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Fig. 2. Charge acceptance of cadmium hydroxide electrodes at 
- -18~ at C/2 after discharging at various rates and temperatures. 
Small vertical lines indicate the reproducibility of measurement. 

t ransferred into a --18~ bath and, after a 2-hr  open- 
circuit  stand, charged at  the C/2 rate. The charging 
current  was adjusted on the basis of the capacity found 
in the preceding discharge appropriate correction 
having been made for that  port ion of the electrode 
which had been cut off. The reproducibi l i ty  of the 
charge acceptance measurement  was found to be about 
•  for the discharge rates of C/2 and C/20 at room 
temperature.  This is indicated by the vert ical  lines 
on the two points in Fig. 2. 

Figure 2 shows that  the low-tempera ture  charge ac- 
ceptance is higher after the electrode is discharged at 
higher rates and at  lower temperatures.  The charge 
acceptance values were found to be independent  of 
the extent  of loading of the electrode with the active 
mater ia l  in the range between 75 m A . h r / p l a t e  and 896 
mA.hr /p la te .  On the other hand, it is s tr iking that 
the charge acceptance varies from almost 0 to 100% 
depending on the conditions dur ing  discharge. It is of 
interest  to note in Fig. 2 that  the charge acceptance 
found when the electrode was first discharged at 
--30~ and then charged after raising the tempera-  
ture  to --18~ was greater than the value found when 
both discharge and charge were carried out at the 
same temperature  of --18~ 

These results can be accounted for qual i ta t ively on 
the basis of the mechanism involving a soluble in ter -  
mediate species in both the discharging and the charg- 
ing reactions. In  the potential  range of interest,  these 
reactions may be represented by the following simple 
equations (5, 6) 

Discharge: 

Cd q- 3 OH- -> Cd(OH)3- Jr 2e- [i] 

Cd(OH)3- -> Cd(OH)2 + OH- [2] 
Charge: 

Cd(OH)2 + OH- -> Cd(OH)3- [3] 

Cd(OH)3-  q- 2e-  -> Cd -t- 3 O H -  [4] 

There is some evidence indicating that  anodically 
produced cadmium hydroxide crystals can also be 
reduced directly without  going through the soluble 
in termediate  (6). It  wil l  be shown in  this paper that 
all exper imental  results described here can be ac- 
counted for without  depending on a direct reduction 
mechanism. The dissolut ion-precipi tat ion mechanism 
for the discharge reaction [1] and [2] predicts the 
size of Cd (OH)2 crystals to be larger when  they are 
formed at lower discharge rates. The reasoning is as 
follows. At lower discharge rates the rate of formation 
of the soluble complex C d ( O H ) z -  is slower, and this 
should cause the precipitat ion reaction [2] to proceed 
more slowly from a more dilute, and hence less super-  
saturated solution. As a general  rule, it is known  that  
particles of crystal l ine precipitates formed from more 
dilute solutions are larger in size (7). The dissolution- 
precipitat ion mechanism also predicts that  larger 
Cd(OH)2 crystals should form on discharge at higher 
temperatures,  because the degree of supersaturat ion 
of the electrolyte with the soluble complex Cd (OH)3-  
should be less at higher temperatures  owing to an in-  
creased solubility. This predicted relat ion between the 
crystal size and the discharge conditions has been sub-  
stantiated experimental ly,  as will  be described in the 
subsequent  section. From considerations of surface 
area effects in conjunct ion with the solut ion-reduct ion 
mechanism [3] and [4], it can easily be understood 
why large Cd(OH)2 crystals yield a poor charge ac- 
ceptance. This mechanism also predicts that  for a 
given electrode with Cd (OH) 2 crystals of a given size, 
the charge acceptance should decrease wi th  increasing 
charging current  and with decreasing charging tem- 
perature.  These relations have been found experi-  
menta l ly  by Gottlieb (2). 

Size and shape of Cd(OH)2 crys ta t s . - -A  large n u m -  
ber of electron and optical photomicrographs were 
taken in order to establish the effect of discharge rate 
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and tempera ture  on the size of cadmium hydroxide 
crystals. Some examples of t ransmission electron 
photomicrographs of actual  crystals (dark areas) are 
reproduced in Fig. 3. Although the crystal  size in each 
plate varies over a wide range, it is clearly seen that  
the crystals formed at C/20 are much larger on the 
average than  those formed at C/2. It  is also seen that  
the crystals formed at higher temperatures  are larger. 
The crystals produced at C/100 were so large that they 
were very clearly observable under  the light micro- 
scope (see Fig. 4). 

In both photomicrographs it is seen that  the elec- 
trodes discharged at --18 ~ and at --30~ contained 
long, needle-shaped crystals, while the crystals in the 
electrodes discharged at higher temperatures  were 
all hexagonal  and flat. X - r ay  and electron diffraction 
analyses showed conclusively that  the needlel ike crys- 
tals are 7-Cd(OH)2, the monoclinic modification (8), 
while the normal  hexagonal  ones are ~-Cd(OH)2. 
Typical x - r ay  diffraction in tensi ty  diagrams are shown 
in Fig. 5. It  is seen that  no lines corresponding to 
7-Cd (OH)2 appeared in the pa t te rn  obtained with the 
electrode discharged at 25~ while the electrodes dis- 
charged at --18 ~ and at --30~ showed m a n y  distinct 
lines corresponding to ~-Cd(OH)2. It  is also apparent  
that  more -y-Cd(OH)2 formed at --30 ~ than at --18~ 
This is clearly seen also from the light photomicro- 
graphs shown in Fig. 4. 7-Cd(OH)2 was identified in 
all electrodes discharged at --18~ regardless of the 
rate of discharge (4C to C/100). 

Recently, Breiter and Vedder (9) reported that  
-y-Cd (OH)2 was identified on solid polycrystal l ine cad- 
mium electrodes oxidized in 1M and 5M KOH at room 
temperature.  In 6.9M KOH and with s intered-plate  
type electrodes, we found no -y-Cd (OH)2 at room tem-  
perature and also at 49~ at all discharge rates studied. 
In  1M KOH, however, a large n u m b e r  of -y-Cd(OH)2 
crystals were formed even at room temperature.  As 
already reported by Brei ter  and Vedder, -t-Cd(OH)2 
is unstable  and slowly converted to ~-Cd(OH)2 on 
open-circui t  stand in contact with KOH. The conver-  
sion is, however, quite slow at room temperature.  For  
example, the appearance of the electrode surface dis- 
charged at C/100 at --30~ (Fig. 4, top) did not change 
appreciably after 10 days' open-circui t  s tand at room 
temperature.  At 49~ however, the conversion was 
considerably accelerated, and no 7-Cd (OH)2 remained 
only after 3 days' open-circui t  stand. 

Fig. 4. Optical photomicrographs of Cd(OH)2 crystals formed 
at the discharge rate of C/100 at various temperatures. Magnifica- 
tion 750 X 
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Fig. 5. X-ray diffraction intensity diagrams obtained with elec- 
trodes discharged at rates and temperatures shown. 

Fig. 3. Transmission electron photomicrographs of Cd(OH)2 
crystals formed at various temperatures and discharge rates, 

BET surface area.--The informat ion obtained by the 
microscopic observation pertains  only to the surface 
of the electrode, and there is no assurance that  the 
same relat ion between crystal  size and charge accept- 
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ance holds for the crystals wi th in  the pores of the 
electrode. Measurement  of the total surface area by 
the BET method should provide a means of comparing 
the size of crystals wi th in  the electrodes. With some 
samples brown coloration apparent ly  due to the oxi- 
dation of undischarged cadmium occurred under  the 
degassing conditions used (50~ 24 hr) .  The data for 
such samples were discarded. In Fig. 6 the charge 
acceptance at --18~ is plotted against the BET sur-  
face area for only those samples which showed no 
discoloration. The surface area is expressed per gram 
of the electrode and not of the cadmium hydroxide 
crystals, since the contr ibut ion of cadmium metal  
particles left undischarged to the total surface area 
did not vary  very  much from electrode to electrode. The 
discharge capacity of all of the electrodes for which 
the BET measurement  was made ranged approximate-  
ly from 75 to 90% of the theoretical capacity. Thus, 
the t rend shown in Fig. 6 is believed to be a t t r ibutable  
to cadmium hydroxide crystals. 

It is seen that  at constant  temperatures  (25 ~ and 
--18~ the surface area and the charge acceptance 
were both smaller for electrodes discharged at lower 
rates. Also, the surface area of the electrode discharged 
at C/20 at 49 ~ was less than that  of the electrode dis- 
charged at 25~ at the same rate. The observed effect 
of discharge rate and tempera ture  on the surface area 
parallels that  on the crystal size, and undoubtedly  the 
general  conclusion d rawn from the microscopic obser- 
vat ion holds also for the crystals wi thin  the electrode. 

It  is significant to note in Fig. 6 that  the electrodes 
discharged at --18 ~ and --30~ had a considerably 
smaller  surface area than those discharged at 25~ 
and yet exhibited a good charge acceptability. It  ap- 
pears that  -~-Cd (OH)2 is more readi ly  chargeable than 
~-Cd(OH)2 for the same surface area. Breiter  and 
Vedder's experiments  with a solid cadmium electrode 
also indicated that  7-Cd(OH)2 is more easily reduced 
than fl (9). In  practical sealed cells, however, there 
seems to be no way of uti l izing the favorable charac- 
teristics of ~-Cd(OH)2 because of its instabi l i ty  at 
higher temperatures.  With an electrode containing 
both ,8- and v-phases, it was found that  7-Cd(OH)2 
crystals were all converted into the fl-form after only 
a few 50% depth charge-discharge cycles at room 
temperature.  It  has been suggested that  the active and 
inactive cadmium hydroxides postulated by Rubin  
(4) might  correspond to the -y- and E-forms. With elec- 
trodes containing both -y- and ~-Cd(OH)2, however, 
we failed to observe such two separate potential  pla-  
teaus as reported by Rubin. 

As already described by  Gottlieb (2), the greatly 
reduced charge acceptance is observed only in the 
first charge after tempera ture  lowering. If the elec- 
trode is cont inuously cycled at the low temperature,  
the charge acceptance in the second and subsequent  
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Fig. 6. Relation between charge acceptance and BET surface 
area. Temperatures and rates shown refer to discharge conditions. 

charge cycles becomes almost normal.  This can be 
expected from the crystal size effect, because the 
Cd(OH)2 crystals formed on the second and subse- 
quent  cycles should be small  since these cycles are 
carried out at the low temperature.  The formation of 
7-Cd(OH)2 may  also be responsible for the increased 
charge acceptance. 

E~ect of partial cycles.--All exper imenta l  results 
discussed in the previous sections were obtained with 
electrodes discharged completely following a full 
charge. In  sealed n icke l -cadmium cells, the cadmium 
hydroxide electrode is not cycled in this fashion but  
only par t ia l ly  cycled, because the cells are constructed 
with a large excess capacity in the negative electrode. 
Effects of such par t ia l  cycles on the low-tempera ture  
charge acceptance were studied to simulate more 
closely the conditions encountered by sealed cells. 
Results are tabulated in Table I. In  these experiments,  
electrodes previously charged completely at the C/2 
rate were first discharged at C/20 (exp. 1 to 4) or C/2 
(exp. 5 to 8), charged at C/2 un t i l  50% of the dis- 
charge capacity was returned,  and then ful ly dis- 
charged at various rates. This part ial  cycle was given 
at room tempera ture  and only once except for exp. 2, 
in which 9 part ial  cycles were given. After  the final 
full discharge, the cells were left on open circuit in a 
bath main ta ined  at --18~ for 2 hr and charged at the 
C/2 rate. 

The results of exp. 1 to 4 show that  under  these  
conditions, the charge acceptance is determined by 
the rate used for the ini t ial  discharge prior to the 
part ial  cycle (C/20) rather  than  the discharge rate 
used in  the part ial  cycle. These results can be ex- 
plained in the following manner .  Suppose that  the 
size of the Cd(OH)2 crystals formed after the init ial  
C/20 discharge was dis tr ibuted according to a certain 
distr ibution law, for example, the normal  law. On 
part ial  charge, the size of each crystal must  have de- 
creased regardless of the extent  of the charge and the 
"tightness" (the magni tude  of the s tandard deviation) 
of the distribution, whereas the total number  of crys- 
tals may or may not  have decreased depending on 
these two factors. Under  the present exper imental  
conditions, the total number  of crystals appears to 
have remained essentially unchanged before and after 
the part ial  charge, and the Cd(OH)2 crystals of re-  
duced size which existed at the end of the part ial  
charge appear to have grown back to the ini t ial  size 
on completion of the final discharge. This explains the 
fact that  the charge acceptance observed after the 
part ial  cycle was near ly  the same as that  found after 
the full, straight C/20 discharge. The observed inde-  
pendence of the charge acceptance on the discharge 
rate used in the part ial  cycle probably  indicates that  
no new nuclei were formed dur ing  the final discharge. 

The same explanat ion applies also to exp. 5 and 6, 
in which the ini t ial  discharge was carried out at C/2. 
When the final discharge rate used in the part ial  cycle 
was very low as compared to the rate used for the 
ini t ial  discharge (exp. 7 and 8), the charge accept- 
ance was considerably lower than  that  observed after 

Table I. Effect of partial cycle (50%) at room temperature 
on charge acceptance at - -18~ 

(Charge acceptance measured at C/2 rate) 

Charge acceptance 
found,  % 

Rate used for Par t ia l  cycle 
full discharge Af te r  Without 

Exp. prior  to Charge Discharge part ia l  par t ia l  
No. part ial  cycle ra te  ra te  cycle cycle 

1 C/20 C/2 C/2 25 
2 C/20 C/2 C/2 (9 20 

cycles) 
3 C/20 C/2 C/26 33 
4 C/20 C/2 C/50 22 
5 C/2 C/2 C/2 51 
6 C/2 C/2 C/25 53 
7 C/2 C/2 C/46 37 
8 C/2 C/2 C/100 3 

26 

57 
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a s t ra ight ,  ful l  d ischarge at  C/2. This resu l t  appears  
to indicate  that  the  ve ry  low ra te  discharge caused 
the smal l  crysta ls  in i t ia l ly  formed at C/2 to e i ther  
agglomera te  or  grow into large  crystals .  

Al l  resul ts  l is ted in Table  I were  obta ined af ter  
50% depth  pa r t i a l  cycles. If  the depth  of pa r t i a l  cycle 
is increased sufficiently when  the  ini t ia l  discharge 
ra te  is low and the final d ischarge  ra te  is high (e.g., 
in exp. 1), a be t t e r  charge  acceptance is expected 
because of the  poss ibi l i ty  of forming smal l  new nuclei  
dur ing  the final high ra te  discharge.  Exper imenta l ly ,  
th is  was found to occur, but  the  effect was re la t ive ly  
smal l  unt i l  the  dep th  of pa r t i a l  cycle  was increased 
to about  90%. For  example ,  the  charge acceptance 
measured  af ter  an 87% pa r t i a l  cycle (C/20 ful l  ini t ia l  
discharge,  87% charge  at  C/2, and full  discharge at 
C/2) was found to be 36% as compared  to 25% af ter  
a half  depth  cycle  and 57% af te r  a full  depth  cycle. 

Practical significance of crystal size el]oct.--Practical 
significance of var ious  expe r imen ta l  resul ts  descr ibed 
here  can be summar ized  as follows: 

1. The l o w - t e m p e r a t u r e  charge acceptance of the 
negat ive  e lect rode in sealed cells containing a large 
excess negat ive  capac i ty  is de te rmined  by  the size of 
the  excess cadmium hydrox ide  crystals ,  and  no sig- 
nificant improvement  in charge acceptance can be ex-  
pected by  high ra te  cycles. Consequently,  sealed cells 
should be const ructed using negat ive  electrodes wi th  
smal l  cadmium hyd rox ide  crystals .  Fas t  rate,  low-  
t empe ra tu r e  forming cycles should he lp  produce smal l  
crystals .  

2. Even if  the  nega t ive  e lect rode in i t ia l ly  contains 
smal l  crystals ,  they  grow large  on open-c i rcu i t  s tand 
by  recrysta l l izat ion.  Since the  ra te  of recrys ta l l iza t ion  
is s lower at lower  tempera tures ,  cells should be s tored 
at a low t empera tu re  if  they  are  not to be used for 
an ex tended  per iod of t ime. 

3. Cells in the  charged  state should not be left  on 
open circui t  for a long time, because the charged posi-  
t ive  e lec t rode  se l f -d ischarges  s lowly to give off oxy-  
gen, and the  l a t t e r  discharges  the  negat ive  electrode 
at  a slow rate,  which  leads to the  format ion  of large  
Cd (OH) 2 crystals .  

4. E x t r e m e l y  low ra te  discharge should be avoided. 
This produces  large  Cd(OH)2 crys ta ls  and possibly  
agglomerates  of smal l  crystals .  

5. If  condit ions permit ,  t empe ra tu r e  should be 
lowered  when  the  cell  is in the  fu l ly  charged state 
r a the r  than  in the  d ischarged state,  so tha t  the  first 
opera t ion  at  the  low t e m p e r a t u r e  becomes a d ischarge  
and not  a charge.  

Conclusion 
There  is l i t t le  doubt  that  the  size and the  s t ructure  

of Cd(OH)2  crysta ls  p l ay  an impor t an t  role  in de te r -  

O F  C d  ( O H )  2 E L E C T R O D E  587 

min ing  the  l o w - t e m p e r a t u r e  charge  acceptance of 
cadmium hydrox ide  electrodes.  A number  of exper i -  
men ta l  resul ts  can be accounted for in t e rms  of these 
effects in conjunct ion wi th  the  react ion mechanism 
involving a soluble in t e rmed ia te  species in both the  
charging and the  discharging reactions.  However ,  it 
cannot be s ta ted tha t  the  c rys ta l  size and s t ruc ture  
effect expla ins  al l  results.  Fo r  example ,  we  observed 
that  the  charge acceptance decreases to some ex ten t  
wi th  increasing number  of charge-d i scharge  cycles 
given to the  e lec t rode  pr io r  to the  low t e m p e r a t u r e  
charge. This may  be due to a red is t r ibu t ion  of the  
act ive ma te r i a l  wi th in  the  e lec t rode  which  is known 
to occur as a resul t  of use (10). More comple te  under -  
s tanding of the  phenomenon would  requi re  a fur ther  
invest igat ion.  
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The Effect of Lead Ions on the Dissolution 

and Deposition Characteristics of a Zinc 

Single Crystal in 6N KOH 

F. Mansfeld*' and S. Gilman* 
National Aeronautics and Space Administration, Electronics Research Center, Cambridge, Massachusetts 

ABSTRACT 

Dissolution of the basal plane of single crystal  zinc and deposition of zinc 
on the same mater ia l  in alkaline solutions in the presence of 10-4M lead ion, 
has been studied using in situ microscopy and the scanning electron micro- 
scope (SEM). It was found that in the presence of lead ions, most of the sur-  
face was protected against dissolution when polarized as much as I00 mV 
positive to the rest potential. Dissolution occurs ini t ial ly in the form of a 
l imited number  of hexagonal  etch pits that grow in size and number  with 
time. The pits appear to correspond to sites of macroscopic crystal l ine im-  
perfection. 

In the absence of Pb ions, deposition of Zn on the basal plane of a zinc 
crystal tends toward epitaxial  growth at low overpotentials.  In the presence 
of Pb ions, at both high and low overpotentials, Zn deposition tends to ini-  
tiate main ly  at the few sites not protected by the microscopically smooth Pb 
film. At high overpotentials,  growth tends to be cylindrical  and micro- 
crystalline, ra ther  than  dendritic. It is shown that, under  the present con- 
ditions, no increase in the cathodic current  is to be expected with increase of 
time. 

The alkaline zinc electrode is encountered in several 
commercial  and proposed aqueous bat tery  devices. Its 
attractiveness as a uniquely  h igh-energy anode mate-  
rial (for aqueous systems) is diminished by such con- 
comitant  problems as poor qual i ty of the electrodeposit 
(secondary bat tery  application) and corrosion of zinc. 
The use of additives incorporated into the anode, or 
dissolved in solution, has been proposed over the years 
and evaluated empirically. Most of the research effort 
in this area has been concentrated at industr ia l  
laboratories. 

The use of Pb and Sn ion additions to the electrolyte 
as suggested earlier by Kudryavtsev  is quoted in (1). 
The use of Pb  ions was again investigated by Oxley 
and Fle ischmann (2) who found that the deposit ad- 
herency on polycrystal l ine Zn increased when lead 
acetate was added at an opt imum concentrat ion of 
0.5 g/1 to a solution of 43% KOH, 1.13M in zinc ions. 
The reason for the influence of lead on deposit ad- 
herency was unclear.  

Recently Bockris et al. (3) claimed that  "the pres- 
ence of 10 -4 molar  lead completely suppresses den-  
drites." This conclusion was reached, however, only 
from the change of the total current  density with t ime 
without  microscopical observation of the actual 
deposit. 

At this laboratory an invest igat ion of the effect of 
additives, especially lead, on dissolution and deposition 
characteristics of single crystal zinc has been carried 
out using the light microscope in a way similar to 
Powers'  experiments  (4, 5) and the scanning electron 
microscope as demonstrated by Naybour  (6, 7). Powers 
studied deposition of zinc on the basal plane of a 
single crystal of zinc and on polycrystal l ine mater ia l  
(4) and, with Breiter (5), dissolution and passivation 
of the basal plane. Naybour  investigated the effect of 
substrate orientat ion on growth (6) as well as the 
effect of electrolyte flow on the morphology of zinc 
deposits (7). Both optical methods have not been used 
previously in investigations of the effects of additives. 

The effect of metal  cations, anions and neut ra l  mole-  
cules on the hydrogen evolution rate of polycrystal l ine 
zinc in 6N KOH and rate of hydrogen evolution of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  N o r t h  A m e r i c a n  Rockwel l ,  T h o u s a n d  Oaks,  

C a l i f o r n i a  91360. 

Zn-Pb  and Zn-A1 alloys will  be reported in a separate 
paper. (12). 

Experimental 
The zinc electrodes were obtained by cleavage from 

single crystal  rods grown from 99.9995% pure  zinc. 
The crystal was cooled to l iquid ni t rogen temperature  
and then cleaved and rewarmed in a drybox under  
argon. The cell used for microscopic observation under  
polarization was similar to that  used by Powers (4), 
with the only significant modification being to the 
window of the optical coverglass. The coverglass was 
fused to the Pyrex  sleeve thereby avoiding the use of 
adhesives which dissolve more or less rapidly in KOH. 
The reference electrode was a zinc rod (99.95%), the 
counterelectrode was gold foil. The zinc electrode po- 
tent ia l  was controlled by a Tacussell potentiostat  and 
monitored by a Keithley electrometer. The current  
was recorded on a Moseley str ip-chart  recorder. The 
microscope was by Reichert, Austria, used main ly  with 
Nomarski  interference contrast. 

The solution of 6N KOH ~ 20 g/1 ZnO was made up 
from reagent  grade KOH and bidisti l led water  using 
a quartz still and ZnO, "pure" (99.9%). Lead was 
added in the form of the acetate salt in a concentra-  
t ion of 1 x 1O-4M. Previous experiments  with addition 
of 10-4M acetic acid had shown that  the acetate ion 
has no effect on deposition characteristics. 

Results 
Anodic dissolution.--In the investigation of the 

effect of lead on anodic dissolution of the basal plane 
of zinc, a constant potential  of -{-75 or ~-100 mV vs. 
zinc in the same solution was applied after the speci- 
men had been in contact with the solution for 5 min. 
In the absence of lead the surface changes in the same 
way as on cathodic deposition (4), the difference of 
course being dissolution of the surface. This indicates 
that dissolution and deposition occur at the same sites, 
probably screw dislocations. After  about 60 see one 
observes pits in the form of hexagonal  pyramids (Fig. 
1). These hexagonal  pits cannot be observed with dark 
field methods and are consequently not visible in the 
paper of Powers and Breiter (5), (Fig. 2). Addit ion 
of 10-4M lead to the electrolyte does not result  in a 
perceptible coating of lead on the zinc surface (c.f., 
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and size of pits. Observa t ion  with  the  scanning  e lec-  
t ron  microscope (SEM) shows tha t  the  pi ts  a re  sha l -  
low, have  a flat bo t tom and s tepped sides (Fig. 4). The 
sides of all  pi ts  are  pa ra l l e l  to [11-20]. These pits  occur 
p robab ly  on sites wi th  macroscopic damage  or  i r r egu-  
lar i t ies  of the  crys ta l  as can be seen f rom Fig. 5. The 
crys ta l  was lef t  at  the  open-c i rcu i t  po ten t ia l  for 2 hr. 
A number  of hexagona l  pits  were  observed;  they  were  

Fig. 1. Anodic dissolution of zinc, (0001) plane at ~ 1 0 0  mV in 
6N KOH -~ 20 g/i  ZnO after 60 sec. Nomarski Interference Con- 
trast (NIC), 110X. 

Fig. 4. Pit produced in experiment of Fig. 2 after 300 sec scan- 
ning electron microscope (SEM), 480X, 45 ~ 

Fig. 2, Anodic dissolution of zinc, (0001) plane at -~100 mV in 
6N KOH -I- 20 g/I ZnO -f- 10 -4M PbAc after 240 see. NIC, 110X. 

Fig. 2), but  does have a profound  effect on the  anodic 
dissolution character is t ics .  A f t e r  app ly ing  the  anodic 
potent ia l  hexagona l  pits  a re  observed  which grow in 
size and n u m b e r  (Fig.  2). They  are  v e r y  numerous  at 
more  macroscopic defects of the  c rys ta l  such as cracks 
in t roduced by  c leavage (see r ight  corner  of Fig. 2). 
This difference in dissolut ion is also reflected in the  
different  change of cur ren t  wi th  t ime  (Fig. 3). Wi th  
no addit ions,  the cur ren t  r ises sha rp ly  and then  decays;  
wi th  addit ions,  i t  increases s lowly  wi th  the  number  
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Fig. 3. Anodic dissolution of zinc, (0001) plane at -f-100 mY. 

Solid line, 6N KOH ~ 20 g/I ZnO; dashed line, 6N KOH -f- 20 
g/I ZnO -~ 10 -4M PbAc. Geometric area of electrode ~ 0.178 
cm 2. 

Fig. 5. Pits formed at the corrosion potential after 2 hr in 6N 
KOH ~ 10 4M PbAc. SEM. (a) (top) 840X; (b) (bottom) 1000X. 
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pipes growing perpendicular  to the surface. F igure  6b 
shows both types at a higher  magnification. 

Figure  7 shows the deposit  at --200 mV from the 
same solution. The deposit is completely  different from 
that  obtained in the absence of lead (classical den-  
dri tes) ,  it reminds  one of corals. The deposit  consists 
of a ve ry  large number  of crystalli tes,  the s t ructure  
of the protrusions and of the  flat areas of the  surface 
seem to be the same. F igure  7c is a magnification of 
one of the flat areas. The depression corresponds to 
blockage of deposition by a hydrogen bubble. In order 
to obtain addit ional  informat ion about the effect of 
lead additions, an exper iment  was conducted with  

Fig. 6. Deposit at --100 mV from 6N KOH ~ 20 g/I ZnO 
10-4M PbAc after 617 sec, SEM, 45 ~ (a) (top) 500X; (b) (bottom) 
2080X. 

concentrated at cracks in the surface like the one in 
Fig. 5b. These macroscopic defects serve as anodes, 
where  zinc dissolves, whi le  Pb (and hydrogen)  plate 
out on the cathodes. 

Cathodic deposition.--Cathodic deposition on the 
basal plane of zinc was carr ied out f rom a solution of 
6N KOH + 20 g/1 ZnO wi th  or  wi thout  additions of 
10-4M lead acetate at potentials  of --100 or --200 mV 
vs. zinc in the same solution. The results wi thout  addi-  
tions of lead were  the same as a l ready shown by 
Powers  (4) : at -- 100 mV the deposit was in the form 
of pyramids, the number  of which declines wi th  t ime 
as the more  act ive pyramids  cover  the less act ive ones. 
No classical dendri tes were  observed at this potent ial  
even af ter  1 hr  of plating, a l though a number  of small  
protrusions were  observed. 2 At --200 mV the number  
of growth centers  was much larger  and after  a short 
t ime dendri tes  wi th  side branches occurred. If the 
potent ial  is held at --100 mY for about  30 min  and then  
changed to --200 mV, a large number  of new growth 
centers appear  on the sides of the previously  formed 
pyramids.  Af te r  some t ime dendri tes  are observed. If 
the potent ia l  is brought  back to --100 mV after  1 or 2 
min at --200 mV, the growth centers formed at --200 
mV disappear whi le  the pyramids  continue to grow. 

The effect of lead additions is shown in Fig. 6 for 
deposition at --100 inV. It  can be seen f rom Fig. 6a 
that  two different types of deposit are obtained: li t t le 
bumps or hills consisting of many  li t t le crystal l i tes 
and flat areas consisting of a ve ry  large number  of 

o T h e  n a t u r e  of these protrusions has b e e n  s t u d i e d  in  m o r e  d e t a i l  
i n  (13).  

Fig. 7. Deposit at --200 mV from 6N KOH ~ 20 g/I ZnO 
I0 -4M PbAc after 3600 sec, SEM, 45 ~ (a) (top) 180X; (b) (cen- 
ter) and (c) (bottom) 800X. 
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Fig. 8. Deposit at --100 mV: 60 sec in 6N KOH -t- 20 g/I ZnO ~- 
10-4M PbAc, followed by 3600 sec in 6N KOH ~ 20 g/I ZnO, SEM, 
45 o. 560X. 

deposition at --100 mV for 1 min  in a solution con- 
ta ining 10-4M of lead, followed by addit ional deposi- 
tion in lead-free solution. Figure 8 shows the deposit 
obtained at --100 mV after 1 hr  of plat ing in the lat ter  
solution. The deposit is different from that  obtained 
with addit ion of lead ions; it  is similar to the pro- 
trusions observed in lead-free solutions after longer 
plat ing times (13). The protrusions are clearly crystal-  
line with layer growth parallel  to the surface bu t  also 
with planes having an angle to the main  crystallo- 
graphic axis (center of Fig. 8). 

Exper iments  where  deposition at --100 mV in 6N 
KOH and 20 g/1 ZnO was followed by deposition in 
the same solution with addition of lead ions produced 
deposits very similar to t h e  ones shown in Fig. 6. The 
flat areas of the surface are again covered with pipe- 
shaped growths of vary ing  length (Fig. 9). Deposition 
at --200 mV produced deposits similar to the ones 
shown in Fig. 7. 

Discussion 
Our results clearly show that  the addition of lead 

ions to a solution of KOH containing zincate strongly 
affects anodic dissolution of the basal plane of a zinc 
single crystal and deposition of zinc on the same 
specimen. Without  an external ly  applied potential, a 
microscopically smooth lead coating is deposited on 
the zinc surface while zinc dissolves on the anodic 
sites, which are thought to be major  defects of the 
crystal  (Fig. 4). If an anodic potent ial  is applied, the 
crystal only dissolves at these lat ter  sites, the other 
sites, which are active dur ing dissolution in lead-free 
solutions (Fig. 1), are blocked and protected by lead. 
The pits observed after dissolution for 5 min  are all 

Fig. 9. Deposit at --100 mY: 150 sec in 6N KOH -I- 20 g/I ZnO 
followed by 1200 sec in 6N KOH ~ 20 g/I ZnO ~ 10-4M Pbhc, 
SEM, 45 ~ 4600)(. 

rather  shallow and all seem to have the same width. 
They are oriented with their  edges paral lel  to [1120] 
which implies that  (1120) dissolves faster than  (1010) 
and this in  t u rn  faster than  (0001), in  paral lel  with 
increasing packing density. Ashton and Hepworth (8) 
came to the same conclusion by  measur ing anodic 
polarization curves on the (0001), (101-0), and (112-0) 
plane of zinc in  0.5 NaOH. 

The results of deposition in  lead-free solutions sug- 
gest that  at the less negative potent ial  (--100 mV) 
and lower deposition currents,  the zinc particles diffuse 
on the surface to growth sites leading to pyramid 
growth. At more negative potentials (--200 mV) and 
higher deposition currents,  the rate of arr ival  of zin-  
cate ions is higher than the rate of diffusion to growth 
sites, the zinc adatoms "inhibi t ing" their  own diffusion. 
This results in  dendrit ic growth. The results obtained 
by switching the potential  from --100 to --200 mV 
(new nuclei, dendrit ic growth) and switching from 
--100 to --200 mV and after a short t ime back to 
--100 mV (disappearance of nuclei  formed at --200 
mV) support this scheme. 

From our observations of the anodic dissolution of 
zinc in the presence of lead it follows that most of the 
sites for dissolution are blocked by lead. If it can be 
assumed that the sites for deposition and dissolution 
are the same, namely  screw dislocations (9), then 
one would expect that  growth on these sites is also 
blocked by lead. In  addition it is possible that  the 
presence of lead changes deposition characteristics 
from the crystallographic form of dendri tes (accord- 
ing to Naybour  (7) both tip and side branches of a 
dendri te  grow in the [1120] direction, the main  stem 
and the side branches being monocrystal l ine)  to pro- 
trusions which are no longer monocrystal l ine  but  con- 
sist of a large number  of small  crystals. In fact, the 
results of Fig. 6 and 7 show that  parts of the surface 
are inactive for growth; the areas of larger growth 
consist of a large number  of very small crystallites. 
The results of Fig. 8 show indeed that  lead blocks parts 
of the surface, subsequent  growth in lead-free solution 
exhibits crystal l ine growth again, the deposit growing 
main ly  in the vert ical  direction, while large areas 
remain active. The na ture  of the sites for growth 
under  these conditions is not known,  bu t  it seems 
possible that  the same physical defects (or impur i ty  
centers) that  act as anodes on dissolution in the 
presence of lead act as growth sites in deposition. 
Vaughan and Pick (10) assumed that  copper nuclea-  
tion sites were impur i ty  centers, physical defects act- 
ing as preferred sites for impur i ty  segregation. Al-  
though Naybour  (6) showed that  the n u m b e r  of sur-  
face defects on a zinc crystal  was less than the number  
of growth sites, conditions are different in the present  
case where more surface defects are produced through 
local action currents.  Figure 7 also shows that  no 
classical dendrites are obtained when lead is present  
in the solution most l ikely due to incorporation of 
lead. There seems to be no major  difference in the 
s tructure of the deposit at --100 and --200 mV in solu- 
t ion containing lead (Fig. 6b and 7b), the little bumps 
growing to larger protrusions with t ime under  diffu- 
sion control. The na ture  of the pipe- l ike s tructure in 
Fig. 6 and Fig. 9 is not known at the present. 

The conclusion of Bockris et al. (3) that  lead addi-  
t ion suppresses dendrites is correct only in  so far as 
the protrusion is not  a monocrystal  anymore  but  con- 
sists of m a n y  small crystallites. The lack of a parabolic 
increase of current  with t ime as observed in (3) 
might  be due to a lack of dependency of the diffusion 
current  upon a radius of curvature  of the substrate 
(11) in the case of lead additions, growth probably  
being l inear-diffusion controlled for the type of pro- 
trusions shown in Fig. 7. A parabolic or exponent ial  
increase of current  with t ime as observed by Bockris 
and co-workers (3, 11) seems questionable, however, 
since it was not observed by Powers (4) and in the 
present  work in solutions free of lead ions. It  could 
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result  from the special preparat ion of the electrodes 
in (11) which consist of zinc electrodeposited on small  
Pt  spheres and which are quite different from the 
much larger (0.495 cm 2) single crystal  plane used in 
(4) and the present  work. It  should be remembered 
also that  the parabolic increase of current  with t ime 
in the t rea tment  of Bockris et al. (11) results from 
the assumption that  dendri te  ini t iat ion is continuous, 
but from Naybour 's  (6) work it seems that dendri te  
ini t iat ion is instantaneous.  

The small  increase of current  with t ime while den-  
drites grow in lead-free solutions observed in (4) and 
the present  work results most l ikely only from an in-  
crease in total  area as the dendri tes  penetra te  the 
diffusion layer. In  the presence of lead the current  
does not change appreciably after about 60 sec of 
deposition at --200 mV. The protrusions produced in 
this exper iment  have a cylindrical  shape and grow 
perpendicular  to the base contrary to real dendrites. 
From Table I which gives some average parameters  
of those protrusions it can be seen that  the largest 
protrusions have reached a length comparable to the 
thickness of the diffusion layer, which is calculated to 
be 0.03 to 0.003 cm by using a l imit ing c.d. of 35 
m A / c m  2 and a value of the diffusion coefficient of 
2 x 10 -5 to 2 x 10 -6 cm 2 sec -1 (2). It follows that  no 
substantial  increase in area and therefore in current  
is expected as protrusions grow. 

Conclusion 
The presence of small  amounts  of lead ions in an 

alkaline solution markedly  changes the anodic dis- 
solution behavior  of the basal p lane of zinc by block- 
ing most of the active sites for dissolution. Its presence 
also changes deposition characteristics from mono-  
crystal l ine dendrites to protrusions consisting of many  
small crystals while large parts  of the surface are 
inactive for deposition. It  is concluded that, in the 
presence of lead, dissolution and deposition occurs at 
more macroscopic physical defects of the crystal. 

It  is possible that  other metal  ions which have a 
reversible potential  sufficiently more noble than  zinc 
act in a similar way. It  is not ent i rely clear at the 
present  how the above results apply to secondary 

Table I. Typical parameters for protrusions in experiment Fig. 7 

H e i g h t  (1 .6  • O.1) • 10  -3 c m  
R a d i u s  (2 .0  • 0 .2)  • 1 0  4 c m  
P a r t i c l e s / c m  ~- (1 .5  • 0 .2)  x 10 ~ 

batteries. The change in deposit morphology is cer- 
ta in ly  beneficial since no sharp dendrites result  which 
would penetrate  separators. It  remains  to determine 
what  happens to the lead additions through cycling of 
a battery.  The beneficial effect of lead ions in  the 
electrolyte or lead alloyed in small  amounts  to zinc on 
hydrogen evolution will  be reported in a separate 
paper (12). 
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Direct Current-Voltage Characteristics of 
Calcia Stabilized Zirconia with 

Porous Platinum Electrodes 
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ABSTRACT 

The direct current-voltage characteristics of symmetrical cells Pt, O2(I), 
IZr0.s5Ca0,15Ol.s51Pt, O2(II),  with pO2(I) = pO2(II),  were measured at 560~ 
under  oxygen pressures from 1 to 10 -20 atm. The characteristics were non-  
ohmic, the deviation from ohmic law being main ly  due to the potential  drop 
at the cathode interface between the solid electrolyte and the gas ambient.  
The characteristics consist of two parts. The first is characterized by a marked 
oxygen pressure dependence and is observed at voltages lower than approxi-  
mately 2V (weak polarization).  In  this range, the ra te -de te rmin ing  process is 
the diffusion of oxygen atoms (result ing from dissociation of 02 or H20) 
through the p la t inum of the Pt  paste electrode. The second part  of the char-  
acteristic is almost independent  of the oxygen pressure and is observed at 
voltages higher than approximately 2V (strong polarization).  Here the ra te-  
de termining step is the process in which neut ra l  oxygen atoms, adsorbed at 
the cathode surface of the electrolyte, combine with effectively neu t ra l  oxygen 
vacancies Vo x, (oxygen ion vacancies which have trapped two electrons) to form 
a normal  O 2- lattice ion (Oox). This process utilizes the part  of the electrolyte 
surface not in contact with the plat inum, but  close to points where the plat i-  
n u m  makes contact, and involves migrat ion of electrons from the p la t inum 
over the surface of the electrolyte. 

Stabilized zirconia with the composition Zr0.ssCa0.15- 
Ol.s~ crystallizes in the CaF~ structure (1, 2) and con- 
tains 7.5% extrinsic vacant  oxygen sites (2, 3). The 
electrical conduction at high tempera ture  in air or 
oxygen is ionic in na ture  and is due to the migrat ion 
of oxygen ions by a vacancy mechanism (2-4). The 
vacancies involved are oxygen ion vacancies with an 
effective charge +2, Vo'" (5). At lower oxygen pres- 
sures, however, electronic conduction sets in (2, 5, 6). 
An ionic t ransference n u m b e r  ti is defined by 

ti = r + ~e) [1] 

where qi is the ionic and  o- e the electronic conductivity.  
The value of the oxygen pressure at which this t rans-  
ference number  is 0.5 is a function of tempera ture  
(2, 6) and varies from sample to sample (4). Typical 
values of (PO2)o.5 for stabilized zirconia of the composi- 
tion given above are 10 -42 atm at 560~ 10 -z2 atm at 
800~ 10 -26 atm at 940~ (2). A galvanic cell with 
p la t inum electrodes and stabilized zirconia as a solid 
electrolyte operated with different oxygen pressures 
at the two sides, gives an open circuit  emf Eopen given 
by (2, 7) 

1 f H  Eopea -= E,, -- EI = 4-F-'~I ti(~O2) d~O~ 

RT sin -- ti (pO2) d l n p O 2  [2] 
4F 

where ~Oe ---- RT In pO2. The cell can be used as a fuel 
cell or a solid-state bat tery  (8) and also as an oxygen 
pressure monitor  (7). 

The emf arises as a consequence of the s imultaneous 
migrat ion of ionic and electronic defects. In  the sta- 
t ionary state, the total electrical cur rent  carried by 
these defects at open-circui t  voltage must  be zero, 
and therefore the electronic current  Je and the ionic 
current  ji must  be equal and opposite 

J = J e + j i = 0  or J e = - - j i ~ 0  at V=Eopea  [3] 
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The ionic current  is stopped by the application of a 
voltage Estop (9, 10) given by 

1 
Estop = ~ [#O2(II) -- ~O2(I)] [4] 

Since ti --~ 1 comparison of [2] and [4] shows that  

Estop -~ Eopen [5] 

Application of a voltage higher than  Estop causes oxy-  
gen ions to move through the electrolyte from the 
lower oxygen pressure side toward the higher pres-  
sure side, and thus oxygen gas is pumped from the 
side of lower oxygen pressure to the side of high 
oxygen pressure (11-13). The oxygen pump not only 
pumps 02, but  can also decompose H20 (11) and CO2 
(13). If ionic currents  flow, and as seen above this is 
t rue in all cases unless V = Estop, the chemical poten-  
tial of oxygen in the electrolyte at the cathode surface 
(where oxygen is taken up) is lower than  that of its 
gas ambient,  and the chemical potential  of oxygen in 
the electrolyte at the anode surface (where oxygen 
gas is evolved) is higher than  that  of its gas ambient.  
These potential  drops, if appreciable, must  be expected 
to reduce the accuracy of oxygen pressure monitor  
cells and the efficiency of fuel cells or oxygen pump 
cells. Their presence is indicated by the nonohmic 
character of the current-vol tage  characteristics; such 
nonohmic effects have been observed with several 
ionic conductors (12-15). It  is the purpose of the pres-  
ent study to investigate the current -vol tage  character-  
istics of calcia stabilized zirconia in order to gain in-  
sight into the processes taking place at the electrodes. 
In this study, main ly  symmetr ical  cells with POe (I) ---- 
PO2(II) and J = 0 at Estop = 0 = Eopen have been 
used. This was done to avoid possible complications 
arising from the ionic current  inside the electrolyte in 
asymmetrical  cells at J = 0 [see (3)].  Asymmetr ica l  
cells were only used to separate the effects of anodic 
and cathodic potent ial  drops. The oxygen pressure of 
the gas ambient  under  which the measurements  were 
made was between 10 -20 and 1 atm. 

593 
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Experimental Procedures 
Sample preparation.--Zirconium dioxide was made 

by slow calcination of zirconium te t ra -ace ty l -ace ta te  
(supplied by Matheson Coleman and Bell  Company) at 
800~ in air. Major  impuri t ies  present  in the acetate 
were  [in weight  per cent ( w / o ) ] :  0.15 SIO2, 0.005 
Fe2Oa, 0.003 A12Oa, 0.003 MgO, 0.003 TiO2, 0.004 (Na20 
~- K20).  The ignition loss was 71.23 w/o .  Calcium car-  
bonate supplied by Mall inckrodt  was used as a source 
of calcia. For  this, the  m a x i m u m  limits of major  im-  
purities, given in weight  per cent, are: 0.10 Na, 0.10 
Sr, 0.02 Mg, 0.01 K, 0.005 Ba. Zirconium dioxide and 
calcium carbonate  powders were  weighed to give the 
composition (0.15 CaO 4- 0.85 ZrO2), mixed  in an 
agate mor ta r  for 2 hr, and pressed to pellets. The pel-  
lets were  heated in dry Argon gas at 1900~ for 2 hr in 
an induction furnace wi th  a graphi te  crucible. The 
pellets as fired showed a brown color. The color dis- 
appeared on hea t - t r ea tmen t  in air at 800~ X - r a y  
analysis showed the diffraction pa t te rn  of the fluorite 
s t ructure  only. The pellets in their  final state were  1 
mm thick and 10 mm in diameter.  

Experimental set-up.--The specimen, whose charac-  
teristic was to be studied, was kept in a stabilized zir-  
conia tube through which a carr ier  gas (5 ml / sec)  
containing various amounts of oxygen was circulated. 
The exper imenta l  set-up is shown schematical ly in 
Fig. 1. Ni t rogen gas was used as the carr ier  gas and 
was found to contain ~10 -4 oxygen as an impurity.  In 
addition wate r  vapor  was present. The oxygen content 
was var ied by passing the gas through an oxygen 
pump cell consisting of stabilized zirconia as a solid 
electrolyte  wi th  p la t inum paste electrodes (11-13). 
The oxygen pressure was reduced by applying to the 
pump cell, operated at 670~ a vol tage higher  than 
Estop corresponding to the two oxygen pressures, 
pO2(I) ~ 10 -4 atm (N2) and PO2(II) ~ 0.2 atm (air) .  
The oxygen pressure was increased by applying a vol t -  
age smaller  than Estop. To reduce the amount  of water  
vapor  in the gas ambient  around the test specimen, a 
l iquid ni trogen cold t rap was used wi th  the  t rap usu-  
al ly at position A. Some measurements  were  carr ied 
out without  the trap to find the effects of water  vapor. 

r e r ~ 

, e ,  I 

cl i I 

f . J fmlH --- [ p ~ - ~ -  
I i I 

Fig. 1. Experimental set-up, a, inert gas bottle; b, cock and flow 
meter; c, stabilized zirconia tube; d, platinum paste electrodes for 
oxygen pump; e, oxygen pump furnace; f, platinum leads; g, d-c 
power supply for oxygen pump; h, liquid nitrogen cold trap; i, fur- 
nace for I-V characteristic measurements; j, thermocouple; k, plat- 
inum paste cathode; I, test specimen; m, platinum paste anode; n, 
platinum paste electrodes for oxygen pressure monitoring; o, gas 
input; p, gas outlet; V1, volt meter for oxygen pressure monitoring 
(Cary 31); V2, volt meter for I-V characteristic measurements 
(Cary 31); Am, d-c power supply and voltage regulator; G, ground; 
A, position of the liquid nitrogen trap used in most of the experi- 
ment; B, alternative position of the cold trap. 

Some measurements  were  also done with  the trap at 
position B ra ther  than at A. The oxygen pressure 
around the specimen was moni tored by a zirconia cell 
using the wall  of a commercia l  Zircoa B grade stabilized 
zirconia tube with  the composition (ZrO2)0.90 (CaO)0.10 
as the electrolyte.  

The test specimen was provided wi th  p la t inum paste 
electrodes at the two sides. The pla t inum paste was 
prepared using a submicron p la t inum powder  and an 
organic suspending medium. At  one side the paste 
covered much of the surface specimen (5-20 mm2);  at 
the other side the electrode had an area of --~1 m m  2. 
Contact to the electrodes was made by spring loaded 
plat inum wires (0.01 in. diameter)  which were  dipped 
in pla t inum paste pr ior  to their  application to the elec- 
trodes. 

The specimen with  electrodes and contacts in place 
was heated to 800~ for about 1/2 hr  in order to re-  
move the organic mater ia l  and to sinter  par t ia l ly  the 
p la t inum powder. The microscopic configuration of the 
contact is shown schematical ly in Fig. 2. The pla t inum 
has a spongelike s tructure wi th  interconnected gas 
channels. It makes direct contact wi th  the  zirconia 
over  part  of the surface, leaving a gas-zirconia contact 
over the remain ing  surface area. Lines where  the 
tr iple contact p la t inum-zi rconia-gas  occurs are indi-  
cated by T. Usually only half  of the characterist ic wil l  
be reported, viz., that  half  for which the small  area 
electrode is the cathode. 

The vol tage differences be tween the electrodes of 
the oxygen pressure monitor  cell and be tween  those 
of the test specimen (pellet)  were  measured  wi th  a 
vibrat ing reed e lec t rometer  (Cary 31, Applied Physics 
Corporat ion).  The current  through the specimen was 
measured with the aid of a Kei th ley  610B mul t ipur -  
pose electrometer.  The voltage applied over  the speci- 
men was changed with  a vol tage divider,  Dekavider  
DV-412 (Electro-Measurements ,  Inc.).  A Burgess 5156 
(Clevi te  Corporation) dry ba t te ry  was used as a direct 
current  source. Most of the measurements  were  carr ied 
out at 560~ a t empera tu re  chosen to be high enough 
to keep the resistance at a reasonable level, but  low 
enough to reduce F center  migra t ion  f rom the cathode 
into the electrolyte  which complicates the analysis. 

In one instance, measurements  were  made  on an 
asymmetr ic  cell, i.e., where  pO2(I) ----- 10 -20 arm and 
pO2(II) ---- 0.2 atm. For  this experiment ,  the sample 
was cemented to the end of a zirconia tube and placed 
in a furnace containing an air atmosphere.  The in- 
ter ior  of the tube was filled wi th  flowing ni t rogen 
which had been purified to pO2 ~ 10 -20 atm by the 
zirconia pump, this va lue  being measured by the 
open-circui t  emf of the sample itself. Paste electrodes 
and pla t inum wire  contact probes were  used for this 
exper iment  in the same way as described above for 
the symmetr ic  cells, except  in that  both electrodes 
were  of the same area ~1  m m  2. 

Minimum oxygen pressures around the test speci- 
men.--The lowest oxygen pressure moni tored near  the 
test specimen was 10 -20 arm at 560~ This is well  
above the values (16) moni tored  wi th in  the oxygen 
pump cell itself (11). The pressure increase is due to 

Pt 

�9 - - Z r O  2 

Fig. 2. Schematic representation of the contact between the 
electrolyte and a slntered Pt contact made by sintering Pt paste 
at 800~ 
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leakage through the wal l  or release of oxygen  from 
the wal l  of the glass tube connecting the pump to 
the measur ing vessel. An a l ternat ive  exper imenta l  a r -  
r angement  with the cold t rap at the position B in Fig. 
1 gave pressures in the measur ing cell wel l  above 
those found with  the t rap in the usual position A. The 
difference is due to the buffering action of hydro-  
gen (11). If  wa te r  vapor  present  in the tank ni t rogen 
is still present  when the gas enters the pump cell (i.e., 
the se t -up with  the t rap at A) ,  the wate r  is decom- 
posed with  the format ion of an equivalent  amount  of 
hydrogen. Drying the gas at A then  removes  most of 
the residual water  and leads to a certain value  of the 
wa te r -hydrogen  pressure ratio (pH20/pH2)~. On the 
other hand, with the cold t rap in position B, the wate r  
is largely removed before the  gas enters the cell, and 
therefore  the amount  of He that  can be formed is 
largely reduced. This leads to a higher  va lue  of the 
wa te r -hydrogen  pressure ratio (pH~O/pH2)B. If  no 
leakage would occur, each would give rise to an oxy-  
gen pressure given by the ratio 

PO2 t/2 = KH2opH20/pH2 [6] 

with (pOe)n < (pO2)m Moreover,  leakage of oxygen 
occurs and this will  have a much stronger effect if 
the He pressure is low (case of position B) than if it is 
high (case of position A) .  As a result, the va lue  of 
pO2 finally measured in the monitor  cell is again 
smaller  in case A than in case B. 

Experimental Results and Discussions 
Hysteresis.--If at a given oxygen pressure the cur-  

rent  is measured as a function of applied voltage, first 
increasing the voltage from zero to 6V at a rate  of 1 
v /min ,  and then decreasing it to zero at the same rate, 
hysteresis is observed. Figure  3 shows the result  for 
a measurement  wi th  the cell in air. Both the decrease 
of current  wt ih  t ime (4, 9, 17) and the increase of 
current  with t ime (9, 11) were  previously  reported. 
The hysteresis, however ,  has not been satisfactorily 
explained (9). The present authors bel ieve that  the 
increase is due to the inject ion of F centers into the 
electrolyte from the cathode at voltages ~2V,  and that  
the decrease is due to the t ime required for the com- 
pletion of polarization or, if it is af ter  a considerable 
number  of F centers have been formed, the t ime re -  
quired for these centers to disappear. The most repro-  
ducible curves were  obtained wi th  measurements  
taken during the decrease of the applied vol tage from 
6 to 0V at a rate  of 1 V / m i n  (the solid curve in Fig. 3) 
af ter  the vol tage had been increased f rom 0 to 6V be-  
forehand at the same rate  and held at 6V for half  a 
minute.  The t imes involved are supposed to be long 
enough to build up space charges characterist ic of 
polarization, but  are  still short enough to keep F cen-  
ters, formed at the cathode at high voltages, f rom 
drif t ing into the electrolyte  to an appreciable extent.  

F rom here on, only the  characterist ics obtained ac- 
cording to this schedule wil l  be discussed. 

Oxygen pressure dependence of the direct-current 
vs. voltage characteristics.--Some examples  of cur-  
ren t -vo l tage  characterist ics measured  at various oxy-  
gen pressures are shown in Fig. 4. It  is seen that  va r i -  
ation of the oxygen pressure affects the characteris t ic  
in different ways. At V > 2V the current  sl ightly de-  
creases wi th  increasing oxygen pressure in the range 
10 -14.5 to 10 -4.:~ atm and hard ly  changes wi th  the oxy-  
gen pressure in the range PO2 > 10 -4-'~ atm. This be-  
havior  is more  easily seen from a plot of the slope of 
the I-V characteristic,  i.e, the  dynamic conductance 
(OI/OV), as a function of applied voltage. The inverse 
of this derivat ive,  (OV/OI), is of the dimension of a 
resistance and is called dynamic resistance. F igure  5 
shows the relat ion be tween (OV/OI) and applied vol t -  
age for various oxygen pressures. The effect of oxy-  
gen pressure upon the dynamic resistance is strongest 
where  applied voltage is zero, and weakest  at voltages 
higher  than 2V. This behavior  suggests that  the 
characterist ic is de te rmined  by two different mech-  
anisms, the effect of one being dominant  at V < 2V, 
the other  being dominant  at voltages >2V. 

A difference in mechanism is also indicated by a 
difference in the effect of the presence of wa te r  vapor  
(Fig. 6). The  effect of a var ia t ion in pH20 is seen only 
at low O2 pressures where  oxygen  atoms are present  
mainly  as wa te r  molecules, and at V < 2V; at h igher  
voltages there  is pract ical ly no effect. 

Final ly  the t ime dependence in the high and low 
vol tage regions is different: the current  at high vol t -  
ages increases wi th  t ime probably as a result  of the 
occurrence of electronic conduction, increasing when  F 
centers formed at the cathode drift  into the electro-  
lyte. That  at low voltages tends to decrease. 

1,0- 

0.9- 

0.8- 

_ 0 . 6 -  

0 . 5 -  

~ 0.4- 

~ 0.5" 

0 2 -  

O.b 

pO 2 (arm.) 1.0 

I0 -~ 0.9 

/ . . . . . . . . .  I0- 2.3 0.8 
/ / ....... to -4-~ ,<,-) 

0,7  

/ /  / ,' ! , ~ : - . . .  o.o 
/ o xx ~ " +M:." 5+o c o.5 

/ , " / :  J,'/ 
/ ,' "==.-7 . / ' /  0.4 

/ /  
/ ,' .// , .7 .-,~." 0.2 

. - ~ .  L 
I 2 5 4 5 6 7 

Volt 

Fig. 4. Effect of oxygen pressure on I-V characteristics 

1.0- 

0.9- 

0.8- 

0 7 -  
o 
- 0 . 6 -  

~ 0.5- 

0.4- 

0,5- 

/ - 1.0 

/ 5 6 0 ~  -0 .9  
/ #  in Air 

: 08 

/ -0.6 n + 

/ 1 /  . . .o5 
# / / ~ -  s ~ ' ~ , < .  -04 ~, 

,'//// , 4 ~ 0  '~" -o.3 

i/ " / ~ / / / J .  / 

0.2- "0.2 

0.1- ~ ~ "  0.1 

I I I I I I 

0 I 2 3 4 5 6 7 
Volt 

Fig. 3. Example of the direct current-voltage characteristic and 
hysteresis. 

pO 2 (otrn) 

IOe I IO-~ 

I I ~-~% ~'~ ...... I0 43 

�9 Xx  x - 1 4 . 3  

X x  X 

L \.'%, 56ooc 

"" 2%. 

t 0  4 ...... I I ~ ~ x ~ x"Tnnr--~ xTx"~ x 'x~ ~ x-~'r t ~ -~  �9 I I 

I 2 S 4 5 
Volt 

Fig. 5. Interface dynamic resistance as a function of applied 
voltage and oxygen pressure. 



5 9 6  J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  

loa I[- pO~ = 10-4"3etm, 560'~C 

/ 
1 0 7 L  . . . . . .  with cold trap 

I \  - - -  without cold trap 

,o ~ _ ""... 
B V  

o h m  I 0  ~ 

iO ~ I I , ~ ~ ~ 
Volt 

Fig. 6. Effect of water vapor on the dynamic resistance as a 
function of voltage. 

io 9 

L o w  voltage section of  the  charac ter i s t i c .wDynamic  
resistance at zero vo l t s . - -S ince  the test specimen was 
operated wi th  the same oxygen pressures at the two 
sides, Estop as given by [4] is zero. Since no ionic cur-  
ren t  occurs when  the applied vol tage is Estop, no po- 
tent ial  drop can be present  at the e lectrolyte-gas  am-  
bient interfaces. Fur thermore ,  since the applied vol t -  
age is zero in this case, the re  is no oxygen chemical 
potential  drop across the electrolyte.  

The equiva len t  circuit  consists of th ree  resistances 
in series: one, Rc represents  the resistance be tween 
the electrolyte  and its gas ambient  at the  cathode side, 
the second, Rb, the bulk resistance of the electrolyte,  
and the third, Ra, the resistance be tween  the ambient  
and the solid e lectrolyte  at the anode side interface. 
The relat ion 

(OO-~-) =RbO-q-RcO-q-R~ o [7] 
V = 0  

holds, where  the superscript  0 indicates that  the ap- 
plied voltage is zero. Or, introducing the total  in ter -  
face resistance Rf, defined by 

Re ~ = Re ~ -t- Ra 0 [8] 

and noting that  Rb is ohmic so that  Rb o = RL,, [7] can 
be wr i t ten  

( 0 ~ )  v = Rb -1- Rf ~ [9] 
=0 

The resistance across the electrolyte  is pract ical ly 
independent  of oxygen pressure since the concentra-  
tion of anion vacancies responsible for ionic conduction 
is fixed and determined by the calcium oxide content; 
also the electronic contr ibution to the conductivi ty 
across the  electrolyte  is hard ly  measurable  in the oxy-  
gen pressure range 1 to 10 -20 atm covered in this 
study, so that  ti ~ 1. Hence, the change in the dynamic 
resistance (OV/OI)v=o with pO2 must  be mainly  due to 
a change in the interface resistance Rf 0. Equat ion [9] 
tells us that  if a constant (--Rb) is subtracted from 
the observed dynamic resistances, the residue should 
be the Rt~ which is a function pO2. Trial  and e r r o r  

shows that  a plot  of log Rf o vs. log PO2 is l inear for 
the oxygen pressure range f rom 10 -4 a tm up to 1 a tm 
if Rb = 5 x 105 ohms; the line has a slope of - - � 8 9  in- 
dicating that  Re ~ cc pO2-1/2 (Fig. 7). The value  of Rb 
found in this manner  should be compared wi th  re-  
ported values for the resis t ivi ty of stabilized zirconia. 
According to Kingery  et al. (3), p(560~ ~ 2.9 x 104 
ohm era. For a sample thickness, t, of ~1  mm, a gross 
cathode contact area, Sg, of ~1  mm 2, an anode area of  
5 mm 2, and thus for an effective cross section of the 
conduction path of S e r f  = ( 5  - -  1) / ln  5 = 2.5 mm 2, the 

calculated value of the bulk  resistance 0 is 

1.16 x 10 5 ohms. The fact that  the  characterist ic leads 
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to a sl ightly larger  value may  be due to the fact that  
the actual  contact area for the low vol tage mechanism, 
SL, is less than Sg. For  SL/Sg = 1/4.3, the two re -  
sistance values agree. This phenomenon,  described 
here in terms of SL and Sg has been discussed else- 
where  (19) in terms of a "constriction resistance." 

The plot of log Rf o vs. log pO2 shown in Fig. 7 has a 
sharp change in slope near  pO2 z 10 -4 atm, indicating 
that  Rf 0 is only weakly  dependent  on the oxygen pres-  
sure for pO2 < 10-4 atm. This sharp change in behavior  
requires  a distinction be tween  Rf 0 for high and for low 
oxygen pressure, i.e., between Rf,h ~ and Rffl. Compar i -  
son of the results of exper iments  wi th  and wi thout  the 
l iquid ni t rogen cold t rap (i.e., with gas of the  same 
oxygen pressure but containing different amounts  of 
water  vapor)  shows that  Rf,10 is variable,  but  Rf,h 0 is 
not affected. This indicates that  Rf,h ~ involves oxygen 
atoms der iving f rom 02 molecules, but  that  Rf,10 in- 
volves oxygen atoms deriving f rom buffer molecules, 
e.g., H20 or CO2 (in the present  case probably the 
former) .  It  indicates also tha t  we are dealing with  a 
different ra te - l imi t ing  process. We shall deal wi th  the 
oxygen process and with  the wate r  process below. 

The re la t ive  importance of the two terms, Rc 0 and 
Ra 0, may be shown by noting that  a change in the gross 
anode surface area f rom 5 to 20 mm 2 did not give any 
al terat ion of the  observed characterist ics whereas  
changing the cathode area did al ter  the behavior.  This 
indicates that  Rf 0 is de te rmined  main ly  by Rc0: it is 
mainly  the cathodic processes that  determine the cur-  
ren t -vo l tage  characteristics.  Consequent ly  

Rf o ~ RcO [10] 
and 

R c  0 > >  Ra 0 [11] 

The same feature  is indicated by a comparison of the 
I - V  characterist ic of an asymmetr ica l  cell, for which 
pO2(I) = 10 -20.o atm and pO2(II)  = 0.2 atm, with 
the I - V  characterist ics of symmetr ica l  cells operated 
at these two pressures. As shown in Fig. 8, the section 
of the asymmetr ica l  characterist ic for V > Eopen (curve 
la)  where  the electrode at the low pO2 side is the 
cathode, is almost identical  wi th  the symmetr ica l  
characterist ic for pO2 = 10-2o.o atm (curve 2) if the 
lat ter  is shifted by Eope~a (curve 2). S imi lar ly  the 
section of the asymmetr ic  characterist ic for V < Eopen 
(curve lb)  where  the electrode at the high pO2 side is 

the cathode, is almost identical  wi th  the characterist ic 
of the symmetr ica l  cell having pO2 = 0.2 arm (curve 
3) s imilar ly shifted (curve 3'). Thus the gas present  
at the cathode (negat ive  re la t ive  to Eopen) determines  
the shape of the characterist ic.  

If  the cathode process determines  Rf ~ the pressure 
dependence of Rf 0 mainly  arises f rom the pressure de- 
pendence of Rc 0. Since R = C- I ,  where  C is the con- 
ductance, the pOe -n  dependence of Rc 0 corresponds to 
the fol lowing relat ion for the conductance Cc 0 at the 
cathode side interface 
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1 
Cr ~ oc P O 2 n  [12] 

Re 0 

where n ---- Yz at high oxygen pressures and n ~ 0 at 
low oxygen pressures. The conductance is given by 

OI 
Ce~ = ( --~--)v=o [13] 

The current  I is given by the n u m b e r  of O e-  ions 
formed per second from O2(g) or H20(g)  at the cath- 
ode and t ransferred to the solid electrolyte (15). This 
may happen in various ways, each involving a number  
of steps, one of which is the ra te -de te rmin ing  one. 

Determination of the rate-limiting step: p02 >> 
pH20.- -At  re la t ively high oxygen pressures, when 
pO2 > >  pH20, the over-al l  cathode process consists of 
the dissociation and ionization of oxygen and its in-  
corporation into the zirconia 

O2(g) + 2 e - ( P t )  -+ O= (ZrO2) [14] 

It has been argued (13) that  since species in three 
phases are involved in this process, it has to occur at a 
triple contact where these three phases meet  (Fig. 
2,T). It should be understood, however, that  this triple 
contact is one-dimensional  and cannot carry any cur-  
rent.  Although the actual  process will  occur more or 
less close to T, it must  take place across a two-d imen-  
sional surface, e.g., an area either at the Pt  side or 
at the zirconia side (or  at both sides) of T. In  the first 
case the process must  involve diffusion of an oxygen 
species through or over the p la t inum;  in the lat ter  case 
it must  involve electron diffusion from the P t  at T 
over the free zirconia surface. It is proposed that  the 
first mechanism is responsible for the low-voltage 
behavior  and that  the second mechanism accounts for 
the high-vol tage behavior. We shall now proceed with 
a discussion of the former. The following steps, in -  
dicated schematically in Fig. 12 are supposed to be in-  
volved. 

1/z O2(g) ~ 1/z O2(Pt/g)  [15] 

1/z O2 (Pt /g)  ~ O (Pt /g)  [16] 

O (Pt /g)  --> O (Pt/ZrO2) [17] 

O(Pt/ZrO2) q- Vo" ~ Oo x q- 2h' [18] 

2e -  (Pt) q- 2h" ~ 0 [19] 

Here O2(Pt/g)  are oxygen molecules adsorbed at the 
interfaces between the p la t inum crystals and the gas 
phase either at the outer surface of the paste elec- 
trode or inside the p la t inum sponge; e - ( P t )  are elec- 
trons of the plat inum, with energies corresponding to 
its Fermi  surface; O ( P t / g )  are oxygen atoms in the 
p la t inum at the p la t inum-gas  interface (the formation 
of charged forms of oxygen in the plat inum, e.g., O- 
or O =, is not energetical ly favored),  O(Pt /ZrO2) are 
oxygen atoms in the p la t inum near  the Pt, ZrO2 in te r -  
face, Vo'" are the oxygen ion vacancies present  in the 
zirconia at a concentrat ion given by that  of calcia 
(2, 3), Oo x is the structure element  symbol for a 
normal  O = ion in the zirconia, and h '  are electron 
holes formed in the ZrO2 surface by solution of the 
oxygen atoms from the plat inum. 

Each of the steps in the reaction sequence must  be 
considered as a possible ra te- l imi t ing  step. To treat  
them in turn,  reaction [15] represents access of the 
oxygen gas to the p la t inum surface and could be the 
ra te- l imi t ing  step if diffusion of oxygen molecules 
through a boundary  layer were slow. The oxygen flux 
would then be 

2D' 
J0 = [pO2 (g) -- pO2 (Pt /g)  ] [20a] 

where n is the boundary  layer  thickness and D' the 
diffusion coefficient for oxygen in the boundary  layer. 

By an analysis similar to that  used in the next  sec- 
tion, it can be shown that  this leads to an equation 
for the interface resistance of the form 

RT 
Rf0= ~ pO2 - I  (g) [20b] 

where F is the Faraday and B' is a constant  (cf. Eq. 
[35]). The resistance thus varies l inear ly  with 
pO2-1(g) whereas the exper imental  observations (Fig. 
7) vary  with pO2-Y2(g). Thus [15], which has been 
recognized in the l i tera ture  (19) as a possibly im- 
portant  ra te- l imi t ing process (gas phase polarization),  
is not the ra te-control l ing step in any of the present  
experiments.  

In a similar manner ,  reaction [16] can be el iminated 
as a ra te- l imi t ing  step since it also shows a conduct-  
ance proportional to pOe (g). Of all the reactions, only 
[17] and [18] have the required p02'/2 dependence 
through the equi l ibr ium of [16] combined with [17]. 
Of these two, [18] has no voltage dependence since the 
activity of Vo" may be considered constant as deter-  
mined by the calcium concentration. If the current  
capable of being given by [18] is greater than Ib = 
V/Rb given by the ohmic bulk  resistance, Rb, and this 
must  be expected to occur close to the origin of the 
I-V curve where Ib is small, the over-al l  current  must  
be l imited by Rb and be independent  of pO2. On the 
other hand, if the current  given by [18] is the smaller  
one so that [18] becomes the ra te- l imi t ing  step it 
leads to a voltage independent  current  Im cc p02 %. The 
resul t ing I-V characteristic near  the origin would be 
as shown in Fig. 9. The exper imental  results in the 
present work show, however, that  in the area where 
the dynamic resistance is proport ional  to p02 -1A, the 
current  near  V = 0 is dependent  on both p02 v~ and V. 
Therefore [18] cannot be rate limiting, and [17] is in-  
dicated as the ra te -de te rmin ing  step. 

Low voltage I-V characteristic ]or pO2 > >  pH20. - -  
The fact that  [17] is the ra te -de te rmin ing  step leads 
to an expression for (0V/aI)v=o which may  be coW= 
pared with the data. As ment ioned earlier, in any 
si tuation in which ionic current  flows, i.e., where V 
Estop, the chemical potential  of oxygen at the cathode 
surface of the electrolyte is lower than  that  of its gas 
ambient.  For pO2 (I) ----- pO2 (II) as holds for the cells 
investigated in the present  study, and in accordance 
with the exper imental  results which indicate that  the 
cathode resistance Rc > >  Ra the anodic resistance, the 
variat ion of the chemical potential  of oxygen through 
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Fig. 12. Reaction steps in the low-voltage mechanism. The dotted 
line indicates the rate-controlling step. 

the cells can be shown schematically as in Fig. 10. As 
shown, the drop in ~O2 at the cathode is much larger 
than  the increase in ~O2 at the anode: ~O2(g) -- 
~O2(c) >> pO2(a) -- p O 2 ( g )  

AfrO2 = /.tO2 ( a )  - -  FO2 (c )  ~ / ~ O 2  (g )  - -  /i, O2 (c)  

The induced potential  difference h#O2 over the electro- 
lyte represents an emf 

A~02 
Ea-c ~ Eg-c = ~ [21] 

4F 

which is almost of the magni tude  and sign to stop the 
migrat ion of ions under  the influence of the outer field. 
The ionic conduction processes may be represented by 
the equivalent  circuit  (Fig. 11). The l imitat ion of 
electronic conduction may be represented by a re-  
sistance, Re, paral lel  to the others which represent  the 
resistance to ionic conduction. In this equivalent  cir-  
cuit, the polarization emf (21) works over the re-  
sistance Rf ~ Rc. Since there is practically no elec- 
tronic conduction under  the conditions of the experi-  
ments, Re ~ ~ .  A small ionic current  is kept going if 
the applied voltage is larger than the polarization 
voltage (21) 

n- 

o ~ ~oz(g) ~L 

ElectroLyte 

~ -- 

~%(g) 

" - - -  F%(c) 

F~%(g) >>/~%(c ) 

+ 
Anode Cathode 

Fig. 10. Schematic diagram of the oxygen chemical potential 
across the circuit (electrode-electrolyte) if ionic current flows. 
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Fig. 11. Equivalent circuit for the situation depicted in Fig. 10 

V ---- I �9 Rb -I- E a - c  [22 ]  

RT pO2(a) RT PO2(g) 
E a - c =  l n ~ = - - l n - -  [23] 

4F pO2 (c) 4F pO2 (c) 

If [17] is the ra te -de te rmin ing  step, the rate is given 
by a diffusion flux equation 

=O0___ Jo [O (Pt) ] [24] 
0x 

where D is the diffusion constant  of O atoms for diffu- 
sion through the p la t inum from the Pt /gas  surface to 
the Pt/ZrO2 interface along any of the paths pp', qq', 
rr', t t '  in Fig. 13; it may include diffusion along the 
Pt/ZrO2 interface (path Ts in Fig. 13) bu t  not diffu- 
sion along the Pt /gas  interface ( p ~  q ~  r--> t-~ T), 
since the lat ter  would be effected faster by a diffusion 
of 02 molecules through the gas phase. (This is t rue 
in part icular  in pure oxygen where concentrat ion 
gradients cannot occur, and since there is no indica- 
tion of a change in mechanism on going from pure 
oxygen to inert  gas-O2 mixtures,  the same appears to 
hold for operation in these mixtures  also. Gas diffusion 
of O2, if rate determining,  would also give a rate 

pO2.) 
The ma x i mum contact area for the proposed process 

is the total  area S of the Pt/ZrO2 interfaces (wT in 
Fig. 13). As we saw in the section on Dynamic re-  
sistance at zero voltage, the  contact area for the low 
voltage mechanism SL ~ (1/4.3)Sg. The total ZrO2 
surface becomes accessible only if the ZrO2 becomes 
sufficiently conductive at its surface to t ranspor t  elec- 
trons from the p la t inum over the ZrO~ surface. 

Assuming a l inear  gradient,  [24] can be changed to 

D 
Jo = - - { [ O ( P t / g ) ]  -- [O(Pt /ZrO2)]}  [25] 

O 

w s 

~P i ~ ~  q Gas 

T 

Z rO a 

Fig. 13. Various diffusion paths for 0 in Pt 
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Here 0 is the effective length of the diffusion path, i.e., 
in Fig. 13, the appropriate average of the lengths of 
paths pp' to tt'. 

The equi l ibr ium for [15] and [16] leads to 

[O (Pt /g)  ] = Kip021/2 (g) [26] 

and one can also wri te  (Fig. 10) 

[O (Pt/ZrO2) ] = KlpO~ ~/2 (Pt/ZrO2) = KlPOe 1/2 (c) [27] 

Consequently 
D 

Jo = - -  K1 {pO2 v2 (g) -- pO21/2 (e) } [28] 
O 

At the  interface Pt/ZrO2, O atoms are t ransformed 
into O = ions by reaction [18]. Therefore the particle 
current  [28] ul t imately  represents an equivalent  elec- 
trical cur rent  through the ZrO2 of 

Ih = 2FSLJo [29] 

Here SL is the effective area of the Pt/ZrO2 interface, 
F is the Faraday,  and the subscripts h and L are used 
to indicate respectively relat ively high 02 pressure 
(pO2 > ~  pH20) and a low voltage. Combining [29] 
with [22], [23], and [28], we find 

R T  
V = IhRb q- l n p O 2 ( g ) / p 0 2 ( c )  [30] 

4F 
and 

D 
Ih = 2FSL - -  K1 {pO2V2 (g) -- p02 '/~ (c) } 

0 
= B { P O 2  v2(g) - -pO2 ~A(c)} [31] 

where 
B ---- 2FSL (D/O) K1 [32] 

El iminat ing PO2(c) from [30] and [31] we get 

R T  
V = IhRb q- ~ [In pO2(g) -- 2 In {pO2 v~ (g) 

- -  I h / B } ]  [33] 
and, by differentiation 

OV R T  
0"--~-" = Rb q- ~ (pO2 ~/~ (g) -- I h / B } - l  [34] 

or, for zero voltage where Ia = 0 

= Rb q- -:-~-~- PO2- ~/2 (g) [35] 
0 

This is just  the form observed for Re 0 at pO2 ~ 10 -4 
atm (Fig. 7). The cur ren t  by this mechanism cannot 
exceed a l imit ing value given by [31] with pO2(c) 
= 0, i.e. 

(Ih)lim = BpO2~ (g) [36] 

This l imit ing value is approached when V ~ ~c; OV/OI 
as given by [34] approaches ~ ,  or OI/OV approaches 
zero. In  the present  experiments  the saturat ion level 
is not reached, a different mechanism with a larger 
current  taking over at large voltages. This new mecha-  
nism is discussed below. 

Low-vo l tage  characteristic ~or pO2 < <  p H 2 0 . ~ A t  
lower oxygen pressures and in an incompletely dried 
gas where PO2 < pH20, oxygen atoms are present  
main ly  in the form of water  molecules, and the O 
atoms in the p la t inum will  be main ly  formed from 
these. The successive steps of the ent i re  cathodic 
process are then  

H20 (g) ~ H20 (g /Pt )  [37] 

H20 (g /Pt )  ~ H20 (Pt /g)  [38] 

H20(P t / g )  ~ O(P t / g )  + H27 [39] 

followed by [17]-[19]. The fact that  the voltage de- 
pendence of the current  is s imilar  to that  in the O2 
governed case and different from the dependence 
shown in  Fig. 9 suggests tha t  we are again dealing 
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with a diffusion controlled process. If it is assumed 
that  [17] is again the ra te- l imi t ing  step, then the con- 
centrat ion of O(P t /g )  depends on the activity of H20 
and H2 through [38] and [39] and the current  may be 
represented by 

It = 2FSL/9 K2 pH20 (g) - -  (c) [40] 
0 pH2 pH2 

K2 being the equi l ibr ium constant of [38] and [39] 
combined. But  since pH20/PH2 -~ KH2op021/2, this 
would make Il again cc pO2'/2, whereas a much weaker  
dependence was observed (see Fig. 7). Thus [17] can-  
not be the ra te- l imi t ing  step. The observed behavior 
is found if diffusion across a boundary  layer in the 
gas phase, i.e., [37], is the ra te- l imi t ing  process. This 
leads to a current  

It = 2FKz (pH20 (g) --  pH20 (g /Pt )  } [41] 

dependent  on pH20 in the gas and pH20 at the gas-Pt  
surface, the lat ter  depending on the applied field in a 
manne r  similar to that  found for O(Pt/ZrO2) in the 
oxygen governed case. 

The weak pO2 dependence seen in Fig. 7 is at least 
qual i tat ively explained by the way in which pH20 is 
l inked to pO2, in that  a lowering of pO2 results from 
the decomposition of H20 with the formation of H2. 
Thus a decrease of pO2 is tied to a decrease of pH20 
and increase of pH2. But  whereas pO2 is determined 
by pH20/pH2, the rate of [37] depends on pH20 alone, 
and the lat ter  may vary only slightly while the  former 
varies considerably. However, a quant i ta t ive  fit on the 
basis of this model with (KH2o)560oc = 7.6 x 1012 atm'/2 
is not obtained, and fur ther  experiments  with wel l -  
defined buffer mixtures  are required to clarify the 
mechanism operating in this range. 

High-vol tage section of the character is t ic . - -At  voltages 
above 2V a new mechanism becomes operative. It  
might  be assumed that the change in mechanism is 
due to a change from ionic conduction, dominant  at  
low voltages, to electronic conduction at high voltages. 
This, however, cannot be the case. The electronic con- 
duct ivi ty ~e and the concentrat ion of free electrons 
[e'] in calcia stabilized zirconia vary  with the oxygen 
pressure as (2, 6) 

~e oc [e'] cc pO2-1/, [42] 

whereas the high-voltage conductivi ty (OI/OV)H is 
practically independent  of PO2. Thus apparent ly  the 
current  remains  largely ionic. This conclusion is also 
supported by the fact that  the dynamic resistance, 
(oV/OI)H, shown in Fig. 5 and 6, has a value of 
5-8 x 104 ohms which is close to the value 1.16 x 105 
ohms calculated on the basis of the published ionic 
conductivi ty (3) and the dimensions of the cell, as- 
suming the cathode electrode to be active over its 
whole surface. The following mechanism is proposed. 

As shown in Fig. 10, the chemical potential  of oxygen 
at the cathode surface of the ZrO2 (point c) is lower 
than that  of the gas ambient .  This is the result  of the 
slow process at the interface and represents  polariza- 
tion. Although a certain amount  of polarization takes 
place at all voltages, its extent  increases with applied 
voltage. Increasing the s t rength of polarization results 
in a lowering of ~O2 at point  c. Since the concentrat ion 
of electronic defects is related to pO2 by [42], types 
of oxygen vacancies different from the ones present  
under  normal  conditions can be formed 

Vo" + e -  ~ Vo" [43] 

Vo" q- e -  ~ Vo x [44] 

where Vo' and Vo x are oxygen ion vacancies with one 
and two trapped electrons respectively. Once Vo x va-  
cancies are present, it is possible for the oxygen ad- 
sorbed at the surface of the ZrO2 to enter  the lattice 
directly by the reaction 
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O (ZrO2/g) -b Vo x --> Oo x [45] 

The Oo x can then pass to the anode. 
This model relies on having Vo x close to the ZrOe- 

gas interface. Since the polarization occurs at the 
p la t inum cathode, the Vo x occurs init ial ly at that  point 
and diffuses away with longer t imes of polarization 
as shown in Fig. 14. As a result  of the sideways diffu- 
sion of the F-centers  (VoX), path a in Fig. 14, the free 
ZrO~ surface next  to the p la t inum becomes electron- 
ically conductive and becomes available to the ad- 
sorbed oxygen for 'the reaction of Eq. [45]. 

The spreading of an area with increased, probably 
electronic, conductivi ty has been observed by Kleitz 
(13). Also, inspection of samples used in the present  
work revealed F-centers  (a purple  coloration) over 
the entire contact area if the samples were subjected 
to voltages >6V. The high voltage characteristic is 
t ime dependent,  with current  increasing with time; 
this is predicted by the model (i) because F-centers  
diffuse into the zirconia away from the interface (path 
b in Fig. 14) causing some electronic conduction in 
the bulk  (this is the effect that  was minimized in the 
design of the experiments;  section on Exper imental  
se t -up) ,  and (ii) because the sideways diffusion in-  
creases the surface area that  can take par t  in the O 
transport  of Eq. [45] (the distance vT in Fig. 14 in-  
creases wi th  t ime) .  In  the present  experiments  the 
max imum sideways diffusion path length is of the 
order of the radius of the p la t inum particles, i.e., 
small relative to the thickness of the sample. There-  
fore, a state is very quickly reached where  the entire 
free surface is active. From then on the only time 
dependence is due to process (i). 

Once the entire free surface area is available for 
reaction [45], the sequence of processes involved in 
the incorporation of oxygen is (Fig. 15) 

~O2 (g) ~ ~/202 (ZrO2/g) [46a] 

Gas 

Fig. 14. Diffusion of F-centers away from the platinum electrode 
region into the zirconia. 

Gas 

- - ,  

Fig. 15. Reaction steps for the high-voltage mechanism. The 
dashed lines indicate the rate-controlling step. 

1/202 (ZrO2/g) --> O (ZrO2/g) 

2e -  (Pt) -~ 2e'(ZrO2) 

2e'(ZrO2) ~- Vo" -~ Vo x 

M a y  1970 

[46b] 

[47a] 

[47b] 

together with reaction [45]. The ra te-control l ing step 
in this sequence can be determined in much the same 
way as for the low voltage case. Experimental ly,  the 
high voltage characteristic is voltage dependent  but  
not oxygen pressure dependent.  Since [46a] and [46b] 
and [47a] are oxygen pressure dependent,  and [47b] 
is voltage independent ,  the indication is that  [45] is 
the ra te-control l ing step. 

The oxygen pressure independence of reaction [45] 
may be shown as follows. The n u m b e r  of neut ra l  
oxygen atoms adsorbed on the zirconia surface is 

O (ads) n ---- K4SHp021/2 (g) [48] 

where K4 is the equi l ibr ium constant  of [46a] and 
[46b] combined, and SH is the effective surface area 
for the mechanism. The concentrat ion of Vo x vacancies 
is given by [43], [44], with equi l ibr ium constants Ks, 
K6, and [42] 

[Vox(c)] = KsK6[Vo"]p02-1/2(c) [49] 

The current  generated by the high voltage mechanism 
with [45] as the ra te - l imi t ing  step is equivalent  to 
the number  of Oo x lattice ions formed per second 

dOo x 
IH = 2F = 2FASH[Vox]O(ads) [50] 

dt 

where A is the rate constant  for reaction [45]. Using 
[48] and [49] 

IH---- C [pO2(g)/pO2(c) ]'/2 [51] 

with C ---- 2F AK4K5K6SH[Vo"]. Or using [23] 

2F 
IH = C exp Ea-c [52] 

RT 
From [22] and [52] 

RT 
V = IHRb -~- In (IH/C) [53] 

2F 
and 

OV RT 
- -  = Rb + I ~  - 1  [54]  
OIH 

These expressions do not contain pO2 and thus give 
the required independence from oxygen pressure. 
They also represent  a voltage dependent  current  as 
required. The dynamic resistance [54] approaches Rb 
with increasing current ,  i.e., at large voltages, as is 
observed (Fig. 5 and 6). 

Since the bu lk  resistivity of the electrolyte, pb, is 
independent  of voltage, the bu lk  resistance applicable 
to the low voltage mechanism is 

Y 
R b , L  = Pb SL 

and the bu lk  resistance applicable to the high voltage 
mechanism i s  

Y 
Rb,H = Pb SH 

where y is the sample thickness, and SL, SH are the 
active contact areas appropriate to the two mecha-  
nisms. F rom above, Rb,L  ~ 5 X 105 ohms, and from 
Fig. 5 and 6, Rb,H ~ 2 X 105 ohms. Thus, as an approxi-  
mate figure 

S~ 
- - ~ 2 . 5  
SL 

or in other words, the p la t inum crystals physically 
cover about 30% of the zirconia surface "covered" by 
the paste. 
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Transition f rom the low- to the high-vol tage mecha-  
n i sm. - -A l though  we have spoken about low-voltage 
and a high-vol tage mechanism with a t ransi t ion at 

2V, in real i ty both mechanisms occur at all voltages: 
only the ratio in which they contr ibute  varies. The 
total ionic current  is the sum of the current  generated 
by the two mechanisms, i.e., that from the low voltage 
mechanism, IL, and that  from the high voltage mecha- 
nism, IH. Then 

I = IL "~- IH [55] 

IL in tu rn  involves two types of oxygen atom source, 
one at high oxygen pressures, Ih, and one at low oxy-  
gen pressures, IL. These are given by [31] and [41]. 
Then 

IL = I h  -F It [56] 

Consequences of the proposed mode l s . - -The  models 
proposed here have been developed on the basis of 
experiments  on moderately sintered Pt-paste  contacts. 
They are sufficiently general, however, to be applied 
to other types of contacts and contact configurations, 
e.g., Pt, Au, and Ag point contacts as used by Kleitz 
(13), evaporated or sputtered Pt  contacts as used by 
Heyne (9) and Karapachev et al. (18). The oxygen 
dominated low-voltage regime was found to depend 
on diffusion of O through the p la t inum and was char-  
acterized by a diffusion coefficient D and an effective 
thickness 0. As shown in [32]-[34], the resistance is 
greater than  the bu lk  electrolyte resistance and is 
proport ional  to 0 as long as 0 is not too small; a de- 
crease of 0 will  decrease the resistance unt i l  a con- 
stant resistance Rb is reached. For large 0, the re- 
sistance is quasi-ohmic but  polarization occurs; for 
small 0, the resistance is t ru ly  ohmic, and no polari-  
zation occurs. The conclusions only hold if other rate-  
l imit ing steps are avoided. 

Absence of polarization with th in  sputtered Pt  
cathodes and the occurrence of polarization with thick-  
er Pt  layers was actually observed by Heyne (9). An 
increase of the current,  a t t r ibutable  to a decrease of 
the effective diffusion path, was observed by Kara-  
pachev et al. (18) in experiments  in which they made 
scratches in evaporated Pt  layers, thus creating 3- 
phase boundaries  with small  effective 0. In  terms of 
Fig. 13, the unscratched layer corresponds to 0 ~ pp', 
while the scratched one reduces 0 to the average of 
pp'-tt ' .  An almost ohmic characteristic was also found 
by Yuan et al. (11) who used a th in ly  spread paste 
cathode in pumping  experiments.  

An investigation of the electrode characteristics in 
the 02 dominated low-voltage range should show a 
mater ial  dependence through the solubili ty of O and 
its diffusion constant. This may account for the differ- 
ences observed between Pt, Au, and Ag point contacts 
(13). The high-vol tage mechanism was based on the 
uti l ization of free ZrO2 surface. Therefore, a cathode 
geometry which reduces the free surface area (e.g., 
evaporated or sputtered p la t inum)  should suppress 
the current  based on this mechanism and may make 
an increase in current  due to electronic conduction 
(characterized by a p02 -I/4 dependence) observable. 

A transi t ion from a low- to a high-voltage mecha-  
nism has been observed by others, e.g., Kleitz (13) and 
Guillou et al. (15). These authors used point contacts 
and therefore must  have observed ionic effects of the 
type discussed here. Experiments  with porous cathodes 
as employed in the present investigation but  with zir- 
conia doped with donors (5) should show a high- 
voltage mechanism as discussed in the present  paper, 
but  setting in at a lower voltage. The discussion given 
so far applies to densely sintered zirconia. With porous 
zirconia other models become possible in which oxygen 
may reach the Pt/ZrO2 interface by diffusion as O2 
through the pores in the zirconia. This as the rate 
l imit ing step would lead to a current  ccpO2. 

Determinat ion o] trans]erence numbers  by polariza- 
tion techniques . - - I t  is interest ing to consider in the 
light of the results presented in this paper, the use of 

polarization experiments  to determine the extent  of 
electronic conduction in stabilized zirconia. In  the 
technique of Vest and Tal lan (4), the t ime dependence 
of the voltage needed to drive a constant  current  
across the sample is measured, and the electronic 
transport  number  obtained from the relat ion 

E(0) 
te = - -  [57] 

E ( ~ )  

where E(0) is the voltage at t ime = 0, and E ( ~ )  is 
that at t ime = ~ .  This relat ion is as pointed out, valid 
only when the electrodes are blocking to the passage 
of oxygen. With the electrodes used in the present 
paper, blocking behavior was not observed, and values 
of te deduced from the :time effects would not be cor- 
rect; that Vest and Tal lan were able to observe iso- 
lated electronic conduction may well  be due to their 
use of "fluxed" p la t inum paste electrodes, i.e., elec- 
trodes with a glass additive used to improve adhesion. 
The presence of the glass would seem to improve the 
blocking effect of the electrode, presumably  by sealing 
gas permeation channels and thus increasing 0 in Eq. 
[25]; at any rate the different behavior with at first 
sight similar (both Pt)  electrodes, emphasizes the need 
to consider the details of electrode s tructure when 
interpret ing observations of electrical behavior in 
largely ionic conductors. 

Summary 
The direct current -vol tage  characteristics of cells 

Pt, O2/(Zr, Ca) O2/Pt, 02 with the same oxygen pres- 
sures at both sides were measured at 560~ under  
oxygen pressures ranging  from 1 to 10 -20 atm. The 
characteristics were markedly  nonohmic and showed 
two distinct regions. One, at voltages ~2V shows an 
oxygen pressure dependence, the conductance varying 
as p021/2 as long as 02 is the major  O-containing 
species; a weaker pO2 dependence is found if H20 is 
the main  O-conta ining species. The ra te -de te rmin ing  
step for the 02 case is the diffusion of O atoms through 
the p la t inum of the electrode. The high-voltage region 
shows practically no pO2 dependence. Here the ra te-  
l imit ing step is the combinat ion of O atoms adsorbed 
at the ZrO2 gas interface with Vo x formed as a result  
of polarization. 

The importance of the electrode mater ia l  and the 
electrode geometry is stressed. 
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Electrodeless Electrolysis 
Abner Brenner* and John L. Sligh, Jr.* 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

Solid ionic conductors and fused salts were electrolyzed without contact 
of solid electrical leads. The current was carried to the materials to be elec- 
trolyzed either by means of electrons emitted by a hot filament or by a glow 
discharge. The materials were made the separating wall between the anode 
and cathode compartments of an apparatus constructed of glass or fused 
silica. Electrolysis of glass produced a white opaque material which did not 
seem to differ chemical]y from the original glass. Dendrites of several metals 
were obtained in the glow discharge electrolysis of fused salts. The results 
of the latter process resembled conventional electrolysis with metal electrodes 
and was not similar to the glow discharge electrolysis of aqueous electrolytes. 

In  electrodeposition or electrolysis as ordinar i ly  
practiced, the electrodes are metals or graphite, and 
the products of electrolysis form at the interface be- 
tween the electrode and the electrolyte. Most of the 
data of electrolysis have been obtained with the use of 
such electrodes, and their  characteristics have entered 
into the theories. Thus, the cathode provides a path-  
way by means of which electrons can flow to the elec- 
t rolyte-cathode interface. However, the electric cur-  
rent  is conducted by other kinds of systems, such as 
the electron beam and rarified gases; and the question 
arises as to whether  electrochemical reaction will  oc- 
cur with such systems in contact with an electrolyte. 

The purpose of this investigation was to call a t ten-  
t ion to prior work that  showed that  electrolysis could 
be accomplished without  the use of conventional  elec- 
trodes and to explore fur ther  the var ie ty  of uncon-  
vent ional  ways in which electrolysis could be accom- 
plished. 

Electrolysis in the absence of the conventional  elec- 
trode-electrolyte interface will  in this paper be called, 
for brevity,  "electrodeless electrolysis," al though it is 
recognized that  the electron beam, rarified gas, or 
other conducting phase in contact with the electrolyte 
is performing the function of the convent ional  elec- 
trode. 

The subject of electrodeless electrolysis has not pre-  
viously been unified in the l i terature  as a single topic 
or branch of electrochemistry. For that  reason the in-  
troductory part  of this paper  has been amplified be- 
yond the customary scope of an  introduction,  so as to 
present  a survey of the field. We define electrodeless 
electrolysis as the occurrence of an electrochemical 
reaction, such as those resul t ing in deposition of metal  
or evolution of gas, at locations in the system which 
are remote from the metall ic conductors which br ing 
the current  to the system. Electrodeless electrolysis 
has been observed in  a variety of experiments,  and the 
na ture  and,  hence, the explanat ion of the phenomena,  
are not necessarily the same for all. Probably  the first 
example of electrodeless electrolysis was that reported 
by Grotthuss (1) in 1819 who passed a current  through 

* Elect rochemical  Society Act ive  Member .  
Key  words :  electrolysis,  electrodeless electrolysis,  glow discharge,  

electrolys is  of fused  salts, e lectrolys is  of glass, e lectron beam elec- 
trolysis.  

a crack in a glass vessel which was wet on both sides 
by a silver n i t ra te  solution. Silver separated out in 
the vicinity of the crack. The phenomena was studied 
in detail by Braun  (2) in 1891 who gave it the name 
electrostenolysis. Metal deposition or evidence of a 
chemical reaction also was observed by a number  of 
electrochemists at an organic membrane,  such as a pig 
bladder  or at an inorganic membrane,  such as copper 
ferrocyanide, on the passage of cur ren t  through sys- 
tems consisting of a membrane  separating solutions of 
heavy metal  salts: 

Anode/sa l t  so l u t i on / / me mbr a ne / / s a l t  solut ion/cathode 

Electrostenolysis differed from deposition at mem-  
branes in that  the former required 20V or more, 
whereas the lat ter  process occurred with the low volt-  
ages used in ordinary  electrodeposition. The subject of 
the electrolytic processes at membranes  has been 
capably reviewed and discussed by SSllner (3) and, 
thus, there is no need for fur ther  t rea tment  here. 

Electrodeless electrolysis of an ent i re ly  different 
kind occurred with the glow discharge above an aque-  
ous solution. The phenomenon  was first reported by 
Gubkin  in 1887 (4). In  an evacuated vessel contain-  
ing an electrolyte (and water  vapor) he passed a cur-  
rent  between an electrode suspended in  the vapor and 
an electrode situated beneath the surface of the elec- 
trolyte. A potential  of several hundred  volts was re-  
quired. This phenomena  was studied in some detail by 
several workers some 50 or 60 years later  [(5),  no 
at tempt is made here to give a complete bibl iography 
of glow discharge electrolysis]. 

Glow discharge electrolysis is very  different from 
conventional  electrolysis. Either reduct ion (for ex-  
ample, of permanganate  ion) or oxidation (for ex- 
ample, of ferrous ion) can occur and the yield may be 
several times greater than that  expected from Fara-  
day's law. Furthermore,  in some experiments  it makes 
li t t le difference whether  the anode or cathode is placed 
in the electrolyte (5b) (the other electrode being in 
the space above the electrolyte) or whether  direct or 
a l te rnat ing  current  is used. The separation of metal  
was reported in two instances (5a, 5c), but  this seems 
to be a rare occurrence and the observations are open 
to question. One explanat ion of the glow discharge 
electrolysis is that  water  vapor is decomposed in the 
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discharge into free radicals which then react  with the 
dissolved salt. 

Al though the te rm "glow discharge electrolysis" has 
been used almost invar iably  in the l i te ra ture  as the 
name of the phenomena described in the preceding 
paragraph,  it is unl ikely that  the phenomena involve 
the mechanism of convent ional  electrolysis. Hence, 
the use of the word  "electrolysis" in connection with  
the action of the glow discharge of aqueous solutions 
is a l i t t le unfortunate .  

Couch and Brenner  (6a) observed a green corona 
above a copper solution and a blue corona above an 
indium solution with  the glow discharge. Sastry (6b) 
observed similar ly colored corona with  some other salt 
solutions but not wi th  fused salts. He concluded that  
the presence of water  was necessary and that  the de-  
composition of water  vapor  into free radicals in the 
cathode fall  was involved in the mechanism. 

A very  different type of electrodeless electrolysis 
was described by Bur t  in 1925 (7a, 7b) and by Selenyi  
(7c) in 1927. They placed an ordinary  (evacuated 
type) light bulb in a bath of fused sodium ni t ra te  in 
which a wire  was placed and served as anode. The 
filament of the lamp was made incandescent by pass- 
age of an a-c current.  Then a d-c potential  was placed 
be tween  the wire  serving as anode in the sodium ni-  
t rate and the filament, which was made negative. Cur-  
rent  passed through the glass bulb and pure sodium 
collected on the upper  cool walls of the inter ior  of the 
bulb. The yield was exact ly  in accordance with  Fa ra -  
day's law. The explanat ion of the phenomena was that 
sodium ions migra ted  through the bulb from the so- 
dium nitrate  and were  discharged on the inner  sur-  
face of the bulb by the s tream of electrons from the 
hot filament. 

We have extended electron beam electrolysis to 
mater ia ls  other  than glass; this work  is described in a 
subsequent  section. The fused salt bath, which pre-  
sumably served as a source of sodium ions, we found 
not to be an essential part  of the experiment ,  as elec-  
trolysis could be per formed with  the bulb immersed 
in distil led wate r  instead of fused sodium ni t ra te  or 
wi th  the electr ical  contact established through copper, 
plated on the outside of the bulb. Thus, the glass was 
actually electrolyzed to yield sodium. 

The systems described in the previous examples  of 
electrodeless electrolysis all possessed a sharp discon- 
t inui ty be tween an electrolyte  and another  phase, for 
example,  be tween  a membrane  and an electrolyte or 
be tween  a gaseous phase and an electrolyte.  Milicka 
(8) described an unusual  example  of electrodeless 
electrolysis in which both phases were  aqueous. In a 
U- tube  a concentrated solution of potassium iodide 
was placed and above it, in one limb, distil led water  
was placed. Current  was passed through the liquids in 
the U-tube,  and iodine was observed to separate out at 
the interface be tween the two liquids. Substi tut ion of 
copper sulfate for the iodide resul ted in the deposition 
of copper or copper hydroxide  at the  interface. Milicka 
stated that  these exper iments  were  well  known to the 
earl ier  electrochemists,  but  gave no reference.  

Since nothing in the current  theories of electrolysis 
would lead one to expect  electrolysis to occur at the 
boundary  of two aqueous liquids, we a t tempted to 
ver i fy  the report.  In our exper iment  the amount  of 
iodine was very  slight, and it was necessary to in t ro-  
duce starch into the liquids to make  its presence 
visible. A blue color did occur on passing a current  
of 50 m A  at about 1000V through the column. It  ap- 
peared to form chiefly nex t  to the wal l  of the glass 
tube. It is l ikely that  the phenomenon is not as simple 
as it seems, and the presence of the glass wal l  may  be 
essential to the electrolysis. 

The most recent  example  of electrodeless electrolysis 
was described by Pal i t  (9) in 1968. He observed that  
gas collected in a salt bridge which was used to con- 
nect a vessel of catholyte to a vessel of anolyte. The 
gas began to appear  after  about 6 hr of electrolysis, 
and the composition of the gas ranged f rom 60% to 

90% oxygen. The formation of the gas was at t r ibuted 
to the production of charged water  molecules which 
migra ted  away from tl~,e electrodes and reacted with 
ei ther hydroxyl  or hydrogen ions. 

Our exper iments  on e]ectrodeless electrolysis which 
are described below deal~ mainly  wi th  the electrolysis 
of solid mater ia ls  and fused salts. Aqueous solutions 
were  not invoIved. The phase contacting the mater ia l  
to be electrolyzed was a par t ia l  vacuum ranging f rom 
about 1.0 to 10 -5 Torr / (133 to 0.00133 N/m2).  It wil l  
be noted that  in some of these exper iments  mater ia ls  
have been electrolyzed almost in free space, as the only 
electrical  contact wi th  the specimen was an electron 
beam and /o r  a gas at low pressure. 

Electron Beam Electrolysis 
Apparatus and procedure.--A schematic d iagram of 

the apparatus is shown in Fig. 1. It  is taken from 
U.S. Patent  3,366,562 in which it is ful ly  described. 
The apparatus consisted of a glass envelope, 10 
and 12, which was provided with  a large port, 17, for 
evacuation by an oil diffusion pump, 18, and with  vac-  
uum- t igh t  seals, 20, 21, and 28, for introducing the 
electr ical  leads, 26 and 30. The tungsten filament, 25, 
was heated by al ternat ing current  and could carry up 
to 17A. The specimen to be electrolyzed took a number  
of forms, but for some of the work  it  was a solid, cast 
around the end of the  anode lead and was placed in 
the top of the holder  shaped like a long stem funnel. 
The lat ter  was made f rom fused silica or mulli te.  The 
stem of the holder  protruded through a vacuum- t igh t  
seal to the outside and served both as a conduit  for the 
positive lead and to prevent  short circuit ing of the 
lat ter  by the electron beam. The voltage for electrol-  
ysis was applied be tween the tungsten filament, 25, and 
the posit ive lead, 30. The pressure in the vessel was 
about 10 - s  Torr. 

The solid mater ia ls  which were  electrolyzed had to 
be heated to attain a conduct ivi ty  sufficient for elec- 
trolysis. For  example,  glass requi red  about 400~ and 
selected ceramics still h igher  temperatures .  In some 
exper iments  the tungsten fi lament was placed only a 
cent imeter  or two distant f rom the electrolyte,  and 
the heat  from the filament was sufficient to raise the 
tempera ture  of the electrolyte  to a point that  i t  be-  
came conducting. However ,  this was not adequate  for 

Fig. 1. Diagram of apparatus for electron beam electrolysis. 
Figure taken from U.S. Pat. No. 3,366,562. The numbers refer to 
the description in the patent. 
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some materials,  and it was necessary to use a nonin-  
duct ively  wound resistance hea te r  which was placed 
inside of the glass envelope around the solid electro-  
lyte. Heat ing by induct ion with  a meta l  susceptor 
placed around the e lect rolyte  was not successful, as 
the magnet ic  field of the induction coil apparent ly  dis- 
persed the s tream of electrons and no current  could 
be made to pass through the system. 

In a typical  exper iment  the apparatus was pumped 
down to 10 -5 Torr  and as a check on the system the 
high voltage, 1000-1500V d.c., was applied be tween  
fi lament and the posit ive lead with  the resistance 
heater  off. The absence of current  flow was evidence 
that  there  was no electr ical  leakage. The heat ing ele-  
ment  was next  energized to make  the solid conductive. 
As the la t ter  became hot, current  began to flow. Usu-  
ally the current  was h e l d  below 50 mA as a higher  
current  (and a higher  voltage) occasionally caused 
perforat ion of the specimen, in which case all the 
current  flowed through the pore and electrolysis 
ceased. 

The main difficulty wi th  electron beam electrolysis 
was establishing a good electr ical  connection be tween 
the anode lead and the solid electrolyte.  A solid me-  
tallic connection was unsatisfactory.  A number  of 
methods were  evaluated using glass as a representa t ive  
solid electrolyte.  In the electrolysis of glass it was wel l  
known before 1900 that  solid contacts were  unsatis-  
factory, but that  mol ten  salts or sodium amalgam could 
be used. Markin  (10) showed that  the difficulty wi th  
solid electrodes was that  the contact that  it made  with  
a solid e lectrolyte  occurred only at isolated points and 
resulted in a ve ry  high local current  density. This 
caused ei ther  arcing through or the formation of den-  
drites, which soon extended through the solid and 
shorted the electrodes. 

In Burts '  l ight bulb exper iment  the anode lead to the 
glass was a fused salt. However ,  this is not general ly  
applicable, because so few mater ia ls  are readi ly  ob- 
ta inable  in the  form of a bulb. We, therefore,  gave up 
the at tempts to find a suitable solid posit ive contact 
and turned to conduction through a rarified gas to es- 
tablish the electr ical  contact wi th  the electrolyte.  This 
subject  is t rea ted in a later  section of this paper. 

Materials for electrolysis.--Preparation of a solid 
e lectrolyte  in a shape suitable for electrodeless elec-  
trolysis, whe the r  by electron beam or by the glow dis- 
charge method, was a difficulty that  we did not com- 
ple te ly  overcome. In these methods of electrolysis high 
voltages had to be used because even the heated solid 
mater ia ls  were  not ve ry  conductive. Consequently,  the 
slightest pore which t raversed a solid e lectrolyte  
al lowed the circuit  to be completed wi thout  passage of 
current  through the electrolyte.  Solid electrolytes 
made by fusing a salt and al lowing it to solidify all 
seemed to have  cracks. Very  slow cooling, par t icular ly  
in a meta l  container  made  of foil, helped to e l iminate  
some of the stresses arising f rom contract ion on cool- 
ing. However ,  to obtain a sound disk of a salt, it 
seemed that  cutt ing a slice f rom a single crystal  was 
the only solution. The solid mater ia ls  which could be 
obtained readi ly  for electrolysis, therefore,  were  si lver 
chloride, which is plastic at room temperature ,  glass, 
ceramic mater ia ls  commercia l ly  avai lable in the form 
of plates or impervious tubes closed at one end, and 
single crystals. 

Results of experiments with electron beam electrol- 
ysis.--In our apparatus the "l ight  bulb" exper iment  of 
Bur t  was easily carr ied out as follows. A glass test 
tube filled with  an easily fusible salt mix ture  was 
placed near  the tungsten filament. The open end of 
the tube extended through a vacuum- t igh t  seal to the 
outside. The posit ive lead was inside of the test tube. 
Under  these circumstances the outside wal l  of the 
glass tube was exposed to the electron beam and 
readi ly  electrolyzed. The sodium could not be col- 
lected because it was spread as a mist  or film over  the 
extensive inner  surface of the chamber.  However ,  the 

film was dissolved in water  and ti trated. The alkal ini ty 
corresponded to over  90% of the amount  of sodium 
predicted by Faraday ' s  law. 

A similar  exper iment  wi th  a mul l i te  tube resulted in 
the formation of a dark  layer  on the outside of the 
tube, but  the na ture  of the t ransformat ion was not 
investigated. 

In other  exper iments  the a r rangement  shown in 
Fig. 1 was used, which involved direct contact of the 
mater ia ls  with the posit ive metal l ic  lead. Copper and 
nickel  dendri tes  were  obtained f rom their  chlorides 
which had been mel ted  with  potassium chloride and 
cooled. Si lver  dendri tes  were  obtained f rom solid sil- 
ver  chloride. The deposition occurred on the surface 
facing the heated filament, and dendri tes extended 
into the body of the solid. Here  is a clear instance of 
an electron beam acting as a cathode exact ly  as would 
be expected of a meta l  or any other  e lectronical ly  con- 
ducting cathode, i.e., the dendri tes formed at the cath-  
ode-e lec t ro ly te  interface and grew into the electrolyte.  

In one exper iment  solid sodium te t rabora te  was 
electrolyzed, but the heat  of the fi lament and the IR 
drop caused the salt to melt, and consequent ly  the ex-  
per iment  was actual ly electrolysis of the fused salt. 
At  the conclusion of the exper iment  a lump of t rans-  
parent  boric oxide was found on top of the melt ;  the 
sodium l iberated by the electrolysis had volatilized. 
Materials  which normal ly  did not electrolyze, also did 
not undergo electrolysis wi th  the electron beam. For  
example,  molybdenum disulfide, which is an electronic 
conductor, did not undergo any observable change in 
the electron beam exper iment .  

Glow Discharge Electrolysis of Solid Electrolytes 
Development of process, apparatus, and procedure . -  

The difficulty of obtaining a satisfactory electr ical  con- 
tact of the posit ive lead to the solid electrolyte  in 
electron beam electrolysis led to the invest igat ion of 
glow discharge electrolysis. The first exper iment  was a 
hybrid  type of e lec t ro lys is - -a  modification of the one 
with a glass tube described earlier.  In that  exper iment  
the outside surface of the tube was exposed to the 
electron beam for electrolysis; the inside contained a 
mol ten salt for making a good electr ical  connection to 
the posit ive lead wire. In the modified exper iment  wi th  
glow discharge the fused salt was not used. Instead, 
the inter ior  of the tube  was evacuated to a low pres-  
sure at which a good glow discharge occurred. The 
path of the current  thus went  f rom the posi t ive lead 
through the rarified gas to the inside wal l  of the glass 
tube, and finally through the  wal l  to the electron 
beam. Sat isfactory operat ion of the glow discharge as 
a positive lead to the solid e lectrolyte  suggested using 
the glow discharge also on the outside wal l  of the glass 
tube to carry  the  current  instead of the electron beam. 
Thus, in essence, a body would  be electrolyzed wi th-  
out any palpable contact wi th  metal l ic  e lec t r ica l  con- 
nections. 

The first exper iment  in which the glow discharge 
was used to make  electr ical  contact to both sides of a 
glass wal l  was per formed with  simple equipment.  A 
96% silica glass 1 tube about 5 cm in d iameter  and 75 
cm in length served as one electrode chamber.  At  one 
end of the tube was a connection to a vacuum pump 
and a graphite electrode which passed through a vac-  
uum- t igh t  seal. The other  electrode chamber  was s im- 
ply a long glass test tube about 2.5 cm in d iameter  
which extended into the larger  tube through a vac-  
uum- t igh t  seal. This smaller  tube l ikewise was pro-  
vided with  a graphi te  electrode and a vacuum con- 
nection. The central  part  of the apparatus was heated 
by a tube  furnace to 400~176 On placing a poten-  
t ial  of about 1400V across the two graphi te  electrodes 
(both vessels being evacuated to be tween 0.1 and 1.0 
Torr)  a glow discharge occurred and a current  of 
about 40 mA flowed. The path  of the current  was from 
one graphi te  electrode, th rough the rarified gas, 

1 Vycor, Registered TM, Corning Glass Works. 
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Fig. 2. Disassembled apparatus for glow discharge electrolysis 

through the glass wal l  and through ratif ied gas on the 
other  side to the other  graphi te  electrode. The ap- 
pearance of the glass after  electrolysis was similar to 
that  of the tube electrolyzed by the hybrid  glow dis- 
charge-e lec t ron  beam procedure  described in the pre-  
ceding paragraph.  

The nex t  step in the development  of the apparatus 
was to provide  for the electrolysis of solid mater ia ls  
in the form of a slab or disk because, as a l ready men-  
tioned, we  had difficulty in obtaining mater ia ls  in the 
form of a th in-wal led  tube (1-3 m m  thick) .  The ap- 
paratus which was designed is shown disassembled in 
Fig. 2 and assembled in Fig. 3. It  was essentially a 
modification of the electron beam apparatus wi th  the 
fi lament and the posit ive lead replaced by a graphi te  
rod. 

The main  envelope was again a silica glass tube 
about 6 cm in d iameter  wi th  spherical  joints at each 
end. The glass f ixture which  was at tached to the upper 
end of the envelope carr ied a side tube for a t tachment  
to an ordinary vacuum pump (a high vacuum was not 
necessary) and two tubulat ions which were  provided 
with  vacuum- t igh t  seals. One tubulat ion carr ied a 
graphi te  rod (6 m m  in diameter)  which served as an 
electrode and the other carr ied a sheathed the rmo-  
couple, about 1.5 m m  in diameter .  The glass fixture 
at tached to the  lower  end of the  envelope also was 
provided with  a side tube for connection to a vacuum 
pump and a vacuum- t igh t  seal for a graphite electrode. 

The par t  of the apparatus which needs fur ther  
elaborat ion is the funnel  shaped part  which pro-  
jected upward  to about the middle  of the main cham-  
ber. It is shown schematical ly in Fig. 4. It  was made 
of fused silica, and it was integral  wi th  the lower  fix- 
ture, just  described. It may be noted that, by closing 
the mouth  of the funnel  wi th  a disk, the apparatus 
became divided into two chambers,  the large outer  

Fig. 3. Photograph of apparatus for glow discharge electrolysis 
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Fig. 4. Diagram of funnel shaped holder of electrolyte in glow dis- 

charge electrolysis. 

chamber  and the smaller  chamber  consisting of the 
fused silica f u n n e l  

As with electron beam electrolysis, one of the most 
significant problems was to prevent  short circuit ing by 
flow of current  be tween the  edges of the disk and the 
mouth  of the funnel.  The key to the  solution of the 
problem was the observat ion that  the glow discharge 
would not penet ra te  th rough a tortuous path, even 
though it was porous enough for gas to flow through. 
For  example,  powdered magnes ium oxide (which is a 
good insulator even at e leva ted  tempera tures)  packed 
in a tube so as to make  a compact  about  1 cm thick 
prevented  the glow discharge. A fibrous minera l  ma-  
ter ia l  2 was also satisfactory and easier to use. To pre-  
vent  leakage around the disk of solid electrolyte,  
which was inserted into the mouth  of the funnel, the 
fibrous minera l  was packed undernea th  the outer  
per imeter  of the disk and around its sides so as to 
fill the space be tween  the disk and the funnel  wall.  
To still fu r ther  increase the length of the tortuous 
path, a fused silica cyl inder  was placed on the sur-  

Fibe r f r ax ,  Regis te red  TM, C a r b o r u n d u m  C o m p a n y .  
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face of the disk and fibrous minera l  packed around it, 
as shown in  the diagram, Fig. 4. This a r rangement  
prevented current  from leaking, even up to an applied 
potential  of 6000V. 

The packing was useful also for prevent ing  electri-  
cal leakage between the electrodes via the tubing 
connected to the vacuum pump. The vacuum connec- 
tions at the top and bottom of the apparatus were 
connected to a T- jo in t  which led to the vacuum pump. 
In  some instances the discharge took the path of 
going from one side tube, through the rubber  tubing 
and the T-connect ion to the other side tube, thus, 
effectively short-circui t ing the flow of current  through 
the disk. This short-circui t ing was prevented by pack- 
ing fibrous mater ia l  l ightly in  the tubing  between the 
T- jo in t  and the apparatus. The glow discharge was 
thereby discouraged from traversing this path. 

In  the first experiments  the residual  air sustained the 
glow discharge. Replacement  of the residual  air by ar-  
gon (at low pressure) was found necessary in the elec- 
trolysis of silver chloride, because otherwise the  silver 
formed was oxidized to silver oxide. In  most experi-  
ments, therefore, argon was introduced through a tube 
which ended in  the vicini ty of the disk. The flow of gas 
was controlled simply by manipu la t ing  a screw clamp 
on the rubber  tub ing  and observing the bubbl ing  of the 
gas as it flowed through oil in a U-tube.  Argon gave 
a glow discharge over a wider  range of pressure than  
air, namely,  between 0.05 and 8 Torr  at a voltage be-  
tween 1000 and 3000. 

In  comparison with electron beam electrolysis, the 
glow discharge experiments  were much easier to per-  
form because (i) a higher pressure was satisfactory 
(as much as 1.0 Torr  could be used as compared to less 
than 10 -4 Torr for the electron beam process), (ii) 
contaminat ion from a filament was el iminated (in the 
electron beam procedure some tungs ten  evaporated 
from the f i lament) ;  (iii) short circuit ing between the 
cathode and anode chambers was minimized. 

Usually an electrolysis current  of about 25 mA was 
desired. This required from 1000 to 3000V. Heating of 
the specimen was necessary to obtain sufficient con- 
duct ivi ty for passage of current ,  and the tube furnace 
used is shown in Fig. 3. It permit ted a tempera ture  of 
about 800~ to be obtained, but  this temperature  was 
inadequate  for obta ining conduct iv i ty  of some ceram- 
ics. 

The source of voltage in the glow discharge experi-  
ments  was a commercial ins t rument  which delivered 
a max imum of 30 kV at 35 mA. During the glow dis- 
charge experiments,  par t icular ly  those in which a gas 
flowed through the system, regulat ion of the pressure 
was necessary. This was accomplished by a commercial  
electronic ins t rument  which had a thermocouple type 
of pressure gauge as a sensing device. The ins t rument  
automatical ly tu rned  the vacuum pump on and off so 
as to keep the pressure between two prescribed limits, 
for example, between 0.1 and 0.2 Torr. 

Results of experiments with solid electrolytes.-- 
Silver chloride was the electrolyte which we used for 
exploring the variables of operation and the modifi- 
cations of equipment.  Silver chloride is easily melted, 
gives a sound ingot on solidification, and is plastic, so 
that  it does not develop pores and cracks. In  electrol- 
ysis, the side facing the negative lead became covered 
with silver. On long electrolysis (an hour  or more) 
silver dendrites eventual ly  grew through the disk and 
shorted out the flow of current  through the silver 
chloride. Silver iodide electrolyzed similar ly to silver 
chloride. In a quant i ta t ive experiment,  we found that  
the silver chloride disk lost weight  about equal to the 
amount  of chlorine that  should have been l iberated on 
the basis of Faraday 's  law. No silver was observed 
on the anode side unless the exper iment  was run  long 
enough for the dendrites formed on the cathode side to 
penetra te  completely through the electrolyte. This fur-  
ther  demonstrates that  the process which occurred was 
t ru ly  an electrolysis between plasma electrodes and 

not a thermal  decomposition. We believe this to be the 
first reported example of an electrolysis between two 
gas plasma electrodes. 

The most interest ing results were obtained with the 
electrolysis of glass. In  an electrolysis performed (as 
described earlier) with a fused salt bath serving as the 
anode connection, the glass did not change its appear-  
ance, even though sodium was liberated. 

In  the electrolysis of glass w i t h  the glow discharge 
(or with the glow discharge on one side and the elec- 
t ron beam on the other, as in an earl ier  section) the 
side of the glass facing the cathode became dull  and 
developed some blisters, while the side toward the 
anode developed an opaque white  layer which readi ly 
flaked off, as shown in Fig. 5. The chemistry of the 
change was not elucidated, as the opaque mater ia l  gave 
an x - ray  pat tern  similar  to that  of the original  glass 
and the content  of silica in  the materials  seemed to 
be almost the same as that  in the original glass. The 
dramatic change in the appearance of the glass on 
electrolysis warrants  fur ther  investigation. 

Thin disks of some titanates, such as bar ium ti-  
tanate  which were ini t ia l ly light yellow in color be-  
came brown or black on electrolysis, the discoloration 
occurring throughout  the thickness of the disk. The 
disk also became electrically conductive. A similar 
phenomenon resulted on heat ing a disk of the t i tanate  
to 700~ in an atmosphere of hydrogen. 

Several  other materials  in the form of disks sawed 
from a single crystal  were electrolyzed and, although 
they changed in appearance, no clear evidence was 
obtained of the na ture  of the chemical change. It  is 
thought that  in some of these instances, the conduc- 
t ivi ty of the mater ia l  was too low at the tempera ture  
of the experiment,  and that  the flow of current  may 
have been through pores or cracks which developed 
as a result  of thermal  shock. A single crystal disk 
of sodium chloride became opaque on the side facing 
the cathode and a th in  white film deposited on the 
surface of the containing vessel. The film gave an 
alkal ine reaction and probably  was derived from 
vaporized sodium. Similar  results were obtained with 
a disk of potassium bromide. Calcium fluoride did not 
allow enough current  to pass, even at 750~ to permit  
an adequate amount  of electrolysis for quali tat ive 
examination.  

Fig. 5. Glass test tube electrolyzed by the glow discharge 
method. 
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Glow Discharge Electrolysis of Fused Salts 
Background.--It was pointed out in the introduct ion 

and survey that  the glow discharge electrolysis of 
aqueous solutions differed from convent ional  elec- 
trolysis with metal  electrodes in  that  the products 
were not those usual ly  obtained (metals were seldom 
reported as having been deposited) and the yields 
were several  times greater  than those expected on the 
basis of Faraday 's  law. This kind of electrolysis in-  
volves complexities in the vapor phase. By contrast  the 
glow discharge electrolysis of fused salts is simpler, 
resembling conventional  electrolysis in products 
formed and their  yields. The fact that  the current  is 
conducted to the molten electrolyte by a gas at low 
pressure instead of meta l  conductors appears to make 
no difference in the results, except that  reaction or 
alloying of the product  with a metallic electrode can 
be avoided. 

Of the various types of electrodeless electrolysis 
which have been described, the glow discharge elec- 
trolysis of fused salts was the process most easily per-  
formed and seems to be the one most l ikely to have 
any practicable use. 

Apparatus.--The most obvious kind of apparatus to 
use for the glow discharge electrolysis of fused salts is 
a U-tube,  such as shown in  Fig. 6. The tube was made 
of glass or fused silica. The fused salt, B, was con- 
tained in the bend of the U- tube  and was separated 
into two portions by the porous diaphragm, D. The 
U- tube  was constructed with a considerably reduced 
diameter  at the bend, which was occupied by the fused 
salt (diameter  at the bend about 2 m m ) ,  so as to re-  
strict the amount  of melt  electrolyzed to about 1 or 
2 ml. This was necessary because the amount  of metal  
formed in electrolysis was small  (amount ing  to 10-50 
mg in a typical exper iment)  and, consequently, was 
very difficult to recover from a large mass of fused 
salt. After  each experiment,  the U- tube  was sawed 
through at the diaphragm in order to separate the 
cathode and anode compar tment  and make possible 
the working up of the salt for the products of elec- 
trolysis. 

Most of the experiments  in fused salt electrolysis 
were done with the simple apparatus shown in Fig. 7. 
Since in all  of the exper iments  the ma in  interest  was 
in  the metal  deposit, the cathode chamber, A, was 
made small, and it was immersed in a larger amount  
of fused salt, B. The chamber  A was introduced empty 
into the test tube C at the beginning of an experiment.  
On lowering the chamber  into the melt, the lat ter  en-  
tered through the porous disk D. The purpose of the 
disk was to filter the fused melt  which was to be elec- 
trolyzed and to prevent  loss of products which formed 

~+~ 

TO V~C 

~ C  

Fig. 6. U-tube for glow discharge electrolysis ef fused salts 

607 

Fig. 7. Apparatus with a test tube envelope for the glow dis- 
charge electrolysis of fused salts. 

in A during electrolysis. At the conclusion of the elec- 
trolysis, the chamber  A was removed and the molten 
salt allowed to drain out. The chamber  was then sawed 
through a short distance above the frit  so as to ex- 
pedite the collection of the product. 

In all of the experiments  the degree of vacuum was 
the same as that  used for the glow discharge elec- 
trolysis of solid electrolytes. Care had to be taken in 
evacuating the vessel to prevent  an inequal i ty  in pres-  
sure from forcing the melt  completely from one cham- 
ber into the other. 

In  these experiments  the phenomena in the anode 
chamber  were not investigated and were not of con- 
cern, par t icular ly  since the diaphragm prevented any  
products from the anode compar tment  from enter ing 
the cathode compartment .  Therefore, in most experi-  
ments  a metallic anode was used is the anode cham- 
ber instead of a glow discharge. However, in at least 
one experiment,  the electrolysis of molten silver chlo- 
ride, the glow discharge was used in both chambers 
to demonstrate  that  solid electrodes were not  essential. 

Results of experiments with fused salts.--The glow 
discharge electrolysis of fused cupric chloride in po- 
tassium chloride yielded no deposit, p robably  because 
the electrolysis resul ted only in a reduction of cupric 
ion to cuprous. The electrolysis of mol ten cuprous 
chloride at first also yielded no deposit. However, it 
was surmised that  the presence of a small  concentra-  
t ion of cupric ion was responsible for this failure. The 
mol ten cuprous chloride (in potassium chloride melt)  
was then treated with copper powder in the anode 
compartment  prior to the electrolysis and then forced 
through the porous diaphragm in the cathode com- 
par tment .  A yield of copper dendri tes was obtained in 
the cathode compar tment  on electrolysis. 

Silver chloride was electrolyzed in the U- tube  wi th-  
out difficulty. After  electrolysis, the solidified melt  was 
obtained in the form of a rod after breaking  away 
the glass tubing. On compressing the plastic chloride 
into a thin, t ransparent  sheet, silver dendrites were 
readily visible, as shown in Fig. 8. The yield was 
roughly in accord with Faraday 's  law. 
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Tin dendr i tes  were  obtained f rom stannous chloride,  
cobal t  dendr i tes  f rom cobal t  chloride,  and nickel  den-  
dri tes  f rom nickel  chloride.  These products  were  sepa-  
ra ted  f rom the  solidified mel ts  by  dissolving the l a t t e r  
wi th  water .  

In  the  electrolysis  of magnes ium chloride, small ,  
shining crys ta ls  collected in the  tube  above the level  
of the  melt ,  thus  indica t ing  tha t  the  me ta l  had been 
l ibera ted  at  the  surface of the  mel t  as a vapor  and had 
then subsequent ly  condensed on the cooler por t ion of 
the  appara tus .  

Conclusion 
This inves t igat ion of electrodeless  electrolysis  is only 

of an exp lo ra to ry  nature .  The glow discharge elec-  
t rolysis  of ceramics and solid mate r i a l s  war ran t s  fu r -  
ther  invest igat ion.  We suggest  tha t  the  appara tus  be 
designed to pe rmi t  the  ceramic e lec t ro ly te  to be hea ted  
to much h igher  t empera tu re s  than  we used, in o rde r  to 
promote  a h igher  conduct ivi ty.  If  vessels could be 
const ructed of a t ransparent ,  high mel t ing  ma te r i a l  
l ike  y t t r i u m  oxide (mp 2410~ the  work  would  be 
grea t ly  faci l i ta ted.  F u r t h e r  w o r k  is in o rde r  to ex-  
p la in  the  curious change produced  in glass on elec- 
trolysis.  

The high vol tages r equ i red  for  e lec t ron beam or 
glow discharge electrolysis  mi l i ta tes  against  the i r  use 
for any but  a h ighly  special ized application.  The res id-  
ua l  e lec t r ica l  conduct ion impar t ed  to ceramics by  the 
glow discharge  electrolysis  might  be of some p rac -  
t icable  use. The glow discharge electrolysis  of fused 
salts  migh~ be of advan tage  in a s i tuat ion in which 

Fig. 8. Dendrites of silver in silver chloride which had been 
electrolyzed in the fused state. 

the contaminat ion  of the  deposi t  by  a meta l l ic  cathode 
could not  be permi t ted .  

The main  in teres t  in these exp lo ra to ry  exper iments  
in electrodeless  electrolysis,  however ,  is in cal l ing for  
a b roader  unders tand ing  of e lect rochemical  phenom-  
ena by  cal l ing a t tent ion  to the  wide  va r i e ty  of s i tua-  
t ions in which  chemical  changes can be produced  by  
the electr ic current .  

To general ize  as to the  common denomina tor  unde r -  
ly ing al l  these curious examples  of electrolysis,  it  
seems that  the presence of a meta l l ic  conductor  is not  
it. Ra the r  it  seems tha t  the  essential  factors a re  (as-  
suming the presence of at least  one ionic conductor)  
that  the  two mate r i a l s  in contact  be different  phases 
(gas, l iquid, solid) and /o r  differ g rea t ly  in e lect r ica l  

conduct ivi ty.  
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Current Distribution During the 
Electrodeposition of Gold 
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Bell Telephone Laboratories, Incorporated, Murray  Hill, N e w  Jersey 

ABSTRACT 

The phenomenon of macro- and microcurrent  dis t r ibut ion in plat ing sys- 
tems is studied. At high current  densities where mass t ransport  of the reacting 
species is ra te  controlling, the plating process will  yield relat ively uni form 
macro-  but  nonuni form microcurrent  distribution. At low current  densities 
where depletion of the reacting species is negligible, relat ively uni form micro- 
but  nonuni form macrocurrent  distr ibution wil l  be observed. The effect of 
surface roughness and current  density on the microcurrent  distr ibution of 
gold plated from a citrate bath is studied experimental ly.  The microcurrent  
distr ibution is found to improve considerably by reducing the surface rough-  
ness and by performing the deposition process at a lower current  density. Due 
to the low gold content  of most gold baths, practical gold plat ing is per-  
formed under  conditions where mass t ransport  l imitations of the reacting 
species are significant. 

The electrodeposition of gold is becoming increas-  
ingly impor tant  due to its wide applications in elec- 
tronics equipment.  The purpose in plat ing a th in  layer 
of gold over certain parts of a substrate surface is to 
protect the parts from corrosion, reduce the elec- 
trical contact resistance, or provide a conducting path 
between devices. More uni form deposition both on a 
macro-  and microscale and deposits with lower poros- 
ity and better  mechanical  properties are the goals 
pursued by the modern  plat ing industry.  

In  this paper, the cur ren t  dis t r ibut ion of a gold 
plat ing system is considered. The theoretical aspects of 
macro- and microcurrent  distr ibutions concerning sys- 
tems involving only one electrochemical reaction are 
first examined. The conclusions from these considera- 
tions can be applied to many  practical plating systems. 
Exper imenta l  observations on the microcurrent  distri-  
but ion of gold plated from a citrate gold bath are then 
reported. 

Phenomenological Description of Macro- and 
Microcurrent Distribution 

A typical l inear  dimension for a microprofile on a 
surface is in the order of 50~ whereas the l inear  di- 
mension for a macroprofile is about 1000# or larger. 
Transi t ion between micro- and macrodimensions oc- 
curs between these limits. These definitions are some- 
what  arbi t rary.  The dimension of micro-  vs. macro-  
profiles suggested here falls in the range used by most 
electroplaters. A rigorous definition can be established 
from the concept of the diffusion layer thickness. This 
will  be t reated in a later section. 

Many investigators have found that a fundamenta l  
difference of current  distr ibution occurs on macro- 
and microprofiles. For instance, Meyer (1) and Gar-  
dam (2) found that, in acid copper bath, uniform 
plat ing into the pores of the basis metal  occurred 
although the macrocurrent  dis t r ibut ion was poor. In 
a cyanide copper bath, the filling of microgrooves was 
poor whereas the macrocurrent  distr ibution was rela-  
t ively uniform. Reinhard (3), Foulke and Kardos (4), 
and Kardos (5) all found that  the microcurrent  dis- 
t r ibut ion for all  baths became less uni form with in-  
creasing current  density. It is well  known to electro- 
platers that  (6), as a common rule, in the  absence of 
a leveling agent, a bath having relat ively uniform 
macrocurrent  distr ibution general ly  has nonuni form 
microcurrent  dis t r ibut ion and vice versa. 

Fundamental Transport Processes in Plating Systems 
A general  theory of current  dis t r ibut ion on elec- 

trodes is based on a consideration of the phenomeno-  

Key words: electrodeposition, current distribution, gold. 

logical theory of t ranspor t  processes in electrochemi- 
cal systems. The fundamenta l  t ransport  equations in 
dilute solutions have been discussed in detail by Levich 
(7) and more recently by Newman (8). Applicat ion of 
these equations has followed two main  courses. At low 
current  densities where change of concentrat ion near  
the electrode-solution interface can be neglected, the 
t ransport  equations reduce to the Laplace equation (9) 

V2~ = 0 [I] 

and the current density is given by 

----- - - ~ V ~  [ 2 ]  

where r is the potential in the solution, i is the cur- 
rent density vector, and ~ is the electrical conductivity 
of the solution. An extensive review of the solution 
of the Laplace equation for electrochemical systems 
has been completed by Fleck (10). At high current 
densities and when electrical migration is neglected, 
the mass transport of the reacting species becomes rate 
controlling and the transport equations reduce to the 
convective diffusion equation (9) 

aCi "-> 
-~- V " VCi ~-~ V " (DiVci) [3] 

at 
and 

i ~ --ziFDiVci [4] 

where ci, Di, zi are the concentration, differential dif-  
. - )  

fusion coefficient, and valency of species i, v is the 
fluid velocity, and F is the Faraday constant. Meth- 
ods of solving the convective diffusion equation have 
been treated in detail by Levich (7). 

These two l imit ing cases play an impor tant  role in 
electroplating. The application to the phenomenon of 
macro- and microcurrent  distr ibution is given below. 

Application to the Phenomenon of Macro- and 
Microcurrent Distribution 

An important  parameter  used in systems where mass 
t ranspor t  is slow is the Nernst  diffusion layer thick- 
ness 5N. For a single electrode reaction, it is defined 
by  

Oci )a - ziFDi cis CiI [5] 
i -~ --ziFDi - ~ y  t electrode aN 

where y is a distance coordinate normal  to the elec- 
trode surface, cia and c~ are the concentrat ion of the 
reacting species i in the bu lk  and at the interface, re-  
spectively, aN is a function of Reynolds number  and 
Schmidt number  in forced convection systems and a 
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function of Grashof n u m b e r  and Schmidt  n u m b e r  in 
free convection systems (11). Typical values of 8N in 
gently stirred solutions range from 50 to 100~ (12). 
5N can be used convenient ly  to establish an opera- 
t ional definition of macro-  and microprofiles (4, 5, 14). 
When the l inear  dimension of a surface profile is in the 
same range or slightly smaller  than 8N, the profile is 
considered to be microscopic. When the l inear  d imen-  
sion is at least one order of magni tude  larger than  5N, 
the profile becomes macroscopic. Since 5N depends on 
both the flow condition and physical properties of the 
system, the dimension of macro-  and microprofiles 
varies accordingly. The local var iat ion of 5N deter-  
mines the characteristics of local mass transport.  For 
instance, a faster t ransport  results from a th inner  
diffusion layer. Consequently,  from the standpoint  of 
mass transport,  microprofiles are "rough" whereas 
macroprofiles are "smooth." On the other hand, when 
mass t ransport  of the react ing species is not rate con- 
trolling, ohmic drop in the solution and electrode over-  
potential  at the interface are the impor tant  parameters  
to consider. Let us now examine the two cases. 

Ohmic drop and electrode overpotential controlling. 
- -Th i s  is the case where low current  density is applied. 
The concentrat ion gradient  of the reacting species at 
the interface is negligible. On a macroprofile, the effect 
of ohmic drop in the solution is predominant  in deter-  
min ing  the current  distribution. P r imary  current  dis- 
t r ibut ion results when electrode overpotential  is negli-  
gible. The current  dis t r ibut ion depends only on geo- 
metrical  factors concerning the electrochemical cell 
and electrode arrangements .  On a microprofile, the 
effect of ohmic drop in the solution is outweighed by 
the electrode overpotential  at the interface. The micro- 
current  distr ibution is governed by the secondary 
current  distribution. A l inear  electrode overpotent ial-  
current  density relat ion exists when  the electrode 
overpotential  is small 

QnF 
i = ~ [6] 

RT 

where io is the exchange current  density for the re-  
action, n is the number  of electrons t ransferred for 
the reaction, n is the electrode overpotential,  R is the 
gas constant, and T is the absolute temperature.  The 
current  distr ibution depends on the same geometrical 
factors as to the pr imary  current  distr ibution and, in 
addition, to the dimensionless parameter  (9, 13) (L/K) 
(di/d~l) where L is a characteristic length of the 
microprofile. For large cathodic overpotentials,  the 
electrode overpotent ia l -current  density relat ion is 
given by the Tafel equation 

RT 
= [ln (--  i) -- In io] [7] 

( 1  - -  a)nF 

where a is the t ransfer  coefficient. The current  distri-  
but ion now depends on the parameter  (9, 13) Iiavg! 
( 1  - -  a)nFL/RTK, where iavg is the average current  
density. It has been confirmed in numerous  cases 
(14, 15) that, at low current  densities, the secondary 
current  dis t r ibut ion on a microprofile is uniform due 
to the high overpotential  of the deposition reactions 
and the high conductivi ty of most plat ing baths. This 
is the reason for the s ta tement  (6) "a bath of poor 
macrocurrent  dis t r ibut ion has good microcurrent  dis- 
tr ibution." 

Mass transport controlling.--At high current  den-  
sities when  mass t ransport  of the reacting species 
becomes rate controlling, the Nernst  diffusion layer 
thickness is the most impor tant  parameter  to consider. 
A relat ively uni form distr ibut ion of current  is seen 
on the macroprofile due to the uni form thickness of 
the Nernst  diffusion layer  over the profile whereas the 
local variat ion of the diffusion layer thickness over 
the microprofile is responsible for the poor micro-  
current  distribution. Of course, current  distr ibution 
can be highly nonuni form at electrode edges. For in-  

stance, the theoretical current  density is infinite at the 
leading edge of a flat plate in the direction of electro- 
lyte flow (16). Therefore, the above s ta tement  is only 
valid at regions where  both the momen tum and the 
diffusion boundary  layers are ful ly developed. 

For most plat ing baths, the metal  ion concentrat ion 
is so high that the two l imit ing cases can readily be 
distinguished and consequently lead to the interest ing 
observation of macro- and microcurrent  distribution. 
However, the gold content  in a gold plating bath is 
usual ly so low (approximately 10-20 g/ l )  that  under  
most operating conditions, the process is influenced by 
both electrode potential, ohmic drop and mass t rans-  
port. To study the applicabili ty of the above theoreti-  
cal considerations, exper imenta l  invest igat ion on the 
microcurrent  dis t r ibut ion of a gold plat ing system was 
carried out. 

Experimental 
Electrolyte.--The Ehrhardt  acid citrate bath (17) 

which contained 21.3 g/1 potassium gold cyanide and 
50 g/1 ammonium citrate (dibasic) was chosen for these 
experiments.  At 60~ the pH of the bath was 5 and 
the conductivi ty of the bath was 0.063 ohm -1 cm - I  
measured by a conductivi ty bridge which supplied 
1000 Hz bridge current .  

Electrodes.--Two types of cathodes were used to 
study the effect of the dimension and geometry of 
surface inhomogeneities. Electroformed nickel with a 
wavy surface of ampli tude approximately 25~ and 
polished p lanar  OFHC copper plates were chosen to 
study the microcurrent  distribution. The surface area 
for both electrodes was 1 cm 2. Three identical 
V-shaped grooves, 2.5 mm apart, were cut into the 
copper plates. The angles of the grooves were 30 ~ 60 ~ 
and 90 ~ , and the groove depths were approximately 
50, 125, and 250~. The anode was a p la t inum coil. 

Experimental procedures.--Prior to plating, both the 
nickel and the copper electrodes were cleaned and 
degreased using acetone and trichloroethylene, re-  
spectively. The copper electrodes were then br ight-  
dipped for approximately 10 sec in a solution contain-  
ing 250 ml H2SO4, 125 ml HNO~, 4 ml  HC1, and 250 ml 
water. Both electrodes were then rinsed with distilled 
water. The plat ing cell was cylindrical  in shape with 
a volume of 200 ml. For each plating, 150 ml  of the 
citrate gold solution was used. Oxygen-free  ni trogen 
was bubbled through the solution for 30 min  prior to 
electrolysis, and a ni t rogen atmosphere was main-  
tained above the solution dur ing  electrolysis. No stir-  
r ing was applied. The plat ing was performed at 60~ 
The applied cathodic current  densi ty was 2, 4, and 
6 m A / c m  2. The l imit ing current  density for gold depo- 
sition in this exper iment  was found to be 6.3 m A / c m  2. 
The Tafel slope for the system was measured under  
galvanostatic condition using a rotat ing disk electrode 
at a constant  rotat ional  speed of 1730 rpm. The value 
was found to be 130 mV at 60~ Depending on the 
depths of these grooves and the current  density used, 
the durat ion of electrolysis was varied between 1 to 
6 hr  for opt imum observation. To protect the gold 
surface for sectioning, approximately 12~ of Watts 
nickel was plated over the gold coating. 

These electrodes were then mounted  in epoxy, 
sectioned, polished, and etched in an equivolume mix-  
ture of acetic acid, ni tr ic  acid, and phosphoric acid. 
The microcurrent  distr ibution of the citrate gold was 
determined by microscopic examination.  

Results 
Typical results from photomicrographs are shown 

in Fig. 1 to Fig. 5. They can be summarized as follows: 

1. The microcurrent  dis t r ibut ion is relat ively un i -  
form on the electroformed nickel electrode. 

2. On the copper electrode, the microcurrent  distri-  
bution becomes less uni form at increasing cathodic 
current  densities and sharpening V-angles. 
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Fig. 1. Photomicrographs of gold deposits on nickel substrates 
with wavy surfaces: (a) 2 mA/cm~; (b) 4 mA/cm2; (c) 6 mA/ 
cm 2. 

Fig. 2. Photomicrographs of gold deposits on copper substrates 
with triangular grooves: (a) 2 mA/cm2; (b) 4 mA/cm2; (c) 6 mA/ 
cm 2. 

3. On the copper electrode, the microcurrent  dis- 
t r ibut ion becomes less uniform at increasing groove 
depth. 

Quant i ta t ive  informat ion on the microcurrent  dis- 
t r ibut ion of citrate gold plat ing are plotted in Fig. 6 
to Fig. 8. The current  dis t r ibut ion is represented by a 
gold plat ing thickness ratio hi/h2 where hi is the aver-  
age deposit thickness on a p lanar  surface and h2 is the 
thickness at the bottom of a t r i angular  groove. Geo- 

metrical  factors used in  these figures are the groove 
depth d and groove angle 0, and the operating variable  
chosen here is the current  density. 

Discussion 
It has been concluded that  the secondary current  

distr ibution depends heavily on the dimensions and 
geometry of the surface profile that  is being plated. 
It is, therefore, not surpris ing to find that, on electro- 
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Fig. 3. Photomicrographs of gold deposits on copper substrates 
with triangular grooves: (a) 2 mA/cm2; (b) 4 mA/cm2; (c) 6 mA/ 
cm 2. 

Fig. 4. Photomicrographs of gold deposits on copper substrates 
with triangular grooves: (a) 2 mA/cm2; (b) 4 mA/cm2; (c) 6 mA/ 
cm 2. 

formed nickel surface which is relat ively smooth, the 
microcurrent  distr ibution is ra ther  uniform. 

At increasing cathodic current  densities, the process 
becomes increasingly mass t ransport  l imited and con- 
sequently,  the microcurrent  dis t r ibut ion becomes less 
uniform. At  the l imit ing cur ren t  density, gassing is 
observed at the electrode. The deposit becomes inco- 
herent  and f requent ly  rough or powdery. 

Wagner  (18) has calculated theoretically the second- 
ary current  dis t r ibut ion on a t r iangular  wave surface 

when the counterelectrode is far removed from the 
working electrode. The geometrical parameter  is 
shown to be 1/2 (cos 0/2/sin e/2) where  e is the angle 
between the two adjacent  sides of the triangle. For 
l inear  polarization, 

ip--ir  L di 1 cos 6/2 
- -  - -  [ 8 ]  

iavg K d~ 2 sin 8/2 

whereas for Tafel polarization 
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with triangular grooves: (o) 2 mA/cm2; (b) 4 mA/cm2; (c) 6 mA/ 
cm 2. 

\ \ \  /Gmo,cm2 
ip I i avg[L(1 - -a )nF  1 cos e/2 ~ 4ma/cm 2 / in  

where  ip is the cur ren t  densi ty at the peak, {r is the ~ ~ . . ~  
current  density at the recess, and L is the distance 
between two adjacent  peaks. Varying 0 from 90 ~ to 

I I I L I 30 ~ the geometrical parameter  increases by approxi-  o 30 6o 9o 12o 15o ~so 
mately  a factor of ten. Therefore, the microcurrent  
dis t r ibut ion is very sensitive to the value of this angle. ANGLE 8 DEG. 
This conclusion is also amply  demonstrated in the Fig. 8. Microcurrent distribution of gold deposits on copper sub- 
present invest igat ion as shown in  Fig. 6-8. strates. 
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Considering the effect of groove depth from these 
figures, a significant increase in the thickness ratio is 
seen when groove depth is increased from 50 to 125~ 
but  less change is found from 125 to 250~. This can 
be explained by a consideration of the mass t ransfer  
aspect. Using the l imit ing current  density of 6.3 
mA/cm 2 and assuming the diffusion coefficient of gold 
ion as 9 x 10 -6 cm2/sec, 8N is calculated from Eq. [5] 
to be 1O0~. The difference between the diffusion path 
is, therefore, greater  when  d is changed from 50 to 
125~ than  from 125 to 250#. Ignoring the effect of elec- 
trical migration,  the interfacial  concentrat ion of gold 
ion is 10 g/1 at a cathodic current  density of 2 m A / c m 2 
and 5.7 g/1 at 4 m A / c m  2. Comparing these values to 
the bu lk  concentrat ion of gold (15 g / l ) ,  it is seen that  
even at 2 m A / c m  2, the effect of mass t ransport  is ap-  
preciable~ It is therefore concluded that  for most gold 
baths, due to the low gold content, the plat ing process 
is performed under  conditions where mass t ransport  
l imitat ions cannot  be ignored. 

Conclusions 
Theoretical aspects of macro-  and microcurrent  dis- 

t r ibut ion are presented. Two operating regimes for 
plat ing systems are established. At low current  den-  
sities where concentrat ion gradients near  the electrode- 
solution interface can be neglected, a plat ing bath 
with no leveling agents will  have relat ively uniform 
microcurrent  dis t r ibut ion but  nonuni form macrocurrent  
distribution. At high current  densities where mass 
t ransport  of the reacting species is rate controlling, 
the plat ing bath will  have nonuni form microcurrent  
dis t r ibut ion but  re la t ively uni form macrocurrent  
distribution. 

Quant i ta t ive informat ion on the microcurrent  dis- 
t r ibut ion of a citrate gold plat ing system have been 
obtained. Effect of surface roughness as well as oper- 
ating conditions such as metal  concentrat ion and cur-  
rent  densi ty on the current  dis t r ibut ion has been 
established. It  is also confirmed that  most gold plat ing 
systems are operated under  conditions where the effect 
of mass t ranspor t  of the reacting species cannot be 
neglected. 

In  order to improve the microcurrent  distribution, 
reduction of surface roughness and application of low 
current  densities are both essential. An  al ternat ive  ap- 
proach will  be either to search for suitable leveling 
agents or to raise the gold content  of the bath thereby 
reducing the mass t ransfer  controll ing effect on micro- 
current  distribution. 
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Differential diffusion coefficient of species 
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tively, cm 

Current  density vector and measured cur-  
rent  density, A /cm 2 
Average current  density, current  density at 
the peak and current  density at the recess 
of a t r iangular  wave surface, A / c m  2 
Exchange current  density, A /cm 2 
A characteristic length, cm 
Wave length of a t r iangular  wave, cm 
Number  of electrons t ransferred in a re- 
action 
Gas constant, joule /mole  ~ 
Temperature,  ~ 

Fluid velocity, cm/sec 
Distance normal  from electrode, cm 
Valency of species i 
Transfer  coefficient in polarization equation 
Nernst  diffusion layer thickness, cm 
Electrode overpotential,  V 
Conductivity,  mho /cm 
Electrostatic potential,  V 
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Electroless Deposition of Certain Metal Oxides 
I. Alpha-PbO 

W. Mindt .1 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Electroless deposition of ~-PbO2 films by oxidation of lead(I I )  acetate 
with peroxydisulfate is described. Investigations into the mechanism of this 
reaction show it to be a mixed electrolytic process with the two par t ia l  reac- 
tions Pb + + -b 2H20 -> ~-PbO2 ~ 4H + -p 2e -  and S2Os = ~- 2e -  -> 2SO4 =. The 
var iat ion of mixed potential  and growth rate with the pH of the electrolyte 
is studied and interpreted in terms of the pH dependence of both part ial  
reactions. A mechanism of the reduct ion of S2Os = at PbO2 is proposed. 

The anodic oxidation of some metal  ions in aqueous 
solutions leads under  certain conditions to the deposi- 
tion of an oxide at the anode, according to the elec- 
trode reaction 

mMe z+ -{- n H ~ O ~  MemOn -~ 2ni l  + ~- (2n -- m z ) e -  
[1] 

(in acid solutions).  Some we l l -known examples are 
the systems Pb + +/PbO2, Mn + +/MnO2, Ni + +/"NiO2", 
Tl+/T1203 and Ag+/AgO. If the oxidation of the metal  
ion is carried out as a controlled heterogeneous reac- 
t ion by a suitable oxidizing agent instead of an ex- 
te rna l  electrical current ,  the deposition of the metal  
oxide can be called "electroless" in analogy to the 
corresponding process known for metals. 2 In general, 
the conditions under  which electroless deposition of 
metal  oxides is possible are equivalent  to those for 
metals: The oxidizing agent must  have, of course, a 
higher redox potential  than  the equi l ibr ium potent ial  
of reaction [I] ,  and its reduct ion at the meta l  oxide 
must  be kinet ical ly possible. The reduced species 
should be soluble in the electrolyte and should not 
interfere with the anodic process, e .g . ,  due to adsorp- 
t ion at the metal  oxide. Nucleation of the metal  oxide 
in the solution should be prevented since this results 
in an uncontrol led precipitation. Final ly,  since oxida- 
t ion and reduct ion steps occur at different locations, 
charge t ransport  wi th in  the metal  oxide must  be 
possible, i . e . ,  the metal  oxide has to be an electrical 
conductor. 

In  the present  work some systems are investigated 
in which these conditions are fulfilled. In  the first part, 
deposition of a-PbO2 is described. Films of this oxide 
are of interest  for use as counterelectrodes in  solid 
valve metal  oxide capacitors, since they have a con- 
siderably higher conductivi ty than  MnO2 films which 
are used so far, and capacitors with PbO2 coatings 
show similar self-heal ing properties (2, 3). 

The oxidizing agent used in our experiments  is 
peroxydisulfate (persulfate) .  The studied over-al l  
reaction is 

Pb + + -{- 2H20 ~- S2Os = -~ a-PbO2 ~ 4H + ~ 2SO4 = 
[2] 

This reaction was described earlier by Rfietschi and 
Cahan (4). The authors obtained a-PbO2 as precipitate 
from solution by a homogeneous reaction. Occasionally, 
the formation of PbOu films at the walls  of the glass 
beakers in which the reaction was carried out was 
observed (5); however, this effect was not fur ther  

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  C / O  F.  H o f f m a n n - L a  Roche  a n d  C o m p a n y ,  

CH 4002 Basel ,  Pos t faeh ,  S w i t z e r l a n d .  
E lec t ro less  d e p o s i t i o n  of a m e t a l  o x i d e  is k n o w n  so  far  o n l y  in  

t h e  ease of MnO2. F i l m s  of t h i s  ox ide  are d e p o s i t e d  b y  r e d u c t i o n  of  
MnO~- (1}. I t  is, h o w e v e r ,  d o u b t f u l  i f  the  t e r m  " e l e c t r o l e s s "  can  
b e  a p p l i e d  to  t h i s  process ,  s ince  it  is p r e c i p i t a t i o n  f r o m  so lu t ion  
ra ther  than  a c o n t r o l l e d  h e t e r o g e n e o u s  reac t ion .  

studied. In  the experiments  described here, reaction 
[2] was carried out heterogeneously on Pb02 sub-  
strates under  conditions where  no precipitat ion of 
Pb02 in the solution occurred. 

It is of some practical interest  to be able to deposit 
adherent  ~-Pb02 films on insula t ing substrates. In  
electroless metal  deposition, this is usual ly  accom- 
plished by t reat ing the substrate surface in such a way 
that  it acts as catalyzer dur ing the deposition of an 
ini t ial  metal  layer. We did not  investigate an equiva-  
lent  procedure of surface activation. As an al ternat ive 
method, an ini t ial  PbO2 layer  of a few hundred  ang-  
stroms was precipitated from solution by  catalyzing 
reaction [2] with Ag +, as will be described in the 
exper imental  part. Fur ther  growth of PbO2 was car-  
ried out by electroless deposition, a-PbO2 films ob- 
tained in this way showed good adherence up to a 
thickness of 1~ on various substrates, such as glass, 
quartz, ceramics, or Ta2Os. 

Experimental 
All experiments  were carried out in a support ing 

electrolyte of M NH4C2H~O2 which was prepared from 
30% NH4OH and glacial acetic acid (both Baker 
"electronic grade").  Lead acetate was added to this 
solution in the form of PbO (Fisher "certified") and 
an  equivalent  amount  of acetic acid. In  most experi-  
ments, a concentrat ion of lead acetate of 50 mM was 
used. ~2Os = was added from a freshly prepared aqueous 
solution of ammonium persulfate (Fisher "certified") 
which was brought  to the pH of the studied solution 
by addition of NI-I4OH. 

The PbO2 electrodes used for the cur ren t /po ten t ia l  
measurements  were prepared by anodic deposition of 
a ca.  0.5~ thick layer  on a 0.25 cm 2 Pt  eIectrode. The 
deposition was carried out immediate ly  before each 
measurement  in the same electrolyte, applying a cur-  
rent  density of 0.5 m A / c m  2. Weight measurements  of 
the deposited PbO2 were carried out on electrodes of 
larger surface area to achieve a higher accuracy. For 
this purpose, 3 x 1 in. glass slides were used, on which 
an ini t ia l  layer  of 500A PbO2 was precipitated in the 
following way: Glass slides were exposed in a vert ical  
position to a solution prepared by mix ing  100 ml  of 
50 mM lead acetate dissolved in M NH4C2H302 with 
100 ml  of 2M (NH4)2S208, both brought  to a pH of 6. 
To this solution, AgNO3 was added as catalyst in a 
concentrat ion of 5 x 10-SM. After  an induct ion t ime of 
about 15 min,  the solution tu rned  slowly brown,  and 
after 45 to 90 min, a continuous film of 500A PbO2 was 
precipitated on the glass slides. After  washing with 
distilled water  and drying at room temperature,  the 
slides were used for the weight and open-circui t  po- 
tent ial  measurements.  Results of these measurements  
should be, of course, independent  of the way in which 
the ini t ial  PbO2 layer  was obtained. This was con- 
firmed by experiments  carried out on 20 cm 2 Pt  elec- 
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trades, on which PbO2 was electrodeposited, as wel l  
as by using glass substrates on which PbO2 was de-  
posited by hydrolysis  of lead te t raaceta te  as described 
by Robinson (2). 

The po ten t i a l / cur ren t  measurements  were  carr ied 
out potentiostatically,  using a IN calomel reference 
electrode (NCE) and a Pt  counterelectrode.  Sta t ionary 
conditions were  achieved af ter  a few minutes  at low 
current  densities ( <  10 /~A/cm 2) and af ter  several  
seconds at h igher  current  densities. The electrolyte  
was stirred. All  exper iments  were  carr ied out at 25~ 

Results 
In Fig. 1, s ta t ionary cur ren t /po ten t ia l  curves are 

shown which demonstra te  that  the na ture  of the  
deposition is a mixed  electrolytic process. Curve 1 was 
obtained in a solution of 50 mM lead acetate in M 
NH4C~H30~ at pH 8.5. In this solution, where  the lead 
ions are solubilized by complexing wi th  acetate, the 
anodic reaction is 

Pb + + + 2H20 ~ aPbO2 -}- 4H + + 2 e -  [3] 

wi th  cathodic currents, PbO2 is reduced to a lower 
oxide. Curve 2 was obtained af ter  addition of 50 mM 
ammonium persulfate  to the above solution. The net  
current  results f rom the superposit ion of reaction [3] 
and the reduct ion of $208 = 

S2Os = + 2 e -  -~ 2SO4 = [4] 

By subtract ion of curve 1 f rom curve 2, the par t ia l  
current  vol tage curve of react ion [4] is obtained 
(curve 3). At  open circuit, deposition of PbO2 occurs 
at the mixed  potent ial  Um with  the part ial  current  
density id. Independent  determinat ions  of id by weight  
measurements  of the deposited PbO2 give the same 
result. This can be seen in Fig. 2 which shows id and 
U,, as a function of pH. The electrolyte  was again 50 
mM lead acetate and 50 mM ammonium persulfate  in 
M ammonium acetate. The pH was var ied be tween 5 
and 10 by addition of HC2H302 or NH4OH, respectively.  
i,1 was determined from the stat ionary anodic current  
at the potent ial  Um in the absence of $208 = as de- 
scribed before as well  as by weight  measurements .  The 
results of both methods were  reproducible  wi th  devi -  
ations not larger  than 10%. A current  density of 1 
m A / c m  2 corresponds to a deposition rate  of 760 A/min .  
The deposition current  increases wi th  pH, following 
the relat ionship 

log id = const ~ 0.81 pH [5] 

U,,~ was determined on PbO2 films deposited on Pt  and 
on glass substrates. With  increasing pH, Um shifts in 
negat ive direction by (59 -m-_ 5) mV per pH unit. 

The observed pH dependence cf id and Um results 
f rom influences of both anodic and cathodic reactions. 

of S A DEPOSITION CURRENT i ~ . oJ . . . . . . . . . . . . . . .  i d .  - 
E 2 

/ ! _,.o) / i 
! , ( , ~ , 

200 400 600 
U VS. NCE (mV) 

Fig. 1. Stationary current/potential curves at Pb02 electrode. 
Curve 1, anodlc partial reaction [3] ,  measured in a solution of 
50 mM lead acetate in ]M ammonium acetate at pH 8.5; curve 2, 
over-oil reaction [3] -~- [4] ,  measured after addition of 50 mM 
ammonium persulfate; curve 3, cathodic partial reaction [4] ,  cal- 
culated by subtraction of curve 1 from curve 2. 
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Fig. 2. Deposition current id and mixed potential Urn as function 
of pH. Electrolyte: 50 mM lead acetate -}- 50 mM ammonium per- 
sulfate in ]M ammonium acetate. 0 ,  id from current at Urn in 
absence of S20s=; + ,  id from weight measurements; o, Urn at 
Pb02 deposited on platinum; x, Urn at Pb02 deposited on gloss 
(1 mA/cm 2 corresponds to 760 ,s 

This becomes evident  f rom Fig. 3 in which the part ial  
cur ren t /po ten t ia l  curves of the two reactions are 
plotted at different pH values. The anodic curves were  
determined in a solution of 50 mM lead acetate in M 
ammonium acetate. The pH was var ied  as before. The 
reduct ion of S2Os = could not be studied in a similar  
way in a solution containing (NH4)2S208 only. Under  
this condition, the PbOe electrode turned slowly into 
a passivated state, and the current  measurements  were  
irreproducible.  It is assumed that  this is the effect of 
adsorption of the react ion product,  SO4 =. Apparent ly ,  
the PbO2 surface which is f reshly formed during the 
deposition shows a different behavior  wi th  regard to 
the kinetics of the S2Os = reduction. The par t ia l  cur-  
ren t /po ten t ia l  curves of the  S2Os = reduct ion near  Urn 
were  de termined  f rom the difference be tween  the cur-  
rents  of the Pb + + oxidation and the over -a l l  reaction 
[2] as described for Fig. 1. The intersections between 
anodic and cathodic curves at the same pH represent  
open-circui t  conditions (zero net  cur rent ) ,  i.e., give 
the values of id and Urn. The dotted l ine is obtained 
f rom the exper imenta l  data of id and Um in Fig. 2. The 
log i /U curves of the Pb ++ oxidat ion approach at 
higher  current  densities and low pH a Tafel  slope of 
118 mV which is expected for this reaction if the t rans-  
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Fig. 3. Partial Current/potential curves at various pH. x, anodic 
reaction [2];  o, cathodic reaction [4] ;  dotted Fine, id vs. U,, 
from data in Fig. 2. 
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fer  coefficient ~ is 0.5. In the region studied here 
(dotted l ine) ,  the slopes are genera l ly  smaller. The 
Tafel  slopes of the reduct ion of $208 = vary  be tween  
210 and 270 mV, corresponding to t ransfer  coefficients 
between 0.28 and 0.22. The low t ransfer  coefficient is 
typical for this reaction, e.g., a value  of ~ = 0.32 was 
obtained by Mtiller (6) in alkal ine solutions at Pt  
electrodes. 

In Fig. 4, the part ial  cathodic current  is plotted as 
a function of the S2Os = concentrat ion at constant 
electrode potentials. This exper iment  was carried out 
again in a solution of 50 mM lead acetate in 1M 
NH4C2HsO2, to which (NH4)2S2Os was added from a 
2M aqueous solution. The pH was kept constant at 
8.50. At  low concentrations, the current  is proport ional  
to the square root of the persulfate  concentrat ion in-  
dicating a reaction order  of 0.5 for the S2Os = ion. The 
deviat ion f rom l inear i ty  at h igher  concentrat ions is 
probably the effect of the presence of SO4 = ions which 
seem to inhibit  the reaction. This assumption is sup- 
ported by the fact that  an addition of 0.1M (NH4)2SO4 
to the solution results in a decrease of the cur ren t  to 
near ly  zero. 

Properties of the PbO2 f i lms.--The electron diffrac- 
tion pat tern of the PbO2 films deposited on glass sub- 
strates showed only lines of the s-modification. There 
was no evidence for the presence of lower  lead oxides. 
In some cases, the crystall i tes had a slight orientat ion 
with the (100)-plane paral lel  to the substrate as is 
observed also on electrodeposited ~-PbO2 (7). The 
crystal l i te  size of a 5000A thick film deposited at pH 8 
is about 2000A as de termined  by electron microscopy. 

The electr ical  propert ies  are, in general, s imilar  to 
those of electrodeposited ~-PbO2 (8). Hall  effect mea-  
surements  showed that  the carr ier  density is about 
1021 cm -3 and is near ly  independent  of the pH at which 
the films were  deposited. There  is, however ,  an effect 
on the resist ivi ty wi th  increasing pH, e.g., a 5000A 
thick film deposited at pH 7 had a resist ivi ty of 
2 x 10-~ ohm cm, whereas  at pH 10 a resis t ivi ty of 
3 x 10 -2 ohm cm was obtained. 

Discussion 
The result  that the deposition occurs at the rate 

expected f rom the stat ionary current  potential  re la-  
tions indicates that  the deposition is a pure electro-  
chemical  process, i.e., that  no "chemical"  deposition 
due to a reaction wi thout  charge exchange at the 
interface is involved.  The deposition rate  is controlled 
by the potential  U,,. which is a function of the com- 
position of the electrolyte.  

The var ia t ion of Um wi th  pH was found to be l inear 
in the studied pH region with  a slope of --59 mV/pH.  
An interpreta t ion of this result  is difficult since it 
arises from a complex pH dependence of the current  
potential  relations of both part ial  reactions, as was 

I0 

f 
3.0 . . . ~ +  400 mV 

.~.~: * -  . /~ . . .o  45o mv 
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Fig. 4. Partial current of $208 = reduction at Pb02 vs. concentra- 
tion of S20s =. Electrolyte: 50 mM lead acetate ~ x mM am- 
monium persulfate in 1M ammonium acetate, pH 8.50. 

seen in Fig. 3. In the following, the origins of the pH 
dependence of the two reactions are discussed. 

The drif t  of the anodic cur ren t  potent ia l  curves wi th  
pH is main ly  the effect of the var ia t ion of the equi l ib-  
r ium potential  of the anodic reaction. The equi l ibr ium 
potential  of react ion [3] is 

Uo = 1.450 -- 0.0296 log (Pb + +) -- 0.1183 pH [6] 

Measurements  of the open-circui t  potent ia l  of a PbO2 
electrode in a solution of 50 mM lead acetate  in 1M 
ammonium acetate are shown in Fig. 5 (dotted l ine) .  
The var ia t ion with  pH is l inear  and has a slope of --90 
m V / p H  instead of --118 m V / p H  which would be ex-  
pected for react ion [3]. Bet ter  agreement  wi th  this 
result  would be given by the reaction 

Pb (OH)  + -F H20 ~ P b O 2 - F  3H + - F 2 e -  [7] 
with 

Uo = 1.270 -- 0.0296 log [Pb (OH) + ] -- 0.0887 pH [8] 

It  is, however ,  not certain wha t  composit ion the  lead 
acetate complex has in this solution. The assumption 
that  a complex of the type Pb(OH)(C2H302)n  (n-1)- 
exists is not unreasonable,  since Pb (OH) +, respect ive-  
]y Pb~(OH)P  +, is the hydrolyzed form stable in this 
pH region in perchlorate  medium according to Olin 
(12). It should be ment ioned that  the absolute values 
of the open-circui t  potentials in Fig. 5 cannot be com- 
pared with the calculated equi l ibr ium potentials, since 
no l iquid junct ion potentials and act ivi ty  coefficients 
have been taken into account. The fact that  the devia-  
tion is as high as 150 mV indicates that  the act ivi ty  
coefficient of lead (II) in this solution is very  low. 

Besides the pH dependence of the equi l ibr ium poten-  
tial, there  is also an effect of the pH on the ra te  of 
the anodic reaction, as can be seen in Fig. 3. At  higher  
pH, the current  potent ial  curves are steeper. It is 
unl ikely that  this is an effect of an increase of the 
exchange current  of reaction [3], since the influence 
of the reverse  current  should be negl igible  at over -  
potentials more than  about 120 mV. It  may  be sug- 
gested that  the mechanism of the reaction changes at 
higher pH, possibly due to the formation of Pb(OH)2  
or a complex of this wi th  acetate. 

The result  that  the cathodic curves are pH dependent  
is at first surprising, since S2Os = as well  as the reaction 
product  SO4 = are almost complete ly  dissociated in the 
studied pH region. The mechanism of the $208 = re-  
duction on p la t inum electrodes in alkal ine solution, 
as proposed by Miiller (6) 

S 2 0 s  = ~ ( 2 S 0 4  ~ )  ads [ 9 ]  

1.6 

I Pb++/PbOz 
_ ~  2 Pb(OH)+/PbOz 1.2 

1.0 - x 

O.B ~ ~ 90mV/pH > 

o . e  

0 .4  

0.2 I I I ~ \ 
4 6 8 I0 12 

pH 

Fig. 5. Equilibrium potentials calculated from thermodynamic 
data (9) vs. pH. x, open-circuit potentials of PbO2 electrodes 
measured in a solution of 50 mM lead acetate in 1M ammonium 
acetate. 
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2(SO4-)ads ~ 2e-  --> 2SO4 = [10] 

does also not explain the pH dependence found here. 
It has been proposed by several authors (10) that  the 
sulfate radical  is converted to the OH' radical, ac- 
cording to 

SO4 ~ + H20 ~ OH" -t- SO4 = + H + [ l l a ]  
o r  

SO4 = ~- O H -  r OH' -t- SO4 = [ l l b ]  

Recent investigations on the photolysis of persulfate 
ions (11) showed that  between pH 8.5 and 10.8 the 
stabili ty of the SO4 ~ radical  decreases rapidly, indi-  
cating the existence of a pH dependent  equi l ibr ium 
l ike  Eq. [11]. Although the path of the conversion of 
SO4 = into OH" is not yet clarified, the following mech- 
anism of the reduction of S2Os = at PbO~ can be pro- 
posed 

S2Os = ~- 2SO~=ads [9] 

2SO4~ads -[- 2 O H -  m 2 OH'ads -~ 2SO4 = [11] 

[12] 2 OH'ads -]- 2e -  -> 2 O H -  

The steady-state  conditions for SO~ads and OH'ads are 

d [SO4 ~ ] 
= 2k9 [$208 =] -- k9' [SO4=] 2 

dt 
- -  k l l  [SO4 ~ ]  [ O H - ]  + kl i '  [SO~ =]  [OH']  = 0 [13] 

- -  - -  k l l  [ S O ~ ]  [OH - ]  - -  kl l '  [SO4 =]  [OH']  

- -  k121OH']  = 0  [14] 

d[OH']  

dt 

and 
i ---- F k,2 [OH'] [15] 

Assuming that the equi l ibr ium of reaction [11] is on 
the left side in the studied pH region, k~ ' /k l l  ~ 1, 
and that k12 < <  kll '  , the following relat ion is obtained 
for the current  at a constant  potential  

This result  is in agreement  with the reaction order of 
0.5 found for the S2Os = ion at low concentrat ions 
(Fig. 4). Fur thermore,  it gives an explanat ion for the 
pH dependence of reaction [4], al though the experi-  
menta l  data in Fig. 3 are not sufficient to determine if 
the reaction order of O H -  is actual ly one. Finally,  Eq. 
[16] shows that an increase of the sulfate ion concen- 
t rat ion will  decrease the current .  This was also ob- 
served in the experiments;  however, a passivation of 
the PbO2 surface by formation of lead (II) sulfate may 
have a similar effect. 
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Electrochemical Behavior of Selenium and 
Tellurium in Fused IiCI-KCI Eutectic 
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ABSTRACT 

Liquid selenium has been reduced coulometrically in fused LiC1-KC1 eu- 
tectic at 400~ Nerns t ian  behavior  is observed for the cell C,Se(1) /Se  =, 
LiC1-KC1//Pt++,LiC1-KC1/Pt.  The s tandard potentials of the se len ium/  
selenide couple at 450~ with respect to the appropriate s tandard p la t inum 
reference electrode are --1.141, --1.172, and --1.252V on the molar, molal, and 
mole fraction scales, respectively. Voltammetric studies showed an anodic 
wave at +0.05V ascribed to 2Se + 2C1- --> Se2Cl2(g) + 2e -  and a cathodic 
wave at --1.07V ascribed to Se + 2e-  --> Se =. For te l lur ium an anodic wave 
at --0.15V is ascribed to Te --> Te( I I )  ~ 2e -  and a cathodic one at --1.40V 
to the plat ing of l i th ium into te l lur ium; the formation of free tel luride does 
not appear to occur. The s tandard potential  for the couple T e ( I I ) / T e  is esti- 
mated at --0.1V. 

A recent publication from this laboratory (1) re-  
ported the electrochemical behavior of sulfide in the 
fused LiC1-KC1 eutectic. The present  paper  extends 
this study to selenium and tel lurium. 

** Electrochemical  Society  Act ive  M e m b e r .  
* Electrochemical  Society  Student  M e m b e r .  

The l i terature on selenium and te l lur ium in  fused 
salt media is scanty. Verdieck and Yntema (2) mea-  
sured the deposition potential  of te l lur ium from solu- 
tions of te l lur ium dioxide in fused A1C13-NaC1-KC1 at 
218~ The solid electrolyte cells A g ( s ) / A g I ( s ) / A g  in 
Te or Se have been investigated by Kiukkola  and 



Vol. 117, No. 5 Se  A N D  T e  I N  F U S E D  

Wagner  (3). Foster  and Liu (4) employed the cell 
Li3Bi(s),  Li in B i (1 ) /L iC1-LiF /L i  in Te(1), Li2Te to 
obtain the free energy of format ion of Li2Te by emf  
measurements ,  and a s imilar  cell  has been used in the 
Bi-Te system by Liu and Angus (5). Selenium and 
te l lur ium have been used as cathode materials  in 
secondary cells wi th  fused salt e lectrolytes at Argonne 
National  Labora tory  (6, 7). 

Exper imenta l  
Apparatus.--Potentials were  measured with  a digital  

vo l tmeter  (Model 3440A, Hewle t t -Packa rd ) .  Coulo- 
metric generat ions employed a Model IV Coulometric  
Current  Source (E. H. Sargent  and Company) .  An 
Anotrol  Model 4100 Potent ia l  Control ler  was used for 
vol tammetr ic  investigations. 

A Lindberg Hev i -Du ty  Model 54381A furnace with a 
Model 59344 tempera ture  control ler  was employed. 
Tempera tures  were  measured  with  a ch romel -a lumel  
thermocouple  cal ibrated at the melt ing point of zinc. 

The electrolytic cell was essentially the same as de- 
scribed previously  (8). 

Solvent.--The prepara t ion of the  LiC1-KC1 eutectic 
solvent (59.5 m / o  LiC1, mp 352~ has been described 
previously (1). 

Chemicals.--Reagent grade LiC1 (Fisher Scientific 
Company) and KC1 (Fisher Scientific Company or 
Shawinigan Chemicals) were  used. Se lenium (99.99%) 
was obtained in 1/4 x 2 in. rods f rom A. D. Mackay, Inc. 
Tel lur ium (99.999%) was obtained f rom Atomergic  
Chemetals  Company. Graphite  electrodes were  Spe-  
cial Spectroscopic Electrodes ~/s in. in diameter  (Na- 
tional Carbon Company) .  Argon was dried by passage 
through a magnes ium perchlorate  column and two 
traps cooled by a dry ice-acetone bath. 

Electrodes.--A reference  electrode based on the 
P t ( I I ) / P t  couple (about 0.03M) was generated coulo- 
metr ical ly  for each exper iment  by anodization of a 
coil of p la t inum wire. 

The selenium electrode consisted of a small  Pyrex  
cup (7 m m  diameter,  5 mm long) containing pieces of 
selenium. Contact with the selenium (liquid at operat -  
ing tempera ture)  was made with  a graphite rod at- 
tached to Nichrome leads wel l  above the mel t  level. 
The Py rex  cup rested on the bot tom of the isolation 
compar tment  and was total ly immersed  in the melt.  

The te l lur ium electrodes were  made by melt ing 
lumps of te l lur ium in a 4 mm Pyrex  tube under  argon. 
A tungsten wire was inserted into the liquid te l lur ium 
which was then al lowed to solidify. The electrode was 
removed by careful ly  breaking the glass. 

A graphi te  rod in an isolation compar tment  was used 
as the counterelectrode.  

Procedure.--The crucible containing the frozen eu- 
tectic, isolation compartments ,  and electrodes was 
placed inside the outer  glass jacket  of the electrolytic 
cell which could be connected to a vacuum pump. 
Transfers of frozen eutectic to the crucible were  made 
inside a dry box under  nitrogen. The outer jacket  was 
closed to the atmosphere by means of a Pyrex  cap 
connected to it wi th  a 75 mm O-r ing  joint. On this 
cap were  blown five I4/20 ground-glass  joints which 
were  used to insert a thermocouple,  an argon inlet  
tube, and the electrodes. The isolation compar tments  
were  made of 10 m m  Pyrex  sealing tubes wi th  10-20n 
frits (D porosity; Ace Glass Inc.) The t empera tu re  of 
the cell was slowly raised to 370~ under  vacuum in 
order  to dry the glass equipment  and electrodes before 
fusion of the eutectic. Af te r  fusion of the eutectic, 
argon was introduced and bubbled through the mel t  
during all experiments .  The compar tments  were  al-  
lowed to fill wi th  eutectic during a period of 8-10 hr. 
The selenium or t e l lu r ium was added as a final step. 
Ionic species were  generated by anodization or catho-  
dization of the selenium or tel lurium. The cells were  
operated at 400 ~ • 2~ to minimize loss of volati le 
mater ia ls  f rom the melt ,  which was still the  most 
serious problem encountered in the investigation. 
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Electrode potentials were  measured against the 
p la t inum reference electrode and corrected to the 
P t ( I I ) ,  1.0 M/Pt  standard molar  p la t inum electrode 
(SMPE) of Lai t inen and Liu (9) ; they  are reported in 
conformance with the IUPAC "Stockholm" sign con- 
vention. The thermoelect r ic  potential  of the graphite 
and leads was measured as +10 mV with respect to 
platinum. It was essentially invar iant  wi th  t empera -  
ture from 400 ~ to 450 ~ . The potentials were  corrected 
for this effect. They were  then conver ted  f rom 400 ~ to 
450~ using the exper imenta l ly  determined potential-  
t empera tu re  relationships (see below) and the actual 
tempera ture  of each potential  measurement .  The 
amount  of solvent in each isolation compar tment  was 
determined by a potentiornetric chloride t i tration; 
when necessary, selenide was removed by acidifica- 
tion (in a hood).  The concentrat ions of Se = and Pt  + + 
were  determined from the coulombs passed and sol- 
vent  volume (9). The leas t -square  calculations were  
done on the Univers i ty  of Alber ta  IBM/360 computer,  
and copies of the programs used are avai lable in the 
thesis of one of the authors (F.G.B.). 

The vol tammetr ic  procedure  was as described pre-  
viously (1). 

Results 
Voltammetric results.--The vol tammetr ic  curves ob- 

tained for selenium and te l lur ium are shown in Fig. 1, 
denoted respect ively by t r iangles  and circles. In the 
absence of selenium and tel lurium, the only electro-  
chemical  phenomena observed are anodic chlorine 
evolution (+0.3V) and cathodic l i thium deposition 
(>--2 .1V)  as in previous work  (1, 9). 

The cathodic branch observed with selenium is 
ascribed to Se(1) + 2e -  --> Se =. A red-brown color 
was observed leaving the electrode unti l  the entire 
compar tment  contents were  colored when cathodic 
current  was passed. Extrapola t ion of the l inear part  of 
the curve  to zero current  gave --1.07 • 0.02V for the 
"decomposit ion" potential,  in good agreement  with 
the potent iometr ic  results given below. The anodic 
wave  is ascribed to 2Se(1) + 2C1- --> Se2C12(g) + 
2e- ,  analogous to the react ion 2S(1) + 2C1- --) 
$2C12 (g) + 2e -  observed previously (1). The "decom- 
position" potent ial  was +0.05 _ 0.02V. Colorless gas 
bubbles were  observed forming on the electrode at 
this potential  and leaving the melt. No at tempt  was 
made to t rap the gas since Se2C12 is repor ted  as un-  
stable at considerably lower tempera tures  than those 
employed here. Stable potentials could not be obtained, 
as is expected when  the species produced electro-  
chemical ly volatil izes from the melt. 

f 
S " ~ " I L l * +  Te 

I , I I I I I I I ~  ,I I 
o~ ~ ~ 7  ~--o~ -o~ -,~ -,~ 

(~olt~) S.M.P.E. 

Fig. 1. Voltammetric curves of LiCI-KCI containing selenium 
(triangles) or tellurium (circles). Temperature 400~ reference po- 
tential SMPE. Area of selenium pool approximately 0.4 cm 2, of 
tellurium rod 1,1 cm 2. Voltammetric curve of pure melt on, graphite 
electrode is line without symbols. 
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Voltammetric curves were also taken with selenium 
electrodes in  compar tments  in which selenide had 
been generated. Two typical curves are shown in 
Fig. 2. Identical  straight lines were always obtained 
regardless of the direction of voltage change as long 
as precautions were taken to prevent  significant 
changes in the ion concentrat ion between measure-  
ments. These precautions included st i rr ing and, when  
necessary, oxidation or reduction such that  the zero 
current  potential  remained wi th in  3 mV of its original 
value. The slope of these lines was approximately 15 
ohms and represents the cell resistance. These curves 
show the Se/Se = couple to be revers ible  in this sol- 
vent  system. 

The cathodic branch observed with te l lu r ium (Fig. 
1) is ascribed to the formation of stable l i th ium-  
te l lur ium intermetal l ic  compounds whose l imit ing 
composition is Li2Te (4); the reaction wr i t ten  as 
Te(s)  + 2Li + + 2e -  ~ Li2Te(s) is probably an 
oversimplification. The potent ial  characteristic of this 
reaction was --1.40 • 0.02V. Liquid alloys were ob- 
served to form on the te l lur ium rod on cathodization 
beyond this potential. Such alloy formation on catho- 
dization has been observed in  previous studies of the 
Li-Te system (4, 10). The anodic wave is ascribed to 
Te -> Te( I I )  + 2e- .  An orange-brown color was ob- 
served leaving the electrode upon anodization. The 
"decomposition" potential  for this reaction was --0.15 
_~ 0.03V, in good agreement  with the potentiometric 
measurements  given below. 

Potent iometry of se lenium.--Three  complete experi-  
ments, each involving mult iple  cells, were carried 
out with new compartments,  electrodes, and eutectic 
charge used in each. A total of 52 data points were 
taken at 400 ~ ~ 2~ For each point, the emf became 
constant, wi thin  0.5 mV, 30-90 min  after completion 
of coulometric reduction of selenium and stirring. The 
potential  was thereafter  constant, wi thin  1 mV, over 
several hours. 

The effect of tempera ture  on the emf was deter-  
mined in several exper iments  over the temperature  
range 380~176 with both increasing and decreasing 
temperature.  The measured potential  was, for a fixed 
selenide concentration, l inear ly  dependent  on tempera-  
ture. A plot of •  against the logari thm of the 
molar concentrat ion (as moles Se=/ l i t e r  of eutectic at 
450~ was l inear  (Fig. 3). Least square analysis of 
this plot gives ~E/ •  ~ +0.123 log [Se =] -- 0.510 
mV/~ with a relative s tandard error of 6% in the 
slope and 1.5% in the intercept, for the tempera ture  
dependence of the cell ( - - )C ,  Se(1) /Se  =, LiC1-KC1// 
P t ( I I ) ,  LiC1-KC1/Pt ( + ) .  This equation is identical to 
that  obtained for the analogous sulfide cell (1) within 
exper imental  error. It was used to extrapolate all mea-  

12 �84 

Se + 2e- --~" Se = 
% 
U 8 
U 

i i i i i i 
~'E .0.B5 -0.9 -I.05 -1.15 -1.25 -1.35 

A G A I N S T  

/ 
Se- ~ Se +2e- 

U 

z / 

Fig. 2. Current-potential curves for different selenide concen- 
trations in the same compartment. Reference potential SMPE, tem- 
perature 400~ 
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Fig. 3. Temperature dependence of potential as a function of 
selenlde ion concentration. Line is that given by least-squares 
analysis. Temperature range 380~176 

sured potentials to 450~ This tempera ture  is ac- 
cepted as s tandard for potential  measurements  in this 
fused salt system [ (11), and references cited therein] .  

These extrapolated potentials gave l inear  Nernst  
plots over the concentrat ion range  0.015-0.35M sele- 
nide. A typical plot of potentials against the logari thm 
of selenide concentrat ion (Fig. 4) shows that  Henry 's  
law is obeyed over the concentrat ion range studied. A 
summary  of all runs  is given in Table I; the original 
data are available in the thesis of F.G.B. Least square 
analysis of all points gave a s tandard potent ial  of 
--1.141V for the Se(1) /Se  = couple (molar i ty  scale) at 
450~ with a s tandard error of 0.002V. This corre- 
sponds to values of --1.172 and --1.252V, with the 
same standard error, on the molal i ty  and mole frac- 
tion scales, respectively (11), all potentials being with 
respect to the appropriate s tandard p la t inum elec- 
trode. The slope of the Nernst  plot was --0.0660 V/log 
uni t  with a s tandard error of 0.0014, corresponding to 
2.17 ___ 0.05 electrons taking part  in the reaction. This 
is in agreement  with the theoretical  va lue  of 2 ex- 
pected for Se + 2e-  ~ Se =. 

Z 
O 
~- -14 
<~ 

~1 z -  1.2 
U 
Z 
~ - 1.0 

I.M 

Z -0.8 
w 

~ -0.6 

~ ) - O 4  \ 
\ 

\ 
O - a 2  \ 
Q \,, 

\ 
0 ' ~ ' t , 

-1.04 -1.08 -1.12 

P O T E N T I A L  A G A I N S T  S.M,PE.,(volts) 

Fig. 4. Electromotive force of selenide electrode (vs. SMPE) as a 
function of selenide concentration in a typical run, showing obedi- 
ence to Henry's law. Temperature (extrapolated) 450~ 
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Table I. Standard emf determinations for the Se/Se = couple* 

S e l e n i d e  N o .  o f  S t a n d a r d  E x p e r .  
m o l a r i t y  p o i n t s  E ~ o ,  V d e v i a t i o n ,  m V  n 

0 . 0 1 5 - 0 . 1 0  7 -- 1 . 1 3 6  2 .6  2 . 2 2  
0 . 0 2 4 - 0 . 2 4  9 --  1 . 1 4 1  1.1 2 . 2 7  
0 . 0 1 8 - 0 . 1 6  9 --  1 . 1 4 4  1.2 2 .21  
0 . 0 2 9 - 0 . 3 2  9 -- 1 . 1 4 3  2 .4  2 . 0 8  
0 . 0 2 9 - 0 . 3 3  9 --  1 . 1 4 0  2 .8  2 . 1 0  
0 . 0 3 9 - 0 . 3 5  9 --  1 . 1 4 3  2 .3  2 . 1 0  
L e a s t  s q u a r e  a n a l -  

y s i s  o f  a l l  p o i n t s  52  --  1 . 1 4 1  1.5 2 . 1 7  

* V a l u e s  c o r r e c t e d  t o  4 5 0 ~  a n d  S M P E ;  e a c h  e n t r y  i s  a s e p a r a t e  
c o m p a r t m e n t ,  t h e  f i r s t  b e i n g  r u n  1, t h e  n e x t  t w o  b e i n g  r u n  2 ,  a n d  
t h e  r e m a i n d e r  b e i n g  r u n  3.  

Stable potentials could not be obtained on anodiza- 
tion of selenium electrodes, for the reasons discussed 
above. 

Potentiometry of tellurium.--Attempts were made 
to measure the s tandard potential  of the T e ( s ) / T e  = 
couple. These at tempts were unsuccessful because the 
solubili ty of "Li2Te" in the LiC1-KC1 eutectic in the 
presence of excess te l lur ium is very  low; even an at-  
tempt to produce 2 x 10-~M Te = resulted in the for- 
mat ion of l iquid on the surface of the te l lur ium elec- 
trode. The potentials obtained in this m a n n e r  were 
quite stable. They correspond, after correction for 
reference electrode, to those observed by Foster and 
Liu (4) for very t e l lu r ium-r ich  alloys of l i th ium and 
te l lu r ium in a similar system, and therefore cannot be 
considered as true t e l lu r ium/ te l lu r ide  electrode po- 
tentials. 

Anodization of te l lur ium produced an orange-brown 
solution. Long needles of te l lur ium were observed ex- 
tending from the electrode. The potentials measured 
were unstable, however, and drifted in the negative 
direction cont inuously after anodization was com- 
pleted. At  the same time, the color of the solution 
slowly disappeared. A yellow powder sometimes con- 
densed in the cooler top of the isolation compartment .  
This behavior  would be expected if a volatile species 
such as TeC12 (bp 327~ escaped from solution at 
400 ~ . The exper iment  was repeated at 375 ~ , but  the 
species formed still volatilized from solution. 

Attempts to produce meaningfu l  Nernst  plots from 
the potential  data for this system were unsuccessful. 
The slope varied between 0.067 and 0.134 V/log unit. 
Since 0.033 V/log uni t  would be expected for a four- 
electron process, the ionic species produced should be 
Te(I I )  ra ther  than  Te(IV) .  From these plots and the 
voltammetric  curves the s tandard potential  (molari ty 
scale) of the T e ( I I ) / T e ( s )  couple is estimated as 
--0.10 • 0.03V, placing it between R h ( I I I ) / R h  and 
I r ( I I I ) / I r  couples in this medium (11). Attempts  to 
fur ther  oxidize the Te( I I )  species at a graphite elec- 
trode were unsuccessful. 

Discussion 
The potential  between selenium and l i thium elec- 

trodes, using l i terature  data for l i th ium (11) and the 
result of the present  study for selenium, is 2.2V at 
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450~ This is in good agreement  with the open-ci r -  
cuit potentials of 2.3-2.4V obtained from the Li /Se  
secondary cell between 350 ~ and 400~ (7) and im-  
plies that at near ly  full  charge the selenium electrode 
potential  of that  cell may well  be determined by solu- 
ble Se = in the electrolyte ra ther  than electrode com- 
position. The free energy of the reaction 2Se(1) W Cle 

Se2C12(g) can be estimated as --11 kcal /mole  from 
the vol tammetr ic  curves. No l i terature data could be 
found with which to compare this value; it seems rea-  
sonable, however, as it is similar to that  for the forma- 
tion of gaseous 82C12 (1). 

The Li /Te  secondary cell is reported (4, 6) to have 
an open-circuit  voltage of 1.7-1.8V which is in agree- 
ment  with the value of 1.9V obtained from the 
voltammetric  curves of the present  study. 

There is a significant point raised in the present  
work related to l i th ium-chalcogen cells. Clearly, a 
soluble selenide species determines the potential  of 
the selenium electrode under  the conditions of the pres- 
ent study. Such a species, whether  Se = or Li2Se, can 
be expected to be present  in Li /Se  cells (6) and to 
diffuse to the l i th ium electrode if cell construction so 
permits. This will  lead to reduced cell efficiency and 
eventual  cell failure. The problem appears less sig- 
nificant in the Li /Te  system due to lower solubil i ty of 
the species produced. 
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ABSTRACT 

The kinetics of the hydrogen evolution reaction on t i t an ium in sulfuric 
acid solutions between pH 0.25 to 2.25 have been investigated. The Tafel slope 
of the HER was 150 mV at all pH values, and the electrochemical reaction 
order was 0.6 with respect to the hydrogen ions. The corrosion potent ial  
varied negligibly with pH; (0 log icorr/O pH) = --0.57; (0 log io/O pH) ---- --0.23. 
If it is assumed that a th in  incipient oxide film covers the surface of active 
t i tanium, a mechanism for the HER based on Temkin  adsorption behavior, 
electrochemical desorption as the ra te -de te rmin ing  electrode reaction step, 
and the dual barr ier  model is consistent with the exper imental  results. 

There have been a number  of investigations of the 
hydrogen evolution reaction (HER) on t i t an ium in 
aqueous solutions. However, a mechanistic study of -~oo 
the HER on t i t an ium has not been reported thus far. 

Hackerman and Hall  (1) reported an HER Tafel 
relationship of 0' ---- 1.30 -t- 0.154 log i, volts, for t i t an-  ~ -9Oo 
ium in sodium chloride solutions. S t raumanis  et al. (2) 
and Andreeva  (3) obtained HER Tafel slopes of 175 -900 
and 160 mV for t i t an ium in  0.5N and 40% H2SO4, re-  
spectively. Kolotyrkin  and Petrov (4) observed the ~-,0oo 
Tafel behavior  of o' = 0.82 -b 0.135 log i, volts, and a 
first order dependence on the concentrat ion of hydro-  
gen ions for the HER on t i t an ium in sulfuric acid 

- I  ,'OO 
solutions. Pet renko (5) and Artemova (6) obtained 
Tafel relationships of ~1' ---- 0.97 ~ 0.119 log i and 
0' ---- 0.97 -t- 0.135 log i, volts, for t i t an ium in 2N H2SO4, -,20o 
respectively. 

This work is an investigation of the kinetics and 
mechanism of the HER on t i t an ium in  sulfuric acid -'~~ 
solutions of pH ranging from 0.25 to 2.25 at room tem- 
perature. Exper imenta l  details have been given else- 
where (7). 

Results 
Figure 1 shows the results of the cathodic polariza- 

tion of t i tan ium in sulfuric acid solutions. The HER 
Tafel slope was 150 mV for all pH values. It should be 
observed that deviations from the Tafel behavior oc- 
curred at about --1.0V vs. SCE for all pH values. At 
more active potentials, the current  density was greater 
than the value obtained by extrapolat ing the Tafel 
line. This behavior suggests the possible commence- 
ment  of a second reduction process. 

As shown in Table I, the corrosion potential  did not 
vary  significantly with the pH. The corrosion current  
at each pH was determined by extrapolat ing the Tafel 
l ine to the corrosion potential. These values and the 
exchange current  densities are also given in Table I. 

Figure 2 is a cross plot of the data in Fig. 1. The log 
i vs. pH lines at constant  potent ial  ~, in the Tafel re-  
gion, are all paral lel  with slope 

= --0.60 [1] 
\ 0"-~fi- , 

Similarly,  the ~ vs. pH lines at constant  current  i, in 
the Tafel region, are all paral lel  as shown in Fig. 3. 
The slopes were 

( 0 0 ~ H ) ,  = --90 mV [2] 

Figure 4 gives the dependence of the corrosion current  
on the pH of the solution and shows that 

�9 0.25 
a log ~corr 0.50 

= --0.57 [3] 0.90 
OpH 1.oo 

1.35 
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Fig. 1. Cathodic polarization curves of titanium in H2S04 

The dependence of the exchange current  of the HER 
on the pH is given in Fig. 5 and shows that  

0 log io 
- -  = --0.23 [4] 

0pH 

Values of the Tafel slopes and the exchange current  
densities for the HER obtained in this investigation 
are comparable to the values reported by other in-  
vestigators (1, 2, 4-6). The corrosion rates are in rea-  
sonable agreement  with the values reported by Mill- 
away (8)�9 

In  the Tafel region, the rate of the HER can be ex- 
pressed as 

i = kaH+ n exp RT [5] 

where k is the rate constant, all+ is the activity of the 
hydrogen ions, ~ is the over-al l  t ransfer  coefficient, 
and n is the electrochemical reaction order with re-  
spect to the hydrogen ions. The over-al l  t ransfer  co- 
efficient, ~ = 0.4, is determined from the cathodic Tafel 
slope of 150 mV. The slope of the curves in Fig. 2 

Table I. Cathodic parameters of titanium in H2S04 

A c t i v e  cor ro-  Ta fe l  Cor ros ion  E x c h a n g e  
s ion  po ten t i a l ,  s lope,  cu r ren t ,  c u r r e n t , / z A /  Rp • 1O -~, 

p H  m V  vs. SCE m V  g A / c m  ~ cm ' • 10 a o h m - c m  2 

--680 ~_ 10 150 9 . 0 _  0.7 1 5 . 4 •  4 . 0 •  
--675 150 6.0 13.5 5.7 
--670 150 3.4 11,5 8.0 
--665 150 2.9 10.5 I I . 0  
--678 150 2.0 8,8 14.0 
--675 160 1.4 7.5 23.0' 
--680 159 1.0 6.5 34.0 
--685 150 0.6 5.5 51.0 
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Fig. 2. Plot of logarithm of current density vs. pH in the Tafel 
region of the HER. 
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Fig. 3. Plot of potential vs .  pH in the Tafel region of the HER 

gives the reaction order 

n = -- \ ~  = 0.60 [6] 

Equat ion [5] shows that  (Or ---- --2.303 R T / F  
n/c~ : --90 mV which agrees with the exper imental  
value of Eq [2]. The equation for the exchange cur-  
ren t  density can be obtained from Eq. [5] 

~o = kaH + " exp [7] 
R T  

It follows from Eq. [7] and the Nernst  equation, r 
--2.303 R T / F  log all+ that  {o = kaH+ n-a .  Thus 

0 log io 
- -  : --0.20 [8] 

apH 

which is in good agreement  with Eq. [4]. The equation 
for the corrosion current  can also be obtained from 
Eq. [5] 

ir = kan+ n exp [9] 
R T  

ON Ti 

, 5xlO 7 r 
0 l 2 

pH 

Fig. 4. Dependence of corrosion current on pH 
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Dependence of the HER exchange current on pH 

From Eq. [9], the pH dependence of the corrosion cur-  
ren t  can be determined 

0 log icorr a F  ( C]~corr ) 
+ [10] 

0pH 

Since it has been shown that  O~corr/OpH ~ 0 

0 log icorr 
- - n  = --0.60 [11] 

OpH 

and this value agrees well  with Eq. [3]. 
Since a single anodic process and a single cathodic 

process can describe the corrosion of t i t an ium in sul-  
furic acid, the polarization current  can be expressed as 

( ~aFn 
i : i c o r r [ e x p  \ - - R ~ ) - e x p ( ~ )  ] [12] 

where c~ a and ~c are the over-al l  t ransfer  coefficients 
of the anodic and cathodic processes, respectively, and 

: ~ - -  ~corr. From Eq. [12] the relat ion between the 
polarization resistance, Rp, and the corrosion rate, i c o r r ,  

can be determined (9) 

Rp : = [13] 
,-->0 {corr(aa % ac)F 

Figure 6 shows a l inear  plot of (~ -- ~corr) VS. the ap- 
plied current  for t i t an ium in sulfuric acid of various 
pH values. The slope of each curve is the polarization 
resistance which is given in Table I. A plot of log 
Rp vs. log icorr is shown in Fig. 7. It is seen that a 
slope of --1 correlated the data well. The polarization 
resistance-corrosion cur ren t  values were comparable 
to those values obtained for a n u m b e r  of different 
metals as shown in Fig. 5 of ref. (10). 

The RD -- icorr data and ~c = 0.40 indicates that  
~a =0.44. Thus, an anodic Tafel slope of 136 mV for 
t i t an ium electrodissolution can be estimated. 

Equat ion [5] can be expressed as 
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Fig. 6. Linear plot of ( ~ - - 4 c o r r )  vs. current density. Same sym- 
bols as in Fig. I. 
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Fig. 7. Log. polarization resistance (ohm cm 2) vs. log corrosion 
current (A/cm-2) .  

- ~ F 4 ~ o r ,  ) [14] 
icorr = k a n  + n exp R T  

Equations [13] and [14] can be used to express the 
pH dependence of the polarization resistance as shown 
in Eq. [15] 

0 log R,  aCF ( 04corr 
n + \ ~ /  [15] 

OpH 2.303 R T  

Since it has been shown that  04corr/OpH ~-~ 0 

0 log Rp 
- -  ~ n : 0.60 [16] 

OpH 

Figure 8 shows a plot of log R 1) vs.  pH.  The slope of 
the straight line which best fits the exper imental  
points is 0.57 and agrees well  with Eq. [16]. The slope 
of Fig. 8 is also consistent with the results given in  
Eq. [3]. The above analysis has shown that  the ex- 
per imenta l  results of this invest igat ion are self-con- 
sistent. 

The rate of the HER on t i t an ium in sulfuric acid 
between pH 0.25 to 2.25 can be expressed by the 
equation 

( --0.40F~ ) 
i = kaH+ ~ exp [17] 

R T  

Figure 9 shows the results of the measurements  of 
the differential capacitance of t i t an ium in pH 0.25 solu- 
tions as a function of potential.  At potentials more 
negative than the active corrosion potential,  the ca- 
pacitance decreased with decrease in potential. A min i -  
mum capacitance value is at tained at approximately 

10 5 

M a y  1970 

r162 
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N 

.J g 

3 x 10 3 I t I I 
I 2 

pH 

Fig. 8. Dependence of the polarization resistance on pH 
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Fig. 9, Differential capacitance of titanium in I N  H 2 S O 4  a s  o 

function of potential. 

-I.OV. The capacitance increased again with fur ther  
decrease in potential.  

Discussion 
The reaction steps in  the HER which are general ly 

considered are Eq. [18], [19], and [20]: 

H + + e -  --> Hads [18] 
and 

H + -~ Hads -~- e -  -> H2 [19] 
or  

Hads -~ Hads--> H2 [20] 

A detailed account of the mechanisms of the HER on 
metals, assuming the applicabili ty of the Langmui r  
isotherm for the adsorption of hydrogen atoms, is 
given by Bockris (11). Parsons (12), Thomas (13), 
and Conway and Salomon (14) have considered the 
kinetics of the HER using the Temkin  isotherm for 
the adsorbed hydrogen atoms. 

The experiments  of Tomashov et a~. (15) show that  
a mixed oxide film of TiO2 and Ti203 is present  on 
the surface of passive t i tanium. The thermodynamic  
data of these oxides indicate their  possible presence 
even on active t i t an ium in the Tafel region of the HER 

Ti + 2H20 ~ TiO2 -~ 4H + -t- 4e - ;  
4 o ----- -- 1.100V vs.  SCE [21] 

and 
2Ti + 3H20 = Ti203 -~ 6H + + 6e - ;  

4 o ----- -- 1.405V vs. S C E  [22] 

The presence of other t i t an ium oxides are also pos- 
sible in the HER Tafel region, and it is surmised that  
in this region a th in  oxide film is always present  on 
the surface of t i tanium. 

Meyer (16) has util ized a dual  barr ier  model to 
develop electrode kinetic equations for metals covered 
with thin oxide films. Meyer (16, 17) and Posey et al. 
(18) interpreted the kinetics of reduction reactions on 
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zirconium and passive steel, respectively, in terms of 
the dual  barr ier  mode l  MacDonald and Conway (19) 
used this model to analyze the kinetics of the oxygen 
evolution reaction on gold. The electrode reaction rates 
f o r  this model are dependent  on the potential  across 
the oxide film, ~r, and across the double layer  in the 
electrolyte, ~d. Thus 

= ~f + ~d [23] 

The rate of electron transport  through the thin oxide 
film can be described by Eq. [24] 

i =  kfexp ( - ~ f F c f  ) [24] 
R T  

where af is the t ransfer  coefficient for the electro- 
migrat ion of electrons in the film and kf is the film 
rate constant. It is assumed that the charge t ransfer  
across the film and the electrolyte double layer are 
both rate determining.  Analysis has shown that  ex- 
per imenta l  data is consistent with the electrochemical 
desorption step, Eq. [19], as the ra te -de te rmin ing  step 
for the HER and with Temkin  behavior for adsorbed 
hydrogen atoms. For this case 

i = k'aH + (t + ~) exp RT [25] 

Equations [24] and [25] lead to Eq. [26] 

(I+B)~t 

i = k"ag+ 2~+~ exp [26] 
(2/~ q- af )RT 

Expressions for the reaction order and the HER Tafel 
slope can be determined from Eq. [26] 

(I +/~)~f 
n -- [27] 

2p q- af 

O~ RT  (2p + ,~f) 
- - =  -- 2.303 - -  [28] 
0log i F 2~af 

By subst i tut ing the exper imental  values, n = 0.60 and 
0r i = 150 mV, one obtains =f = 0.67 and p = 0.5. 
These derived values indicate that a mechanism con- 
sistent with the exper imental  results of the HER on 
t i t an ium in sulfuric acid can be based on Temkin  ad- 
sorption, electrochemical desorption as the ra te-deter -  
mining  electrode reaction step, and the dual  barr ier  
model. 

Bockris and Sr inivasan (20) present  a plot of log io 
of the HER vs. the work function of metals. This plot 
shows that  the metals fall into three groups, those with 
high hydrogen overpotentials,  medium hydrogen over- 
potentials, and low hydrogen overpotentials.  The ra te-  
de termining step for the HER on these three groups 
of metals was ascribed to be ion discharge, electro- 
chemical desorption, and recombination, respectively. 
This correlation shows that  t i t an ium is included in the 
medium hydrogen overpotential  group, that is, the 
electrochemical desorption step is the ra te -de te rmin ing  
step which is in accord with the analysis of the ex- 
per imenta l  results of this work. In the present study, 
the values of log io for the HER on t i tan ium in H2SO~ 
were between --7.8 to --8.3 for solutions of pH be- 
tween 0.25 and 2.25 which is in good agreement  with 
the data used in the correlation reported by Bockris 
and Sr inivasan (20). 

It  was observed in the polarization of t i t an ium in 
sulfuric acid that, at approximately --1.0V, deviations 
from Tafel behavior commenced with an anomalous 
increase in the cathodic current.  A possible explanat ion 
of this phenomenon is the complete reduction of the 
incipient oxide film at this potent ial  and the subse- 
quent  hydrogen ion discharge on oxide-free t i tanium. 
This in terpreta t ion seems to be in accord with the 
results of Beck (21) who reported that the rate of the 
HER on an oxide-free t i t an ium surface in 12M HC1 
was greater than on an oxide-covered surface. 
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A second feasible explanat ion of the nonl inear i ty  
in the ~-log i curve is the possible t i t an ium hydride 
formation from the hydrated oxides Ti203 and TiO2, at 
about --1.0V, as indicated by calculations based on 
thermodynamic data obtained from Pourbaix  (22, 23) 

Ti203 q- 10H + q- 10e- = 2TiH~ q- 3H~O; 
~o = _ 1.027Vvs. SCE [29] 

TiO2 q- 6H + q- 6e -  = Till2 q- 2H20; 
~o = _ 0.910Vvs. SCE [30] 

It should be noted that Pourbaix 's  calculations (22) 
were based on the s tandard free energy of formation of 
t i t an ium hydride reported by Baymakov and Lebedev 
(24), AGf ~ (Till2) -= 10.00 kcal/mole.  On the other 
hand, thermodynamic  data reported by Stal inski  and 
Bieganski (25) indicate a value, AGf ~ (Till2) = --20.6 
kcal/mole.  Based on the lat ter  value, the s tandard 
potentials of Till2 formation from Ti203 and TiO2 are 
as follows 

Ti2OJTiH2; ~o : _ 0.764V vs. SCE [31] 

TiO2/TiH2; .~o = _ 0.692V vs. SCE [32] 

It is also seen that, at approximately --1.0V, a min i -  
m u m  in the differential capacitance of t i t an ium in 1N 
H2SO4 occurred as shown in Fig. 9. The potential  of 
zero charge of t i tanium, --942 mV vs. SCE, was cal- 
culated from the work funct ion by Pet renko (5). At 
present, no significance is attached to this apparent  
agreement  between the potential  of the capacitance 
m i n i m u m  and the calculated potential  of zero charge. 
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LIST OF SYMBOLS 
all+, hydrogen ion activity 
F, Faraday constant  
i, current  density, A /cm 2 
io, exchange current  density for HER, A/cm 2 
icorr, corrosion current  density, A/cm 2 
k, rate constant in Eq. [5] 
k', rate constant in Eq. [25] 
k", rate constant  in Eq. [26] 
kf, film rate constant  in Eq. [24] 
n, electrochemical reaction order with respect to 

hydrogen ion 
R, gas constant  
R,, polarization resistance, ohm cm 2 
T, absolute temperature,  ~ 
a, over-al l  charge t ransfer  coefficient 
~a, anodic charge t ransfer  coefficient 
ac, cathodic charge transfer  coefficient 
~f, charge transfer  coefficient for electromigrat ion 

of electrons in film 
~, charge t ransfer  coefficient for electrochemical 

desorption step, Eq. [19] 
~I, (~ --, .... ),V 
~', hydrogen overpotential (~ -- ~o), V 
'4~corr, corrosion potential, V 
#o, equilibrium potential for HER, V 
.~o, s tandsrd electrode potential, V 
"Pd, potential  across double layer 
r potential  across oxide film 
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Specular Reflection Studies of 
Gold Electrodes in situ 

T. Takamura, K. Takamura, W. Nippe, and E. Yeager* 
Department oS Chemistry, Case Western Reserve University, Cleveland, Ohio 

ABSTRACT 

Multiple specular reflection has been used to examine the gold electrode 
in acid and alkaline solutions. Reflectivity-potential  and l inear sweep vol tam- 
metry curves have been recorded simultaneously.  The wavelength depen-  
dence indicates that reflectivity changes with potential  arise principal ly be- 
cause of the interact ion of the d-e electric field at the interface with the 
in terna l  photoelectric effect in gold corresponding to a 5d -~ 6s band t rans i -  
tion. The results demonstrate  that  mult iple  specular reflection techniques are 
par t icular ly  well suited to in situ studies of the specific adsorption of ions, 
the formation of mono-  and polylayer oxides, and the Faraday adsorption of 
ions such as lead and cadmium to form monolayers of these metals on gold. 

Substant ia l  interest  has been expressed by electro- 
chemists recent ly  in the use of optical techniques for 
the examinat ion in situ of electrode-solution in ter -  
faces. Ell ipsometry and reflectance measurements  
have received the principal  attention. 

The purpose of this publicat ion is to demonstrate  
how a simple mult iple  specular reflection technique 
can be used to obtain interest ing information concern-  
ing adsorption phenomena,  oxide formation, and the 
electronic properties of metal  electrode surfaces. 
McIntyre (1) also has called at tent ion to the suitabil i ty 
of specular reflection methods for in situ studies of 
adsorption and the formation of various layers. Holden 
and Ul lman (2) have used specular reflectance to 
study anodic film formation interferometrically.  Walter  
(3, 4) has used a grazing-angle specular reflection 
technique for in situ examinat ion of electrode surfaces. 

Gold electrodes were chosen for study not only be-  
cause of their  importance to electrochemistry but  also 
because of the marked  wavelength  dependence of 
reflectance in the visible port ion of the spectrum. An 
in terna l  photoelectric effect (5-7) involving a 5d -~ 6s 
band t ransi t ion (L3u ~ Le) leads to an edge in the 
optical reflectivity at approximately 2.3 eV or 5500A. 
This t ransi t ion should be sensitive to the interact ion 
of surface orbitals with adsorbed species and the 
electric field at the interface. The plasmon excitation 
in gold is at ~8  eV, far in the vacuum ultraviolet.  

Apparatus and Experimental Procedure 
The measurement  cell (Fig. 1) consisted of two flat 

gold electrodes mounted  parallel  with a 2-mm separa- 
t ion and backed by  glass plates. These electrodes were 

* Electrochemical Society Act ive  M e m b e r .  

connected in parallel  and a third gold electrode (E in 
Fig. 1) was used as the counterelectrode in a com- 
par tment  separated from the main  compar tment  by a 
frit ted glass disk. The potential  of the parallel  working 
electrodes was measured relat ive to a saturated 
calomel electrode in a separate vessel connected by a 
Luggin capillary whose tip was placed near  the center 
of the paral lel  gold working electrodes but outside of 
the optical path. This a r rangement  is satisfactory pro- 
vided the current  densi ty on the working electrodes is 
sufficiently small  for no appreciable ohmic drop to 
occur in the electrolyte between them. Such was t rue 
for all of the work reported here with the exception of 
the cathodic peak associated with oxide reduction. 

This cell was not gas tight and hence should be 
considered a p re l iminary  model. Ai r -sa tura ted  solu- 
tions were used rather  than having the solutions con- 
taminated  with some unknow n  amount  of 02 from the 
air. The electrolyte solutions were prepared from 

A 

SS B 

c 

D 

E 

Fig. 1. Schematic diagram of specular reflection electrochemical 
cell. A, reference electrode (SCE): B, gold plates (working elec- 
trode). 
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high-pur i ty  reagent grade chemicals and t r ip ly  dis- 
tilled water. The HC104 and H~SO4 solutions were pre-  
electrolyzed with gold electrodes. The NaOH solutions 
were not pre-electrolyzed and hence were contami-  
nated with iron and other species. 

The flat gold plates used as working electrodes were 
99.99% pure, 0.5 mm thick, 25 mm high, and about 40 
mm in length. They were polished on a flat glass plate 
with 5~ a lumina  grinding powder followed by 0.3~ 
chromic oxide gr inding powder. After  final polishing, 
the plates were cleaned with acetone, hot sodium 
hydroxide-e thanol  mixture,  and pure concentrated 
nitric acid, and finally r insed with tr iply distilled 
water. 

A monochromatic beam from a Beckmann DU spec- 
trophotometer with a tungsten source was passed 
through the optically flat cell windows (Fig. l)  into 
the electrolyte and external ly  reflected approximately 
20 times between the working electrodes at an angle 
of incidence near  50 ~ . The reflected light was de- 
tected by a photomultipl ier  (RCA 1P28) and the 
signal then amplified with a chopper amplifier (Beck- 
mann  Model 5800) and fed to an X-Y plotter (Mosley 
Model 7000A) on which was also displayed the po- 
tential  of the parallel  gold electrodes v s .  the reference 
electrode. The l inear i ty  of the photomul t ip l ie r -ampl i -  
tier system with respect to optical in tensi ty  was 
checked by comparison with the detect ion-readout  sys- 
tem ordinar i ly  used with the Beckmann DU spectro- 
photometer. No polarizer was used in the optical 
system, but  after a few specular reflections from the 
gold the light became plane polarized perpendicular  
to the plane of incidence. 

Linear  sweep cyclic vo l tammetry  curves were re-  
corded s imultaneously on a second X-Y plotter in the 
usual manne r  with a Wenking potentiostat and Hew- 
le t t -Packard funct ion generator  (Model 3300A) at 
voltage sweep rates normal ly  between 33 and 100 
mV/sec. All  potentials in this paper are relat ive to the 
saturated calomel reference electrode. The tempera-  
ture was 22~176 

Results 
A typical reflectivity-potential  curve at 5400A and 

corresponding l inear sweep vol tammetry  curve are 
given in Fig. 2 for a 0.2M HClO4 solution. Small  var i -  
ations occur in the reflectivity and reflectivity de- 
pendence on potential  from sample to sample, depend- 
ing on the qual i ty of the surface finish, but  the shapes 
of the curves are invariant .  Specific adsorption effects 
should be relat ively small  in this solution. The re- 
f lectivity-potential  curve consists of two regions: l inear  
characterized by slight hysteresis; and nonl inear  cor- 
responding to formation of an oxide layer and charac- 
terized by large hysteresis. Format ion of stable gold 
oxide begins at about + I . I V  on the anodic sweep 
branch (8-12) and at the same potential  the reflectivity 
begins to decrease rapidly. The over-al l  decrease in 
Fig. 2 amounts  to about 1% per single reflection. 
During the reverse potential  sweep the reflectivity 
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Fig. 2. Relative reflectivity change-potentlal ( - - )  and current- 
potential ( - - )  curves of the gold electrode in 0.2M HCI04 at 
22~ Potential sweep rate, 108 mV/sec; wavelength, 5400A; 
electrode area, 23 cm2; incident angle, 50 ~ 
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remains constant  unt i l  the oxide layer starts to be 
reduced at about 1.0V. The large peak in the cathodic 
sweep in the vo l tammetry  curve at 0.98V is a t t r ibuted 
to the reduction of the oxide. Similar  reflectivity-po- 
tential  curves were obtained at all wavelengths (4800- 
8000A) in both HC104 and H2SO4 solutions, although 
at wavelengths longer than 6000A the plots showed 
some curvature  in the region from 0 to 1.0V. 

In Fig. 3 are superimposed the curves for the po- 
tent ial  dependence of charge and reflectivity changes 
associated with formation and reduct ion of the oxide 
layer in 0.2M HC104. The charge-potent ia l  curve was 
obtained by integrat ing the vo l tammetry  curve of 
Fig. 2. The reflectivity changes plotted ~n this figure 
correspond to the difference between the observed 
relative reflectivity in Fig. 2 and the value obtained by 
a l inear  extrapolat ion of the reflectivity change-po-  
tential  curve recorded while scanning anodically in the 
potential  range 0-1.0V. The two curves, including the 
hysteresis effects, correlate fair ly well  providing fur-  
ther  evidence of the formation of the oxide layer and 
the at tending reflectivity changes. At more anodic 
potentials in Fig. 3, the oxide layer is cer tainly more 
than a monolayer.  Curves similar to those given in 
Fig. 3 have been obtained in 0.5M NaOH. Both the 
reflectivity and charge curves in Fig. 3 may be some- 
what  distorted by IR drop within  the solution and 
nonuni form current  distr ibution on the electrode sur-  
faces. 

The reflectivity change-potent ia l  curve in Fig. 3 
resembles corresponding plots of the relat ive ampli -  
tude and phase re tardat ion v s .  potential  obtained by 
Sirohi and Genshaw (12) from ellipsometric measure-  
ments  on gold at 5500 and 6328A in acid solutions at 
potential  steps of 0.1V. 

The relationship between the change in reflectivity 
and the extent  of oxidation of the surface has been 
fur ther  examined by recording s imultaneously the 
change in reflectivity and the charge passed as a 
function of t ime when the potential  is stepped from a 
value just  below that at which oxide starts to form 
(0.96V) to a value sufficient to form a mul t i layer  oxide 
( e .g . ,  1.20V). The plots of the change in reflectivity v s .  
charge associated with formation of oxide indicate 
two l inear  regions (Fig. 4) with the change in slope 
occurring at ~500 ucoul/cm 2, which probably corres- 
ponds to the completion of monolayer  coverage. 

The reflect ivi ty-potential  and vol tammetry  curves 
for an alkal ine solution are shown in Fig. 5. The 
presence of oxygen in the solution contr ibuted waves 
associated with the O2-HO2- couple in the anodic and 
cathodic sweeps at potentials in the range 0 to --0.20V. 
The hysteresis in this potential  range is probably 
caused by this couple. In contrast  to the results in acid 
solution at wavelengths shorter than 6000A, the non-  
oxide portion of the reflectivity-potential  curve in 
NaOH solution is no longer characterized by a single 
l inear  region but  ra ther  appears to consist of two 
approximately l inear  portions intersecting at about 
--0.40V for the sweep in either the anodic or cathodic 
direction. This potential  value corresponds to the point  
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Fig. 3. Relative reflectivity change-potential ( - - O - - )  and 
charge-potential ( - - � 9  curves for the formation of gold oxide 
layer obtained in 0.2M HCI04. Conditions same as for Fig. 2. 
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Fig. 4. Relative reflectivlty changes vs. charge associated with 
oxide formation in 0.1M H2SO4 at 22~ Wavelength, 6750A;  po- 
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Fig. 5. Relative change in reflectivity-potential ( - - )  and current- 
potential ( - - )  curves of gold in 0.5M NaOH at 22~ Potential 
sweep rate, 104 mV/sec; wavelength, 5400A;  exposed electrode 
area, 23 cm2; incident angle, 50~ number of reflections, 18. 

of zero charge (pzc) reported by Eyring and co- 
workers (13) for gold in NaOH solutions. According 
to these workers, the pzc for gold in the 0.2M HC104 
solutions used for the measurements  in Fig. 2 is ap- 
proximately --0.05V which is more cathodic than the 
voltage regions scanned in this figure. 

To obtain fur ther  informat ion on the relat ion of the 
reflectivity to the pzc, iodide ions were added to 0.5M 
NaOH solution (Fig. 6). The specific adsorption of 
I shifts the pzc to more negative values. The po- 
tent ia l  (EA) of the intersection of the two l inear  
portions of the reflectivity-potential  curves is likewise 
shifted. A plot of EA vS. log CI -  is given in Fig. 6. 
Linear i ty  is expected on the basis of the Esin-Markov 
effect (14). Three points in the semilog plot in Fig. 6 
fall on a straight line with a slope of --0.060V/decade. 
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Fig. 6. Effect of iodide ions on the reflectivity-potential curves 
of gold: (a) in 0.5M NaOH and the shift of the potential of inter- 
section of the two linear regions (EA) with iodide concentration 
(b). Wavelength, 5600~.; other conditions same as in Fig. 5. 

Some of the small  hysteresis observed in Fig. 6 may 
be associated with the slow adsorption-desorption of 
I - - .  

The sensit ivity of the reflectivity curves to the pzc 
and specific ionic adsorption cannot  be readi ly ex- 
plained on the basis of the dependence of the re-  
flectivity on the refractive index of the ionic double 
layer. The calculations of Stedman (15) and Prostak 
and Hansen (16) have shown that  such effects should 
be too small  to cause changes in the reflectivity of the 
magni tude  observed in the present  work. 

The adsorption of ions on the electrode surface, 
however, can produce changes in the charge on the 
metal  surface and the penetra t ion of the electric 
field into the surface of the metal. These in tu rn  
would lead to changes in the carrier concentrat ion in 
the surface of the metal  as well  as to changes in the 
photon energies required for the 5d ~ 6s band  t ransi-  
tion. Both of the effects would produce a change in 
the complex refractive index and hence the reflectivity 
of the interface. 

The wavelength dependence of the reflectivity at 
various potentials provides fur ther  insight into the 
mechanism by which reflectivity changes with change 
in electrode potential. The wavelength dependence of 
the reflectivity, however, could not be recorded di- 
rectly at given electrode potentials because the in-  
tensi ty of the light reaching the photomult ipl ier  
changes far too rapidly with wavelength after the 
large number  of reflections involved in the present  
system. Consequently the wavelength dependence of 
the slopes of the reflectivity-potential  curves has been 
examined instead. In Fig. 7 are plotted the relat ive 
rates of change of the reflectivity with respect to 
potential  expressed in per cent [(100/R) (dR/dE)] 
evaluated at 0.27V and +0.70V at 0.2M HC104. The 
slopes are the same at these two potentials for 
~. --~ 5500A since the reflectivity-potential  plot is 
l inear  in this region. Also plotted in this figure is the 
change in reflectivity associated with the formation 
of the oxide at a potential  of + l .20V (taken as the 
distance X-Y in Fig. 2). The maxima in all three 
curves occur at 5500A where the reflectivity of gold 
changes rapidly due to the 5d -> 6s band transi t ion 
(see insert  drawing in Fig. 7). This implies that  the 
ma x i mum in these curves is caused by the rapid 
change in reflectivity of the gold. Feinleib (17), using 
an a-c modulat ion technique obtained a peak at the 
same wavelength in his electrochemical reflectance 
studies of gold. The slopes plotted in Fig. 7 corres- 
pond to the a-c signal obtained by Feinleib, who used 
a modulat ion potential  of 2V which probably encom- 
passed the l inear  region of Fig. 2, the oxide region, 
and perhaps the H2 evolution region. Thus the quant i -  
tat ive significance of his results is in doubt, 
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The relat ive slope vs. wavelength plot for +0.27V in 
Fig. 7 indicates that the effects of potential  become 
relat ively small  at wavelengths remote from the maxi -  
mum. Even when these relat ive slopes are converted 
to absolute values by mul t ip ly ing  by the absolute re- 
flectivity, the absolute slope for +0.27V still passes 
through a pronounced max imum at 5500A. This means 
that the principal  effect of changing the electrode 
potential  on the ref lect ivi ty-wavelength curve at po- 
tentials from 0 to ,~+0.4V is to t ranslate  the curve 
along the wavelength scale with the change in re- 
flectivity negligible at wavelengths shorter than the 
threshold for the 5d ~ 6s band transition. The direc- 
t ion of the shift along the wavelength scale indicates 
that the photon energies required for the t ransi t ion 
become lower with increasing anodic potential.  Such 
a decrease in the min imum photon energy required 
for this t ransi t ion is in accord with the idea that  the 
t ransi t ion is from the top of the 5d band to the Fermi  
level and that  the top of the 5d level bends upward 
(higher energy) at the surface, while the Fermi  level 
is relat ively invariant .  

Prostak and Hansen (16) calculated the change in 
reflectivity for the gold-electrolyte (1M KC1) interface 
assuming a 0.5A thick surface layer in the metal  
phase in which the optical constants have been modi-  
fied by an amount  equivalent  to a photon energy of 
0.1 eV due to penetra t ion of the electric field into the 
metal. By applying MaxwelI 's equations to a three-  
layer structure, these authors obtain a change in re- 
fiectivity (100 ~R/R)  at normal  incidence of 0.07% at 
5500A, compared with a value of ( l / R ) d R / d E  = 0.3 %/ 
V per reflection observed at this wavelength in the 
present work at an angle of incidence of 50 ~ for an 
applied potential  +0.27V. The four-fold discrepancy 
is not surprising since the comparison is valid only 
if the penetrat ion depth is 0.5A and 10% of the 
change in  applied potential  occurs within this layer, 
aside from the difference in angle of incidence. The 
calculated change in reflectivity should be larger for a 
deeper penetra t ion and for a larger electric field wi thin  
the metal. Therefore, the exper imental  values appear 
reasonable in terms of a model involving the pene-  
t rat ion of the field into the metal  to a depth of the 
order of 1A. 

The shift in the slope of the l inear  portion of the 
reflect ivi ty-potential  curve associated with passing 
through the pzc can be explained on the basis of a 
change in the fraction of the applied electric field 
which penetrates into the metal  surface. Such a change 
in the distr ibution of the potential  at the interface is 
certainly to be expected when the ions predominat ing 
in the plane of closest approach to the electrode 
surface are changed from anions to cations and the 
solvent dipoles at the interface probably  reorient.  

The max imum in the curve in Fig. 7 corresponding 
to the reflectivity change for the oxide can be in ter -  
preted in terms of a shift in the threshold frequency of 
the 5d ~ 6s band t ransi t ion resul t ing from the in te r -  
action of the oxide ions with the surface orbitals of 
the metal. An  al ternate  view of the same phenomenon 
is that the local field produced by the oxide ions pene-  
trates into the metal  phase thus shifting the threshold 
frequency of the 5d --> 6s transition. The decrease in 
reflectivity caused by the oxide, however, persists at 
longer wavelengths (see Fig. 7) and hence the refiec- 
t ivity is decreased by some other mechanism at longer 
wavelengths.  One possibility is a change in  carrier  
concentrat ion and mobil i ty in the surface layers of the 
metal  due to the local field of the oxide ions. 

Various workers (12, 18-20) have proposed that the 
chemisorption of an oxygen species; i.e., AuO or AuOH, 
occurs on gold at potentials more cathodic than those of 
oxide layer formation. Sirohi and Genshaw (12) have 
explained the changes in phase re tardat ion and ampli-  
tude in their  ellipsometric studies of gold at relat ively 
cathodic potentials in terms of the chemisorption of 
an oxygen species, which modifies the optical constants 
of the metal  phase. Without  some kind of relat ively 

slow adsorption-desorption process, these authors find 
it difficult to explain the observed time dependence. 

Unfor tunate ly  the present  results do not provide 
strong evidence for or against such chemisorption at 
potentials cathodic to the oxide region although it 
may cause the curvature  noted in the reflectivity- 
potential  curves in the potential  range .1.0.3 to 1.0V at 
~>6000A. Why this curvature  is not evident  at shorter 
wavelengths remains  to be explained. 

The Faradaic adsorption of lead and cadmium on 
the gold electrodes has been examined using the 
present  apparatus. Lead or cadmium ions strongly 
adsorb on gold at far more positive potentials than the 
s tandard electrode potentials of these ions (21, 22). 
Reflectivity-potential  and current -potent ia l  curves for 
gold in 0.2M HC104 containing 5 x 10 -4 M Pb 2+ are 
shown in Fig. 8. The Faradaic adsorption and desorp- 
tion peaks for Pb occur at +0.10V in the vol tammetry  
curve. The surface concentrat ion of adsorbed Pb  esti- 
mated from the area under  the vo l tammetry  peaks 
corresponds to 400 ~coul/cm ~, providing fur ther  evi- 
dence for mono]ayer formation. The reflect ivi ty-poten- 
tial curve shows a marked change on adsorption or de- 
sorption of the lead atoms and is quite wavelength-  
dependent  (Fig. 9). At shorter wavelengths,  e.g., 5000A, 
the reflectivity increases on the formation of the Pb 
monolayer,  whereas at longer wavelengths,  e.g., 7500A, 
the reflectivity decreases. A similar si tuation has been 
found with cadmium (Fig. 9). 

The wavelength dependence of the change in re- 
flectivity a t tending the formation of lead and cadmium 
monolayers remains  to be explained but  is not sur-  
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pris ing since a monolayer  of foreign me ta l  a toms on 
the gold surface has specific electronic and hence 
optical  propert ies .  This wave leng th  dependence  should 
provide  an impor t an t  tool in s tudying  the electronic 
proper t ies  of such monolayers .  

The w o r k  repor ted  here  is p re l iminary .  I t  has dem-  
onstrated,  however ,  tha t  specular  reflection techniques 
c a n  be used to: (i) establ ish the point  of zero charge 
for solid me ta l  electrodes,  (ii) fol low adsorpt ion and 
desorption,  and  (iii) obta in  informat ion  concerning 
the surface electronic proper t ies  of me ta l  e lectrodes 
and the pene t ra t ion  of the  electr ic field into the  meta l  
phase. 
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Galvanostatic Overpotential Transients 

Electrocrystallization Processes on Copper Single Crystals 
in Solutions of Cupric Perchlorate 

L. H. Jenkins* 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Overpoten t ia l  t rans ients  have been measured  on copper  single c rys ta l  sur -  
faces or iented (100), ( I f0 ) ,  ( l l l ) ,  and (321) undergoing  galvanosta t ic  dis-  
solution or deposi t ion in acidic solutions of Cu(ClO4)2. In  the cur ren t  densi ty  
range 1-400 ~A/cm 2 it is shown tha t  m a x i m u m  values  observed in over -  
vo l t age- t ime  re la t ionships  respond to ana ly t ica l  t rea tment .  For  the  (I00) and 
( l l 0 )  the  anodic and cathodic overpoten t ia l  m a x i m a  vs. cur ren t  dens i ty  
re la t ionships  were  symmet r ic  about  the  equ i l ib r ium point, but  not  for the  
( I i i )  and (321). F rom plots of cer ta in  functions of overvol tage  m a x i m a  vs. 
cur ren t  density,  or ienta t ion sensi t ive quant i t ies  s imilar  to exchange cur ren t  
densit ies could be calculated.  At  the  low and in te rmedia te  cur ren t  densi t ies  
i t  was es tabl ished tha t  a "deposi t ion anomaly"  was observed on al l  o r ien ta -  
tions. Deposi ted ma te r i a l  did not  seem to occupy crys ta l  la t t ice  positions, and 
moreover ,  affected subsequent  anodie ove rpo ten t i a l - t ime  re la t ionships  in a 
manner  re la ted  to the extent  of the  deposit ion.  In situ photomicrography  and 
goniometr ic  observat ions  were  used to de te rmine  the or ientat ions  and ra tes  
of facet deve lopment  on the var ious  surfaces when  subjec ted  to long t e rm 
deposi t ion or dissolution, and these resul ts  are  discussed in t e rms  of the  r e l a -  
t ive ease of movement  of monatomic  steps over  the  var ious  orientat ions.  A 
model  is proposed of a sequence of events  on the surface and in the  diffusion 
layer  which provides  a sel f -consis tent  exp lana t ion  of all  the  exper imen ta l  data. 

The behav ior  of copper  serving as electrodes in 
acidic solutions of cupric  perch lora te  have previous ly  
been s tudied by  Piontel l i ,  Poli,  and Ser rava l l e  (1) and 
by  Bockris  and Enyo (2). Among other  things, both 
studies a t t empted  to re la te  kinetic  pa rame te r s  of the  
systems to s t ruc tura l  character is t ics  of var ious  elec- 

* Electrochemical  Society  A c t i v e  M e m b e r .  

t rode  surfaces. Also, Shanefield and L igh ty  (3) have 
observed the changes in growth  forms on copper  (100) 
surfaces produced by  electrodeposi t ion f rom cupric 
perch lora te  solut ions conta in ing var ious  impuri t ies .  

The repor t  of Pionte l l i  et  al. concerned da ta  for 
copper  single c rys ta l  surfaces or ien ted  (100), (110), 
and (111) in which  the  "quas i - s teady"  overvol tages  
observed under  galvanosta t ic  condit ions at cur ren t  



Vol. I17, No. 5 

densities of ~ 1-10 mA/cm~ were  orientat ion depen-  
dent. Anodic and cathodic data were  not symmetr ic  
about the equi l ibr ium point for any one orientation, 
nor were  the re la t ive  differences be tween orientat ions 
the same for anodic and cathodic processes. Employing 
spherical  electrodes ~ 0.1 cm in diameter ,  Bockris and 
Enyo determined kinetic parameters  for surfaces pre-  
pared by mel t ing  in hel ium or by electrodeposition. 
In ~ 0.1M Cu(C104)2 at current  densities > 10 m A /  

cm 2 the data indicated charge t ransfer  to be the ra te-  
control l ing step, but  it was suggested that  at lower 
current  densities surface diffusion was the slow proc- 
ess. Certain differences observed between the two 
types of electrodes were  thought  to arise from differ- 
ences in dislocation densities. 

Data such as these indicate that  perhaps the deter -  
minat ion of per t inent  kinetic parameters  at current  
densities lower than those studied previously would, 
when augmented by observations of changes in sur-  
face s t ructure  result ing from long- te rm dissolution 
or deposition, yield informat ion regarding the effects 
of s t ructure  on the react iv i ty  of a metal  surface. Obvi-  
ously there  are many  other  re levant  reports  in the 
l i tera ture  concerning the behavior  of copper electrodes 
in solutions of copper ions. As a mat te r  of fact, data 
regarding systems of copper sulfate far exceed that  
related to perchlorates.  However ,  the work previously 
cited regarding the lat ter  provides an adequate  basis 
to discuss the research reported here, and similar  work 
in sulfate systems which is current ly  being prepared 
for publication will  provide opportuni ty  la ter  for 
discussion of other  systems. 

Materials.--Preferentially oriented cylindrical  cop- 
per single crystal  slugs approximate ly  25 mm diameter  
x 100 mm were  grown in this laboratory by seeding 
99.999+% metal  f rom the mel t  in graphi te  crucibles. 
F rom such crystals coin-shaped specimens ~ 7 x 25 
mm were  cut wi th  an acid string saw, and the flat 
surface chemical ly  polished on a soft cloth polishing 
wheel  using an aqueous solution containing CuC12, 
I-ICI, and H3PO~. Finally,  the crystals were  electro-  
polished in a copper-conta ining phosphoric acid bath, 
rinsed in dilute phosphoric acid, and washed in dis- 
t i l led water .  [Details of these procedures have been 
published previously  (4, 5).] The manipulat ions intro-  
duced no new dislocations into the crystals, and the 
average  dislocation density in as -grown mater ia l  was 

5 x 104-106 cm-~. The  large surfaces prepared  in 
this manner  were  not absolutely flat, but ra ther  con- 
tained a few gentle undulations such that  the average 
orientat ion was within _ 0.1 ~ of that  desired. 

Solutions of Cu(C104)2 were  prepared f rom doubly 
recrystal l ized mater ia l  and stored in rack reservoirs  
in the manner  previously described (6). All  solutions 
used in this study were  0.20M in Cu(C104)2 with  pH 
adjusted to -- 1 by addition of HC104. When int ro-  
duced into the Teflon cells they were  free of dissolved 
oxygen, under  an a tmosphere  of hydrogen,  and in 
equi l ibr ium with  polycrystal l ine metall ic copper. Ul-  
t rapure  grade (99.999+ %) tank hydrogen was passed 
through a p la t inum catalytic purification system and 
then through magnes ium perchlorate  drying towers  
before using. 

Experimental methods.--Two types of react ion cells 
were  used. One type, i l lustrated in Fig. 1, was used 
to obtain galvanostat ic  cur ren t -poten t ia l  data. The ap- 
paratus  consisted of a large brass support  plate wi th  
a flat surface and an O-r ing  groove. On this was 
mounted a pipe f lange-type react ion flask cover  wi th  
fine ground face and standard taper  outer  joints. A 
shallow dish of Teflon sat wi th in  this enclosure. Four  
ports wi th  thin, beveled  lips in the bot tom of the Teflon 
dish provided for isolation of the crystal  or ientat ion of 
interest.  The copper  specimens were  pressed against 
the lips of the port  and held in place by gentle pressure 
from the mount ing screws in the manner  shown. The 
diameter  of the ports was such that  2 cm 2 geometric 
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Fig. 1. Cell for isolating single orientations and determining cur- 
rent-overpotential characteristics. 

area of each crystal  surface was exposed to the solu- 
tion. Infrequent ly ,  crystals of different orientat ion 
were  mounted  in each of the four avai lable  ports. Usu- 
al ly only three  orientat ions were  used in order  to 
obtain duplicate data for one of them. Polycrysta l l ine  
copper wires suspended from a cross member  over  the 
dish served as counter  and reference electrodes. Elec-  
tr ical  access was provided through a vacuum tight 
octal  plug welded in the brass support  plate. Af te r  the 
crystals were  mounted  and appropriate  electr ical  con- 
nections made, the flask cover  was placed over  the dish 
and secured to the plate by a r ing clamp. The ent ire  
apparatus was then at tached to the solution flask and 
hydrogen and vacuum lines on a mount ing rack. Usu-  
al ly a glass electrode inserted through the small  s tand- 
ard taper port served as an auxi l ia ry  reference elec- 
trode. Af te r  repeated evacuation and flushing with  
hydrogen over  a period of at least two days, solution 
was admit ted to the system. Appropr ia te  stopcocks 
were  then closed, the ent ire  system detached f rom the 
rack, and placed in an air bath mainta ined at 23.00 ~ 
__+ 0.02~ and which was surrounded by a Faraday  cage. 
Potent ia l  measurements  were  made with  ei ther  v ib ra t -  
ing reed e lect rometers  or a Phi lbr ick P-2 operat ional  
amplifier, and data were  recorded ei ther  on a strip 
chart  recorder  or by photography of oscilloscope traces, 
respectively.  

The second type of reaction cell is shown in Fig. 2. 
The main body of the cell was machined f rom 99.99+ % 
copper. Af te r  the v iewing glass was attached, an elec-  
tropolished crystal  was mounted  and pressed against 
the lower Viton O-ring. (Since all O-r ings contacted 
the solution, they  previously had been soaked for many  
hours in hot solutions of the same composition as the 
test solution.) Solution was introduced to the system 
through the small  side port  in the main body of the 

Electrolytic Cerl for Microscopic Observation. 

Fig. 2. Cell permitting microscopic observation and time-lapse 
photomicrography of surfaces. Main cell body of 4/9s copper serves 
as counterelectrode. 
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cell with the aid of a pipette drawn to a needle tip 
capillary. Obviously, it was impossible to maintain  an 
inert  a tmosphere  within the celI whi le  filling the sys- 
tem. Because of this, the solutions used in the 2-ml 
capacity cells were  not free of dissolved oxygen, nor 
cer ta inly were  they  ini t ia l ly  at equi l ibr ium with  cop- 
per metal. As in the previous cell, 2 cm 2 geometric 
surface area of the crystal  was exposed to the solu- 
tion. The cell was filled to the top of the port  such that  
insert ion of the closure screw with  O-r ing  seal caused 
overflow and preven ted  en t rapment  of air within the 
system. Af ter  filling and sealing, the cell was set aside 
for a period of  at least two weeks so that  equi l ibr ium 
could be established. The cell  was then placed on a 
microscope stage, and using the body of the cell as a 
counterelectrode,  changes in single crystal  surface 
structures due to dissolution or deposition process 
concomitant  wi th  the passage of current  through the 
system were  observed and recorded by t ime lapse pho- 
tomicrography.  A few systems were  closed with  a 
Teflon screw which contained a polycrystal l ine copper 
wire  sealed through its length to serve as a reference 
electrode, but usually no at tempts were  made to mea-  
sure potentials wi th in  these cells. All  the data dis- 
cussed here  were  obtained under  galvanostatic con- 
ditions. The  current  source was a dry cell pack, and 
current  flow was regulated by fixed in- l ine  resistors 
wi th  resistance values ve ry  large compared with those 
of the various cells. 

In all cases when the react ion cells were  opened, 
crystals were  examined and photographed under  the 
microscope. Orientat ions of surface facets were  deter -  
mined  with  a two-c i rc le  reflection goniometer.  In in-  
stances in which deposition had been to an extent  
great  enough to make  the observations valid, Laue 
back reflection x - r a y  techniques were  used to establish 
the orientat ion of the deposited metal.  

Experimental Results 
Changes in surface structure.--Using the copper 

body cells, observations were  made on surfaces ori-  
ented (100), (110), (111), and (321). Data were  taken 
at constant  currents  of 4, 40, and 400 ~A/cm 2 original  
surface area for all  orientat ions during both dissolu- 
tion and deposition, and a few observations were  made 
at other  cur ren t  densities also. Under  any given com- 
bination of exper imenta l  conditions the changes ob- 
served in a surface s t ructure  were  reproducible.  Data 
always were  obtained f rom duplicate systems, and in 
m a n y  cases f rom triplicate,  so that  the results dis- 
cussed below der ive  f rom more than 60 different crys-  
tals. In all cases tested, deposits were  s ingle-crys ta l -  
l ine and oriented like the substrate. 

(lO0).--Under all exper imenta l  conditions dissolution 
of the (100) was complete ly  uni form and regular,  and 
resulted in the formation of square pits. Figure  3 shows 
that  rapid removal  produced a more regular  and wel l -  
defined pit  than removal  of a l ike amount  of mater ia l  
at a lower rate. At lower  current  densities sides of 
pits were  less wel l  defined and apparent ly  re la t ive ly  
more mater ia l  was removed  by motion of steps over  
the original  surface than at h igher  current  densities. 
Nevertheless,  in general,  such differences were  of de- 
gree ra ther  than kind. 

By comparison, deposition on the  (100), a l though 
accompanied by the format ion of four-s ided pyramids, 
did not occur in as regular  and uni form a manner.  At 
higher  current  densities pyramids of a uniform size 
developed, but  at cur ren t  densities < 100 ~A/cm 2 (al-  

though init ial  deposition and growth occurred uni-  
formly)  some pyramids  soon began to develop at a 
much grea ter  rate  than others. A few of these larger  
pyramids, appear ing dark to the viewer,  had sides 

22 ~ from the (100), but they  were  ou tnumbered  
approx imate ly  10:1 by the l ighter  appearing large 
kind with sides ,~ 8 ~ f rom the original  surface. The 
number  of large pyramids, both l ight and dark, com- 

Fig. 3. Structures developed on (100) due to long-term galvano- 
static processes. Upper photographs represent features developed 
by anodic process after removal of the equivalent of ,~ 4.5 
coulombs cm - 2  at current densities (left to right) of 4000, 40, and 
4 ~A cm -2 ,  respectively. Lower photographs after deposition 
equivalent to ~ 1.0 coulombs cm - 2  at (left te right) 400, 40, and 
4 ~A cm -2.  

prised less than 1% of the total  number  on the sur-  
face. However ,  initial deposition occurred uniformly,  
and the formation of large pyramids seemed apparent ly  
a random fluctuation. As a first approximation,  growth 
rates of topographic features were  l inear  in time. 
Deposition growth forms occurred in an even less uni-  
form manner  at 4 ~A/cm 2. Again, al though nucleation 
of small pyramids apparent ly  occurred over the entire 
surface, random large growths began to develop. At 
this low current  density much of the mater ia l  seems 
to have been deposited by step motion over  the original 
surface, similar to the case for dissolution, for the vol-  
ume of mater ia l  contained in the pyramids  was calcu-  
lated to be only ~ 20% of the total deposited. 

Facets formed by both pyramids and pits always 
were  oriented along <100~  zones, and no facets on 
any other  zones were  ever  obtained under  the stated 
conditions. As in the case previously repor ted  (7) pit 
bottoms always were  within ~ 5 ~ of the original  (100), 
but  as indicated above, deposi t ion-formed facets ex-  
hibited more varied orientations. 
(110).--Structures developed on the (110) were  very  
similar  under  all conditions. Reaction always occurred 
in a uni form manner  and invar iably  resul ted in the 
formation of a wel l -def ined series of sharp- topped 
ridges separated by equal ly  sharp-bot tomed valleys, 
as i l lustrated in Fig. 4. Ridge sides were  never  formed 
other  than along the <100> zone, and facet ing was 
more or less continuous along this zone out to ~ 40 ~ 
f rom the (110). 

(111).--The (111) also seemed to react  in a completely  
uniform manner.  Ei ther  dissolution or deposition ap- 
parent ly  occurred by the remova l  of mater ia l  at sub- 
microscopic steps on the surface. In ear ly  stages, these 

Fig. 4. Typical structures developed on the (110), left, and (321) 
right. Former shown after dissolution of ~1 .5  coulombs cm - 2  at 
4 ~A cm -2,  and the latter after equivalent deposition at 400 ~A 
cm-2. 
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steps interacted to form small  ledges of such great 
density that  the entire surface appeared roughened. As 
the process continued, small  ledges interacted to form 
large ledges separated by apparent ly  flat (111) sur-  
faces, such that  the surface appeared as smooth over 
local areas as at ini t ia t ion of reaction. Figure 5 is a 
series of photomicrographs, some taken in  s i t u  of the 
same area, which i l lustrates this process. The large 
ledges formed in all cases were, of course, highly 
faceted. 

( 3 2 1 ) . - - T h i s  surface also seemed to react in a uni form 
m a n n e r  with no appreciable difference in the facets 
produced by dissolution or deposition. A great deal of 
(111) faceting was always observed (see Fig. 4), and 

this was accompanied by the development  of com- 
panion facets along the two <100> zones, such that  
nonsymmetrical ,  t r iangular  shaped pits or pyramids 
were formed. At high current  densities facets devel-  
oped along these zones approached within  4 ~ of the 
(100). At lower current  densities faceting along the 
<100> zones tended to be fur ther  removed from the 
(100) and nearer  the (210). 

P o t e n t i a l  vs. t i m e  d a t a . - - D a t a  obtained in the Teflon 
cells at all  cu r ren t  densities (1-400 ~A/cm2), both 
anodic and cathodic, and on all four orientat ions s tud-  
ied revealed that  potential  vs.  t ime curves of working 
electrodes exhibited maxima general ly  of the shape 
observed by Roiter et  al. (8) on zinc single crystals in 
solutions of zinc sulfate. However, one impor tant  dif- 
ference must  be noted: The times to formation of the 
maxima reported here are much too long (general ly 
by an order of magni tude)  to be associated with 
charging of the double layer. True s teady-state  over-  
potentials could not be established on any  of the 
crystals, in that, following establ ishment  of a maxi -  
mum value, if the current  passed long enough, the 
measured overpotent ia l  gradual ly  decreased. Ult i -  
mately microscopic changes in surface s t ructure  could 
be observed without  a t rue  steady state being estab- 
lis~hed, al though pseudo-steady states f requent ly  were 
observed shortly after maxima were established. F igure  
6 i l lustrates typical  potent ia l - t ime curves of over-  

Fig. 6. Oscilloscope traces of "normal" overpotential-time rela- 
tionships. Top row all at 30 ~A/cm 2, 5 mV/div vertical scale, 2 
sec/div horizontal scale, from left to right: anodic (110), (321); 
anodic (110), (321); cathodic (110), (321). Bottom row all at 150 
#A/cm 2, 10 mV/div vertical scale, 1 sec/div horizontal scale, from 
left to right: anodic (100), (111); anodic (100), (111); cathodic 
(100), (111). 

voltages for the orientat ions studied. The excellent 
reproducibi l i ty  of the values of the potent ial  maxima, 
as well  as times to formation, for successive anodic 
pulses is clearly indicated. Cathodic overpotent ia l - t ime 
relationships were equal ly reproducible. As shown, 
excellent agreement  between the absolute values of 
anodic and cathodic maxima were obtained, although 
at current  densities < 100 ~A/cm 2 slightly longer times 

were often required to establish the latter. Note also 
at the lower current  densi ty shown the pos t -maximum 
overvol tage-t ime relat ionship is qui te  different in the 
anodic and cathodic cases. At higher current  densities 
times to formation of maxima were approximately  
equal for both processes, but  again over-a l l  overvolt-  
age- t ime relationships were not precisely similar. 

The most interest ing feature of the deposition proc- 
ess was its effect upon a subsequent  anodic pulse. 
Overvol tage , t ime relationships were altered drastically 
for an anodic process which had been preceded by a 
cathodic pulse. [Similar phenomena have been ob- 
served on other single crystal l ine mater ia l  (9).] This 
is i l lustrated in Fig. 7 which, when  compared with 
Fig. 6, shows that such anodic maxima  can take much 
longer to become established than  under  postanodic 
conditions. Also, the absolute values of these over-  
potential  maxima are greatly reduced at higher current  
densities, and in all cases the entire overvol tage-t ime 
relat ionship is altered. In teres t ingly  enough, only very  
slight differences were observed between postanodic 
and postcathodic overpotent ia l - t ime relationships dur -  
ing deposition, and the value of a cathodic overpoten-  
tial ma x i mum rarely  showed noticeable effects of 
previous electrode processes. Due to excessively long 
decay times following cathodic current  interrupt ion,  
an exhaust ive study of postdeposition cathodic over-  
potent ia l - t ime relationships was not  under taken.  These 
observations will  be of considerable significance in 
later discussions concerning in terpre ta t ion of all the 
data. 

The extent  of this postdeposition anomaly was de- 
pendent  on the cur ren t  density, deposition time, or ien-  
tation of the st~rface to some extent,  and  the t ime lapse 

Fig. 5. A (111) surface undergoing dissolution at 400 ~A/cm -2.  
Top and middle are in situ views of the same area after 6- and 15- 
mln reaction, respectively. Lack of definition is due to the diffi- 
culty of lighting and focusing through the cell and solution. Bot- 
tom illustrates a view of the same crystal after removal from the 
cell following 1 hr of reaction. 

Fig. 7. Oscilloscope traces of postcathodic, anodic overpotential- 
time relationships 1/2 hr after a cathodic process at the same cur- 
rent density. Left: (110) at 30 ~A/cm 2, 5 mV/div vertical scale, 2 
sec/div horizontal scale. Right: (100) at 150 ~A/cm 2, 10 mV/div 
vertical scale, 1 sec/div horizontal scale. Compare with extreme 
left trace, top and bottom, respectively, of Fig. 6. 
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between deposition and subsequent  dissolution. The 
effect was more pronounced at low cur ren t  densities, 
< 25 #A/cm 2, than at high, > 150 #A/cm 2. Conse- 
quently,  effects of deposition t ime were also more 
pronounced at lower cur ren t  densities. In  general, 
low current  densi ty deposition, as indicated in Fig. 8, 
increased the time to formation of the succeeding 
anodic max imum by an amount  proport ionat  to the 
extent  of deposition. At current  densities > 200/~A/cm 2 
even slight deposition effects were not detectable after 
periods more than one hour. At ext remely  low current  
densities, < 5 #A/cm 2, the effect could be observed for 
periods of many  hours. 

Other ambiguous potent ia l - t ime retationships were 
observed. Whether  the electrode supported an anodic 
or cathodic process at higher current  densities, about 
10 min were required to re-establish equi l ibr ium poten- 
tial after the flow of cur ren t  was interrupted.  However, 
at low current  densities recovery t ime was much 
longer. For example, a current  of 300 #A/cm 2 flowing 
for 1 sec typical ly would establish an overvoltage 
max imum near  50 mV in ~ 0.03 sec, and would regain 
rest potential  wi th in  10 min following current  in te r -  
ruption. After  60 sec at 5 #A/cm 2 (equal  charge passed) 
a max imum typical ly would not have yet been estab- 
lished, the observed overvoltage would not have ex- 
ceeded ~ 10 mV, and still it could require hours for 
the rest potential  to become re-established. Therefore, 
it appears that the rate of potential  decay was not 
directly related to the absolute value of the observed 
overvoltage, nor, in a simple manner ,  to the quant i ty  
of current  flowing. In  general,  recovery t ime following 
a cathodic process would exceed that following an 
exactly similar anodic pulse. 

Current potential data . - -At  this point it is impor tant  
that  it be understood that, unless otherwise indicated, 
the overpotentials quoted in the presentations which 
follow are always values of the postanodic maxima. 
That is to say, every cathodic pulse applied in systems 
in which cur ren t -poten t ia l  characteristics were being 
determined was followed by an anodic pulse of equiv-  
alent  magni tude  and duration. This lat ter  pulse was 
disregarded, and equi l ibr ium allowed to become estab- 
lished in the system. Only then was the next  electrode 
process o.f interest  init iated and data recorded. 

Figure 9 il lustrates the current -potent ia l  relat ion- 
ships obtained on the various surface orientations in 
this study. The following exper imental  observations 
are shown by the figure: (i) The curves for (100) and 
(110) are symmetr ical  about zero current  and overpo- 
tential. (ii) While it is not obvious from this figure, 
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the (321) data are not exactly symmetric about zero. 
(iii) The (111) data are obviously asymmetric  in that  
at any  given current  density the absolute value of the 
cathodic max imum is smaller than  that  of its anodic 
counterpart .  (iv) At any cur ren t  densi ty the absolute 
value of the overvoltage associated with the process 
was a function of crystal orientation,  increasing in the 
order (321) < (110) < (100). The (111) obviously 
cannot be included in this generalization because of 
the asymmetric  character of the data. (v) Since the 
step densities on the (100), (110), and (111) must  be 
approximately equal and much smaller than that of 
the (321), measured overvoltage maxima are inde-  
pendent  of the surface step density. 

Discuss ion  
Surface s tructure.--The classic model of electro- 

crystallization processes assumes that, after crossing 
the double layer and undergoing stepwise discharge, 
atoms ul t imately  are incorporated into the crystal  la t -  
tice at k ink sites on steps. Whether  this is accomplished 
by diffusion of adatoms over the surface to steps or by 
direct action at step and /or  k ink sites, deposition or 
dissolution u l t imate ly  may be described as occurring 
by the "motion of steps" over the crystal surface, and 
use of the phrase here does not imply a choice as to 
the mechanistic detail. Sources of steps are crystal 
edges, dislocations, new steps nucleated dur ing the 
processes, and departures from close-packed ar range-  
ments  due to crystal  orientation. It is difficult to assess 
the exact number  of steps arising from dislocations, 
but  if it is assumed that  all dislocations have a screw 
component and that  an equal dis t r ibut ion of disloca- 
tions of equal and opposite sign exists, the max imum 
number  of steps generated by dislocations should be of 
the order of the square root of the dislocation density. 
On the other hand, a misorientat ion of only --~ 0.1 ~ from 
a close-packed a r rangement  wil l  produce ,~ 105 steps 
cm -1. It is readi ly  seen that, since the surfaces used 
in this study could not be prepared with orientations 
bet ter  than _ 0.1 ~ the density of or ientat ion related 
steps was approximately  two orders of magni tude  
greater than that  produced by the ma x i mum disloca- 
tion density, ~ 106 cm -2. Fur thermore,  al though ap- 
paren t ly  it is not general ly recognized, the major  
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source of steps on a large number  of noncleaved meta l  
surfaces employed in s tudying electrocrystal l izat ion 
phenomena is just  such slight misorientations. One 
other  fact is most helpful  in discussing the structures 
developed on the surfaces reported here: Young and 
Hulet t  (10) have  demonstra ted that  steps on a copper 
(111) surface arising f rom misorientat ions of ~ 0.1 ~ 
can sustain a current  density as great  as 10 mA/cm2 
over  long periods of t ime wi thout  nucleation of new 
steps becoming necessary. This is a current  density 
two orders of magni tude  greater  than the highest em- 
ployed in these studies. 

It could be assumed that  facets developed on (321) 
surfaces are the end products of complex step in ter -  
actions and reflect more of the na ture  of such in ter -  
actions than of the  model  substrate suppor t ing the 
steps. On the other  hand the interact ion on the (111) 
of steps to form ledges, which in t ime aggregated to 
form larger  ledges separated by apparent ly  flat (111), 
does indicate something of the nature  of that  or ien ta-  
tion. Firs t  it is clear that  bunched steps consti tute a 
reasonably stable array. Their  rapid rates of formation 
suggest mater ia l  is as easily added or removed on this 
surface f rom such an a r ray  as f rom the init ial  con- 
figuration. Ledges formed are large enough to be 
considered discreet areas of or ientat ion other  than 
(111), which in turn  suggests that  step motion over  
the (111) occurs wi th  some difficulty. At lower current  
densities on the (100) observations c lear ly  indicated 
a large port ion of the process had to be sustained by 
step motion since all mater ia l  was not accountable by 
pit or pyramid formation. However ,  as kinetic demands 
increased, it appears step motion was insufficient to 
support  the reaction, and facets over  which steps could 
move with greater  facil i ty were  formed. The absolute 
fai lure ever  to develop facets wi th in  ~ 5 ~ of the (100) 
would indicate that  step motion over  this orientat ion 
is most difficult of any orientat ion studied. The same 
type of a rgument  can be used to explain formation 
of a r idge-va l ley  s t ructure  on the (110). In summary,  
it is proposed that  facet development  on close-packed 
orientat ions is a consequence of the re la t ive  difficulty 
wi th  which steps move  over  such surfaces. However ,  
facets of close-packed ar rangements  can be developed 
as a result  of step motion on surfaces with large step 
densities, such as (321), since the la t ter  contain com- 
ponents of the former  within their  structure.  As a 
consequence of this a rgument  it must be concluded 
that, once facets are developed on a surface, l i t t le re-  
action occurs on the areas covered by low index facets, 
and the surface is in a t rue  sense no longer  acting in 
a uniform manner.  

The fact that  regardless of init ial  orientat ion a large 
proport ion of the total  facets formed were  oriented 
along <100> zones suggest that  steps move along the 
<100> zone with re la t ive  ease. The low angle facets 
developed on (100) indicate that  the degree of facet-  
ing is re la ted to the ra te  of the surface process in that  
only those facets necessary to support  the reaction are 
formed. This proposal is substant iated by the observa-  
tion that  at high current  densities facets on the (321) 
formed orientat ions near  the (100), whi le  those formed 
at lower  current  densities were  fu r the r  removed  from 
the (100) along the two <100> zones. 

Final ly,  it should be stated there  was no evidence 
that  the defect s t ructure  of the copper  crystals played 
a significant role in crystal  growth or dissolution. Even 
the pits and pyramids on the (100) could not  be re-  
lated to the crystal  defect density. 

Overpotential-time data . - -Before  discussing the 
overpo ten t ia l - t ime  data, it is helpful  to consider the 
ent ire  system in the manner  employed by Bertocci 
(11). Al though he t rea ted  s teady-sta te  conditions, the 
concepts should be applicable to t ransient  processes. 
Three reactions must be considered: a redox react ion 

Cu + ~ - C u  ++ + e (i) 

the reaction be tween adatoms and cuprous ions 

A ~ Cu + + e (ii) 

and the exchange of adatoms with  the meta l  lat t ice 

M ~--- A (iii) 

Bertocci, in t rea t ing the general  case, assumed the con- 
centrat ion of adatoms always to be the equi l ibr ium 
value so considerat ions  here  are a bit less specific. At  
any rate, however ,  it can be shown that  the equi l ib-  
r ium potent ia l  can be expressed as 

RT ( a c u 2 + )  eq 
Eeq=E~ + F In (acu+)eq =E~ 

RT (acu+)eq 
+ In  [1] 

F ( aA)  eq 

and that  when activit ies of the various species at the 
interface depart  f rom equi l ibr ium values, the poten-  
t ia l  of the electrode may  be expressed as a sum of the 
revers ible  potential  of the per t inent  reaction and the 
overvol tage  for that  reaction 

E = Ecu +/Cu2+, rev -~- ~]i = EA/Cu +,  rev "~- ~ii [2] 

Using the notation that  E i - -  Ec~+/Cu2+" rev, e t c . ,  it fol-  
lows that  

RT (acu2+) • (acu+)eq 
Ei  - -  Eeq = ' F I n  (acu2+)eq • (ac~+) [3] 

RT (acu+) X (aA)ea 
Eli  - -  Eeq = In [4] 

F ( . a c u + ) e  q X ( a  A) 

Since electrocrystal l izat ion processes must  be associ- 
ated with react ion (iii),  the electrocrystal l izat ion over -  
voltage, wil l  be noted as ~m. It has been defined by 
Vet ter  (12) as 

RT (aA) eq 
nm -- - -  In  - -  [5] 

F ( a  A) 

Note that  this expression for nm is contained in Eq. [4] 
so that  also 

R T (acu+) 
Eii  - -  Eeq = - -  in t- niii [6] 

F (acu+)eq 

Still  fol lowing the method of Bertocci it can be shown 
from Eq. [2], [3], [4], and [5] that, since 

E - -  Eeq = n [7] 

RT (acu2+) X (acu+)eq 
n -= - In ~- ni 

F (ac~2+)eq X (acu+) 

RT (acu+) X ( a A ) e  q 
-- in + nli [8] 

F ( ~ C u + ) e q  X ( aA)  
and that  

RT ( a c u 2 + )  X ( ' aA)eq 
2o = In + ni 2v ~]ii 

F (aca2+)eq X (aA) 

RT (acu2+) 
-- In k ~i 2i- '~ii "~- niii [9] 

F (acu2+)eq 

Among others, Bertocci  considered the special case in 
which 2o = ~i. He pointed out such circumstances re-  
quired that  (ac,2+) = (acu2+) eq and that  react ion (ii) 
occur completely  revers ib ly  (that  is ~ii = 0). These 
requi rements  also were  those necessary for Bockris 
and Enyo to in terpret  their  data obtained under  con- 
ditions of charge t ransfer  control. However ,  Eq. [8] 
indicated such circumstances also require  that  (a A) = 
( a A ) e q  , a l imitat ion which would seem obtainable  only 
if, under  the stated conditions, adatoms are  indist in-  
guishable f rom those occupying lattice sites, and the re -  
fore, that  the adatom concentrat ion equal  the number  
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of surface lattice sites. This relationship will  be ex- 
plored more fully in discussions which follow. 

Bertocci's model can be used to explore situations in 
which charge t ransfer  is not  the ra te-control l ing proc- 
ess, and it is necessary that  this be done, for Bockris 
and Enyo also clearly demonstrated that  the redox 
reaction could not be rate l imit ing under  the experi-  
menta l  condit ions reported here. It could be thought,  
for example, that  premaxima overvoltage t ransients  
resulted solely from the occurrence of the redox reac- 
tion within the diffusion layer  without  a net  flux of 
mater ial  across the interface prior to the establ ishment  
of maxima. Since the equi l ibr ium constant  for the 
reaction, Cu ~ 4- Cu + + --~ 2Cu +, is approximately  10 -6 
(13), it can readily be demonstrated there were suffi- 
cient cuprous ions within the diffusion layer to support  
the necessary current .  This mechanism dictates that, 
dur ing the t ime of the p remax imum transients,  reac- 
tions (ii) and (iii) do not occur. From the data of others 
it is only reasonable to assume that also (acu2+) ---- 
(acu2+)e q. However, a consequence of the mechanism 
is that  concentrat ions of cuprous ions in the diffusion 
layer  are smaller  than at equi l ibr ium for anodic proc- 
esses and larger for cathodic. The second portion of Eq. 
[8] reveals that  such circumstances require either that  
anodic processes exhibit  negative overpotentials  or ~lii 

0. Since either choice is unacceptable the proposed 
mechanism must  be considered most implausible.  
Moreover, it does not a'id in unders tand ing  the deposi- 
tion anomaly. However, as is indicated below, this 
si tuation related to cuprous ion activities wi thin  the 
diffusion layer is permissible 'if surface adion concen- 
trat ions depart  from the equi l ibr ium value. 

All the t ime dependent  characteristics of overpoten-  
tials reported here cannot be explained on the basis of 
the classic model  of adatom diffusion over the surface 
to steps where  they even tua l ly  can be incorporated into 
the crystal lattice. The data are easier understood if it 
is assumed that surface diffusion coefficients are much 
smaller  than those for s imilar  processes in solutions. 
Also, it is necessary to make one al terat ion in the as- 
sumptions general ly  made regarding the classic model: 
It will  not be assumed that exchange of adatoms at 
steps occurs more rapidly than other surface processes, 
but  ra ther  that  the action is h indered in some manner ,  
and a barr ier  to exchange exists. 

The formation of maxima,  the dependence of the 
rate of decay of overpotent ia l  on the cur ren t  density 
prior to opening the circuit and on the total charge 
passed, as well  as the inverse relationship between 
current  densi ty and total charge passed at overpotential  
maxima formation suggest the following in terpre ta t ion  
of the data. On closing a circuit at a higher cur ren t  
density the ini t ial  current  was carried largely wi th-  
out reaction at  steps. As the surface concentrat ion of 
adatoms changed rapidly from the equi l ibr ium value, 
other necessary events occurred such that the condi- 
tions required for steps to act as sources or sinks for 
adatoms were established. Thereafter,  reaction began 
to occur at steps, and cont inued reaction produced 
gradual  changes in surface adion concentrat ions to- 
ward the equi l ibr ium value in efforts to establish de- 
sired s teady-state  concentrations.  However, under  the 
given exper imenta l  conditions, the net  flux of adatoms 
at steps was such that  the  theoretical  s teady-state  
surface adion concentrat ion was slow in being estab- 
lished since most of the adatom flux at steps served 
largely to support  the net  reaction rather  than to 
change the average surface concentrat ion of the spe- 
cies. (As wil l  be seen later, it is also proposed that  
vol tage- t ime relationships are influenced by events 
occurring at the meta l -solut ion interface.) Obviously 
such a mechanism assumes the occurrence of t ime-  
dependent  phenomena.  Consequently,  if it is assumed 
that  at higher current  densities overvoltage max ima  
were formed before significant reaction occurred at 

steps, premaxima current  flow can be expressed in 
terms of adion activities 

( a h ) e q -  (aA) t ---- kit/F [10] 

where (a A) ~ activity of surface adions at equil ib-  
r ium or time, t, as designated, 

= current  density, 
k = fraction of the totaI current  carried by  adion 

reaction, 
F = the Faraday.  

By combining Eq. [5] and [10] one obtains the ex- 
pression 

exp ( - -  zF~m/RT) 4- kit/F(aA)eq ---- 1 [11] 

Consequently,  the shape of p remaxima portions of 
overvol tage- t ime curves at higher current  densities 
should reflect the indicated relat ionship between over-  
voltage and time. For the few conditions tested, this 
was found to be the case, but  effects of orientation, 
cur rent  density, polarity, etc., were such that addi- 
t ional  studies of these phenomena are being conducted. 
Shapes of postmaxima portions of overvol tage-t ime 
curves should be a complex funct ion of, among other 
things, the rate of change of surface adion concentra-  
t ion toward equi l ibr ium values, events in the diffusion 
layer, and changes in surface structures produced by 
the process under  observation. The absolute values of 
maxima resul t ing from such a reaction mechanism 
could, as exper imenta l ly  observed, be independent  of 
the surface step density, al though postmaxima over-  
vol tage- t ime relationships should not necessarily be. 

The fai lure to establish a t rue steady-state  potent ial  
at higher current  densities over reasonable t imes sug- 
gests the t ime required for such an event  is of the order 
of that  for significant alterations in ini t ial  surface 
structure.  Data shown in Fig. 10 clearly indicate tha t  
"normal," postanodic max ima  were established before 
the equivalent  of a monolayer  of copper had reacted. 
The high current  density data suggest that  the equi l ib-  
r ium concentrat ion of adatoms is at least two orders of 
magni tude  less than the total n u m b e r  of lattice sites, 
if as previously suggested, the ini t ial  cur ren t  flow was 
largely supported without  reaction at steps. 

Such a mechanism also accounts satisfactorily for the 
more rapid establ ishment  of equi l ibr ium conditions 
following te rmina t ion  Of high cur ren t  densi ty pulses 
as compared wi th  low decay rates of overpotential  
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Fig. 10. Total charge passed before overpotential maxima formed 
on different orientations as a function of current density. 
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after  low current  densi ty processes. On in ter rupt ion  
of large currents,  the potential  for a short t ime, al-  
though rapidly decaying, was still  sufficient to exceed 
the barr ie r  to exchange at steps such that  they still 
could act as sources or sinks for adatoms. Dur ing this 
t ime the total  number  of adatoms approached the 
equi l ibr ium value, and addit ional  t ime was requi red  
only for the proper  equi l ibr ium distr ibution to become 
established. 

Anodic pulses at low current  densities apparent ly  
fol lowed the same general  pattern.  However ,  the data 
in Fig. 9 and 10 suggest that  at cur ren t  densities < 25 

~A/cm 2 "normal"  anodic max ima  were  formed by a 
current  flow supported extensively  by react ion at steps. 
Otherwise,  the surface adatom concentrat ion would  
have been so depleted that  much higher  overpotent ials  
should have been observed. Also, since early, p r emax-  
ima stages of current  fiow were  accompanied by a slow 
monotonic increase in overpotent ia l  at low current  
densities, it would  appear  that  at least a port ion of 
the barr ie r  to reaction at steps was indeed due to the 
occurrence of some sort of t ime dependent  phenomena.  
The ex t remely  slow rate  of decay to equi l ibr ium poten-  
tial fol lowing in ter rupt ion  of a tow current  density 
pulse suggests that  re la ted processes at steps also were  
dependent  on the overpotential .  On interrupt ion of 
small anodic currents,  overpotent ia ls  during decay ap- 
parent ly  were  of such a re la t ive ly  small  magni tude  
that  the barr ier  to react ion at steps was not exceeded 
sufficiently to produce adatoms at a rate  necessary to 
satisfy rapidly the equi l ibr ium requirements .  There -  
fore, rates of potential  decay during open circuit  fol-  
lowing low current  density anodic processes were  
slower because they  reflected the rate  of production of 
adatoms at steps ra ther  than, as at higher current  den-  
sities, a t t a inment  of an equi l ibr ium distr ibution by an 
adequate  adion concentration. It wil l  be seen that  
cathodic processes at low current  densities can be un-  
derstood on the basis of the same general  model, al-  
though slight, but significant, al terat ions must  be made. 

Since Piontel l i  (14), as wel l  as others, questions the 
val id i ty  of overpotent ia l  maxima and general ly  at-  
t r ibutes  their  existence to the presence of impurit ies,  
perhaps some comments  on the systems reported here 
would be useful. Admi t ted ly  nei ther  the data of others 
obtained at higher  current  densities nor present theo- 
ries of electrocrystal l izat ion phenomena are too helpful  
in assessing these results. It  seems highly unl ike ly  they 
can be dismissed as an impur i ty  effect because it is 
difficult to propose a model  of surface processes involv-  
ing impuri t ies  which accounts satisfactori ly for all the 
exper imenta l  results reported here. 

At this point it is in format ive  to discuss in some de- 
tail a part  of the data reported by Bockris and Enyo 
(2). Al though they were  concerned pr imar i ly  with the 
determinat ion  of kinetic parameters  for copper elec- 
trodes exposed to various acidic solutions of different 
copper salts under  conditions such that  charge t rans-  
fer was the  slow process, only that  port ion of the data 
gathered when  such conditions were  not met  (i < 10 

m A / c m  2) is considered here. As much as is possible 
reference is made only to data concerned with  cupric 
perchlorate  systems. However ,  unless specifically ex-  
cluded by the authors, it is assumed their  general  re-  
marks  drawn from all the data apply equal ly  to 
perchlorate  solutions. Using spherical  copper electrodes 
they obtained different cur ren t -overpo ten t ia l  re la t ion-  
ships for electrodes prepared by melt ing in hel ium and 
others of similar  origin which were  subjected to elec- 
trodeposit ion before use. In general,  electrodes of the 
la t ter  type acted in a much more  consistent and unde r -  
s tandable manner.  For  example,  cathodic Tafel  behav-  
ior was obtained for the latter,  but  not the former  type, 
and values of anodic overpotent ials  gathered f rom the 
two kinds of electrodes did not agree completely.  It 

was proposed tha t  such behavior  resul ted f rom the  
different surface propert ies  of the electrodes. They 
suggested that  electrodes mel ted  in hel ium contained 
an oxide film which, on exposure to acidic solutions, 
dissolved to expose a "new (clean) copper surface" on 
which the exchange current  densi ty would be expected 
to be greater  than on a surface formed by electro-  
deposition. Further ,  they assumed a dislocation density 
of ~ 109 cm 2 for the former  type and that  of the la t ter  
to be greater,  and concluded, therefore,  that  because 
electrodes mel ted  in hel ium had this lower  density of 
g rowth  sites a surface process (diffusion) could be-  
come rate  determining.  I t  was also concluded that, at  
the lower current  densities studied, surface diffusion 
was the ra te -cont ro l l ing  step on both types of surfaces, 
which also helped explain the observat ion that  rise 
t imes of overpotent ials  were  greater  than expected 
and differed for the two types of electrodes, as well  as 
in anodic and cathodic cases for a single type. 

The surface processes suggested by Bockris and 
Enyo are not unreasonable,  but more credible a l te rna-  
t ives do exist. F rom considerations of e lementary  
geometry  it can be shown that  surfaces of spherical  
copper electrodes must  have an average step densi ty 
of ~ 107 cm - I  due solely to the intersection of crystal-  
lographic planes by the c i rcumference of the sphere. 
Since, as previously discussed, the number  of steps 
generated by dislocations intersect ing a surface surely 
cannot exceed the square root of the dislocation density, 
defect re la ted steps on the electrodes of Bockris and 
Enyo most probably did not number  more  than  ~ 105 
cm -1. Therefore,  g rowth  sites produced by electrode 
geometry  far ou tnumbered  those associated with l ine 
defects in both types of electrodes, and it appears 
highly improbable  that  surface diffusion processes 
were  affected to any significant ex ten t  by dislocations 
present  in ei ther  type of electrode. Since average step 
densities on the two electrodes must have been approxi-  
mate ly  equal, it is much more reasonable to assume that  
differences measured on the two surfaces were  not re -  
lated to the average number  of steps, but ra ther  to the 
a r rangement  and distr ibution of this number  of steps 
due to the different methods of surface preparation.  
This suggestion is compatible with the changes they  
observed on "new (c lean)"  he l ium-mel t ed  surfaces as 
more data was gathered on them. Presumably  the net  
react ion on such electrodes in t ime would produce a 
surface similar  to that  resul t ing f rom electrodeposition, 
which, because of the method of prepara t ion (15), 
surely must have consisted of ledges, facets, etc., 
formed by the bunching of steps. 

It is not the p r imary  purpose of this discussion to 
argue whether  the in terpre ta t ion  presented here  for 
the data of Bockris and Enyo is preferable  to that  of 
the authors, but ra ther  to demonstra te  that  data gath-  
ered by others  under  ent i re ly  different conditions than 
those described in this repor t  can reasonably be in-  
te rpre ted  in a manner  to lend support to the a rgument  
that  a surface can yield vast ly different cur rent -  
potent ial  and potent ia l - t ime characteris t ics  depending 
upon the a r rangement  of steps on that  surface. The 
surfaces repor ted  in this s tudy upon which cur ren t -  
potent ial  data were  gathered contained steps dis- 
t r ibuted,  as previously indicated, in a more or less con- 
tinuous manner.  The reactions pe r fo rmed  on these sur-  
faces were  conducted at such low rates that  the init ial  
step distr ibution was changed ve ry  li, t t le  during the 
course of the measurements ,  and it is certain these 
data are representa t ive  of s tructures quite  different 
f rom those of Piontel l i  et al. and Bockris and Enyo. 
Therefore,  it is not surprising that  apparent ly  l i t t le 
correlat ion can be made be tween  any of these exper i -  
menta l  results. 

Before a t tempt ing an analyt ical  t r ea tment  of ob- 
served overpotent ia l  maxima,  it would be informat ive  
to discuss the data i l lustrated in Fig. 9 in more gen-  
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eral terms. It is conceivable that  cur ren t -poten t ia l  data 
for (100), (110), and (111) alone could support  an 
argument  that  the differences observed on different 
orientat ions were related to the relat ive ease of direct 
reaction at steps on these orientations. However, the 
s imilar i ty  of cathodic data for (321) and  (111) pre-  
clude the possibility of direct discharge at steps on 
these orientations, since under  such conditions the 
magni tude  of the overvoltages should be proport ional  == 
to the or ientat ion related step densities which are ~ 
I07 and 10~/cm, respectively. Moreover, the near ly  -Io 
perfect symmet ry  of the anodic and cathodic branches 
of the (321) data  indicates that  the mechanism also is 
not operable dur ing  dissolution from the (321). Then 
because of their  relationships to the (321) and to each 
other [relative differences between (100) and (110) 
are greater than between (110) and (321)] and be- 
cause of their  perfect symmetry  in anodic and cathodic 
branches, the (100) and (110) also appear un l ike ly  to 
react by such a mechanism. 

In  considering the possibility of nucleat ion phenom-  
ena occurring, it is helpful  again to compare cathodic 
data for the (321) and (111) with their  structures. 
While the idealized (111) is a famil iar  structure, the 
ball  model of a fcc (321) is perhaps not so well  known. 
The model shows that  40% of the atoms on this sur-  
face are located along cont inuously kinked steps, and 
on the average, of course, a step occurs every 2% atom 
rows. The only "nucleus" capable of existence on the 
model surface would be a long chain of single atoms at 
t:he half position between steps. P lacement  in any other 
lattice position would consti tute direct growth at steps. 
Although a real  crystal surface most surely does not 
have that of the idealized model, the a r rangement  must  
be such that  ~ 40% of the atoms, on the average, rep- 
resent a k ink stepped ar rangement .  Otherwise, the real  
surface area of the (321) would have to increase due 
to formation of preferred orientations, an occurrence 
which has previously been shown not to happen (5). 
Therefore, regardless of the real s t ructure  of the (321), 
the s imilari ty of its cathodic current -potent ia l  maxima 
to those of the (111) argue against nucleat ion as a 
major  event  on these surfaces. I~ would seem then t,hat 
data concerning the cur ren t -po ten t ia l  maxima rela-  
tionships do not offer any objections to the modified 
model of surface processes previously proposed. 

t -  
I t  does appear strange, however,  that  overpotent ial-  

cur rent  relationships should show such a pronounced ,~ 
orientat ion effect but  apparent ly  be free from any in-  
fluence of step density. This is especially t rue in view ? 
of the relat ionship between current  and step densities "~ 
derived from the theoreies of electrocrystall ization . 
overvoltage. Several  authors have considered surfaces 
from which mater ia l  is added or removed by step mo-  ~ .  
tion, and they have arr ived at expressions which re-  
late step densi ty to the average current  densi ty and 
overpotential.  Bertocci et al. (16) have discussed these 
models and have shown that  it is possible that  a pro- 
port ionali ty between step and current  densities could 
be observed for misorientat ions an order of magni tude  
greater than those of surfaces used in these studies. 
However, all such models assume that  adatom ex- 
char~ge at steps is unhindered.  Because of this and also 
because effects obviously related to crystal  or ientat ion 
were observed, it is unreasonable  to conclude that  over-  
voltage characteristics reported here are unrela ted to 
electrocrystallization phenomena.  This a rgument  is 
s t rengthened fur ther  by t reat ing the data for (100) and 
(110) as indicated in Fig. 11. That  similar results are 
not obtained by t reat ing (321) and (111) data in this 
manne r  is demonstrated in Fig. 12. The assumption of 
indicated values for certain parameters  leads to a slight 
misfit for (321) and a gross misfit for (111) data. Figure 
13 shows that a bet ter  fit for the (111) is obtained if the 
value of o is assumed to be 0.46 for this orientation. 
The slight misfit observed for (321) data suggests an 
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o value of N 0.49 for this surface, and fur ther  cal-  
culations are judged to be not worthwhile.  F rom such 
plots it is readily seen that  the relat ionship between 
values of overpotential  maxima and the cur ren t  flow- 
ing in the system can be described by the expression 

{ r~ ] 1 i = E  exp L ~ J  -- e x p I - -  (1-RTa)zF~*'] 

[12] 
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where  0. ---- value of overpotent ia l  m a x i m u m  
a ----an orientat ion sensit ive t ransfer  coeffi- 

cient having the values (100) and (110) 
---- 0.50; (321) ---- 0.49; (111) ---- 0.46. 

z ~ a factor relat ing the electrocrystal l iza-  
tion overvol tage  to the measured  over -  
voltage. 

K = a pre-exponent ia I  function having the 
dimensions of current  density. The ori-  
entation dependent  values measured 
from the slopes of the lines in Fig. 11, 
12, and 13 are: (100) ---- 30; (110) ---- 40; 
(111) ~ 45; (321) ---- 50 ~A/cm 2 

i ---- current  density. 

The remaining terms have the significance previously  
indicated. 

Previous ly  it has been postulated that  p remaxima  
currents  were  accompanied by changes in surface ad- 
atom concentrat ions wi thout  concomitant  action at 
steps. This is, of course, in agreement  v~ith the requi re -  
ments  that  surface adatom concentrat ions be less than 
the equi l ibr ium value  dur ing anodic processes when  
'hii -~ 0. A cursory examinat ion of Eq. [9] reveals  that  
data of others regarding (acu2+) and 'lit define condi- 
tions such that  2n = nl -}- ~i~. The preceding analyt ical  
t r ea tment  of cur ren t -overpo ten t ia l  maxima data re-  
quires that  'li~i = 20. Therefore,  it is necessary to 
de termine  conditions under  which ni can approach 
zero, and to decide if those conditions can be estab- 
lished. Again re fe r r ing  to Eq. [8] and considering the 
anodic case, it is obvious that  ~i can approach the 
l imit ing zero value only under  the circumstances pre-  
viously discussed when (acu+)eq > (ac~+). This, in 
turn, is permissible in the specific case considered when 
(aA)eq > (aA). Therefore,  it appears the analyt ical  
t rea tment  is reasonable in terms of a model  reaction 
sequence which requires  that  (acu2+) ---- (acu2+)eq, nil 
---- 0, 'li --> 0, and that  reaction (,i) occur within the dif-  
fusion layer  at a rate greater  than react ion (iii) oc- 
curs on the surface during the t ime of the transient.  
Apparen t ly  voltage t ime characterist ics resulted f rom 
complicated interactions due to these lat ter  two reac-  
tions, and in v iew of such processes even the twin 
maxima often observed during postcathodic anodic 
transients  i l lustrated in Fig. 7 seem reasonable and 
comprehensible.  

At current  densities higher  than those reported here  
it  would appear  that  ~i > >  0 and niii < 20. Even tua l ly  
at still h igher  current  densities the conditions become 
established whereby,  as repor ted  by others, niii = 0 
and ~i ~- 20. It  is interest ing to note that  the data of 
laiontelli et al. were  obtained in just  this t ransi t ional  
range of current  densities where  it is suggested that  
the relat ionship be tween ~i and ~ changes wi th  current  
density. 

Figures 11 to 13 indicate that  overpotent ia l  values 
obtained at current  densities < 100 ~A/cm -2 do not 

agree wi th  the proposed mechanism and t rea tment  as 
wel l  as those obtained at higher  current  densities. 
However ,  this effect is consistent with the assumption 
that  maxima occurr ing under  the former  conditions 
were  not established before si, gnificant react ion had oc- 
curred at steps. The significance of the p re -exponent ia l  
constants de termined  for each or ientat ion depends on 
the val id i ty  of the suggested model  of events  on the 
surface and in the diffusion layer. If the proposals ad- 
vanced to explain the exper imenta l  observations are 
correct,  and if the adatom concentrat ions at equi l ib-  
r ium are about equal on all orientations, then K va l -  
ues could closely approximate  the values of the ex-  
change current  density of adatoms and ions ~n solu- 
tion. It  is interest ing to compare them with  the value 
of 20 ~A cm -2 obtained by Roiter  et al. (8) on single 
crystal l ine zinc in zinc sulfate solutions. Anodic and 
cathodic max ima  were  symmetr ic  about the equi l ib-  

r ium point in the zinc system, and it was determined 
that  observed values of max ima  depended upon the 
nature  of the preceding electrode process. Unfor tu-  
nately, no reference  is made to the or ienta t ion(s?)  of 
zinc crystals used in the study so analogies regarding 
orientat ions cannot be drawn. Obviously K values are 
lower by factors of ~ 200 than the exchange current  
densities de termined by Bockris and Enyo under  condi- 
tions of charge t ransfer  control. However ,  as previously 
noted, such exper imenta l  conditions requi re  that  
adatoms and meta l  atoms be indistinguishable,  a con- 
dition not demanded of the systems reported here. This 
suggests the possibility that  excessive r emova l  rates so 
al ter  copper surfaces that  measurements  de termined  
thereon are concerned with  surfaces of marked  physical 
differences, in the sense of geometr ic  arrangements ,  ad- 
sorbed species, ident i ty  of nearest  neighbors, etc., f rom 
those on which remova l  rates are low enough that  a 
surface process may be rate controlling. 

Anomalous deposition effects.--The previous t rea t -  
ment  accounts in a self-consistent  manner  for most of 
the exper imenta l  phenomena ment ioned earlier,  but  
it still must be shown that  the proposed model  accom- 
modates equal ly  wel l  the observed effects of deposi- 
t ion on a succeeding dissolution process. If mater ia l  is 
incorporated into the meta l  latt ice at steps, it must 
become identified with, and indist inguishable from, the 
rest of the crystal. Therefore,  no "deposit ion effect" 
should be observed fol lowing such a process. By the 
same token, if nucleat ion occurred and the deposit 
formed over  the old substrate, only the  new steps 
bounding deposits should serve as possible sources of 
different effects since mater ia l  bounded by the steps 
should be identical  wi th  the substrate. However ,  data 
shown in Fig. 9 indicate that  the deposition process was 
independent  of step density in the range ~ 105-107 
cm -1 since almost identical  cathodic branches of 
cur ren t -overpo ten t ia l  data were  obtained for the (321) 
and (111). Therefore,  it is difficult to be l ieve  that  nu-  
cleation phenomena could account for the observed 
deposition anomaly. A reasonable a l te rna t ive  is sug- 
gested by the shapes of anodic overpoten t ia l - t ime 
curves of the type i l lustrated in Fig. 8. If, as proposed, 
the shape of low current  densi ty "normal"  anodic 
overpo ten t ia l - t ime  curves reflect both react ion at steps 
as wel l  as deplet ion of surface adatoms, then the re la-  
tionships be tween cathodic and subsequent  postcath- 
odic, anodic curves indicate that  mater ia l  deposited 
at low and in termedia te  current  densities had more  
the characterist ics of adatoms than of the crystal l ine 
substrate. (Al though it is not  to be assumed that  the 
process is complete ly  independent  of the substrate.) 
Moreover,  these characteTistics were  re ta ined over  long 
periods of time. Therefore,  it is suggested that  much of 
the mater ia l  deposited at low current  densities over  
re la t ive ly  short periods of t ime did not occupy hal f -  
crystal  positions, and in this sense could not be dis- 
t inguished f rom adatoms. Since, as indicated in Fig. 
8, the anomaly could be observed for the total deposit 
equivalent  to much more  than a monolayer  of mate -  
rial, such deposits pl-obably have ex t remely  open 
structures with high vacancy concentrations. This is 
equivalent  to proposing that  under  these conditions 
crystal  growth occurred more or less by direct addi-  
tion of atoms at random sites, with li t t le subsequent  
surface diffusion. While conceptually the idea lacks a 
certain appeal, it appears that, fol lowing a low current  
densi ty cathodic process, the observed smaller  values 
of anodic max ima  and increases in t imes to establish- 
ment  can be explained on the basis of an increased 
concentrat ion of ada tom-l ike  mater ia l  under  conditions 
of "pseudo-equi l ibr ium."  

A fur ther  indication of the differences in dissolution 
and deposition processes at low and in termedia te  cur-  
rent  densities is seen by comparing the pos t -maxima  
shapes of overpo ten t ia l - t ime  curves of Fig. 6. Such dif- 
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ferences were more difficult to detect at current  densi-  
ties in excess of ~ 200 gA/cm 2, and with the exception 
of the (111) and possibly the (100), at higher current  
densities overpotent ia l - t ime relationships were almost 
precisely similar for anodic and cathodic processes at 
the same current  density on any one orientation.  

A somewhat more "quantitative discussion of the 
deposition anomaly  is possible. The data in Fig. 10 
show clearly tha t  "normal"  maxima  for both anodic 
and cathodic processes at the indicated current  densi-  
ties were established on all orientat ions well  before the 
equivalent  of a monolayer  of copper had reacted. But  
as indicated in Fig. 8 the deposition effect was not 
restricted to the charge passed in establishing a maxi -  
mum, but  ra ther  to the total amount  of mater ia l  de- 
posited. The highest cur rent  density at which it was 
established that  ensuing anodic maxima formed only 
when the total previous deposit had been removed 
was 160 ~A/cm 2. Six hours following depositions last-  
ing 1 rain at this current  density, dissolution produced 
anodic maxima only after one minu te  at the same cur-  
rent  density. ("Normal" anodic maxima under  such 
conditions were established in ~ 0.1 sec on all or ienta-  
tions and had larger absolute values than observed in 
postcathodic instances.) These depositions corresponded 
approximately  to the equivalent  of 15 atom layers. At 
lower current  densities the largest deposit which was 
precisely duplicated in a succeeding anodic overvol t -  
age-t ime to max imum curve corresponded to ,~ 50 
atom layers. Neither of the examples cited here were 
established as l imit ing cases, nor indeed were any of 
the l imit ing conditions precisely defined. However, it 
was observed that  at cur ren t  densities > 200 ~A/cm 2 

the effect diminished as the cur ren t  density increased, 
and a relat ionship between the total  amount  of deposit 
and the amount  removed at the t ime of anodic maxi -  
mum formation could not be established at higher cur-  
rent  densities. 

A most in t r iguing aspect of the overpotent ia l  data is 
that  the (321) and (111) have near ly  identical  cathodic 
but  quite different anodic branches. Previously it has 
been pointed out that, as i l lustrated in Fig. 6, on any 
orientat ion postmaxima anodic and cathodic overpoten-  
t ia l - t ime relationships are not always identical  for any 
one reaction rate, even at the highest current  densities 
studied. This indicates that immediate ly  after the 
max imum change in adion concentrat ion had been 
established, subsequent  surface events were not pre-  
cisely equivalent  for dissolution and deposition. The 
suggested model of reaction seems suitable for anodic 
processes, but  fur ther  discussion is required in the 
cathodic case. The relat ive step densities on the (321) 
and (111) suggest that  the lack of symmet ry  in the 
(111) overpotential  data resulted from lower values 
for cathodic processes ra ther  than excessively high 
values for the anodic. If so, it was not  diffusion over 
the surface which l imited the max imum cathodic 
overpotential  developed on the (111), otherwise the 
(321) surfaces would not have produced data identical 
to that  obtained for the (111). At higher current  densi-  
ties it is possible that  unusua l  growth processes might 
have occurred on the (111). It could be that  diffusion 
was such a re la t ively slow process that growth was ac- 
complished on the flat surface areas rather  than by 
diffusion to step sites. However, there is insufficient 
evidence to suggest nucleat ion processes occurred, and 
furthermore,  by analogy to observations on all or ien-  
tations at low cur ren t  densities, it seems preferable to 

th ink of growth on the (111) as being accomplished 
by ra ther  i l l-defined methods which produced atom 
layers with a very  high vacancy content. 

A more plausible reason for the asymmetric  behavior  
of the (111) and (321) could be a consequence of the 
fact that  the (111) is the close packed plane in copper. 
In  face-centered cubic systems such as copper the close 
packed planes are stacked in the sequence ABCABC- 
AB . . . .  etc., bu t  it is not  at all cer ta in  that  adatoms on 
a (11i) area are restricted to sites represent ing proper 
crystal sequential  orders. So while  there are two types 
of geometrically similar sites available to adatoms on 
this surface, in terms of permanent  occupancy of such 
sites one of them is crystal lographical ly improper. 
Growth occurring in such unsui table  arrays, ra ther  than 
by movement  of crystal lographically correct steps over 
the surface, could have been responsible for the asym- 
metric behavior  observed. The slight asymmetr ic  prop- 
erty of the (321) data emphasizes the fact that  a t re -  
mendously  high step densi ty was incapable of causing 
complete obli terat ion of this effect, and that  perhaps 
it is indeed an intr insic property of the close-packed 
arrangement .  Therefore, it is not at all certain that  
the "deposition anomaly" observed on all orientations 
at lower current  densities did not also occur undetected 
on all orientat ions at higher current  densities. It is 
possible that  diffusion over any orientat ion was re la-  
t ively so difficult that  ini t ial  growth at all the current  
densities reported here occurred in such a way that  
s tructures with very high vacancy content  always 
were formed. 

Manuscript  submit ted Jan. 27, 1969; revised m a n u -  
script received ca. Dec. 24, 1969. The data reported 
here were presented in part  as Paper  119 at the Wash- 
ington Meeting, Oct. 11-15, 1964, and in part  as Paper  
72 at the Phi ladelphia  Meeting, Oct. 9-14, 1966. The 
research on this paper was sponsored by the USAEC 
under  contract with Union Carbide Corporation. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Oxygen Reduction on Active Platinum 
Orthophosphoric Acid 

in 85% 

A. J. Appleby* 
Institute o~f Gas Technology, Chicago, Illinois 

ABSTRACT 

The oxygen reduction reaction on p la t inum that has been anodized, fol- 
lowed by reduction at 500 mV, has been studied in 85% orthophosphoric 
acid over a wide tempera ture  range. This anodized p la t inum surface is more 
active for oxygen reduction than  annealed reduced p la t inum in the 850-950 
mV potential  range and has a higher Tafel slope (1.79 RT/F  at 25~ com- 
pared to 1.04 RT/F for the annealed surface).  Activat ion energy at the re-  
versible potential  is 14.9 +_ 1.5 kcal. It  is suggested that the ra te -de te rmin ing  
step on this surface is 

S + 02 ~- H + + e -  --> SO2H 

under  conditions in which the adsorption of the product is close to Lang-  
muir ian.  Hydrogen peroxide is not appreciably involved in the reduction 
mechanism. These results are interpreted in terms of the surface s tructure 
of the electrode after oxide reduction. 

It is we l l -known that  p la t inum that has been freshly 
anodized behaves as a more effective catalytic surface 
for a wide range of electrochemical processes. This 
effect has been explained by Kolthoff and Nightingale 
(1) and by Davis (2) as being due to facilitated elec- 
t ron transfer  from the oxidized p la t inum surface by 
an oxygen-br idge mechanism. Other workers, on the 
other hand, have argued that a chemical mechanism 
is responsible in which reagents react directly with 
the oxidized surface, which is unstable  under  reducing 
conditions (3, 4). 

Anson (5) considered that p la t inum that  has been 
oxidized then reduced by a redox system is covered 
by a thin, platinized layer, and behaves as a specially 
active surface. This a rgument  is supported by the ob- 
servation that marked roughening of the surface oc- 
curs under  a-c conditions (6). However, Gi lman (7) 
has shown that only a small  increase in area is pro- 
duced by one polarization cycle, and this is t rue only 
if reduction of the oxidized surface is rapid. An al- 
ternat ive explanat ion was advanced by Feldberg, 
Enke, and Bricker (8) who at t r ibuted the enhanced 
activity of oxidized and reduced p la t inum to an ad- 
sorbed layer of PtOH. 

In  general, no special increase in activity other than 
that which may be a t t r ibuted to impur i ty  adsorption 
(9, 10) is observed by pulsing p la t inum to 1.6V (11). 
Under  these conditions, approximately one monolayer  
of adsorbed oxygen on the p la t inum surface is in-  
volved (12). At higher potentials, more than one 
monolayer  of oxide may form (13-15). 

In  this paper, the reduction of oxygen in 85% 
orthophosphoric acid is studied on reduced p la t inum 
that has been previously anodized at high potentials. 
Kinetics and mechanism on this active surface are 
compared with those occurring on a reduced, an-  
nealed p la t inum surface (10). 

Results are in terpre ted in terms of surface modifi- 
cation due to part ial  reduction of the oxide layer, with 
the formation of a strained lattice containing dissolved 
oxygen and with a high density of surface defects (16). 

Experimental 
The all-silica cell in which the experiments  were 

carried out has been described in a previous publica- 
tion (17). The working electrode consisted either of 
one of a number  of 1-cm 2 p la t inum foils suspended 
from wires, or of the disk of a rotat ing r ing-disk  elec- 
trode. Electrodes (zone-refined grade, nominal  99.999% 
puri ty)  were degreased and washed in concentrated 
HC1, conductivi ty water, and the electrolyte itself 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

before use. The reference electrode was a dual bub-  
bling hydrogen system equipped with a Luggin capil- 
lary. Hydrogen for the reference electrode and oxygen 
or oxygen-ni t rogen mixtures  (reproducibly mixed to 
the required Po2 by capil lary flowmeters) were led to 
the cell via presaturators.  All  measurements  through-  
out this work were carried out by conventional  gal-  
vanostatic methods, al though with the r ing-disk elec- 
trode a potentiostat was used. The lat ter  electrode was 
used to study the formation of hydrogen peroxide 
intermediates in the reaction and to obtain polariza- 
tion data over a longer act ivat ion-control led range. 

The electrolyte was purified by t rea tment  with hy-  
drogen peroxide in a m a n n e r  previously described 
(17). All potentials throughout  this paper  are ex- 
pressed relative to the bubbl ing  hydrogen electrode 
in the same solution (HRE potentials) .  

Electrode pretreatment.--Electrodes were anodized 
at a potential  of 2V HRE for 2 min and were then 
allowed to reduce galvanostatically at a current  den-  
sity of 20 ~A/cm 2 unt i l  the potential  reached 500 inV. 
Following this t rea tment  the cathodic galvanostatic 
current  was switched off and the electrode was al-  
lowed to at tain its equi l ibr ium rest potential. 

Rest potentials.--Rest potentials of the electrodes 
were approximately 990-1010 mV. The values were 
not significantly tempera ture  dependent;  ini t ial  experi-  
ments, carried out by adding small  quanti t ies  of ana-  
lytical grade 85% orthophosphoric acid to the pure 
electrolyte, established that  small  traces of impurit ies 
resulted in lowered values. 

Tafel plots were ob ta ined  as soon as the electrode 
had reached an open-circui t  potential  whose value had 
changed by less than 5 mV in the previous 2 min. It 
was noted, however, that  the potentials of electrodes 
left on open circuit slowly rose over a period of hours 
to a max imum of 1020-1030 mV. 

Tafel plots.--Galvanostatic Tafel plots were made 
using a convent ional  bat tery-operated,  high impedance 
circuit al lowing sufficient t ime (up to 5 min  at low 
current  density, 1-2 min  at higher current  density) for 
equi l ibr ium to be reached at each point. Steady-state  
readings were taken when the potential  changed by 
less than 2 mV in the previous in terval  of 1 min. Plots 
were obtained in this way at 25.1 ~ 52.1 ~ 76.1 ~ 95.9 ~ 
116.0 ~ and 136.1~ (Fig. 1). In  general, they could be 
traced forward and backward with very little hyster-  
esis. 

Each potential- log current  plot shows a gently slop- 
ing region extending from the rest potential,  followed 
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Fig. 1. Galvanostatic Tafel plots of oxygen reduction on active 
platinum, temperature dependence, 
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Fig. 2. Effect of oxygen partial pressure on polarization at 52.1~ 
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Fig. 4. Tafel plot at 76.1~ on active platinum: stationary and 
rotating disk electrode data. 

by a Tafel region star t ing at about 925 mV. The Tafel 
slopes and 1/a values at each tempera ture  studied are 
given in Table I. In addition, Table I contains exchange 
current  values obtained by extrapolat ing the Tafel 
l ine to the calculated reversible potential  at each 
tempera ture  (assuming Po2 = 1 and PH2 = 1-p arm, 
where  p is the water  vapor pressure above phosphoric 
acid). 

In  each case the exper imenta l ly  obtained exchange 
current  has been corrected to 1 atm oxygen part ial  
pressure assuming a first order mechanism (see 
below).  

Order of reaction for oxygen.--A series of Tafel 
plots was made at different oxygen part ial  pressures. 
At the lower part ial  pressures it was necessary to wait  
for some t ime to elapse before the first point  was 
taken to allow oxygen evolved dur ing  electrode pre-  
t reatment  by anodizing to disperse before reproducible 
results could be obtained. Tafel plots at four oxygen 
part ial  pressures on active p la t inum electrodes at 
52.1~ have been previously published (18). A log-log 
plot of polarization data in the Tafel range  of these 
plots is shown in  Fig. 2, which indicates that  the 
chemical reaction order for oxygen reduct ion is unity.  

Hydrogen peroxide.--A rotat ing r ing-disk  electrode 
was used to determine the percentage of hydrogen 
peroxide produced, either as the end product  of a 
parallel  mechanism or as an intermediate  in the over-  
all process of oxygen reduction to water. In  these ex- 
per iments  the disk electrode was prepared by anodiz- 
ing followed by reduction in the same way as the 
p la t inum foil working electrodes referred to previous-  
ly. The l ightly platinized r ing of the electrode was 

Table I. Kinetic data for oxygen reduction on active 
platinum in 85% orthophosphoric acid 

io, A / c m  ~ T a f e l  s lope ,  
T e m p ,  ~ ( a t m  05)  m Y / d e c a d e  1 ]~  

25.1 2.7 • 10 -1~ 106 1.79 
52.1 3.4 • 10 -~ 119 1.85 
76.1 1.5 • 10 --s 120 1.76 
95.9 4.0 • 1O-S 124 1.69 

116.0 1.2 x 1O-~ 125 1.62 
136.1 2,8 x i 0  -~ 125 1.52 

mainta ined  at a constant  potent ial  of 1.3V HRE; at this 
potential  hydrogen peroxide oxidation is diffusion con- 
trolled. Exper iments  were carried out at 76.1 ~ and 
116.0~ in 85% orthophosphoric acid purified by hy-  
drogen peroxide treatment .  Disk current  and the cor- 
responding anodic r ing current  were determined at 
various cathodic potentials applied to the disk by 
means of a potentiostatic circuit. A typical  reduction 
wave for oxygen at 76.0~ is shown on Fig. 3, for a 
rotat ional  velocity of 4840 rpm. Unl ike  the correspond- 
ing case on oxide-free annealed p la t inum (10), little 
effect of impur i ty  adsorption on oxygen reduction 
kinetics in the double layer region was noted. 1 At 
76.1~ small  quanti t ies  of hydrogen peroxide were 
detected at the electrode ring. The collection factor of 
the electrode used was 35%; on this basis hydrogen 
peroxide accounted for less than 10% of the total re-  
action product or detectable intermediate.  At the same 
temperature  on annealed oxide-free plat inum, hydro-  
gen peroxide accounted for a greater proportion, ap- 
proximately 16% of the total  product  or intermediate.  
At 116~ no hydrogen peroxide could be detected at 
the r ing when the disk was in the "active" state. 

The r ing disk electrode at 3140 rpm was used to 
confirm the Tafel slope at 76.1~ over a greater  range 
than was possible in the electrolyte stirred by gas 
bubbling.  At this rotat ion speed, the l inear  Tafel  range 
at the electrode was increased by approximately a 
fur ther  decade. Figure 4 shows that  there is good 
agreement  between the Tafel slope for p la t inum foil 
electrodes under  s t i rr ing by gas bubbl ing and a rotat-  
ing disk electrode at a high rate of hydrodynamic  
stirring. 

Activation energy.--Figure 5 shows an Arrhenius  
plot of the extrapolated io values (corrected for oxygen 
part ial  pressure).  Act ivat ion energy at the reversible 
potential  on this basis is about 14.9 • 1.5 kcal (10), 
and the value on active p la t inum is close to tha t  ob- 
served on oxidized p la t inum (13.1 kcal) (17). 

The higher tempera ture  io values lie somewhat  off 
the line; this is probably due to the uncer ta in ty  in 
measur ing the Tafel slope (assumed to be about  125 
mV/decade)  at the higher temperatures.  

1 T h i s  d e a c t i v a t i o n  is a t t r i b u t e d  by  B o c k r i s  et  al. (19) to H2POI-  
ion  a d s o r p t i o n ,  
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Fig. 5. Arrhenius plot of extrapolated exchange currents for oxy- 
gen reduction on active platinum in 85% orthophosphoric acid. 

Discussion 
Nature of the active p lat inum sur face . - -Pla t inum 

which has been anodized at high potential  has on its 
surface a phase oxide film at least two monolayers 
thick (13-15). In  addition, the outer layers of the 
p la t inum lattice appear to contain "dermasorbed" 
oxygen, tha t  is, oxygen dissolved in  the first two or 
three atomic layers of the plat inum. Evidence for the 
existence of the lat ter  type of dissolved oxygen has 
been given by Schuldiner  and Warner  (20), and is 
implicit in the observation that  the anodic charge in 
galvanostatic t ransients  is always greater than  the 
cathodic charge in  the p la t inum oxidation reduction 
cycle. The evidence for this has been reviewed by 
Vetter (21) and Hoare (22). This observation has been 
explained by Gi lman (23) in terms of an impur i ty  
oxidation reaction contr ibut ing to the anodic current,  
by Lai t inen and Enke (14) in terms of oxygen evolu- 
tion in the anodic cycle, and by  Vetter and Berndt  
(24) in terms of a cathodic mechanism involving a 
2-electron reduct ion of the oxide film so that hydro-  
gen peroxide was the end product  ra ther  than water. 
The lat ter  reaction is unlikely,  in view of the r ing-  
disk electrode data of F r u m k i n  et al. (25), which in-  
dicated that  no detectable hydrogen peroxide was pro- 
duced dur ing  oxide-film reduct ion on plat inum. Equal -  
ly, the first two explanations are unl ike ly  as the same 
phenomenon is observed under  conditions of high 
pur i ty  (addit ionally oxidation of m a n y  species is 
strongly inhibi ted on oxidized pla t inum) (26) and 
oxygen evolution is not normal ly  apparent  at low 
potentials, at which this effect is still observed. 

Feldberg et al. (8) offer an explanat ion for this 
phenomenon in terms of a part ial  reduction of the 
p la t inum oxide film [which consists of PtO (27) if the 
potential  of the electrode is not greater than about 
1.8V] to PtOH, on the assumption that  the reduction 
of this compound is highly irreversible.  This is diffi- 
cult to accept on kinetic grounds, and it is hard to 
see how an oxide film some monolayers thick can be 
exactly half  reduced to a PtOH film with the same 
thickness. 

A previous publicat ion (10) has described the 
kinetics of oxygen reduct ion on a p la t inum surface 
prepared by electrochemical reduct ion to remove any 
residue oxide followed by anodic and cathodic pulsing 
(at a max imum anodic potential  of 1.2-1.5V) to pro- 
duce a surface free of adsorbed capil lary-act ive im-  
purities. If PtOH is the end product  of the reduction 

of the PtO produced in the anodic pulse, it would be 
expected that the electrode surface would be covered 
with a monolayer  of this material.  The surface pro-  
duced by this t rea tment  is, however, kinet ical ly simi- 
lar  to p la t inum pretreated by hydrogen reduction at 
500~ The lat ter  surface is unl ike ly  to carry any 
oxidized pla t inum;  in addition, it is hard to see how 
radicals such as O2H or O can be adsorbed on a surface 
bear ing a monolayer  of a similar species (OH) and 
still obey a Temkin- type  adsorption isotherm, in which 
the heat of adsorption of species of similar electro- 
negat ivi ty  (for example, OH, O, O2H) falls off as the 
total  coverage increases (28). This isotherm accurate-  
ly applies only at in termediate  coverages (0.2 < ~ < 
0.8); at ~-~ 0 or 1, adsorption is Langmuir ian .  Hence, 
with a coverage of - -OH close to unity,  the adsorption 
isotherm for O or O2H would be expected to be also 
Langmuir ian.  

It  seems reasonable to assume that  the charge im-  
balance in anodic and cathodic galvanostatic t rans i -  
ents is caused by diffusion of oxide ions into the first 
few monolayers of the p la t inum lattice (20) where 
they become inaccessible for reduction. Because of the 
high energy of the p la t inum lattice containing in te r -  
stitial oxygen, it is energetical ly difficult for the oxy-  
gen to diffuse out through the reduced outer one or 
two monolayers of plat inum. The lat ter  are envisaged 
to be, therefore, situated on top of a disordered highly 
strained lattice of Pt -O alloy, so that the surface after 
oxide reduction is a high-energy,  r andomly  oriented 
p la t inum layer containing numerous  vacancies and lat-  
tice defects. 

It is interest ing to note that  the "active" surface is 
not produced by pulsing to 1.5V, where  only one 
monolayer  of reducible oxide is involved (12). It  is 
necessary to strongly oxidize the surface by anodizing 
at high potential, followed by reduction at about 600- 
700 mV to remove the superficial reducible oxide layer. 
The disordered surface containing dissolved oxygen 
thus produced is not par t icular ly  stable, but is more 
stable than  would be expected for a very lightly 
platinized surface, of the type suggested by Anson (5). 

As Feldberg et al. (8) have shown, the active sur-  
face degrades very slowly above 700 mV, but  is re-  
duced relat ively quickly to give a normal  annealed 
p la t inum surface a t  300 mV. It seems likely that the 
ni t r ic-acid- t rea ted p la t inum surface reported by Hoare 
(29) is a similar  h igh-energy surface containing dis- 
solved oxide ions. 

Mechanism of Reaction on the Active Surface 
The principal  kinetic characteristics of the active 

surface are: (i) first order reduct ion of oxygen, and 
(ii) Tafel slopes of 1.79 R T / F  to 1.54 RT/F ,  depending 
on temperature.  In  addition, the surface is more active 
than annealed, oxide-free plat inum, less affected by 
impurities, and produces less hydrogen peroxide. 

On normal  (annealed)  p la t inum the Tafel slope is 
RT/F ,  and oxygen reduct ion is first order. It  has been 
shown that this is consistent with the ra te -de te rmin-  
ing step (10, 11) 

SOs -t- H + -I- e -  -* SO2H 

in which it is assumed that  the adsorption of SO2H 
follows the Temkin  isotherm. This is justified on the 
following grounds. The rate equation for the above 
reaction is 

i = 0'kF exp (--  ~ F V / R T  -- ~ r ~/RT) 

where ~ is a symmetry  factor, ~' is the coverage of 
molecular  oxygen, o is the total coverage of similar 
oxygenated compounds (--O, - -OH,  and --O2H) on 
the electrode surface, r is the change in heat of ab-  
sorption for uni t  change in a, and k is the specific rate 
constant. F, R, and T have their  usual  meanings.  Only 
the adsorption of the product of the reaction follows 
the Temkin  isotherm; the observation that  oxygen re- 
duction is first order implies that pO2 cc ~'; that  is, a 
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Langmuir  isotherm (at low coverage) operates for 
the reactant  (10). 

Assuming that  the oxidation products of water  ( - -O 
a n d - - O H )  are in equi l ibr ium on the electrode, and 
their  adsorption obeys a F r u m k i n  isotherm (Temkin 
approximation in the coverage range 0.2 < 8 < 0.8) 
then it can be shown in this in terval  of ~ (30) 

r 
OV/Oe = - -  

F 
and FV = r ~ (29) 
Hence 

i cc PO2 exp (--  F V / R T )  

Damjanovic and Brusic (11) have also shown that this 
t rea tment  is consistent with their  observed pH de- 
pendence. 

In principle, the oxygen electrode on oxide-free 
p la t inum behaves like a normal  charge transfer  proc- 
ess with a Tafel slope 2RT/F, which is progressively 
poisoned (i.e., the rate constant  decreases) by the in-  
creasing surface coverage of the oxidation products of 
water  with increasing potential.  The reduct ion reaction 
on the active surface apparent ly  involves the same 
ra te -de te rmin ing  step taking place under  conditions 
of increased heat of adsorption of the reaction in ter-  
mediate  ( - - O 2 H ) ,  2 thus accounting for the increased 
rates, and where  this effective poisoning (fall in rate 
constant  due to change in heat of adsorption with 
coverage) is less apparent.  We must  postulate that  the 
adsorption isotherm of O2H is more near ly  Langmui r -  
ian on the "active" surface. 

If we consider a surface with a high proportion of 
lattice defects, it is probable that  the range of energy 
distr ibutions at individual  defects is not too wide. On 
this basis, with only a small  number  of sites that  are 
active at any time, approximately Langmui r  conditions 
of adsorption at relat ively low coverage are possible. 
The effect of O = within  the lattice must  not be dis- 
counted. If the Temkin  isotherm on the annealed sur-  
face is caused by an induced heterogeneity effect, due 
to dipole interact ion at the surface, then the effect of 
lattice oxygen may be to reduce these interactions and 
allow a more Langmui r ian  isotherm to operate. 

The activation energy on the reduced annealed sur-  
face was previously determined to be approximately 
22.9 kcal at the reversible potential  (10). This figure 
contains a heat of adsorption term due to fall in bond-  
strength of reaction intermediates  as - - O  coverage on 
the electrode rises with potential. For  this reason, it 
is more legitimate to compare activation energies for 
the two surfaces at a potential  where coverage by 
adsorbed - - O  is low, ra ther  than at the reversible po- 
tential.  On this basis, the difference in activation 
energy at about 800 mV (n -- --400 mV) is (22.9-14.9) 
-- ( a l -  a2) nF  kcal, where al and ~2 are the mean 
transfer  coefficients on each surface. With ~ ,-~1.0 and 
~2 -- 0.59, this difference amounts  to approximately 
2.5 kcal. If one assumes that  the total increase in sur-  
face energy is equivalent  to about one surface defect 
for every ten surface atoms, then it is possible to ac- 
count for most of the activation energy decrease on 
this basis. If a p la t inum atom at a defect has extra 
energy avai lable for bonding equal to 4 available 
P t -P t  bonds, then the excess energy of each site (com- 
pared with normal  p la t inum)  is about 4 Ls/6 where 
Ls is the latent  heat of subl imation of plat inum. On 
the basis of Paul ing 's  equation (31) for the strengths 
of polar bonds, the increase in bond strength of the 
reaction intermediate  at each site will  be approximate-  
ly 

1 4Ls 
- -  ~ ,~ 40 kcal /mole  
2 6 

The net  increase in bond strength over the whole 
surface will  thus be about 4 kcal. If one assumes that  
the change in activation energy will  be given by ~ X 4 

2 T h i s  a lso  e x p l a i n s  t h e  l o w e r  p r o p o r t i o n  of  H~O2 d e t e c t e d  in  
c o m p a r i s o n  w i t h  t h a t  a t  t h e  a n n e a l e d  o x i d e - f r e e  s u r f a c e  (10). 

kcal where ~ is a symmetry  factor, a change of 2 kcal 
might be expected, with ~ ---- 1/2. 

It is also l ikely that  the electronic work function at 
a defect site is not canceling, i.e., it appears in the 
over-al l  rate equation. This possibility has been dis- 
cussed by Damjanovic,  Setty, and Bockris (32). Hence, 
if the electronic work function is lower at defects, an 
addit ional reduct ion in the activation energy may be 
expected. 

Conclusion 
The "active" surface of p la t inum is kinetical ly dif- 

ferent from a normal  annealed p la t inum surface pre-  
pared by reduction. This may be at t r ibuted to the 
effect of dermasorbed oxygen (20) wi th in  the first few 
layers of the lattice, and to a high degree of surface 
disorder. Since the s t ructure  of the surface is not 
stable, eventual  rea r rangement  and recrystall ization 
take place with the production of a p la t inum surface 
with normal  properties. The method of activation by 
anodizing and reducing is consequently not a promis-  
ing method for long- t ime improvement  in the electro- 
catalytic properties of the substrate. 
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Technical Notes Q 
Zinc-dichromate High Power Primary Cell 

Gianfranco Pistoia and Bruno Scrosati* 
Istituto Elettrotecnico, Universitd di Roma, Rome, Italy 

It is known that the electrochemical cells so far 
developed, at high discharge current  drains, i.e., cur-  
rent  densities greater  than 0.15 A/cm 2, general ly  have 
the characteristic of showing an appreciable voltage 
drop at the electrodes. This makes it impossible to ob- 
tain high specific power values, i.e., power densities 
greater  than  0.25 W / c m  2, with such systems. 

The characteristics necessary in an electrochemical 
system for the development  of a high power cell, i.e., 
a cell capable of tolerat ing high discharge rates, are 
in essence: (a) high values of open circuit potential  
(OCV), (b) veTy low in te rna l  resistance to ensure that  
IR drops through the cell are almost negligible, and 
(c) very low electrode polarizations even at high dis- 
charge rates. 

None of the high power ceils based on metall ic 
anodes and halogens as cathodes, such as Mg/C12 (1), 
Zn/C12 (2), and Mg/Br2 (3) has all these characteris-  
tics. In  these systems, in order to dissolve the halogens, 
it is necessary to use electrolytes containing halide 
salts, such as NaC1 and NaBr (1), CaC12 and ZnC12 
(2), and MgBr2 (3), which do not possess high specific 
conductivities. This results in an appreciable voltage 
drop under  discharge and, consequent ly  in the impos- 
sibili ty of obtaining high power values. Fur thermore,  
the necessity of a continuous supply to the positive 
electrode of the gaseous or l iquid halogen from a sep- 
arate container  creates enormous problems as far as 
both materials  and techniques are concerned. F ina l ly  
the high cost and the use of substances which are dan-  
gerously toxic makes this type of cell l imited in its 
application. 

It  would seem more practical to use, as a cathode, a 
couple in which the oxidized form is present  on the 
electrode support, as in the Zn/KIO3 (4) and Zn/AgO 
(5) systems, or, a l ternat ively,  in solution. The lat ter  
has some advantage over the former, since it does not 
require preformation of the cathode, as it is sufficient 
to provide an inert  electrode, such as graphite, at 
whose surface the oxidized species may be reduced. 

One of the cells which works with a l iquid depolar-  
izer is the zinc-dichromate cell. This cell is an old con- 
cept and could in principle be discharged at high cur-  
rent  drains (6). On the other hand the cell, in its old 
construction, presents serious disadvantages, such as 
electrode polarizations and very short shelf life, which 
have so far prevented its use for high power purposes. 
These disadvantages can be overcome by recirculat ing 
the electrolyte through the electrodes, choosing the 
best electrolyte concentrat ion and working tempera ture  
and by careful  design of the cell. Using a similar tech- 
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nique, Crowley et al. were able to realize a high rate 
performance cell based on a Mg/CrO3 system having 
a recirculat ing acidic electrolyte (7). 

In this work the characteristics and the performance 
of an improved zinc-dichromate cell are reported. 

Experimental 
Choice of electrolyte.--Before arr iv ing at the system 

Zn/Na2Cr207 in acidic solution, several other possible 
cathodic couples for the development  of high power 
cells, were taken  into consideration. Among these were 

$20.s2-/SO42- E ~ = 2.01V 
C03+/Co +2 E ~ = 1.81V 
M n O 4 - / M n  2+ E ~ = 1.69V 
Ce4+/Ce 3+ E ~ ---- 1.61V 

The respective voltage under  load of cells using each 
of these systems coupled with a zinc anode and in 
sulfuric solution was, at best, about 1V for current  
densities of the order of 0.05 A/cm 2. 

More encouraging results were obtained with systems 
util izing the Cr2072-/Cr 3+ couple and therefore at-  
tent ion was focused on this cathodic material .  The 
characteristics of the zinc-dichromate system were 
thoroughly studied, par t icular ly  as far as the composi- 
tion of the electrolyte and its recirculation procedure 
through the electrodes were concerned. 

It is known that the formal potential  of the Cr2072-/  
Cr 3+ couple varies widely with the na ture  and the 
concentrat ion of the acid (8). In HC1 and HC104 solu- 
tions, especially when dilute, the formal potential  is 
considerably lower than in H2SO4 solutions. It was 
noted that progressively increasing the H 2 S O  4 c o n c e n -  
t r a t i o n  up to 4.5M [32 w/o (weight per cent)]  the 
OCV of the zinc-dichromate system correspondingly 
increases to a value very  close to the 2.12V expected 
from the formal potentials of the two electrodes. 

Also the dichromate concentrat ion plays an impor tant  
role especially as far as the oxidation reaction rate is 
concerned (9). It is known that  in acidic solution the 
following equil ibria  are present  

HCrO4- ~ H + + CrO42- 

2HCrO4- ~- H20 -4- Cr2072- 

It appears that  the most active ion in the oxidation 
process is C r 2 0 7 2 -  which predominates at high con- 
centrat ions (8). It  follows that  the use of concentrated 
dichromate solutions is necessary in order to obtain 
the high reaction rates that  are essential to realize an 
electrochemical system able to work at high current  
drains. 
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Several  tests were performed with the system Z n /  
K2Cr20~ using a 32 w/o  H2SO4 aqueous solution and 
with a K2Cr207 concentrat ion increasing from 3 to 10g 
for 100g of sulfuric solution. The cell performance im-  
provement  was consistent with the concentrat ion in -  
crease. Potassium dichromate, however, is not very  
soluble and it was not  possible to reach a concentra-  
tion higher than  10 w/o  of the salt in  the sulfuric 
solution. Since sodium dichromate has greater solubil-  
ity, the Zn/Na2Cr20~ system was examined, with the 
dichromate concentrat ion increasing from 10 to 20 
w/o. Since concentrat ions higher than  15 w/o  did not  
improve the cell performance significantly, the solution 
H2SO4 32 w/o  and Na2Cr20~ 15 w/o  in water, was 
chosen as the opt imum electrolyte solution. 

Cell s tructure. - -A possible cell s t ructure  is shown in  
Fig. 1. This cell essentially consists of a circular amal-  
gamated zinc plate forming the anode which faces the 
cathode, a circular  graphite plate. The surface of each 
electrode is 50 cm 2 and the distance between them 
0.2 cm. 

The electrodes are kept at the desired distance by 
an iner t  support  on which are located both the inlet  
and the outlet for the recirculat ing electrolyte. The 
system is sealed by the external  casing and by gasket 
rings. The cell performance improves with the tem-  
perature  increase of the solution. In  order to avoid an 
external  heat source, an ini t ia l  working tempera ture  
has been chosen thai  could be obtained simply by mix-  
ing the Na2Cr207 aqueous solution with the sulfuric 
acid before the activation of the cell. For this purpose 
the sulfuric acid and the dichromate solutions are kept 
in two separate containers (Fig. 2). By this procedure 
it is possible to obtain a tempera ture  of 75~ and an 
electrolytic conduct ivi ty  of 0.97 ohm - 1 .  cm -1 com- 
pared wi th  0.66 at 20~ 

At the moment  of the cell activation, known amounts  
of the two solutions are released and mixed together 

�9 8 2 

1 8 

4 6 

Fig. 1. Cell structure: 1, zinc plate; 2, graphite plate; 3, elec- 
trode support; 4, electrolyte inlet; 5, electrolyte outlet; 6, gasket 
rings; 7, external case; 8, external contacts. 

:ol 
Fig. 2. Cell assembly: 1, cell; 2, sulfuric acid container; 3, di- 

chromate container; 4, mixing container; 5, pump; 6, exhausted 
solution outlet; 7, valve. 
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Table I. Performance of the cell Zn/H2SO4 (32%), 
Na2Cr20~(1S%)/C 

A v e r a g e  w o r k i n g  t e m p e r a t u r e ;  60~ OCV: 2.10-2.12V; 
e l ec t rode  su r face :  50 cm~; e l ec t rode  s e p a r a t i o n  0.2 cm, 

C u r r e n t  d e n s i t y  A v e r a g e  v o l t a g e  P o w e r  T i m e  of  d is -  
( A / c m  e �9 100) a t  e l ec t rodes  (V) ( W / c m  ~ �9 100) cha rge  (rain) 

1.6 1.88 3.0 50 
8.0 1.83 14.6 25 

13.6 1.76 23.9 lO 
20.0 1.64 32.8 10 
30.0  1.59 47.'7 8 
40.0 1.54 61 .6  5 
44.0 1.41 62.0 4 
48.0 1.22 58.5 4 
50.0 1.00 50.0 3 

in a third container  si tuated below. By means  of a 
pump, the electrolyte is then cont inuously recycled 
between the electrodes. The electrolyte inlets are de- 
signed so as to ensure a uniform distr ibution of the 
liquid on the plates. At the end of the cell operation 
the exhausted electrolyte is e l iminated from the mixing  
container  by an outlet at the bottom of the container  
itself. In this way the contact between electrodes and 
solution is restricted solely to the period when  the 
cell is operative. Consequently,  self discharge processes 
are minimized. A value in the upper  part  of the con- 
ta iner  el iminates the possibility of any  pressure bui ld-  
up. 

The electrolyte recirculat ion is extremely conveni-  
ent for this type of cell, because allowing a cont inuous 
renewal  of the l iquid layer  in contact wi th  the elec- 
trode surfaces avoids accumulat ion of reaction prod- 
ucts in the vicini ty of the electrodes. 

Results 
The performance of the cell is reported in Table  I, 

from which it can be seen that  the values of the voltage 
under  load remain  sufficiently high even at high dis- 
charge current  densities. This is due both to the very 
low value of the in terna l  resistance, calculated as 
0.004 ohm at the working temperature,  and to the rapid 
renewal  of the electrolytic solution. The first charac- 
teristic makes the IR drop almost negligible and the 
second avoids serious concentrat ion polarization effects. 

Figures 3 and 4 show the performance of this cell 
compared wi th  those based on the most common sys- 
tem so far developed for operation at high cur ren t  
density rates. It  can be seen that  the cell is able to 
furnish current  and power densi ty values twice as great 
as those of the Mg/Br2 cell (3) which to date has been 
considered the best of the high power cells operat ing 
for the periods of t ime shown in Table  I. For instance 
with the zinc-dichromate cell it is possible to obtain 

Mg/CL2 
/ 
I .... ~-~-~ M~/~,~ 

. . . . . . . . . . . . . . .  N. .__x% . . . . . . . . . . .  

i . . _ . . . . . . . . . .  ............... 

I 
~ o', o' ~ o'= o'~ o ~ 

CURRENT C~E~SITY { A I cm  2 ) 

Fig. 3. Voltage-current density for the zinc/dichromate and 
other batteries at high drain rates. Data related to Zn/AgO and 
Pb/HBF4 systems were obtained in pulse condition (10). For data 
related to Mg/CI2, Zn/CI~, and Mg/Br2 see ref. (1), (2), (3), re- 
spectively. 
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Zn/Na2Cr207 / / ~  

/ /  

/ / /  

/ /  
/ / ~g/~r~ 
/ - < , 1 ~  

~ . . .  zn/ct2 

CURRENT DENSITY ( A /cmz ) 

Fig. 4. Power-current density curve for the zinc-dichromate and 
other batteries at high drain rates. Data related to the Zn/AgO 
are obtained in pulse condition (10). For data related to Mg/CI.,, 
Zn/CI2, and Mg/Br2 see ref. (1), (2), (3), respectively. 

a m a x i m u m  power density value of about 0.62 W / c m  2 
at 0.44 A /cm 2, while the Mg/Br2 cell gives a max imum 
value of 0.28 W/cm 2 at 0.19 A/cm 2. 

No at tempt  has yet been made on optimizing the 
volume and the weight  of the cell and therefore no 
W/g  or W/cm 3 values are here reported. 

The low cost of manufacture ,  the safety, and the 
simplicity of use represent  other impor tant  advantages 
of the zinc-dichromate cell over the metal-halogens 
type. 
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Electrode Overvoltages in Molten Fluorides 
The Corrosion of Zirconium Electrodes in Molten KHF  

S. Pizzini  *'1, G. Sternheim 

Euratom CCR, Materials Department, Petten, North HolLand 

In  the previous papers (1,2) dealing with the 
evolution of hydrogen at bright  Pt  electrodes as well  
as in a paper of this series (3) dealing with the cor- 
rosion of a luminum electrodes in KHF2 melts, it was 
shown that  in anhydrous melts or in  melts where the 
water  contaminat ion is lower than  about 0.1% by 
weight, the l imit ing current  for the cathodic evolution 
of hydrogen and accordingly, the corrosion current  
of a luminum,  is negligibly small. Indeed, it has been 
felt that  the cathodic deposition of the refractory 
metals from KHF2 melts should be feasible if the 
solubili ty of the fluorides of the refractory metals in 
KHF2 melts is sufficiently high or if the diffusion co- 
efficient of the cations is high enough at the relat ively 
low working temperatures.  In  order to obtain pre-  
l iminary  information on this subject, zirconium was 
chosen as a test mater ia l  and corrosion as weI1 as 
polarization experiments  on zirconium electrodes were 
carried out. 

A flanged copper cell with Viton gaskets [a slightly 
modified version of the graphite cells described in 
ref. (2)] was used. As before, Teflon was used as a 
container  for the melt  and a graphite r ing as the 
auxi l iary electrode. KHF.~, twice-crystal l ized in water -  
10% ethanol  mixtures  and dried under  vacuum, was 
used. 

Pure  anhydrous  ni t rogen gas was used as cover gas 
to minimize the contaminat ion of the melt. Electrodes 

* Elec t rochemica l  Socie ty  Act ive  Member .  
1 P r e s e n t  address :  I s t i tu to  di  E le t t roch imica  e Meta l lu rg ia  del l '  

Universit&, v ia  G. Yenez ian  21, Milano,  I taly.  

of known geometrical dimensions (about 1 cm 2) were 
mechanical ly polished, r insed with ethanol, and then 
used for corrosion or polarization measurements.  The 
electrodes used for corrosion experiments  were quick- 
ly extracted from the melt  and cleaned in ethanol in 
an ultrasonic bath. Overvoltage measurements  were 
carried out by the galvanostatic method, as previously 
described (1-3). As reference electrode, an iso-elec- 
trodic zirconium or a hydrogen electrode was used. 
The voltage of a cell constituted by a hydrogen elec- 
trode and a zirconium electrode is about --500 mV. 
The solubil i ty of ZrF4 (added to the melt  after being 
previously dried under  vacuum) is of the order of 
2 x 10 -3 moles/ l i ter  at 250~ 

Figure  1 shows the ~ vs. current  density plot for the 
cathodic polarization of zirconium electrodes. From 
this figure one recognizes the presence of a l imit ing 
current  at about 1 x 10 -2 A /cm 2 and of small  plateau 
at about --1700 mV. 

Inspection of the electrode, after polarizing it at 
about --2000 mV, revealed the presence of a film of 
potassium metal. When anodically polarized, the elec- 
trode eventual ly  passivates. In  Fig. 2 the results of 
different corrosion experiments  (at different cathodic 
polarizing currents)  are reported. The exper imental  
value of /~ the corrosion cur ren t  under  conditions of 
spontaneous corrosion, equals 3.96 x 10 -2 A /cm 2 (aver-  
age of 20 exper iments) .  The corresponding mean  
square deviat ion is quite large (1.22 x 10 -2 A/cm2),  
thus indicating poorly reproducible  surface conditions. 
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Fig. 1. ~ vs. current density plot for the cathodic polarization of 
zirconium electrodes in KHF2 melts. Temperature, 250~ zirconium 
reference electrode. 
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Fig. 2. Weight changes vs. polarization current plots for the 
cathodic polarization of zirconium electrodes in KHF4 melts. Tem- 
perature, 250~ Weight changes are expressed in terms of corro- 
sion current. 

Figures 1 and 2 show that  the corrosion rate is greatly 
reduced and eventual ly  suppressed at voltages be-  
tween --1700 and --2500 mV. It appears, however, that  
when  the corrosion rate is zeroed, a discharge of po- 
tassium takes place. (The negligibly small  weight in-  
crease observed at the highest cathodic po]arization 
could, however, indicate s imultaneous discharge of 
Zr and K) .  The zirconium deposition rate is, however, 
insignificant for any technological application. As this 
behavior  is similar to that  of a luminum in the same 
melt  (3), discussion of these present  exper imenta l  
results could be carried out by analogy with the 
a luminum case, when  considering zirconium as a cor- 
rosion electrode. 

Figure 3 is a picture of the possible reactions which 
occur at such a corrosion electrode, when  the cathodic 
reactions are supposed to be, according to our previ -  
ous papers (1, 2), the reactions 

(a) HF  -}- e --> I&H2 -F F -  

May 1970 

---25O0 f . ~ : , _ .  / ~ . . ~ . m .  - -  

' Id. ~' Id,~ (~) ZrO2+4S30++4e~Zr+6 
E'~ .... ~ /  ~ - ' ~ ' ~ ' ~  t Id" I ~ - I ( ~ ) 1 ~  - -  - -  H2s 

] ---- '(~;) Zr+ + 4e -- Zr 
. . . . .  - . . . .  ; ~ : ,  . . . . .  

I - J ~ i  I (~I .2o '+,  ~-s20+~.z 

- -  0 . . - - ' J  i 
10-2 Sxl0-3 I ~ ' ' -  -5xl0" 3 _10-2 - 1.5xl0"2 ip(A c,,-2) 

Fig. 3. Schematic diagram of the partial anodic and cathodic 
reactions at a zirconium electrode in steady state corrosion con- 
ditions. 

and 
(~) H30 + -t- e --> 1/2H2 -b HeO 

both of which are diffusion limited. In  the case of (~) 
reaction it has been demonstrated that  the l imit ing 
current  is a funct ion of the water  content  (1). The 
overvoltage vs .  the current  density (c.d.) curves for 
(~) and (~) reactions, reported in Fig. 3 correspond 
to that  measured at Pt  electrodes in KHF2 melts  con- 
ta ining water;  al though the overvoltage for the Ha 
discharge could be very  different at the Zr electrode, 
the value of the l imit ing current  must  be the same in 
melts of the same composition. 

In  the same figure, a guess is also made for the shape 
of the overvoltage vs .  c.d. for the possible anodic re-  
actions 

(7) Z r ~  zr4+ �9 4e 

and [see also ref. (4) for the same reaction in aqueous 
solutions] 

(5) Zr Jc 6H20 ~ ZrO~ -}- 4H30 + -I- 4e 

Reaction (7), whose s tandard potent ial  ( indicated in 
Fig. 3 as E~ ~ has been calculated (5) from the free 
energy of the react ion 

Zr -I- 4HF ~-- ZrF4 -}- 2H2 AG 25~176 = -- 151.9 kcal /mole 
[1] 

for a melt  saturated in KF as well  as in ZrF4, 2 should 
account for the free corrosion of zirconium, when the 
part ial  cathodic reaction is reaction (a) 

(~) H F - F  e-> Y2H2-~- F -  

Reaction (5), whose s tandard potent ial  (indicated in 
Fig. 3 as E~ ~ has been calculated from the free ener-  
gy value of the reaction 

Zr W 2H20 = ZrO2 -t- 2H2 AG 250~ ~--- -- 132.2 kcal /mole 
[2] 

is the usual  expression for the half cell reaction of an 
oxide electrode (6). 

In  Fig. 3 the ~ vs .  ip curves for reactions (7) and 
(5) have been d rawn (as dotted and dashed lines) in 
a manne r  that supposes the absence of effects of over-  
voltages for reaction (7) 3 and a strong h inder ing  (due 
to the presence of a ZrO2 layer, possibly nonstoichio- 
metric) of reaction (5). 

Al though reaction [1] is apparent ly  the rmodynam-  
ically favored, reaction [2] should occur as soon as 

2 T h e  p o s s i b l e  f o r m a t i o n  o f  z i r c o n i u m  h y d r i d e  h a s  n o t  b e e n  a c -  
c o u n t e d  f o r ,  i n a s m u c h  a s  t h i s  e f f e c t  m a y  b e  c o n s i d e r e d  a s  a s l i g h t  
r e d u c t i o n  o f  t h e  t h e r m o d y n a m i c  a c t i v i t y  o f  z i r c o n i u m  m e t a l .  

s T h i s  c o n d i t i o n ,  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  z i r c o n i u m  i s  a 
" n o r m a l  m e t a l "  w i t h  a n  e x c h a n g e  c u r r e n t  o f  t h e  o r d e r  o f  10-2  
A / c m  ~, i s ,  h o w e v e r ,  u n e s s e n t i a l  f o r  t h e  t r e a t m e n t  w h i c h  f o l l o w s .  
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the accumulat ion of metal  cations and water  near  to 
the electrode leads to supersaturat ion and consequent 
precipitat ion of the sparingly soluble ZrO2. 

In  the same figure different possible values of the 
mixed potent ial  of the corrosion electrode have been 
indicated, which only depend on the shape of the an-  
odic overvoltage curve for reactions (7) and (5). Re- 
actions (~) and (~) in fact occur under  conditions of 
diffusion-limited current.  If it is supposed that reac- 
t ion (7) occurs, coupled with reaction (fl), then the 
value of the mixed potential  E'mixt closely corresponds 
to the E~r value and the corrosion current  i~ can be 
calculated from the known  value of id,~ as (3) 

i ~  ---- id,D 

Figure 3, where the curves of Fig. 1 (solid lines) are 
replotted by recognizing that  the inflection at --1750 
mV corresponds to the zirconium deposition plateau 
and that the plateau at --2000 mV corresponds to 
potassium deposition, shows, however,  %hat the poten-  
tial which the electrode takes under  current- less  con- 
ditions (i.e., E'"mixt) is definitely more anodic than  that  
corresponding to the E 'mix t  value. Moreover, the cor- 
rosion current  takes a value 

i ~  = 3 {d,/3 = 3 id,Zr 

(where id,Zr is the cathodic l imit ing current  measured 
at the Zr electrode, see Fig. 1) if we consider that the 
average content  of water  of a KHF2 bath after the 
t reatments  used for the present  experiments  corre- 
sponds to a l imit ing current  for the (#) reaction of 
about 1.3 x 10-2 A / c m  2 (1, 2). 

From the e vs.  current  density curves for the anodic 
polarization of a zirconium electrode reported in Fig. 
3, it appears that  the present  exper imental  behavior 
is well  accounted for, if one assumes that the electrode 
works according to reactions (8) and (~), i.e., as a 
covering layer  electrode. 

When considering a s tat ionary film thickness of the 
order of 1003, or less [as results from the extrapola-  
t ion of the data of ref. (4) to a formation voltage cor- 
responding to the overvoltage of the part ial  anodic 
reaction (5)] and ambipolar  migrat ion in the semi- 
conducting ~ layer, more insight into the corrosion 
mechanism could be gained by using the phase-scheme 
of Fig. 4 for a Zr, ZrO2 electrode. Here the electrode 
is represented as a "Korrosion Deckschicht Elektrode" 
according to Lange (9) and it is supposed that the 
ra te -de te rmin ing  step for the corrosion reaction is the 
diffusion of HzO + across the diffusion layer. Mobility 
of Z r  a + and O - -  in the ZrO2 film does not imply that  
we assume the migrat ion of ions as a volume process 
via lattice defects; faults, dislocations, and grain 
boundaries are a l ternat ive paths (10, 11). 

From Fig. 4 it is apparent  that  reactions (~) and (~), 
subdivided in the e lementary  reaction steps and wr i t -  
ten as 

(~ + Zr 4+ -- transf. + 8)Zr 4+ -> Zr 4+ 
I II 

I I l ia  III IIIb II 

r4+ rr .Zr4+ >Zr4+,___O.Zr 4+ > Zr 4+ 

I! H30~ +" H30 ~ 

H2 > H 2 
- e  > o<&, 

{ - -  �9 H 2 0  

.- Zr4+ 0 = ~o - 0 :  > 0 = [4+ . __ _ _  

Zr ZrO= 0 k - -  ~ SOLUTION 

Fig. 4. Phase scheme of a "Korrosion Deckschicht Elektrode." 
The metal phase is indicated with I, the oxide phase with Ill, and 
the solution phase with II. 6 indicates the thickness of the diffu- 
sion layer. Other Greek symbols indicate, as in the previous paper 
(3), reactions taking place at the interfaces Ilia and IIIb. 
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and 

(x + e-transl. + fl') H30 + + e-> H20 + ~/2H2 
I I  I I I  I I  

(where Zr 4 + -- t ransl ,  and e-transf,  indicate the mass 
and charge t ransfer  processes across the ZrO2 phase) 
occur s imultaneously at a rate which equals the l imi t -  
ing current  of fl reaction. 

If the coupling of reactions (7) and (~) were the 
unique process responsible for the corrosion reaction, 
then the corrosion current  /~ should equal the value 
of the l imit ing current  id,~. This is not apparent ly  the 
case, because of the side reaction with H20, which is 
a product of reaction (~) and reacts with Zr according 
to the part ial  reactions 

H20 + 2e * O = Hz (x + e-transf.  + x') II I III +II 

and 
(~) Zr 4+ --> Zr4+ 

I III  

and occur as well  with a ma x i mum rate which equals 
the id,~ value. In  steady state conditions we have 
therefore 

{~ =- id.D ~- 2 {dj] 

which is a figure very  close to the exper imental  value. 
This result  confirms the proposed model and suggests 
as a reasonable explanat ion for the observed codeposi- 
t ion of Zr and K, the permanence  (see Fig. 3) of a 
ZrO2 layer [with the overvoltage associated with the 
polarization of the electrode according to reaction (5) ] 
at voltages higher than  the discharge potent ial  of Zr 
according to reaction (7). 

Nomenclature 
E~ Potent ia l  of an electrode j, vs. a hydrogen elec- 

trode whose react ion is 
c Electrical potential  difference measured at the 

terminals  of the tensiometric cell 
ip  Polarizing current  A /cm 2 
i,~ Diffusion l imit ing cur ren t  
i~ Corrosion current ,  A /cm ~, when external  current  

is zero 
iK Corrosion current ,  A /cm 2 
iMe z+ = 1Me -- Zie 

Subscripts I, II, III  indicate the metal,  solution, 
and oxide phases, respectively. 

APPENDIX 
In this paper the symbols for the electrode reactions 

have been wr i t ten  according to our previous papers 
(1-3) and the nomencla ture  used is a slightly modified 
version of the Lange and GShr symbolism (6). 

The a rb i t ra ry  zero of the potential  scale of Fig. 3 is 
the potential  of the reaction (a) for hydrogen at 1 atm 
and HF at 39.8 mm Hg, which is the equi l ibr ium pres-  
sure of a melt  of KHF2 at 250~ saturated with KF. 

The potential  of reaction (~) is calculated according 
to ref. (1) by taking into account the free energy of 
the reaction 

H20 -}- HF ~ H30 + + F- 

(AG "" 9000 cal/mole at 250~ and corresponds, for 
}{20 at 1 atm and HF at the equilibrium partial pres- 
sure, to --263 InV. 
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~S. Aronson (8) quotes, a t  t empera tu res  a round 500~ an ionic 
transport number  of 0.35. 
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On the Electrical Analog Circuit for the 
Study of Metal Solution Interfaces by the 

Square Wave Technique for Capacitance Measurements 
R. G. Barradas* 

Depar tment  of Chemis try ,  Carleton Universi ty ,  Ottawa, Ontario, Canada 

and E. M. L. Yaleriote* 
Depar tment  of Physical  Chemis try ,  Universi ty  o~ Bristol, Bristol, England 

In an ear l ie r  paper  (1) we  eva lua ted  the  technique  
for capaci tance measurements  publ ished by  McMullen 
and Hacke rman  (2) and  repor ted  that  capaci ty  vs. 
potent ia l  (C. vs. E) curves change in using different  
values  of Rs [see ref. (1)] .  At  tha t  t ime the max imum 
possible values  of Rs were  used and we argued tha t  
there  was some empir ic ism in assuming the e lect r ica l  
analog of the  meta l - so lu t ion  interface.  In a subsequent  
communicat ion  (3) we suggested an expe r imen ta l  im-  
p rovement  in the  e lectrode assembly  to minimize the 
p rob lems  due to Rs. However ,  on fur ther  recons idera-  
tion, the  fol lowing electr ical  analysis  is now offered 
b y  way  of an appendix  as a more p laus ib le  explana t ion  
of some of the  anomalies  observed.  Refer r ing  to Mc- 
Mullen and Hackerman ' s  analysis  and nomencla ture  of 
t ime-po ten t i a l  curves it is not necessary to assume 
tha t  Rp ---- ~ (see Fig. 1). I t  is to be noted tha t  R~, 
should, in principle,  be more  r igorously  represen ted  
by  the  complex  fa rada ic  impedance  (Zr). The r e p r e -  
senta t ion  of a fa radaic  process by  a s imple resis tor  
(R D) is somewhat  res t r ic t ive  wi th  respect  to a priori 
separa t ion  of this  process f rom double  l aye r  charging.  
The exact  form of Zf depends  on the model  for  the  
faradaic  process. In  the  l imi t ing case, when Zf ap-  
proaches infinity, the  same conclusions wil l  be reached.  
Hence, one  could a l t e rna t e ly  rep lace  RI, by Zr t h rough-  
out this paper ,  and subsequen t ly  R by Z (see Eq. [13]), 
where  Z -~ (Rs q- Rc)ZI /Rs  d- Rc q- Zf, but  this  ap-  
pears  to be a less des i rable  choice because it would  
involve mix ing  complex  quant i t ies  wi th  pure ly  rea l  or 
imag ina ry  ones. However ,  this  s imple t r ea tmen t  is l im-  
i ted to near  idea l ly  polar izable  electrodes,  where  negl i -  
gible fa rada ic  processes occur, such as the  hanging  
mercu ry  drop  e lect rode (3) for which  the assumption 
tha t  Zr approaches  infini ty renders  the  model  depicted 
in Fig. 1 to be valid.  

If  Rc = 0 as s ta ted in case I [ref. (2)]  

E c =  RpEi [ ( e x p [ - - R p q - R s ] t ) ]  
- -  1 - -  [1] 
Rp -ff Rs RpRsC ~ 

RpRsC 1 
If  the  pe r iod  of the  square  wave  ~ < <  the  

(Rp q- Rs) 

exponent ia l  t e rm  in Eq. [1] can be l inear ized to give 
Er = Eit /RsC 1. Fol lowing  McMullen and Hackerman ' s  
analysis  [case I I I  in reL (2)]  when Rr = 0 one obtains  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Ex = i R c  q- Ei t /RsC 1 [2] 

as a correct  equat ion for Ex (the observed signal)  for  
each ha l f -cycle  obta ined  on the oscilloscope. The slope 
of the  observed  l inear  oscilloscope t race is then  given 
by 

dE• = Rc d i /d t  H- Ei/RsC 1 [3] 

The first t e rm on the r ight  hand  side of Eq. [3] is not  
independent  of the  pa rame te r s  in the  second t e rm and 
m a y  not be negl igible  in comparison.  The negl igence 
of Rc di/dt  is therefore  quest ionable.  

To invest igate  this point  more  r igorously,  the  circui t  
analysis  should be car r ied  out wi th  the in i t ia l  condit ion 
that  Rc could t ake  any va lue  (except  infini ty) .  Assum-  
ing tha t  Rp and Rs are  finite, appl ica t ion  of Kirchoff 's  
laws yields the  fol lowing equat ions 

Ei : iRs q- Ex [4] 

Ex : Ec q- iR~ [5] 

Ec = ip Rp [6] 

dEc/dt = ic/C 1 [7] 

i = ip + ic [8] 

Solving Eq. [4] and [5] gives 

ip 
Rp 

Rs ~ Rc I i i  ~ 

@ 
Fig. 1. Electrical analog circuit with the addition of GEN (gen- 

erator) and CRO (oscilloscope) symbols. 
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) R s + R c  + E l  ~ [9] Rs -5 Rc 
and 

Ei ---- (Rs -5 Rc)i -5 Ec [10] 

From Eq. [6] and [8] 

Ec = Rp(i -- it) [11] 

Combinat ion of the differentials of [10] and [11], and 
recall ing that  Ei is constant  dur ing each half cycle 

dEi = O -~ (Rp -5 Rs -5 Rc)di  -- Rp dic [12] 

In tegrat ing the right hand side of Eq. [12] using the 
boundary  condition that  at t = 0, Ec ---- 0; it follows 
from Eq. [4] and [5] that ( E i ) t = o = i / ( R s - s R r  
Sett ing 

R = (Rs -5 Rc) Rp/Rs -5 Rc -5 Rp [13] 
yields: 

ic Rs + Rc [ Ei ] and 
R Rs -5 Rc 

dic Rs -5 Rc di 
dt R dt [14] 

Combining Eq. [7] with [14] and the differential of 
[10] then results in 

die -- dt 
. :  = [15] 

~c RC 1 

Integrat ion of [15] from ir = Ei/(Rs -5 R~) to ic and t 
0 to t ---- t, and taking the exponentials  of the resul t -  

ing expression, one obtains 

Ei 
ic ---- - -  exp ( - - t / R C  ~) [16] 

Rs -5 Rc 

Subst i tut ion of [16] into Eq. [7], and integrating,  on 
substi tut ion into Eq. [9] leads to 

Ex= Ei ~ RsR } 
Rs -5 R--------~. L ~ [1 -- exp ( - - t / R C ' ) ]  -5 Re 

[17] 

t is always - -  T/2 dur ing  a half cycle, hence at large 
enough frequencies so that  t ~ ~/2 < <  RC 1 the ex-  
ponential  in [17] can be l inearized to give 

EiRc EiRs t 
E~ = ~ + �9 [183 

�9 Rs -5 Rc (Rs -5 Rc) 2 C 1 

the condit ion under  which l inearizat ion can be made 
equivalent  to ~/2 < <  C 1 (Rs -5 Rc), since R --> Rs -5 Rc 
as Rp --> oo. This condition is realized to a good ap- 
proximation as long as no faradaic process occurs. It 
is to be noted from Eq. [18] that  as long as the wave 
is linear, the form of Ex is independent  of the value of 
Rp. The slope of the output  wave is given by 

dEx Ei Rx 
[19] �9 ~ - -  ~ 

dt C 1 (Rs -5 Rc)2 
o r  

C 1 EiRs 1 
C . . . .  [20] 

A A ( R s  -5 Re) 2 (dEx/dt)  

where A is the electrode area and C is the differential 
capacity. If Rc < <  Rs then 

Ei 
C = [21] 

ARs (alEx~dr) 

Equation [21] is not dissimilar in essence from the one 
ul t imately  arr ived at by McMullen and Hackerman 
(2). However, when  Rc becomes significant compared 
to Rs, Eq. [21] will give values of C which are greater 
than those obtained from the more accurate Eq. [20] 
because Rs/(Rs -5 Rc) 2 is < 1/Rs for Re > 0. This anal -  
ysis goes a long way toward explaining the anomalous 
dependence of capacities on R~ reported in ref. (1). 
Examinat ion  of Fig. 2, 3, and 4 in ref. (1) suggests that  
a potential  shift is also occurring. An assumption that  
Rc changes as a function of potent ial  alone could not 
explain the difference between cathodic and anodic 
branches for small values of Rs. In all likelihood, it is 
more probable that for small values of Rs it is rea-  
sonable to consider that there is some undesirable  
faradaic reaction occurring in the case of the large Hg 
pool electrode (5 cm2), but  the faradaic process should 
be minimal  if not insignificant with the use of a hang-  
ing Hg electrode [ref. (1)].  Rc may  well  vary  as a 
function of potential  if it is not to be regarded as 
purely the electrolyte resistance. In  any case, it is pos- 
sible to incorporate the nonelectrolyte component  of 
Re into a term such as Zf if R,  is replaced by it; thereby 
making Rc the electrolyte resistance only  (6). The 
anomalies for large Rs values ( implying constant cur-  
rent  conditions) appears in all probabil i ty  to be solely 
due to departure  from constant  current  conditions at 
given potential  if a faradaic process was occurring, in 
which case the simple model shown in Fig. 1 would be 
invalid unless the form of Zf and its coupling with 
the charging impedance were considered as ment ioned 
earlier. The present model is not intended, as stated 
previously, to cover such a case and the technique is 
not meant  to be used under  such conditions. Consider-  
ing the avai labi l i ty  of many  other more accurate meth-  
ods for de termining  capacitance data from slopes of 
oscilloscope traces [see e.g., ref. (4) and (5) ] the tech- 
nique as published by McMullen and Hackerman (2) 
does not appear to war ran t  fur ther  complicated theo- 
retical considerations. McMullen and Hackerman's  ob-  
jective was meant  for a specialized application, namely  
to obtain electrode surface area measurements  where 
no faradaic processes occur. The technique could indeed 
be useful under  either constant current  or constant  
voltage conditions. 
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A Simple Cell and Reference Electrode for 
Voltammetry in Alkaline Melts 

E. Banks,* C. W. Fleischmann, *,l and L. Meites ~ 
Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York 

Various techniques are used to provide conductance 
between two or more  otherwise isolated compar tments  
of an electrolyt ic  cell. For  mol ten  salt studies, isola- 
tion of the compar tments  is usual ly accomplished by 
fr i t ted glass, porous silica disks, or asbestos plugs. 
Examples  are  given in recent  reviews (1-4). These 
materials,  however ,  are severely  at tacked by alkaline 
melts. For  use in such melts, par t icular ly  those of 
the alkali  tungstates, a simple, inexpensive,  and easily 
constructed two-compar tmen t  cell was designed. This 
cell employed commercia l  laboratory porcelain as a 
nonporous conduct ive  separator  be tween  the working 
and reference half -cel l  compartments .  

Sodium glasses have been employed as conductive 
separators in mol ten salts (5, 6), but  the use of glass 
limits work  to below 500~ Labrie  and Lamb (7), 
however ,  developed a reference electrode employing 
the A g / A g ( I )  couple in which a sodium-containing 
porcelain separator  was used in melts  up to 900~ 
These workers  also demonstra ted the feasibil i ty of 
commercia l  porcelain as a separator.  

Reference half-cel ls  revers ible  to oxygen have  been 
employed in oxide-conta ining melts  (1-4), but be-  
cause they are inconvenient ,  they  have not been 
recommended (3) for use in fused-sal t  vo l tammetry .  
A large Pt electrode is f requent ly  employed as a ref-  
erence for vo l t ammet ry  in melts  (1-4), but since it 
had not been demonstra ted that  such an electrode is 
wel l  poised in tungstate  melts, a metal,  meta l  ion 
couple was preferred.  The A g / A g ( I )  couple has been 
used as a reference in a number  of melts  (1-4), and 
Ag/Ag2WO4 was found to be a successful half -cel l  for 
use as a reference with  the present  cell  design. 

The Ag2WO4 used in these studies was prepared by 
precipi tat ion f rom aqueous solutions. A fil terable pre-  
cipitate was obtained by mixing together  O.l-0.2F 
solutions of reagen t -g rade  AgNO3 and Na2WO4 and 
al lowing the precipi tate  to digest, overnight ,  in the 
dark. The precipi tate  was washed several  t imes with 
water,  then acetone, and dried in air. 

The cell  is i l lustrated in Fig. 1. A 5-ml Coors por-  
celain crucible served both as the container  for the 
Ag/Ag2WO4 reference  hal f -ce l l  and as the conductive 

* Electrochemical Society Active Member. 
~ P r e s e n t  a d d r e s s :  M a l l o r y  B a t t e r y  C o m p a n y ,  T a r r y t o w n ,  New 

York.  
P r e s e n t  a d d r e s s :  C larkson  Col lege  of  T e c h n o l o g y ,  P o t s d a m ,  N e w  

York. 
K e y  w o r d s :  f u s e d  salt  v o l t a m m e t r y  cell;  s i l ver - s i l ver  t u n g s t a t e  

re ference ,  v o l t a m m e t r y  f u s e d  Cd(II) tungstate. 

A A 

G 

E / \ o  
Fig. 1. Two-comportment cell for voltommetry. A, alumina tub- 

ing; B, study melt; C, 10-ml porcelain dish, D, study electrode; E, 
silver wire; F, Ag2WO4; G, 5-ml porcelain crucible. 

septum. This crucible was placed in a 10-ml porcelain 
t ray along with  the  study melt.  For  improved con- 
ductance, the area of the crucible in contact with the 
mel t  was increased by placing the crucible on a loose 
pla t form of alumina tubes or rods. The resistance be-  
tween the reference and working  electrodes was de-  
te rmined for each cell by means of an a-c bridge so 
that  the recorded vo l tammograms  could be corrected 
for the potent ial  drop across the porcelain. 

Reproducibi l i ty  of the potent ial  of a Ag/AgeWO~ 
hal f -ce l l  was determined to be ~-10 mV from the po- 
tentials of nine cells of the composition 

Ag/Ag2WO4//Na2WO4//Ag2WO4/Ag 

Potentials  were  measured  at 750~ with  the cells 
under  argon. A second measurement  on some cells was 
made af ter  3 hr  to establish the extent  of the potential  
drift  wi th  time. Table I records the potent ial  of cells 
prepared as follows: Cells 1 th rough 4, constructed 
f rom freshly synthesized Ag2WO4 and previously  un-  
used Ag-wi re  electrodes; Cells 5 and 6, one half -cel l  
was prepared f rom Ag2WO4 recovered f rom a p rev i -  
ous reference compar tment ;  and in cells 8 and 9, new 
and previously used si lver wires were  opposed. In cell 
7, one porcelain crucible was of more recent  manu-  
facture  than the other  (8). 

Ag/Ag2WO4 half-cel ls  are polarized only about 5 mV 
at 100 m A / c m  2 (750~ as shown by an extrapolat ion 
of the cur ren t -vo l tage  data in Fig. 2 to that  current  
density. This figure gives the total  polarizat ion of the 
anodic and cathodic reactions at two si lver wire  elec-  
trodes immersed in silver tungstate.  The polarization 
at each electrode may  be taken to be 2-3 mV at 100 
m A / c m  2 assuming that  the anodic and cathodic con- 
tr ibutions to the total  polarizat ion are equal. This as- 
sumption is supported by vo l tammograms obtained at 
s i lver  microelectrodes in Ag2WO4 which did show 
equivalent  anodic and cathodic polarizations. 

Since most vo l tammetr ic  studies employ a small  
study electrode (e.g., a 1-mm diameter  Pt  bead) ,  the 
current  density at the reference would be of the order 
of 1 m A / c m  2. Such a current  density would give rise 
to negligible polarization as may  be read f rom Fig. 2. 

Table I. Potentials of cells: Ag/Ag2WO4//Na2WO4//Ag2WO4/Ag, 
750~ 

P o t e n t i a l  
Fu l l - ce l l  P o t e n t i a l  a of  cell ,  V 

No.  of  cell,  V a f ter  3 hr D e s c r i p t i o n  o f  cellb 

1 0 .00619 - -  B o t h  h a l f  cel ls  w e r e  c o n -  
2 0.0140 0 .0094 s t ruc ted  f r o m  f r e s h l y  s y n t h e -  
3 0.00376 - -  s i zed  Ag2WO4 and  p r e v i o u s l y  
4 0 .000496 0.00175 u n u s e d  A g - w i r e  e l ec trodes .  

5 0 .0388 - -  O n e  ha l f - ce l l  w a s  p r e p a r e d  
6 0 .00923 0.00845 f r o m  Ag2WO~ r e c o v e r e d  f r o m  

a p r e v i o u s l y  r e f e r e n c e  c o m -  
p a r t m e n t .  

7 0 .00150 - -  N e w  a n d  p r e v i o u s l y  u s e d  s i l -  
8 0 .00507 0 .0004 v e r  w i r e s  w e r e  o p p o s e d .  

9 0.0033 - -  One  cruc ib le  w a s  o f  m o r e  r e -  
c e n t  m a n u f a c t u r e  t h a n  t h e  
o ther .  

a P o l a r i t y  a l w a y s  s e l e c t e d  to  g i v e  p o s i t i v e  cel l  potent ia l s .  
O t h e r w i s e  as  for  Fu l l - ce l l  No .  1-4. 
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Fig. 2. Current-voltage data for two Ag electrodes in Ag2WO4, 
750~ Constant current applied in increasing steps; potential read 
after 30 sec. 
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P O T E N T I A L  vs A g / A g 2 W O  4 , v o l t s  

Fig. 3. Voltammograms for Pt bead (0.03 cm 2 area) in Na2WO4 
containing: (a) 0.2 m/o Cd(ll), (b) 0.4 m/o Cd(ll), 750~ Sweep 
rate,--250 mu 

The cell  shown in Fig. 1 was employed  to s tudy the 
reduct ion of WO3 and s imple cat ions from a lka l i  tung-  
state melts.  As an i l lustrat ion,  Fig. 3 presents  vo l t am-  
mograms obta ined for the  reduct ion  of 0.2 and 0.4 
m/o  (mole per  cent)  Cd ( I I )  f rom Na2WO4, 750 ~ at  a 
P t  bead  (0.03 cm 2 a rea) .  

This cell  design was also employed  for synthesis.  
Fo r  e lectrosynthesis  at  constant  cur ren t  when  it  is 
not  des i red  to moni tor  the  potent ia l  of the  s tudy  elec-  
trode,  any sui table  couple m a y  be employed  on the 
other  side of the  porce la in  membrane .  As an example ,  
tungsten bronzes were  e lec t rodeposi ted  f rom po ly -  
tungs ta te  mel ts  and a sui table  anodic react ion on the 
o ther  side of t he  porce la in  was the  e lec t ro -ox ida t ion  of 
a lka l i  tungs ta te  at  Pt.  
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ABSTRACT 

Although anodization of zirconium and its alloys general ly results in  the 
formation of bar r ie r - type  films, porous anodic oxide films can be produced 
in some electrolytes and by some preparat ion techniques. A survey of com- 
mon electrolytes reveals that those containing nitrate,  chromate, dichromate, 
and phosphate ions commonly lead to porous anodic films. An electron micro- 
scope study of the films produced in these electrolytes, and others giving 
bar r ie r - type  films, has shown that no single explanat ion fits all instances of 
porous film formation. While incorporation of the electrolyte anion in the 
oxide may be the pr imary  factor influencing the formation of porous oxide 
films, it appears to operate pr imari ly  by affecting the local t ransport  of oxygen 
ions through the films. This effect may be achieved by influencing the crystal-  
lization of the oxide during growth so that in some instances local oxidation 
and cracking occur at grain boundaries,  while in other instances it leads to 
the general  development  of a porous structure. 

Zirconium and Zircaloy-2 readi ly  form bar r ie r - type  
anodic oxide films in a wide range of electrolytes (1-4), 
including gaseous plasmas (5). A few instances of the 
formation of thick porous anodic films have been re-  
ported, general ly associated with anodization at high 
voltages in solutions containing the ni t ra te  ion (1, 6). 
We have found that porous films can be formed even 
at low voltages and have used such films in testing a 
porosimeter designed to measure pore sizes in zirconia 
films in situ (7, 8). 

It was found that the capacitance, and especially the 
resistance, of even the bar r ie r - type  oxide films was 
much less than would be predicted from optical mea-  
surements  of the oxide thickness and previous mea-  
surements  of the resistivity of zirconia films using dry 
metallic contacts (9, 10). This effect was most pro- 
nounced for Zircaloy-2, an alloy containing small  
second phase particles, but  was also present  with the 
batch of crys ta l -bar  zirconium used in our experi-  
ments. 

It appeared that  there might be a whole spectrum of 
degrees of porosity from electrolyte to electrolyte, and 
we set out to study this possibility and to correlate the 
effect with observable variat ions in the ionic t ransport  
process through the oxide film. 

Experimental 
Paddle shaped specimens, with 2 x 2 cm blades, were 

cut from one sheet of crys ta l -bar  zirconium (Be) and 
one of Zircaloy-2 (Bh). Analyses of these batches of 
mater ia l  are listed in Table I. The specimens were 
chemically polished in mixed ni tr ic/hydrofluoric acids, 
washed in water  and alcohol, and weighed prior to and 
after anodization. 

Anodization was carried out either by the stepwise 
constant  voltage technique, holding for different pre-  

* Electrochemical Society Active M e m b e r .  
K e y  w o r d s :  z i r c o n i u m  alloys, oxidation, anodization, o x i d e  f i lms,  

morphology, electron microscopy. 

determined times in the range 0.5-100 min  at each volt-  
age step or by the constant  current  technique with 
applied currents  between 1.0 and 5.0 m A / c m  2 and a 
predetermined final voltage. The electrolytes used were 
"normal" solutions of the following in water:  H2SO4, 
Na2SO4, HNO3, NH4NO3, KNO3, KNO2, KOH, NH4OH, 
K3Fe(CN)6, K2Cr2OT, KCrO4, tartaric, lactic, formic, 
oxalic, acetic, and citric acids; saturated solutions of 
potassium persulfate, ammonium borate, and boric 
acid; 2% ammonium borate in ethylene glycol; 0.5M 
NH4NO3 in ethylene glycol; 85% phosphoric acid; a 

Table I. Analysis of crystal-bar zirconium and Zircaloy-2 batches 

C r y s t a l - b a r  Z i r -  Z i r c a l o y - 2  
E l e m e n t  c o n i u m  (Be) ,  p p m  ( B h ) ,  p p m  

AI <25 <40 
B <0.2 <0.2 
C 35 80 
Ca i0 --  
Cd <0.3 <0.2 
Co <5 <5 
C r  20 0.09* 
Cu < 2 5  <20 
Fe S0 0.14" 
H 2 10 
I-If 75 60 
Mg <I0 <i0 
M n <I0 <10 
Mo <I0 --  
N 12 20 
N a  <I0 --  
N b  <I00 --  
N i  < 1 0  0.0'5* 
O <5 I000 
Pb <40 
Si <40 7-O 
Sn  < 1 0  1.45" 
T a  <200 <200 
T i  <20 <20 
V <5 - -  
W < 2 5  - -  
Zn <50 --  

* W e i g h t  p e r  cen t .  
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1:2: 3 mixture  of water, oxalic acid, and ethylene glycol, 
and a complex solution recommended by workers at 
Oak Ridge National  Laboratory (4). 

At the final anodization voltage and time the d-c 
source was disconnected and the leakage rates of the 
films determined by plott ing the voltage decay on a 
high speed recorder. The anodic oxide surface was ex- 
amined by optical microscopy, replica electron micros- 
copy, and scanning electron microscopy. The meta l -  
oxide interface was examined with the scanning elec- 
t ron microscope. The electrical properties of the films 
were determined with a GR1680A automatic impedance 
bridge dur ing immersion in a molar  ammonium ni t ra te  
solution; capacitative and resistive components (based 
on a paral lel  equivalent  circuit) were followed as a 
funct ion of immersion time. Measurements were also 
made using mercury  and Viking alloy LS232 liquid 
metal  contacts (8), and in a mercury  porosimeter de- 
signed to measure pore sizes in insulat ing oxide films 
(7). 

The "optical thickness" of the oxide films was de- 
termined by comparing the interference colors of the 
oxide on individual  metal  grains with a calibration 
strip prepared using the data of Wilkins (11) and 
checked with a spectrophotometer. The refractive in-  
dex of the films was assumed to be insensit ive to the 
forming electrolyte. The insensi t ivi ty of the refractive 
index to the forming electrolyte was demonstrated by 
Wilkins (3) for a l imited range  of electrolytes, and 
has been general ly assumed to hold for all electrolytes 
by other investigators (4, 12). The "capacitative thick- 
ness" was determined from the capacitative com- 
ponent  of the a-c impedance of the specimen, assuming 
the oxide to be effectively a paral lel  sided slab of 
dielectric. Average current  efficiencies were deter-  

mined from the optical thickness and the t ime taken to 
reach the final voltage. Ins tantaneous current  ef- 
ficiencies were calculated from the slope of the volt-  
age/ t ime plot on the assumption that  the formation 
rate (A/V) was constant  throughout  the period of film 
growth. 

Results 

Electrical measurements.--Selected measurements  of 
optical thickness and impedance of the oxide films are 
presented in Table II to demonstrate  the variations in 
the behavior  observed in the various electrolytes. 
Fur ther  details may be obtained from the author. The 
oxide formation rates (based on the optical thickness 
of the oxide) for those electrolytes where sufficient 
specimens were anodized to give a meaningful  average 
are quoted in Table III in comparison with other pub-  
lished values for which the formation method is 
known. Porous oxides could be detected electrically 
either by following the change in capacitance of a 
specimen with t ime after immersion in an aqueous 
electrolyte (Fig. 1) or by comparing the apparent  
thickness indicated by liquid metal  and aqueous elec- 
trolytic contacts [see Ref. (8), Fig. 19]. The much 
greater degree of porosity of the films formed in 
NH4NO:~ than in H2SO4 could be readi ly seen from the 
separation of the curves of apparent  thickness mea-  
sured in an aqueous electrolyte and in mercury.  The 
capacitative thickness of apparent ly  nonporous films 
is plotted against their  optical thickness in Fig 2. 

The degree of porosity of the other anodic films was 
also estimated from a comparison of the apparent  
oxide thickness measured with mercury, LS232, and 
an aqueous electrolyte as contacts (Table II) .  A con- 
sistently higher apparent  thickness in the liquid metals 

Table II. Properties of anodlc oxide films formed on zirconium and Zircaloy-2 

F i n a l  Opt ica l  I m p e d a n c e  
S p e c i m e n  F o r m i n g  v o l t -  F o r m i n g  t h i c k -  l / C ,  cm'-'//zF Specif ic  res i s tance ,  o h m  • l0  s 

No.  e lec t ro ly te  age,  V me thod*  ness,  A H g  LS232 NH4NO3 t i g  LS232 NH4NO3 C o m m e n t s  

Zirconium specimens 
Be 95 KCrO~ 25 C 500-650 3.83 3.34 2.97 34.8 28 13.2 "~ 
Be 153 Na2SO4 25 C 300-650 3.48 2.80 2.72 40.0 26 15.2 ~ See Fig.  5 a n d  6 
Be 154 Ci t r i c  25 C 300-650 4.08 4.09 2.68 51.8 21 12.7 
Be 155 NH4NOs 25 C 300-650 4.51 3.68 2.98 12.4 39-0.002 10.7 
Be 24 KNO.o 156 V 3350 - -  17.3 16.4 - -  62 60 ] 
Be 34 K O H  144 V 3820 - -  21.2 19.6 - -  185 11.7 I I n c r e a s i n g  f laws or  po ros i t y  
Be 23 H~SOI 144 V 3350 - -  19.5 17.5 - -  55 42 in  the  ox ide  
Be 31 O R N L  125 V 2400 - -  13.4 8.6 - -  49 3.89 / 
Be 40 NH4NOs 112 V g ray  313 177 8.0 

Zircaloy-2 specimens 
B h  257 A m m .  Bor.  25 C 500 3.49 3.17 3.14 64.1 15 9.54 
Bh  265 Na,~O4 25 C 375 3.32 3.00 2.97 7.29 40 20.4 
B h  330 KeSzOs 25 C 400 3.81 3.25 3.36 59.0 38 20.0 A p p a r e n t  o rde r  of inc rcas -  
B h  258 K2Cr.,,O7 25 C 550 5.39 6.04 4.23 5.79 53 12.4 i ng  f laws or po ros i t y  
B h  266 HsPO~ 25 C 575 9.66 10.13 2.51 50.5 29 10.3 | 
B h  238 NH4NOs 25 C 500-1400 11.5 16.2 2.44 37.3 160 1.46 1 
B h  320 KOI-I 100 V 2550 - -  13.0 12.14 - -  72 39.2 | 
B h  321 KNOz 100 V 2660 32.4 15.0 12.85 0.015 47 36.7 ] I n c r e a s i n g  f laws or po ros i t y  
B h  249 H2SOJ 98 V 1990 11.7 12.7 9.69 in  the  ox ide  
B h  354 ORNL 100 V 1930 18.6 10.7 2.59 0.025 99 0.08 
B h  227 NH4NOs 96 V ~ 4 0 0 0  121 70 5.86 

* F o r m i n g  m e t h o d :  V = c o n s t a n t  v o l t a g e ;  C = cons t an t  cu r ren t .  

Table III. Formation rates of anodic oxide films on zirconium and Zirca[oy-2 

Formation 
Elec t ro ly t e  F o r m a t i o n  m e t h o d  ra te ,  A / V  Re fe rence  

0.5M H'zSOI S t epwi se  cons t an t  vo l t age ,  ~ 5  ra in  d e c a y / s t e p  16.8 Th is  w o r k  
O.5M H~SO~ S t e p w i s e  c o n s t a n t  vo l t age ,  1-2 h r / s t e p  22 This  w o r k  
0.SM H~SO~ S tepwise  c o n s t a n t  vo l t age ,  ~ 2 4  h r / s t e p  25.5-29 Th i s  w o r k  
0.1M H..,SO4 S t e p w i s e  c o n s t a n t  vo l t age ,  decay  to 0.2 m A / c m  -~ 16.9 W i l k i n s  (3) 
1.0M K O H  S tepwise  cons t an t  vo l t age ,  ~ 5  ra in  d e c a y / s t e p  22.2 Th is  w o r k  
1.0M K O H  C o n s t a n t  c u r r e n t  1.0 mA/cm~,  no decay  21.1 Th i s  w o r k  
1% K O H  C o n s t a n t  c u r r e n t  10 mA/cm~,  decay  to  0.2 m A / c m ~  26.5 W i l k i n s  (3) 
1% N a O H  C o n s t a n t  c u r r e n t  10 m A / c m  ~, decay  to  0.2 m A / c m  e 25.3 W a n k l y n  (13) 
ORNL so lu t i on  S t epwi se  c o n s t a n t  vo l t age ,  ~ 5  ra in  d e c a y / s t e p  16.3 Th is  w o r k  
ORNL so lu t i on  C o n s t a n t  cur ren t ,  1.0 m A / c m  ~ 15.0 Th is  w o r k  
ORNL s o l u t i o n  C o n s t a n t  vo l t age ,  30 sec decay  14.5 B a n t e r  (4) 
Sat.  a tom.  bo ra t e  S t epwi se  c o n s t a n t  vo l t age ,  ~ 5  m i n  d e c a y / s t e p  19.5 Th is  w o r k  
Sat.  a tom.  bora te  S t epwi se  cons t an t  vo l t age ,  ~ 1  h r  d e c a y / s t e p  20.0 Th i s  w o r k  
Sat .  a tom.  bo ra t e  S t epwi se  c o n s t a n t  vo l t age ,  ~ 2 4  h r  d e c a y / s t e p  ~ 3 0  This  w o r k  
Sat .  a m m .  bo ra t e  Stepwi~e  c o n s t a n t  vo l t age ,  decay  to 0.2 m A / c m  ~ 22 W a n k l y n  (13) 
S o d i u m  b o r a t e /  S t epwi se  cons t an t  vo l t age ,  5 m i n - 1  h r  decay  27 S a l o m o n  (14) 

bor ic  ac id  
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Fig. 1. Comparison of impedance vs.  immersion time curves for 
porous and nonporous anodic oxide shewing equality of barrier layer 
oxide thickness for both specimens. 
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Fig. 2. Relation between optical and capacitative oxide thickness 
for films formed in various electrolytes. 

is indicative of the total oxide thickness, while the 
final apparent  thickness in ammonium ni t ra te  mea-  
sures the barr ier  thickness. The sizes of the flaws 
present  in some films have been determined using a 
mercury  porosimeter (Fig. 3) and the results can be 
correlated with the observed defects seen by  electron 
microscopy [see Ref. (7) for details]. 

During forming at constant current  the characteristic 
plateau (13) in the vol tage- t ime curve was often ob- 

w 

(n 

O. 

BHE49 

IO,O00 SO0 300200 (EQUIVALENT PORE 
I0100 I00 

OOI I I ,  I i i ~ tOi RAmQS) 

Lo = Io 3 Io" ~o 5 
PRESSURE { I b / i n Z o b s )  

Fig. 3. Porosimeter curves for barrler-type anodic oxide films 
formed in sulfuric acid (Sh 248, Bh 249) end a porous anodic film 
formed in ammonium nitrate (Bh 245). 

served. The durat ion of this plateau varied enormously 
with the electrolyte being used and in any given elec- 
trolyte was always longer for Zircaloy-2 specimens 
than  for zirconium specimens. During the plateau 
localized oxygen evolution could be observed at a 
n u m b e r  of sites. Anodization was at tempted ini t ia l ly 
at ~1 mA/cm2 for all specimens; in some instances the 
current  had to be increased as much as a factor of five 
before the plateau could be passed. The current  was 
re turned to 1 mA / c m 2 once film growth resumed. Typi-  
cal examples of the shapes of the constant  current  
curves for Zircaloy-2 are shown in Fig. 4, and for zir- 
conium in Fig. 5. The voltage decay curves were ob- 
ta ined for zirconium and Zircaloy-2 specimens after 
formation at constant  current.  Examples are shown in 
Fig. 6. The decay currents  of specimens formed at con- 
stant  voltage in different electrolytes were also mea-  
sured [see Ref. (8), Fig. 24]. 

Visual observat ions.- -Observat ion of the specimens 
in the optical microscope showed that  (for most elec- 
trolytes) the interference colors were uni form over 
the zirconium matrix.  Large intermetal l ic  particles 
were clearly different in interference color from the 
sur rounding  matrix,  but  in most instances were too 
small  for the film thickness on the intermetal l ics  to be 
determined in the optical microscope, or even to esti- 
mate whether  it was greater or less than  the sur-  
rounding oxide thickness. Electrolytes giving porous 
oxide films commonly yield i r regular  interference 
colors, and some other electrolytes reproducibly  gave 
local variat ions in oxide thickness. 

Examinat ion  of the specimens with the electron 
microscope and scanning electron microscope showed 
that most anodic films, especially on Zircaloy-2, con- 
ta ined a number  of flaws, even when they would be 
classified as good bar r ie r - type  oxide films from an 
examinat ion of the electrical measurements.  These 
flaws fell into a few characteristic types (i l lustrated 
by Fig. 7-9) which appeared commonly in  a number  of 
solutions and in the case of cracking at grain bound-  
aries became more prominent  with increasing oxide 
thickness. 

:~" I 
I e /D 

/ 

i/ i ~0 - / 

/ 
/ 
/ 
/ 

IS - / 

/ F, 
/ 

IO �9 / 

4/; 

/ 

i ! 

I / / / 
/ - 

/ /~.~ 
/ - 

/ ,+ 

2 S 4 5 0 I 
TIME (MINUTES) 

Fig. 4. Voltage-time curves for Zircaloy-2 specimens anodized in 
organic acid electrolytes. Numbers by curves indicate current den- 
sity where this was increased above 1 mA/cm ~ to overcome the 
plateau in the anodization curve. Specimens anodized in (a) citric 
acid, (b) tartartic acid, (c) oxalic acid, (d) lactic acid, (e) 
acetic acid, (f) formic acid. 
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Fig. 7. Cracks forming along prior metal grain boundaries in 
anodic oxide film formed in sulfuric acid specimen (Bh 249, 96 V). 
X 20,000. 

r i { 
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Fig. 5. Constant current anodization of unalloyed zirconium at 
I mA/cm s. Specimens anodized in (a) KCrO4, (b) NH4NO3, (c) 
citric acid, (d) Na2SO4. 

z o  

q 

O,T I I TIME 110 {SECONDS ) I00 I000 

Fig. 6. Decay of the formation voltage for specimens of unalloyed 
zirconium shown in Fig. 5. (a) KCr04, (b) NH4N03, (c) citric acid, 
(d) Na2S04. 

However, the phenomena which were studied in 
most detail  were those leading to more severe break-  
down of the oxide and to generally porous oxide films. 
These can be divided into three different types of 
failure. 

1. Formation of thicker oxide along grain boundaries 
and around intermetallic particles leading to cracking 
along grain boundaries and ult imately to spalling of 
the oxide (see Fig. 10-12). 

2. Local formation of patches of thicker rough oxide 
eventually leading to spalling (Fig. 13 and 14). 

3. Formation of generally porous oxide films which 
continue to grow considerably in thickness when held 
at the forming voltage (Fig. 15-17). 

Transmission electron microscopy of stripped oxide 
films from selected specimens formed in sulfate, hy-  
droxide, tartrate,  and nitrate electrolytes showed 
unique features associated with the films formed in 
nitrate. In bright and dark field il lumination the 

Fig. 8. Minor flaws produced by cracking of anodic oxide around 
intermetallic particles in a Zircaloy-2 specimen anodized in am- 
monium borate (Specimen Bh 306, 18 V), X 5000. 

Fig. 9. Small areas of poorly adherent thicker oxide detached 
from specimen, anodized in ORNL solution, by the replication tech- 
nique (Specimen Bh 319, 100 V). X 20,000. 
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Fig. 10. Scanning electron micrograph showing later stages of 
development of thick oxide ridges along prior metal grain bound- 
aries. Cracks in oxide are now visible along some boundaries (Spe- 
cimen Bh 249, 96 V in H2SO4). X 2000. 

Fig. 12. Local oxide spalling as result of formation of thicker 
oxide along grain boundaries. X 1000. (Photo-emission electron 
micrograph). 

Fig. 11. More advanced stage of growth in sulfuric acid of grain 
boundary ridges of thick anodic oxide (Specimen Bh 315, 132 V). 
SEM X 10,000. 

crys ta l l i te  size was c lear ly  smal ler  in the  n i t ra te  films 
compared  wi th  films formed in the o ther  th ree  elec-  
t ro ly tes  (Fig. 18). In  addi t ion  to being la rger  the  
crys ta l l i tes  were  also less d is tor ted  in the b a r r i e r - t y p e  
films. In  the  n i t ra te  films the thickness  va r ied  in an i r -  
r egu la r  fashion not ev ident  in the  other  oxides, and 
smal l  th in  patches,  which  might  be the  ea r ly  stage of 
pore  development ,  could be seen (Fig. 19). The dif -  
f ract ion pat terns ,  f rom basa l  p lanes  of the  z i rconium 
matr ix ,  showed tha t  the  n i t ra te  film was also unique in 
being essent ia l ly  al l  monoclinic ZrO2, whereas  the  
other  films had  la rge  percentages  of cubic ZrO~ 
(~75%)  and only t races of the  monoclinic phase (Fig. 
20). There  were  differences be tween the  b a r r i e r - t y p e  
films in the  randomness  of the  d is t r ibut ion  of the  
cubic oxide crystal l i tes .  In  some instances,  especial ly  
t a r ta r ic  acid, the  crys ta l l i tes  were  almost  random, giv-  

Fig. 13. Uneven growth of anodic oxide films in potassium chro- 
mate solution, X 10,000. 

ing rise to complete  r ings  (Fig. 21), whereas  in the  
other  b a r r i e r - t y p e  oxides the  crys ta l l i tes  were  h igh ly  
oriented.  

Scanning electron microscopy of the  ox ide /me ta l  
interfaces  of anodic oxide  films showed tha t  consider-  
able roughness  of the  in terface  was presen t  for  oxides 
known f rom other  measurements  to be porous (Fig. 
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Fig. 14. Spalling of oxide resulting from multiplication and co- 
alescence of areas of thick oxide formed in potassium chromate. 
X l00 .  

Fig. 16. Oxide spalling at a later stage in formation of thick 
porous oxide in ammonium nitrate (Specimen Bh 246 96 V). X 
5000. 

Fig. 15. Intermediate stage in development of pore network in 
oxide formed in ammonium nitrate (Specimen Bh 312, 18 V, S min). 
X 5000. 

22), whereas the interfaces of bar r ie r - type  films were 
general ly smooth except in the vicini ty of second 
phase particles. 

Discussion 
Identification of porous oxide films 5tom electrical 

measurements.--A study of the impedance measure-  
ments  (e.g., Table II) shows that porous oxide films 
result  for specimens formed in solutions containing the 
ni t rate  ion (NH4NOs, HNO3, KNO~) and phosphoric 
acid. The mode of formation has some influence on the 
results, however. Zircaloy-2 specimens formed at con- 
stant voltage or constant  current  showed little dif- 
ference in  the relat ive thickness indicated by liquid 
metal  and aqueous contacts (c.]., specimens Bh 225, 
328, and 329), whereas for crys ta l -bar  zirconium, films 
formed at constant current  showed less evidence of 
porosity than  those formed at constant  voltage. This 
conclusion from the impedance measurements  was 
confirmed by electron microscopy. The oxide surface on 
the zirconium specimen was found to be uneven,  but  
not obviously porous. This conclusion might  have been 
different had the specimen been held at the final vol t-  
age for some time after forming at constant current ,  

Fig. 17. Uniform pore network in anodic oxide formed in phos- 
phoric acid (Specimen Bh 266, 25 V). X 20,000. N.B. absence of 
porous oxide along residual scratches. 

if the increase in porosity found for Zircaloy-2 spe- 
cimens held at constant  voltage for increasing lengths 
of t ime is indicative of general  behavior  (Fig. 15-17). 

Oxide films formed on Zircaloy-2 in chromate and 
dichromate solutions showed extensive areas of b reak-  
down. There was correspondingly less evidence for 
breakdown on a zirconium specimen formed in potas- 
sium chromate solution at constant  current ,  than for a 
comparable Zircaloy-2 specimen both from impedance 
measurements  and electron microscopy. 

Fi lms formed in most other electrolytes showed 
relat ively small  differences between apparent  thick- 
ness measurements  in l iquid metals and aqueous elec- 
trolytes. Of the former the measurements  in LS232 are 
the more rel iable because of its bet ter  abil i ty to wet 
zirconia (8). Of those showing major  differences be- 
tween the impedance with aqueous and liquid metal  
contacts (a factor of two or more differences in ap- 
parent  thickness in NH4NO~ and LS232) porosity, or 
other major  flaws, were confirmed by  electron micros- 
copy and porosimetry only for films formed in phos- 
phoric and sulfuric acids. Differences less than a factor 
of two can probably be explained on the basis of a 
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Fig. 18a Fig. 20a 

Fig. 18b 

Fig. 18. Transmission electron micrographs of anodic oxide films 
(a) formed in ammonium nitrate (Bh 2.24); (b) formed in potassium 
hydroxide (Bh 308). X 75,000. 

Fig. 20b 

Fig. 20. Diffraction patterns from oxide formed (a) in ammonium 
nitrate (Bh 224), (b) in potassium hydroxide (Bh 308). 

Fig. 19. Cellular structure developing in anodic oxide formed in 
ammonium nitrate. X 20,000. 

number  of small  flaws associated wi th  the in te rmeta l -  
lic particles. 

Banter  (4) has demonstrated for zirconium that  in  
many  electrolytes the anion is incorporated into the 

Fig. 2|.  Diffraction pattern from oxide formed in oxalic acid 
(Bh 263). 

anodic film. However, wi th  the exception of the or- 
ganic acids, the other electrolytes for which he demon-  
strated this phenomenon  were ones which we have 
found to yield porous or cracked oxide films. Thus, it 
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Fig. 22. Oxide metal interface of thick porous anodic oxide film 
formed in ammonium nitrate (Bh 247, 97 V). 

is possible that anions from the electrolyte adsorbed 
in the porous s t ructure  ra ther  than incorporated into 
the oxide lattice led to many  of his observations. 
Nevertheless, it seems likely that  anions from most if 
not all electrolytes are incorporated into nonporous 
anodic oxides (12, 15), but  at levels general ly below 
the level of detection of the methods employed by 
Banter.  

That  the incorporation of anions does not lead to any 
major  change in the physical proper t ies  of the oxide 
formed is shown by the small spread of the impedance /  
thickness data for relat ively defect free oxides in Fig. 
2. The phosphate films for which Banter  observed the 
outer layers dissolving faster than the inner  ones were 
l ikely also to have been porous (Fig. 17) and the dis- 
solution may have been due to this porosity rather  
than  to the incorporation of a larger fraction of phos- 
phate ions into the oxide lattice in the outer regions of 
the film. Absorbed phosphate would almost certainly 
have been more highly concentrated within the porous 
layer than wi thin  the inner  "barr ier - type"  film, thus 
leading to the possible mis in terpre ta t ion  of the ob- 
servations. 

Current  decay curves and leakage currents . - -The  
formation of porous anodic films could also be de- 
tected in the current  decay curves for specimens 
formed at constant  voltage. An essentially constant  
(but  fluctuating) current  was observed for specimens 
forming porous films. Cracking and breakdown of the 
film can be distinguished from this process as they 
usual ly lead to discontinuous increases in the forming 
current.  The rate of decay of the cur ren t  dur ing form- 
ing does not seem to be indicative of the quali ty of 
the final film as determined from a-c impedance mea-  
surements.  Presumably  the size of this current  (which 
is probably main ly  electronic at long decay times) 
measures the effectiveness with which the intermetal l ic  
particles are anodized, although no correlation could 
be found with the apparent  thickness of the oxide on 
the intermetal l ic  particles in those instances where 
this could be estimated. 

Unusual ly  high decay currents  were observed for 
films formed in KOH. This current  represents main ly  
oxygen evolution at intermetal l ic  sites and might  be 
thought to be due to lack of film formation on these in-  
termetallics. However, electrical measurements  on 
these films did not show them to be of significantly 
lower resistance than other films which did not yield 
such high leakage currents.  The high decay currents  
in KOH also explain the apparent  difference between 
our values for the formation rate in KOH (Table III) 
and those quoted by Wilkins (3, 11). Our specimens 
were held at each voltage step for a constant t ime 
whereas Wilkins '  were held unt i l  a predetermined 
leakage current  (0.2 m A / c m  2) was reached. Our data 
suggest that  this would represent  a long time at each 
voltage step and would be expected to yield a higher 
formation rate in A / V .  The good agreement  when 
equivalent  formation methods are compared is shown 
by the results in sulfuric acid. Wilkins '  technique is 
equivalent  to a decay time of about 1 min  at each 
voltage, and therefore the formation rates are very 
close for the two equivalent  conditions. 

During formation at constant  current,  b reakdown of 
the type observed in chromate and dichromate reveals 
itself as a failure of the voltage to continue to rise 
(Fig. 5). This feature is not observed with specimens 
forming porous films in n i t ra te  or phosphate solution. 
These, and other, films show the normal  arrest in the 
anodic growth curve (1, 16) at about  5V, at the current  
densities used here. 

The height and length of this arrest varied from 
3.7-6.3V and from a few seconds effectively to in-  
finity depending on the electrolyte. In  any  given elec- 
trolyte the height was also a funct ion of the current  
density. Extrapolat ion of our curves of "plateau" 
height vs. current  density to the current  densities of 
Adams et al. (16) gives good agreement  with their  
data. Observation of local oxygen evolution during this 
plateau together with other data suggests that the 
plateau is caused by the presence of second phase par-  
ticles in the zirconium matrix.  The plateau is com- 
monly  very small or absent for unal loyed zirconium 
except at very low current  densities, or for roughly 
abraded surfaces (16) where embedded abrasive par-  
ticles may subst i tute for the intermetal l ic  particles in 
Zircaloy-2. 

The var iat ion from electrolyte to electrolyte in the 
length of the plateau, and the current  density needed 
to exceed it, is presumably  a measure of the abil i ty 
of each electrolyte to form a nonconduct ing film on 
the intermetal l ic  particles. In Zircaloy-2 these are 
either Zr -Fe-Ni  or Zr -Fe-Cr  phases and the critical 
step may be the formation of an oxide film other than 
ZrO2 on these particles. The big variat ion in the length 
of the plateau for different organic acids is surpris ing 
in this context since little difference would be ex- 
pected in the abi l i ty  of lactic, tartaric, and citric acids 
(for instance) to oxidize the intermetal l ic  particles. 

For unal loyed zirconium a clear distinction was 
found in leakage rate for porous and nonporous oxide 
films (Fig. 6). This dist inction was not apparent  with 
anodic films formed on Zircaloy-2, showing that  in the 
lat ter  instance the properties of the oxide formed on 
the intermetal l ic  particles were more impor tant  in 
determining the leakage rate of the oxide than  the 
porosity of the oxide formed on the major i ty  of the 
surface. That this conclusion is reasonable may be 
judged from the fact that  the porous oxide films all 
apparent ly  have a bar r ie r - l ayer  at the oxide-metal  
interface, as judged from impedance measurements  
dur ing immersion (Fig. 1). The intermetal l ic  particles 
are large enough to short-circuit  the whole oxide if 
the oxide over them is very thin, cracked, or more 
conducting (electronically) than that on the matrix.  
Fur ther  confirmation of this explanat ion may be pro- 
vided by the apparent  correlation between the leak-  
age rate (estimated from the residual  voltage after 
10 sec) and the average current  efficiency for forma-  
tion (indicated by the t ime to reach 25V) for most 
of the specimens where  no change in current  density 
was needed to exceed the plateau (Table IV). Since 
most of the t ime taken to reach 25V was required to 
overcome the effect of the intermetal l ic  particles the 
second of the above quanti t ies probably measures the 
efficiency wi th  which these particles are oxidized in 
a part icular  electrolyte. 

Electron microscope s tudies . - -Unl ike  anodic oxide 
films on m a n y  other valve metals, those formed on 
zirconium and its alloys are essentially microcrystal-  
line (17) and bear a str iking resemblance in the t rans-  
mission electron microscope to th in  thermal  oxide 
films formed at ~300~ (18). Although marker  
studies using rare gas atoms indicated that the mov-  
ing species during anodization is oxygen (19); the 
oxides used by Davies et al. were formed in ni t ra te  
solution and were therefore probably porous. Thus, 
electrolyte could have migrated past the markers  via 
the pores. Fur ther  studies by Whit ton using charged 
marker  ions and oxides formed in borate solution have 
confirmed that  the migrat ing species is oxygen but  
that migrat ion is not through the bu lk  of the lattice 
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Table IV. Current efficiency and leakage rate of specimens anodized to 25V 

O p t i c a l  t h i c k n e s s  ( A )  C u r r e n t  e f f i c i e n c y  ( '~ ~ L e a k a g e  r a t e  
I n t e r -  a t  ~ 1  m A / c m  ~ ( r e s i d u a l  v o l t a g e  a t  t i m e  

S p e c i m e n  E l e c t r o l y t e  M a t r i x  m e t a l l i c s  A v e r a g e  F i n a l  1.0 s e c  10 s e c  

B h  2 5 7  A t o m .  b o r a t e  5 0 0  2 0 0  2 2 . 6  4 0 . 0  - -  - -  
B h  2 5 8  K~Cr..,O7 5 5 0  - -  B r e a k d o w n  o c c u r r e d  
B h  2 5 9  K C r O ~  550  - -  b e f o r e  r e a c h i n g  2 5 V  
B h  260 A t o m .  b o r a t e  5 0 0  200 0--* 54--.3 
B h  2 6 1  T a r t a r i c  4 2 5  - -  
B h  2 6 2  L a c t i c  425  - -  3 4 . 8  30 .2  2 .2  1 .25  
B h  2 6 3  O x a l i c  3 7 5  8 2 5  0 30 .0  - -  . - -  
B h  2 6 4  C i t r i c  475  - -  0 15 .2  - -  - -  
Bh 265 Na.oSO~ 375 - -  50.4 84.0 3.8 1.90 
B h  2 6 6  I-IzPO~ 575  - -  0 6 1 . 3  - -  - -  
B h  2 6 7  1 : 2 : 3 / H z O / H O x / G l y  2 9 0  600  29 .1  ~ 1 0 0  2.,45 1 .52  
B h  2 6 8  A m m .  b o r / E .  G l y  2 5 0  600  H i g h  80 .0  
B h  2 6 9  N H 4 N O ~ / E .  G l y  1 1 0 0 - 3 0 0 0  - -  > 8 7  ~ 1 0 0  5 .4  2 .2  
B h  3 2 5  A c e t i c  4 3 0  - -  82  ~ 1 0 0  4 .9  1.4 
B h  3 2 6  I ~ F e  ( C N )  ~ 5 0 0  - -  5 9 . 7  70 .0  2 .5  0 .5  
B h  3 2 8  N H 4 N O 3  5 0 0 - 1 4 0 0  - -  > 7 8  > 8 0  3 .3  I . I  
Bh 329 NH4NO3 550-1600 - -  >83 >80  3.3 1.05 
Bh 330 K.~S20~ 400 - -  50.0 100 2.8 0.8 
Bh 331 Formic  200 - -  43.5 61.8 3.1 1.4 

* S p e c i m e n s  s h o w i n g  z e r o  c u r r e n t  e f f i c i e n c y  d i d  n o t  a n o d i z e  b e y o n d  t h e  p l a t e a u  a t  1 m A / c m ~ .  L e a k a g e  r a t e s  a r e  n o t  s h o w n  f o r  t h e s e  s p e c -  
i m e n s .  

(15). Thus, since the latter films were probably  non-  
porous, it appears that  in anodic films, as in thermal  
films (20), the oxygen t ransport  process is via the 
boundaries  between the oxide crystalli tes (or any 
residual amorphous mater ia l  between the crystallites) 
ra ther  than through the bulk  of the oxide lattice. 

The various processes by which i r regular  or porous 
oxide films are formed in different electrolytes are 
thought to be related to the effect of incorporated 
electrolyte ions on the crystallization or recrystall iza- 
t ion of the oxide film. Thus, t ransmission microscopy 
has shown that crystall i te size and degree of or ienta-  
tion are affected by the electrolyte used. These effects 
are most readily seen in the enhanced oxidation and 
ul t imate cracking (perhaps) due to local stresses ob- 
served at grain boundaries  in sulfuric acid, and to a 
lesser extent  in potassium nitrite. The effect of such 
cracks on dielectric loss in films formed in sulfuric acid 
has already been reported by Young (21). Disorder at 
grain boundaries  might be expected to lead to var ia-  
tions in the densi ty of easy diffusion paths and locally 
enhanced oxidation via local modifications in the field 
strength in the oxide. That  this phenomenon is in-  
f requent  dur ing anodic oxidation presumably  indicates 
a normal ly  greater  degree of order at crystall i te 
boundaries  in anodic films than is present  in thermal  
oxide films so that locally enhanced anodic oxidation 
at grain boundaries  is the exception ra ther  than  the 
rule. The observation that bar r ie r - type  films are pre-  
dominant ly  cubic ZrO2, would be expected to lead to 
less lattice disorder in crystall i te boundaries  than in 
thermal  oxide films which are predominant ly  mono-  
clinic. 

The electron microscope study of films formed in 
nitrate,  phosphate, and dichromate solutions shows 
that  the porosity originates in the growth of films 
having relat ively rough outer and inner  interfaces, 
and apparent ly  associated with a high percentage of 
monoclinic ZrO2 in the film. In  ni t ra te  and phosphate 
solutions these rough films cover v i r tua l ly  the whole 
surface, and eventual ly  develop a network of pores. 
Thicker films do not form along residual  scratches in 
the metal, which can often be seen in the optical 
microscope because the interference color film over 
them is of normal  thickness (8). Presumably  the dis- 
torted na ture  of the under ly ing  metal  prevents  the 
formation of the thicker films at these points, although 
the precise reason for this is not clear. Perhaps the 
cold work in the surface causes the formation of 
cubic oxide at these sites, and this inhibi ts  the de- 
velopment  of roughness and porosity. 

It  is concluded therefore that  electrolytes, which 
lead to the formation of porous oxides, modify the 
crystall ization of the oxide thus permit t ing the de- 
velopment  of a thick and u l t imate ly  porous oxide. The 
cell s t ructure (such as it is) in the thick films formed 

in ni t ra te  solutions seems to develop from a pat tern  
of crystall ization which occurs in the first few seconds 
of formation (Fig. 19). The m a n n e r  in which the pore 
structure develops from this has not been elucidated. 
Penetra t ion of the electrolyte into the pores and the 
development  of a columnar  crystall i te s t ructure would 
permit  this growth process to continue. In  chromate 
and dichromate solutions the course followed seems 
to be basically the same, but  becomes i r regular  on a 
small  scale. This leads to small  local patches of thicker 
oxide which eventual ly  crack and spall, presumably 
due to the more severe local stresses in these films 
than in the n i t ra te  or phosphate films. 

Previous studies of the crystal s tructure of anodic 
oxide films on zirconium by x - r ay  and glancing angle 
electron diffraction (22-25) have been unable  to agree 
on the relat ive proportions of cubic, monoclinic, and 
amorphous oxide in the film formed in different elec- 
trolytes. Previous studies of anodic films by t ransmis-  
sion electron microscopy have stopped short of at- 
tempted interpretat ions  of the diffraction pat terns 
(17). 

The basic processes relat ing the changes in oxide 
morphology to the effect of the incorporated ions and 
changes in the crystall ization process require  a de- 
tailed s tudy of the films by transmission electron 
microscopy. This is cur rent ly  in progress but  is beyond 
the scope of the present  work. 

Conclusion 
A survey of the anodization of zirconium alloys in 

a number  of electrolytes has shown that  (using a 
forming method involving long holds at constant vol t-  
age) porous anodic films can be formed in solutions 
containing nitrate, chromate, dichromate, and phos- 
phate ions. Flaws formed at intermetal l ic  particles and 
by cracking of the oxide along grain boundaries  are 
also prevalent  being worst in sulfuric acid of the 
electrolytes tested here, but  being found to a greater 
or lesser extent  in most of the electrolytes yielding 
bar r ie r - type  films. 

In  the electrolytes yielding porous films the precise 
mechanism of their  formation is apparent ly  different 
for each electrolyte, however the under ly ing  mech-  
anism is believed to be associated with the incorpora-  
t ion of anions into the oxide and their effect on the 
crystall ization of the oxide dur ing  anodization. 
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Reactions Caused by Additive Coloration of 
TI and Pb+2-Doped KCI 

L. Ben-Dor, A. Glasner, and A. Zadkevitz 
Department of Inorganic and Analytical Chemistry, The Hebrew University, Jerusalem, Israel 

ABSTRACT 

Additive coloration of KC1 doped with T1 + may reduce the substi tute --T1 + 
ions to T1 o neutra l  centers or to negative " T I - "  complex centers. In the case 
of pb+2-doped KC1, an intermediate  Pb + and a Pb o ne tura l  center are formed. 

TI + -Doped Alkali Halides 
The spectra of Tl+-doped alkali  halides is well un -  

derstood (1-1c) and is thought to be directly connected 
with electron excitations confined to the impur i ty  ion. 
Addit ive coloration performed by heating the crystal 
in vacuum or low ni t rogen pressure, in alkali  metal  
vapor as well as radiat ive coloration, performed by x-  
rays or v-rays,  of the doped alkali  halides have been 
studied (2-4), but  at tent ion was paid main ly  to the 
effect of the impur i ty  on F-center  formation. 

In the case of KBr, Tamai (5) observed the forma-  
tion of two distinct bands on additive coloration by 
potassium vapor: a T1 neut ra l  center  (TNC) peaking 
at 4.1 eV (310 nm) and a T1 complex center (TCC) 
peaking at 3.1 eV (400 nm) .  The nomencla ture  adopted 
had been used earlier (2). The TNC is supposed to be 
a T1 + ion associated with one F center, and the TCC 
a T1 + ion associated with two F centers. 

The formation of T1 ~ as well as T1 +2 in KC1 as a re- 
sult of low- tempera ture  v- i r radiat ion was studied (6). 
Coloration by i r radiat ion causes both reducing and 
oxidizing processes. The elucidation of the resul t ing 
absorption spectra is complicated because of the s imul-  
taneous formation of a variety of V, F, and impur i ty  
centers. Also, the species thus formed are highly ex- 
cited and labile, disappearing on warming  above l iquid 
ni t rogen temperature.  In contrast, additive coloration 
forms only reduced centers, which are stable to heat-  
and b leaching- t rea tments  in general. It seemed ad- 
visable to carry out a fur ther  investigation to check the 
new "reduced-only" color centers formed and possibly 
confirm the existence of a negat ively charged TCC 
center in other alkali  halides besides KBr. 

Pb + 2-Doped Alkali Halides 

The absorption of pb+2-doped alkali halides, unl ike 
the Tl+-doped salts, is a t t r ibuted solely to charge 
t ransfer  t ransi t ions (7). The existence of pb+2-cat ion 
vacancy complexes has been reported by many  invest i-  
gators (8-10). In studies of X- i r radia ted  NaC1 doped 
with Pb 2+, a gray coloration caused by Pb ~ (11) and 
an "atomary" lead center (12), peaking at 254 nm, 
were reported. Low-tempera ture  colorability of doped 
KC1 was also studied (13, 14), but  no at tent ion was 
given to uv impur i ty  bands formed thereby. In this 
work, the reduced species formed on additive colora- 
t ion are more closely defined. 

Experimental Section 
All chemicals used, KC1, T1C1, PbC12, were J. T. 

Baker Analyzed Reagents. Single crystals were grown 
by the Stockbarger method, and additive coloration 
was performed both in Pyrex  (550~ and in nickel 
(700~ (16) containers at a pressure of ~50 Torr 
nitrogen. The optical absorption was recorded on a 
Pe rk in -E lmer  Model 137 uv spectrophotometer, work-  
ing in the double beam mode. A special holder with 
1 mm slit was used in the sample beam of the spectro- 
photometer, so that a 1-2 mm thick crystal plate, 
cleaved from the center of the colored single crystal 
(13 mm on the edge), could be moved in  front  of the 
beam. In this m a n n e r  the spectrum of a desired region 
of the crystal plate could be recorded at various dis- 
tances from the exposed surface. The spectra were 
taken at room temperature.  

Results and Discussion 
A KC1 crystal containing 0.01-0.05 m/o  (mole per 

cent) T1 + did not show F absorption on coloration as 
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the high impur i ty  concentrat ion acted as an efficient 
trap for electrons. Crystals containing less than 0.001 
m/o  T1 + were easily colored and showed a distinct 
band peaking at 290 rim, besides the well-defined F 
band (Fig. 1). The addit ively colored crystal plates 
cleaved from the center of the colored cube exhibited 
three distinct areas [cf. ref. (2)] :  an outer bluish 
F-zone about 2.5 m m  wide, a b rown-ye l low zone con- 
ta in ing the reduced center  (290 nm) ,  and an inne r -  
most colorless zone containing the unreacted T1 + ions. 
The same crystals, when  colored for longer periods 
(2 hr instead of 1 hr) and /or  at higher ni t rogen pres-  
sure (100 Torr  instead of 50 Torr) ,  or in the presence 
of tha l l ium chloride powder added to the coloring 
vessel, showed another  previously unobserved band 
peaking at 345 n m  (Fig. 2). It  was found that  the 
center responsible for this lat ter  band is formed 
main ly  in the outer zone, overlapping the F zone, of 
the crystal. On the other hand, the center  responsible 
for the 290 nm band is found in the inner  square of 
the crystal plate, 4.5-5 m m  deep inside the face ex- 
posed to the coloring alkali  metal  vapor. The 247 nm 
A band of the T1 + ions survives in the interior  color- 
less square (Fig. 3). Following former nomenclature,  
we wish to identify the 290 nm band  as being due to 
TNC and the 345 nm as a TCC, reasoning that  the 
doubly reduced TCC is formed only under  drastic re-  
ducing conditions in the outer zone, where  the con- 
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Fig. 1. Absorption spectra of TI + doped KCh (a) before colora- 
tion, (b) a f t er  addi t ive  co lorat ion  (1 hr, 7 ~ ~  50 Torr n i trogen) .  
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Fig. 2. Absorpt ion  spectra  of  addi t ive ly  co lored T l + - d o p e d  KCI 
(2 hr, 550~ 100 Torr nitrogen). Spectra shown in (a) to (d) were 
taken in progressively inner parts of the crystal. 
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Fig. 3. Absorption spectra of additively colored Tl+-doped KCI 
(conditions of coloration as in Fig. 2). Spectra shown in (a) to (d) 
were taken at 1/z mm distances from: the exposed face. Spectra (e)- 
(i) were omitted for clarity; ( j)-( I)  show spectra to 6 mm from the 
face. 

centrat ion of electrons is highest. Comparing the cen- 
ters observed in KBr by Tamai (5) with those found 
by us: 

TNC, TCC, 
eV eV 

KC1 ,-,4.3 3.6 
KBr 4.0 3.1 

one observes a shift in the same direction and similar 
magni tude  when changing the mat r ix  from KBr  to 
KC1. 

Delbecq et al. (6) identified a T1 ~ center in low- 
temperature  v- i r radiated KC1, showing a weak band at 
.~300 nm,  as well as a comparat ively stronger band 
peaking at 380 nm, and three other extremely weak 
bands peaking in the visible and near  IR regions. All 
these bands are a t t r ibuted  to T1 ~ centers on the basis 
of an analogy with the well-establ ished Ag ~ center  
(17). The authors point  out (7) that  the 380 nm ab- 
sorption is associated with a t ransi t ion from the 2P1/2 
ground state to a 2Sz/2 resonant  level in the conduction 
band. This lat ter  excited level may be unstable  at high 
temperatures.  On the other hand, the 290 nm band 
prominent  in our spectra may be due to a t ransi t ion 
in the T1 ~ center from the ground state completely up 
to the conduction band. Thus, in the addit ively colored 
crystals only a single absorption band in the uv, aris- 
ing from the T1 o center, was observed. 

The 345 nm band  produced only under  more drastic 
conditions of coloration is a t t r ibuted to a negative 
tha l l ium complex, i.e., a subst i tute  T1 o atom associ- 
ated with an F center. The T1 o center  first produced 
carries an effective negative charge making its as- 
sociation with an anion vacancy highly probable. 
Under  the drastic coloring conditions this associate 
could then capture a second electron to produce the 
negat ive complex center. 

KC1 single crystals containing 0.025-0.05% Pb +~, as 
grown, showed besides the characteristic 273 n m  Pb +2 
band  an absorption band  at 325 n m  (Fig. 4). This 325 
nm band was also observed in concentrated KC1 solu- 
tions containing ~100 ppm Pb +2 ions. Crystals ab- 
sorbing in this region invar iab ly  had a yellow colora- 
tion, reminiscent  of the ye l low-brown coloration ap- 
pearing in T1 + as well  as in  Zn +2, Cd +2, or Hg +2 
doped (15) KC1 crystals when  addi t ively colored. In  
all these cases the characteristic absorption band  caus- 
ing the ye l low-brown coloration was at t r ibuted to the 
formation of neut ra l  atomic species. Hence we sug- 
gest that, in the case of lead-doped crystals, dispersed 
neut ra l  species appear to be formed by reduct ion in 
the melt, or by a photochemical decomposition, dur ing 
crystal growth 

PbCI2 "-> Pb ~ + C12 

Hence the 325 nm band is attributed to an atomary 
pbo-center. On the other hand, the gray coloration ob- 
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Fig. 4. Absorption spectra of Pb+2-doped KCI after growth (the 
kink at , -250 nm should be disregarded). 

served by Schulman et al. (11) in NaC1 is indicative 
of colloidal lead aggregates. 

On addit ive coloration of the Pb+~-doped KC1, a 
fur ther  band,  not well  resolved, si tuated at ,--254 nm, 
was obtained (Fig. 5). Since this band  is different 
from the one described above, 325 nm, a t t r ibuted to 
Pb o, and since the crystal had nei ther  a yellow nor a 
gray coloration, it must  be due to another  in te rmediary  
reduced species, viz., Pb  + center. 

The pb2+-doped crystals were fur ther  studied by 
irradiat ive coloration at r.t., and it was found that  
with very low doping concentrat ion (0.002 m/o  pb+2),  
F centers are formed, bu t  the presence of any other 
band is hardly  discernable, al though the character-  
istic Pb +2 band at 273 nm diminishes in intensity.  
Optical bleaching by direct sunl ight  renders  the crys- 
tals colorless, and on fur ther  hea t - t r ea tment  for 2 hr  
in a closed ampoule at N200~ the previously ob- 
served 254 n m  band  is formed. We claim, in accord- 
ance with Schulman et aL (11), that  i r radiat ion 
causes the formation of Pb  ~ centers (in low concentra-  
tion not discernable in the spectrum) as well  as im-  
mobile oxidizing species such as holes. Dur ing  heat-  
t rea tment  the Pb ~ centers are par t ly  reoxidized, caus- 
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Fig. 5. Additive coloration of Pb+2-doped KCI (20 hr, 550~ 
100 Tort nitrogen). Spectra shown in (o) to (t) were taken in pro- 
gressively inner parts of the crystal. Note weak 254 nm band in 
outer parts, its disappearance toward the interior with the simul- 
taneous appearance of the Pb +2 band (273 nm). 

ing the appearance of the band  at 254 nm. This center,  
formed both by a reduction (additive coloration) and 
by an oxidizing process, could only be a Pb + center. 

In  summary,  both T1 + and Pb +2 subst i tuted in KC1 
crystals act as electron traps; therefore crystals con- 
ta ining high concentrat ions of these ions do not color, 
i.e., no F centers are formed either on i r radiat ion or 
t rea tment  with alkali  metal  vapor. In  each case a 
ma x i mum of two electrons per impur i ty  ion may  be 
trapped, bu t  the impur i ty  ions prefer  to be reduced to 
the neut ra l  a tomary state. 

In  moderately  doped KCI crystals the following cen- 
ters were observed and may be identified as follows: 

T1 o (290 rim), Tlo-F center  complex (345 rim) 
Pb  + (254 nm) ,  Pb ~ (325 rim) 

The position of the bands is indicated in parentheses.  
Our results in the case of Tl+-doped KC1 are similar  
to those of Tamai  (5) with KBr, but  the models at-  
t r ibuted  to the respective centers are different, as 
shown above. 

The apparent  discrepancy between low-tempera ture  
irradiat ive coloration (6) and the results obtained on 
additive coloration of T1 + -doped KC1 is explained. 

Of all the  cation impuri t ies  studied, to date, only  
thal l ium was found to form a complex center  formed 
from an association of T1 ~ (neutra l )  with an F center. 
In the case of pb2+-doped KC1, the reduced species 
formed are most probably  Pb  + and Pb  ~ centers. The 
254 nm band is thus identified as a monovalent  Pb  + 
center, ra ther  than an "atomary" center  as had been 
casually suggested (12) in the case of NaC1 crystals. 

Manuscript  received Oct. 20, 1969; revised m a n u -  
script received ca. Jan. 15, 1970. This paper is based 
on the M.Sc. Thesis of one of the authors (A.Z.) 
(1965). 

Any  discussion of this paper will appear in  a Dis- 
cussion SectiOn to be published in the December 1970 
J O U R N A L .  
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ABSTRACT 

X-ray microdiffraction and special IR spectrometry techniques are used 
to explain the peculiarities of electrical properties of silicon thin films on 
sapphire suhstrates. Taking into account an autodoping effect due to the 
transfer of aluminum from the substrate into the layer, an optimum epitaxial 
temperature is observed. The results are interpreted in terms of misoriented 
regions, which are related to the presence of various Si-O bonds, the nature 
and the amount of which are dependent on the epitaxial temperature. It is 
concluded that chemical interactions between the substrate and the layer are 
more effective than crystallographic effects in de termining the par t icular  
electrical properties of these silicon layers. 

The need for physical methods is especially strong in 
the field of heteroepi taxy studies. This need does not 
arise from the number  of the preparat ion steps, but  
from the intr icate na ture  of the physical parameters  
involved in  the process. The electrical characteristics, 
so useful with respect to the applications of these 
layers, give no physical insight. Fur thermore  they 
often involve long, sometimes destructive steps before 
measurements.  

For these reasons, x - r ay  diffraction methods and IR 
spectrometry techniques complement  the conventional  
electrical methods, in order to characterize th in  silicon 
films grown by pyrolysis of silane, in hydrogen, on 
single crystal  sapphire. 

The aim of this study is an at tempt  to answer the 
following question: what  are the relative contr ibut ions 
of fundamenta l  factors and of incidental  ones, inherent  
to the fact that  the film properties are different from 
those of bu lk  material? The discrimination between 
these factors lies in the abil i ty to improve the inci- 
dental  ones, while the fundamenta l  ones can only be 
optimized. 

Experimental Conditions 
Following Matare's general  analysis presented in his 

excellent review paper (1), we can state some funda-  
menta l  factors, optimizing in principle the exper imen-  
tal conditions: 

1. High crystal l ine quality, A1203 ingots are used: 
they are Czochralski grown, and various tests confirm 
this qual i ty  (etching techniques, Bor rmann  effect). 

2. The or ientat ion (01]-2) of the substrates gives 
two related advantages:  (a) a nonpreferent ia l  in situ 
etching with H2 at high tempera ture  (1300~ and 
(b) a quasi-systematic epitaxy of Si (100) as deter-  
mined by x - r ay  and electron diffraction methods. 

3. The substrate, 500 ~m, and film, 5 ~m, thick are 
chosen to minimize the strain of the layers. 

4. Stresses are also avoided by a slow cooling rate 
after epi taxy ( ~  lO0~ 

5. The residual contaminat ion level is low. With 
quite identical  process conditions, silicon homoepitaxy 
is performed in the range 1000~176 (2). Layers 5 
~m thick are grown with N-type conductivity:  when 
on 5-10 ohm cm P- type  substrates, the layers resist iv- 
ities are >100 ohm cm, and when on 0.01 ohm cm Sb 
doped substrates, the impur i ty  concentrat ion is less 
than  1014 cm-3,  at 1150~ 

6. The flow conditions (H2 as a carrier  gas, silane 
prediluted in H2) have been determined to get low 
supersaturat ions required for epitaxy. The mean  
growth rate is 0.I ~m/min  at ll00~ 

Electrical Results 
The mean value results are shown in Fig. 1. Two 

processes have been used: process A, in which a 
chemical t rea tment  of the substrate by hot phosphoric 
acid prior to insert ion in the reactor is employed; and 
process B, without  this chemical t reatment .  In  any 
case, no in tent ional  doping is performed. 

From Fig. la, it follows that P - type  doping occurs in  
the higher range of temperature ,  whatever  the process, 
but  N- type  layers are grown at low temperatures,  with 
the A process only. 

Figure lb  gives the variat ion of Hall mobil i ty  with 
the epitaxial  temperature.  In  the exper imental  range, 
a max imum value occurs at some opt imum tempera ture  
(say To ---- l l00~ But  if the sensi t ivi ty is far less in 

the A process than  in the B process, the max imum 
value in the former case is sl ightly less than in the 
lat ter  one. 

Figure lc gives another picture of this last result. 
If, instead of absolute values, a qual i ty factor, F ex- 
pressed as follows 

Hall  mobi l i ty  (film) 
F =  

Hall  mobil i ty (bulk for the same type and conc.) 

is used, the difference between both processes disap- 
pears. We note that  F increases with Tepi and reaches 
50-60% at To. 

Using a MOS structure,  the major i ty  carrier concen- 
t rat ion (Ns) and the minor i ty  carrier  l ifetime (Ts) near  
the free surface of the film (3, 4) has been measured. 

Fig. la. Resistivity of Si layers vs. Tepi 
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Discussion 
Some of  these results can be now in terpre ted.  
1. I t  has  been  ascer ta ined  b y  (7, 8) tha t  A1 from 

the subs t ra te  gives r ise to P - t y p e  autodoping.  The exact  
mechanism involved has not  been c lear ly  demonst ra ted .  
But f rom the var ia t ion  of the  layer  resist ivit ies,  it  
seems reasonable  to suppose tha t  the  N - t y p e  con tam-  
inat ion is due to phosphorous  res idues  af ter  etching. 
This contaminat ion  has  thus  no o ther  reason, but  is 
inheren t  wi th  the  difficulties involved  in the  chemical  
surface p repara t ion  of the  substrates .  This resul t  is 
to be compared  with  more  subt le  in ter fac ia l  contam-  
inat ion effects (9). As a consequence, P - t y p e  layers  
grown at h igh t empera tu re  in the  A process condi-  
t ions are  ce r t a in ly  e lec t r ica l ly  compensated.  This ex-  
plains the  s l ight ly  lower  m a x i m u m  value  of ~ for the  
A process than  for the B process (Fig. l b ) .  

2. The observed  reduct ion of mobi l i ty  (expressed  by  
F)  being independent  of the  type  and doping level,  it  is 
p lausible  to expla in  in t e rms  of s t ruc ture  defect  the  
l imi ta t ions  at  low tempera tu re .  This assumpt ion must  
be checked by  specific methods  (discussed l a te r ) .  On 
the  o ther  hand, the  decrease  of mobi l i ty  values  in the  
h igher  t empe ra tu r e  range  can be a t t r ibu ted  to impur i ty  
defects,  the level  of which  increases  wi th  t empera tu re .  

X-ray Surface Topography 
In the  analysis  of s t ruc tu ra l  defect  l imitat ions,  the  

first s tep to be considered is the  s ta te  of p repara t ion  of 
the  subs t ra te  surface. Reflection techniques as sche-  
mat ica l ly  descr ibed in Fig. 2 are  used (10). P la te  and  
sample  under  s tudy  are  s imul taneous ly  moved  to ex-  
p lore  the  whole  surface, the  resolut ion is f a i r ly  good 
(10~). 

F igure  3 shows a wel l  polished substrate ,  and Fig. 4a 
presents  a poor ly  polished one. An  optical  examina t ion  
would  have given in e i ther  case a ve ry  flat appearance.  
Then the same last  wafer ,  af ter  subject ion to an H2 
t r ea tmen t  a t  1300~ is seen in Fig. 4b. The efficiency 
of this  t r e a tmen t  is demons t ra ted  by  the remova l  of 

T %  

FOCUS , 
X.ray beam ! ,SAMPLE 

5LIT ~ 

Fig. 2. X-ray surface topography arrangement 

The var ia t ion  of Ts and its appa ren t ly  high m a x i m u m  
value, when compared  to other  resul t s  (5) have  been 
noted. The resul ts  a re  given in Table  I. 

Fur the rmore ,  some N - t y p e  layers  were  subjec ted  to 
short  t ime mode ra t e ly  high t empera tu re ,  H2 a tmo-  
sphere  t rea tments .  For  example ,  a 10 ohm cm N- type  
layer  a f te r  5 rain at  l l00~ turns  to 150 ohm cm P - type .  
This change could  not  be  exp la ined  in t e rms  of usual  
dopant ' s  diffusion. That  i t  occurs only wi th  H2 a tmo-  
sphere  seems to indicate  in ter rac ia l  e lect r ica l  states 
s imi lar  to those r epor t ed  in ref. (6). 

Table I. Electrical characteristics of Si layers 

O, N a t u r e  
Tepi Type o h m  c m  N~, c m  -8 ~s(ns)  of oxide 

1030 N 7.6 3.3 • 1015 90 P y r o l i t i c  
1055 N 23.8 1.1 7 P y r o l i t i c  
1080 P 3.5 S.0 4 A n o d i c  
1105 P 1 7.0 45 A n o d i c  
1150 P 0.55 1.1 • 10 le 3 A n o d i e  

Fig. 3. X-ray surface topography of a well polished Al203 sub- 
strate. 
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Fig. 6a. X-ray surface topography of the silicon film free surface 

Fig. 4a. X-ray surface topography of a poorly polished AI20.~ 
substrate before H2 treatment. 

Fig. 4b. X-ray surface topography of a poorly polished AI203 
substrate after H2 treatment. 

fine scratches and the smoothing of dislocation lines. 
Some preferent ia l  etching is indicated by the [100] 
direction as seen in Fig. 5, which is a G x 10 par t  of 
that  substrate. This direction has been spotted with the 
[051] reference direction. This last one is the intersec-  
t ion of the (3.2.4) reflecting plane with the (01.2) plane. 

From these results, one may say that, in spite of 
difficulties, mechanical  and gaseous polishing give 
good surfaces for epitaxy. 

After growing a silicon layer, it is possible, with 
a proper  choice of film thickness to investigate dur ing  
the same exper iment  the free surface of the silicon 
film and the si l icon-substrate interface (obviously with 
different reflecting planes: for Si (440) is convenient) .  
General ly  no s t ructure  is seen. But  Fig. 6a (silicon 
surface) and Fig. 6b (interface) are special cases: the 
structures '  replica is apparent  (see the r ight  corner 

Fig. 5. Part (G x 10) of that wafer 

Fig. 6b. X-ray surface topography of the Si-AI203 interface 

down).  As these structures are visible only if a rapid 
cooling rate after epi taxy takes place, it may be con- 
cluded that  the contrast  is due to thermal  stresses both 
in the silicon film and in the substrate. 

Assessment of Crystalline Quality of Films 
The x - ray  diffraction method is a powerful  tech-  

nique for this aim, its interest ing features are: (i) 
nondestructive,  (ii) analysis of net  planes in the film 
and not only of the surface structure,  and (iii) ,  semi- 
quant i ta t ive:  the diffracted intensit ies are comparative 
estimates of this quality. 

Table II shows relat ive intensit ies of the Cu K~I 
radiation, diffracted on various planes for six layers 
(D 1 to 6), deposited at different temperatures.  

The (400) plane-reflection corresponds to the pre-  
dominant  (100) orientat ion of Si films. Regardless of 
the position of the x - r a y  spot (2 x 5 mm 2) on the sur-  
face, and whatever  the sample under  study, this in-  
tensi ty  is constant  and is the strongest one. It will  be 
taken  as a reference, with a value of 106 in a rb i t ra ry  
unit .  

The (200) plane-reflect ion does not normal ly  satisfy 
the Bragg condition, unless some planes are missing. 

Tab|e Ih Relative intensifies of x-ray diffracted beam 

Tepip ~ 
--> 1030 1055 1080 110r5 1125 1150 

P l a n e :  
(400) los  los  los  los lOa los  
(200) 1.6xIOS 104 1.2 • los <40* 1.4 x los 400 
(220) 2 • 103 200 <40 <40 2.8 X lOS 200 

* 40 is the (relative) detection limit. 
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This means that stacking faults are present in the 
layers and the given figures are indicative of their  
density. It  must  be noticed that  the reported values 
are m a x i m u m  ones, for the in tensi ty  varies f rom place 
to place. 

The (220) plane-reflection, which has been reported 
by others (11) is due to an epitaxial defect or ientat ion 
(110). Its in tensi ty  is uniform for a given film. 

The stressed layers as shown in Fig. 6 were (110) 
mono-oriented.  

In conclusion, the comparison of figures in Table II, 
gives an opt imum tempera ture  from both the point  of 
view of stacking fault  and of misorientat ion densities. 
This tempera ture  is the same one as for mobil i ty values. 

Substrate Layer Chemical Interactions 
That chemical interact ion occurs at the ini t ia l  stages 

of the heteroepitaxial  process is ascertained wi th  a 
simple experiment:  the selective removal  of the epi- 
taxial  layer  leaves a dis turbed A1203 surface (12) 
which is not observed solely due to an H2 heat t rea t -  
ment.  

It has general ly  been assumed that  heteroepitaxy 
occurs in this specific case, by the way of a subst i tut ion 
for A1 atoms by Si atoms (13). A reducing action of 
Si itself seems to have been demonstrated (14-16) in 
vacuum deposition. However, these authors agree that  
a very low supersaturat ion gives this etching effect, 
and this condition is not general ly  met in normal  
deposition conditions. In  fact, this would not allow 
the reversible reaction 

2Si q- A12,O~ <~- 2SiO -t- A120 

to take place but, the following reactions 

Si + A1203 ~=a SiO2 + AI20 

SiO~ + He ~ SiO + H20 

involving less silicon but also the presence of H.~ would 
be favored due to the extremely dry atmosphere of 
the experimental conditions. 

In any case, however, two consequences of this re- 
activity are expected: (i) the association between the 
epitaxial condition and the presence of Al in the 
layer, and (ii) the introduction of various Si-O bonds 
at the film-substrate interface, and probably in the 
layer itself, due to the high solubility of oxygen in 
silicon. 

Infrared Spectroscopy 
In order to check these two points, we have con- 

ducted experiments  in infrared spectroscopy. 
Infrared interferences in the range 1.5-% are used 

for layer  thickness measurement .  But absorption lines, 
characteristic of specific chemical bonds are well 
known.  For Si-O bonds they lie in the 700-1400 cm -1 
range, and for Si-A1 the optically excited l ine is 560 
cm -1 (0.067 eV) (see the special references at the 
end of this article).  

The use of IR spectrometry however gives rise to 
two main  difficulties with respect to: (i) selectivity to 
avoid in terfer ing effects of the substrate, and (i i)  
sensit ivi ty due to the small  amount  of Si, containing 
a low impur i ty  concentrat ion (from a chemical point  
of view).  

The at tenuated total reflection method in an ar range-  
ment  first proposed by Harrick (17) using mult iple  re-  
flections, has been devised for this purpose. The princi-  
ple is g iven in Fig 7. A monochromatic light of the 
proper wavelength hits a prism in optical contact with 
the sample. With a suitable refractive index of this 
prism, a total reflection condition is obtained, and light 
transfers some part  of its energy to a certain depth 
inside the absorbing medium (Si) (18). 

Exper imenta l  difficulties, with the optical contact, 
the low t ransmi t tance  (<20%) ,  the need for a compen-  
sating circuit in the reference beam, add to the theo- 
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Fig. 7. Attenuated total reflection arrangement 
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Fig. 8a. IR spectrum of D2 layer: 390-630 cm -1  range 

retical difficulties in the in terpre ta t ion  of the results. 
For example, difficulties inheren t  to the method are: 

(a) shift toward Iong wavelengths,  (b) a t tenuat ion  of 
short k bands, and (c) reduct ion of spectrum contrast. 

For the moment,  only quali tat ive results are given 
in Table III. Some spectra are given for the D2 and 
Dz layers (Fig. 8 and 9) and an A1203 substrate (Fig. 
10). 

Discussion 
1. The Si-A1 bond is detected in all epitaxial  layers, 

whatever  the epi tempera ture  process and therefore 
electrical type of the layer. 

2. Various Si-O bonds are found, the na ture  and the 
amount  of which depend on the epi temperature.  No 
apparent  continuous t ransi t ion between amorphous 
poly- and monocrystal l ine forms is found when in-  
creasing Te,  i. But for the same opt imum T as before, 

Table Ill. IR absorption spectra of Si films (10) 

Tel)i, ~ 
1030 1055 1080 1105 1125 1150 

Wave  No. 
cm-a S a m p l e  Sub -  

N DI D2 D~ D~ D~ D~ s t ra te  Refe rence  

390 + + + + + + + 
420-430 + + + + 
450-470 + + + 

499 + + + + + + 
510 + + + 

530-560 + + + + + 
630 + + + + + + 

700-720 + + 
760 + + 

780-820 + + + + 
865-895 + 

940 + + + 
985 + + 

1015 + 
1050-I080 + + + + 
1110-1160 + + + + 
1220-1280 + + + + 

1385 + 

A120-a 
A12Os 
? 
A12Os 
? 
A1 in  Si  
S iO (amorphous )  
a t  620, b u t  also 
Ale08 

Quar t z  
SiO2 (c rys ta l l ine)  
SiO,2 (v i t r eous )  

Si-O 

Q u a r t z  
Quar t z  

SiO2 (po lye rys t a l -  
l ine)  
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(a)  the number  of absorpt ion  l ines is minimum,  and 
(b) no amorphous  SiO and SiO~ quar tz  bonds  are  p res -  
ent  in this  layer .  

Quar tz  as a separa te  phase might  have its own or i -  
entation,  qui te  independen t ly  of the  subs t ra te  and as 
a resul t  misor ienta t ion  effects could be ascr ibed to its 
presence.  

To resolve an object ion against  the preceding  dis-  
cussion, we have  pe r fo rmed  the  same expe r imen t  on 
N / N  + homoepi tax ia l  silicon layers  wi thout  f inding any 
evidence of S i -O and Si-A1 bonding.  This removes  the  
possible influence of impur i t i es  in s i lane itself. 

Conclusion 
Even in our opt imized  conditions,  imperfect ions  are  

a lways  present  in he te roep i tax ia l  Si layers.  The opt i -  
m u m  range  of ep i tax ia l  t empera tures ,  a round  l l00~ 
has been found for the  m a j o r i t y  ca r r i e r  mobi l i ty  and 
has been cor re la ted  to c rys ta l l ine  qua l i ty  f rom x - r a y  
diffraction methods.  IR spec t romet ry  has pointed out  
the  outs tanding influence of chemical  bonds in exp la in -  
ing most  of the  l ayer  proper t ies .  This conclusion does 
not mean  tha t  c rys ta l lographic  defects  a re  not  of grea t  
impor tance ,  but  it  seems tha t  the i r  effects a re  essen-  
t i a l ly  indirect ,  due to in terac t ion  be tween  dislocations 
and impur i t ies  for example .  

Acknowledgments 
This work  is p a r t l y  suppor ted  by the F rench  I ~ l ~ g a -  

t ion G~n~rale ~ la Recherche Scientif ique and by  the 
F rench  Cent re  Nat ional  de la Recherche Scientifique. 
The author  thanks  these Admin i s t ra t ions  for  pe rmis -  
sion to publish.  I am gra tefu l  to Professor  L. Neel  for 
a l lowing this work  and to Dr. B. K. Chak rave r ty  for 
va luab le  discussions. I t  is a p leasure  to t hank  Dr. G. 
Blet  and his group of the  L.R.B.G. of Thomson-  
Houston for his cont r ibut ion  to physical  measurements .  
Without  his help, I would  not  have  so r ap id ly  demon-  
s t ra ted  the  possibil i t ies of in f ra red  techniques in such 
studies. I also t hank  Mr. Jund  of the  C.S.F. l abo ra to ry  
for pe r fo rming  special  e lec t r ica l  measurements .  

Manuscr ip t  submi t ted  June  18, 1969; rev ised  m a n u -  
script  rece ived  ca. Jan.  14, 1970. This was Recent  News 
P a p e r  343 presented  at  the  New York  Meet ing of the  
Society,  May  4-9; 1969 

A n y  discussion of this  p a p e r  wil l  appea r  in a Dis-  
cussion Section to be  publ i shed  in the  December  1970 
JOURNAL. 

REFERENCES 
1. H. F. Matare,  "Semiconductor  Silicon," R. R. 

Haberech t  and E. L. Kern  Editors,  Jo in t  S y m -  
posium, New York  Meet ing of the  Society,  249 
(1969). 

2. J. Mercier ,  3rd In te rna t iona l  "Mikroe lek t ron ik  
Tagung," Mfinich (Nov. 1968), R. Oldenburg,  
Editor.  

3. C. Jund  and R. Poir ier ,  Solid State Electron., 9, 315 
(1966). 

4. S. R. Holstein,  I.E.E.E. Trans. Electron Devices, 
F.D12, 104 (1965). 

5. F. P. Heiman,  ibid., ED14, 781 (1967). 
6. J. Olmstead  et al., ibid., ED12, 104 (1965). 
7. D. J. Dumin and P. H Robinson, This Journal, 113, 

409 (1966). 
8. J. Mercier ,  Rev. Phys. Appl., 3, 127 (1968). 
9. F. P. Heiman,  Appl. Phys. Letters, 11, 132 (1967). 

10. G. Blet, P r iva t e  communicat ion.  
11. D . J .  Dumin,  J. AppI. Phys., 38, 1909 (1967). 
12. R. Nolder  and I. Cadoff, Trans. Met. Sac. AIME, 

233, 549 (1965). 
13. J. L. F ra imbau l t ,  Thesis,  Grenoble  Univers i ty ,  Ju ly  

1967. 
14. J. D. Fi lby,  This Journal, 113, 1085 (1966). 
15. G. W. Cullen, P r iva t e  communicat ion.  
16. S. J. Strepkoff,  Thesis, Caen Univers i ty ,  May  1968. 
17. N. J. Harr ick ,  Phys. Rev. Letters, 4, 124 (1960). 
18. J. Fahrenfor t ,  Spectrachim. Acta, 17, 698 (1961). 
19. G. Blet,  Unpubl i shed  results,  PV No. 201. 



Fol.  117, No. 5 Si  E P I T A X I A L  L A Y E R S  O N  S A P P H I R E  S U B S T R A T E S  671 

N (cm-1) 
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490 
540-560 

584 
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800 
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The Role of Damage in the Annealing Characteristics 
of Ion Implanted Si 

Billy L. Crowder 
IBM T. J. Watson Research Center, York town Heights, New York  

ABSTRACT 

Carrier concentrat ion profiles are presented for Si which has been im- 
planted with a low (3 x 10 TM cm-2) ,  in termediate  (3 x 10 TM cm-2)  or high 
(8 x 1015 cm-'-') dose of 280 keV p31 ions at room tempera ture  and subjected 
to a 30 min  post implanta t ion anneal  in the tempera ture  range 550~176 
The anneal ing behavior  of these samples is correlated with the amount  
of damage produced by the room tempera ture  implantat ion.  If a continuous 
amorphous region is present, ions wi thin  this region become electrically active 
and uncompensated dur ing the epitaxial  recrystall ization of the layer between 
550 ~ and 600~ These results are generalized to provide a model  for the an -  
neal ing characteristics observed for room tempera ture  and elevated tempera-  
ture  ion implanted Si layers. 

Ion implanta t ion  doping of silicon at or near  room 
tempera ture  has been shown to produce gross s t ruc-  
tura l  defects consisting of amorphous (or highly dis- 
ordered) regions along the path of the ion (1). Theo- 
retical estimates of the spatial dis t r ibut ion of damage 
in "amorphous" Si have indicated that  the average pro- 
jected range of the ions is somewhat larger than  the 
average damage depth and that  the straggling in these 
quanti t ies  are comparable (2, 3). Recent exper imental  
observations confirm these estimates for implantat ions  
of P, As, B, and Si into Si (4). Annea l ing  is required 
to remove such gross lattice damage and to achieve the 
desired electrical activity of the implanted dopant. 
Previous investigations of the dose dependence of the 
anneal ing  characteristics of Si doped with P or As by 
room tempera ture  ion implanta t ion have indicated a 
m in imum in the n u m b e r  of carriers per implanted ion 
as a funct ion of the n u m b e r  of implanted ions in the 
temperature range 500~176 (5, 6). The purpose of 
this invest igat ion is to demonstrate  that  this m i n i m u m  
is due to three factors: (i) the damage dis tr ibut ion lies 
closer to the surface than the implanted ion dis t r ibu-  
t ion (4), (ii) the compensating centers remain ing  after 
the annea l ing  of the damage clusters are thermal ly  
stable up to temperatures  characteristic of diffusion 
processes in Si (4), and (iii) a continuous amorphous 
layer, if present, recrystallizes epitaxial ly onto the 
under ly ing  substrate  at 500~176 (1). 

Experimental 
Implanta t ion  was accomplished with a Cockcroft- 

Wal ton accelerator capable of operation to 300 kV. The 
P ions were obtained from gaseous PF5. The ion beam 
was focused, mass analyzed magnetical ly,  and electro- 
statically scanned uni formly  over a 4 cm 2 area. The 
total  dose was obtained by in tegrat ing the current  
from the samples. Dose rates were typical ly 1 ~ a m p  
cm -2. Accurate target a l ignment  was not available 
since the beam sweep was over approximately • 1 ~ 

The Si substrates were ~100~  wafers cut from 
Czochralski-grown crystals, which were boron-doped 
and 1 ohm-cm resistivity. The substrates were lapped 
and chemically polished. Contact areas were diffused 
with As prior to implanta t ion  to facilitate good elec- 
trical contact to the implanted region. 

The electrical evaluat ion of ion implanted layers 
was accomplished by Hall  effect and sheet resist ivity 
measurements  on van der Pauw configurations in con- 
junct ion  w i t h  removal  of Si layers by anodic oxidation 
and HF stripping. This technique has been ful ly de- 
scribed by Mayer et at (7). The details of our experi -  
ments  have been covered in a previous publ icat ion and 
will  not be repeated here (8) 

Experimental Results 
Table I summarizes the electrical properties observed 

for Si implanted with 280 keV p31 ions at a low, in te r -  
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Table I. Summary of electrical properties of Si implanted with 
280 keV p3l 

A n n e a l i n g  S h e e t  
t e m p e r -  r e s i s t i v i t y  n s  ( b ) n ~  ( c)  

Dose  {cm-=) a tu re r  a) (~ (ohm/[~) (cm-'-3 (cm-=) 

3 • 10 l~ 550  2800 0.4 • 10 l~ 0.4 • 10 la 
600 680 1.6 x 10 u' 2.4 x 10 ]~ 
850 480 2.2 X 1013 3.2 x 10 ~:~ 

3 • i0~' 550 2400 0.05 x I 0 ~  0.07 x I0  ~ 
600 500 0.4 x 10 ' t  0.6 x 10 ~l 
700 175 1.3 x 10 zt 2.0 x I0  ~t 
850 150 2.0 • 10 ~t 2.6 x I 0  tt 

8 • I0~ 550 14 6.4 • I0~; 
600 13.6 6.7 X 10 ~5 7.6 • 10 ~ 
850 13.4 6.2 x i0 z~ 7.2 • I0 zn 

(~) S a m p l e s  a n n e a l e d  a f t e r  i o n  i m p l a n t a t i o n  fo r  30 r a i n  in  a n i t r o -  
g e n  a t m o s p h e r e .  

(b) E f f e c t i v e  n u m b e r  of  c a r r i e r s  c m  ~-' d e t e r m i n e d  f r o m  t h e  s h e e t  
H a l l  coe f f i c i en t  of  t h e  e n t i r e  i m p l a n t e d  l a y e r .  

(r T h e  t o t a l  n u m b e r  of c a r r i e r s  cm-= o b t a i n e d  by i n t e g r a t i n g  o v e r  
t h e  d i s t r i b u t i o n  o b t a i n e d  b y  t h e  a n o d i c  o x i d a t i o n  a n d  H F  s t r i p p i n g  
p r o c e d u r e  in  c o n j u n c t i o n  w i t h  s h e e t  H a l l  coe f f i c i en t  a n d  s h e e t  r e -  
s i s t i v i t y  m e a s u r e m e n t s .  

mediate, and high dose and subjected to anneal ing  for 
30 min at the tempera ture  given in column 2. In  column 
4, the effective number  of carriers cm -2 as determined 
from the sheet Hall coefficient of the implanted layer  
is presented. This number  is less than the t rue  n u m b e r  
of carriers cm -2 (presented in column 5 and obtained 
from str ipping experiments)  due to the fact that  it 
represents a weighted average which favors higher 
mobil i ty  carriers (7). The util ization of the implanted 
P ions (i.e., the ratio of carriers observed to P im-  
planted) ,  presented in Table II, exhibits the min imum 
obser'r by previous authors (5, 6). 

The depth dis tr ibut ion of carriers for Si implanted 
with p31 and annealed at various temperatures  for 30 
rain are given in Fig. 1 (3 x 1013 P cm-2) ,  Fig. 2 (3 x 
1O i4 cm-2) ,  and  Fig. 3 (8 x 1015 cm-2) .  In  Fig. 3, the 
total  P atom profile [obtained by neu t ron  activation 
analysis as described in ref. (9)] is also shown. The 
carrier concentrat ion after an 850~ anneal  (not shown 
in the figure) corresponds closely to this total  P pro- 
file [see ref. (8)].  It should be emphasized that no ap- 
preciable differences were observed between the total  
P profile obtained by neut ron  activation analysis for 
samples which were not annealed and samples which 
were annealed at 850~ for 30 min;  Le., no appreciable 
diffusion occurs as a result  of the anneal ing  step (9). 
The low dose implant  (Fig. 1) exhibits a large "tail" 
which is due to part ial ly channeled P ions. As the 
damage produced dur ing  the course of the implan ta -  
t ion is increased, channel ing  of P ions is eventua l ly  
curtai led (10). Channeled P ions contr ibute  less to the 
profile for the in termediate  dose (3 x 1014 cm-2,  Fig. 
2) than  to that  for the low dose. For the high dose im-  
plant, ions which have par t ia l ly  channeled represent  
only a small  fraction of the implanted dose (Fig. 3). 

The Hall mobil i ty  observed in Si implanted with 3 x 
1014 cm -2 280 keV P ions (see Fig. 2 for profiles) are 
presented in Fig. 4 as a funct ion of the observed car- 
rier concentration. After  a high tempera ture  annea l  

Table II. Utilization factor for Si implanted with 280 keV p3z 

U t i l i z a t i o n  f a c t o r s  
Dose (cm -~) 550~ 600~ 700oC 850oc 

3 x 10 ca 0.13 0.8 ~ l b  1 
3 x 1014 0.02 0.2 0.7 0.9 
8 X 1015 ~ 1  b 1 .0  ~ l b  0 .9  

= T h e  u t i l i z a t i o n  f a c t o r  ( de f i ned  as t h e  t o t a l  n u m b e r  of  c a r r i e r s  
o b s e r v e d  to  t h e  n u m b e r  of P ions  i m p l a n t e d )  is  g i v e n  as  a f u n c -  
t i o n  of t h e  t e m p e r a t u r e  a t  w h i c h  t h e  s a m p l e  w a s  a n n e a l e d  f o r  30  
m i n .  

b T h e s e  v a l u e s  a r e  o b t a i n e d  f r o m  t h e  e f f e c t i v e  n u m b e r  of c a r r i e r s  
cm-2 { r a t h e r  t h a n  t h e  t o t a l  n u m b e r  of c a r r i e r s  cm-~),  e s t i m a t i n g  t h e  
p r o f i l e  c o r r e c t i o n  f r o m  t h e  d a t a  g i v e n  a t  t e m p e r a t u r e s  fo r  w h i c h  
w a f e r s  Were  s t r i p p e d  a n d  p ro f i l ed .  

(850~ the mobil i ty of the implanted layer  is com- 
parable to that  observed for bulk Si, as previously ob-  
served for well annealed  ion implanted layers by Baron 
et al. (11). At lower anneal ing  temperatures,  where 
most of the implanted P ions are not electrically active 
and uncompensated,  the observed mobil i ty  is lower for 
layers w4thin approximately 0.5~ of the surface, pre-  
sumably because of the presence of charged compensat-  
ing species. Similar behavior was observed for the Hall 
mobil i ty  in the low dose implants  (3 x 1013 cm -2) in 
that  the mobil i ty  after a 550~ anneal  was lower than 
that  observed in  uncompensated bulk  Si, for layers 
wi thin  0.5~ of the surface. 

The surface of the substrate implanted with 8 x 1015 
P ions cm -2 exhibited the "milky" appearance char-  
acteristic of amorphous Si. The depth of this amor-  
phous region was determined to be 0.5~ by interference 
fringes observed in the optical absorption spectrum of 
a s imilar ly implanted  wafer (12). The surface still 
exhibited the mi lky appearance after annea l ing  at 
550~ for 30 min, but  the depth of the amorphous layer 
was only 0.1~. This observation is consistent with the 
epitaxial  regrowth onto the crystal l ine substrate  pre-  
viously reported (1). Annea l ing  for 30 min at 600~ 
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Fig. 1. Carrier concentration profile of < 1 0 0 >  Si implanted 
with 3 x 1013 cm - 2  280 keV p31 Samples were annealed for 30 
min at 550~ (open triangles), 600~ (closed squares), or 850~ 
(open circles). 
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600~ Arrow marks depth of continuous amorphous region present 
after implantation and before annealing. 
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Fig. 4. Hall mobility of Si ion-implanted layers as a function of 
observed carrier concentration of the layer. Carrier concentration 
profiles of these samples are given in Fig. 3. Samples were annealed 
for 30 min at 550~ (triangles), 600~ (open squares), or 850~ 
(circles). 

was sufficient to el iminate this mi lky appearance. These 
results may explain the higher anneal ing temperatures  
reported for P - implan ted  layers by Davies, who em- 
ployed a four point probe (i.e., contacting only the high 
resistance surface layer) to measure resist ivity (13). 

Discussion of  Results 
In  a study of the electrical properties of Si implanted 

with 400 keV P ions, Gibson et al. observed essentially 
complete anneal ing  at temperatures  as low as 550~ 
for low dose (1 x 10 ~3 cm -2) and high dose (1 x 1015 
cm -2) implanta t ions  in  a random direction (14). These 
authors did not report  on intermediate  doses, but  the 
results of the previous section indicate that for such 
doses only a fraction of the implanted P ions are 
electrically active and uncompensated after a 550~ 
anneal  for 30 rain, in spite of the fact that  the gross 
lattice damage produced by low dose implants  anneals  
below 400~ (15). 

I O N  I M P L A N T E D  Si 673 

Exper imenta l  investigations on the spatial d is t r ibu-  
t ion of damage in Si produced by P ions in the energy 
range 70-280 keV show that the ratio of the average 
damage depth (i.e., the depth from the surface at 
which the peak in the damage dis tr ibut ion profile oc- 
curs) to the average projected range of the P ions (Rp) 
is between 0.6 and 0.7 [ref. (4)].  For 280 keV P im-  
plantat ions considered here, the m a x i m u m  damage 
densi ty occurs at 0.24-0.28g. Since the damage increases 
with increasing ion dose, the amount  of damage in the 
spatial region in which most of the P ions lie is much 
greater  for a dose of 3 x 1014 cm -2 than  for 3 x 101~ 
cm -2. These factors are clearly reflected in both the 
profile of carrier concentrat ion after a 550~ anneal  in 
Fig. 1 and 2 and the low mobilit ies observed for car-  
riers in this region of highest damage density. An 
analogous si tuat ion is observed for implantat ions  con- 
ducted at temperatures  above 400~ where gross la t -  
tice damage anneals  dur ing  implantat ion.  Thermal ly  
stable defects remain  after the anneal ing  of isolated 
damage clusters, whether  anneal ing occurs dur ing  or 
after implantat ion.  The density of these defects in the 
vicini ty of the ion distr ibution is higher for higher 
doses. Higher temperatures,  at which diffusion proc-  
esses can el iminate such compensat ing centers, are 
required to achieve a large fraction of the implanted 
ions electrically active and uncompensated.  

In  the case of a high dose which produces a cont inu-  
ous amorphous region, the anneal ing  behavior  is 
markedly  different. After a 600~ anneal,  the carrier  
concentrat ion profile corresponds closely to the im-  
planted P ion profile (Fig. 3) to a depth of 0.5~ and 
the Hall  mobil i ty  is that  expected for bu lk  Si of 
comparable doping. Beyond this point, the carr ier  con- 
centrat ion is markedly  lower than  the P concentration. 
Since most of the implanted P ions lie wi th in  0.5~ of 
the surface, a 600~ anneal  results in near ly  complete 
util ization of the implanted P (Table I) .  The process 
of epitaxial regrowth of the amorphous region onto 
the under ly ing  crystal l ine Si substrate provides a 
mechanism for the incorporat ion of most of the P 
atoms subst i tu t ional ly  and the e l iminat ion of any  com- 
pensat ing defect centers. Annea l ing  at 550~ also re -  
sults in near ly  complete uti l ization of the implanted P, 
even though the surface is still amorphous. As shown 
earlier, the depth of the amorphous region after a 
550~ anneal  is only  0.1 to 0.13~ so that  most of the P 
ions lie within recrystall ized Si. The diffused contact 
areas serve to make good electrical contact to this 
"buried" conducting region. 

Similar  results are obtained for high dose As im-  
plantations,  as presented in Fig. 5. The depth of the 
continuous amorphous region was determined to be 
0.35 to 0.36~ [stripping and visual  observation; in te r -  
ference fringes (12)] as shown by the arrow. Arsenic 
ions which are wi th in  0.35~ of the surface (i.e., within  
the amorphous region) become electrically active and 
uncompensated after a 550~ anneal  for 30 min. 

In  the high dose P and As implantat ions,  the distr i-  
but ion of ions whic,h lie just  beyond the boundary  of 
the amorphous layer produced by room tempera ture  
implanta t ion are located in a region of relat ively high 
damage density, thus requir ing temperatures  charac- 
teristic of diffusion processes in  Si in order to become 
uncompensated and electrically active. 

Summary 

The fact that  the damage dis tr ibut ion lies closer to 
the surface than the ion dis tr ibut ion giving rise to the 
damage has been shown to have interes t ing conse- 
quences in the low tempera ture  anneal ing  behavior  of 
room tempera ture  implanta t ions  of P into Si. These 
results can be generalized as follows: 

1. At a sufficiently low dose, the damage density is 
so low in the region where the bulk  of the ion dis t r ibu-  
tion lies that  a large fraction of the implanted species 
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Fig. 5. Carrier concentration profile of ~ 1 0 0 ~  Si implanted 
with As TM, 280 keV, 4 x 1015 cm -2. Samples were annealed for 30 
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depth of continuous amorphous Si region present after implantation 
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are  e lec t r ica l ly  active and uncompensa ted  af ter  a low 
t e m p e r a t u r e  anneal ,  as observed,  e.g., for P implants  
by  Gibson et al. (14) and for low dose B implants  by  
Seidel  and MacRae (16). 

2. As the  dose is increased,  the  amount  of damage 
in the  region occupied by  the ion d is t r ibut ion  increases. 
A fract ion of the  damage  centers  which  r ema in  af ter  
the  gross la t t ice  damage  has annea led  are t he rma l ly  
s table  to t empera tu re s  character is t ic  of those at  which 
diffusion processes can occur (4). When  this f ract ion 
of compensat ing  defects  is comparab le  to or exceeds 
the  ion concentrat ion,  high t empera tu re s  are  r equ i red  
to achieve a high degree  of e lect r ica l  ac t iv i ty  in the  
implan ted  layer .  These observat ions  app ly  for the  
s i tuat ion where  anneal ing  is accomplished dur ing  im-  
p lan ta t ion  as wel l  as low t empera tu r e  implanta t ions  
fol lowed by  a post implan ta t ion  anneal.  Such behavior  
has been noted for B, P, and As implan ta t ions  by  a 
number  of au thors  [see, e.g., ref. (9) and (16)].  

3. If  the  dose is sufficiently high and the t e m p e r a t u r e  
sufficiently low to a l low the  format ion  of a continuous 

amorphous  region over lapping  the  ion dis t r ibut ion,  the  
ep i tax ia l  r eg rowth  of this amorphous  region "sweeps 
out" the  compensat ing  defects  and the ions wi th in  this  
r egrown region are  e lec t r ica l ly  act ive and uncompen-  
sated. At  a given t empera tu re ,  l ight  ions requ i re  a 
h igher  dose to produce  this amorphous  l aye r  than  
heavy  ions, as shown, e.g., for room t e m p e r a t u r e  
implanta t ions  of P or As (6). For  a given ion, lower  
doses a re  requ i red  at  lower  tempera tures ,  as demon-  
s t ra ted  for B implanta t ions  into Si by Davies (13). The 
requi red  dose m a y  approach a l imi t ing va lue  at  suffi- 
c ient ly  low tempera tures .  
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Ionic Instabilities in Pyrolytically Deposited SiO: Films 
P. M.  Dunbar  1 and J. R. Hauser 

North Carolina State University, Raleigh, North Carolina 

ABSTRACT 

Forms  of ionic ins tabi l i ty  in pyro ly t ic  SiO2 layers  are  inves t iga ted  th rough  
movements  of the flat band  voltage.  The films were  in the  thickness  range  of 
1000A, deposi ted at  725~ and annea led  at  800~ in a s team atmosphere .  As 
deposited,  the  films exhib i ted  the  presence of both posi t ive  and negat ive  
charge. This charge was also found to be h ighly  mobile.  The  annea led  films 
exhib i ted  only posi t ive ionic charge but  high flat band vol tages wi th  ins ta-  
b i l i ty  presen t  only  a f te r  long te rm bias. 

The process of pyro ly t ic  deposi t ion has become 
qui te  wide ly  used in semiconductor  device fabricat ion.  
Basically,  the  process concerns the  deposi t ion of thin 
insula tor  films such as SiO2 for both  diffusion and 

�9 P r e s e n t  addres s :  H o w a r d  U n i v e r s i t y ,  W a s h i n g t o n ,  D. C. 20001.  

elect r ica l  insulation.  Some of the ini t ia l  work  wi th  
this  process was pe r fo rmed  by  Jo rdan  (1) in his a t -  
t empt  to app ly  the  process as a sui table  method  for 
diffusion masking  on germanium.  Kle re r  (2, 3) ex-  
panded  on Jo rdan ' s  work  and s tudied the chemical  
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reactions involved in a pyrolytic deposition. Other 
evaluations showed densified pyrolytic films to be 
quite comparable to thermal ly  grown SiO2. However, 
ionic instabi l i ty  usual ly  occurred in the films. These 
instabili t ies have been noted briefly (4), and this 
present work expands on this problem. 

Experimental Techniques and Results 

The apparatus used in this work was similar to that 
used by Jordan (1). A diagram of the complete sys- 
tem is shown in Fig. l .  This system allows the three 
basic operations of purging, deposition, and anneal ing  
in a steam atmosphere. The ni t rogen purge takes place 
prior to any deposition and while the furnace is heat-  
ing or cooling. When the slice obtained proper tem- 
perature,  the deposition was ini t iated by int roducing 
ni t rogen into the bubble r  which contains l iquid te t ra-  
ethyoxysilane. The te t raethyoxysi lane was s tandard 
reagent  grade material.  This flow rate and the purge 
rate can be controlled by flowmeters 1 and 2. The bub-  
bler was held at 32~ in order to regulate the absorp- 
tion rate of the te t raethyoxysi lane into the ni t rogen 
carrier. This allowed an improvement  in repeatabil i ty 
by excluding room tempera ture  as a process parameter.  
The substrates used were n - type  silicon slices. The 
resistivity was in the 10 obm-cm range, and the crys- 
tal orientat ion was [100]. The slices were approxi-  
mately  3 cm in length by 1.5 cm in width. 

The substrates were stored in methyl  alcohol prior 
to deposition, and placed wet into a 200~ furnace at 
the outset of a run. The system was then purged with 
a ni t rogen flow rate of 1.0 1/min for about 15 min. 
When proper tempera ture  was reached, deposition was 
begun by divert ing 0.5 1/min of ni trogen through the 
te t raethyoxysi lane while  allowing 0.5 l / ra in  of n i t ro-  
gen to flow freely into the furnace, giving a total de- 
position flow rate of 1.0 1/min. This combinat ion 
yielded the best results, because a higher or lower 
rate through the bubb le r  detracted from the uniformity  
of the films. At the end of the desired deposition time, 
the bubbler  flow was cut off and the purge flow of 
1.0 l / ra in  was returned.  After allowing 2 rain for the 
system to clear of te t raethyoxysi lane vapors, the power 
to the furnace was shut off. The slice was then re-  
moved after the temperature  dropped to 300~ De- 
position temperatures  were in the 700~ range with 
deposition rates of 60 to 160 A/min .  This range of de- 
position rates had no detectable effect on the stabil i ty 
results. 

The result ing films were clear in appearance and 
the thicknesses, estimated from the film color, were 
in the 1000A range. Although the films suffered from 
a thickness nonuni formi ty  in  the range of 20%, the 
region over which meta l  was evaporated had no more 
than a 5% variation. The annealed films were processed 
identically except that  a 15 min  steam t rea tment  at 
800~ was included. 

To fabricate the capacitors, 17 mil  diameter  dots 
were evaporated onto the slice. Both gold and a lumi-  
num were used, but  the metal  thickness was 4000A 
throughout.  Electrical contact was made to these de- 
vices with a probing technique. 

s . . . . . . . . . . .  

. . . .  ~ o  . . . . . .  

~ o  . . . . . . .  

Fig. 1. Apparatus for pyrolytic deposition of thin insulating films 
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Evaluation 
Studies of these devices showed the steam annealed 

films to be quite simi lar to thermal oxides w i th  re- 
spect to dielectric strength and structural  qualit ies 
such as pinhole characteristics. Although the u n a n -  
nealed devices had both high leakage currents  and 
pinhole counts, the breakdown strength of all the de- 
vices were in the 10 ~ V/cm range. The relat ive per-  
meat ivi ty  values were quite scattered, but  general ly 
were 20 % higher than  in thermal  oxides. 

It is known that  pyrolytic oxides obtained from 
tetraethyoxysi lane can contain considerable concen- 
trat ions of impurit ies which can dope the silicon 
either p- or n- type.  No doping effect on the silicon 
was noted for the temperatures  and times used in the 
present  work. The possible presence of a p- type layer 
was checked by etching the oxide from several wafers 
after testing and checking for the conductivi ty type 
which remained n-type.  Similar  deposits on p- type  
wafers of about 10 ohm.cm resistivity have also failed 
to show the presence of a th in  n - type  layer due to 
diffusion from the pyrolytic oxide dur ing the tempera-  
tures and t ime employed in this work. 

The apparatus used to determine the capacitance 
vs. voltage characteristics involved a s tandard capaci- 
tance bridge outfitted so that  the voltage could be au-  
tomatical ly swept across the device. A block diagram 
of this system is shown in Fig. 2. A 50 msec ramp volt-  
age from the oscilloscope was used to sweep the de- 
vice voltage. The ramp was 50V in height but  the be-  
g inning and end points could be adjusted by means 
of the series bias. The scope could be triggered ex- 
ternal ly  or allowed to free run, depending on the mode 
of sweep voltage desired. Comparisons of the curve 
shifts were made by photographs of the scope face. 

The init ial  curves were obtained by  single sweeps 
of the ramp voltage across the device. After  the ini-  
tial curve was obtained, the ramp voltage was allowed 
to free run  across the device for several thousand cy-  
cles to detect any rapid movements  of the curve. The 
bridge was then disconnected, and a 9V d-c bias was 
connected across the device for a 4-hr period with 
the metal  positive. At the end of this time, the bat tery  
was disconnected and the bridge reconnected, and 
another  "init ial" curve was obtained. As before, the 
ramp was then set on free run  to detect any rapid 
changes. This was then repeated for the opposite 
polari ty for the 4-hr  bias. 

The need to bias the ramp voltage resulted from 
the need to sweep the device voltage in a bipolar 
method. This bias, however, resulted in a d-c compo- 
nent  of voltage placed across the device whenever  
a sweep was made. Although this d-c component  had 
no detectable effect in the single sweep mode, the ef- 
fect was quite appreciable dur ing the free run  time. 
The voltages applied to the devices dur ing the free 
runn ing  mode are shown in Fig. 3. Typical ini t ial  
curves for both types of devices are shown in Fig. 4 
and 5. The flat band  voltage for this oxide thickness 
and substrate doping occurred when  C/Cmax was in  
the order of 0.7. These curves depict the movements  
somewhat typical  of unstable  oxides. Note however, 
that  the unannea led  films exhibited positive flat band  
voltages after negative stress. This indicates the pres-  
ence of a fair ly large negative charge density in the 
layer. 

Note also, that after anneal ing  in a steam atmo- 
sphere the effect of this negative charge could also ex-  
plain the low flat band voltage of the unannea led  films 

...... 

_L-- > T ::::" 

Fig. 2. Capacitance vs. voltage apparatus 
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A. Ramp voltage employed 
after negative stress. 

B. Ramp voltage employed 
after pos+five stress. 
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Fig. 5. Capacitance vs. voltage for unannealed devices before 
and after stress. 

as compared  to the annealed  films, since the  negat ive  
charge  would counterac t  any  posi t ive charge  presen t  
in the  layer ,  thus lower ing  the  flat band voltage.  Since 
the anneal ing  seems to e radica te  these charge centers,  
the  counteract ing effect would  not  be presen t  in the  
annea led  films, a l lowing the now free posi t ive charge  
to raise the flat band  voltage.  The posi t ive charge and 
its re la ted  high flat band vol tage could, of course, have  
been caused by  a contaminat ion  enter ing  at some point  
in the  process; however ,  the apparen t  nul l ing of the  

May 1970 

negat ive  charge by  anneal ing  suggests tha t  this  nega-  
t ive charge  is inheren t  in the  unannea led  pyro ly t i ca l ly  
deposi ted SiO2 films. 

Ano the r  ma jo r  difference be tween  the annea led  and 
unannealed  devices was exhib i ted  when  the sweep 
vol tage was set to free run  in order  to detect  any  
rap id  movements .  The unannea led  devices, as shown 
in Fig. 6 and 7, exh ib i ted  a ve ry  rap id  flat band move-  
ment,  indica t ive  of a h ighly  mobile  charge  species. 
Two factors indicate  tha t  the mobi le  charge  causing 
this is the  negat ive  charge.  P r imar i ly ,  this  type  of 
rap id  hysteresis  was  not  p resen t  af ter  anneal ing.  This, 
when  coupled to the  indicat ion tha t  the  negat ive  
charge  was e l imina ted  by  annea l ing  points  to this  
charge as the cause of the  r ap id  shifts. 

A close examina t ion  of the r ap id  ins tabi l i ty  also 
indicates  that  nega t ive  charges can expla in  the  rap id  
shifts in flat band  voltage.  Note tha t  af ter  posi t ive 
stress, the  posit ive charge would be near  the  SiO2-Si 
interface,  having a more  pronounced effect in VFB than  
the  negat ive  charges which are  at the  SiO2-metal  in-  
terface. The  d-c  component  of the  free runn ing  sweep, 
then would  move the negat ive  charges to the  SiO2-Si 
in terface  but  the  posi t ive charges would  r ema in  com- 
pa ra t ive ly  unmoved,  thus counteract ing the negat ive  
charge  movement ,  s lowing down any hysteres is  ef- 
fects. The case of negat ive  stress points  this  out  in 
somewhat  more  dramat ic  fashion. Af te r  stress, the  
posi t ive charge is now at the metal -Siam interface,  
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where it has little effect on VFB, and the negative 
charge, now at the SiO2-Si interface, is the controll ing 
factor. So, when the free run  component  occurs, this 
negative charge now moves rapidly to the metal-SiO2 
interface, lowering the VrB just  as rapidly, causing 
the rapid movement  as seen in Fig. 7. 

These results, however, were somewhat scattered. 
Although the characteristics shown in Fig. 6 and 7 
were quite typical, the speed of the movements  varied 
widely, indicat ing a somewhat unpredic table  mobil i ty  
of the negative charge. Another  factor of note is that 
these rapid changes did not occur unt i l  after the de- 
vices were put  under  a long te rm bias. 

Summary and Conclusions 
Stabil i ty  studies showed the films to be unstable  

with high flat band  voltage as compared to good 
thermal ly  grown oxides. Both the annealed and u n a n -  
nealed films exhibited the effects of charge movement  
indicative of positive ionic charge in the oxide layer. 
The unannea led  devices indicated the presence of 
both positive and negative charge in the oxide layer. 

The presence of the negat ive total charge in the 
oxide differs from that  of thermal  oxides where  posi- 
t ive ionic charges are observed. The origin of the 
negat ive charge can only  be speculated on at this point. 
Ionic instabili t ies in SiO2 have been studied in con- 
siderable detail (5, 6). The rapid movement  of the 
negative charges in the present  s tudy would require, 
however, a much larger mobil i ty  than  has previously 
been reported for ions. Holstein (7) has reported on 
a hydrogen ion t rapping instabi l i ty  in SiO2 which 
gives times more consistent with the rapid shifts ob- 
served in this work. The hydrogen ion, however, is a 
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positive charge whereas the present  observations in -  
dicate a rapid movement  of negative charges. The 
negative charges may  in fact be just  electronic motion 
wi th in  the pyrolytic SiO2 layer. A th in  higher qual i ty  
thermal  oxide at the silicon interface could prevent  
the electrons from flowing out of the pyrolytic oxide 
into the silicon, resul t ing in their  accumulat ion at the 
pyroly t ic - thermal  oxide interface. 

The improvement  in the C-V shifts following an-  
neal ing in a stream atmosphere appear to be due 
largely to the e l iminat ion of the rapid negative charge 
movements  wi th in  the oxide. The steam anneal ing  
process can have two effects on the insula t ing layer. 
Previous work (2-4) has indicated this process results 
in a densification of the pyrolytic oxide films. Also, 
there is l ikely some increase in the thickness of the 
thermal  oxide between the silicon and the pyrolytic 
oxide. Both of these processes may contr ibute  to the 
improved electrical properties following annealing.  

Manuscript  received May 3, 1969; revised manuscr ip t  
received ca. Jan. 26, 1970. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
J O U R N A L .  
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Water Contamination in Thermal Oxide 
on Silicon 

G. L. Holmberg, 1 A. B. Kuper, 2 and F. D. Miraldi 

School of Engineering, Case Western Reserve University, Cleveland, Ohio 

ABSTRACT 

Wet-grown,  baked 5400A films were control lably hydrated in t r i t ia ted-  
water  vapor under  conditions approximat ing device operation (50~176 
0.25-8 hr, 25-400 Torr  water  vapor pressure) .  Fast  penetra t ion and fast out- 
diffusion suggest a micropore diffusion mechanism. This conclusion is sup- 
ported by a low diffusion activation energy (0.3 eV) and exponent ia l  profiles 
in the bu lk  oxide. Strong surface peaking of the hydrogen tracer in both in -  
diffusion and outdiffusion is a t t r ibuted to surface energy lowering (Gibbs 
effect). "Water" under  these conditions gave negligible MOS ~Qox or AQis 
even with a hydrogen concentrat ion of 5 x 10 is cm -s  at the silicon. Sodium 
contaminat ion gave an order higher water  ent ry  rate. Water, likewise, in -  
creased sodium ent ry  rate and charge product ion by the sodium. 

Water  has long been considered a serious con- 
t aminan t  in oxide-passivated silicon planar  devices. 
Since it is not possible to el iminate it in device m a n u -  
facture or, except by hermetic sealing, in device use, 
it is desirable to study its effects under  l ikely con- 
taminat ion  conditions. 

In  previous studies (1, 2), fused silica was hydrated 
at high temperatures  (600~176 to measure the 
diffusion coefficient and the activation energy for water  
diffusion in silica. The same studies indicated that  
water  interacted with br idging oxygens to form silanol 
(Si-OH) groups on enter ing the silica. 

Oxides on silicon have been grown in tr i t iated steam 
at 1000~ (3, 4). The diffusion coefficient (3, 4) and 

P r e s e n t  a d d r e s s :  3508 W i l s o n  St.,  F a i r f a x ,  V i r g i n i a  22030. 
2 O n  l e a v e  1969-1970 to E l e c t r i c a l  E n g i n e e r i n g ,  T e c h n i o n ,  N a i f a ,  

I s rae l .  

activation energy (3) de termined from bakeout  were 
comparable to those determined for water  diffusion in 
fused silica, but  bakeout data were not taken below 
500~ Only one study (5) has produced a hydrogen 
profile associated with water  contaminat ion;  the 
sample was contaminated by boiling in t r i t ia ted water. 

Electrical effects of water  contaminat ion in thermal  
oxide on silicon have been studied. Water  has been 
shown (6) to promote channel  conduction on p - type  
surfaces. Water  under  certain conditions is believed 
(5, 7) to act as a positively charged species, probably 
due to formation of H + ions. Water  also acts to an -  
nihi late  interface states (8-10) and is known to increase 
dielectric loss in bu lk  silica (11). Water  introduced 
dur ing oxidation appears to have no charge associated 
with it as evidenced by the fact that  the hydrogen in 
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t r i t ia ted-s team grown oxides (3, 4) did not redis t r ibute  
under  b ias- tempera ture  stress. 

Since data were not available on the diffusion of 
water  in silica below 600~ we had to extrapolate 
fused-sil ica data to the lower temperatures  of interest  
in our work. The val idi ty of the extrapolat ion from 
600~ is questionable;  in  addition, significant dif- 
ferences exist between the oxide and bulk  silica. The 
oxide is very th in  and therefore may be dominated by 
surface effects. It is under  large compressive stress, 
contains concentrat ion gradients  of silicon and oxygen, 
and has a different thermal  his tory than  the fused 
silica; in particular,  the oxide film is formed below its 
softening point. Evidence recent ly summarized (12) 
also suggests a micropore s t ructure  in the oxide. 

A n u m b e r  of experiments  have demonstrated the 
interact ion of water  with sodium in silica. Increased 
sodium transport  in the presence of water  (13) and 
increased wet oxidation rates in the presence of sodium 
(12) have been shown. Sodium is thought to release 
hydrogen (5) in the oxide. Glass corrosion studies in -  
dicate (14) that  water  can release sodium in silica. 

In  our study, oxides were hydra ted  in t r i t ia ted-water  
vapor under  controlled conditions approximating device 
operating conditions. Sets of hydrogen profiles were 
developed with time, temperature,  and water  vapor 
pressure as parameters.  Outdiffusion and other ex- 
periments  fur ther  characterized the hydration.  Models 
are presented for the hydrat ion process. MOS measure-  
ments  of charge and interface-state density were made 
to assess the electrical effects of the water. 

Radioactive sodium and water  were diffused together 
in some samples; profiles and MOS electrical effects 
were measured to determine interactions between the 
two diffusants. 

Exper imental  
Samples were 1 or 10 ohm-cm, n-type,  {111}- 

oriented silicon. They  were wet-oxygen oxidized in a 
quar tz - tube  furnace at 1200~ to a thickness of 5400A, 
then baked for 30 min at 1000~ in dry  nitrogen. 

Hydrat ions were carried out in the apparatus shown 
in  Fig. 1. The sample cell was a solid a luminum cylin-  
der into the top of which several  slots had been milled; 
the remainder  of the apparatus was stainless steel, 
sealed to the cell by a Viton O-ring. Oxidized wafers 
were dropped into the slots and held in good the rmal  
contact with the a luminum by means of Teflon strips 
at their  edges. The source vial contained 0.5 cc of t r i -  
t iated water with specific activity of approximately 
250 mc/g. The tub ing  and valves were wrapped with 
heat ing tape and kept well  above the tempera ture  of 
the source vial  to prevent  water  condensation any-  
where except in the source vial. 

The t r i t ia ted-water  source vial was valved off while 
loading the samples. The source vial  was then cooled 
with l iquid nitrogen, the source valve opened, and the 
apparatus  evacuated wi th  a mechanical  forepump. 
After  evacuation, the source valve was closed, the cell 
and samples brought  to tempera ture  in  a thermo-  
stated oven, and the source vial thermostated at a 

SOURCE 
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HYDRATION APPARATUS 
Fig. l. Apporatus for tritiated-water hydrations 

t empera ture  corresponding to the desired water  vapor 
pressure. 

When source and samples were at the proper tem- 
perature,  the vacuum line valve was closed, the source 
valve opened, and t iming started. At the end of the 
desired hydrat ion time, these operations were reversed 
to recondense the water  into the source vial  and to 
remove the samples. 

An exper iment  was done to test pressure equi l ibra-  
tion. With a glass plate in place of the sample cell, it 
was found that  water  immediate ly  condensed onto the 
glass on opening the source valve. A calculation con- 
firmed that  pressure in the apparatus should equil-  
ibrate wi th in  a second after opening the source valve. 
Thus we felt it unnecessary to have a manometer  in 
the system, and pressures are based on source vial  
temperature.  

The apparatus allowed close control of hydrat ion 
conditions. Accuracy and precision of tempera ture  
were wi thin  I~ pressure was wi th in  1%, and t ime 
was accurate wi thin  a few seconds. Also, the cell 
allowed several samples to be loaded s imultaneously 
and exposed to identical  hydrat ion conditions. 

Samples were etched in dilute HF and the etchants 
were l iquid-scint i l la t ion counted. Since the efficiency 
of l iquid scinti l lation counting is degraded by large 
amounts  of aqueous mater ia l  in the solution, an ap- 
paratus was bui l t  to minimize etchant volume. The 
apparatus allowed etching with 0.5 cc of acid and 
rinsing in 1 cc of water  with good reproducibili ty.  

Samples were washed in water  before sectioning to 
exchange off adsorbed tr i t ia ted water  from the surface 
and thus to avoid contaminat ing the first section with 
adsorbed activity. Samples were also washed between 
sections to avoid cross-contaminat ion between adjacent  
sections. 

The etchant was neutral ized with calcium hydroxide, 
then solubilized with a xy lene-PBD mixture  by means 
of Beckman Biosolve BS-3 solubilizer. Counting was 
done in a Picker Ansi t ron II l iquid scintil lation count-  
er. Counting efficiency was approximately  25% and 
background about 25 counts per minute.  Sufficiently 
long counts were taken to keep one-sigma counting 
errors below 5%. 

Count ing efficiency was determined by counting a 
s tandard along with the etchants. The s tandard had the 
same chemical composition as the unknowns,  and its 
activity was known to +--3%. Accuracy of relat ive con- 
centrat ions (for profile shapes or for comparisons of 
profiles) was equal to the 5% count ing error. However, 
uncer ta in ty  in the specific activity of the tr i t iated 
water  in the source vial l imited accuracy of absolute 
hydrogen concentrat ions to about 20%. 

Sod ium-wate r  interactions were studied wi th  a 
Na22C1 tracer. Samples were either baked or else equili-  
brated with a wet ambient  (nitrogen, 95~ dew point) 
at 800~ They were next  contaminated by dipping 
them into a methanol  solution of the tracer and air 
drying them. The samples were then sandwiched be-  
tween two bare silicon wafers to minimize sodium 
evaporation dur ing the diffusion and were diffused in 
a tube furnace. The dry (baked) oxides were diffused 
in  a dry ni t rogen ambient  and the wet oxides in a 
wet (95~ dew point)  n i t rogen ambient.  

The sodium-contaminated  samples were sectioned in 
dilute HF. The etchant was gamma scinti l lat ion 
counted with a 4 x 4 in. NaI (T1) crystal and a mul t i -  
channel  analyzer. A counting s tandard (+-3%) was 
again used. 

Some samples were diffused both with Na~2C1 and 
with t r i t ia ted water. These samples were etched like 
other hydrated  samples and liquid scinti l lation 
counted. Two analysis channels were set up on the 
l iquid scinti l lat ion counter  to count the two isotopes in 
the presence of each other. Count ing efficiencies and 
the interferences of the isotopes on each other were 
determined from counting standards. Sodium concen- 
trations were also checked by gamma scinti l lation 
counting. 
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A l u m i n u m  dots were  evapora ted  onto some of the  
samples,  and 1-MHz C-V curves were  run. Room t em-  
pe ra tu re  f latband vol tage  was used to measure  fixed 
charge  in the  oxide. In te r face  s tate  densi ty  was mea -  
sured  by  the G r a y - B r o w n  (15) technique of de t e r -  
min ing  the  shift  in f la tband vol tage  be tween  room 
t e m p e r a t u r e  and l iquid  n i t rogen tempera ture .  

Hydration Results 
A typica l  hydra t ion  profile is shown in Fig. 2. The 

profile is made  up of th ree  regions:  at  the  air  in ter face  
is a sharp  spike of hydrogen;  in the  bulk  oxide the  p ro -  
file is r a the r  flat; at  the  silicon in ter face  there  is a 
sl ight  peak  wi th  a d ip  jus t  before  the  peak. The spike 
at the  a i r  in ter face  is p resen t  in all  profiles, the  peak  
and dip at  the  silicon only in some profiles. This p ro -  
file and  others  to be presented  are  s imply  d r a w n  
through  the da ta  points  and represen t  no theore t ica l  
fit. 

F igu re  3 shows the  t ime  deve lopment  of the  h y d r a -  
t ion profile at  constant  t empe ra tu r e  and pressure  
(hydra t ion  t ime was the  t ime dur ing  which t r i t i a ted  
wa te r  vapor  was ac tua l ly  in contact  wi th  the  samples) .  
The spike  at the  a i r  in ter face  is p resen t  in all  profiles. 
In the  bu lk  oxide the profile is roughly  exponent ia l  
(i.e., l inear  on the semilog plot ) .  The  effect of increas-  
ing hydra t ion  t ime is to fill and flatten the  profile in 
the  bulk  oxide. Concentra t ion in the  oxide near  the  
a i r  in ter face  increases wi th  increasing hydra t ion  t ime,  
but  pene t ra t ion  of the  spike remains  roughly  constant.  

Fo r  15-min hydra t ions ,  not shown in the figure, the  
hydra t ion  profile is nonreproducib le  and shows anoma-  
lous peaking  near  the  silicon. Even for the  profiles 
shown, however ,  the  pene t ra t ion  is much fas ter  than  
expected.  A diffusion coefficient es t imated  f rom the 
profiles in Fig. 3 is 10 - ; s  cm~/sec, more  than  an order  
l a rger  than  es t imated  by  ex t rapo la t ing  fused sil ica hy -  
dra t ion  da ta  (1) f rom 600~ 

The  effect of hydra t ion  t empe ra tu r e  at constant  t ime 
and pressure  is shown in Fig. 4. The effect of increas-  
ing hydra t ion  t e m p e r a t u r e  is s imi lar  to the effect of 
increas ing hydra t ion  time. The profile fills and flattens 
in the  bulk ,  and  the  surface spike rises in ampl i tude  
at  constant  penet ra t ion .  

The anomalous  peaking  in the  50 ~ and 100~ p ro -  
files is s imi lar  to tha t  at short  times. I t  appears  tha t  
there  is some defect  in the  oxide  which interacts  wi th  
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the  "water"  and then  saturates .  At  h igher  t empera tu re s  
(or longer  t imes)  the  hydrogen  profile levels  i tself  out. 

Fo r  e r ro r - func t ion  profiles, e i ther  the  to ta l  hyd ro -  
gen in the  oxide  (N) or the  in tercept  (x)  of the  profile 
wi th  a given concentra t ion  level  should have the same 
t e m p e r a t u r e  dependence  as D ~/2 (D is the  diffusion co- 
efficient). A l though  the  profiles a re  not  ac tua l ly  e r ror  
functions,  Ar rhen ius  plots  were  made  for N and x 
(from Fig. 4) and  the slope used to app rox ima te  the  
energy  dependence  of D 1/2. The fo rmer  method est i -  
ma ted  an act ivat ion energy of 0.25 eV for D (0.13 eV 
for D1/2), and the  l a t t e r  gave 0.3 eV. 

A n  act ivat ion ene rgy  of 0.3 eV is less than  half  of 
the  ac t iva t ion  energies  found for fused sil ica h y d r a -  
t ion (1, 2), s team oxidat ion  (16), or w e t - o x y g e n  ox ida -  
t ion (17) of silicon, or  for outdiffusion of wa te r  f rom 
s t eam-g rown  oxides (3). The low act ivat ion energy 
suggests tha t  hydra t ion  ra tes  could be apprec iab le  at 
room tempera tu re .  
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The effect of hydrat ion pressure is shown in Fig. 5. 
Increase in pressure shifts the hydrat ion profile un i -  
formly to higher concentrations. Concentrat ion of hy-  
drogen in the oxide varies as the square root of hydra-  
tion pressure, as expected from fused silica hydrat ion 
data (1, 2), which indicates the breakup of the water  
molecule into two independent ly  diffusing fragments  
on enter ing the oxide. The square root pressure de- 
pendence throughout  the oxide implies that  l i t t le of 
the hydrogen tracer  exists as water  molecules in the 
oxide. 

Several experiments  were done to characterize the 
hydrogen surface spike. As shown in Fig. 3-5, the 
ampli tude of the spike increased with time, tempera-  
ture, and pressure with no significant increase in 
penetrat ion.  It was considered possible that  the surface 
region of the oxide was different from the remainder  
of the oxide, possibly due to local stress-relief. 

In  order to test this hypothesis, 1000A of oxide was 
etched from the surface. The etched oxide and an un-  
etched oxide were then hydrated together for 4 hr. 
The surface spike was still present  in the oxide which 
had been etched before hydration.  The same result  was 
obtained in the same exper iment  with a 1-hr hydration. 

It  was also considered possible that  the spike was an 
exper imental  artifact. As ment ioned previously, the 
sample surface was thoroughly washed before the first 
section was taken  in order that  adsorbed surface ac- 
t ivi ty not be contained in the first section, thus making 
its concentrat ion incorrectly high. Also, samples were 
soaked overnight  in concentrated HC1 and washed 
overnight  in runn ing  water  with no noticeable effect on 
the spike. Thus, the spike was apparent ly  actually 
present  in the oxide surface region. 

An outdiffusion experiment  was done to characterize 
fur ther  both the surface spike and the bulk diffusion 
mechanism. Three samples were hydrated s imulta-  
neously. One was etched immediate ly  as a control 
(profile A in Fig. 6) and showed good agreement  with 
other samples hydrated previously under  the same 
conditions. 

A second sample was vacuum-baked  after hydration.  
/kfter baking, it had the profile shown as profile B in 
Fig. 6. Note that  roughly half of the hydrogen out-  
diffused in 4 hr at 200~ Extrapolat ion of bake-out  
data for t r i t ia ted-s team grown oxides (3) would give 
a negligible outdiffusion rate at 200~ This suggests 
that  water  diffused at 200~ is incorporated differ- 
ent ly  into the oxide than  it is incorporated dur ing a 
steam oxidation. 

The first 1250A of the third sample was sectioned 
(profile C in Fig. 6). This profile agreed well with the 
profile in the surface region of the control. We assume 
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that the remainder  of the profile in this sample was 
similar to that  in the control. After  vacuum baking, 
the par t ia l ly  etched sample had the profile shown as 
profile D in Fig. 6. Again the outdiffusion rate is large. 
Of greater significance, however, is the fact that  the 
surface spike reformed in the outdiffusion. In  fact, 
the dip in the profile just  beyond the spike suggests 
that  hydrogen was preferent ia l ly  segregated from this 
region into the surface region. 

It should perhaps be emphasized that these results 
were obtained on single samples, and reproducibi l i ty  
was therefore not checked. Similar  results have, how- 
ever, been obtained (18) for a similar outdiffusion ex- 
per iment  with sodium in an oxide film. 

There were essentially no MOS electrical effects 
from hydrat ions at 200~ or below, even though hy-  
drogen concentrat ions as high as 5 x 10 TM cm -3 were 
measured at the silicon. Room-tempera ture  flatband 
voltage showed a positive shift of about 1V (4 x 10 TM 

electrons cm-~) ,  a t t r ibuted to annealing.  No measur-  
able change in interface state density was observed. 
Annih i la t ion  of states was complete for hydrat ions at 
800~ however, suggesting that  tempera ture  is im-  
por tant  to the annihilat ion.  

I n t e r p r e t a t i o n  of Results 
To interpret  the hydrat ion data two models are con- 

sidered, one for bulk  oxide profiles, one for the surface 
spike. 

In  bulk  oxide, hydrat ion is characterized by fast in-  
and outdiffusion, exponent ial  profiles, low activation 
energy, and anomalous peaking for "gentle" hydra-  
tions (as in Fig. 4, 50 ~ and 100~ It is possible that  
extrapolat ion from high tempera ture  data underes t i -  
mates the diffusion coefficient. This would explain 
"fast" penetration.  However, it would not explain the 
anomalous peaking, nor  the fact that  the profile does 
not  have the expected er ror - funct ion  shape. 

A model in which the oxide is assumed to contain a 
ne twork  of micropores could explain the observations. 
A "network of micropores" as used here does not mean 
actual pinholes through the oxide. Rather it means  an 
interconnected network of small  (probably a few atom 
diameters)  disturbed regions which have a somewhat 
higher diffusivity than  the bulk oxide. Such a model 
for oxide s t ructure  has been previously suggested (12). 

We considered diffusion in such a micropored struc- 
ture  to be analogous to grain boundary  diffusion and 
applied Fisher 's  (19) diffusion model to the hydrat ion 
data. In  Fisher 's  t reatment ,  the diffusant is considered 
to penetrate  very  quickly along the high diffusivity 
path and then to side-diffuse. The model predicts ex- 
ponent ial  profiles, as observed, and appears consistent 
with the fast diffusion, low activation energy, and 
even the anomalous peaking which was observed. 
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Such a high diffusivity path would, of course, show 
up most s trongly at low temperatures  where bulk  dif- 
fusion is slow. At high temperatures,  such as in steam 
oxidations, bulk  diffusion would be expected to 
dominate, as has been observed (3, 4, 17). 

Several  explanations were considered for the sur-  
face spike. We first thought  that  the spike represented 
a second, slower-diffusing hydrogen species. However, 
the shape of the spike and the change in ampli tude 
with no penetra t ion change were not consistent with 
this interpretat ion.  

Surface rate l imitat ion would give the observed 
behavior  of the spike for indiffusions. However,  it 
could not  explain reformation of the spike from a flat 
profile in outdiffusion. 

The remaining  possibility was enhanced solubil i ty in 
the surface region, either electrically or chemically 
caused. Electrical b ind ing  was rejected since no 
evidence was found of charge associated with the 
"water." 

In keeping with the micropore model, it was con- 
sidered possible tha t  the surface region had a higher 
pore densi ty and therefore retained more water  than 
the bulk  oxide. However, to explain the experiments  
in which the oxide surface was etched before in -  and 
outdiffusion, it would be necessary to assume that  the 
heavily pored region reformed in hours at 200 ~ C. 

The model which we favor has recent ly been de-  
scribed in papers on near -sur face  effects in metal -  
metal  diffusions (20, 21) and is referred to as the Gibbs 
effect. In  a diffusion system such as water-sil ica,  where  
the reaction between the diffusant and the host matr ix  
is exothermic, segregation of the diffusant near  the 
surface of the host mat r ix  leads to lowering of surface 
free energy. Thus, water  segregates near  the surface 
of the oxide s imply because this lowers the energy of 
the system. The penetra t ion of the spike in our pro- 
files (a few hundred  angstroms) is in good agreement  
with the penetra t ion in the profiles shown in ref. (21). 

With this model it would be expected that  surface 
concentrat ion would rise with bulk  concentration,  as 
observed. The constant  penetra t ion and the shape of 
the spike are reasonable. The reformation of the spike 
in outdiffusion would be expected. 

S o d i u m - W a t e r  In te rac t ions  
Sodium chloride was diffused wet and dry  as pre-  

viously described, and sodium distr ibutions and their  
electrical effects were measured. Although the diffu- 
sion length was orders greater than the oxide thickness 
(11) for dry diffusions at 600~ profiles were steeply 
falling and diffusion t ime (1 to 60 rain) had little effect 
on the profile. It appeared that the sodium was being 
preferent ia l ly  segregated in  the surface region of the 
oxide. This segregation could possibly be explained 
again by the Gibbs effect (20, 21). An al ternat ive  ex- 
planation,  given by Fowkes and Burgess (18), is a 
surface layer of negative oxide ions which at tract  the 
sodium ions and bind them near  the surface. 

In wet diffusions the profile showed a definite de- 
velopment  with time, i.e., a filling and flattening with 
increasing time. Fur thermore,  profiles for wet diffu- 
sions peaked at the silicon, which has been associated 
with image charge in the silicon (22). Profiles for 1 hr 
wet and dry diffusions are shown in Fig. 7. In  addition 
to the other differences noted between wet and dry 
diffusions, the water  had the effect of significantly in-  
creasing the quant i ty  of sodium transported. Such an 
effect has been previously noted (13). 

Electrically, a definite sodium-water  interact ion is 
also seen. Charge production in the silicon is shown in 
Fig. 8 as a funct ion of diffusion time. In  dry diffusions 
at 600~ charge bui ldup was slow as expected from 
the sodium profiles. At 800~ charge bui ldup also 
behaved as expected [the decrease for long diffusion 
times has been a t t r ibuted to anion compensation (23) ]. 

Charge bui ldup in the wet diffusions, however, was 
very rapid. This is expected from the larger amount  
of sodium transported in the wet diffusions. However, 
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the larger sodium t ranspor t  alone does not appear 
sufficient to explain the magni tude  of charge produc- 
tion. The same amount  of sodium can easily be t rans-  
ported in a dry diffusion (by increasing diffusion tem-  
perature,  for example) as was t ransported in these 
wet diffusions without  producing as large a charge 
(22). This implies that  water  enhances the charge 
production of sodium. The mechanism of such en -  
hancement  has not been ascertained. 

It  was noted in the wet diffusions that  the sample 
coverplates were oxidized several  t imes faster where  
they were in contact with the contaminated samples 
than  they were on areas remote from the contamina-  
t ion (the covers were larger than the samples).  Since 
the water  in the wet ni t rogen ambient  was necessarily 
the oxidant, this observation implied that  sodium also 
enhanced the t ransport  of water  into the oxide. Such 
sodium-enhanced oxidation has been previously ob- 
served (12) and could possibly be explained by 
Charles'  (14) proposed mechanism for the sodium-en-  
hanced corrosion of silica. 

The hypothesis that  sodium enhanced the water  
t ranspor t  was directly checked in a 200~ hydration.  
Sodium-contaminated  and uncontamina ted  samples 
were hydrated together and sectioned. The profiles are 
shown in Fig. 9. The sodium level in the contaminated 
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Fig. 9. Effect of sodium contamination on hydration at 200~ 
Lowest profile represents sodium contamination in contaminated 
samples. Other profiles are hydration profiles in uncontaminated 
and contaminated samples, respectively. 

oxides was rather  low, a few times normal  residual  
levels. However, this small  amount  of sodium was suf- 
ficient to increase "water" t ransport  by roughly an 
order of magni tude  as shown by the hydrogen pro-  
files for contaminated and for uncontaminated  oxides. 

Electrically, however, water  still appeared to have 
no effect at 200~ even in a sodium-contaminated  
oxide. Room-tempera ture  fiatband voltage and in ter -  
face state density were measured on samples after 
sodium diffusion. Hydrat ion of these samples had no 
measurable effect on interface state density and gave 
the same slight positive shift of room-tempera ture  
flatband voltage as noted in hydrat ion of clean oxides. 

S u m m a r y  
1. At "device" temperatures  (200~ hydrat ion of a 

thermal  oxide appears to occur via micropores; this 
may help to elucidate the s t ructure  of the oxide. 

2. The diffusing species is not known, but  water  
molecules separate into two independent ly  diffusing 
fragments  on enter ing the oxide. 

3. Peaking of hydrogen in the surface region of the 
oxide is characteristic of the water-si l ica system and 
is explained by the Gibbs effect (surface energy lower-  
ing).  

4. Water  enhances sodium t ranspor t  and positive 
charge production at moderate  tempera tures  (600 ~ 
800~ 

5. Sodium enhances water transport at "device" tem- 
peratures (200~ 

6. At the device temperatures  of interest  in this 
study, diffused water  has negligible effect on silicon 
surface potential  or on interface-state  density. 
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Epitaxial GaAs Kinetic Studies: {001}Orientation 
Don W. Shaw* 

Texas Instruments, Incorporated, Dallas, Texas 

ABSTRACT 

Gall ium arsenide deposition rate  studies were conducted with an open tube, 
chloride t ransport  system which permit ted independent  control of the reactant  
input  part ial  pressures. A recording microbalance was adapted to the depo- 
sition apparatus so that the epitaxial  growth rates could be cont inuously mea-  
sured dur ing the actual deposition process. At low temperatures  and high re- 
actant part ial  pressures the process appears to be kinetical ly controlled. The 
rate then becomes inversely proportional to the gall ium monochloride part ial  
pressure and may indicate the presence of a competitive adsorption process. 
At high temperatures  and low part ial  pressures the rates may be described 
in terms of a "quasi -equi l ibr ium" model where a fraction of the incoming 
gas stream equil ibrates with the condensed phase. 

Studies of the influence of substrate temperature  on 
GaAs epitaxial  growth rates in the Ga/HC1/As/H2 sys- 
tem have indicated that at low temperatures  the proc- 
ess operates under  kinetic control (1). Under  such 
conditions the growth rate is independent  of the total 
gas flow rate  but  is s t rongly dependent  on the crys- 
tallographic orientat ion of the substrate. In addition 
the rate  increases rapidly  with increasing substrate 
tempera ture  contrary to the behavior  predicted from 
thermodynamic  considerations. The epitaxial  growth 
rates as well  as the electrical characteristics of the 
deposits are also known to be significantly influenced 
by the composition of the vapor from which the layers 
are grown (2, 3). These facts indicate the uti l i ty of a 
detailed invest igat ion of the influence of the gas phase 
composition on the kinetics of GaAs epitaxial  growth. 

Kinetic studies in gas flow systems are often limited 
by lack of precision of the rate data. Usual ly the 
studies are conducted by deposition for a fixed t ime 
period with subsequent  measurement  of the layer 
thickness. Although this approach is straightforward, 
it is t ime consuming and relat ively imprecise. Implicit  
in its use is the assumption that  the deposition rate is 
constant  over the t ime interval  used for deposition of 
the layer. An effort was made in the present investiga- 
t ion to el iminate these problems by use of an apparatus 
which permit ted continuous measurement  of the epi- 
taxial  growth rate as the layer was being deposited. 
This consisted of a recording microbalance adapted to 
the epitaxial  deposition system. By suspension of the 
substrate  crystal from one arm of the microbalance, 
the weight of the crystal was cont inuously measured. 
The details of this approach are described in the fol- 
lowing section. 

Experimental 
Under proper conditions the growth of GaAs from a 

GaC1/As4/HC1/H2 ambient  is a surface catalyzed proc- 
ess (1). This is a critical requi rement  to the study of 
epitaxial  growth kinetics since it permits  growth on 
the substrate only. Extraneous growth on the tube 
walls or the substrate holder would greatly complicate 
the results due to depletion of the gas stream of 
reactants. Obviously, if the epitaxial  growth rate is to 
be obtained by continuous gravimetr ic  measurements  
of the crystal, extraneous growth on the specimen 
hangdown and support  must  be eliminated. The GaAs 
system to be described meets these requirements ,  par-  
t icular ly  if a small  excess of HC1 is added to the 
reactant  gas phase ( I ) .  

The exper imental  apparatus is i l lustrated in Fig. 1. 
It  consists pr incipal ly  of two parts: a microbalance, 
from one arm of which the specimen is suspended, and 
the fused silica reactor assembly. The microbalance  
is a Cahn RG Electrobalance (Cahn Ins t rument  Com- 
pany, Paramount ,  California) which uses the nul l  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

balance principle. As the specimen weight changes, the 
deflection of the beam from its equi l ibr ium point  is 
detected. Attached to this beam is a coil positioned in 
a magnetic field. As the beam is deflected, a current  is 
applied to the coil which restores the beam to the 
equi l ibr ium position. From the measured current  the 
specimen weight is obtained. Ideally, the balance is 
sensitive to 0.1 ~g with a m a x i m u m  capacity of lg. As 
the specimen weight changes, it does not move ver-  
t ically wi thin  the reaction apparatus. Consequently the 
length of the flat profile region of the furnace is 
minimized. The tempera ture  variat ion over the length 
of the substrate crystal was found to be < 2~ Both 
the weight and growth or etch rates are continuously 
measured. The lat ter  data are obtained by electron- 
ically differentiating the balance output  with t ime us- 
ing a Cahn Mark II Time Derivative Computer. Us- 
ual ly  the rate was displayed on one channel  of a dual 
pen recorder, while the variable  under  s tudy ( tem- 
perature,  part ial  pressure, etc.) was displaced s imul-  
taneously on the other channel.  The noise level for 
both the rate and the weight  outputs was minimized 
by electronic filtering. 

The materials  employed in construction of the bal-  
ance mechanism are not inert  to the corrosive gases 
used in deposition. Consequently, it was necessary to 
protect the balance by use of a hydrogen counterflow. 
This flow entered the center  arm of the balance cham- 
ber, passed over the balance mechanism, and then 
flowed downward.  The protective hydrogen flow rate 
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amounted to one half of the total flow rate passing 
over the specimen. Coupling of the balance chamber  to 
the actual epitaxial  apparatus was achieved with a 
flexible Teflon bellows attached to the s tandard taper 
joints with heat shr inkable  tubing. Ini t ia l ly  a fused 
silica tube was used in the coupling, but  mat ing  of 
fused silica tapers between the balance chamber, de- 
position apparatus, and the coupling tube required 
very  precise axial  al ignment.  The use of a flexible 
Teflon ~bellows el iminated this problem. 

Specimen removal  and replacement  was accom- 
plished by movement  of the balance chamber while 
the deposition apparatus was held in a fixed position. 
In  this case the balance chamber  was mounted  on a 
rack and pinion device which permit ted vertical  move-  
ment.  In  addition, the balance chamber  and mount  
could be t ranslated in the horizontal  direction. In  order 
to change saraples, the balance was moved upward,  
thus detaching it from the coupling tube. The hang-  
down fibers were unhooked at the opening and the 
balance then shifted horizontally. Finally,  the lower 
hangdown fiber was extracted together with the speci- 
men. The reverse procedure was followed in loading 
a new specimen. 

Gaseous gal l ium monochloride and arsenic were the 
reactants. As ment ioned earlier, some hydrogen chlor-  
ide was added to retard nucleat ion and growth of 
extraneous mater ia l  on the specimen hangdown or 
the tube walls. Gal l ium monochloride is formed by 
reaction of HC1 wi th  liquid gall ium at 925~ Earl ier  
experiments  (1) showed that  the react ion goes essen- 
t ia l ly  to completion at temperatures  as low as 900~ 
Thus the gal l ium monochloride input  part ial  pressure 
was calculated from the total flow rate, the H2-HC1 
flow rate over the gal l ium source, and the HC1 part ial  
pressure in the la t ter  flow. Exper imenta l ly  the gal l ium 
monochloride part ial  pressure was varied by changing 
the HC1 par t ia l  pressure in the gas stream passing 
over the gal l ium source. This HC1 part ial  pressure as 
well  as that  en ter ing  the tube as free HC1 were con- 
t inuously  monitored with thermistor  type thermal  
conductivity cells. Pure  H2 flowed through the ref- 
erence sides of these cells. The arsenic input  was ob- 
tained by passing hydrogen over elemental  arsenic. 
The arsenic par t ia l  pressure was empirical ly deter-  
mined from independent  measurements  of arsenic 
weight loss as a function of temperature.  The same 
carrier gas flow rate  over the arsenic source was used 
for all experiments,  and the arsenic part ial  pressure 
was varied by changing the arsenic source tempera-  
ture. All temperatures  were monitored with thermo-  
couples inside fused silica tubes. The thermocouple 
measur ing the substrate tempera ture  extended to just  
below the suspended substrate. Furnace  profiles per-  
mit ted determinat ion of the actual substrate tempera-  
ture from the thermocouple reading. Kantha l  wound 
resistance furnaces were used throughout.  Since gal- 
l ium monochloride is unstable  at low temperatures,  it 
was necessary to prevent  the gas tempera ture  from 
fall ing below the substrate tempera ture  between the 
gal l ium source and the substrate. Fai lure  to do so 
would result  in premature  disproportionation of GaC1. 
This was prevented by heat ing the GaC1 inlet  tube 
with resistance wire wound as shown in Fig. 1. 

The flow rates measured at room tempera ture  were 
as follows: 

Protective H2 flow 
through balance chamber  300 m l / m i n  
H2-HC1 flow over Ga source 100 m l / m i n  
H2-HC1 flow--free HC1 input  100 m l / m i n  
H2 flow over arsenic source 100 m l / m i n  

Since the GaAs epitaxial  growth rate is often de- 
pendent  on the substrate orientation, under  the experi-  
menta l  conditions it was necessary to expose essen- 
t ial ly only one surface orientat ion to growth. For the 
{001} orientat ion used in this study this was achieved 
by using very thin specimens polished on both sides. 
Typical  substrate dimensions were 1 X 1 • 0.02 cm. 

The slices were cleaved into squares, which exposed 
very smooth {110} sides. This resulted in 96% of the 
geometrical surface area being the {001} orientat ion 
while the remainder  was {110} [which is typically a 
slower growing orientat ion (4)] .  The samples were 
supported in a sample basket constructed of fused 
silica fibers. This was suspended from the balance by 
a fused silica hangdown fiber 125 ~m in diameter.  
Usually, the sensit ivi ty of the apparatus was deter-  
mined by the noise level, which resulted from me-  
chanical vibrations,  thermal  effects, or the aerodynamic 
drag (5) exerted on the specimen and the hangdown 
by the flowing gas. The lat ter  is very  significant, al- 
though not so severe as to prevent  successful results. 
A change in the total flow rate results in an immediate  
change in the zero position of the balance. However, if 
the flow is held constant  the drag is constant and the 
new zero position remains  stable. For  epitaxiaI kinetic 
studies a precise determinat ion of the actual weight is 
unnecessary.  Only the rate of change is important ;  
thus zero shifts due to the gas flow effects are of little 
significance since they do not result  in long term 
drifts. Under  typical exper imenta l  conditions a change 
in  rate of 0.005 m g / m i n  may be detected. For a 2 cm 2 
GaAs specimen, this corresponds to a change in rate  of 
0.275 ~m/hr,  which exceeds the sensit ivi ty of the usual  
rate determinat ion methods in open flow systems. 

The ra te-par t ia l  pressure exper iments  were con- 
ducted in such a m a n n e r  as to gain s imultaneously in-  
formation concerning the sensit ivity of the growth rate 
to tempera ture  and reactant  part ial  pressure. This was 
accomplished by very slowly cooling the substrate at 
a fixed gas phase composition. The deposition rate, as 
determined from the balance output, was plotted on 
one axis of an x -y  recorder, while the output  of the 
substrate thermocouple was measured on the other. 
This, in effect, yielded a ra te - tempera ture  plot for a 
given gas composition. The part ial  pressure of one of 
the reactants would then be changed and the experi-  
ment  repeated. This would be continued unt i l  the rate-  
tempera ture  curves were obtained for a range of re-  
actant part ial  pressures. Isothermal sections from these 
curves yielded the ra te-par t ia l  pressure curves for any 
desired tempera ture  in the exper imenta l  range studied. 
Usually the previous deposit was removed by in situ 
etching between cycles so that each cycle represented 
growth on a similar surface. Since the weight  gain 
dur ing  a tempera ture  cycle represented the deposit 
thickness, the amount  necessary for removal  by etching 
between cycles was always known. After  etching, at 
the beginning of each new cycle, an isothermal, s teady- 
state growth rate was established before cooling to 
minimize effects of variat ions in the ini t ial  growth 
rates due to the freshly vapor etched surface. 

Results 
Figure 2, which was constructed from x-y  plots of 

rate vs. thermocouple reading, summarizes the in-  
fluence of deposition tempera ture  on the {001} 
growth rate. Several  curves are il lustrated, each 
represent ing a different arsenic part ial  pressure. 
Constant  values of the GaC1 and tIC1 part ial  pres-  
sures were main ta ined  for all runs. In  general  shape, 
the curves agree with the pre l iminary  results re-  
ported in ref. (1), which were obtained by  a set of 
fixed time depositions at various temperatures.  Pre-  
vious evidence (1) identifies the low-tempera ture  
regions, where the rate increases with increasing 
temperature,  as kinet ical ly  or surface l imited re-  
gions. Here the rate is l imited pr incipal ly  by a rel-  
a t ively slow surface step which might  be an ad- 
sorption or desorption process or an actual surface 
reaction. At higher temperatures  each curve passes 
through a maximum,  beyond which the rate begins 
to decrease with fur ther  increases in temperature.  
Figure 2 shows that  the actual value of the tempera-  
ture, Tmax, where the ma x i mum rate is observed, is 
a funct ion of the arsenic part ial  pressure. 
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Fig. 2. Growth rate as a function of reciprocal temperature at 
several arsenic input partial pressures in atmospheres. 

A similar set of rate vs. 1 / T  curves at various 
gall ium monochloride part ial  pressures is given in 
Fig. 3. For these experiments  the arsenic and hydro-  
gen chloride part ial  pressures were held constant. 
Again the same basic curve shape is observed. As 
in Fig. 2, the value of Tmax is a funct ion of the gas 
phase composition. Apparent  activation energies 
measured in the kinetic regions exhibit  good agree- 
ment  among the various runs  and yield an average 
value of 48.7 • 3.5 kcal/mole.  No dependence of the 
activation energy on gas phase composition was evi- 
dent. 

If the deposition tempera ture  is cont inual ly  reduced, 
a point is u l t imate ly  reached at which the growth rate 
actual ly passes through a min imum.  Addit ional  tem- 
perature  reductions result  in an apparent ly  increasing 
growth rate. Termina t ion  of the exper iment  after the 
temperature  had been reduced below the min i mum 
and examinat ion of the crystal and its support revealed 
that  extraneous GaAs deposits were beginning  to form 
on the fused silica crystal support and hangdown fiber. 
Thus the apparent  increase in growth rate was the 
result  of the increased surface area and weight which 
accompanied the nucleat ion of these extraneous de- 
posits. As the substrate tempera ture  is lowered in the 
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Fig. 3. Growth rate as a function of reciprocal temperature at 

several gallium monochloride input partial pressures in atmospheres. 

kinetic region, the growth rate  decreases, even though 
the gas phase supersaturat ion is increasing, due to a 
reduction in  the rate of some activated surface process. 
This will  cont inue unt i l  the supersaturat ion exceeds 
the critical value necessary for nucleat ion on fused 
silica; then an apparent  rate increase would be ob- 
served with our technique for rate measurement .  The 
earlier stages of this effect are apparent  in Fig. 3 for 
the curves corresponding to the three highest gall ium 
monochloride part ial  pressures. Although this par t icu-  
lar exper iment  was not extended so far as to produce 
an actual m i n i m u m  in rate, a decrease in slope of the 
curves is evident  at very  low temperatures.  The de- 
crease occurs at higher temperatures  as the gal l ium 
monochloride part ial  pressure is increased since the 
critical value of gas phase supersaturat ion is reached 
at higher temperatures.  

Figure  4 i l lustrates the influence of the arsenic ini t ial  
part ial  pressure on the deposition rate at several se- 
lected temperatures.  At low temperatures  the plots 
are near ly  l inear  (on a log-log scale) with relat ively 
small  slopes. At in termediate  temperatures  the low 
part ial  pressure region exhibits an increased slope. 
This slope becomes characteristic of the entire curve at 
high temperatures.  These plots are actual ly isothermal 
sections from Fig. 2. Comparison of Fig. 2 and 4 reveals 
that the regions where the rate is most sensitive to 
arsenic part ial  pressure variations, i.e., at low arsenic 
part ial  pressures and high temperatures,  correspond 
to regions of Fig. 2 where the growth rate decreases 
with increasing temperature.  This i l lustrates the value 
of obtaining the ra te-par t ia l  pressure data at several 
temperatures.  Certainly, erroneous conclusions would 
be obtained if ra te-par t ia l  pressure variat ions were 
interpreted in terms of a kinetic model when  at low 
part ial  pressures the rate is no longer kinet ical ly 
limited. For example, only the high part ial  pressure 
points of the 754 ~ curve in Fig. 4 actually correspond 
to the kinetical ly l imited region. 

Interest ing results are obtained when  the growth 
rate is plotted as a funct ion of the gal l ium mono-  
chloride partial  pressure. This is shown in Fig. 5 where 
the curves for several deposition temperatures  are 
given. It is apparent  that, at least at the lower tem-  
peratures, the rate passes through a ma x i mum with 
increasing gal l ium monochloride part ial  pressure. As 
in the preceding case, it is impor tant  to ident ify those 
portions of these curves which correspond to the 
kinet ical ly l imited region. Again this may  be ascer- 
ta ined by comparison with Fig. 3. Although there 
might  be a small  region of the ascending portions of 
the curves in Fig. 4 which represent  kinetic control, 
only the descending regions beyond the ma x imum 
definitely correspond to the activated regions in Fig. 3. 
Although not shown in Fig. 5, the growth rates actually 
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Fig. 4. Growth rate as o function of arsenic input partial pres- 
sure for several substrate temperatures. 
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Fig. 5. Growth rate as a function of gallium monochloride input 
partial pressure for several substrate temperatures. 

pass th rough  a m in imum at high pa r t i a l  pressures  
cons iderably  in excess of the  value  for the  ra te  m a x i -  
mum. This is due to two-d imens iona l  nuclea t ion  on the 
fused silica hangdown fiber which resul ts  in ex t raneous  
growth  as p rev ious ly  mentioned.  Since this  is inde-  
pendent  of the  single c rys ta l  ep i tax ia l  growth,  such 
da ta  wi l l  be excluded f rom the discussion. The resul ts  
shown in Fig. 4 and 5 correspond only to condit ions 
where  growth  is confined to the  subs t ra te  crystal .  

In  genera l  the  resul ts  m a y  be summar ized  in t e rms  
of two unique growth  regions. The first region, which  
corresponds  to low pa r t i a l  pressures  and high t em-  
peratures ,  is charac te r ized  by  ra tes  which decrease  
wi th  increas ing t e m p e r a t u r e  and increase  when the 
pa r t i a l  p ressure  of one reac tan t  is increased whi le  
holding the  other  constant.  In the  second region,  the  
ra te  increases wi th  increasing t empera tu re  and wi th  
increasing arsenic  pa r t i a l  pressure,  but  ac tua l ly  de-  
creases when  the other  reactant ,  ga l l ium monochloride,  
is increased.  

Discussion 
As prev ious ly  stated,  the  l o w - t e m p e r a t u r e  region 

where  the  ra te  increases wi th  increasing t empe ra tu r e  
is be l ieved to represen t  a region where  the process 
opera tes  under  kinet ic  control.  This in te rp re ta t ion  is 
suppor ted  by  the fol lowing evidence:  (i) The deposi-  
t ion ra te  exhibi ts  a s t rong or ienta t ion  dependence  (4). 
(ii) An exponent ia l  t e m p e r a t u r e  dependence  is ob-  
served which is con t ra ry  to tha t  p red ic ted  from equi-  
l ib r ium considerat ions (1). (iii) The ra te  is inde-  
penden t  of the  to ta l  gas flow ra te  (1). Having now 
es tabl ished the  influence of r eac tan t  pa r t i a l  pressures  
on the  growth  ra te  in this  k ine t ica l ly  control led  re-  
gion, i t  is of in teres t  to examine  the possibi l i t ies  of 
ex t rac t ing  informat ion  concerning the na tu re  of the  
slow surface process. The process might  be adsorpt ion 
of e i ther  r eac tan t  species, some surface react ion be-  
tween  adsorbed  species, or desorpt ion of the  products.  

The inverse  dependence  of the  ra te  on the ga l l ium 
monochlor ide  pa r t i a l  pressure  m a y  indicate a com- 
pe t i t ive  adsorpt ion  process whe reby  GaC1 competes 
wi th  arsenic for adsorpt ion  sites. Consider,  for e x a m -  
ple, tha t  As4 is in gas phase  equi l ibr ium wi th  As2 which 
in tu rn  is adsorbed dissociat ively  on the {001} surface. 
If  GaC1 should compete  for these sites, perhaps  by  
a t t rac t ion  of the  C1 por t ion of the  molecule  to the  
surface, the  amount  of surface avai lab le  for arsenic 
adsorpt ion  would  be reduced.  By assuming a Langmui r  
type  adsorp t ion  process, the  f rac t ion of the surface 
covered b y  arsenic  a toms could be expressed  by  the 
fol lowing equat ion 

flask'/2 PAs2'/2 
0A~ = [I] 

(1-~- flAs2 '/2 PAs2 '/2 + flGaCl PGaCl) 

where  ~As2 and /~GaC1 rep resen t  t,he Langrnuir  adsorp -  
t ion coefficients for the  subscr ipted species. If  the  r a t e -  
l imi t ing process involves a reac t ion  of adsorbed arsenic 
atoms, then the ra te  m a y  signif icantly begin to de-  
crease wi th  increas ing  gal l ium monochlor ide  pa r t i a l  
pressures  when  

/~GaCl PGaCl > 1 + ~As2 '/~ PAs2 '/z [2] 

Actual ly ,  severa l  different  r a t e - l imi t i ng  surface proc-  
esses m a y  be imagined  which  involve adsorbed  arsenic 
atoms. Genera l  ra te  express ions  were  der ived  for  many  
of these processes in an a t t empt  to descr ibe  the  actual  
g rowth  mechanism in the  kinet ic  region.  However ,  the  
resul t ing  equations a l l  involve severa l  unde te rmined  
constants.  Al though  many  of the  ra te  expressions ap-  
pea r  to agree wi th  the  expe r imen ta l  results,  the  un-  
de te rmined  constants  prec luded  identif icat ion of which 
if any  of the  mechanisms was the  most  valid.  Conse-  
quent ly ,  one cannot determine the true nature of the 
r a t e - l imi t ing  process in the region of kinet ic  control. 
However ,  a compet i t ive  adsorpt ion  process be tween  
arsenic and ga l l ium monochlor ide  for  the  arsenic ad-  
sorpt ion sites can qua l i t a t ive ly  account for  the  exper i -  
menta l  observat ions.  

The high t e m p e r a t u r e - l o w  pa r t i a l  pressure  regions 
where  the ra te  exhibi ts  a negat ive  t empe ra tu r e  de-  
pendence could be due to an ac t iva ted  etching proc-  
ess which becomes significant at h igher  tempera tures .  
However ,  this is un l ike ly  since ear l ie r  resul ts  (1) 
indica ted  tha t  the  or ien ta t ion  dependence  diminishes  
m a r k e d l y  in this  region. Ano the r  possibi l i ty  is that ,  at 
high t empera tu res  or low pa r t i a l  pressures ,  the  ent i re  
gas s t ream approaches  equ i l ib r ium with  the  condensed 
phase. In  order  to invest igate  this  possibil i ty,  equi-  
l ib r ium calculat ions were  car r ied  out for  condit ions 
which  corresponded to our exper iments .  In  these cal-  
culations,  the composit ion of a mix tu re  was de te r -  
mined  which rep resen ted  the  min imum free energy  of 
the  system subject  to the  mass balance  constraints.  
The rmodynamic  values  employed  in the  calculat ions 
were  taken  f rom Day's  (6) compilat ion.  However ,  com- 
par ison of the  expe r imen ta l  ra tes  descr ibed ear l ie r  
wi th  the  ca lcula ted  values  revea led  a large  dis-  
crepancy.  Yet when  the two resul ts  were  plot ted,  the  
curve shapes were  ve ry  similar ,  pa r t i cu l a r ly  in the 
regions of high t empera tu res  and low reac tan t  pa r t i a l  
pressures.  

Sedgwick  (7) descr ibed a method  for t rea t ing  silicon 
ep i tax ia l  deposi t ion in which  a "quas i -equ i l ib r ium"  is 
assumed. In this  case, only  a f ract ion of the  incoming 
gas s t ream equi l ibra tes  wi th  the  condensed phase, 
whi le  the  r ema inde r  passes by  unreacted.  Si lves t r i  (8) 
has successful ly appl ied  this  approach  to germanium 
deposi t ion from GeC14 and H2. Ac tua l ly  the  quasi -  
equi l ib r ium approach  is ve ry  s imi lar  to models  which 
assume diffusion control,  w h e r e  al l  diffusing species 
have  the  same diffusion coefficients and the  ra te  is 
de te rmined  by  the difference be tween  the bu lk  s t ream 
par t i a l  pressure  of a given species and its equi l ib r ium 
va lue  at  the  crys ta l  surface. 

According to Sedgwick,  the  deposi t ion ra te  for  a 
process opera t ing  in the  quas i -equ i l ib r ium mode may  
be expressed as 

D = J �9 a �9 [3] 

whe re  J is the flux of the  species being deposited,  ~ is 
a theore t ica l  efficiency factor  which  represen ts  the  
f ract ion of the flux which would  be deposi ted if com- 
p le te  equ i l ib r ium were  achieved be tween  the ent i re  gas 
s t ream and the  substrate,  and /~ is the  f ract ion of the  
incoming gas s t ream which  ac tua l ly  equi l ibra tes  wi th  
the  condensed substrate .  Fo r  the  case where  the ent i re  
gas s t r eam equi l ibra tes  wi th  the  condensed phase, /~ is 
unity.  However ,  for the quas i -equ i l ib r ium case, /~ is 
less than  un i ty  and is a h igh ly  geomet ry  dependent  
factor. 
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Calculat ions of the  factor  J �9 ~ were  made  for po r -  
t ions of the da ta  shown in Fig. 2 th rough  5. The  factor  
;~ was then es t imated  by  assuming tha t  the  quas i -equi -  
l ib r ium approach  was va l id  at  740~ and the  lowest  
ga l l ium monochlor ide  pa r t i a l  p ressure  (1.23 X 10 -~ 
a tm)  shown in Fig. 5. A va lue  of ~ = 0.093 was ob-  
tained.  This va lue  was assumed to remain  constant  for 
al l  the  expe r imen ta l  condit ions descr ibed since the  
same geomet ry  and l inear  gas s t ream veloci ty  were  
used th roughout  the  s tudy.  I t  should be noted tha t  
should be only  w e a k l y  dependent  on t empera tu re .  
Using the  above ment ioned  va lue  of ~, theore t ica l  
curves  for the  dependence  of the  deposi t ion ra te  on 
the arsenic and ga l l ium monochlor ide  ini t ia l  pa r t i a l  
pressures  were  de termined.  These curves,  toge ther  
wi th  points  represen t ing  the expe r imen ta l  results,  are  
shown in Fig. 6 and 7. The same value  of ~ was used 
in construct ion of the  curves for both  figures. 

Very  poor  agreement  be tween  the  theore t ica l  and  
expe r imen ta l  values  is obta ined at  low tempera tures ,  
but, as the  deposi t ion t empe ra tu r e  is increased,  the  
agreement  becomes bet ter .  Very  good agreement  is 
obta ined  at  768~ at  the  lower  pa r t i a l  pressure  values.  
Comparison of Fig. 6 and 7 wi th  Fig. 2 and 4 revea ls  
tha t  devia t ions  be tween  the expe r imen ta l  and cal-  
cula ted  values  become significant when  the da ta  fal ls  
in the  ac t iva ted  regions or where  the  process begins 
to opera te  under  kinet ic  control.  However ,  in the  high 
t e m p e r a t u r e - l o w  par t i a l  pressure  regions good agree -  
ment  is apparent ,  indicat ing tha t  the  quas i -equ i l ib r ium 
model  is appl icable  in the  region. The value  of ~ ---- 
0.093 for  the  GaAs system m a y  be compared  with  a 
va lue  of 0.3 obta ined  for Ge  deposi t ion (8) and the 
range  of values  f rom 0.03 to 0.30 for Si deposi t ion (7). 

In  summary ,  wi th  the  presen t  system, GaAs can be 
deposi ted ep i t ax ia l ly  under  two unique regimes de-  
pending  on the t e m p e r a t u r e  and reac tan t  pa r t i a l  p res -  
sures. At  low t empera tu re s  and high reac tan t  pa r t i a l  
pressures  the  GaAs deposi t ion ra te  is l imi ted  by  some 
surface process. The ra te  is then  inverse ly  dependent  
on the ga l l ium monochlor ide  pa r t i a l  pressure  and m a y  
indicate  a compet i t ive  adsorpt ion  process be tween  ga l -  
l ium monochlor ide  and arsenic. With  lower  pa r t i a l  
pressures  and high deposi t ion tempera tures ,  the  ra te  
behavior  agrees  wel l  wi th  a quas i -equ i l ib r ium model.  
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Fig. 6. Theoretical curves of rate as a function of arsenic input 
partial pressure. Open circles represent experimental data. Ordi- 
nate scales on each side of the figure correspond to 710 ~ 740 ~ 
and 768 ~ in ascending order. 
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These two types  of deposi t ion should be accompanied 
by  differences in surface morphologies  and e lect r ica l  
character is t ics .  For  example ,  S i lves t r i  (8) has observed 
tha t  smooth surfaces are  obta ined when Ge is deposi ted 
under  condit ions corresponding to the  quas i -equi l ib -  
r ium case, whi le  s t ruc tu red  surfaces p redomina te  when 
surface l imi ta t ions  are  significant. Differences in the  
e lect r ica l  character is t ics  m a y  also be observed since 
growth  in the  high t e m p e r a t u r e  region occurs under  
condit ions which  more  closely approach  equi l ibr ium 
than  in the  low t e m p e r a t u r e  k ine t i ca l ly  control led  
region. Such differences wi l l  be the  subject  of fu ture  
studies. 
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ABSTRACT 

This paper presents a diffusion theory for the diffusion of impuri t ies  
which exhibit  solid solubil i ty saturation. The theory is based on a simple 
assumption for impur i ty  atom interact ion which yields a self-consistent result  
for the diffusion constant  and chemical potential  of the impuri ty.  The theory 
predicts the diffusion constant  of the diffusing species to be: D' 
D(Cm~x + C)/(Cmax -- C), where D is the low level diffusion constant, C is 
the impur i ty  concentration, and Cmax is the saturat ion impur i ty  concentration. 
The theory is compared with available exper imental  data on the diffusion of 
phosphorus in silicon. The theory and exper iment  are in excellent agreement.  

It is the purpose of this paper to advance a theory 
of diffusion which is capable of explaining the anoma-  
lous diffusion behavior  observed in the diffusion of 
impurit ies which exhibit  solid solubil i ty saturation, 
such as phosphorus diffusing in silicon. The assumption 
is made that atoms of the diffusing species do interact  
with each other dur ing  diffusion as opposed to the 
assumption that  they move independently,  which is 
implicit  in deriving Fick's first law. The rationale for 
the atomic interact ion assumption is presented and the 
assumed interact ion is expressed both phenomenologi-  
cally and as a term in  the chemical potential  equation. 

A recent communicat ion (1) evaluates the effect of 
ambipolar  or field aided diffusion of impurit ies in sili- 
con and concludes that this effect is insufficient to 
cause exper imenta l ly  observed diffusion anomalies. In 
fact, it can be shown that  ambipolar  diffusion effects 
can account for a max imum increase in D, the impur i ty  
diffusion constant, by a factor of 2 in semiconductors 
if Maxwel l -Bol tzmann statistics are used (2). In  the 
degenerate case, Shockley (3) has evaluated the ambi-  
polar diffusion effect using Fermi  statistics and de- 
rived the relat ion 

o .  
--= 1 + [1] 
D 

This correction still cannot explain the exper imenta l ly  
observed diffusion phenomena.  

Theory 
Let us derive a one dimensional  expression for the 

impur i ty  atom flux density as a function of concentra-  
tion and concentrat ion gradient. In  the classical deri-  
vation, which yields Fick's first law, the following 
assumptions are made (4). 

1. The impur i ty  atoms move in discrete jumps 
( length = a) with a jump frequency r ( jumps/sec)  
which is a function of nei ther  concentrat ion nor con- 
centrat ion gradient. 

2. Each impur i ty  atom moves at random indepen-  
dent  of other diffusing impur i ty  atoms. 

The second assumption indicates that  there is an 
equal probabi l i ty  of an impur i ty  atom, at plane x, 
j umping  in the + x  and - -x  directions on any given 
jump. Thus, the probabili ty,  P ( + ,  x) ,  that  it jumps  in 
the + x  direction is 1/2 and, similarly, the probabili ty,  
P ( - - ,  x) ,  tha t  it jumps in the - -x  direction is 1/2. By 

definition 
P ( + , x )  + P ( - - , x )  = 1 [2] 

These assumptions yield the result  that  (4) 

D ---- 1/2 ra  2 [3] 

Let us change assumption 2 to account for impur i ty  
atom interact ion as follows: 

2'. Each impur i ty  atom moves at random to available 
sites wi thin  the host material.  Also assume that the 
total concentrat ion of impur i ty  cannot exceed Cmax. 

The effect of the new assumption is to change the 
values of P ( + , x )  and P ( - - , x )  so that  they are no 
longer equal, but  their  sum is still unity.  

The probabilit ies P ( + ,  x) and P ( - - ,  x) are mathe-  
matical ly determined by counting the density of empty 
sites in planes x + a  and x --a. Since we have assumed 
that  the impur i ty  atom will  diffuse into any  empty 
site with equal probabi l i ty  

P(2c, x) Nmax -- N (x -~- a) 
= [4] 

P (-- ,  x) Nmax -- N (x -- ~) 

where Nm~x ---- ma x i mum density of impur i ty  in an 
atomic plane; N ( x )  = density of impur i ty  atoms in 
atomic plane at x (number /cm2) ;  and a = spacing of 
atomic planes. 

Combining Eq. [2] and [4] yields the values of 
P ( + , x )  and P ( - - , x )  

Nmax - -  N (x -~ a) 
P ( + ,  x) = 

[Nmax-- N ( x Q -  a)]  q- [Nmax -- N (x -- a)]  
[5a] 

Nmax -- N (x  -- ~) 
P ( - ,  x) = 

[Nmax -- N (x + a) ] + [Nmax -- N (x -- ~) ] 
[5b] 

Referring to Fig. 1, we calculate the atom flux den-  
sity J ( x )  across plane x. The net  flux equals the num z 
ber of impur i ty  atoms flowing from plane x -- ~/2 to 
plane x + ~/2 minus  those moving from x + a/2 to 
x -  ~/2 

( J = N  x - - - ~  P + , x - -  r 

( ~  - - N  x + y  P - - , x +  r [6] 

where r = impur i ty  jump frequency. 
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Fig. 1. Atomic flux density across plane x 

By t ransforming the value of x in Eq. [5a] and [5b], 
we find 

( ~ 
.Alma x - N  X-~ T 

a 

a 3= 
[ /Vrnax -- N(x 2c T) ] "~ [Nrnax -- g(x-- T) ] 

[7a] 

- - , x +  

2 

P 

3a [Nmax--N(X--T) ] -{-[Nmax--N(x-}-'~)] 
[7b] 

The relationship between area concentration,  N ( x ) ,  
and volume concentration, C (x) is 

N ( x )  = C ( x )  ~ [8] 

Combining Eq. [6] through [8] yields 

dC(x)  
J =  -- I / 2 r ~ - - -  

dx (o 
Cm.~ 2 - c ( x )  2 + ~ dx 

but  

d e ( x )  >2 
[ C m a x - -  C(X)] 2 -  < ~ ~XX 

[9] 

dC (x) 

d x  
- -  < <  Cm.x - C(x)  [10] 

J = -  - -  V2r,~ - -  
dC(x)  Cm.x + C(x )  

dx Cm.x --  C (x) 
[11] 

therefore 

Thus, from Eq. [3] and [11], the effective diffusion 
constant D', is a funct ion of concentrat ion and equals 

Cmax + C(x)  
D' = D [12] 

Cm.x -- C (x) 

where, D = the impur i ty  diffusion constant at low 
impur i ty  concentrations. Equat ion [12] shows that the 
diffusion constant, D', of an impur i ty  in a mater ia l  is 
a funct ion of the actual  concentrat ion of the impur i ty  
relat ive to its saturat ion concentration. At low con- 
centrat ions [C(x) < <  Cmax] the impur i ty  diffusion 

689 

10-12 
N ~ ,  - o o o ~ 

i0-,3 i i ,LI , ~,I 
I019 10 20 I0  21 

CONCENTRATION (CM-a) 
Fig. 2. Diffusion constant, D', of phosphorus in silicon as a func- 

tion of phosphorus concentration. Data points are experimental 
measurement of two samples diffused at 1050~ for 30 min each, 
from Tannenbaum (5). Curves are as calculated from Eq. [12] 
using D = 7.4 x 10 -13 cm2/sec and Cmax ~ 7.4 x 102o cm - 3  
(upper) and D = 4.8 x 10 -13 cm2/sec and Cmax ~ 7.7 x 102o 
cm - 3  (lower). 

constant  equals D and is independent  of concentrat ion;  
at high impur i ty  levels Eq. [12] must  be used to cal- 
culate D' as a function of concentration. 

It should be noted that  Eq. [12] can be derived using 
the r andom-wa lk  approach to diffusion theory (7) and 
the directional jump probabili t ies presented in Eq. 
[Sa] and [Sb]. 

Discussion 
Figure 2 is a graph of effective diffusion constant vs.  

impur i ty  concentrat ion for the diffusion of phosphorus 
in silicon. The data points were obtained by Tannen-  
baum (5) from exper imental  radioactive tracer data 
of two diffusion runs  under  identical conditions. The 
upper  and lower curves are calculated from the theory 
presented herein using values for D of 7.4 and 4.8 x 
10 -13 cm2/sec and for Cmax of 7.4 and 7.7 x 1020 a tom/  
cm 3, respectively. It can be seen that the theory and 
exper iment  show remarkable  agreement.  Similar  ex-  
per imenta l  verification can be shown using recent ex- 
per imenta l  data by Vick and Whitt le  (6) for the diffu- 
sion of boron in silicon. 

The chemical potential  for an impur i ty  in a solid 
with the assumption of no impur i ty  atom interact ion is 

~- + k T  in  C ( x )  + constant  [13] 

It can be shown from Eq. [12] that  the chemical po- 
tential  in the system based on assumption 2' is 

20 

15 

x," 
IO 

0.01 0.1 1.0 
C/CMAx 

Fig. 3. Graph of chemical potential vs. impurity concentration 
for the two diffusion theories. Dotted line is from Eq. [13].  Solid 
line, corrected for impurity atom interaction, is from Eq. [14].  
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C(x)  
r ~ + kT in  t- constant  [ 14] 

C(x )  ]2 

1 C m a x  

These equations are  p lo t ted  in Fig. 3. The ab rup t  r ise 
in ~' at C = Cmax is prec ise ly  wha t  is r equ i red  of an 
impur i ty  for i t  to exhib i t  a m a x i m u m  solid solubi l i ty  
at  a concentra ton Cmax. 
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New Data on Basic Lead Sulfates 
H. W .  Bil lhardt t 

Mineralogisches Institut der Universit~t (TH), KarIsruhe, Germany 

ABSTRACT 

H i g h - t e m p e r a t u r e  x - r a y  and DTA invest igat ions  of the  lead ox ide - l ead  
sulfate  system confirmed the phase re la t ions  es tabl ished by  Esdayle  and 
Lander .  In  order  to e lucidate  discrepancies  in the  l i t e ra tu re  and to insure  
posi t ive identif icat ion of the  th ree  basic lead sulfates PbO.PbSO4, ~-2PbO. 
PbSO4, and 4PbO.PbSO4, single crys ta ls  were  p repa red  and inves t iga ted  by  
severa l  x - r a y  techniques.  Indexed  x - r a y  powder  data, cell  pa rameters ,  and 
also IR-absorption spect ra  are  presented.  A h i g h - t e m p e r a t u r e  x - r a y  pa t t e rn  
is given for ~-2PbO.PbSO4. 

Dur ing  the  inves t igat ion of lead sil icate sulfate 
glasses and the i r  c rys ta l l iza t ion  products ,  the  we l l -  
known sys tem PbO-SO3 (1-6) was re - inves t iga ted .  
Discrepancies  were  found be tween  the x - r a y  da ta  
given in previous  papers  and those obta ined  from our  
own measurements .  In o rder  to insure  posi t ive iden t i -  
fication of all  basic lead sulfates,  single crysta ls  were  
p repa red  and inves t iga ted  by means  of severa l  x - r a y  
techniques.  IR-absorp t ion  spect ra  were  also recorded.  

Pure  PbO and PbSO4 were  used for  the  p repara t ion  
of the  basic lead sulfates.  The  oxides  in s toichiometr ic  
re la t ion  were  fused in P t  crucibles,  t ak ing  into account 
the  loss caused by evaporat ion.  To pro tec t  the P t  
crucible  f rom react ion wi th  Pb a smal l  amount  of 
NH4NO3 was added  to the  sample  in o rder  to get  an 
oxidizing a tmosphere  [Merker  and Wondra t schek  (7)]  
and then the ba tch  was hea ted  ve ry  slowly. A serious 
a t tack  of the crucibles  by  Pb - r i ch  mel ts  was never  ob-  
served. Af te r  each p repa ra t ion  the P t  crucibles  were  
c leaned by  a soda -borax  melt .  The loss of P t  was a l -  
ways  less than  1 mg. 

In the  lead ox ide - lead  sulfate  system, the monobasic,  
the  a -  and E-dibasic and the  te t rabas ic  lead  sul fa te  
are  the  only  phases which are  observed.  The  phase  
d iagram es tabl ished by  Esdai le  (3) and Lande r  (4) 
has been confirmed (Fig. 1). I t  s tands in str ict  con t ra -  
diction to the  newly  publ i shed  paper  of Margul is  and 
Kopy lov  (6). Our  repea ted  DTA-ana lyses  and h igh-  
t empe ra tu r e  x - r a y  measurements  under  different  
hea t ing  and cooling rates,  r evea led  tha t  the  d iag ram 
given by  Margul is  and Kopy lov  is based on systems 
not  in equ i l ib r ium and on cool ing-curves  wi th  re -  
t a rded  crys ta l l iza t ion  effects and  should, therefore ,  be 
re jected.  

Monobasic Lead Sulfate 
Monobasic l ead  sulfate  obta ined  by  slow cooling of 

a P b O - P b S O 4  mel t  in P t  crucibles  was found to be 
ident ica l  wi th  the  mine ra l  lanarki te .  The  c rys ta l logra -  

1 Presen t  address :  For schungs ins t i tu t  der Zement indus t r ie ,  Dtissel- 
dorf-Nord,  Ge rmany .  

phic space group is C2/m and the monoclinic cell  p a -  
ramete rs  t abu la ted  in Table  I are  in close agreement  
wi th  the  da ta  of l ana rk i t e  descr ibed by  Richmond and 
Wolfe (8) and Binnie (9). The cell  pa r a me te r s  p re -  
sented in this  paper  a re  the  resul t  of ref inement  of 
the x - r a y  powder  da ta  in Table  II  ( A E G - G u i n i e r  
camera,  CuK~l- rad ia t ion ,  intensi t ies  pho tomet r ica l ly  
measured)  wi th  the help of a l eas t - squares  compute r  
procedure.  

Dibasic Lead Sultate 
Dibasic lead  sulfate  exists  in two modifications (3, 

10). H i g h - t e m p e r a t u r e  x - r a y  invest igat ions  (Nonius-  
Guinier  camera)  revea led  tha t  this  compound is un-  
s table below about  640~ and decomposes at th is  t em-  
pe ra tu re  to mono-  and te t rabas ic  lead sulfate.  This 
decomposi t ion takes  place  ve ry  slowly. Even at  cooling 
rates  of t0~ a - 2 P b O .  PbSO4 is s table  down to 
450~ and then i t  forms me tas t ab le  /~-2PbO. PbSO4. 

7BOO 7 770~C 

7700 t S" 

gO0 *'*" 
~80 85-0 36~ 

800 835 

~_ me*astable 
soo ~1 ~-~Pbo.PbSO~ ~ 

4oo I metostab/e 
g-2PbO.PbSO~ 

30%---~ 0 1 I I  I I i I [ 
80 80 ~0 2O 0 

-"~-----"/~oI % PbO 

Fig. 1. Lead-oxide sulfate system after Es,'laile (;I), Lander (4), 
and the author's measurements. 
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Table I. Single-crystal data of PbO' PbSO4 and lanarkite Table IV. Indexed x-ray pattern of p-dibasic lead sulfate 

P bO �9 PbSO~ L a n a r k i t e  
P r e s e n t  w o r k  B i n n i c  R i c h m o n d  

and  Wol fe  
P r o b a b l e  

space g r o u p  C 2 / m  C 2 / m  C 2 / m  

a in  A 13.753 -4- 0.02 13.75 • 0.04 13.73 
b in  A 5.697 _ 0.02 5.68 --~ 0.02 5.68 
c in ,% 7,064 ~ 0.02 7.05 --+ 0.02 7.07 

in  ~ 115.9 ~ 0.2 116.2 ~ 0.2 116~ , 
V in A a 498 494 495 
z 4 4 4 
p calc. in 

g/ern~ 7.02 7.08 7.07 
p meas.  7.08 ___ 0.I 6.92 

Table II. Indexed x-ray pattern of monobasic lead sulfate 

1/1o d,.~,,~, d,,on,~, h k 1 I / I ,  d,,~,as, d~,omp, h k 1 

25 6.31 6,36 O 0 1 15 2,228 2.230 -60  2 
25 6.14 6.19 2 0 0 f 2.192 4-2 1 
20 5.85 5.90 2-0 1 4 2.190 ~ 2.214 2 2  2 

10 5.14 5.17 1 1 0 6 2.167 2.169 "31  3 
45 4.40 4.43 "11 1 ~ 2,121 0 2 2 
20 3.09 3.70 1 1 1 10 2,120 ~ 2.119 0 0 3 

15 3.50 3.51 3 1  1 ~ 2.100 1 -1  3 
80 3.34 3.34 3 1 0 5 2.100 ~ 2.096 4 2 O 
20 3.18 3.18 0 0 2 20 2.063 2.062 6 0 0 

3.093 4 0 0 30 2.048 2.050 4 2 2 

100 2.957 j 2.959 .~11 2 5 1.967 1.968 -60  3 
L 2,952 4 0 2 5 1.910 1.909 5 1 1 

50 2.860 2.863 3 1 2 ~ 1.850 4 0 2  
4 2.844 2.848 0 2 0 25 1.849 ~ 1.848 2 2 2 
7 2,603 2.603 3 1 1 15 1.835 1.835 4 2 1 
7 2.585 2.587 2 2 0 5 1.828 1,832 7 1 1 
7 2.563 2.566 2 2 1 4 1.810 1.809 2 2  3 

20 2,473 2.474 5-1 1 5 1,778 1,777 6 2  1 
25 2,429 2,429 2 0 2 7 1,760 1.759 4 0 4 
1O 2.400 2.400 4 0 1 8 1,757 1.756 6-2  2 
5 2.354 2.343 5 1 2 5 1,749 1.750 6 0 1 
8 2,339 2.342 2 0 3 20 1.726 1.725 3 3 0 

15 2.271 2.270 5 1 0 10 1.682 1.681 8 0  1 
5 2,254 2.257 2 2 1 15 1.671 1.071 6 2 0 

This  l o w - t e m p e r a t u r e  modi f ica t ion  has  t he  monoc l in i c  
space g r o u p  P21 /m or  P21, in a g r e e m e n t  w i t h  Boiv in ,  
Thomas ,  and Tr ido t  (10), bu t  w e  cou ld  not  conf i rm 
all  the  cel l  p a r a m e t e r s  g iven  by  these  au tho r s  (a -~ 
7.814A, b ---- 5.803A, c ---- 8.035A, t~ ~ 102.64 ~ Pcalc -~- 

6.98 g / c m  3, Pexp ~ 7.08 g / cm3) .  Our  r e p e a t e d  dens i ty  
m e a s u r e m e n t s  and  x - r a y  s i n g l e - c r y s t a l  i nves t iga t ions  
l ed  to t he  f o l l o w i n g  ce l l  p a r a m e t e r s :  a ---- 8.06 +__ 0.02A, 
b ---- 5.79 __. 0.02A, c = 7.175 _ 0.02A, and  t~ = 103~ 
_ 0 . 0 2  ~  

The  ca l cu l a t ed  dens i ty  is 7.63 g / c m  3, a s s u m i n g  t w o  
f o r m u l a  we igh t s  p e r  uni t  cell. This  dens i ty  is c lose to 
our  e x p e r i m e n t a l l y  d e t e r m i n e d  dens i ty  of 7.6 _ 0.05 
g / c m  3. The  f i -2PbO �9 PbSO4 s ingle  c rys ta l s  a r e  t w i n n e d  
abou t  a t w o f o l d  [101] ro t a t i on  axis  o r  a (10~') t w i n  
p lane .  The  ang le  b e t w e e n  al* of the  one cel l  and  c2" 
of t he  o the r  cel l  is abou t  8.4 • 0.3 ~ 

D T A - h e a t i n g  c u r v e s  and h i g h - t e m p e r a t u r e  x - r a y  
m e a s u r e m e n t s  r e v e a l  tha t  t he  m e t a s t a b l e  t~ l o w - t e m -  
p e r a t u r e  modi f ica t ion  exis ts  up to abou t  450~ and t h e n  
decomposes  to m o n o -  and t e t r abas ic  l ead  sulfa te .  A t  or  
above  640~ 2PbO �9 PbSO4 rec rys t a l l i ze s  f r o m  t h e  t w o  
basic l ead  sulfa tes ,  bu t  n o w  in t he  a - fo rm.  I t  is r e m a r k -  
ab le  t h a t  t he  inf lect ion poin t  at  640~ is no t  s t r i c t ly  

Table III. X-ray powder diffraction of ~-2PbO" PbSO4 at 700~ 

I/Io d , A  I/Io d , A  

10 7.56 20 2.996 
15 6.OO 3 2.82 

4 4.84 5 2 .728 
10 4.74 6 2.712 
10 4.27 6 2.583 
3 3.78 15 2.427 

100 3,21 20 2.354 
30 3.16 12 2.184 
12 3.13 10 2.139 
60 3.06 5 2.002 

I/Io dm~,as, d,.o,.p, h k I 

20 7.85 7.86 1 0 0 
2 6.99 6.99 0 0 1 

10 5.92 5.93 ]-0 1 
7 4.74 4.72 1 0 1 
2 4.64 4.66 1 1 0 
7 4.40 4.46 0 1 1 
5 4.13 4.14 "1-1 1 
7 3.80 3.81 2 0 1 

10 3.67 3.66 1 1 1 
2 3.50 3,50 1-0 2 
2 3.49 3,495 0 0 2 

100 3.25 3.25 2 1 0 
2 3.18 3.18 2 1 1 

3.00 2.995 T 1  2 
75 2.991 2.993 0 1 2 
30 2.971 2.963 2-0 2 
20 2.952 2.957 1 0 2 
60 2.894 2.896 0 2 0 
10 2.767 2.758 2 1 1 
10 2,713 2,717 1 2 0 
8 2,631 2.633 1 1 2 
7 2.471 2,468 1 2 1 
2 2.414 2.414 ~ 1  1 

20 2.387 2.386 3 1 0 
25 2.375 2,367 -30 2 
20 2.357 2,361 2 0 2 
25 2.300 2.305 2-2 1 

2.231 ~-2 2 
4 2.231 2,230 0 2 2 

6 2,206 2,206 I - i  3 
3 2.199 2.191 3-i 2 
3 2.184 2.186 2 1 2 
3 2.166 2.162 0 1 3 
4 2.135 2.129 3 1 1 
7 2.123 2,127 2 2 1 

25 2.074 2.071 2"-2 2 
20 2.067 2,069 1 2 2 
20 1,966 1,964 4 0 0 

1,901 ~-1 1 
10 1,899 1,901 3 0 2 

Table V. Indexed x-ray pattern of tetrabasic lead sulfate 

I / lo dmeam, dco,up, h k 1 

15 8.30 8.17 1 1 0 
8 7.37 7.31 0 9 1 
8 6.21 6.20 0 1 1 

5.83 0 2 0 
7 5.77 5.72 2 0 0 
7 5.43 5.42 1 1 1 
2 5.17 5.14 2 1 0' 
2 4.47 4.48 2 0 1 
2 4.26 4.25 1 2 1 
2 3.48 3.49 0 1 2 
3 3.44 3.43 0 3 1 
4 3.32 3.32 1 1 2 
8 3.28 3.28 1 3 1 

100 3.22 3.23 3 1 1 
3 3.21 3.21 2 3 0 

80 3.10 f 3.10 "~0 2 
l 3.099 0 2 2 

80 3.06 3.06 2 0 2 
5 3.01 3.00 1 2 2 
3 2.962 2.962 2 1 2 
3 2.940 2,939 3 -2  1 
3 2.924 2.918 0, 4 0 

55 2.880 2.862 4 0 0 
2 2.838 2.826 1 4 0 
3 2.716 2.711 2 2 2 

90 2.665 2.004 0 3 2 
2 2,646 2,651 4 0 1 
8 2.601 | 2.600 "T3 2 "L 2,598 2 4 0 
6 2.572 2.568 4 2 0 
5 2.558 2,557 3 1 2 
2 2.394 2.391 3 2 2 
2 2.342 2.343 "11  3 
2 2.328 2.330 1 1 3 
4 2.319 2.317 3 4 0 
2 2.293 2.286 1 5 0 
2 2.279 2.280 0 4 2 
2 2.262 2.268 4 0 2 
2 2.257 2.255 2 -0  3 
4 2.241 I" 2,240 "T4 2 

l 2.238 4 0 2 
4 1 2  3 2,228 2.227 

3 2.212 2.213 1 -2  3 
5 2.199 2.199 4 1 2 
4 2.189 2,190 4 3 1 
2 2.149 2.155 5 -1  1 
4 2.130 2.130 5 2 O 

4 2 2  3 2.113 2.115 
4 2,065 2.066 0 3 3 
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Table Yl. IR-absorption spectra of lead sMfates 

SOl ~- PbSO~ PbO.PbSOi ~-2PbO.PbSOJ 4PbO.PbSO~ 

(Siebert) 311  c m  -x s t  3 4 5 - 3 6 5  c m  -1 3 5 0  c m  -1 s t  (b )  
367  m (b)  3 8 7  s t  

3 9 7  s t  390  s h  
4 2 0  s t  4 3 7  (b )  

~ :  4 5 1  c m  -1 4 5 4  s h  4 5 3  s h  4 6 0  m 
471  m 

5 2 0  s t  
v,: 613 595 st 599 sl 605 st 600 st 

607 sh (?) 613 st 610 st 
615 sh 

vL: 981 900-1200' 900-1200 955 st 960 In 
(max. at (max. at 1066) 1050 st (b) 

1030-1090) 1050 st 1100, sh 
va: 1104 1146 st 1133 In 

reversible at normal  cooling rates and may be easily 
overlooked. 

The t ransformat ion of a -2PbO.  PbSO4 (which is 
metastable below 640~ to the ~-form occurs even 
dur ing quenching at 450~ The h igh- tempera ture  x-  
ray data of a -2PbO.  PbSO4, recorded in Table III, 
are similar to those of ~ -2PbO.  PbSO4. In  order to 
index these data, fur ther  h igh- tempera ture  single- 
crystal investigations are necessary and are planned. 

Tetrabasic Lead Sulfate 
Zimkina and Shchemelev (11) gave for tetrabasic 

lead sulfate the following rhombic, pseudotetragonal  
crystal data: a ----- l l .5A, b = ll .7A, and c = 7.3A, 
obtained from electron diffraction patterns. Pinsker  
and Farmakovskaya  (12) determined the hexagonal  
cell parameters  a = 8.98A and c = 24.8A. The mate-  
rial  had been obtained by deposition from an aqueous 
suspension by dust ing it through a silk screen. The 
data of Pinsker  and Farmakovskaya  (12) are similar 
to those of a basic lead carbonate 2PbCO3- Pb(OH)2  
described by Cowley (13). 

In the course of our investigation, it was possible to 
synthesize the incongruent ly  mel t ing compound 4PbO �9 
PbSO4 in large single crystals out of a t e rnary  silicate 
sulfate melt  having the over-al l  composition 60 m/o  
(mol per cent) PbO, 15 m/o  PbSO4, and 25 m/o  PbSiO3. 
Oscillation, Weissenberg, and precession photographs 
revealed that the data of Zimkina and Shchemelev 
(11) are only approximate.  The new cell dimensions 
are: Probable space group: P21/a and a = 11.443 -+ 
0.02A, b = 11.666 +__ 0.02A, c : 7.316 _ 0.02A, and ~ 
90.82 ___ 0.2 ~ The calculated density is 8.135 g/cm 3, 
assuming the number of formula weights per unit cell, 
Z = 4. The experimental density is 8.1 _+ 0.i g/cm 3. 
With these cell parameters, the powder diffraction pat- 
tern in Table V could be indexed completely. We have 
never observed the hexagonal modification of 4PbO. 
PbSO4 described by Pinsker et al. (12), nor any other 
basic lead sulfate with hexagonal cell parameters. 

The 4PbO �9 PbSO4 data in Table V has, like the other 
basic lead sulfates in Tables II and IV, many more 
d-values than the (unindexed) ASTM-cards 6-0275, 
308, 382, 388; 2-1276 and 12-775. Furthermore, the dif- 
fering intensities reveal that possibly the ASTM-cards 
are based on samples which were not  free of texture.  

The IR-absorpt ion data of all basic lead sulfates are 
collected in Table VI. They are compared with those 
of PbSO4, anglesite, and those of the free SO42- anion 
(14). The typical SO42- absorption bands appear in all 
basic lead sulfates, but  they show relat ively large 
split t ing (e.g., ~4) which indicates that the SO42- ion 
in the basic lead sulfates has lower s i te -symmetry  
than in lead sulfate. 
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ABSTRACT 

Molybdenum and tungsten films formed by  the pyro ly t i c  decomposi t ion of 
the respect ive  carbonyls  were  inves t iga ted  to de te rmine  the i r  usefulness as 
conductors  in microcircui t  devices. The re la t ions  be tween  deposi t ion var iables  
(such as pressure  of carbonyls ,  pressure  of the  car r ie r  gas, ra te  of gas flow, 

and subs t ra te  t empera tu re )  and deposi t ion pa ramete r s  (such as ra te  of film 
growth)  or  film proper t ies  (such as res is t iv i ty)  were  studied. The effects of 
ca r r i e r  gas subst i tut ion on mo lybdenum film res is t iv i ty  were  determined.  At  
a carbonyl  pressure  of 0.001 Torr,  a hydrogen  pressure  of 0.01 Torr,  a gas flow 
of 12 std cc/min,  and a subs t ra te  t empe ra tu r e  of 500~ mo lybde num films 
were  deposi ted wi th  a res is t iv i ty  close to tha t  of bu lk  (5.6 ~ohm cm),  at  a 
ra te  of 3.7 A/sec .  In mo lybdenum films deposi ted at lower  subs t ra te  t e m p e r a -  
tures  the  res is t iv i ty  increased,  p resumably  because of increased carbon 
wi th in  the  films. The res is t iv i ty  of tungs ten  film is a lways  grea te r  t han  the 
res i s t iv i ty  of Mo films deposi ted under  equiva lent  conditions.  The lowest  re -  
s is t ivi ty achieved in a tungsten film was app rox ima te ly  twice the  va lue  for 
bu lk  tungs ten  (5.5 ~ohm cm).  The s t ructures  of both  mo lybde num and 
tungsten films deposi ted under  condit ions tha t  favored  the format ion  of films 
wi th  the  lowest  resis t ivi t ies  were  examined  by  x - r a y  diffraction as wel l  as 
repl ica  electron microscope techniques.  Measured  la t t ice  parameters ,  when 
correc ted  for independen t ly  de te rmined  stress, were  app rox ima te ly  equal  to 
the  pa rame te r s  repor ted  for pure  mo lybdenum and tungsten.  In  all  tungs ten  
films studied, tensi le  stresses were  found, but  in mo lybde num films the 
stresses were  tensi le  for subs t ra te  t empera tu re s  grea te r  than  500~ and com- 
press ive  for lower  tempera tures .  

Molybdenum and tungs ten  are  po ten t ia l ly  in te res t -  
ing mate r ia l s  for semiconductor  device appl icat ions  
because of thei r  re la t ive  inertness,  h i g h - t e m p e r a t u r e  
s tabi l i ty ,  sa t isfactory electr ical  res is t ivi ty ,  low the rmal  
expans ion  coefficients, and good etching propert ies .  
Since damage  to the  semiconductor  surface should be 
min imal  dur ing  deposi t ion of meta l  interconnections,  
chemical  vapor  deposi t ion is p re fe rab le  to sput te r ing  
or e l ec t ron -bombardmen t  evaporat ion.  Of severa l  ways  
to vapor -depos i t  mo lybdenum and tungsten,  the  most  
a t t rac t ive  a re  hydrogen  reduct ion of meta l  hal ides  
and t he rma l  decomposi t ion of carbonyls .  The l a t t e r  
process has the advan tage  of a s ta r t ing  ma te r i a l  tha t  
is a f a i r ly  inert ,  vola t i le  solid, which al lows a r e l a t ive ly  
s imple sys tem design. I t  does, however ,  requi re  op-  
erat ion at  r educed  pressure,  in contras t  to ha l ide  re -  
ductions (1-6),  which  usua l ly  proceed at a tmospher ic  
pressure .  

In  the  p ioneer ing s tudy  of m o l y b d e n u m  and tungs-  
ten carbonyl  decomposi t ion by  Lander  and Germer  
(7, 8) the  main  emphasis  was p laced  on the mechanical  
p roper t ies  of th ick  coatings used to protect  bear ing  
surfaces against  wear .  Elec t r ica l  p roper t ies  were  not 
considered and deposi t ion rates  were  not  sys temat ica l ly  
studied. A genera l  ar t ic le  on ca rbonyl  me ta l l u rgy  by  
Car l ton and Goldberger  (9) considers  the rmodynamics  
and kinetics.  Carl ton and Oxley  (10) have  de te rmined  
the kinet ics  of i ron carbonyl  decomposit ion.  M a t y -  
uskenko et al. (11) have inves t iga ted  the  morphology  
of mo lybdenum and tungsten films deposi ted via car-  
bonyl  decomposit ion.  More recent ly ,  Cuomo (12) has 
descr ibed p r e l i m i n a r y  work  on mo lybdenum and 
tungsten films formed from thei r  respect ive  carbonyls.  

In  the  presen t  work,  the  ca rbonyl  decomposi t ion 
process was charac ter ized  wi th  regard  to deposi t ion 
ra te  and to proper t ies  (resis t ivi ty,  stress, or ientat ion,  
g ra in  size) of the  films produced.  The effects were  in-  
ves t iga ted  of va ry ing  the pa rame te r s  ( tempera ture ,  
pressure,  and r a t e  of gas flow) and of modi fy ing  the 

chemis t ry  of the  system. A specific a im of some of 
these exper iments  was to reduce carbon in mo lyb -  
denum films. 

Apparatus and Method 
All  films were  deposi ted as follows in an appara tus  

shown~ schemat ica l ly  in Fig. 1. The appara tus  con- 
sisted of a d i f fus ion-pumped vacuum system 1 con- 
nected to a ver t ica l  reac tor  tube  2. A cyl indr ica l  
mo lybdenum susceptor  3, suppor ted  and ro ta ted  f rom 
below, was hea ted  induc t ive ly  th rough  use of a coil 
mounted  outside the  tube.  The  substrate,  genera l ly  an 
oxidized silicon wafer ,  was placed on the susceptor  
and was pe rpend icu la r  to the  di rect ion of the  incom- 
ing gas. The gas (hydrogen  or other  ca r r i e r  gas at  r e -  
duced pressure,  containing a known par t i a l  pressure  
of meta l  carbonyl )  en tered  th rough  the top of the  
tube. The ca rbonyl  pressure  was es tabl ished by  r egu -  
la t ing the  t e m p e r a t u r e  of solid carbonyl  in a r ese r -  

o o 
o 

@ 

Fig. 1. Schematic drawing of apparatus used for film deposition 
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Fig. 2. Rate of metal deposition vs. deposition temperature, o. 
PH = 0.07 Torr; b. PH = 0.23, Torr. 

voir 4 through which the carrier  gas passed. This 
reservoir  (shown in the diagram as a single chamber)  
consisted of a superheated carbonyl  source followed 
by an equi l ibrat ing chamber  main ta ined  at the desired 
temperature .  The rate  of flow was regulated by  a 
needle valve 5 and calibrated flow meter  6. Pressure 
in the tube was determined by sett ing the vacuum 70 
valve 7 and was read by  a cal ibrated Pi rani  gauge 8. 

The tempera ture  of the mo lybdenum susceptor was 
read from a thermocouple r igidly fastened to it. The 
substrate was thermal ly  coupled to the susceptor by a 
layer  of l iquid gal l ium which main ta ined  susceptor 
and substrate at essentially identical  temperatures.  
To prevent  reaction between the gal l ium and the 
molybdenum susceptor, the upper  surface of the sus- 
ceptor was coated with react ively sputtered silicon 
nitride. The hydrogen and argon (Matheson research 
grade, 99.995% pure, wi th  ni t rogen the main  impur i ty)  
were used without  fur ther  purification. The molyb-  
denum carbonyI (99.5% puri ty)  1 was found by emission 
spectroscopy to contain less than 0.01% metall ic con- 
taminants .  

Typically, film deposition would begin with evacu- 
at ing the reactor tube to a pressure of 2 x 10 -5 Torr. 
Carrier gas was then admit ted through a by-pass  at 
low flow rate and pressure, while the substrate tem-  
pera ture  was raised to the desired point. The carr ier  
gas was then allowed to flow through the carbonyl  
powder and into the reactor at the desired flow rate, 
while the vacuum valve was used to adjust  reactor 
pressure. After  the desired deposition time, gas flow 
and heat were tu rned  off, and the substrate  was  cooled 
to room temperature,  while carrier  gas flow was ma i n -  
tained. The most impor tant  process parameters  that  
could be varied independent ly  were  substrate t em-  
perature,  carbonyl  par t ia l  pressure, carrier gas pres-  
sure, and carrier gas flow rate. Each significantly af- 
fected the rate of deposition, but  deposition tempera-  =~ 
ture appeared to affect the resist ivity of the films 
formed most significantly. 

Thickness measurements  were made with a Talysurf  = 
ins t rument  and /or  a Tolanski interferometer.  F i lm s 
resistivities were derived from resistance measure-  
ments  obtained from a l inear  four-point  probe and a 
Kei th ley  503 mill iohmeter.  A qual i ta t ive evaluat ion of 
film adhesion was obtained by  means of the so-called 
"Scotch-tape test." 

Results and  Discussion 
Process rate studies.--Figure 2a and b show the 

effect of substrate  tempera ture  on deposition rates of 

Z P u r e h a s e d  f r o m  G a l l a r d - S e h l e s i n g e r  C h e m i c a l  M a n u f a c t u r i n g  
Corpora t ion ,  e a r l e  Place ,  N e w  York.  

Mo and W, respectively, for several typical  sets of op- 
erat ing parameters.  Al though the conditions for the 
two metals were not  ful ly equivalent ,  it may be noted 
that deposition rates for Mo were higher than  those 
for W. As the deposition tempera ture  is increased, the 
deposition rate  tends to rise sharply at first but  then 
levels off at high temperatures.  However, the leveling 
off effect shown by the Mo rate curve at higher tem-  
peratures is not exhibited by the W curves. Addit ional  
results have shown that  for deposition temperatureS 
lower than  400~ the rates of growth of Mo films 
appear to increase slightly with decreasing tempera-  
tures. A m a x i m u m  in deposition rate is reached at 
about 300~ Since this unexpected increase in de- 
position rate occurs under  conditions where  molyb-  
denum carbide ra ther  than  molybdenum films are ob- 
tained, it is l ikely due precisely to the formation of 
molybdenum carbide. At temperatures  below 300~ 
the rate of deposition falls rapidly to zero. 

The effect of carbonyl  part ial  pressure Pc on de- 
position rate is shown in Fig. 3a and b for Mo and W, 
respectively, for various conditions of tempera ture  
and flow. In  all cases approximate l inear i ty  is ob- 
served in the ini t ia l  portions of the curves, general ly 
followed by a leveled-off portion. The importance of 
carrier gas flow rate F, at constant  Pc and total  pres-  
sure, in de termining the rate of Mo and W deposition 
is clearly shown in Fig. 4a and b, for low and high 
levels of tempera ture  and earbonyl  pressure. 
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In vapor decomposition processes such as those con- 
sidered here, two mechanisms are general ly  expected 
to play a ra te-control l ing role: (i) the chemical de- 
composition of the carbonyl,  and (ii) gaseous diffusion 
of carbonyl  vapor to the deposition surface. Also, in 
this lat ter  diffusion mechanism one should include 
the diffusion of by-products,  in this case CO, away 
from the same surface. 

The individual  processes should each exhibit  a dif- 
ferent  tempera ture  dependence. Thus, as the tempera-  
ture  is raised, the rate of the chemical decomposition 
will  increase as exp (--Q/kT) (where Q is the activa- 
t ion energy) ,  while the rate of a gaseous diffusion will  
vary  only as the %/T (13). Hence, while the carbonyl  
decomposition might  be the ra te - l imi t ing  step at some 
lower tempera ture  range (here, apparent ly  200 ~ 
400~ the diffusion steps would limit the rate at 
higher temperatures.  

It should also be noted that  an exper imental  
l imitat ion can be caused by the carbonyl  depletion of 
the gas at high deposition rates. A quick calculation 
indicates that  under  the deposition conditions used 
here, such a depletion effect contributes to the level-  
ing-off in the deposition rates recorded in curves 1 
and 2 of Fig. 2a. 

The shape of the curves (deposition rate vs. carbonyl  
pressure) in Fig. 3 suggests that  gaseous diffusion of 
carbonyl  molecules to the substrate surface is ra te-  
l imiting. The rate  of such diffusion should be l inear  
with carbonyl  concentrat ion unt i l  the concentrat ion 
becomes high enough that  diffusion is no longer the 
slowest process. At higher carbonyl  pressure the over- 
all rate should be much less affected by pressure, and 
the curves should level off. 

The effect of flow rates on the rate of deposition is 
shown in Fig. 4. The curves do not extrapolate to a 
deposition rate of 0 at 0 flow rate. This undoubtedly  
reflects the diffusion of carbonyl  vapor from the source 
to the reactor. The approximate proport ionali ty ob- 
served between deposition rate and pressure (at equal  
temperature)  at the lowest flow rates substantiates 
this point. The more than l inear ly  increasing var ia-  
tion of deposition rate at high flow rate in curves 3 
and 4 of Fig. 4a remains unexplained.  

From the temperature  dependence as shown in Fig. 
2, one may at tempt  to calculate an over-al l  activation 
energy for the reactions. The form of these curves in -  
dicates that, in the case of Mo, carbonyl  decomposi- 
t ion is ra te- l imi t ing  only at the lower tempera ture  
ranges. Figure 5 shows an Arrhen ius - type  plot of the 
ra te / t empera tu re  data for a typical set of conditions 
(0.05 Torr of Mo (CO)6 flowing at 0.9 std. cc /min) .  For 
Mo (CO)6 an activation energy of 23 kcal /mole  was 
found, while the corresponding value for W (CO)6 
was 18 kcal/mole.  These figures are roughly in the 
same range as the value of 14 kcal /mole reported (14) 
for the decomposition of nickel carbonyl,  Ni (CO)4. 

Lander  and Germer  (7) found that  Mo deposition 
on an i ron surface stops totally when  the tempera-  
ture  is lowered to 160~ In the course of this study, 
a similar behavior was found to occur at temperatures  
which varied with choice of substrate surfaces. In each 
case, the expected exponent ial  decay of deposition 
rate with tempera ture  was in ter rupted  by a sudden 
cutoff of deposition. In  order to ini t iate  deposition at 
temperatures  in the range immediate ly  above the cut-  
off, it was found necessary to raise the system pressure 
to several Torr  for a few seconds. Once deposition be-  
gan, pressure could be lowered to the desired level 
(usual ly about 0.01 Torr)  and deposition continued. 
Min imum Mo deposition temperatures  were established 
for oxidized silicon surfaces, as well  as for various 
polymer surfaces. On SiO2, Mo deposition cuts off be- 
tween 180 ~ and 170~ On oxidized silicon wafers 
coated with AZ1350, a photosensitive varnish  used in 
semiconductor technology, 2 deposition does not occur 
below 210~ Although not all deposition parameters  

~Distr ibuted by  the Shipley Corporation, Wellesley, Massachu- 
setts. 
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were studied for all cases, it was found that  the cutoff 
tempera ture  for SiO2 surfaces was not significantly 
dependent  upon carbonyl  pressure or flow rate. 

Film properties.--Adherence.--Adherence of films 
to a substrate is a funct ion of two types of opposing 
forces. One arises from the bonding between film and 
substrate and the other from the state of stress of the 
film. If the stresses in the film are effectively inde-  
pendent  of film thickness, adhesion will  decrease with 
increasing film thickness because of the increased 
shearing force at the f i lm-substrate  interface. On the 
other hand, the increase in film adhesion usual ly ob- 
served with increasing temperature  of deposition may 
be at t r ibuted to the formation of chemical bonds be-  
tween substrate and film material .  In general,  films 
formed above 500~ were perfectly adherent.  Molyb- 
denum films with thicknesses of 13,000A or less de- 
posited at 450~ were satisfactory according to the 
"Scotch-tape test." The Mo films deposited at lower 
temperatures  were unsatisfactory. The same finding is 
essentially t rue for tungsten films of the same thick- 
ness. 

To obtain adherent  films in the lower tempera ture  
ranges so that  other film properties might  be evaluated, 
several potent ial ly useful methods were developed. 
The addition dur ing the first minute  of deposition of a 
part ial  pressure (1-2 Torr)  of an oxidizing gas (O2 or 
H20) greatly improved adhesion to SiO2 surfaces and 
allowed deposition temperatures  as low as 325~ 
Similar ly  low temperatures  were made practical by 
first depositing at a very low rate (0.1-1.0 A/sec) up 
to a thickness of several hundred  angstroms. Deposi- 
tion at normal  rates following this step yielded ad- 
herent  films at substrate temperatures  as low as 
325~ Adherence of films depends s t rongly on the 
na ture  of the substrate surface. Ul t ra th in  coatings 
(e.g., 100A) of AZ1350, or other photosensitive var -  
nishes, on the oxidized silicon wafers allowed deposi- 
t ion of adherent  Mo films at all substrate temperatures  
down to the 210~ cutoff temperature.  Aside from 
the effects of such coatings, no relationship between 
film adhesion and substrate preparat ion procedures 
could be established. 

Electrical resistivity.--The resistivity of metal  films 
is of paramount  importance for most microelectronic 
applications. The most probable cause for high resis- 
t ivities in the films produced by carbonyl  decomposi- 
t ion is the incorporation of carbon into the metal  s truc-  
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Table I. Resistivity and carbon content for various deposition 
conditions 
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D e p o s i t i o n  C a r b o n  
C a r r i e r  T e m p e r -  Ra te ,  PH20, R e s i s t i v i t y ,  c o n t e n t ,  

gas  a t u r e ,  ~ A / s e c  m m  /~ohm c m  p p m  

H2 430 5 0 28 4400 
H.~ 480 5 0 1O.1 2800  
CO2 480 5 0 9.5 1600 
H,. 480 5 0.0003 8.8 1100 
H2 430 5 0.0003 9.0 1100 
A r  480 5 0 9.0 1000 
H~ 500 5 0,0003 6.2 700 
He 530 5 0 5.8 700 
H.- 480  0.8 0 5.8 < 2 6 0  

ture  either as inters t i t ia l  atoms or in the form of a 
finely divided carbide. Such a cause/effect relat ionship 
is s trongly suggested by the data in Table I. Here, the 
average ca rbon  content, obtained by chemical analysis 
(oxidation followed by micro-gas-analysis) ,  is listed 
with average resist ivity for various deposition con- 
ditions, including the presence of water  vapor in the 
plat ing gas. A good correlat ion between carbon con- 
tent  and resistivity is evident. 

Figure  6a and b show the effect of deposition tem-  
perature  on resist ivi ty for films of Mo and W formed 
via carbonyl  decomposition. It  may  be noted that  
resistivity of films deposited in the high range of sub- 
strate tempera ture  is essentially, invar ian t  with tem-  
perature.  For  any given pressure and flow conditions, 
however, there will  be some substrate tempera ture  
below which the resistivities of deposited films are 
found to increase. In  fact, a decrease of 50~ in sub-  
strate tempera ture  in this range can cause the re-  
sistivity of the resul tant  film to be 10-100 times as 
high as that  of films formed at higher temperatures.  
Indications are that  resist ivi ty may level off again for 
still lower deposition temperatures.  However, diffrac- 
t ion studies indicate that  a carbide phase is deposited 
at such temperatures.  

The dramatic effect of deposition tempera ture  on 
resist ivity of the deposited films shown in Fig. 6 can 
be explained, at least quali tatively,  in terms of the 
thermodynamics  of the CO/CO~ equil ibrium. When 
thermodynamic  equi l ibr ium is assumed, the ratio of 
carbon to metal  deposited in the films can be derived 
from a consideration of the following reactions 

M (CO)6 = M ~- 6 CO [I] 

C + CO2---- 2 CO [2] 

Clearly, the number  of moles of deposited carbon will  
be equal to the number  of moles of CO2. From the 
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Table II. Calculated deposition of carbon in films as 
function of temperature 

(For Pc = 7.6 x 10 - 3  mm ~--- 10 - 5  atm) 

E q u i l i b r i u m  
T e m p e r -  c o n s t a n t ,  n~/nm,  
a t u r e ,  ~ K = p,.o~-/P,.%, P,.o, a t m  nm/ne  X 106 

800 10.O 6.23 • 10 4 9.95 X 105 1 
750 2.98 5.96 x 10 -5 2.96 X 10 ~ 3 
700 1.01 6.06 • 10 -5 1.02 x 10.~ 10 
650 0.347 6.07 • I0-~ 3.52 x IO~ 28 
600 0.079 5.99 • 10 -5 7.90 • 10 a 127 
550 0.019 5.98 • 1O '-'~ 1890.0' 552 
500 3.7 x 10-~ 6.01 • 10-~ 369.0 2 ,710 
450 5. 6 •  10 -4 5.07 X 10-5 47.6 21 ,000 
400 9.2 X 10 -'~ 3.45 • 10-~ 5.60 179,000 

knowledge of the equi l ibr ium constant  K for Eq. [2] 
one may then calculate the ratio of moles of deposited 
carbon to moles of deposited metal. This is expressed 
by the relat ion 

nm K 1 1 
= + [31 

nc 6 Pco 3 

where nm and nc are the numbers  of moles of deposited 
metal  and carbon, respectively. Calculated values of 
the ratio nc/nm, together with values of K (15) as a 
funct ion of T are listed in Table II. At least in the 
lower concentrat ion range, nc/nm should be l inear  with 
resistivity. The values of CO pressure used were ob- 
ta ined by assuming a carbonyl  pressure of 0.0076 mm 
(a typical pressure here) and using the derived re la-  
t ionship 

K 
Pea = - -  ( - -1 _ ~/1 ~- 48 Pc~K) [4] 

4 

It is apparent  that  an increasingly sharp rise in the 
ratio nc/nm is to be expected as the deposition tem-  
perature  is lowered. In  practice, as is seen in Fig. 6, 
this effect reaches noticeable proportions below 450~ 
in molybdenum and general ly  below about 500 ~ for 
tungsten.  

Although no correlat ion be tween resistivity and any 
one deposition parameter  other than  deposition tem- 
perature was established, the resist ivity of molyb-  
denum films was found to change with deposition rate, 
as i l lustrated in Fig. 7. These films were deposited on 
substrates at 400~ and had relat ively high resistivi- 
ties. Results obtained with films deposited at 500~ 
might  be expected to show a similar relationship be-  
tween resist ivity and rate. However, because the re-  
sistivities of such films were so close to bulk  value, 
they were almost indist inguishable.  The more sensi- 
t ive parameter  of resist ivity ratio ( p r o o m t e m p e r a t u r e /  

pUquid N2) was used in an at tempt  to discover a re la t ion-  
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Fig. 7. Resistivity vs. deposition rate 
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ship between the resist ivity and rate of growth of films 
deposited at 500~ but  no clear-cut  relat ion was found. 
The dependence of resistivity on deposition rate, ob- 
served in films deposited at 400~ is possibly explained 
by the physical incorporation of adsorbed carbon-  
containing molecules (CO and CO2) into the growing 
film. If the rate of deposition is high enough that  an 
adsorbed biproduct molecule is covered before it can 
move away, the molecule wil l  become an impur i ty  in 
the film. Lower rates of deposition might allow a 
greater portion of biproduct  molecules to escape be- 
fore en t rapment  and thus yield films wi th  lower re-  
sistivity. 

An investigation aimed at de termining the opt imum 
deposition parameters  for molybdenum films deposited 
at the lowest possible substrate temperature ,  but  still 
displaying a resist ivity of approximately 6 ~ohm cm 
(close to that  of pure bu lk  molybdenum) ,  yielded the 
following results: substrate tempera ture  500~ car- 
bonyl  pressure 0.001 Torr, hydrogen pressure 0.01 
Torr, rate of gas flow 12 std. cc/min, rate of film 
growth 3.7 A/sec. At tempts  to obtain films with as low 
resistivities, but  deposited at lower substrate tempera-  
tures, were all unsuccessful. 

Some alloys of Mo and W were formed by s imul-  
taneous decomposition of the two carbonyls in appro- 
priate molar  ratios. Alloys prepared from such mix-  
tures containing 0, 2, 5, 10, and 50% W had resist ivi-  
ties of 6.9, 7.3, 7.7, 8.6, and 14.7 ~ohm cm. Experience 
with chromium impuri t ies  in certain batches of molyb-  
denum carbonyl  in this work indicated that  Cr exerts 
a deleterious influence on the resist ivity of Mo films. 
This effect, which appears quite large, may be par t ly  
due to the formation of chromium carbide. 

Structure, orientation, and stress.--Films deposited at 
different substrate temperatures  were examined by 
the usual  replica electron microscopy technique and 
by  x - r ay  diffraction. In some instances, the stresses 
in the films were determined by the "wafer bending 
technique," (16) in which stresses are evaluated from 
the optically determined bow imparted to the under -  
ly ing silicon substrate. 

Measurements  made on an XRD-5 diffractometer 
with a Cu target  yielded informat ion about structure,  
preferred orientation, and particle size; and through 
lattice parameter  (17) determinat ion (with an accu- 
racy of _0.0015A) gave values for the homogeneous 
film stresses. Strains measured from lattice parameter  
measurements  were correlated with stresses deter-  
mined by optical means, according to the formula 

2v 
~" = T ~x [5] 

where ~z is the strain normal  to the surface of the film, 
is the Poisson ratio, E the modulus  of elasticity, and 

cx is the homogeneous film stress in the direction 
parallel  to the film surface. The values (18) of v and 
E are 0.32 and 3.2 x 1012 dynes /cm 2, respectively, for 
pure molybdenum.  

For tungsten  E ~ 3.5 x 1012 dynes /cm 2, and v : 0.27, 
from the listed values (19) of E and G, the modulus  
of rigidity. The diffraction line broadening was par t i -  
t ioned into two parts, respectively proport ional  to 
1/cos 0 and tan  e, which yielded values of particle 
size and heterogeneous film stresses. A few samples 
were also examined by  electron diffraction. 

Molybdenum films used for s t ructural  studies were 
deposited unde r  conditions that  produced films with 
t h e  lowest value of film resistivity obtained. The car- 
bonyl pressure was 0.0015 Tort, hydrogen pressure 
0.01 Torr, and rate of gas flow 12 std. cc /min;  only the 
substrate tempera ture  was varied for the different 
film depositions. 

The residual  stresses measured by optical means at 
room tempera ture  were tensile for films deposited at 
high substrate temperatures  (1.5 to 2 x 109 dynes /cm 2, 
580~ and compressive, with quite high values, for 
films deposited at lower substrate temperatures.  Corn- 
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pressive stress values of 2 x 109 dynes /cm 2, 1.3 x 1020 
dynes /cm 2, and as high as 2.3 x 10 l~ dynes /cm 2 were 
determined for films deposited at substrate tempera-  
tures of 530 ~ 480 ~ and 430~ respectively. 

Figure 8 shows the surface topography of a film de- 
posited at 580~ as shown by the microscope. X- ray  
diffraction indicates that  such a film has a very strong 
(100) orientation. The lattice parameter  measured on 
a similar film was found to be 3.1456A, and 3.1468A 
after correction for a film stress of 2 x 109 dynes/cm2. 
(The listed lattice parameter  (20) is 3.1466A for pure 
molybdenum.)  The particle size, from x- ray  measure-  
ments, was ,~ 2500A in a direction normal  to the film 
surface. If one assumes that  Fig. 8 gives a good indi-  
cation of the grain size in a direction parallel  to the 
film surface, it would appear that  the grain s tructure 
is approximately equiaxed. Values of heterogeneous 
stresses, approximately • x 109 dynes /cm ~, appear 
quite high. 

Figure 9 is an electron micrograph of a replica taken 
from a 5000A thick film of molybdenum deposited at 
a substrate tempera ture  of 530~ This film showed 
a mixed (100)-(211) orientation, with the (211) part  
predominant .  The combinat ion of orientations, as well  
as an apparent ly  smaller grain size, probably accounts 
for the more complex surface aspect displayed in Fig. 
9 as compared with Fig. 8. The high la t t ice-parameter  
value, measured as 3.1490A (corresponding to 3.1475A 
after correction for a stress of 2.3 x 109 dynes /cm 2) 
corroborates indications that the film is in a state of 
compressive stress. Diffract ion-determined grain size 
and heterogeneous stress values are about equal to 
those reported above for a film deposited at 580~ 
Fi lm orientations do not correspond to those observed 
by Lander  and Germer  (7) who reported mostly (111) 
orientations. 

Fi lms deposited at a substrate tempera ture  of 480 ~ 
and 430~ displayed nondist inct ive surface structures 
on examinat ion by electron microscopy. 

When films deposited at a substrate tempera ture  of 
480~ were studied by x - ray  diffraction, strong (211) 
and (111) peaks were obtained, while (200) peaks 
were either absent  or ex t remely  weak. The lattice 
parameter  of one such film was 3.1562A, or 3.1480A 
after correction for a compressive stress of 1.3 x 1010 
dynes /cm 2. The diffraction peaks were quite wide. If 

Fig. 8. Electron micrograph of a molybdenum film, 9000.~ thick, 
deposited at a substrate temperature of 580~ The latex ball 
has a diameter of 5000~ (as on the other photographs). 

Fig. 9. Electron micrograph of a molybdenum film, 5000.~ thick, 
deposited at a substrate temperature of 530~ 
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one assumes, as was found in films deposited at higher 
temperatures,  that the l ine broadening can be par t i -  
t ioned equal ly  between grain size and heterogeneous 
stress effects, the grain size would be of the order of 
600A and the heterogeneous stress approximately 
• x 109 dynes /cm 2. 

Several  films were deposited at a substrate tempera-  
ture of 430~ Unfor tunately ,  because of poor ad-  
hesion and other difficulties, these had to be used 
independent ly  for optical stress measurements  and 
for x - ray  studies. A compressive stress with a magni -  
tude of 2.3 x 10 TM dynes /cm 2 was observed in one of 
these films. This apparent ly  corresponds to a lattice 
parameter  of 3.1622A determined in a similar film with 
a (100) orientation, which would give a value of 
3.1477A after correction for stress. However, most 
films deposited under  similar conditions appeared to 
have a random orientat ion and a lattice parameter  of 
3.1510A. This lat ter  value would fit quite well  with a 
stress value of 3.6 x 109 dynes /cm 2 which was also 
measured in a film deposited at 430~ under  identical 
conditions. It was not possible to determine the cause 
of the two orientations and of the relat ion between 
film stress and film orientation. In all of these films, 
regardless of substrate tempera ture  dur ing deposition, 
the lattice parameters  (after correction for stress), 
agree wi th in  the accuracy of these measurements  with 
the lattice parameter  of pure molybdenum.  Impurities,  
therefore, do not contr ibute significantly to the lattice 
parameter  of the films. 

When the substrate tempera ture  dur ing deposition 
is below 400~ molybdenum carbide films rather  than 
molybdenum metal  films are obtained. The t ransi t ion 
between deposition temperatures  that correspond to 
molybdenum films and those that correspond to molyb-  
denum carbide films occurs ra ther  sharply at about 
400~ Only in films deposited at this temperature  
were diffraction lines characteristic of molybdenum 
and molybdenum carbide obtained simultaneously.  
Films deposited at 415~ appeared to be essentially 
"pure" molybdenum and films deposited at 370~ 
"pure" carbide. This value of the t ransi t ion tempera-  
ture appears in rough agreement  with the one that can 
be extrapolated from the work of Lander  and Germer.  
In spite of ra ther  strong preferred orientations in 
carbide films, enough diffraction peaks were obtained 
to establish that the carbide phase is the cubic form 
reported by the same authors. 

Molybdenum carbide films deposited at substrate 
temperatures  of 375~ or below had very strong (100) 
orientations, although in films deposited at 300~ 
this or ientat ion was somewhat less pronounced. Figure 
10 is an electron micrograph of a replica taken from a 
5000A film deposited at 345~ The apparent  grain 
size is commensurate  with a value of 1200A determined 
in a similar film by x - r ay  diffraction. In  general, 
carbide films had remarkab ly  sharp diffraction lines, 
indicating that  grain size did not decrease much be-  
low 1000A and that  heterogeneity either of stress or 
composition was limited. The lattice parameter,  whicb 
seems to increase with decreasing tempera ture  of 
deposition, may be influenced by lack of carbon stoi- 
chiometry. Values of 4.136, 4.146, and 4.160A were 

found for films deposited at 370 ~ 350 ~ and 300~ 
respectively. 

For  purposes of s t ructural  examination,  tungsten 
films were deposited at a carbonyl  pressure of 0.002 
ram, at a hydrogen pressure of 0.01 ram, at a flow rate 
of 12 std. cc/min,  and at substrate temperatures  of 
450 ~ 400 ~ , 350 ~ , and 300~ X- ray  diffraction ex-  
aminat ion of the films showed that  all  of them were 
"pure" tungsten,  without  detectable carbide lines. 
These results were confirmed by  electron diffraction 
for the films deposited at 450 ~ , 400 ~ , and 300~ 
Thus, as previously observed by Lander  and Germer,  
the tendency to form carbides is much less in tungsten  
films than  in molybdenum films. The film deposited at 
450~ had a (100) orientation, while the others were 
randomly  oriented. For both tungsten and molybde-  
n u m  films, higher temperatures  of deposition favor 
(100) orientations. However, for equal temperatures  of 
deposition, tungsten  films show tensile stress, whereas 
molybdenum films show compressive stresses. From 
two tungsten films deposited at 400~ the value of 
the tensile stress was found to be 4.6 • 1 x 109 dynes /  
cm 2. In  a film deposited at 450~ the lattice parameter  
was 3.1616A, which, when compared with a lattice 
parameter  of 3.1650A for pure tungs ten  (21), corre- 
sponds to a tensile stress of 5.3 x 109 dynes /cm 2. Diffrac- 
t ion l ine broadening showed the film had heterogeneous 
stresses of • 4 x 109 dynes /cm 2 and a particle size 
of 1200A. Comparison of this value with the apparent  
grain size of the same film in Fig. 11 indicates that  the 
s tructure might be slightly columnar.  

The stress level in the tungs ten  films is approxi-  
mately  twice the 2.6 x 109 dynes /cm 2 value that  would 
be expected on the basis of differential contraction be-  
tween tungsten  and silicon, for films deposited at 
about 400~ It appears, therefore, that  the films are 
deposited with intrinsic tensile stresses. The molybde-  
num films, however, display compressive stresses, 
which probably are due to carbide precipitation. 

Effects of gaseous additions and substitutions.--Since 
low resist ivity is desired for conducting films in mi-  
croelectronic devices, different techniques were used 
to t ry to decrease the resist ivi ty of molybdenum films. 
General ly  speaking, the aim was to improve the re-  
sistivity by decreasing the carbon incorporated in the 
films dur ing deposition. 

Addition of water vapor and hydrogen sul~de to 
carrier gas.--The removal  of carbon from metals, 
according to the reaction 

H 2 0 +  C :  H2 + CO [6] 

is well  established. However, excessive concentrat ions 
of H20 in a system could lead to oxidation of the host 
material ,  according to a reaction such as 

Mo + 3 H20 ~--- MoO.~ -~ 3H2 [7] 

which would be expected to deleteriously affect the 
resistivity. Hence, with increasing water  vapor, the 
resist ivity passes through a min imum.  In  fact, the 
oxidation of Mo by mixtures  of H2 and H20 is ther -  
modynamical ly  favored up to 800~ for the min imum 

Fig. 10. Electron micrograph of a molybdenum carbide film, Fig. 11. Electron micrograph of a tungsten film, 3000A thick, 
5500.~, thick, deposited at a substrate temperature of 345~ deposited at a substrate temperature of 450~ 
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t t20/H2 ratio (0.01) used in this work. Calculations 
indicate that  an H20/H2 ratio at 2 x 10 -6 is just  
oxidizing at 400~ These calculations were based on 
the data of Glassner  (22) for MoO3 (AF = --157 
kcal /mol  at 300~ and --115 kcal /mol  at 800~ and 
for MoO2 (~F --~ --116 kcal /mol  at 300~ and --89 
kcal /mol  at 800~ and on the method described in 
Darken and Gur ry  (23). [The substant ia l  disagreement 
between this value and the 0.062 ment ioned by  Lander  
and Germer  (7) probably  is due to their  use of un -  
reliable data for the free energies of formation of the 
two molybdenum oxides.] Results of experiments  on 
adding water  vapor to the hydrogen carr ier  gas are 
shown in Fig. 12. Although resistivity improved sub-  
s tant ia l ly  at low deposition temperatures,  where re- 
sistivity values general ly  are high, very  little im-  
provement  occurred in films deposited at 500~ which 
had a resistivity close to that  of bu lk  molybdenum 
even when deposited without  added water  vapor. To 
determine whether  reaction [6] plays a significant 
role in the resistivity of films deposited in the presence 
of water  vapor, several films deposited at a substrate 
tempera ture  of 480~ (with water  vapor pressure of 
0.001-0.002 Torr) were subsequent ly  annealed in hy-  
drogen at 600~ This t rea tment  had no effect on the 
resist ivity of the films. It is possible that the negative 
result  is due to the difficulty in reaching equi l ibr ium 
at this comparat ively low tempera ture  for molybde-  
num. 

Removal of carbon by H2S could be envisaged ac- 
cording to the following reaction 

2H2S + C = 2H2 + CS2 [8] 

Although such a reaction is not thermodynamical ly  
favored, under  equi l ibr ium conditions, decreases in 
the carbon content  of molybdenum films deposited in 
the presence of H2S were reported by Lander  and 
Germer  (7). 

Results obtained here indicate that  although the 
addition of H2S produces a substant ia l  decrease in 
resistivity at a deposition tempera ture  of 350~ no 
advantage is gained for deposition at 500~ In  fact, 
it has been observed that  even extremely small  con- 
centrat ions of H2S cause the resist ivi ty to rise for 
films deposited at this temperature.  

Substitution o] argon or carbon dioxide ]or hydrogen. 
raThe water -carbon reaction of Eq. [6] suggests 
another  means for reducing the  carbon content  in 
these films. When hydrogen is used as a carrier  gas, 
it tends to drive this reaction to the left, causing 
carbon to form by the reduct ion of the CO biproduct 
from the carbonyl  decomposition. Hence, subst i tut ion 
of an inert  gas such as Ar  might  be expected to reduce 
carbon content. Figure 13 compares the electrical re-  
sistivity of films made with H2 with that  of films 
made with Ar carr ier  gases at various temperatures.  
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Although at low deposition temperatures  the carrier 
gas subst i tut ion has a definite advantage, improve-  
men t  falls off rapidly wi th  increasing temperature.  
Carbon analysis of films deposited at 480~ shows no 
substant ial  differences in carbon content  when  the 
carrier gas is changed. 

The disproportionation of carbon monoxide, shown 
in Eq. [2] to be a likely source of carbon in the films, 
theoretically should be reversed by an increase in con- 
centrat ion of CO2. As in the case of water, however, 
too much CO2 can constitute an oxidizing atmosphere 
and react with the depositing metal  M, according to 
the reaction 

M + 3 CO2 ----- M:O3 + 3 CO [9] 

It was to be expected then that  pure CO2 carrier gas 
would lead to large resistivities. A mixture  of CO2 and 
H2 might  minimize both oxide and carbon impurities.  
Figure 14 shows resist ivity as a funct ion of mole 
fraction of H2 in the carrier gas for films deposited 
at 400~ A m i n i m u m  is evident  in the region of 
30 m/o  (mole per cent) H2. 

Conclusions 
Molybdenum films with a resist ivity approaching 

the bulk  value can be deposited from decomposition 
of molybdenum carbonyl  at temperatures  of 500~ 
or above, and at growth rates of 3-4 A/sec. At lower 
deposition temperatures  films with bu lk  resistivity 
cannot be obtained, presumably  because of carbon 
incorporation wi th in  the films, as evidenced by the 
correlation between film resist ivi ty and carbon content. 

In  molybdenum films the stress changes from a 
tensile value of 1.5-2 x 109 dynes /cm 2 for films de- 
posited at 580~ to a compressive value of 2.3 x 10 TM 

dynes /cm e for films deposited at 430~ In  tungs ten  
films deposited in a similar  range of temperatures,  
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only tensi le  stresses were  observed,  wi th  a value  of 
4.6 x 109 dynes / cm 2 for  a film deposi ted at  400~ 
This difference be tween  tungsten and molybdenum 
films is p robab ly  re la ted  to the  format ion  of a carb ide  
phase,  which  was found to form much more  read i ly  in 
mo lybdenum than  in tungsten.  

A t t empt s  to produce films wi th  low res is t iv i ty  by  
making  chemical  deposi t ion condit ions more  oxidizing 
were  most  successful at  deposi t ion t empera tu re s  of 
about  400~ However ,  the  improvements  obta ined 
were  not sufficient to reduce res is t iv i ty  to values  
approaching  bu lk  value.  Addi t ions  of wa te r  vapor,  
hydrogen  sulfide, carbon dioxide,  and argon to hydro -  
gen, and  var ious  combinat ions  of these were  not  
effective in the  t empe ra tu r e  range  of 450~176 
where  the  unmodified carbonyl  decomposi t ion in hy -  
drogen gives films wi th  resis t ivi t ies  of 1.5-2 t imes 
bu lk  value.  Thus it must  be concluded that  product ion 
of mo lybdenum films wi th  bu lk  res is t iv i ty  by  carbonyl  
decomposi t ion at subs t ra te  t empera tu res  below 500~ 
is unl ikely.  
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The Ga-GaP-GaAs Ternary Phase Diagram 
G. A. Antypas 

Varian Associates, Palo Alto, California 

ABSTRACT 

The t e r n a r y  phase  d i ag ram of G a - G a P - G a A s  has been ca lcula ted  using 
Darken ' s  quadra t ic  formal ism for a t e r n a r y  l iquid in equi l ib r ium wi th  a 
r egu la r  solid solution. Liquidus  isotherms have  been ca lcula ted  f rom 900 ~ to 
1450~ in 50~ increments .  GaP d is t r ibut ion  curves have also been ca lcula ted  
for 0.95, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, and 0.i mole  fract ion of GaP. The calcu-  
la ted t e r n a r y  and pseudobinary  phase d iagrams  are in excel lent  agreement  
wi th  avai lab le  expe r imen ta l  data.  

Since it was  demons t ra ted  tha t  the  G a P - G a A s  sys-  
tem forms continuous solid solutions (1) the  sys tem 
has a t t rac ted  great  a t tent ion,  p r i m a r i l y  because a por -  
t ion of the  system has a bandgap  corresponding to the  
vis ible  region of the  spectrum. Ini t ia l ly ,  the  G a A s - G a P  
crysta ls  were  p repa red  by  vapor  t r anspor t  techniques,  
using AsH.~ and PI-I3 as the  source mate r ia l s  (2). I t  has 
been demonst ra ted ,  however ,  tha t  I I I - V  compounds 
grown from solution have  a lower  na t ive  defect  dens i ty  
(3) and in genera l  have  more  efficient r ad ia t ive  r e -  
combinat ion  propert ies .  Thus an under s t and ing  of the  
the rmodynamic  proper t ies  of both  the  l iquid and solid 
solutions is necessary  for es tabl ishing op t imum growth  
conditions.  The model  to be presented  has a l r eady  been 
appl ied  to the  I n - G a - A s  and G a - A s - S b  (4) systems 
where  i t  gave excel lent  agreement  wi th  avai lab le  ex-  
pe r imenta l  data.  I t  can also be appl ied  to al l  I I I -V  
t e r n a r y  solids forming continuous solid solutions. 

Phase Equilibria of III-V Ternary Compounds 
T e rna ry -pha se  d iagrams of I I I -V  compounds have 

been ca lcula ted  using the quas i -chemica l  equi l ib r ium 
t r ea tmen t  (5) and the  r egu la r  solution t r ea tmen t  (6). 
In  comout ing  the condit ions for equ i l ib r ium be tween  
a t e r n a r y  l iquid solution A, B, C (Ga, P, As) and a 
pseudob inary  solid solution AB-AC ( G a P - G a A s ) ,  
S t r ingfe l low and Greene  (5) der ived  the  fol lowing 
equat ions 

In TAB x ~ In 4NANB + In ('YA~B/')'ASTC'yB STC) 
-~ ASFAB (TEAs -- T ) / R T  

[1] 
~ln 7AC (1 -- X) = In 4NANc + in ("VATC/TASTCTc sIc) 

+ • (TFAc -- T ) / R T  

where  ~/An and 7Ac are  the  ac t iv i ty  coefficients of AB 
and AC in the  solid solution, x is the  mole  fract ion of 
AB, N~ and 71 (i = A, B, C,) are  the a tom fract ion and 



Vol. 117, No. 5 

act ivi ty  coefficient of i in the l iquid solution, respec- 
t ively,  -yi STC is the act ivi ty  coefficient of Ni at the 
stoichiometric composition, hSFAB is the entropy of 
fusion of AB, TFAB is the t empera tu re  of fusion of AB, 
R is the universal  gas constant, and T is the t empera -  
ture in ~ 

Under  the restr ict ion 

NA -~- NB -I- Nc = 1 [2] 

Eq. [1] can be solved numer ica l ly  on a computer  to 
yield two sets of curves, one describing the l iquidus 
isotherms and the other  describing the solidus iso- 
concentrat ion curves of the system. 

In previous investigations the act ivi ty  coefficients 
were  de termined  by the quasi -chemical  equi l ibr ium 
(5) approach and by considering the te rnary  l iquid as 
a str ict ly regular  solution (6). In the present communi-  
cation, however ,  the determinat ion of the act ivi ty  co- 
efficient in the liquid phase is based on Darken 's  quad-  
ratic representat ion,  which for a binary l iquid is 

In 7A ~ CeABNB 2 

[3] 
In (VB/7~ = SAB(-- 2NB -F NB 2) 

where  A is the solvent  and B is the solute, 7% is the 
act ivi ty  coefficient of B at infinite dilution, and =AB 
is the interact ion paramete r  of the system. Equat ion 
[2] reduces to that  describing a regular  solution if 
in "yOB = =AB. This formalism has been satisfactorily ap- 
plied by Darken (7) and Turkdogan and Darken (8) 
to a number  of l iquid metal l ic  solutions for concen- 
t rat ion of up to 60%. This formal ism is consistent with 
the Gibbs-Duhem equat ion and satisfies Raoult 's  and 
Henry 's  laws as the l imit ing cases. The quadrat ic  for-  
malism was also extended by Darken (9) to t e rnary  
systems, which results in act ivi ty  coefficients given by 

lnvh = O~AB]~TB2 -~ - O~AcNc2 -'~ (C~AB -J- SAC - -  a B c ) N B N c  

I n  ( ~ ' B / V 0 B )  = - -  2 a A B N B  -~- (aBC - -  O~AB - -  OlAC) N C  

"~- a A B N B  2 -~- ~ A C N C  2 "~ (OAB ~-  sAC - -  O ~ B C ) N B N c  

[4] 
In (vc/v~ = -- 2=AcNc -F (aBe -- nAB -- aAc)NB 

-F sABNB 2 ~- aAcNc = -F (~AB -F sAC -- a B c ) N B N c  

where  component  A is the solvent and components B 
and C are  the solutes, 7% is the act ivi ty  coefficient of 
component  C at infinite dilution, and s i - j  are the in ter -  
action energies of the various b inary  systems. The 
above formal ism is also consistent wi th  the Gibbs- 
Duhem equation, and fu r the rmore  it reduces to the 
b inary  quadratic formalism as one of the solutes in the 
t e rnary  approaches infinite dilution. 

The solid solution in equi l ibr ium with the t e rnary  
liquid was assumed to be regular,  i.e., AF zs = O~AB.ACX(1 

-- x) ,  where  ~AB-AC is the interact ion energy and x is 
the mole fraction of one of the components  in the solid. 
The act ivi ty  coefficients are thus given by 

In ~'AB = ~ ( 1 - -  X )  2 

[5] 
In "VAC ~ '~AB-AC x2 

Subst i tut ing Eq. [4] and [5] in Eq. [1] the t e rnary  
phase diagram can be calculated numer ica l ly  to yield 
the l iquidus and solid distr ibution curves. 

Calculation of the Ga-GaP-GaAs Phase Diagram 
The parameters  necessary in calculat ing the t e rna ry  

phase diagram are the tempera tures  T F and entropies 
AS e of fusion of the I I I -V compounds and the in terac-  
tion parameters  nAB , aAC , aBC , and CeAB.AC. T F and AS F 
for GaP and GaAs can be obtained direct ly  f rom the 
l i te ra ture  and are shown in Table I. Vieland (10) has 
used regular  solution theory  to calculate the l iquidus 
of I I I -V  compounds. The interact ion paramete r  ob-  
ta ined f rom such a t r ea tment  is 

A S F  ( T  - -  T F )  [ 1  -~- R / A S  F ] n  1/4x(1 -- x ) ]  
= [6] 

2 ( x - - 0 . 5 ) 2  
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Table I. List of thermodynamic parameters used in calculating 
the Ga-GaP-GaAs phase diagram 

G a P  G a A s  A s - P  G a P - G a A s  

(ca l / rnole)  7900-7.00 T (11) --3.7 T (12) 2000 1000 
AS F (eu) 15 (11) 16.64 (12) - -  - -  
T F (~ 1470 1238 - -  - -  

where  x is the column V element  in solution. For  a 
regular  solution s should be independent  of t empera -  
ture and composition. Thurmond  (11), however ,  
demonstra ted that  for GaAs and GaP ~ is a l inear  
function of t empera tu re  given by 

~GaAs -~ 9960 -- 11.15 T 
[7] 

aGaP --~ 7900 -- 7.0'0 T 

When the interact ion parameter  a is divided by R T  so  
that  it wi l l  be thermodynamica l ly  consistent wi th  
Darken 's  formula t ion  it takes the form of 

[8] 
R T  R 

which is of the form der ived by Turkdogan and Darken 
(8), where  ~ and ~ have  the units of enthalpy and 
entropy, respect ively.  

In calculat ing aOaAs, Thurmond  assumed a A S F G a A s  

value  of 14.0 eu. Ar thur  (12) pointed out that  when a 
recent ly  measured value for ~ S F G a A s  Of 16.64 eu is used, 
then 

nG~As --~ 5160 -- 9.16 T 

Ar thur  has also calculated the act ivi ty  coefficient of As 
f rom As vapor  pressure measurements ,  and using a 
regular  solution t rea tment  found that  the interact ion 
parameter  is accurately given by 

aGaAs = --3.7 T 

The interact ion paramete r  of the As-P system was 
calculated to be 2000 ca l /mole  by fitting the l iquidus 
curve  to a regular  solution model  and comparing it to 
avai lable  exper imenta l  data (13). Similarly,  the in ter-  
action parameter  of the GaP-GaAs  system was deter -  
mined by fitting the solidus to recent ly  published data 
of the GaP-GaAs  pseudobinary (14). Calculations per -  
formed by Moon (15) on GaP-GaAs  were  in good 
agreement  for ~GaP-gaA~ = 1000 cal /mole.  

F igure  1 represents  the calculated t e rnary  phase dia- 
gram. Solid lines represent  the l iquidus isotherms from 
900 ~ to 1450~ by 50~ increments,  while  dot ted lines 
represent  GaP :soconcentration curves at 0.95, 0.9, 0.8, 

GaP 

Fig. 1. Ga-GaP-GaAs ternary-phase diagram. 
i s o t h e r m s ,  - . . . .  , C ~ P  i s o c o n c e n t r a t i o n s  c u r v e s .  

C~As 

-, Liquidus 
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0.7, 0.6, 0.5, 0.4, 0.3, and 0.1 mole f rac t ion of GaP. The 
pseudobinary  obta ined  f rom F~g. 1 is shown on Fig. 2 
along wi th  avai lab le  expe r imen ta l  da ta  (14). F igures  
3, 4, and 5 compare  the  expe r imen ta l  resul ts  r epor ted  
b y  Thurmond for the GaAs and GaP compounds,  and 
by  Panish  (16) for the  G a - G a P - G a A s  solut ion growth  
and solut ion ep i t axy  results .  F igu re  3 is a por t ion  of 
Fig. 1, p lo t ted  in car tes ian  coordinates,  showing the  

1500 

15O0 
Calculated 

( ~ o Osamura 

1200 

ov 
P 

& 

11O0 
GaP 0.2 0.4 0.6 0.8 GaAs 
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Fig. 2. GoP-GaAs pseudobinory-pbase diagram 
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Fig. 3. Liquidus isotherms of the GaAsxPl-.~ system 
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Fig. 4. Equilibrium solubility of P at isoarsenic concentrations in 
the ternary liquid solution. 
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Fig. 5. GaAs isoconcentration curves plotted as a function of 
temperature and As concentration in the melt. 

equi l ib r ium solubi l i ty  of P as a function of the  As con- 
cen t ra t ion  in the  mel t  for  900 ~ 1000 ~ 1100 ~ 1200 ~ and 
1300~ isotherms.  Excel lent  agreement  is ob ta ined  be-  
tween  ca lcula ted  and exper imen ta l  results.  F igure  4 
also shows a por t ion of the t e r n a r y - p h a s e  d iag ram in 
grea te r  detail ,  on which  the so lubi l i ty  of P is p lo t ted  
as a funct ion of t e m p e r a t u r e  at  isoarsenic concent ra -  
tions. F igure  5 represents  the  d is t r ibut ion  of GaAs in 
equi l ib r ium wi th  the  t e r n a r y  mel t  as a function of 
the As present  in the l iquid solution. The d is t r ibut ion  
coefficient is defined by  

� 9  XGaAs/XAs 

'YGaAs X G a P / ~ P  

where  7GaAs, XGaAs, and XAs are  the  ac t iv i ty  coefficient 
of GaAs in the  solid solution, the  GaAs mole  fraction,  
and the  atom fract ion of As in the  l iquid  solution, 
respect ively .  For  the  1100~ isotherm, D var ied  be-  
tween  0.13 for xp = 0.045 and 0.27 for 3Cp = 0.002. 

Conclusions 
It  has been shown tha t  t e r n a r y  phase d iagrams of 

I I I - V  compounds calcula ted by  Darken ' s  phenomeno-  
logical  quadra t ic  formal i sm are  in excel len t  agreement  
wi th  ava i lab le  expe r imen ta l  data.  The pa rame te r s  used 
in calculat ing the  G a - G a P - G a A s  phase d iag ram were  
e i ther  d i rec t ly  obta ined  f rom the l i te ra ture ,  or were  
obta ined  by  fit t ing the  model  to avai lab le  expe r imen-  
ta l  data.  Al though  this model  is der ived  to descr ibe  the  
solution in the  v ic in i ty  of the  m a j o r  component  (in 
solution ep i t axy  and solut ion growth  of GaPxAsz-x  in 
the  v ic in i ty  of the  Ga corner  of the  t e r n a r y  d i ag ram) ,  
the  agreement  be tween  the ca lcula ted  and e xpe r imen-  
ta l  resul ts  of the  pseudob inary  phase d iagram indicate  
tha t  the  quadra t ic  fo rmal i sm accura te ly  descr ibes  the  
t e r n a r y  phase d iag ram of G a - G a P - G a A s  for  concent ra-  
t ion of up  to 50%. 

Manuscr ip t  submi t ted  Oct. 30, 1969; revised m a n u -  
scr ip t  rece ived  Dec. 18, 1969. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cusslon Section to be publ i shed  in the  December  1970 
J O U R N A L .  
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Properties of Aluminum Oxide Obtained by Hydrolysis of AICI   
T. Tsujide, S. Nakanuma,* and Y. Ikushima 

IC Division, Nippon ELectric Company, Tokyo, Japan 

ABSTRACT 

A study has been made of a luminum oxide films prepared by the hydrolysis 
of mixtures  of AIC13, H2, and CO2. Posit ive shifts of the flat band voltage of 
the MAS structure  occur independent ly  of the polarity and type of the ap- 
plied bias when this is higher than a critical voltage. This phenomenon can 
be explained by electron inject ion and trapping.  The trapped electrons have a 
long lifetime, bu t  are excited by radiat ion such as x- rays  and electron beam 
without  int roduct ion of damage. 

One of the most impor tant  processes in the fabrication 
of semiconductor devices is the passivation of the 
semiconductor surface. For this purpose, various di- 
electric films have been examined, among which the 
most studied has been thermal ly  grown silicon di- 
oxide, because of its ease of preparation.  Unfor tuna te -  
ly, it exhibits instabili t ies such as shifts in device 
characteristics due to the migrat ion of impurities,  
especially Na ions through the oxide at elevated tem- 
peratures under  bias conditions (1) and degradation 
of device characteristics under  i rradiat ion envi ron-  
ments  (2); more demanding requi rements  have there-  
fore led to the need for insulat ing films superior to 
this oxide. 

It is a reflection of such requirements  that  recently 
silicon ni tr ide and a luminum oxide have been receiv- 
ing a great deal of attention. These materials were 
found to have properties superior to silicon dioxide 
films, in that  the ion migrat ion effect has been shown 
to be sufficiently negligible that  they may be used as 
a barr ier  for contaminat ion (3, 4), making  it possible 
to fabricate capless devices. In  addition, they have a 
high radiat ion resistance (5,6).  However, silicon 
ni tr ide has some disadvantages of high surface charge 
density and crack generat ion dur ing subsequent  heat-  
t reatment .  On the other hand, it has been reported 
that  a luminum oxide makes the silicon surface more 
p- type  due to the negative charge (7, 8). This is per t i -  
nent  to the fabricat ion of insulated gate field effect 
transistors with low threshold voltage as well as 
n -channe l  enhancement  mode devices. Moreover, there 
are several applications of the a luminum oxide such 
as a diffusion mask, passivating film for bipolar type 
devices, and other new structures. 

There are various methods for formation of a lumi-  
num oxide: pyrolysis of organic compounds such as 
Al(C3H70)3 (3,9) and Al(C2H50)3 (10), anodization 
of a luminum in oxygen plasma (11), reactive evapora-  
t ion (12), and reactive sput ter ing (13, 14). The films 
obtained by the above methods are structureless, i.e., 
amorphous, but  some of these a luminum oxide films 
have instabili t ies under  thermal  stress which are found 
to be reduced by post anneal ing at temperatures  as low 
as 400~ On the other hand, deposition of polycry-  
stall ine a luminum oxide films on silicon by the hydrol-  
ysis of A1C13 at about 800~ was reported by Nigh (15) 
and Doo and Tsang (16). The properties of such poly- 
crystal l ine films, namely  refractive index, etch rate, 

* Electrochemical Society Active M e m b e r .  

infrared absorption, and dielectric constant, have been 
studied by us as a function of deposition conditions, 
and the MAS ( me t a l - a l umi num oxide-silicon) struc- 
tures have been used to evaluate the electrical proper-  
ties of the Si-A1203 interface. All  of these results are 
discussed here. 

Experimental 
The system used for the deposition of a luminum 

oxide films on silicon wafers was similar to tha t  re-  
ported by Nigh (15) in which H20 vapor, formed by 
the reaction of CO2 with hydrogen, hydrolyzes A1C13 
vapor. All  deposition runs  were carried out using the 
following conditions: the flow rates of CO2, hydrogen 
saturated with AICI~ vapor and make -up  hydrogen 
were 326 cc/min, 2 l /rain,  and 20 1/min, respectively, 
and the tempera ture  of the silicon wafers was mea-  
sured by means of an optical pyrometer  and was kept 
at 850~ The deposition rate of a luminum oxide was 
approximately 70 A/min .  The silicon wafers with 
(100) orientat ion and resistivities of 3 ~ 5 ohm-cm, 
either p- type or n- type,  were mechanical ly-chemical ly  
polished and carefully cleaned. The cleaning procedure 
involved rinses in  t r ichlorethylene and acetone using 
ultrasonic agitation immediate ly  prior to the deposi- 
tion. 

The refractive index and the thickness of the a lumi-  
n u m  oxide films were measured by ellipsometry. The 
etch rate was determined by measur ing thickness after 
each successive etching. 

For the evaluat ion of the electrical properties of the 
a luminum oxide films and the Si-A1203 interface, the 
MAS structure was constructed by the deposition of 
a luminum oxide on silicon, followed by the evapora-  
t ion of a luminum electrodes of 1 m m  diameter  and 
mount ing  on TO-5 headers. The C-V characteristics 
of the MAS structure  were measured at 1 MHz. From 
the area of the electrode, the thickness of the film, 
and the capacitance of the MAS structure  under  ac- 
cumulat ion conditions the dielectric constant  was ob- 
tained. The I -V characteristics of the a luminum oxide 
were also measured by the same MAS structure  using 
a Keithley electrometer in order to analyze the con- 
duction mechanism in the a luminum oxide. 

Results 
Ellipsometric measurements  on the a luminum oxide 

yielded values for the relat ive permit t iv i ty  of 7.6 ~ 7.8. 
These are consistent with 7.6 for the film obtained by 
anodization in oxygen plasma (11), bu t  are less than  
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those of 8.9 ,~ 9.3 (15) and 11 (17) for the films formed 
by the hydrolysis of AICls. 

The dielectric s trength measured using the MAS 
structure was found to depend on the polari ty of the 
applied voltage. When positive voltage was applied to 
the A1 electrode, dielectric breakdown occurred at 
fields of 6 ~ 7 • 106 and 8 , , -  9 X 106 V/cm at room 
and liquid ni t rogen temperature,  respectively, while 
for negative polari ty it occurred with t ime dependence, 
i.e., when a somewhat  lower field t han  1.1 N 1.2 • 107 
V/cm was applied for a few minutes,  a thermal  cur-  
rent  fluctuation of nA order was observed and finally 
the film underwen t  breakdown. Similar  phenomena 
have been observed for s team-grown silicon dioxide 
films, though the polari ty dependence was opposite 
(18). 

Figure 1 shows the capacitance-voltage character-  
istics of an A1208 film of 120OA in thickness on n - type  
silicon substrate at three different temperatures,  
--196 ~ 25 ~ and 250~ It  should be noted that  this 
uni t  has a near ly  zero flat band  voltage at room tem- 
pera ture  in coincidence with the ideal ]VIIS diode char-  
acteristic; the C-V curve shifts in the positive voltage 
direction at l iquid ni t rogen tempera ture  and in the 
negative direction at 250~ The ]VIAS structure with 
p- type  silicon, however, showed the opposite shifts to 
that with n - type  silicon, indicat ing that fast surface 
states exist in the energy gap of silicon. These shifts 
can be explained by the existence of acceptor- and 
donor- type surface states near  the band  edge of the 
conduction and valence bands, respectively, as re-  
ported by Gray and Brown (19) for the thermal  grown 
oxide film. With decreasing tempera ture  down to 
liquid ni t rogen tempera ture  the acceptor-type states 
above the room tempera ture  Fermi  level are filled 
with electrons so as to make the surface of the silicon 
more p-type.  The amount  of scatter in the fiat band 
voltages at room tempera ture  is in the range 0 ,-, O.5V 
for n- type  silicon and 0.4 ~ 3.0V for p-type.  These 
positive flat band voltages imply that  negative charges 
of 109 ~ 1011 electron charges/cm2 exist ei ther at the 
Si-A1203 interface or wi th in  the A120~ film. The origin 
of the negative charge has been explained in terms of 
the existence of negative ions in the A120.~ film (10), 
but  the negative charge reported here is believed to 
be due to electrons, as will  be discussed later. 

The MAS structure exhibited an interest ing be- 
havior in that  the C-V curves shifted in the positive 
direction after application of voltages higher than a 
critical voltage, below which the C-V curves are very 
stable and reproducible. This positive shift occurred 
independent ly  of the polari ty and type of the bias, 
such as -Fd.c., --d.c., a.c., and pulse. Figures 2(a)  and 
2(b) show the effects of positive and negative bias, 
respectively, applied to the metal  electrode on the C-V 
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various voltages to the AI electrode at room temperature for 1 min: 
(a) the effect of positive bias; (b) the effect of negative bias. 

characteristics of the MAS structure  with an A120.,, 
film of 1200A in thickness. These curves were taken 
after application of the bias indicated in  the figures at 
room tempera ture  for 1 min. Figure  3 shows the volt-  
age shifts vs. the applied bias, where the critical volt-  
ages for the negative and positive bias were -F15 and 
--40V, respectively. With positive bias, voltage shifts 
continue to increase l inear ly  with applied bias unt i l  
dielectric breakdown occurs, while with negative volt-  
age l inear  positive shifts above the negative critical 
voltage followed by a decrease of the positive shifts 
are observed. This decrease is always accompanied by 
increasing current  through the a luminum oxide film, 
which will be discussed later. Such positive shifts were 
also observed at liquid ni t rogen temperature  as shown 
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Fig. 1. Capacitance-voltage characteristics of the MAS structure 
at - -196 ~ 25 ~ and 256~ 3 ohm-cm n-type silicon substrate. 
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Fig. 3. Relationship between positive shift _~V and applied voltage 
(d.c. and a.c., 50 Hz) at room and liquid nitrogen temperature. A-C 
bias shows peak value; initial flat band voltage is -I-0.2V. 
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in Fig. 3, but  the lower the temperature,  the higher 
are the critical voltages. 

Figure 4 shows the change in the  positive shifts when  
the negative bias is applied to the MAS structure after 
the positive shifts caused by  the positive bias, and 
when positive bias is applied after the positive shifts 
by the negat ive bias. This means that  the shifted vol t-  
ages are kept constant  to the same values when  the 
voltage is reversed. 

The time dependence of the positive shifts in 
the C-V characteristics of a typical  sample with a 
1200A a luminum oxide film at room tempera ture  for 
bias values of +40 and --60V is shown in Fig. 5. 
Although there seems to be a broad distr ibution of 
t ime constant, saturat ion was observed about 100 min  
after the application of the bias in both cases. The 
decay of the shift was studied as a funct ion of film 
thickness, temperature,  and polari ty of the applied 
bias and the results are shown in Fig. 6 and 7. Figure 
6 shows a typical decay curve of the positive shift at 
room temperature,  where the shift was caused by ap- 
plication of +100V for 1 min  to the MAS structure 
with a 2400A a luminum oxide film. An  init ial  decrease 
of the shift is followed by  a very  slow decay, where 
it takes 1014 hr to decay by a half of the shift. Figure 
7 shows decay curves of the MAS structure  with a 
1200A a luminum oxide film at several temperatures,  
the shifts of which were caused by the application of 
positive bias as well  as negative bias, where samples 
having near ly  the same values of the shift were used. 
Apparent ly  the decays consist of two parts;  1, a rapid 
decay for the first several minutes  especially for the 
samples with the shift caused by a positive bias, which 
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Fig. 4. Dependence of positive voltage shift -~V of MAS structure 
with previous bias history on subsequent voltage applications. 

ALUMINUM OXIDE 705 

59 

57 

55 

.% 53 
o 

,,= 
> 49  

41 

:~ T IME (MIN)  

~ 0  
IO I00  [ 0 0 0  1 0 0 0 0  

T I M E  (HOURS) 

Fig. 6. Decay of positive shift of flat-band voltage with time at 
room temperature. Insert illustrates initial decay. Film thickness 
is 2400~,, and p-type silicon substrate is used. 

i ' l I 
0 I ~ THICKNESS 1200A ~) ,2 % -< 

5 24 o ~ c ( ~ i ~  
4 x ~  

, , , 

I0 5 I 0 S I 0 0 0  5 I 0 0 0  

T I M E  (MIN)  

Fig. 7. Thermal annealing of positive shift of MAS structure 
with initial flat band voltages of +0.2V.  Film thickness is 1200~,, 
and 3 ohm-cm n-type silicon substrate is used. 

9 

o<S 
ao 7 

compares with the ini t ial  rapid increase of the shift 
shown in Fig. 5 and has considerably large tempera-  
ture  and polari ty dependencies; 2, a subsequent  slow 
decay which is in proport ion to the logari thm of time, 
the tempera ture  dependence of which is less sensitive 
than that of the rapid decay and the slope of which 
is larger for the positive bias than the negative bias. 

Figure  8(a) and (b) show the effect of x- rays  on 
C-V characteristics of the as-grown MAS st ructure  
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Fig. 5. Plots of positive voltage shift ~V of an MAS structure 
with initial flat-band voltage of + 0 . 2 V .  
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Fig. 8. Effect of x-rays on C-V characteristics of (a) as-grown 
and (b) shifted MAS structure. 
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and the shifted one, respectively, where x- rays  from 
a copper target  tube operated at 25 kV and 2 mA were 
irradiated through the a luminum electrode at a dis- 
tance of 5 cm. No difference of the decay constants for 
the shift by positive bias and by negative bias was ob- 
served. Logari thm of f lat-band voltage vs.  radiat ion 
t ime gave a straight line, indicat ing exponent ial  decay. 
The shapes of the C-V curves before and after i r radia-  
t ion were unchanged and an MAS structure which had 
been re turned to the ini t ial  state by i rradiat ion with 
x- rays  or an electron beam showed the same positive 
shift on application of bias greater than  the critical 
voltage as it did in the first place. 

In  addition to the large positive shifts for the MAS 
structure,  a very  slight C-V hysteresis of the order 
of 0.05V was observed, as shown in Fig. 1, which at 
room tempera ture  occurred in  the same direction of 
shift as that  due to ion migrat ion or polarization, but  
in the opposite direction at l iquid ni t rogen tempera-  
ture. This was also observed on the positive shifted 
C-V curve with the same order of the hysteresis, that  
is, this is independent  of the positive shift. 

A time dependence of the  I -V characteristics of the 
MAS structure was observed. When the applied volt-  
age exceeds the critical voltage above which the posi- 
tive shift of the C-V curve occurs, the current  through 
the a luminum oxide film decreases gradual ly  for 15 
min  or longer, then  reaches a steady state. An  addi-  
t ional I -V measurement  of this MAS structure gave 
lower currents  than  the previous ones regardless of 
the polarity. Below the critical voltage, nei ther  a t ime 
dependence nor  a polari ty dependence of the I-V char-  
acteristic was observed with ohmic currents  in the 
picoampere range. 

Figure 9 shows a typical I-V characteristic of the 
MAS structure  with a 1400A a luminum oxide film for 
positive and negative bias, where each point  indicates 
the current  measured 20 min  after application of the 
bias. At higher voltages than  the critical voltage, the 
current  increases exponent ia l ly  with the square root 
of the applied voltage over several decades of current .  

The tempera ture  dependence of the current  through 
a luminum oxide films is shown in Fig. 10 and 11. 
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Fig. 9. Current vs. square root of applied voltage for both 
polarities at room temperature for MAS structure with 1400A 
aluminum oxide film and electrode area of 7.85 x 10 - 3  cm 2. Posi- 
tive bias is applied after measurement of I-V characteristic with 
negative bias. 

Discussion 

Positive shifts by bias voltages have been reported 
in MIS structures with insulators such as phosphosili- 
care glass (20), silicon ni t r ide (21, 22), and reactively 
sputtered a luminum oxide (12) by several workers. 
Those of the phosphosilicate glass, the silicon nitride, 
and the a luminum oxide have been explained in terms 
of polarization of the glass, inject ion of electrons, and 
mobile negative ions, respectively. The a luminum 
oxide in this work shows a different type of positive 
shift, that  is, the positive shifts occur independent ly  
of the type and polari ty of the applied bias such as 
+d.c., --d.c., a.e., and pulse, and are observed in  the 
same direction even at l iquid ni t rogen temperature.  
This means that  these shifts are nei ther  due to ionic 
t ransport  nor  to ionie polarization, but  to electronic 
phenomena.  Therefore, the positive shifts of the 
a luminum oxide are based on a different origin than  
those for the reactively sputtered a luminum oxide 
because ionie migrat ion is quite improbable  at l iquid 
ni t rogen temperature.  These shifts can be explained 
by electron t rapping in the a luminum oxide as follows: 
when  a positive bias is applied to the MAS strueture,  
electrons are injected from the semieonduetor into the 
a luminum oxide by tunne l ing  (23) and some of them 
are trapped in  t rapping states. This inject ion needs 
some energy which results in the critical field as re-  
ported in silicon ni t r ide by Deal et  al. (22). However, 
when a negative bias is applied, electrons are in -  
jected from the metal  to the a luminum oxide to cause 
the positive shifts. S imilar  explanat ions have been 
proposed for sputtered silicon nitride, although the 
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Fig. I0. Current vs .  square root of applied positive voltage at 
four different temperatures with 1500A aluminum oxide. 
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carriers injected were holes ra ther  than electrons (24). 
As the electron t rapping near  Si-A1203 interface is 
efficient, it takes more energy to trap electrons at nega-  
tive than at positive bias. This model for the positive 
shifts is supported (i) by the fact that  the positive 
shifts by negative bias decay more slowly and have 
smaller ini t ia l  decay than  those by positive bias as 
shown in Fig. 7, that  is, the trapped electrons near  the 
interface are more easily released than those away 
from the interface; and (ii) by the fact that  the 
trapped electrons by negative bias as well as by posi- 
tive bias can be excited by radiat ion such as x- rays  
and electron beam without  introduct ion of damage. 
Although several radiat ion effects have been reported 
and explained by radiat ion damage in MIS structures 
(25), with the excitation of trapped electrons the drift 
due to the bu i l t - in  field in  the a luminum oxide is re-  
sponsible for the exponent ial  decay of the positive 
shifts by x-rays, as shown in Fig. 9. 

The decrease of the positive shifts by higher nega-  
t ive bias as shown in Fig. 3 is always accompanied by 
an exponent ial  increase of the current  through the 
a luminum oxide, so that  this is due to the release of 
trapped electrons by the rapid increase in current .  A 
similar decrease was reported for a MOS structure  
with three different SiO2 films (26). 

The a luminum oxide film used in this work did not 
show any dist inguishable change in its electrical prop- 
erties when it was heated below the deposition tem- 
perature.  Further ,  under  bias tempera ture  stress of 
the MAS structure, no appreciable change was ob- 
served in its flat band voltage below a critical voltage 
at the tempera ture  of the bias tempera ture  stress. 

The critical voltage for the positive shifts is t em-  
perature  dependent.  As shown in Fig. 3, the critical 
voltages increase with decreasing tempera ture  with 
negat ive bias as well  as with positive bias because of 
the increase of the barr ier  height for injection. 

The ini t ia l  decay of the positive shifts wi th  a strong 
temperature  dependence as shown in Fig. 7 is also 
explained by the bar r ie r  height lowering at elevated 

temperature.  The decay of the positive shifts depends 
on the dis tr ibut ion of trapped electrons, so the appli- 
cation of higher negative voltage after positive shift 
by a positive bias produces a redis tr ibut ion of trapped 
electrons, that  is, the t rapped electrons near  the in ter -  
face are easily released to the semiconductor. There-  
fore, positive shifts thus obtained are more stable than  
those by the positive bias alone. Similar  redis tr ibut ion 
occurs when positive shifted MAS structures are ex- 
posed to x- rays  and electron beams. 

On the other hand, the t ime dependence of I -V char-  
acteristics previously ment ioned can be interpreted 
by the change of space charge dis tr ibut ion due to elec- 
t ron injection. This is closely related to the t ime de- 
pendence of the C-V characteristics. This means that  
the electric field in the a luminum oxide has a spatial 
distr ibution due to the electron injection, part icularly,  
near  the Si-A1203 interface. This is one of the reasons 
why we describe the positive shifts as a function of 
applied voltage ra ther  than electric field. 

The I -V characteristics obtained in this work are 
very similar to those reported by Sze for silicon nitr ide 
(27) due to hopping of thermal ly  excited electrons 
from one isolated state to another  at lower voltages. 
Assuming the rapid increase in current  as in terna l  
Schottky or Poole-Frenkel  current ,  a static dielectric 
constant of 3.4 is obtained which is in approximate 
agreement  with the square of the refractive index of 
1.78. Fur thermore ,  from the slope of In I vs. l / T ,  an 
activation energy of 1.3 eV is obtained which is to be 
compared with 1.3 and 1.5 eV for Si3N4 obtained for 
the SiC14-NH3 system and the SiH4-NH3-H2 system 
(28), respectively. 

The MNOS structure  has been extensively invest i-  
gated for memory devices (29). This MAS structure 
also has been utilized for the fabrication of a read-  
only memory  (30) consisting of MAS FET's, which 
can be wri t ten  by electron inject ion from the semi- 
conductor as well  as from the metal. The amount  of 
current  through the A1203 film is 2 orders smaller  than 
that through Si3N4 films and, as can be seen from Fig. 
8, both the posit ive-shifted MAS structure  and the 
as-grown one are very stable between • which 
corresponds to an electric field of 2 • 106 V/cm. 

Conclusions 
The properties of a luminum oxide films prepared 

by the hydrolysis of A1C13 have been evaluated by 
using a MAS structure. The positive shifts of the flat 
band voltages of the MAS structure occur indepen-  
dent ly  of the polari ty and type of the applied bias 
when this is higher than a critical voltage, under  
which the MAS structure  has stable C-V character-  
istics. These positive shifts can be explained by elec- 
t ron inject ion and t rapping in the a l u m i n u m  oxide. 
The trapped electrons persist for a long t ime before 
discharge. However, they can be excited by radiat ion 
such as x-rays  and electron beams without  damage 
to the MAS structure and, as they drift  and discharge, 
the positive shift decays exponential ly.  These a lumi-  
n u m  oxide films are suited for the insulator  in non-  
volatile field-effect memory  devices. 
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Technical Notes O 
Divalent Rare Earth Activated 96% SiO  Glass 

A. Wachtel 
Westinghouse Electric Corporation, Bloomfield, New Jersey 

Doping of porous 96% silica glass (1, 2) with organic 
dyes or t ransi t ion metal  ions, the lat ter  followed by 
heat - t rea tment ,  is a we l l -known process for the prep-  
arat ion of color filters (3). Claffy, Ginther,  and Arnold 
(4) reported on Ce, Sm, Mn, and Cu activated phos- 
phors based on this material.  

The present note describes the fluorescence of the 
divalent  rare earths Eu 2+, Yb 2+, and Sm 2+, which is 
obtained only if A13+ is also present. The glasses are 
therefore related to the high-SiO2 form ("Phosphor I") 
of aluminosil icates which was described in an earl ier  
publicat ion (5), the principal  differences in composi- 
t ion being only the B 3+ content  and the lower A1 a+ 
content  of the glasses. 

The purpose of this note is twofold: (i) it shows that  
the effect of B 3 + provides addit ional  evidence concern-  
ing the na ture  of the Eu 2+ activator center (5), and 
(ii) it at tempts to explain the large effect of particle 
size on the spectral energy dis tr ibut ion of the Eu 2+ 
emission in terms of optical cascade energy transfer.  

Experimental 
The raw mater ia l  consisted of Corning No. 7930 glass 

("thirsty Vycor") which contained 6.9 x 10 -3 g atoms 
A1/mole. In  the few instances where Al-free glass was 
required (A1 ~- 0 points in Fig. 2), a raw mater ia l  was 
prepared, in this laboratory,  from 55 w/o (weight per 
cent) SIO2-10 w/o  Na20-35 w/o B203 glass by annea l -  
ing at 575~ for 20 hr, and leaching in dilute HC1. The 
glasses were activated by impregnat ing with aqueous 
RE ~+ (NO~)~ -}- Al(NO3)~ solutions of appropriate con- 
centrations, followed by firing in a reducing atmo- 
sphere. 

Fluorescence in tensi ty  of Eu-act ivated glass was 
measured by use of an integrat ing sphere in which 
specimens were excited through a 254 nm t ransmi t t ing  
interference filter. Measurements were also taken on 
ground samples, using conventional  powder plaques 
for which the intensi ty  of 254 nm excitation was s tan-  
dardized with CaWO4:Pb, NBS No. 1026. The detector 
used was the Spectra Brightness Spot Meter 1 set on 
"blue" ( z sensit ivi ty) .  Emission and excitation spectra 
were obtained as described by Thornton  (6). 

Results and Discussion 
Figure 1 shows fluorescence in tens i ty  as a funct ion 

of Eu for low or high A1 concentrations. The former 
represent  samples not in ten t ional ly  doped with A1, i.e., 
containing 6.9 x 10 -3 A1/mole. The lat ter  were pre-  
pared by impregnation,  at 95~ with fused salt mix-  
tures Al(NO3)3 �9 9H20 -k Eu(NOa)3 �9 6H20. While fluo- 
rescence intensit ies of the samples prior to and after 
gr inding are measured differently and are therefore 
not directly comparable, it can be seen that  in both 
cases, maxima occur near  4 x 10 -4 and 5 x 10 -3 Eu. At 
approximately three times higher Eu concentrations, 
the samples acquired a yellow body color caused by a 
broad absorption band which is otherwise not present. 
At still higher Eu conCentrations, the glasses devitrified. 
Note that  the fluorescence in tens i ty  of unground speci- 
mens is highest at low A1 and Eu concentrations, while 
the opposite holds t rue for powders. 

Figure 2 shows fluorescence intensity,  at three Eu 
concentrations, as a funct ion of A1 up to the highest 

�9 Photo  Research Corpora t ion ,  H o l l y w o o d ,  Ca l i fo rn ia .  



Vol. 117, No. 5 RARE EARTH ACTIVATED 96% SiO2 GLASS 709 

7 

6 

5 

>" 4 

. 2 

. 

o" o 
o= 

~ 14~ I 
~ , 2 o ~ -  

 ?,ooL 
z. so 
~', 60  

40 
o 
~e 20 

O' 
0 

- ~  . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I 

Al=6.9 x 10 -3 / ~ 

' ,  �9 \ 
Ungraund Specimens Y,O~ 

AI=5.2xI0-t_Eu / d / ~  

V . . . . . .  I . . . . . . . .  I . . . . . . . .  l . . . .  ,.,,I �9 
io-S 10-4 i0-~, 10-2 

Eu Concentration in g-aloms/mole 

Fig. 1. Fluorescence intensity of 96% Si02 glass as a function of 
Eu 2+ concentration. Y, yellow discoloration; D, devitrification. 

. /  
o =. 

.E 

9 

o = r 0 
u~ 140 m 

~�89 
.0=. 80 

60 

~4o 
2O 

0 

~ ~  63 xl0- 1 

/ 
/ 

Unground Specimens 

e u = ~  

4 / a  Eu=6.3xl0 
v /  v ~ o  v 

~ ~  v Eu=l.25 xl0 -3 

Aluminosilicate Phosphor s ~ ~ 14"(~ 
Eu=3xlO-3 ~ ~ ~ aI'~AT=O.I! 

Powders 
i = i i 

0.01 0.02 0.03 0.04 0.05 
AI Concentration in g - atoms/raoln 
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at ta inable  with the fused salt mixtures.  In  contrast  to 
phosphors with vary ing  Eu concentrat ion (Fig. 1), 
single maxima are obtained; however, we note again 
that  gr inding shifts these to higher doping levels. The 
actual fluorescence in tens i ty  of powders prepared with 
3 x 10 -3 Eu becomes comparable to that of a lumino-  
silicate phosphor I (5). It  can be seen that  in the pow- 
dered glasses, this fluorescence in tensi ty  level is ob- 
ta ined at somewhat  less than  5 x 10 -2 A1/mole, i.e., at 
three t imes lower A1 concentrat ion than  in  the a lu-  
minosil icate phosphor, 2 and the shape of the curve sug- 
gests that  at still higher A1 concentrations,  it would 
not  be appreciably increased. At lower Eu concentra-  
tions, max imum fluorescence in tens i ty  in powders is 
obtained wi th in  the concentrat ion range employed, bu t  

~ I n  ref .  (5), A1 w a s  e x p r e s s e d  as Ab_,Os w i t h  the  o p t i m u m  at  
0.075, i .e., 0.15 A1. 

again, the fluorescence increases rapidly with increas- 
ing A1 concentration. At A1 = 0, the data were ob-  
ta ined on samples prepared with the Al-free  raw 
material.  These samples were essentially non lumines -  
cent and showed a yellow body color even at the low- 
est Eu concentration.  

A search for crystal l ine inclusions (mull i te)  which, 
in the case of the aluminosil icate phosphor, were pro-  
posed to be ins t rumenta l  in  the luminescence process, 
was unsuccessful. Even highly doped glasses failed to 
show distinct x - ray  reflections or revealed significant 
inhomogeneities in electronphotomicrographs t aken  by 
transmission through thin edges. 

The principal  differences between the  present  glasses 
and the aluminosil icate phosphor, therefore, are the 
B 3+ content  of the glasses, and the lower A13+ con- 
centrat ion which is required to produce the same fluo- 
rescence in tens i ty  observed in the aluminosil icate 
phosphor. The relat ively large Eu 2+ ion is a network 
modifier and therefore occupies interst i t ial  sites. Charge 
compensation of ne twork  modifiers in silicate glasses 
by A13.+ or B 3+ leads to formation of ne twork  forming 
(subst i tut ional)  [A104] or [BO4] te t rahedra  (7-9). 
Each Eu 2+ ion then requires two M 3+ according to 
2M 3+ -t- Eu 2+ = 2Si 4+. The present  exper imenta l  evi- 
dence, however, indicates that  the activator center  
involves ne twork  modifying (interst i t ial)  [A106] 
groups. This evidence may be summarized as follows: 
(i) Boron does not give rise to Eu 2+ luminescence. Un-  
like A13+, it enters the SiO2 ne twork  only subst i tu-  
tionally, an excess over low-valence modifiers forming 
t r iangular ly  coordinated [BO3] groups (9, 10). I t  is 
likely, therefore, that  Eu 2+ charge-compensated by 
subst i tut ional  A13+, is also nonluminescent .  (ii)  At low 
concentrations, A13+ normal ly  tends to occupy substi-  
tu t ional  sites; in the presence of B3+; however,  some of 
the A1 is displaced into interst i t ial  sites (11, 12). The 
more rapid rise of fluorescence in tensi ty  with A1 con- 
centrat ion in the (B-conta in ing)  glasses, as compared 
with the aluminosil icate phosphor, can therefore be 
explained by the more rapid rise in concentrat ion of 
interst i t ial  A1. (ii i)  Even in the glasses, ma x imum 
fluorescence in tensi ty  obtains at AI /Eu  ratios which 
are substant ia l ly  higher than  the 2/1 ratio suggested 
by charge compensation. Again, such excess A1 is 
known to occupy inters t i t ia l  sites (9, 12, 13). 

These arguments  suggest that  the luminescence 
center  in the (homogeneous) glasses is basically no 
different from that  proposed for the heterogeneous 
aluminosil icate phosphor in which Eu 2+ replaces A13+ 
at a mull i te  surface, and is charge compensated by Si 4 + 
at the adjacent  amorphous SiO~ phase (5). In  both 
cases, A1 is a cation, and only the size of [A106] ag- 
gregates and the degree of crystal l ine order of in te r -  
stitial aluminosil icates is different. 

Emission spectra consist of bands with widths at 
half  max imum averaging 77.1 n m  in unground,  and 
75.6 nm in ground glasses. Variat ions in Eu concen- 
t ra t ion pr imar i ly  affect the peak emission wavelengths 
as seen in Fig. 3. This figure shows the same low and 
high A1 series shown in Fig. 1. In both cases, it can 
be seen that  at high as well  as low Eu concentrations,  
the emission spectra are independent  of particle size. 
At moderate Eu concentrations, however, differences 
become pronounced, par t icular ly  in the high A1 glasses. 
At 2.7 x 10 -8 Eu, this difference is at a m a x i m u m  of 
10 nm. A displacement of the emission band  is also 
observed by shifting the excitation of powders to longer 
wavelengths,  as shown in Table I. Here it can be seen 
that  in going from 254 to 405 nm excitation, the emis- 
sion peak is shifted to longer wavelengths by 15.6 nm. 
The table also shows that  the width at half  ma x imum 
does not decrease (as expected by lack of emission be-  
low 405 nm) ,  but  actual ly increases by 2.2 nm. 

Figure 4 shows the emission of the 2.7 x 10 -3 Eu 
glass under  254 nm excitation. The excitabilit ies of the 
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96% silica glass (as well as the aluminosil icate 
phosphor) can also be activated by Yb 2+ or Sm 2+, 
although these elements proved to be more difficult to 
reduce to the divalent  state than Eu. Figure  5 shows 
excitation and emission spectra of an unground  speci- 
men of glass doped with 4.4 x 10-3 A1 -t- 2.2 x 10 -8 
Yb/mole  and fired in H2 for 20 hr. The excitation spec- 
t rum, taken wi th  Hg lines, is corrected for equal 
quanta  of exciting radiation, but  may contain more 
detail than indicated in Fig. 5. Nevertheless, it appears 
that  there may be four excitation bands in addition to 
the pronounced increase in excitabil i ty towards short 
wavelengths.  The broad emission band  is unpropor -  
t ional ly high on the short wavelength side, and there-  
fore may consist of a number  of unresolved bands. Fig-  
ure 6a shows excitation and emission spectra of a glass 
doped with 4.4 x 10-3 A1 -t- 2.2 x 10 -3 Sm, fired in air, 
and Fig. 6b shows the same glass fired in H2 for 20 
hr. The excitation spectra in Fig. 6a and 6b were 
taken wi th  a continuous source of uv, and are also cor- 
rected for equal quanta  of exciting radiation. It can 
be seen that  at 77K, nei ther  the excitation nor  the 
emission spectra of Sm 2+ are significantly bet ter  re-  
solved, although the vibronic side bands are markedly  
decreased. In  this respect, the emission line widths of 
Sm 2+ in the glasses differ from those in many  crystal-  
l ine matrices (15-19) where usually, broad bands are 
observed at room temperature.  It  should also be noted 
that the emission of the H2-fired glass includes weak 
lines at 602 and 649 n m  due to Sm~+; wi th  254 n m  
excitation (not shown) these are considerably en-  
hanced. This is caused by incomplete reduction in spite 
of the prolonged firing, and due to the relat ively high 
reduct ion potential  of Sm (20). For  this reason, opti-  
mum doping wi th  Sm (or Yb) is somewhat higher 
than with Eu, and detailed measurements  of fluores- 
cence as a function of actual Sm 2+ or Yb 2+ concentra-  
tion have not been carried out. 

two peak emission wavelengths,  shown by the numbers  
in the figure, are also included. The relat ive heights 
of these are seen to vary  with the observed emission 
wavelengths in the direction one would expect, and 
even more strongly with the particle size. In  the lat ter  
case, the displacement is in the direction of greater  ex- 
ci tabil i ty of powders at shorter wavelengths.  

The 10 nm shift to longer wavelengths of the emis- 
sion of the unground glass, as compared to that of the 
powder, is not due to self-absorption alone, since the 
emission band width is not narrower.  It  is therefore 
caused by excitation energy at longer wavelengths  
which is present  in addition to the 254 n m  radiat ion 
employed. Figure  4 shows that  this energy originates 
from the 254 nm-exci ted  emission of the glass, and 
that radiat ion near  400 n m  (the center of overlap be-  
tween the excitation and emission spectra) is pr imar i ly  
responsible for this process. Since pure 405 nm excita- 
t ion of the powder caused a shift of 15.6 n m  (Table I) ,  
it follows that in the present  case, the shift should be 
smaller. The observed value of 10 nm, therefore, indi -  
cates that  about 2/3 of the emission of the unground  
glass originates from optical cascade energy transfer.  
A detailed t rea tment  of powder-opt ical  processes which 
contr ibute  to the present  discussion is given by 
Melamed (14). 

Table I. Emission properties of powdered 96% Si02 glass 
doped with 4.9 x 10 - 2  AI '8§ and 2.7 x 10 - 8  Eu 2§ 
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Fig. 5. Excitation and emission spectra of 96% Si02 gloss doped 
with 4.4 x 10 . 3  AI + 2.2 x 10 . 3  Yb/mole, fired in H2 at 1150~ 
for 20 hr. 
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Fig. 6. Excitation and emission spectra of 96% SiO2 glass doped 
with 4.4 x 10 - 3  AI -~- 2.2 x ]0 - 3  Sm/mele; a, fired in air at 
1150~ for 3 hr; b, fired in H~ at 1150~ for 20 hr. Solid lines 
spectra at room temperature; broken lines = spectra at 77K. 
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Beryllium as an Acceptor in Silicon 
E. A. Taft and R. O. Carlson 

General Electric Research and Development Center, Schenectady, New York  

The high oxygen content  of Czochralski  grown si l i -  
con crys ta ls  is wel l  known (1),  and some s tudy  has 
been made  of the  react ions  of group I I I  acceptors  with 
this  oxygen  (2). The high free energy  of format ion  and 
grea t  t he rma l  s tab i l i ty  of BeO is also wel l  es tabl ished 
(3). The poss ib i l i ty  of be ry l l ium combining wi th  oxy-  
gen in l iquid or solid silicon to form a stable, e lec t r i -  
cal ly  inact ive impur i t y  led to our invest igat ion.  

Experimental 
Bery l l ium has been added  to 500 ohm-cm silicon to 

be pul led  f rom quar tz  crucibles.  S ing le -c rys ta l  ma te -  
r ia l  was difficult to grow by this method  because of 
nucleat ion f rom oxides on the  mel t  surface, but  speci-  
mens which could be s tudied were  obtained.  A bery l l i a  
crucible  was also found to be sui table  for use in pul l ing  
doped s ing le -c rys ta l  silicon. However ,  the  react ion of 
mol ten  silicon wi th  the  crucible  wal l  suppl ied the 
dopants,  and the amount  of dopant  obta ined could not 
be control led.  Also be ry l l ium was diffused into oxygen-  
conta ining n - t y p e  and p - t y p e  silicon wafers  at  1170~ 
for t imes up to 16 hr. I t  was found tha t  consistent  r e -  
sults could be obta ined only if the  be ry l l ium meta l  was 
not  d i rec t ly  exposed to the  quar tz  wal ls  of the furnace.  
The silicon test  sample  was, therefore ,  enclosed wi th  
be ry l l ium in a cav i ty  of silicon whi le  the  diffusion p ro -  
ceeded. In  addit ion,  f loat-zoned crys ta l  of 1 ohm-cm 
be ry l l ium doped oxygen- f ree  silicon was made  ava i l -  
able  by  R. J. Mulligan. These var ious ly  doped crysta ls  
were  then s tudied in in f ra red  absorpt ion,  res is t ivi ty ,  
Hal l  effect, and hea t  t rea tment .  

Results 
The oxygen content  of undoped silicon crys ta ls  

pu l led  f rom smal l  quar tz  crucibles  is typ ica l ly  10 TM 

atoms/cm~. The oxygen is r ead i ly  de te rmined  by  in -  
f r a red  absorpt ion  (1). Bery l l ium doped crys ta ls  pu l led  
f rom s imi lar  quar tz  crucibles  typ ica l ly  contained 1017 
atoms/cm~ of oxygen,  a modera te  reduct ion.  There  is 

possibly some get ter ing  of oxygen  by  be ry l l ium in the  
melt ,  but, more  l ikely,  the fo rmat ion  of a bery l l ium 
si l icate on the quar tz  crucible  wa l l  reduced the react ion 
ra te  of mol ten  silicon wi th  quartz.  Crys ta l s  pu l led  
f rom bery l l i a  crucibles were  found to contain oxygen 
in amounts  comparab le  to tha t  found for the  be ry l l i um 
doped crysta ls  pul led  f rom quar tz  crucibles.  This oxy-  
gen level  does not approach  the  concentrat ions  of 1015 
a toms /cm 3 found in float zoned silicon. 

The dis t r ibut ion  coefficient, k, of Be in silicon was 
obta ined  for a number  of crys ta ls  pu l led  from quar tz  
crucibles.  The impur i ty  concentrat ion,  Cs, of acceptors  
was obta ined f rom t rave l ing  probe res is t iv i ty  da ta  at  
room t empera tu re  (4). (Most of the  acceptors  are  
ionized at the low concentrat ions  obtained.)  Cs is p lo t -  
ted against  the  a tom fract ion,  g, of the  ini t ia l  charge 
solidified in a pu l led  crys ta l  in Fig. 1. The  curve Cs 
k C L / 1 -  g contains the  ini t ia l  concentrat ion,  CL 
3.2 x 1019 a toms /cm 3 of be ry l l i um in the l iquid  obta ined 
f rom the in i t ia l  weighed  charges of be ry l l i um and 
silicon. For  best  fit to the  points, k was se lec ted  at  1.3 
x 10 -4. The consistency in resul ts  for severa l  crysta ls  
measured,  and the  excel lent  fit to the  curve,  indicate  
that  the  dopant  losses dur ing  the crys ta l  g rowth  were  
not  significant. Al l  crysta ls  were  "p" type  showing 
values  be tween  1.3 and 1.6 x 10 -4 for  k. 

N- type  sil icon of 50 ohm-cm and of 0.06 ohm-cm 
was conver ted  to p - t y p e  af ter  Be was diffused at 
1170~ for up to 16 hr, indicat ing the acceptor  na tu re  
of the  Be center.  As the  res i s t iv i ty  of these crys ta ls  was 
no longer  changing wi th  t ime of diffusion, the  silicon 
appea red  to be sa tu ra ted  wi th  Be af ter  this  t rea tment .  
The res is t iv i ty  vs. t e m p e r a t u r e  for one of these  c rys -  
tals, Be 3, is shown in Fig. 2. Also in this  f igure are  
the  da ta  for  K-97, a Be-doped  crys ta l  pu l l ed  f rom a 
quartz  crucible.  These p - t y p e  crys ta ls  p r epa red  by  
different  methods  show the same deep - ly ing  acceptor  
level  of Be. The car r ie r  concentra t ion der ived  f rom 
Hal l  effect da ta  for these same two crys ta ls  is given in 
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Fig. 1. Distribution coefficient of beryllium in silicon; k is 
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Fig. 3. Temperature variation of hole concentration in beryllium 
doped silicon derived from Hall effect data. 
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Fig. 2. Temperature variation of resistivity for beryllium doped 
silicon. K-97 is a grown crystal containing Be; Be 3 is a Be dif- 
fused silicon sample. 

Fig. 3. A room- tempera tu re  mobi l i ty  of 230 cm 2 V -1 
sec -1 wi th  an exponent ia l  t empera tu re  dependence of 
--2.4 for Be 3 shows that  this crystal  exhibits rea-  
sonable behavior  for doped silicon. K-97 also exhibits  
normal  mobi l i ty  values. 

Fur the r  analysis of the Hall  effect data, such as that  
used by Hutson (5), yields the curve  of Fig. 4. All  
crystals analyzed were  s imilar  in showing an act ivat ion 
energy of 0.17 eV for the Be acceptor center. Fol lowing 
Hutson, the in tercept  of Fig. 4 can be used to est imate 
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Fig. 4. Acceptor level determination from Hall effect data using 
corrections for total acceptor sites and for temperature variation 
of valence band density of states. 

the degeneracy of the Be center. As Fig. 4 was der ived 
f rom a crystal  wi th  < 1014 donor centers, compensat ion 
was negligible and the s impler  equat ion is used. 

() p~ ~n *~/~D_ 1 exp 
(NA -- p)Nv = "m 

The intercept  is 0.25, (m/m)*3~2 is 0.45 for holes in 
silicon leaving a degeneracy factor D = 1.8 or closely 2. 
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The possibility that  Be contributes two levels in sili- 
con has been considered but  not investigated. The 
chemically similar element,  zinc, is known to give two 
levels (6). If bery l l ium is considered to be a wel l -  
behaved solute in silicon, the dis tr ibut ion coefficient 
can be used to estimate the solid solubil i ty at any t em-  
perature (7). Our coefficient of 1.3 x 10 -4 would give 
an equi l ibr ium concentrat ion of 5 x 101~ Be a toms/cm 3 
at 1170~ As the data of the diffused sample Be 3 of 
Fig. 3 do not show a saturat ion of carriers, the room- 
tempera ture  value has been utilized. Assuming an 
acceptor level of 0.17 eV in silicon, the number  of ac- 
ceptors needed to get the 1017/cm 3 room-tempera ture  
carriers observed in Fig. 3 is calculated in the usual  
textbook approach. The value of 1.2 x 1018/cm 8 accep- 
tors obtained is higher than, but  in reasonable agree- 
men t  with, the value obtained from the dis tr ibut ion 
coefficient. Our data  are not  considered to be of suffi- 
cient accuracy to deduce an arguable meaning,  such 
as two energy levels, from these differences in acceptor 
concentration. 

Fur ther  t ry ing  to take advantage of the affinity of 
bery l l ium for oxygen, some of the crystals were sub-  
jected to heat t rea tment  at 1000~ The crystals con-  
tained ini t ia l ly 10 TM atoms/cm 3 of Be and 1017 atoms of 
02 as determined from resistivity and from infrared 
absorpt}on, respectively. The room-tempera ture  resis- 
t ivi ty of the samples rose by a factor of over 100 after 
only a few hours of heating. The Be was no longer 
active electrically and only background impuri t ies  of 
< 1014/cm 3 were in evidence. The oxygen content 
changed little, if at all, but  the oxygen was of course 
in great excess relat ive to the beryl l ium. A short heat  
t rea tment  at 1300~ did not r e tu rn  the resist ivity to 
the original value as is the case for the more usual  
dopants upon interact ion with dissolved oxygen (8). 
The bery l l ium was thus not available for redissolution 
(9). In this case, it is not clear whether  the Be actu- 
al ly left the crystal by means of diffusion to the sur-  
face or whether  a Be-O combinat ion is too t ight ly  
bound to be dissociated to any extent  at 1300~ 

A 2 mm thick piece of oxygen-free  beryl l ium doped 
( ~  1016/cm ~) crystal  was heated in argon at 1050~ for 
1 hr. The room-tempera ture  resist ivity doubled after 
this t reatment ,  the Be presumably  going to the surface 
to react with the surface oxide. From this result, we 
have an estimate of the diffusion coefficient of Be in 
silicon at 1050~ of ~ 10 -7 cm2/sec. In  this case, it is 
clear that  the Be is leaving the silicon and not react ing 
with dissolved oxygen as could be expected with the 
pul led crystal samples. Diffusion or clustering of 02 
is not significant for these short t imes and low t em-  
peratures. 

To sum up, bery l l ium in silicon is a fast diffuser giv- 
ing an acceptor level at 0.17 eV. The distr ibution co- 
efficient is 1.3 x 10 -4. A Be-O combinat ion has not 
been observed. 
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Selected Area Electron Diffraction Study of a-Fe20~ 

Platelet Growths Twinned on Twist Grain Boundaries 

In this paper by R. L. Ta l lman and E. A. Gulbransen  
which appeared in the  February  1970 issue of the 
Journal ,  the diffraction pat terns in Fig. 3 and 4 on page 

252 were completely obscured by snow-s torm-l ike  
additions. 

Figures 3 and 4 are shown below as they should be. 

Fig. 3 Fig. 4 
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ABSTRACT 

A l u m i n u m  was electrodeposited from a nonaqueous organic hydride elec- 
trolyte, AICI3 and LiAIH4 in ethyl ether, which produced a luminum deposits 
ranging from smooth compact to rough and highly porous. Format ion of high-  
surface-area A1 substrates has been obtained by the application of high cur-  
rent  densities. High-capacity values are explained on the basis of fine par-  
ticle formation incurred unde r  these plat ing conditions. Current -vol tage  
curves for the anodic and cathodic reaction are indicative of a diffusion- 
controlled process. 

The preparat ion of h igh-surface-area  a luminum 
electrodes for electrolytic capacitors has always been 
a major  concern in  order to obtain the max imum ca- 
pacitance values per  uni t  geometric area or volume. 
Increasing the surface area of a luminum has been clone 
for the most part  either by chemical or electrolytic 
etching. Recently, however, large surface gains have 
been reported (1) through the electrodeposition of 
a luminum.  

By means of an organic a luminum plat ing solution 
(2) and varying current  density, a luminum dendrit ic 
growths have been reported to produce a surface gain 
factor over smooth a luminum of one to two orders of 
magnitude,  depending on the formation voltage of the 
sample. Due to the possible advantages such a method 
may  have in producing high-surface-area  a luminum 
substrates, an investigation was under taken  to de- 
termine the feasibility of electrodepositing a luminum. 

The formation of dense compact a luminum deposits 
has received considerable at tent ion in the l i terature  
(2-7); however, highly dispersed porous a luminum 
deposits which would produce max imum surface 
roughness have been avoided. Parameters  were there-  
fore studied which would affect the na ture  of the 
a luminum deposit and tend to produce high-capaci-  
tance values. Electroplating was carried out in a non-  
aqueous electrolyte on a luminum wire electrodes. 

Experimental 
Due to the de t r imenta l  effects moisture has on 

a l u m i n u m  plat ing baths, all  experiments  were carried 
out in a dry box containing an atmosphere consisting of 
9 parts N2 and 1 part  H2. Reagent-grade anhydrous 
materials  used in the plat ing solutions were weighed 
inside of the dry  box to avoid contact with water  vapor 
in  the atmosphere. The a luminum plat ing bath was 
an organic electrolyte (5, 6) which was operable at 
room tempera ture  and consisted of an ethyl ether 
solution of 3M A1Cla and 0.4M LiA1H4. The addit ion of 
anhydrous  ether to the alkali halides must  be done 
slowly, otherwise foaming and undesirable side reac- 
tions occur which affect properties of the plat ing 
solution. The plat ing cell consisted of a cylindrical  
Pyrex glass vessel 6 in. in length formed from a 60/50 
joint;  the top portion consisted of an ar ray  of equally 
spaced 10/30 joints which served as inlet  ports for the 
study, reference, and counter  electrodes. The study 

electrode was a section of 47 mil  diameter  a luminum 
wire, 99.99% purity,  which was sealed to a section of 
Pyrex tubing by means of heat shrinkable Flo-t i te  1 
Teflon 2 tubing. The a luminum electrode, with an ex- 
posed geometric area of approximately  0.5 cm 2, could 
then be adjusted in the plat ing cell by means of a 
10/30 Teflon gland. The counterelectrode consisted of 
a spiral section of either a l u m i n u m  or p la t inum wire 
which provided an even current  distr ibution on the 
s tudy electrode. A Luggin capil lary was sealed to one 
of the 10/30 joints into which a section of p la t inum 
wire was inserted which served as the reference elec- 
trode. 

A l u m i n u m  electrodes were precleaned by  the fol- 
lowing sequence: immersion into acetone, rinsed, con- 
centrated solution of 85% H~PO4-15% HNO~ at 85~ 
for 2 min, rinsed, 1N-NaOH 2 min, rinsed, then dried 
at 90~ After  immersion into the plat ing solution, it 
was necessary to preanodize the electrode at a high 
current  density, 200 m A / c m  2, for about 1 min;  fai lure 
to preanodize the electrode in the plat ing solution pro- 
duced nonadheren t  deposits. After  anodization was 
complete, the current  was immediate ly  reversed to 
the appropriate cathodic plat ing current.  

Both capacitance and RC product values were mea-  
sured with a convent ional  a-c bridge having a few mil-  
livolts' signal. The electrodeposited wire  was suspended 
in a cylindrical  glass tube, the sides of which were 
l ined with a p la t inum black counterelectrode. The 
measur ing electrolyte had a resistivity of 12 ohm-cm 
and was used previously by  Burger  and Cheseldine 
(8). Oxide formations were carried out in a solution 
of 17% ammonium pentaborate  in ethylene glycol. 
Values of the capacity measured at "zero voltage" were 
taken on the unformed wire which has a th in  na tura l  
oxide on its surface. 

Results 
The use of this organic a luminate  plat ing solution 

provides uniform adherent  etectrodeposits of A1 and 
has the added advantage of being operable at room 
temperature.  Conductometric studies (9) have shown 
that  an ethereal solution of A1C13 will  increase in con- 
duct ivi ty with addition of LiA1H4 up to approximately 
17% equivalence. The formation of ionized species, 

1 Trade-mark, Pope Scientific Company. 
Trade-mark, Du Pont Corporation. 
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A12CI~ + + A1H4-, has been postulated to produce 
this conductivi ty max imum;  fur ther  addition of the 
hydride causes a destruction of the ionic species and 
lowering of the conductivity. A contrary view has been 
held by several authors (13, 14) in that  the presence of 
excess A1Cla, or the formation of A1HC12 or tr ichloro- 
dialane A1H2C1.A1HC12 is considered more favorable. 
Recent studies (15) have postulated the existence of 
several chemical species present  in the plat ing solution 
and the possibility that  the plat ing current  is carried 
by three or four different ions. They conclude that  an 
anion containing hydride exists and that  the Li e ther-  
ate is the principal  cur ren t -ca r ry ing  ion. The exact 
na ture  of the ionic species in solution has still, how- 
ever, not been definitely proved. 

In  the presence of moisture, oxygen, and carbon 
dioxide the bath  rapidly deteriorates; hydrogen gas is 
l iberated at both electrodes dur ing electrolysis, but  to 
a much greater extent  at the anode. Brenner  (6) con- 
cluded that  the bath was not regenerat ive due to a 
different ionic species formed dur ing  the dissolution 
of a luminum.  More extensive studies (15) of bath 
life, extending over an 8 month  period, have shown 
that the A1 anode does dissolve to some extent  in a 
manne r  which replaces the deposited a luminum.  We 
have found that reproducible plat ing results can be 
mainta ined by a periodic addition of solid A1Cla and 
LiA1H4 to the plat ing solution. 

Surface roughness of the electrodeposited mater ia l  
can be varied to a considerable extent  by variat ions in 
the plat ing current  density. Generally,  a current  den-  
sity less than 50 m A / c m  2 tends to give a smooth deposit. 
As the cur ren t  densi ty is increased the deposits tend 
to become nodular,  and for values greater than 100 
mA/cm2 dendrit ic growth becomes rapid. At current  
density values greater than 300 m A / c m  2, a black 
powdery- l ike  deposit forms on the electrode surface. 
Values of the capacity showed a large var iat ion with 
changes in the surface morphology of the electrode- 
pogited a luminum. 

A series of a luminum electrodes having an apparent  
geometric area of 0.5 cm2 were electroplated at various 
cathodic current  densities both at constant  cathodic 
charge (Q), and also for vary ing  periods of t ime with 
current  density constant. For electrodes plated at cur-  
rent  densities ranging from 50 to 300 m A / c m  2, ca- 
pacity measurements  taken at zero formation voltage 
fell into a l imited range from 4 to 15 Md/cm 2. De- 
pending on the amount  of charge passed, deposit thick- 
ness for these electrodes ranged from 1 to 10 mils, the 
thicker deposits exhibi t ing the higher capacity values. 

Larger values of the capacity were not realized unt i l  
the plat ing current  densi ty was increased to values 
greater than 300 m A / c m  2. At these ext remely  high 
current  densities, a black deposit forms on the elec- 
trode surface accompanied by gas evolution. Capacity 
measurements  gave values in excess of 150 ~fd/cm 2 on 
the unformed wire, and plots of the reciprocal of 
capacity vs. formation voltage were l inear  (Fig. 1). 
Microscopic inspection of the dark deposit at mag-  
nifications up to 500X show the growth of crystals. 
Spectrographic comparison of the electrodeposited ma-  
terial and an A1 wire showed traces of B, Si, Fe, and 
Cu to be present  in both samples. Lithium, which is one 
of the consti tuents of the plat ing solution, was not de- 
tected in the sample of electrodeposited a luminum 
using a method accurate to 10 ppm. Photomicrographs 
taken on a cross section of an A1 wire that  was elec- 
troplated at a current  density of 500 m A / c m  2 for 7 rain 
are shown in Fig. 2. The photos show that  electro- 
deposited mater ial  consists of a highly porous deposit, 
3-4 mils in thickness, containing dendrit ic growths of 
varying diameter. 

Figure 3 is a plot of capaci ty/cm 2 vs. formation volt-  
age comparing the results we obtained for a wire 
electrodeposited at 300 m A / c m  2 for 5 rain with that  
reported by Muhlhausser  (1). In  the low-voltage re-  
gion, <10V, Muhlhausser 's  data indicate a considerable 
increase in capacitance over what  we have found on 
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Fig. 1. Reciprocal capacity vs.  formation voltage: electrodeposited 
AI, 300 mA/cm 2, 5 min. 

Fig. 2. Photomicrographs of electrodeposited AI plating. Condi- 
tions: 500 mA/cm ~, 7 min. Magnification (A) 200X, (B) 385X. 

electrodeposited wires; at higher formation voltages, 
the capacities he reports are considerably less than 
what  we have observed. 

The capacity of unformed wire  was studied for A1 
deposits obtained at several high current  densities for 
varying periods of time. Figure 4 indicates a sharp 
rise in capacitance with the amount  of A1 deposited 



716 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  May 1970 

io 

, j  

20 4 0  60 BO I00 

V,~ - VOLTS 

Fig. 3, Comparison of capacity/cm s for various AI structures. 
G--Electrodeposited wire, 300 mA/cm 2, 5 min. A--Muhlhausser's 
data, 8 mA/cm 2, 30 rain; 60 mA/cm 2, 1.5 min; 15 mA/cm 2, 30 
rain. 
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Fig. 4. Variation of capacitance for electrodeposits obtained at 
different current densities and total charge. Plating current density, 
mA/cm: 0- -300,  0 4 0 0 ,  /~--500, ,-'m--600, A--700;  zero for- 
mation voltage. 

which tends to level off as the charge increases. The 
capacity also seems to be a funct ion of the plat ing 
current  density, the highest values being obtained for 
a current  density the order of 500 m A / c m  2. The lower 
capacity values obtained at higher plat ing current  den-  
sity are due to a lack of adherence of the depositing 
mater ia l  which becomes increasingly worse as the 
current  density is raised. Adherence of the electrode- 
posited A1 at high current  density can be somewhat 
enhanced if a periodic short cur rent  reversal  is ap- 
plied dur ing  the plat ing sequence, e.g. 5 sec anodic/60 
see cathodic, During cur ren t  reversal,  the species 
formed could be a l u m i n u m  hydride (16). 

Values of the capacity measured as a function of 
formation voltage for three different deposit thick-  
nesses (Fig, 5) indicate less of a capacity loss is in-  
curred at  higher formation voltages for thicker electro- 
deposits of a luminum.  This does not contradict the 
previous findings, for if the samples used in Fig. 4 
were formed at a higher formation voltage a more 
l inear  rise in capacity wi th  charge increase would be 
observed. 

Steady-state  current  voltage curves for the deposi- 
t ion and dissolution of a luminum were taken gal- 
vanostatically,  potential  differences being measured 
be tween the study electrode and a p la t inum reference 
electrode, A l inear  relat ionship exists between cur-  
ren t  and  potential  s both the anodic and cathodic 
electrode process; polarization values are similar to 
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Fig. 5. Capacity/cm 2 vs. formation voltage as a function of de- 
posit thickness. 0 - - 9  mils, 300 mA/cm 2, 20 rain; O - - 3  mils, 300 
mA/cm 2, 5 min; I-q--1 mil, 300 mA/cm 2, 1 rain. 

those reported by Hayashi  (10). A semilog plot, Fig. 
6, gives a low value of the slope for the l inear  port ion 
of the curve between 5 and 10 mV/decade.  The low 
value of the slope el iminates the possibility of activa- 
tion control and indicates that  the reaction is most 
probably diffusion controlled. Measurements  of the 
difference in potent ial  between the extended l inear  
port ion of the curve and the potential  observed at a 
certain current  density gave a constant  value for the 
resistance, bE~I, over the range of currents  studied. 
Although the shape of the curve indicates a l imit ing 
current  region, most of the polarization is due to an 
ohmic drop incurred through the electrolyte. This is 
fur ther  emphasized by the small  decrease in polariza- 
t ion that  was observed when  the electrolyte was 
stirred. For the concentrat ions used in these experi-  
ments, a t rue l imit ing current  is not observed unt i l  
cur ren t  densities from 200 to 300 m A / c m  2 are reached. 

Discussion 
Since the largest capacity increases were observed 

for a luminum electrodeposits obtained at high cur-  
rent  densities, the discussion is concerned main ly  with 
that  region of the exper imenta l  results. The forma- 
t ion of very  fine crystals or powder metals  by elec- 
trolysis is well  known in the powder meta l lurgy indus-  
try, and these forms have been prepared from a wide 
var ie ty  of metals in both aqueous and nonaqueous 
systems (11). These deposits often appear black be-  
cause of the very small  size of the particles. The struc-  
ture  of these deposits depends strongly on the forma- 
t ion of new nuclei  and the ra te  of growth of the 
already existing crystals. If the rate of nucleat ion is 
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Fig. 6. Semilog current-voltage curve, deposition @ and dissolu- 
tion [ ]  of AI.  
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large and crystal  growth is inhibited, the formation 
rate of powder metals  wil l  be increased. Those fac- 
tors that  tend to reduce interracial  concentration,  such 
as increased current  density or decreasing metal  ion 
concentration, will  favor a high nucleat ion rate. As the 
concentrat ion of metal  ions in solution approaches 
zero, at l imit ing current ,  the onset of powder deposi- 
t ion begins. 

We have observed exper imenta l ly  that, upon appli-  
cation of a current  sufficiently high to cause powder 
deposition, a black deposit does not begin to form unt i l  
after a few seconds' t ime have elapsed. This lag is due 
to the t ime necessary to reduce the concentrat ion of A1 
ions to near  zero at the electrode solution interface. 
Initially, a bright metal  deposits on the electrode but, 
as the concentrat ion of A1 ions at the interface ap- 
proaches zero, a black powder begins to form. Con- 
sequently, those factors (current  density, temperature,  
rate o~ st i rr ing)  that influence mass t ransport  phe-  
nomena  influence the formation of both powder de- 
position and particle size. After  the onset of a black 
powdery deposition, we have observed that  for current  
densities between 300-500 m A / c m  2 the deposits tend to 
become metall ic again after several minutes  of plating. 
This is probably  due to an increase in the surface area 
of the electrode which in t u rn  reduces the t rue current  
density. Thus, the A1 ion concentrat ion at the surface 
is increased favoring the deposition of larger metallic 
a luminum particles. This view is supported by the 
photomicrographs in Fig. 2 which show that  larger 
particles tend to grow as the thickness of the electro- 
deposit increases. 

The a luminum deposits we have studied in this work 
which have exhibited high capacities are a combina-  
t ion of very fine black A1 particles overgrown by a 
porous dendrit ic deposit. A l u m i n u m  deposits grown at 
current  density below the formation of powdered A1 
exhibit  capacities that  are an order of magni tude  lower 
even though they are dendrit ic in na ture  and of the 
same or greater thickness. Capacity measurements  for 
the deposition of copper (12) have also shown that  a 
steep rise in capacity occurs with the onset of powder 
formation at l imit ing current .  

The adhesion of these powder deposits is favorable 
for cur ren t  densities below approximately 500 mA/cm~; 
for higher cur ren t  density values, the black particles 
fall  off the electrode easily. It is therefore necessary to 
main ta in  a current  densi ty in the region where the 
particles will  adhere to the a luminum substrate;  this 
can be enhanced to some extent  by a periodic reversal  
of current  for a short duration.  
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Conclusions 
1. A nonaqueous organic plat ing solution has been 

used successfully in electrodepositing a luminum to 
obtain high-surface-area  A1 electrodes. 

2. The increased capacity values observed for these 
deposits have been related to the formation of fine 
black A1 crystals which are obtained in the region of 
l imit ing current  density. 

3. Current -vol tage  curves indicate that  the electro- 
deposition of A1 from this electrolyte is probably dif- 
fusion controlled. 
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Electrodeposition of Resin 
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ABSTRACT 

The electrodeposition, under  constant  voltage, of an emulsion of a po]y- 
acrylic resin is studied. The coulombic yield of the process is examined at 
different voltages and for different deposition times. The coating is ana-  
lyzed for iron, and the iron content /coulombs relat ionship was found to be 
linear. An addition of a small  amount  of C]-  in the bath highly increased the 
iron content  of the coating. The role of the electrodissolved anodic metal  is 
examined by comparat ive deposition on steel and pla t inum.  The water  con- 
tent  of the coating was studied and the "gassing" effect at the anode was 
related to the resistance of the resul t ing film. 

Electrocoating, as a method of applying primers or 
finishes on metalic surfaces, has at tained wide appli- 
cation in recent years. Several  patents cover the use 
of different electrocoating baths and conditions of 
deposition. However, in spite of the numerous  publica-  
tions in this field, the actual mechanism of the elec- 

trodeposition process is not  yet  clearly understood, 
and the continuous operation of the electrocoating 
tanks still involves many  problems. 

The composition of an electropainting bath is very 
complex. It  may consist of resin, pigment,  extenders, 
and a crosslinking agent as well  as other compounds 
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which give specific properties to the coating. All those 
consti tuents must  be deposited at the same rate or 
special care must  be taken to keep the composition 
of the bath constant. The problem is solved mainly  
by special formulat ion of the bath, so that  equal rates 
of deposition are attained. 

Due to the complexity of the electropainting bath, 
and the fact that  a knowledge of behavior  under  sim- 
ple conditions is a prerequisi te to the unders tanding 
of complex technological problems, a relat ively simpler 
system of an emulsion of a polyacrylic resin was 
studied. Moreover, the resin undergoes all the reactions 
leading to the deposition of the paint. The resin was 
solubilized in water  by use of t r ie thylamine  and the 
suspended particles of the emulsions were aggregates 
of polymeric molecules charged by the ionization of 
some carboxyl groups of the molecules located on the 
surface of the Particle. 

Tawn and Berry (1) discussed the application of the 
theories of Paul i  and Helmholtz to the above systems 
and they stressed the difficulties in s tudying them in 
terms of fundamenta l  physicochemical properties 
alone. Following their  ideas in the present  work, the 
relationship among some of the less fundamenta l  var i -  
ables of the electrodeposition process was studied. 
The rest of the variables had to be kept constant  and 
this caused some problems when the degree of disper- 
sion was to be kept constant. In the emulsion of the 
resin, there is a wide dis tr ibut ion of particle sizes and 
size/charge ratios. This dis t r ibut ion cannot  be exactly 
reproduced and, even for a given solution, changes 
with time. This difficulty can be easily overcome in 
m a n y  cases by taking all the measurements  wi thin  a 
short t ime interval ,  but nothing can be done in the 
case where the concentrat ion of the resin is the inde-  
pendent  variable. The dependent  variable  then does 
not depend only on the given concentration, but  also 
on the degree of dispersion of the prepared emulsions. 
Consequently,  a higher variance is expected. 

This can be clearly demonstrated in Fig. 5. Each 
point  of the three lines is the mean of two measure-  
ments  with a mean  deviation less than 1% and all the 
points of each line come from measurements  taken in 
a short t ime interval.  However, the repeti t ion of the 
same experiment,  using the same emulsion on three 
different days, produces three distinct curves and this 
must  be a t t r ibuted to the change in the degree of dis- 
persion of the emulsion since all the other variables 
can be considered reproducible. 

Electrode reactions.--The species moving toward 
the anode by the applied electrical field are negatively 
charged colloidal particles of resin (colloid-R) COO-  
and OH- .  It is general ly  accepted that  the deposition 
is not due to the immediate  discharge of the colloidal 
particles at the anode, and the main  arguments  are as 
follows: 

1. Deposition can take place on diaphragms in ter -  
posed between the anode and the emulsion which do 
not permit  immediate  contact be tween the colloidal 
particles and the anode [ F ink  and Feinleib (2) ]. 

2. If deposition were due to immediate  discharge of 
the particles, we would not be able to explain the de- 
position after the first layer  is formed, since the par-  
ticles cannot reach the anode any more [Finn and 
Mell (3) ]. 

3. Tawn and Berry (1) reported a delay period be-  
fore deposition could be observed and a progressive 
increase of the concentrat ion of resin in the film ad- 
jacent  to the anode (dipped film) dur ing  this period. 
This cannot be explained if the particles are imme-  
diately discharged and deposited. 

4. Immedia te  discharge of the particles should be 
followed by a Kolbe Electrolytic Synthesis producing 
a condensation of the resin ions with an evolution of 
carbon dioxide. Gloyer, Hart, and Cutforth (4) have 
not detected either carbon dioxide evolution at the 
anode or significant reduct ion in acid value of the de- 
posited resin. 

It  is general ly  accepted in l i terature that  deposition 
is due to the following reactions. 

, [ (Colloid-R) COO]e Fe [1] 

(Colloid-R) C O 0 -  ~ 
H + 
H + ' ' ~  (Colloid-R) COOH [2] 

Fe 2+ come from electrodissolution of the anode, and 
H + come from a local drop of the pH after the dis- 
charge and consequent removal  of the OH- .  

F ink  and Feinl ieb (2) and, later, Olsen (5) proved 
that  the iron is dissolved in the form of Fe 2+ by add- 
ing thiocyanate or ferr icyanide ions in the bath. The 
same was proved in this work more quant i ta t ive ly  by 
analyzing the coating for Fe~ + and Fe 3 +. 

May and Smith (6) tried to calculate the ratio of 
the amounts  deposited, according to reactions [1] and 
[2], from the ratio of the electrical charges involved 
in each of them. The number  of coulombs used for re- 
action [1] was calculated from the amount  of iron de- 
termined by analysis of the coating. The charges in-  
volved in reaction [2] were caleulated from the weight 
of the deposited coating and the acid number  of the 
resin. The sum of the two numbers ,  as above calcu- 
lated, was less than the total n u m b e r  of coulombs used 
for the deposition. They called this difference "unac-  
counted current." 

Results and Discussion 
Iron content of the coating.--A spectrophotometric 

method was used to analyze the coating for i ron after 
dissolution with alcohol. The iron was determined in 
alcoholic solutions and in the presence of the resin. 
The number  of coulombs used for the deposition was 
calculated from the area under  the cu r ren t / t ime  curve 
obtained by  the use of a recorder. 

The lower curve of Fig. 2 shows the weight depos- 
ited vs. coulombs relationship, for different deposition 
times. A straight line, followed by a downward curve 
at higher deposition times (i.e., beyond 4 min) ,  is ob- 
tained. The slope of the straight line represents the 
coulombic yield of the deposition. A very  small 
increase of the coulombic yield was observed with 
increasing concentrat ion of the bath and a number  
8-12 mg/coulomb was obtained for concentrat ions of 
2-12% solids. 

The amount  of i ron vs. the number  of coulombs re-  
lationship for different times of deposition is l inear  as 
shown in Fig. 1. Since the coulombic yield is constant  
for different deposition times, a constant  concentra-  
t ion of iron for different deposition times must  be 
concluded. This concentrat ion of i ron was calculated 
to be of the order of 0.006%; the bath had a concen- 
t rat ion of 2% solids. The relationship between the 
amount  of iron and coulombs was also found to be 
l inear  for a solution of 12% solids and a similar iron 
concentrat ion was calculated. 
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Fig. 1. Iron vs. coulombs plot: 2% solids, 60% neutralization 
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Fig. 2. Weight vs. coulombs plot: 2% solids, 60% neutralization. 
O,  Weight of baked coating; + ,  weight of unbaked coating. 

The effect of the contaminat ion of the bath with 
foreign anions was studied by adding a small  amount  
of NaC1 (50 mg/ l i t e r ) .  The i ron/coulombs relationship 
was again linear, but  the concentrat ion of i ron was 
highly increased from 0.006 to 2%. The high concen- 
t ra t ion of i ron is quite evident  by the brown color of 
the coatings obtained. 

Comparative deposition on iron and p la t inum was 
studied under  identical  conditions. The rates of deposi- 
t ion were found to be the same and identical  coulombic 
yields were obtained. The equali ty of the coulombic 
yields is demonstrated in Table I. A pair  comparison 
of the tabula ted values must  be considered (Fe-P t ) ,  
since the values for each pair are the result  of experi-  
ments  conducted under  identical conditions (in a short 
t ime in terva l ) .  

Role of iron in the electrodeposition process.--The 
percentage of the total  current  used to dissolve the 
iron can be calculated from the previous data. Table 
II  shows the results for different runs.  

Table I. Comparison of the coulombic yields for deposition on 
Fe and Pt 

Condit ions:  2% solids (+  50 m g  NaCl/ l i ter)  
60% neutra l iza t ion  
110V 
3 rain deposit ion t ime  

Coulombic yield 
Run No. Fe P t  

1 8.24 8.30 
2 7.83 7.61 
3 7.25 7.55 

Table II. Percentage of coulombs used to dissolve the iron 

E L E C T R O D E P O S I T I O N  O F  R E S I N  

2% solids, 60% neut ra l iza t ion  
12% solids, 60% neutra l iza t ion 
2% solids, 35% neutra l iza t ion 
2% solids ( +  50 rag / l i t e r  NaCl) ,  

60% neut ra l iza t ion  

% Coulombs for  i ron 

2.07 
1.86 
3.37 

72,8 

719 

The percentage of the current  used for the iron dis- 
solution seems to be independent  of the concentrat ion 
and has a higher value for a lower degree of neu t ra l i -  
zation. 

From the acid number  of the resin and the weight 
of the coating, the percentage of the cur ren t  used to 
deposit the resin, according to reaction [2], can be cal- 
culated. This method of calculation, however,  is not 
correct for the following reasons. The emulsion used 
for the electrodepositions consists of colloidal particles 
formed by aggregates of polymeric molecules. The 
charge of the particles is due to ionization of some 
carboxyl  groups of molecules which are at the sur-  
face of the particle. However, there is a large number  
of other carboxyl  groups which, being in the mass of 
the particle, are not ionized. Consequently,  they do  
not take part  in the electrodeposition reactions, but  are 
deposited because of the deposition of the whole par-  
ticle. 

Tawn and Berry (1) represented the deposited spe- 
cies in the form 

(COOH) 
where B represents the 

R- (CO0-)y 
neutralizing base. 

(COOB) z 

x, y, and z can have different values depending on the 
ionization constants of the carboxyl groups and the 
base. Water insolubility or coagulation will result from 
an increase in the value of x, with a corresponding de- 
crease in ~, and wil l  also be promoted by  loss of base, 
i.e. fall  in z. The above discussion shows that  a particle 
can be deposited even when some of the carboxyl  
groups are still ionized or are neutral ized with an 
equivalent  amount  of base. 

It would be expected, thus, that  by adding the per-  
centage of the current  used to dissolve the iron plus 
the percentage of the current  calculated by counting 
all the carboxyl  groups of the resin a number  much 
higher than 100 would be obtained. 

This was not verified by the experiments  for they 
gave a sum much lower than  100. The difference from 
100 is the unaccounted cur ren t  reported by May and 
Smith (6). 

Using an average value for the coulombic yield 
equal to 10, the percentage of the coulombs for the 
resin is calculated as being equal to 19. The unac-  
counted current,  having been calculated equal to 79%, 
shows a very bad efficiency for reactions [1] and [2]. 

In  the case of the bath contaminated with chlorides, 
the percentage of electrochemical equivalents  for the 
iron was found equal to 72.8 (Table II) .  This is much 
higher than  the percentage of the electrochemical 
equivalents  of the resin calculated in the previous par-  
agraph. That  means  that  the amount  of i ron in  the 
coating is much higher than  the one required from 
the stoichiometry of reaction [1], even if we assume 
that  this is the only deposition reaction. Consequently,  
questions arise as to the form in which the rest of the 
iron exists in the coating. 

The results shown in Table I proving equal cou- 
lombic yields for deposition on iron and p la t inum can- 
not be explained by the previous theory. In  the case 
of deposition on plat inum, a large amount  of current  
is used to discharge the chlorine ions producing chlo- 
r ine gas. This amount  of current  does not result  in 
any deposition. In  the case of deposition on iron, the 
discharged chlorine ions dissolve the anode, producing 
iron ions, which deposit a certain amount  of resin. Con- 
sequently, a higher coulombic yield for deposition on 
iron would be expected. 

Sul l ivan (7) explains the existence of iron in the 
coating as being due to the formation of stable iron 
oxides by the reaction of the ferrous and ferric ions 
with the hydroxyl  ions t ravel ing toward the anode. 

Fe +2 + 2 O H -  --> Fe(OH)2 [3] 

Fe +3 + 3 O H -  -~ Fe(OH)3 [4] 
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The main  reaction explaining the deposition of resin 
in all cases is reaction [5]. 

(Colloid -- R ) C O O -  + H + ~ (Colloid -- R) COOH 
[5] 

This reaction must  be considered as having the form 
of equil ibrium, and deposition occurs when  [ (Colloid-- 
R) COO-]  [H + ] > k, where k is the ionization constant  
of the resin. The drop of the pH close to the anode 
cannot  be local, as often reported in l i terature,  and a 
concentrat ion gradient  from the anode up to the bulk  
of the solution must  be considered. Due to this con- 
centrat ion gradient, a large number  of H + do not take 
part  in the deposition reactions but  are t ransferred to 
the bu lk  of the solution. This is a possible explanat ion 
of the "unaccounted current"  since the current  used 
to produce the above H + does not lead to any  deposi- 
tion. 

Tawn and Berry (1) reported a higher concentra-  
t ion for the resin in the dipped film. An  immediate  
discharge of the particles, as was already discussed, 
cannot  be accepted. Consequently,  a similar  concentra-  
t ion gradient  to H + for resin must  be considered. 

The delay period reported by Tawn and Berry (1) 
can be explained as the t ime required for the above 
two concentrat ion gradients  to bui ld up. Deposition 
starts when  the product [ (Colloid-R) C O 0 - ]  [H + ] be- 
comes greater  than k. This also explains the progres- 
sive increase of the concentrat ion of resin in the dipped 
film dur ing the delay period reported by the same au-  
thors and the decrease of the delay period wi th  an 
increase of the applied voltage reported by Yeates (8). 
The higher the voltage, the faster the formation of the 
two concentrat ion gradients. 

Finally,  the curvature  of the weight /coulombs curve 
after a long t ime of deposition, shown in Fig. 2, can 
be explained by the above proposed scheme. After  a 
long t ime of deposition, the anode is almost isolated 
and .there is a large potential  drop through the film. 
The remaining potential  difference is not sufficient to 
main ta in  the above concentrat ion gradients. Thus, 
[ (CoI lo id -R)COO-]  [H +] <k ,  and dissolution of the 
film occurs instead of deposition. 

Water content of the coating.--The investigations 
of the water  content  of the film and the gassing effect, 
which will  be discussed later, are of great technological 
importance since the studied variables are directly re-  
lated to such qualities of the coating produced as ap- 
pearance and resistance. For  example, the higher the 
water  content  of the film, the higher the possibility of 
getting pinholes in the coating because of the escape 
of water bubbles dur ing the baking process. 

The water  content  of the film was calculated as the 
difference between the weight of a baked and an un -  
baked film under  identical  conditions. The unbaked 
film was dried by put t ing it in a desiccator under  
vacuum conditions. 

Figure 2 shows the weight /coulombs plot of the 
baked and unbaked  film for different times of deposi- 
t ion for a 2%-solids bath. It is interest ing to note that  
even the weight  of the unbaked film changes l inear ly  
with the number  of coulombs. A problem arising here 
is that the difference in the weight  of the unbaked  and 
baked film, which gives the amount  of water  in the 
film, can be of similar magni tude  as the variance of 
the distr ibutions of the two numbers  used for the sub-  
traction. Consequently a great var iance for the dis- 
t r ibut ion of the water  content  is expected, making  the 
results inconclusive. 

The above problem was solved by  drawing the re-  
gression lines and taking the differences between cor- 
responding points. Each point  of the regression line 
represents the mean  of the dis tr ibut ion of the individ-  
ual measurements ,  whose variance is e l iminated in 
this way. A large n u m b e r  of points were used for the 
construction of the two regression lines in order to 
have a higher degree of confidence. 

The values of the water  content of the film at differ- 
ent times of deposition were calculated from Fig. 2. 
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Fig. 3. W a t e r  content  vs .  coulombs plot :  2 %  solids, 6 0 %  neu- 
t ra l i za t ion .  

The plot of the water content  vs. the number  of cou- 
lombs is shown in Fig. 3. An increase in the water  con- 
tent  of the coating is observed with an increase in  the 
number  of coulombs at different deposition times. 

The same work was repeated using a 12%-solids 
bath. The same increase of the water  content  was ob- 
served with increasing deposition time, but  the actual 
numbers  were higher (almost double).  

The conclusion from the above results is that  a film 
with lower water  content  can be obtained by using a 
lower concentrat ion of resin and a shorter deposition 
time. 

Gassing ef]ect.--Tasker and Taylor (9') and, more 
recently, Curtis, Pugh, and Taylor (10) reported a peak 
in their  resistance of the f i lm/weight  deposited plots. 
The exper iment  was conducted under  constant  current  
conditions. They examined the film with the aid of a 
microscope and proved that  the peak occurred at the 
point  at which the film original ly laid down disrupted 
in order to allow the trapped anodic gas to escape. 

Similar  peaks were observed in the cu r ren t / t ime  
curves under  constant  voltage conditions, as shown 
in Fig. 4. The peaks are inver ted since the current  is 
inversely proport ional  to the resistance. 
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In  Fig. 5, the weight  of coating is plotted vs. the cor- 
responding voltage of deposition for 3 rain deposition 
time. The three curves represent three runs at three 
different days. An  almost l inear  increase for each 
curve is observed followed by a curvature  at 80-110V. 
This curvature  of the weight /vol tage plots starts al- 
most at the same voltage at which the resistance 
"peaking" starts to appear. Possibly, there is a con- 
nection between the two phenomena.  

After  about 90V, a higher voltage deposits a lower 
weight for the same deposition t ime (3 min) .  That 
means that  the higher the voltage, the higher the re- 
sistance of the deposited film. This can be considered 
a justification for the high voltages used in technical 
applications (100-3OOV). In the above experiment,  a 
4%-solids solution was used. For  lower concentra-  
tions the above gassing effect was not observed, 
whereas for higher concentrat ions it was even more 
clearly evident  (Fig. 5). 

Conclus ions  
The coulombic yield of the electrodeposition was 

found to be constant  for different voltages and at dif- 
ferent  deposition times. Almost constant coulombic 
yield was found for different concentrat ions of resin 

and for deposition on different metals. The iron content  
of the film, for deposition on steel, was proved to be al-  
most constant  for different concentrat ions of resin and 
different deposition times. 

The electrochemical current  used to dissolve the 
iron was proved to be a small  percentage of the total 
current .  The iron content  of the film and the percent-  
age of the total current  used to dissolve the iron were 
highly increased after a small  contaminat ion of the 
bath with chlorides. The role of the ferrous and ferric 
ions in the electrodeposition reactions is not as yet 
clearly understood. More work must  be done in order 
to elucidate the exact form of iron in the coating. 

A small  amount  of water  was found in the film. This 
increases with deposition t ime and is higher for higher 
concentrat ions of resin. 

A rupture  of the film due to the escape of trapped 
anodic gas was observed at a certain t ime dur ing the 
deposition. This rupture  occurred for higher concen- 
trations and voltages greater than  80. In  addition, an 
increase in the resistance of the film obtained was ob- 
served with a voltage greater than 80. 

Manuscript  received Sept. 29, 1969. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
J O U R N A L .  
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Preparation and Evaluation of Spreading 
Resistance Probe Tip 

E. F. Gorey ,  C.  P. Schne ider ,  and  M .  R. P o p o n i a k  

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 

ABSTRACT 

The spreading resistance technique used to evaluate various types of silicon 
structures is dependent  pr imar i ly  on the probe point. Data are presented on 
point preparat ion and loading of different point  materials.  A method for 
preparat ion and evaluat ion of point characteristics for effective use on th in  
silicon structures is described. 

The spreading resistance technique (1-3) is the most 
versatile technique used to characterize impur i ty  pro- 
files of mul t i layered  structures. 

An improved spreading resistance probe (4) which 
utilized balance beam probe arms, weight loading, and 
controlled velocity of impact emphasized contact re- 
producibil i ty as one of its most impor tant  parameters.  
It has been implied in  the previous papers that a 
spreading resistance probe will  funct ion properly if 
a par t icular  type of probe point is used. 

The most critical part  of the technique is the probe 
point. It must  have the capabil i ty of making  thousands 

of measurements  without  deteriorat ing and must  ma in -  
ta in  certain characteristics that  make it useful  in mea-  
sur ing both n -  and p- type  silicon structures. 

This paper describes a method of preparing and 
evaluat ing a probe point for its use in the spreading 
resistance technique. 

Probe Point Characteristics 
A good probe point  has the following characteristics: 

the effective penetra t ion of the probe into the silicon 
surface must  be kept to a min imum,  and the spread- 
ing resistance measured in the forward and reverse 
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Fig. 1. Spreading resistance as a function of loading for a new 
K-75 point as received from vendor. 

direction of current  must  not differ by more than 5% 
of the average. Exper imenta l  data indicate that a 
probe can funct ion on n - type  silicon but  can give in-  
consistent results on p-type.  

An exper iment  designed to study these characteris-  
tics and the behavior of n -  and p- type  silicon wafers 
was performed on 3 wafers. A 23.3 ohm-cm p- type 
mechanical  polished bulk  wafer  was used to indicate 
when  good contact was achieved. Good contact exists 
when the spreading resistance in the forward and re-  
verse direction of current  is wi thin  5% of the average. 
A 1.88 ohm-cm n- type  bulk  wafer was used as a con- 
trol wafer. A 3.0 ohm-cm n- type  epitaxial  layer of 
2.0 ~m thickness on a 0.001 ohm-cm n- type  substrate 
was used to indicate effective probe penetration.  In 
the range of loading where the ratio of the spreading 
resistances of the epitaxial  wafer to the n - type  bu lk  
wafer remains  constant, no effective penetrat ion is 
considered to exist. 

Spreading resistance was plotted as a function of 
probe point  loading. All  measurements  were made 
util izing the spreading resistance apparatus described 
in Ref. (4). Figures 1 through 4 show the results ob- 
tained from tungs t en - ru then ium probe points with tip 
radius of 0.0007 in. 

Figure 1 represents the results of a point  as received 
from the vendor. 1 From 10 to 15g loads, bad contact is 
made on the p- type  wafer. Good contact is made on 
both n - type  wafers and no effective penetra t ion exists. 
At 20g, the ratio of the two n- type  wafers now changes 
and effective probe penetra t ion is observed. The dif- 
ference between the forward and reverse spreading 
resistance from the average on the p- type sample is 
40%. Greater  effective probe penetra t ion of the epi- 
taxial  layer  and good contact on the p- type  wafer is 
observed at 25g loading. Deep effective penetra t ion of 
the th in  epitaxial  layer  and good contact on the p-  
type wafer was observed at 35g loading. From results 
obtained, it can be seen that at no one loading of the 
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Fig. 2. Spreading resistance as a function of loading for a K-7S 
point prepared by 3 sec abrasion. 

probe point did the point exhibit  good contact and no 
effective penetrat ion.  

The probe in Fig. 2 was prepared by an abrasive 
blast ing of 3 sec. The spreading resistance probe point 
is prepared by an abrasive blast ing technique in the 
following manner .  A series of probe points to be pre-  
pared are positioned in a holder with their  points ex- 
posed. An air abrasive uni t  is then used to abrade the 
point with 27.5 ~m a luminum oxide with a 50 psi pres-  
sure. The uni t  has a 1/16 in. nozzle orifice. 

The nozzle of the uni t  is placed approximate ly  1 in. 
from the probe points. After abrading, each probe is 
immersed in t r ichlorethylene for 5 min. The probes 
are then wiped with cotton swabs saturated with ace- 
tone. This procedure gives the probe tips the proper 
finish to make good contact to the sample. 

It was evident  that the abrasive blast ing technique 
changes the results significantly. Good contact was 
made on the p- type wafer with only 10g loading. This 
probe point will  operate properly if used between 10- 
15g loading. 

Figure 3 shows the results of abrading for 5 sec. Ef- 
fective penetra t ion starts at 15g. The probe point 
represented in Fig. 4 was the result  of abrasion for 10 
sec. In  Fig. 3 and 4, the tips exhibited large spikes due 
to the abrasion which caused deep effective penet ra-  
tion. 

Figure 5 shows the results of an osmium alloy probe 
point  with a tip radius of 0.0007 in. 2 Effective penet ra-  
tion did not occur unt i l  35g, but  poor contact was 
made to the p- type wafer. This point  will not meet  all 
the requirements  of a good point. Figure 6 represents 
a ru then ium alloy probe point with a tip radius of 
0.0007 in. 3 which exhibited characteristics similar to 
the osmium point. 

A convenient  method to insure a good probe point 
is as follows. Measurements  are made on 3 wafers: 
No. 1, a thin ( ~  2.0 gm thick) n - type  epitaxial  layer  of 

F i d e l i t o n e  # 7 4 1  P I V O T ,  o s m i u m  a l l o y .  
:~ F i d e l i t o n e  # 3 4 7  P I V O T ,  r u t h e n i u m  a l l o y .  
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prepared K-75 probe point. 

some p on an N +  substrate exhibi t ing a certain spread- 
ing resistance; No. 2, an n - type  bulk  wafer with ap- 
proximately  the same spreading resistance as wafer 
1; and No. 3, a p- type mechanical  polished bulk wafer 
of ,,- 20.0 ohm-cm. Start ing with a probe point loading 
of 5.0g, the ratios of the spreading resistances of the 
n / n +  wafer to the n- type  bu lk  and the spreading re-  
sistances in the reverse direction of current  to the for- 
ward direction of current  of the p- type wafer are 
plotted as a function of loading. 

Figure 7 represents a probe point which will be 
operable in the range of 9-15g loading. The selection 
of the load for proper operation is l imited to the re-  
gions where both ratios have a slope of 0. For  com- 
parison, Fig. 8 presents the same ratios for the probe 
point  used in Fig. 1. In this case, the regions where 
the slopes are 0 do not coincide for any loading of the 
probe point  indicating that  the point  cannot be used 
effectively in a spreading resistance apparatus. 

At this point, the loading should be set at the mid-  
point of the operating range. Previous experience in -  
dicated that  final condit ioning of the point required 
repeated use under  operating conditions to insure 
stability. Exper imenta l  data showed that  a m i n i mum 
of 250 measurement  cycles are required to stabilize 
the probe point. Stabil izat ion is a wear ing- in  process 
that  removes probe point  spikes that  are not strong 
enough to withstand repeated operations. These mani -  
fest themselves by rapid changes in the spreading re-  
sistance. 

Figure 9 is a test profile of a n /n-~  epitaxial wafer. 
The wafer was beveled at a 1 ~ angle and spreading 
resistance was measured on the bevel  at intervals  of 

Fig. 9. Concentration vs.  depth profile of a thin n/n-l- epitaxial 
layer measured with three different K-75 probe points. 

0.0005 in. result ing in depth increments  of 0.20 ~m. 
Three probe points, using the apparatus described in 
Ref. (4), were used to determine concentrat ion vs. 
depth profiles. Probe point 1 was considered to have 
min imal  effective penetra t ion and probes No. 2 and 3 
had increasing effective penetration,  respectively. Vis- 
ual inspection of the photographs of the three points '  
indentat ions  on the bevel  corroborate this finding. 
Probe point  No. 1 was the only probe that would 
qualify as a good point  using the method described 
previously. 

Discussion 

The method has been developed that produces probe 
points to be used in the measurement  of spreading re-  
sistance of silicon with good precision. The require-  
ments  that a probe point must  have are little effective 
penetra t ion and good contact. A probe point with, and 
only with, these characteristics enables concentrat ion 
vs. depth profiles of th in  layers of any type s tructure 
to be measured. 

Acknowledgments  

The authors wish to acknowledge the help of Mr. 
P. A. Schumann,  Jr., for his helpful  discussions in 
preparat ion of this paper and Mr. P. Amato for some 
of the exper imental  data presented in this paper. 

Manuscript  submit ted Sept. 15, 1969; revised manu-  
script received Jan. 26, 1970. This was a Late News 
Paper  presented at the New York Meeting, May 4-9, 
1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 

REFERENCES 

i. R. G. Mazur and D. H. Dickey, This Journal, 113, 255 
(1966). 

2. E. E. Gardner, "Symposium on Manufacturing In- 
Process Control and Measuring Techniques for 
Semiconductors," Phoenix, March 9-II, 1966. 



Vol. 117, No. 5 SPREADING RESISTANCE PROBE TIP 725 

3. E. E. Gardner,  P. A. Schumann,  and E. F. Gorey, 
"Measurement  Techniques for Thin  Films," p. 258, 
B. Schwartz and N. Schwartz, Editors, The Elec- 
trochem. Soc. (1967). 

4. J. M. Adley, M. R. Poponiak, C. P. Schneider, P. A. 
Schumann,  and A. H. Tong, Paper  324 presented 
at Electrochem. Soc. Meeting, New York, May 
4-9, 1969. 

Technical 

Electrical Properties of Flash Evaporated Thin Film 
CdSe-CdTe Alloys 

Tung H. Weng 
School oy Engineering, Oakland University, Rochester, Michigan 

The work described in this paper was under taken  
to determine the feasibil i ty of forming thin film solid 
solutions of CdSe and CdTe by means of flash evapora-  
tion techniques and evaluate their  electrical proper-  
ties. One of the outs tanding features of this alloy is 
the continuous var iat ion of energy band gap and elec- 
trical properties with the composition of the constit- 
uent  compounds. This means that  a semiconductor 
with specific properties can be prepared simply by 
changing the composition. Such a wide range of prop- 
erties would undoubted ly  widen the scope of applica- 
t ion which could not  be achieved otherwise with a 
simple compound semiconductor. 

Film preparation.--The apparatus used for flash 
evaporat ion is s imilar  to that  suggested by Miiller (1), 
but with different design in the par t  of the powder 
feeder assembly as shown in Fig. 1. Instead of using 
mechanical  vibrat ion as in Miiller 's system, the powder 
is fed into the evaporator by a re lay-operated plunger.  
When the relay is energized or de-energized by a var i -  

e 
Relay Heater 

~Reseruoir U 
:=i Powder 

input 
Vapor output 

n 
Evaporator 

, :  /I I ~i  
U 
Fig. 1. The flash evaperation system 

able square wave generator,  the p lunger  strikes the 
reservoir so that  the powder falls through a small  
opening located at the bottom of the reservoir  into the 
funne l  of the evaporator. This method provides a con- 
t inuous and uni form rate of feeding which is essential 
if a homogeneous film with the original composition is 
to be obtained. One of the advantages of this system is 
that  the rate of feed, and hence the rate  of deposition, 
can be easily controlled by merely  changing the fre- 
quency of the generator  when  the other physical set- 
tings, such as the diameter  of the opening and the 
weight of the plunger,  remain  unchanged.  This is de- 
sirable because it provides a simple means for con- 
troll ing the crystal l ine s tructure as well  as the proper-  
ties of the deposit which is known to depend heavily 
on the deposition rate. 

A folded molybdenum sheet was used as substrate 
heater. The glass substrate was inserted between the 
two sheets and clamped to the heater by metal  screws. 
A Chromel-Alumel  thermocouple for measurement  of 
substrate tempera ture  was placed adjacent  to the sub- 
strate heater and made direct contact to the glass. The 
substrate was located about 8 in. from the evaporator 
with the hope that  such a large distance between sub-  
strate and evaporator  would minimize the heat ing 
effect generated by  the heat radiat ing from the evapo- 
rator  and produce a uni form thickness of the deposit. 
The vacuum system used is a 4 in. diffusion pump sys- 
tem with a l iquid ni t rogen trap. The pressure was 
main ta ined  at 5 x 10 -6 Torr  dur ing the ent i re  evapora-  
tion. The evaporator which was designed specifically 
for the flash evaporat ion of compound semiconductors 
was kept  at 1200~ This assures a rapid and complete 
evaporation of each grain  of the CdSe-CdTe powder 
which reaches the heater  source. 

CdSe and CdTe powders having a pur i ty  of 99.999% 
were supplied by Semi-elements,  Inc. These powders 
were well  mixed and sieved through a 0.088 mm open-  
ing before being put  into the reservoir of the powder 
feeder assembly. For a given physical sett ing of the 
assembly, the rate of feed was approximately  10 rag/  
min  which produced a 5 A/sec deposition rate. A lower 
rate was also used, but  the film resist ivity was substan-  
t ial ly higher than those obtained at 5 A/sec. This is 
presumed to be caused by  the absorption of oxygen 
dur ing the crystal growth even though the vacuum 
pressure was in the 10-~ Torr  range. In  order to ob- 
ta in  a wide range of solid solutions, the composition 
used in  this invest igat ion var ied from 10 to 90% of 
CdSe by weight. The substrates used were Corning's  
Type 7059 glass with dimensions of 3 in. x 1 in. x 0.048 
in. Microslides with the same dimensions as the 7059 
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glass  were  also used. It was found that  no significant 
difference in the characterist ics of the deposited films 
w a s  observed when these two types of glasses were  
interchanged.  The substrates were  cleaned, baked, 
and preheated to the designated t empera tu re  before 
evaporat ion took place. A set of four films with  differ- 
ent substrate tempera tures  ranging from 50 ~ to 200~ 
w a s  prepared at a single pump down. This was in -  
t e n d e d  to revea l  the propert ies  of the films as a func-  
tion of the substrate t empera tu re  wi thout  being affect- 
ed by other parameters  which could conceivably have  
a pronounced effect on the propert ies  of the deposits. 
A lower substrate t empera tu re  could not be obtained 
because of the heat  radiat ing from the evaporator  even 
with the substrate located far f rom the heater  source. 
At higher  substrate temperatures ,  however ,  the film 
resist ivi ty was so high that  the electr ical  measurement  
became increasingly difficult to per form and in many  
cases a th icker  film could not be obtained. This is be- 
l ieved to be due to ei ther re -evapora t ion  or to a low 
sticking coefficient at a higher  temperature .  

Film properties.--The lattice type and constants of 
the CdSe-CdTe films were  de termined  using x - ray  
diffraction. The diffractometer  pat terns  were  taken at 
room tempera tu re  and the output  showed a single 
peak with  a Bragg angle which var ied with  the com- 
position of the const i tuent  compounds. No trace of 
ei ther  CdSe or CdTe was detected regardless of their  
composition and prepara t ion conditions. Since the as- 
deposited films showed a strong prefer red  orientat ion 
which would not give the information needed for an 
accurate result, the diffraction of randomly  oriented 
powder  was then performed.  This was done by first 
str ipping the films f rom their  substrates and then 
pulver iz ing them before x - r ay  data were  taken. Based 
on diffraction from various [hkl] planes, it was pos- 
sible to de termine  thei r  crystal  type and lattice pa-  
rameters  ra ther  accurately.  The results are tabulated 
in  Table  I, and are similar  to those obtained by Stucks 
and Farre l l  (2) for pure CdSe-CdTe alloys. The film 
containing 50 w / o  (weight  per cent) of CdTe could 
not be posi t ively identified. This presumably  was due 
to the presence of both hexagonal  and cubic structures 
as repor ted  e lsewhere  ~ There were  no notable 

Table I. Lattice type and constants of thin film CdSe-CdTe alloys 

P e r c e n t a g e  o f  C d S e  in H e x a g o n a l  s t r u c t u r e  Cubic  s t r u c t u r e  
C d S e - C d T e  a l loys  a ,~ c A a A 

100 4.290 7.010 
75 4.352 7.146 
60 4.390 7.200 
50 
40 6.301 
25 6.336 
10 6.387 

0 6.471 

changes be tween the in terplanar  distance for a given 
composition when  the substrate t empera tu re  was 
changed from 50 ~ to 200~ The re la t ive  intensi ty 
distributions for the powdered CdSe-CdTe alloys were  
est imated by measur ing the peak heights direct ly  on 
the diffractometer  tracings. These data showed that  
the intensities for [002] (hex.) and [111] (cubic) direc-  
tions' are s tronger than other reflections. These were  
also the prefer red  orientat ions of the films as deposited 
where  a single peak was observed. 

The carr ier  mobi l i ty  and conductivi ty of CdSe-CdTe 
films with thickness of about 2000A were  determined 
using the Hall  effect measurements .  The dimensions 
of the Hall  sample were  3/16 in. x % in. wi th  evapo-  
rated indium films as ohmic contacts. All  films regard-  
less of their  composition were  N- type  wi th  carr ier  
mobi l i ty  and concentrat ion vary ing  with both composi-  
tion and substrate temperature .  In general, both mobi l -  
ity and carr ier  density decreased with  increasing sub- 
strate t empera tu re  and var ied appreciably f rom one 
set of films to another.  Since reproducible  propert ies 
of these films cannot be obtained without  strict con- 
trol of the preparat ion conditions, no a t tempt  was 
made to pin down their  electr ical  propert ies  as a func- 
tion of the prepara t ion conditions. However ,  the mobil-  
ities of the films containing 25-50 w / o  of CdSe pre-  
pared at the substrate t empera tu re  around 50~ were  
in the vicini ty  of 30 cm2/V-sec. This figure is com- 
parable to those of pure CdSe films (3). 

On the basis of exper imenta l  results, one concludes 
that  the flash evaporat ion technique can indeed be 
used to form po]ycrystal]ine thin film solid solutions 
of CdSe and CdTe and similar  alloys (4). This tech-  
nique offers simplicity and could be easily adopted for 
epitaxial  growth of these alloys onto various single- 
crystal  substrates, provided that  suitable growth con- 
dition could be established. One of the immedia te  ap- 
plications of these thin film alloys is in the area of 
thin film transistors. These have  been fabricated suc- 
cessfully (5) and showed similar  characterist ics as 
CdSe and CdTe insofar as the stabil i ty and f requency 
response are concerned. 

Manuscript  submit ted Sept. 10, 1969; revised manu-  
script received ca. Jan.  26, 1970. This was Paper  179 
presented at the Detroit  Meeting, Oct. 5-9, 1969. 

Any discussion of this paper will  appear in a Dis-  
cussion Section to be published in the December  1970 
J O U R N A L .  
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Brief Co  un[ca, on 

Porosity in Electrodeposited Gold-Alumina Alloys 
E. S. Chen and F. K. Sautter 

U. S. Army Watervliet Arsenal, Watervliet, New York 

Porosi ty  is an impor tant  factor which  affects the duct i l i ty  (3, 4) of materials.  However ,  it is f requent ly  
propert ies  of all materials.  In recent  years, the em-  overlooked that test mater ia ls  inherent ly  contain pores 
phas i s  of many  investigations was on the effect of as a consequence of the fabricat ion process. This is 
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alloys regardless of whether  the manufac tur ing  process 
is one of powder technique or electroforming. This 
report presents the results of a s tudy on the porosity 
in electroformed Au-A1203 alloys before and after 
h igh- tempera ture  heat t rea tment  and the at tending 
implications of porosity in the creep strength of these 
alloys. 

Exper imenta l  
Electrodeposited Au-A1203 alloys were prepared 

from solutions containing 

KAu  (CN) 2 10 g/ l i ter  
KCN 10 g/ l i ter  
a-A1208 (1.0~) 2-25 g/ l i ter  

using the techniques reported by Sautter  (5). The 
plating was conducted at a pH of 10.5, current  density 
of 3.5 m A / c m  2, and tempera ture  of 60~ using pure 
gold as soluble anodes and electropolished copper tub-  
ings, 0.4 cm diameter, as cathodes. The solutions were 
agitated by Teflon-coated magnetic  stirrers. Only one 
plate was prepared from each solution. For a cathode 
with a total  surface area of 10 cm 2, the thickness of 
the deposit was on the average 180~ after 16 hr of 
plating. Tubular  Au-A1208 alloy samples are obtained 
on removing the copper substrate  by dissolution in 
50% HNO3. 

The porosity in our electroformed alloys was studied 
through density measurements  since such studies are 
commonly used to measure residual  porosity in s in-  
tered materials  and are also applicable to s tudying 
porosity in dispersion-hardened alloys (6). The density 
of Au-A1203 samples weighing 1.5g each were deter-  
mined with an immersion technique using an analyt i -  
cal balance with a sensit ivi ty of 0.1 mg. The immersion 
solution was doubly distilled water  with added Triton 
X-100 surfactant  to lower the surface tension to 35 
dynes /cm thereby reducing solution damping effects. 
The precision of the density measurements  is bet ter  
than • g /cm 3. The density for each sample was de- 
te rmined at room tempera ture  before and after an-  
neal ing for 1 hr at 1000~ in air. The A120~ content  
in the alloy specimens was determined gravimetrically.  

In  the course of prepar ing the alloy samples for 
density measurements,  the observation was made that  
all annealed samples show permanent  length increases. 
This un ique  behavior  in  the electrodeposited Au-A120:~ 
alloys was fur ther  investigated with a Leitz di latom- 
eter, using a heat ing rate of 2~ 

Results 
Typical results of the density measurements  as a 

function of A1203 content  are shown in Fig. 1. The up- 
per curve shows the density of the as-plated alloy to 
be a l inear  funct ion of oxide volume per cent (v/o) 
and that  the measured densities would superimpose 
on the theoretical values (not i l lustrated) predicted 
by the rule of mixtures  using the densities of pure 
gold and a luminum oxide as 19.3 and 3.97 g/cc, respec- 
tively. The lower curve shows the effect of the heat 
t reatment .  The ini t ial  decrease in densi ty is very pro- 
nounced up to an oxide concentrat ion of 1.5 v /o  at 
which point  the density appears to vary  l inear ly  with 
fur ther  increases in oxide content. Figure 2 shows the 
expansion behavior  typical  of the Au-A1203 alloys 
tested. The curve shows the l inear  expansion vs. t em-  
perature of an alloy specimen 1.0 cm long containing 
10.5 v/o  I~ A1203 particles against a 5.0 cm pure gold 
reference. Distinct discontinuities in the expansion-  
tempera ture  curve were observed at 240 ~ , 330 ~ , and 
450~ indicating the release of different gas impur i -  
ties from the metal  matr ix  as well  as adsorbed impur i -  
ties from the surface of the oxide particles. I m p u r i t y  
analysis using mass spectrometry showed that  the 
composition of the evolved gas was main ly  hydrogen 
and water  and that gas evolution commences at about 
300~ 

Discussion 
The difference between the densities of the plated 

alloys before and after heat t rea tment  can be at t r ib-  
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Fig. 2. Expansion of Au-AI203 (1.0~, 10.5 v/o) with tempera- 
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uted to the presence of adsorbed impuri t ies  on the 
surface of the oxide particles. These impuri t ies  may be 
water, hydroxyl  groups, or organic additives present 
in the plat ing electrolyte and are codeposited with the 
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oxide part icles .  I t  has been calcula ted tha t  an adsorbed 
monolayer  on powders  wi th  a specific surface area  of 
100 m2/g represents  an impur i t y  level  of 5-10 v /o  (7).  
The adsorbed mono laye r  occupies l i t t le  vo lume in the  
condensed state. As such, the  as -p la ted  densi ty  should 
not  devia te  f rom the theore t ica l  value;  however,  gasifi- 
cation of the  impur i t i es  at high t empera tu re s  in t ro-  
duces poros i ty  resul t ing in a subsequent  decrease in 
a l loy density.  A simple calculat ion can i l lus t ra te  this 
point  more  clearly.  Consider  an a l loy sample  conta in-  
ing 8 v / o  oxide tha t  is annea led  at  950~ The 1~ 
A1203 powder  has an es t imated  specific surface area  of 
2 m2/g. At  950~ the gasified impur i t ies  bui ld  up 
sufficient p ressure  to cause i r r evers ib le  deformat ion  in 
the  alloy. The resul t ing  pore  volume can be es t imated 
b y  neglect ing the effects of surface energy  and assum- 
ing the ideal  gas law holds. Using the pressure  P = 72 
psi or 4.9 a tm which is the stress at  zero s t ra in  
( threshold  stress for creep deformat ion)  for a gold 
al loy containing 8 v /o  oxide (8), T ~ 1223~ R 
82 cc a tm/~  and 0.00016/18 moles of water ,  the 
pore  vo lume is es t imated to be 0.18 cc or 18 v/o.  This 
compares  favorab ly  wi th  our  expe r imen ta l  va lue  of 
16.4 v /o  measured  at  a s l ight ly  higher  t e m p e r a t u r e  of 
1000~ In v iew of the  crude na tu re  of the  foregoing 
calculat ion,  the  significance of the i l lus t ra t ion  should 
not  be a t tached  to the  agreement  obta ined  but  r a the r  
to the  p robab i l i ty  of pore  format ion  proceeding  in this  
manner .  The ini t ia l  sharp  decrease in dens i ty  of the  
hea t - t r e a t ed  al loys is difficult to in te rp re t  wi thout  
fu r the r  invest igat ion;  however ,  one possible exp lana -  
t ion is tha t  should the  re la t ive  degree  of oxide par t ic le  
agglomera t ion  in the p la t ing  solut ion be grea te r  when 
the  solution is less concent ra ted  in oxide, the  resul t ing  
e lec t rodeposi t  wi l l  also contain  more  agglomera ted  
part icles.  Because occluded e lec t ro ly te  is more  p r eva -  
lent  in the  agg lomera ted  case, such system wil l  show 
more  poros i ty  when  the  al loys are  hea t  t reated.  Optical  
microscopic examina t ion  of pol ished a l loy specimens 
indicates  tha t  a difference in degree  of agglomera t ion  
does exis t  in the  e lectrodeposi ts  p repa red  from pla t ing  
solutions of va ry ing  oxide  concentrat ions.  To e l iminate  
the  effects of par t ic le  agglomera t ion  ent i re ly ,  we are  
cu r ren t ly  conduct ing exper iments  w h e r e b y  e lec t ro-  
deposits  a re  p repa red  under  ul t rasonic agi ta t ion to 
achieve op t imum oxide dispersion.  

The amount  of poros i ty  in the  e lect rodeposi ted  
Au-A120~ alloys as calcula ted f rom our dens i ty  m e a -  
surements  was as high as 16.5 v/o.  A s imi lar  but  
smal le r  increase  in poros i ty  was observed af ter  hea t  
t r e a tmen t  of ex t ruded  and d rawn  Au-A120~ samples  
p repa red  by  powder  meta l lu rgy .  Fur the rmore ,  we 

have qua l i ta t ive ly  s tudied a l loy samples  which  were  
heat  t r ea ted  to produce poros i ty  fol lowed by  cold 
working,  ex t ruding ,  and wi re  d rawing  w he re b y  the 
densi ty  approached  99.9% of the  theore t ica l  va lue  only 
to find tha t  subsequent  anneal ing  wil l  res tore  the 
porosity.  This effect is a consequence of res idual  gases 
which  can be e l imina ted  only by  comple te ly  mel t ing  
the sample.  In te rms of h i g h - t e m p e r a t u r e  proper t ies ,  
the  impor t an t  cr i te r ion  is therefore  no longer  the 
nuclea t ion  but  the  growth  of exis t ing pores  tha t  wil l  
de te rmine  the creep s t rength  of these dispersion 
s t reng thened  alloys. The presence of nonassociated 
pores  anchored by  un i fo rmly  d i s t r ibu ted  oxide pa r -  
t icles wi l l  r equ i re  creep deformat ion  to be accompanied 
by  the  growth  of these  pores. Thus any gaseous im-  
pur i t ies  which can lower  the  in te rna l  me ta l  surface 
energy must  also be considered.  The gasification of 
impuri t ies ,  pa r t i cu l a r ly  tha t  of water ,  at the  indicated 
t empera tu re s  is in genera l  ag reement  wi th  the  findings 
of o ther  inves t iga tors  (9), who deduced that  surface 
hydra t ion  does occur on sui table  par t s  of the  a-A1203 
surface and tha t  igni t ion to 400~ resul ts  in the de-  
hydra t ion  of phys ica l ly  bound water ,  whi le  ignit ion 
above 400~ e l imina tes  chemica l ly  bound  water .  Ad-  
d i t ional  work  is in progress  using different ia l  t he rma l  
analysis  techniques to gain insight  on the  dehydra t ion  
and gasification of adsorbed  impur i t ies  in these alloys. 

Manuscr ip t  submi t ted  Aug. 29, 1969; rev ised  m a n u -  
script  rece ived  Jan.  28, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1970 
JOURNAL. 
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ABSTRACT 

The diffusion coefficient for protons moving in the hydra ted  nickel  hy-  
droxide  lat t ice has been determined using a potent ial  step technique. It  was 
found to have  the value about 3.1 x 10 -~~ cm 2 sec -1 during charging and 
4.6 x 10 -11 cm 2 sec -1 during discharging for the nickel  hydroxide  s t ructure  
usually found in the nickel  electrode of the n icke l -cadmium bat tery.  The 
t empera tu re  dependence of the coefficient has been determined,  and it has 
been concluded that  the proton moves in the lattice by thermal  diffusion. 
The enthalpy of diffusion was found to be 2.2 kcal deg -1 mole - I  during 
charging and 2.3 kcal deg-~ mole -1 during discharging of the electrode. 

In previous work  (1) the approximate  diffusion 
coefficient for proton diffusion during oxidation of an 

nickel hydroxide~ electrode was found by a potent ial  
sweep technique. This procedure required the use of a 
semi-infini te diffusion model  which entailed extrapola-  
tion f rom the exper imenta l  data. In the present  work  
a new approach was used. A potent ia l  step was ap- 
plied to the electrode and the data were  analyzed using 
a finite diffusion model. Values of the diffusion coeffi- 
cient for a and /~ nickel  hydroxide  during oxidation 
and reduct ion have been determined.  The coefficient 
for/~ nickel  hydroxide  has also been found as a func-  
tion of tempera ture .  

Theoretical  Considerations 
The oxidat ion of the nickel hydroxide  electrode is 

bel ieved to proceed by a revers ible  one electron t rans-  
fer step at the nickel  ion site in the nickel hydroxide  
lattice. This produces a Ni nI ion and releases a proton. 
The proton diffuses f rom the oxidation site to the 
e lec t rode-e lec t rolyte  interface where  it reacts wi th  
an hydroxyl  ion to form a water  molecule. Electron 
conduction through the lattice is bel ieved to be rapid 
in comparison to the rate of proton diffusion. It is 
also assumed that  charge balance is mainta ined in the 
lattice at al l  times. 

For the purposes of a quant i ta t ive  description of the 
diffusion process we regard  the ini t ial  concentrat ion 
of protons in the latt ice as constant at the value  C ~ 
through the depth of the film and zero eve rywhere  
else. This is i l lustrated in Fig. 1. The electrodes used 
in this work  were  p lanar  and therefore  the diffusion 
problem is one dimensional.  

This problem is the famil iar  heat  t ransfer  problem 
and has the  solution (2) 

4C ~ ~ (--  1) n 
C ---- ~.~ - -  exp 

2 n +  1 
?z=O 

- -  < D(2n + l)~x2t } (2n + cos 2h [I] 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 See  re f .  (1) for  a n  e x p l a n a t i o n  o f  t h e  u s e  o f  a a n d  8. 

where  D is the diffusion coefficient and t is the t ime 
from the start  of the diffusion process. 

The exper imenta l ly  measured quant i ty  is the cur-  
rent  as a function of time. This is expressed as 

iaiff = neFAD [2] 
x = h  

neFnD2C o "~_.~ [ Dn2(2n q- l)2t ] 
. ~  exp -- 

id~ff ~ h 4h 2 
' t l  ~ 0 

[3] 

where  ne is the number  of posit ive charges on the 
diffusion species, F is the Faraday, and A is the area 
of the electrode. A semilog plot  of Eq. [3] is shown 
in Fig. 2 for typical  values of D and h. This series, Eq. 
[3], which is valid for the finite boundary value prob-  
lem, converges rapidly  even for small  t imes if the 
ratio D/h 2 is sufficiently large. C ~ is assumed to be 
equal  to the concentrat ion of nickel sites in the nickel 
hydroxide  lattice, since one proton is released at each 
nickel site, and is expressed in m o l e / c m  a. It  is found 
by dividing the molecular  weight  by the density of 
the nickel hydroxide  layer.  The molecular  weight  
used in the calculations was that  for a -Ni (OH)2  �9 2/3 
H20 and the density was the x - r ay  value (4) for this 
mater ia l  (2.5 g/cma).  

In order to de termine  the diffusion coefficient D, the 
value of the diffusion length h must  be known. This 

C o 

S U P P O R T  - I / / / / / ~ " / I N T E R F A C E  
"~ I.- ,NTE"FAC 

o h 

DISTANCE FROM 
NICKEL SUPPORT 

Fig. 1. Model of the nickel hydroxide layer 
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Fig. 2. Calculated diffusion currents h ~ 1.0 x 10 4 cm curve 1, 
D = 1 x 1 0 - 1 ~  2, D = 2.5 x 10 -1o ;  3, D --~ 5 x 1 0 - I ~  4, D 

= 1 x 1 0 - 9 ;  5, D = 1.5 x 1 0 - 9 .  

may be found by noting that  for sufficiently long times 
only the te rm with n = 0 in the summat ion of Eq. [3] 
will  be significant and on extrapolat ing to zero t ime 
the current  intercept has the value neFAD2C~ in 
which all the variables are known except D/h. The 
ratio of the slope of the straight line (on a semilog 
plot) in this region to the intercept  has the value 
~2/8neFAC ~ (1/h) and therefore 

intercept  (A/cm 2) 
h(cm)  = 5.318 X 10 -4 • [4] 

slope (sec-D 

As a check on the results h may then be compared to 
the thickness of the film. 

The thickness (l) of the film may be found from the 
expression 

ItM z = ~ [5] 
nFd 

where I is the current  used to electroprecipitate the 
film, t the t ime of deposition, M the molecular  weight  
of a nickel hydroxide, n F  the number  of electrons 
t ransferred per mole of nickel hydroxide deposited, 
and d the density of nickel hydroxide. A current  dep- 
osition efficiency of 100% is assumed in the calcula- 
tion. This has been found to be t rue  for films of the 
thickness used in this work. 

The total current  measured upon the application of 
a potential  step to the electrode is the sum of the dif- 
fusion current  and the current  required to charge the 
double layer  at the electrolyte interface. This is ex-  
pressed as 

i = idi f f  -~  i c ap  = id i f f  2[- C 

E2R-- E~ f ~ t  } - -  e x p  - -  = i d i .  + -~ 

where the symbols have the following meaning:  E1 is 
the start ing potential  of the electrode; E2 is the poten-  
tial to which it  is shifted; C is the surface capacitance 
per un i t  area; and R is the uncompensated resistance 
between the reference and working electrodes of the 
electrolysis cell. We note that corrections for surface 
capacitance are impor tant  if D/h 2 and 1/RC are com- 
parable. The value of D/h  2 lies between 10 -1 and 
10 -2 sec-1. 2 The surface capacitance of the nickel 
electrode is unusua l ly  large (5). The uncompensated 
resistance in the working electrode circuit is small  
however so that  for typical  values of the capacitance 
and resistance (3000 ~f/cm 2 and 0.1 ohm),  1/RC is 
about 3000 sec -~, four orders of magni tude  larger than 

'-' F r o m  t h e  e x p e r i m e n t a l  r e s u l t s .  

D/h  2, and the capacitance correction will  be insignifi- 
cant. 

Two possible mechanisms for the diffusion process 
a r e :  

1. The proton may jump from one oxygen ion in the 
lattice to another  as it diffuses toward the electrolyte 
interface. This hopping process is expected to have an 
appreciable activation energy since part ial  chemical 
bonds must  be broken. As a result, this diffusion proc- 
ess will have a considerable tempera ture  depen-  
dence. For instance, if the activation energy is 23 
kcal /mole as given by Fei tknecht  and coauthors (3) 
a t  temperatures  above 100~ then the rate of the 
reaction room tempera ture  quadruples  for a 10~ rise 
in temperature.  

2. Once released the proton may simply diffuse 
without  any fur ther  chemical interact ion with the 
lattice. This process is expected to have a small  tem- 
perature dependence. 

Besides these two extreme examples there is the 
possibility of in termediate  processes some of which 
could include hydrogen bonding. It is evident, how- 
ever, that the tempera ture  dependence of the rate can 
give some insight into the physical na tu re  of the dif- 
fusion process. 

E x p e r i m e n t a l  

The electrolysis cell has been described elsewhere 
(1). The working electrode was a film of hydrated 
nickel hydroxide electrochemically precipitated onto 
a 1 cm 2 disk of h igh-pur i ty  Inco 270 nickel that  had 
been hand-pol ished with several  grades of emery 
paper, the last being 4/0, washed with 10% HC1, and 
rinsed with distilled water  immediate ly  before the 
precipitat ion step. The electrochemical precipitat ion 
step consisted of immersing the electrode (wet with 
distilled water)  into a beaker of 0.5M reagent Ni (NO3)2 
solution and making it cathodic at a current  density 
of 2 mA / c m 2 for 4 min. It was removed, washed with 
runn ing  tap water  and distilled water, and then (still 
wet) placed in the electrolysis cell which contained 
about 300 ml  of solution. 

In earlier work (1) it had been found that  the dif- 
fusion coefficient was independent  of the concentrat ion 
of electrolyte. In  this work  all measurements  were 
made in 1M KOH (except where 1M LiOH was used).  
This solution was chosen because the electrode was 
more stable in the dilute solutions yet the solution was 
sufficiently concentrated that  concentrat ion polariza- 
tion effects would be minimized. 

The diffusion coefficient was determined by apply-  
ing a potential  step to a Wenking  fast rise t ime model 
61RS potentiostat and measur ing the current  as a func- 
tion of time. Electronic compensation for solution re- 
sistance between the working electrode and the 
reference electrode was incorporated into the circuit. 
The potential  step function was applied through a 
summing operational  amplifier to the potentiostat. The 
base potential  could be preset to any value. 

Current  was determined by measur ing the voltage 
drop across a precision 5-ohm resistor in the working 
electrode circuit. It  was recorded on either a Tektronix 
564 oscilloscope (short times) or a Houston Ins t ru-  
ments  HR95 X-Y recorder (longer t imes).  

For the diffusion experiments  the electrolysis cell 
was immersed in a water  bath  which was hetd at con- 
stant temperature  •176 The reference electrode, 
Hg/HgO (1M KOH),  was at room tempera ture  (25~ 
for all experiments.  Junct ion potentials for the solu- 
tions at different temperatures  were considered small 
enough to be neglected. 

The procedure for preparing the electrodes for the 
potential  step experiments  was to cycle the electrode 
three times in the solution using a potential  scan. For 
the ~ nickel hydroxide experiments  the electrode was 
then used immediately.  To prepare the ~ s t ructure  the 
electrode was subsequent ly  held at 0 volts (vs. 
Hg/HgO) for 16 to 24 hr and then potential  stepped. 
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Fig. 4. Dependence of the oxidation currents on the potential of 
the applied step, fl nickel hydroxide. Initial potential was 0.25V 
stepped to 0.51 (curve 1) to 0.49 (curve 2) to 0.475V (curve 3). 

Results and Discussion 
A typical plot of the current  dur ing stepped charge 

and discharge of a ~ nickel hydroxide electrode is 
i l lustrated in  Fig. 3. 3 Dur ing  charge (oxidation) of 
the electrode, the current  increases over a period of 
about 2 sec before it begins to show the exponent ial  
decay. This behavior is unexpected. It  may be that  the 
poor conductivi ty of the reduced mater ial  limits the 
current  flow unt i l  enough oxidized mater ial  has been 
produced to provide sufficient conductivity. On the 
other hand  the cur ren t  in  the first second dur ing  re-  
duction is larger than  expected. This phenomenon may 
be related to the unusua l ly  large surface capacitance 
observed for this electrode and may reflect a surface 
layer in  a higher state of oxidation than  the bu lk  
material .  

The semilogarithmic plots of the oxidation and 
reduction currents  are shown in Fig. 4 and 5, respec- 
tively. These may be compared to the curves in Fig. 2. 
The results agree with the theory in all respects except 
two. (a) A dependence of the oxidation cur ren t  on 
the height of the potential  step was found, and (b) 
the current  dur ing reduct ion was smaller  than  ex- 
pected at long times. 

The potential  dependence of the oxidation current  is 
shown in Fig. 4. The curve had the longest l inear  sec- 

D a t a  p l o t t e d  on t h e  g r a p h  h a v e  b e e n  c o r r e c t e d  f o r  t h e  r e s i d u a l  
o x y g e n  e v o l u t i o n  c u r r e n t .  

,oo F 

10 " 

~ \ ~  

\ 

TIME (SEC) 

Fig. 5. Typical reduction current. Initial potential was 0.52V 
stepped to 0.36V. 

tion for the smallest applied potential  step. The higher 
potential  step functions apparent ly  were introducing 
added complications, perhaps from the formation of 
a higher surface oxidation state and from the com- 
peting oxygen evolution reaction. It  was decided, 
therefore, that the data at the lower potentials were 
more representat ive of the conditions used to derive 
Eq. [3], and these were used in the calculations. 

The low currents  observed on reduction suggested 
that  a two step process occurs on reduction. Ini t ia l ly  
a rapid reduction was thought  to occur and then a 
slower diffusion l imited process. Examinat ion  of Eq. 
[3] reveals that  the second te rm of the expansion has 
a coefficient in the exponent ial  that  is n ine  times 
larger than the coefficient in  the first term. That is, 
the l ine represent ing the second te rm (line 2 in Fig. 5) 
should have a slope n ine  times greater than  the line 
represent ing the first te rm (line 1). It was found that  
in all cases the slope of l ine 2 was in the range 8-10 
times the slope of l ine 1 suggesting that  there  is no 
change in the diffusion process. Unless the ini t ial  re- 
duction were very rapid it would probably be de- 
tected by this procedure. A more l ikely explanat ion 
for the failure of all the mater ia l  to reduce in the 
t ime of the exper iment  now appears to be the forma- 
t ion of a poorly conducting layer  as suggested in  a 
previous paper (1). The currents  on reduct ion were 
independent  of the size of the potential  step. 

The diffusion lengths and diffusion coefficients found 
from the various exper iments  are included in Tables 
I and II. It was found that the diffusion length was 
consistently about 0.55 x 10 -4 cm dur ing oxidation 
and 0.15 x 10 -4 cm dur ing  reduction. These values 
may  be compared to the calculated (Eq. [5]) film 
thickness of 1.0 x 10 -4 cm. This value is calculated 
assuming uni form planar  dis t r ibut ion of the active 
material .  This is not l ikely to be the case and surface 

Table I. Values obtained during oxidation 

I n t e r -  D D* 
T e m p ,  cep t ,  S lope ,  h,  cm ~ see  -I  

S t r u c t u r e  ~ A • I0-~ sec--Z e m  • 10- t  • 10 -9 

a 25 28 0.268 0.56 0.36 0.33 
40 38 0.364 0.56 0.45 0.45 
55 55 0.495 0.72 0.85 0.50 
25 27.5 0.256 0.57 0.34 0.31 
40 30 0.326 0.49 0.32 0.40 
55 38.5 0.362 0.56 0.46 0.44 

]~ ( lost  c a p a c -  70 17 0.176 0.51 0.19 0.22 
i ty)  

fl ( L i O H  e l e c -  25 27.5  0.335 0.44 0,26 0.41 
t r o l y t e )  

Avg .  0.55 

* C a l c u l a t e d  w i t h  h = 0.55 • 10-  ~ cm. 
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Table II. Values obtained during reduction 

I n t e r -  D D* 
T e m p ,  e e p t ,  S lope ,  h, em= sec -1 

S t r u c t u r e  ~ A x 10 -~ sec -1 e m  x 10-~ x 10 -~~ 

(x 25  1.40 0.058 0.13 0.039 0.71 
25 1.20 0.038 0.17 0 .043 0.46 

fl 40 1 .17  0.041 0.15 0.038 0.50 
55 1.26 0 .048 0 .14  0.038 0.59 
70 1.14 0.056 0.11 0.027 0.69 

/~ ( L i O H  e l e c -  25 0 .85  0 . 0 5 0  0 . 0 9 0  0 .017  0 . 6 1  
t ro lyte)  

* C a l c u l a t e d  w i t h  h = 0.55 x 10 -4 cm.  

i rregulari t ies would be expected to result  in  shorter 
diffusion paths. A diffusion path of about one half the 
estimated film thickness, as found dur ing  oxidation, 
is reasonable. The smaller  diffusion length found dur -  
ing reduct ion comes from the small  reduct ion currents  
and is probably  in  error  since it appears unreasonable  
that  the diffusion length should change on going from 
oxidation to reduction. For this reason it appears pref-  
erable to use the diffusion length found on oxidation 
in the reduction calculations. The last column in Table 
I and II lists the diffusion coefficients found using the 
average diffusion length of 0.55 x 10-4 cm. At room 
tempera ture  the coefficient on oxidation is about one 
seventh of the value found previously (1). This is 
satisfactory agreement  since the earlier value was 
considered to be only an order of magni tude  estimate. 

Oxidation currents  for an ~ nickel  hydroxide elec- 
trode at three potentials are shown in Fig. 6. The de- 
pendence on the height of the potent ial  step was 
similar to that  for /~ nickel  hydroxide, but  more pro- 
nounced. As before, the reduction current  was not 
dependent  on the size of the potential  step. The diffu- 
sion coefficient found for the a nickel  hydroxide was 
not greatly different from that  found for the ~ struc- 
ture suggesting that  the proton diffusion process is 
not  dependent  on the amount  of water  of consti tut ion 
in the structures. 

The diffusion coefficient found for the electrodes 
cycled in LiOH electrolyte also was not  appreciably 
different from the other vaIues. This exper iment  was 
done because of Tuomi's  (5) description of a l i th ium 
nickelate phase that  forms on cycling in the l i thium 
electrolyte. 

The temperature  dependence of the diffusion coeffi- 
cient for /~ nickel hydroxide is plotted in Fig. 7. These 
values were obtained on a single electrode because 
the tempera ture  var iat ion was so small  that it did not 
greatly exceed random var ia t ion among the electrodes. 4 

T h i s  a p p e a r e d  to  be a r e s u l t  of  c h a n g e s  in  the  s t r u c t u r e  of  t h e  
e l e c t r o d e s  as t h e y  a g e d  a t  t h e  d i f f e r e n t  t e m p e r a t u r e s .  T h e  c o n v e r -  
s ion f r o m  a to ~ Ni(OH).o w a s  so r a p i d  in  f a c t  a t  t h e  h i g h e r  t e m -  
p e r a t u r e s  t h a t  i t  w a s  i m p o s s i b l e  to t a k e  m e a s u r e m e n t s  on  c~ Ni(OH)._,. 
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Fig. 6. Oxidation currents for a nickel hydroxide at 40~ Initial 
potential 0.25V stepped to 0.50 (curve 1) to 0.48 (curve 2) to 
0.46V (curve 3). 
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Fig. 7. Temperature dependence of the oxidation and reduction 
diffusion coefficients. 

Electrodes were aged at 40~ by cycling them sev- 
eral times and then potentiostat ing them at 0 volt vs. 
Hg/HgO for about 24 hr. The first measurement  fol= 
lowing this procedure invar iab ly  showed a diffusion 
coefficient much lower than  normal.  This possibly is 
the result  of excessive dehydrat ion of the electrode 
dur ing  the forced discharge. The second and subse- 
quent  measurements  however were reproducible and 
consistent. Measurements  were taken on the same 
electrode in the order 40 ~ 25 ~ 55 ~ and 70~ with a 
2-hr stand at each tempera ture  for equilibration. This 
t ime period apparent ly  was short enough that  fur ther  
s t ructural  changes did not take place since the mea-  
surements  gave consistent results. 

A least squares fit was used to draw the lines in 
Fig. 7. From the slope of the lines and using the 
expression 

- -  .2H 
D = Do exp 

RT 

the enthalpy of diffusion (AH) for the protons diffus- 
ing in oxidized material (charging process) was 2.2 
kcal deg -1 mole -I and for protons diffusing in re- 
duced material (discharging process) was 2.3 kcal 
deg -1 mole -I. The respective values for Do were 
found to be 1.3 x I0 -s and 1.9 x 10 -9 cm 2 sec -1. The 
small temperature dependence of the diffusion coeffi- 
cient clearly demonstrates that the protons move 
through the lattice by a simple diffusion process rather 
than by a jumping from one oxygen atom to the next. 

Feitknecht (3) and coauthors measured the diffusion 
coefficient of protons in the Ni (OH).2 lattice by a radio- 
tracer technique. They found that, at temperatures  
above 100~ the enthalpy of diffusion was about 23 
kcal deg -1 mole -1 and Do was about 2 x 10 -~ cm 2 
sec -1 although the lat ter  value could be wrong by  
several orders of magni tude  since the data showed 
considerable scatter. These values were obtained by 
measur ing the rate of exchange of hydrogen with 
water  vapor. When they tr ied to measure the rate of 
exchange with water  at lower temperatures,  they 
found no tempera ture  dependence. (It  may  be that  
the discrepancy in the results arises from a change in 
mechanism which generates the proton defects.) These 
authors clearly were measur ing  ~Hf which is the sum 
of the entha lpy  of formation of a proton defect and 
the entha lpy  of diffusion of the proton. In  the present  
experiments  only  the enthalpy of diffusion was mea-  
sured since the electrode reaction generated the proton 
defects. 
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Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1970 
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An Ellipsometric Study of Surface Films on Copper 
Electrodes Undergoing Electropolishing 

M. Novak, 1 A. K. N. Reddy, ~ and H. Wroblowa 3 

Electrochemistry Laboratory, University o~ Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

Simultaneous cur ren t -poten t ia l  and in situ steady-state  ellipsometric mea-  
surements  were carried out in order to study the electropolishing of vertical  
copper electrodes in a 65% aqueous solution of phosphoric acid. A technique 
was developed for displacing the visible, viscous film with glycerol and ex-  
amining whether  a second film was sandwiched be tween the copper surface 
and the viscous film. By using this technique, it was demonstrated that  the 
electropolishing process involves the formation of two films on the electrode: 
(i) an adherent  sandwiched solid film at least 40A in thickness, and (ii) a dis- 
placeable viscous layer of highly concentrated electrolyte about 2000-3500A 
thick. The solid film was either completely or part ial ly destroyed when the 
electrode undergoing polishing was removed from the electrolyte, washed, 
and dried. 

Theories concerning the mechanism of electropolish- 
ing of metals [cf. Hoar (1) and Jacquet  (2) for re- 
views] have invoked the presence of either one or 
two layers in  the immediate  vicini ty of the electrode. 
In the case of metals forming colored ions, a viscous 
liquid layer can be detected visually. This viscous l iq- 
uid layer has been considered to be in contact with 
film-free metal  (3-6), with metal  covered with an ad- 
sorbed layer of oxygen or anions (7-9), or with metal  
covered with oxide or salt layers varying in thickness 
from about one monolayer  to several tens of angstroms 
(10-21), according to the references quoted. This con- 
troversial  si tuation has arisen most probably because 
the part icular  in situ methods used hitherto ( imped-  
ance measurements ,  coulometry, cur rent -potent ia l  
curves) are not capable of yielding direct evidence 
about the thickness and na ture  of the film or films 
present. Direct methods such as electron diffraction 
suffer from a distinct disadvantage because they neces- 
sitate removal  of the electrode from solution, followed 
by washing and drying. 

What is required, therefore, is a technique which 
permits  direct and in situ examinat ion of the surface 
of an electrode undergoing electropolishing. Since the 
technique of el l ipsometry is such a direct and in situ 
technique, it was used to study the electropolishing of 
copper. 

Experimental 
Procedure.--The copper electrode was mounted  in a 

Teflon block, polished mechanically,  rinsed with dis- 
tilled and conductivi ty water, and placed vert ical ly in 
the 65% phosphoric acid saturated with Cu + + ions. It 
was then potentiostated at the desired potential,  unt i l  
s teady-state values were obtained for current  (i) rela-  
tive phase re tardat ion (• and relat ive ampli tude re-  
duction (r The same steady-state  values of the above 
parameters  were obtained when the electrode was 

* Present  address: C h e m i s t r y  D iv i s ion ,  A c a d e m y  of Sciences,  
Budapes t ,  H u n g a r y .  

2 P r e s e n t  address :  D e p a r t m e n t  of I n o r g a n i c  and  Phys i ca l  C h e m -  
is t ry ,  I n d i a n  I n s t i t u t e  of Science,  Banga lore -12 ,  Ind ia .  

Present  address: Institute for D i r e c t  E n e r g y  Conve r s ion ,  U n i -  
v e r s i t y  of Pennsylvania,  Philadelphia,  P e n n s y l v a n i a  19104. 

first potentiostated in the etching region of potentials 
to ensure a film-free metal  surface, and then brought  
to the desired potential. The lat ter  procedure, however, 
requires much longer periods of time, because the 
surface becomes rougher dur ing dissolution and time 
is needed to smooth it in the region of potentials cor- 
responding to polishing. 

The presence of the viscous liquid film introduces an 
exper imental  difficulty which comes in the way of es- 
tabl ishing the existence of a second film sandwiched 
between the metal  and the liquid layer  and of de- 
termining the na ture  and thickness of this sandwiched 
film. Thus, it is not clear whether  the _~ and r values 
recorded from an in situ examinat ion of the electrode 
are contr ibuted to by one or two films. Under  these 
circumstances, the following exper imental  procedure 
was adopted: (i) after the a t ta inment  of steady-state 
polishing conditions and the recording of the i, -~, and 
values, the electrolyte was displaced by an organic 
liquid of surface tension lower than that  of the elec- 
trolyte; (ii) during this replacement  of the electrolyte, 
the electrode was held potentiostated at the same po- 
tent ia l  as in the presence of the electrolyte. The fol- 
lowing were the results of this procedure: first, the 
viscous liquid film present  dur ing electropolishing was 
removed; second, the iner t  organic liquid effectively 
stopped the anodic current  without cessation of poten-  
tial control; third, at no stage does the electrode be-  
come exposed to the atmosphere. Consequently,  it may 
be assumed that  after replacement  of the electrolyte 
with the organic liquid, the viscous liquid film has 
been removed without destroying or al ter ing any un-  
derlying film which may be present. In this "frozen" 
condition, the electrode was subject to ellipsometric 
measurements.  4 

The organic liquid usual ly used was glycerol. At sev- 
eral  potential  values the whole exper iment  was re-  

4 Since  the  e x p e r i m e n t a l  p r o c e d u r e s  adop t ed  he re  p e r m i t  e l l i p -  
some t r i e  m e a s u r e m e n t s  to  be m a d e  in  the  p resence  and  absence  of  
t he  v i scous  layer ,  i t  is no t  necessa ry  to m a k e  an a prior i  a s s u m p -  
t ion  t h a t  the  v i s cous  l aye r  is l i q u i d  in  na tu r e .  E v e n  if  i t  w e r e  
a f i lm of  loose p r ec ip i t a t e ,  the present  exper imenta l  approach would  
s t i l l  be  va l id .  
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p e a t e d  u s i n g  two  n e w  e l ec t rodes  w i t h  two  o t h e r  o r -  
gan i c  m a t e r i a l s :  g lyco l  a n d  e t h y l - o c t a n o l .  W i t h i n  t he  
e x p e r i m e n t a l  e r ro r ,  t h e  r e s u l t s  o b t a i n e d  w e r e  i d e n t i -  
cal  w i t h  t h o s e  in  g lycero l .  I t  fol lows,  t h e r e f o r e ,  t h a t  
t h e  s a m e  l a y e r  (be  i t  t h e  a s s u m e d  v i scous  l i qu id  l aye r ,  
or  a p r e c i p i t a t e d  loose f i lm)  w as  r e m o v e d  b y  t h e  d i s -  
p l ac ing  a c t i o n  of t h e  o r gan i c  fluids. 

A n e w  e l e c t r o d e - e l e c t r o l y t e  s y s t e m  w a s  u sed  for  
e ach  p o t e n t i a l  a t  w h i c h  m e a s u r e m e n t s  w e r e  c a r r i e d  
out .  

MateriaIs . - -Polycrystal l ine b l o c k s  of Cu  cu t  ou t  of 
99.9% p u r e  Cu;  85% B a k e r  p h o s p h o r i c  ac id  A.R.;  
B a k e r ' s  S p e c t r o s c o p i c a l l y  p u r e  g lyce ro l ;  B a k e r  A. R. 
g lycol ;  A i r c o  FD e t h y l - o c t a n o l ;  B a k e r  A. R. c o p p e r  
ox ide ;  c o n d u c t i v i t y  w a t e r  w e r e  u sed  in  e x p e r i m e n t s .  

Apparatus.--1.  E l l i p s o m e t e r :  D. C. R u d o l f  & Sons,  
Inc.,  M o d e l  437-200E w a s  u sed  w i t h  t h e  a d j u s t a b l e  
p o l a r i z e r  a n d  a n a l y z e r  pos i t i ons  a n d  a f ixed q u a r t e r -  
w a v e  p l a t e  se t  b e t w e e n  t h e  p o l a r i z e r  a n d  m e t a l  s u r -  
face  a t  - -45  ~ to t h e  p l a n e  of i nc idence .  T h e  s o u r c e  of 
l i g h t  was  a z i r c o n i u m  arc,  f o l l o w e d  b y  a m e r c u r y  g r e e n  
f i l te r  (L ~ 5461A).  S u i t a b l e  c o r r e c t i o n s  w e r e  m a d e  
for  n o n n o r m a l  i n c i d e n c e  of l ight .  A c c u r a c y  of m e a -  
s u r e m e n t s  was  0.05 ~ . R e p r o d u c i b i l i t y  of r e s u l t s  in  t h e  
p o l i s h i n g  r e g i o n  w a s  _ 0 . 1  ~ 

2. E l e c t r o m e t e r :  K e i t h l e y ,  610A. 
3. P o t e n t i o s t a t :  W e n k i n g ,  1A o u t p u t  c u r r e n t .  
4. T h e  ce i l  (5 x 5 x 2.5 era)  w a s  m a d e  of  s y n t h e t i c  

f u s e d  q u a r t z  w i t h  o p t i c a l l y  f lat  a n d  h o m o g e n e o u s  
wal l s .  E l e c t r o d e s  u sed  w e r e  a s a t u r a t e d  c a l o m e l  r e f e r -  
e n c e  e l e c t r o d e  a n d  a b r i g h t  P t  s h e e t  as a c o u n t e r e l e c -  
t r a d e .  

Results 
T h e  p o t e n t i a l - d e p e n d e n c e  of t h e  s t e a d y - s t a t e  c u r r e n t  

d e n s i t y  i, of A ~ - -  A, 5 a n d  of  ~ --  ~~ v a l u e s  is s h o w n  i n  
Fig. la .  ( t o p ) ,  b ( c e n t e r ) ,  c ( b o t t o m ) ,  r e s p e c t i v e l y .  
C u r v e s  b a n d  d c o r r e s p o n d  to r e s u l t s  o b t a i n e d  in  
p h o s p h o r i c  acid,  c u r v e s  c a n d  e to r e s u l t s  o b t a i n e d  
a f t e r  r e p l a c e m e n t  of t h e  e l e c t r o l y t e  w i t h  g lycero l .  T h e  
a n g l e s  of i nc idence ,  4t, w e r e  69.34 ~ a n d  70.04 ~ in  p h o s -  
p h o r i c  ac id  a n d  g lycero l ,  r e s p e c t i v e l y .  

A ~ and ~b* refer to the values for reflection from a film-free 
metal surface in the particular medium under discussion. 

Analysis of Results and Discussion 
Qualitative description of the  electrode surface at 

rarious potent ials . - - In  t h e  p o t e n t i a l  r e g i o n  u p  to 540 
m V  (vs. N H E ) ,  t h e r e  is d i s s o l u t i o n  of  t h e  c o p p e r  e l ec -  
t r o d e  (cf. t h e  a n o d i c  c u r r e n t  of  Fig.  l a )  w i t h o u t  a n y  
c h a n g e  i n  • a n d  ~ (cf. Fig.  l b  a n d  l c ) .  S i n c e  A a n d  
r e m a i n  a t  t h e  v a l u e s  A ~ a n d  r c h a r a c t e r i s t i c  of  a 
f i l m - f r e e  c o p p e r  su r f ace ,  i t  m u s t  b e  c o n c l u d e d  t h a t  
t h e r e  is no  f i lm f o r m a t i o n  in  t h i s  d o m a i n  of  t h e  c u r -  
r e n t - p o t e n t i a l  c u r v e  w h i c h  is k n o w n  to  b e  a s soc i a t ed  
w i t h  v i s i b l e  e t c h i n g  a n d  n o t  w i t h  e I e c t r o p o l i s h i n g .  I t  
is of s ign i f i cance  to t h e  t e c h n i q u e  of e l l i p s o m e t r y  t h a t  
t h e  c h a n g e s  in  A a n d  r w h i c h  m a y  r e s u l t  f r o m  r o u g h -  
c n i n g  of t h e  s u r f a c e  d u r i n g  e t c h i n g  a r e  less  t h a n  t h e  
m e a s u r e m e n t  a c c u r a c y  of  0.05 ~ . 

I n  t h e  r a n g e  of p o t e n t i a l s  b e t w e e n  540 a n d  590 mV,  
fou r  o b s e r v a t i o n s  s h o u l d  b e  s t r e s s e d :  ( i )  t h e r e  is a n  
a r r e s t  in  t h e  c u r r e n t - p o t e n t i a l  c u r v e  (Fig.  l a ) ;  (ii) 
t h e r e  is a v i s i b l e  b r i g h t e n i n g  of  t h e  s u r f a c e  of t h e  
c o p p e r  e l e c t r o d e ;  (iii) t h e r e  is a n  a b r u p t  c h a n g e  in  
t h e  op t i ca l  p a r a m e t e r s  (Fig.  l b  a n d  l c ) ,  p a r t i c u l a r l y  
in  A w h i c h  d e c r e a s e s  b y  a b o u t  30 ~ in  t h e  p h o s p h o r i c  
ac id  e l e c t r o l y t e ;  a n d  ( iv)  t h e  c h a n g e  in  • d e c r e a s e s  
b y  a b o u t  17 ~ to a b o u t  13 ~ a f t e r  r e p l a c i n g  t h e  e l e c t r o -  
l y t e  w i t h  g lyce ro l .  O b s e r v a t i o n s  ( i )  a n d  (ii) a r e  c u s -  
t o m a r i l y  a s s o c i a t e d  w i t h  t h e  o n s e t  of  t h e  e l e c t r o p o l i s h -  
ing  p rocess ;  o b s e r v a t i o n  (iii) m u s t  b e  i n t e r p r e t e d  in  
t e r m s  of  t h e  f o r m a t i o n  of one  or  t w o  f i lms n e c e s s a r y  
for  e l e c t r o p o l i s h i n g ,  a n d  o b s e r v a t i o n  ( iv)  i n d i c a t e s  
t h a t  e v e n  a f t e r  r e m o v a l  of s o m e  loose, n o n a d h e r e n t  
l a y e r  ( e i t h e r  a v i scous  l i q u i d  l a y e r  or  a loose  p r e c i p i -  
t a t e ) ,  t h e  e l e c t r o d e  is c o v e r e d  w i t h  a n  a d h e r e n t  film. 
Thus ,  e v e n  w i t h o u t  a q u a n t i t a t i v e  a n a l y s i s  of  t h e  
e l l i p s o m e t r i c  da ta ,  t h e  p r e s e n t  e x p e r i m e n t s  h a v e  es -  
t a b l i s h e d  t h a t  t h e  e l e c t r o p o l i s h i n g  p roces s  is a s soc ia t ed  
w i t h  t h e  f o r m a t i o n  of t w o  films, a loose, d i s p l a c e a b l e  
f i lm a n d  a s e c o n d  f i lm a d h e r i n g  to  t h e  e l ec t rode .  

T h e  v a r i a t i o n  of • a n d  ~ b e t w e e n  a b o u t  540 a n d  
840 m V  ( c u r v e s  c a n d  e) s h o w s  t h a t  t h e  p r o p e r t i e s  of 
t h e  a d h e r e n t  s a n d w i c h e d  f i lm u n d e r g o  c h a n g e s .  T h e s e  
p r o p e r t i e s ,  h o w e v e r ,  r e m a i n  c o n s t a n t  f r o m  840 to  a b o u t  
1300 mV,  as i n d i c a t e d  b y  t h e  c o n s t a n c y  of • a n d  r 

Quanti tat ive characterization of  f i lms on copper elec- 
trodes undergoing e lec tropot ishing. - -Adherent  film on 
the e lec trode. - -The e x p e r i m e n t a l  v a l u e s  of • a n d  r o b -  
t a i n e d  for  e a c h  p o t e n t i a l  w e r e  c o m p a r e d  w i t h  t h e  sets  
of A a n d  r v a l u e s  c a l c u l a t e d  b y  t h e  I B M  7040 c o m -  
p u t e r  p r o g r a m m e d  w i t h  t h e  e x a c t  e q u a t i o n  for  re f lec-  
t i o n  f r o m  t h e  f i lm c o v e r e d  s u r f a c e  

t a n  r e ~ = RP/RS [1] 
w h e r e  

rl2 v -I- r23 v e -  Rt 
R v 

1 -~ rt2 v r23 v e -i~ 

w h e r e  v = p ( p a r a l l e l )  or  s ( v e r t i c a l )  c o m p o n e n t  of  
t h e  p o l a r i z e d  l ight ,  r ' s  a re  F r e s n e l ' s  r e f l ec t ion  coeffi-  
c i en t s ;  s u b s c r i p t s  1, 2, 3 c o r r e s p o n d  to t h e  b u l k  l i q u i d  
m e d i u m ,  f i lm a n d  m e t a l ,  r e s p e c t i v e l y ;  5 - - - -4~n2cos  

42 L / k  

n2 ~ (he J- ix) = c o m p l e x  r e f r a c t i v e  i n d e x  of  
f i lm 

ne = r e a l  p a r t  of  t h e  r e f r a c t i v e  i n d e x  of  t h e  
f i lm 

= a b s o r p t i o n  coeff ic ient  

r ~ a n g l e  of r e f r a c t i o n  in  t h e  f i lm 
L ~ f i lm t h i c k n e s s  
~, ~ w a v e l e n g t h  in vacuo of t h e  i n c i d e n t  l i g h t  

(5461A) .  

T h e  v a l u e  of r was  e x p r e s s e d  as a f u n c t i o n  of  ~2 b y  
m e a n s  of S n e l l ' s  l a w  i n c l u d e d  in  t h e  c o m p u t e r  p r o g r a m  

s in  ~2 : n t / n 2 ) s i n  41 

" No experimental points are shown in the figure for the latter 
potential range, since all the measurements carried out in this 
range (in about ~50 mV intervals) practically coincided with each 
other and are denoted on nomograms and in Table I by No. 8. 
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where  nl ~ ref rac t ive  index of glycerol  ---- 1.466; ~1 --- 
angle of incidence = 70.04 ~ 

Since the two measurable  quantit ies,  h and 4, are 
related to three  unknown properties,  L, n2, and ~, of 
the film by two equations only, an infinite number  of 
solutions are possible. Nevertheless,  by adopting the 
procedure described below, the lower l imit  of film 
thickness at each potent ial  was obtained wi thout  any 
assumptions and solely f rom the el l ipsometric data. 

Nomograms of n and , were  plot ted on the a -  r 
plane for various constant values of film thickness L. 
An example  of a nomogram for a film thickness of 
55A is given in Fig. 2. In these nomograms,  the "iso-~" 
lines run f rom top to bot tom and are bounded by the 

---- 0 line at the ex t reme  right. Since negat ive values 
of K are physical ly meaningless,  this 55A nomogram 
must be considered inapplicable to exper imenta l  
• -- p points fal l ing outside (i.e., to the  r ight  of) the 
boundary defined by the ~ = 0 line. To i l lustrate this 
argument ,  points 5, 6, and 8 have  been inserted in 
Fig. 2 to show that  they  cannot correspond to ~ ~ 0 
values, and that, therefore,  they cannot be in terpre ted  
with the 55A nomogram. For tunate ly ,  such points 
(e.g., 5, 6, and 8 of Fig. 2) can be made to fall  wi thin  
the ~ ~ 0 domain by t ry ing nomograms for other  film 
thickness. This is because the K = 0 lines shift with 
increasing thickness toward  the right, i.e., toward 
higher  p values (Fig. 3). Thus, exper imenta l  points 
lying to the r ight  of the K ~- 0 l ine in a nomogram for 
a par t icular  thickness, L, must correspond to a film of 
a thickness L ' >  L. By applying nomograms for var i -  
ous thicknesses to the exper imenta l  ~ -  ~ points ob- 
tained at various potentials,  the lower  limits of the 
thickness of the adherent  sandwiched film were  deter -  
mined as a function of the re la t ive  potential  of the 
electrode undergoing electropolishing (cf. Fig. 4). 

It  is of significance to the mechanism of e lectro-  
polishing that, at a potent ial  of only 40 mV more posi- 
t ive than  540 mV (which marks  the l imit  of the etch- 
ing region) ,  the film formed on the surface of the 
electrode undergoing electropolishing has a thickness 
of not less than 40A. This film which is sandwiched 
between the electrode and the viscous film persists on 
the electrode up to the potent ial  of 1300 mV at which 
potent ial  it has a thickness of not  less than 55A. Thus 
it must consist of a mul t i layer  solid phase. 

A 

384 38.5 40.0 40.5 41.0 

Fig. 2. Nomogram of n and ~ for thickness of 55.~ 
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IIC 

105 

A 

100 

95 

40.5 41.0 41,5 

Fig. 3. Nomogrom of ~ = 0 lines for varying thicknesses of the 
film. 

To advance from a determinat ion  of the lower limit 
of thickness of the sandwiched film to a character iza-  
tion of its thickness and propert ies  (i.e., to a de ter -  
minat ion of the values of L, n2, and K), certain assump- 
tions and addit ional  arguments  must be invoked. 

The compounds consti tut ing the solid film are most 
probably oxides or phosphates of copper. The refrac-  
t ive indices of copper oxides and phosphates are 
2.7-2.8 (22) and 1.8 to 1.9, 7 respectively.  These values 
are for bulk compounds, but  one would not expect  the 
values for a film to be lower. Hence, the refract ive 
index of the sandwiched film can be argued to be not 
less than 1.8. It  was found, however ,  that  nomograms 
for thickness grea ter  than 120A force the exper imenta l  
•  ~ points to correspond to films with  a refract ive  
index less than 1.8. In this way, it can be taken that  
the upper  l imit  of the thickness of the sandwiched 
film is 120A. 

By restr ict ing the thickness of the sandwiched film 
to a lower l imit  of 40A and an upper l imit  of 120A, the 
exper imenta l  •  p results were  fur ther  analyzed in 
the fol lowing way. Using the nomogram for a par -  
t icular  thickness, the n~ and ~ values corresponding to 
a par t icular  •  ~ point (obtained at a par t icular  
potential)  were  noted down. (It is obvious, for ex-  
ample, that the ~ -- p point 2 in Fig. 2 corresponds to 
n2 ---~ 2.6 and ~ ~ 0.04 in the 55A nomogram.)  For  this 
same A -  ~ point, the procedure was repeated with  
nomograms for different thicknesses. When a similar  
approach was adopted for all the exper imenta l  • -- r 
points, Table I was constructed. F rom this table, it is 
seen that  a par t icular  ~ -  r point  corresponds to n2 
and ~ values which are  constrained to lie wi thin  cer-  
tain limits. F rom these l imits and the var ia t ion of the 
limits wi th  potential,  the fol lowing conclusions can be 
drawn. 

1. In the potential  range 0.580-0.840V, the absorption 
coefficient ~ of the sandwiched film would have to 
change with  potential  if the ref rac t ive  index is as- 
sumed constant and the film refract ive  index would 
have  to va ry  wi th  potential ,  if ~ is assumed constant. 
Hence, e i ther  the ref rac t ive  index or the absorption 
coefficient or both of them change with  increasing 
anodic potent ial  in the range just  mentioned. That  is, 
be tween  0.580 and 0.840V, the sandwiched film under -  
goes s t ructural  changes. 

Calculated f r o m  the I. ,orentz-Lorenz equation for Cu(HsPOD=. 



736 J. Electrochem. 8oc.: E L E C T R O C H E M I C A L  S C I E N C E  J u n e  1970 

Table I. Refractive indices and absorption coefficients as a function of thickness and potential 

No. 2 3 4 5 6 7 8 
V (raV) 0.580 0 .590 0.610 0 .640 0.685 0.785 0 .840-1 .300  

L,  .~k n2 K n2 g n2 K 122 K n2 K n2 K n2 K 

40 3.1 0.00 . . . . . . . . . . . .  
45 2.9 0.02 - -  . . . . . . . . . . .  
50 2.7 0.04 3.2 0.00 
55 2.6 0 .04 3.0 0.04 3.5 0.02 3.3 0.~ 3-~ O'~O 2.6 0.00 2.4 0.~0 
60 2 .4  0.06 2.8 0 .05  3.2 0.04 3.2 0.01 2 .9  0.01 2.5 0.01 2.3 0.00 
70 2.2 0.05 2.5 0.06 2.8 0.07 2.8 0.04 2.6 0.04 2.3 0.02 2.1 0.01 
80 2.1 0.05 2.3 0.06 2.6 0.08 2.6 0.06 2.3 0.04 2.1 0.02 2.0' 0.02 
90 2 .0  0.04 2.2 0.05 2.4 0.08 2.4 0.06 2.2 0.04 2.0 0.02 1.9 0.01 

100 1.9 0.04 2.1 0.05 2.3 0.08 2.3 0.06 2.1 0 .04 2.0 0.02 1.9 0.01 
120 1.8 0.03 1.9 0.04 2.1 0.06 2.1 0.05 2.0 0 .04 1.9 0.02 1.8 0.01 

2. The absorption coefficient of the final film (0.840- 
1.300V) has a ve ry  low value  be tween zero and 0.02. 
The K values at the potent ial  0.785V are also l imited 
to this range. 

3. The final film has a ref rac t ive  index l imited to the 
1.8-2.4 range, indicat ing that  it consists of copper 
phosphate or of a "mix tu re"  of the lat ter  and cuprous 
oxide (ncufo = 2.7-2.8 (22), nCu(H2PO4)2 = 1.8-1.9).s 

4. Winterbot tom (23) quotes the value  of ~cufo as 
0.0086, obtained by measur ing  the at tenuat ion of light 
(5451A) by thin cuprous oxide disks. Thus, if the sand- 

wiched solid film consists of phosphates wi th  ref rac-  
t ive index 1.8-1.9, its adsorption coefficient would be 
(cI. Table I) 0.01; and if it consists of cuprous oxide, 
its absorption coefficient would be 0.0086. Any  mix tu re  
of the phosphate and oxide would most probably have 
an absorption coefficient of the  same magnitude,  Le., 
K = 0.01. 

It can be assumed, therefore,  that  K ~ 0.01 and that  
h igher  values of ~ can be rejected. This conclusion is 
supported by the electrochemical  evidence contained 
in the cur ren t -poten t ia l  curve (Fig. 1). Whereas  the 
cur ren t -poten t ia l  curve  for electropolishing resembles 
that  genera l ly  observed for anodic passivation in the 
init ial  rise of current  wi th  increasing anodic potential  
fol lowed by a fal l  to a p la teau in which the current  
is v i r tua l ly  independent  of current,  the plateau cur-  
rent  for electropolishing ( ~  m A / c m  -2) is orders of 
magni tude  grea te r  than the plateau current  ( ~  ~A/  
cm -2) for passivation. In both cases, the potent ial  is 
not sufficiently anodic for significant oxygen evolution 
to occur; hence the cur ren t  must  be uti l ized by some 
other  process. If the solid film is an electronic con- 
ductor, as implied by Bockris et al. (24), then ionic 
t ransport  th rough this film becomes prohibi t ively  dif-  
ficult, i.e., the meta l  dissolution current  becomes neg-  
ligible. The large dissolution currents  passing during 
electropolishing may, therefore,  be taken to mean that  
the sandwiched solid film is not an electronic con- 
ductor, but  an ionic conductor,  in which case it would 
have an absorption coefficient ve ry  close to zero unless 
it is absorbing the 5461A light used in the ell ipsometer.  

Since, in the l ight of these arguments,  the absorption 
coefficient can be assigned a value  --~ 0.01, the thick-  
ness and refract ive  index of the solid film on the elec- 
t rode surface can be assigned values as shown in 
Fig. 4. This is the best possible solution to the el l ip-  
sometric problem of recover ing  unique  values of the 
thickness, ref ract ive  index, and absorption coefficient 
f rom the measurement  of z~ and ~ in the absence of 
independent  and direct knowledge of one of the three  
unknowns. It  must  be stressed, however ,  that  no un-  
cer ta inty  exists wi th  regard to the lower l imit  of th ick-  
ness of the solid film which  has been established to 
be 40-55A. 

Mention must  be made at this stage of the fact that  
sensitive non- in  situ methods, e.g., electron diffraction, 
do not revea l  the presence of this thick (40-55A) film 
of copper phosphate /oxide  on the electrode. To re-  
solve this contradiction, the fol lowing exper iment  was 
performed.  A copper e lectrode was immersed  in the 
65% phosphoric electrolyte  and potent iostated at a 
potent ial  of 1V unti l  the polishing current  assumed a 

s Cf .  f o o t n o t e  7.  

steady value. Instead of displacing the electrolyte  with 
glycerol  and reveal ing  a solid film of 60-k on the elec- 
trode, the lat ter  was r emoved  from the electrolyte,  
washed, dried, and then subjected to el l ipsometric 
measurements  in air. The thickness of the film did not 
exceed 20A. This indicates that  the 60A solid film on 
the electrode does not survive  the t rea tment  of re-  
moval  f rom the electrolyte,  washing, and drying: it 
is ei ther completely  destroyed wi th  the < 20A film 
being the result  of atmospheric  oxidat ion of a bared 
copper surface or it is par t ia l ly  dissolved wi th  the 

20A film being a residue of the thick electropolish- 
ing film. It is understandable,  therefore,  that  electron 
diffraction examinat ion  of a copper electrode removed 
from the polishing solution, washed wi th  wate r  and 
then with isopropyl alcohol, and dried, reveals  the 
existence of a ve ry  thin ( <  ~, 10A) film of copper 
oxide. Thus, non- in  situ methods used wi thout  special 
precautions designed to preserve  the solid film on the 
electrode cannot lead to an elucidat ion of the electro-  
polishing process. 

Displaceable, nonadherent film.--An at tempt  to assess 
the propert ies  of the viscous layer,  displaceable by 
organic material ,  was made using a double film com- 
puter  program (25) and an IBM 7090 computer.  For 
both the first film on the copper surface and the second 
film, the value of K was assumed to be zero. 

The solutions for the exper imenta l  • -- r values ob- 
ta ined in phosphoric acid fell  into two distinct types. 
The first type of solution corresponds to a thin (0-10A) 
in ternal  film on the copper surface and an external  
film of about 60A thickness and ref rac t ive  index ~3,  
inconsistent wi th  the 40-55A lower limit of thickness 
previously established. In contrast, the second type of 
solution indicated an in ternal  sandwiched film of about 
40-70A thick with  a ref rac t ive  index within  the >2.4- 
3.6 range; this is v i r tua l ly  the same range  of thickness 
as that  established for the solid film observed on the 
electrode surface af ter  displacing the externa l  film. 

N2 O 
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t~ 
O 

40 

2O 

0 , I , I , I 
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Fig. 4. Refractive index (n2) and thickness (,~) of the adherent 
film as a function of potential, assuming the lowest limit of the 
film's thickness. 
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The range of n2 includes the values  corresponding to 
the  la t te r  film. The double-f i lm compute r  p rog ra m as-  
sumes tha t  the films are  sharp ly  defined; in o ther  
words, it  assumes that,  at  the  ex te rna l  f i lm-e lec t ro ly te  
interface,  there  is a discontinuous change in the  re-  
f ract ive  index.  I t  is reasonable,  however ,  to expect  
that ,  ins tead of a sharp  interface,  the re  is in fact  an 
in te rphas ia l  region in which the ref rac t ive  index 
changes smoothly  f rom a value  character is t ic  of the  
d isplaceable  film to one character is t ic  of the  bu lk  
electrolyte .  If  one ignores the  exis tence of an in te r -  
phas ia l  region and considers  a sharp ly  defined d is -  
p laceable  film, then  the second type  of solut ion for 
the exper imen ta l  _ ~ -  ~ values  indicates  a film which 
has a th ickness  of 2000-3500A and a re f rac t ive  index 
ve ry  close to that  of the  bu lk  electrolyte .  In other  
words,  the e l l ipsometr ic  measurements  indicate  tha t  
the  d isplaceable  l aye r  observed dur ing  e lec t ropol ish-  
ing is a thick, l iquid film and not a loose precipi ta te .  

The mechanism of electropolishing.--The present  
resul ts  suppor t  the  views of Hoar  (11), according to 
which  the polishing can occur only if the  me ta l  d is-  
solves randomly,  and not p re fe ren t i a l ly  as happens  
dur ing  the etching process. This randomness  can be 
ensured only by  dissolution of the  meta l  into random 
vacancies a r r iv ing  at  the  meta l  surface. Thus, pol ish-  
ing can occur only if a film is fo rmed at  the  surface, 
th rough  which cationic vacancies c rea ted  at  the  film- 
e lec t ro ly te  in terface  by  the film's dissolution can mi-  
gra te  to the  me ta l  surface and accept the dissolving 
meta l  ions. (In mol ten  salts, e lectropol ishing could 
occur wi thout  a presence of such a film, since random 
holes are  a l r eady  present  in the  e lec t ro ly te  itself.)  

The film exis t ing in the region 0.840-1.300V does not 
change its proper t ies ,  nor  thickness  wi th  potent ial ,  as 
evidenced by  the constancy of -% and % values  (cf. 
Fig. 1 and 2). This fact  contradicts  the  in te rpre ta t ion  
of impedance  measurements  g iven b y  Hoar  (1), ac-  
cording to which  the film's th ickness  increases l inear ly  
wi th  potent ial .  This, according to Hoar  (1),  was due 
to the  fact tha t  the  ra te  of ionic migra t ion  th rough  
the film, Vm, has to be equal  in the  s teady state to the  
ra te  of film's dissolution. The lat ter ,  being diffusion- 
l imited,  is constant  and potent ia l  independent ,  and 
thus VM mus t  be po ten t ia l - independent .  Since VM is 
p ropor t iona l  to the field across the  film, X- - - -v /L ,  it 
can be constant  only  if the film's th ickness  increases 
l inear ly  wi th  potent ia l .  

However ,  i t  seems tha t  the  vacancy  mechanism of 
me ta l  dissolution m a y  lead to a different  conclusion. 

Since on a r r iva l  at  the meta l - f i lm interface  cationic 
vacancies a re  immedia t e ly  filled in the  fast  process of 
me ta l  dissolut ion into them, the i r  concentra t ion  at  the  
meta l - f i lm interface  is a lways  equal  to zero and thus 
meta l  dissolves under  l imit ing condit ions de te rmined  
by the  ra te  of creat ion of vacancies at the f i lm-solut ion 
interface,  i.e., by  the  ra te  of the  film dissolution, which 
is po ten t i a l - independen t .  

Thus in the potent ia l  region where  the  proper t ies  of 
the film rema in  constant  wi th  increas ing potent ia l  (in 
this  case, 0.840-1.3V), its th ickness  would  also remain  
constant,  since the  film cannot  be formed at the  me ta l -  
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film interface  fas ter  than  it dissolves into the e lect ro-  
lyte.  

The above suggestion, according to which  the mech-  
anism of e lect ropol ishing is tha t  proposed by  Hoar  
(1), however  wi th  a different  r a t e -de t e rmin ing  step, 
requires  fu r the r  verif icat ion in v iew of con t rad ic to ry  
expe r imen ta l  findings, i.e., th ickness  of the  film (a)  
increas ing wi th  potential ,  as found by  impedance  mea-  
surements  (1), or (b) constant,  as found by  e l l ip -  
sometric  evidence. 
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Film Formation and Reduction on Zinc Electrodes 
in Concentrated Potassium Hydroxide Solutions 

M. W. Breiter* 
General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

Anodie films were formed under  potentiostatic conditions at three char-  
acteristic potentials in unst i r red 6M KOH § 0.25M ZnO at 25~ on polycrystal-  
l ine zinc electrodes, a r ranged either in a horizontal  or vertical position. The 
film formation was followed as a funct ion of t ime by de termining  the charge 
equivalent  of the films by a method employing cathodic potential  sweeps at 
0.33 mV/sec. At each of the potentials, film formation occurred more rapidly  
on the horizontal than on the vertical  electrode. The efficiency of film forma- 
t ion decreased from values above 50% at 250 sec to values around 20% on the 
horizontal electrodes. It stayed below 6% for the vertical  electrodes. 

The formation of anodic films on horizontal zinc 
electrodes was recent ly  studied (1) in concentrated 
potassium hydroxide solutions either by taking photo- 
micrographs of the electrode surface in situ at differ- 
ent  potentials dur ing a slow anodic voltage sweep or 
by measur ing the two components of the electrode 
impedance with a small  signal of superimposed 1000 
Hz a.c. In  agreement  with earlier investigations (2-4), 
the course of the passivation was found to depend 
strongly on the convective conditions in the electrolyte 
near  the zinc electrode. A loose, flocculent film, desig- 
nated as type I, formed by precipitat ion from a super- 
saturated zincate solution near  the surface in the ab-  
sence of stirring. When the conditions of supersatura-  
t ion were largely removed by stirring, the formation 
of a thin, more compact film, designated as type II, 
could be observed. The type II film, which is consid- 
ered responsible for the passivation of the zinc elec- 
trode, appears to grow directly at the surface rather  
than by precipitation. It was also detected (5) beneath 
the type I film on horizontal  electrodes in unst i r red 
solutions. The different shape of vol tammetr ic  cur ren t -  
potential  curves, measured on horizontal  or vertical  
electrodes in unst i r red solutions, was a t t r ibuted to the 
influence of the convective conditions. While both type 
I and II film are produced in the absence of s t i rr ing 
on horizontal electrodes, the formation of type II film 
is predominant  on these electrodes in st irred solutions 
and on vert ical  electrodes in unst i r red solutions be- 
cause of the effect (6) of na tu ra l  convection. 

New results concerning the formation of anodic 
films at constant  potential  are presented in this com- 
munication.  Three characteristic potentials (--1.3V, 
--1.1V, --0.90V vs. an Hg/HgO reference electrode in 
6M KOH) were chosen for the study. The potentials 
of --1.3 and --1.1V are close to the potentials of peaks 
in voltammetric  current=potential  curves on horizontal 
electrodes and vertical  electrodes respectively of poly- 
crystal l ine zinc in unst i r red 6M KOH ~- 0.25M ZnO at 
20" __+ I~ The potential  of --0.9V is located in  the 
passive region. The film formation was followed by 
determining the charge QFilm required for the reduc- 
t ion of the film. The efficiency of film formation was 
obtained from the ratio QFilm/Qtotal. Here qtotal desig- 
nates the anodic charge consumed at constant potential  
U in t ime t. 

Exper imenta l  conditions differ greatly from those of 
the recent coulogravimetric investigation (7) of the 
zinc electrode in  potassium hydroxide. With regard to 
previous work on anodic films at zinc electrodes, the 
reader is referred to the comprehensive bibl iography 
in ref (1). 

Experimental Procedure 
The electrodes were cut from rolled zinc sheet, des- 

ignated as Mix 60 by the New Jersey Zinc Company, 

*Electrochemical  Society Act ive  Member .  

with a pur i ty  of 99.99%. They were polished by dip- 
ping them for a short t ime in  concentrated nitr ic acid. 
Polishing was followed by a thorough r insing in a 
stream of distilled water. The electrodes were mounted  
and immediate ly  put  into the vessel. They stayed at 
open circuit for 30 rain in 6M KOH ~ 0.25M ZnO, 
saturated previously with purified nitrogen, before 
the desired potential  was applied by the potentiostat. 
Nitrogen flowed at a large rate above the solution 
dur ing  the measurements .  Throughout  the study the 
electrode potential  was measured against  and is re-  
ferred to a mercury-mercur ic  oxide electrode in  6M 
KOH. The solutions were prepared from reagent  grade 
chemicals and distilled water. They were either made 
up freshly before the exper iments  or stored under  
argon with the exclusion of air. 

The Teflon polymer vessel with the vert ical  a r range-  
ment  of the electrode was described (1, 8) previously. 
The apparent  surface area was 0.79 cm 2. For the hor i -  
zontal a r rangement  the zinc electrode was pressed 
against a Teflon polymer block with a rec tangular  
hole (2.5 cm long, 1 cm wide, 3 cm high) by a suitable 
Teflon polymer holder. The rectangular  hole served 
as test electrode compar tment  and was connected with 
the counterelectrode compartment  by another  hole, 
dril led into the Teflon polymer block at a distance of 
2 cm from the electrode surface. Visual observation 
of the electrode surface was feasible. A fine hole in 
the block, 0.05 cm from the surface, led to a separate 
reference electrode compartment .  The counterelec- 
trode was a hydrogen-diffusion electrode of the Nied- 
rach-Alford type (9). It was verified that, under  
anodic polarization, the potential  of the diffusion elec- 
trode did not  differ by more  than  0.1V from the value 
in the absence of polarization. Since p la t inum does 
not dissolve (10) at such potentials in alkal ine solu- 
tions, side effects (11) originat ing from traces of pla t -  
inum in the electrolytic solution were eliminated. 

After  applying a potential  step by tu rn ing  the 
switch of the Wenking  6 ITRS potentiostat, the anodic 
current  was measured as a function of t ime on the 
meter  of the ins t rument .  The first rel iable measure-  
ment  of the current  was feasible after about  10 sec. It  
took several seconds in the case of large ini t ia l  cur-  
rents before a constant  potential  was established. The 
procedure proved satisfactory since long- t ime experi~ 
ments  were involved. Shor t - t ime recording of the 
current  during potentiostatic potent ial  steps is worth-  
less since the changing iRE1 drop distorts the at tempted 
potential  step. 

After the desired t ime of anodic polarization the 
potentiostat  was tu rned  off, leaving the zinc electrode 
at open circuit. The electrode potent ial  became more 
negative and reached values close to --1.33V within  
30 sec. The potentiometer  of the potentiostat  was ad- 
justed to the value of the open-circui t  potential. Po-  
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t en t ios ta t ic  con t ro l  was  t u r n e d  on again,  and a ca th -  
odic vo l t age  sweep  at 0.33 m V / s e c ,  supp l i ed  by  the  
T y p e  255 E x a c t  func t ion  genera to r ,  was  s t a r t ed  by  
the  m a n u a l  t r i g g e r i n g  of the  gene ra to r .  The  t i m e  r e -  
qu i r ed  for  the  ope ra t i ons  b e t w e e n  the  sw i t ch ing -o f f  of  
the  anodic  po la r i za t ion  and  the  s ta r t  of t h e  vo l t age  
sweep  was  a lways  130-150 sec. The  v o l t a m m e t r i c  I - U  
cu rves  w e r e  r e c o r d e d  on a Mos ley  Mode l  136A X - Y  
recorder .  

A f t e r  t he  zinc e lec t rode  r eached  a po t en t i a l  at w h i c h  
h y d r o g e n  e v o l u t i o n  was  ind ica ted  by  the  c u r r e n t -  
po ten t i a l  curve ,  t he  po ten t ios t a t i c  c i rcu i t  was  d i scon-  
nected.  The  o p e n - c i r c u i t  po t en t i a l  of  the  tes t  e l ec t rode  
m o v e d  to va lues  close to --1.36V. The  p o t e n t i o m e t e r  
of t he  po ten t ios t a t  was  ad ju s t ed  to this  va lue .  P o t e n -  
t ios ta t ic  con t ro l  was  swi t ched  on, and a second ca th -  
odic sweep  was  app l ied  at 0.33 mV/sec .  A t i m e  of  
abou t  150 sec e lapsed  b e t w e e n  t h e  s topp ing  of  t h e  
first ca thodic  sweep  and  the  s ta r t  of t he  second one. 

The  zinc e lec t rode  was  r e m o v e d  f r o m  the  vesse l  at 
the  end of  t he  second ca thod ic  sweep.  The  p r o c e d u r e  
(anodic  po lar iza t ion ,  open  circui t ,  first ca thodic  sweep,  
open  circui t ,  second ca thodic  sweep)  was  a lways  
s ta r ted  w i t h  a fresh,  c h e m i p o l i s h e d  e lec t rode .  

Experimental Results 
The  anodic  c u r r e n t  dens i t y  i is p lo t t ed  as a func t ion  

of t i m e  for  the  ho r i zon ta l  and  v e r t i c a l  e lec t rodes  at 
the  d i f fe ren t  po ten t i a l s  in Fig.  1 and  Fig. 2. A doub le  
l oga r i t hmic  plot  was  chosen  to a c c o m m o d a t e  mos t  of 
t he  data.  

S o m e  of t h e  v o l t a m m e t r i c  i - U  c u r v e s  o b t a i n e d  in 
the  desc r ibed  m a n n e r  on ho r i zon ta l  e l ec t rodes  a re  
shown  in Fig. 3. The  solid c u r v e s  on the  lef t  side of 
Fig. 3 w e r e  m e a s u r e d  a f t e r  an  anodic  po la r i za t ion  of 
250 sec and the  c u r v e s  on the  r igh t  s ide a f t e r  4500 sec 
at --1.3, --1.1, and  --0.9V, r e spec t ive ly .  The  do t t ed  
c u r v e s  resu l t  f r o m  t h e  second ca thod ic  sweep  on t h e  
r e spec t ive  e l ec t rode  (a'  a f t e r  a, etc.) .  V o l t a m m e t r i c  
cu rves  on the  ve r t i c a l  e l ec t rodes  a r e  s imi la r  to c u r v e s  

5 0 0 ~  ' ' ' 1  . . . .  I ' ' ' I ' ' ' ' 1  ' ' ' I ' '  

10 50 100 500 1000 5000 10,000 
l (sac) 

Fig. 1. Current density during the oxidation of horizontal zinc 
electrodes at - -  ].3V ( O ), - -  | .1V (A) ,  and --0.gv (i-7). 
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Fig. 2. Current density during the oxidation of vertical zinc 
electrodes at --1.3V ( 0 ) ,  --1.1V (A) ,  and - -0.gv ( 1 ) .  
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Fig. 3. Voltammetric i-U curves obtained at 0.33 mV/sec during 
cathodic sweeps after anodic polarization at --1.3V (a,b), --1.1V 
(c,d), --0.9V (eft) for 250 sec (a,c,e) or 4500 sec (b,d,f) on the 
horizontal electrode. Dotted curves resulted from the second sweep 
on the respective reduced electrode. 

a and e. The  do t t ed  curves ,  e spec ia l ly  at sho r t e r  t imes  
of anodic  po lar iza t ion ,  a re  c loser  to t he  solid cu rves  
on ve r t i ca l  t h a n  on hor i zon ta l  e lec t rodes .  

The  cha rge  Qvih~ for  t he  r e d u c t i o n  of the  fi lm on the  
zinc e l ec t rode  was  e v a l u a t e d  in an  a p p r o x i m a t e  w a y  

f? s QFilm = i dt - -  i dt [1] 
1 2 

H e r e  UI and U2 des igna te  t he  s t a r t ing  po ten t i a l s  fo r  
t h e  first  and  second ca thod ic  sweep.  U3 is t h e  p o t e n t i a l  
w h e r e  the  solid and  do t t ed  c u r v e  in tersec t .  T h e  QFilm 
v a l u e s  a r e  p lo t t ed  in Fig. 4 as a f unc t i on  of  t i m e  of  
anodic  po la r i za t ion  for  the  t h r ee  d i f fe ren t  potent ia ls .  
Open  symbols  be long  to m e a s u r e m e n t s  on hor i zon ta l  
e lec t rodes .  Sol id  symbo l s  r e f e r  to m e a s u r e m e n t s  on 
v e r t i c a l  e lec t rodes .  The  QFilm va lues  w e r e  found  equa l  
to zero w i t h i n  t h e  e r ro r  l imi t s  for  t he  d i f fe ren t  t imes  
of ox ida t ion  of t he  v e r t i c a l  e l ec t rode  at --1.3V. The  
to ta l  cha rge  c o n s u m e d  d u r i n g  t ime  t of  anodic  po l a r i -  
za t ion  of  t he  zinc e l ec t rode  at cons tan t  po ten t i a l  was  

30 

2 0  ~ ~ ~ ~ ~  

"N 

% , ,  _ 
0 500 1000 5000 10,000 
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Fig. 4. Charges for the reduction of films, formed anodically on 
horizontal ( G ,  A ,  17) and vertical ( e ,  A ,  l )  electrodes as a 
function of time of anodic polarization. Q ,  O, --1.3V; A ,  A ,  
--1.1V; ~ ,  l ,  --0.gv. 
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Fig. 5. Efficiency of film formation as a function of time for the 
horizontal electrodes ( � 9  - -1 .3V,  ~ :  - -1 .1V,  El: - -0 .gv) .  The 
efficiency stayed below 6 %  for the vertical electrodes. 

determined by graphical  integrat ion of the i-t curves 
in a l inear plot 

f Qtotal ( U , t )  = i ( ~ ) d ~  [2] 

The ratio QFilm/Qtotal of the charges represents  the 
efficiency of film formation and is plotted in Fig. 5 by 
open symbols for the horizontal  electrode as a function 
of oxidation time. Here  Qtotal and QFih,, are values that  
result  f rom three successive measurements .  Since the 
error  in the determinat ion of QFilm values is large, only 
the upper l imit  of 6% is shown for the ratio QFilm/Qtota| 
on ver t ical  electrodes in Fig. 5. 

Discuss ion  
General features of film formation.--The formation 

of anodic films and of dissolved zincate occur s imul-  
taneously at constant potential. The i-t curves display 
peaks within re la t ive ly  nar row t ime intervals  and 
steps in somewhat  larger  intervals  (see Fig. 1 and 
Fig. 2). In agreement  wi th  previous results (1) this 
behavior  is ascribed to the nonuni form film formation. 
Visual observat ion of the horizontal  electrodes con- 
firmed that the films started to grow in distinct patches 
on certain parts of the surface. The patches spread 
over  the surface with  t ime and grew in thickness. The 
initial patches appeared after shorter  t imes when the 
potential  became less negative. Wide vert ical  pores 
leading to uncovered areas of the zinc surface were  
visible as br ight  spots for at least 1000 sec. 

The film formed at --1.3V on horizontal  electrodes 
looked dark and sometimes contained whi te  stripes in 
contrast  to its whit ish appearance (1) on the (0001) 
plane of zinc single crystals. Since it possessed the 
same propert ies (flocculence, loose adherence)  as the 
type I film on the (0001) plane otherwise, the film at 
--1.3V is designated as type I film for polycrystal l ine 
surfaces. It forms by precipi tat ion from the super-  
saturated zincate solution near  the electrode surface. 

At --0.9V a large part  of the surface of the hori-  
zontal electrode assumed a goldish look after  200 sec. 
The goldish look darkened in the first 1000 sec. The 
formation of the compact type II film is observed. 
Patches of a grayish film, possibly type I film, ap- 
peared on top of the goldish film after  about 1000 sec 
and spread with  time. 

The horizontal  and ver t ical  electrodes display a 
different long- t ime behavior.  The current  at a given 
potential  decreases more rapidly with t ime on the 
horizontal  electrode than on the ver t ical  electrode 
(see Fig. 1 and Fig. 2). The different behavior  wil l  
be correlated to the film formation in the discussion 
of Fig. 5. Since a s teady-s ta te  current  is not reached 
at constant potential  on the zinc electrodes after  9000 
sec, the shape of anodic cur ren t -potent ia l  curves on 
zinc in concentrated potassium hydroxide  solutions 
depends strongly on the t ime intervals  in which the 
potent ial  is changed from one value  to the next  one. 

Reduction of the film and determination of QFihn.-- 
The following processes may occur s imultaneously 
dur ing a cathodic potential  sweep, s tar t ing at --1.33V 
after  the preceding polarization of the zinc electrode 
at --1.3, --1.1, or --0.9V" 

1. Reduction of the film. 
2. Deposition of zinc from 6M KOH + 0.25M ZnO. 
3. Hydrogen evolution. 
At tempts  to e l iminate  the zinc deposition by car ry-  

ing out the reduct ion in 6M KOH failed because the 
loosely adherent  type I film was par t ly  removed from 
the surface during" the rep lacement  of 6M KOH -F 
0.25M ZnO by 6M KOH. Fast potent ial  sweeps proved 
(12) useful for the determinat ion  of adsorbed carbona-  
ceous species in the presence of large bulk concen- 
trations of fuel  on smooth pla t inum metal  electrodes. 
However ,  the anodic films possess a porous s t ructure  
on zinc. The application of fast sweeps or galvano-  
static pulses would  introduce addit ional  problems be-  
cause of the poor response (13) of porous systems. 

The technique used in this invest igat ion was already 
described under  Exper imenta l  Procedure.  It is based 
on a number  of assumptions: 

(A) Af ter  the film formation the specimen is at open 
circuit  for 130-150 sec before the cathodic sweep 
is initiated. Autoreduct ion  during this t ime has 
to be small. 

(B) The charge consumed by the processes 2 and 3 
is the same during the first and second cathodic 
sweep. 

The error  introduced by assumption A is not large 
for porous films (type I) on top of solid films (type 
II) because the processes which occur inside the pores 
are slow. Reduction of the type II film which was 
formed on ver t ical  electrodes in 6M KOH takes place 
with a noticeable shift of the peak of the reduction 
wave  toward more  negat ive potentials wi th  increasing 
sweep rate. The reduction of type II film is a hindered 
process, leading to a re la t ive ly  small  rate of auto- 
reduction at open circuit  wi th in  130-150 sec. While 
assumption (B) is not str ict ly fulfilled, its application 
leads to acceptable errors in the present study for the 
following reasons. 

(a) After  short t imes of anodic polarization (t --~ 
250 sec) the dotted curves coincide within  the exper i -  
menta l  reproducibi l i ty  wi th  the curves of the first 
cathodic sweep, started at the open-ci rcui t  potential  
on fresh zinc electrodes in the horizontal  or ver t ical  
arrangement .  The m a x i m u m  contribution of process 2 
which is controlled by mass t ransport  at U < --1.4V 
is given by curves a', c', and e' in Fig. 3 for a flat sur-  
face. The solid and the dotted curves are reasonably 
close on horizontal  or ver t ical  electrodes at potentials 
more negat ive than the potent ial  Uin at which they 
intersect. Thus the position of the intersection which 
is largely de termined  by process 3 is not critical. 

(b) The area under  the dotted curve, as defined by 
the second integral  in Eq. [1], increases wi th  the t ime 
of anodic polarization for t > 250 sec (compare curves 
b', d', f' in Fig. 3). This increase reflects the fact that  
the zinc electrode became porous. The shape of the 
dotted curve did not change when  the t ime between 
the end of the first cathodic sweep and the start  of the 
second cathodic sweep was increased from 150 to 1000 
sec. Thus each of the dotted curves represents  the 
m a x i m u m  contr ibut ion of process 2 at U --~ --1.5V on 
the porous electrode in question. The position of the 
intersection was not cri t ical  af ter  anodic polarization 
at --1.1 and --0.9V on the horizontal  e lectrode (see 
curve d' and d and curves f' and f in Fig. 3) because 
of the reasonable closeness of solid and dotted curve. 
The ascending branches of the dotted and solid curves 
at U < --1.5V were  not found close any more on hori-  
zontal electrodes after  larger  t imes of anodic polar iza-  
tion at --1.3V. Hydrogen evolut ion starts ear l ier  dur-  
ing the second sweep (see curve  b' in Fig. 3) than 
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during the first sweep (curve b).  The possible error 
may be estimated and is indicated by the shaded area 
between curves b and b'  in Fig. 3. It is not large. A 
similar reasoning applies to the results on vertical 
electrodes whenever  the solid and dotted curves are 
not reasonably close at U ~ Uin. 

The error in the determinat ion of QFilm was esti- 
mated to be less than 10% for horizontal electrodes. 
Since the reproducibil i ty is worse, this appears satis- 
factory for horizontal electrodes. For vertical  elec- 
trodes, the error is larger than 10% because the anodic 
film is th in  in most cases. Since an error estimate is 
difficult, the respective results on the vertical elec- 
trodes are of a more qual i tat ive nature.  

The solid curves c, b, and d in Fig. 3 display peaks. 
These peaks are connected with the reduction of the 
film since they are not e l iminated by the point-wise 
subtract ion of curve c' from curve c for instance. More 
about the origin of the peaks is not known at present. 

E~ficiency of film formation.--The points, represent-  
ing the charge QFilm at a given potential  as a function 
of t ime of anodic polarization, scatter considerably in 
Fig. 4. The scattering reflects the fact that  the film 
does not grow in a reproducible way on the different 
electrodes. It is less noticeable for the vertical  elec- 
trodes because the same scale was used as for the 
horizontal electrodes. 

In general  QFilm (U, t) iS larger for the horizontal 
electrodes than for the vertical  ones. The charge QFilm 
increases with t ime in agreement  with the visual ob- 
servations on horizontal  electrodes. When removing 
vertical  electrodes after anodic polarization at --1.1V, 
preferent ial  at tack by big etch pits in  the upper  half  
of the circular surface was noticed. A wide hole 
shaped like a bird's wing penetrated the whole elec- 
trode (thickness 0.5 ram) after 9000 sec. The sudden 
increase of QF~lm with t ime between 1000 and 4500 sec 
at --1.1V may reflect preferent ial  film formation in 
etch pits where the na tura l  convection is not so strong 
than  on the rest of the vert ical  surface. 

The ratio QFilm/Qtota! decreases with t ime at each of 
the three potentials and reaches values between 0.15 
and 0.23 after  9000 sec on the horizontal  electrodes. 
The charge for zincate production is much larger than 
that for film formation. On the vert ical  electrodes the 
ratio QFi!m/Qtotal remained below 0.06. Only this max-  
imum value is indicated by the dotted line in Fig. 5 
for the vert ical  electrodes. 
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More than 90% of the total cur rent  on vertical elec- 
trodes goes into zincate formation. The decrease of the 
net current  with t ime at --1.1 and --0.9V (see Fig. 2) 
is largely due to an inhibi t ion of the zincate produc- 
t ion by the anodic film on vert ical  electrodes. A simi- 
lar conclusion may be drawn at --1.1 and --0.9V for 
the horizontal electrodes at times between 2000 and 
9000 sec (see Fig. 5). It is l ikely that  the decrease of 
the rate of zincate production is caused by the gradual  
closing of pores when the films grow thicker with 
time. The peaks in the i - t  curves result  from the sud- 
den opening and closing of pores. The gradual  dis- 
appearance of the bright  spots which reflect the pres-  
ence of wide vert ical  pores ending at the metal  surface, 
confirms the role of wide pores. 

Manuscript  submit ted Nov. 20, 1969; revised m a n u -  
script received ca. Feb. 5, 1970. This was Paper  334 
presented at the Los Angeles Meeting of the Society, 
May 10-15, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Electrolytic Determination of Porosity 
in Gold Electroplates 

I. Corrosion Potential Measurements 

Ronald J. Morrissey* 
Research Division, AMP Incorporated, Harrisburg, Pennsylvania 

ABSTRACT 

The porosities of gold electroplates on copper may be determined by mea-  
suring the corrosion potentials of the speclmens vs. a suitable reference 
electrode in an electrolyte which serves as a mild corrodant  for the exposed 
basis metal. The corrosion potentials of gold-plated copper specimens in 0.1M 
NH4CI electrolyte are shown to vary  with the exposed area fraction of copper 
according to an expression derived by Stern. It  is possible to calibrate the 
technique so that values of the exposed basis metal  area fraction in electro- 
plated specimens can be estimated to a reasonable approximation.  The method 
is simple and offers very high sensitivity, par t icular ly  at low porosities. Op- 
erat ional  considerations and sources of error are discussed. 

Chemical and electrographic test procedures for the 
de terminat ion  of porosity in electrodeposits have been 
reviewed and evaluated in the l i tera ture  (1-4). Such 
procedures are in most cases destructive and in general  
have not proven highly suitable for process control 
applications. Electrolytic techniques offer the promise 
of rapid and rela t ively nondestruct ive  means of de- 
te rmining  electroplate porosities with great sensitivity. 
Such techniques have therefore been of considerable 
interest. 

In  1938, Hoar (5) suggested that the corrosion po- 
tent ial  of a specimen coated with a porous electroplate 
could serve to indicate the degree of porosity. In  1951, 
Shome and Evans (6) reported the determinat ion of 
porosities in electrodeposits of nickel and cobalt on 
steel by measur ing the cell currents  (leakage cur-  
rents)  passed when the specimens were connected, in 
an electrolyte of 3% NaC1 plus 0.1% Rochelle salt, to 
a large copper gauze which served as an auxi l iary 
cathode. No reference electrode was used. They rea-  
soned that, if the copper gauze were made sufficiently 
large, the cell cur rent  would be l imited only by the 
rate of anodic dissolution and would therefore be 
directly proport ional  to the exposed area of bare steel. 
This technique was subsequent ly  extended by Ehr-  
hardt  (7) with the addit ion of an external  power 
supply with which the potential  be tween the specimen 
and the auxi l iary  cathode could be controlled. Again, 
no reference electrode was employed. Using an elec- 
trolyte of 5% H2SO4, and with a potential  of 0.75V 
main ta ined  between the specimen and the auxi l iary  
cathode, Ehrhardt  measured porosities in gold electro- 
plates on copper. A var ia t ion of the leakage-current  
technique has been employed by  Kamm, Willey, and 
co-workers (8) to determine the cont inui ty  of the 
i ron- t in  alloy layer  in electrolytic t inplates on steel. 

Clarke and Bri t ton (9) considered the pore channels  
in an electrodeposit as an a r ray  of minute  electrical 
resistances in parallel,  and devised a technique for 
est imating the sum of these resistances (and hence, a 
measure of the porosity of the electrodeposit) by mea-  
suring the slope dV/dI  of the anodic polarization curve 
of the specimen at potentials wi thin  approximately 
100 mV of the corrosion potential.  These authors also 
noted that the corrosion potentials of electroplated 
specimens appeared to vary  with the porosity of the 
electrodeposit, but  did not pursue the mat ter  further.  
Using an electrolyte of 5% Na2SO4 plus 0.1% Rochelle 
salt, Clarke and Leeds (10) have applied the dV/dI  

* Elec t rochemical  Society  Act ive  Member .  
K e y  words :  electroplates,  porosity,  porosi ty  test ing,  ga lvanic  cells, 

gold,  copper,  corrosion potential .  

technique to measurements  of the porosities of gold 
electroplates on copper. 

Relation of the Corrosion Potential to 
Electrodeposit Porosity 

A series of exper iments  was under t aken  to invest i -  
gate the possible usefulness of corrosion potential  
measurements  for de termining  porosity in gold elec- 
troplates on copper. OFHC copper sheet of 1 mm 
thickness was stamped to form a series of circular 
coupons of 25 mm diameter,  each having a small  
punched tab at one edge. The geometric surface area 
of each specimen thus formed was 10.8 cm 2. Following 
stamping, the specimens were cleaned, degreased, and 
then rack-plated with Temperex HD gold 1 to a thick- 
ness of 100 #in. (2.54~). Temperex HD is an unbr igh t -  
ened gold which yields deposits with a density ap- 
proaching the bu lk  density of pure gold. Following 
plating, the specimens were rinsed in demineral ized 
water,  dried, and  re ta ined in  a desiccator over dried 
silica gel prior to testing. 

Corrosion potentials of the plated specimens were 
determined vs. that  of a saturated calomel refer-  
ence electrode in a solution of 0.1M KC1. A Pyrex  
resin kettle of 2 liters capacity served as the reaction 
vessel. This was fitted with a Plexiglas cap through 
which the electrodes could be immersed into the bath. 
Exper iments  were performed at room temperature,  
which varied from 22~176 Solutions were made up 
using demineralized, boiled water, the specific resist-  
ance of which was typical ly 140,000-160,000 ohms. 
Analyt ical  Reagent grade chemicals were employed 
throughout.  

The reference electrode employed was a Beckman 
No. 39170 saturated calomel electrode having a fiber 
junction.  For convenience, this was located in the elec- 
trolyte bath at a distance of 5 cm from the test speci- 
men, which was itself suspended in the electrolyte by 
means of a 99.99% gold wire. 2 It  had been shown in 
previous work (9) that  the position of the reference 
electrode is of negligible influence in de termining 
corrosion potentials of specimens coated with porous 
electrodeposits. Pr ior  to each experiment,  the poten-  
tial of the saturated calomel electrode was checked 
against that  of a Beckman No. 41236 si lver-si lver  
chloride electrode which was reserved as a standard. 

Potentials  were determined using a Kei thley Model 
610A electrometer. The output  of this ins t rument  was 
relayed to a s t r ip-char t  recorder, so that slow changes 
in the observed emf could be discerned easily. It was 

1 Sel -Rex Corporation,  Nutley,  New Jersey .  
Obta ined f r o m  the S i g m u n d  Cohn Corporation.  
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noted that  after a gold-plated copper specimen was 
immersed in the electrolyte its potential,  measured 
vs. that  of the reference electrode, would drift  for a 
period of 10-30 rain in  a general ly  negative direction 
unt i l  a steady value was attained. The steady values, 
once attained, were observed to be stable for periods 
of several hours duration. It  was fur ther  found that  
on repeated testing of the same sample the steady 
corrosion potentials observed were ordinar i ly  repro- 
ducible to wi th in  --+2 mV. 

Fur the r  experiments  were conducted to obtain com- 
parative indications of porosity in  electroplated speci- 
mens from corrosion potent ial  measurements  and also 
by means of the ammonium per su l fa t e - -ammonium 
hydroxide etch technique described by F ran t  (11). 
Corrosion potentials of gold-plated OFHC copper 
specimens prepared as outl ined previously were de- 
te rmined vs. SCE in 0.1M KC1 solution. Following this, 
the specimens were r insed in demineral ized water, 
dried, and then individual ly  subjected to the ammoni -  
um persu l fa te -ammonium hydroxide etch technique, 
the apparent  porosities being indicated as parts  per 
mil l ion of cupric ion in the resul t ing solutions. In 
order to minimize unde rmin ing  of the gold platings 
by the ra ther  aggressive etchant, etching times were 
restricted to 5 min/specimen.  Analysis  of the resul t -  
ing solutions was performed by emission spectrog- 
raphy, using a rotat ing disk technique with radio-  
f requency spark excitation. 

The results of this series of experiments  are shown 
plotted in Fig. 1. It was found that  the s teady-state  
corrosion potentials obtained for the specimens in 0.1M 
KC1 solution were proport ional  to the logarithms of 
their apparent  porosities as determined by the chemi- 
cal etch technique. Agreement  of the exper imental  
points to the l ine in Fig. 1 was found to be wi thin  
the limits of precision of the emission spectrographic 
technique employed. Porosity in these specimens was 
found to occur most p rominent ly  at rack marks  
( thinly plated areas) in the area of the punched tab. 
These tended to be rather  i r regular  among the various 
specimens, accounting for the observed dispersion in 
porosity values obtained. 

Relation of the Corrosion Potential to 
Basis Metal Area Fraction 

Experimental Considerations 
The evidence of Fig. 1 leads one to speculate that 

the corrosion potentials of gold-plated copper speci- 
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mens might perhaps be related to the logari thm of the 
exposed area or area fraction of copper. This is not 
without precedent. S tern  (12) had shown that for 
b inary  galvanic couples controlled by activation po- 
larization the corrosion potential  was given by 

EA~C #A#c 
1]cor r - -  - -  log An ioA 

#A + #c #A + ~c 
#A#c 

/- - -  log Ac  ioc [1] 
~A + #c 

where llco,.r is the corrosion potential of the couple, 
measured with respect to the equilibrium potential of 
pure cathode material in the same electrolyte, which is 
taken as zero. EA is the corrosion potential of pure 
anode material in the electrolyte, again measured with 
respect to the equilibrium potential of pure cathode 
material taken as zero. ~A and ~c are the Tafel slopes 
of the logarithmic polarization curves for the anodic 
and cathodic processes, respectively. AA and Ac are the 
respective area fractions of anode and cathode mate- 
rials in the actual  couple (such that  AA /- Ac ---- 1), 
and ioA and ioc are the exchange cur ren t  densities for 
the anodic and cathodic processes. 

Here we may note that for a given base meta l -noble  
metal  couple in a given corrodant bath, the electro- 
chemical parameters  EA, fie, ~A, ioc and ioA, as well as 
the equi l ibr ium potential  of pure cathode material,  are 
constants. Fur ther ,  for the case of base metal  speci- 
mens coated with noble metal  electroplates of moder-  
ate to low porosity, Ac > >  AA. In this case, Ac ap- 
proaches unity,  and the term in (log Ac ~oc) may be 
considered a constant. It thus becomes possible to 
rearrange expression [1], combining and subst i tut ing 
terms to obtain a simplified expression of the form 

Vcorr = K1 -- K2 log AA [2] 

where Vcorr is the corrosion potential  as measured vs. 
a suitable reference electrode, K2 is equal  to (~A;~C/ 
~A + f~C), and K1 incorporates the remain ing  constant 
terms resul t ing from the rea r rangement  of expression 
[1]. 

Establishment of Calibration Curves 
Experiments  were under taken  to determine the 

change in corrosion potential  with basis metal  area 
fraction in galvanical ly connected gold-copper couples 
of known geometric area relationships. 1 mm gold 
sheet of 99.9% puri ty  3 was stamped to form a circular 
coupon of 25 mm diameter, having a small  punched 
tab at one edge. This was used as the gold specimen in 
all determinations.  Its geometric gross surface area 
was 10.8 cm 2. Pr ior  to each experiment,  this specimen 
was cleaned by r insing in acetone, soaking for 30 min  
in 1.0M HC1, and then r insing with demineral ized 
water. The specimen was then  suspended in the elec- 
trolyte by means of a 99.99% gold wire. 2 

Formvar - insu la ted  copper wire in No. 20, No. 30, 
and No. 36 gauge sizes 4 and in No. 47 gauge size s was 
chemically stripped and cut into short lengths. The cut 
ends were then ground approximately flat on an abra-  
sive wheel. Spectrographic analysis indicated that  
these samples were of 99.99/-% purity.  Pr ior  to each 
experiment,  the copper specimen was cleaned by r ins-  
ing with acetone, soaking for 30 min  in 1.0M NH4C1, 
and r insing with demineral ized water. The specimen 
was then suspended in the electrolyte by means of an 
adapter  attached to the shaft of a micrometer  head 
which could be mounted  in  the cap of the reaction 
vessel. Electrical contact to the copper specimen was 
effected by means of a lead connected to the microm- 
eter barrel.  Use of this a r rangement  allowed the im-  
mersed area of copper to be varied, dur ing the course 
of a given experiment,  over several orders of magni -  
tude. The immersed area of gold was main ta ined  
constant  at 10.8 cm 2 in all experiments.  

3 O b t a i n e d  f r o m  H a n d y  a n d  H a r m a n ,  I n c .  
4 O b t a i n e d  f r o m  C o n s o l i d a t e d  W i r e  C o m p a n y .  
s O b t a i n e d  f r o m  B r i d g e p o r t  I n s u l a t e d  W i r e  C o m p a n y .  
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Some representat ive  plots of measured corrosion po- 
tential  (vs. SCE) vs. immersed area fraction of copper 
for gold-copper couples in 0.1M KC1 solution are 
shown in  Fig. 2. Figure 2 summarizes the results of 
two experiments,  one using a No. 20 copper wire speci- 
men  and the other using a No. 36 copper wire  speci- 
men. The area fractions shown here are calculated on 
the basis of geometric areas. In  de termining the true 
immersed areas, one mus t  consider the surface rough-  
ness factors of the various specimens. For purposes of 
this work, we have assumed that  the roughness factor 
for a given wire specimen should be fairly consistent 
along its length. The straightness of the plots obtained 
would appear  to indicate that  this is true. The con- 
t inui ty  of the plots obtained using No. 20 and No. 36 
copper wire  specimens would indicate that  the sur-  
face roughnesses of these two specimens were com- 
parable. 

Deviations from l inear i ty  are observed in Fig. 2 at 
both large and small  values of the immersed copper 
area fraction. At large copper area fractions, this is in 
accordance with the expression [1], for then (log 
Ac ioc) can no longer be considered a constant. At 
small  area fractions of copper, the deviations are 
caused exper imenta l ly  by wi thdrawal  of the wire 
specimen through the topmost layers of the electrolyte, 
giving rise to differential aerat ion and other in te r -  
face effects at the meniscus. These effects can be elimi- 
nated by the use of metal lographical ly mounted  and 
sectioned wire specimens, or a l ternat ively  by the use 
of wire specimens which have been heavily gold plated 
and then  perpendicular ly  sectioned according to the 
method of Ehrhardt  (7). Addit ionally,  the range of 
measurement  may be extended by the use of a larger 
gold specimen and /or  finer copper wire  specimens. 

Prolonged immersion in 0.1M KC1 solution produces 
a visible film on copper. While  this did not appear to 
affect the corrosion potentials of gold-copper couples, 
fur ther  experiments  were performed using 0.1M 
NH4C1 electrolyte, which exhibits a slight solvency for 
copper oxides. A plot of corrosion potential  vs. im-  
mersed area fraction of copper for gold-copper couples 
in  this electrolyte is shown in Fig. 3. The two lower-  
most points in this i l lustrat ion were obtained using 
No. 47 copper wire specimens which were plated with 
Temperex HD gold to a thickness of 1 rail (25.4~) and 
then perpendicular ly  sectioned so as to expose only 
the cross-sectional area of the copper wire substrate. 
Each such specimen, after cleaning by brief  immersion 
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in 6M: HC1 and r insing in demineral ized water, was 
introduced into the electrolyte via the micrometer  de- 
vice and i~mmersed to a depth of 1 cm. Coupling of the 
plated and sectioned wire to the gold specimen and 
determinat ion of the corrosion potential  of the couple 
were then  accomplished as previously outlined. In  this 
fashion, interface effects were successfully avoided. 
The remainder  of the data points in Fig. 3 were ob- 
tained using a bare No. 47 copper wire specimen pre-  
pared and immersed as out l ined previously. The slope 
K~ of this plot, calculated using common logarithms, 
is 0.0357V. This is in  excellent  agreement  with the 
value of 0.0329V calculated for K2 from the observed 
values for #c of gold (0.0935V) and #A of copper 
(0.0507V) in this electrolyte. The slope of Fig. 2 is 
0.0335V, indicat ing that  the Tafel slopes of gold and 
copper in 0.1M KC1 solution are probably  quite similar  
to those obtained in 0.1M NIQC1. 

The range of measurement  in Fig. 3 is extended by 
two orders of magni tude  from that  of Fig. 2. It  was 
noted that  corrosion potentials of gold-copper couples 
of a given immersed area fraction of copper in 0.1M 
NI~C1 solution were more positive by approximately 
25 mV than  those of corresponding couples in  0.1M KCI 
solution. 

Validation of the Calibration Curves 
The expression [1] was derived for the case of 

b inary  galvanic couples controlled by activation po-  
larization. It  would thus be expected that  the curves 
shown in Fig. 2 and 3 could serve as cal ibrat ion curves 
for specimens coated with porous electrodeposits only 
if conditions were such that  the effects of concentrat ion 
and resistance polarization are small, and that  ac- 
cumulat ion of solid corrosion products in the  pore 
channels  is minimized or prevented  entirely. 

Two series of experiments  were performed in an  a t -  
tempt  to assess the val idi ty  of the cal ibrat ion curves 
for specimens coated with porous electrodeposits. The 
first such series involved an at tempt  to s imulate a 
porous specimen, again using a gold-plated copper 
wire. A No. 47 copper wire (diameter  = 0.003 cm) 
was heavily plated with Temperex HD gold, the final 
diameter  after plat ing being 0.0089 cm. The plated 
wire  specimen was then perpendicular ly  sectioned, 
mounted  in the micrometer  device, cleaned as outl ined 
previously, and immersed into the electrolyte. The 
corrosion potential  of the plated wire specimen was 
then determined vs. SCE at various depths of immer -  
sion in the 0.1M NI-I4C1 "test electrolyte, and indicated 
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values of the immersed copper area fraction (obtained 
from the corrosion potentials by reference to Fig. 3) 
were compared to the values calculated geometrically 
from the immersion depths and the known cross- 
sectional parameters.  Pe r t inen t  data are shown in 
Table I. 

Agreement  between the indicated and calculated 
values of the immersed copper area fraction was ex- 
cellent at small values of the area fraction, becoming 
poorer as the specimen was progressively wi thdrawn 
from the electrolyte. Microscopic examinat ion  of the 
specimen at 25X magnification immediate ly  after the 
exper iment  revealed that  the copper wire substrate 
had been etched back slightly dur ing the course of the 
experiment.  It is felt that  the deviations observed in 
the final readings may  have been due in part  to crys- 
tallographic changes occurring at the copper surface 
dur ing etching, or to concentrat ion polarization and 
diffusion effects arising from par t ia l  en t r apmen t  of 
soluble corrosion products wi thin  the confines of the 
gold tubulus  thus formed. Additionally,  wi thdrawal  
of the specimen through the topmost layers of the elec- 
trolyte would be expected to introduce differential 
aeration and other interface effects such as had been 
experienced in preparat ion of the calibration curves. 
Throughout  the range investigated, agreement  be- 
tween the indicated and calculated values of AA was 
within a factor of two. 

The second series of experiments  involved measur ing 
the change in corrosion potential  occurring when a cop- 
per specimen coated with a porous gold electroplate 
was galvanical ly coupled, in a solution of 0.1M NH4C1, 
to a large plate of pure gold and then decoupled, so that 
the exposed area fraction of copper, whatever  its 
value, could be varied by  a constant  and calculable 
factor. The specimens employed were small  OFHC 
copper electrical terminals,  each of 2.5 cm 2 gross geo- 
metric surface area. These were bar re l  plated in small  
lots with Temperex HD gold to thicknesses of 100, 200, 
and 400 #in. (2.54, 5.08, and 10.16#). In  addition, sev- 
eral circular OFHC copper coupons of 25 m m  diameter  
similar to those previously described were rack-plated 
with Temperex HD gold to a thickness of 50 ~in. 
(1.27~,). These specimens each had a gross geometric 
surface area of 10.8 cm 2, but  again owing to the in-  
cidence of rack marks  in the area of the punched tab, 
this area was not immersed in the test electrolyte. The 
total immersed geometric surface area of each of these 
specimens was calculated to be 10.2 cm 2. 

The gold specimen employed was a rec tangular  
panel  of 99.9% pur i ty  having a gross geometric sur-  
face area of 102.09 cm 2. This was then plated with 
Temperex HD gold to a thickness of 200 ~in. so as to 
give it a smooth mat te  surface finish approximately 
comparable to that  of the plated copper test speci- 
mens. Cleaning and preparat ion of this specimen was 
accomplished ag previously indicated. 

The exper imental  procedure was as follows. After  
cleaning, the gold panel  was suspended in the 0.1M 
NH4C1 test electrolyte by means of a 99.99% gold 
wire. Its corrosion potent ial  was then determined vs. 
SCE. Typically, this was in the range ~-0.200 to 
+0.215V. The test  specimen was then suspended in the 
electrolyte by means of a 99.99% gold wire and con- 
nected shuntwise to the gold panel  and the electrom- 
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eter voltmeter. The corrosion potential  of the coupled 
specimens was then determined,  after which the gold 
panel  was decoupled from the specimen and the elec- 
trometer,  and the corrosion potential  of the test speci- 
men  alone was determined.  

For the plated electrical terminals ,  coupling to the 
gold panel  produces an increase in gross gold surface 
area by a factor of approximately  42. Since the ex-  
posed area of base copper is unchanged, its effective 
area fraction is diminished by the  same factor. I n -  
spection of Fig. 3 reveals that  a change in A,x of this 
magni tude  would yield a change in corrosion potential  
of approximately 59 mV. For the circular coupons, the 
change in effective copper area fraction is by a factor 
of approximately 11. Again from Fig. 3, the change in 
corrosion potential  corresponding to such a change in 
effective area fraction is approximately 39 mV. The 
results of this series of experiments  are shown in 
Table II. 

In  all cases, changes in corrosion potent ial  observed 
in these experiments  are equal to, or quite close to, the 
predicted values. The effect of increasing thickness 
of gold plat ing appears to be negligible in the range 
investigated, which is t aken  to indicate that  in this 
range the effects of concentrat ion and resistance po- 
larization are small. Interest ingly,  the rack-plated 
coupons of 50 ~in. gold thickness show less apparent  
porosity than  the bar re l -p la ted  terminals  of 200 #in. 
gold thickness. This is a t t r ibuted both to the different 
conditions of plat ing and to the more complex shape 
of the barre l -p la ted  terminals,  which have signifi- 
cant ly  greater  lengths of edge in relat ion to their  sur-  
face areas than do the circular coupons. 

The results of these series of experiments  are felt 
to indicate that the corrosion potentials of gold-plated 
copper specimens in 0.1M NH4C1 electrolyte are ade- 
quately described by an expression of the form of 
Eq. [2], and that  cal ibrat ion curves of the type shown 
in Fig. 2 and 3 can be employed to obtain the ap- 
parent  basis metal  area fraction of such specimens to a 
reasonable approximation, probably  wi th in  a factor 
of two or smaller. 

Factors Affecting Corrosion Potentials 
The corrosion potentials of gold-plated copper speci- 

mens in 0.1M NH4C1 solution are affected both by the 
pH of the electrolyte and by accumulat ion of cupric 
ions at concentrat ions in excess of 4 x 10-6M. Figure  4 
shows the effect of electrolyte pH on the corrosion po- 
tent ial  of a gold-plated copper specimen in 0.1M 
NH4C1. In  this experiment ,  the corrosion potent ial  of 
an OFHC copper electrical t e rmina l  (area = 2.5 cm 2) 
plated with 200 ~dn. of Temperex HD gold was deter-  
mined vs. SCE in a bath of 500 ml  of 0.1M NH4C1. A 5 
ml  aliquot of 1.0M HC1 was then added to the electro- 
lyte, and the solution back- t i t ra ted  in small  steps with 
1.0M NH4OH. Solut ion pH was moni tored using an 
Ins t rumenta t ion  Laboratory,  Inc. Model 175 pH meter. 
The effect of electrolyte pH on the corrosion potentials 
of gold-plated copper specimens in this system is of 
the order of 10 mV per pH unit ,  which is relat ively 
small. 

The effect of cupric ion accumulat ion on the corro- 
sion potential  of a gold-plated copper specimen in  0.1M 
NH4C1 solution is shown in Fig. 5. In  this experiment ,  

Table I. Comparison of indicated and calculated values 
of immersed copper area fraction 

Table II. Corrosion potentials of gold-plated 
copper specimens in 0.1M NH4CI 

I m m e r s i o n  
depth, c m  

1.720 
1.105 
0.651 
0.597 
0.343 

C o p p e r  c r o s s - s e c t i o n a l  a r e a  = 7.06 • 10 -6 cm-" 

I m m e r s e d  
g o l d  Vcorr ,  A.~ 

a r e a ,  cm2 v s .  SCE i n d i c a t e d  
AA 

c a l c u l a t e d  

0.0463 - -0 .067  1.25 • 1 0 4  1.46 • 10  4 
0.0311 - -0 .072  1.7 • 10-4 2 .26 • 10-4 
0.0240 - -0 .0755  2.1 • 10-~ 2 .94 x 10 ~ 
0.0169 - -0 .0805  3.0 • 10-~ 4 .18 x 10-~ 
0 .0098 - -0 .084  3.7 • 10 -4 7.20 • 10-4 

S p e c i m e n  G o l d  t h i c k -  Vcorr (vs.  SCE)  
a r e a ,  c m  "~ hess ,  ~in.  C o u p l e d  U n c o u p l e d  ~Vcorr 

2.5 400 + 0.177 + 0.122 0 .055 
2.5 400 + 0.163 + 0.104 0 .059 
2.5 200 + 0.124 + 0.060 0.064 
2.5 200 + 0.115 + 0.055 0.060 
2.5 100 + 0.117 + 0.063 0 .054  
2.5 100 + 0.095 + 0.036 0 ,059 

10.2 50 + 0.125 + 0 .064 0.041 
10.2 50 + 0.123 + 0.064 0.039 
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the corrosion potential  of a circular OFHC copper 
coupon (area ~ 10.8 cm 2) plated with 100 ~in. of Tem- 
perex HD gold was determined vs. SCE in a bath of 
500 ml  of 0.1M NH4C1. The bath was then t i t ra ted in 
small  increments  with 0.1M CuC12. No effect on the 
corrosion potential  was noted unt i l  the indicated cupric 
ion concentrat ion exceeded 4 x 10-SM, after which the 
corrosion potential  was observed to shift in a positive 
direction by approximately 43 mV per order of mag-  
ni tude of cupric ion concentration. Due to the very 
l imited solubil i ty of cuprous salts in water, t i t rat ions 
involving cuprous ion were not attempted. 

Provided that  the electrolyte is changed at reason- 
able intervals,  there would appear to be little danger  
of erroneous corrosion potent ial  readings due to cupric 
ion accumulat ion in the bath. Assuming an exposed 
copper surface area of 10 -5 cm 2 per test specimen and 
a steady corrosion current  density of 1 mA/cm s of ex- 
posed copper (a value obtained from polarization re-  
sistance determinat ions  in this electrolyte),  it can be 
calculated that  testing of several thousand specimens 
for periods of 1 hr each would be required to raise 

the cupric ion concentrat ion of one liter of 0.1M NH4C1 
from zero to 10-6M. 

Paral lel  experiments  were conducted in which the 
corrosion potentials of gold-plated copper specimens in 
0.1M NH4C1 electrolyte were monitored dur ing titra~ 
tion of the electrolyte with solutions of 0.01M NiCI~ 
and 0.01M ZnC12. No effect on the corrosion potentials 
was observed. It is conceivable that  unde r  proper 
conditions such a system might be calibrated to serve 
as a specific-ion electrode for cations of the basis 
metal. 

Discussion 
The corrosion potent ial  technique represents a par-  

t icular ly simple means for de termining electroplate 
porosities, and it would seem likely tha t  with a suitable 
choice of electrolyte the method should prove ap- 
plicable to a fairly wide var ie ty  of noble metal  elec- 
troplates on base metal  substrates. Less obviously, 
perhaps, inspection of Fig. 2 and 3 reveals that  the 
sensi t ivi ty (~Vcorr/AAA) of the technique increases 
as AA decreases. As far as is known, this feature is 
unique, and it would appear that for gold electroplates 
of low porosity on copper the method represents the 
most sensitive l iquid-phase test technique yet devised. 
With a proper choice of the test electrolyte, the method 
is relat ively nondestructive.  From polarization resist- 
ance  measurements,  the corrosion current  densities of 
gold-plated copper specimens in 0.1M NH4C1 electro- 
lyte are calculated to be of the order of 1 mA/cm2 of 
exposed copper. 

Limitat ions in applicabil i ty of the method as a po- 
rosity test are encountered at both large and small 
values of AA. Regarding the upper limit, it was shown 
previously that in prepar ing the calibration curves of 
Fig. 2 and 3, deviations from l inear i ty  were observed 
at values of AA larger than  about 10 -2. The value of 
AA at which deviations from l ineari ty are first noted 
in the calibration curve represents the upper  l imit of 
AA for which the approximate expression [2] is ap- 
plicable to the system under  investigation. At values 
of AA larger than  this, the method fails rapidly. A plot 
of corrosion potential  vs. AA yields, according to the 
general  expression [1], an S-shaped trace, the center 
of which, in the systems examined in this work, is 
found exper imenta l ly  to be quite flat. Thus, for gold- 
copper couples in 0.1M NH4C1 solution, variat ion of 
AA in the range of 5-95% or so is accompanied by only 
a negligibly small  change in the corrosion potential, 
and in this range the method fails entirely. 

In the lower limit, it has been shown by previous 
authors (13, 14) that  l iquid reagents often do not 
penetrate  very fine or very  deep pores in electrode- 
posits. This effect represents a l imitat ion in detect- 
abil i ty inherent  in any porosity test method employ- 
ing a liquid phase. The addition of a surfactant  to the 
test electrolyte might serve to alleviate this effect 
somewhat, although Clarke and Bri t ton (14) reported 
no significant improvement  in pore penetra t ion in 
similar  experiments  employing a surfactant.  

Specific experiments  have not been performed in 
this work to determine the effect of dissolved oxygen 
on the corrosion potentials of gold-copper couples. In 
the bu lk  solution, one might  infer  from the results of 
Fig. 4 that  the magni tude  of this effect would probab-  
ly be ra ther  small. In  the topmost layers of the elec- 
trolyte, however, and par t icular ly  at the meniscus, the 
situation is complicated by the possibility of oxygen 
and other interface effects occurring simultaneously.  
It was ment ioned previously that with certain refine- 
ments  in specimen preparat ion techniques it is pos- 
sible to avoid these latter effects in establishing cali- 
brat ion curves, and this was done in the preparat ion 
of Fig. 3. 

Finally,  it is noted that  the t ime required after im-  
mersion of a plated specimen unt i l  a steady corrosion 
potential  is achieved varies with the apparent  porosity 
of the electroplate and with the chemical react ivi ty of 
the electrolyte employed. In  0.1M NH4C1 solution, 
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equil ibrat ion times are of the order of 10-100 rain, 
being general ly  greatest for specimens of lowest ap- 
parent  porosity. The use of a more aggressive electro- 
lyte, such as a solution of 0.05M H2SO4 + 0.1M NaCI, 
reduces equil ibrat ion times to the order of 1-2 rain. 
This lat ter  electrolyte has been found suitable for 
porosity determinat ions in gold electroplates on nickel 
as well as on copper, but  the corrosion rates of the 
plated specimens are ra ther  high. It  has been pointed 
out in review that  the addition of a surfactant  to the 
test electrolyte might affect a significant reduct ion in 
equil ibrat ion times. Fur ther  work in these areas is 
indicated. 

Summary 
A method is presented for the determinat ion of 

electroplate porosity by measur ing the corrosion po- 
tential  of the plated specimen vs. a suitable reference 
electrode in an electrolyte which serves as a mild cor- 
rodant to the exposed basis metal. It is shown that  for 
gold-plated copper specimens in 0.1M NH4C1 electro- 
lyte the corrosion potential  varies wi th  the exposed 
area fraction of copper according to an expression de- 
rived by Stern. It is possible to calibrate the technique 
so that the exposed basis metal  area fractions of plated 
specimens can be estimated to a reasonable approxi-  
mation. Porosity values obtained from corrosion po- 
tential  determinat ions are in fair ly good agreement  
with those obtained using a chemical etch technique 
described by Frant .  

The corrosion potential  technique offers the ad- 
vantages of great simplicity and very high sensitivity, 
par t icular ly  at low porosities. The corrosion potentials 
of gold-plated copper specimens in 0.1M NH4CI elec- 
trolyte are affected by the pH of the electrolyte and 
by accumulat ion of cupric ions at concentrations in 
excess of 4 x 10-6M. In common with other l iquid- 
phase porosity test techniques, a l imitat ion in detect- 
abil i ty is imposed by the abil i ty of the electrolyte to 
penetrate  very fine or very deep pores. 

Manuscript  submit ted Nov. 24, 1969; revised ma nu-  
script received Feb. 23, 1970. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 

List of Symbols 

~leorr Corrosion potential  of a galvanic couple as mea~ 
sured with respect to the equi l ibr ium potential  
of pure cathode mater ial  in the same electro- 
lyte (V). 

E~ Corrosion potential  of pure anodic mater ial  as 
measured with respect to the equi l ibr ium po- 
tential  of pure cathode mater ial  in the same 
electrolyte (V). 

Vcorr Corrosion potential  of a galvanic couple as mea-  
sured with respect to a known reference elec- 
trode (V). 

tic Cathodic Tafel slope (V). 
.~A Anodic Tafel slope (V). 
~oc Cathodic exchange current  densi ty (A/cm2). 

ioA Anodic exchange current  densi ty (A/cm2). 

Ac Cathode area function (dimensionless).  
AA Anodic area fraction (dimensionless).  
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An Interrupter Technique for Measuring the Uncompensated 
Resistance of Electrode Reactions under Potentiostatic Control 

J. D. E. Mclntyre* and W. F. Peck, Jr. 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

A simple in ter rupter  technique is described which permits  the uncom-  
pensated resistance, Ru, in an electrochemical cell to be measured while  the 
test electrode is unde r  potentiostatic control. The ohmic potent ial  drop, IRu, 
can be monitored continuously as a function of the cell current ,  I, the d-c bias 
potential, and /o r  time. 

In studies of the kinetics of electrode processes by 
modern potentiostatic techniques, a loss of control of 
the electrode potential  can result  from the ohmic po- 
tential  drop associated with the flow of cell current ,  I, 
through the "uncompensated resistance" of the sys- 
tem (1). This uncompensated resistance, Ru, consists 
of the resistance of the electrolyte between the work-  
ing electrode and the equipotential  surface in the solu- 
tion at which the Luggin capil lary tip of the reference 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

electrode is situated. It includes as well  the resistance 
of the electrode itself and that  of the lead connecting 
it to the potentiostat. 

In measurements  made with a constant  or slowly 
varying d-c bias potential, the ohmic potential  drop, 
IRu, pzoduces a distortion of the s teady-state  cur ren t -  
voltage (I-E) curves which, if uncorrected, will yield 
erroneous values of the characteristic kinetic param-  
eters of the electrode reaction. The effects are even 
more serious for t rans ient  techniques such as rapid 
l inear-scan or cyclic vol tammetry  since the I-E curves 
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are  fu r the r  dis tor ted by  a l te ra t ion  of the  vol tage  scan 
rate.  In  a-c  measurements ,  the series combinat ion of 
Ru and the doub l e - l aye r  capacity,  Cdl, produces  a phase  
shif t  be tween  the ac tual  e lect rode poten t ia l  and the 
appl ied  modula t ing  voltage.  

Severa l  methods  have  been devised to correct  for 
these undes i rable  effects. These include:  (i) di rect  
measuremen t  of R~ by  a -c  br idge  (2) or  po ten t ia l -  or  
cu r ren t -pu l se  techniques (3, 4) and  subsequent  cor-  
rect ion of s t eady- s t a t e  I-E curves; (ii) direct  compen-  
sat ion by  use of a res i s tance-br idge  (5) or phase-  
r eve r t e r  (6) circuits;  (iii) direct  compensat ion  by  
means  of posi t ive f eedback  circui ts  (7-11);  (iv) cor-  
rect ion via  electronic s imulat ion and subt rac t ion  (12). 
The a-c  br idge  method  is ve ry  accura te  and p rope r ly  
takes  into account the  effects of shielding by  the r e fe r -  
ence e lec t rode  probe;  it  is somewhat  inconvenient  to 
use. Posi t ive  feedback  circuits  au tomat ica l ly  compen-  
sate for  the  ohmic potent ia l  drop, regardless  of the 
magni tude  of the cu r ren t  passed th rough  the cell. The 
correct  feedback  set t ing can only  be made,  however ,  
when  there  is negl igible  cur ren t  flow th rough  the cell. 
If  the cur ren t  d is t r ibut ion  is nonuni form or  var ies  wi th  
appl ied  potent ial ,  the compensat ion is then only  ap -  
p rox ima te ly  correct.  This method also fails  when Ru 
changes wi th  t ime as is the  case for the  dropping  
m ercu ry  e lec t rode  (DME).  F u r t h e r  difficulties arise 
when cells wi th  apprec iab le  s t ray  capaci tance to 
ground are  employed.  In  this  case the  addi t ional  phase  
shift  can cause the potent ios ta t  to burs t  into oscil lat ion 
at a degree  of posi t ive feedback  wel l  below tha t  r e -  
qui red  to compensate  p rope r ly  for Ru. Fo r  cer ta in  types  
of cells, overcompensat ion  is possible  (13). 

I n t e r rup t e r  techniques,  a l though wide ly  used in the  
past  to measure  res is t ive  overpotent ia l s  in ga lvano-  
stat ic exper iments  (14), have not  been commonly  em-  
p loyed for measurements  on electrodes under  po ten-  
t iostat ic control.  For  solid electrodes,  they  offer the  
poss ibi l i ty  of measur ing  R ,  and the  ohmic potent ia l  
drop d i rec t ly  as a funct ion of appl ied  potent ia l .  
Changes in Ru can be ascr ibed to a var ia t ion  of the  
cur ren t  d is t r ibut ion  on the surface or to the  format ion  
or r emova l  of a surface film. In polarography,  the  va r -  
ia t ion in Ru can be detected as the  m e r c u r y  drop grows 
wi th  time. When  posi t ive  feedback  c i rcu i t ry  is em-  
ployed,  the  i n t e r rup t e r  provides  a convenient  check 
on the degree  of feedback  requi red  to compensate  the  
ohmic potent ia l  drop correct ly.  In the  present  com-  
munica t ion  we descr ibe  the  use of a s imple potent io-  
s tat ic  i n t e r rup te r  technique  which  moni tors  IRu con-  
t inuous ly  dur ing  the  recording  of a s t eady-s t a t e  I-E 
curve.  

Potentiostatic Interrupter Circuit 
Figure  1 i l lus t ra tes  the  circuit  employed  to in t e r rup t  

the  cell  cu r ren t  momenta r i ly .  This c i rcui t  is a s imple  
adap ta t ion  of a novel  h igh-speed  electronic switch 
devised by  W a r n e r  and Schuld iner  (15) to change 
f rom potent iosta t ic  to galvanosta t ic  control.  In  the  
present  modification, the  cell  cu r ren t  is momen ta r i l y  
in t e r rup ted  by app ly ing  a pulse of a few microseconds 
dura t ion  to the  potent ios ta t  input.  The sign and m a g -  
n i tude of this  pulse  a re  such that  the  output  of the  
control  amplif ier  is d r iven  to a vol tage  level  sufficient 
to reverse -b ias  the  diode, D1, connected in series wi th  
the  counterelectrode.  When  the  diode becomes non-  
conducting, the  cell  is isolated f rom the  potent ios ta t  
control  amplif ier  and is effectively "open-c i rcui ted ."  
The  vol tage fo l l ower ,  V, detects the  ins tantaneous 
change in potent ial ,  hE, caused by  the  r emova l  of the  
ohmic potent ia l  drop, IRu. This ins tantaneous  change 
is fol lowed by  a much s lower  decay  due to the  d is -  
charge of Cdl th rough  the Fa rada ic  impedance  of the  
e lectrode reaction. Knowing  the cell  current ,  I, and 
the potent ia l  change, ~E, cor responding to the  appl ied  
d-c  bias potent ial ,  the  va lue  of Ru can be de te rmined  
as a funct ion of po ten t ia l  a n d / o r  time. 

At  the  end of the  pulse, diode D1 is res tored  to a 
conduct ing state, cu r ren t  flows again  th rough  the  cell, 
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Fig. 1. Electrochemical cell and potentiostat with interrupter: 
C,I, Philbrick P45A operational amplifiers; V, Philbrick P25 opera- 
tional amplifier; B1,B2, Booster amplifiers; DI, Western Electric 
458A diode; PG, Tektronix Type 114 pulse generator. 

and the  potent ios ta t  regains  control.  I f  the  vol tage 
pulse  is sufficiently short,  the  decay  of the  e lect rode 
potent ia l  wi th in  its dura t ion  is ve ry  small ,  and the 
s t eady-s ta te  condit ions of the  reac t ion  are  not  pe r -  
turbed.  

Fas t e r  "switch-off"  t imes  can be obta ined  by  in jec t -  
ing a vol tage  pulse d i rec t ly  at  the  input  of the  booster  
amplifier ,  B1, as shown in Fig. 2. Ampli f iers  B1 and B2 
consist of complemen ta ry  pai rs  of npn and pnp t r an -  
sistors connected in a common emi t t e r  configurat ion 
(16) i l lus t ra ted  in Fig. 3. Wi th  this  method,  the  pulse  

REFERENCE VOLTAGES 

WORKIN6 ELECTRODE 

Fig. 2. Electrochemical cell and potentiostnt with interrupter. 
Components are the same as in Fig. 1. Iniection of pulse at input 
of B1 gives faster switch-off and recovery times. 
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Fig. 3. Transistor booster amplifier: Q1, Western Electric 30A 

(npn); Q2, Western Electric 31A (pnp). 
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used must  be larger and of polar i ty  opposite to that  
employed with the circuit of Fig. 1. The pulse genera-  
tor is isolated from the output  of operat ional  amplifier 
C by a blocking capacitor and series resistor. 

The principal  advantage of the second method is that  
the "switch-off" t ime is not dependent  on the rise 
t ime of the summing amplifier. Dur ing  the voltage 
pulse, the output  voltage of "off-balance" amplifier C 
rises in an at tempt  to restore current  through the cell. 
The output  voltage of C thus remains  positive and 
sufficiently high to restore D1 to its forward-biased 
state ins tantaneously  when  the pulse is removed. The 
potentiostat "recovery" t ime is thus shortened. 

Anodic currents  can be in ter rupted  by a simple re-  
versal of the diode and pulse-voltage polarity. The 
performance of the circuit of Fig. 2 is discussed below. 

C ircu i t  p e r f o r m a n c e . - - F i g u r e  4 il lustrates a ne twork  
which simulates impedances found in a working elec- 
trochemical cell. Figure 5 shows the form of the po- 
tent ial  re laxat ion observed at the output  of voltage 
follower V when, wi th  Ru = 20 ohms, a "cathodic" d-c 
current  of 10.0 mA flowing through this circuit is in-  
ter rupted by applying to the input  of B1 a negat ive-  
going pulse of ca. - - 5 V  ampli tude and 5 ~sec duration. 
The init ial  rapid fall in potent ial  represents the switch- 
off t ime of the system, ca. 0.2 ~sec. The bottom flat 
section of the waveform represents the potent ia l  at 
point Y (Fig. 4), which decays with a t ime constant 
of 400 #sec. At the end of the pulse, the voltage at X 
rises rapidly, overshooting its ini t ial  value, and then 
decays back to its s teady-state  level. By subst i tut ing 
for Ru a series of s tandard resistors ranging from 1 to 
100 ohms, it was ascertained that the value of the un -  
compensated resistance could be determined by this 
method with an accuracy of ~1%.  To achieve this ac- 
curacy, the  pulse repeti t ion f requency must  be low 
enough to allow amplifier r inging to decay completely 
after each pulse is applied. 

.• RS 
X RIc 

y.~ Ru 

i 
Fig. 4. Equivalent cell circuit: P,~400 ohms; Rlc--20 kohms; 

Cdl--4/~F; RF--IO0 ohms. 
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Figure 6 shows the form of the potent ia l - re laxat ion 
waveform observed with an actual electrochemical 
cell. The working electrode was a gold rota t ing-disk 
electrode (RDE) of 0.32 cm 2 area immersed in oxygen-  
saturated 0.1N KOH. The p la t inum counterelectrode 
was isolated in a separate compar tment  by a fr i t ted-  
glass disk, while the Hg/HgO reference electrode was 
isolated by  a Teflon stop-cock. To avoid dis turbance of 
the hydrodynamic s treamlines at the RDE, the tip of 
the Luggin capil lary was positioned ca. 0.75 cm below 
its surface. With the bias potent ial  and rotat ional  speed 
adjusted to give a l imit ing current  of 1.00 mA, the 
value of the uncompensated resistance in this cell was 
found to be 17 ohms. 

Although the design of this cell is far from optimal 
for rapid t rans ient  measurements ,  the switch-off t ime 
of this system is only 0.2 ~sec. Best results are obtained 
by minimizing the length and capacitance of the 
shielded coaxial cable connecting the reference elec- 
trode to the voltage-follower input  of the potentiostat. 
The effects of cable capacitance can be reduced by 
using a guard circuit to hold the shield at the same 
potential  as the inner  conductor, i.e., at the reference 
electrode potential.  This is convenient ly  accomplished 
by using a BNC connector with an isolated "ground" 
te rmina l  (Dage Electric Co., Inc., Frankl in ,  Ind., Model 
No. 4890-1) dr iven  by the voltage-follower output. A 
significant reduct ion in recovery t ime and increased 
electronic stabil i ty was obtained by use of an auxi l iary 
p la t inum-wi re  counterelectrode, positioned wi th in  a 
few centimeters of the working electrode and a.c.- 
coupled through a capacitor to the potentiostat  output. 
This electrode affords a low-impedance by-pass path 
for t ransient  currents  and reduces the over-al l  t ime 
constant of the system. The response t ime of the sys- 
tem is the same regardless of whether  or not the 
current  follower is used. To avoid a t tenuat ion of the 
waveform ampli tude,  the resistance of the reference 
electrode probe arm should be made as small  as pos- 
sible. Luggin capillaries with closed isolating stop- 
cocks tend to act as low-pass filters for electrical 
signals. 

No effect of the current  in te r rup t ion  is observable 
in the recordings of the s teady-state  I - E  curves mea-  
sured with an RDE if the pulses are short and the t ime 
in terval  between pulses is longer than  the sum of the 
pulse dura t ion and the recovery time. Pulse  durat ions 
of 5-10 ~sec and a pulse repet i t ion f requency of 0.1-1 
kHz are general ly  suitable. The method can be used 
in a single-shot mode if a storage oscilloscope is 
employed. 

The value of IRu can also be monitored cont inuously 
as the direct cur rent  is altered. In  Fig. 7, the vert ical  
distance between the two traces represents the value 
of IRu in the electrochemical cell; distance along the  
horizontal axis corresponds to the cathodic direct cur-  
rent  flowing through this network.  The diagonal trace 
in this photograph was formed by repeatedly in ter -  
rupt ing  the direct cur ren t  as the la t ter  was slowly 

Fig. 5. Potential-relaxation waveform for equivalent cell circuit: 
1--10.0 mA, Ru--20.O ohms; Y-axls, .50 mV/div; X-axis--1 
/~sec/div. 

Fig. 6. Potential-relaxation waveform in electrochemical cell. 
Y-axis--5 mV/div; X-axis--1 #sec/div. I--1.0 mA. 
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varied from 0 to 1 mA. The oscilloscope beam intensi ty 
was s imultaneously enhanced for the durat ion of each 
current  interrupt ion.  Only the "flat" sections of the 
voltage pulses at the output  of follower V exhibi t  suffi- 
cient intensi ty  on the oscilloscope screen to register on 
the film. The slow var ia t ion in the d-c electrode po- 
tent ial  is not  recorded if the oscilloscope is a.c.-coupled 
to the output  of V. A convenient  horizontal  reference 
trace is then obtained as shown in  Fig. 7. At low cur-  
rent  levels (~100 #A), the forward-biased diode re- 
sistance is too high for the potentiostat  to main ta in  
proper control and oscillation occurs. The instabil i ty 
of the potentiostat  at low currents  precludes the use 
of this technique at present  for moni tor ing Ru in polar-  
ographic studies. 

Discussion 

The potentiostatic in te r rup te r  technique described 
in the preceding sections is par t icular ly  useful in 
studies of the kinetics of electrode reactions by the 
RDE method. Relat ively high current  densities can be 
at tained with this method at high disk angular  veloci- 
ties. Since it is not desirable to position the reference 
electrode probe close to the surface of the RDE, ohmic 
potential  drops can easily amount  to 50-100 mV in 
solutions of moderately  good conductivi ty (e.g., 0.1M). 
The distortion of the s teady-state  I - E  curves can read-  
ily be removed by analog s imulat ion (12) or when  
the exper imenta l  data are subjected to computer 
analysis. 

When appreciable overpotentials exist at the elec- 
trode surface due to activation or concentrat ion polari-  
zation, the current  dis t r ibut ion differs significantly 
from the p r imary  dis tr ibut ion determined by the 
spreading resistance of the electrode (16). The equi-  
potential  contours in the electrolyte close to the elec- 
trode surface are distorted to force a higher current  
flow to the center  of the disk. For electrode potentials 
in the l imit ing current  region, the current  d is t r ibu-  
t ion on the disk is uniform. The potential  at the disk 
center is then 27% higher than the uni form surface 
potential  associated with the p r imary  current  distri-  
bution, while the potent ial  at the disk per iphery is 
18% lower. An intermediate  si tuation exists when 
there is appreciable activation polarization. The pos- 
sibili ty arises, therefore, of detecting a nonuni form 
current  dis t r ibut ion by means of the potentiostatic 
in te r rupter  technique. 

In  an exper imental  test, the value of Ru was mea-  
sured at the quarter,  half, and th ree-quar te r  wave 
points and in the l imi t ing-cur ren t  region of the steady- 
state I - E  curve for oxygen reduction on a gold RDE. 
The probe tip was positioned 0.75 cm below the RDE 
surface. The value of Ru was observed to be constant  
over the ent i re  I - E  curve wi th in  the exper imental  
precision of the measurements  (ca. 2%).  This ap-  
parent  constancy of Ru is shown by  the l inear i ty  of 
the diagonal trace of Fig. 7, which was obtained by  

Fig. 7. Variation of ohmic potential drop in electrochemical cell 
with current. Y -ax is5  mV/div; X-axis--0.1 mA/div. 

continuously monitor ing the values of IRu and I as the 
potential  was scanned through the wave. 

The observed constancy of Ru in the above experi-  
ment  cannot, however, be taken as evidence of a un i -  
form current  dis t r ibut ion throughout  the entire I - E  
curve. For the two extreme cases of the pr imary  current  
dis t r ibut ion (uniform potential  in the solution at the 
outer boundary  of the diffusion layer) and the l imit-  
ing-cur ren t  distr ibution (uniform current  density on 
the disk), significant differences in the measured ohmic 
potential  drop to the center of the disk can only be 
detected when the probe tip is located at a distance 
wi thin  ca. 0.5 ro of the disk surface, where  ro is the 
radius of the disk (17, 18). For the 0.25 in. diameter  
electrode employed, this would necessitate placing the 
probe tip at a distance less than 1.5 m m  below the 
disk. This separation is independent  of the electrolyte 
conductivi ty and so small  as to cause distortion of the 
hydrodynamic and electrical current  s treamlines by 
geometric screening. Further ,  instabi l i ty  of the control 
system is l ikely to result  when  Ru becomes very small  
(19). In order to detect nonuni form current  dis tr ibu-  
tion on an RDE by this method, use of a large diameter  
disk (ro ~ 0.5 in.) is indicated. 

A second phenomenon will prevent  detection of any 
al terat ion in Ru, however. Newman (20) has pointed 
out that if the potential  across the surface is not un i -  
form, the double- layer  capacity is nonuni fo rmly  
charged. When the direct cur rent  is interrupted,  a 
t ransient  current  flows through the electrolyte from 
one section of the disk to another  unt i l  the surface 
potential  and charge become uniform. The relaxation 
t ime for this process is 

= ro C/K 

where C is the specific double- layer  capacity and K is 
the specific conduct ivi ty of the electrolyte. With ro 
: 0.125 in., C ~ 20 F c m  -2 andK (0.1NKOH) : 0.024 
ohm -1 cm -1, we have T ~ 0.3 msec, a t ime much longer 
than the durat ion of the in ter rupter  pulse. As a result, 
the ini t ial  potential  drop corresponds to the value of 
Ru associated with the pr imary  current  distribution, 
regardless of the actual  current  distr ibution on the 
disk before interrupt ion.  It is also this value of Ru 
which is measured by rapid pulse and h igh-f requency 
a-c methods as well  as by positive feedback circuitry. 
The in ter rupter  technique offers certain advantages 
over pulse or sinusoidal a-c methods since the lat ter  
require an accurate measurement  of the t rans ient  cur-  
rent  and are sensitive to the value of Cd] and the rise 
times of the pulse generator  and potentiostat. The in-  
t e r rup te r  technique is not sensitive to these factors 
and requires only an accurate measurement  of the 
d-c cell current .  

Very brief  current  in te r rup t ion  times must  be em- 
ployed if per turbat ion  of fast electrode reactions is to 
be avoided. With fast-rise potentiostats, amplifier 
r inging persists for 1 #sec or less. In te r rup t ion  times 
of 5-10 #sec are then of sufficient length to permit  the 
ohmic potential  drop to be determined.  The shorter 
the in ter rupt ion  time, the more rapid is the recovery 
of the potentiostat. Per turba t ion  times associated with 
the voltage and current  pulse methods are in general  
considerably longer. In te r rup te r  measurements  can 
only be made, of course, when there is an appreciable 
direct cur rent  flowing through the cell. This procedure 
should also be useful  for potentiostats having re la-  
t ively slow response times. 
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Effect of Overpotential on the Temperature 
Dependence of the Electrolytic Hydrogen- 
Deuterium Separation Factor on Platinum 

M. Hammerli, J. P. Mislan, and W. J. Olmstead 
Atomic Energy of Canada Limited, General Chemistry Branch, 

Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada 

ABSTRACT 

The tempera ture  dependence of the electrolytic hydrogen-deu te r ium sepa- 
rat ion factor, SD, was studied on bright p la t inum bead electrodes as a func-  
t ion of overpotential  in 1.2N HCI-10% D20 over the temperature  range of 
2~176 As expected, SD decreased with increasing tempera ture  at a given 
overpotential.  At each temperature,  SD increased as the overpotential  cor- 
rected for /R-drop,  *lcorr, increased from 1--25 mV] to about 1--300 mVI; from 
--300 mV to about --500 mV, the exper imental  limit, (which corresponds to 
~avpl --~ 1.2V) SD remained constant wi thin  the ___5% reproducibi l i ty  of the 
measurements.  This behavior  is a t t r ibuted to a possible change in the 
mechanism of the hydrogen evolution reaction as I n | i s  increased. The tem-  
pera ture  coefficient of SD is independent  of nr wi th in  the exper imenta l  error. 
The Arrhenius  activation energy difference between the hydrogen-deute r ium 
and the hydrogen producing reactions, -~EA, is positive; -~EA decreases as 
l*lcorrl increases, but  reaches a plateau value for ~corr --~1--300 mV]. Conversely, 
the Arrhenius  pre-exponent ia l  factor ratio, AH2/AHD, increases over the same 
range of overpotentials  before reaching a plateau value for ~corr ~ 1--300 mV[. 
Comparison with published work is made. 

The electrolytic hydrogen-deu te r ium separation 
factor, SD, is defined as the atomic ratio of hydrogen 
to deuter ium in the evolved gas divided by the atomic 
ratio of hydrogen to deuter ium in the electrolyte. SD 
has been studied as a function of tempera ture  by sev- 
eral workers (1-5) on different cathode metals and in 
different electrolytes, usual ly  with the aim of elucidat-  
ing the mechanism of the much studied hydrogen evo- 
lution reaction. These studies were all carried out using 
constant current .  

More recently,  some workers have investigated the 
electrolytic hydrogen-deu te r ium separation factor as 
a funct ion of the overpotent ial  (6-10). As previously 
reported (11) we have studied SD on bright p la t inum 
bead electrodes in 1.2N HCI-10% D20 electrolyte as a 
function of the applied as well  as the corrected over-  
potential, the lat ter  quant i ty  being equal to the applied 
overpotential  minus  the ohmic potential  drop (hence- 
forth called the /R-drop)  due to the electrolyte re-  
sistance between the tip of the Luggin capil lary and 
the cathode. It was clearly demonstrated that  SD is a 

Key words: hydrogen, deuterium, separation factor, isotope sepa- 
ration, effect  of t emperature  on, electrolysis ,  water, heavy water .  

function of the corrected overpotential  under  care- 
ful ly controlled exper imenta l  conditions. 

The present  work was under taken  to determine if 
the tempera ture  dependence of SD was a function of 
the corrected overpotential,  and to see if the Arrhenius  
activation energy difference for the H~ and HD pro- 
ducing reactions was comparable to the theoretical 
ma x i mum predicted by Rowland (1) on the basis of 
free atom reactions. It was also hoped that the Arrhe-  
nius pre-exponent ia l  factor ratio would possibly indi-  
cate the presence or absence of proton tunne l ing  
(12-15). 

The Arrhenius  factors may be evaluated from a t em-  
pera ture  study of SD as follows. In  re la t ively dilute 
deuter ium solutions (up to about 10% D20) the main  
species which undergo reduct ion in 1.2N HC1 are H30 + 
and H2DO+, and the ma in  products are H2 and HD. On 
this basis, Conway and Salomon (16, 17) have shown 
that  

SD ---- ( D )  �9 2 [H30 +] fH2DO+ fH2 f [1] 

s [ H 2 D O  + ] fH30 + fHD* 

for the slow atomic hydrogen recombinat ion or cata-  
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lytic mechanism (16) viz. 

M - -  H + M - -  H->  H., [ 

M - - H  + M - - D - - >  HD f [2] 

where  M denotes the metal  adsorption site for H or D 
and 

( D )  [H~O+] fH2DO + f~2* [3 ] 

S D =  H" s" [H2DO +] fHao+ fHD t 

for the slow atom-ion or electrochemical mechanism 
(16) viz. 

M - - H + H 3 0  + + e - > M + H 2 0 + H . ,  

M - - D + H 3 0  + + e - - > M + H 2 0 + D H  [( [4] 
[ 

J M H + tt2DO + + e--> M + H20 + HD 

and for the slow proton discharge mechanism (17) viz. 

M + H a O  + + e - > M H + H 2 0  

M + H2DO + + e--> MD + H20 ~ [5] 

In  Eq. [1] and [3], (D/H)s  is the atom ratio of deute-  
r ium to hydrogen in the bu lk  solution (1.111 for 10% 
by volume D20),  [HaO+]/[H2DO +] is the concentra-  
tion ratio of the H30 + and H2DO + ions in the solution, 
and the f - terms represent  the appropriate part i t ion 
functions of the indicated species, e.g., fH~* is the par-  
tition function for the activated complex leading to H2 
production. Since 

kH2/kHD = Ift2DO+ IH2*/IHaO+ fHD* [6] 

then Eq. [1] and [3] become 

( D )  [H30+] kH2 
S D =  ~- 2 [7] 

s [H2DO + ] kHD 
and 

D )  [H30 + ] kit2 [8] 

SD = H- s [H2DO +] kHD 

respectively; kH2 and kill) are the electrochemical rate 
constants for the H2 and HD producing reactions re-  
spectively. Equations [7] and [8] can fur ther  be 
simplified, since 

( D )  [HDO] [HDO] 

H" s = 2[H20] + [HDO] " 2[H20] [9J 

i.e., 2[H20] > >  [HDO]. Therefore 

SD ~ Kb kH2/kttD [10] 

for the slow atomic hydrogen recombinat ion mecha-  
nism, and 

SD "2- Kb kH2/2 kHD [11] 

for the slow atom-ion and the slow proton discharge 
mechanisms, where Kb is the equi l ibr ium constant for 
the reaction 

H~O + H2DO + ~ H D O  + H30 + [12] 
i.e. 

Kb = fSDO fH30+/fH20 fH2no+ [13] 

Kb can be evaluated from the part i t ion function ratios 
as will  be shown later, and therefore kHJkHD may be 
calculated once SD has been measured. Using the well-  
known Arrhenius  equation for the rate constant we 
obtain 

kH2 AH2 &EA 
log10 kttD = log1~ A--~-D + 2.3 R---~ [14] 

after taking logarithms to the base 10. In Eq. [14], 
AH2 and AnD are  the Arrhenius  pre-exponent ia l  fac- 
tors for the He and l i d  producing reactions, respec- 
tively. The Arrhenius  activation energy difference, 
AEA, is defined as 

AE = EA HD -- EAH2 [15] 

where  EA HD and EAH2 are  the Arrhenius  activation en-  
ergies for the HD and H2 producing reactions respec- 
tively. R and T have their usual  significance. Both 
AH2/AHD and AEA are  readi ly evaluated from a plot 
of lOgl0 (kH2/knD) VS. T -1 in the usual manner .  

Experimental 
The cel l . - -The cell and its operation for separation 

factor measurements  have been described in  detail 
in a previous paper (11). The following changes in the 
procedures reported there were made: 

All  data were obtained using the hydrogen refer-  
ence electrode situated about 20 cm from the cathode 
and the smooth p la t inum bead cathodes described in 
(11). The reference electrode was effectively placed 
1 m m  from the cathode by means  of a Luggin capillary. 
The pre t rea tment  of the cathodes (geometric surface 
area ~_0.06 cm 2) was changed for some experiments  
by el iminat ing the extract ion of the cathode with 
warm electrolyte overnight  in a Soxhelet extractor. 
For these experiments,  the cathodes were placed in 
the cell as soon as possible after the hydrogen reduc- 
tion step. No change in the reproducibi l i ty  of the re- 
sults was noted. On the contrary,  the n u m b e r  of runs 
which produced spurious results decreased signifi- 
cant ly  to the point where only about one in twenty  
experiments  had to be abandoned. 

The second change involved the hydrogen reduction 
step of the cathode pretreatment .  Instead of evacuat-  
ing the oven before the cathode was allowed to cool 
to room temperature,  the hydrogen atmosphere was 
main ta ined  in the oven while the cathode cooled. In  
order to remove any hydrogen sorbed on the cathode, 
the assembly was evacuated for several hours to 10 -6 
mm Hg. This change did not affect the reproducibi l i ty  
or the absolute value of SD measurements .  All  other 
procedures remained as described in (11) for the 
p la t inum bead cathodes, inc luding the leaching-dis-  
t i l lation pre t rea tment  of the cell. 

Anode . - -The  anode consisted of a strip of p la t inum 
gauze, 15 cm long and 4.5 cm wide (Johnson, Matthey 
and Mallory Unimesh No. Q2050, 48 mesh x 0.006 in.).  
This strip was wound into a roll, 0.5 cm in diameter  
and 4.5 cm wide, to which a p la t inum wire, 0.127 cm 
in diameter, was fastened at one end. 

Chemicals . - -The 1.2N HCI-10% D20 electrolyte was 
prepared as described previously (11). The specific 
conductance of this electrolyte was 0.399 ohms -1 cm -1. 

Potential control.--For most of the results reported 
here, the applied overpotential,  ~lal,pt, was controlled by 
manua l ly  adjust ing the current  supplied by a galvano-  
stat (Northeast Scientific Corporation, Model RI-234) 
to the cell while moni tor ing the reference electrode- 
cathode potential  difference on a digital vol tmeter  
(Fairchild, Model 7050). The current  density based on 
the geometric surface area of the cathode varied from 
about 2 mA cm -2 at ~appl = --25 mV to about 3 A 
cm -2 at ~appl = -- 1.0V. 

In practice, electrolysis was allowed to proceed 
unt i l  the current  reached a steady state before the 
evolved hydrogen isotopes were collected for a sepa- 
ration factor measurement .  A few minutes  were neces- 
sary before this steady state was reached; once reached 
only minor,  if any, current  adjustments  were found 
necessary to keep the desired applied overpotential  
constant dur ing an electrolysis which lasted anywhere  
from 1 to 60 min  depending on the applied overpo- 
tential. This procedure was found necessary because 
we have not yet been able to design a satisfactory 
transistor switch for obtaining IR-drop measurements  
using a potentiostat  for potential  control. Furthermore,  
it became apparent,  as will  be shown, that IR-drop 
measurements  should accompany SD measurements .  
The above procedure together with a transistor  switch 
designed in our laboratory permit ted the acquisition of 
/R-drop data immediate ly  after a separation factor 
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determination.  In  fact, the electrolysis was te rminated  
with the IR-drop meaasurement .  

For comparison, however, some results based on po- 
tentiostatic control of 11appl as outl ined previously (11) 
are included. 

Temperature controL--The t empera ture  of the cell 
was controlled to +0.1~ by a circulating water  bath. 
To prevent  excessive liquid carry-over  into the gas 
collection system dur ing  collection of the gas mix ture  
(liberated hydrogen isotopes and argon sweep gas) a 
water  cooled condenser was fitted onto the cathode 
compartment  head. The tempera ture  was monitored 
during several  exper iments  by means  of a p l a t inum-  
10% rhodium 90% p la t inum thermocouple, placed 
about 2 m m  from the cathode. 

H/D analyses .~Al l  gas samples were analyzed in 
triplicate on a CEC (Consolidated Electrodynamics 
Corporation) Model 21-130 mass spectrometer with a 
reproducibil i ty bet ter  than  •  in the H/D ratio. 

IR-drop measurement . - -To measure the IR-drop be-  
tween the tip of the Luggin capil lary and the working 
electrode a switch with an extremely rapid break time 
is ideal. The point  where the potential  decay due to 
double layer discharge and /or  Faradaic discharge be-  
gin and where the IR-drop ends can then be readily 
determined. Existing solutions to this type of problem 
have general ly involved mercury-wet ted  relays that  
have extremely rapid break times, but  whose operate 
times of about 3-6 msec make it difficult to reduce 
switch times below 1 msec. 

The switch used (Fig. 1) operates on a single pulse 
or continuous mode with a toggle f requency of about 
5 MHz over the current  range  0-800 mA and potent ial  
range 0-60V. The theoretical f requency response of 
the switch is 250 MHz which corresponds to a break 
time of 4 nsec. The practical response was about 200 
nsec in the circuit shown schematically in Fig. 1. 

Operation of the circuit depends on the fact that  
one state of the bistable or flip-flop circuit consisting 
of C1, C2, D1, Df, and E3 turns  on the transistors, Q1 
and Q.2, and the other state of the bistable circuit turns  
them off. When the transistors are conducting, the cur-  
rent  source is short circuited to ground, but  diodes D3, 
since they will then be back biased, prevent  the cell 
from also being short circuited. When the transistors 
are not conducting, current  readily flows through the 
cell because diodes D3 are then forward biased. In  
theory, micrologic elements E1 and E~ are not re-  
quired, but  in practice were found necessary to drive 
Q~ and Q2 completely to ground. E1 and E2 thus serve 
as buffer elements and ensure that  enough current  is 
supplied to Q1 and Qf. The micrologic elements are 
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Fig. 1. Schematic of transistor switch, electrolysis cell and instru- 
ments used in/R-drop measurement. A, anode; C, cathode; R, refer- 
ence electrode; B1, B2, 1.35V mercury batteries Type RM12R; C1, 
C2, 220 ~p,f capacitors; D1, Df, D~, Type FD700 diodes; El, Ef, 
mlcrologic elements Type /ti 900; E3, micrologic element Type ~1 
9]4; Q1, Q2, transistors Type 2N2219; R1, 68 kohm resistor; S1, 
power switch. 

powered by two mercury  batteries in series (B1 and 
B2) i.e., by 2.7V. R1 serves to isolate the bistable from 
the pulse generator.  

The bistable was triggered by a Datapulse Type 101 
pulse generator  which is par t icular ly  suitable because 
it has a variable  delay l ine buil t  into one output  
channel.  Thus, the Tektronix  Type 581 oscilloscope with 
a Type 1AI p lug- in  (rise t ime = 13 nsec at a sensitivity 
of 5 mV/divis ion)  could be tr iggered first and the ap- 
plied overpotential  recorded on the first part  of the 
oscillogram before the current  to the cell was switched 
with the delayed pulse to the bistable. The next  pulse 
turns  the t ransistor  off and current  to the cell is re-  
stored. 

By operating the switch in the single pulse mode, it 
was possible to measure the /R-drop with a 1 usec/ 
division sweep rate and to te rminate  a given electrol- 
ysis simultaneously.  

Results and Discussion 
SD as a Function o~ ~ap~l and T.- -The  main  result  of 

our experiments  concerning the effect of t empera ture  
on the relat ion between the separation factor, So, and 
' } a , , ]  on p la t inum electrodes immersed in  1.2N HC1- 
10% D20 aqueous electrolyte, is that, as the tempera-  
ture  is increased from 2 ~ to 80~ the separation factor 
decreases fairly evenly over the range of applied over-  
potentials, 1--50 mu ~ ~)app] "~-- 1-1200 mVI. Figure  2 
shows this effect of t empera ture  on the dependence of 
SD on napj)l where  Ylappl was controlled potentiostatically 
(closed symbols) ,  and where napD1 was controlled by  
manua l ly  adjust ing the current  output  from a galvano- 
stat (open symbols) as described in the exper imental  
section. Within  exper imenta l  error both methods pro-  
duced the same values. The potentiostatic results at 
25~ (closed circles) are those reported previously 
(11). All the results in Fig. 2 are wi th in  a •  re-  

producibil i ty range, al though the reproducibi l i ty  was 
poorest at 2~ possibly due to a greater influence of 
impur i ty  sorption effects at the electrode-electrolyte 
interface. It is also interest ing to note that  on several 
occasions considerable dissolution of p la t inum occurred 
at the anode at 80~ and when  p la t inum ions were 
allowed to reach the cathode where they were readi ly 
plated out, the separation factor decreased; at the same 
t ime the results became much less reproducible. Such 
results were discarded. 

That  SD appears to decrease as Tiappl ~ 1-500 mVI 
for the 2 ~ results we believe is due to local heat ing 
of the cathode and/or  the electrolyte immediate ly  ad- 
jacent  to it. An increase in the effective tempera ture  

"- oo ~ �9 = 25~ . 

�9 0 l:] 50~ _ 

5 �9 

0 0.2 0 .4  0.6 Q8 1.0 1.2 

- "OAPPLIED ( V v$ S.H.E.) 

Fig. 2. Temperature dependence of the H/D separation factor as 
a function of the applied overpotentiaL Open symbols refer to gal- 
vonostatic control of the applied overpotential; closed symbols 
refer to potentiostatic control of the applied overpotential. 
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of 7~ can account for the observed drop in SD from 
7.35 at the max imum to 7.05 or about 4%, and in any 
case is wi thin  the l imit of the reproducibi l i ty  of the 
measurements.  Nevertheless, it should be pointed out 
that  a tempera ture  measurement  wi th in  about 2 m m  of 
the cathode only showed an increase in temperature  of 
a few tenths of a degree over the entire range of 1]appl. 

IR-drop measurements.--A typical  oscillograph of 
the /R-drop between the cathode and the Luggin 
capil lary is shown in Fig. 3. The /R-drop was mea-  
sured from the horizontal  l ine at the top, represent ing 
~lap~,~ just  before the anode-cathode circuit was broken, 
to the lower curve extrapolated back to where the po- 
tential  difference fell. The small  oscillations in the 
lower line are due to in te rna l  reflections in the co- 
axial lead cables which were kept as short as possible 
to minimize this effect. A 1 ~sec/division sweep rate 
was used for a l l / R - d r o p  measurements  reported here. 
In  this w a y / R - d r o p s  were readily measured at the end 
of an electrolysis to wi th in  •  for a given electrode 
in a given aliquot of electrolyte. 

The /R-drop results are summarized in Fig. 4 in 
which ~co~r is plotted as a function of ~appl. Because 
the results at different temperatures  correspond to 
different cathode-Luggin capil lary distances (about 1 
ram),  different cathodes, and different aliquots of 
electrolyte, some variat ion in the /R-drop would be 
expected. Evident ly  this var iat ion is sufficiently large 
to mask completely the expected decrease in the 
IR-drop wi th  increasing tempera ture  due to an in-  
crease in conductivi ty of the electrolyte. Nevertheless, 
Fig. 4 clearly shows the importance of the /R-drop 
corrections at ~appl -~- 1--75 mVI since these corrections 
approach 50% at ~apl)l = --1000 inV. 

The effect of the /R-drop on the reproducibil i ty of 
the separation factor-overpotential  relat ionship is 
i l lustrated in Fig. 5 in which the closed and open tr i-  
angles represent  the applied and corrected overpoten- 
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Fig. 5. Effect of /R-drop on the reproducibility of the H / D  sep- 
aration factor-overpotential relationship for 80~ Z~, corrected 
for IR-drop; A ,  not corrected far IR-drop. Corresponding pairs of 
points have the same number. 

tials respectively. The importance of obtaining an IR- 
drop measurement  for each specific SD determinat ion 
is shown clearly by the points 7 and 8 for example: 
for both, ~a,l,t = --300 mV but  1]corr ~ --200 mY" and 
--150 mV, respectively. With the appropriate /R-drop 
correction, both SD values fall on the smooth curve 
well  wi th in  the estimated exper imental  error; as a 
function of the applied overpotential,  they differ by 
about 7%. Points 1 and 2 fur ther  i l lustrate the advan-  
tage of obtaining IR-drop measurements  coincident 
with SD determinat ions as in this case the order in the 
magnitudes of the respective overpotentials is reversed 
w h e n  t h e / R - d r o p  corrections are applied. 

Although the /R-drop correction can be large, its 
effect on the dependence of SD on overpotential  is 
relat ively small  as seen in Fig. 6 (cf. Fig. 2) because 
SD reaches a plateau. In Fig. 6 for reasons already 
stated, the 2~ curve is treated according to the dotted 
line. 

Calculation of Kb.--Before the Arrhenius  pa ram-  
eters can be obtained it is necessary to evaluate Kb 
(see Eq. [13] and c) ~. Eq. [10], [11], and [14]) as 

follows: 
By applying the rule of the geometric mean  (18) it 
can be shown that  

fH2DO+/fH30+ ~ 3 ( fDso+/ fH30+)  1/s [16] 

Fig. 3. Oscillograph of IR-drop for Tlapp[ ~ ~ 6 8 0  mV using the 
galvanostat; /R-drop ~- 300 mV and ~lcorr = - - 380  mV; ordinate 
= 200 mV/division; abscissa = 1 #sec/divislon. 
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Fig. 6. H /D  separation factor as a function of the corrected over- 
potential. Open symbols refer to galvanostatic control of the applied 
overpotential; closed symbols refer to potentiostatic control of the 
applied overpotential. 



Vol. 117, No. 6 

Table I. Evaluation of Kb for the reaction 
HDO + H;~O + ~-- H20 -5 H~DO + 

EFFECT OF OVERPOTENTIAL 

(fDaO§ (fH.2OO+/ (fD20,/ ( f~no /  
t ~ fHao§ ffIaO § fg20)a fm20) Kh 

O 41.035 103.476 2550.9 97.933 0.9464 
2 - -  0.9436 b 

25 18"~67 79.008 139~.2 72~00 0.9164 
50 9,075 62.577 842.58 56.283 0.8994 
75 4.910 50.991 550.46 45.493 0.8922 
80 . . . .  0.8915~ 

Ref. (19).  
1, I n t e r p o l a t e d .  
, "  E x t r a p o l a t e d .  

McIn~yre and Salomon (19) have calculated fDSO+/ 
fH30+ as well  as fD'~O/fH20 for the liquid phase as a 
function of temperature.  Now consider the equi l ibr ium 

D~O -5 H20 ~- 2HDO [17] 

for which the equi l ibr ium constant  for the l iquid 
phase, K,,,, is 

g w ~--- f 2 H D O / f n 2 o f D 2 0  [18] 
so that 

fIlDO/fH2o : (KwfD20/fH20) 1/2 [ 19] 

K,v has recently been measured (20, 21) as a funct ion 
of temperature.  We have used Kw ---- 3.76 over our 
temperature  range (2~176 since the tempera ture  
dependence of K ,  was found to be wi th in  the experi -  
menta l  error  of the measurements  (20). The values  
of Kb at 2 ~ and 80~ were obtained by  interpolat ing 
and extrapolat ing McIntyre and Salomon's data (19) 
for the tempera ture  range 0~176 respectively. The 
data are summarized in Table I. 

Arrffe~tius parameters.--The Arrhen ius  plot for the 
activation energy difference between the hydrogen and 
the hydrogen-deu te r ium producing reactions 1 is shown 
in Fig. 7 as a function of the overpotential.  Al though 
the estimated errors are large (about ___10% for ~1 ---- 0 
and __+8% for the others) they are not  shown in  the 
interest  of clarity. From the graph, it is obvious (a) 
that  the positive slope, corresponding to a positive ac- 
t ivat ion energy difference, becomes smaller  as the 

For  e l e c t r o l y t e s  of  10% D_,O c o n t e n t  o r  less, t he  a m o u n t  of  D~ 
l i b e r a t e d  is neg l ig ib le  c o m p a r e d  to HD.  

1.0 / 
0 9 I  - ~TCORRECTED = 300 

0.7 ~. 
0 . 5 - -  / 

0.4 
/ 

/ 

80=C 50oC 25~ 2~C 
J ] I F.z 

' ' ' i  : ' ' '  ' 2.8 5 0 ,3 2 3 4 5.6 3.8 
I0 3 (OK)- '  
T 

0.3 

0.2 

Fig. 7. Arrhenius plot as a function of the corrected overpotential 
on bright platinum bead electrodes in 1.2N HCI -10% D~O for 
the temperature range 2~176 - - - - ,  based on values of SD ex- 
trapolated in Fig. 6. 

755 

cathodic overpotential  increases and (b) that  for 11tort 
--~ [--300 mV[, this difference remains  constant. These 
facts are shown more clearly in Fig. 8 which is es- 
sent ial ly a plot of the slopes of the lines in Fig. 7 as 
a function of "dcorr. 

Since the activation energy difference is positive and 
decreases as Incorrl increases, then, according to Eq. 
[15], the activation energy for the evolution of HD 
must  be larger than  that  for the evolution of H2 as 
expected, but  must  be decreasing relat ively as ]~]r 
increases unt i l  lleo,.r ~-- 1--300 mVI where  the act ivat ion 
energy difference becomes independent  of overpoten-  
tial. On the basis of the activation energy difference, 
therefore, SD would be expected to decrease as I~I is 
increased up to about 1--300 mV I (see Eq. [10], [11], 
and [14]). Exper imental ly ,  the reverse is true. The 
explanat ion lies in the Arrhenius  pre-exponent ia l  
factor ratio. 

If we extrapolate the curves in Fig. 7 to zero, i.e., 
infinite temperature,  we can estimate the behavior  of 
the Arrhenius  pre-exponent ia l  factor ratio, A~2/AHD, 
for the H., and HD producing reactions, respectively, 
as a funct ion of the corrected overpotential.  As Fig. 9 
shows, the pre-exponent ia l  factor ratio increases in an 
analogous manne r  as SD itself. This increase more than 
offsets the tendency of the activation energy difference 
to decrease SD as I~1 is increased, the net  result  being 
that SD increases as I~ll increases up to about 1--300 
mV] for each tempera ture  studied. 
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Fig. 8. Plot of the Arrhenius activation energy difference between 
the HD and the H2 producing reactions as a function of the cor- 
rected overpotentlal (see Eq. [15] ) .  
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The fact that AH2/AHD is less than uni ty  for 0 --~ [nT 
110 mV (see Fig. 9) based on the slow H-recombi-  

nat ion mechanism and for 0 ~ I'll ~ 50 mV based on 
the slow atom-ion and discharge mechanisms, may be 
interpreted as evidence for some proton tunnel ing  in 
the proton discharge step according to Christov's 
theory (15). But in these overpotential  regions the 
Tafel slope at 25~ (11) is --29 mV which conflicts 
with Conway's  (12) theoretical prediction that the 
Tafel slope should be anomalously large (2 to 3) if 
proton tunne l ing  is significant. We have found such 
high Tafel slopes (11), but  for Inl ~ 150 mV where 
AH.2/AHD > 1 for which it is not necessary to invoke 
quan tum effects. However, the authors do not in tend to 
discuss the merits  of the various proton tunne l ing  
theories; for this purpose the reader is referred to 
ref. (22). 

Comparison with published results.~The fact that  
SD increases as I~I is increased and then reaches a 
plateau for each tempera ture  studied may be due to a 
change in the mechanism, a change in the ra te-deter -  
mining  step, or both (23). Our results at 25~ com- 
pare favorably with the theoretical calculations that 
include proton tunne l ing  corrections (24). For 25~ 
Bockris and Sr inivasan obtained SD ~ 3.0 for the slow 
proton discharge followed by fast H-recombinat ion  
mechanism while for the fast proton discharge fol- 
lowed by slow atom-ion desorption mechanism, SD = 
5.5. The exper imental  values are 3.2 --4-_ 0.3 and 6.5 
--+0.33 at ,1 ---- 0 and n ~ )--300 mV), respectively. 

However, if we assume proton tunne l ing  is absent, 
then it is possible to assign at least one other mecha-  
nism (24) for ,I ~ 0. This mechanism is l inked proton 
discharge-atom-ion desorption with either rate de- 
te rmining  for which (SD)calc. : 3.4 based on 100% 
coulombic energy for all interactions and 3.6 based on 
20% coulombic energy for M-H and H+-OH2, and 15% 
for H-H interactions. But, whether  one argues for or 
against proton tunnel ing,  a change in the mechanism 
as the cathodic overpotential  is increased can account 
for the observed dependence of SD on n. 

Alternat ively,  the Tafel slope of --29 mV for l~i -~ 75 
mV (11) has been a t t r ibuted to slow H-recombinat ion 
(25, 26), and this conclusion has been supported by 
Salomon and Conway's calculations (16). The fact that 
our Tafel slope approached - - ~  where S D reached a 
plateau (11) may be indicative of a ra te-control l ing 
H-recombinat ion  step under  Langmui r  type adsorption 
when  the hydrogen coverage approaches un i ty  (26). 
Thus we have presumably  explained the Tafel be- 
havior based on a single mechanism and ra te-deter -  
mining  step over an overpotential  range  where S~) 
about doubles before reaching a plateau. Therefore it 
is necessary to assume that  the change in SD results 
from changes in the relat ive adsorpt ion-combinat ion 
rates leading to H2 and HD, respectively, as a function 
of total coverage of H and D which must  be potential  
dependent  to explain the results. This hypothesis is 
difficult to accept under  Langmuir  adsorption condi- 
tions where the adsorption energy is assumed to be 
independent  of coverage. Tafel slopes alone may there-  
fore be misleading in de termining the mechanism of 
the hydrogen evolution reaction. 

Within the exper imental  error of the measurements  
the tempera ture  coefficient, dSD/dT, of SD is indepen-  
dent of ncorr as well as temperature.  These results are 
presented in Table II along with those of Walton and 
Wolfenden (5) and those of Raman et al. (2) for alka- 
l ine solutions. The agreement  between the three sets 
of results is good in view of the large errors and the 
different exper imental  conditions used. Our results 
suggest that perhaps dSD/dT decreases as the tempera-  
ture  increases while those of Raman et al. suggest just  
the opposite. In both cases, the trends are within the 
exper imental  errors themselves. Although both the 
Arrhenius  activation energy difference and the ratio 
of the pre-exponent ia l  factors are functions of nco,.,., 

Table II. Comparison of temperature coefficients of SD On platinum 

_~SD 
T e m p e r a t u r e  - - - - ,  d eg  -1 

Electrol~ ' te  range ,  ~ AT Rei .  

0.2 to 0.5N H2SOt 20-85 --0.028 (5~ 
30 to 50 volc,} D20 
1.2N HC1 2-25 - 0 . 0 4 1  ~_ 0.019 T h i s  w o r k  
10 vo l  % D~O 25-50 - 0 . 0 3 0  • 0.008 

50-80 - 0.019 "4- 0.007 
15% KOH 30-40 --0.027 
l0  vo l  % D=O 40-50 - 0 . 0 2 8  12} 

50-60 - 0 . 0 3 9  

the net  effect on the tempera ture  coefficient is negli-  
gible since these dependencies are in opposite direc- 
tions. 

Our results can be described by the following l imit  
lines 

kH2/kHD : 0.30 exp(1380 cal/RT) at ~l ---- 0, and 
kH2/kHD = 1.77 exp(815 cal/RT) at I~l -~ 300 mV 

based on the slow H-recombinat ion  mechanism (Eq. 
[10]) 

kti2/kHD = 0.61 exp(1380 cal/RT) at ~l ~ 0, and 
kH2/kHD : 3.54 exp(815 cal/RT) at l~ll --- 300 mV 

based on the slow atom-ion and proton discharge 
mechanisms (Eq. [11]). If we assume that Kb is about 
one (see Table I) over the whole tempera ture  range, 
then the above l imit  lines for the slow H-recombina-  
tion mechanism may be compared with Rowland's 
theoretical da tum (max imum SD) line 1 based on the 
postulate of free atoms at the electrode-electrolyte 
interface, and given by the expression: SD = 0.53 exp 
(1840/RT). Certainly at the higher cathodic overpo- 
tent ials  our exper imental  activation energy difference 
is smaller  than Rowland's  theoretical one. Also, the 
theoretical value of the pre-exponent ia l  factor ratio is 
included in the exper imental  ones for the slow H-re-  
combinat ion mechanism but  not for the slow atom-ion 
and proton discharge mechanisms. 

Finally,  it should be ment ioned that  our results at 
all temperatures  disagree with those of Bockris et al. 
(23) at room temperature  for the H/T  separation fac- 
tor, ST. These authors claim that  ST on p la t inum in 
1.0N HC1 is independent  of overpotential  in the range 
--45 to --190 mV. This is precisely the range  where 
SD varies the most according to our results. Roy (3) 
found a l inear  correlation between the H/D, H/T, and 
D/T separation factors in alkaline solution on iron 
cathodes in good agreement  with the theoretical pre-  
dictions of Bigeleisen (27). Intuit ively,  it seems rea-  
sonable to expect a similar relationship for acid solu- 
tions and p la t inum cathodes since separation factors 
are ratios and not absolute quantities. To explain this 
discrepancy we have to assume that their electrode 
surfaces and /or  exper imental  techniques were radi-  
cally different from ours. It is difficult to assess this 
possibility since Bockris et aI. give no experimental  
details or references for their  HC1 results on plat inum. 

Conclusions 
1. Carefully controlled experiments  yield reproduc- 

ible ( •  SD values on smooth p la t inum electrodes 
in 1.2N HCI-10% D20. 

2. In our system, /R-drops at a given applied over-  
potential  could vary  with t ime on the same electrode 
in the same aliquot of electrolyte. The reason for this 
behavior is not clear. Accordingly, the /R-drop was 
measured for each individual  SD determination.  

3. The Arrhenius  parameters  are a function of over- 
potential. Agreement  between our Arrhenius  param-  
eters and the theoretical  ones based on Rowland's  
theory (1) is not too good. The pre-exponent ia l  factor 
ratio, AH2/AHD, was less than un i ty  for small  cathodic 
overpotentials which may be indicative of some proton 
tunneling.  
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4. Exper imenta l ly ,  SD increased as the  cathodic 
overpoten t ia l  was increased,  and then reached a p la-  
teau  at  about  I~tl ~ 300 mV at  al l  t empera tures .  This 
behavior  is bes t  in t e rp re ted  on the  basis  of theore t ica l  
calculat ions (24), as indica t ive  of a change in the 
mechanism from slow proton discharge fol lowed by  
fast H- recombina t ion  at  u ~ 0 to fast  proton discharge 
fol lowed by  slow a tom- ion  desorpt ion.  

5. With in  the expe r imen ta l  e r ror  dSD/dT is inde-  
penden t  of overpoten t ia l  as wel l  as t empe ra tu r e  and 
agrees  wi th  other  work.  
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List of Symbols 
SD, e lect rolyt ic  hyd rogen -deu t e r i um separa t ion  

factor  
(D/H)s ,  atomic rat io  of deu te r ium to hydrogen  in 

the  bu lk  solut ion 
fn, par t i t ion  funct ion of species n 
fn ~, par t i t ion  funct ion of the ac t iva ted  com- 

p lex  n 
~L~2, kHD, ove r -a l l  e lec t rochemical  ra te  constants  for 

the H2 and HD producing  reactions,  respec-  
t ive ly  

Kb, Kw, equi l ib r ium constants  defined b y  Eq. [13] 
and [18], respect ive ly  

AH2, AHD, Arrhen ius  p re -exponen t i a l  factors for the H2 
and HD producing  reactions,  respect ive ly  

~EA, Ar rhen ius  act ivat ion energy  difference be-  
tween  the HD and H2 producing  react ions  

EA H~, Ar rhen ius  act ivat ion energy  for the  H2 p ro -  
ducing reac t ion  

EA HD, Arrhen ius  act ivat ion energy  for the  HD 
producing reac t ion  

R, gas constant  
T, absolute  t e m p e r a t u r e  
Flapp b appl ied  overpoten t ia l  wi th  respect  to the  

s t andard  hydrogen  e lect rode 
~corr, appl ied  overpotent ia I  minus  the  ohmic po-  

t en t i a l  drop be tween  the t ip of the  Luggin  
cap i l l a ry  and the cathode 

ASD/AT, expe r imen ta l  change in the  e lect rolyt ic  h y -  
d rogen -deu t e r i um separa t ion  factor  over  a 
finite t empe ra tu r e  range  
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Oxidation and Adsorption of Ammonia on a 
Platinized Platinum Electrode 
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ABSTRACT 

The electro-oxidation and adsorption of ammonia  in aqueous alkal ine 
solution on a platinized p la t inum electrode has been investigated by using 
the potent iodynamic technique. For comparison, the oxidation of hydroxyl -  
amine as well as potassium ni t r i te  was also studied. It  was concluded that  
the p r imary  step of ammonia  oxidation involves one electron. The p r imary  
product was relat ively stable, indicat ing that  the ra te -de te rmin ing  step is one 
of the later steps of the net reaction. PaveIa's method was used in conjunc-  
t ion with the potent iodynamic technique to study the adsorption of ammonia.  
The adsorption was found to be in accord with Temkin 's  isotherm, and the 
surface coverage of adsorbed ammonia  was found to be about 0.3 at saturation. 

It is general ly  accepted that m a n y  organic amino 
compounds adsorbed on a metal  surface inhibi t  cor- 
rosion (1). Litt le is known, however, about the ad- 
sorption of ammonia,  the simplest amino compound, 
on a metal  surface from aqueous phase. In  the present  
paper, the oxidation and adsorption of ammonia  on a 
platinized p la t inum electrode in a potassium hydroxide 
solution has been studied. 

Experimental Description 
Aqueous 1M potassium hydroxide solution was the 

base solution throughout  the experiments.  All reagents 
were used without  fur ther  purification. A cylindrical  
glass cell with a volume of 50 ml was used as the elec- 
trolytic cell. Electrodes were platinized p la t inum wires. 
In  contrast to the ord inary  cell system, a dummy 
electrode of a size similar to the working electrode 
was installed to start  the potential  sweep from any  
desired potential  (Fig. 1). 

In  an actual experiment,  the potentiostat  was con- 
nected ini t ia l ly  to the dummy electrode, and the po- 
tent ial  sweep was run  with this electrode. When the 
potential  of the dummy electrode reached the desired 
value, the circuit  was switched rapidly to the working 
electrode by a relay, leaving the dummy electrode at 
open circuit. 

Measurements usual ly  were made at 20~ Potent ia l  
values in this paper are referred to a "dynamic hydro-  
gen electrode" (2) in 1M potassium hydroxide solu- 
tion. Solutions were deaerated by bubbl ing  nitrogen. 

In  order to determine the amount  of ammonia  ad- 
sorbed, Pavela 's  method (3) was used in conjunct ion 
with the potent iodynamic technique. The working elec- 
trode was first subjected to al ternate  cathodic and 
anodic polarization in the base solution to clean the 
surface. This pre t rea tment  was cont inued unt i l  the 
shape of the cur ren t -poten t ia l  curve no longer 
changed. The sweep was finally stopped at 0.5V in an 
anodic half cycle, where the electrode surface is free 

_~~ [X-Y Recorder[ 

,~__Thermostat 

i 

Fig. I. Schematic view of cell assembly. WE, working electrode; 
RE, reference electrode; CE, counterelectrode; DE, dummy electrode. 

from both adsorbed hydrogen and oxygen. The elec- 
trode thus obtained was immersed in a solution con- 
ta in ing the adsorbent. After  a given time, the electrode 
was wi thdrawn from this bath and washed to minimize 
the amount  of adhering solution. After  washing, the 
test electrode was put into the electrolytic cell con- 
ta ining fresh base solution in order to study the elec- 
trochemical behavior  of the ad-species. 

The amount  of adsorbed species was determined 
from the difference between the anodic charges which 
were obtained from cur ren t -po ten t ia l  curves measured 
with and without  adsorption. After  t ransferr ing the 
test electrode from the adsorption bath to the electro- 
lytic cell, three kinds of potent ial  sweeps were em- 
ployed: (i) sweep started at 0.5V toward more posi- 
tive potentials, (ii) sweep started at 0.5V toward more 
negative potentials, and (iii) anodic sweep started, 
with the aid of the d u m m y  electrode, from the nega-  
tive end of the hydrogen wave at 0.15V. 

Using sweep (i), it was possible to find the total 
charge required to oxidize the adsorbed species. From 
sweep (ii) informat ion on the oxidation state of the 
adsorbed species was gathered. Final ly,  with the aid 
of sweep (iii), the surface coverage of the adsorbed 
species was obtained from the decrease of the hydrogen 
wave. In actual experiments,  combinations or modifica- 
tions of these three sweeps were f requent ly  employed. 

After  s tudying the effect of the washing time on the 
anodic str ipping of adsorbed ammonia,  the washing 
procedure was standardized as follows. After  drawing 
the electrode out of the adsorption bath it was washed 
for 1 min  by pouring a large quant i ty  of the base 
solution over it and then rinsed for 2 min  in a fresh 
base solution stirred with nitrogen. 

Results and Discussion 
Anodic oxidation of ammonia.--Cyclic cur ren t -po ten-  

tial curves in solutions with and without  ammonia  are 
shown in Fig. 2. An  anodic current  peak (Pa) appears 
prior to the formation of p la t inum surface oxide, and 
a sharp cathodic current  peak (Pcl )  appears in the 
potent ial  range of hydrogen adsorption in the presence 
of ammonia.  In  contrast  to the regular  curve in  solu- 
tions containing no ammonia  (dashed l ine) ,  the cath- 
odic current  peak for the reduct ion of p la t inum sur-  
face oxide is suppressed significantly by the presence of 
ammonia.  The current  peaks at Pa and Pc l  were found 
not only with ammonia  but  also with solutions con- 
ta in ing  either hydroxylamine  (Fig. 4) or potassium 
ni tr i te  (Fig. 5). Both peaks, Pa and Pcl ,  were pro-  
port ional  to the square root of the sweep rate indi-  
cating that  the rate of reaction at these potentials is 
l imited by diffusion (4). 

Curren t -po ten t ia l  curves obtained at various poten-  
tials of sweep reversal  are shown in Fig. 3. It  is in ter -  
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Fig. 2. Cyclic current-potential curves wffh and without ammonia. 
Solid line, with solution containing 1x10-2M ammonia; dashed 
line, 1N KOH base solution; sweep rate, 50 mv/sec. 
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Fig. 5. Cyclic current-potential curves in a potassium nitric 
solution. Potassium nitric, 1x10-2M; sweep rate, 50 mV/sec. 
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Fig. 3. Cyclic current-potential curves at various potentials of ]C 
sweep reversal. Concentration of ammonia, l x l 0 - ~ M ;  sweep rate, 
50 mY/sec. a b c d 

1.0 

- 2 . 0  

Fig. 4. Cyclic current-potential curves in a hydroxylamine solu- 
tion. Hydrexylamine, 1x10-2M; sweep rate, 50 mV/sec. 

esting to note that a characteristic cathodic peak, Pc2, 
is observed. Although this peak is not par t icular ly  
sharp, it is suggested that  the peak represents the re-  
verse reaction of the one at Pa. This is i l lustrated in 
Fig. 6. The cathodic and anodic potentials of sweep 
reversal  were fixed at 0.55 and 0.75V, respectively, in 
the potential  range of Pa. The quanti t ies  of electricity 
dur ing  the anodic and cathodic half  cycles changed 
with the sweep rate. The ratio of these two quantities,  
Q(Pa)/Q(Pc2), decreased from 4.45 at 25 mV/sec to 
1.25 at 200 mV/sec, suggesting that  the ratio converges 
to un i ty  at higher sweep rates. Values of the charge 
ratio are given in  the caption of Fig. 6. 

Fig. 6. Cyclic current-potential curves in an ammonia solution 
when cycle was repeated in potential range of Pa at various sweep 
rates. Area of electrode estimated from hydrogen wave was 5.45 
cm 2. Concentration of ammonia was 5x10-3M. Sweep rates were 
25, 50, 100, and 200 mV/sec for curves a, b, c, and d, respectively. 
Corresponding values of charge ratio, Qa/Qc, were 4.45, 1.93, 1.55, 
and 1.23, respectively. 

The peak, Pc2, was characteristic of ammonia  solu- 
tion. When hydroxylamine  or potassium ni t r i te  were 
used instead of ammonia,  the cathodic peak corre- 
sponding to Pc2 was no longer present  (Fig. 4 and 5). 
This is more clearly i l lustrated in Fig. 71 where the 
effect of sweep rate on the shape of current -potent ia l  
curves in a hydroxylamine  solution is shown. In con- 
trast  to ammonia,  the p r imary  oxidation product of 
hydroxylamine  undergoes fur ther  oxidation and no 
cathodic current  is observed at sweep rates lower than 
t00 mV/sec. In  addition, the peak height of the cath-  
odic current  in the hydrogen wave, Pcl ,  increased 
markedly  with increasing potent ial  of reversal (see 
Fig. 3). The cathodic current  in this region was also 
observed as a strong peak with solutions containing 
either hydroxylamine  or potassium ni tr i te  (Fig. 4 and 
5). With solutions of hydroxylamine,  the peak was 
found even when a cathodic sweep was started from 
the positive end of the hydrogen wave, where hydrox-  
y lamine  could not be oxidized to any degree. Several  
conclusions can be drawn from these observations: 

t A l t h o u g h  t h e  e l e c t r o d e  u s e d  to  o b t a i n  the  r e s u l t s  in  F ig .  6 a n d  
7 w a s  the  s a m e ,  h a v i n g  a g e o m e t r i c  a r e a  of 0.014 cm2, t h e  r e a l  
a r e a s  w e r e  d i f f e r e n t  f r o m  e a c h  o t h e r  o w i n g  to the  a g i n g  of p l a t i -  
n u m  b l a c k .  T h e  r o u g h n e s s  f a c t o r s  of  t h e  e l e c t r o d e  s u r f a c e  e s t i -  
m a t e d  f r o m  t h e  h y d r o g e n  "~,ave "~ere ~IB a n d  57.4 fo r  t he  e x p e r i -  
m e n t s  of  F ig .  6 a n d  7, r e s p e c t i v e l y .  
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Fig. 7. Cyclic current-potential curves in a hydroxylamine solu- 
tion at various sweep rates. Sweep range was fixed in potential 
range of Pa. Concentration of hydroxylamlne, 5.10-3M. Sweep 
rates were 25, 50, 100, and 200 mV/sec for curves a, b, c, and d, 
respectively. Area of electrode, 0.803 cm 2. 

(i) The oxidation of ammonia  is not complete, and 
some intermediates  such as hydroxylamine  or ni t r i te  
are produced par t ly  and diffuse into the solution under  
the condition of cyclic vol tammetry.  (ii) Hydrox-  
y lamine  as well as ni t r i te  anion are reduced at poten- 
tials of the hydrogen region. (~ii) The species respon-  
sible for the reaction at Pc2 is different from hydrox-  
ylamine,  which is the reduction product of ammonia  
by a two-elect ron process; it is more l ikely to be an 
in termediate  produced from ammonia  by  a one-elec-  
t ron process. 

If the species responsible for Pc2 is the one-electron 
product  then the charge ratio, Q ( P a ) / Q ( P c 2 ) ,  should 
vary, depending on the stabil i ty of the Pc2 species. 
The ratio must  become larger than two when the Pc2 
species is re la t ively  unstable  because the successive 
steps proceed at a faster rate than the ini t ial  one- 
electron step. The results summarized in Fig. 6 show 
that the ratio is less than two when the sweep rate 
exceeds 50 mV/sec and approaches unity.  An extrapo-  
lat ion indicated that the ratio becomes uni ty  when the 
sweep rate exceeded 400 mV/sec, suggesting that  the 
life t ime of the p r imary  oxidation product  is in  the 
order of 1 sec. 

Undoubtedly,  however, the p r imary  product is not 
extremely stable, and actual  oxidation proceeds fur th-  
er. Nitrogen was evolved when the oxidation was 
subjected to a prolonged t rea tment  even at the poten-  
tial range of Pa. Ka tan  and Galiotto (6) and Wynveen  
(7) established the following net  reaction 

NH3 + 3 O H -  -~ 1/2N2 + 3H~O + 3e 

Based ma in ly  on the analogy to the gas phase reaction, 
Oswin and Salomon (5) proposed the following se- 
quence of reactions 

NHs + M + O H -  ~-~ M -- NH2 + H20 + e [I] 

M -- NH2 + OH--- )  M = NH + HgO + e [2] 

M = N H  + O H -  -> M =- N + H20 -}- e [3] 

M -  N +  M -  N--> 2M + N2 [4] 

According to this mechanism, reaction [2] is rate de- 
termining,  and the p r imary  step [1] is in quas i -equi -  
l ibrium. This is in accordance with the present  results. 

Adsorption of ammonia.--When the cyclic potent ial  
sweeps were applied in  solutions containing ammonia,  
the current  peak corresponding to the oxidation of 
ammonia  was always greater  in the first sweep than 
the successive cycles. Probably  this indicates that  a 
finite amount  of ammonia  adsorbed on the p la t inum 
surface dur ing  the wai t ing t ime before the measure-  
ments.  In  order to confirm this, a series of experi -  
ments  based on Pavela 's  method were conducted. Ad-  
sorption was carried out in a separate bath containing 

different concentrat ions of ammonia,  and the str ipping 
was carried out in a fresh base solution. 

A typical example of the anodic str ipping of ad- 
sorbed ammonia  is shown in Fig. 8 by the curve re-  
presented by the solid line. The presence of adsorbed 
ammonia  is clearly indicated by an anodic current  
peak located in  the potential  region of Pa and also by 
a decrease of the height of the hydrogen waves. The 
anodic peak was found unaffected by agitat ing the 
str ipping solution with nitrogen. The peak disappeared, 
however, dur ing  an anodic sweep preceded by a cath- 
odic one in  st irred solution. This fact suggests that  the 
adsorbed species was not ammonia  itself, but  had a 
certain oxidation state which could be reduced cathodi- 
cally to ammonia.  

It  was found that  the adsorption is proport ional  to 
the logari thm of the adsorption time. Adsorption was, 
in accordance with Temkin 's  isotherm, also proport ion-  
al to the logari thm of the concentrat ion of ammonia  
in the adsorption bath. As evident  from Fig. 9, the 
maximal  coverage (saturat ion) is observed at 10 -4 to 
10-3M. The amount  of adsorbed ammonia  was ap-  
proximately  78 ~coul/cm 2 at saturation,  and this cor- 
responds to a fractional coverage of 0.3. 

As shown in Fig. 8, the decrease of the area under  
the hydrogen wave is almost equal  to the area of Pa. 
This indicates that  the oxidation of the ad-species re-  
quires one electron per site. 

In  order to see the composition of the ad-species in 
more detail, the charge required for the cathodic re- 
duction (Qc) of the ad-species was compared with 
that  required for the anodic str ipping (Qa). If the 
reaction sequence proposed by Oswin and Salomon is 
assumed to be correct, the following values of Qa/Qc 
can be expected for the respective intermediates  

0 6  
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Fig. 8. Anodlc current-potential curves with and without ammonia 
adsorption. Solid line, after 10 rain adsorption in a 1M solution of 
ammonia. Dashed line, after 10 rain immersion in a fresh base solu- 
tion. 
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H 

Fig. 9. Peak values of the onodic stripping current, ip, vs. log- 
arithm of concentration of ammonia in adsorption bath. Duration of 
adsorption treatment: I-7, 1 rain; /% 5 rain; and O ,  10 rain. 
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Actual  values observed with ammonia  were scattered 
from 1/2 to unity,  and with hydroxylamine  the values 
were from 1/5 to 1/2. Probably  the actual composition 
is a mix ture  of these species. Fur thermore ,  the pres-  
ence of some oxygenated ad-species, which have often 
been reported in the case of organic compounds (8) 2 
may not be ignored. 

E~ect of surface oxide on adsorption of ammonia.~ 
In order to see the effect of the electrode potential  on 
the composition of the ad-species, the following ex- 
per iments  were carried out. The test electrode was 
previously oxidized in the base solution at a given 
constant  potential.  In  addition, the same potential  was 
also applied to the test electrode dur ing  the t ime of 
adsorption. 

The potential  sweep in the s tr ipping exper iment  was 
started in the cathodic direction from the potential  at 
which the adsorption was carried out. Several  ex- 
amples of the cur ren t -poten t ia l  curves are shown in 
Fig. 10. The sharp rise of anodic current  at the s tar t ing 
point (see curves A and B) was found to represent  
the oxidation of sites on the p la t inum surface nei ther  
covered adsorbents nor  the surface oxide. Similarly,  
the nar row cathodic current  peak in curve C represents 
the rapid reduct ion of the surface oxide. The curves in 
Fig. 10 demonstrate  that  the cathodic current  peak for 
the reduction of the surface oxide decreased with the 
decrease of the potential  at which the adsorption took 
place. The oxidation peak during the subsequent  anod- 
ic sweep increases in the sequence A, B, C. Figure 11 
represents results of the same type in which the po- 
tent ial  of the adsorption was at 0.9V and the durat ion 
of the adsorption was varied. The increase of the 
cathodic current  at about 0.SV is pronounced for longer 
times of adsorption. 

It is concluded from these results that  ammonia  still 
adsorbs on the p la t inum surface even at the potential  
where the surface oxide forms. The ad-species ac- 
cumulates  and the surface oxide diminishes at least 
at the potential  of 0.9V. The appearance of the char-  
acteristic peak, Pc2 in Fig. 10 and 11, suggests that  
the major  part  of the ad-species consists of the same 
species as the p r imary  product  of the anodic oxidation. 
At higher potentials, however, the adsorbed amount  
decreases with increasing potential,  indicat ing that 
species with higher oxidation state are uns table  on 
the surface. 

H y d r a t i o n  of  r e a c t i n g  spec ies  was  no t  cons ide red  in  t he  m e c h -  
a n i s m  exp re s sed  by  Eq. [1] - [4] .  B o t h  a m m o n i a  and  h y d r o x y l a m i n e  
e x h i b i t  a cathodic current p e a k  a t  P c l ,  w h e r e  the  n i t r i t e  a n i o n  is 
r educed ,  a n d  t he  p e a k  be c omes  l a r g e r  w i t h  i n c r e a s i n g  anod ic  po- 
t e n t i a l  of r eversa l .  Th i s  seems  to  s u g g e s t  t he  f o r m a t i o n  of some 
oxygenated  compounds .  

1 o .  e. 
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Fig. 10. Influence of electrode potential during adsorption. 
Numerical figures attached to each curve indicate electrode poten- 
tial at which adsorption was carried out. Dashed curve represents 
current-potential curve observed in base solution. Concentration of 
ammonia in adsorption bath, 2x10-3M. Sweep rate, 50 mV/sec. 
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Fig. 11. Influence of adsorption time on stripping current. Adsorp- 

tion was carried out at a constant potential of 0.9V. Numbers in- 
dicate time in minutes. 

S u m m a r y  
The anodic oxidation and adsorption of ammonia  in 

alkal ine solutions have been studied on a platinized 
p la t inum electrode. Ammonia  is anodically oxidized at 
about 0.65V in 1M potassium hydroxide solutions. The 
rate  of oxidation was, as a whole, diffusion limited. 
Under  the condition of cyclic vol tammetry,  it was 
found that  the pr imary  product of the anodie oxidation 
is relat ively stable. The life t ime was estimated to be 
in the order of 1 sec. When hydroxylamine  was ex-  
amined in place of ammonia,  a stable in termediate  
was not detected. These results are in accordance with 
the mechanisms reported previously. 

Adsorption was studied by employing Pavela 's  
method. It  was found that  ammonia  adsorbs on a pla t -  
i num surface in accord with Temkin 's  isotherm and 
that  the surface coverage is about  0.3 at saturation. It  
is suggested that  the major  species in the ad- layer  is 
the pr imary  product  of ammonia  oxidation. 

Manuscript  submit ted Sept. 2, 1969; revised m a n u -  
script received Jan. 30, 1970. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1970 
J O U R N A L .  
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The Mechanism of the Cadmium Electrode 
K. E. Heusler and L. Gaiser 

Max-Planck-Insti tut  ~{ir Metallforschung, Stuttgart, Germany 

ABSTRACT 

Measurements  of cur ren t -poten t ia l  curves with solid cadmium in solutions 
of cadmium perchlorate and bar ium perchlorate under  s tat ionary and t r an -  
sient conditions indicate that  the electrode reaction proceeds via two con- 
secutive charge t ransfer  steps with adsorbed monovalent  cadmium as the 
intermediate.  The rate constants and their  dependence on potential  and cov- 
erage were calculated from the experiments.  

The kinetics of dissolution and deposition of solid 
cadmium in sulfate solutions has been investigated by 
Lorenz (1,2).  Results were in apparent  agreement  
with the assumption that  the ra te -de te rmin ing  step 
is the charge- t ransfer  react ion of Cd2+-ions with a 
charge- t ransfer  valence z ~ 2 and a cathodic t ransfer  
coefficient a ~ 0.45. The results have been quoted as a 
clear verification of the theoretical  relationships de- 
rived for such a simple transfer reaction (3, 4). How- 
ever, the verification may have been only accidental 
due to the limited exper imental  evidence. 

A mechanism involving two consecutive transfer  
reactions cannot  be excluded, namely  

k l -  
Cd 2+ + e ~ Cdad + [1] 

kl + 

k2-  
Cdad+ + e ~- Cd [2] 

Indeed, an analogous mechanism with monovalent  
metal  in the adsorbed state has been deduced from the 
kinetics of the solid zinc electrode in perchlorate solu- 
tions (5). Fur thermore,  measurements  (6-12) at cad- 
mium amalgam electrodes that yielded t ransfer  co- 
efficients close to a ---- 0.25 assuming z = 2 point  
toward the mechanism [1], [2]. In  addition, Lorenz 
(2) found a = 0.25 from measurements  of t ransi t ion 
times for the deposition of solid cadmium at high cur-  
rent  densities. 

In an at tempt  to achieve a clearer unders tanding  of 
the mechanism of the cadmium electrode, the present  
s tudy focused exper imenta l ly  on measurements  of 
cur ren t -poten t ia l  curves over a potential  range greater 
than  0.5V, variat ion of the concentrat ion of cadmium 
salt at constant ionic s t rength of the solution between 
0 and 1.3M, and measurements  of the t ime dependence 
of the polarization. It  is significant that all the experi-  
menta l  facts on the kinetics of the cadmium electrode 
from the present  investigation as well  as those of 
Lorenz (1,2) are consistent with the consecutive 
mechanism [1], [2]. Thus, a theoretical t rea tment  of 
an electrode reaction with two consecutive charge-  
t ransfer  steps is developed taking into account adsorp- 
tion of the in termediate  by  generalizing the approach 
of Gerischer and Mehl (13). The t rea tment  includes 
earlier considerations (3, 14-16) of the consecutive 
mechanism as l imit ing cases. 

Experimental 
The electrodes were made from cadmium wire with 
1 ppm of metall ic impurities.  The wire was insulated 

with Teflon except for the par t  which served as the 
electrode. The near ly  hemispherical  electrodes with an 
area of about 1 mm 2 were renewed by heat ing the 
Teflon to about 200~ pul l ing out the wire, and break-  
ing it with tweezers without  touching the electrode 
region. The electrode contained only very few grains. 
The reference electrode for fast pulse polarizations 
and the counterelectrode were made from the same 
cadmium wire. The potential  of the reference electrode 
was measured against a saturated calomel electrode 
(SCE) at room temperature.  A saturated sodium 
chloride solution separated the potassium chloride 
from the perchlorate solutions in the cell. 

Perchlorate was chosen because this anion does not 
form complexes with the cadmium ion. Moreover the 
activity of the cadmium salt can be made much higher 
than for example in sulfate solutions, and no specific 
interact ion of the anion with the metal  surface is ex-  
pected. The support ing electrolyte usual ly was a 1M 
bar ium perchlorate solution prepared from A. R. grade 
bar ium hydroxide, perchloric acid and water  t r iply 
distilled from a dilute potassium permanganate  solu- 
tion. By adding a 1M cadmium sulfate solution, bar ium 
ions were par t ia l ly  replaced by cadmium ions. The 
solutions were centr ifugated in order to remove bar i -  
um sulfate. The ionic s trength was kept constant  (with 
the exception of the 1.3M cadmium perchlorate solu:  
t ion).  Usual ly the solutions were slightly acidic at 
pH = 2 to 4. Sodium perchlorate solutions were also 
used in some experiments.  

Measurements  were performed at 0~ in a cell form- 
ing a loop in which the solution was rapidly circulated 
with a magnetic stirrer. The working electrode was 
polarized under  galvanostatic or potentiostatic condi- 
tions. A pulse generator  and a potentiostat  with rise 
times --~10-~ sec were used. The pulse heights and the 
signals from the electrode were measured with a dual -  
beam oscilloscope. 

Results 
Current -potent ia l  curves were obtained by polariz- 

ing the cadmium electrode from its rest potential  or 
equi l ibr ium potential  to other potentials by potentio-  
static pulses. After  switching on the pulse, a current  
t ransient  with an almost potent ia l - independent  decay 
time of x" < 15 ~sec was observed. This decay corre- 

sponds to the charging of the double layer capacity 
(17, 18) of 20 to 30 #F/cm 2 through the effective elec- 
t rolyte  resistance RE ~ 0.55 ohm cm 2 between the 
working electrode and the reference electrode. Values 
of CD and RE were measured independent ly  by ap- 
plying constant current  pulses and observing the po- 
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tent ial  transients. Al l  the potentials given below are 
corrected for RE �9 9 using the respect ive exper imenta l  
values of the electrolyte  resistance and of the current  
density. 

The double layer  capacity did not change with  the 
height of the current  pulse. When hydrogen evolut ion 
was the only faradaic process, the transients were  well  
described by the relat ionship of Roiter  e t  al. (3, 19, 
20). No significant f requency dispersion of CD has 
been observed which might  be caused by the roughness 
of the electrodes (21). 

When dissolution or deposition of cadmium occurred, 
under  potentiostatic conditions a slower current  t ran-  
sient fol lowed af ter  the first transient.  The character-  
istic time, v, of the slower t ransient  was in the order 
of 10 -3 to 10 -2 sec depending on exper imenta l  condi- 
tions. The l imit  for the separat ion of the two transients  
exper imenta l ly  is given by the condition that  ~' < T. 
After  the decay of the second t ransient  the current  re-  
mained constant for t imes of about 100T. If the dura-  
tion of the pulse was made longer than about 100T, 
the current  increased unti l  a new steady state was at-  
tained. 

Such tong polarizat ion was found to change the  
effective surface area, leaving the mechanism of the 
electrode reaction unaltered. These changes of the 
effective surface area are produced by depositing or 
dissolving layers of cadmium with  an average th ick-  
ness of the order of 1 urn. The s teady-s ta te  surface 
morphology is finally determined by processes of 
positive or negat ive crystal l ization (22,23), that  in 
this paper will  not be discussed further.  

On the other  hand, cur ren t -poten t ia l  curves mea-  
sured at t imes 3~ < t < 100~ correspond to steady 
states of the electrode react ion on a surface of con- 
stant morphology. In Fig. 1, s teady-sta te  current  po- 
tential  curves are shown for different cadmium salt 
concentrations. The potentials at zero current  were  
found to shift by 0~/0 log ccd2+ ----- 27 mV/decade  in- 
dicating that  the equi l ibr ium between cadmium and 
cadmium ions was established. The equi l ibr ium was 
not appreciably dis turbed by hydrogen evolut ion at 
pH --~ 3 and ccd2+ ~-- 10-3M. Curren t -poten t ia l  curves 
did not change with the  pH-va lue  of the solution. The 
anodic curve  was independent  of the cadmium salt 
concentrat ion at overvol tages  >60 mV. At  high cur-  
rent densities a constant Tafel  slope of about 108 m V /  
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Fig. 1. Current-potential curves in the steady state of the elec- 
trode reaction. 
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decade was found for both anodic and cathodic polar i -  
zations. 

The  reaction order,  Ycd2+, wi th  respect  to the cad-  
mium ions was obtained f rom cur ren t -poten t ia l  curves 
in solutions containing various concentrat ions of cad-  
mium salt. An approximate  value Ycd2+ ~ 1 was taken 
from those parts of the cathodic curves in which the 
currents  were  much smaller  than the current  l imited 
by the diffusion of cadmium ions but  much higher  than 
the exchange current  at the equi l ibr ium potential.  
Af te r  correct ing for diffusion polarizat ion which 
yielded substantial  contributions only for ccd2+ < 0.1M, 
the more exact  currents  of Fig. 2 were  obtained. 
Within the l imits of reproducibi l i ty,  the reaction order  
was found to be ycd2+ = 1.0 for ccd2+ < 10-1M, but 
for Cod2+ ~ 10-1M the react ion order appeared to drop 
to about Yc,12+ ~ 0.85. There was no dependence of 
the dissolution rate of cadmium on the concentrat ion 
of cadmium salt. 

The anodic cur ren t -poten t ia l  curve  was measured 
down to very  low current  densities in solutions free of 
cadmium salt. The low current  densities changed more  
rapidly wi th  the potent ial  than the high current  den-  
sities. Tafel  lines with slopes of 40-50 mV/decade  may  
be assigned to the exper imenta l  points shown in Fig. 
3. The cathodic Tafel  lines in Fig. 3 with a slope of 

. . . .  , . . . .  i ' ' ' / i  y 

lO 0 /i~/ . 
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,o-, 
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Concentrolion of Cd(CI04) 2 in [ m o l  1-1] 

Fig. 2. Current densities for deposition of cadmium at different 
concentrations of Cd(CIO~)2 in solutions containing Ba(CIO4)2 to 
maintain a constant ionic strength, at e = - -0 .85V vs.  SCE and 
0~ Each symbol corresponds to a run with a particular electrode. 
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Fig. 3. Steady-state current-potential curves in 1M NaCIO4 and 
HCIO4 to tender ( Q )  pH = 2.4, and ([~) pH = 1.6, at 0~ 
Arrows indicate diffusion limited current densities of hydrogen 
evolution. 
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about 115 mV/decade  are due to hydrogen evolution 
with  the rate being near ly  proport ional  to the hydro-  
gen ion activity. 

For a quant i ta t ive  analysis of the potentiostatic 
transients  fol lowing the charging of the double layer  
the differences be tween  the current  densities, j (t) ,  at 
different t imes and the s tat ionary current  density, 
j (r162 were  plotted logar i thmical ly  against the t ime as 
shown in Fig. 4. An  exponent ia l  decrease of the excess 
current  density, j (t) --  j ( ~ ) ,  w i th  t ime was only ob- 
served when j ( t )  differed f rom j (c r  by 10% or less. 
The current  decay was faster  than exponent ia l  for 
large excess current  densities. The effect is not caused 
by in terference with  the charging of the double layer, 
since it was observed even when  the decay was very  
slow. It  was also present  for small  excess current  den-  
sities for which no significant corrections due to the 
electrolyte  resistance, RE, were  necessary. Actually,  
any correction for RE �9 j would enhance the effect. 

For both cathodic and anodic overpotent ials  the 
s tat ionary state was approached f rom higher  current  
densities. The characteris t ic  times, T, taken from the 
final exponent ia l  decay of the excess current  density 
on the cathodic side decreased for more negat ive  po- 
tentials  and on the anodic side for more posit ive po- 
tentials by about 108 mV/decade.  The t imes of decay 
were  measured at overvol tages  be tween about 0.1 and 
0.25V in a region where  corrections due to the reverse  
reaction, to concentrat ion polarization, ohmic drop, and 
in terference with the charging of the double layer  ca- 
pacity were  ra ther  small. The dependence of the ca- 
thodic t imes of decay at constant potential  upon the 
concentrat ion of cadmium salt are  plotted in Fig. 5 
on a double logari thmic scale. The decay t imes de- 
creased almost proport ional  to the cadmium perchlo-  
rate  concentration. 

At low cadmium perchlorate  concentrat ions the 
charging of the double layer  capacity was so much 
faster than the subsequent  decay of the current  that  
the faradaic currents  at t imes t ~ 0 after  changing the 
potent ial  could be measured.  The corresponding t ran-  
sient cur ren t -poten t ia l  curves were  found to be sym- 
metr ical  with respect  to the equi l ibr ium potential.  The 
t ransient  exchange current  densities were  about 0.5 
A / c m  2. The absolute accuracy of such large values is 
low due to the high RE �9 j -correct ion.  However ,  it was 
possible to compare the t ransient  exchange current  
densities for different cadmium perchlora te  concentra-  
tions by measur ing at the same electrode wi thout  
changing the geometry.  A very  small  concentrat ion de- 
pendence of the t ransient  exchange current  densities 
was observed as shown in Fig. 7. 

Discussion 
Considering the s teady-s ta te  cur ren t -potent ia l  curves, 

Vetter  (3) has given the fol lowing individual ly  suf-  

I0  0 ' ' ' i , , , , i . . . .  
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T i m e  i n  [ m s e c ]  

Fig. 4. Decay of relative excess current densities, [ j ( t )  - -  

j ( o o ) ] / j ( ~ ) ,  with time after switching from the equilibrium poten- 
tial to negative overvoltages. ( G ) ,  e = --0.895V vs. SCE in 0.014M 
Cd(CIO4)2 -t- 0.99M Ba(CIO4)2, (I-]), �9 ~ --0.848V vs. SCE in 
0.15M Cd(CIO4)2 -I- 0.85M Ba(CIO4)2. 
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Fig. 5. Cathodic decay times at e = --0.85V vs. SCE as a func- 
tion of the concentration of Cd(CI04)2 in solutions of constant ionic 
strength at O~ 

ficient cr i ter ia  for the appearance of consecutive 
charge t ransfer  reactions: (a) ext rapola t ion of the 
anodic and cathodic Tafel  lines toward the equi l ibr ium 
potent ial  leads to two different current  densities; (b) 
the Tafel  line changes its slope a~/0 In j f rom a small  
value at low overvol tages  to a large value at high 
overvoltages;  and (c) the sum of the apparent  anodic 
and the cathodic t ransfer  coefficients ~' = RTO/nFO~ 
does not add up to the number  n of electrons t rans-  
ferred in the ove r -a l l  react ion (15), e.g., n : 2 for 
the cadmium electrode. The exper iments  show that  not  
only one but all  three cri ter ia  are fulfilled, except  for 
specific exper imenta l  conditions. Thus, it is safe to 
conclude that  a consecutive mechanism is operating. 
Addit ional  informat ion on the mechanism may  be de- 
r ived from the fol lowing theoret ical  t reatment .  

A consistent quant i ta t ive  in terpreta t ion of the ex-  
per iments  is impossible without  considering the ad- 
sorption of the intermediate .  In der iving the fol lowing 
general  relationships it is taken into account that  the 
monovalent  cadmium can only exist  in the adsorbed 
state. The rates of the charge t ransfer  reactions [1] 
and [2] in terms of current  densities are given by' 

J l  = k l  + ( e )  " f ( 8 )  - -  k l - ( e )  �9 a c d 2 +  " g ( 0 )  [ 3 ]  

and 

J2 = k2 + (~) �9 g(0) -- k2- (0  �9 I(e)  [4] 

with the rate constants kl,2 + (0  = k~,2 + �9 exp [~,2F~/ 
RT] and kl ,2-(e) = kl,2- �9 exp [ - - (1  -- a~,2)Fe/RT] 
and the t ransfer  coefficients a~, aa of the two steps [1] 
and [2]. The potent ial  e refers to a constant reference  
electrode like the SCE. 

The influence of the  re la t ive  surface coverage, e, by 
the in te rmedia te  on the rates is expressed by the func-  
tions 

f(e)  = e �9 exp I - - b ( 1 - -  o)] [5] 
and 

g(0) = (1 -- e) �9 exp [--ae] [6] 

The desorption of monovalent  cadmium proceeds at a 
ra te  proport ional  to the coverage a. It  is assumed, con- 
sequently,  that  the ra te  of adsorption is proport ional  
to the par t  ( 1 -  e) of the surface not yet  covered. 
Another  effect to be considered is the dependence of 
the rate  constants upon coverage. To a first approxi-  
mation, there  is a l inear  dependence of the act ivat ion 
energies of the charge- t rans fe r  reactions on the cov- 
erage as suggested by Temkin  (24). For  the act ivat ion 
energy Ea of adsorption one writes 

E~ = Ea ~ + a R T  O [7] 

and for the act ivat ion energy Ed of desorption 

Ed = Ed ~ -{- b R T  (1 -- 8) [8] 
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There are two reactions of adsorption, anodic reac-  
tion [2] and cathodic reaction [1]. It is assumed that 
[7] holds for both reactions wi th  the same potent ia l -  
independent  interact ion coefficient, a. The analogous 
assumption concerning the coefficient, b, follows f rom 
the fact that  the coefficient, A = a + b, must  be in-  
dependent  of the par t icular  reactions [1] or [2], be- 
cause A describes a thermodynamic  quanti ty,  namely,  
the change of the adsorption enthalpy with coverage 
at the equi l ibr ium of the cadmium electrode. 

The rates of dissolution or deposition of cadmium 
are given by 

J-----212r22 [9] 

The stat ionary state is character ized by Jl = J2. Af te r  
el iminat ion of ei ther  I(o) or g(0) two equivalent  
equations for the steady state current  density, j ( ~ ) ,  
are obtained 

j ( ~ )  ---- 2 g(0) �9 

k, + (,) �9 k2 + (~) -- k t -  (~) �9 k~- (~) �9 ac,r,+ 
[10] 

kl  + (*) + k2- (~) 
and 

j ( ~ )  = 2J:(o) �9 

kl + (e) �9 k2 + (~) -- k l -  (e) �9 k2- (e) �9 acd2+ 
[11] 

k , -  (~) �9 aca2+ + k2 + (~) 

The adsorption isotherm describing the dependence of 
the s teady-s ta te  coverage on potential  and cadmium 
ion act ivi ty  follows f rom [5], [6], [10], and [11] 

# 
exp [ao -- b(1 -- 0)] 

1 - - 0  
k l -  (~) �9 acd2+ + k2 + (~) 

= [12] 
kl + (~) § k2- (~) 

At large posit ive potentials  both anodic rate  constants 
become much larger  than the cathodic rate constants. 
Then, as one can easily show, the potential  dependence 
of the ra te  is given by 0/0  ~ R T / ~ F  if kl + (~) 
~ k.2+(e) or by 0 /0  = R T / a 2 F ,  if kl+(~) > >  
k,, + (~). For  k1+(~) ~ k2 + (~) and a1=~2 the slope of 
the Tafel  line depends on the potential.  Analogously,  
at large negat ive potentials the Tafel  slope is Oe/O In j -  
= R T / ( 1  - -  a l ) F  for k l - ( e )  acd2+ > >  k 2 - ( e )  and 
Oe/O In j -  = R T / ( 1  - -  ~2)F for  k l - ( e ) a c d 2 +  < <  
k~- (~). The earl ier  s ta tement  (3, 14, 15) that  the Tafel  
slopes at high overvol tages  are determined by the 
t ransfer  coefficients of the respect ive preceding reac-  
tion step does not hold when  considering adsorbed 
intermediates.  Exper imenta l ly ,  it was found that  0 
In j •  = 2F /RT on both the cathodic and anodic sides. 
One concludes that  a, ---- a2 ----- 0.5 wi th in  the l imits of 
exper imenta l  accuracy of at least •  

If  at acd2+ --> 0 the cathodic cur ren t  density for the 
deposition of cadmium becomes negligible, at negat ive  
p o t e n t i a l s  k 2 - ( e  ) must  become large compared to 
kl + (~). In this case, the equi l ibr ium [2] is not appre-  
ciably dis turbed by the anodic dissolution of cadmium; 
the coverage, 0, depends s t rongly on the potential;  
and the Tafel  slope is 0E/0 In j+ = R T / ( 1  + ~)F. This 
behavior  is in good agreement  wi th  the anodic cur ren t -  
potent ial  curve  of Fig. 3. 

On the other  hand, it follows f rom [12] that  for 
aca2 + -> 0 the  coverage approaches 0-  ~ 0 at negat ive  
potentials, and the re fore  g(0_)  --> 1. As long as the ac- 
t iv i ty  of cadmium ions is small  enough, [1 -- g ( 0 - ) ]  
< <  1, and the current  density, j_ ,  at constant potent ial  
stays proport ional  to the activity,  aca2 +, as is deduced 
f rom [10]. The current  density, j_ ,  increases less than 
proport ional  to the act ivi ty  of cadmium ions as soon 
as g ( 0 - )  deviates f rom uni ty  appreciably. For  ve ry  
high activities the coverage may  approach its l imit ing 
value 0- --> i, or [I -- f ( o - ) ]  < <  i. Under this con- 
dition, the rate of deposition is independent of the ac- 
tivity, aca2+, according to [11]. 
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The activities and the concentrat ions of the cad-  
mium ions are proport ional  to each other, since the 
exper iments  were  done at constant ionic s t rength and 
since the act ivi ty  coefficients of cadmium perchlo-  
rate and bar ium perchlorate  solutions are near ly  equal. 
For the purpose of the fol lowing numerica l  calcu- 
lations it suffices to refer  to concentrations. 

From the measurements  at low concentrat ions Fig. 
2 yields the rate constant k l -  = j - ( ~ ) / 2 c c d 2 + .  Ex-  
t rapolat ing to high cadmium salt concentrations, one 
obtains g ( 0 - )  ---- j - ( z v ) / 2 k , -  �9 CCd2+. At the highest 
concentrat ion ccd2+ = 1.3M a va lue  of g ( 0 - )  ~ 0.5 was 
found. A definite value of the interact ion coefficient, a, 
cannot be calculated f rom such small  deviat ions of 
g (0 - )  f rom unity. One finds that, qual i ta t ively,  k.,- > 
k 1 -  �9 CCd2+ u p  t o  the  highest concentrations.  

An impor tant  step in calculat ing the six unknown 
parameters  a, b, kl.2 • is the considerat ion of the de-  
pendence of the cathodic decay t imes on the concen-  
tration, cc~2+, shown in Fig. 5. Generally,  the t r an -  
sient currents  flowing after  switching from the equi-  
l ibr ium potent ial  to another  constant potent ial  are 
given by [9] insert ing [3] and [4] and the change 
of coverage wi th  t ime which may  be calculated f rom 
[13] 

Q �9 d o / d t  = [ k l - ( c )  �9 acd2+ -f- k2 + (e)] g(0) 
- -  [k l+ (E)  + k 2 - ( ~ ) ]  f (0 )  [13] 

where  Q is the charge necessary to cover the bare 
cadmium surface complete ly  wi th  monovalent  cad- 
mium. Equat ion [13] describes how the  steady state of 
[12] is approached f rom the equi l ibr ium coverage 0o 
at t -~ 0. Due to the complicated nature  of the func-  
tions f(0) and g(o) an exponent ia l  decay of the cur-  
rent  is genera l ly  not to be expected. The decay should 
be faster  than exponent ia l  as long as 0 changes rapidly 
at small  t imes after a potential  step. Such a behavior  
was observed exper imental ly .  However ,  if e i ther  0 or 
(1 -- o) are close to unity or if 0 is close to its s teady-  
state value, the var ia t ion of the exponent ia l  terms of 
[5] and [6] wi th  0 can be neglected. The coverage then 
changes, as if  the isotherm w e r e  of the Langmuir - type .  
The excess current  densities decay almost exponent ia l -  
ly according to the solution der ived by Gerischer and 
Mehl (13) 

j ( t )  -- j ( ~ )  t 
= exp -- - -  [14] 

j* _ j ( ~ )  

The current  density, j*, is obtained by extrapolat ion 
to t --> 0 of the exponent ia l  decay, but it is not the t rue  
t ransient  current  density for t --> 0. The decay time, r, 
is given by 

Q / x ~  [k l - (E)  "acde~ ~- ke+(e)]  exp [ - - a0 ]  
-{- [kl+(~) + k e - ( e ) ]  exp I - - b ( 1 - - 0 ) ]  [15] 

In [15], the rate constants are corrected for  their  de-  
pendence on the coverage. By definition, the  rate con- 
stants, kl + and ke- ,  correspond to 0 = 1 and the rate  
constants, k l -  and k 2+, to  0 = 0. 

The reciprocal,  cathodic and anodic decay t imes at 
high overvol tages  were  found to change with  the po- 
tent ial  in the same way as the rate  constants, in agree-  
ment  with [15]. Decay t imes are de termined  by the 
fastest of the rate  constants. Cathodic decay times are 
expected to be independent  of the activity,  acd2+, at 
low activit ies and proport ional  to the act ivi ty  at high 
activities. F rom Fig. 5, it follows that  k l -  (E) �9 C c d 2 +  �9 

exp [--ao] apparent ly  surpasses k2-(~) �9 exp [ - -b  
(1 - - 0 ) ]  even at re la t ive ly  low concentrations, cca2+. 
On the other  hand, ra ther  small  deviations of g ( o - )  
f rom uni ty  are calculated f rom Fig. 2. Both the ex-  
per iments  of Fig. 2 and 5 are compatible,  only if b > a. 
However ,  a whole set of interact ion coefficients does 
agree with  the two exper iments  alrfiost equal ly  well. 

The ambigui ty  is complete ly  removed  by consider-  
ing the in terdependence of the cathodic and the anodic 
rate  constants. Thermodynamics  requires  kt + (e) �9 
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k2 + (e) = k l -  (E) �9 k2- (e) �9 aCd2+ at the equi l ibr ium 
potential,  e = ~o. A second condition to be fulfilled is 
that  f rom its constant value  at posit ive potentials, 
f (o+)  must  begin to drop rapidly  as soon as the po-  
tent ial  gets more  negat ive  than  about c = --0.6V vs .  
SCE, because of the increasing steepness of the anodic 
cur ren t -poten t ia l  curves shown in Fig. 1 and 3. The 
two conditions can be fulfilled wi th  a wel l -def ined pair  
of interact ion coefficients only. The selection of a pair  
of interact ion coefficients wi th  a large value  of A = 
a -F b leads to a large ra te  constant, k2-,  and a large 
product, kl + (~o) �9 k2 + (co). F rom the Tafel  line at high 
anodic overvol tages  and constant coverage, ~+, the 
individual  values of kl + (c) and k., + (e) are obtained. 
In the case of too large values of A, the calculated 
anodic cur ren t -poten t ia l  curves are found to increase 
their  slope at too negat ive potentials.  

By successive approximat ion the parameters  for op- 
t imal  description of the exper iments  were  obtained. 
The result ing interact ion coefficients are a = 0 and 
b ~ 10. This indicates that  the la teral  interact ion of 
the adsorbed monovalen t  cadmium only affects the 
act ivation energy of desorption. The rate constants at 
c = --0.TV vs .  SCE are kl + = 10 -3 [A/cm2], k l -  = 38 
[A cm/mol ] ,  k2 + = 1.7 [A/cm2], and k._,- ~ 8.0 
[A/cm2]. Using these parameters  the solid lines in 
Fig. 1, 2, 3, and 5 were  calculated. 

With sl ightly more d ivergent  interact ion coefficients 
such as a ~ - - 1  and b ~ 12, a good fit of the concen-  
t rat ion dependence of the cathodic decay t imes is also 
obtained. However ,  the rate  constants are left  almost 
unchanged by such small  changes, and there  is ve ry  
lit t le effect on the genera l  form of the cur ren t -poten t ia l  
curves. 

The cur ren t -poten t ia l  curves measured  by Lorenz 
(2) for overvol tages  <0.1V coincide wi th  the calcu- 
lated curves as wel l  as the measurements  in Fig. 1. 
However ,  the current  densities observed in the ear l ier  
work  are displaced to lower  current  densities by a 
factor of about two. This may  be due to an inhibit ing 
effect of the sulfate solutions as compared to the per -  
chlorate solutions (11). The inhibit ing effect of sulfate 
should be even larger  than just  est imated:  the mea-  
surements  of Lorenz (2) were  per formed at 20~ the 
present  ones at 0~ According to the present  results, 
the  apparent  symmet ry  of the current  potent ial  curves 
at potentials be tween c = --0.6V and ~ = --0.8V vs .  
SCE is due to the similar  influences of k~- on the 
anodic rate  and of k., + on the cathodic rate. 

F rom the rate constants one may  evaluate  the cov- 
erage as a function of the potent ial  using (12). The  
coverage changes be tween the potent ia l  independent  
values, ~+ at ve ry  posi t ive potentials,  and e -  at very  
negat ive potentials, wi th  the equi l ibr ium coverage, ~o, 
in between. The coverages, e -  and ~o, depend on the 
concentrat ion of cadmium perchlorate  as shown in 
Fig. 6. The coverage, ~-,  is almost proport ional  to 
the concentrat ion for ~_ < 0.1 corresponding to 
ccd2§ ~ 10-2M. The equi l ibr ium coverage is almost 
proport ional  to the logar i thm of the concentrat ion in 
the range plotted in Fig. 6. The coverage, ~ +, na tura l ly  
is independent  of the concentrat ion and has a value 
close to unity because kt + < <  k2 +. From the equi l ib-  
r ium coverage, the s teady-s ta te  exchange current  den-  
sities, Jo ( ~ ) ,  were  calculated using [16] 

k~ + (Co) - k2 + (~o) 
J o ( ~ )  = 2](eo) [16] 

k l -  (Co) �9 acd2+ -{- k2 + (Co) 

or any other  of the four equivalent  equations to be 
der ived from [10] and [11] for j ( ~ )  = 0. In Fig. 7, 
the s teady-s ta te  exchange current  densities are plotted 
as a function of the concentration, Ccd2+, along with  
Lorenz's exper imenta l  results (2) der ived from the 
equi l ibr ium polarization resistance. The slopes of the 
two lines are exact ly  the same. The displacement by 
a constant factor is the result  of the different exper i -  
menta l  conditions, as ment ioned above. 
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Fig. 6. Relative coverages with adsorbed monovalent cadmium, 
[ A ] ,  at very positive potentials, e+;  [ [ ] ] ,  at very negative poten- 
tials, ~ - ,  and [ � 9  at equilibrium, ~o, calculated from the ex- 
periments for different concentrations of Cd(CIO0,_,. 
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Fig. 7. Steady-state and transient exchange current densities, 
Jo(~) and jo(O), for different concentrations of cadmium salt at 
constant ionic strength. [ G ] ,  Jo(~);  [ A ] ,  jo(0) calculated from 
the experiments; and [ A ] ,  jo(0) by direct measurements in per- 
chlorate solutions at 0~ [ O ] ,  j o (~ )  from measurements of the 
equilibrium polarization resistance by Lorenz (2) in solutions con- 
taining CdSO4 -J- 1.5M K2S04 at 20~ 

At the equi l ibr ium of the cadmium electrode the 
two steps [1] and [2] wi th  two different exchange  cur-  
rent  densities are also in equil ibrium. The exchange 
current  densities of each step are  obtained f rom [3] 
and [4] wi th  jl  = 0 or J2 = 0. By comparison with  [16] 
one deduces the relat ionship 

2 / j o ( ~ )  = (I / j l .o)  + (1/j2,o) [17] 

Under  t ransient  conditions, j ,  ~ J2, but  [9] is still  
valid. A transient  cur ren t -poten t ia l  curve  measured 
for the t ime t ~ 0 af ter  switching f rom the equi l ib-  
r ium potential  to other  potentials  should yield Tafel  
lines wi th  a slope of 2 R T / F  at high overvoltages.  The 
extrapolat ion of the anodic and cathodic Tafel  lines to 
the equi l ibr ium potent ial  should lead to a common 
transient  exchange current  density which  is the sum 
of the exchange current  densities of the two steps 

jo(0) = j~.o + j._,,o [18] 

The transient  exchange current  densities are de ter -  
mined by the fastest step. On the other  hand, the  
s teady-s ta te  exchange current  densities are de te r -  
mined by the slowest step. Since J-~,o exceeds Jl,o for 
all possible concentrations, ccd~+, the t ransient  current  
densities are always larger  than the s teady-s ta te  cur-  
rent  densities. Such a behavior  is not genera l ly  ex-  
pected but more  probable than j (0)  < j ( ~ ) ,  because 
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j(o) 1 I- f(0o) g(8o) -I 
2 + j L19] 

as der ived  ear l ie r  (5). The t rans ient  exchange  cur ren t  
densi t ies  obta ined by  di rec t  measu remen t  and ind i rec t -  
ly  by  calculat ion f rom the  other  exper iments  a re  in 
excel len t  agreement ,  which  can be considered as an-  
o ther  proof  for  the  va l id i ty  of the  proposed mechanism.  

The first o rder  ra te  constants  of s tep [2] in both 
direct ions of the reac t ion  a re  a lways  la rger  than  the 
ra te  constants  of step [1] even at the  highest  cadmium 
perch lo ra te  concentrat ions.  Therefore,  one might  con- 
s ider  step [1] to be ra te  determining.  This does not 
mean  tha t  step [2] is a lways  in equi l ibr ium.  At  high 
overvol tages  the respect ive  reverse  react ions  of both 
steps do not have any influence on the ra te  of the  over -  
al l  reaction. Al though  the ra te  constants  of s tep [2] 
a re  r e l a t ive ly  high, the  electronic in terac t ion  be tween  
the cadmium meta l  and the adsorbed  monovalen t  cad-  
mium is s t i l l  ve ry  weak.  The kinet ics  can be expla ined  
wi th  t rans fe r  coefficients of ~ = 0.5 for  both  steps and 
wi th  a wel l -def ined  monova len t  in te rmedia te .  There -  
fore, the  monovalen t  cadmium wi th  the  center  of its 
charge in the Helmhol tz  l ayer  must  be separa ted  from 
the metal .  The obvious model  is to assume tha t  the  
monovalen t  cadmium is bound to the  meta l  by  a wa te r  
bridge.  Thus, step [2] is a m e t a l / i o n  react ion (3) wi th  
the charge  being t r ans fe r red  by  the meta l  ion. On the 
o ther  hand, s tep [1] is a typ ica l  redox  react ion wi th  
electrons ca r ry ing  the charge  across the  Helmhol tz  
layer .  

The compara t ive ly  low ra te  constants  of step [1] 
m a y  be assigned to drast ic  differences in the solvat ion 
sheets of cadmium ions in the  solut ion and of adsorbed  
monova len t  cadmium,  according to the  theory  of redox 
react ions r ecen t ly  rev iewed  by  Levich (25). Therefore,  
one m a y  suppose tha t  only  smal l  r ea r rangemen t s  of 
the  solvat ion sheets of the  comple te ly  d ischarged meta l  
in the surface and of the  adsorbed monovalen t  meta l  
a re  lef t  for the  fu r the r  react ion of s tep [2] resul t ing  
in a r e l a t ive ly  la rge  rate.  
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Film Formation on Copper and Alpha Brass in 
Aqueous Cupric-Ammonia Systems 

L. H. Jenkins* and R. B. Durham 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Reaction rates of single crystal l ine copper and a-brass surfaces exposed to 
solutions of Cu (NH~) ~ (OH) 2 in ~15M aqueous ammonia  have been invest i -  
gated. Composition of the precipitated films formed on the surfaces was in -  
vestigated and at tempts made to correlate film texture  and composition with 
the mode of attack on the metal  surfaces. An  estimate of the activity co- 
efficient of NH3 in concentrated aqueous NH4OH could be made from the 
copper system data, and it is shown that  film formation on brass occurred 
outside the limits defined in a general  model of relat ive interfacial  concen- 
trat ions in the system. Also, it was observed that a th in  film developed on 
a-brass prior to tarnish formation. Nonhomogenous breakdown of this ini t ial  
film, which was more protective than the tarnish layer, occurred by means 
other than mechanical  rupture.  Some applications of the data to stress re-  
lated corrosion phenomena are discussed. 

Ammoniacal  solutions of copper sulfate have been 
employed by Mattson (1), For ty  and Humble  (2), and 
McEvily and Bond (3) to investigate stress related 
corrosion phenomena of a-brass. The tendency of such 
solutions slowly to form precipitates over long periods 
of t ime somewhat  affected the reproducibi l i ty  of ex- 
per imental  results and introduces some uncer ta in ty  
and difficulty in at tempts to unders tand  associated 
chemical phenomena.  To c i rcumvent  this difficulty, 
Pugh, Montague, and Westwood (4) used solutions of 
Cu(NH3)x(OH)2 in  ei ther  15M or 1M aqueous NH3 in 
s tudying the role of aqueous complex ions of copper in 
the cracking of a-brass. Fur ther  studies by Pugh and 
Westwood (5) in 15M aqueous ammonia  containing 
predominant ly  Cu(NH3)5(OH)2 were interpreted to 
indicate two mechanisms of stress corrosion cracking, 
one in the presence of a tarnish layer and another  in 
its absence. Also, they concluded that  behavior  was 
strongly influenced by the concentrat ion of the complex 
cupric ion Cu(NH3)~ ++. Recently Bertocci (6) pro- 
posed a model reaction mechanism whereby the reac- 
tion rates observed by Pugh et al. were explained in 
terms of enhanced t ransport  of the oxidizing agent 
across the diffusion layer. The model assumed that im-  
mediate ly  at the metal -solut ion interface the total con- 
centrat ion of cupric species was zero, having all been 
reduced to cuprous by the act of oxidizing the metal. In  
the case of copper metal  in the systems reported here 
the cuprous concentrat ion at the interface would be 
simply twice that  of the bulk  cupric concentration.  For 
brass, the relat ive concentrat ions of zinc and cuprous 
ions at the interface would be determined by the com- 
position of the alloy. However, uncertaint ies  still exist 
regarding the exact na ture  of the films observed by 
Pugh and co-workers and the relationships between 
structure of the substrate, composition of the films, 
and composition of the solution. The following report 
concerns data collected in at tempts to define these 
relationships. 

Experimental Data 
Materials and methods.--All  data reported here were 

collected on coin shaped single crystal l ine metal  speci- 
mens approximately 2.5 cm diameter  x 0.7 cm thick. 
Prior  to use the copper specimens were electropolished 
in an acid copper phosphate bath and rinsed in dilute 
solutions of H~PO4. Crystals of a-brass  [70 w/o  (weight  
per cent) Cu-30 Zn] were chemically polished using a 
solution after Mitchell (7) on a flat, soft cloth surface. 
Following rinsing, washing, and drying, the flat, pol- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

ished surfaces were then spr ing-mounted  wi th  gentle 
pressure to a Viton O-r ing  of 1.6 cm ID at the end of 
a glass tube of the same dimensions. In  this manne r  the 
orientat ion to be studied was isolated wi th in  a con- 
ta iner  and also served as the bottom of the chamber 
into which the test solution was introduced. The glass 
tube was ~ 15 cm long. 

Solutions of vary ing  copper content  were prepared 
by dissolving Cu20 in a i r -sa tura ted  aqueous solutions 
of ~ 15M NH~. The air  served to oxidize the cuprous 
ions to cupric so that  the final test solutions consisted 
of air saturated solutions of soluble complex cupric hy-  
droxides: Cu (NH3) ~ (OH) 2. Most observations were re - 
corded in systems ini t ia l ly containing either 0.95, 1.90, 
or 3.80 g/1 total copper (0.015, 0.03, 0.06M and here-  
after referred to as test solutions II, III, and IV, re-  
spectively).  However,  some data also were obtained 
from ammoniacal  solutions 0.015M in Cu(NH3)~(OH)2 
and 0.09M in KOH (hereafter referred to as test solu- 
tion IIa) .  In all experiments  the volume of test solu- 
t ion was 15 ml so that,  following int roduct ion of solu- 
tion into the chamber formed by the metal  surface and 
glass cyl inder and closing the open tube end, a volume 
of air equal approximately to that  of the solution was 
enclosed within the system. 

At the conclusion of the tests, solutions were de- 
canted and analyzed by spectrophotometric means for 
metal  content. Sample surfaces were r insed in dis- 
tilled water  and dried carefully in a gentle air stream 
in a m a n n e r  which would not dis turb any films present 
on the surface. Surfaces were then examined and pho- 
tomicrographs taken. In  some cases films cracked on 
drying reveal ing the substrate such that  it was possible 
to measure average film thickness directly. ( In a few 
instances the thickness of semitransparent ,  very  thin 
films also could be measured.)  The films were then 
dissolved in solutions of 50% by volume aqueous ethyl-  
enediamine,  which subsequent ly  were analyzed for 
metal  content  and the results correlated with mea-  
sured film thicknesses. The clean metal  substrate was 
then examined and again photomicrography used to 
record the observations. Fi lms were stripped from cer- 
tain other representat ive samples and examined by 
electron diffraction techniques in order to establish 
more accurately the components of films formed in 
typical solutions. 

Copper metal-amTrmnia systems.--Compositions of 
test solutions II, III, and IV are wi th in  the limits of 
concentrat ions termed ranges II, III, and IV, respec- 
tively, by Pugh and Westwood (5), who reported the 
following observations for a-brass reacting under  an 
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applied stress wi thin  these ranges of concentrat ion:  In 
range II f racture  occurred in both a t rans-  and in ter -  
crystal l ine manner  af ter  the format ion of a brown,  
loosely adherent  film. In range III  fai lure occurred 
before visible surface films were  formed. Range IV 
specimens were  coated with  the characterist ic tarnish 
layer, and f rac ture  was largely  intercrystal l ine.  

Test solutions II, IIa, III, and IV were  used in the 
manner  previously described to study the effects of 
solution composition and crystal lographic orientat ion 
on the ra te  of dissolution of copper  as a resul t  of the  
fol lowing reactions 

N H  3 

Cu(NH3)x +2 -5 Cu ~ ~ 2Cu(NH3)2 + [1] 

N H  8 

2Cu(NH3)2 + -5 1/2 O2 -5 H20 ~ 2 C u ( N I ~ ) x  +2 
-5 2 O H -  [2] 

Al though often thick by microscopic standards, f rom 
an analyt ical  v iewpoint  the  total  mater ia l  contained in 
a film over  a copper substrate in all cases was insignifi- 
cant as compared with  the total  mater ia l  r emoved  from 
the specimens and dissolved in the solution in which 
the film formed. Therefore,  the ra te  of increase of cop- 
per  in solutions shown in Fig. 1 indicates that  the  ra te  
of weight  loss of copper single crystals was independent  
of both crystal  or ientat ion and composition of the test 
solutions. The la t ter  observat ion was unexpected  for 
while, in general,  films were  not detected on copper 
in type II test  solutions, exposure to solutions IIa, III, 
and IV caused immedia te  film formation. 

In type II test solutions film format ion was observed 
only after  the copper content  of the solution had in- 
creased to ~ 2 g/1 (af ter  --~ 90 hr  reaction) due to the 
occurrence of reactions [1] and [2]. The onset of p re -  
cipitation at this concentrat ion suggested a means of 
est imating the act ivi ty  coefficient of NH3 in these sys- 
tems. Al though the equi l ibr ium constant for the reac-  
t ion 

Cu + + + Cu ~ ~ 2Cu + [3] 

is ~ 10-6, the stabili ty constants for cuprous and cupric 
ammonia  complexes is such that  equi l ibr ium is estab- 
lished in solutions of concentrated NH3 only when 
react ion [3] is shifted almost complete ly  to the right. 
In a series of exper iments  equi l ibr ia  were  established 
in different solutions ini t ial ly containing vary ing  
amounts of Cu(NH~)x(OH)2 in ~ 15M aqueous NH3 
exposed to copper meta l  in a closed system. It  was 
determined that  the l imit  of Cu20 solubili ty (shown 
by the presence of a " tarnish"  film at equi l ibr ium) and 
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Fig. 1. Reaction rates of variously oriented single crystalline 
copper surfaces as a function of exposure time and solution com- 
position in cupric-ammonia solutions. 
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Fig. 2. Hydroxyl ion concentration in ~ 15M aqueous ammonia 
shown as a function of the concentration of Cu(NH~)~(OH)~ in the 
system. Compositions of test solution types II, Ill, and IV also are 
indicated. Subscripts "B" and "O" refer to bulk and interfaclal 
concentrations, respectively, when a copper surface is exposed to 
the solutions. Values of [Cu(NH3)2OH]o ore calculated, of course, 
and are simply twice the corresponding bulk cupric concentrations. 

the complete conversion of all  cupric ions to cuprous 
{as demonst ra ted  by the change f rom the characteris t ic  
deep blue color of cupric ammonia  complexes to the 
colorless cuprous form) occurred s imultaneously only 
in solutions ini t ia l ly  containing ~ 1.90 g/1 (0.03M) cop- 
per as soluble Cu (NH3) x (OH) 2. Therefore,  the solubil-  
i ty l imit  of Cu(NH3)~OH in ,~ 15M aqueous ammonia  
was --, 0.06M. 

Using this va lue  it is possible to est imate the act ivi ty  
coefficient for NH3 in these concentrated systems: F rom 
the relat ionship 

[NH3] 
- -  = [NH4 +] 5.5 X 104 I [4] 
[OH-] 

it is readily seen that any contribution to the total hy- 
droxyl ion concentration from the NH4OH inevitably 
present must be small compared with the ~ 0.06M con- 
centration associated with the cuprous complex, and 
may be neglected at this concentration. Then assuming 
that  at this composition act ivi ty  coefficients for all 
components  other  than NH3 are unity, f rom the re la-  
t ionship 

[Cu +] [ O H - ]  ---- 1.26 • 10 -15 [5] 

and the  s tabi l i ty  constant of the cuprous ammonia  
complex 

[Cu(NHs)2 + ] 
[NHa] 2 = X 1.38 X 10 -11 [6] 

[Cu + ] 

an activity coeff• of ,~ 0.4 can be calculated for 
NH~ in ~ 15M aqueous ammonia.  

Using this va lue  in Eq. [4] it  is possible to de termine  
the relat ionship i l lustrated in Fig. 2 be tween  the total  
hydroxyl  ion concentration,  due to the presence of 
NH4OH as wel l  as Cu(NH3)=(OH)2,  and the concen- 
t ra t ion of the la t ter  dissolved in concentrated aqueous 
ammonia.  It  is seen that  at concentrat ions of 

Cu (NH3) x (OH) 2 >~ 0.03M pract ical ly  all  hydroxyl  ions 
are furnished by the  copper salt, whi le  at lower  con-  
centrat ion of the cupric complex significant contr ibu-  
t ion is made  by the ammonium hydroxide  present  in 
the system. F igure  2 also i l lustrated another  in teres t -  
ing feature  of these solutions. F rom the relationships 

[Cu +2] [ O H - ]  2 ---- 1.52 X 10 -2~ [7] 

1 S e e  r e f .  (8)  f o r  t h e  o r i g i n  o f  a l l  c o n s t a n t s  q u o t e d  h e r e .  
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and 
[Cu+ +] [NH~]'~ 

= 2.35 X 10 -13 [8] 
[Cu (NH3) 4 + + ] 

by using the previously  indicated values for act ivi ty  
coefficients, it is possible to calculate the solubili ty 
l imit  of Cu(NH3)~(OH)2 in the system. The figure 
shows that  in ~, 15M aqueous NH3 the solubili ty of 
Cu(NH3)4(OH)2 could not exceed ~ 0.027M. There-  
fore, the p r imary  effect of the format ion of a 
Cu(NH3)5 + + complex ion, which Pugh et al. (4) re-  
ported to be the predominant  complex cupric species 
in these systems, is to increase the total  amount  of 
copper which can be dissolved in such solutions. The 
calculations show that  a saturated solution of 
Cu(NHa)4(OH)2 could not generate  sufficient cuprous 
ions at a copper interface to exceed the solubil i ty of 
Cu(NHa)eOH and form a tarnish film. 

Also, the solubil i ty l imit  of Cu(NH~)2OH calculated 
from [5] and [6] is shown, as well  as the max im um  
possible concentrat ion of this species at a copper meta l -  
solution interface when it is assumed that, as in the 
model  proposed by Bertocci, at the interface all cupric 
ions have been conver ted to cuprous by the occurrence 
of react ion [1]. The calculations indicate that  for 
interfacial  concentrat ions which correspond to 
Cu (NH3)x +2 bulk concentrat ions greater  than --0.028M, 
solubili ty of Cu(NH3)2OH should be exceeded at the 
meta l  solution interface.  This is in excel lent  agreement  
wi th  the observed onset of film format ion wheneve r  
the concentrat ion of the cupric complex increased to 

0.03M in type II test solutions. Fur the r  agreement  
was indicated by immedia te  film format ion on copper 
specimens when  exposed to solution types IIa and III. 
The bulk hydroxyl  ion concentrat ion in the former  
solution totaled 0.12M and the cupric complex 0.015M. 
Using 0.4 for the act ivi ty  coefficient of NH3, Eq. [5] 
and [6] can be used to show that  concentrat ions are  
such that  conditions are established in which the 
solubil i ty of Cu(NHs)2(OH)  is just exceeded at a 
copper meta l  interface immedia te ly  upon immersion 
in ei ther  type IIa or III  solutions. Type IV solutions, 
of course, produced a great  excess of cuprous species 
at the interface over  that  necessary to exceed the solu- 
bi l i ty of Cu(NHa).~OH. 

Despite differences in composition, the type, as wel l  
as the rate, of film growth on copper surfaces was p re -  
cisely the same in these three test solutions. In ear ly  
growth stages ( <  ~ 15 hr  exposure) a semit ransparent  
film was formed through which features  of the sub- 
strate often could be seen. The film appeared brown 
when wet, but a mott led g reen-ye l low- red  when dry. 
It  was firmly adherent,  compact, and possibly bore 
some epi taxial  relat ionship to the single crystal  sub- 
strate. Af te r  longer react ion times the films appeared 
b lue-black when wet, and only sl ightly l ighter  in color 
when  dried. Average  film thicknesses gradual ly  in-  
creased f rom -- 2~ at 30 hr  to -- 8~ at 50 hr, a l though 
film growth  did not always occur in a uniform manner  
for occasionally some areas were  covered by a sl ightly 
thicker  film than others. When dried the black film 
occasionally cracked or flaked away from the metal  
surface, and in f requent ly  wet  films did not adhere  wel l  
to the substrate. Chemical analysis of the ear ly  tarnish 
film indicated it to be ex t remely  porous, containing 
only about 20% of the theoret ical ly  possible Cu.,O. 
Af ter  still longer  react ion times (50-90 hr) the films 
did not undergo fu r ther  changes in appearances;  nor 
did they grow much thicker,  for  the thickest films 
measured only -- 10# after  90 hr  reaction. However ,  
they did become much more dense and compact, and 
analysis revealed these films contained ~ 80% of the 
Cu20 theoret ical ly  possible. Also, they  adhered quite  
firmly to the substrate. 

Electron diffraction measurements  revealed that  in 
all  cases the  films consisted pr imar i ly  of Cu20. It  

seems, therefore,  that  differences in appearances,  color, 
etc., arose from causes other than major  differences in 
composition. No effects of or ientat ion on film types 
were  detected. However ,  for any given set of condi-  
tions, films on the copper (111) adhered bet ter  than 
on other  orientations, al though only sl ightly bet ter  than 
on the (100). 

Reaction in type II solutions produced metal  surfaces 
free of visible films, but great ly  etched and faceted as 
i l lustrated in Fig. 3. Removal  of equal amounts  of ma-  
ter ia l  in type III solutions through thick oxide films on 
the surfaces resulted in a much more un i formly  at-  
tacked surface substrate,  as is also i l lustrated. F u r t h e r -  
more, the greater  the supersaturat ion of CuOH pro-  
duced at the interface, the more uni form was the sur-  
face a t tack as is i l lustrated in the figure. The appear-  
ance of the (100) substrate af ter  prolonged reaction in 
the two types of test solution not shown in Fig. 3 are 
i l lustrated in Fig. 4. It  is clear that  test solutions III 
and IIa react in a ve ry  similar  manner,  but do not cause 
as uniform an at tack as observed with  type IV solu- 
tions. 

The influence of oxide formation on reaction at a 
twin boundary is shown in Fig. 5. Since, as previously  
noted, reaction rates were  the same in all  test solutions, 
the different react ion times i l lustrated in Fig. 5 are 
direct ly  proport ional  to the amount  of mater ia l  r e -  
moved. Note that  less mater ia l  was r emoved  prefer -  
ential ly at the boundary  in every  case where  reaction 
occurred through a thick film covering the surface. 
Only after  70 hr  in test solution III was boundary at-  
tack equivalent  to that  af ter  only 2 hr  in type II 
solution. To examine  fur ther  the effects of grain bound- 
aries on reactivit ies,  polycrystal l ine copper specimens 
also were  exposed to the test solutions. Typical  results 
are i l lustrated in Fig. 6. At tack in type II solutions 
produced the normal ly  heavi ly  etched surface contain-  
ing pits, etc., but type III  solutions caused drastic a l ter -  
ations in surface appearances. As i l lustrated,  in the 
lat ter  case certain areas apparent ly  reacted very  lit t le 
while others reacted to a grea ter  extent.  Comparison 
of these two i l lustrated surfaces indicated l i t t le re la -  
t ionship be tween  grain boundary  s t ructure  and the 
react ive areas on the f i lm-covered polycrystal  surface, 
a l though possibly the least reacted areas or iginal ly  re-  
sulted f rom an epi taxial  relat ionship be tween the film 
and substrate. On the i l lustrated surface obtained in 
type III solutions the areas of deepest at tack were  

5~, and as shown, react ion in these areas was more 
or less uniform on a large scale and no deep crevices 
or o ther  evidence of preferent ia l  grain boundary  at-  
tack was observed. 

Brass-cupric ammonia systems.--With the exception 
of a few samples -- 9 ~ f rom the (111), the data were  
obtained from q-brass surfaces oriented (111). At the 
te rminat ion  of reaction, solutions were  analyzed for 
both copper and zinc content. In solution types II, IIa, 
III, and IV there  was an initial decrease in copper  con- 
tent  of the solutions so that  par t  of the film concomi- 
tant ly  developed on the  brass surface formed from 
copper init ial ly in solution; and al though the presence 
of zinc in solution could be detected, the zinc analysis 
was not sufficiently sensit ive at low concentrat ions to 
conclude that  its increase corresponded to the decrease 
in copper content. Therefore,  l i t t le comparison can be 
made of the initial rates of react ion with those of cop- 
per, nor of the ratio of z inc /copper  concentrat ions in 
solution. However ,  as reactions proceeded, the bulk 
copper  concentrat ions in solution increased such that  
original  concentrat ions were  exceeded, and of course 
zinc concentrat ions increased wi th  time. 

When exposed to test solutions II, IIa, III, and IV 
films immedia te ly  began to form and grow on the brass 
surfaces. (It should be recal led that  films on copper 
surfaces exposed to test solution II were  not observed 
unti l  a f ter  about 90 hr  react ion t ime when  the composi-  
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Fig. 3. Effects of orientation and solution composition on surface appearances. Top left to right: (111), (321), (110), and (100) 
after 90 hr exposure to type 11 solutions without visible fi(m formation. Bottom i||ustrates the same orientations as above, but ore photo- 
graphs of metal substrates after "tarnish" film removed following 90 hr reaction in type III solutions for the (111) and (321), and 
the same length of exposure to type IV solutions for the (110) and (100). Although surfaces were film covered during the entire ex- 
posure to type III and IV solution, approximately the same amount of material had been removed from each of the eight surfaces il- 
lustrated. 

tion of the solution had changed to approximate ly  tha t  
of type III  test solutions.) Like the copper systems, the 
rate and type of film growth on brass was approxi -  
mate ly  the same in all these test solutions. In the earl i -  
est stages ( (  ~ 2 hr) a re la t ive ly  thin, more-or - less  
t ransparent  film through which features of the sub- 
strated were  discernible formed over  the surface in 
an apparent ly  homogenous manner.  In ter ference  colors 
were  seen, and the film appeared firmly at tached to 
the substrate. At exposure t imes grea ter  than 2 hr  it 
became obvious that  fur ther  reaction did not proceed 
in a uniform manner  over  the ent ire  surface. On por-  
tions of the surface the film appeared re la t ive ly  un-  
changed from earl ier  appearances,  but in other  areas 
the film became opaque and darkened to a brown hue. 
When complete ly  freed of all films it could be ob- 
served that  the areas under  dark film patches were  
more deeply etched than those portions of the surface 
which had been covered by the t ransparent  film. With 
t ime the brown areas of the film changed to a dark 

b lue-b lack  color, and the regions covered by dark film 
islands increased at the expense of the less react ive  
areas under  the thin t ransparent  film. Af ter  approxi-  
mate ly  70 hr, the mott led appearance vanished as the 
surfaces were  ent i re ly  covered with the famil iar  
" tarnish" film. But even on remova l  of the tarnish film 
formed during 70 or more hours reaction time, exam-  
ination of the substrate revea led  that  at tack had oc- 
cur red  in the described manner,  for a l though all areas 
had reacted extensively,  some had reacted to a much 
grea ter  extent  than others. All these observations are 
i l lustrated in Fig. 7 which shows the growth of island 
areas and concomitant  changes in the s t ructure  of the 
substrate. 

Direct measurements  of tarnish film thicknesses 
could not be made. However ,  in general  they appeared 
to fill the etched crater  containing them and not to 
prot rude significantly above the surface covered  by 
the t ransparent  film. Since the th icker  films were  
contained in what  was effectively an enormous etch 

Fig. 4. Metal substrates of (100) after 
film removed following 90 hr reaction 
in solution type Ila (left) and III (right). 
Total reaction at these surfaces was the 
same as for those illustrated in Fig. 3. 
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Fig. 5. Effects of reaction time, orientation, and solution composi- 
tion on a bicrystol surface. In each photograph the tap surface il- 
lustrated is a (111) and the bottom a (511). Top left: after 2 hr in 
type II solution without visible film formation; top right; metal sub- 
strate following film stripping after 2 hr reaction in type III solu- 
tion; bottom left: metal substrate following film stripping after 
70 hr in type III solution; bottom right: metal substrate following 
film stripping after 15 hr reaction in type IV solution. 

pit with extremely rough and i r regular  features, they 
appeared reasonably adherent.  Certainly once the 
tarnish  film had developed over the entire surface 
the films appeared extremely compact and adherent.  

Electron diffraction was used to establish that the 
tarnish films consisted of Cu20, ZnO, and Cu. Whether  
the slight traces of copper metal  detected had their 
origin in the metal  or in the solution is not known. 
However, the former is considered more l ikely since 
analysis indicated the tarnish films to be ,~ 80% Cu20 
and 20% ZnO so that no evidence for selective zinc 
dissolution was found in thick films. The traces of 
metall ic copper possibly were inclusions of metal  de- 
tached with the film dur ing the str ipping process. 

In order to confirm the observations of Pugh and 
Westwood that  film formation occurred in ~ 15M 
aqueous ammonia  wi th  Cu(NH3)x(OH)2 concentra-  
tions less than ~ 0.01M, brass specimens were exposed 
to concentrated solutions of ammonia  0.005M and 
0.007M in the soluble cupric hydroxide complex. Fi lm 
formation was observed on surfaces in these solutions 
wi thin  2 hr, and after 4 hr  the unmis takable  begin-  
nings of nonhomogenous attack of the type i l lustrated 
in Fig. 7 were observed. 

Discussion 
At this point it is interest ing to use Bertocci's model 

for interfacial  and diffusion layer  processes to construct  
a diagram of the bulk  and interracial  concentrat ions of 
various components in a system of ~-brass (70% Cu-  

Fig. 7. ,~-hrass surfaces oriented (111) after exposure to various 
test solutions. Top: after 4 hr in test solutions containing 0.005 g/I 
Cu (1/3 type II solution concentration), film covered surface (left), 
and substrate after film dissolved (right), magnifications as indi- 
cated. The dark aspect of the film is clue to the presence of the 
"brown" appearing oxide. The substrate appears dark even when 
the brown film is removed because vestiges of the film remain and 
also because the area is heavily faceted. Middle: after 20 hr in 
type IV solution; surface illustrated at left was completely film 
covered and dark areas correspond to tarnish film, the lighter to 
the thin semitransparent film; the substrate after the film was 
dissolved away is illustrated at the right, and the highly local 
nature of the attack is emphasized. The bottom photograph is a 
low magnification picture of a brass substrate (originally completely 
covered with "tarnish" after 90 hr in type II solution) following 
dissolution of the film in aqueous ethylenediamine. The dark areas 
reflect the heavy faceting underlying the thick tarnish, the light 
areas reacted much less extensively. Hate the geometric nature of 
the attack on this unstressed surface oriented ~ 9 ~ from the (I 11). 

30% Zn) react ing in cupr ic-ammonia  systems. The re- 
sults are shown in Fig. 8. For  purposes of comparison, 
the corresponding concentrat ion ranges of Pugh and 
Westwood are also indicated on the graph. The solu- 
bi l i ty limits of cuprous and zinc species are shown, as 
are their  calculated maxima interfacial  concentrations. 
Zinc relationships were calculated from the values 

[H+]2 [ZnO22-] = 10 -29 [9] 

[Zn2+] [OH-]~  = 10 - ' 7  [10] 

Fig. 6. Polycrystalline copper 
surfaces after 5 hr exposure to 
type II solution (left) and 70 hr 
to type III (right). 
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Fig, 8. Concentrations and solubility limits of various species in 
systems of a-brass exposed to solutions of ~ 15M aqueous am- 
monia containing the indicated concentrations of Cu(NH3)z(OH)2. 
The subscripts B and O refer respectively to bulk concentration 
and those at the a-brass-solution interface. 

[Zn2+] [NI4_~] 4 
= 10 -9 [11] 

[Zn (NI-~) ~2 + ] 

As Bertocci pointed out, Zn  exhibits a solubili ty min i -  
mum in the system due to its existence in solution in 
two forms. However, note that  under  the conditions re- 
ported here, as well  as those of Pugh and Westwood, 
zincate ions could not have been formed in quanti t ies  
sufficient to alter interfacial  hydroxyl  ion concentra-  
tions to any significant extent. According to the model, 
complete reduction of cupric ions to cuprous produces 
zinc and cuprous ions at the interface in quanti t ies  
proport ional  to the composition of the brass. The 
calculations shown in Fig. 8 indicate Zn(OH)~ should 
precipitate slightly before the solubil i ty of CuOH was 
exceeded. Moreover, they also indicate that no precipi-  
tate should form at the interface un t i l  the bulk  con- 
centrat ion of Cu (NH3) x (OH) 2 exceeded ~ 0.025M (test 
solution type III; Pugh and Westwood range III) .  Since 
film formation on a-brass is reported here, as well  as 
by Pugh and Westwood, at much lower bu lk  cupric 
complex concentrations,  it is apparent  that exper imen-  
tal  observations in a-brass systems do not agree with 
the proposed model. 

It  could be assumed that ini t ial  reaction occurred 
by the selective oxidation of zinc without  dissolution 
of copper from the metal, and that  cupric ions in solu- 
t ion were reduced to the metallic state. Such an occur- 
rence would produce the max imum possible interfacial  
zinc ion concentrat ion in that  it would exactly equal 
the bulk  cupric ion concentration. Even so, Fig. 8 
shows Zn(OH)2 should not precipitate at cupric ion 
concentrat ions less than ~ 0.015M, although film for- 
mat ion was observed at concentrat ions smaller  by a 
factor of three. Despite this discrepancy, the values 
of the constants used in [9], [10], and [11] probably 
are not sufficiently accurate to just i fy absolute rejec-  
t ion of the possibility of ini t ia l  selective zinc oxidation. 

The most obvious reason for film formation on single 
crystal l ine a-brass surfaces outside the limits estab- 
lished by Bertocci's model could be assumed to result  
from locally higher concentrat ions than  allowed in 
the model which presupposes a uni form attack. Such 
events might  account satisfactorily for thick films over 
reactive regions, but  not for the th in  films always ob- 
served over the remain ing  surface areas. At any  rate 
it is apparent  that  Bertocci's model of interracial  phe- 
nomena  adequately defines suitable conditions for film 
growth to occur, but  it does not define the l imit ing 
conditions for film formation in the a-brass system. 
Moreover, it should be realized that  the model has 
l imited application to the systems reported here and 

to those of Pugh and Westwood since in deriving the 
model consideration was restricted to conditions in 
which films were not formed. 

The rather  periodic occurrence of areas of excess 
react ivi ty over the surface of brass single crystals 
(see Fig. 7) suggests that such areas did not develop 
because of the defect s t ructure of the substrate or film. 
Surface appearances imply that  the ini t ia l  semitrans-  
parent  film on brass was essentially of a protective 
nature.  Apparent ly  at random locations on the surface 
the film was penetrated,  and fur ther  reaction of a 
highly local na ture  occurred in these areas. Meanwhile, 
nearby  areas reacted to a very l imited extent. Obvi-  
ously the more reactive areas were influenced by the 
or ientat ion of the brass since reaction proceeded along 
preferred crystallographic directions. The data do 
not suggest that  the passive areas played an active 
role in the dissolution process, and it is highly doubtful  
that  reduction of cupric ions, for example, occurred 
at these locations. Had this happened the tarnish film 
should have grown at these sites immediate ly  on ex-  
posure to the more concentrated type IV solutions 
since the solubil i ty of Cu(NH3)2(OH) would have 
been exceeded at the interface. As this did not occur, 
it seems reasonable to suppose that, due to the fact 
Cu20 is a p- type and ZnO an n - type  semiconductor, 
perhaps the th in  oxide films covering brass were com- 
posed of a mix ture  of these two oxides such that  elec- 
t ron conduction became difficult. 

A p p l i c a t i o n  to Stress-Corrosion P h e n o m e n a  

While all the data reported here were gathered from 
unstressed specimens, the observations do have some 
applicabil i ty to similar systems in which stress re- 
lated phenomena were observed, par t icular ly  those 
of Pugh and Westwood. The chemical system of Forty  
and Humble  and of McEvily and Bond was slightly 
different from that  employed in these studies, bu t  the 
chemistry of films formed in all these systems is suffi- 
c ient ly similar to give some val idi ty to reasonable 
comparisons. 

Informat ion from both copper and brass systems 
indicates that  the dark, tarnish film is of a protective, 
but  not of a passivating nature.  On copper the reaction 
rate was not hindered by the formation of very thick 
oxide layers, and clearly the tarnish on brass formed 
over the more reactive areas. This is not to conclude 
that the thin passive films on brass differed greatly 
in composition from the tarnish film. While this might  
well  be true, it could not be demonstrated,  and com- 
parison with films over copper serves as a reminder  of 
the possibility that  the differences could have been only 
of density and texture.  

Since brown films on a-brass  actually only represent  
the early stages of tarnish film formation, it appears 
highly unl ikely  that  "brown" and "tarnish" films func-  
t ioned in different manners  during stress-corrosion 
processes in the studies Pugh and Westwood conducted 
in concentrated aqueous ammonia.  Tarnish  formation 
seems pr imar i ly  indicative of the breakdown of an in i -  
t ial  passive film and a reaction rate sufficient to permit  
more rapid film growth. Then, since highly local attack 
was observed on these unstressed brass surfaces, it 
appears that  mechanical  rup ture  of the tarnish film in 
similar stressed systems is a sufficient, but  not  a neces- 
sary, condition for nonuni form reaction to occur. As 
a mat ter  of fact, the observations reported here would 
suggest that  in the absence of t ru ly  passive films there 
is little effect of substrate structure, and that  interracial  
processes conductive to tarnish formation are not com- 
patible with those necessary to main ta in  the passive 
film on a-brass. Of course this does not inval idate the 
observations of others indicating a relationship be-  
tween cracks generated in the tarnish film by flexing 
and subsequent  at tack and crack formation in the brass 
substrate. Even if no other effects were obtained by 
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such procedures, the beneficial influence on reaction 
rates by diffusion in solution contained within  a crack 
rather  than through an amorphous oxide film is ap-  
parent.  Also, McEvily and Bond have pointed out that  
al though For ty  and Humble 's  specimens were deformed 
to such an extent  that slip bands were formed, while 
such massive deformation was cer ta inly sufficient to 
establish a correspondence between cracks in the 
tarnish and in the metal  substrate,  cracking of the 
metal  could occur at much lower stresses. 

Occurrence of reaction on unstressed single crystal  
brass surfaces in an enhanced manne r  along <110> 
crystallographic directions, as i l lustrated in Fig. 7, 
suggests an explanat ion for in ter -  or t ransgranula r  
cracking in these systems. If solution composition is 
such that  extensive reaction occurs before a film is 
formed, it  is reasonable to expect a certain degree 
of in te rgranu la r  attack as a result  of enhanced reac- 
t ivi ty  at grain boundaries.  Conversely, if solution com- 
positions are such that films are formed immediately,  
t ransgranular  cracking should increase as selective at-  
tack at grain  boundaries  is decreased and the s t ructure  
of individual  metall ic grains becomes more important .  
As a mat ter  of fact, a reasonable argument  can be 
made that  it is not always necessary to postulate sur-  
face layer embr i t t l ement  and film rupture  associated 
with applied stress to unders tand  stress related cor- 
rosion phenomena.  As on the unstressed specimens re-  
ported here, film penetra t ion (without mechanical  
rupture)  could occur on stressed specimens in a r a n -  
dom manner .  Reaction progressing along preferred 
directions occasionally could encounter  dislocation 
pile-ups. Alternat ively,  film penetrat ion could occur 
coincidentally through unstressed film covering areas 
of dislocation pi le-ups in the metal  substrate. 

Conclusions 
1. Reaction rates at copper surfaces were indepen-  

dent  of the presence, thickness, or appearances of 
films formed on the metal  surfaces. 

2. The activity coefficient for NH3 in 15M aqueous 
ammonia  is -- 0.4. 

3. The significance of Cu (NH3) 5 ̀'.+ formation in con- 
centrated aqueous ammonia apparent ly  is to permit  
greater total  cupric complex concentrat ions than  can 
be achieved with the less soluble Cu (NH3)4 ~+ form. 

4. Visible films formed on copper surfaces always 
consisted pr imar i ly  of Cu~O, even though vast ly dif- 
ferent  in appearances due to conditions of formation 
and growth. 

5. The model proposed by Bertocci for diffusion layer 
phenomena and interfacial  concentrat ions is useful in 
defining conditions for film growth, although not neces- 
sari ly the l imit ing conditions for film formation. 

6. A thin, colorless film formed on ~-brass acted as 
a t ru ly  passive film, but  tarnish films were not as pro-  
tective. The composition of the passive film could not 
be determined,  but  tarnish films were composed pr i -  
mar i ly  of Cu20 and ZnO in  approximately the pro-  
portions the metals were contained in the brass speci- 
mens. 

7. Mechanical rup ture  was not a necessary condi- 
tion for penetra t ion of the passive film in ~-brass. 
Once film breakdown had occurred, highly local re-  
action proceeded along crystal lographically preferred 
directions in unstressed specimens. 

Manuscript  received June  24, 1969. Research was 
sponsored by the USAEC under  contract with Union 
Carbide Corporation. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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ABSTRACT 

For some years now, many  workers have been active in the development  
of a stainless steel that is resistant to pit t ing and crevice corrosion in halide 
media. Electrochemical techniques combined with statistical mul t ip le-regres-  
sion analysis have beeen used to derive a relat ionship between pit t ing sus- 
ceptibili ty and chemical composition. Recent publications in the l i terature 
have suggested, however, that  the use of electrochemical accelerated tests 
for pi t t ing corrosion studies leads to erroneous conclusions about  the pi t t ing 
susceptibili ty of alloys. This paper describes the results of a program de- 
signed to investigate the above reports and firmly establish whether  indeed 
electrochemical techniques can be used as valid accelerated tests in p i t t ing-  
corrosion studies. 

Extensive exper imental  investigation in 1M sodium chloride on Type 430 
stainless steel have shown an excellent correlation between electrochemical 
and chemical techniques, both in visually observed pit t ing susceptibili ty and 
metal  weight loss data. Further ,  data obtained in 1M sodium chloride con- 
ta ining different dissolved gases have indicated why other authors failed to 
obtain any correspondence between electrochemical and chemical accelerated 
pit t ing tests. Values of the critical breakdown potential  were found to vary  
from --0.035 VscE to --0.185 Vsce for the same steel in 1M NaC1 saturated 
with oxygen and hydrogen, respectively. 

Controlled potential  chemical tests have shown, that  al though pit t ing can 
occur at potentials active to the breakdown potential, the corrosion poten-  
tial in a given redox system rises to values more noble than this lat ter  po- 
tential,  as a necessary prerequisi te  for pit initiation. 

Electrochemical techniques have been used exten-  
sively in the s tudy of passivity breakdown and the 
development  of alloys resistant  to pit t ing corrosion. 
Brenner t  (1), Mahla and Nielson (2), and Kolotyrkin  
(3) have employed measurements  of the "critical 
breakdown potential  for passivity," Ec, to predict the 
resistance of alloys to pi t t ing corrosion in halide 
media. Streicher (4) has successfully employed an 
electrolytic test to assess the pi t t ing resistance of a 
number  of alloys to chloride containing environments .  
The unique feature in these techniques is that they 
greatly accelerate the corrosion process, and thereby 
greatly facilitate laboratory studies (5-13). We have 
used the breakdown technique in our laboratory as a 
screening tool in alloy development  programs, on the 
premise that, if we can raise Er (by alloy chemistry 
changes) to potentials more noble than the corrosion 
potential  of the alloy in the intended environment ,  we 
would get no pitting. 

Recently, however, articles have appeared in the 
l i terature in which the val idi ty of using Ec as an index 
of pi t t ing corrosion in the above manner ,  has been 
questioned. France and Greene (14) report  a lack 
of correlation between electrochemical and chemical 
exposure tests on AISI Type 430 stainless steel and 
zirconium in halide media. These authors argue that  
an electrostatic bu i ld-up  of aggressive chloride ions 
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at the metal  interface occurs during electrochemical 
polarization, which does not necessarily occur at a 
freely corroding interface thereby leading to differ- 
ing behavior. Steigerwald (15) has reported that al-  
though Ec relates to pi t t ing performance in some man-  
ner, he has observed pit t ing to propagate at potentials 
active to Ec, for F e / C r  alloys in acidified FeCI~. 

In view of the apparent  conflict between the above 
reports and numerous  laboratory tests, we undertook 
a study to demonstrate  the correspondence between 
accelerated electrochemical and chemical pit t ing tests, 
no at tempt being made to extend this correspondence 
to long term corrosion behavior. This paper describes 
the results of this study and an at tempt to explain the 
discrepancies noted above. 

Materials and Experimental Work 

Effort was made as far as possible to duplicate the 
conditions reported by France and Greene (14) to be 
certain that the exper imental  technique was not a 
variable. Cylindrical  electrodes of AISI 430 and 304 
stainless steel were machined (0.25 in. diameter  by 0.75 
in. long) from solut ion-annealed stock having the com- 
position shown in Table I. The electrodes were abraded 
through 2.0 emery paper, washed in detergent,  r insed 
in distilled water, and dried. Polarization experiments  
were conducted in a glass cell with b r igh t -p la t inum 

Table I. Chemlcal compositions of steels used in this study 
Composition, w/o 

Designation C Si Mn P S Cr Ni Cu Mo W 

A I S I  Type  430 s ta in less  s tee l  0.094 
A I S I  Type  304 s ta in less  s teel  0.079 
A I S I  Type  310 s ta in less  s tee l  0.08 
Carpenter 20 Cb3 0.027 
Ineo loy  825 0.028 
Has t e l l oy  C 0.06 

0.32 0.56 0.026 0.01 16.35 0.17 0.08 0.02 ND 
0.56 1.33 0.027 0.034 16.1 8.22 0.22 0.35 ND 
0.40 1.7 0.036 0.018 17.2 11.0 0.2 2.2 N D  
0.39 0.37 0.016 0.004 20.56 33.71 3.36 2.24 ND 
0.27 0.71 0.002 0.004 21.1 42.60 2.0 3.13 ND 
0.73 0.67 0.007 0.005 15.44 56.27 ND 13.6 5.2 

ND = Not determined. 
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auxi l iary  electrodes. The specimens were mounted on 
a Stern-Mackr ides- type  holder (16). 

The corrodent was reagent  grade 1M sodium chloride, 
dissolved in distilled water  (6.3 meg ohm cm-1) ,  to 
give a final pH of 6.3 at 25~ Tests were conducted 
under  thermostatic control at 25 ~ ~_ I~ All  potentials 
were measured with reference to a saturated calomel 
electrode connected to the cell with a Luggin Haber  
probe. No effort was made to correct for l iquid junc -  
t ion potentials. Polarization measurements  were con-  
ducted potent iodynamical ly  by using equipment  and 
procedures described elsewhere (17, 18) at a sweep 
rate of 0.600 V/h r  similar to the t raverse rate used by  
France and Greene in their  step technique. The con- 
t inuous scan procedure was adopted in the interests of 
better  reproducibil i ty (18). 

Accelerated chemical exposure tests were conducted 
in: (a) 1M sodium chloride solution containing 178 
g/l  Kf fe (CN)~  and 2.23 g / l  K3Fe(CN)~ to give a final 
corrosion potential  at --0.100 VscE on a Type 430 s tain-  
less steel electrode, (b) the s tandard "ferric chloride 
test" (19), that  is, 108 g/1 FeC13 �9 6H20, with the pH 
adjusted to 0.9 with HC1. 

All solutions, unless otherwise stated, were satu-  
rated with hydrogen gas at a flow rate of 1.5 1/min, 
giving a dissolved oxygen content  of 0.076 ppm. 

Results and  Discussion 
Polarization measurements and environmental vari- 

ables.--Potentiodynamic anodic polarization curves for 
the two steels in hydrogen saturated 1M sodium chlo- 
ride are shown in Fig. 1. The electrolyte volume in each 
test was regulated to 600 ml, and the curves were con- 
structed by exposing the specimen to the corrodent for 
60 rain, followed by scanning in the noble direction. In  
contrast  to data reported elsewhere (14) no active- 
passive t ransi t ions were observed, and the corrosion 
potentials on Type 430 stainless steel were slightly 
more noble having a value of --0.492 VSCE. Clear 
breakdown potentials were observed however on both 
steels, the value on Type 430 stainless steel coinciding 
closely with that  published previously (14), (--0.185V). 
The value of Ec on Type 304 stainless steel was --0.050 
VSCE. Prolonged exposure to potentials more noble 
than Ec resulted in severe pi t t ing corrosion, as shown 
in Fig. 2. Although not shown in Fig. 2, no evidence 
of crevice corrosion was observed on any sample, and 
each polarization curve was reproducible to • 10 mV 
with respect to Ec on repeat runs. 

Since previous accelerated chemical test data were 
obtained using oxygen as the oxidizer (14), anodic 
polarization curves were obtained for the two steels 
in oxygen saturated 1M sodium chloride, at a flow rate 
of 1.5 1/min, to see if the oxidizer affected the passive 
state. Typical curves are shown in Fig. 3, f rom which 
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Fig. 2. Macrophotographs of AISI Type 430 stainless steel sam- 
ples before and after polarization at potentials noble to Ec. 

. . . .  AIS~ TYpE 43O STAINLESS STEEL 
. . . . .  AJSI TYPE 504  STAINLESS STEEL 

r~ NaCI, p .  S 3, 25=C 

S~MPLE AREA 5r z 

io Io  2 ~o 3 

APPLIED CURRENT (,U.A} 

Fig. 3. Potentiodynamic onodic-polarization curves for steels ex- 
posed to oxygen-saturated IM  NaCI sweep rate, 0.600 V/hr. 

it is clear that  both steels evidenced a value of Ec 
considerably more noble than that recorded in hydro-  
gen saturated solutions. It is interest ing to note tha t  
the passive current  for Type 430 stainless steel is not 
significantly affected by the presence of oxygen in the 
electrolyte, whereas that  for Type 304 stainless steel 
is decreased. In view of the influence of oxygen on 
Er several other gases were used dur ing  polarization 
to see if any effect could be noted. The results of these 
experiments  have been reported elsewhere (20), but  
are briefly summarized in TabIe II. It  is evident  from 
Table II, that  Ec varies considerably with the na ture  
of the s t i r r ing gas, which we treat  as significant and 
not  exper imenta l  artifacts in view of the stated re-  
producibi l i ty  of our curves. Since ni t rogen and argon 
are nonionic and do not part icipate in  any electrode 
process, we do not at this t ime have any  explanat ion 
of the effect. We might  suggest however, that  these 
gases may  be involved in  an adsorption process on the 
surface and, in this way, impede the adsorption of 
chloride ions that  appears to be necessary for pit  

Table II. Variation in Ec with the nature of the dissolved 
gases (20) in 1M NaCI at 25~ 

E= 

VSCB 

Type  430 Type  304 
Gas stainless steel stainless steer 

Hydrogen 
Fig. 1. Potentiodynamic anodic-polarization curves for steels Nitrogen 

A r g o n  
exposed to hydrogen-saturated 1M NaCI sweep rate, 0.600 V/hr. O x y g e n  

- - 0 . 1 8 5  - -0 .050  
- -  O. 130 - -  0.020 
- - 0 . 1 0 0  0 .050  
- -0 .035  0.065 
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ACCELERATED PITTING CORROSION TESTS 

Fig. 4. Semischematic presentation of why previous authors (14) 
failed to pit AISI Type 430 stainless steel in chemical pitting tests 
with oxyge.. 

ini t iat ion (4, 21) to a degree varying with the na ture  
of the gas. The impor tant  fact, however, is that  Ec 
is not a unique  funct ion of alloy composition and is 
dependent  markedly  on env i ronmenta l  variables. 

To explore the possible dynamic na ture  of this effect 
a Type 430 stainless steel was exposed to a solution of 
oxygen saturated 1M sodium chloride. The steady- 
state corrosion potential, Ecorr, was  --0.140 VSCE in  
close agreement  with that  observed previously (14). 
Although on the basis of Ec obtained in hydrogenated 
solutions the sample should have pitted, no pi t t ing 
was observed over a period of 100 hr. The sample was 
then  connected to a potentiostat, and the applied po- 
tent ia l  regulated at --0.140 VscE for a fur ther  100 hr, 
over which t ime no pi t t ing was observed. At this point, 
without  in te r rup t ing  the applied potential, the oxygen 
flow was stopped and replaced by hydrogen at 1.50 
l /rain,  and after 16 hr  pronounced pi t t ing occurred 
with a rapid increase in applied anodic current .  These 
data clearly indicate the protective influence of oxygen 
with regard to passivity breakdown, and also that  this 
influence can be destroyed mere ly  by aspirat ing oxygen 
out of solution with hydrogen. Fur ther  they indicate 
the extreme caution which must  be exercised when  
using breakdown data to predict pi t t ing corrosion 
susceptibility. 

On the basis of the above data, we can satisfactorily 
explain the reasons why France and Greene (14) did 
not get any  correspondence between electrochemical 
and chemical accelerated pit t ing tests for Type 430 
stainless steel as summarized in Fig. 4. It  will  be shown 
in a following section, that  when controlled potential  
chemical tests are conducted with an oxidizer that  
does not interact  with the passive f i lm on the sample, 
complete agreement  between the tests is obtained. 

Accelerated chemical exposure t e s t s .~The  break-  
down potentials of a series of alloys was determined,  
as previously described, in n i t rogen-sa tura ted  1M so- 
d ium chloride. The alloys were so chosen as to have 
a wide range of values of Ec, as shown in Table III. Each 

Table III. Experimental data on alloys used in chemical pitting 
tests in aqueous ferric chloride 

~e (in 1M Corrosion potential 
NaCl + N2) during tes t  

Vse~ Vsc~ 
M a x i m u m  M i n i m u m  A l l o y  d e s i g n a t i o n  

Type  430 s t a in le s s  s tee l  --0.130 0.230 --0.310 
Type  304 s t a in le s s  s tee l  -- 0.020 0.280 -- 0.140 
Type  316 s ta in less  s teel  0.I00 0.385 0.099 
C a r p e n t e r  20 Cb 0.500 0.520 0.120 
Inco loy  825 0.525 0.530 0.180 
H a s t e l l o y  C >0 .900  0.530 0.530 
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alloy was exposed to the "s tandard ferric chloride test" 
(19), for periods of 20 and 72 hr. Sheet specimens, 
(0.060 x 1 x 3 in.) were exposed, suspended in the solu- 
tion by Teflon tape threaded through a hole in the top 
of the sample. At the same time, electrodes of each 
mater ia l  were immersed and the potent ia l / t ime be-  
havior recorded. This corrodent contains chloride ions 
at a normal i ty  of 1.185 and is therefore similar to the 
1M sodium chloride used to determine Ec, except that  
the redox potential  on bright  p la t inum was 0.555 Vsc~ 
due to the presence of t r ivalent  iron. In  this solution, 
alloys whose corrosion potent ial  went  more noble than 
the breakdown potential  should evidence pit init iation. 
Visual inspection after 20 and 72 hr indicated all the 
alloys had pitted except Hastelloy C as shown in Fig. 
5. The potential  t ransients  are shown in Fig. 6, and are 
characterized by a re la t ively rapid (over 15 min)  in -  
crease in Ecorr to values between 0.220 and 0.525 VSCE. 
On all samples except Hastelloy C, the corrosion poten- 
tial then decreased in an oscillatory manne r  to values 
often much more active than  Er and in certain cases 
to values approaching those reported by Steigerwald 
(15) on similar material ,  e.g., --0.150 VSCE for the 18 
w/o Cr Type 304 stainless steel, and --0.300 VscE for 

Fig. 5. Photographs of samples removed from the ferric chloride 
test indicating complete correlation with predictions of pitting sus- 
ceptibility based on Ee. 
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C A R P E N T E R  2 0  Cb$ 
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LATINUM 
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~ j  ~ ' ~  . ~ ' l ~  W 
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Fig. 6. Potential vs. time behavior of alloys exposed to acidified 
FeCI3 solution. 
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the 17 w/o Cr Type 430 stainless steel. It  is clear from 
inspection of Fig. 6 and Table III, that pi t t ing did in-  
deed occur at potentials more active than  Ec for Types 
304 and 439 stainless steel. However, it should be noted 
that at small  times, all the samples except Hastelloy C, 
exhibited corrosion potentials  more noble than their  
respective Ec and would therefore be expected to 
init iate pits. The ini t ial  passivation process, where the 
E c o r r  increases to values close to the solution redox 
potential, can be quite rapid as shown in the next  sec- 
t'ion, where pit ini t ia t ion occurred in less than 60 sec 
after immersion, followed by propagation at potentials 
more active than Er thus, both confirming and expla in-  
ing Steigerwald's  finding. 

To fur ther  emphasize this point that Ec relates spe- 
cifically to the pit ini t ia t ion process and not to the 
propagation process, a series of controlled potent ial  
measurements  were made. A schematic of a typical 
"cyclic" polarization curve (22) for Type 430 stainless 
steel in ni t rogenated 3.5 w/o  NaC1 is shown in Fig. 7, 
to indicate the potential  regions where pits once ini-  
tiated, will  propagate. Pits were ini t iated anodically at 
potentiaIs noble to Er in area A, then the applied poten-  
tial was switched to those shown in areas B and C. It 
was clear that  propagation occurred in area B, (i.e., 
active to Er over a period of 100 hr, whereas no 
propagation was noted in area C. Pourbaix  (22) has 
used such plots to develop the concept of the "protec- 
t ion potential  Ep," which represents the potent ial  more 
active than which pit propagation cannot  be sustained 
and repassivation occurs. 

From the above data, two significant factors emerge: 
(i) that  there is complete correspondence in  predic-  
tions of pi t t ing susceptibili ty between electrochemical 
polarization data and exposure data obtained in an 
accelerated chemical test, and (ii) that  al though pit-  
t ing corrosion can be sustained at potentials active to 
E~, a necessary prerequisi te  in this process is that  the 
corrosion potent ia l  of the sample at some t ime must  
become more noble than Ec to init iate pits. This lat ter  
process can occur quite rapidly in solutions of oxi- 
dizers and may be missed if a continuous potential  
check is not made, leading to the erroneous conclusion 
that  pi t t ing corrosion can ini t iate  at potentials active 
to Er 

Controlled potential chemical pitting tests.~It was 
shown above that oxygen stabilized the passive state 
with regard to breakdown by chloride ions, e.g., values 
of Ec obtained in oxygenated solutions were consider-  
ably more noble than those obtained in hydrogenated 
solutions. On this basis it is unders tandable  why no 
correspondence was obtained between controlled po- 
tent ial  pi t t ing tests conducted potentiostat ically in H2 
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Fig. 7. Schematic presentation of data to support the argument 
that pit propagation can continue at potentials more active than 
Ec. 

Table IV. Weight-loss data on AISI Type 439 stainless steel 
after electrochemical and chemical corrosion tests 

Type  of  tes t  

1M NaCl  
E l e c t r o c h e m i c a l  + [Fe(CN}~] l- 
1M NaC1 in  H~,O + [Fe(CN)~] ~- 

S o l u t i o n  t e m p e r a t u r e  25* ~ I*C 25 ~ ~ I ~  
E x p o s u r e  t i m e  24 h r  24 h r  
S p e c i m e n  p o t e n t i a l  -- 0.100 V~cE -- 0.100 Vsc~ 
Cor ros ion  r a t e  ~mpy~ 96.4 128 
I n i t i a l  p H  6.3 6.7 
F i n a l  p H  5.3 6.9 
Type  of cor ros ion  Pi t tLng Pitting 

saturated solutions and with oxygen as the oxidizer 
(14) in 1M sodium chloride solutions. To demonstra te  
fur ther  the correspondence between electrochemical 
and chemical pi t t ing tests, a Type 430 stainless steel 
sample was exposed to a hydrogen saturated solution 
of 1M NaC1 containing K4Fe(CN)6 and K3Fe(CN)6 to 
give a corrosion potential of --0.10O Vsc~. Selection of 
the ferro- and ferricyanide salts for a redox system was 
made on the premise that being large anions they 
would be less l ikely than oxygen to be involved in ad-  
sorption processes which stabilized the passive state. 
Within 60 sec after immersion, pit nuclei  were clearly 
visible because the Fe 2+ corrosion product formed a 
patch of "Prussian blue" at the pit site, as reported by 
Stoffel et al. (22). Continued exposure resulted in an 
oscillatory shift of Ecorr in the active direction as ob- 
served in the FeC13 tests. Equivalent  tests on the same 
material ,  conducted potentiostatically at --0.1 VscE in 
hydrogen saturated 1M sodium chloride, resulted in 
distinct pit nuclei  after approximately 45 sec. These 
tests were conducted for 24 hr and a comparison made 
of the weight loss behavior and general  appearance in 
both the electrochemical and chemical test. These data 
are shown in Table IV, from which it is seen that ex- 
cellent agreement  was observed between both tests. 

Conclusions 
Evidence has been presented which demonstrates the 

complete correspondence between the pit t ing corrosion 
behavior of Type 430 stainless steel in accelerated 
electrochemical and chemical tests. On the basis of 
polarization measurements  and controlled potential  
corrosion studies, discrepancies previously reported 
between the two test methods can be satisfactorily 
explained. 

The specific relat ion of the critical breakdown po- 
tent ia l  to pit ini t iat ion and not to pit propagation has 
been demonstrated, along with confirmation of the pre- 
viously reported fact that  pit propagation may proceed 
at potentials active to the breakdown potential. 

It has been shown that extreme caution must  be 
used when uti l izing Ec as an index of pi t t ing corrosion 
susceptibility, since the absolute magni tude  of Ec has 
been demonstrated to vary not only with the well-  
documented env i ronmenta l  and exper imental  variables, 
but  also with the na ture  of the gases dissolved in the 
corrodent. 

Manuscript  received Oct. 23, 1969. 

A ny  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1970 
J O U R N A L .  
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Technical Notes @ 
Diffusion Coefficients in Propylene Carbonate, Dimethyl 

Formamide, Acetonitrile, and Methyl Formate 
J. M. Sullivan) D. C. Hanson, and R. Keller* 

Rocketdyne, A Division of North American Rockwell Corporation, Canoga Park, Califor~lia 

Diffusion coefficients in aprotic solvents are of in ter -  
est for estimates of t ransport  l imitat ions in nonaqueous 
l i th ium batteries. Integral  diffusion coefficients of 
LiC104 and some other solutes were measured in four 
aprotic solvents, and viscosity data were obtained. 

The solvents propylene carbonate (PC),  d imethyl  
formamide (DMF), and acetonitri le (AN) were dis- 
tilled, and were analyzed by a vapor phase chromato- 
graphic technique employing a Porapak Q column. 
Solvent  batches were used that  contained 40 • 20 
ppm water  and less than 60 ppm organic impurit ies 
according to this analysis; impur i ty  contents were 
somewhat higher in the case of methyl  formate (Mr) ,  
namely,  about 100 ppm water and 500 ppm methanol.  

High grade commercial products were analyzed and 
used without  further  purification as solutes, except 
for vacuum drying of the l i thium compounds. Li thium 
hexafluoroarsenate was supplied in a methyl  formate 
stock solution by Honeywell 's  Livingston Electronic 
Laboratory, Montgomeryvil le,  Pennsylvania .  

A method that involves de termining the weight 
change of a porous disk filled with the solution to be 
tested was employed for measur ing diffusion coeffi- 
cients. This method is described in detail in ref. (1) 
and was first used by Schulze (2). It has been revived 
by Wall et al. who studied its application to measure 
diffusion coefficients for aqueous electrolyte solutions 
(3), diffusion coefficients of polymers in aqueous en-  
v i ronment  (4), and in various nonaqeuous solutions 
(5). In  this present  work, the method has been applied 
to measure diffusion coefficients in aprotic electrolyte 
systems. 

A porous disk was filled with the solution to be 
studied and suspended in a large volume of pure sol- 
vent. The apparent  weight is measured as a function 
of time, and an average or integral  diffusion coeffi- 
cient, D, determined from equation 

log[W(t)  -- W ( ~ ) ]  = ~Dt + b [1] 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
P r e s e n t  addres s :  F u n d a m e n t a l  R e s e a r c h  B r a n c h ,  T e n n e s s e e  V a l -  

leY A u t h o r i t y ,  M u s c l e  Shoa l s ,  A l a b a m a .  

where W(t)  is the apparent  weight of the suspended 
disk at t ime t, and W (~o) the weight after equi l ibr ium 
has been reached; a is an apparatus constant. 

The recommended Micro-Porous Fi l ter  Disks (2-in. 
diameter, 1/~-in. thick, porosity No. 10) were obtained 
from the Selas Corporation of America. They were 
evacuated, filled with the solution to be studied, and 
allowed to soak overnight. Each disk was suspended 
by a fine wire from the arm of an analyt ical  balance 
in about 11/~ liters of pure solvent. The solvent con- 
ta iner  was placed in a constant  tempera ture  minera l  
oil bath main ta ined  at 25.00 ~ ___ 0.02~ A flow of n i -  
trogen was swept over the solvent. An aqueous 1.5M 
KC1 solution was used for the determinat ion of the 
f l i t  constant  a [in accordance with ref (1), the differ- 
ential  diffusion constant for one-half  of the init ial  KC1 
concentrat ion in the frit was employed, i.e., D = 1.87 
x 10-5 cm 2 sec-1 at 25~ 

The results of diffusion coefficient measurements  
are given in Table I; the estimated accuracy is 1-2%. 

Viscosities were determined by a conventional  tech- 
nique involving measurement  of the effiux t ime of the 
solutions through a capillary. Results are given in 
Table II. 

There was direct correlation between the diffusion 
coefficient and the solvent viscosity. If the products of 
these two values, D x n(~obenr are formed, they devi-  
ate not more than --+16% from the average for the 
reported values (the consistency is significantly 
smaller  if the viscosity of the solution ra ther  than of 

Table I. Diffusion coefficients in aprotic solvents at 25~ 

Dif fus ion  coeff ic ient .  
E l e c t r o l y t e  c m  2 sec  -1 

1M L i C 1 0 ~ / P C  2 .58  X 10 -e 
0 .TM LiC1 + 1M A1CIa /PC 3.04 • 10 -8 
1M L i C 1 0 ~ / D M F  7.29 x 10-~ 
1M L i C I / D M F  5.87 • 10-" 
1M L i C I O ~ / A N  1.71 X 10 -~ 
I M  L i C I O d M F  1.68 • I 0  -5 
I . I M  L i A s F r  1.54 • I0-~ 
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Table II. Viscosities of aprotlc solvents and solutions at 25~ 

Solution ( so lven t )  Viscosi ty ,  m i l l i po i s e s  

PC 24.8 
1M LiCIO4/PC 70.8 
D M F  7.93 
1M L i C I O j D M F  18.9 
AN 3.36 
IM L i C I O j A N  6.60 
M F  3.38 
1,1M L i A s F o / M F  8.06 

the solvent is considered).  It  may be tentat ively sug- 
gested to estimate diffusion coefficients for other, 
similar solutions based on the solvent viscosity. It 
should be noted, however, that  the values given here 
were all for solutes containing l i thium ions at a con- 
centrat ion of 1M; diffusion coefficients of other solutes 
which do not contain the strongly solvated l i thium 
ion with its low ion mobil i ty  are expected to be some- 
what  greater. The diffusion coefficient of 1M LiC1/ 
DMF, incidental ly,  is believed to be sl ightly lower than 

the diffusion coefficient for 1M LiC104/DMF because 
of ion pair  formation. 
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Liquidus Curves for Aluminum Cell Electrolyte 
V. Representation by Regression Equations 

E. W. Dewing* 
Alcan Research and Development  Limited,  Arvida, Quebec, Canada 

Previous reports from this laboratory (1-4) have 
given l iquidus curves for a wide range of a luminum 
reduct ion cell electrolytes based on cryolite. The object 
of this note is to rationalize the results in the form of 
equations which may be used to predict  the freezing 
point of any  composition likely to be encountered in 
practice. 

The typical pseudo-binary  diagram for the system 
(cryolite + add i t ives ) -a lumina  shows a cryolite l iq- 
uidus and an a -a lumina  l iquidus meet ing in a eutectic. 
For  small  additions of all  additives except NaF and 
AIFs (the consti tuents of cryolite) the lowering of 
freezing point of cryolite should be l inear  and additive; 
for higher concentrat ions nonl inear  terms may need to 
be introduced in  order to obtain a good fit. For NaF 
and A1F3 the l inear  terms are absent (since the freez- 
ing point  is a m a x i m u m  at the cryolite composition 
and small  additions do not affect it) and only squared 
and higher order terms are needed. The equation for 
the cryolite l iquidus to be tried is thus of the type 

t = to + a(A1203) + b(A1203) 2 -t- c(CaF2) + d(CaF2) 2 

per imenta l  values from the equations are 2.1 ~ (51 
points),  2.9 ~ (112 points),  and 3.5 ~ (133 points) .  Since 
the exper imental  accuracy is certainly not bet ter  than 
1 ~ this is satisfactory. Table I shows the coefficients in 
the equations. 

Developing an equation for the a lumina  branch of 
the l iquidus has to be done on empirical  grounds 
since the concentrat ions are high and there is no useful  
l imit ing law to act as a guide. After  several  trials a 
general  power series of the type 

t : to + a(A1F3) -t- b(A1203) % c(A1F3) (A1.203) 
q- d(A1203) 2 q- .. 

was used. No terms in (NaF) were employed since, if 
it is present  in any  substant ia l  amount,  ~-A1203 in-  
stead of a-A1203 is the stable phase. 

The earlier exper imenta l  values (1-3) were ob- 
tained by visual observation of the onset of crystal-  
lization, while later  ones (4) were obtained by an 

+ e(CaF2) (A1F~) + I(A1F3) 2 + . . . . . . . . . . . . . . .  

where (A1203), etc., represent  weight per cent (w/o) .  
[Note that  (A1F~) and (NaF) are quanti t ies  in excess 
of the cryolite composition and not  total  quantit ies.]  

The unknown  constants to, a , b, etc., in this equa-  
t ion were determined by a step-wise least-squares (NaF)2 
regression analysis program which accepted only those (NaFP~ 

~AIFs) ~ 
terms which were statistically significant. Most of the (A1F~)~ 
higher order terms were rejected. Three separate (AJ~O~) 

fAl~Oa)~ 
equations were generated; one for the normal  range (CaF..,) 
of cell operation (CaF2 up to 12 w/o, A1F3 up to (MgF~) 

(Li~A1F~) 16.67%), one for the additives NaF, A1F3, A1203, CaF2, (NaC1) 
MgF2, Li~AIF6, and NaC1 to a max imum freezing point Constant 

S t a n d a r d  de-  depression of 100 ~ and the third for depressions of up v i a t i o n  
to 200 ~ The respective s tandard  deviations of the ex-  No. of exptl. 

p o i n t s  
* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  c ryol i te ,  l i q u i d u s  t e m p e r a t u r e ,  a l u m i n a ,  a l u m i n u m  

fluoride, s o d i u m  f luoride,  c a l c i u m  f luor ide ,  l i t h i u m  f luor ide ,  m a g -  
n e s i u m  f luor ide ,  s o d i u m  ch lor ide ,  f r eez ing  po in t ,  a l u m i n u m  cel l  
e lec t ro ly te .  

Table I. Equations for the cryolite liquidus 

Eq. [ I ]  Eq. [2] Eq.  [3] 

(CaF~) ---~ 12 w / o  (CaF2) --~ 15 w / o  (CaFD ~ 15 w / o  
Res t r i c t i ons  (AIFD --~ 16.67 w / o  L i q u i d u s  ~ 909~ L i q u i d u s  ~ 809~ 

Term Coefficients 

- -  --0.1474 --0.1604 
+ 0.00205 + 0.00248 

--0.117 -- 0.1453 --0.1633 
--0.000296 -- 0'.000194 --0.000169 
--6.646 -- 7.088 -- 7.204 
+ 0.168 + 0.214 + 0.209 
--2.653 --2.698 --2.990 

- -  -- 5.167 --5.307 
- -  --4.652 --4.900 
- -  --4.786 --4.916 

1010.6 1011.7 1013.5 

2.11~ 2.65~ 3,48~ 

51 112 133 

Note :  Concen t r a t i ons ,  e.g., (CaF2) are in  w e i g h t  pe r  cen t  ~w/o).  
(NaF) and  (A1Fa) are excess  q u a n t i t i e s  and  do n o t  i nc lude  
t h a t  c o n t a i n e d  e i t h e r  i n  t he  Na3A1F6 or in  LiaA1F6. 
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Table II. Equation for the alumina liquidus 

L I Q U I D U S  C U R V E S  F O R  A1 C E L L  E L E C T R O L Y T E  781 

R e s t r i c t i o n s  L i q u i d u s  ~ 1010*C 
AIF3 ~ 15 w / o  
CaF._. ~ 15 w / o  
MgF~ L 15 w / o  
Li~AIF~ ~ 25 %v/o 
N a C I  ~ 20 w / o  

T e r m  Coeff ic ien t  

~A1F~) ) -- 3.063 
~Al.zO~) 14.250 
(CaF.~) 3,404 
(Li~AIF~) -- 0.9282 
(AIF~) (AI~O~) 0.4814 
(MgF2) (A12Oa) 0.8143 
(Li~AIFG) (AI20~) 0,4116 
(NaCI)  (AI.-O~) 0.3782 
(CaF2) (AlcOa) 0.3301 
C o n s t a n t  826.5 

S t a n d a r d  d e v i a t i o n ,  5 .25~ (4.2~ f o r  n o r m a l  range~ 
No. of  exp t l ,  po in t s ,  125 (58 in  n o r m a l  r a n g e )  

equi l ibra t ion  method  and gave h igher  t empera tu res  
for a given composit ion.  To c lar i fy  the  pic ture  more  
equi l ibra t ion  measurements  were  made  in the Na3A1FG- 
A1._,O~ sys tem and in the  Na3A1F6-A1F~-CaF2-A120~ 
system. In the  course of the  regression analysis  it  was 
shown tha t  the  equi l ib ra t ion  resul ts  were  h igher  than  
the  visual  ones by  16 ~ wi th  a s tandard  e r ror  of --+1.2 ~ 
There  was no indica t ion  tha t  the  difference var ied  with  
composit ion,  and al l  the  old resul ts  have  been correc ted  
upward  by  tha t  amount .  

Only  one set of coefficients was genera ted  to cover  
the  whole  r ange  of composit ion;  i t  gave a s t andard  
devia t ion  of 5.3~C (125 points)  or 4.2~ for the  58 
points  in the normal  range  of composi t ion (Table  I I ) .  
The accuracy is poorer  than  for  the cryol i te  l iquidus; 
this is pa r t l y  because the  expe r imen ta l  methods  are  
not so precise  and pa r t l y  because of the inadequa te  
form of the  equat ion used. 

Severa l  points  call  for comment:  

1. Since the  correct ion of 16 ~ has been appl ied  to 
the visual  results ,  the  equations given here  are  more  
accurate  than  the  d iagrams  in the  or iginal  papers  
(1-3).  

2. ,The possible impor tance  of var ious  combinat ion 
terms,  e.g. (A1F3) (MgF2), has not been assessed since 
no resul ts  were  avai lab le  in which those const i tuents  
were  added  s imul taneously .  No da ta  f rom other  sources 
have been used. This is not  to imply  that  they  are  
inferior ,  but  s imply  because of the danger  that ,  if sys-  
temat ic  differences be tween sources do exist ,  the  re -  
gression analys is  is l iab le  to a t t r ibu te  them to the  
effect of the combinat ion  of addit ives.  Since the  com- 
binat ion te rms are  in genera l  not  ve ry  impor tan t  i t  has 
been considered safer  to ignore them than  to r i sk  
having them ser iously distorted.  

3. With  the a id  of these  equat ions compute r  p ro -  
grams can read i ly  be wr i t t en  to de te rmine  l iquidus  
and eutectic t empera tu res  for  a g iven composit ion,  
a lumina  solubil i t ies  for a given composit ion and t em-  
perature ,  etc. 
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The Standard Potential of the Silver-Silver Chloride 
Electrode in N-Methylformamide at 25~ 

M. L. Berardelli, G. Pecci, and B. Scrosati* 

Istituto Elettrotecnico, Universit~ di Roma, Rome, Italy 

In the last few years  there  has been a r enewed  in-  
te res t  in nonaqueous  solvents  because of the i r  use to 
develop  high energy  ba t t e ry  systems. Pa r t i cu l a r  a t -  
tent ion has been focused on the  amides  and the i r  a lky l  
der ivat ives .  

The values  of s t andard  potent ia l  of re ference  elec-  
t rodes  in fo rmamide  (1-6),  d ime thy l fo rmamide  (7), 
d ime thy lace t amide  (8),  and  N - m e t h y l a c e t a m i d e  (9),  
have  been repor ted.  

In  this  work  we ex tended  the series to r epor t  the  
behavior  of the  s i lve r - s i lve r  chlor ide  e lect rode in N- 
m e thy l fo rmamide  (NMF) at  25~ with  respect  to the  
s t anda rd  hydrogen  e lec t rode  using the  fol lowing cell  

Pt,  H2 [ HC1 (m) in NMF l AgC1, Ag  [1] 

N - m e t h y l f o r m a m i d e  (NMF) (C. Erba  RP product)  
was purif ied by  s tor ing it over  CaO for two days  and 
then by  f rac t ional  dis t i l la t ion under  reduced  pressure.  
The final product  had a specific conductance of 3 • 
10 -6 ohm -1 cm -1 in good agreement  wi th  the  va lue  
repor ted  in the  l i t e r a tu re  (10). 

The HC1 gas was obta ined  by  dropping  concent ra ted  
H2SO4 on reagent  grade  NaC1 and passing the evolved 

* A c t i v e  Electrochemical Society M e m b e r .  
K e y  words: si lver-silver chloride electrode, s t a n d a r d  p o t e n t i a l  in  

nonaqueous solvent,  N-methylformamide.  

gas first th rough  concen t ra ted  H2SO4 and finally 
th rough  two t raps  at d ry  ice t empera ture .  

The  solutions used in celt  [1] were  p repa red  by  
passing HC1 gas into NMF. The concentra t ion of HC1 
was de te rmined  according to the  technique descr ibed 
by  Berardel l i ,  Pistoia,  and Polcaro  (11). 

The cell  was an a l l -g lass  type  of the  design recom-  
mended  by I r e s  and Janz  (12). Pa r t i cu l a r  care  was  
t aken  in the p repa ra t ion  of the  s i lve r - s i lve r  chlor ide  
electrodes since the i r  behavior  in NMF depends  to a 
grea t  ex tent  on the  method and accuracy of p r e p a r a -  
tion. The the rmal  e lect rolyt ic  type  electrodes,  pre-  
pa red  according to the  p rocedure  descr ibed by  Ives 
and J anz  (12), were  not  reproducib le  in NMF. For  
the  e lect rolyt ic  type  of electrodes,  p repa red  by  the  
method  descr ibed b y  Brown (13) and Ives and Janz  
(12), the adherence  of the AgC1 films was ve ry  poor 
in NMF, and therefore  the  electrodes fa i led  in shor t  
per iods  of t ime, as was prev ious ly  found by  Case and 
Parsons (14). A p p a r e n t l y  the  anodica l ly  formed s i lver  
chlor ide  l aye r  is easi ly dissolved by  the  solvent.  

In this work  the s i lve r - s i lve r  chlor ide  electrodes 
were  of the the rmal  type,  p r epa red  according to the  
method  descr ibed by  Kes ton  (15) and Ives and Janz 
(12). This method,  when p r o p e r l y  used, yields  elec-  
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trades which possess remarkable  advantages over the 
electrolytic types, i.e., less sensi t ivi ty to light and the 
absence of any  occlusion or absorption of electrolyte 
dur ing the preparat ion (12). This circumstance be-  
comes very impor tant  for electrodes to be used in 
amides which can be decomposed by traces of water,  
the amide decomposition being catalyzed by hydrogen 
chloride (16). The electrodes were made by covering 
a p la t inum spiral of about  1.5 mm diameter,  sealed in a 
glass tube, with a paste of 90% AgsO and 10% AgC103, 
to form a sphere of about 4 mm diameter. The elec- 
trodes were slowly heated to 100 ~ and then to 650~ 
and main ta ined  for about a hal f -hour  at this tempera-  
ture. The electrodes were then cooled slowly in ~he 
furnace (12). The preheat ing up to 100~ is critical 
and was made slowly to avoid crackings on the surface 
of the electrodes. The coating of the sphere by  the 
paste, and the subsequent  heating cycle were repeated 
unt i l  the surface of the electrode was completely un i -  
form. The electrodes were stored in NMF and rinsed 
several t imes in the cell solutions before use. The 
s i lver-s i lver  chloride electrodes, prepared and stored 
as described, were stable and reproducible in NMF 
for several hours, showing bias potentials of 0.1 mV 
or less. Hydrogen electrodes were prepared in the 
usual manne r  (12). 

The emf measurements  were made at 25.00 ~ • 0.05~ 
by a differential Kei thley 662 voltmeter.  EMF readings 
were taken 30 min  after s tar t ing the hydrogen flow. 
The time to achieve equi l ibr ium was about 3 hr, and 
was considered to have been obtained when the emf's 
remained constant, general ly wi thin  • 0.0005V, for 2 
or more hours. Readings taken 24 hr later gave emf's 
0.007o0.008V higher than the equi l ibr ium values. This 
slow increase of the emf with t ime is probably due 
to a slight decomposition of the NMF solvent by traces 
of water  when the cell remained for long periods of 
t ime in the water  thermostatic bath. This reaction, 
which is catalyzed by hydrogen chloride, has been 
already observed in the case of emf determinat ions in 
formamide by Mandel  and Delcroly (1) and by Agar-  
wal and Nayak (2). 

The emf's of cell [1], corrected to uni t  fugacity of H2, 
are given in Table I, column 2, as a function of HC1 
molality. The molal s tandard potential  of the silver, 
silver chloride electrode at 25~ was determined by 
plott ing the funct ion E' vs. the HCI molal i ty m where 
E" is given by the equation 

2(2.303) RT 2(2.303) RT 
E' = E § X log m a~/m 

F F 

~___ E ~ B 
2(2.303) RT 

~m [2] 
F 

where the Debye-Hfickel  constant  ~ for NMF at 25~ 
is 0.159 calculated using for the dielectric constant  of 
NMF the value 171 reported by Weeda and Somsen 
(17). 

Figure 1 shows the values of E' vs. the HC1 molality. 
Extrapolat ion to zero molal i ty by the method of least 
squares gives the s tandard potential  of the Ag,AgC1 
electrode in NMF at 25~ as E ~ = +0.208 ___ 0.003V 

Table h Emf data at 25~ 

m,  HC1 E,  V E ' ,  V ,~.• 

0.0100 0.450 0.211 0.979 
0.0122 0.434 0.200 0.978 
0.0213 0.406 0.206 0.980 
0.0238 O,d08 0.213 0,981 
0.0319 0.378 0.198 0.984 
0.0365 0.378 0.204 0.967 
0.0388 0.373 0.202 0.988 
0.0396 0.373 0.203 0.969 
0.0401 0.368 0.206 0.993 
0.0541 0.360 0.20{} 0.999 
0.0684 0.347 0.204 1,011 

0.3  

0.2 
> 

iu 

0.1 I I I I I I 

o.o, 0.02 o.o~ 0.04 0.05 0.06 

C (m) 

Fig. 1. E' as a function of HCI molality at 25~ 

0 . 0 7  

(Gibbs-Stockholm-I.U.P.A.C. convention). The de- 
composition of the solvent, which may occur to a dif- 
ferent extent in each case, even in the freshly prepared 
solutions, is probably responsible for the scatter of 
the experimental points. 

The best fit of the data corresponds to a straight line 
with a slope of --0.08 comparable with the --0.03 value 
found for a similar plot in N-methylacetamide (9). 
The value of ~ in Eq. [2] is then 0.676. 

The mean  molal  activity coefficient -/__ of HC1 in 
NMF at 25~ may be calculated by the equation 

log ~,• = -- ~ / m  + ~m [3] 

Values of v• obtained from Eq. [3] are listed in 
Table I. 

Studies on the properties of the s i lver-si lver  chloride 
and other reference electrodes in other nonaqueous 
solvents are in progress in this laboratory.  
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LIST OF SYMBOLS 
E = potent ial  (V) 
E ~ ~- s tandard potential  (V) 
R = universal  gas constant  (Joule /mole-deg)  
T ~ absolute tempera ture  (~ 
F = Faraday 's  constant  (coulomb/equiv.)  
m = molal i ty (moles/1000g solvent) 
6, ~ ~ Debye-Hfickel  constants 
-/• = mean ion activity coefficient 
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Surface Active Agents as Corrosion 
Inhibitors for Aluminum 

D. A. Vermilyea, J. F. Brown, Jr., and D. R. Ochar 
General ~lectr~c Company, Schenectady, New  Y o r k  

Recent studies (1, 2) of the reaction between a lumi-  
num and water  have shown that the mechanism in-  
volves the formation of amorphous Al~O3, the dissolu- 
t ion of the A1203 to form soluble species, and the pre-  
cipitation of A1OOH from the solution. The A1OOH 
layer  provides deposition sites close to the surface for 
dissolved species and hence allows the reaction to 
proceed at a high rate despite the very low solubili ty 
of A1203 in neut ra l  solutions. Inorganic inhibitors func-  
t ion by becoming adsorbed on the oxide and prevent ing  
the nucleat ion and growth of the hydroxide layer (2). 

This report  is concerned with the use of several 
surface active agents as inhibitors.  It is found that the 
most effective inhibi tors  are those which contain a 
strongly inhibi t ing inorganic group attached to a hy-  
drocarbon. At least one of these is a bet ter  inhibitor,  
especially in acid solutions, than any of the inorganic 
ions previously studied. 

Exper imental  
Previous studies (1, 2) showed that substances which 

retarded the attack of water  on anodic A1203 films 
were corrosion inhibitors for a luminum,  and the ma-  
jor i ty  of the work reported here involved such anodic 
films. Anodic A1203 films were formed on evaporated 
a luminum films at 175V in a 1% ammonium borate 
solution at 25~ the exact formation technique has 
been described in an earlier report  (1). The principal  
means of measur ing the rate of attack on the Al~O3 
films was the measurement  of electrical capacitance, 
al though infrared absorption measurements  and 
weight changes were also employed. All  techniques 
have been ful ly  described previously (1, 2). 

The reaction medium was usual ly  a solution con- 
ta ining the inhibi tor  at 10 -3 M/1 or 0.01 v /o  with the 
pH adjusted to 5 by additions of NaOH or HC104. A 
pH of 5 was selected because tests showed ma x i mum 
inhibi t ion at that  pH. Some of the surface active agents 
used were propr ie tary  compounds obtained from Gen-  
eral  Ani l ine  and F i lm Corporation. Table  I contains a 
list of such compounds and a description of their  com- 
position. Dodecyl acid phosphate was obtained from 
Hooker Chemical Corporation as an approximately  
equimolar  mix ture  of monoalkyl  and dialkyl  phos- 
phates. We found that  par t  of this mix ture  was in-  
soluble and separated the soluble par t  by repeatedly 
heating an aqueous s lurry to 100~ filtering, cooling 
to 5~ and refiltering. We assume that  the dialkyl  

Table I. Proprietary surface active agents 

Designation Type Description 

Gafac RS-?10 Anionic Sodium salt of complex 
phosphate  ester 

Igepal  CO-880 Nonionic Nonylphenoxypoly  (eth- 
yleneoxyethanol)  

Katapol VP-532 Cationic Polyoxyethyla ted  alkyla-  
mine  

derivat ive was more insoluble and that  we retained 
main ly  the monoalkyl  phosphate. After this t rea tment  
the solution was ent i re ly  clear at 100~ Of the other 
compounds tested some were obtained from chemical 
suppliers and some were made in our laboratory using 
s tandard techniques. 

Results 

Figures 1 and 2 show the capacitance data as a 
funct ion of time. The ini t ial  change of capacitance is 
usual ly a decrease both because of a change of di- 
electric constant of the oxide on heating and because 
of the deposition of a layer  of organic mater ia l  on the 
surface. As the A1203 film is dissolved the capacitance 
increases. In  order to avoid a sign change and to be 
able to plot data on a logarithmic scale we have added 
2.0 to each measured change of AC -z (area t imes 
reciprocal capacitance).  In order to express changes of 
AC -1 in angstrom units  of A1203 it is only necessary to 
mul t ip ly  by 80. Large errors may result  from such 
calculations when  the change in capacitance is small. 

The data of Fig. 1 show that nonionic and cationic 
substances are less effective than  anionic substances. 
The A1203 film is probably  slightly positive to its point  
of zero charge at pH 5, so that anions tend to be more 
strongly attracted. The nonionic CO-880 becomes more 
effective with time, probably due to en t rapment  in 
pores of the A1OOH layer. 
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Fig. 1. Capacitance changes during reaction of anodic A1203 
films with bailing solutions of various inhibitors at pH 5. 
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Fig. 2. Capacitance changes during reaction of anodic AI20~ 

films with boiling solutions at various pH. 

The anionic inhibitors all produced more or less 
hydrophobic surfaces on the A1203, showing that  the 
ions were oriented with the inorganic group next  to 
the oxide. The best inhibi tors  gave surfaces that  were 
ex t remely  hydrophobic. A comparison of data for 
benzenesulfonate  and benzenephosphonate shows that  
the phosphonate group is much more effective than the 
sulfonate group. The comparison of data from straight 
chain hydrocarbon surface active agents shows that  the 
order of effectiveness is PO4 -3 > SO4 -2 > COO -I. 
With monododecyl phosphate and Gafac RS-710 at pH 
5 no detectable attack on the oxide film occurs, and the 
data are not plotted in Fig. i. Absence of attack was 
verified by infrared, which showed that the A1203 
absorption was unchanged. An idea of the effectiveness 
of monododecyl phosphate ion can be obtained from 
Fig. 2, where results at lower pH are plotted. At pH 1.3 
monododecyl phosphate entirely prevents attack on 
the oxide, while inorganic acids readily dissolve the 
A1203 (see HC104, Fig. 2) and phosphoric acid itself 
attacks the film at an even greater rate. Monododecyl 
phosphate is not effective at high pH, however, perhaps 
in part because the surface charge on the oxide 
changes sign as the pH is increased. 

A few of these substances produced rather thick 
layers on the surface; all such substances were phos- 
phates. At pH 5 Gafac RS-710, monododecyl phosphate, 
and monolinolenyl phosphate produced hydrophobic 
layers which resulted in large capacitance decreases 
(AAC -1 about I0). If it is assumed that  the dielectric 

J u n e 1 9 7 0  

constant  of the deposited mater ia l  is 2, then such 
capacitance changes are equivalent  to a layer  roughly 
200A thick, so that  mul t i layer  films are evident ly  de- 
posited. Infrared measurements  confirmed the presence 
of aliphatic C-H on the surface. Such films could not 
be removed with organic solvents, but  were slowly 
removed (in about one day) on exposure to pure water  
at 100~ so that "permanent"  protection by  deposi- 
t ion of such a layer was not  possible. 

The phenylsi lanetrioI,  produced in  s~tu by the ad-  
dition of an acetone solution of phenyl t r ichtorosi lane-  
triol, was very effective for the first 10 min, producing 
an extremely hydrophobic surface, but  apparent ly  soon 
disappeared from the solution and hence ceased to 
protect. A second specimen treated in the same solution 
behaved as it would have in pure water. Possibly the 
si lanetriol  became attached to the surface of the 
vessel, or it may  have undergone polycondensation 
(3). 

Discussion 
We believe that a reasonable in terpre ta t ion of our 

data is that  anionic surface active agents become 
attached to the A1203 surface by the inorganic group, 
forming a hydrophobic surface, prevent ing  access of 
water  to the surface and hence prevent ing  dissolution 
of the A12Os and precipitat ion of AIOOH. The na ture  
of the inorganic group is of p r imary  importance, and 
phosphate, the most effective inorganic inhibitor,  is 
also the most effective inorganic group in anionic 
surface active agents. Silicate is s imilar ly effective as 
long as it remains  in solution. Sulfate, while only 
weakly effective alone, becomes very effective when 
present  attached to an organic molecule. The result  
with monododecyl phosphate at pH 1.3 confirms that  
these compounds can often be very  much more effec- 
tive than the inorganic ion itself. 

We were not able to obtain anionic surface active 
agents based on other strongly inhibi t ive inorganic 
anions such as arsenate, periodiate, tungstate,  sulfite, 
phosphite, tellurate, vanadate,  antimonate,  and sele- 
nate. It would be very  interest ing to synthesize and 
test such substances. 
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Vapor Deposition and Etching Open Tube 
Kinetics under Diffusion Controlled Conditions 

F. A. Kuznetsov and V. I. Belyi 
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ABSTRACT 

A quant i ta t ive  method for t reat ing chemical deposition and etching open 
tube processes is described. The method is based on the gas dynamic theory 
of boundary  layer and on the similari ty of mass- and heat - t ransfer  phe-  
nomena.  For the conditions L e = S c = P r = l ,  the equation for the rate of the 
process is 

Rt ~ peuebSt 

This equation is applied for the calculation of the rate  of Ge and Si crystals 
deposition and etching. A good agreement  of calculated and exper imental  
values is obtained. 

Chemical decomposition and etching in gas or vapor 
streams, the so-called open tube method, is often used 
for  semiconductor crystal and device technology. As 
has been f requent ly  pointed out in the l i terature,  the 
best conditions for both chemical deposition of epitaxial  
layers and chemical vapor etching of single crystals in 
flowing systems at high temperatures  correspond to 
diffusion control in the vapor phase. 

Some analytical  methods based on one-dimensional  
diffusion model have been used for calculation of the 
rate of these processes (1, 2). While useful for evalua-  
t ion of the average rate, these methods could not  take 
into account a very  importa.nt feature: changing of 
the local rate of the deposition or etching along the 
direction of the gas stream. This nonuni fo rmi ty  of 
local rates very  often can be observed in chemical 
vapor growth and etching processes and  reflects non-  
uni formi ty  of conditions of mass t ransfer  along the 
gas flow direction. 

In our calculations we have tr ied to make use of a 
method based on a model for the laminar  boundary  
layer  commonly employed in gas dynamic problems 
(3). 

Let us consider a scheme of the boundary  layer  over 
a flat plate which is created as a result  of chemical 
reaction between the plate and a gas s t ream parallel  
to it (Fig. 1). L on Fig. 1 is the length of the plate. 
Thickness of the boundary  layer, schematically de- 
picted by the curve OB, is the distance 5(x) along 
the direction normal  to the plate surface, where  the 
main  change in  gas species concentration,  due to reac-  
t ion at the plate, takes place. 5 (x) is increasing along 
the direction of gas flow and is equal  to zero at the 
front edge of the plate. 

Mathematical  expressions used for describing mass 
t ransfer  across the boundary  layer become much sim- 
pler if the interact ion between the gas flow and plate 
is considered as t ransfer  of the plate substance, E, 
from the solid phase to the gaseous solution or vice 
versa, and the concentrat ion of the plate mater ia l  E 

in gas phase is expressed by weight fraction, K, which 
can be calculated as 

Pi Li A 
i 

g = [1] 
P~ M~ 

where Pi is the part ial  pressure of i gaseous species 
containing the plate mater ia l  atoms, Li is a number  
of these atoms in i species, A is atomic weight  of the 
plate substance, P~ is the part ial  pressure of any gase- 
ous species, and Mx is the molecular  weight  of these 
species. We wil l  assume below that the concentrat ion 
of E just  near  the plate surface, Kw, is constant  and 
equal to the equi l ibr ium one, Kw = Keq. 

The concentrat ion of E at the upper  l imit  of bound-  
ary layer  (OB curve) and above, ge, is equal  to that  
of ini t ial  gaseous solution. 

The vector diagram on Fig. 1 shows variat ion of the 
concentrat ion across the boundary  layer  along the y-  
axis. 

Mass t ransfer  at any point inside the boundary  layer  
can be described by the following equation 

Y 

Ue 
Ke .~ 

K~ 

0 L 

Fig. 1. Scheme of the boundary layer. 
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OK OK O (  O K )  
pu + pv = ~ pD [2] 

Ox OY OY 

where p is gas mixture  density, D is the diffusion coeffi- 
cient, and u and v are components of the l inear  velocity 
of the gas stream in perpendicular  and parallel  direc- 
tions in respect to the plate surface plane. 

When integrated for the region of the boundary  layer  
adjacent to the plane surface for a distance where a 
magni tude  of the derivat ive OK/Ox becomes very close 
to zero, Eq. [2] gives 

D O  K 
(pV)w = ( p v K ) w -  \ p  - ~ - ] , , ,  [a] 

where the subscript, w, indicates values corresponding 
to the region described above. Subscript, e, denotes 
parameters  of the main  flow outside the boundary  
layer. 

The lef t -hand side of Eq. [3] is the mass flux of E 
per un i t  area in the direction normal  to the plate sur-  
face. It is equal, evidently,  to the local rate, Rt, of a 
heterogeneous process at steady state. The r igh t -hand  
side is composed of two terms corresponding, respec- 
tively, to convective and diffusion contr ibut ions to the 
over-al l  rate. 

Dependence of Rt  on Ke, Kw, D, temperature  and 
l inear  velocity of a gas stream, ue, can, in principle, 
be obtained by the integrat ion of Eq. [3]. 

The problem will be simplified if one considers the 
s imilar i ty  theory for mass, heat, and momentum t rans-  
fer phenomena.  For this, we recall first that  in flowing 
systems of the type considered in this paper, not only 
concentrat ion but thermal  and momentum boundary  
layers are formed over the surface of the plate. With-  
out going into great detail, we may recall I that  under  
the condit ion 2 

L e ~ P r - - - - S c =  1 [4] 

all of these three layers have the same shape. That  is 
to say, the thicknesses of the layers are equal to one 
another  at any  distance along the gas stream. 

Under condition [4], concentration, enthalpy, and 
momentum fields over the plate are similar, and differ- 
ential equations for diffusion, energy, and momentum 
all have the same form (as Eq. [2] does) (4). The 
s imilar i ty  of the concentrat ion and the entha lpy  fields 
enables us to write 

K -- Kw h -- hw 
[5] 

Ke - -  K w  he - -  hw 

where h is steady motion enthalpy. 
Equation [3] can be rear ranged by subst i tut ing the 

derivative (OK/Oy) obtained from Eq. [5] by differ- 
ent ia t ing with respect to y. 

By employing a usual expression for the Stanton 
number  

S t  = pe a ~ [6] 
Pe u e ( h e  - -  h w )  OY w 

and remember ing  that  D / a  ---- Le ---- 1, one can t r ans -  
form Eq. [3] into 

(K~ -- Kw) 
( p V ) w  = " Pe " Ue " S t  [ 7 ]  

1 - -  Kw 
Replacing ()V)w by Rt, the processes rate (per unit 
area), and the dimensionless ratio (Ke--Kw)/(l- 
Kw) by b, the mass transfer parameter, one can finally 
write 

R t  = pe �9 Ue �9 b �9 S t  [8] 

One can see that  the last equation consists only of 
values not too difficult to estimate, z The Stanton n u m -  

x F o r  m o r e  de ta i l ,  see,  f o r  e x a m p l e  (3, 4). 
"-Le = a / D  is t h e  L e w i s  n u m b e r  (a  is the  t h e r m a l  d i f f u s i v i t y ) ,  

Pr = ~/a is  t h e  P r a n d t l  n u m b e r  (v is t h e  k i n e m a t i c  v i s c o s i t y ) ,  Sc  
= v / D  is  t he  S c h m i d t  n u m b e r .  

a A n  e x a m p l e  of  c a l c u l a t i o n  b a s e d  on  Eq. [8] is g i v e n  in t h e  A p -  
p e n d i x .  

ber used in Eq. [8] can be presented as a function of 
other dimensionless parameters,  the Reynolds and the 
P rand t l  numbers  

S t  = f ( R e ,  Pr )  [9] 

Specific form of the relationship depends on geometry 
of the flowing system. 

Assuming similari ty of the viscous and enthalpy 
fields, one can use the following expression for the 
Stanton number  for the case of paral le l  s t reamlining 
of flat surfaces (5) 

S t  = 0.322 Re(x) -1/~ P r  -2 /z  [10] 

Here a magni tude  of S t  varies along the stream direc- 
t ion due to coordinate dependence of Re(x) 

Ue X 
Re(x) = - [11] 

ip 

where x is a distance along the plate equal to zero at 
the front edge of the plate. Thus, Eq. [8] with St given 
by Eq. [10] enables local rates of the process to be 
calculated. 

An average value of the process rate can be calcu- 
lated from Eq. [8] by employing for the g tanton  n u m -  
ber  

S t  = 0.664 Re(L) -1/2 �9 P r  -2/3 [12] 

where Re(L~ is to be calculated from Eq. [11] by using 
L, the whole length of the plate, in place of x. 

For a case of normal  flow, with respect to the sur-  
face, the Stanton number  magni tude  is to be obtained 
(6) from 

S t  = 0.47 �9 Re(LI2) -1/2 P r  -'-/~ [13] 

where Re(L/2) = ue"  ( L / 2 ) / v .  L is the width of the 
plate. 

If a cold gas mixture  reacts wi th  a hot substrate 
(i.e., a substrate which is R.F. heated),  an empirical  
coefficient ( T J T e )  -o. l I  should be introduced (8) in 
Eq. [8]. This results in 

( T,~ ) - 0 . n  
Rt = pe ue b St  \--~-'e [14] 

where Tw and Te are plate and incoming gas stream 
temperatures,  respectively. Values of density, pe, and 
velocity, ue, are now those in the incoming gas stream. 

We have assumed so far that the surface concentra-  
tion, Kw, is equal to the equi l ibr ium one, Kea. This 
makes the mass- t ransfer  parameter,  b, used in Eq. [8] 
and [14] easy to calculate. In  cases where surface 
kinetic l imitat ions are not negligible, this approach 
becomes unworkable ,  and the real surface concentra-  
t ion should be taken into calculation. 

In general, this problem is very complicated, but  for 
first order surface processes it can be solved. In  this 
case, a relationship including both surface kinetic and 
mass- t ransfer  l imitat ion has the following form (7) 

Rt ---- Pe [15] 

where k is surface reaction rate constant, ~ is the mass- 
t ransfer  coefficient, and Pe is a par t ia l  pressure of 
gaseous species reacting with the surface in the main  
flow (outside the concentrat ion boundary  layer) .  

For practical use of Eq. [15], the rate constant, k, 
must  be known. The mass- t ransfer  coefficient, /~, can 
be calculated as follows: rate of a process under  purely 
diffusion controlled conditions can be described by 
the equation 

R t  --- fl (Pe -- Peq) [16] 

where P e q  is the equi l ibr ium pressure of the species 
of interest. Another  expression for Rt  is, for example, 
Eq. [8]. Combining Eq. [8] and [16], we obtain 

pe Ue b S t  
fl = [17] 

P~ -- Peq 
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V e l o c i t y  of 
K i n d  of P o s i t i o n  of T h e r m a l  T e m p e r a t u r e  gas  s t r e a m  Eq.  u s e d  

S y s t e m  p r o c e s s  s u b s t r a t e *  c o n d i t i o n s  i n t e r v a l ,  aC c m . s e c  -1 f o r  ca l e  Ref .  

Ge-H.--I2 E t c h  $ $ I s o t h e r m  800-900 10.9-11.9  [8] ,  [12] [9) 
G e - H ~ I 3  E t c h  ~ ~ I s o t h e r m  550-750 11025.5-13705.0  [15] (10) 
Ge-Ho.-I2 E t c h  ~ I I s o t h e r m  800-900 18.3-19.8 [ 8 ], [ 13 ] o u r  d a t a  
Ge -H2-Br2  E t c h  -----~1 I s o t h e r m  800-900 43.3 [8] ,  [13]  o u r  d a t a  (11} 
Ge-H. . -Br2  E t c h  $ $ I s o t h e r m  600-900  37 .2-43 .3  [8] ,  [15] o u r d a t a  (11) 
Si-H,-I , -  G r o w t h  -----~ I N o n i s o t h e r m  1100-1200 1.4-5,6 [14] (12) 
Si-H~-C12 G r o w t h  ~ ~ N o n i s o t h e r m  1250-1300 32.7 [14] [1) 
Ge-H_~-Cb G r o w t h  -----~] N o n i s o t h e r m  800-900  1,5 a t - - 8 5 0 ' ~  [14] o u r  d a t a  (13) 

* ~ ~ d e n o t e s  p a r a l l e l  p o s i t i o n  o f  t h e  p l a t e  s u r f a c e  in  r e s p e c t  to  d i r e c t i o n  of  gas  s t ream,-- - ->]  c o r r e s p o n d s  to t h e  p e r p e n d i c u l a r  pos i t i on .  

Equations [8], [14], and [15] have been employed for 
a number  of semiconductor  crystal  vapor  growth and 
etch rate  calculations. The calculations were  per -  
formed for processes for which exper imenta l  kinetic 
data were  obtained in our investigations or were  
avai lable in the l i terature.  

Table I contains informat ion about systems consid- 
ered and exper imenta l  conditions taken into consider-  
ation. Figures  28 and 2b give a comparison of calcu-  

1,8 ~ 

0~6 

l g  R t  ~. le . ,  ~ k m / m i n  / 

/ 

l g  R~ exper., R r / m i n  
I ~ i t I t i | - -  

Fig. 2a 

I g  Rt  t a l e . , / t k m / m i n  

O,'~. 

o 

0 

- 0,~ 

l g  R t  e x p e r . , / t k m / m i n  

I I 

Fig. 2b 

Fig. 2. Comparison of calculated and experimental rates: (a)  
Etching processes: 0),  our data (11), � 9  Reisman and Berkenblit 
(9), ~,, Keisman and 8erkenblit (10), i ,  our data presented in 
the Appendix. (b)  ~ Growing processes: ~ ,  Shephatd (1), ~ ,  Seki 
and Araki (12), El, our data (13). 

lated and exper imenta l  data for etching and growth 
processes, respectively.  Logari thmic coordinates are 
used because of considerable var ia t ion of the rate  va l -  
ues of different processes. 

As can be seen, agreement  is quite  satisfactory. The 
difference between calculated and exper imenta l  re -  
sults in the major i ty  of the cases is not greater  than 
5-10%. Thus it can be concluded that  for the processes 
considered, the method described above gives accuracy 
commensura te  wi th  the reproducibi l i ty  of exper imenta l  
results. Because of a number  of s implifying restrictions 
used the method  cannot, unfor tunately ,  be regarded 
as a universal  one, and exper imenta l  control  should 
be under taken  for a few points when  one employs the 
method  for any par t icular  process. 

Manuscript  submit ted Nov. 18, 1968; revised manu-  
script received Feb. 18, 1970. This was Paper  76 pre-  
sented at the Boston Meeting of the Society, May 5-9, 
1968. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the December  1970 
J O U R N A L .  

A P P E N D I X  
1. Physical  parameters  of gas phase are calculated un-  
der the assumption that  it can be considered as a 
perfect  gas mixture .  

Density, Pc, ( g  " c m  - 3 )  of a gas mix ture  can be ob- 
ta ined f rom 

Pe = ~ n i  Pi 
i 

where  ni is the mole fraction of i species and pi is its 
density. 

Gas stream velocity, Ue, ( cm"  sec -1) is calculated 
f rom 

VTo Tsub. 

S To 
where  VTo IS the flow rate  (cm 3 �9 sec -1) (measured at 
t empera tu re  To, ~ S is the cross section of a reac-  
tor (cm2), and Tsub. is t empera tu re  in the reaction zone. 

Kinematic viscosity of a gas mixture ,  V, (cm 2. 
sec -1) is obtained f rom 

1 

n i / v i  
i 

where  vi is the viscosity of i gaseous species at pres-  
sure equal  to its part ial  pressure in the mixture.  

An example  of calculat ion based on Eq. [8] is shown 
here  for the case of Ge etching with H2 + HI  mixture.  
Our exper imenta l  results obtained for this process in 
a horizontal  reactor  wi th  the substrate perpendicular  
to the gas flow direction have  been used for comparison 
with  calculated data. 

Table I]. Equilibrium partial pressure of gaseous species 

P H  
- -  G a s e o u s  

PI  spec i e s  

P a r t i a l  p r e s s u r e ,  a t m  

800~ 850~ 9 0 0 ~  

Gei_~ 2.08 �9 10 4 2 . 0 9 .  10 -3 
151.1 HI  8 . 5 0 .  10 -a 8.59 �9 10 -3 

H~ 9 . 8 9 -  10 -I  9.89 �9 l 0  -~ 

Ge.I~ 1.04 �9 10 -2 1.04 - 10 -2 
48,4  HI  1.91 . 10-2 1 . 8 9 .  10 -c 

H2 9.69 . 10 -1 9.69 . 10 -1 

2.10 �9 10 -3 
8.68 - 10 -3 
9.89 �9 10 -1 

1.04 - 10 -2 
1.88 �9 10--" 
9.69 �9 10-1 
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Table Ill. Calculated values of several parameters 

PIt  
- -  T e m p e r -  p �9 10 ~ uo v R t  ea le  Rt  e x p e r .  

P I  a t u r e ,  ~  (g �9 cm-S) cm - sec -1 ClTI u - s e c  -1 ReL/2 R e L / ~ I  s St  K ~  �9 10 ~ b �9 10 ~ /~mk �9 m i n  -x /~rnk �9 r a i n  -1 

800 4 .10 18.3 7.40' 0.98 0.99 0.55 3.98 4.21 1.85 1.74 
151.1 850 3.90 18.9 8.00 0.95 0.97 0.56 4.03 4 .19 1.94 1.79 

900 8.80 19.8 B.60 0.92 0.96 0.57 4.04 4.20 1.99 1.86 

800  7.80 18.3 5 .20 1.41 1.19 0.46 9.69 10.8 7.80 8.21 
48.4 850  7.60 16.9 5.70 1.34 1.16 0.47 9.70 10.7 8.05 8 .50 

900 7 .30 19.8 6,10 1.30 1.14 0.48 9.75 10. 7 8.35 9.10 

Values of the system parameters,  used both in the 
exper imental  study and in calculations, were the fol- 
lowing 

S = 0.785 cm 2, VH2 ~ 235 cm :1 �9 min -1 (at 300~ 

2 VHg. �9 PI2 
VHI = em ~. min  -1 (here PI2 is V.P. of 

760 -- PI2 
iodine at the I source) 

L 
- -  = 0.4 cm VTo (total) = VH2(To) + Vm(To), 2 

Table II shows computed equi l ibr ium partial  pressure 
of gaseous species for two values of hydrogen to iodine 
ratio, PH/PI, used both in the exper iment  and calcula- 
tions. These data were employed for surface concen- 
tration, Kw, and parameter  b calculations. 

The parameter  b was calculated from relationship 
b = (Ke -- Kw)/(1  -- Kw). For the process under  con- 
sideration K~ = 0 because the incoming gas mix ture  
does not contain germanium compounds. 

It has been assumed that  the process at 800~176 is 
purely diffusion controlled so that  the surface pressures 
could be considered as equi l ibr ium ones. 

Table III  presents calculated values of several pa- 
rameters  used in the rate of process calculation. Value 
of the Pr needed for the St number  calculation was 
taken equal to 0.8 as for diatomic gas mixtures. The 
last two columns show calculated and exper imental  
values of the rate of process. 
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Buckling of Anodic Coatings 
R. J. Block 

Department of Chemical Engineering and Materials Science, 
The University of Oklahoma, Norman, Oklahoma 

ABSTRACT 

Anodic coatings on a luminum substrates undergoing tensile deformation 
have been observed to buckle. In general, buckl ing is a result  of c i rcumfer-  
ential  shr inkage of the surface. The buckl ing process is discussed, and an ex- 
pression for the surface shrinkage of single crystals deforming on one slip 
system is derived. 

The behavior  of anodized coatings on a luminum u n -  
dergoing plastic deformation has been studied by a 
n u m b e r  of investigators (1-3). However, one of the 
several mechanisms by which the coating accommo- 
dates the deformation of the substrate has not been 
described in the l i terature.  Edeleanu and Law (4) and 
Bubar  and Vermilyea (5) presented micrographs which 
showed buckling of anodic coatings but  did not discuss 
the process. 

Experimental 
The present  experiments  consisted of extending 

monocrystals and polycrystal l ine a luminum wire in 
0.4M boric acid solution brought  to a pH of 5.5 with 
a m m o n i u m  hydroxide. The a luminum had been elec- 
tropolished, stripped of residual films, and both ano- 
dized and extended in the boric acid. The t reatments  
produced bar r ie r - type  anodic coatings. 

Results 
Thick coatings accommodate deformation of the sub-  

strate by circumferent ial  cracking after about 2% 
extension (6) and later by longi tudinal  buckl ing as 
shown in Fig. 1. Buckling is evidenced by the short 
vert ical  s tructures shown in the figure. The in ter fer -  
ence fringes apparent  at each of the buckles indicate 
that the coating has indeed been lifted from the sub-  
strate. Figure 2 is a micrograph of an anodized poly- 
crystal l ine wire showing buckl ing of the coating in 
one grain and general  c i rcumferent ia l  cracking. It 
should be noted that here as with the single crystal, 
both cracking and buckl ing are independent  of slip 
plane traces in the substrate. A coating of in termediate  
thickness, 420A, sometimes cracked along slip plane 
traces as shown in Fig. 3. When this occurred, short 
c ircumferent ial  cracks were always associated with 
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Fig. 1. Aluminum single crystal anodized at 90V and extended 
14%. Tensile axis is parallel to vertical direction. Cracks in coat- 
ing run horizontally. Wide vertical structures resulted from buckling 
of coating. Slip lines in matrix and in a kink band are visible be- 
neath coating. 

Fig. 2. Polycrystalline aluminum wire anodized at 90Y and ex- 
tended 3.7%. Extension was sufficient to cause general cracking 
of coating. However, buckling occurred only in isolated grains and 
at a few regions of singularity such as grain boundary shown. 

the  sites where  buckl ing had  occurred.  Very  thin coat-  
ings ( app rox ima te ly  100A) showed only slip p lane  
t races  and were  never  observed to buckle.  P resumably ,  
thei r  adherence  exceeds the i r  ab i l i ty  to suppor t  a sig- 
nificant load. The fol lowing discussion considers the  
behavior  of th ick coatings as i l lus t ra ted  in Fig. 1. 

Discussion 
Cracking o~ anodic coatings.--It is obvious that  c i r -  

cumferent ia l  c rack ing  resul ts  f rom subs t ra te  extension 
which  is too grea t  to be accommodated  by  the  coat-  
ing. The equiva lent  s i tuat ion has been discussed by  
Edeleanu  and Law (4) who invoked  an in te r rac ia l  sl ip 
mechanism to a l low for stress re l ief  be tween  cracks 

Fig. 3. Aluminum single crystal anodized at 30V and extended 
11%. Cracks in coating formed along some of slip plane traces. 
In addition short circumferential cracks can be observed where 
buckling has occurred. 

in the  coating. Recent ly  Grosskruetz  and McNeil  (7) 
also discussed the case of r egu la r ly  spaced cracking of 
b r i t t l e  coatings. There  is some evidence f rom the pres-  
ent work  that  de tachment  of the  coat ing ahead of the  
p ropaga t ing  crack  permi t s  pa r t i a l  stress r e laxa t ion  in 
the  coating. 

Buckling of a~odic coatings.--Buckling of the  coat -  
ing is due to shr inkage  in the  c i rcumference  of the  
subs t ra te  which  resul ts  f rom extension.  Wi th  specimens 
which should deform homogeneously,  such as heav i ly  
cold worked  wires,  the  c i rcumferen t ia l  shr inkage  
which produces  buckl ing  m a y  be ca lcula ted  d i rec t ly  
f rom the extension,  using a constant  volume approx i -  
mation.  As the resul t  of an exper imen t  using as - swaged  
wire  anodized at 90V, i t  was found tha t  a c i rcumferen-  
t ia l  shr inkage  of 3.2% was requ i red  to in i t ia te  buckl ing 
of the  coating. The p rob lem of calcula t ing the  surface 
shr inkage  of monocrys ta l s  deforming  on a s ingle slip 
sys tem may  also be solved in a fa i r ly  d i rec t  manner .  

Surface shrinkage during single slip.--During single 
slip an in i t ia l ly  c i rcular  specimen cross section be-  
comes ell ipt ical .  According  to the  analysis  of Schmid 
and Boas (8) the  ma jo r  axis of the  el l ipse is genera l ly  
grea te r  than  the or iginal  specimen d i ame te r  whi le  the  
minor  axis is obviously  reduced.  F igure  4 represents  
this  change in cross sect ional  shape, where  R, the  radius  
of the  circle, is one half  the  or ig inal  d iameter ,  A is 
the  ma jo r  semiaxis  of the  ellipse, and B is the minor  
semiaxis.  Assuming  a coat ing on the specimen surface 
is broken into shor t  cy l indr ica l  sections by c i rcumfer -  
en t ia l  cracks,  then a point, (x, y ) ,  on the  or iginal  sur -  
face at  an angle, 00, to the  ma jo r  axis, becomes the 
point,  (x ' ,  y ' ) ,  at  the  angle  01 on the deformed crys ta l  
surface. The rat ios of the  axes, A/R and B/R, are  Pl 
and P2 respect ively ,  whe re  Pl and ~z are  the  posi t ive 
roots  of Schmid and Boas'  equat ion 

p 4 + p 2 [  2 c ~ 1 7 6  sinkl_~ s i n 2 ( ~ ~  ] 

sm ~0 sin2 xo 

sin 2 ~.1 
+ - -  = 0 [1] 

sin 2 ~0 

and k0 and kl are  the  angles be tween  the  tensi le  axis 
and slip direct ion before  and af ter  extension and x0 is 
the  angle  the tensi le  axis  makes  wi th  the  slip plane. 
The t rans format ion  of a point  on the circle to the  cor-  
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R" (X,Y) 

B 

I I ~ X  
R A 

Fig. 4. Change in cross section of a cylindrical specimen under- 
going single slip, diagram shows displacement of a point on surface 
of coating. 

responding point on the ellipse is given by 

1 1 + cot~ Oo 
rise = ~ [11] 
dSc 1 + cot2 0o 

where  ~ is the tensile extension. 
The shr inkage at a point  on the surface is thus a 

funct ion of the extension and its direction relat ive to 
the slip vector for a crystal of a given orientation. In 
general  the per imeter  shrinkage increases from ap- 
proximately  zero for points near  the surface through 
which pure edge dislocations exit the crystal, to its 
ma x i mum near  points on the surface through which 
pure screws egress. 

Figures 5 and 6 i l lustrate the extremes in the be-  
havior of the coating which was observed at various 
positions on a crystal  in which ~,0 ~ x0. The specimen 
shown had been deformed well  into stage II, however, 
the regions associated with the "edge" and "screw" 
surfaces are still clearly defined. Longi tudinal  buckl ing 
characteristic of proximity  to the "screw" face (Fig. 
1 and 5) is never  observed near  the edge surface. In  
contrast, the appearance of the edge surface is shown 
in Fig. 6. Here, the coating has become detached and 
raised as a result  of conjugate slip on planes whose 

x' = PlX [2] 
and 

Y' = P2Y [3] 

From the equation of the circle and the t ransformat ion 
equations one obtains 

dy------cot  e0 dx  [4] 

dx'  = p tdx  [5] 
and 

d y ' = - - p 2 c o t  00 dx [6] 

The per imeter  elements of the circle and the ellipse, 
dSc and dSe, are obtained from 

dSr 2 = dx2 W dy2 [7] 
and 

dSe 2 = dx'2 + dY '2 [8] 

Subst i tu t ing  in the above one obtains for the ratio of 
per imeter  elements at a point on the circle and the cor- 
responding point on the ellipse 

dSe [ P12 + "~2 cot2 0o ] V" 

'dSc = 1 + c o t  2 8 o [9] 

One may now consider a few specific cases. When eo 
is zero, the per imeter  ratio, dSe/dSc, is p.2 and 0 ~ P2 
----- 1. The surface shrinkage, 1 -- (dSe/dSc),  always will  
be positive. When e0 is 90 ~ the per imeter  ratio be- 
comes Pl, where 1 ~ Pl < (sin k0/sin x0). In  this case 
the surface shrinkage is always zero or negative imply-  
ing an expansion of the surface dur ing deformation. 
Due to the l imitat ions on the extent  of single slip, one 
could expect only about 5% as the practical upper  l imit 
to c i rcumferent ia l  surface expansion. This will  be ob- 
ta ined for orientat ions of the tensile axis near  [122]. 

For a given tensile extension there will  be a point  
on the per imeter  which has undergone nei ther  shr ink-  
age nor  expansion. The angle, 81", to that  point  on the 
elliptical cross section is given by 

Or* = t an  -1 ~ pl--~-- T [10] 

A final case which might  be worth  not ing is ob- 
tained when the crystal  or ientat ion is such that  the 
tension axis, slip direction, and slip plane normal  are 
coplanar, i.e., ~,0 = xo. Then the equation yielding the 
per imeter  ratio assumes a par t icular ly  convenient  form 

Fig. 5. Film buckling on "screw" surface of aluminum single 
crystM shown in Fig. 1. 

Fig. 6. Cracks on "edge" surface of aluminum single crystal 
shown in Fig. 1. Film has been lifted as a result of shear on inter- 
secting slip planes, however, no buckling of coating has occurred. 
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traces intersect  cracks which have formed ear l ier  in 
the deformation.  This phenomenon has a l ready been 
described in the l i te ra ture  (4). 
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Photosensitization of Terbium Fluorescence by 
Europium in CaF  

Robert L. Amster 1 
Bayside Research Center of General Telephone & Electronics Laboratories Incorporated, Bayside, New York 

ABSTRACT 

Eu2+ sensitizes the fluorescence of Tb "~+ in CaF~. Fur thermore ,  Tb 3+ 
emission is sensitized by energy t ransfer  f rom Eu3+-O 2- complexes which 
possess intense broad ul t raviole t  absorption bands. The energy t ransfer  from 
Eu 2+ to Tb 3+ is bel ieved to occur by means of an exchange mechanism. 

The fluorescence peak of Eu 2 + in calcium fluoride is 
observed at 430 nm ( ~  23,200 cm -1) and corresponds 
to a t ransi t ion from the lowest 4f~5d level, designated 
as sPs/2 or 4f6(TF0)5d (eg), to the sST/~ ground state 
(1-6). When CaF2 is act ivated with Tb :3+, an absorp- 
tion line is observed at 487 nm ( -  20,500 cm -~) which 
corresponds to the Tb '~+ 7F6 -~ 5D4 transi t ion (7). An 
energy separat ion of only 2700 cm-1  between these 
Eu 2+ and Tb a+ transit ions suggests that  one might  ob- 
serve nonradia t ive  energy t ransfer  f rom Eu 2+ to Tb 3 + 
in CaF2. This nonradia t ive  process would  probably  oc- 
cur via a nonresonant  t ransfer  similar  to that discussed 
by Van Ui ter t  and Johnson (8). In such a case, the ap- 
p rox imate ly  2700 cm -1 difference in energy be tween  
the ionic transit ions would be t ransfer red  ei ther to the 
ground state mult iplet  of a second Tb 3+ ion or would 
be conver ted  into latt ice energy. 

Nelson and co-workers  (9) have  observed energy 
t ransfer  f rom Eu e+ to Tb z+ in fused silica. In silica 
containing only Tb s+, the authors observed tha t  260 
nm excitat ion yielded terbium fluorescence f rom both 
the  5D3 and 5D4 levels. When silica was doubly acti- 
va ted  with  Eu 2 + and Tb 3+, they observed Tb 3+ emis-  
sion from only the 5D~ level. They, therefore,  concluded 
that  Eu '+  select ively t ransfe r red  energy to the 5D4 
level  of Tb a +. 

In the present invest igat ion CaF2 has been doubly 
act ivated wi th  Eu 2+ and Tb 3+. Radiationless energy 
t ransfer  f rom Eu 2+ and within (Eu "~ +, Tb 3 +, --O22) ~ + 
complexes to Tb ~+ has been inferred.  The results are 
discussed and models for the t ransfer  processes are 
derived. 

Experimental 
The rare  ear th  t r ihal ides  used were  obtained f rom 

the Lindsay Division of Amer ican  Potash Company 
and were  reported to be 99.95% pure wi th  respect to 
rare  ear th  content.  Calcium fluoride was Fisher  Cer t i -  

1 P r e s e n t  address :  Har r i s ,  UDham & Company ,  Inc., New York,  
New York  10005. 

fled Reagent  Grade. CaF,,: Eu 2+, CaF2:Tb 3+, and CaF2: 
Eu 2+, Tb ,~+ were  produced by blending anhydrous 
EuF3 and TbF3 as required with CaF2 and heat ing these 
mixtures  for 2 hr  at 1050~ in a hydrogen atmosphere.  
The starting mater ia ls  were  contained in a lumina boats 
or crucibles and were  held in a quartz  tube through 
which hydrogen was continuously passed. The quartz  
tube, in turn, was inserted into a tube furnace ini t ial ly 
heated to 500~ The Eu 2+ concentrat ion in CaF2:Eu 2+ 
was var ied between 0.001 and 0.035 g - a t o m / m o l e  CaF~. 
For the CaF2:Tb '~+, the t e rb ium concentrat ion was 
general ly  0.064 g - a t o m / m o l e  CaF.,. In CaF2: Eu 2 +, Wb a +, 
the Eu 2+ concentrat ions were  in the range 0.0025 to 
0.05 g - a t o m / m o l e  CaF2 while Tb -~+ concentrat ions 
ranged f rom 0.004 to 0.10 g - a t o m / m o l e  CaF2. 

The emission and excitat ion spectra obtained were  
corrected in terms of energy  vs. wave leng th  using a 
technique previously repor ted  (10). 

Results 
The emission and exci tat ion spectra of CAF2:0.035 

Eu 2+ are shown in Fig. 1. Exci ta t ion at 390 nm yields 
a broad band fluorescence with  a m ax im um  at 430 nm. 
Exci tat ion bands correspond to direct absorption by 
Eu ~+. Eu 3+ emission is observed above 500 nm indi-  
cat ing that  europium is incomplete ly  conver ted  to the 
divalent  form even under  strong reducing conditions. 
The re la t ive  emission intensit ies over  a range of euro-  
pium concentrat ions are as follows: 

Eu'-'* concentra t ion,  Rela t ive  intensity 
g-atom/mole CaF_~ of Eu -"+ fluorescence 

0.001 100 
0.006 93 
0.01 50 
0.035 33 

It is obvious f rom the data that  increasing Eu -~+ con- 
centrat ion in the range studied results in quenching of 
the divalent  europium fluorescence. 
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Fig. la. Emission spectrum of CoF2:O.O35Eu 2+ excited at 390 
rim. 

200 250 500 350 4 0 0  
WAVELENGTH(nm) 

Fig. lb. Excitation spectrum of CaF2:O.O35Eu ~+ for emission at 
430 nm. 

CaF2:Tb 3+ emits ve ry  weak fluorescence f rom the 
~D4 level  when  excited with  u l t ravio le t  radiat ion;  the 
most intense emission is observed at 542 nm correspond-  
ing to a 5D4 --> 7F5 transi t ion (Fig. 2a). The exci tat ion 
spectrum (Fig. 2b) consists of a number  of sharp lines 
between 300 and 400 nm character is t ic  of Tb 3 + absorp-  
tion and a band extending from 300 nm into the far  
ul traviolet .  The la t ter  band corresponds to the ab- 
sorption of Tb 3+ from the 4f s to 4f75d configuration 
(11) plus contr ibut ions f rom O H -  and O 2- ions (12) 
which are present as a result  of the init ial  presence of 
adsorbed water  on the calcium fluoride. Oxide ion 
serves to charge compensate the excess posit ive charge 
introduced into the CaF2 latt ice when  Tb s+ replaces 
a Ca 2+ ion (13). 

When CaF2:Eu 2+, Tb 3+ was exci ted by 390 nm radia-  
tion, Eu 2+ emission was observed near  436 nm (Fig. 
3a) corresponding to a shift of about  6 nm to longer  
wave leng th  re la t ive  to the emission f rom CaF2:Eu 2+. 
(Although this shift is not apparent  in the reduced 
figures, the shift is real, reproducible,  and is readi ly  
observed in original  spectra.) Intense te rb ium fluores- 
cence was observed corresponding to emission f rom 
the 5D4 level. The exci tat ion spectra for both Eu 2+ 
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WAVELENGTH (nm) 

Fig. Za. Emission spectrum of CaF2:O.O64Tb "~* excited at 250 
nm; high gain. 

200 500 400 
WAVELENGTH (nm) 

Fig. 2b. Excitation spectrum of CaF2:O.O64Tb 3+ for emission at 
541 nm; high gain. 

and Tb 3+ emission possess a broad band with  a max i -  
m u m  near  390 nm corresponding to Eu  2+ absorption 
(Fig. 3b). The fine s t ructure  of this band is s imilar  for 

both CaF2:Eu 2+ and CaF2:Eu2+, Tb  s+ and may  be 

z 

_z 

bJ r 
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WAVELENGTH (rim) 

Fig. 3a. Emission spectrum of CaF~:O.O35Eu 2'+, O.064Tb '~+ 
excited at 390 nm, 

h-,' ! 

! 
t ! 

200 250 500 550  4 0 0  450  
WAVELENGTH (rim) 

Fig. 3b. Excitation spectra of CoF2:O.O35Eu ~+, 0.064Tb3+; 
solid line corresponds to emission at 436 nm, dashed llne to 
emission at 541 nm. 
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identified with  transit ions f rom the sS7/2 ground state 
to crystal  field split sublevels of the exci ted 8P5/2 state 
of Eu 2+. Al though direct excitat ion of Tb 3+ ions in 
CaF2:Eu 2+, Tb 3+ undoubtedly  occurs, the Tb 3+ ex-  
citation lines are probably obscured by the intense 
broad bands observed in the 200-400 nm region. A 
comparison of emission spectra of CAF2:0.035 Eu 2+, 
0.064Tb 3+ with  CaF2:0.035 Eu 2+ (Fig. 4) indicates that  
addition of Tb 3+ to CaF2:Eu 2+ results in appreciable 
quenching  of the ent i re  Eu 2+ fluorescence band. F u r -  
thermore,  the presence of Eu 2+ in CaF2:Eu ~+, TbS+ 
leads to considerable enhancement  of Tb 3+ emission 
re la t ive  to tha t  in CaF~:Tb 3+ (Fig. 4). It  is evident  that  
nonradia t ive  energy t ransfer  occurs f rom Eu 2 + to Tb3 + 
ions. Since the Tb z+ ~Fe ~ 5D4 absorption is quite  weak, 
the enhancement  of te rb ium emission by addition of 
Eu 2+ cannot be ascribed to a radia t ive  t ransfer  process. 
Rare  ear th  ion concentrat ions of several  mole per cent  
are requi red  for the observat ion of Eu 2+ --~ Tb 3 + en- 
ergy transfer.  This indicates that  shor t - range  in terac-  
tions are involved in the t ransfer  process and suggests 
the possibility that  the t ransfer  occurs via an exchange 
mechanism (14). 

In addit ion to the 390 nm band, the excitat ion spec- 
t rum for Tb 3+ emission contains an intense s t ructured 
band peaking at 310 nm (Fig. 3b). In a paper (10) con- 
cerning the emission and exci tat ion spectra for CaF2: 
Eu 3+, a s imilar ly broad fluorescence exci tat ion band 
was identified as a Eu3+-O 2- charge t ransfer  band. 
This was in turn associated with  a (Eu2-O2) 2+ com- 
plex in which two nearest  neighbor Eu 3+ ions were  
bridged by two oxide ions. The oxide ions served to 
compensate  the excess posit ive charges of t r iva len t  
europium subst i tuted for  d ivalent  calcium in CaF2. 
Forres ter  and McLaughlin (15) have  proposed similar  
pair format ion for Tm 3+ in CaF2: they concluded that  
Tm 3+ ion pairs are bridged by two charge compensat-  
ing 0 2 -  ions when CaF2 is reacted with  Tm203. Eu 3 + 
emission has been observed in CaF2:Eu 3+, Tb 3+ indi-  
cating that  t r iva lent  europium is present in this ma-  
terial. It is possible then that  (Eu3+-O2-)22+ com- 
plexes and (Eu s+, Tb3+-O2-)22+ complexes exist in 
CaF2:Eu 2+, Wb3+; the oxide ions would have been 
formed dur ing react ion upon the h igh- t empera tu re  
hydrolysis of the calcium fluoride with  previously ad- 
sorbed water  (13). The 310 nm band observed in the 
Tb 3+ fluorescence exci tat ion spectrum of CaF2:Eu 2+, 
Tb 3+ may  be ascribed to charge t ransfer  absorption by 
Eu3+-O 2- in (Eu 3+, Tb3+-O2-)2 + fol lowed by an in-  
t racomplex  energy t ransfer  wi th  subsequent  Tb 3+ 
emission. That  this band is not observed in the Eu 2+ 
fluorescence exci tat ion spectrum would indicate that  
e i ther  oxide ion bridged Eu 3+-Eu 2+ complexes do not 
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Fig. 4e. Emission spectrum of CaF2:0.035Eu ~+ excited at 390 nm; 
Fig. 4b. emission spectrum of CaF2:0.064Tb 3+ excited at 250 nm, 
all spectra recorded under identical conditions; Fig. 4c. emission 
spectrum of CoF2:0.035Eu ~'+, 0.064Tb 3+, excited at 390 nm. 

form or that  there  is no energy t ransfer  wi thin  such 
complexes that  can lead to Eu 2+ emission. 

Two a l te rna t ive  explanat ions may be given for the 
appearance of the 310 nm Tb 3+ exci tat ion band. It is 
known that  the wave leng th  positions of divalent  euro-  
pium absorption bands are sensit ive to the Eu 2+ en-  
v i ronment  and may  be observed near  300 nm. Thus, 
the 310 nm band might  be ascribed to a Eu 2§ ion in 
a lat t ice site differing somewhat  f rom that  of Eu 2+ 
which  is exci ted at 390 nm. One may  assume that  such 
Eu 2+ ions, al though t ransfer r ing  energy to Tb ~ + ions, 
would yield some fluorescence like the Eu 2+ ions ab-  
sorbing at 390 rim. However ,  as noted previously the 
exci tat ion spectrum for the only observed Eu 2+ emis-  
sion contains no 310 nm exci tat ion band. It  is, the re -  
fore, considered unl ikely that  the 310 nm band is a 
result  of Eu 2 + absorption. 

The  second a l ternate  explanat ion for the 310 nm band 
is that  it should be ascribed to the 4f s ~ 4f75d absorp-  
t ion in Tb z+ which is shifted to lower energy by the 
addition of europium (Eu 2+ or Eu 8+) to CaF2:Tb 8+. 
In no case has there  ever  been repor ted  a Tb 3+ f -~ d 
transi t ion band in the 300 nm region. It  appears quite 
unl ikely that  the presence of europium should have  
such an unusual  effect on Tb ~+ as to produce such a 
large shift in f --> d absorption band wavelength .  Addi -  
t ional  support  for the identification of the 310 nm ex-  
ci tat ion as a band associated with europium are the 
results of two other  studies (17). In one case there  was 
observed a 310 nm excitat ion band for Tb 3+ fluores- 
cence in CaO-6A1203:Eu2+,Tb 3+ and in another  case 
for Mn 2+ emission in K20.6A1203:Eu 2+, Mn 2+. In both 
studies the band was not observed when  europium was 
not present.  Clearly,  this suggests tha t  the  310 nm band 
is not to be identified with Tb 3 + f ~ d absorption. 

There  is fu r the r  precedent  for associating the 310 
nm band with Eu 3 +-O 2- charge transfer.  The presence 
of an oxide ion in the immedia te  vicini ty  of Eu s+ has 
given rise to charge t ransfer  bands in the absorption 
and fluorescence excitat ion spectra of several  act ivated 
materials.  Blasse and Bri l  (18) have observed broad 
uv bands in the fluorescence exci tat ion spectra of 
NaGdO2:Eu 3+ which they a t t r ibute  to charge t ransfer  
f rom 0 2 -  to Eu 8 +. Similarly,  J~rgensen (19) developed 
a theoret ical ly  founded explanat ion for such bands for 
Eu 3 + in basic oxide solvents. It is reasonable to ascribe 
a similar  identification to the 310 nm excitat ion band 
in CaF2: Eu 2+, Tb 3+ . 

It must be recal led here that  earl ier  studies reported 
nonradia t ive  energy t ransfer  f rom Tb 3+ to Eu ~+ in 
oxyanion salts (20). The t ransfer  was considered to 
arise f rom a long-range  electric dipole-electr ic  dipole 
interaction. In the present  study, the author  explici t ly 
suggests that  the Eu 3+-Tb 3 + interact ion is short range 
and actual ly takes place via  an in t racomplex  energy 
transfer.  This is quite  distinct f rom the ear l ier  work  
where  isolated Tb 3+ ions were  reported t ransfer r ing  
to Eu 3+. One can best look on the t ransfer  process in 
CaF2 as arising f rom an absorption of energy by a 
(Eu 3+, Tb3+-O22-) 2+ complex wi th  the absorbed en-  
ergy ini t ial ly localized at a Eu a +-O 2- band. The energy 
is subsequent ly  relocalized at the Tb 3 + ion by an in t r a -  
complex migra t ion  with  resul tant  Tb ~+ emission. In 
its simplest  form, it is the Eu 3 +-O 2-  pair which is con- 
sidered as the sensitizer of Tb 3+. Since it possesses an 
energy  above ground (corresponding to 310 nm) 
greater  than the  ~Fj -* 5D4 separat ion of Tb 3 + it is pos- 
sible for the (Eu~+-02 - )  + to Tb 3+ t ransfer  to occur. 
It  must  be repeated that  such a model  is in no way  in-  
consistent wi th  long range energy t ransfer  f rom Tb ~+ 
to Eu 3+ in other  host lattices. 

Conclusion 
It has been shown that  Tb ~+ emission can be pho-  

tosensitized by nonradia t ive  energy t ransfer  from Eu 2 + 
in CaF2. It  is fu r the r  suggested that  the appearance of 
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a 310 nm band in the Tit  ~+ excitation spectrum for 
CaF2: Eu 2 +, Tb  3 + indicates that energy can be absorbed 
by a (Eu3+,Tb3+-O2-2) 2+ complex with the energy 
eventual ly  becoming localized at the Tb 3+ ion with re-  
sul tant  Tb 3+ fluorescence. Such a model is supported 
by observations and is not inconsistent with earl ier  
work where Tb 3+ to Eu 3+ energy t ransfer  was re-  
ported. 
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Photoluminescence of ZnS:TbF3 Thin Films 
Y. S. Chen, J. C. Burgiel, and D. Kahng 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Photoluminescence from ZnS:TbF3 evaporated films of approximately l# 
thick has been studied at room tempera ture  as a function of the fluoride con- 
centration. The excitation or pumping wavelength varies from 4880 to 2600A, 
while the Tb 8+ (~D4 -* 7F5) emission transi t ion at 5425A is monitored at the 
output. For pumping photon energies below the ZnS forbidden gap, the ex- 
citation spectra resemble that  of the pure TbF3 film or single crystal. For 
this case, the conversion efficiency with 4880A (TF~ ~ ~D4) pumping  in sam- 
ples that  contain 0.86% TbF3 is close to 100% as compared to 0.8% for pure  
TbF3. With pumping  energies above the ZnS gap, photoluminescence pre-  
sumably due to energy transfer  from electron-hole pairs has also been ob- 
served; however, such a process yields conversion efficiency general ly in the 
10-5-10 -6 range. These results support the model that electroluminescence 
in devices using similar films arises from direct excitation of Tb 3+ levels by 
hot electrons as proposed by one of the authors. 

The subject of photoluminescence (PL) in solids has 
been widely studied for the purpose of unders tanding  
impur i ty  levels, energy t ransfer  mechanisms, the effect 
of crystal  field on transitions,  as well as e lectrolumin-  
escent (EL) device mechanisms. In  recent  years, rare  
earth ions have been introduced into a number  of host 
lattices (1), since it is possible to obtain emission lines 
corresponding to the orbital  t ransi t ions of these ions. 
More recently, Anderson (2, 3) and also Razi and 
Anderson (4) reported EL and PL results of t r iva lent  
rare earth Tb 3+ ion in ZnS single crystals. They have 
shown that the energy t ransfer  mechanism is similar 
to that of the Z n S : M n  system (5), namely,  resonant  
energy t ransfer  resul t ing from electron-hole pair  re-  
combinations. 

In  this paper, we report the room tempera ture  PL 
results of a new mater ia l  system in which the rare 
earth fluoride molecules are incorporated wi thin  a host 
lattice. The part icular  system studied in this work is 
ZnS:TbF3 thin films. Such films have been used in 
EL devices reported by one of us elsewhere (6). Our 
main  purpose is to s tudy the energy t ransfer  mech-  
anisms together with the efficiencies of such processes. 
We have also studied the emission and excitation spec- 

tra as a function of the fluoride concentration.  A brief 
discussion is given at the end of this paper to relate 
the PL results to the proposed model for EL given in 
ref. (6). 

Experimental 
The system used for measur ing the photolumin-  

escence is given in Fig. 1. The excitation source con- 
sists of a 900W d-c Xe arc lamp, a 90-cycle chopper, 
and a Bausch & Lomb high intensi ty  grat ing mono-  
chromator with interchangeable  u.v. and visible grat-  
ings. The resolution used for excitation is 100A. 

The critical part  of the system is the parabolic re-  
flector in the sample chamber.  The excitation beam 
travels through the window at the center of the re -  
flector and is focused on the sample, which at the 
same time is positioned at the focal point  of the re-  
flector such that  the PL signal generated can be effi- 
c ient ly collected. A Spex 3/4 meter  spectrometer is 
used to analyze the PL spectra (resolution used is 
10A). Filters of appropriate characteristics were placed 
at the exit slits of the two monochromators to minimize 
the presence of scattered light from the excitation 
source. 
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MULTIPLIER EMISSION FILTERS 

SPEX SPECTROMETER 

i xe ARC 
LAMP 

SAMPLE ~,NO HOLDER 
PARABOLIC REFLECTOR 

Fig. 1. Experimental setup for photoluminescence measurement 

Sample preparation.--To determine quant i ta t ive ly  
the conversion efficiency (defined as power emitted 
over power absorbed) of the PL signal generated in 
a thin luminescent  film, it is necessary to know the 
excitation spectrum characteristic to the mater ia l  and 
to know how much of the excitat ion power can be 
coupled to the film in the presence of interference 
phenomena.  The problem of interference can be 
avoided by matching the indices of refraction of the 
film and the substrate which should be very thick and 
have slightly nonparal le l  surfaces. Such a sample 
geometry is depicted in Fig. 2. The a luminum mirror  
on the back of the substrate is provided to maximize 
the coupling between excitation and emission and to 
make sure that  the reflected portion of the excitation 
beam can escape through the window in the parabolic 
reflector wi thout  suffering scattering onto the wall  of 
the reflector. 

We have prepared thin film samples of TbF3 In 
1.57 in the visible (7)] on quartz [n ~ 1.5 in the visi- 
ble (8)] substrates and also th in  film samples of ZnS 
In = 2.3 at 5000A (9)] with various TbF3 concentra-  
tion on KTaO3 [n = 2.3 at 5000A (10)] substrates. The 
samples were all prepared by evaporat ion or co-evap- 
oration near  1000~ from separate sources onto a cold 
substrate. The optical properties of the th in  TbF3 film 
were found to be very  close to that  of the bulk  TbF3 
single crystal. The concentrat ion of TbF3 in ZnS was 
determined by x - ray  fluorescence and chemical ana l -  
ysis on the Tb  content. The film thicknesses were de- 
te rmined optically (9). 

PL efficiency and absolute power measurement.--To 
measure the absolute excitation and PL power, the 
following exper imental  steps were taken:  

i. The power of the excitation beam, Pex, was directly 
measured by a calibrated thermopile placed at B (see 
Fig. 1). 

iL The same excitat ion beam after a known  amount  
of at tenuation,  X1, was measured by a photomult ipl ier  
(EMI No. 9558Q with S-20 response) placed at A in 

ALUMINUM 
Fig. 2. Sample geometry used in photoluminescence measurement 

Fig. 1. The signal s trength is S(~,ex, A~ex), where  ~ex is 
the wavelength  of the excitation beam and Akex is the 
bandwidth.  

iii. The PL signal is measured by the same PM with 
a sample placed at B. The signal s t rength is S (~o, A?~o), 
where ko is the emission wavelength  and ~ o  is the 
bandwidth formed by appropriate filters. These filters 
a t tenuate  the signal by X2. We have chosen Ako to em- 
body the strongest l ine of the Tb 3+ emission, namely  
the 5D4 -~ 7F5 t ransi t ion near  5450A. Fur thermore,  since 
we are dealing the inner  orbi ta l  t ransi t ion of the rare 
earth ion, the emission spectra remain  essentially fixed 
with respect to the var iat ion of excitation wavelength 
and the total power content  of emission is therefore 
proportional to the power content  wi thin  Ako. 

iv. The proport ionali ty contant, C, was determined 
by (a) taking the emission spectrum, (b) correcting 
the spectrum with the spectral response of the PM, 
(c) integrat ing out the areas of the entire spectrum 
and that  wi thin  aXo and, finally (d) the ratio of the 
two areas is then the constant  C. 

v. The total power content  of emission is then 

S(Lo, A~.o) �9 X1 
PPL-~-- " P e x ' C "  e 

S(~ex, A~ex) " X2 

where ~ is the relative PM response at }~x and Xo (with 
• AXo < <  ~ex, ~o). The accuracy of the absolute 
power measurement  was held to wi th in  • 10%. 

To determine the conversion efficiency of PL it is 
necessary to know the amount  of power absorbed in 
the film. Such information is available from the ab-  
sorption spectrum of TbF~ single crystal, the ZnS re- 
flection and transmission data above the energy gap, 
and the concentrat ion of TbF3 in ZnS. 

In  the weakly absorbing films such as TbF3 pumped 
between 2500 and 4900A and ZnS pumped well below 
the ZnS gap (~ > 3600A), the relat ive amount  of power 
absorbed can be expressed as (the sample geometry 
is given in Fig. 2) 

- : ~ �9 2 d  [ 1 ]  
I 

i f  

and 
a d < <  1 

1 
~d < <  - -  -- 1 

R 

where I is the intensi ty  of the incident  light, AI is the 
loss of incident light due to the absorption, ~ is the ab- 
sorption coefficient of the film, d is its thickness and 
R is the a i r -sample  interface reflectivity and is equal  to 
([1 - - n ] / [ 1  § n ] )  2 with n being the refractive index 
of the film (and the substrate) .  The substrate  is as- 
sumed to be nonabsorbing in Eq. [1]. In Eq. [1], we 
have ignored the loss of the incident  light due to the 
finite scattering in the film; this step is justified as long 
as the scattering process does not contr ibute to the 
emission process. 

Results 
Three samples were investigated in this work: a 

TbF3 film of 0.825~ in thickness, and ZnS:TbF3 (3.3% 
and 0.86%) films of 1.17 and 1.66~ in thickness, respec- 
tively. The PL spectrum of a TbF3 single crystal and 
those of the film samples under  2840A pumping  are 
given in Fig. 3. Notice that  the fine structures appear 
in the spectrum of the TbF3 crystal only. Unders tand-  
ably, excess strain and lack of symmetry  in the film 
would cause the l ine broadening. To compare the re-  
sults of PL in these film samples the ~D4 --> 7F5 (5300- 
5600A) t ransi t ion was monitored, while  the excitation 
wavelength was varied from 2600 to 4880A. This range 
of wavelength  spans across the band edge of ZnS (,~ 
3200A). No emission was observed under  the excita- 
t ion of 4700-3800A; this means that the  energy loss of 
the excitation beam due to the inevi table  finite scat- 
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Fig. 3. Photoluminescence spectra at gT pumped with 2840]~ 
light. (a) TbF3 single crystal, (b) TbF3 film 0.825# thick (No. 321), 
(r ZnS:TbFa (3.3%) film 1.17~ thick (No. 325), and (d) ZnS:TbF~ 
(0.86%) film 1.66~ thick (No. 328). 

TbF 3 
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Fig. 4. Room temperature photoluminescence spectra near 5500A 
of TbF3, ZnS:TbF3 (3.3%), and ZnS:TbF3 (0.86%) films pumped 
at 4880,~. 

ter ing in the film is not coupled to any energy t ransfer  
mechanism leading to the excitat ion (and the emission) 
of the Tb 3+ ions. Thus the scattering loss, if any, can 
be t reated the same as the reflection loss and can be 
ignored in the efficiency calculation of the energy trans-  
fer  mechanisms. The results are given in Table I (col- 
umns I to I I I ) .  

The 4880A pumping was chosen in order to detect  
the direct exci tat ion of Tb 3+ in ZnS:TbF3 as it is pos- 
sible to have  the combinat ion of VF6 --> 5D4 ( ~  4880A) 
up and 5D~ --> VF5 down transitions. It is important  to 
notice that  the host ZnS at this wave length  is non- 
absorbing. The PL  spectra of the  film samples near  
5500A with  4880A pumping are given in Fig. 4. Notice 
there  is some difference be tween that  of TbF3 and 
those of ZnS:TbF3; this difference could be due to the 
effect of host crystal  field on the incorporated molecu-  
lar centers. 

The  absorption band of the VF6 ~ ~D4 transi t ion in 
TbF3 single crystal  has a bandwidth  of 100A and the 
absorption coefficient at the peak was measured to be 
10 cm - I .  F rom Eq. [1] we have found the conversion 
efficiency for TbFa wi th  4880A pumping is 0.8%. Under  
the assumption that  the absorption by TbF3 centers  is 
proport ional  to the concentrat ion and is independent  
of the medium in which  they  are si tuated (11), it was 
fur ther  found that  the conversion efficiencies wi th  
4880A pumping  are  12 and 32% for the  3.3 and 0.86% 

doped samples, respectively.  These observed data 
c lear ly  indicate the existence of a strong concentrat ion 
quenching of the Tb 3 + 5D~ --> 7F emission. 

Notice that  the power  conversion efficiency of PL 
by direct exci tat ion is near  uni ty  at a concentrat ion 
level  [.~ 1 m / o  (mole per cent ) ]  much higher  than the 
repor ted  solid solubil i ty of bare Tb ~+ in ZnS (,.~0.01 
m / o )  (2, 12). 

The conversion efficiencies for pumping above the 
ZnS gap are typical ly 10-5-10 -6, as shown in column V 
of Table I. This is because the absorption coefficient 
is typical ly of the order  of 105 cm -1 in ZnS. In other  
words, most  of the pumping energy is consumed to 
create  e lect ron-hole  pairs. It is of interest  to see if 
there  exists, whi le  pumping above the ZnS gap, a 
mechanism to t ransfer  energy from the e lec t ron-hole  
pair  recombinat ion to the exci tat ion of TbF~ centers in 
addit ion to the direct  exci tat ion intrinsic to these cen-  
ters. Such a mechanism can be refer red  to as la t t ice-  
coupled excitation. To invest igate  this, it is necessary 
to know the penetra t ion depth 5 (----l/a) of incident 
light into the ZnS film and the measured values are 
given in column IV of Table I. The value  of 5 deter -  
mines the volume in which the energy t ransfer  due to 
the direct exci tat ion takes place. The rat io ~ of PL 
due to latt ice coupled exci tat ion over  that  f rom direct 
excitat ion can be defined as 

Table I. Efficiency calculation of energy transfer mechanisms 

i ii 
Excitation Xe 
wavelength, source ,  

A raW 

III IV V 
PL (nw) 

TbF5. ZnS, ZnS, ~, ZnS, Efficiency 
No.  321 No.  325 No.  328 ~t No.  321 No.  325 No.  328 No.  325 

VI 

No. 328 

4880 1.84 6.4 
3740 0.95 19.2 
3520 1.06 21 ,8  
3310 1.06 7.5 
3180 1.06 8.0 
3030 1.03 7.7 
2840 0.796 12.6 
2600 0.354 9.3 

F i lm t h i c k n e s s  d,  /L 0.825 
T b F s  concentra t ion ,  m / o  100 

4.3 4.3 2 d  0 .008 0.12 
4.3 5.8 0.85 5.7 x 10 -G 
5.0 6.0 0 .167 5.4 • 10-" 
7.8 7.4 0 .096 8.7 • 10-6 

10.0 8.7 0.087 1.2 • 10-5 
13.0 12.0 0.077 1.6 • 10 -5 
16.5 14.0 0 .064 2.6 X 10-5 
12.0 13.5 0 .041 4.1 x 10-~ 

1.17 1.66 
3.3 0.86 

0.32 
7.5 • 10 -0 
7.1 • 10- e 
9.2 • 10 -~ 

10-G 
1.5 • 10 -~ 
2.2 • 10 -5 
4.7 • 10 -~ 

O' 
~0 

4.0 
38  
50 
77 
72 

110 

0 
~ 0  

5.0 
35 
45 
72 
63 

130 



Vol. 117, No. 6 P H O T O L U M I N E S C E N C E  O F  Z n S : T b F 3  F I L M S  797 

~__ [ P L z n s ( ~ ) 2 d  ] / [ PLrbF3(~) ] 1 

PLzns (ko) b PLTbF.~ (~.~) 
[2] 

where PLzns(~.) and PLTbFJ(~-) are the PL intensit ies 
pumped above ZnS energy gap, 7.~ = 4880A, and d is 
the thickness of ZnS:TbF3 film. The results are given 
in column VI of Table I. Indeed there exists some 
noticeable lattice coupled excitat ion al though only 
10 -5 of the excitation energy is converted into PL. 
Fur thermore,  the sudden increase of [q near  3300A is 
fur ther  evidence that  lattice coupled excitation takes 
place. The absolute magni tude  of [q was found to vary  
slightly from sample to sample because of variat ions 
in the competing nonradia t ive  processes. 

Discussion 
Our results can be summarized as follows: 
I. The molecular  center, TbF~, in ZnS can be pumped 

directly and efficiently at levels below the energy gap 
of ZnS. This is t rue presumably  for any host lattice 
and any rare earth fluoride dopant. The conversion 
efficiency, which is enhanced greatly in a dilute sys- 
tem, can be close to 100%. 

2. The same centers can be excited via energy t rans-  
fer from electron-hole recombinat ion if pumped at en-  
ergies above the forbidden gap of the host lattice. The 
efficiency for this process (lattice coupled excitation) 
is very poor and is in the range of 10-5-10 -6 . 

There is very little data in the l i terature concerning 
PL in thin films to compare with our results. Efficiency 
of resonant  t ransfer  in ZnS:Ag  powder sample has 
been reported as high as 21% (13) and rare-ear th  ions 
in a tungstate  system gives efficiency near  1% (1). 

When the ZnS: TbF3 film is used in the e lectrolumin-  
escence device as described in ref. (6), the external  
power efficiency is about 10-4 (corresponding to an 
in ternal  efficiency of ~ 10 -3 due largely to total  in-  
ternal  reflection). The ionization coefficients for pair 
production in insulat ing ZnS single crystals and films, 
using convent ional  methods (14), were found by us 
to be 5x102 cm -1 at 105 V/cm and less than 104 cm -1 
at 106 V/cm. Therefore, the efficiency for pair  produc- 
tion from the injected carriers in the EL device is at 
best 5x10 -2 for a 1000A ZnS:TbF~ film. The over-al l  
power efficiency of EL emission, if lattice coupled ex- 
citation is the dominant  mode, would be at best in the 
range of 10-s-10 -~, which is clearly too small  com- 
pared to the observed value. On the other hand, if the 
Tb s+ ions in ZnS:TbF3 are impact excited directly, 
one would merely  require an impact excitation coeffi- 
cient of 200 cm -1 at 106 V/cm for these centers to 
achieve the observed efficiency in the EL devices. Thus 
we believe, from our PL results, direct impact excita- 
tion of the Tb 3+ ions in ZnS:TbF3 films is indeed the 
most l ikely mechanism for observed electrolumines-  
cence as proposed by one of the authors (6). 
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Some Aspects of Optical Measurement of Luminescence 
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ABSTRACT 

Five aspects, all of which lead toward simplification of measurement ,  are 
discussed. It is shown that: (I) Slit  width and resolution have no effect on 
the proper  measurement  of a l ine-p lus-cont inuum spectrum; i.e., the  proper  
energy ratios are obtained independent  of resolution as long as poin t -by-poin t  
analysis is used. (II) Calculated chromatic i ty  of l ine-p lus-cont inuum spectra 
such as those of fluorescent lamps is constant to 1/2% for slit width  (line width at 
ha l f -max imum)  as great  as 15 nm. Simpler  analysis of lines as t r iangular  
area is as accurate and precise. (III) Differences in calculated characterist ics 
of l ine-emit t ing  phosphors are negligible at slit widths up to at least 8 rim. 
(IV) Spect rum broadening by nonzero slit width amounts, for example,  to 
1-2% for a s l i t -w id th /band-wid th  ratio of 0.2. (V) A rough method of fluo- 
rescent lamp analysis by unequal  slits and 10 nm intervals  results in chro- 
mat ic i ty  accurate to 1% or better.  

Accurate  optical measurement  of the spectral  energy 
distr ibution (SED) of lamps or phosphors is at best 
difficult, par t icular ly  when line emission, or line emis- 
sions plus continuum, are present. F ive  aspects of such 
measurement  are discussed, with the objectives of 
simplification without  loss of necessary accuracy and 
of clar ifying the advantages  and val idi ty  of certain 
simplifying procedures. 

Dispersing instruments  used for analyzing the spec- 
tral  energy distr ibution of a light source, as a function 
of wavelength,  general ly  allow variat ion of resolution, 
usually by adjus tment  of the width of one or more 
slits at focal planes in the instrument.  In this paper, 
resolution is specified as the width in nanometers,  at 
half-height ,  of the apparent  SED of actual line emis-  
sion of zero width. For  example,  the 436 nm emission 
line from a mercury  vapor  discharge serves reasonably 
well  as a source by which to measure  the resolution, 
thus defined, of a dispersing instrument.  Many re-  
search problems in luminescence requi re  the best reso- 
lution at tainable;  that  is the narrowest  possible ap- 
parent  SED of actual line emission. The reader  is 
reminded that  there  are, however ,  numerous and im-  
portant  problems in luminescence for which excel lent  
resolution is not only not required,  but of no actual 
advantage, and thus in fact wasteful  of t ime and effort 
in analysis. Examples  are chromatici ty,  lumen output, 
and color render ing index of lamps, and chromaticity,  
quan tum efficiency, mean  wavelength ,  and luminosi ty 
of the emission of phosphors. The determinat ion of 
most of these characterist ics requires  only moderate  
resolution simply because the t r is t imulus or color 
matching functions of human vision are involved mul -  
t iplicatively, and these functions are compara t ive ly  
structureless. Analysis of the SEDs of lamps or phos- 
phor emission is s impler  the broader  the resolution of 
the dispersing ins t rument  used; that  is, the necessary 
sampling in terva l  in po in t -by-poin t  analysis becomes 
larger  the broader  the resolution, and fewer  points 
suffice to analyze a given spectrum. One of the central  
considerations of this paper  is the influence of this 
breadth  on accuracy of analysis. 

Effect of Slit Width or Resolution on Proper 
Measurement of a Line-Plus-Continuum Spectrum 
It has been suggested by some that  whe the r  or not 

one obtains the proper  relat ionship between the energy 
contents, for example,  of a nar row line and of a con- 
t inuum present  in the same spectrum, depends on the 
slit width and resolut ion of the ins t rument  used. The 
purpose of this section is to show that  there  is no 
basis for this proposal, and that  in fact there is no 
range nor combination of slit widths (resolution) 

which in itself causes error. 1 We assume throughout  
that  poin t -by-poin t  analysis of exper imenta l  spectra 
is performed, in the manner  now used by NBS (1), 
and that  the at tempt  is not made  as in past years 
(2, 3) to use some sort of relat ionship be tween  peak 
heights and pass-bands. 

Slit widths much smaller than the width of any com- 
poTlent of the spectrum.--In this case, the spectrum of 
the source will  be laid down in the exit  plane wi th  its 
correct  spectral  energy distribution. Scanning by an 
exit  slit of the same width  as the entrance slit, or 
larger or smaller,  wil l  yield the correct spectral  energy 
distr ibution as long as the width  of ei ther slit is very  
small  compared to the s t ructure  of the spectrum, as 
assumed. Hence the integrated energy in any com- 
ponent  of the spectrum wil l  bear  the proper  re la t ion-  
ship to the integrated energy in any other  component.  

Slit widths much larger than the width of somc 
component(s) of the spectrum.--Assume an actual 
spectral  distribution, as shown in Fig. 1A, consisting 
of a broad cont inuum and a superposed very  sharp 

1 O f  c o u r s e ,  o n e  m u s t  r e t a i n  s u f f i c i e n t  r e s o l u t i o n  n o t  to  ~ n t r o d u c e  
s i g n i f i c a n t  e r r o r s  d u e  t o  w a v e l e n g t h - d e p e n d e n t  c o r r e c t i o n  f a c t o r s ,  
b u t  t h i s  is  a s e p a r a t e  c o n s i d e r a t i o n ,  a n d  s u c h  c o r r e c t i o n  c u r v e s  a r e  
a l so  c o m p a r a t i v e l y  s t r u c t u r e l e s s � 9  

I J A 

B / \ 

D 
Fig. 1. Diagrams of spectra distribution 

798 



Vol. 117, No. 6 O P T I C A L  M E A S U R E M E N T  O F  L U M I N E S C E N C E  

line of a rb i t ra ry  height ( intensi ty)  ; the abscissa in  Fig. 
1A can be considered to be l inear  in wavelength,  but  
in the following figures the abscissa will  represent only 
the direction along which dispersion takes place, and 
the ordinates will represent  proport ional  intensi ty  in 
some units.  

Figure 1B represents the way the spectrum of Fig. 
1A is laid down in the exit p lane  by a dispersing in-  
s t rument  with entrance slit equal  to one division. The 
entrance slit, however wide, is assumed to be filled 
with diffuse radiation, or at least that  it and the en-  
t rance aper ture  are filled; any other a r rangement  will  
introduce source geometry as a factor, although it will  
be shown later that  this is also un impor tan t  to the 
question at hand. Note that  the abscissa of Fig. 1B is 
no longer simply in wavelength uni ts  since the one- 
divis ion-wide pedestal atop the cont inuum now repre-  
sents essentially a single wavelength.  Figure 1B indi-  
cates that  the spectrum consists of 12 units  in the con- 
t i nuum and 4 uni ts  in the line, and the question is, 
"Does this ratio apparent ly  change with slit width?" 
Figure 1C represents  the apparent  spectral dis t r ibut ion 
as the spectrum 1B is scanned by an exit slit equal  to 
one division. The "gain" convention used throughout  
this section is that  when the exit slit is filled by and 
only by the con t inuum the output signal is equal to 
the actual intensi ty  of the cont inuum. The con t inuum-  
line ratio remains  3 for this condition of equal slits. 
Figure  1D represents the apparent  spectral dis tr ibu-  
t ion as the spectrum 1B is scanned by an exit slit 
equal to two divisions. The con t inuum- l ine  ratio re- 
mains 3 for this condition of unequal  slits. 

The inference is that  a slit width much wider than 
the width of the l ine emission in a l ine -con t inuum 
spectrum nonetheless yields the correct proportion of 
integrated energies in the line and cont inuum; again 
it is clear that  entrance and exit slit widths need not 
be equal. 

Slit widths comparable to the width oS some com- 
ponent(s) of the spectrum.--It  could be assumed that 
if no t rouble arises in the cases given in the two 
previous sections that  all should be well  in the case 
of comparable widths also, and this is shown by the 
following. Let Fig. 2E represent  an actual spectral 
energy dis tr ibut ion consisting of a cont inuum (20 
units)  and a "line" (4 units)  which is two uni ts  wide 
at its base. If the entrance slit is two divisions wide, 
Fig. 2F represents the way the actual spectrum of Fig. 
2E wil l  be laid down in the exit plane; the 20/4 area 
ratio of course still holds. Figure  2G represents the 
apparent  spectral distr ibution as the spectrum 2F is 
scanned by an exit slit equal to two divisions. The 
shaded areas were plotted on a larger scale and were 
found equal to one par t  in 300. This is taken as proof 
that  slit widths comparable to l ine widths can still, in 
themselves, cause no error in po in t -by-po in t  analysis 
of areas under  the different components. One addi-  
t ional case was considered: that  where slit width is 
several times l ine width. Again, Fig. 3H represents 
the actual distribution, Fig. 3J the distr ibution in the 

v 
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Fig. 2. Diagrams of spectral distribution 
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Fig. 3. Diagrams of spectral distribution 

exit plane by a four-divis ion ent rance  slit, and Fig. 
3K the result  of scanning 3J with a four-division exit 
slit. The area ratios are the same in H, J, and K. No 
problem exists wi thin  the scope of this discussion in 
obtaining the proper in tensi ty  relationship between 
"line" emission and a cont inuum in the same spectrum. 
It is suggested that the reader  convince himself  by 
drawing and integrat ing areas in the manne r  of Fig. 
1-3. Since it has been shown that  entrance and exit 
slit widths need not be equal, and it is apparent  that 
failure to fill the entrance aperture will not affect the 
layout -of  the spectrum in the exit plane, it follows 
that  it is i r re levant  how the source radiat ion is in t ro-  
duced into the ins t rument .  

An exper imental  verification was done by analysis 
of a 365 nm mercury  l ine superposed on the cont inuum 
due to calcium tungstate  phosphor; the same ratio of 
energies in the l ine and con t inuum was obtained, 
wi thin  exper imental  error, over an 8X range of slit 
width (1.5-12 n m  width at ha l f -max imum of the ap- 
parent  SED of the 365 nm Hg l ine) .  

Fluorescent tamp Chromaticity vs. Slit Width and 
Method of Analysis of SED 

A method for de termining  chromaticity of fluores- 
cent lamps, which is both as simple and as accurate 
as possible, is of course needed wherever  lamp color 
is r igidly specified. The usual  colorimeter has a long 
history of difficult, if not excruciating, problems 
main ly  because its good precision is l imited to light 
sources which are very  similar indeed in SED to the 
carefully calibrated s tandard lamp which must  ordi- 
nar i ly  be used. Therefore, NBS in  September 1965 (1) 
changed "from a visual  to a spectroradiometric basis 
for calibrating fluorescent lamp chromaticity coordi- 
nates." That  is, lamp chromatici ty would henceforth 
be determined from the SED of the lamp. The NBS 
method is a po in t -by-po in t  (wave leng th -by-wave-  
length) comparison of fluorescent lamp output  to that  
of a s tandard incandescent  lamp. The NBS paper (1) 
by Hammond quotes the following errors: 

Repeatabil i ty of x and y by new method2.S: 0.002 
Agreement  with old method: 0.003 
Range of values by three laboratories3: 0.004 

On this basis, "the NBS therefore has decided that  
the accuracy of the spectroradiometric measurements  
is now sufficient to permit  the calibration of fluores- 
cent - lamp chromaticity standards from such measure-  
ments"  (1). 

A brief  comparison of exper imental  procedure fol- 
lows. NBS: Wave leng th-by-wave leng th  comparison of 
outputs of u n k n o w n  fluorescent and s tandard incan-  

~-NBS, GE,  and  D u r o t e s t  are the  t h ree  l a b o r a t o r i e s  q u o t e d  as 
u s i n g  the  n e w  me thod .  

A m o r e  r e c e n t  N B S  f luorescen t  l a m p  r o u n d  r o b i n  (ana lys i s  com- 
p l e t e d  in  S e p t e m b e r  1969) s h o w e d  an a v e r a g e  d e v i a t i o n  in  x and  y 
a m o n g  f ive  l a b o r a t o r i e s  of 9.0025, 
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Fig. 4. Portion of SED of 40W 3500K white lamp 

descent lamps. Here:  Run raw SED, correct, and cal-  
culate by computer  f rom stored data f rom standard 
incandescent  lamp. Measurement  t ime: NBS: About  
40 min. Here:  About  40 sec. Both: Accept  l ight from 
a short section of the fluorescent lamp. Here:  Also can 
use an integrat ing enclosure containing both fluores- 
cent lamp and incandescent  s tandard (only one of 
which is operat ing at one t ime)  and f rom which the 
monochromator  samples the in tegrated emission. Both: 
Entrance and exit  slits equal; passband equal  to about 
6 nm, normally.  Both: use EMI 9558 photomult ipl ier  
and anode amperes  less than 10 -8 . 

Our method of analysis is i l lustrated in Fig. 4, which 
is a port ion of the raw SED of a 40W 3500K White  
lamp, using 3 mm slits, which lead to a line width at 
half  max imum of roughly 9 nm. The object ive was to 
see (a) whe the r  calculated chromat ic i ty  of a par t icular  
lamp var ied  wi th  slit wid th  or (b) whe ther  the l ine 
emission was analyzed as areas of the tr iangles or 
po in t -by-poin t  analysis, at various wave leng th  in ter -  
vals, over  the trace of the line emission. Both methods 
are i l lustrated in Fig. 4. When the mercury  line emis-  
sion was measured  as t r iangular  4 areas (nm t imes 
ver t ical  units) ,  the phosphor emission cont inuum A 
was measured at 10 nm intervals.  When the line emis-  
sion was rneasured po in t -by-po in t  (as, for example,  in 
2 nm intervals  at B) the cont inuum was measured at 
the same or different intervals,  as convenient .  Obvi-  
ously it is much simpler  to measure  the cont inuum 
from end to end at large (here 10 nm) wavelength  
intervals  and then to add the t r iangular  areas at the 
center  wavelengths  of the mercury  lines; it turned out 
that  this is just  as accurate as the po in t -by-poin t  
method. 

The  results are given in Table I. Chromat ic i ty  varies 
by at most 0.002 with (a) var ia t ion in slit width  (reso- 
lution) over  a factor of five, or (b) analysis of mercury  
lines simplified to t r iangular  areas ra ther  than analyzed 
po in t -by-po in t  at sufficiently small intervals,  i.e., the 
two methods pictured in Fig. 4. 

It is concluded that  any convenient  slit width up to 
a resolution (line width  at ha l f -max imum)  of at least 
15 nm may  be used wi thout  degrading chromatic i ty  
results beyond the 0.002 repeatabi l i ty  level  exper ienced 
by NBS (1). The s impler  t r iangle  method of analy-  
sis, which allows measurement  of the cont inuum as 
a whole and at wide wavelength  intervals ,  and avoids 

4 The  r e a d e r  is r e m i n d e d  t h a t  the  a rea  of a skew t r i a n g l e  is  ha l f  
the  h e i g h t  t i m e s  the  p r o j e c t e d  base ;  see s k e t c h  in  Fig.  4. 

Table I. Calculated chromaticity x, y in 1931 CIE color space, 
of a single 3500K white 40W fluorescent lamp, as a 

function of method of analysis of lamp SED 

E q u i v -  
a l e n t  

S l i t  r e s o -  
w i d t h , *  l u t i o n ,  

m m  n m  x Y M e t h o d  of ana ly s i s  

1. 1-1 3-3 0.4079 0.3954 P o i n t  by p o i n t  (1 nm**)  
2. 3-3 9-9 0.4090 0.3953 P o i n t  by  p o i n t  (2 nm**)  
3. 5-5 15-16 0 4104 0.3956 P o i n t  by  p o i n t  (4 nm**)  
4. 1-1 3-3 0.4083 0.3973 T r i a n g l e s  
5. 3-3 9-9 0.4092 0.3954 T r i a n g l e s  
6. 5-5 15-15 0.4081 0.3953 T r i a n g l e s  
7. 2.5-6 7.5-18 0.4054 0.3953 P o i n t  by  po in t ,  a l l  l0  n m  

* E n t r a n c e  sli t ,  t h e n  e x i t  slit .  G r a t i n g  m o n o c h r o m a t o r .  
** I n t e r v a l  u sed  to  ana lyze  m e r c u r y  l ines.  

point -by-poin t  analysis of mercury  lines, is as accu- 
ra te  and as precise as the latter.  This conclusion applies, 
of course, to SEDs other  than those of fluorescent 
lamps. On the other  hand, where  great  accuracy is 
called for, as in the case of fluorescent lamp standards, 
these approximate  methods must  be used with  caution 
since the present ly  achieved precision of 0.002 in chro-  
matici ty  must  be improved.  

In tegrated Opt ica l  Character ist ics of Line Emitters 
Because of their  interest  in transit ions among many  

discrete, closely spaced energy levels, some researchers  
like to measure  their  emission spectra at resolutions at 
least as high as 0.1-0.3 rim. On the other  hand, because 
such spectra, when they consist of several  or many  
lines, become prohibi t ively  difficult to analyze accu- 
ra te ly  point -by-point ,  some workers  purposely reduce 
resolution; this makes analysis simpler, al though it is 
still  arduous to analyze, for example,  a many- l ine -  
emit t ing phosphor like y t t r ium ox ide :Eu  3+. 

At the higher  resolutions used, even though the 
spectra are nominal ly  corrected by some device, one 
has to be content  with ra ther  approximate  re la t ive  line 
heights and (if two or more lines are unresolved)  ve ry  
l i t t le idea of the total  energy in a composite group. By 
reducing resolution and using poin t -by-poin t  analysis 
to obtain a ra ther  precisely corrected spectral  energy 
distr ibution (from which total  energy, total  photons, 
total lumens, quan tum efficiency, chromatici ty,  mean 
wavelength,  luminosity,  etc. can be calculated) ,  we 
at tain a precision which is of the order  of one MPCD 
(min imum percept ible  color difference) in chromat ic-  
ity, for example.  

The question is: How much accuracy is forfei ted by 
reducing resolution to this extent? That  is, wil l  the 
broadened SEDs give appreciably different, and er-  
roneous, values of chromatici ty,  lumen output  in 
blends, and the like? The SED of y t t r ium ox ide :Eu  3+ 
(YOE) was simplified to three lines as indicated in 
Fig. 5. Then  this SED was al tered by broadening the 
lines to Gaussian energy  distributions 8 nm wide at 
half-height .  Total  energy under  the SEDs remained 
constant, a l though this is not indicated in Fig. 5. 
Chromatici ty,  mean wavelength,  and luminosi ty fac- 
tor were  computed for the SEDs. They were  then 
combined by computer  in blends with  other  phosphors 
and lumen output  and color render ing  index computed. 

Table II lists chromatic i ty  x, y, mean wave leng th  
in nm, luminosi ty factor ~l, total lumen output  of the 
blend including discharge in a 40W LPMV fluorescent 
lamp, color render ing index, and correlated color tem-  
pera ture  of the blend SEDs. These tabulated quanti t ies 
differ, for the most part, by two parts per thousand 
or less. In the case of chromatici ty,  the difference 
amounts  to less than one min imum perceptible color 
difference. 

It  is concluded that  the differences in calculated 
characterist ics of SEDs of a single l ine-emi t t ing  phos- 
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Fig. 5. Simplified SED of yttrium oxide:Eu 3+ 

phor, or of a complete  lamp containing that  phosphor 
in a blend, are completely  negligible if resolution in 
terms of ha l f -wid th  in nanometers  falls in the range 
0-8 nm. 

SED Broadening by Finite Slit Width  
The t rue  "na tura l "  wid th  of l ine or band emission is 

always apparent ly  somewhat  broadened by the use of 
nonzero slit width. It is sometimes useful to know the 
magni tude  of this apparent  broadening given the reso-  
lution of the dispersing instrument,  ei ther to know 
whe the r  the apparent  broadening is appreciable,  or to 
be able to correct  for it and thus obtain the t rue  width 
of the emission. 

Given a Gaussian distr ibution as the model SED, cal-  
culations were  made of the  apparent  broadening by 
entrance and exit  slits of various widths, both equal  
and unequal.  The procedure  was the same as that  used 
in the section on Effect of Slit Width;  the Gaussian 
distr ibution was scanned by a slit (pass-band) of a 
given width in units of the abscissa, the resul t ing "sig- 
nal" was plot ted and that  distr ibution scanned again 
by a slit of the same or different width  (pass-band).  The 
width  at h a l f - m a x i m u m  of the final distr ibution was 
then compared  to that  of the original  distribution. The 
results for equal  slits are plotted in Fig. 6 as fract ional  
apparent  increase in band width vs. the ratio of slit 
width  (i.e., equivalent  resolut ion in wavelength  units) 
to t rue  band width. A range of ratios from about 0.02 
to about 2.0 was covered. For  example,  the cross in Fig. 
6 might  represent  a slit width of 8 nm (that is, a reso- 
lution equivalent  to a broadening of line emission to 
8 nm width at half  max imum;  this might  result  f rom 
an actual slit width of 2-3 nm in a given monochroma-  
tor) analyzing an SED like that  of zinc s i l icate:Mn of 
40 nm width  at h a l f - m a x i m u m  true band width. Thus 
the ratio wil l  be 0.2, and we can expect  a broadening of 
less than 2%. At very  high ratios (broad slits, nar row 
emission) the broadening will  be equal  to the slit 
width, both in units of the t rue  emission width;  hence 
the asymptote  of slope unity. Exper imenta l ly ,  at least 
for the monochromators  5 used in the present  work, 

6 500 r a m ,  c o n c a v e  m i r r o r ,  r e f l ec t i on  g r a t i n g .  

Table II. Characteristics of the phosphor SEDs alone and in blends 
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Fig. 6. Results for equal slits plotted as fractional apparent in- 
crease in band width vs. ratio of slit width to true band width. 

observed broadening due to slit width  is always less 
than predicted, presumably because other  factors 
sl ightly broaden the apparent  SED and prevent  deter-  
minat ion of the exact  " t rue"  width  even at ve ry  small  
slit widths. Unequal  slits cause broadening re la t ive ly  
10-20% greater  than that  due to equal  slits of the 
average value, but  much less than that  due to equal  
slits of the grea ter  value. 

Rough Method of Analysis of Fluorescent Lamps 
The line emission of fluorescent lamps is a l i t t le work  

to analyze even if t r iangular  areas are subst i tuted for 
the lines as discussed in the section on Fluorescent  
Lamp Chromatici ty.  Slits can be widened so as to smear 
the SED to the point where  10 nm intervals  are suffi- 
c ient ly  closely spaced to sample adequate ly  the SED. 
It  happens, however ,  that  the more impor tant  visible 
mercury  line emissions fall  near  5 nm mult iples  in 
wavelength.  Hence it seemed l ikely that  a certain 
choice of unequal  slit widths would cause these line 
emissions to appear  as trapezoids wi th  corners fal l ing 

/ 
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,, 

/ 
J 

NM 450 

Fig. 7. SED of white (3500K) Standard fluorescent lamp 
0 0.6591 0.3406 611.4 0.4877 100.1 77.7 4062K 
8 0.6580 0.3417 611,4 0.4881 100,0 77.8 4068K 

0.005 0.002 (1 M P C D )  
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approximately at l0 nm multiples. In  this way, 10 nm 
intervals  would be expected to lead to more accurate 
evaluat ion of fluorescent lamp SEDa than if the neces- 
sarily greater broadening by wider, equal slits were 
resorted to. 

Figure 7 is the SED of the same White (3500K) 
Standard  fluorescent lamp, obtained with unequal  
equivalent  slit widths (resolutions) of about 10 and 
20 nm, corresponding roughly to 3 and 6 mm slits in 
the monochromator  used. Calculated characteristics 
analyzed at 10 nm intervals  are compared in Table  I 
to those of the same lamp measured in the more con- 
vent ional  manner  with equal slit widths and analyzed 
in nar row intervals  or by the use of t r iangular  areas 
as already described. Actually, since the computer  can 
as easily use 10 nm intervals  such as 401, 411,421, etc., 
the mercury  lines could be considered as center ing on 
366, 406, 436, 546, 576 nm and an even more accurate 
trapezoidal trace could be obtained for each line. This 
was not done here. 

Conclusion 
Even this rough approximation to the true fluores- 

cent lamp SED, al lowing simpler analysis than the 

t r iangle method, leads to a difference of about 0.004 in 
x and no detectable difference in y. P resumably  a bit 
more finesse would allow even this simplest method to 
provide the 0.002 accuracy obtained by more difficult 
procedures. 
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The Glazing of Vacuum-Evaporated Gold-Chromium 
Films with a Lead-Containing Glass at 77S~ 

R. H. Buck' 
United Kingdom Atomic Energy Authority, Aldermaston, Berkshire, England 

ABSTRACT 

The glazing of vacuum-evapora ted  gold-chromium duplex films on a lumina  
substrates at 775~ using a lead-containing glass has been investigated. This 
process forms a part  in the construction of a mul t i layer  hybr id  circuit. A de- 
tailed examinat ion of a unique glazing defect using electron beam analytical  
facilities has led to the identification of a fine needlelike deposit associated 
with the defect as single crystals of the compound Pb2CrO~. 

Examinat ion  of the other characteristic features of the defect, a central  
black spot and a porous gold film, has involved a study of the thermal  sta- 
bili ty of gold-chromium duplex films under  nonglazing and glazing conditions. 
From the nonglazing experiments  it is concluded that the chromium content  
of the needlelike deposit results from grain boundary  diffusion of chromium 
through the gold film to be followed by oxidation at the gold/air  interface 
dur ing the heating cycle of the glazing schedule. The resistivity changes ob- 
served to occur in Au-Cr  films at 400~ appear qual i ta t ively consistent with 
ibis  view. The cohesion and adhesion of gold chromium films of various 
thickness ratios were found to be mainta ined or improved after heating at 
775~ for 2 hr. Glazing the as-deposited film gives rise to at tack of the gold 
film by the lead consti tuent of the glass causing the black spot and a porous 
gold film. 

In  order to accommodate the high density circuitry 
required to meet the future  needs of the computer  in-  
dustry it has been found necessary to adopt a mul t i -  
layer s tructure comprising a ceramic substrate base 
with a l te rnat ing  planes of electrical conductors in te r -  
spersed with glass or polymer insulat ing layers (1, 2). 
This approach, involving the use of commercial ly 
available materials  as far as possible, poses novel 
problems in the construction of rel iable arrays. Quite 
often situations are met, that  rarely, if ever, have oc- 
curred in the more t radi t ional  applications of these 
materials,  e.g., the abil i ty to be able to glaze over gold 
conductors with the requirements  of the glaze layer to 
be more s t r ingent  electrically and in geometry than  
has been demanded hitherto. 

Vacuum evaporation of the metal, followed by con- 
vent ional  photoresist and etching techniques, may be 

z P r e s e n t  addres s :  g T h r e e  Acre Road, Newbury ,  Berkshi re ,  En-  
gland. 

used to define the conductor geometry closely. Thus 
the question of the stabil i ty of the evaporated conductor 
arises if it is to be subjected to the temperatures  and 
times involved in the glazing schedule. Contemporary 
applications of vacuum-deposi ted metal  usual ly  l imit 
its use to low temperatures  (general ly below 200~ 
and smooth substrate surfaces, e.g., as metal l izat ion 
for active devices, thin-f i lm circuitry on glass sub- 
strates and in optics. Less is understood and known 
about its use and properties at temperatures  in  the 
range 700~176 and on rougher surfaces. Therefore 
par t  of the invest igat ion described below is to gain 
informat ion on the behavior  of vacuum-deposi ted 
metal  films at high temperatures  and the effect, if any, 
of the glazing process on them. 

Experimental 
In order to examine the effect of glazing, test speci- 

mens were prepared according to the procedure 
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Table I. Analysis of the glass F1169 

O x i d e  P b O  SiOe B..,O~ L i20  ZrO2 AI_~Os C d O  Z n O  TiO2 

w / o  54.7 30.0 4.2 1.5 2.3 1.9 3.5 1.0 1.0 

adopted in construct ing one part  of a mul t i layered 
module. 

Chromium was first evaporated onto a 2 x 1 in. 
a lumina  substrate to give a layer 300-400A in thickness. 
The substrate  mater ial  was A1SiMag 772 from the 
American Lava Corporation and had a 10 ~in. CLA 
surface roughness (Talysurf  measurement ) .  This was 
followed by evaporat ion of a layer  of gold, 5000-6000A 
thick, from a molybdenum boat. A layer  of glass, whose 
compositional analysis is presented in Table I, was 
subsequent ly  screen-pr in ted  over the gold to give a 
pinhole-free,  smooth, clear, layer 50g thick after firing. 
The glass was obtained from C. E. Ramsden Company 
Ltd., of S toke-on-Trent ,  and was designated Fl169. It 
is a high lead silicate glass, not normal ly  used in com- 
mercial glazing operations but  in more specialized ap-  
plications requir ing a low working tempera ture  and 
good flow properties. It was incorporated, as supplied, 
into a commercial screen-pr in t ing  vehicle available 
from Blythe Colours Ltd., also of Stoke-on-Trent ,  to 
form a paste. The glaze-firing schedule involved plac- 
ing the specimen in a muffle furnace at room tempera-  
ture, raising its tempera ture  to about 775~ and, after 
holding at this tempera ture  for 1�89 hr, al lowing the 
furnace to cool to room tempera ture  before wi thdraw-  
ing the specimen. 

On examinat ion of the substrate it was usual ly found 
that crawling back of the glaze had occurred at the 
edges and, on some substrates, circular, nonglazed 
regions appeared on firing. Figure  I shows part  of a 
substrate exhibi t ing this effect. Obviously this layer 
would not meet the demands of an acceptable insulat ing 
layer since the gold conductor layer is left bare. The 
major i ty  of the areas have a black spot in the center  
suggesting that this is associated with the nonwet t ing  
behavior. 

As this part icular  commercial  glass possessed prop-  
erties (3) that were otherwise very desirable for the 
construction of the mul t i layered circuit such as good 
flow properties leading to very smooth surfaces for 
subsequent  conductor deposition, and as an a l ternat ive  
would not be easily available, it was decided to in -  
vestigate the cause of this defect in more detail in an 
effort to unders tand  and perhaps avoid its occurrence. 

Examination of the defect.--The characteristic fea- 
tures of one of the areas i l lustrated in Fig. 1 is shown 
in Fig. 2 in greater detail. Long thin needles of approxi-  
mately  equal length may be seen radia t ing out from the 
black central  spot like the spokes of a wheel. For the 
purpose of clarification these characteristic features 
may be described as the following: (a) the needles; 
(b) the black spot; (c) the gold film. The detailed in-  
vestigation of these features, taken individually,  was 
possible with the aid of electron beam, as well as opti-  
cal, analyt ical  techniques. The interrelat ionship of 

Fig. 2. Microscopical features of the majority of the nonwetted 
areas shown in Fig. 1. ca. 100X. 

these features became clearer as the investigation 
proceeded. 

The needles.--The needles are very regular  in shape. 
Figure 3 shows the needles enlarged. In the example 
of Fig. 2 they are about 0.4 mm long, between 2-6~ 
wide and 1-2~ high. That they  were a precipitate ly ing 
on top of the gold film was proved by scratching them 
with the tip of a l ightly loaded microhardness in -  
denter  and exposing the gold film underneath .  They 
were found in regions wherever  the glaze had crawled 
back, e.g., at the edges of the substrate, and were 
oriented roughly perpendicular  to the edge of the re-  
t reat ing glaze. When viewed in white light in a mi-  
croscope they appeared red in color. In  order to obtain 
more detailed informat ion the electron beam micro- 
probe and electron diffraction were used. 

Microprobe examination.--Accurate microprobe anal -  
ysis of the needles is complicated by their  small  d imen-  
sions and their  shape above the level of the gold film 
(4). The probe is not normal ly  used for such th in  
specimens, and a special technique was developed to 
keep the penetra t ion depth of the electron beam in 
the specimen to a min imum by the use of low beam 
accelerating voltages. In addition, a t ravers ing tech- 
nique was adopted to ensure that x-rays  from the 
needles only and not from their  surroundings  were 
analyzed since the needles were comparable in width 
to the electron beam spot size. Quali tat ive analysis was 

Fig. 1. Nonwetted areas of a glazed gold-covered alumina sub- 
strate. 3.3X. Fig. 3. Needlelike precipitates of Fig. 2. 360X 
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performed to determine what  elements were present, 
as well  as quant i ta t ive  analysis to determine the 
amount  of each element  present  in the needles. 

After applying the usual corrections to the raw count 
data the final result  was that the needles contained 70.4 
w/o  Pb and 9.2 w/o  Cr and, as no other elements were 
found, the rest was presumed to be oxygen. Figure 4 
shows the most recent PbO-CreO3 phase diagram (5) 
which gives all the possible compositions between pure 
lead oxide and chromium oxide. These are Pb~CrOs, 
Pb3CrO6, and Pb2CrOs. The lat ter  compound, to judge 
from its mel t ing point, may be the most stable. The 
compositional data gave good agreement  with a com- 
pound of the formula Pb2CrOs. 

Electron diffraction.--To confirm the above result, the 
needles were extracted using plastic replicas and ana-  
lyzed by electron diffraction. It was necessary before 
extraction to dissolve the gold film in the vicini ty of 
the needles using an etchant based on iodine and 
potassium iodide to lessen the adherence of the needles. 
The etchant  did not appear to at tack them chemically. 
The result  was to show that  the needles were of one 
composition, were crystal l ine (and not a glass for 
example) ,  and were single crystals. 

The electron diffraction pat tern  correlated well  with 
x - ray  data from the monoclinic compound Pb.zCrO~, 
prepared by the direct fusion of PbO and PbCrO~ in 
the correct proportions (6). 

Needle pa t te rn . - -The  reasons why the needles in the 
defect areas should adopt the pa t te rn  described are 
interesting,  and perhaps not too much importance 
should be placed on the fact that  they general ly appear 
perpendicular  to the glaze edge. 

From microscopical studies of the needles in the cir- 
cular defect areas and at the edge of the substrate, 
there did not appear to be any  correlation between 
the orientat ion of the individual  needles and the re-  
t reat ing glaze edge. That  the needles appear as radiat-  
ing out from the centers of the spots may only be a 
consequence of the ini t ial  growth nuclei  being formed 
in or near  the central  black spot region when the glaze 
is beginning to crawl back from that  area. If the nuclei  
are randomly  oriented, needle growth can proceed in 
all directions out from the black spot center. The circle 
of glass out l ining the defect gives the pat tern of needles 
the appearance of spokes. 

Similarly,  where the glaze edge was straight, i.e., at 
the substrate edges, a small  but  sufficient number  of 
needles were found to lie parallel  to the edge, to as- 
sume that the needles are the result  of growth from 
randomly oriented nuclei. 

The black spot . - -Figure  5 is an optical micrograph 
of the black spot region taken wi th  t ransmit ted  light. 
The black, opaque islands are of practically pure gold. 
Microprobe analysis could detect only very  small 
amounts  of Cr in the islands (of the order of 1/10 of 

Fig. 5. Micrograph of a spot by transmitted light. 332X 

1% by weight) and no lead. A t ransparen t  section of 
a needle overlies this area. 

Observations by scanning electron microscopy (SEM) 
showed that the islands possessed smooth, rounded 
forms, suggesting that, at some stage in the glazing 
process, the gold metall izat ion had coalesced and may 
have been part  of a molten system. In this manner ,  
breakup of the gold film had occurred leading to the 
formation of the black spots which, in turn,  became 
responsible for the nonglazing of the gold film at these 
points. 

The inter is land material,  which is colored black, is 
probably a very thin interact ion layer  on the a lumina  
substrate. It was bereft of gold, but  seemed to be elec- 
tr ically conducting to judge from its behavior  on micro- 
probing since it allowed analysis of the islands with-  
out causing charging-up effects. 

The gold film.--The gold film was examined in places 
where it was exposed, using SEM, and compared with 
the duplex film in the as-deposited state and after sub-  
jecting the film to the hea t - t rea tment  involved in the 
glaze firing schedule but  without the presence of glaze. 

The as-deposited films merely replicate the unde r ly -  
ing a lumina  surface. In Fig. 6, on top of the individual  
a lumina  grains the gold film is smooth because the un -  
derlying grains themselves have smooth as-fired sur-  
faces. The gold surface shown in Fig. 7, however, is 
very roughened as the result of the glazing t rea tment  
and contains pores of micron size. 

That lead-containing glasses may attack gold and 
cause the roughened appearance is probable for, in the 
manufac ture  of ruby  glasses (7), gold salts are dis- 
solved in high-lead glasses. There is also the possibil- 
i ty that  metallic lead, freed dur ing the heat ing portion 
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Fig. 4. PbO-Cr203 phase diagram (4) 
Fig. 6. Stereoscan micrograph of the gold-covered substrate sur- 

face. 



Vol. 117, No. 6 GLAZING OF GOLD-CHROMIUM FILMS 805 

Table II. Adhesion of gold/chromium films of different thicknesses 
on alumina substrates before and after heat-treatment at 775~ 

for 2 hr 

A d h e s i o n  
Chromo Af t e r  

Spec- Gold ium heat- 
imen  th ick-  th ick-  Rat io As-de-  t rea t -  
No. ness,* A ness,* A Au/Cr posited ment ADpearance 

Fig. 7. Gold-covered alumina substrate surface after glazing 
showing porosity and roughening of the surface. 

of the glazing cycle by reducing atmospheres that  may 
be present, e.g., due to carbonization of the  screen- 
pr in t ing vehicle,  will  also at tack the gold. 

In a separate invest igat ion (8), however ,  no lead 
particles could be found in the glass after  firing. The 
glass was etched for various times, and any part icles 
in the glaze were  ext rac ted  using carbon replicas and 
examined by electron microscopy and diffraction. 

E~ect of heat- treatment  on duplex gold-chromium 
films.---SEM and electron microscopy were  used to 
examine  the duplex films that  had been hea t - t r ea ted  
in air as for glazing but without  the presence of glass. 
A visible change in the appearance of the gold surface 
takes place after  hea t - t rea t ing  at 775~ in that  the  
surface darkens. In contrast,  the  unglazed areas on a 
glass-coated specimen appear  as gold or green-gold.  
F igure  8 shows a direct v iew of the surface. The film 
is not porous as after  glazing. There  are no black spot 
defects, and it remains adherent  as shown on the basis 
of a simple "Scotch Tape" test. There  is a ne twork  
pa t te rn  visible on the gold wi th in  the areas encom- 
passed by the under ly ing  a lumina grains whose meshes 
have similar  dimensions to grain size one would expect  
(9) for a film of this thickness (of the order  of a micron 
d iameter ) .  It suggests that  chromium has reached the 
surface by grain boundary  diffusion through the gold 
and is removed from solid solution in the gold by oxi-  
dation at the gold/a i r  interface. The  ne twork  we  thus 

1 800 500 1.6 Yes Yes Green 
2 2500 250 1{} Partial Yes Darkened Gold 
3 4500  300 15 No Yes Darkened G o l d  
4 6000 400 15 Yes Yes Darkened Gold 
5 4000 150, 2"/ No Yes Darkened GoId 
6 3000 100 30 Yes Yes Darkened Gold 

* Using a "Talystep" machine, the thicknesses were measured by 
employing concurrent deposition onto glass slides. 

observe is formed by a pa t te rn  of chromium oxide 
nuclei  out l ining the gold grain boundaries.  

The results obtained by test ing for adhesion by the 
Scotch Tape test  af ter  hea t - t r ea tmen t  at 775~ for 2 
h r  are shown in Table  II for various go ld /chromium 
thickness ratios. 

Two significant conclusions may be drawn f rom 
these results: for all specimens the gold film remained 
adherent  and coherent  and the hea t - t r ea tmen t  leads 
to an improvement  in adhesion where  previously  the 
gold had not, or only partially,  shown adherence.  The  
green appearance of specimen 1 was obviously due to 
the oxidat ion of the chromium content  of the film 
which was high. 

Evidence of chromium being t ranspor ted  completely  
through the gold film is p rovided  by the results of 
Bingham et al. (10) and Schnable and Keen (11) who 
measured change of the resis tance of heated gold films 
on glass substrates wi th  time. F igure  9 shows some of 
Bingham's  results for films of different total  thicknesses 
heated at 400~ In each case the thickness of chromium 
was 400A. The independent  measurements  of "~rhitcomb 
et al. (12) for films of different go ld /chromium ratios 
baked at 450~ have been added, and ten ta t ive  curves 
have  been drawn through the few exper imenta l  points 
shown. The  greatest  changes in resistance occur wi thin  
the first 4 hr at tempera ture ,  and the init ial  and final 
resistance values after  periods of t ime greater  than 
12 hr are identical. The former  behavior  is qual i ta t ive ly  
consistent with two compet ing processes: one involving 
the increase in resistance due to penetra t ion of chro-  
mium atoms into the gold lat t ice and the other  involv-  
ing a decrease in resistance due to wi thd rawa l  of 
chromium atoms from the gold by oxidation at the  
gold surface. The s imilar i ty  in the init ial  and final 

Fig. 8. Gold-chromium film after heat treatment at 775~ in air. 
A network pattern is visible on the smooth surface of the coated 
alumina grain. 

A I I R E S U L T S  O F  D W H I T C O M B  I t  ~r {1~ 
AT 4 S O ~  

O F  Cn  ~ r H I C K N E $ $ , ~  S Y M B O L  

f22so~ 

 o.,l l . . . .  . . . . . . .  
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0 2 4 6 8 ] 0  12 14 t 6  18 2 0  

B A K I N G  T I M E  houri  

Fig. 9. Chonges in resistivity of gold-chromium duplex films of 
varying gold thicknesses with time at 400~ (9). The result of 
Whitcomb et al. (12) for films of differing gold-chromium thick- 
ness ratio, baked at 450~ have been superimposed. 
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resistance values reflects the fact that these measure-  
ments have been made on vi r tual ly  pure gold. In l ine 
with this argument ,  careful measurements  made with 
the electron microprobe analyzer  in the course of this 
work also failed to detect any chromium in the ex- 
posed gold film of the glazed samples. 

Whitcomb et al. (12) noticed that the thickness of 
the chromium under lay  affected the change with t ime 
of the resistivity. This has been made more obvious 
by plotting his results in Fig. 9. On the basis of the 
present  description this dependence would arise simply 
because more chromium is available as a source mate-  
rial for diffusion through the gold overlay, followed by 
oxidation at the gold surface. 

An al ternat ive  mechanism giving rise to the ob- 
served pat tern  is possible if it is assumed that bulk 
diffusion of chromium occurs with nucleat ion of the 
oxidized chromium at the gold grain boundaries.  How- 
ever, the work of Kenr ick  (13, 14) would seem to 
indicate the importance of the grain boundary  in the 
t ransport  of chromium atoms to the surface of the gold 
at lower temperatures  than those used with present  
work. He examined films annealed up to 300~ on glass 
substrates and found evidence of early topographical 
changes at the gold grain boundaries  due to chromium 
transport.  

In  bu lk  metals, grain boundary  diffusion plays a 
significant part  in the diffusive t ransfer  of mater ial  at 
low temperatures,  i.e., below about 0.6 TM where TM 
is the absolute mel t ing  point of the metal. During 
glazing it probably occurs during the heating up period. 
Hence the grain pa t t e rn  is established early on in the 
process and persists even at the peak glazing tem- 
perature  of 775~ (0.78 TM). This implies that stress- 
rel ieving processes such as grain growth and second- 
ary recrystall ization may have been inhibi ted by the 
presence of the chromium in the grain boundaries  of 
the gold. Some evidence for this viewpoint  comes from 
investigations of monolithic films where it has been 
found (15, 16) that grain boundary  self-diffusion plays 
an impor tant  part  in stress relief by acting to produce 
hillock growth. Modification of the grain boundaries,  
e.g., by alloying, leads to modification of the mode of 
hillock growth. 

Discussion 
As a result  of the invest igat ion of the features of the 

defect, the needles, the gold film, and the black spot, 
the relat ionship between these features may  now be 
established. 

Having concluded that  the needles are single crys- 
tals of a lead-chromium-oxygen compound we are now 
in a position to see how they were formed. During 
heat ing of the duplex film chromium diffuses through 
the gold film, pr imari ly  by a grain boundary  mech- 
anism. Since the specimen is fired in air oxygen is pres- 
ent  at the surface, and lead results from reduction of 
the lead glass. The react ing species combine to form 
the most stable compound of the PbO-chromium oxide 
system, Pb2CrOb, which is solid at the glazing temper-  
ature. The reactants  are brought together by t ransport  
over the surface of the exposed gold film. 

The formation of the needles may then be visualized 
as a two-dimensional  precipitat ion process with the 
reactants present at the gold surface. It  is necessary to 
propose a nucleat ion and growth mechanism to account 
for the small number  of nuclei present coupled with 
a fast growth rate in certain crystallographic directions 
in order to produce needles. Low supersaturat ions pro- 
duce small  numbers  of nuclei. It  can arise in  this case 
since only small  amounts  of chromium are present  in  
relat ion to the other elements, lead and oxygen. The 
high growth rate directions and reasons why  these 
are preferred, however, may be resolved by studies 
of the s tructure of Pb2CrO5 which are present ly  being 
carried out (6) and will  be reported on later. 

The establ ishment  of chromium as present  in a con- 
centrated form in the needles brings addit ional  proof 
of the diffusion of Cr through the film and its removal  
at the surface. Given this knowledge alone, the prac- 
tical consequences may have been expected to be 
twofold: (a) the conduct ivi ty  of gold film conductors 
in a mul t i layer  assembly remain substant ia l ly  the same 
before and after heat - t rea tment ,  and (b) some loss of 
adhesion of the gold film to the a lumina  substrate may 
result. 

The former consequence is advantageous, and suc- 
cessful working mul t i layer  modules having the de- 
signed electrical properties have been produced using 
glasses other than Fl169 (1). Contrary to the expecta- 
t ion (b) ,  there is no noticeable lack of adhesion of 
the gold films after heat ing to 775~ in air for 2 hr 
without  the glass layer. In  fact the adhesion is en-  
hanced. This t rea tment  gives rise to the network pat-  
tern of chromium oxide. The duplex film remains  in-  
tact and adherent  even though this hea t - t rea tment  
would be general ly expected to be severe for such a 
film. Microns-thick, s ingle- layer  gold films, for exam- 
ple, on a metal  surface such as cobalt are reported to 
coalesce completely on heat ing in vacuo at 400~ (17). 
The apparent ly  remarkable  abil i ty of chromium in 
main ta in ing  the adherence of a gold film even after 
heat ing in air has also been noted by Haq, Behrndt,  and 
Kobin  (18) who examined the adhesion of Au/Ta,  
Au/Si ,  Au/Ge,  and A u / Cr  combinations. They ob- 
serve that "in contrast  to all other systems, Au /Cr  
combinations exhibit  no noticeable deteriorat ion of ad-  
hesion, even after heat t r ea tment  at 450~ in air for 
several hours . . . .  " A major  cont r ibut ing  factor in 
the h igh- tempera ture  stabil i ty of the duplex film must  
therefore be the presence of the chromium in main-  
ta in ing  both the adherence and coherence of the gold 
film. 

On the other hand, when the glass coating is ap- 
plied, black spots appear and the gold film becomes 
porous. Coalescence of the gold film to produce the 
black spots occurs before or dur ing  the t ime the glass 
is molten, since it is only possible for crawling back 
of the glass to take place at this time. 

In  the case of the film porosity, as with the forma- 
t ion of the black spots, it is difficult to isolate any  one 
cause as solely responsible on the basis of the work 
described. The porosity in the film is not only present  
in the area of the defect, but  extends over the whole of 
the metal  film on the substrate.  In  the s tudy of the 
etching behavior  of this glass (8) it was noticed under  
the glass layer as well as adjacent  to it in an area of 
coated substrate which, deliberately, had not been 
glazed. 

In view of the fact that the lead const i tuent  of lead 
glasses may easily be reduced to elemental  lead and 
attack the gold film it was a t tempted to s imulate this 
process by vacuum-deposi t ing stripes of lead, 1 cm 
wide and 1~ thick, on to a lumina  substrates which 
had been precoated with gold-chromium layers of the 
thicknesses used in this work and subject ing these sub-  
strates to the glazing heat t rea tment  schedule. A 
roughened porous film with the gold or green-gold ap- 
pearance typical ly seen on substrates that  had been 
glazed, resulted with isolated areas where the gold film 
had coalesced and produced black spots similar to 
those observed in  the center  of the glazing defect. 
These experiments  provide some evidence that  the film 
is capable of being attacked chemically by any  lead 
that may be present  dur ing glazing. In  addition, the 
attack is l ikely to be aided by any  stresses in the film 
arising from thermal  mismatch and chromium diffu- 
sion as already discussed. 

The glaze defect is thus seen to be due to the break-  
up of the gold film at isolated, random points to form 
a surface discontinui ty in the form of the black spot. 
The presence of the spot, which may be formed dur ing 
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heat ing of the film or at the peak glazing temperature ,  
especially if free lead is formed by reduction in the 
glaze, is at once made obvious by the crawling back of 
the mol ten glass. 

The crawling back of glaze at surface discontinuit ies 
such as edges, steps, and holes is a we l l -known phe-  
nomenon in the practice of glazing and it is not always 
easy to define the causes (19). The amount  of crawling 
depends largely on the wet t ing of the substrate by 
the glass, and in some of the samples used in this 
study where the glass had covered both gold and alu-  
mina  on the same substrate, the crawling back was 
always more pronounced on gold. This effect above all 
precluded the use of this glass as a glaze insulator  
over pat terned gold conductors where there were many 
gold/substrate  discontinuities. 

Conclusions 
The pursui t  of the reasons for the hitherto unex-  

plained and unique type of defect arising on glazing 
gold-chromium duplex films was justified by producing 
a better  unders tanding  of the materials  and processes 
involved, e.g., of glasses and glazing and the interact ion 
with processes affecting the stabil i ty of duplex thin 
films. 

The obvious conclusion that this and allied glasses 
may not be employed in the glazing of pat terned gold 
films has been drawn exclusively from a detailed ex- 
aminat ion of the defects where the small  dimensions 
of the characteristic features, a deposit of red needles 
arranged around a central  black spot region and a 
porous film, required the use of e lect ron-beam analyt i -  
cal tools. 

The red needles were found to be single crystals of 
the compound Pb2CrOs. The formation of their  pat tern  
in the defect has been described as a two-dimensional  
precipitation process with the reactants present at the 
gold surface. 

The duplex gold-chromium films employed can with-  
stand heat ing at the t ime and tempera ture  required 
for the glazing process. The presence of the lead-glass, 
however, degrades the film by giving rise to isolated 
regions (black spots) where  the glass does not adhere 
and a porous film. Attack by the lead glass of a stressed 
film appears responsible for this behavior. 

Although the glaze adhered well to the gold it tended 
to be sensitive to surface discontinuities. The presence 
of these was exaggerated by pronounced crawling back 
of the glaze. In  this manne r  the formation of the black 

spot regions by coalescence of the gold film caused the 
circular defects to appear in the glaze. 
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Phosphorus Diffusion in Silicon Using Phosphine 
Y. W. Hsueh* 

General Instrument Corporation, Microelectronics Division, Hicksville, New York 

ABSTRACT 

A study of phosphorus diffusion into silicon has been made by using an 
open tube diffusion system and phosphine in ni t rogen as the impur i ty  source. 
For constant doping gas and oxygen concentrations, the sheet resistance and 
junct ion depth were exponent ial  functions of the reciprocal of absolute tem-  
perature.  A l inear  relationship was obtained between junct ion depth and the 
square root of the diffusion time. Also, the exper imental  results showed the 
independence of mean  conductivity, (a ~ 1/xjps) with diffusion time and tem- 
perature.  The diffusion coefficient for phosphorus in silicon was calculated to 
be 6 x 10 -6 exp (--1.90/kT)cm2/sec. 

Phosphorus is used extensively as an n - type  impur i ty  
mater ia l  in silicon semiconductor device technology. 
Generally,  open tube systems have been adopted for 
the diffusion process because of their operational sim- 
plicity over sealed tube diffusion methods. The impur -  

* Elect rochemical  Society Act ive  Member .  

ity sources have usual ly been red phosphorus, phos- 
phorus pentoxide (P20~), or phosphorus oxychloride 
(POC13) (1). 

As ment ioned in  a previous paper (2), the disad- 
vantages of solid or l iquid source diffusion systems 
are the control of the dopant concentrat ion in the car-  



808 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  June 1970 

rier gas, difficulty in main tenance  due to the complex- 
ity of the diffusion system, and reproducibi l i ty  of re-  
sults. For instance, Nassibian and Whit ing (3) pointed 
out that  the surface concentrat ion could be increased 
by three orders of magni tude  by raising the source 
tempera ture  of red phosphorus from 260 ~ to 320~ 
Similarly,  if POC13 is used as the diffusion source, the 
product of sheet resistance and surface concentrat ion 
should be vapor pressure dependent.  Nassibian's re- 
sults showed that a change in source tempera ture  from 
20 ~ to 28~ increased the surface concentrat ion by a 
factor of two while the sheet resistance decreased by 
about 70%. It is therefore preferable to use a gas phase 
source, with known impur i ty  concentration, if it gives 
increased reproducibil i ty in the diffusion process. 

The phosphine system has been discussed previously 
by Smith and Donovan (4), McLouski (5), and Heynes 
and van  Loon (6). This paper  describes the diffusion 
system characteristics and the process parameters  in 
detail. Special emphasis is placed on more shallow dif- 
fusion processes than those reported in other pub-  
lished results. 

Experimental Procedure 
The diffusion system and mater ial  preparat ion were 

similar to those reported in a previous paper (2). A 
50 mm diameter  quartz tube was connected to a s tain-  
less steel gas supply system. The silicon wafers were 
(111) oriented, 10-40 ohm-cm p-type, boron doped, 
and mechanical ly and chemically polished. The doping 
gas was 1% phosphine in argon. Nitrogen was used as 
the carrier  gas. 

The sheet resistance was measured by the four point 
probe technique, and the average value was taken of 
several measurements  made on each slice. The var ia-  
tion across a slice and from slice to slice in a single 
batch was less than 5% unless otherwise specified. 
Usually, the sheet resistance variat ion in either case 
was wi thin  2%. 

For calculations, the impur i ty  distr ibution was as- 
sumed to follow the complementary  error funct ion dis- 
t r ibut ion for the deposition process, and the Gaussian 
dis t r ibut ion for redistr ibution.  The surface concentra-  
t ion was calculated by using Irvin 's  curves (7) after the 
junct ion  depth was obtained by the standard angle 
lapping and staining method. 

Result and Discussion 
Diffusion system.--Oxygen is used in the phosphine 

diffusion process to provide phosphorus as the local 
diffusion source at the mater ia l  surface according to 
the equations 

450~ 
2PH3 -> 2P -t- 3H2 [1] 

2PH8 -F 4 02 ) P205 -~- 3H20 [2] 

In the absence of oxygen, reddish phosphorus ap- 
peared on the tube wall  as a result  of the reac- 
tion shown in Eq. [1]. In this case, it was found that 
the diffusion of phosphorus did not occur. However, 
when oxygen was used in the system, the phosphine 
was reduced to P205, and this acted as the local dif- 
fusion source. The diffusion mechanism was therefore 
similar to a system using P20~ or POC13. Addit ional  
empirical  analysis showed that  large variat ions in 
deposition sheet resistance occurred when the concen- 
t rat ion of phosphine in  the carrier  gas was less than  
200 ppm. Also, abnormal ly  high concentrat ions of phos- 
phine caused phosphite precipitation, and the forma- 
t ion of electrically inactive phosphorus was detected. 
A fixed value of 300 ppm for phosphine concentrat ion 
was used for all the following exper imental  work. 

Oxygen was det r imenta l  to the process only when  
present  in high concentrations. No phosphorus deposi- 
t ion was observed on the system end cap even when 
the oxygen concentrat ion was as low as 0.3%. Also for 
a given diffusion temperature,  the diffusion parameters  

were not appreciably affected by variat ions in oxygen 
concentrat ion between 0.5 and 4%. However, the sheet 
resistance increased by a factor of 2 when  the oxygen 
concentrat ion was increased from 4 to 8%, and the 
rate of increase of sheet resistance with oxygen con- 
centrat ion was very rapid for oxygen concen.trations 
above 8%. The high sheet resistance obtained with 
high oxygen concentrat ions was caused by an apparent  
decrease in diffusion rate. Excessive growth of silicon 
dioxide in high oxygen concentrations par t ia l ly  masked 
the diffusion of phosphorus. For this reason, an oxygen 
concentrat ion of 1% was used for these experiments.  

Variations in total gas flow rate will give nonun i -  
form deposition, and it was empirical ly determined that 
a total flow rate between 1100 and 1400 cc /min  gave 
the best uni formi ty  for this system. In addition, it was 
observed that  other variat ions in  sheet resistance 
sometimes occurred. These variat ions could not be cor- 
related with low diffusion temperatures,  low phosphine 
concentrat ion processes, or diffusion times, and they 
were independent  of surface concentration.  This effect 
was eventual ly  a t t r ibuted to depletion of phosphorus 
from the heavily doped diffusion tube and was invest i-  
gated experimental ly.  

The tube was saturated with phosphorus by a con- 
t inuous phosphine flow. The phosphine supply was then 
turned off and wafers were then inserted for given 
periods of time. The sheet resistances obtained are 
shown in Fig. 1. The top curve shows the variat ion in 
sheet resistance for the wafer near  the gas inlet, while 
the bottom curve indicates the average sheet resist- 
ance of wafers 12 in. fur ther  along the tube. The sheet 
resistance for wafers near  the gas inlet  was much 
higher than  for those fur ther  down the tube, as pre-  
dicted. The surface concentrat ions obtained were ap- 
proximately  1020 at . /cm ~ for a 1-hr period. 

In  addition, an exper iment  was carried out to in-  
vestigate the rate of depletion of phosphorus from the 
tube. First, the sheet resistance was measured on wa- 
fers diffused for a given period of t ime after predoping 
the tube for 40 min. Second, mater ia l  was diffused un -  
der identical conditions except for a delay of 45 rain 
be tween the tube doping cycle and the diffusion proc- 
ess. The results showed a 35% difference in measured 
sheet resistance for the two processes. It can therefore 
be concluded that, the background doping from the 
tube must  be taken into account in order to obtain good 
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Fig. 1. Phosphorus diffusion into silicon with no external  source 
fed into the diffusion system. 



VoL 117, No. 6 

control over the diffusion process. It  has been found 
that predoping of the tube for half  an hour at the be-  
g inning of a working day is sufficient for high con- 
centrat ion processes, i.e., ~10 TM at./cc. Appropriate  
t ime intervals  can be determined empirical ly for 
low surface concentrat ion processes. 

Di~usion time and temperature.--The relationship 
obtained between diffusion time and sheet resistance 
is shown in Fig. 2. The sheet resistance decreases 
slowly as the deposition t ime increases. For  low tem-  
peratures and short deposition times, these values can 
fluctuate as described previously. 

In  Fig. 3, sheet resistance is shown as a funct ion of 
the reciprocal of absolute temperature.  The gradients 
of these curves are approximately constant  for t em-  
peratures above 1000~ but  below 1000~ they in-  
crease as the tempera ture  decreases. It  has been shown 
(2) that  sheet resistance can be expressed by the fol- 
lowing equation 

ps = C exp [31 
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Fig. 2. Sheet resistance as a function of deposition time 
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where E is the activation energy in eV, /~ is the Boltz- 
m a n n  constant, and 

C . . . .  constant  
2No / 

Thus, it is possible to determine the activation en-  
ergy, E, from results shown in Fig. 3. This was calcu- 
lated to be 2.11 eV in the tempera ture  range 100O ~ 
1150~ 2.71 eV at 950~ and 5.84 eV at 850~ This 
temperature  dependency of activation energy appears 
to be connected to the ma x i mum solid solubil i ty (8) 
of phosphorus at a given temperature.  However, values 
for the activation energy calculated here are less than 
those obtained by MacKintosh, (9), and far less than  
those shown in Ful ler 's  (10) results. This may mean  
that  the activation energy depends on the oxidation 
rate at the silicon surface since the diffusion rate here 
was par t ia l ly  retarded. 

Figure 4 shows that  a straight l ine relat ionship exists 
between deposition and redis tr ibut ion sheet resistance 
over the whole exper imental  range. This agrees with 
the results reported by MacKintosh (9) in which a 
closed tube system and a phosphorus pentoxide source 
were used. 

The l inear relationship in  Fig. 4 can be expressed by 

Pdep = a ( p )  bredis t  [ 4 ]  

where a and b are constants for a given set of diffusion 
parameters.  The values of a and b for various diffused 
temperatures  were calculated and listed in Table I. 
These were again different f rom the values quoted by 
MacKintosh (9). Allowing for exper imental  error, the 
index b can be assumed to be unity.  The constant  a, 
therefore, becomes the ratio between deposition and 
redis t r ibut ion sheet resistances. Apparent ly ,  this is 
temperature  dependent  up to 1000~ and is directly 
related to the solid solubil i ty of phosphorus in silicon. 

No apparent  var iat ion in  the redis t r ibut ion process 
was observed for different oxidizing conditions. Typical 

Table I. Values of a and b for diffused temperatures 

T e m p e r -  
a t u r e ,  ~ a b R e m a r k  

850 2.62 0.985 ~ P r e s e n t  w o r k  
950 1.74 0.987 ~ a w a s  c a l c u l a t e d  u s i n g  bay 

1050 1.32 0.952 bay = 0.97 
1200 a n d  1300 2.80 1.30 Ref .  (9) 

Nb = 5 • 101. a n d  1017 a t . /  
c m  3 
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Table II. Results 

Depos i t i on  R e d i s t r i b u t i o n  
shee t  Oxide ,  

res i s tance ,  Temp ,  T ime ,  K A  p,, 
o h m s / ~  ~ ra in  Canal. (approx.)  ohm/c7  Xl , /~  

11.5 1180 30 W e t  6.7 9.1 3.3 
D r y  1.5 9.2 3.0-3.3 

10.7 1180 60 W e t  10 8.3 4.2 
D r y  3 8.4 3.9-4.2 

results are listed in Table II. The junct ion  depth after 
deposition was 1.0~. The process normal ly  involves the 
removal  of the phosphorus glass by etching prior to 
redistr ibution.  For nonetched wafers, the final oxide 
thickness was approximately 5% thicker and the sheet 
resistance 5-10% lower than  for etched wafers, while 
the measured junct ion depths were almost equivalent.  
The similari ty of these results can be explained by the 
high segregation coefficient (11) of phosphorus in sil- 
icon dioxide causing phosphorus to accumulate at the 
silicon-silicon dioxide interface. The depletion of phos- 
phorus caused by the oxidation process must  therefore 
be negligible compared with the total amount  of dif- 
fused impuri ty.  

Although the silicon dioxide growth rate under  wet 
redis tr ibut ion conditions is much faster than the growth 
rate in dry conditions, the faster diffusion rate of phos- 
phorus under  wet conditions must  compensate for the 
added depletion which occurs. The difference between 
the two redis t r ibut ion processes for shallow diffusion 
requi rements  is negligible. 

Junction depth and sur]ace concentration.--Junction 
depth is usual ly  a funct ion of diffusion time for con- 
stant process conditions. For constant  diffusion tem- 
perature and carrier gas impur i ty  concentration, a 
l inear  relationship was obtained between junct ion 
depth and the square root of diffusion time. The results 
for temperatures  in the range 850~176 are given in 
Fig. 5. Extrapolat ion of the curves for diffusion tem- 
peratures of 850 ~ 950 ~ and 1050~ gives a positive in -  
tercept for deposition t ime at zero junct ion depth. This 
infers that the max imum solid solubil i ty limit is not 
obtained immediately,  and the t ime lapse for the dif- 
fusion process to begin is approximately 1 min. 

The diffusion equat ion states that  

N(xj, t) :Noer f c  ( xj ) [5] 
2 (Dt) v., 

where N(xi, t) is the concentrat ion at a depth xj and 
time t; (in this case the background concentrat ion N~) ; 
No the surface concentrat ion;  x~ the diffusion junct ion 
depth; t the diffusion time; and D the diffusion coeffi- 
cient of phosphorus in silicon. Therefore the curves in 
Fig. 5 represent  a constant  surface concentrat ion diffu- 
sion condition, and the gradient  of each curve is given 
by 2(D)'/= erfc -1 (Nb/No). 

By using Irvin 's  curves, the surface concentrat ions 
were estimated from the sheet resistance and junct ion  

I I [ I I I I I 

iiO0oC 
:5 -- 0 ~  -- 

/ 
lOSO~ 

Z 2 - -  

Z 
9 

D 
I - -  

/ 8 5 0 ~  

0 I 2 5 4 5 6 7 8 9 

[DEPOSITION TIME ( MINUTES )] Iz'~ 

Fig. 5. Relat ionship between the junct ion depth and square root 
of t i m e  for various  d i f fus ion  t e m p e r a t u r e s .  

depth measurements.  The results are tempera ture  de- 
pendent  and are listed in Table III. The surface concen- 
trations obtained are higher than those reported by 
MacKintosh, and a correspondingly higher value for 
the solid solubili ty of phosphorus in silicon is therefore 
obtained. However, difficulty in measuring shallow 
junct ion depths accurately means that results for short 
diffusion times or low diffusion temperatures  are liable 
to large errors. 

DiITusion coefficient.wThe diffusion process was as- 
sumed to follow the complementary  error funct ion ex- 
cept for those processes in  which a redis t r ibut ion step 
was used. The diffusion coefficient calculated on this 
model is useful for practical purposes. Some typical 
values are shown in Table III. The diffusion coefficient 
was also plotted against the reciprocal of absolute t em-  
perature.  These results are shown in Fig. 6. Some pre-  
viously published data are also included. For low dif- 
fusion temperatures,  a large error can be introduced 
into these results by the inaccuracy in measur ing shal- 
low junct ion depths. The activation energy for the 
phosphine process based on a wide range of results is 
1.90 -4- 0.13 eV. 

Assuming a value of 1.90 eV for the activation 
energy, the diffusion coefficient can be calculated from 
the following expression (_190  

D = 6  X 10 - 6 e x p  ~ 1  cm2/see [6] 

The values obtained for Do are smaller than those re-  

Table III. Results 

Temp, ~ 
Time,  (t), 

min .  

Shee t  
res is tance ,  

pstl/~ 

J u n c t i o n  
dep th ,  
Xj, 

1 

xjpa, 
o h m - I  cm-1 

Surface 
concentration, 
No, i0~ a t . / cc  

C a l c u l a t e d  
d i f fus ion  coefficient,  

D, 10 -14 cm'-'/sec 

850 
950 
950 
950 

1050 
1050 
1050 
1050 
1050 
1100 
1100 
1100 
1150 
1150 

52 
17 
32 
52 

4.5 
13 
17 
32 
52 
17 
32 
52 
17 
32 

41.0 
19.2 
13.7 

9.6 
28.0 
10.0 
8,4 
5,5 
4.6 
5.6 
3.9 
2.9 
4.2 
3.3 

295 
79 
77.5 
69 
59 
34.6 
34,6 
31.1 
33.2 
23 
22 
21 
17.3 
18.6 

0.3 
0.6 
0.9 
1.2 
0.4 
0.9 
1,2 
1.6 
2.4 
1.6 
2.4 
3.0 
2.4 
3.0 

820 
880 
813 
867 
890 

1110 
990 

1030 
907 
990 

1060 
1150 

99O 
1010 

7.0 
7.7 
7.0 
7.6 
8.2 

10.0 
10.0 
I0,0 
8.4 

10.0 
10.0 
10.0 
10.0 
10.0 

6.2 
7.7 
9.0 

10.0 
12.4 
23.6 
30.0 
36.0 
39.0 
67.0 
63.0 
61.0 

120.0 
100.0 
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Fig. 6. Diffusion coefficient of phosphorus in silicon using 
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Fig. 7. Diffusion junction depth as a function of reciprocal ab- 
solute temperature. 

ported by Fuller.  Values for Do are very sensitive to 
act ivation energy, and the activation energies of 3.7 
and 2.4 eV obtained by Ful ler  and MacKintosh respec- 
t ively are higher than  those obtained here. 

From Eq.~ [5] and the expression D ---- Do exp ( - -  
E/kT) ,  the junct ion depth can be expressed by 

xj ---- C' exp ( - -E /2kT)  [7] 

where C' ~ 2(Dot) ;/2 erfc - I  (Nb/No). This is constant 
if the diffusion time t, background concentrat ion Nb, 
and surface concentrat ion No are kept constant. Figure 
7 plots In xj against 1/T. The activation energy based 
on the data from this figure varied from 1.77 to 2.01 eV. 
These values increase rapidly as the diffusion t em-  
perature  decreases. The relat ively close agreement  be- 
tween the three calculated values for the activation 
energy verifies the consistency of the results presented 
in this work. 

From Eq. [3] and [7], it can be shown that the 
product of sheet resistance and junct ion depth is t ime 
and diffusion tempera ture  independent .  The data shown 
in Table III agree quite well  with this conclusion ex- 
cept for very  short diffusion times and shallow junct ion 
processes. 

Conclusion 
The results obtained for a phosphorus diffusion proc- 

ess based on phosphine showed that  the junct ion  depth 
and sheet resistance varied exponent ia l ly  with recipro- 
cal temperature,  the junct ion  depth varied with the 
square root of time, and the sheet resistance varied with 
the inverse of square root of time. Also, the product of 
sheet resistance and junct ion depth was independent  
of diffusion time and temperature.  The activation en-  
ergy for the process was calculated to be 1.90 eV. These 
results are based on the assumption that  the diffusion 

process follows a complementary  error funct ion distri-  
bution. 
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ABSTRACT 

The contr ibut ion of hydrogen only to the impur i ty  redis tr ibut ion in hetero- 
epitaxial  silicon layers is analyzed. It is clearly demonstrated that a chemical 
reaction between H2 and the sapphire substrate occurs at high temperature.  
Unequivocal  evidence of the a luminum transfer  is given. The rear  of the 
substrate is the prevai l ing dopant  source dur ing the over-al l  process in our 
experiments.  

P- type  autodoping in epitaxial  silicon layers, grown 
on sapphire substrates by pyrolysis of silane, has been 
reported extensively (1-7). 

However, the unders tanding  of this redis tr ibut ion 
process is somewhat obscured by the following condi- 
tions: 

1. Various doping sources are potential ly possible. 
Their location, as well  as their  chemical nature,  must  
be considered because the exact redis tr ibut ion process 
depends on them. 

2. The physical properties of the layers depend not 
only on the impur i ty  concentrat ion we wish to deter-  
mine, but  also on the high crystal l ine defect density 
that they contain. This affects to a large extent, for 
example, the carrier mobil i ty and the impurit ies dif- 
fusion coefficient (2). 

The major  p- type  dopant  introduced in these layers 
is a luminum.  It can obviously be supplied by  the sap- 
phire substrate, but  it may be freed by a physical (out-  
diffusion) or a chemical process (reduct ion) ,  and the 
physical location of the dopant source may be the rear  
or the front of the sapphire substrate. If a chemical 
reaction is assumed, the reducing species may be hydro-  
gen or silane itself (8). 

All these difficulties lead us to a separate analysis 
of the influence of the various chemical species in-  
volved. We began with hydrogen, but  this does not  
imply that it has the prevail ing effect on the redis t r ibu-  
tion process. Nevertheless, it fulfills several functions in 
the over-a l l  process, which may take part  in this auto-  
doping. It is not only used as a carrier gas but  also as 
a chemical agent. It has been proven that  h igh- temper -  
ature prefiring of the substrate in hydrogen after me-  
chanical polishing is the most reliable way to remove 
work damage. Figure 1 shows an x - r ay  surface topogra- 
phy of a (0172) oriented substrate after such a heat-  

Fig. 1. X-ray surface topography of the sapphire substrate after 
H2 etching at 1300~ 

t reatment .  The crystal l ine qual i ty is good, but  pre-  
ferred etching along [100] is clearly seen. This result 
can be considered as direct evidence of a chemical 
surface reaction between hydrogen and the sapphire 
substrate. The following reaction has been suggested 
(1) 

A1203 + 2H2 ~-AI2~) J- 2II~O 

Other steps may give rise to such a chemical reaction. 
Hydrogen remains in direct contact with sapphire (a) 
before complete coverage of the upper  surface is 
achieved, and (b) dur ing the growth step, with the 
rear  face, which is only ground, not polished, to afford 
better  thermal  contact, and which allows the pene t ra -  
tion of hydrogen. It must  also be remembered that  the 
tempera ture  there is higher than anywhere  else. 

Experimental Conditions 
At any time, hydrogen flows in the reaction chamber. 

Unless otherwise specified, only hea t - t rea tment  in hy-  
drogen in the reactor is performed on two kinds of 
substrates. Under  normal  conditions, the substrate  has 
two bare faces, but  for the sake of comparison some 
substrates are covered on their  backside by a 10-~m 
thick, polycrystal l ine silicon layer. This layer has a 
p- type  conductivi ty of the order of 0.1 ohm -1 cm -1, 
but no conclusion can be drawn about its impur i ty  
concentrat ion because of the unknow n  mobility. 

P re l imina ry  experiments  must  ascertain: (a) a suf- 
ficiently low residual  contaminat ion level from the 
system, afforded by the tubing, carrier gas or susceptor 
used. In fact, hea t - t rea tment  in H2, of a l ight ly doped 
silicon wafer (5 to 10 ohm-cm n- type)  at 1300~ has 
no detectable effect on the conduct ivi ty type or resis- 
t ivi ty of this sample. (b) The pur i ty  of the silane i t-  
self. It can be checked by growing an epitaxial  silicon 
film on a silicon substrate of the same characteristics 
as indicated above. The layer  resistivity is cur rent ly  
higher than 100 ohm-cm n- type,  with this undoped 
silane. 

In the following experiments,  in order to remove the 
uncer ta in ty  arising from the influence of s t ructure  im-  
perfections on the properties of these heteroepitaxial  
layers, a bulk  silicon substrate is used as a check sam- 
ple of the autodoping. Its ini t ial  characteristics are 
known, for example, the relat ion between resistivity 
and impur i ty  concentrat ion (9), the impur i ty  diffusion 
constant  (10). This wafer  lies on the upper  surface of 
the sapphire substrate. If its conductivi ty is n- type ,  
the autodoping, when it occurs, can be measured by 
the characteristics (conductivi ty a and diffusion depth 
x~) of a p- type diffused layer produced at its surface. 

Experimental Results 
Heat-treatment with sapphire substrates only.--At  a 

given temperature ,  when an inversion layer occurs in 
the n - type  silicon sample, we have found that  the layer 

812 
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Table I. Dapant transfer from the substrate 

B a c k  a,  
T, ~ c o a t i n g  I n v e r s i o n  o h m  -z e m  - t  Cs, cm-a  X j , / z m  k, ~m D,  cm'-'/s 

1050 Yes  No  
No Yes  0.3 1.6 x 10 z6 1.0 0.67 8.5 x 10-J:: 

1100 No Y e s  1.7 2 • 10 ~7 2.6 1.25 1.75 X 10-]~ 
Yes  Y e s  1.2 1 x 1017 2.1 1.05 1.5 x 10 -l~ 

1150 No  Y e s  4.0 8 x 10 zz 5.3 2.2 6.7 x 10 -z~ 
Yes  Yes  2.2 2.7 x l01 '  5 .6  2.1 6.0 x 10 - ~  

Table II. Dopant transfer from sapphire with an epi layer 

Epi layer 
type I n v e r s i o n  ~-, ohm-Z cm-1 Cs, cm -a Xs  ~ m  ,k, ]~m D, em~/s  

p Y e s  1.5 1.5 • 101~ 1.4 0.67 1.2 x 1 0 - u  
n Y e s  0.8 6 x 161~ O.S 0.41 4.5 • 10 -~a 

depth x~ increased with time, as 

This means that some diffusion process occurs. There-  
fore we can deduce from Irvin ' s  curves (9) the surface 
concentrat ion Cs of the diffused layer, when x), the 
init ial  impur i ty  concentrat ion CB, and the layer con- 
ductivity, r are measured. 

Assuming an ERFC profile, we determine the diffu- 
sion length ~, and the diffusion coefficient D of the as- 
sumed dopant impur i ty  from: ~. = 2 ~/Dt (Table I).  

The autodoping level (Cs) increases as T increases. 
The back coating of the substrate reduces this level 

for a given set of conditions, so much so that at 1050~ 
no inversion layer is observed. 

The calculated D have near ly  the same values, 
whether  the substrate is back coated or not. This result  
is consistent with the reasonable assumption that  the 
same impur i ty  is involved in both cases. 

Using an Arrhenius  plot of log D vs. 1/T (~ and 
comparing with published results for B and A1 in bulk 
silicon (10), it can be deduced unambiguotls ly that 
a luminum is the t ransferred dopant by such an in ter -  
action, involving only hydrogen and sapphire. 

No doubt  such a si tuat ion is met  at least for the pre-  
firing t rea tment  which supplies a large quant i ty  of 
a luminum.  

Impuri ty  trans]er •rom a substrate covered w~th an 
epitaxial silicon layer.--In order to test a possible 

~ 

l i fo  I I Ioo IO$O 

~ L U ml'rturn 

dO # 

Fig. 2. Plot of log D (cm2/sec) vs. 104/T(~ Solid curves, ref 
(i0); experimental points: x unprotected substrate, o back coated 
substrate. 

barr ier  effect of an epitaxial  layer against the impur i ty  
transfer,  the same hea t - t rea tments  are performed, at a 
given temperature,  T z ll00~ but using a sapphire 
substrate on the upper  surface of which an epitaxial  
silicon layer was previously grown. 

The comparison is made with two layers, (a) a 10 
~m thick -- 0.7 ohm-cm p- type layer (autodoped),  and 
(b) a 6 ;zm.thick -- 8.7 ohm-cm n- type  (deliberately 
doped with phosphorus) (Table II) .  

A somewhat surpris ing result is the occurrence of a 
diffused p- type layer, regardless of the epitaxial silicon 
conductivi ty type. This can be explained by (a) an 
electrical compensation existing in the n - type  layer, 
which should contain phosphorus and a luminum;  this 
result  is reported elsewhere (11), and (b) a prevail ing 
contr ibut ion of the rear of the substrate. 

Both reasons are likely to be true because (a) on the 
one hand the high resist ivity of the n - type  layer  may 
be the result  of two large impur i ty  concentrat ions of 
opposite type, but having two different t ransfer  char-  
acteristics, and (b) on the other hand, the diffused 
layers have similar properties, for the same experi-  
menta l  conditions but for the presence of an epi layer, 
as it is apparent  from Table III, gathering the com- 
parat ive exper iments  reported in Tables I and II (at 
ll00~ no back coating p- type  layers) .  

The slightly smaller  values in case II can account for 
some barr ier  effect, but  the order of magni tude being 
the same, this indicates the importance of the rear 
surface. 

It is therefore not surprising to find a fairly good 
agreement  be tween the calculated diffusion coefficient 
when a p- type layer is involved. On the contrary, with 
the n - type  layer the discrepancy is noticeable. The 
l ikely occurrence of phosphorus and a luminum diffu- 
sion precludes the validity of the assumptions made in 
the calculation of D. 

Dopant trans[er during growth . - -The  purpose of this 
exper iment  is to determine quant i ta t ive ly  the differ- 
ences in the redis tr ibut ion conditions dur ing a heat-  
t rea tment  or an actual  epitaxy process. 

The growth tempera ture  is again T ~ l l00~ which 
is our opt imum tempera ture  (12), and we compare 
the properties of layers of different thicknesses (Table 
IV).  Usual ly this layer  thickness is of the order of 5 
~m (reference conditions).  Co is the impur i ty  surface 
concentrat ion in the layer. It is deduced from MOS 
capacitance measurements  (13). 

Table III. Comparison of diffused layer characteristics, 
heat-treatment T ~ 1100~ no back coating 

C o n d i t i o n  ~': ohm-1  crn-1 Cs, c m  -3 X j , /~rn 

I 1.7 2 x I0 ~7 2.6 
II 1.5 1.5 x 1017 1.4 
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Table IV. Autodoping in epltaxial growth at T = 1100~ 

B a c k  T h i c k ~  
c o a t i n g  ness ,  ~m p, o h m - e r a  Co, cm-~ 

No  5.2 0.7 7 • l 0  t; 
No  1.5 0.135 1.5 • 10 ~7 
Yes  1.4 0.64 3 • 10 IU 

Obviously, and this constitutes a weakness of our 
reasoning, the doping is not characterized by the same 
properties when growth or hea t - t rea tment  conditions 
are considered. But it is interest ing to notice that  Co 
has the same order of magni tude  for th inner  layers, as 
the surface concentrat ion Cs of the diffused layer (1 
to 2 x 10 ~ cm-~)  for the hea t - t r ea tment  experiment.  

The dependence of the layer resistivity on its thick-  
ness is apparent.  

The contr ibut ion of the rear  surface is also confirmed 
by a comparison of results on p and Co. 

Some semiquant i ta t ive  results can be deduced from 
the preceding figures, about the carrier  mobility. As- 
suming (a) a weak dependence on the impur i ty  con- 
centrat ion of this mobil i ty for a given layer, and (b) a 
direct relat ion between the mean  impur i ty  concentra-  
t ion in the layer and Co, we can introduce a mean 
carrier mobil i ty ~- taking into account the dependence 
on the layer depth of the electrical characteristics and 
wri te  

oc (p Co) - '  

Using the subscripts 1, 2, 3 for the three cases re- 
ported in Table IV, we have approximately 

4 1 1 

We general ly find for ~1 ~ 150-200 cm"/V sec [mea- 
sured values (12)] and therefore obtain 

~2 ~ 3  -- 40-50 cme/V sec 

It can be seen, comparing these results with measured 
(not calculated) figures reported by (7), that for thin 
layers, we get the same order of magni tude  for ~/ and 

is weakly dependent  on the impur i ty  concentration. 
This implies reasonably that  the mobil i ty figures are 
limited for th inner  layers ra ther  by crystal l ine defects 
than by impurities.  

Interest ing exper imental  observations are made dur -  
ing the silicon growth on a back coated substrate.  

In general, when silicon deposition begins, a decrease 
of the surface tempera ture  (read with an optical py-  
rometer on the wafer) is observed, unt i l  a s teady-state 
value is reached. But for a given set of conditions (He 
flow, tempera ture) ,  the t rans ient  t ime as well as the 
magni tude  of this tempera ture  decrease are different 
when protected or unprotected substrates are used. For 
example the following figures are typical 

S u b s t r a t e  U n c o a t e d  B a c k  c o a t e d  

T r a n s i e n t  t i m e ,  r a i n  5 1 
- - ~ T ,  ~ 30  10 

Furthermore,  the magni tude of the tempera ture  gradi-  
ent, observed between the edge and the center of the 
wafer dur ing the steady state is reduced from 30 ~ to 
10~ respectively. 

All these observations are obviously related to the 
different thermal  behavior of a A120~ and Si ( infrared 
absorption, thermal  conduction).  It can be assumed, 
and we are now studying this point, that different nu -  
cleation conditions are achieved in both cases. 

Conclusion 

From the above, the following conclusions can be 
drawn:  

1. Hydrogen is a powerful  t ransport  agent for alu-  
minum. The need for a h igh- tempera ture  gaseous etch- 
ing of the sapphire substrates in H., makes a certain 
redis tr ibut ion in the layers unavoidable.  

2. The rear surface of the substrate is a prevail ing 
doping source for a luminum dur ing  the prefiring stage 
as well as during the epitaxy process itself. 

3. The back coating of the substrate  offers a part ial  
solution against the dopant t ransfer  into the epitaxial  
layers. 
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ABSTRACT 

A model  is proposed to in terpre t  the electrical  conduct ivi ty  and the See-  
beck coefficient of w[istite. The methods for evaluat ing the  concentrat ion of 
charge carriers as a function of t empera tu re  and oxygen part ial  pressure were  
developed earl ier  f rom an analysis of the rmograv imet r ic  data. A hopping type 
mechanism of conduction is assumed. Thus, the mobil i ty  of the charge car-  
riers is proport ional  to the jump probabi l i ty  which is assumed to be influenced 
by two factors. These are a blocking factor, which renders  a fract ion of the 
sites neighboring a charge carr ier  unavai lable  for occupancy, and a self- 
screening parameter  which par t ia l ly  negates the blocking. 

In a previous publication (1) the deviat ion from 
stoichiometry of wtisti te has been computed on the  
basis of a defect s t ructure  model  involving complex 
defects. The defects were  assumed to be composed of 
two iron vacancies on octahedral  sites and an iron 
inters t i t ia l  on a te t rahedra l  site. 

The model  enables one to calculate the concentrat ion 
of free charge carr iers  and therefore  the electr ical  con- 
duct iv i ty  and the Seebeck coefficient. As is shown be- 
low, however ,  a s t ra ight forward  calculation does not 
yield the observed exper imenta l  values obtained for 
the electr ical  conductivity.  Fur thermore ,  no model  ex-  
ists which can explain the observed change in sign of 
the Seebeck coefficient, Q. 

In this paper we present an a t tempt  to analyze the 
exper imenta l  data on the basis of the model  proposed 
in ref. (1), with the inclusion of some parameters  
affecting the mobi l i ty  of the charge carr iers  at high 
concentrations. Since these parameters  affect the prob- 
abilities of occupancy of sites, they  affect the Seebeck 
coefficient by changing the density of avai lable states. 

Vallet  and Raccah (2) have proposed that  their  the r -  
mogravirnetr ic  data  and high t empera tu re  x - r a y  
studies of F e , - z O  may be explained only by assuming 
three  different  phases in the wilsti te homogenei ty  
range. In a recent  publication, Fender  and Riley (3) 
suggest that  the high t empera tu re  electrolytic cell 
studies of the thermodynamic  properties of Fe~-zO 
within the compound homogenei ty  range supports the 
existence of three  different phases in wfistite. It has 
been proposed that the occurrence of different phases 
are due to differences in the order ing  of the defects. 
The identification of these phases is, however ,  still  an 
open question and is based on the fact that  plots of 
emf values vs. t empera tu re  at constant composition 
consist of three  l inear  regions. Rizzo et al. (4) have  
recent ly  made similar  measurements  and have found a 
simple nonl inear  relat ion over  the whole range. The 
problem can be reduced simply to the question of 
whe ther  these data are best fit by three  different 
straight lines with different slopes or a single non-  
l inear line. We show in the fol lowing that  a ra ther  
simple model  can account for the nonl inear i ty  of the 
observed propert ies at high temperature .  

It has been suggested (6) that  the negat ive  thermal  
emf observed for wtistite at high deviations from stoi- 
chiometry is due to the appearance of negat ive  charge 
carriers. This suggestion cannot be accepted as may  
be seen below. 

The conductivi ty,  ~, of a solid can be calculated f rom 
the general  formula  ~ ---- (n~, + p~p) e, where  n and p 
are the respect ive concentrat ions of negat ive  and posi- 
t ive charge carriers,  #n and ~p their  respect ive mobi l i -  
ties, and e their  charge. At a given t empera tu re  p and 

n are related by p .  n = ni 2, where  ni is an intrinsic 
concentration.  It  can be shown (5) tha t  if posit ive and 
negat ive charge carriers part icipate in the conduction, 
a min imum in the isothermal  conduct ivi ty  occurs when  
n~n ---- p#p. Also, the transi t ion from posit ive to nega-  
t ive thermal  emf should occur at p /n  ratios very  close 
to n / p  = #p/~n, or near  the same concentrat ion where  
min imum conduct ivi ty  is observed. 

No min imum in the isothermal  conduct ivi ty  of wtis-  
t i te has been reported when the composition is changed 
from Feo.950 to Fe0.840. This indicates that  the condi- 
tion n~n ---- p#p, is never  attained. We therefore  conclude 
that  the model  proposed by Hillegas (6) cannot account 
for the observed electr ical  conduct ivi ty  in w[istite. To 
fur ther  substantiate the a rgument  that  only positive 
charge carriers contr ibute  to the conductivity,  consider 
the fact that  the conduct ivi ty  increases monotonical ly  
wi th  increasing deviat ion from stoichiometry,  even 
when the the rmal  emf changes sign. If, as Hillegas 
suggests, the decrease in the rmal  emf is due to the ap- 
pearance of negat ive  charge carriers,  the conduct ivi ty  
should decrease throughout  the min imum ra ther  than 
increase. 

We therefore  assume that  only one type of charge 
carrier,  namely,  holes, are contr ibuting to the conduc- 
tivity. The conduct ivi ty  then is given by 

= p e ~  [1] 

To calculate the conduct ivi ty  it is necessary to compute 
p, the concentrat ion of holes. In ref. (1) it was sug- 
gested that  the defects consist of the fol lowing complex 
(VFeFeiVFe), i.e., two iron vacancies associated with  an 
iron interstit ial .  The creat ion and ionization of these 
defects may be wr i t ten  as 

1 
FeFe + Vi + ~-02 = Fe~ x + Oo [2] 

FeFe -5 Fee x ---- Fee' -5 FeFe �9 e + [3] 

Fec x and Fee' are neutra l  and singly ionized complex 
defects respectively,  where  the pr ime refers to negat ive 
charge, Vi represents  an interst i t ial  ( te t rahedral )  site 
avai lable  for occupancy by the complex defect, and 
FeFe is a divalent  Fe atom on a normal  site (octahe- 
dral) ,  FeFe.e + is an Fe ++ ion on an octahedral  site 
with one ext ra  electron hole (a t r iva lent  iron cat ion) ,  
and Oo is an oxygen ion on an oxygen latt ice site. 

With  the neut ra l i ty  condition 

p = [FeFe" e+]  = [Ve~'] [4] 

and expressing the concentrat ion of the defects in molar  
fraction y, the deviat ion from stoichiometry,  is given by 

y ----- [Fec x] -5 [Fec'] ---- ~ + ~ [5] 

815 
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Fig. 1. Nonstoichiometry in wustite, y in Fel-yO, as a function 15 14 13 Iz 
of temperature and partial pressure of oxygen. Experimental results 
after Vallet and Raccah (2). 

where  a is the concentrat ion of unionized complex 
defects and ~ is a concentrat ion of ionized defects and 
is also equal  to p, the concentrat ion of free charge 
carriers. 

Due to the large concentrat ion of defects, the concen- 
t rat ion of regular  octahedral  sites and of empty  te t ra -  
hedra l  sites cannot be assumed to be constant. It  has 
been shown in ref. (1) that  

[FeFe] = 1 -- ~ -- 2y [6a] 
and 

[Vii ---- 2 -- 7y [6b] 

With these values for the activities of octahedral  sites 
and te t rahedra l  sites, the law of mass action applied to 
Eq. [2] and [3] yields 

y -- ~ = K1 (2 -- 7y) (1 --/~ -- 2y) ]002 "-1/2 [7] 
and 

~2 = K i  ( y  - -  f l)  ( 1  - -  ~ - -  2 y )  [ 8 ]  

Solving these equations, we obtain for 

--Ki(1 -- y) ~ [Ki2(1 -- 3y) 2 + 4Kiy(1  -- 2y)] t/~ 

2(1 -- Ki) 
[9] 

and for Po2 

PO2 = [KI(1- -2Y- -~) (2- -7Y)]  -2 [ 1 0 ]  

y - - / ~  

These equations have been solved numer ica l ly  in ref. 
(1). 1 With the expressions K1 = 1.75 x 10 -9 exp 
(79,400/RT) and Ki ---- 0.13 x 102 exp (--17,900/RT) 
we calculated the deviat ion from stoichiometry as a 
function of Po2. The results are presented in Fig. 1 wi th  
the exper imenta l  results of Vallet  and Raccah (2). 
Excel lent  agreement  of theory with exper iment  is ap- 
parent.  The values of ~ as a function of t empera tu re  
and oxygen par t ia l  pressure were  then used to calculate 
the conduct ivi ty  using Eq. [1]. The mobil i ty is assumed 
to be a constant of t empera tu re  and is calculated f rom 
the conduct ivi ty  at the smallest  deviat ion from stoi- 
ch iometry  separate ly  at each temperature .  The conduc- 
t iv i ty  at all y has been calculated f rom these values 
of #, and the results are shown in Fig. 2. We see that  
the conduct ivi ty  as calculated deviates markedly  from 
the measured conduct ivi ty  even at re la t ive ly  small  
values of y. This is not  surprising since the concentra-  
t ion of charge carr iers  is ex t remely  high and one would 
expect  that  the mobil i ty  would be a function of this 
concentration. 

From the exper imenta l  results and the known con- 
centrat ion of charge carr iers  one can, however ,  esti-  
mate  an approximate  value  for the mobi l i ty  u ~ 1 

1 U n f o r t u n a t e l y ,  i n  ref .  (1} a t y p o g r a p h i c a l  e r r o r  o c c u r r e d  in  t h e  
p r e - e x p o n e n t i a l  v a l u e s  of  K1 a n d  K i ;  f u r t h e r m o r e ,  to o b t a i n  b e t t e r  
a g r e e m e n t  w i t h  t h e r m o g r a v i m e t r i c  r e su l t s ,  t h e  c o n s t a n t s  h a v e  b e e n  
slightly v a r i e d  in  t h e  p r e s e n t  w o r k .  

I I . I / 

o 

, ooc! | 
I J I ! 

I I  I0 9 8 
P o z  

Fig. 2. Electrical conductivity as a function of oxygen partial 
pressure for several temperatures. Solid lines are obtained using 
Eq. [1]. Experimental data is after Hillegas (6). 

cm'2/V sec.2 Such a small  mobil i ty  is typical  of solids 
where  small  polaron hopping is the operat ive  mode of 
conduction (7). In this case the mobil i ty  is proport ional  
to the jump probabil i ty  of a charge carr ier  f rom site 
to site. If  the concentrat ion of charge carr iers  is ve ry  
high, it is h ighly probable that  one of the nearest  
neighbor  sites will  a l ready be occupied by a charge and 
therefore  hopping to this site wil l  be prohibited. The 
probabi l i ty  of a j ump  will  therefore  be decreased by 
a factor 1 -- 7t~, where  7 represents  a blocking parame-  
ter  describing the avai labi l i ty  of sites for charge mo- 
tion. This te rm is similar  to the blocking te rm on the 
te t rahedra l  site (Eq. [6b]),  and we assume that  each 
octahedral  site occupied by a charge carr ier  blocks half 
the neighboring octahedral  sites and its own site. 
Therefore,  7 is equal  to 4 in our calculations. Since the 
concentrat ion of charge carr iers  is ex t remely  large, it 
is qui te  probable that  some of the blocked sites calcu- 
la ted in this manne r  are blocked twice. To allow for 
this effect we tr ied to accommodate in the model  differ- 
ent screening parameters .  Usually, self screening is 
proport ional  to the 1/2 or 2/3 power of the concentra-  
tion of charge carriers. We found the former  to bet ter  
fit the results and we therefore  used 1/2 for calculat ing 
the conductivity.  The  fol lowing expression for the mo-  
bil i ty is therefore  used 

- - E a  
= ~0 fit/2 (1 -- 4~) e x p - -  [11] 

kT 

The act ivat ion energy Ea is the heat  of motion for the 
charge carr iers  themselves  and it has been taken  to be 
0.01 eV. This is de te rmined  from the t empera tu re  de- 
pendence of the lowest conduct ivi ty  values at each 
t empera tu re  where  the influence of the blocking pa- 
rameters  is minimal.  Also the deviat ion f rom stoichi- 
omet ry  at this part  of the phase diagram does not 
change much with t empera tu re  and is about 5%. Using 
Eq. [1] and [11] the conduct ivi ty  has been calculated. 
The results of these calculations are shown in Fig. 3 
and are compared with the exper imenta l  results of 
Hillegas (6). Apar t  f rom a slight decrease in the con- 
duct ivi ty  with increasing concentrat ion of charge car-  
r iers at the high oxygen pressure part  of the phase, the 
fit of the calculated ~ with  the exper imenta l  values is 
ve ry  good. Later  we discuss possible sources for the 
deviat ions at high concentrat ions of charge carriers. 

One would like, however ,  to check the val id i ty  of 
the model  proposed here  on an independent  set of 
exper imenta l  results. The Seebeck coefficient may  serve 

"-' A t  t he  t e m p e r a t u r e s  in  q u e s t i o n ,  t h i s  v a l u e  a lone  is no t  b y  i t se l f  
a su f f i c ien t  c o n s i d e r a t i o n  to a p p l y  t h e  h o p p i n g  mode l .  M e a s u r e m e n t  
a t  l o w e r  t e m p e r a t u r e s  s u g g e s t s ,  h o w e v e r ,  a m o b i l i t y  w h i c h  s t r o n g l y  
d e c r e a s e s  w i t h  t e m p e r a t u r e  a n d  on  th i s  bas i s  t h e  h o p p i n g  a s s u m p -  
t ion  is m a d e .  
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Fig. 3. Electrical conductivity as a function of oxygen partial 
pressure for several temperatures. Solid lines are obtained using 
Eq. [1]  and [11] .  Experimental data is after Hillegas (6). 

as a tool for this purpose since it is, theoret ical ly,  
s imply related to the concentrat ion of charge carriers. 

The Seebeck coefficient is given by the expression 

where  Nv is the density of states, c the concentrat ion 
of charge carriers,  and A a kinetic term. When the 
charge carr iers  are localized, N,, is assumed to be the 
concentrat ion of avai lable sites. F rom our discussion 
above this should be Nv = /~1/2 (1 -- 4/~). With c = /~, 
we therefore  obtain for Q 

Q = - -  In {-A [131 
e ~1/~ 

In Fig. 4 we plotted these values together  with the 
exper imenta l  results of Hillegas (6). The kinetic te rm 
here equals --0.89. It is seen that  good correlat ion is 
found between the exper imenta l  results and the theo-  
ret ical  curves which were  obtained f rom the same 
model  used to explain the conduct ivi ty  data. A possible 
explanat ion of the negat ive kinetic t e rm is presented 
below. 

Discuss ion  
We have presented here  a model  which has been 

used to in terpre t  three sets of exper imenta l  data which 
are dependent  on tempera ture  and oxygen pressure. 
These data are deviat ion from stoichiometry,  the elec- 
tr ical  conductivi ty,  and the Seebeck coefficient. The 
parameters  of the theory are K1 and Ki which are t em-  

5 0  i i i i i i i I 
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Fig. 4. Seebeck coefficient as o function of oxygen partial pres- 
sure for several temperatures. Solid lines ore obtained using Eq. 
[13] .  Experimental data is after Hillegas (6). 

pera ture  dependent  in a we l l -de te rmined  way, and the 
blocking and screening effects. 

The blocking and screening parameters  have been 
chosen in a manner  consistent with physical reality. K1 
and Ki were  de termined  to fit the exper imenta l  ther -  
mogravimet r ic  data alone. K1 was de termined  f rom the 
deviat ions f rom stoichiometry at low values of y, while  
Ki was est imated from the high y portions of the phase 
diagram. The fact that  a ve ry  good fit for three  in-  
dependent  exper imenta l  variables  obtained over  a wide 
range of t empera tures  and oxygen part ial  pressures, 
could be calculated using parameters  der ived to fit a 
single set of va lues?  points up the fact that  the defect 
s t ructure  proposed and the form of the mobi l i ty  bear 
a close relat ion to the actual propert ies of wfistite. 

One of the conclusions f rom this t r ea tment  is that  the 
nonl inear i ty  observed in the rmograv imet r ic  data ob- 
ta ined using solid state electrolytic cells and in mea-  
surements  of electr ical  conduct ivi ty  does not war ran t  
the introduct ion of three  different phases in wfistite. 
This does not rule  out the possibility of the existence 
of a long-range  order  as discussed by Koch and Cohen 
(8). However  the macroscopic propert ies  of wfistite 
would be influenced only to a minor  degree even if such 
a long-range order did indeed exist. 

The model presented here  does have, however ,  some 
intrinsic limitations. We have  seen that  at ve ry  high 
concentrat ions of charge carriers the theoret ical ly  ob- 
tained values of the conduct ivi ty  do deviate  f rom the 
exper imenta l  ones. Assuming that  the exper imenta l  
values are correct  one asks himself  where  the theory  
could be improved  to account for these deviations. The 
parameters  KI and Ki and their  t empera tu re  depen- 
dence have been calculated using the exper imenta l  
the rmograv imet r ic  data. Ki however  determines  the 
ratios of/~ to y. (It  describes the ionization of the com- 
plex defects.) The the rmograv imet r ic  data are by thei r  
nature  less accurate than electr ical  conduct ivi ty  data 
and less sensitive to Ki. Slight  changes in Ki could in- 
fluence the calculated conduct ivi ty  to a larger  degree 
than the deviat ion from stoichiometry.  It is possible, 
therefore,  that  a bet ter  value of Ki could improve  the 
theoret ical  values of the conductivity.  

It is not impossible, however ,  that  the screening co- 
efficient /~1/2 changes sl ightly with /~ itself. We tested 
this idea, and for high/~ a screening coefficient/~2/z does 
fit the results bet ter  than/~1/2. This would be a plausible 
result  since the concentrat ions of charge carriers do 
increase by a factor of 3. Such a procedure will, how-  
ever~ render  the re la t ive  simplicity of the model  use- 
less, and may involve the fitting of the exper imenta l  
results to theory  with  too many  parameters .  

The exact  form of the kinetic t e rm in the Seebeck 
coefficient is still uncertain.  Heikes et al. (9) show that  
for hopping charge carr iers  A = /~ E~/kT with  /~ = 1 
or 0 < /~ < 1. To our knowledge no theoret ical  work  
predicts fl < 0. 

This behavior  has, however ,  been observed before 
in CoO (10) and the question arises as to whether  or 
not this is a general  property.  One speculation to ex-  
plain this peculiar  effect is that  we have  here  a case of 
a "negat ive  phonon drag." The A term in the the rmo-  
electric power  describes the t empera tu re  dependence 
of the scattering mechanism in the t ransport  of charge 
carriers. In most cases, this is also the t empera tu re  de- 
pendence of the mobility. The phonon drag is however  
associated with an anisotropic scattering of phonons by 
the charge carriers,  yielding an ex t ra  thermal  energy 
in the direction of the charge motion. In the case of 
hopping, the charge motion is phonon assisted and one 
could in terpre t  this as scat ter ing of electrons by pho- 
nons and therefore  a lower ing of the the rmal  energy 

I t  s h o u l d  be n o t e d  t h a t  t h e  f a c t  t h a t  the  t e m p e r a t u r e  de-  
p e n d e n c e  of K1 and  Ki  m u s t  be of a g i v e n  fo rm does l i m i t  t he  
choice of pa rame te r s ,  and  a good  a g r e e m e n t  of the  t heo re t i c a l  v a l u e  
to the  t h e r m o g r a v i m e t r i c  da ta  is by  i t se l f  a good i n d i c a t i o n  of t he  
u se fu lnes s  of the  m o d e l  chosen.  
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of the system in the direction of motion. The occur- 
rence of this negative A term in CoO, in some spinels, 
and in wiistite warrants  a deeper theoretical s tudy of 
this effect. It may be noted in this context tha t  0.89 
is approximately E J k T  in this tempera ture  range, and 
this also is very similar to the expression observed in 
CoO. 
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Heats of Fusion of the Compounds 
As S As Se a , As Te3, and Sb S 
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M. B. Myers and E. J. Felty 
Research Laboratories, Xerox Corporation, Rochester, New York 

The nonoxide group V-VI, A2B3 compounds are of 
interest  because of their semiconducting and photocon- 
ductive properties. Further ,  the part icular  compounds 
of the present  s tudy are in a very interest ing class of 
materials referred to as chalcogenide glass formers. 
Because the active interest  in these materials  is a rela-  
t ively recent one, there are little data with respect to 
their  thermodynamic  properties. This paper reports 
measurements  of the heats of fusion and the corre- 
sponding mel t ing points for As2S3, As2Se~, As.,Te3, and 
Sb.,S~. 

Experimental 
The materials  were prepared by reaction of Gallard 

Schlesinger 99.9999% pure  elemental  components  in 
silica glass ampoules at 600~ for 24 hr and air cooling 
to room temperature.  The As2Te3 and 8b283 melts 
crystallized on cooling, whereas As2S~3 and As._,Se:~ 
formed glasses. Suitable As.~Se8 crystals were prepared 
from the glassy mater ia l  by subl imation in sealed silica 
glass ampoules. Difficulty in obtaining completely crys- 
tal l ine As2S3 necessitated the use of na tu ra l  crystals of 
the minera l  orpiment.  

The ident i ty  of the compounds was checked by x - r ay  
diffraction, and the stoichiometry of their  major  con- 
st i tuents  was determined to be wi thin  • 1.0 a/o (atomic 
per cent) of the desired composition by electron micro- 
probe analysis. The absence of any  observable eutectic 
reactions dur ing  the thermal  analyses fur ther  verified 
the accuracy of the compound compositions. 

Calorimetric determinat ions were carried out with 
two different types of apparatus depending on the mel t -  
ing tempera ture  of the compound. A Pe rk in -E lmer  
DSC-1B differential scanning calorimeter (1, 2) was 
employed in the analyses on As2S~, As2Se~, and A~Te~, 
whereas, the calorimeter accessory (3) for the Du Pont  
900 DTA was used for Sb2S~. 

The Pe rk in -E lmer  calorimeter read out temperatures  
were corrected by cal ibrat ing the ins t rument  using the 
mel t ing points (4) of In, Sn, Pb, Zn, Cd, and Te. The 
Du Pont  ins t rument  potent iometr ical ly recorded tem-  
perature  with chromel-a lumel  thermocouples, and cali-  
brat ion with appropriate melt ing points indicated no 
addit ional  corrections were required. The accuracy of 
the tempera ture  measurement  is • I~ However, the 
uncer ta in ty  of the melt ing points is greater as indi-  
cated because of the difficulty in discerning the exact 
onset of melting. A comparat ive analysis on materials 
with well established mel t ing points indicated a prefer-  
ence for an extrapolated onset technique for the DTA 
and a point of first depar ture  from baseline for the 
DSC-IB. 

The heats of fusion were determined by a compari-  
son of the areas of the mel t ing endotherms of the un-  
knowns to those of s tandards with melt ing peaks in 
the same tempera ture  range. The areas of the mel t ing 
peaks were enclosed by  drawing a straight l ine from 
the point of first depar ture  from the baseline of the 
thermogram trace to the point of return.  The area of 
each endotherm was measured ten times with a pla- 
nimeter ,  and ten analyses were made on each unknown  
and standard. 

The s tandard employed for the As,,S~ de terminat ion  
was Pb, and the s tandard for the As2Se3 and As2Te3 
determinat ions  was Zn. These calibrations were 
checked by employing them for the measurements  of 
the heats of fusion of Cd and Te. Comparison of the 
mean values of these determinat ions  with l i terature 
values indicates a difference of 2.0 and 3.6%, respec- 
tively. The pr imary  cal ibrant  for the determinat ion on 
Sb-_,S3 with the Du Pont  apparatus was Bi2Te3. Because 
of the marked tempera ture  dependence of the cal ibra-  
tion factor in the tempera ture  range of interest,  the 
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Table I. Melting points, heats of fusion, and entropies of fusion of A2VB3 VI Compounds 
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AH f u s i o n  
k c a l / g  at. 

C o m p o u n d  Mel t ing  point ,  ~ (keal/mole} 
P resen t  P r e s e n t  

s t u d y  L i t e r a tu r e  s t u d y  L i t e r a tu r e  

A S  f u s i o n  
ca l /g  at.* 

(ca l /mole  ~ 
P re sen t  

s t u d y  L i t e r a tu r e  

As~Sa ~315  307 (7) 1.37 --  0 .06  0 .91 (7) (6,85 ~ 0.30) 
As~Se~ 3 6 8  • 4.0 360 (121 1.95  "+" 0 .06  

(9.75 --  0.30) 
As~Te~ 374 "4- 1.O 362 (13) 2.67 ~ 0.07 

(13.35 ~- 0.35) 
Sb,_,S:~ 549 ~_ 4.0 547 f8 )  2.29 • 0.12 1.12 (8~ 

(11.45 • 0.60) 

2.33 1.6 (7) 
(11.65) 

3,04 
(15.20) 

4.13 
(20.65) 

2.79 1.37 (8) 
( 1 3 . 9 5 )  

secondary calibrants Cd, Zn, and Te were employed to 
establish a tempera ture  coefficient for the factor. The 
error in the determinat ion of the heat of fusion of 
Sb,.,S.~ with the calibration is approximately 5%. 

The heating rates for all of the analyses were 10~ 
min, and depending on the gram-atomic weight of the 
sample, 1-10 mg of mater ial  were analyzed. The sam- 
ple holders employed were Pe rk in -E lmer  sealable 
a luminum containers for volatile samples. The inhibi -  
tion of free vaporization was most important  for As~Te.~ 
and Sb2S3 near  the mel t ing point. Reaction with the 
sample container  was only noted for Sb2S3 and was 
el iminated by forming a thicker oxide coating on the 
container  by anodization. 

Discussion and Results 
The heats of fusion, melt ing temperatures,  and com- 

puted entropies ( •  ~ ~ H f / T ~ )  obtained in this in-  
vestigation are summarized in Table I and are com- 
pared in Fig. 1 with the l i terature values for Sb.,Se.~ 
(5), Bi2S.~ (5), Sb2Te:~ (6), and Bi.~Te3 (6). The l i tera-  
ture values for • of As2S3 (7) and Sb_~S3 (8) were 
determined by the pressure dependence of the mel t ing 
point and by cryoscopic measurements ,  respectively. 
Comparison with the values of this study indicates fair 
agreement  for As.~S.~ and poor agreement  for Sb._,S:~. 
The determinat ion of AHf by cryoscopy requires as- 
sumptions concerning the na ture  of the liquid solution 
which are difficult to verify. It is believed that  the 
calorimetrical ly determined value of the present study 
is the more accurate parameter  for Sb.,S3. 

There is a great deal of exper imental  evidence indi -  
cating that _~Hr is proport ional  to T~ for certain classes 
of crystal structures (9, 10). However, a constant en-  
tropy relationship between AHf and T~ is not found 
for any of the groups of isostructural  compounds ap- 
pearing in Fig. 1. This lack of proport ionali ty is also 
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Fig. 1. Relationship between the heat of fusion and thermody- 
namic melting point. The isostructurol compounds, connected by 
solid lines, are identified as to structural type in the upper left 
quadrant of the diagram. The broken lines indicate constant entropy 
values. 

demonstrated for the isostructural  elements Se and Te 
(8) included in Fig. 1 for comparison. 

In order to evaluate the relat ive differences quant i ta -  
t ively in the entropy of fusion for these compounds, 
all the sources of entropy change require considera- 
tion. These contributions can arise from the volume 
change, molecular orientat ion randomization, and ran-  
dom mixing of elemental  components. The importance 
of these factors vary according to the degree of dis- 
sociation of the compound in the melt. 

Unfortunately,  nei ther  the _~Vf nor detailed struc- 
tural  information of the melts are available to assess 
their  relative contr ibut ions to ~Sf. However, it is possi- 
ble to qual i ta t ively relate the differences in _~Sf to 
variations in the consti tution of the melt by comparing 
the ~Sf's with the change in cohesive energy with 
fusion. The change in cohesive energy is assumed to be 
reflected by the ratio of the gram-atomic heat of fusion 
to the gram-atomic heat of atomization. The heats of 
atomization are not exper imental ly  available;  how- 
ever, they can be estimated (11) from 

o ,_~ o • i/5 [---kH~ ~- 2• (A) + 3 Ha (B~] 

where •176 is the heat of formation of the compound, 
and • ~ is the heat of atomization of the elements. 

The data in Fig. 2 do indicate for both isostructural  
groupings and for these A2B.~ compounds in general  
that the increase in the entropy of fusion is associated 
with a greater relaxat ion of bonding energy on fusion. 
This observation suggests that  the progressive increases 
in the _~Sf's observed in Fig. 2 are associated with 
greater s t ructural  change on fusion. The result ing melts 
would be characterized by increased dissociation and 
randomization. This t rend is consistent with the ob- 
served decrease in glass forming tendencies and melt  
viscosities found for the higher gram-atomic weight 
compounds. 
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Fig. 2. Relationship between '-~St" and the decrease in average 
bonding energy. Isostructural compounds are denoted ai in Fig. 1. 
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ABSTRACT 

Microanalytical  and x- ray  diffraction examinat ion  of cross-sectional areas 
of discharged zinc anodes has been carried out together with the measure-  
ment  of the extent  of metal  dissolution using typical  fabricated zinc cans. 
The behavior of zinc as a dry cell anode, including the generat ion of dis- 
charge products, is very dependent  on the degree of discharge and the ca- 
pacity, even for batteries incorporat ing identical anodes. Manganese occur- 
rence at the zinc-electrolyte interface is observed in part icular  cases of dis- 
charge. This is associated with the generat ion of enlarged micropores in the 
MnO2 particles contained in the cathode cake. 

This paper deals with an exper imental  study of zinc 
anode behavior in actual LeclanchO dry cells. It is ordi- 
nar i ly  recognized that  the reaction of zinc anodes dur-  
ing discharge in Leclanch~ cells exhibits the following 
general  features: (a) dissolution of the metal, (b) 
change in the crystal l ine orientation, and (c) genera-  
t ion of discharge products. However, these changes 
seem to have been overlooked in many  cases, par t ly  
because a major  portion of the technology in this field 
has long been in a border  area between the zinc sup- 
plier and the dry cell producer and part ly because the 
zinc is the "consumed electrode" and therefore provides 
few opportunit ies for investigation. 

In recent years, much at tent ion has been devoted to 
the na ture  of the zinc anode and its part icipation in 
some electrode processes. Among the basic studies on 
zinc behavior, McMurdie (1) related the discharge 
products including ZnCI.,.4Zn (OH) 2, and ZnCI,,-2NH3. 
Cahoon (2) ment ioned the occurrence of ZnC12-2NH.~ 
and ZnC12.4NH3, and Drotchmann (3) and Bell (4) 
discussed the corrosion problem of the zinc plate in 
the Leclanch~ electrolyte. Most of the published data, 
however, have been l imited to discussions of the results 
of ra ther  "static experiments" with test pieces im- 
mersed in cell electrolytes, and a recalculat ion is re- 
quired when applying them to the characterization of 
zinc anodes with "dynamic discharge reactions" in 
actual dry cells. It  is often observed that the behavior 
of zinc in actual dry cell service deviates significantly 
from what might  be expected from a separate immer-  
sion test with zinc pieces. 

Because of the importance of the contr ibut ion of zinc 
ions to Leclanch~ dry cell reactions as seen in the 
previous work (5), an effort has been made in the 
present  paper to observe where, and to what  extent,  
the zinc anode will  react to function as the counter -  
electrode of the MnO2 dur ing discharge of a Leclanch~ 
cell. It is well  known that  the cathode cake and paste 
formulat ion has a major  influence on zinc anode per-  
formance; even with the same species of zinc anode, 
the performance of cells is largely governed by the 

* Electrochemical  Society  Act ive  M e m b e r .  

way they are made. In the present  study, uti l izing this 
phenomenon and selecting some of the parameters  in 
cell fabrication, a number  of laboratory dry cells were 
constructed with a typical impact -ext ruded zinc can. 
These cells, prepared with several modifications, were 
then discharged on heavy and light loads. The resul tant  
anodes have been examined by means of x - ray  diffrac- 
tion and electron probe microanalysis. The purpose 
here is to reveal how the three general  features, (a), 
(b) ,  and (c), ment ioned above manifest  themselves 
with a typical fabricated zinc can under  actual service 
conditions and how they are described in terms of dis- 
charge characteristics of the cell. 

Experimental 
Anode zinc can.--A typical  impact -ext ruded zinc can 

for commercial  D-size cells in Japan  was used for con-  
struct ing the test cells. The weight was i4g and the 
chemical analysis was: Fe 0.01%, Pb 0.12%, Cd 0.06%, 
Cu 0.004%, and Zn the balance. This can was manufac-  
tured through the three main  steps according to the 
common practice; i.e., (i) metal  ingot before rolling, 
(ii) "coins" obtained from the rolled sheet and ready 
for impact-extrusion,  and (iii) impact -ext ruded can. 

Figure 1 shows the x - ray  diffraction pat tern  for each 
stage. At stage (i), the most intense peak was (101) 
being characteristic of the metallic zinc. The relat ive 
intensit ies of the (002) and (004) peaks became 
stronger at stage (ii), showing that  the hexagonal  zinc 
uni t  cells had slipped along the basal planes (6) 
through the rolling operation. After  impact-extrusion,  
at the final stage (iii),  the (002) peak remained 
stronger and the (103) peak was also intensified, while 
the (004) peak was comparat ively reduced. 

Construction of the cells.--The s tandard formulat ion 
in the previous work (5) was used in construct ing lab-  
oratory cells with the above zinc cans. To provide a 
series of varied discharge characteristics, the following 
parameters  were selected and varied; the source and 
activity of manganese  dioxide, mixing ratios in the 
cathode mix, pH of the electrolyte, aging t ime of the 
mix, wrapping and unwrapping  of cathode bobbin, and 
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Fig. 1. X-ray diffraction examination of the zinc can at the main 
production stages: ( i ) t h e  zinc ingot, (ii) rolled sheet, and (iii) 
impact-extruded can. 

composition of the paste, thus giving 20 kinds of experi-  
menta l  fabrication processes. Mercury was always 
added to the paste in the form of HgC12 solution. Forty 
exper imental  cells in all, two cells for each fabrication, 
were obtained. They were hand pressed, containing 22g 
of manganese  dioxide per cell. 

In  terms of present -day  technology, our formulat ion 
and fabrication are probably outdated and perhaps 
naive. However, they did give us f irst-hand experience 
with some of the basic qualities of zinc when funct ion-  
ing as anode in actual  working  dry cells. 

Discharge of the cells.--The two cells for each formu-  
lation were discharged, one on a relat ively heavy load, 
4 ohms for 30 min /day  and 5 days a week, and the other 
on a relat ively light load, 40 ohms for 4 h r /day  and 5 
days a week, to a cut-off voltage of 0.75V, respectively. 
In te rmi t t en t  discharges were employed considering the 
fact that  the daily usage of dry batteries is mostly in-  
termit tent .  

Separation of discharged zinc anodes.--The dis- 
charged dry batteries were disassembled and the re-  
sidual zinc anodes were separated, quickly rinsed with 
water, and then with acetone. Acetone facilitated the 
removal  of the water  and was itself removed at 20~ 
in air. 

Care was exercised in removing some of the consti tu- 
ent materials  of the residual  cell, including the paste, 
from the consumed zinc electrode. P re l iminary  tests 
showed that  the residual  materials  were removed from 
the developed anode surface by the brief rinse with 
water, and the film of zinc compounds formed on the 
immediate  inter ior  wall  was satisfactorily stable and 
not affected by this t rea tment  if the water  was suc- 
cessively replaced with a volatile solvent such as ace- 
tone. Acetone was convenient ly  employed because it 
readily escaped from the surface at the room tempera-  
ture of 20~ without any harmful  effect to the con- 
sumed electrode. 

When the r insing procedure was not followed after 
disassembling the discharged dry cells, three undesir -  
able effects took place: (i) the weight  of the residual 
zinc anode was erroneous due to the wet paste, (ii) the 
bulk  of the paste adhering to the electrode dried dur -  
ing the x - r a y  examinat ion  process and secondary com- 
pounds were formed other than the p r imary  discharge 
products to be examined, and (iii) the wet paste in te r -  
fered with mount ing  the specimen in the resin matr ix  
used for the EPMA device and with examining it under  
the electron bombardment  in vacuo. 

There still remains  a problem that  this separation 
procedure may not be ent i re ly  satisfactory for a soluble 
discharge product such as polyammines,  if any. How- 
ever, the scope of the present study does not a t tempt  

to cover all the discharge products occurring in the 
cell, but  concentrates on the changes in the state of 
the impact -ext ruded zinc metal  from x - ray  aspects. 
Among several ways tested for paste removal, the 
procedure described above was the best for the purpose 
of the present  study. 

Examination of discharged zinc anodes.--The dis- 
charged zinc anodes were examined as follows: (i) 
decrease in weight as an approximate measure of zinc 
dissolution, (ii) x - r ay  diffraction pat tern  of the de- 
veloped interior  surface using Cu K~ radiat ion for 
discharge products, and (iii) electron probe microanal -  
ysis for the Zn, Pb, and Mn dis tr ibut ion across vertical 
sections by scanning for the individual  characteristic 
K~ x-rays.  

Among the elements indicated in the chemical anal-  
ysis of the zinc anode, Cd, Fe, and Cu were too small  
in amounts  to be examined with the EPMA method, 
their images being overshadowed with the level of 
background. On the other hand, mercury  which had 
been added to the paste in the form of HgC12 dur ing 
assembly could be observed because it formed a layer 
of amalgam on the interior  surface of the zinc anode. 

In the case of Hg examination,  however,  the La ray 
instead of the Ka was employed due to the fact that 
the max imum accelerating voltage of the EPMA device 
with a LiF spectrum crystal was 50 kV, while the exci- 
tat ion voltage for Hg Ks ray is about 83 kV and that  
for Hg L~ is about 15 kV. Care was also extended to 
examine the background intensi ty  of the Hg La image, 
because it was different from the one in the conven-  
t ional cases of K~ images. A usual  practice in the 
EPMA technique was followed in this case; a slight 
shift in the detecting angle from the wavelength  of 
the Hg Lal ray, which is 1.23863A, provided the back- 
ground intensi ty  of the Hg L~I itself, there being no 
interfer ing elements in the specimen that  correspond 
to any wavelength in the shifted range. 

The counting sensit ivity of the x - r ay  detector of the 
microanalyzer  was adjusted higher for the Pb, Mn, 
and Hg elements by a factor of 100 than for Zn because 
of their minor  amounts. The other EPMA conditions 
were similar  to the one described in the previous work 
(5). 

Pore distribution measurement for MnO2.--Pore size 
distr ibutions were measured for the MnO2 before and 
after discharge to determine changes that  occurred as 
it functioned as a source of Mn +2 ions dur ing discharge. 
The Barrett,  Joyner ,  and Halenda method was used on 
the basis of ni t rogen gas adsorption-desorption curves 
in a range of P/Po = 0.03 to 0.97 obtained with a BET 
apparatus. 

Results and  Discussion 

Dissolution of zinc.--The decrease in weight of the 
anode during discharge vs. the discharge hours are 
plotted in Fig. 2 and 3. The zinc anode dissolved in a 
larger quant i ty  dur ing the light discharge than dur ing 
the heavy. The dissolution of the zinc is observed to be 
approximately proport ional  to the discharge durat ion 
in the former case, while not in the latter. 

Changes in x-ray  diJ]raction pattern.--The 40 resid- 
ual  zinc cans obtained, 20 each from the heavy and the 
light discharges, were roughly classified into four types 
of x - r ay  diffraction pat terns as shown in Fig. 4. After  
the heavy discharge there was observed either a type 
that  produced a number  of the peaks of ZnC12" 
4Zn(OH)2 [Fig. 4 (a ) ]  or of ZnC12.2NH~ (b).  After 
the light discharge, the zinc anode main ly  produced 
the basic chloride rather  than the d iammine  and the 
degree of generat ion was in some cases small  (c), and 
in other cases considerable (d). While type (d) re-  
tained some of the stronger residual  peaks of zinc, type 
(c) on the contrary possessed only smaller  peaks of the 
metal. 
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Fig. 4. Typical x-ray diffraction pattern of the zinc can after 
discharge: (a) and (b) after the heavy discharge, and (c) and (d) 
after the light discharge. 

Figure 5 shows that  the reduction of the in tensi ty  
of the (002) peak is an approximate indication of the 
l ight discharge duration.  I t  follows from Fig. 2 and 5 
that the closest packed plane may be comparat ively 
insensit ive to dissolution during discharge, just  anal-  
ogous to the cases of heterogeneous catalysis with 
some metals where the closest packed planes are also 

o 
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the most inactive (7). This change was not  pronounced 
in the case of the heavy discharge, probably because 
many  other mechanical  stresses would exist la tent  in 
the fabricated zinc can. Effects of these may overlap 
those of crystal or ientat ion in determining changes 
dur ing high rate drainage. Figure 6 is another  indi-  
cation that  the basal planes of the hexagonal  zinc la t -  
tice (00n), where n = 2 and 4 in the diffraction dia- 
gram of Fig. 1 (iii),  are slower in the metal  dissolution 
dur ing the light discharge. 

Discharge products and performance of dry cells.-- 
An arb i t ra ry  rat ing for the degrees of generat ion of 
ZnC12.4Zn(OH)2 and of ZnC12.2NH3 was made on the 
basis of x - r a y  diffraction charts obtained with the re- 
sidual zinc anodes. Five rat ings were assigned from 1 
through 5 for the basic chlor ide--for  instance, the ones 
such as (a) in Fig. 4 were rated 5, while those such 
as (b) or (c) were 1. The diammine generat ion was 
likewise rated from zero through 3, being zero because 
a few examples did not produce any  appreciable 
amount  of the d iammine  as in the cases of (a),  (c), 
and (d) in Fig. 4. 

Figure 7 was obtained in this way  showing that  the 
more the zinc anode dissolved dur ing the light dis- 
charge, the less basic chloride was generated. This 
observation indicates that  the migrat ion of zinc ions 
from the anode penetrates  far into the cathode con- 
ta ining MnO2 dur ing discharge with the bet ter  per-  
forming batteries. It  is therefore implied that  most 
of the zinc precipitat ing as the basic chloride may come 
from the zinc chloride in the electrolyte and not from 
the zinc anode. 

Figure 8 shows how the d iammine generat ion is 
related to the ini t ial  voltage of cells; the lower the ini-  
t ial  voltage, the more the d iammine  was generated 
during the discharge. If the ammonia  radical to consti- 
tute the d iammine is l iberated by the oxidation reac- 
tion of ammonium ions (8, 9) at an ini t ial  stage of 

O 

2 0 0 0 

-.. ~ 

I~o3/Ioo~ 

Fig. 6. Relationship between Ioo2/11ol vs. Ilga/Ioo4, two specific 
intensity ratios of x-ray diffraction peaks, for residual zinc anodes 
after the light discharge. 

5O 
0 5LO 100 

R e l a t i v e  I n t e n s i t y  of  ( 002 )  

Fig. 5. A parallelism between the light discharge duration and 
the reduction of intensity of the (002) peak of the zinc anode after 
discharge. 
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Fig. 7. Metal dissolution from the anode during the light dis- 
charge vs. the basic chloride generation. 
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Fig. 8. Diammifle generation during the heavy discharge vs. the 
initial voltage of cells. 

discharge, the depolarizing power of MnO2 may more 
or less part icipate in giving the relat ionship in Fig. 8. 

2MnO2 + 2NH4 + + 2e--> Mn2Os �9 H20 + 2NH3 [1] 

ZnC12 + 2NH3 ~ Zn, C12 - 2NH3 [2] 

When the MnO2 used is highly oxidative and its ini t ial  
voltage is high, an excessive amount  of ammonia may 
be supplied by Eq. [1], and the polyammines  can be 
successively formed through the capture of the am- 
monia  as follows (9, 10). 

ZnCl2 �9 2NH3 + 2NH3--> ZnC12 �9 4NH~ [3] 

ZnC12 �9 4NI-I~ + nNH3-~ ZnC12 �9 (4 + n)NH3 [4] 

The polyammines  thus formed are ra ther  soluble in a 
weakly alkal ine atmosphere in the Leclanch6 cathode 
bobbin dur ing  discharge (8, 9, 11). However, when  
the MnO2 used is mild in its activity and of low init ial  
voltage, the l iberat ion of ammonia  at the ini t ial  stage 
of discharge may be low and just  enough for the for-  
mat ion of the diammine;  thus, the t ransformat ion of 
d iammine  to the polyammines  may  be l imited in this 
case. 

The relat ionship such as plotted in Fig. 8 was not 
found after the light discharge, probably  due to a 
possible dissolution or t ransformat ion of the diammine,  
if any occurred, dur ing the longer periods of discharge. 

Transverse section of zinc anodes before and after 
discharge.--Figure 9 is a vert ical ly sectioned area of 
zinc anode before discharge typically observed with the 
EPMA technique, while Fig. 10 and 11 show typical  
t ransverse  aspects after the heavy and the light dis- 
charges, respectively. 

It  is in teres t ing to note in Fig. 9(b) and (c) that  
the lead, which is usual ly  alloyed with the zinc in a 
small  quant i ty  in order to improve the fabrication 
properties of the metal  (12), is dis tr ibuted in a ra ther  
homogeneous fashion together with the zinc base across 
the t ransverse section of the can wall. Figure 9(d) for 

Fig. 9. Typical EPMA images from a vertically sectioned zinc 
anode before discharge: (a) Zn Ks distribution image, (b) Zn, (c) 
Pb, and (d) Mn line profiles. 

Fig. 10. Typical EPMA images from a vertically sectioned zinc 
anode after the heavy discharge: (a) Zn Ks distribution image, (b) 
Zn, (c) Pb, and (d) Mn line profiles. 

manganese,  al though not an additive element  to the 
zinc, was photographed as a b lank  test of the l ine pro- 
file for observing the movement  of this element  from 
MnO2 after discharge. 

After  the heavy discharge, it is seen from Fig. 10 (a) 
of the Zn Ks dis tr ibut ion image that  the inside of the 
can (to the left side of the photograph) has been ir-  
regular ly  corroded as a result  of the discharge. The 
line profiles for Zn, Pb, and Mn were obtained across 
the can at the position indicated with an arrow in 
Fig. 10(a) and are shown in Fig. 10(b),  (c), and (d).  
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Fig. 11. Typical EPMA images from a vertically sectioned zinc 
anode after the light discharge: (a) Zn Ka distribution image, (b) 
Zn, (c) Pb, and (d) Mn line profiles. 

A diluted zinc distr ibution toward the left side in (b) 
indicates that  this element  in this region may  exist 
as a compound such as ZnC12-4Zn(OH)2 or ZnC12" 
2NH3 and not as the metal. Although the lead in (c) 
has come to distr ibute in a l ightly zigzag pat tern,  a 
notable local concentrat ion has not occurred. 

The manganese line profile in (d), however, pos- 
sesses an intense peak at the inside of the residual  
anode after the heavy discharge showing a local depo- 
sition of this element.  This indicates that  the manga-  
nese, which was practically absent  before discharge 
as shown in  Fig. 9(c),  has moved onto this area dur ing  
the discharge from the anode cake- - the  only manganese  
source across the electrolyte paste of the cell. 

In  the case of the light discharge, the si tuat ion is 
quite different from Fig. 10 as shown in Fig. 11, where 
the zinc seems to have dissolved rather  homogeneously 
[(a)  and (b)] .  The lead shows no part icular  segrega- 
tion along the t ransverse  region (c) as in the case of 
the heavy discharge. It is interest ing to note that  no 
significant manganese occurrence is seen at the inside 
wall  of the residual anode here (d), except that  the 
background pat tern  somewhat differs depending on the 
metal  zone and the sur rounding  resin matrix.  It is 
general ly observed as shown in (c) that  the thickness 
of the residual  can has become th inner  in the light 
discharge than  in the heavy. 

Figure 12 shows the mercury  l ine profiles, (a),  (b),  
and (c), together with the backgrounds, (d),  (e),  and 
(f), where the pair  (a) and (d) is a t ransversal  section 
before discharge, (b) and (e) the one after the heavy 
discharge, and (c) and (f) after the light discharge, 
respectively. The line profiles were obtained with the 
1.23863A Hg L~I ray. As for the backgrounds,  the con- 
t inuous x-rays  at a slightly longer wavelength by 
0.016A from the wavelength of Hg L~I ray were used 
by shifting the detecting angle of the microanalyzer  by 
30 rain in angle from the position for the Hg L~.  In  
this case, overlap of several other elements such as Ge, 
Sm, W, Yb, Xe, Re, Sb, and Tm would have to be taken 
into consideration if any of them were present  in the 
specimen, because they could radiate their own char-  
acteristic x- rays  in the range of 0.016A shifted from 
1.23863A. However, it is most improbable  that  these 

Fig. 12. Typical line profiles of Hg from a vertically sectioned 
zinc anode before and after discharge: (a) Hg La~ line profile be- 
fore discharge with background image (d), (b) Hg L.~I line profile 
after the heavy discharge with background image (e), and (c) 
Hg Lal line profile after the light discharge with background image 
(f), respectively. 

elements exist to any extent  in the zinc can used. 
Therefore, the images of the continuous x- rays  taken  
by means of this technique [ (d) ,  (e), and (f)]  secures 
the level of background for the mercury  l ine profiles 
[ (a),  (b),  and (c)] in Fig. 12. 

In Fig. 12(a) and (d), it is observed that  mercury  
was present  in the anode wall  in the order of 70-80u 
deep from the inner  surface which was in contact with 
the electrolyte before discharge. It  is to be noted from 
Fig. 12(b) and (e) tha t  the in tensi ty  of the Hg l ine 
profile of the region "R" is slightly higher than  that of 
its background, which actual ly shows that  a very  
small  portion of mercury  is retained in the discharge 
products on the surface dur ing the heavy discharge. 
This is not the case dur ing the light discharge [ (c) and 
(f)] .  It is indicated in general  that the amalgamated 
film of the anode dissolved dur ing  an earlier period of 
discharge and the outer electrode regions having no 
mercury  were left at the later stages of discharge. 

Migration o] manganese onto the zinc anode.--To 
consider the source of the above manganese  deposit, 
al though its chemical formula has not yet been estab-  
lished due to the small  amount,  the pore size distr i-  
but ion after discharge was measured for the MnO2 
particles taken from the discharged anode mixes of the 
cells corresponding to Fig. 10 and 11. As i l lustrated in 
Fig. 13, the heavily discharged MnO2 possessed a dis- 



826 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  J u n e  1970 

~ 

% 
X 5 

~ 4  

=- 
o 3 

~ 2  

O 

A 

f B 

2'0 4PO 60 8'0 1(~0 120 

P o r e  R a d i u s ,  ,,~ 

Fig. 13. Shifts in pore distribution in the typical MnO2 after 
discharges: (A) before discharge, (B) after the heavy discharge, 
and (C) after the light discharge, where the X-axis represents the 
pore size in Angstroms and the Y-axis the distribution of pores 
expressed in terms of cc/g/~, by using the Barrett, Joyner, and 
Halenda equation. 

t inct ly double-headed pore distr ibution curve (B), one 
around 20A and the other around 80A in size. The 
ini t ia l  pore openings distr ibuted around 20A before 
discharge (A), and this si tuation did not change much 
after the light discharge, only a minute  enlargement  
of the average pore diameter  having occurred (C). It 
should be pointed out that the addit ional pore open- 
ings around 80A were generated to contr ibute  to the 
heavy discharge output  from the surface region of the 
MnO2 particles, while the light discharge proceeded 
gradual ly  along the paths of init ial  micropores of the 
interior. Many earlier workers (13-15) described the 
formation of Mn +2 ions as one of the discharge prod- 
ucts of MnO2. It has been shown here that a part  of 
the Mn +2 ions formed can be t ransported across the 
dry cell compartments  to reach the anode surface, par-  
t icular ly in the case of the heavy discharge. 

The above observation will also be understood from 
the result  of the preceding work (5) in which the dis- 
charge of MnO2 particles was found to proceed through 
two processes, one from the surface and the other along 
the micropores or cleavages inside of the particles. At 
the same time, it is to be noted that  the movement  of 
the two ions, zinc and manganese,  may extend to a 
greater distance toward their opposing electrodes dur -  
ing discharge of dry cells than has hitherto been ex- 
pected. 

Summary and Conclusions 
Exper imenta l  study of the behavior  of the zinc 

anode has shown that  the mode and extent  of its 
reactions are closely related to bat tery  performance 
in actual service. The zinc anode dissolved to a greater 
extent  dur ing the light discharge than dur ing  the 

heavy. During the light discharge, the dissolution of 
the zinc was observed to be approximately propor-  
t ional  to the discharge duration, and the amount  
of zinc that  dissolved was related inversely to the 
amount  of the basic chloride, ZnC12.4Zn(OH)2 that  
formed. Although the anodes before use exhibited an 
intense (002) orientation, the intensi ty  of this peak 
was reduced by an amount  proportional to the light 
discharge hours. Dur ing  the heavy discharge, a gener-  
ation of the diammine,  ZnC12.2NH~, was characteristic 
when the ini t ial  voltage of the dry  ba t te ry  was low. 
Before discharge, mercury  was seen to be present  in 
the anode to a depth of about 70-80~ from the inner  
surface which had been in contact with the cell elec- 
trolyte. It was observed that  the inside wall  of the 
anode with the amalgamated film dissolved at an early 
stage of discharge and the outer electrode regions 
having no mercury  were left after discharge. Man- 
ganese ions were observed to have par t ly  migrated 
from the cathode onto the anode just  as the zinc did 
from the anode to the cathode. The heavy discharge 
produced addit ional  pores in the MnO2 that were larger 
in diameter  than  the original micropores. It is implied 
from a technical point of view that  developing means 
of facil i tat ing the mutua l  t ranspor ta t ion of these ions 
dur ing discharge wil l  be one of the major  concerns for 
improving the discharge performance of Leclanch~ dry 
batteries. 
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Effect of Atmospheric Exposure on the Contact 
Resistance of Selected Tin Alloys 

Sidney L. Phillips *,1,2 and Christian E. Johnson 
National Bureau of Standards, Washington, D. C. 

ABSTRACT 

Atmospher ic  exposure of plated specimens in a rura l  outdoor location 
showed that  both t in-zinc and t in -cadmium alloy coatings on steel main-  
tained a lower contact resistance than did equal  thicknesses of tin, t in- lead,  
or t in -an t imony  alloys. Af te r  exposure for over  2 months, the contact re -  
sistances under  a 50g load for 5-38 um thicknesses of t in-zinc and t in-cad-  
mium ranged be tween  10-100 mohms, al though both coatings rapidly  lost 
their  luster. The t in- lead alloy maintained the lowest contact resistance of 
all the coatings tested, a l though it failed to provide corrosion protect ion as 
good as equal  thicknesses of t in-zinc or t in-cadmium.  

The metal  coatings plated onto the s t ructural  mate-  
rials used in the electronics industry sometimes have 
a dual function (1). On one hand, the coating must  
provide corrosion protect ion to the basis meta l  when 
exposed to a var ie ty  of atmospheric  conditions. In ad- 
dition, the same coating may also be requi red  to p re -  
sent a low contact impedance when joined to another  
metal  which is acting as an electrical  conductor. Ficchi 
has discussed in detai l  the  importance of good electrical  
bonding between s t ructural  surfaces both to provide 
low impedance paths to ground, and to prevent  the 
accumulation of undesirable static charges at poorly 
conducting interfaces (1). F rom the viewpoint  of ma-  
chine design, a low impedance across a region of con- 
tact between conductors wil l  also permit  joined parts 
to be considered as a continuous conductor so that  cal- 
culations can be simplified. In the present work, we re-  
port the results of a s tudy which was focused on find- 
ing metal  coatings that  could be plated onto s t ructural  
steel and meet  these two criteria. 

Work has been reported on the atmospheric corrosion 
of metals  that  were  evaluated for use as coatings on 
the separable electr ical  conductors used in the elec- 
tronics industry  (2-8). These studies were pr imari ly  
concerned with metals and alloys that would mainta in  
low interracial  resistances under  conditions of sliding 
contact between the meta l  parts. It was found that, 
if the load exceeds about 25g, such metals  as gold, tin, 
rhodium, platinum, and t in - lead  alloy maintain  contact 
resistances in the range 1-10 mohms under a var ie ty  
of exposure conditions for several  years (2-5). The 
precious metals  do not appear  to be economically 
feasible ei ther singly or in a duplex coating for struc- 
tural  materials,  so that tin or t in- lead  alloy would be 
of greater  interest. For this reason, the work described 
here  centers mainly  around tin and some selected tin 
alloy coatings. 

Experimental 
In the present work, the conditions of exposure in- 

cluded both indoor and outdoor atmospheric exposure 
and the wate r - su l fu r  accelerated aging test (4). The 
cr i ter ion used to rank  the various coatings was the 
change in electr ical  contact resistance when the metals  
were  exposed to various environments.  The measure-  
ments of contact resistance were  carried out using a 
procedure  similar  to that  repor ted  in other  work  (2-8).  
Of interest  also was the degree of rust products  ob- 
served on the surface of the various coatings, and 
qual i ta t ive  observations are included here. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 R e s e a r c h  A s s o c i a t e  f r o m  I n t e r n a t i o n a l  B u s i n e s s  M a c h i n e s  C o r p o -  

r a t ion ,  at  t h e  N a t i o n a l  B u r e a u  of  S t a n d a r d s ,  W a s h i n g t o n ,  D.  C., 
1968-1969. 

P e r m a n e n t  addres s :  S y s t e m s  D e v e l o p m e n t  D iv i s ion ,  I n t e r n a t i o n a l  
B u s i n e s s  M a c h i n e s  C o r p o r a t i o n ,  S a n  Jose ,  C a l i f o r n i a .  

K e y  w o r d s :  c o r r o s i o n ,  c o n t a c t  r e s i s t a n c e ,  m e t a l  p l a t i ng .  

Contact resista~ce of tln and selected tin alloy coat- 
~ngs.--As noted, tin or t in- lead alloy coatings wil l  
maintain contact resistance values in the low mil l iohm 
range under  a var ie ty  of envi ronmenta l  conditions, pro-  
vided the load exceeds about 50g (4, 5). In addition to 
the published data on tin and t in- lead  alloy, we were  
able to obtain similar  measurements  on alloy specimens 
of tin with cadmium, nickel, and zinc which were  
kindly furnished by The Tin Research Institute.  For  
the most part, these specimens had been plated in the 
1950's and were  then stored under  different conditions 
in their  laboratory.  The various coatings which they 
furnished together  with coating thicknesses, storage 
conditions, and contact  resistance are recorded in Table  
I. Included also in this table are data obtained for a 
specimen of t in-zinc which had been plated onto steel 
by M&T Chemicals, Incorporated,  and gold and nickel 
coated specimens which had been plated at the National  
Bureau  of Standards.  

From this table, it can be seen that  only the t in-  
nickel alloy consistently gave the highest and least 
reproducible  readings under  all aging conditions. In 
addition, contact resistance values were  less reproduci -  
ble and compara t ive ly  higher  for t in-zinc alloy speci- 
mens which were  passivated with chromic acid prior 
to storing. This effect can no doubt be traced to the 
presence of a poorly conducting film on the alloy sur-  
face which is difficult to shear so that  the format ion of 
me ta l - t o -me ta l  conducting paths is p revented  (9). 
Some of the specimens had been stored in a washroom 
for 1 yr  prior to fur ther  storage in the laboratory.  In 
this case, the washroom had an atmosphere  which was 
usually humid  and polluted by the gases from the flue 
of a gas-fired water  heater. The pollutants were  not 
identified, but the result  was to cause a marked  in- 
crease in the contact resistance of the exposed samples. 
Nonetheless,  the specimens plated with the t in-zinc 
alloy coating still  gave much lower values than the t in-  
nickel  alloy which had been exposed in a similar  man-  
ner. 

It should be noted that the re la t ive ly  low values 
obtained for the tin, t in-zinc,  and t in -cadmium alloys 
are due almost ent i re ly  to the softness of the coatings 
(5). If  the load exceeds about 0.1g, the probe t ip can 

shear through surface films and make contact with 
meta l  beneath the film so that  the measured resistance 
is lowered considerably (9). Some surface rea r range-  
ment  took place on the soft coatings when the measure-  
ments  were  made in this work, because shiny spots 
were  observed on an otherwise mat te  finish at the 
circle of contact be tween  the probe tip and the pla ted 
metal. 

In addition to the contact resistance, the current  flow 
through plated finishes at radio frequencies  is of in ter -  
est for electronic applications (1, 10). Contact imped-  
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Table I, Contact resistance measurements c of coated steel specimens 
from The Tin Research Institute. Applied load, 50g 

J u n e  1970 

aContac t  
Coating C o a t i n g  res i s tance ,  bResis tance 

c o m p o s i t i o n  t h i c k n e s s , / x m  Year  p l a t e d  m i l l i o h m s  r a t i o  R e m a r k s  

G o l d  3.8 1967 2.3 ~ 0.2 - -  P l a t e d  b y  NBS. 
T i n  25 1953 2.0 -~ 0.3 1 . 0  S to red  in  l abora to ry .  
75 T in-25  c a d m i u m  25 1953 3.3 ~ 0.6 1.4 S to red  in  l abora to ry .  
50 Tin-50  c a d m i u m  25 1953 3.1 "4-1.2 1.3 S to red  in  l abora to ry .  
T in -z inc  25 1953 4.3 ~ 0.9 1.7 S t o r e d  in  l abo ra to ry .  
T in -z inc  7.6 1964 2.3 -4- 0.2 1.0 S to red  in  l abora to ry .  
T in -z inc  13 1952 40 -~ 30 20 C h r o m i c  ac id  pas s iva t ed .  
T in -z inc  13 1952 * * C h r o m i c  ac id  p a s s i v a t e d ;  w a s h r o o m  

1 yr .  
T in -z inc  13 1952 8.6 • 4.1 3.7 Pol i shed .  S t o r e d  in  l a b o r a t o r y .  
T in -z inc  13 1952 51 ~ 35 22 Pol i shed .  Wash  room 1 yr. 
T in -z inc  13 1956 2.0 -~ 0,1 1.0 Handled .  S t o r e d  in  l abo ra to ry .  
T in -z inc  18 1968 3.2 + 0.7 1.5 P la t ed  by M&T. S to red  in  l abora to ry .  
T i n - n i c k e l  25 1956 4400 -4- 2600 1900 S to red  in  l abora to ry .  
T i n - n i c k e l  30 1958 235 • 150 100 S to red  in  l abora tory .  
T i n - n i c k e l  25 1962 135 -+- 50 60 S to red  in  l abora to ry .  
T i n - n i c k e l  30 1958 170 -4- 40 75 S to red  in  l abora to ry .  
T i n - n i c k e l  10 1955 > 1 0  o ~ Wash r o o m  1 yr. 
T i n - n i c k e l  19 1955 > 1 0  o r F i n g e r p r i n t e d ,  t hen  exposed  in  open  

l a b o r a t o r y  for  1 yr. 
N icke l  50 1967 40-4-17 17 S t o r e d  in  l abora to ry .  

A v e r a g e  a n d  a v e r a g e  d e v i a t i o n  of 6-10 d e t e r m i n a t i o n s .  
~' R a t i o  of  m e a s u r e d  con t ac t  r e s i s t ance  to t h a t  of  gold .  

M e a s u r e m e n t s  w e r e  m a d e  a t  NBS in  1968. 
* Sur face  s e v e r e l y  d i sco lo red  and pitted. N o n u n i f o r m i t y  p r e v e n t e d  m e a n i n g f u l  data .  

Table II. Contact impedance of coated steel specimens from The Tin Research Institute. 
15 ~ Measurement obtained by rotating probe tip 15 ~ under a 25g load 

Con ta c t  i m p e d a n c e ,  m i l l i o h m s ,  a t  f r e q u e n c y  i n d i c a t e d  
10 kHz 100 kHz 500 kHz 1 MHz 10 MHz 30 MHz 

Specimen in i t ia l  + 15 ~ in i t ia l  + 15 ~ in i t ia l  + 15 ~ in i t ia l  + 15 ~ in i t ia l  + 15 ~ in i t ia l  + 15" 

1OOSn 4.5 3.8 3.9 2.4 7.9 7.2 13.4 13.0 109 109 295 295 
75Sn-25Cd 3.0 4.2 3.0 3.5 6.5 6.6 10.3 10.1 77 77 207 205 
50Sn-50Cd 3.8 2.6 3.0 2.6 6.2 6.1 10.2 10.2 82 82 220 220 
S n - Z n  6.8 5.7 6,4 5.5 9.2 8.6 12.5 12.2 70 70 185 185 
S n - Z n  3.7 2.5 3,1 2.5 6.6 6.1 10.4 10 71 71 189 189 
S n - Z n  4.5 3.6 5.1 2.7 7.8 5.7 11.4 9.6 75 74 200 197 
S n - Z n  923 20 915 20 920 22 925 24 900 75 840 190 
S n - Z n  7.0 4.2 7,0 4.0 10.0 7.8 14.0 12,0 26.5 26.5 223 223 
S n - Z n  4.5 4.0 4.1 3.5 5.9 5.9 7.5 7.8 8.9 18 17 36 
S n - Z n  39 4.2 40 4.2 42 15.2 44 18 81 70 187 178 
S n - N i  2570 800 2520 600 2510 800 2520 809 2440 775 2220 793 
S n - N i  238 121 230 121 233 124 235 128 242 147 273 222 
S n - N i  7050 830 7650 830 7900 840 7900 835 8000 820 8100 800 
S n - N i  4400 4400 4300 4350 4300 4350 4300 4350 4100 4100 3700 2730 
S n - N i  250 63 247 63 250 67 252 69 261 110 305 213 

ance measurements  covering the f requency range 10 
kHz to 30 MHz were  obtained on specimens selected 
from Table I, and results are recorded in Table II. The 
presence of poorly conducting films was demonst ra ted  
by rotation of the probe tip under  a sufficient load dur-  
ing contact, which had the effect of shearing through 
surface films so that  me ta l - t o -me ta l  contact was estab- 
lished (4, 9). In the present work, the probe was 
rotated 15 ~ and the usual result  was a lowering of the 
contact impedance as shown in Table  IL The decrease 
in contact impedance was especially marked  for the 
specimen coated with t in-zinc alloy, which had been 
polished and stored in the washroom before final lab-  
ora tory  storage. The init ial  contact impedance fell  be- 
tween 840-923 mohms as compared with  20-190 mohms 
after  rotation. Similar  decreases were  also obtained 
for all but one of the specimens coated with t in-nickel  
alloy, thus showing an impor tant  difference between 
sliding and static modes of electr ical  contact. 

Other  alloys of tin wi th  bismuth and ant imony were  
prepared  by mel t ing and mixing the pure metals  under  
an argon atmosphere,  and contact resistance values 
were  obtained before and af ter  atmospheric exposure 
tests including the su l fu r -wa te r  accelerated aging test 
(3, 4). Al though the alloy surfaces were  discolored 
after  exposure, the contact resistance values were  only 
4-20 mohms. 

Based on the above results, it was concluded tha t  t in 
and some t in alloys could provide corrosion protect ion 
to steel while  also mainta in ing a low contact  impedance 
under  various conditions of exposure. Tin, and selected 

tin alloys were  plated onto steel specimens for invest i -  
gation in the atmospheric tests. 

Preparation and plating of test specimens.--The test 
specimens were  cut from sheets of cold rolled No. 3 
finish steel, SAE 1010, one side of which had been pol-  
ished bright, wi th  a No. 4 temper.  Each specimen was 
numbered  near  one corner  using a steel die, and a 
nar row strip was cut ha l fway across the top, then 
turned  over  at a r ight  angle to serve as a hanger  (11). 
A hole was dri l led in the center  of this hanger,  and 
the specimen was screwed to a plating rack. The rack 
held ten  3.4 x 7.6 x 0.09 cm specimens ar ranged in 
two rows of five each. The specimens were  cleansed 
using convent ional  electrolytic methods, r insed and 
washed with  water,  and finally dipped into 10% hy-  
drochloric acid. The absence of a water  break after  this 
last dip was taken as the cri terion for a clean meta l  
surface. 

Pla t ing fol lowed convent ional  procedures, wi th  both 
the bath  formulat ions  and the plat ing conditions used 
being based on published data (12, 13). For each coat-  
ing, three thicknesses were  plated to include the ranges 
2-5, 7-12, and 20-39 ~m. Before exposing to the a tmo-  
sphere, the surface of each specimen was finished by 
manual ly  polishing wi th  wet  600 grit silicon carbide 
paper. The hanger  then was cut out of each specimen, 
and the area around the cut was painted over  wi th  
stopoff lacquer.  

Atmospheric exposure.--Individual specimens were  
placed in position on porcelain knob insulators screwed 
into place at p rede te rmined  positions on an a luminum 
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Table III. Effect of outdoor exposure on the electrical contact resistance 
and appearance of coated steel specimens 

K e y  to  l e t t e r  r a n k i n g s :  A. No  v i s i b l e  r u s t  to t h e  u n a i d e d  eye.  B.  S l i g h t  ru s t .  C. S o m e  rus t .  
D. B e t t e r  t h a n  50% of s u r f a c e  c o v e r e d  by  r u s t .  

C o a t i n g  

" C o n t a e t  r e s i s t a n c e  in  m i l l i o h m s  A p p e a r a n c e  
T h i c k -  D a y s  e x p o s e d  D a y s  e x p o s e d  

ness ,  #m 0 7 24 35 65 3 10 17 24 35 40 65 

S t a n n a t e  t i n  5 2,1 4.6 > 1 0  o - -  - -  D D D 
13 1.0 1.3 2-10  > 1 0  o - -  A A A 
38 1.2 1.4 3 -10  35 103-10 o A A A 

B r i g h t  t i n  2.5 1.3 30 103 > 1 0 8  - -  D D D 
I0 1.1 2.0 3-10 10 ~ > 1 0 e  C C C 
28 1.0 1.5 3-10 10-20 > 1 0 8  B B B 

b80% T i n  5 1.8 2.2 3-5 5 -10  10-100 A A A 
20% Z i n c  13 1.9 2.5 3-5 5-10  20 -30  A A A 

38 1.3 1.7 3-5 5-10  10-30 A A A 
b67% T i n  2.5 I . I  I0'-'- I0~ > i 0  o - -  D D D 
33% L e a d  I0  1.0 1.4 2-5 2-5  ~-10 C C C 

33 1.0 1.0 2-5  2-5  2 -5  A A B 
b80~ T i n  2.5 2.1 4.2 > 1 0 "  B C D 
2095 C a d m i u m  13 1.5 2.3 5-10 1 ~ 0  1~-~03 A A A 

38 1.0 1.5 3-10  10-20 10-50 A A A 
b T i n - a n t i m o n y  2.5 N o t  e x p o s e d .  

(0 .4% Sb)  10 1.5 2.2 10-50 103 > 1 0 0  B B B 
28 1.5 1.4 5-10 5-10  I0~-I0  ~ A B B 

D 

A B 
D D 
C D 
B B 
A A A 
A A A 
A A A 

c c c 
B B B 

2- 2- ~- 
A A A 

C D D 
B B C 

c 
B 
D 
D 
C 

5- 
B 

D 
A 
A 
A 

B 

A 

121 
C 

�9 A v e r a g e  or  r a n g e  of s ix  r e a d i n g s ,  b C o m p o s i t i o n  d e t e r m i n e d  by  c h e m i c a l  a n a l y s i s .  

rack (11). The knobs held the specimens about 2 cm 
above the a luminum frame so that  there  was no meta l -  
to -meta l  contact that  could result  in format ion of an 
electrolytic cell. To minimize stress corrosion, the 
specimens were  free to move slightly, but they could 
not be dislodged by a strong wind or a sharp blow. 
For  outdoor exposure, the rack was inclined at about 
a 45 ~ angle from the horizontal,  and the specimens 
were  placed so that  the edge with  the lacquer  pointed 
down. The specimens undergoing exposure indoors 
were  not inclined and lay flat in a horizontal  plane. 
Both sets of specimens were  observed at intervals  to 
fol low the effects of corrosion, and to measure  any 
changes in contact resistance. 

After  65 days of exposure indoors, there  was nei ther  
a significant change in contact resistance nor observ-  
able rust products on any of the specimens. Af te r  the 
same length of exposure outdoors, only the three speci- 
mens coated with  t in-zinc and the two specimens coated 
with  the th icker  t in -cadmium did not show any sig- 
nificant rust products. These outdoor specimens were  
tarnished so that  the original  metal l ic  luster was re -  
placed by a dull grayish color, while  all the other  speci- 
mens showed surface rust  products. As might  be ex-  
pected, the amount  of surface rust products was less 
marked  for the specimens with  thicker  plated coatings. 

The data obtained from the outdoors exposure  test 
are given in Table III, where  observations wi th  the un-  
aided eye of the ex ten t  of corrosion, and measurements  
of the contact  resistance, are recorded as a function of 
time. Included also in this table are the t imes when 
corrosion was ini t ial ly observed, and the times at 
which corrosion or corrosion products were  judged 
to cover be t ter  than 50% of the surface of the metal  
coating. Rusting around the edges was discounted 
somewhat  when recording data for this table, and a 
greater  weight  was assigned to the extent  of rust ing 
away from the edges. The enhanced corrosion caused 
by accumulat ion of moisture at points where  contact 
was made between the edges of the specimen and the 
porcelain knobs was also discounted to some extent.  
Measurements  of the contact resistance were  discon- 
t inued on specimens which showed rust and rust stains 
over  bet ter  than 50% of the surface. In these cases, 
values of the contact  resistance depended on the por-  
t ion of the surface which made contact wi th  the  probe 
tip, and the readings ranged between low mil l iohms 
and high ohms. 

The specimens coated with t in-zinc alloy and those 
coated with  the two thickest  t in -cadmium alloy have  
been the outstanding performers  in the outdoor ex-  
posure tests. While the  surfaces of these specimens 

were  dulled and covered by oxide films and par t iculate  
mat te r  such as dust, there  was no visible rust  on the 
surface, including the edges and places where  contact 
was made wi th  the porcelain knobs. Three  weeks af ter  
the original specimens were  exposed, 2.5 ~m thick 
coatings of both the t in-zinc and t in -cadmium alloys 
were  exposed outdoors along with duplicates of the 
other  three thicknesses of tin-zinc. In agreement  wi th  
the earl ier  results, the 2.5 ~m t in -cadmium coating 
showed appreciable rust wi thin  7-10 days. On the other  
hand, the 2.5 nm coating of t in-zinc did not show any 
env i ronmenta l  effects for about 30 days, af ter  which 
slight rust ing around the edges and at a spot on the 
surface was observed. On the basis of these results, the  
t in-zinc alloy coating has provided somewhat  be t ter  
corrosion protection to steel when exposed outdoors 
than has the t in -cadmium coating. For  both coatings, 
the contact resistance was less than 10 mohms on sur-  
faces not covered by rust or rust products. 

From measurements  of the contact resistance of the 
specimens obtained f rom The Tin Research Insti tute,  
results of the wa te r - su l fu r  envi ronmenta l  tests, and 
the exposure data obtained to date, we conclude that  
t in-zinc and t in -cadmium alloy coatings wil l  best main-  
tain a low contact resistance for long periods of time. 

A c k n o w l e d g m e n t s  
The Tin Research Inst i tute furnished the  steel  speci- 

mens coated wi th  t in  aIloys, and M&T Chemicals, In-  
corporated, furnished a t in-zinc coated specimen. Abner  
Brenner,  Vernon Lamb, Eugene Damm, and Fielding 
Ogburn provided guidance during the course of the 
project,  and Ar t  Bunch furnished the contact imped-  
ance measurements .  

Manuscript  submit ted Oct. 31, 1969; revised manu-  
script received ca. Feb. 20, 1970. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December  1970 
J O U R N A L .  
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The Structure of Ferric Compounds Introduced into 
Layers of Electrolytically Formed Aluminum Oxides 

Z. Alexan, M. Bornaz, A. Calusaru, G. Filoti, A. Gelberg, and E. Romas 
Institute of Atomic Physics, Bucharest, Rumania 

ABSTRACT 

By means of M5ssbauer effect, x-ray,  and infrared methods, we have 
studied samples of electrolytically formed a luminum oxide in which a ferric 
compound was introduced by immersion in ferric chloride solution. Two kinds 
of thin films were obtained: (a) with brown color and (b) with yellow color. 
At room temperature,  both samples show a quadrupole splitting. At l iquid 
ni t rogen temperature,  the MSssbauer spectrum has two lines in the first case 
and six in the second. After  heat ing at 673~ the spectra of both samples 
were taken at 77~ They display a magnetic splitting, but  the effective field 
value is different for each sample. The characteristic parameters  of the spectra 
show that the ferric compounds are not in a simple oxyhydroxide form on the 
a luminum oxide surface, but  that  some combinat ion with a luminum oxide had 
occurred. 

The method of electrolytic oxidation is par t icular ly  
important  in the case of a luminum (1) due to the prop- 
erties of A1203 layers formed on the metal  surface, 
which have a high adhesion and an expansion coeffi- 
cient close to that of metallic a luminum.  The improve-  
ment  of the properties of a luminum oxide would be of 
practical importance due to the large-scale use of 
electrolytic oxidation of a luminum in industry.  By 
extension of chemical combinations, par t icular ly the 
combinat ion of a luminum oxide with nickel oxide, new 
properties can be obtained, e.g. higher compactness, 
increased endurance to external  agents, or a new color. 
The purpose of the present work is to study the iron 
and a luminum oxide combinat ion from the s tand-  
points of both preparat ion method and chemical s t ruc-  
ture. St ructure  studies were made using MSssbauer 
spectroscopy of 57Fe. 

Experimental 
In the case of a luminum and iron oxide layer prep-  

aration, we can distinguish two stages: (a) electrolytic 
oxidation leading to A1203 layers and (b) a luminum 
oxide combinat ion with ferric compounds. 

1. The a l u m i n u m  oxidation was carried out using a 
classical method (2); the electrolyte was 30% H2SO4 
solution at room temperature,  2 A / d m  2 current  density, 
and an oxidation t ime of 30 rain. The a luminum foil of 
0.1 mm thickness had a pur i ty  of 99.99%. 

2. The a luminum oxide combinat ion with ferric 
compounds was carried out by immersion of the oxide 
layer  in a ferric chloride solution. The anodic oxide 
was first washed in distilled water, in concentrated 
ammonia,  and again in distilled water. A ferric chloride 
concentrat ion of 100 g / l i te r  was employed, at 98~ 
with an immersion time of 1 rain for each sample. The 
pH of this solution was not controlled, but  nei ther  
FeC13 concentrat ion nor  solution pH caused differences 
in results. 

Two kinds of layers can be obtained by this pro- 
cedure: one yellow and the second brown, but  it was 
not  possible to establish the exper imental  conditions 
needed to obtain only one or the other. 

3. Measuring techniques. The x - r ay  spectra were 
measured using convent ional  apparatus, the MSssbauer 
spectra were obtained by means of a sinusoidal velocity 
drive (3), and the infrared spectra with a Zeiss spec- 
trometer.  The 5;Co source was embedded in a copper 
lattice. The thermal  t rea tment  was carried out in a Pt  
M5ssbauer oven. The tempera ture  was main ta ined  at 
673 ~ • 2~ The spectra at 60~ were recorded by 
means of a simple ni t rogen cryostat. 

Results 
X-ray diffraction.--The a luminum oxide layers con- 

ta ining ferric compounds were scraped from the a lu-  
m i num support  and the powder was analyzed by x - r ay  
diffraction using the Debye-Scherrer  method. The 11 
lines were compared wi th  data from l i terature (4). 
Their s t ructure was found to be close to that of ~- 
FeOOH, -~-FeOOH, or a-Fe203 structure, because all 
these forms of iron compounds give similar patterns. 
Therefore, we can conclude that x - r a y  diffraction can-  
not give a rel iable answer  concerning the chemical 
s t ructure of the layers. 

MSssbauer spectra.--The M5ssbauer spectra were 
taken of both yellow and brown samples at the t rea t -  
ment  temperatures,  viz. 80 ~ 298 ~ and 673~ The tem- 
perature of 673~ was the upper  l imit for t rea tment  
due to the a luminum backing. 

The brown sample spectra show a quadrupole split-  
t ing both at room and 80~ tempera ture  before ther-  
mal t reatment ,  and display a magnetic spli t t ing at 80~ 
after thermal  t rea tment  (Fig. 1, a and e). 

The yellow sample at 80~ shows a magnetic spli t t ing 
both before and after thermal  t reatment ,  but  at room 
tempera ture  shows only a quadrupole spli t t ing (Fig. 
2, a and e). Each thermal  t rea tment  was carried out 
for 1 hr. 

Infrared spectra.--In order to establish more pre-  
cisely the composition of ferric compounds in the alu-  
m i num oxide layers, we recorded the infrared spectra 
for both yellow and brown samples. In Fig. 3, a com- 
parison is made between infrared spectra of ~-FeOOH 
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Fig. 1. M6ssbauer spectra of brown sample (A) 

and of the yellow sample. There is some degree of 
correspondence between these substances and it seems 
reasonable to propose that  the yellow sample is a #- 
FeOOH compound. These results agree well with the 
MSssbauer spectra. The peaks corresponding to the 
oxide layer  are more flattened owing to the presence 
of a luminum oxide in the sample. 

The same comparison be tween infrared spectra of 
v-FeOOH and the brown sample is given in Fig. 4. It 
is possible to observe some peaks in both spectra at 
the same wavelength,  for instance at 8.9 and 6.2m but  
there are other peaks existing in the spectra of the 
-t-FeOOH sample only. This fact may indicate some 
analogies in the s t ructure  of both compounds. How- 
ever, it seems difficult to conclude that  the samples 
are identical. 

Discussion 
The ferric compounds, formed by immersion of alu-  

m inum oxide layers into ferric chloride, could either 
be an iron compound by itself or a chemical combina-  
t ion between iron and a luminum oxides. These possi- 
bilities may be described by the following reactions: 

2 FeC13 + y A1203 + z H20 
= (Fe2Oa)= (H20)z (ads.) (A12Oa)y-= + 2 x A1Cla 

[1] 
2 FeCla -F Y AlcOa + z H20 

---- (Fe~Oa)z (Al~Oa)~-z (H20)z + 2xA1Cls  [2] 

The problem is to establish which type of compound 
is formed. 

As it was shown, x - ray  diffraction cannot  dist inguish 
between several i ron oxides and oxyhydroxides, so that  
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Fig. 2. M6ssbauer spectra of yellow sample (B) 
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Fig. 4, Infrared spectra of both yellow and #-FeOOH samples 

other methods had to be used in order to decide which 
of the two reactions takes place in our case. MSssbauer 
spectroscopy is able to establish the s t ructure  of com- 
pounds with general  formula FeOOH or Fe203. In  the 
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Table I Table I I  

Brown sample (A) Yellow sample (B) 

Quadrupole  Magnet ic  I somer  
spli t t ing,  spl i t t ing,  shift ,  

No. Sample  Temp,  ~ r am/see  m m / s e c  m m / s e c  

1 Unt rea ted  77 0.666 + 0.333 
2 Unt rea ted  298 0.666 + 0.444 
3 During the 

treatment  673 0.852 + 0.130 
4 Trea ted  298 0.852 + 0.426 
5 Trea ted  77 14.12 + 0.06 

Quadrupole  Magne t i c  I s o m e r  
spli t t ing,  spli t t ing,  shift ,  

No. Sample  Temp,  ~ m m / s e c  m m / s e c  m m / s e c  

1 Un t r ea t ed  77 13.42 + 0.045 
2 Unt rea ted  206 0.603 + 0.175 
3 D u r i n g  the 

treatment  673 0.616 --0.121 
1.050 +0.222 

4 Trea ted  296 2.178 + 0.202 

5 Trea t ed  77 15.73 + 0.15 

case of FeOOH type combinations (5), the a-form 
presents magnetic spli t t ing both at room tempera ture  
and at l l0~  the E-form shows a quadrupole spli t t ing 
at room tempera ture  and a magnetic one at l l0~  and 
the -y-form displays at both room tempera ture  and at 
l l 0~  only a quadrupole splitting. Obviously, the cor- 
responding MSssbauer spectra indicate characteristic 
values for both quadrupole  spli t t ing and isomer shift. 

It seems at first sight from the MSssbauer spectra 
that  the brown sample belongs to a compound of -y- 
FeOOH. The spectra at both room and 80~ tempera-  
tures present  a quadrupole splitting, but  their  charac- 
teristic values were different from l i terature  values. 
Indeed, the inf rared spectra show that  the brown sam- 
ple is not identical  to 7-FeOOH. In  this case, it may 
be possible that  a combinat ion between -/-FeOOH and 
A1203, as indicated by the second proposed reaction, 
is formed. The formation of such a compound explains 
the difference of the quadrupole spli t t ing and isomer 
shift between the present  spectra (Table I) and the 
other known  data (5). After  thermal  t reatment ,  the 
resul t ing compound had completely new characteris-  
tics which were considerably different from those of 
the ini t ial  compound. 

The yellow sample, without  thermal  t reatment ,  pre-  
sents a 80~ spectrum with a Zeeman split t ing super-  
imposed on a quadrupole spectrum. At room tempera-  
ture, only a quadrupole spli t t ing is left with a value 
different from that  of the brown compound. 

The values of the quadrupole spl i t t ing both at room 
and 80~ tempera ture  differ f rom the values corre- 
sponding to ~-FeOOH by about 15-20% (Table II) .  

The infrared spectra (Fig. 3) show a close analogy 
between ~-FeOOH and the yellow sample. In this case, 
no combinat ion with A1203 is formed, the ferric com- 

pound being adsorbed only on the aluminum oxide sur- 
face. 

After therrnal treatment, the spectra are strongly 
different from the corresponding one obtained with 
untreated samples (Fig. 2, d and e). The room-tem- 
perature spectra (Fig 2d) of the two wide lines can 
be decomposed in two doublets. The quadrupole split- 
ting values are larger than those obtained before treat- 
ment. At 80~ there also was an increase in the dis- 
tance between the extreme lines vs. the same spectrum 
taken before the thermal treatment: Fig. 2a. 

In addition, the yellow sample was subjected, for 16 
hr, to thermal treatment to see if it was transformed 
into a-Fe203 configuration (7). This treatment brought 
about no modification of the structure, and this is 
additional proof that the spectrum corresponds to a 
more complicated compound. 

Manuscript submitted Sept. 29, 1969; revised manu- 
script received ca. March 2, 1970. 

A n y  discussion of this paper  will appear in  a Dis- 
cussion Section to be published in the December 1970 
JOURNAL.  
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Gold-Alloy Electrodeposits--Phase and 
Microstructural Changes Induced by 

Heat Treatment as Revealed by X-Rays 

A. F. Mohrnheim 
Metallurgical Research and X-Ray Laboratory, University of Rhode Island, Kingston, Rhode Island 

ABSTRACT 

Changes in composition and microstructure of gold-alloy electrodeposits 
caused by thermal  t rea tment  at relat ively low temperatures,  100~176 are 
revealed by semiquant i ta t ive  x - r ay  diffraction analysis. The metal lurgical  
characteristics of gold-nickel  and gold-cobalt  plates deviate from known 
equil ibria shown by the temperature-composi t ion or phase diagrams of the 
thermal ly  alloyed systems. The plates as deposited are essentially single 
phase, metastable supersaturated,  solid solutions. Thermal  t rea tment  of the 
Au-Ni  plate causes precipitat ion of a Ni-rich phase; the precipitates of the 
Au-Co plate are practically pure, allotropic modifications of Co. 

In general, electroplaters are concerned with: (a) 
the composition of the plat ing bath, (b) the conditions 
of the electrodeposition process, and (c) the resul t ing 
chemical and physical properties of the metal  deposit. 
This report  deals exclusively with the metall ic struc- 
ture of the deposit which na tura l ly  determines its 
physical properties. The bath and the process are not 
dealt with in detail because the plates were submit ted 
as plated from proprietory baths containing metal 
chelates. We believe that such baths can be bought from 
a number  of supply sources. Of course, no guarantee  
can be given that s imilar  baths will  reproduce exactly 
what  has been found from the intensive study of elec- 
troplates from three commercial ly available bath for- 
mulations.  

Previous Investigations 
In a recent comprehensive treatise on electrodeposi- 

tion of alloys by Brenner  (1), it is stated: "The only 
reference to the s tructure of (gold-nickel) electrode- 
posited alloy is that  of Raub (2). His x - ray  diffraction 
examinat ion showed that  in alloys containing up to 6% 
nickel the lattice constant  of gold was unchanged and 
that of nickel was expanded about 2%. Apparen t ly  the 
alloy was not a single phase like the equi l ibr ium ther -  
mal  diagram." 

Our x - r ay  s tudy leads to different conclusions. This 
difference, however, does not prove that  these previous 
findings are erroneous since they were obtained from 
alloys plated from baths of different composition. Rus-  
sian investigators (3) have reported that cobalt does 
not codeposit with gold. "However, Raub and Bihlmeier  
(4), ment ioned obtaining deposits that  contained from 
0.4 to 0.8% of cobalt. Since there is some doubt  that  
the deposit contained cobalt, their  hardness must  be 
a t t r ibuted to their small grain size and perhaps to the 
presence of inclusions (1)." 

Results of our x - ray  studies, obtained from samples 
plated in baths conta in ing complexing agents, differ 
from the above and were published in a pre l iminary  
detailed research report  (5). Addit ional  analyt ical  data 
and support ing facts are presented in the following. 
The previous paper also reported observations and a 
semiquant i ta t ive  analysis of preferred orientat ion in 
Au electrodeposits which, therefore, are not  fur ther  
discussed. 

Theory 
The angular  position of x - r ay  diffraction peaks or 

lines (20-degrees), as expressed in Bragg's law, is a 
function of the in te rp lanar  spacing. Using this law and 
basic space relations, the lattice parameter,  a (edge 
length of uni t  cell), can be computed. Since a varies in 

solid solutions (S.S.) with the concentrat ion of the 
solute, changes in a can be related to changes in phase 
composition induced by heat t reatment .  Using Vegard's 
fundamenta l  law (6), informat ion can be gained about 
phase equil ibria and phase changes by precipitat ion 
from supersaturated S.S. Vegard's law states that, in 
continuous S.S. of ionic salts, the lattice parameter  of 
the solution is directly proportional to the atomic per 
cent (a/o) of solute present. Though this relationship 
is not strictly obeyed by metallic S.S., it is widely used 
for comparison. Complicating factors, limitations, and 
support ing evidence just i fying the application of this 
method in this work are discussed later. 

Changes in angular  2e position and in the shape or 
profile of the x - r a y  diffraction peak caused by heat  
t rea tment  can be in terpre ted as changes in the sample's 
microstructure.  This is t rue because the height and 
breadth (width) of a recorded peak is influenced by 
residual  microstresses, fine particle (grain) size smal ler  
than 10 -5 cm, and lattice imperfections. By systemati-  
cally following changes in height and breadth of a 
diffraction peak due to heat t reatment ,  the temperature  
range where recovery or grain growth occurs can be 
determined by plotting sample tempera ture  vs. x- ray  
diffraction data. 

Samples 
Each of the Au electroplated specimens investigated 

measures 5 x 2.5 x 0.3 cm with a highly reflective sur-  
face on one side only. This side has been used for x - r ay  
measurements.  The samples as received have a Au 
deposit of about 10 ~m (0.4 mils) electroplated on 
pure Cu mostly wi th  a Ni in te r l iner  electroplated on 
top of the Cu surface before the Au deposition. 

The electroplates have been deposited from three 
different commercial  baths (7). Acidic bath A deposited 
bright, industr ia l ly  pure Au with little Co. Acidic bath 
B deposited bright, indust r ia l ly  pure Au with little Ni. 
Both baths are operated at 32~ (90~ with agitation, 
at 5 A/ f t  2 current  density, having 7.5 g/ l i ter  (1 oz/gal) 
Au with Co or Ni chelates and br ighteners  as additives. 
Bath C, a low cyanide bath (pH 8-10), deposits a 
bright Au deposit with about 1 w/o Ag and is operated 
under  the same conditions as the other baths except 
at a slightly higher bath temperature,  38~ 

Since deposits from the Au-Ag bath, as previously 
reported (5), do not show changes in angular  position 
of the diffraction peak nor  in the peak profile due to 
heat t reatment ,  they have been used as a control and 
for comparison. X- ray  data for plates from this bath 
are shown in this article only in the "as-plated" con- 
dition. 

833 
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In  order to investigate the possible influence of the 
Cu substrate on the deposit, one Au-Co sample has 
been plated directly on the Cu without a Ni interl iner.  
This sample indeed behaves differently due to early 
diffusion of the Cu atoms into the Au alloy plate at a 
relat ively low-tempera ture  heat t reatment ,  as is shown 
later. 

Experimental Procedures 
The Au-pla ted  samples have been treated and in-  

vestigated as shown in the stepwise scheme below: 

1. Scan samples as received. 
2. Heat samples in air for a certain t ime in an oven 

at constant  temperature .  
3. Cool samples in air to room tempera ture  (R.T.). 
4. After cooling, scan samples and record x - r ay  dif- 

fraction peak on strip chart. 
5. Compare peak profile and derive characteristic 

data before and after every heat t reatment .  
6. If there are changes in peak location and /or  pro- 

file, reheat  to the same tempera ture  extending the 
t ime of thermal  exposure. 

7. If no fur ther  change is observed by the last t rea t -  
ment,  increase the temperature,  heat for a certain time, 
and repeat from No. 3 above. 

8. Record and evaluate all changes, plot temperature  
vs. x- ray  data, and find the temperature  where the 
changes are most pronounced. 

The t ime dura t ion for the 1st heat t rea tment  at a 
certain tempera ture  had been 1 hr; most of the 2nd 
t rea tments  at this tempera ture  were 2 hr  duration, that  
is, a total of 3 hr at the same temperature.  If no distinct 
changes were observed after the last heat t reatment ,  
the experiments  were continued at the next  higher 
temperatures.  The chosen temperatures  (R.T., 100 ~ 
175 ~ 200 ~ 240 ~ and 380~ have been based on pre-  
l iminary  experiments  and the ranges of available heat-  
ing ovens. Slightly different tempera ture  intervals, as 
will be indicated, have been chosen for duplicat ing ex- 
periments  with other samples of Au-a l loy  plates. 

Methods of Analysis 
The ideal x- ray  diffraction pat tern of pure Au pow- 

der (8) has been considered the s tandard  for comparing 
samples. A pure Au powder which has been prepared 
by the author and the Au-Ag deposit from bath C 
were found to produce almost identical diffraction 
pat terns in contrast to the Au-Co and Au-Ni  electro- 
plates. All  samples have been scanned under  the same 
x- ray  operat ing condition. 

The diffraction pat terns of the Au alloy electroplates 
as received, when compared with the standards, show 
str iking differences of relative peak intensi ty  [based on 
the strongest diffraction (111) of pure Au, I/I1 --~ 
100%], peak profile (height and width) ,  and peak 
location (diffraction angle, 20). 

Significant differences in x - r ay  line characteristics 
between standards and Au-a l loy  deposits can be in-  
terpreted by differences in microstructure and in chem- 
ical composition, as is discussed later. 

A definite proof of the presence of the alloying ele- 
ments  in the deposits has been obtained by the detec- 
tion of the characteristic fluorescent radiat ion of Co 
and Ni recorded by conventional  x - ray  spectrographic 
techniques. For  the detection of Ni in the deposit, the 
possible contr ibut ing Ni radiat ion from the Ni unde r -  
plate and Ni impuri t ies  in the x - ray  tube have been 
checked and are found to be insignificant in comparison 
with the intense Ni radiat ion from the electroplate. 

The applied ins t rumenta l  conditions for the x - r a y  
diffraction analysis  are shown in the Appendix.  For 
control purposes, the whole x - r ay  diffraction pat tern  
has been recorded on a strip chart. For expediency and 
reasons discussed later, the semiquant i ta t ive  data for 
the (422) diffraction peak have been selected for tab-  
ulat ing and plott ing the relat ively large effects due to 

phase and microstructural  changes caused by heat 
t reatment .  

Control measurements  have been indicat ing satis- 
factory a l ignment  and funct ioning of the x - r ay  equip-  
ment;  they also confirm the assumed pur i ty  of the 
standards used. The approximate lattice parameter,  a, 
as derived from the measured diffraction angle 20 of 
the (422) peak has been compared with the precise 
parameter  for pure Au powder, ao ---- 4.0786A (Ang- 
stroms, 10 - s  cm). The (422) diffraction angle of the 
pure Au electroplate and of the powder both show a z 
4.078A. The third decimal figure obtained by this 
method is usual ly considered unrel iable  but  has been 
checked and verified by more precise methods as will 
be shown and discussed in detail. 

The procedure for the semiquant i ta t ive  x - ray  analy-  
sis of the (422) peak of Au before and after each heat 
t r ea tment  was as follows: 

1. Record the (422) peak on the strip chart. 
2. Locate the approximate peak max imum on the 

chart. 
3. Define 20 by finding I max, max imum intensi ty  (in 

c/sec = pulse counts per second), by counting for 1 
min  at three selected points near  the peak. For broad 
peaks, determine the apex by fitting a parabola through 
the selected points (9). 

4. Establish on the chart a base line with a ru ler  by 
joining the beginning and the end of the peak. Measure 
h max (in cm) and b (peak breadth)  at 1/2 h max  (in 
cm). 

5. Count I.L ( integrated in tensi ty) ,  a measure of the 
area under  the peak (in counts, c). 

6. Tabulate  the obtained data and plot temperatures  
vs. x- ray  measurements.  

The exper imental  method described above of mea-  
sur ing the changes in lattice parameter,  a, is fair ly 
easy. Simply by selection of a high angle l ine on the 
pattern,  one usual ly obtains an accuracy of 0.01A or 
about 0.4%. Most of the thermal  effects observed in 
the following exper iments  are larger. In  order to check 
on the method and the significance of the data obtained, 
several experiments  have been duplicated using the 
t ime-consuming measurements  of several high reflec- 
t ion angles and determining a for each line by assign- 
ing the proper wavelength and employing an electronic 
computer.  By plott ing the obtained values of a against  
cos 2 0 and extrapolat ing the curve to cos" 0 --~ 0, the 
"precise" ao is obtained. The accuracy is thus increased 
to 0.001A, or about 0.04%. The extrapolat ion has been 
carried out by applying the method of least squares, 
that is, an objective, analytical  method of finding the 
line which best fits the data. Most data shown in this 
report carry five decimal figures for computat ion only. 
The extrapolated ao (Tables IV, V, and VI) shows the 
fourth decimal figure in parenthesis for rounding ao 
to three significant figures, i.e., 10-3A = 10 -11 cm. 

As will be shown, the refined method of de termining 
ao does not inval idate  the first simple exper imenta l  
method but  confirms the first approximations by the 
addition of more significant figures. 

Effects of Experiments 
For convenient  comparison, the scanned diffraction 

peaks have been traced from the back of the chart  
paper and superimposed, in order to show the differ- 
ence between the original  profile of the diffraction peak 
and its shape after heat t rea tment  at different tempera-  
tures (Fig. 1-3). The peaks have been traced after those 
heat t reatments  that show significant changes in peak 
location and profile. Heating at 100~ for 2 more hr 
does not produce fur ther  changes. After heat ing for 1 
hr at 175~ fur ther  changes are observed and measured 
[Fig. l ( a )  and 2 (a ) ] .  The effects of heat t rea tment  at 
higher temperatures  are shown in Fig. l ( b ) ,  2(b) ,  and 
3. 
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Fig. 1 (a and b). Heat treatment of Au-alloy electroplates. Super- 
imposed (422) XRD peaks recorded after shown durations at tem- 
peratures. 

Comparison of the peak profiles from heat - t rea ted  
Au-Co on Cu, having no Ni in te r l iner  (Fig. 3) wi th  
Au-Co on Ni [Fig. l ( b ) ]  reveals obvious differences 
due to Cu diffusion and Au-Co-Cu  al loying which is 
discussed later. 

The XRD (x- ray  diffraction) measurements  (Tables 
I and II) show an angular  shift of the (422) peak in-  
duced by heat t r ea tment  for four different Au-a l loy  
samples. The corresponding, increasing parameter ,  a, 
expresses lattice growth. When hea t - t rea t ing  tempera-  
ture  is plotted v s .  ~ ,  then rate changes in growth are 
indicated by the slope changes of the four curves 
(Fig. 4). Au-Co on Cu, having no Ni in te r l iner  (Sam- 
ple No. 1) shows a considerable increase in a by heat 

Table I. Heat treatment of Au-Co electroplate~XRD measurements 
of angle Z0 for (422), Cu Kc~, and derived uncorrected lattice 

parameter, a 

S a m p l e  No. 1 (on Cu) S a m p l e  No. 2 (on Ni) 
T r e a t m e n t  28 a, A 28 a, A 

As plated 137.4 4.054 136.7 4.063 
175 ~ 136.8 4.062 136.4 4.068 
200~ 136.5 4.066 135.4 czl 4.078 
2400C 136.6 4.065 135.4 a l  4.078 
380 ~ 139.8 4.021 135.4 az 4.078 

. - -  1 hr at 240~  
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6r i :'- 

r I t  : 

0- 40 :1 I: 

z 3o 
I 

zo . ' " ' - "  / 
/ / -  - Fig. 2.b ] 

/ 
| 0  I I I I I I / 

152 134 136 138 140 142 
--, DEGREE 2 e 

Fig. 2b 

Fig. 2 (o and b). Heat  t reatment  of Au-al loy electroplates. Su- 
perlmposed (422.) XRD peaks recorded after  shown durations at  
temperatures. 

t r ea tment  at 175 ~ and 200~ similar to the other sam- 
ples. After  heat t r ea tment  at 380~ its cell edge, a, 
decreases drastically. Diffusion of the Cu atoms from 
the substrate  at 240~ interferes with the growth of a. 
At this temperature ,  the Au color of the sample surface 
is changed to deep blue. At 380~ the deep blue 
changes first to brick red (cuprous oxide, Cu20) and 
then to black (cupric oxide, CuO).  

Sample No. 2, Au-Co on Ni, shows a distinct and 
steep increase of a at 200~ when  it becomes practically 
equal to the a of pure Au. Like sample No. 1, this 
sample turns  pale blue at 240~ and deep blue at 380~ 
it does not t u rn  red at 380~ The slight surface oxida- 
tion can be wiped off. 

Table II. As Table I for Au-Ni on Ni 

Sample No. 3 Sample No. 4 
T r e a t m e n t  28 a, A T r e a t m e n t  28 a, A 

As  p l a t e d  136.6 4.065 As  p l a t e d  137.3 4.055 
1O0~ 136.5 4.066 1OO~ 136.9 4.060 
175~ 136.1 4.072 150~ 136.6 4.065 
200~ 136.1 4.072 200~ - -  - -  
240~ 135.4 a l  4.079 250~ 136.2 4.070 
380~ 135.4 al 4.079 300~ 135.8 a~ 4.073 

350~ 135.6 o<z 4.076 
4O0~ 135.4 az 4.078 
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ordinate. Sample No. 1, having no Ni interliner, breaks down at 
240~ 

All samples differ in a in  the condit ion "as plated." 
Samples No. 3 and 4 (both Au-Ni  on Ni) also show a 
distinct difference in the growth rate of a. Similar  to 
sample No. 2, sample No. 3 shows a steep growth of a 
up to the value of pure Au, except at a higher tempera-  
ture  (240~ In contrast,  the a of sample No. 4 with 
a re la t ively small  ini t ia l  value (more Ni atoms in the 
Au lattice) increases a ra ther  rapidly at the tempera-  
tures  100 ~ and 170~ and then grows uni formly  at 250 ~ 
300 ~ and 350~ Final ly,  a reaches the value of pure Au 
at 400~ Fur ther  heat t rea tment  for 1 hr at 450~ does 
not produce fur ther  change in  a. The color of the 
Au-Ni  samples turns  gray (250~ then increasingly 
dark (300 ~ 350 ~ 400~ to almost black (450~ be-  
cause of increasing surface oxidation and diffusion. 

The measured changes in peak profile as induced by 
heat t rea tment  of samples No. 3 and 4 are expressed 
as I.I., I max, h max, and b at i /2  h max  (Table I l l ) .  
Their  plots against hea t - t rea t ing  temperatures  (Fig. 
5) show the rate of changes; most curves show distinct 
differences between the peak characteristics "as plated" 
and after heat t r ea tment  at 100~ Up to and including 
heat t rea tment  at 175~ the rate of change of the slope 
of the curves is ra ther  gradual.  However, at 200~ the 
Au-Co sample changes its peak profile drastically. No 
fur ther  large changes in peak profile can be observed 
after fur ther  heat t reatment .  

Table Ill. Changes in profile characteristic of the XRD peak 
(422) of Au-alloy electroplates induced by heat treatment 

A u - C o  S a m p l e  No. 2 b a t  1/2 h m a x ,  
T r e a t m e n t  I .I . ,  e I m a x ,  c / s  h m a x ,  e m  c m  

A s  p l a t e d  4000 32 7.8 3.8 
100~ 4000 34 8.6 3.6 
175~ 4300 3'/ 10.5 2.0 
200~  4600 79 15.3 1.9 
240~  4700 82 15.3 2.0 
380 ~  4600 '/5 15.3 2.1 

A u - N i  Sample No. 3 

A s  p l a t e d  4500 42 8.7 3.8 
10O~ 4600 49 11.8 2.8 
1 ' /5~ 4650 61 14.2 2.8 
2O0~ 4700 62 14.'/ 2.5 
240~  4500 62 14.1 2.4 
380~ 2'/00 60 12.5 1.6 

Slope changes of the Au-Ni  sample are not quite as 
steep as wi th  the Au-Co sample. The peak breadth,  b 
at Vz h max, drops dist inctly at 100~ and decreases 
then ra ther  uniformly.  Maximum peak height is ob- 
served at 200~ At 380~ the peak characteristic of 
this sample becomes quite similar to that  of pure Au 
standards (not shown).  

Duplicate and control  data for different Au-a l loy  
electroplates and heat t rea tments  (Tables IV and V) 
have been plotted, graphical ly extrapolated (Fig. 6 and 
7), and analyzed by  the method of least squares. As 
an example and for orientation,  the four XRD peaks 
of the Au-Co "as plated" (Table IV) render  ao = 
4.051A, shown by the intercept  of the lowest dashed 
curve (Fig. 6), the slope = 0.0034 and the drift  constant  
= 0.00014; the lat ter  is a measure of the total syste- 
matic error involved in this determinat ion.  

Au-Co on Ni shows that  ao has become largest and 
close to "pure" Au at 450~ The considerable decrease 
of ao at 500~ suggests alloying of the Au-Co plate 
with atoms from the substrate by the process of diffu- 
sion. The same effect but  at a lower temperature  
(400~ is observed with the samples Au-Co without  
Ni interl iner .  Similarly,  the control measurements  for 
ao of Au-Ni  alloy and pure  Au electroplate support  the 
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Fig. 5. Heat treatment of Au alloy electroplates. Temperatures 
vs. (422) XRD peak characteristics. 
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Table IV. Heat treatment of 2 Au-Co electroplates~XRD data 
and derived "precise" lattice parameter 

Au-Co on Ni 
Treatment hkl 2@ c o ~  ~ a, A ~ ,  A 

As  p l a t e d  331 112.0 0.31269 4.05315 
420 116.6 0.27612 4.05205 
422 137.6 0.13078 4.05072 
511 182.0 ~ z  0.02447 4.05225 

300~ 420 1 1 5 . 6  0 , 2 8 3 9 6  4.07415 
422 136.1 0.13973 4.07173 
511 159.0 ~ ~03321 4.07054 

400~ 420 115.6 0.28396 4.07415 
422 136.0 0.14034 4.07318 
511 158.7 a z  0 . 0 3 4 1 8  4.0q253 

450~ 331 110.9 0.32168 4.07975 
420 115.4 0.28733 4.07864 
422 135.5 0.14338 4.07704 

500~ 420 1 1 6 . 5  0.27691 4.05424 
422 137.3 0.13255 4.05152 

4.061 (4) 

4.069(9) 

4.073(0) 

4.077 (8) 
N o t e ,  p la t e  de- 

struction b y  
diffusion 

Au-Co on Cu 

400*C 331 1 1 1 . 8  0.31432 4.05796 
420 116.4 0.27769 4.05644 
422 137.3 0.13255 4.05466 
511 181.4 0.02611 4.05565 
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Fig. 7. As Fig. 5 for Au-Ni electroplate. The square symbols 
show measured data for a pure Au deposit, for orientation. 

0.2 0.3 

4.054 ( 8 ) - - D i f -  
f u s i o n  

Table V. As Table IV for Au-Ni alloy and, for comparison, 
for a pure Au electrodepasit 

A u - N i  on  N i  
T r e a t m e n t  h k l  2~; c o g  ~ a,  A no, A 

As  p l a t e d  311 111.7 0.31513 4.06036 
420 116.3 0.27846 4.05863 
422 137.0 0.13432 4.05900 
511 161.4 a l  0.02611 4.05565 4.056(0) 

300~ 331 111.0 0.32081 4.07731 
420 115.5 0.26474 4.07638 
422 1 3 5 . 9  0.14093 4,07459 
511 159.1 0.03290 4.07324 4.072(7) 

409~ 422 135.8 0.14154 4 . 0 7 ~ 4  
511 158.4 0,03511 4.07788 4.078(5) 

450~ 331 110.9 0.32163 4.07978 
420 115.1 0.28790 4.0'8542 
422 135.7 0.14215 4.07749 4.074(6) 

" P u r e "  At% 

AS p l a t e d  331 110.7 0.32326 4.08469 
420 115.2 0.28711 4.08314 
422 135.2 a l  0.14521 4.08141 
5 1 1  157.7 a l  0.03740 4.07938 4.078(8) 

previous  findings observed by  measur ing  semiquant i -  
t a t ive ly  the  shifts of the  (422) diffraction peak  only. 

The growth  of ao f rom the "as -p la ted"  condit ion to 
the  ao of  p rac t i ca l ly  pure  Au by  heat  t r ea tmen t  can be 
explained,  according to Vegard ' s  law, by  a concurrent  
decrease of solute content.  F igure  4 shows cor respond-  
ing, der ived,  app rox ima te  percentages  of solute in S.S. 

4 . 0 9  .~ I f ( ( f I I '~ i l I [ I I i I I i I I I I i I i I I I I 

- ' . ~ u - C ~ o . .  
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Fig. 6. Graph for detewmining "precise" lattice parameter of Au- 
Co electrodeposit as plated and after different heat treatment. 

Vegard's Law and Atomic Absorption Analysis 
The concentra t ion  of the  solute, tha t  is, Co and Ni 

in S.S. of the  A u - a l I o y  electroplates ,  as der ived  f rom 
the uni t  cell  pa ramete r ,  ao (Tables  IV and V) ,  as men-  
t ioned before,  is based on the assumption tha t  Vegard 's  
law holds. Devia t ion  f rom Vegard 's  law when it  oc- 
curs is usua l ly  greates t  about  the  middle  of the  com- 
pos i t ion- la t t ice  p a r a m e t e r  diagram.  Since this  s tudy  is 
concerned only wi th  smal l  amounts  of a l loying e le-  
ments,  a l inear  re la t ionship  be tween a /o  and a can be 
assumed for app rox ima t ing  the solute  content  in the  
A u - a l l o y  plate.  

In  o rder  to check the x - r a y  computa t ion  of a and the  
appl icab i l i ty  of Vegard ' s  law for  approx ima t ing  the 
a l loying  e lement  content  in the plate,  the  e lec t rode-  
posits were  s t r ipped  and Co and Ni de te rmined  by  A A  
(atomic absorpt ion)  analysis.  Whi le  the  resul ts  differ 
be tween  plates,  reasonable  agreement  is found for  the  
same sample  be tween  A A  analysis  and the  resul ts  from 
a measurements  and computat ions.  The x - r a y  compu-  
ta t ion and Vegard ' s  law, of course, are  based on the 
as@umption tha t  the a l loying e lement  in the  "as -p la ted"  
Au  a l loy  is present  in a s ingle-phase ,  supersa tura ted ,  
subs t i tu t ional  S.S. which is discussed later .  

Results and Discussion 
The analysis  of the  semiquant i t a t ive  XRD data  

(Table  I I I )  shows increas ing h max  and decreasing b 
at  1/2 h max;  tha t  is, " recovery  of profile broadening"  
by  heat  t r ea tmen t  of the  samples  (Fig. 5). The peak  
profile approaches  the  appearance  of the  r e l a t ive ly  high 
and na r row  peak  of pure  Au  s tandards.  Smal l  profile 
changes have  been observed af ter  heat  t r e a tmen t  for  1 
hr  a t  100~ The progress ive  peak  recovery  by  s h a r p -  
ening and na r rowing  of the  profile is p rac t i ca l ly  com- 
p le ted  af ter  heat  t r ea tmen t  for 1 hr  at  200~ for  Au-Co 
and at  240~ for Au-Ni .  Ex t r a  peak  width,  according 
to x - r a y  theory ,  could be  caused by  ve ry  fine par t ic le  
or gra in  size smal le r  than  10 -5 cm, la t t ice  defects (dis-  
locations),  a n d / o r  microstrains .  The I.I. (area  under  the  
peak)  does not  change much dur ing  hea t  t r ea tmen t  
except  for A u - N i  af te r  the  las t  t r ea tmen t  (Table  IH) .  

The  s teep slope changes of the  curves wi th  the  con- 
cur ren t  m in imum of b at  1/2 h max  for Au-Co and the  
m a x i m a  for I max  and h max  (Fig. 5) suggest  tha t  
the  hea t  t r ea tmen t  causes g radua l  recovery  f rom la t t ice  
faults,  re l ief  f rom micros t ra ins  (s t resses) ,  a n d / o r  
gra in  growth.  Though the l a t t e r  is possible, it  seems 
less l ike ly  since the  beginning of the profile change for  
these "al loys" was observed at  the  r e l a t ive ly  low t em-  
pe ra tu re  of 100~ and no steep profile changes occur 
at 200 ~ or  240~ Also, x - r a y  back-ref lec t ion  photo-  
graphs  of the samples  a f te r  hea t  t r ea tmen t  at  400~ 
do not  show Laue  spots (10) which would  indicate  
coarse gra in  growth.  
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Since hea t  t r ea tmen t  increases  a to the  value  of pure  
Au, the  a l loying e lements  a re  assumed to have been 
codeposi ted in S.S. wi th  the  Au and to be prec ip i ta ted  
by  heat  t r ea tmen t  as a separa te  phase. Under  favorable  
conditions,  one might  expect  to find diffract ion peaks  
f rom the prec ip i ta ted  phase. By careful  search for new 
diffraction lines as evidence for the  precipi ta t ion,  weak  
addi t ional  peaks  were  detected af ter  hea t  t r ea tmen t  at  
4O0~ The analysis  of the  XRD measurements  by the  
method of least  squares (Table  VI) and Vegard 's  l aw 
suggest a FCC, Ni - r i ch  S.S. containing 97 a /o  Ni. This 
value  is in good agreement  wi th  the  composit ion of the  
the rmal  a l loy at  equi l ibr ium,  96 a /o  Ni at  450~ as 
de te rmined  by  Wise (11). 

S imi lar ly ,  the  Au-Co pla te  a f te r  heat  t r ea tmen t  at 
450~ shows six addi t ional  diffraction peaks. Thei r  
x - r a y  da ta  (Table  VII)  suggest  tha t  the  two al lotropic  
forms of Co are  present ;  tha t  is, be ta  Co (FCC) which 
is said to be s table  above 450~ (10), and the a lpha  or 
epsi lon Co (HCP) which is said to be s table at  lower  
t empera tu re s  (12). The der ived  a ---- 3.549A for the Co 
beta  prec ip i ta te  is p rac t ica l ly  equal  to pure  Co, ao 
3.552A, tha t  is, conta ining l i t t le  or no Au  in S.S. This 
finding is also in good agreement  wi th  the  known 
const i tu t ional  d i ag ram for the  b ina ry  system Au-Co at 
equ i l ib r ium (13). At t empts  to discern prec ip i ta tes  un-  
der  the  microscope were  unsuccessful.  

Shifts  in angular  posit ion of the  peaks,  in general ,  
can be caused by  appl ied  uniaxia l  macros t ra ins ,  la t t ice  
imperfect ions ,  a n d / o r  change in la t t ice  pa ramete r .  The 
fol lowing c i rcumstan t ia l  evidence points  to the  la t ter :  

(a) A A  analysis  of the  s t r ipped  Au  a l loy  plates  for 
Co and Ni content  check sa t i s fac tor i ly  wi th  the  resul ts  
f rom the x - r a y  determinat ions ,  that  is, the computed 
a l loying content  de r ived  f rom ao of the  sample  as 
p la ted  and Vegard 's  law, suggest ing tha t  the Au  al loy 
as p la ted  consists of a sin,gle-phase S.S. 

(b) The recorded diffract ion pa t t e rn  of the  samples  
as p la ted  shows only peaks  for the  Au- r i ch  S.S.; no 
o ther  peaks  for the a l loying  e lements  can be detected.  
Af te r  prolonged heat  t rea tment ,  however ,  severa l  weak  
addi t iona l  peaks  can be pos i t ive ly  identif ied as de r iv -  
ing f rom prec ip i ta ted  phases. This suggests  that  the  
p la tes  as depos i ted  are  s ingle-phase ,  supersa tu ra ted  
S.S. and tha t  equ i l ib r ium is produced by precip i ta t ion  
caused by  the heat  t rea tment .  

(c) Dur ing heat  t rea tment ,  a of the  samples  increases 
to the  va lue  of pure  Au  and, excluding diffusion, r e -  
mains  constant  upon fu r the r  hea t  t r e a tmen t  (Fig. 4). 
This suggests that  the o r ig ina l ly  supersa tu ra ted  S.S. as 
p la ted  approaches  equ i l ib r ium as a resul t  of heat  t r ea t -  
men t  and tha t  the  phase mix tu re  in the e lec t ropla te  
thus becomes s table  (13). 

Conclusions 
1. The A u - a l l o y  pla tes  contain Co and Ni, respec-  

t ively,  as p roven  by x - r a y  spect rographic  analysis.  

Table VI. Precipitate in Au-Ni electroplate after heat treatment 
at 400~ measurements and derived lattice parameter, ao 

2~ (deg)  h k l  cosS~ a ,A  ao,A 

74.6 220 - -  
92.3 311 0.43993 3.54547 

120.9 400 0.24323 3 .54464 
153.0 a l  420  0 .05450 3.54256 3.542{4) 

Table VII. Precipitate in Au-Co electroplate after heat treatment 
at 400~ measurements and lattice parameter approximation 

M e a s u r e m e n t s  
20, d e g  [~Ix h k l  C o - p h a s e  a, .4, 

42.2 w 100 ~ ( H C P )  - -  
47.7 m 002 ve 
51.5 v w  200 ~ (FCC) 3.~5 
84.5 r a  100 a - -  
92.2 w 311 ~ 3.548 
97.6 m 222 fl 3 .549  

2. The  a l loying e lements  in the  plates  as deposi ted 
are  in a s ingle-phase ,  Au- r i ch  metas tab le  S.S. which 
is affected by  hea t  t r ea tmen t  for 1 hr  at  100~ 

3. The a l loy ing  e lement  content  var ies  be tween  
plates  as app rox ima ted  by  Vegard 's  law and checked 
by  A A  analysis.  

4. For  Au-Co,  the phase equi l ib r ium is approached  
by hea t  t r ea tmen t  at 200~ Near ly  pure  ~- and/~-Co is 
p rec ip i ta ted  f rom the p r i m a r y  supersa tu ra ted  S.S., thus 
forming a phase mix tu re  where  almost  pure  Au  is the  
matr ix .  

5. Fo r  Au-Ni,  the  phase equi l ib r ium is approached  
by hea t  t r e a tmen t  for 1 h r  at  240~ A secondary  phase 
is p rec ip i ta ted  from the  p r i m a r y  supersa tu ra ted  S.S., 
thus forming a two-phase  alloy. The prec ip i ta te  is a 
Ni - r i ch  S.S., about  96 a /o  Ni, in an almost  pure  Au  
matr ix .  

6. Recovery of the  x - r a y  diffract ion peak  profile be-  
gins at  100~ and continues as t e m p e r a t u r e  increases. 
This peak  recovery  is most pronounced  for Au-Co and 
is p rac t i ca l ly  completed  af te r  heat  t r e a tmen t  for 1 hr  
at 200~ The changes can be considered as caused 
by recovery  from micros t ruc tu ra l  la t t ice  defects in the  
plate ,  re l ie f  f rom res idual  micros t ra ins  (s t resses) ,  and/ 
or possible gra in  growth.  

7. Discoloring of the Au al loy plates  af ter  heat  t r ea t -  
ment  for 1 hr  at  240~ indicates  surface oxidat ion.  

8. Al loy ing  by  the process of so l id-s ta te  diffusion of 
Cu from the subs t ra te  when there  is no Ni in te r l iner  
is shown by the x - r a y  da ta  a f te r  hea t  t r ea tmen t  for 1 
hr  at  200~ tha t  is, before  surface oxidat ion  can be 
observed.  

9. The noble charac te r  of the Au deposit  surfaces is 
obviously lost af ter  hea t  t r ea tmen t  in air  for  1 hr  at  
380oC. 
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A P P E N D I X  
The equipment  and the ins t rumenta l  conditions used 

for the x - r a y  diffraction analysis were:  General  Elec-  
tric XRD-5;  tube target  Cu; take-off  angle 4~ 23.5 kVp; 

15 mA; beam slit 3~ Soller  slit MR; detector  slit 0.1~ 
Ni filter, 2 X 0.00035 in.; counter  tube SPG-6 (Xenon) ; 
chart  range 100 Hz; t ime constant 2.0 sec, l inear  re -  
sponse; scan 2~ chart  speed 30 in. /hr .  

An Optical Study of Cathodic Hydrogen Evolution 
in High-Rate Electrolysis 

Dieter Landolt, *,1 Raul Acosta,* Rolf H. Muller,* and Charles W.  Tobias* 

Inorganic Materials Research Division, Lawrence Radiation Laboratory and 
Department of Chemica[ Engineering, University of California, Berkeley, CaliSornia 

ABSTRACT 

Hydrogen bubbles evolved cathodically under  conditions encountered in 
electrochemical  machining have been studied by s top-motion photography.  
Constant current  densities up to 150 A / c m  2 and flow rates up to 2500 cm/sec  
have been employed with an exper imenta l  flow channel  of 0.5 mm gap width. 
The observed bubble size decreased strongly wi th  increasing flow rate  and in- 
creased with  increasing current  density. At  flow rates above 800 cm/sec,  the 
bubble size was always below 20~, the smallest  d iameter  resolved by the optical 
a r rangement  used. Less gas was evolved in ni t ra te  than in chloride electrolytes 
under  otherwise identical  conditions. The hydrogen bubbles were  usual ly  
confirmed to a region near  the cathode. Voltage oscillations and electric 
breakdown coincided with  the appearance of a new type of bubble. 

In e lectrochemical  machining, metals  are dissolved 
anodically at current  densities in the order of 100 
A / c m  2 or higher.  Hydrogen gas is formed cathodically 
and must be t ranspor ted  away from the reaction zone 
by the electrolyte  stream. This hydrogen may affect the 
electrolytic process in several  ways: It may  increase 
the ohmic resistance of the electrolyte,  resul t ing in 
higher  cell vol tage and different local current  distr ibu- 
tion. It may be oxidized at the anode and, thus, decrease 
the current  efficiency of the meta l  dissolution process. 
It  may form a continuous gas blanket  at the cathode 
and, thus, lead to sparking. It may accumulate  in large 
bubbles, which extend over  the ent ire  in tere lect rode 
gap, and, thus, drast ically affect mass- t ransfer  condi- 
tions at the anode. In order  to obtain a be t ter  under -  
standing of the re la t ive  importance of such phenomena,  
a photographic study of cathodically generated gas 
bubbles was initiated. During the course of this pursuit,  
somewhat  re la ted work  has appeared in the l i te ra ture  
(1, 2). In the present investigation, a more sophisticated 
optical a r rangement  has been employed and a bet ter  
control  and wider  range of cri t ical  variables,  such as 
current  density and flow velocity, have been employed 
in addition to the use of a wel l -def ined flow system. 

Experimental Technique 
The apparatus used has been described before (3). It 

consisted of a rec tangular  flow channel  cell  of 8 mm 
width and 0.5 mm height. Its sidewalls were  made of 
flat glass plates, which provided for the optical observa-  
tion of the in tere lect rode gap. The total  channel  length 
was 8.5 cm; the center  of the electrodes was positioned 
1 cm from the downst ream end. The design of the flow 
cell provided for fu l ly  developed veloci ty profiles at the  
electrodes. F low rates up to 2500 cm/sec were  em-  
ployed, corresponding to inlet  pressures in the order  
of 10 atm. Since most of the pressure drop occurs in 
the ent rance  length of the flow channel,  the absolute 
pressure at the electrodes, even at the highest flow rate  
employed, was only about 2 atm. Al though under  these 
conditions the effect of pressure on the gas vo lume has 
to be taken into account, at flow rates up to 1000 c m /  

*Elec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  U n i v e r s i t y  of Ca l i fo rn ia ,  D e p a r t m e n t  of E n g i -  

nee r ing ,  Los  AngeleS,  Ca l i fo rn ia .  

sec, where  most observations were  made, the absolute 
pressure at the electrodes was only 1 to 1.3 arm, and its 
effect on bubble size was negligible wi th in  the accuracy 
of the present  measurements .  The copper electrodes 
were  3.17 m m  long in the flow direction and 0.53 mm 
wide. Before exper iments ,  the electrode surfaces were  
mechanical ly  polished with  1~ diamond paste, cleaned 
wi th  aqueous detergent  and acetone, and degreased by 
hydrogen evolution in aqueous caustic. 

The optical a r rangement  is shown schematical ly in 
Fig. 1. 2 A commerc ia l  flash l ight source (A) of 0.5~ sec 
flash durat ion 3 was used for i l luminat ion of the gas 
bubbles generated in the flow cell (B) in t ransmi t ted  
l ight mode. A camera  (H) wi th  open shut ter  and high 
speed film 4 was at tached to a microscope tube contain-  
ing a 2x object ive  (C) (f : 48 mm, N.A. ---- 0.08) and 
a 10x eyepiece (E).  A small  circular  aper ture  (D) of 
1.6 mm diameter ,  located in the rear  focal plane of 
the object ive (C) served as a te lecentr ic  stop (4). The  
purpose of this device is to avoid variat ions in the ap- 
parent  size of bubbles due to differing distances f rom 
the object ive and to increase the depth of field. Unfor -  
tunately,  the telecentr ic  stop also reduces the speed 
and resolution of the objective,  the la t te r  being about 
20~. In order  to obtain a photographic distinction be-  
tween the electrode surface and an adjacent,  dense 

Des ign  c o n s i d e r a t i o n s  of the optical s y s t e m  are d i scussed  e lse-  
w h e r e  in  more  deta i l .  

3 E G  & G 594 microf lash .  
4 K o d a k  SO 340. 

A B C D E F H 

Fig. 1. Optical arrangement for high-speed photography of gas 
bubbles: A--light source (flash), B--flow channel cell, 'C--micro- 
scope objective, D---telecentrie stop, E--microscope eyepiece, F-- 
beam splitting prism, C~-magnifier for visual observation, H--cam- 
era film plane. 
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layer of gas bubbles, a pre-exposure in the absence of 
bubbles was made at reduced light intensity.  In a typi-  
cal exper imental  run, constant  current  was applied to 
the cell for a short period of t ime by switching the out-  
put of a constant  current  supply .~ from a dummy circuit 
to the cell circuit. A mercury  relay, actuated by a pulse 
generator,  was used for the switching. The circuit also 
served to tr igger the flash light source after a preset 
time, which was chosen to correspond to the passage 
of 12 coulombs/cm 2. The current  was switched back to 
the dummy load automatical ly after the total passage 
of 15 coulombs/cm 2. The charge passed between the 
start of an exper iment  and the moment  the picture was 
taken resulted in the evolution of about 1.5 cm 3 hydro-  
gen (1 atm, 298~ per cm 2 electrode. This was con- 
sidered sufficient to establish s teady-state  conditions 
with respect to gas evolution. Dur ing  the experiments,  
current  and potentials were recorded by means of a 
light beam oscillograph. 

Exper imenta l  Results 
Bubble s/ze.--Typical photographs obtained in 2N 

KC1 solution at different flow rates and current  densi-  
ties are given in Fig. 2 to 4. Figure 2 i l lustrates the 
in~uence of flow rate and cathode orientation on bubble  
size for a current  density of 50 A/cm 2. An estimate of 
the size dis tr ibut ion of the bubbles for the same experi-  
ments  is given in Fig. 5. These distr ibutions were ob- 
tained by measur ing  the diameter  of all  the bubbles 
which were individual ly  discernible in the whole in te r -  
electrode gap, and determining the fraction in each size 
bracket of 25~ width. The quant i ta t ive  val idi ty  of the 
distributions given in Fig. 5 is limited for several rea-  
sons: (a) The number  of measured gas bubbles (27- 
60) represent  only part  of the total gas volume, and 
the differentiation between discernible and not dis- 
cernible bubbles is subject  to personal interpretat ion.  
(b) The var iabi l i ty  of results in successive experiments  
probably requires a more sophisticated statistical eval-  
uation. (c) Bubbles close to the cathode surface were 
usual ly not individual ly  discernible and could, there-  
fore, not be included in the count. (d) Bubbles smaller  
than 20# in diameter  were below the optical resolution. 
Qualitatively,  however, Fig. 5 i l lustrates not only the 
order of magni tude  of eathodieally generated bubbles,  
but it also shows the decrease in size with increasing 
flow rates: the median bubble  diameters are 99, 69, and 
35g for flow rates of 100, 200, and 400 era/see, respec- 
tively. It should also be noted that, at the lower flow 
rates (below 400 era/see), a few large bubbles often 
existed in addition to a large n u m b e r  of smaller ones. 
It was observed dur ing  the experiments  that  these large 

bubbles were sticking to the cathode surface for pro- 
longed periods of t ime while the smaller bubbles de- 
tached from areas in between. Figure  5 also shows that  
the orientat ion of the cathode, i.e. whether  it is facing 
up or dowry, has no systematic effect on size d is t r ibu-  
tion, except at the lowest flow rate. 

Figure 3 i l lustrates gas evolution at high flow rates. 
The size of the generated bubbles decreases rapidly 
with increasing velocity in this range and the size 
distr ibution becomes narrower,  so that  the previously 

Fig. 3. Influence of flow rate on cathodic gas evolution in 2N 
KCh Current density 100 A/cm 2, cathode facing up: o--flow rate 
400 cm/sec, b~flow rate 600 cm/sec, c--flow rate 1000 cm/sec, 
d--flow rate 2500 cm/sec. 

5 E l e c t r o n i c  m e a s u r e m e n t s  C - 618 .  

Fig. 2--Influence of flow rate and cathode orientation on gas 
evolution in 2N KCI. Current density S0 A/cm 2, electrode gap 0.5 
mm: a--flow rate 100 cm/sec cathode facing down, b~flow rate 
200 cm/sec cathode facing down,, c--flow rate 400 cm/sec cathode 
facing down, d--flow rate 100 cm/sec cathode facing up, e--flow 
rate ZOO cm/sec cathode facing up, f--flow rate 400 cm/sec cath- 
ode facing up. 

Fig. 4. Influence of current density on cathodic gas evolution in 
2N KCh Flow rate 100 cm/sec, cathode facing down: a--current 
density ~ 5 A/cm 2, b--current density ~ 20 A/cm 2, c--current 
density = 50 A/cm 2. 
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Fig. 5. Distribution of cathodic gas bubble diameters in 2N KCI. 
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Fig. 6. Distribution of cathodic gas bubble diameters in 2N KCI. 
Flow rate 100 cm/sec, current density 5, 20, and .50 A/cm 2. Total 
number of bubbles measured 47, 47, and 31, respectively, for 
cathode facing up ( - - - )  and 37, 42, and 27, respectively, for 
cathode facing down ( ). (Counts incomplete in range 0-25~, 
due to lack of resolution below 20/~.) 

observed coexistence of few large bubbles with smaller  
ones disappears. At flow rates of 800 cm/sec or higher, 
all  individual  bubbles were too small  (below 20~) to 
be resolved photographically. 

The effect of current  densi ty on bubble  size is i l lus- 
t rated in Fig. 4 and 6. A clear increase in bubble  size 
is observed with increasing current  density under  

otherwise identical  conditions: the median bubble  
diameters are 56, 78, and 99~ for current  densities of 
5, 20, and 50 A/cm 2, respectively. These observations 
are in marked contrast  to findings reported by Venczel 
(5), who studied gas evolution at vert ical  electrodes in  
s tagnant  solutions and reported a decrease in bubble  
size with increasing current  density. The discrepancy 
might  possibly be explained by the different modes of 
convection. A bubble  may be assumed to detach from 
the surface when external  forces, such as gravi ty or 
friction with the moving liquid, become larger than 
the normal  component  of the surface tension. Since in 
a s tagnant  solution the rate of st irr ing is increased 
when more gas is generated, higher current  densities 
may lead to an earlier detachment  of gas bubbles. In  
our experiments,  on the other hand, local s t i r r ing was 
main ly  due to the hydrodynamic flow and was, there-  
fore, almost independent  of current  density. A decrease, 
ra ther  than an increase, in bubble  size with increasing 
current  density would also be expected from the work 
of Kabanov  and F r u m k i n  (6). They showed thai  the 
contact angle, which determines  the normal  component  
of surface tension, depends on electrode potential.  For  
very  slow hydrogen evolution on mercury,  smaller con- 
tact angles and, hence, smaller bubbles were observed 
at increasingly negative potentials. 

Force balances have been applied to the prediction 
of bubble  size in forced convection boiling (7). Such a 
force balance for an individual  bubble  may be formu-  
lated as 

F~ = Fi + Fb [1] 

where F~ is the surface tension force which holds the 
bubble  on the electrode, Fi is the inert ia  force of the 
electrolyte acting on the bubble,  and Fb is the buoyancy 
force of the bubble.  The lat ter  can be neglected at high 
flow velocities. According to Tong (7), a model of this 
k ind predicts a decrease in  bubble  size with the square 
of the flow velocity. Such a dependence is at least 
qual i ta t ively consistent with the present  results. Rela- 
tion [1] does, however, not account for the influence 
of current  densi ty and the wide dis tr ibut ion of bubble  
diameters observed at low flow rates. This dis t r ibut ion 
is at least par t ly  due to the fact that  the presence of 
other bubbles on the surface leads to locally varying  
flow conditions. 'Considering the fact that  not even the 
dynamics of a single bubble  growing in a laminar  
velocity field has been analyzed, no at tempt  has been 
made here to give a more detailed account of the vast ly 
more complex case of mult iple  bubble  dynamics in 
tu rbu len t  flow. Addit ional  exper imental  studies should 
include the t ime dependence of bubble  growth for a 
more detailed description of gas evolution under  the 
present  conditions in tu rbu len t  flow. Glas and West- 
water  (8) have investigated electrochemical gas evo- 
lut ion in s tagnant  solutions by high-speed cinematog- 
raphy. They found two growth stages: an early rapid 
growth period, associated with bubble  diameters of up 
to about 50#, followed by a slow period. Theoretical 
aspects of growth mechanisms have been discussed by 
Cheh (9), who applied mass t ransfer  considerations to 
predict growth rates in the slow (asymptotic) growth 
period. No theoretical  models exist at present which 
predict growth rate in the rapid growth period. Since, 
in our study, the bubble  size was often smaller  than  
50~, growth rate and residence t ime on the cathode 
surface could not be estimated on theoretical  grounds. 

Thickness .of two-phase region.--Figures 2-4 i l lus- 
t rate  the observation that  the gas bubbles  are not dis- 
persed uni formly  throughout  the gap, but  usual ly  
occupy a region near  the cathode. At flow rates above 
100 cm/sec, the thickness of this two-phase region is 
the same whether  the cathode faces up or down. This 
behavior  is to be expected, since at higher flow rates 
a gas bubble,  unless it is very large, is swept away 
from the interelectrode gap too fast to be affected by 
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buoyancy. From Stake's law, which may be applied 
to bubbles  of less than  1 mm diameter  (10), the s teady-  
state velocity due to buoyancy can be described by 
Eq. [2] 

g p d  "2 
v = ~ [ 2 ]  

18,1 

where g = gravi tat ional  constant, p ~- difference in 
density of gas and liquid, d = bubble  diameter,  ~1 = 
viscosity of liquid. Assuming an electrolyte flow veloc- 
i ty of 400 cm/sec and a bubble  diameter  of 50~, the 
vert ical  distance traveled by the bubble  due to gravi ty  
dur ing the t ime needed to pass over a 3 mm long elec- 
trode is only 1.2~. 

In order to account for the observed thickness of 
the two-phase region, unusua l ly  high velocities per-  
pendicular  to the flow direction are required. In Fig. 
3c for example (I00 A/cm 2, 1000 cm/sec) ,  bubbles  are 
found up to a distance of approximately 0.3 mm from 
the cathode surface. A bubble  moving steadily outward 
from the leading edge of the electrode would need an 
average velocity perpendicular  to the cathode of 100 
cm/sec to reach this position at the downstream end of 
the electrode. This motion away from the cathode sur-  
face is aided by the turbulence  in the liquid. Such an 
effect is suggested by the i r regular  shape of the two- 
phase region, which can show large variat ions in local 
thickness (Fig. 3). It  is in teres t ing to note, however, 
that  the average thickness seems to increase little 
downstream from the middle of the cathode. If t u rbu-  
lent  mixing were the only mechanism determining  the 
spreading of the two-phase  region, we would ra ther  
expect a steady increase of its average thickness in the 
flow direction. It is, therefore, possible that other 
mechanisms contr ibute  to the dispersion of gas bubbles.  
An example is the "rapid fire mechanism" ment ioned 
by Glas and Westwater  (8), who observed that  in 
s tagnant  solution bubbles were f requent ly  ejected from 
the electrode at a high velocity. This phenomenon is, 
at present, not well understood. The relat ively smaller  
increase of the two-phase region in the downstream 
part  might  also be ascribed to a lower current  density 
in  this region, caused by the higher gas fraction and 
the associated higher ohmic resistance in the electro- 
lyte. Dissolution of gas in the electrolyte furnishes 
another  possible explanat ion for the same phenomenon.  
Indeed, a simple est imation shows that,  under  most 
conditions, all the gas generated could be dissolved in 
the total electrolyte volume passing through the gap. 
For example, assuming a current  density of 100 A/cm 2, 
8 x 10 -6 moles of hydrogen are produced per second 
in our cell, while, at a flow rate of 1000 cm/sec, 40 cm 8 
of electrolyte are flowing through it. A homogeneous 
dissolution of all  the generated hydrogen would result  
in  a concentrat ion of 2 x 10-4 moles/l i ter ,  which is of 
the same order as the saturat ion concentrat ion of 
hydrogen in potassium chloride solutions (11). How- 
ever, the direct dissolution of all cathodically generated 
gas without the formation of bubbles is, in general,  
not l ikely because the concentrat ion gradients available 
under  typical  flow conditions are too small  to account 
for the t ransport  of dissolved hydrogen by convective 
diffusion. This is the case even under  the assumption of 
a 1000-fold supersaturat ion at the electrode surface. 

A rapid dissolution of ini t ial ly formed gas bubbles 
could provide an a l ternate  route to a homogeneous 
solution. This process would also affect the measured 
gas bubble  diameters. Such a redissolution of gas bub-  
bles would be similar  to the behavior of vapor bubbles 
generated in a supercooled liquid under  forced con- 
vection. Gunther  (12) has shown that  such bubbles 
became smaller  and eventua l ly  disappeared upon mov-  
ing downstream. The time required  to dissolve 50% of 
the volume of a bubble  of 50~ diameter  can be est i-  
mated as follows: If we assume saturat ion concentra-  
t ion of the gas at tl~e gas-l iquid interface under  con- 

s tant  pressure, and zero gas concentrat ion in the bulk  
solution, the concentrat ion difference dr iving force will  
be given by the saturat ion concentration, say 5 x 10 -4 
moles/l i ter .  For a constant  mass flux per uni t  area of 
a spherical bubble,  the decrease in volume may then 
be expressed by Eq. [3] 

d V  
= - -  A k C s a t  Y 213 [ 3 ]  

dt 

with A ~ ( R T / P )  4~ (3/4~)2/8, Csat ~ saturat ion con- 
centrat ion,  k = mass t ransfer  coefficient (cm/sec) ,  V 
= bubble  volume. In tegrat ion leads to Eq. [4] 

3 ( V  1/~ -- Vo I/3) = A k Csat t [4] 

where Vo = ini t ia l  bubble  volume. The time ti/2 in 
which the volume is reduced to 1/2 Vo is 

2.38 Vo 1/~ 
tl/2 = [ 5 ]  

A k Csat 

With an arb i t ra r i ly  assumed mass t ransfer  coefficient 
of 10 -1 cm/sec, 6 one obtains tl/~ ~ 1 sec for 1 arm, 
298~ This t ime is almost four orders of magni tude  
larger than the residence t ime of a bubble  moving at 
1000 cm/sec between the electrodes (3 x 10 -4 sec). 
The redissolution of gas is, therefore, too slow to pro- 
duce a homogeneous gas solution within the length of 
the present electrode gap or even to affect measurably  
the diameter  of bubbles in our photographs. 

In f luence  of  e l e c ~ o l y t e . - - F i g u r e  7 il lustrates the sur-  
prising observation that  less gas was produced at the 
cathode in  KNO3 than in KC1 solutions, under  other-  
wise identical conditions. The relat ive volume of the 
two-phase region in the interelectrode gap, shown in 
Fig. 8, has been obtained by p lan imet ry  of the areas 
occupied by the dispersed gas in the photographs. Since 
the solubil i ty of hydrogen is about  the same in both 
electrolytes ( i1) ,  the observed difference must  be due 
to other than differences in solubility. For example, 
the same amount  of hydrogen could appear to be 
smaller in ni t ra te  solutions due to a more finely dis- 
persed form. A more likely explanat ion is that, due to 
the reduct ion of ni t rate  at the cathode, only part  of the 
current  is used for hydrogen evolution. In  the present  
flow apparatus, the total  amount  of evolved hydrogen 
could not be determined,  but  some experiments  were 
performed in s tagnant  solutions of KNO3 and KC1 at 5 
A/cme. They confirmed that a much smaller  volume 
of hydrogen was produced in n i t ra te  than in chloride 
solution. A quant i ta t ive  invest igat ion of cathodic re- 
actions in ni t ra te  solutions has been initiated. The ef- 
fect of different electrolytes on the amount  of cathodi- 
cally formed gas was fur ther  investigated by  use of 
chlorate and sulfate solutions. Both the photographs 
taken in the flow system and the volumetric  measure-  

e S ince  t h e  r e l a t i v e  m o t i o n  b e t w e e n  b u b b l e  a n d  s o l u t i o n  is  not  
k n o w n ,  t h e  m a s s  t r a n s f e r  coef f ic ien t  k h a s  to be a s s u m e d  a r b i t r a r i l y .  
T h e  v a l u e  c h o s e n  i s  a m a x i m u m  g u e s s .  I t  c o r r e s p o n d s  to t h e  f i g u r e  
e s t i m a t e d  for  t h e  e l e c t r o d e - s o l u t i o n  i n t e r f a c e  a t  the h ighes t  flow 
r a t e s  e m p l o y e d  (3).  

Fig. 7. Cathodic gas evolution at 100 A/cm 2 in 2N KNOB and 
2N KCI, cathode facing down: a--KCI, flow rate 400 cm/sec; b ~  
KCI, flow rate 800 cm/sec; c--KNO:I, flow rate 400 cm/sec; d--  
KNOI, flow rate 800 cm/sec. 
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Fig. 8. Apparent volume fraction of interelectrode gap occupied 
by two-phase region (gas-electrolyte mixture): O - - 2 N  KCI, 400 
cm/sec; e i 2 N  KCI, 800 cm/sec; A - - 2 N  KNO3, 400 cm/sec; 
& - - 2 N  KNO~, 800 cm/sec. 

ments in s tagnant  solutions indicated that, wi th in  the 
exper imental  accuracy, the same amount  of gas was 
generated in these electrolytes as in the chloride solu-  
tion. 

Potent ia l  measurements  under  h~gh current  densi ty 
conditions are dominated by large ohmic drops in the 
electrolyte between the working electrode and the t ip 
of the reference electrode capil lary (3). The apparent  
cathode potentials, thus de termined at constant  cur-  
rent  density, provide an indirect  measure  of electrolyte 
conduct ivi ty  and, consequently,  gas volume fraction. 
A,pparent cathode potent ial  measurements  are given in 
Fig. 9. It can be seen that  a rapid increase of potent ia l  
with decreasing flow rate, indicat ing the presence of 
a substant ia l  volume fraction of gas in the electrode 
gap, occurs at a higher flow rate in  chloride than  in 
ni t ra te  solutions. This shift is consistent with the evolu- 
t ion of a larger gas volume in the first electrolyte. 

Discussion 
Ohmic resistance.--Since one of the purposes of this 

s tudy was to define the effect of cathodically generated 
gas on the electrolyte resistance, the question remains  
under  which conditions this effect is significant. For  
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Fig. 9. Effect of gas evolution in different electrolytes on appar- 
ent cathode potentials, measured vs. sat. calomel with capillary 
upstream from the electrode. Current density 100 A/cm 2, cathode 
facing up. A - - 2 N  KCI, [-]--2N KNO3. - - -  amplitude range of 
voltage fluctuations. 

the controlled current  operation of these experiments,  
an increase in the ohmic resistance of the electrolyte 
results in an increase in over-al l  cell voltage. A marked 
increase in cell voltage, which is observed with de- 
creasing flow rate in 2N KC1 (Fig. 10), can be at-  
t r ibuted  pr imar i ly  to cathodic phenomena,  since anode 
potentials did not vary  by more than  1-4V for different 
flow rates. This increase in  cell voltage occurs at flow 
rates which r i se  with increasing current  densi ty and 
parallels the onset of voltage fluctuations. Although 
the qual i tat ive influence of gas bubbles  on cell voltage 
is thus s t rongly indicated, it has not been possible to 
derive a simple quant i ta t ive  relat ion between the gas 
volume fraction and the cell voltage, which would hold 
for different cur ren t  densities. The difficulty may, in 
part, be due to the fact that  the gas was not homo- 
geneously dispersed, nei ther  in the direction normal  
nor  paral lel  to the electrodes. The bubbles  which have 
been observed to stick to the cathode surface at flow 
rates below 400 cm/sec fur ther  complicate the s i tua-  
tion. Cole and Hopenfeld (I)  have also invest igated 
the influence of gas bubbles on cell voltage under  ECM 
conditions. They accounted for the effect of the dis- 
persed gas on the ohmic resistance of the electrolyte 
by using a relat ion given by De La Rue and Tobias 
(13). By making certain simplifying assumptions about 
the two-phase region and by adjust ing one empirical  
parameter,  they obtained agreement  be tween theoret i -  
cal and exper imental  results. The present  s tudy sug- 
gests, however, that  such a simple t rea tment  is not 
valid for the range of conditions employed here. 

Spark{ng.--The formation of cont inuous gas blankets  
on vertical  wire electrodes in sulfuric acid, at cur rent  
densities of 6-8 A /cm 2, has been described by Kellogg 
(14). The formation of his gas b lanket  coincided wi th  
a drastic increase in surface t empera ture  and a sharp 
drop in current .  A similar phenomenon also is known 
to occur in heat t ransfer  under  forced convection con- 
ditions, where  formation of vapor films leads to a sharp 
reduction in heat flux (bu rn  out, crit ical heat  flux) 
(15). It  was, therefore, of interest  to see whether ,  
under  ECM conditions, similar gas films are formed 
and whether  they may lead to sparking and electrical 
breakdown. As long as a sufficiently high flow rate was 
maintained,  no such phenomena were observed in the 
present  experiments,  even at cur ren t  densities much 
higher than those employed by Kellogg. Upon decreas- 
ing the flow rate, however, large voltage fluctuations 
and eventual  sparking occurred. These fluctuations, i n -  
dicated by the broken lines in Fig. 10, soon became so 
large as to impede any  measurement  upon fur ther  re-  

\ 
\ 

\ \ ~ , .  1.50 A / c m  2 
> \ ~f~o---- 

\ o\ 
<, :\', 

2 --'~k~\ ; -- o-------_ 100 A/cm 2 

3 0  " ~  

o % ~ 50 Alcm 2 

20 l''~m o "SZO Alcm z 

I 0 Alcrn z 

i 01~ A)~cm= I I~ I I I I 

0 500 tO00 I500 2000 2500 

Flow rote (cmlsec) 

Fig. 10. Effect of gas evolution in 2N KCI at different current 
densities on cell voltage: e---cathode facing down; G--cathode 
facing up; - - - ,  amplitude range of voltage fluctuations. 
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Fig. 11. Anodic dissolution products generated in 2N NoCI03 at 
50 A/cm 2 and 100 cm/sec. Cathode facing up. 

duct ion of flow rate.  A close para l le l i sm between oscil-  
la t ions in cathode potent ia l  and  cell  vol tage  confirmed 
the cathodic origin of the  oscillations. The onset of 
these f luctuations coincided wi th  the  appearance  of a 
different  type  of gas bubble  charac ter ized  by  a la rge  
size and odd shape. P ic ture  (a) in Fig. 3 is typ ica l  for  
this si tuation.  I t  appears  that ,  under  these conditions,  
smal l  ind iv idua l  bubbles  a re  no longer  genera ted  and 
continuous gas pockets  may  cover a sizeable f ract ion 
of the  cathode surface. Al though  an actual  spark ing  
event  could not  be photographed,  it  is possible  tha t  
such a b reakdown  coincides wi th  an ins tantaneous  
complete  coverage of the  cathode. The  gas vo lume f rac-  
tion, at  which uncont ro l led  fluctuations set in, has been 
es t imated  on the  basis of cur ren t  dens i ty  and flow rate  
(neglect ing gas dissolut ion) to be app rox ima te ly  0.2 
at  100 and 150 A/cm% 

Anode reac t /ons . - -Vol tage  oscil lat ions in constant  
cur ren t  e lectrolysis  m a y  also or ig inate  at the  anode. 
While  a de ta i led  discussion of such phenomena  is 
beyond the scope of the  presen t  report ,  it  is in teres t ing  
to note tha t  the  anodic oscil lat ions have  been observed  
under  cer ta in  condit ions wi th  severa l  electrolytes ,  most  
no tab ly  sodium chlorate.  F igures  12a to c i l lus t ra te  
how the anodic cont r ibut ion  to fluctuations in ove r -a l l  
cell  vol tage  U increases in the  e lec t ro ly te  series, chlo-  
ride,  n i t ra te ,  chlorate,  whi le  the  cathodic contr ibut ion  
remains  about  the  same (except  for a sl ight  reduct ion 
in n i t ra te ,  due to the  smal le r  gas vo lume) .  Of pa r t i cu -  
la r  in teres t  a re  the  usua l ly  wel l  behaved  periodic  oscil-  
la t ions which or ig inate  at  the  anode (as indica ted  by  
the appa ren t  anode  poten t ia l  eA in Fig. 12c) in chlora te  
solution. The f r equency  of  these  osci l lat ions depended  
p r imar i l y  on cur ren t  dens i ty  and was only s l ight ly  
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Fig. 12. Typical recorder traces of cell voltage U, current I, ap- 
parent anode potential eA, and apparent cathode potential ec, 50 
A/cm 2, 400 cm/sec, a--2N KCI, b--2N KNO~, c--2N NaCIO3. 

affected by  changes in flow rate.  Typica l  f requencies  
were  130 and 300 Hz at  50 and 100 A / c m  2, respect ively.  
The vol tage  fluctuations which  or ig inate  at  the  cathode 
were  i r regular .  Thei r  f requency  was much h igher  
(most ly  over  2000 Hz) and the  ampl i tude  depended  
s t rong ly  on flow ra t e  as we l l  as cur ren t  densi ty .  P e r i -  
odic phenomena  at  the  anode can be re la ted  to the  
fo rmat ion  of solid films (3, 16), and Fig. 11 shows 
indeed how solid dissolution products  are  be ing  re~ 
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moved from the anode surface (together with a small  
amount  of gas). Similar,  but  less pronounced, shedding 
of solid reaction products has been observed in  sulfate 
and n i t ra te  solutions. 

The photographic pictures obtained in this s tudy also 
demonstrate  that,  under  the conditions of a previous 
invest igat ion of anodic phenomena (3), gas bubbles 
were usual ly  confined to the vicini ty of the cathode. 
In  view of the low solubil i ty of hydrogen gas, it can 
be concluded that  any fraction of the total  anodic cur-  
rent  possibly used for the oxidation of hydrogen has 
been negligible. The dis tr ibut ion of gas bubbles  in the 
interelectrode gap gave no indication of the occurrence 
of plug flow phenomena,  which could drast ical ly affect 
mass t ransfer  at the anode. 

Summary and Conclusions 
The present  s tudy was aimed at providing visual in-  

formation on cathodic gas evolution dur ing high rate 
metal  dissolution, in  order to determine the importance 
of cathodic phenomena  on ohmic electrolyte resistance, 
anode reactions, and sparking. Quali tat ive ra ther  than  
quant i ta t ive  conclusions can be drawn from the results 
obtained in a flow channel  cell with short electrodes. 

1. The size of cathodically generated gas bubbles 
depends on current  densi ty as well  as flow rate. At flow 
rates above 400 cm/sec, only very small  (few microns 
in diameter)  or no recognizable bubbles were gen-  
erated. 

2. A substant ia l ly  smaller  gas evolution in n i t ra te  
than  in chloride solutions has been observed. It indi-  
cates the occurrence of cathodic reactions other than  
hydrogen evolution in the former solution. 

3. The influence of cathodically generated gas bub-  
bles on the ohmic cell resistance was very  small  at 
flow rates above approximately 1000 cm/sec for all  
cur ren t  densities employed (up to 150 A/cm2).  At 
lower flow rates, this influence can be substantial .  
Models which are based on a uni formly  distr ibuted 
two-phase region and, among other simplifications, 
neglect the residence t ime of gas bubbles  on the ca th-  
ode surface, did not predict valid cell voltages. 

4. No plug flow phenomena seem to have been in-  
duced by the gas evolution under  the conditions em- 
ployed in the present  study. 

5. The influence of cathodic gas evolution on anodic 
processes such as mass t ransfer  and current  efficiency 
was usual ly  very small. 

6. At insufficient flow rates, strong fluctuations in cell 
voltages were observed, which coincided with the for- 

mat ion of gas patches at the cathode and which even-  
tual ly  led to electric breakdown. The effect was more 
pronounced in chloride than ni t ra te  solutions, in agree-  
ment  with the fact that  less gas was generated in the 
lat ter  solutions under  otherwise identical  conditions. 

7. In  the absence of a theoretical model describing 
even the most simple single bubble  dynamics in a flow 
field, addit ional  exper imenta l  observations are needed 
to gain even a qual i tat ive insight into the factors which 
determine growth, detachment,  and dispersion of gas 
bubbles generated at high current  densities and elec- 
trolyte flow rates in nar row gaps. 
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Technical[ Note 

Capacitor Discharge Current for 
Thin-Film Alloy Deposition 

Herman E. Austen 
Process Research & Development, The National Cash Register Company, Dayton, Ohio 

There are numerous  articles in the l i terature  on the 
use of th in  films (less than  1000A) of i ron-n ickel  alloy 
for computer  memories (1-5). These thin-f i lm memory 
elements switch either by N~el wall  movement  or, 
preferably, coherent rotation. The rotat ional  switch is 

faster and switching time is inversely proportional to 
the difference of the applied field and the coercive 
force. 

Thin films of i ron-nickel  have been produced by 
sputtering, vacuum deposition, and electrodeposition. 
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Maintaining a constant  composition from init ial  de- 
posit to final thickness is difficult in electrodeposition 
of th in  films because equi l ibr ium conditions must  be 
established in the cathode film and this requires an 
appreciable time. In  the th innes t  films ( ~  500A, or 
less), the total  thickness may be deposited by the t ime 
equi l ibr ium has been reached. The resul tant  change 
in composition will  exert  an appreciable influence on 
magnetic properties up to 1000A, or more, thickness 
(15o17). 

Several investigators have analyzed deposits as a 
function of thickness and have tr ied to obtain un i fo rm-  
ity by the use of vary ing  currents  instead of direct 
cur rent  (6-14). Improvement  has been obtained but 
none of the methods have produced a constant  compo- 
sition. 

A method is herein described for varying the cur ren t  
to obtain a near ly  constant  coercive force from ini t ial  
deposit to any desired thickness. In  plots of coercive 
force vs. thickness using constant  current ,  it had been 
found that  the coercive force increased logari thmically 
with decreasing thickness. Various investigators had 
made analyses of th in  deposits of i ron-nickel  (6-8), 
showing a similar  increase in iron concentrat ion of 
the deposit with decreasing thickness. 

Since increasing the current  densi ty increases the 
nickel concentration, it was felt that  a cur ren t  which 
started high and decayed logari thmical ly to some d-c 
value would counteract  the composition change. The 
curves of composition vs. thickness, or time, are simi- 
lar to the decay current  of a capacitor through a re-  
sistor. Although it has been shown that  composition 
varies as t-'/2 (14), for the short t imes involved in 
deposition of very  thin films, variation of the cur ren t  
with log t is probably a close enough approximation 
and can be more easily obtained. The effect of such 
a cur ren t  on the magnet ic  properties of i ron-nickel  de- 
posits was investigated. 

The simplest form of circuit is a power supply, capac- 
itor, and DPDT switch as shown in  Fig. 1 (a).  However,  
there is little flexibility in this circuit. One which pro- 
vides for plat ing various thicknesses on cathodes of 
various configurations and sizes is shown in Fig. 1 (b).  

(o) 

250-- 

Table I. Circuit values used in obtaining Fig. 2 

R1 500 ohms 
Rs 750 
1~ 22 
R4 22 
R; 5 
D1 Vz -- 7.5V 
C 0.35f 

Plating cell impedance 300 ohms 

Resistors R1 and R2, t ransistor  Q, and Zener  diode D1 
form an adjustable  constant  current  circuit for the d-c 
p la t ing current.  When the gang switch is in position 1, 
the resistor R3 acts as a load and allows presett ing of 
the current  and also acts to provide a bias against 
solution potential  when the cathode is being placed in 
the solution. Also, with the switch in position 1, the 
capacitor is being charged through the cur ren t  l imi t ing  
resistor R4. 

When the switch is thrown to position 2, the capacitor 
is connected to the plat ing cell and resistor R5 in paral -  
lel. Diode D3 prevents  capacitor current  from flowing 
into the constant  current  circuit and, when the cur ren t  
from the capacitor drops to the preset constant  direct 
current ,  the current  flow comes from the constant  
current  part  of the circuit and diode D~ prevents  this 
current  from flowing into the capacitor part  of the cir-  
cuit. Resistor R5 adjusts the rate of decay of the capac- 
itor. The resistance of R5 is much less than  the imped-  
ance of the plat ing cell and the capacitor charge is 
much larger  than  that  required to deposit the i ron-  
nickel. These conditions allow some variat ion in plat-  
ing resistances without appreciable effect on the capac- 
itor discharge time. 

The values of the components  as used for depositing 
on samples 1.8 cm in  diameter  are shown in Table I. 
Both power supplies provided 15V. These adjus tments  
for opt imum results were found by tr ial  and error, 
using magnet ic  properties as the criteria. Undoubtedly,  
the opt imum values of these components will  vary  with 
solution composition, temperature ,  and other operat ing 
variables. Satisfactory methods of analysis were not 
available and the samples were complicated as to ana l -  
ysis because the i ron-nickel  was deposited over a n o n -  
magnet ic  chemical nickel deposit on a p la t inum sub-  
strate. 

A composition of approximately 20% iron-80% nickel  
was assumed when a low coercive force and near ly  
zero magnetostr ict ion were obtained. The shape of the 

Power Power 
Supply Supply 

, 

Plofing Coil 

1 ]2 
1 

(b) 
Fig. 1. Capacitor discharcje circuits: (a) simplest form; (b) as 

used in experimental work. 
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Fig. 3. Comparison of coercive force of d.c. and capacitor dis- 
charge plated films: e ,  d.c.; G ,  capacitor discharge. 

hysteresis loop also suggested a constant composition 
when the sides were straight and the knees square. A 
typical  cu r ren t - t ime  curve is shown in Fig. 2. 

A comparison of coercive force vs. thickness curves 
for d-c plated samples and capacitor discharge plated 
samples is shown in Fig. 3. These samples were de- 
posited on a p la t inum foil substrate which was str ip- 
ped and re-used so that the epitaxial  effect was the 
same for each sample. Also, a plat ing solution volume 
of 2 liters was used so that  compositional, impurity,  and 
pH variat ions were minimized. The p la t inum was not 
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bright  and thus a higher coercive force was obtained 
than would have been the case on a mir ror -smooth  
substrate.  On smooth copper, a coercive force of 5 
oersteds was obtained at a thickness of only 65A. and 
an i ron-n icke l -molybdenum film deposited on copper 
had a coercive force of 4.5 oersteds at only 13A thick- 
ness. These thicknesses were estimated from flux 
densities and charge used in  deposition. 

Exper iments  with pulsed current ,  a-c superimposed 
on d-c, and an ini t ia l  high voltage str ike have shown 
the capacitor discharge to be much bet ter  in  obtaining 
the desired uni formi ty  of thin-f i lm deposits. 

Manuscript  submit ted Sept. 19, 1969; revised m a n u -  
script received ca. Feb. 25, 1'970. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOImNAL. 
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Some Aspects of the Mechanism of the Anodic 

Dissolution of Zinc in Sulfamic Acid-Formamide Solutions 

I. A. Menzies, G. W. Marshall, D. Gearey, and G. B. Griffin 
Corrosion Laboratories, Depar tment  of  Chemical Engineering, 

Universi ty  of Manchester  Inst i tute  of  Science and Technology, Manchester,  England 

A B S T R A C T  

The anodic behavior  of zinc has been studied in sulfamic ac id- formamide  
solutions as a function of sulfamic acid concentration, tempera ture ,  and 
water  content of solutions. It has been shown that  anodic polarization curves 
for Zn are typical  of polishing systems, and it has been found that  l inear 
relat ionships exist between l imit ing current  densities and the reciprocal  
viscosities of the solutions. The processes in solution are controlled by diffu- 
sion of cations or of solvent species. Fi lm format ion occurs at the onset of 
polishing as shown by a-c impedance studies, and this film is ei ther highly 
soluble or unstable in the presence of considerable amounts  of water.  The 
over -a l l  conclusion is that  the mechanisms of polishing in sulfamic acid- 
formamide  solutions are in agreement  wi th  those proposed by Hoar for anodic 
polishing in other  environments .  

The present  work  is a continuation of previous 
studies (1-3) of the anodic behavior  of metals  in 
organic electrolyte  solutions. It has been shown that  
Fe, Cd, Sn, Ti, Zn, Pb, Ag can be electropolished in 1M 
sulfamic ac id- formamide  solutions and that  typical  
anodic polarization curves are obtained under  poten-  
tiostatic conditions. Fur the rmore  similar, al though less 
clearly defined, cell  polarization curves have been ob- 
tained under  galvanostat ic  conditions. However ,  these 
studies have been of a general  nature,  and the mecha-  
nisms involved in such anodic processes have not been 
examined in any great detail. Zinc appeared to be one 
of the more stable systems and hence perhaps the most 
promising of metals  for such studies, and in the present  
work  the role of sulfamic acid.concentrat ion,  solution 
temperature ,  and the effects of wa te r  additions have 
been studied in relat ion to the anodic behavior  of zinc 
in formamide.  Al te rna t ing  current  measurements  have 
also been made to study general  aspects of the etching-  
polishing transi t ion in this system. 

Experimental 
General  techniques for the handl ing of anhydrous 

organic electrolyte  solutions have been described else- 
where  (1, 3) as have many  of the exper imenta l  pro-  
cedures. Only essential informat ion wil l  be given here. 

Materials and polarization s tudies . - -Formamide  was 
purified by the method of Verhock (4) and had a 
specific conductance of 2 x 10 -4 ohm-1  cm-1 at 25~ 
Microanalyt ical  grade sulfamic acid was used without  
fur ther  purification after  storage in a vacuum desic- 
cator. Zinc of 6N puri ty  was used as the anode 
throughout.  Zinc sulfamate hydra te  was prepared by 
the reaction of zinc carbonate and sulfamic acid, the Zn 
sulfamate being crystal l ized out of the fil trate by 
evaporat ion of the solution under  reduced pressure at 
40~176 

The cell used for polarizat ion measurements  has 
been described elsewhere (1, 3). The working elec- 
t rode was placed between two Ta counterelectrodes,  
and the potent ial  of the working electrode was mea-  
sured against a Cd/CdC12 electrode in a KC1 (satd.)-  
formamide  solution prepared as described by Pavlo-  
poulos and St rehlow (5) and contained in a separate 
compartment .  The working electrode was a zinc rod 
machined to fit t ight ly  into PTFE tubing so as to ex-  
pose approx. 0.75 cm 2. The PTFE tube was fitted 
t ight ly  into a glass tube and the Zn connected to a 
copper wire  via a mercury  contact as described p re -  
viously (3). The Zn electrodes were  prepared meta l lo-  
graphical ly to 600 grade SiC paper, vapor  degreased, 
etched in 10% HNO3, and washed in disti l led water,  
then formamide  before use. 

The polarization curves were  measured galvano-  
statically using an electronical ly stabilized galvanostat  
(E.M. Wareham Measuring Inst ruments  Ltd., Type C 
220) having a var iable  output  of up to 1A at 80V. A 
Millivac d-c Mul t imeter  (Type MV 77B) was used to 
measure  the potent ial  be tween reference  and working 
electrodes. During polarization measurements  the gal-  
vanostatic current  was increased in a stepwise manner  
(2.5-7.5 mA) and the potent ial  of the working elec- 
t rode determined 15s after  each step. All  measure-  
ments were  carr ied out at 25 ~ _ 0.1~ 

Measurement  of solution densities and viscosities at 
25 ~ + 0.1~ were  determined using a 
graduated pycnometer  of 5 ml size, and viscosities 
were  determined using Brit ish Standard  U- tube  vis-  
cometers  sizes A and B. Double distilled water  boiled 
for 30 min and quickly cooled immedia te ly  before use 
was used for calibration of both the pycnometers  and 
U- tube  viscometers,  and the measurements  of densities 
and viscosities were  made in accordance wi th  the In-  
stitute of Pe t ro leum standard methods (6). For  cali- 
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bra t ion  purposes  t h e  dens i ty  and v i scos i ty  of  w a t e r  
w e r e  t a k e n  to be 0.99704 g / c m  3 and  0.8937 cp at  25~ 
r e s p e c t i v e l y  (7).  

A-C impedance measurements.--The b r i d g e  n e t w o r k  
is shown in Fig.  1. The  10 kHz  sine w a v e  i npu t  was  
con t ro l l ed  at 10 m V  a m p l i t u d e  to p r e v e n t  i n t e r f e r e n c e  
w i t h  the  d -c  process.  A sc reened  and  ba l anced  t r a n s -  
f o r m e r  inpu t  (T1) was  used, t he  supp ly  thus  be ing  
ba l anced  to ear th .  The  res i s t ive  ra t io  a r m s  R1, R2 w e r e  
m a i n t a i n e d  at equa l  va lues  if  possible  to m a i n t a i n  best  
the  advan t ages  of t h e  ba l anced  input .  The  u n k n o w n  
was  m e a s u r e d  as a ser ies  r e s i s t a n c e / c a p a c i t a n c e  c o m -  
binat ion .  

The  d.c. was  app l i ed  across t he  d iagona l  of the  
b r idge  to avo id  any  poss ib i l i ty  of shun t ing  the  a.c. 
f r o m  the  u n k n o w n ;  a b a t t e r y  supp ly  was  used  in o rde r  
to m i n i m i z e  noise  and  e a r t h i n g  p rob lems .  A choke  in 
t he  d -c  c i rcu i t  b locked  a -c  f r o m  d-c  c i rcu i t  w h e n  the  
b r idge  was  u n b a l a n c e d  and  the  capac i to r  CD b locked  
the  d -c  pa th  t h r o u g h  the  diagonal .  B r i d g e  i m b a l a n c e  
was  de t ec t ed  w i t h  a t u n e d  ampl i f ie r  coup led  to t he  
b r idge  t h r o u g h  the  sc reened  t r a n s f o r m e r  T2. 

A special  e l ec t rode  was  cons t ruc t ed  for  a -c  m e a s u r e -  
men t s  (Fig.  2). A s t r ip  of Zn, ~ 1  m m  2, was  so ldered  to 
the  end of the  copper  connec t ing  w i r e  and the  speci -  
m e n  sea led  into the  glass t ube  w i t h  Ara ld i t e .  B e f o r e  
use the  base of t he  e lec t rode  was  g round  flat expos ing  
~ 1  m m  2 of m e t a l  su r face  to the  e lec t ro ly te .  The  e lec -  
t r ode  was  l i gh t ly  p ick led  in 10 v / o  HNO3, w a s h e d  and  

Ct~OKE 
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Fig. 1. Bridge circuit far a-c measurements:  Ill, 112, resistive 
ratio arms; R3, C3, variable resistance and capacitance boxes; T1 
screened and balanced transformer; T2 screened transformer; A 
ammeter (100 mA); 114 variable resistor (for current control); D 
tuned amplifier. 

dr i ed  w i t h  ace tone  in a s t r e a m  of w a r m  air  b e f o r e  use. 
This  e l ec t rode  was  m a d e  the  anode  and s u r r o u n d e d  by  
a l a rge  Ta cathode.  The  p r e p a r e d  anode  was  l o w e r e d  
into  t he  so lu t ion  in t h e  cel l  in an a t m o s p h e r e  of d ry  
o x y g e n - f r e e  n i t r o g e n  and the  b r idge  ba l anced  a l t e r -  
n a t e l y  for  res i s tance  and capac i tance .  Var ious  c u r r e n t  
dens i t ies  w e r e  t h e n  app l ied  (0.1-1.0 m A / m m  2) and the  
co r respond ing  res i s tance  and capac i t ance  recorded .  

Results 
Density and viscosity measurements.--The densi t ies  

and viscosi t ies  of the  solut ions  used  in t he  p r e sen t  i n -  
ves t iga t ion  are  given,  w i t h  o the r  data,  in Tables  I - I I I .  
The  viscosi t ies  of solut ions  of su l famic  acid  in f o r m -  
amide  v a r i e d  w i t h  su l famic  acid  concen t r a t i on  "in ac-  
co rdance  w i t h  the  express ion  log ~l = log ~1o + Zc 
w h e r e  ,1 and no a re  t he  k i n e m a t i c  viscosi t ies  of t he  
so lu t ion  and p u r e  f o r m a m i d e ,  respec t ive ly ,  c is t he  
concen t r a t ion  of su l famic  ac id  in mo le s / l i t e r ,  and Z is 
a cons tan t  (Fig. 3.). I t  is also c lea r  t ha t  t h e r e  was  a 
change  in the  slope of t h e  func t ion  at c o n c e n t r a t i o n  of 
0.6-0.7M w.r.t, su l f amic  acid ( c u r v e  A ) .  In  su l famic  
a c i d - f o r m a m i d e - w a t e r  solut ions  s imi la r  r e l a t ionsh ips  
hold  in f o r m a m i d e  solut ions w i t h  w a t e r  concen t r a t ions  
up to 5M and in solut ions  con ta in ing  >50  v / o  wate r ,  
i.e., >26M, c u r v e  B. 

Anodic polarization of zinc in sulfamic acid-form- 
amide solutions.--The o v e r p o t e n t i a l - c u r r e n t  dens i ty  
re la t ionsh ips  ob ta ined  in su l famic  a c i d - f o r m a m i d e  
solut ions al l  e x h i b i t e d  r e a s o n a b l y  w e l l - d e f i n e d  l im i t -  
ing c u r r e n t  densi t ies .  Typ ica l  cu rves  a re  s h o w n  in 
Fig. 4; t he  va lues  of the  l im i t i ng  cu r r en t  dens i t ies  a re  
g iven  in Tab le  I. In  gene ra l  t h e  r e p r o d u c i b i l i t y  of t he  
cu rves  and the  l imi t ing  c u r r e n t  dens i t ies  was  e x c e l l e n t  
( _ 2 % ) ,  bu t  at  h igh  ove rpo t en t i a l s  co r r e spond ing  to 
the  upper  end of the  l im i t i ng  c u r r e n t  dens i ty  p l a t eaus  
some sca t te r  was  observed .  This  m a d e  accu ra t e  m e a -  
s u r e m e n t  of the  o v e r p o t e n t i a l  r a n g e  co r r e spond ing  to 
t he  l imi t ing  c u r r e n t  dens i ty  s o m e w h a t  difficult.  I t  is 
h o w e v e r  c lear  t ha t  t h e  o v e r p o t e n t i a l  r a n g e  co r r e -  

Table I. Densities, viscosities, and polarization data for the anodic 
dissolution of Zn in sulfamic acid-formamide solutions at 25~ 

Voltage r a n g e  
S u l f a m i c  a c i d  D e n s i t y ,  V i scos i ty ,  I l  ira, cor r .  to 

conc.  (M) g. cm -~ ep  m A / c m  ~ I ] l m  (V) 

0 1.139 3.350 
0.10 1.142 3.401 100 21 
0.25 1.148 3.607 70 32 
0.50 1.153 3.858 66 24 
0.75 1.165 4.349 60 30 
1.0 1.177 4.918 53 33 
2.6 (sat . )  1.260 11.520 28 60 

Table II. Densities, viscosities, and polarization data for the anodic 
dissolution of Zn in 1M sulfamic acid-formamide-water 

solution at 25~ 

GLASS 

E RALDITE 

ELEC]RODE 

Fig. 2. Working electrode for a-c measurements 

V o l t a g e  r a n g e  
W a t e r  conc.  D e n s i t y ,  V i scos i ty ,  I l l , n ,  cor r .  to  

m/1  g. cm-a  cp m A / c m  2 I l i m  (V) 

4.07 1.170 3.418 85 28 
7.24 1.169 3.091 96 20 

10.41 1.164 2.667 115 17.5 
15.68 1.157 2.179 188 12.5 
26.83 1.153 1.604 322 9.0 
31.96 1.126 1.396 428 - -  
37.39 1.111 1.251 - -  - -  

Table Ill. Densities, viscosities and polarization data for the anodic 
dissolution of Zn in 1M-sulfamic acid-formamide solution 8.1M 

wrt water at 25~ 

Zn s u l f a m a t e  D e n s i t y ,  V i scos i ty ,  II ira, 
h y d r a t e  cone.  (M) g. em -~ cp  m A / e m :  

0.063 1.170 3.096 110 
0.125 1.177 3.493 110 
0.188 1.167 3.726 lO0 
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Fig. 3. Relationship between concentration and solution viscosity 
at 25~ (A) sulfamic acid in formamide, (B) H20 concentration in 
IM sulfamic acid-formamide solutions. 
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Fig. 4. Anodic polarization curves for Zn as a function of sul- 
famic acid concentration at 25~ A, 2.6M; B, 1.0M; C, 0.75M; 
D, 0.5M; E, 0.25M; F, 0.1M. 

sponding to the l imit ing current  density increased with 
increasing sulfamic acid concentrat ion from ~22V in 
0.1M solutions to ~60V in 2.6M solutions. The l imit ing 
current  density (Table I) decreased with increasing 
sulfamic acid concentrations, i.e., with increasing solu- 
tion viscosity. In  fact (Fig. 5) there was a l inear  re la-  
t ionship between the l imit ing current  density and the 
reciprocal of viscosity for sulfamic acid concentrat ions 
of from 0.25 to 2.6M. 

The polarization curves obtained in 1M sulfamic 
acid-formamide solutions were similar at higher tem-  
peratures to curve B in Fig. 4 except that at 55~ there 
was a greater  increase in current  density with po- 
tent ial  for potentials >TV than at other temperatures.  
The l imit ing current  density increased with increasing 
temperature,  and again there was a l inear  relationship 

so 

z ~. 4o 

~2o 

RECIPROCAL VISCOSITY (CP) 

Fig. 5. Relationship between limiting current density and recipro- 
cal viscosity as a function of sulfamic acid concentration at 25~ 

between l imit ing current  density and reciprocal vis- 
cosity (curve A, Fig. 6). 

Anodic polarization of zinc in 1M sulfamic acid- 
formamide-water solutions at 25~ overpoten- 
t ia l -current  density curves obtained in 1M HSO3NH2- 
formamide solutions containing various proportions of 
water  are shown in Fig. 7 and 8. The l imit ing current  
density was well  defined at water  concentrations up to 
~31.9M (Fig. 7) whereas at higher water  concentra-  
tions the l imit ing current  density became decreasingly 
well defined as the water  concentrat ion increased. In 
general  etching was observed at all cur rent  densities 
below the l imit ing current  density and bright  polishing 
at cur rent  densities equal to or greater than the l imit-  
ing current  density in  solutions where these were rea-  
sonably well  defined. It is clear from Table II that  the 
solution viscosity decreased with increasing water  con- 
centrat ion and this coincided with an increase in the 
Observed values of l imit ing current  density. For water  
concentrat ions up to 10.4M there was a l inear  re lat ion-  
ship between the l imiting current  density and the 
reciprocal of solution viscosity (Fig. 8). This relat ion-  
ship did not however hold for higher water  concen- 
trations. 

Anodic polarization of zinc in a 1M suIfamic acid- 
formamide-water (8.1M) solution at 25~ with Zn 
sulfamate additions.--Zinc sulfamate hydrate  was not 
readily soluble in this solution and less so in  sulfamic 
acid-formamide solutions in the absence of water. 
Hence only a l imited investigation was carried out. 

HO 

ioo 

90 

~ 4o 

z 

4 0  

RECIPROCAL VISCOSI'TY (CP) -1 

Fig. 6. Relationship between limiting current density and recipro- 
cal viscosity as a function of (A) temperature and (B) water con- 
centration in 1M sulfamic ocid-formomide solutions. 
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Fig. 7. Anodic polarization curves for Zn in 1M sulfomic acid- 
formamide-water solutions at 25~ as a function of water concen- 
tration: A, no H20; B, 4.07M; C, 8.1M; D, 10.4M; E. 15.7M. 
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Fig. 8. Anodic polarization curves for Zn in 1M sulfamic acid- 
formamide-water solutions at 25~ as a function of water concen- 
tration: F, 26.8M; G, 31.9M; H, 37.4M; I, H20 only. 

The polarizat ion curves were  all s imilar  to the  cor-  
responding curve  in the absence of Zn sulfamate addi- 
tions (C in Fig. 7) and showed wel l -def ined l imit ing 
current  densities typical  of electropolishing systems. 
Again etching and polishing of zinc occurred in the 
appropriate regions of the curves. As can be seen in 
Table III, the solution viscosity increased with  increas-  
ing zinc sulfamate concentration. This may  have  
caused the decrease in the l imit ing current  densities 
observed at h igher  sulfamate concentrations. However  
there  appears to be re la t ively  l i t t le effect of Zn ion 
concentration. 

A - C  i m p e d a n c e  m e a s u r e m e n t s  in  1M su lJamic  ac id -  
f o r m a m i d e  so lu t i ons  a t  2 5 ~  var ia t ion of resist-  
ance and capacitance (measured as a SERIES combi-  
nation) wi th  current  density is shown in Fig. 9A, 9B. 
Increase in current  densi ty toward ilim resul ted in 
small  changes in resistance (a few per  cent in the zero 
current  va lue  of 3.5 ohm cm 2) and approximate ly  a 
fivefold increase in capacity to 50 ~F/cm 2 as the poten-  
t ial  controlled conditions in the interphase changed. 
For  current  densities greater  than ilim the  resistance 
and capacitance changed rapidly  (<1 sec) to R values 
of 180 ohm cm 2 and C values of 0.2 #F /cm 2. 
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Interpretation and Discussion 
The present results are an extension of previous 

studies of electropolishing (1-3, 8) and give a more 
detailed picture of a number  of aspects. 

The diffusional nature  of the l imiting currents  is 
indicated by the l inear  i l i m v ' l / ~  relat ionship on va ry -  
ing the viscosity ei ther  by change of t empera ture  
(curve A, Fig. 6) or of sulfamic acid concentrat ion 
(Fig. 5). Water  content  also affected viscosity and re-  
sulted in a l inear i l i m v ' l / n  relat ionship (curve B, Fig. 
6) for wa te r  concentrat ions <10M where  ilim was still 
well  defined. At higher  water  contents illm was ill de- 
fined probably due to increased solubili ty of the solid 
products of the dissolution react ion or to the water  
taking over  as "acceptor" as discussed later. 

The exact na ture  of the diffusing species is less cer-  
tain. The values of ilim obtained in this work  are at the 
lower end of those found in aqueous polishing solutions 
(20 mA/cm2-severa l  A / c m  2) and this is in agreement  
with the larger  solvodynamic uni t  expected in fo rm-  
amide. The over-a l l  diffusion coefficient is never theless  
of the same order of magni tude  as in aqueous solutions, 
and this suggests strongly that  the diffusing species is 
a re la t ive ly  simple species and is not a complex 
polymerized structure.  

The diffusional situation appears then to be ana- 
logous to that  in other envi ronments  rev iewed by 
Hoar (9). Briefly, l imit ing currents  are controlled 
ei ther by (i) diffusion of meta l  ions away from the 
electrode surface the surface meta l  ion concentrat ion 
(M+)s being controlled by precipitat ion of a solid 
compound or (ii) diffusion of "acceptor" species (10- 
12) from the bulk solution. 

The absence of effect of meta l  ion concentrat ion 
(Table I I I ) ,  except  in a possible viscosity effect, on 
ilim might  be thought  to e l iminate  meta l  ion diffusion. 
However  the diffusional flux is proport ional  to the 
concentrat ion gradient  [ ( M + ) ~ -  (M+)b] /8  where  
(M + )b is the meta l  ion concentrat ion in the bulk solu- 

tion and 5 is the  diffusional layer  thickness. If  the 
m ax im um  value of (M + ) b < <  (M +) s change in (M + ) b 
will  not affect ilim. 

This might  result  f rom a high degree of supersatura-  
tion in the interphase (it seems l ikely that  high field 
conditions in the double layer  would encourage this) 
or simply from a ra ther  soluble solid react ion product  
which permits  a high value of (M +) s before precipi ta-  
tion. An a t tempt  was made, in the present  work, to in-  

ANODIC cURRENT DENSITY (MA/CM 2) 

Fig. 9. Electrode resistance and capacitance as o function of 
current density during anodic polarization at 25~ in IM  sulfamic 
acid-formomide solutions: A, resistance; B, capacitance. 
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vest igate  the la t ter  possibility and at the same t ime  the  
var ia t ion of illm with  (M+)b by using a l ikely solid 
product zinc sulfamate as the source of (M+)b. Un-  
for tunate ly  only the hydra te  salt was available, and its 
solubility was limited. Al though l i t t le  effect of illm 
with  (M+)D was noted this cannot be considered con- 
clusive evidence against meta l  ion diffusion control  of 
ilim. It is intended to use anhydrous sulfamate and also 
other  sources of meta l  ion to invest igate  this problem 
fur ther ;  other  sources of meta l  ion wil l  of course entail  
introduction of foreign anions whose effect wil l  need to 
be monitored. 

The lack of effect of sulfamate ion bulk concentra-  
t ion (sulf)b on ilim except  as a viscosity effect (Fig. 5) 
does appear to e l iminate  sulfamate ion diffusion, be- 
cause the diffusional flux would be approximate ly  pro-  
port ional  to (sulf)b which is direct ly  controlled. Other  
"acceptors" are avai lable however  which could control  
meta l  ion dissolution; the solvent itself e i ther  as a 
neutral  species or as HCO N H -  might  be so involved.  
Such a mechanism could be correla ted with  the  de- 
struction of illm by water  addition at h igher  concentra-  
tions (Fig. 8) as the faster  diffusing wate r  takes over  
the acceptor role. Thus al though the diffusional na ture  
of the l imit ing currents  is clear, the diffusing species 
cannot be conclusively identified f rom a study of the 
l imit ing current  behavior.  

Perhaps the outstanding feature  of the exper imenta l  
results is the ex t remely  high anode potentials (up to 
60V) obtained. The appearance of these high potentials 
is accompanied by a rapid rise in a-c resistance and 
corresponding drop in series capacitance (Fig. 9). The 
resistance value  is considerably larger  than typical  re -  
sistance measured in aqueous solutions (--100 ohm. 
cm 2 compared with  ~10 ohm cm2). It is considered 
that  these observations can only be explained in terms 
of solid film formation for the fol lowing reasons: 

1. The very  rapid rise in a-c resistance and anode 
potent ial  at currents  of the order if ilim is not typical  
of diffusion layer  build up. 

2. The fall  in series capacitance is indicative of a 
thin film ( ~  several  hundred  A) .  

Format ion of a re la t ive ly  thick viscous layer  would  
be expected to result  in a resist ive increase only. The 
two cases are i l lustrated schematical ly below. 

this results in R values ~400 ohm cm 2 and C values 
~0.1 ~F/cm 2 in the paral le l  mode. Using C ---- (d4nt)  
esu (9 x 1011 esu ---- 1F) where  ~ is the dielectric con- 
stant and t is film thickness and assuming e ---- 10 the 
value  for t ~ 10-5 cm. 

3. If  the resistance increase were  due to a viscous 
layer  in the region 0.05 cm thick (a typical  p robe / su r -  
face distance) the specific resistance would need to be 
10,000 ohm cm-1.  Walton (13) measured  specific re-  
sistances of simulated anodic diffusion layers in copper 
ion/phosphoric  acid~glycerol solutions and found a 
m ax im um  value  of only 133 ohm cm -1. 

Epelboin et al. (14, 15) have  also reported high 
anode potentials during A1 polishing in ethanolic solu- 
tions of Mg (C104)2. They suggest a close packed an- 
hydrous layer  of adsorbed C104- ions to account for the 
high potentials. This appears unlikely.  If specifically 
adsorbed layers were  responsible for such potentials, 
then the phenomenon would  have been observed in 
the numerous studies of the effect of specific adsorption 
on double layer  s t ructure  (16). Hoar (9) has also 
criticized the close-packed layer  idea on account of its 
lack of lateral  stability. 

It is considered more l ikely that  the high anode po- 
tentials are simply a result  of a more resist ive than 
normal  solid film, about 1000A in thickness as indi-  
cated by the a-c impedance measurements .  Fur the r  
impedance measurements  wi th  potentiostatic control 
of the direct component  are planned to confirm this 
hypothesis. The Zn system is ideal for such an invest i -  
gation because of the large voltage and the high film 
impedances. The exact nature  of the film also awaits 
fur ther  results. 

The anodic behavior  of zinc in these solutions can 
then be explained on the solid film theory  of polishing 
(9, 17); a solid film in close contact wi th  the meta l  
surface suppresses etching by ensuring that  random 
vacancies occur at the meta l / f i lm interface. This film 
is more resist ive than  normal  aqueous polishing films. 
High anode potentials are a direct result  of this re -  
sistance. The over -a l l  process of dissolution is diffusion 
controlled in the solution phase. The na ture  of the 
diffusing species is uncertain.  It  is possible to combine 
the inward  diffusion of an "acceptor" species wi th  the 
film theory  in a ve ry  similar  way  to the more con- 
vent ional  meta l  ion diffusion f rom the surface. A 

PATHS 

10 kHz. No film. Faradaic  paths of minor  importance.  
Impedance becomes series combinat ion of solution 
resistance and double layer  capacitance. 

~"~i I C~4 

Thickish viscous layer.  Capacit ive impedance > ~  re-  
sistive impedance across layer. Layer  appears as re-  
sistance only. Change in series resistance only. 

Thin solid film. Capacit ive and resist ive impedances 
of film are reasonable a l ternat ive  paths. Change in 
total series R and C expected. 

Ca.t RF,,... 

Moreover,  in the present  case, the film impedance is 
considerably larger  that  the other  impedances,  i.e., 
solution resistance and double layer  capacitance, and 
impedance measured can sensibly be a t t r ibuted to the 
film. Ser ies /para l le l  t ransformat ion is necessary to 
identify the resistive and capacit ive film components - -  

choice be tween  the two diffusion mechanisms (i) sol- 
vent  diffusion from the bulk solution and (ii) metal  
ion diffusion f rom the surface cannot there fore  be 
made at this stage. Water  additions probably  increase 
the film solubil i ty or stabil i ty thus reducing anode po- 
tentials at tainable and also decrease solution viscosity 
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result ing in an increase in ilim values. The work  of 
Epelboin (14, 18) in which ref r igera t ion  of the elec- 
trode increased the anodic potentials suggests that  an 
increase in ilim might  in itself be responsible for film 
breakdown as a result  of increased Joule  (i2R) heat -  
ing. The effect of decreasing sulfamate concentrat ion 
(Fig. 4) in increasing ilim and decreasing the anode 
voltages can be s imilar ly explained. 
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Electrical Properties of 
Manganese Dioxide and Manganese Sesquioxide 

P. H. Klose*, 1 

Union Carbide Corporation, Electronics Division, Greenville, South Carolina 

A B S T R A C T  

Measurements  of electrical  propert ies of MnO2 and Mn203 were  carr ied out 
on mater ia l  obtained by pyrolysis of Mn(NO3)2. From resist ivi ty data, i t i s  
proposed that  the conduction process is due to oxygen forming a donor level  
at 0.044 eV. In Mn203, oxygen vacancies might  be acting as an acceptor level  
wi th  an activation energy of 0.30 eV. Resist ivi ty measurements  were  used to 
establish the MnO2-Mn203 transi t ion t empera tu re  at 545~ The Hall  mobi l i ty  
of MnO2 was measured at 25~ For  resistivities of 0.1-100 ohm-cm, the mo-  
bility depends on the resistivity. This was taken as an indication that  impur i ty  
scattering is the dominating process in this region. The vo l tage-cur ren t  char-  
acteristic was measured for samples from 0.1 to 105 ohm-cm. The mater ia l  
showed ohmic behavior  for fields from 10 m V / c m  to 100 V/cm. The Seebeck 
coefficient was invest igated over the t empera tu re  range 25~176 A response 
of 0.6 mV/~  was found in h igh-res is t iv i ty  n- type  MnO2, and 0.37 mV/~  in 
p- type  Mn203. 

The electrical  propert ies of MnO2 have been inves t i -  
gated previously by several  experimenters .  A survey 
of the results reported in the l i tera ture  suggested that  
mater ia l  preparat ion as well  as type and technique of 
the measurements  on MnO2 might  have  affected the 
result, thus leading to apparent  contradictions. Sasaki 
and Koj ima (1), Glicksman and Moorehouse (2), and 
Brenet  (3) measured the electrical  resist ivi ty of 
MnO2 samples which were  obtained by pressing pel-  
lets out of ground MnO2 powder. The values re-  
ported for the resist ivi ty ranged from about 30 to 300 
ohm-cm. Bhide and Damle (4) invest igated the prop-  
erties of MnO2 samples cut from natura l ly  occurring 
pyrolusite.  In their  work  the values quoted for the re-  
sistivity ranged from about 10 to 1000 ohm-cm. An 
ent i re ly  new approach to the prepara t ion of exper i -  
menta l  samples of MnO,~ was chosen by Wiley and 
Knight  (5). Their  samples were  prepared by pyrolyt ic  
decomposition of chemical ly pure Mn(NO3)2. (A proc- 

* Electrochemical  Society Act ive  Member.  
1 Present  address: Energy Conversion Devices, Incorporated,  Troy,  
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K ey  words:  resistivity, Seebeck coefficient, Hall  coefficient. 

ess commonly used to form the counterelectrode in 
tan ta lum capacitors).  Wiley and Knight  report  a re-  
sistivity of about 0.1 ohm-cm for their  material .  In 
addition to the resist ivi ty measurements  by the above 
authors the differential  the rmal  analysis of the MnO,~- 
Mn20:~ system carr ied out by Kozawa (6) offered an 
interpreta t ion of the system from an ent i rely different 
point of view. His results indicated the possible exist-  
ence of a low- tempera tu re  phase transi t ion as wel l  as 
the we l l -known h igh- t empera tu re  phase t ransi t ion for 
MnO2-Mn203 at about 580~ Fur the rmore  his results 
show a difference in the h igh- t empera tu re  phase t ran-  
sition tempera ture  for pyrolusi te  which Kozawa refers 
to as p-MnO2 and electrolyt ical ly  formed MnO2 which 
he designates ~/-MnO2. With the ample but d ivergent  
results reported in the l i te ra ture  the exper imenta l  
work  reported in this paper was, therefore,  under taken  
in an effort to find answers to some of the questions 
posed by the earl ier  exper imenta l  results. 

Experimental 
Sample preparation.--The exper imenta l  samples 

were  produced by following the technique suggested 
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by Wiley and Knight.  Reagent  grade manganous ni-  
t ra te  solution (50%) was pyrolized in a Py rex  test 
tube. The tube was filled repeatedly  unt i l  a sufficiently 
thick layer  had formed on the bot tom of the tube. It  
was noted that  the geometry  of the test tube, i.e., the 
ratio of d iameter  to the depth, affected the porosi ty 
of the deposit. To explore  this effect mater ia l  was 
pyrolized under  various conditions by changing the 
geometry  of the container.  At  the one ex t reme the 
container consisted of a flat dish which was repeatedly  
moistened with  Mn(NO3)2 and then re turned  to the 
pyrolysis temperature .  The other  ex t reme  condition 
was generated by carrying out the pyrolysis in a Py rex  
vessel enclosed in an autoclave. This condition might  
be encountered on the inside of the porous s t ructure  
of a tan ta lum capacitor. A small  hole was provided in 
the autoclave to permit  escape of the water  vapor  and 
other  react ion gases. The reaction rate  and the vent  
hole were  adjusted so that  only a small pressure 
gradient  existed between the inside and the outside of 
the autoclave. Fol lowing the t ime schedule of Wiley 
and Knight  sufficient react ion t ime was al lowed in all 
cases to continue pyrolysis unti l  the resist ivi ty of the 
mater ia l  became constant. The mater ia l  was then cut 
with a carborundum saw in the shape of a rec tangular  
paral le lepiped wi th  the approximate  dimensions of 
2 x 5 x 20 ram. Samples used for density measurements  
were  mounted  on a f ixture and ground with  600 mesh 
alumina to a dimensional  accuracy of about 1%. To 
obtain the different resistivit ies used in the various 
measurements  high densi ty (~4.7 g / c m  2) samples 
were  baked for 16 hr in air. This period was found 
sufficient to establish resist ivi ty equi l ibr ium in all 
cases. Severa l  different techniques had to be used to 
apply electrical  contacts to the samples to accommo- 
date the requi rements  of the various measurements .  
In the tempera ture  range from --50 ~ to 125~ the re-  
sistivity was measured by applying small  dots of si lver 
paint  to the side of the parallelepiped.  These dots 
served as voltage probes. S i lver  paint  was also used 
for the large current  contacts at both ends of the sam- 
ple. Between  125 ~ and 625~ large area carbon pres-  
sure contacts held in place by tungsten springs gave 
reproducible and noise free results. 

To measure  the Seebeck coefficient the hot junct ion 
was formed by a lead point contact of about 0.1 mm 2. 
The cold junct ion consisted of a large area wa te r -  
cooled lead contact. Silicone oil was used to improve  
the thermal  coupling be tween the lead and the sample. 

Density 
The theoret ical  density of MnO2 is given as p ---- 5.026 

g/cm~ (7). In thei r  exper iments  Wiley and co-workers  
prepared essentially vo id- f ree  MnO2 with  a density of 
4.0 g / c m  3 by pyrolizing Mn(NO~)2. In an a t tempt  to 
reproduce this result  in our laboratory it became ap-  
parent  that  the shape of the react ion tube affected the 
resist ivi ty and density of the end product. Repeated 
filling of a flat dish, e.g., produced mater ia l  wi th  a 
density of 2.5 g / cm 3 and a res is t ivi ty  of about 1 to 10 
ohm-cm. If the pyrolysis was carr ied out at the same 
t empera tu re  as before but inside a s tandard Py rex  
test tube, the density increased to about 4.0 g / c m  ~ and 
the resis t ivi ty was reduced to 0.1 ohm-cm. The par t ia l  
pressure of the react ion products over  the solid was 
fu r the r  increased by placing the  P y r e x  tube into a 
steel autoclave. The vent  hole in the autoclave was 
adjusted to permit  escape of wa te r  and other  gases so 
as to generate  only a small  pressure differential  inside 
the autoclave. Again the test tube was filled repeatedly  
unti l  a sufficient amount  of MnO2 was collected at the 
bottom of the tube. The mater ia l  pyrolyzed in the 
autoclave had a density of 4.7 g / c m  3 ___1% and a re-  
sistivity of 0.0028 ohm-cm. F rom these results it ap- 
pears that  the part ial  pressure of the react ion products 
has a strong effect on the resist ivi ty and the density 
of MnO2. Since the complex pyrolysis process would 
requi re  considerable more exper imenta t ion  than could 

be carr ied out in connection with  this work  it was, 
therefore,  only regarded  as a tool to prepare  suitable 
samples. 

Resistivity and Activation Energy 
The tempera tu re  dependence of the resist ivi ty of 

MnO2 has been invest igated previously from various 
points of v i e w ( i - 3 ) .  Our object ive was to find regions 
of extrinsic, intrinsic, and mixed  conduction in MnO2 
and Mn203 and, if posible, to ident i fy the impuri ty  
associated with  the act ivat ion energy of the resistivity. 
Assumptions about the s t ructure  and the s toichiometry 
of MnO2 and Mn203 produced in our laboratory are 
based on the gravimetr ic  and s t ructure  analysis re-  
ported by Wiley and Knight  (5). As start ing mater ia l  
for the resist ivi ty measurements  in most cases MnO2 
with  a density be tween 4.0 and 4.7 g / c m  3 was selected. 
The oxygen content of the sample was gradual ly  re -  
duced by baking the mater ia l  in air. A holding t ime of 
30 min at the baking t empera tu re  was found to be 
sufficient to establish the oxygen equi l ibr ium in the 
specimen as indicated by the resistivity. A family of 
resist ivi ty vs. t empera tu re  curves generated by heat ing 
a sample (curve 1) to 450~ (curve 2), 525~ (curve 
3), 540~ (curve 4), and 541~ (curve 5) is shown in 
Fig. 1. The t empera tu re  range of --50~176 was 
selected so that  the tempera ture  dependence of the 
resist ivi ty could be expressed by the equat ion p = po 
exp - -~E /kT .  Curve 1 was measured on the sample in 
the "as pyrol ized" or "unbaked" condition. As the re -  
sistivity was increased through baking at successively 
higher  tempera tures  the act ivation energy  calculated 
from the slope of the resist ivi ty curve  went  through a 
m ax im um  of ~E ~ 0.044 eV at a room tempera ture  re-  
sistivity of 0.5 ohm-cm. Curve 5 clear ly  deviates f rom 
an exponent ia l  dependence on inverse temperature .  At 
this resist ivi ty the impuri ty  level  seems to be ex-  
hausted, and mixed  conduction arising from extrinsic 
plus intrinsic carr iers  determines the shape of the re-  
sistivity vs. t empera ture  curve. For  this resist ivi ty (100 
ohm-cm)  Wiley and Knight  give an oxygen to man-  
ganese ratio of 1.96. Fur the r  loss of oxygen by baking 
the sample at 542 ~ ___ 5~ results in a drastic change in 
s t ructure  (6), resist ivi ty (5), and activation energy. No 
intermediate  region could be found wi th in  the exper i -  
menta l  accuracy of setting the baking temperature .  
The resist ivi ty changes by about three  orders of mag-  
ni tude from 105 ohm-cm (MnO2)to 105 ohm-cm Mn203. 
The activation energy for the impur i ty  level  in Mn203 
as calculated f rom the t empera tu re  dependence of the 
resist ivi ty is ~E ---- 0.30 eV. The two curves shown in 
Fig. 2 were  obtained by heat ing the mater ia l  to 542~ 
(6) and 545~ (7), respectively.  At  the  l ow- t empera -  
ture side of the graph the presence of another,  much 
lower energy level  may  be noted. Measurements  of the 
Seebeck coefficient indicated tha t  conduction in Mn20~ 
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Fig. 1. Temperature dependence of the resistivity of MnO2 for 
various anneal temperatures. Curve | represents a typical sample 
in the "as pyrolyzed" state. Samples 2 through 5 are heated in air 
at 450~ 525 ~ 540 ~ and 541 ~ respectively. 
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Fig. 2. Temperature dependence of the resistivity of M n 2 0 3  

heated in air at $42~ 6, and 545~ 7. 

is p-type. Apparent ly  in Mn20~ the observed impur i ty  
level is again controlled by the oxygen concentration, 
but  in this case acting as acceptor. In  the next  ex- 
per iment  the intr insic par t  of the tempera ture  de- 
pendence of the resist ivity was explored. Figure 3 
shows resistivity measurements  taken in the tempera-  
ture region from 25 ~ to 625~ Material  produced in the 
autoclave was used in this experiment.  The sample had 
an init ial  resistivity of 0.0028 ohm-cm and an activa- 
t ion energy ~E = 0.0066 eV. The resist ivity vs. t em-  
perature curves shown in Fig. 3 were obtained by con- 
t inuously recording resist ivi ty as a function of tem- 
perature  as the sample was al ternately heated and 
cooled. The tempera ture  indicated on the various 
curves represents the m a x i m u m  tempera ture  to which 
the sample has been exposed. At this tempera ture  the 
sample was held for 30 min  to establish equi l ibr ium 
before being cooled down again. The heat ing and cool- 
ing rate was kept l inear  at about 10~ The slope 
of the h igh- tempera ture  portion of the high resistivity 
MnO2 sample was used to calculate the energy gap of 
the MnO2 lattice Eg = 0.37 eV. Similar ly  for Mn203 
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Fig. 3. Temperature dependence of the resistivity of Mn02 and 
Mn203 from 23 ~ to 650~ The individual curves were recorded 
during the cooling cycle after each 30-min heat-treatment at the 
various temperatures indicated on the graph. 
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Fig. 4. Activation energy of MnO-2 as a function of the resistivity 
at 23~ The activation energy was calculated from the resistivity 
in the temperature interval 57~176 

Eg = 1.08 eV is found. The "growth" of the intrinsic 
region in Mn203 can be observed as the m a x i m u m  an-  
neal  tempera ture  of the sample is changed from 580 ~ 
to 624~ (Fig. 3). 

In the extr insic- intr insic  region, a gradual  increase 
in the activation energy as a funct ion of resist ivity is 
noted. This feature we believe is general ly  found in 
semiconductors. The tempera ture  where it is observed 
depends on the mater ia l  and the doping level. Resistiv- 
ity measurements  on gal l ium doped germanium re- 
ported by Fritzsche (8), e.g., show this gradual  change 
of the "activation energy" in the tempera ture  region 
from 3 ~ to 10~ For every par t icular  system a graph 
can be prepared which relates resistivity and activa- 
t ion energy in the appropriate tempera ture  region. 
Hence it becomes possible to find the resistivity with-  
out knowledge of the geometry by measur ing the tem- 
perature dependence of the resistance. Figure 4 shows 
the results for the MnO~ system in the tempera ture  
interval  57~176 Previously reported measurements  
which have been carried out over this tempera ture  
range roughly follow this relationship, i.e., higher re- 
sistivity samples also tended to have higher activation 
energy. 

It  is interest ing to note the close agreement  between 
the high resistivity MnO2 sample shown in Fig. 1 and 
the equivalent  sample in Fig. 3. Both are of the order 
of 10 ohm-cm although one sample had an ini t ial  re- 
sistivity of 0.0028 ohm-cm and the other an ini t ial  re-  
sistivity of 0.2 ohm-cm. 

In  addition to the positive resistivity changes gen- 
erated by heating MnO2 in air at relat ively high tem- 
perature  a negative change of resistivity was con- 
sistently observed dur ing the first heat ing cycle of a 
vi rginal  sample to a tempera ture  of about 120~ This 
decrease in the resist ivity of MnO2 is usual ly  of the 
order of 5-10% and is accompanied by a decrease in 
the activation energy as well. 

Results of differential thermal  analysis of the MnO,~- 
Mn203 system reported by Kozawa (6) indicate the 
possibility of a phase change at this temperature.  

Hall Mobility 
Results of Hall  measurements  reported by Das (9) 

established MnO2 as an n - type  semiconductor with a 
Hall mobil i ty of the order of 10 cm2/V sec. Our mea-  
surements  were carried out on MnO2 samples with re-  
sistivities ranging from 0.23 to 115 ohm-cm. The tem-  
perature  was kept constant at 23~ The magnetic  field 
was 1900 gauss. Results are summarized in Table I. 
The strong dependence of the Hall  mobil i ty on the re- 

Table I. Hall coefficient of MnO2 as a function of 
anneal temperature 

H a l l  c o e f f i c i e n t  R e s i s t i v i t y ,  H a l l  m o b i l i t y ,  A n n e a l  
c m S / c o u l  o h m - c m  e m 2 / V  s e e  t e m p ,  ~  

- -  0 . 9 5  0 . 2 3  4 . 2  2 5 0  
- - 2 , 6  0 . 6 3  4 .1  3 5 0  

--  10 .2  0 . 7 0  14 .5  4 7 5  
- - 2 . 4  X 103 115  2 1 , 0  5 4 0  
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sistivity leads to the conclusion that  impur i ty  scat ter-  
ing is most l ikely the dominant  scattering mechanism 
in this t empera tu re  range. F rom the results we can 
est imate the intrinsic carr ier  concentrations. Using 
pi = (2 niel/~H) -1 where  pi, ni, ei, and ~H are the in t r in-  
sic resistivity, carr ier  concentration, electronic charge, 
and Hal l  mobility, respectively,  we find ni ~ 8 x 1014 
cm-3.  

Voltage Current Characteristics 
Bhide and Damle in their  extensive work  (4) wi th  

MnO2 measured the V-I  characterist ic of na tura l ly  oc- 
curr ing pyrolusite.  Their  results showed an exponen-  
tial relat ionship I = C exp. V. In our measurement ,  as 
before, the mater ia l  was prepared  by pyrolysis of 
Mn(NO3)2. It was found that  pressure contacts of 
tungsten or carbon lead to an exponent ia l  V- I  char-  
acteristic as observed by Bhide and Damle. 

However ,  the mater ia l  showed ohmic behavior  if 
large area si lver paint  contacts were  applied to the 
samples. F igure  5 shows the results of these measure-  
ments. The electric field was var ied from 10 m V / c m  to 
100 V/cm. The various curves shown in Fig. 5 represent  
samples of different resistivit ies obtained, as before, by 
baking in air. The deviat ion f rom l inear i ty  observed on 
one of the samples at fields higher  than 20 V / c m  is 
probably due to heating of the sample. Since the cur-  
rent  density is considerably h igher  for the l ow- re -  
sistivity samples, it seems possible that  this condition, 
compounded by an inhomogenei ty  in the mater ia l  
could give rise to undesirable heat ing effects or other 
nonohmic behavior  of revers ible  and i r revers ible  na-  
ture. 

Seebeck Coefficient 
Since the measurement  of the Hal l  coefficient proved 

to be exper imenta l ly  quite  difficult for the high re-  
sist ivity Mn203 material ,  the Seebeck coefficient and 
resist ivi ty were  measured  on the samples covering this 
range of resistivit ies to establish the sign of the carr ier  
and also to define bet ter  the t empera tu re  regions of ex-  
trinsic, intrinsic and mixed  conduction. In Fig. 6 the 
Seebeck vol tage is graphed as a function of the t em-  
pera ture  differential  of MnO2 and Mn203. The results 
were  obtained by holding the cold junct ion constant at 
14~ while  the hot junct ion was var ied  f rom 14 ~ to 
125~ Trace 1 is typical  for MnO2 in the virginal  state 
(as pyrolyzed) .  Traces 2 through 5 were  measured on 

MnO2 after  heat ing in air to 525 ~ 535 ~ 540 ~ and 541~ 
respectively.  This group represents  MnO2 with decreas-  
ing oxygen content  down to a ratio of oxygen to man-  
ganese of about 1.96. Traces 6 and 7 are intrinsic and 
high resist ivi ty Mn203 obtained at baking tempera tures  
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Fig. 5. Voltage-current characteristic of Mn02 and Mn203. 
Curves 1, 2, and 3 are Mn02 with resistivities of 0.4, 0.7, and 100 
ohm-cm; curve 4 is typical for Mn203 with a resistivity of 105 
ohm-cm. The short piece of V-I curve at the bottom of the graph 
shows a typical result of an earlier investigation (4). 
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Fig. 6. The Seebeek voltage of Mn02 and Mn20a in the tem- 

perature interval 14~176 Curve 1 is typical for Mn02 as 
pyrolyzed; curves 2 through 5 are obtained by heating Mn02 at 
525 ~ 535 ~ 540 ~ and 541~ Curves 6 and 7 are Mn208 obtained 
by heat-treatment of Mn02 at 542 ~ and 545~ respectively. 

of 542 ~ and 545 ~ respectively.  We note that  the See-  
beck coefficient reaches a m a x i m u m  of --0.6 mV/~  in 
MnO2 with  a room tempera tu re  resis t ivi ty of about 
50 ohm-cm. The Seebeck coefficient goes to zero at 
about 70~ and then turns posit ive in the region domi-  
nated by intrinsic conduction. F rom this one might  
conclude that  the hole mobi l i ty  is equal  or grea ter  than 
the electron mobil i ty  as has been observed in other  
semiconductors. Trace 2 and 3 represent  an in ter -  
mediate  condition which does not seem to fit the 
over -a l l  pattern.  It  seems possible that  inhomogenei ty  
of the oxygen concentrat ion at the surface of the ma-  
ter ial  gave rise to the anomalous behavior.  Trace 6 in-  
dicates essentially zero Seebeck coefficient over  the 
entire t empera ture  range. From resist ivi ty measure-  
ments  we conclude that  this mater ia l  is a l ready Mn203. 
Fur the r  baking at 545~ clear ly  establishes the p - type  
conduction shown in trace 7 wi th  a Seebeck coefficient 
of ~-0.37 mV/~ 

Discussion 
Wiley and co-workers  have  shown that  high density 

low resist ivi ty MnO2 can be produced by pyrolysis 
of manganous nitrate.  The mater ia l  produced in the 
autoclave in connection wi th  our work  reinforces their  
findings. By vary ing  the geometry  of the react ion ves-  
sel we were  able to observe ex t reme conditions w h i c h  
might  be considered analogous to the condition com- 
monly  encountered in the manufac ture  of tanta lum 
capacitors. Pyrolysis  in the autoclave simulates the 
conditions found on the inside of the porous s t ructure  
of a capacitor; pyrolysis in the fiat dish relates  to the 
condition on the outside skin. The many  orders of 
magni tude  of difference in the resist ivi ty found in our 
measurements  are expected to have  a strong effect on 
the dissipation factor and the f requency response of 
such a device. Through the measurements  of the elec- 
tr ical  resist ivi ty as a function of t empera tu re  it became 
evident  that  the act ivat ion energy is a sensi t ive tool 
suitable to distinguish be tween  MnO2 and Mn~O8 as 
long as the appropriate  t empera tu re  range is selected. 
In the region of mixed conduction, i.e., near  room tem-  
pera ture  and above, the var ia t ion of the resis t ivi ty  vs. 
t empera ture  slope might  be helpful  in finding the re-  
sistivity wi thout  knowledge of the geometry;  this is 
a useful technique to monitor  the pyrolysis process. 
F rom the measurements  of the resis t ivi ty of MnO2 in 
the extrinsic region it appears that  loss of oxygen 
through baking gradual ly  creates a sufficient number  
of vacancies in the lattice unt i l  it shifts to the Mn203 
configuration. We find that, whi le  the resist ivi ty in-  
creases, the Hal l  mobi l i ty  also shows an increase. This 
might  be an indication that  oxygen acting as an im-  
pur i ty  is the major  contr ibut ing factor to the scat ter-  
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ing process in this t empera tu re  region. The act ivat ion 
energy hE ---- 0.044 eV found in MnO2 is ten ta t ive ly  
ascribed to oxygen acting as a donor. The acceptor 
level  found in Mn203 with  act ivat ion energy • ~ 0.30 
eV also was found to be controlled by the oxygen con- 
centration. However ,  since fur ther  reduct ion of Mn203 
finally leads to MnO with  low p- type  resist ivi ty one 
might  be inclined to associate this level  wi th  man-  
ganese vacancies. Fur the r  work  in this area is needed 
to answer these questions. The apparent  difference 
be tween the ohmic V-I  characterist ic of MnO2 mea-  
sured in this laboratory  and the exponent ia l  depen-  
dence found for pyrolusi te  by Bhide et al. are most 
l ikely due to the large area silver contacts used in our  
experiment .  In addition, however ,  one must  consider 
the possibility that  na tura l ly  occurring pyrolusi te has 
different electrical  propert ies  than the MnO2 prepared  
by pyrolysis of Mn(NO~)2 solution. Kozawa in his 
work  on differential  thermal  analysis of pyrolusi te  and 
electrolyt ical ly  prepared MnO~ finds that  pyrolusi te  
has its phase transit ions at a h igher  t empera tu re  than 
the MnO2 prepared  by electrolysis. The MnO2-MneO3 
phase transi t ion t empera tu re  (545~ found by Wiley 
using the gravimetr ic  technique is in agreement  with 
Kozawa's  findings for electrolytic MnO2. Since the 
t ransi t ion t empera tu re  established by the resist ivi ty 
measurement  in this laboratory are also in agreement  
wi th  Kozawa's  results we are inclined to follow the 
suggestion of Kozawa to treat  pyrolusi te  as a sepa- 
rate  phase of MnO2 produced by other  than na tura l  
means. Our measurements  of the Seebeck coefficient 
are  essential ly in agreement  wi th  the results published 
earl ier  by Das (9). Since the measurements  reported 
here  cover a large range of resist ivi ty for MnO2 as 
wel l  as Mn203 the results can be used to assign tern- 

pera ture  regions where  extrinsic, intrinsic, and mixed  
conduction are to be found. 

Al though the foregoing informat ion helps to clarify 
many  aspects of the published informat ion on the re-  
sistivity and activation energy of MnO2 and Mn203, 
more work  is needed to establish without  doubt the 
origin of the impur i ty  levels in MnO2 and MnaO3. 
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Anodization of Tantalum 
Over the Temperature Range 0 ~ to 250~ 

R. J. Dreiner* and T. B. Tripp 
Research and Development Center, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Tanta lum was anodized at constant current  in an aqueous electrolyte  over  
the t empera tu re  range 0~176 The voltage bui ld-up was l inear up to a 
vol tage at which crystall ization of the oxide occurred. The "crystal l izat ion 
vol tage" decreased with  increasing temperature.  The change of the voltage 
bui ld-up rates (dV/dt) with t empera tu re  was not compatible with the single 
bar r ie r  law for high field ionic conduction. In spite of the extended t empera -  
ture range, it was not possible to distinguish between ionic current  ( i ) -f ield 
(F) relat ions of the form In icc FI/2 and In i cc F ~- F 2. Current  efficiencies 

were  determined from charge and optical film thickness. The current  effi- 
ciencies were  (a) essentially constant up to a formation t empera tu re  of about 
170~ and (b) decreased by about 30% between 170 ~ and 250~ Capacitance 
and loss angle of "equal  charge" films increased with anodization t empera -  
tures higher  than about 180~ Oxygen dissolution in the tanta lum substrate 
was suggested as the l ikely cause. 

In recent  l i tera ture  (1-6) the three  equations 

i : il exp [ (q  a F -  W1)/kT] [1] 

i : i2 exp [ ( ~ / F  -- W2)/kT] [2] 

i : i3exp [ (q  ~ -p f lF)F -- W3)/kT] [3] 

have been applied to describe the field, F, dependence 
of the ionic current,  i, during anodic oxide growth. 
Equat ion [1] expresses that  a single bar r ie r  of width, 

*Elec t rochemica I  Socie ty  Act ive  Member .  

2a, and height, W, is rate determining.  The charge on 
the moving ion is q and the action of the electric field 
on the ion reduces the barr ie r  height  by q.a.F. The 
model  (2) that  the potent ial  energy of an ion due to 
the applied field is modified by the coulomb at t ract ion 
of large t rapping centers wi thin  the oxide, leads to Eq. 
[2], which is similar  to the Schot tky relat ion for the 
field supported emission of electrons from metals. The 
exponent  of the third equat ion is quadrat ic  in the 
field. Christov and Ikonopisov (7) showed that  the 
quadrat ic  t e rm arises if it is assumed that  the applied 
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field does not only modify the barr ier  height, but  also 
shifts its position. 

Combining Eq. [1], [2], or [3] with Faraday 's  law 

d = ~l~ i*dt [4] 

yields the following relations for the voltage bu i ld -up  
rate (dV/dt) during constant current  anodization 

dV [ Wx k ln (i*/il) ] 
d--T- = ~ i *  + �9 T [5]  qa qa 

I k ln ( i ' / i 2 )  ] dV = ~ i *  W2 + - T [6] 

dV [ ~ Wj + kT ln  (i*/ij) ] 
dt = ~Xi* ~ _.+ ~ [7] 

where d is the oxide film thickness. ~ is equal  to the 
ratio of the equivalent  weight of t an ta lum oxide over 
the product of the Faraday number ,  the density of 
Ta2Oj, and the area of the sample. The ionic current ,  i, 
and the external  current ,  i* are related as i = hi*. 
The cur ren t  efficiency, n, has been assumed to be inde-  
pendent  of time, but  might  depend on temperature.  
The cur ren t  efficiency has been neglected in the log 
terms. This can readily be done since the p re -exponen-  
t ial  terms, il, i2,/3, which are of the order of l0 s A /cm e 
(1, 2, 5), are much larger than i* and because the cur-  
rent  efficiency is not  affected strongly enough by tem- 
perature  as will  be shown. 

Plots of (dV/dt) and the square root of (dV/dt) 
vs. tempera ture  should allow a distinction between 
the single barr ier  relat ion or the Schottky type Eq. 
[2]. No such s traightforward evaluat ion is possible if 
Eq. [3] is valid. The exponents of Eq. [1] and [3] are 
parts of a series expansion of the exponent  of Eq. [2], 
as shown in  the Appendix. It is, therefore, ra ther  diffi- 
cult to dist inguish between these three relations, which 
will become clear from the following. 

The investigation of the high field ionic conduction 
dur ing the anodization of t an ta lum in aqueous electro- 
lytes is restricted to a l imited field range and, if no 
special equipment  is used, to a l imited tempera ture  
range  as well. The field changes by only about 30% if, 
at constant  temperature,  the formation current  densi ty 
is varied from 1 ~A/cm 2 to 10 m A / c m  2. The upper  cur-  
rent  l imit more or less assures that  no excessive or 
uncontrol led heat ing of the sample occurs, and the 
lower l imit  is essentially set by time. It  takes, for 
instance, about 103 sec to grow an oxide layer of 5/k 
on t an ta lum if the formation current  is 1 ~A/cm 2. 
Furthermore,  at these low current  levels the ionic cur-  
rent  is not necessarily equal to the ex terna l ly  applied 
one, since the electronic current  through the oxide 
may become an appreciable fraction of the total. Nor-  
mally, the tempera ture  range  is set by the freezing and 
boiling points of the aqueous electrolyte, which is 
used when  one wants  to minimize incorporations of 
anions in  the anodic oxide film (8). The formation field 
changes, again only by about 30%, if the tempera ture  
is varied between 0 ~ and 100~ dur ing  anodizations at 
a constant current .  

Individual  values of the voltage bu i ld-up  rate 
(dV/dt) can be determined quite accurately from 
constant  current  anodizations, bu t  the scatter from 
sample to sample is such that  it is almost impossible to 
make the necessary dist inction in the t rend of (dV/dt) 
over the tempera ture  range 0~176 The following 
should give an indication of the exper imental  accuracy 
needed to distinguish, e.g., between Eq. [1] and [3]. 
Values for (dV/dt) were calculated at 10~ intervals  
between 0 ~ and 100~ using Eq. [3] and the constants 
reported by Young (1). An equat ion of the form 
(dV/dt) = a + bT was fitted to these points by least 
square analysis and (dV/dt) values were de termined 
over the tempera ture  range 0~176 using this l inear  

Table I. Comparison of calculated voltage build-up rates 

T e m p ,  ~ 

A B 
( d V / d t )  * (dV/dt) ** (A-B)  "100/A 
in V/sec  in V/sec  in % 

0 0.372 0.370 0.5 
50 0.328 0.329 0.3 

100 0.290 0.288 0.7 
150 0.257 0.248 S.5 
200 0.226 0.207 8.4 
250 0.198 0.166 I6.2 

* C a l c u l a t e d  u s i n g  Eq,  [3] a n d  Y o u n g ' s  data. 
** L i n e a r  a p p r o x i m a t i o n .  

relationship. The data from this l inear  approximation 
are compared with values predicted by Eq. [3] and 
Young's constants in Table I. The percentage column 
in Table I is an indication of the  exper imenta l  accuracy 
needed in order to dist inguish between the l inear  ap- 
proximation,  which would mean  that  Eq. [1] is valid 
and Eq. [3]. Between 0 ~ and 100~ the precision has 
to be bet ter  than  1%, and to our knowledge this has 
not been achieved with voltage bu i ld -up  measure-  
ments.  

The results of a study by Draper  and Jacobs (5) are 
of interest  in connection with this discussion. These 
authors anodized Ta in 0.1N H2SO4 [0~176 100% 
H2SO4 [2~176 and 40% H2SO4 [--65~176 over 
the temperature  ranges indicated in the brackets. They 
found (i) agreement  with the single bar r ie r  theory, 
Eq. [1], when evaluat ing the data obtained from ex- 
per iments  over the smaller  tempera ture  ranges and 
(ii) deviations from Eq. [1] over the larger tempera-  
ture  range of about 150~ The lat ter  result  could have 
been influenced by anion incorporat ion which is 
known to depend on formation tempera ture  and elec- 
trolyte concentration. 

In  this work, the tempera ture  range of anodizing 
t an ta lum in dilute aqueous electrolytes was extended 
up to 250~ by using an autoclave. In  addit ion to re-  
port ing new data, which were obtained from the ano- 
dizations of t an t a lum in an aqueous electrolyte above 
100~ an at tempt  is made to dist inguish between the 
ionic current-f ield relations. 

Experimental 
Samples were cut from 99.9% pure 10 rail t an ta lum 

sheet, and 70 mil  diameter  t an t a lum wire was spot 
welded to the tabs. The foils were degreased, electro- 
polished in a 9:1 by volume mixture  of concentrated 
nitr ic acid and HF, and then vacuum annealed at 
2100~ <10 -4 Torr. Just  prior to use, each sample was 
immersed for 5 sec in 48% HF and thoroughly rinsed 
with distilled water. 

The anodization cell was constructed from 303 stain-  
less steel, and its configuration is shown schematically 
in Fig. 1. Electrical contact to the foil was made with 

RESSURE SEAL 

Pt C~ 

TEF[ 
INSEI 

TAB AND WIRE 
PREANODIZED 
(~ 200 VOLTS) 

STAINLESS 
STEEL 

Fig. 1. Schematic of autoclave 
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the t an ta lum wire, which passed through a Connex PL 
power  lead pressure seal. This seal is so designed that  
the wire  is only in contact wi th  Teflon and ceramic 
sleeves, thus assuring good electrical  insulation f rom 
the cell. The tab of the foil and the wire  were  p re -  
anodized to 200V or higher  if necessary. The 0.01M 
K2804 electrolyte  was contained in a Teflon cup and 
was st irred with  a Teflon covered magnet ic  s t i rr ing 
bar. The cathode was p la t inum foil. The cell  was placed 
in a tempera ture-cont ro l led ,  ver t ical  tube furnace and 
rested on a st i rr ing hot plate. The t empera tu re  of the 
cell  was measured  with  a Chromel -a lumet  t he rmo-  
couple, which was inserted into a small  d iameter  hole 
dri l led into the wall  of the cell. The t empera tu re  of 
the system was at equi l ibr ium for at least 15 min  
prior to a formation. As indicated by the the rmo-  
couple, the t empera tu re  fluctuated less than 1 ~ during 
this period and the subsequent  anodization. 

All  anodizations were  carried out at a constant cur-  
rent  density of 1.0 m A / c m  2. The vol tage bui ld-up was 
monitored w i t h  a Kei th ley  610-A Elec t rometer  com- 
bined with  an Es ter l ine-Angus  Recorder.  Capacitance 
and loss angle were  measured at 120 cps in a 40 w / o  
(weight  per  cent) H2SO4 solution at 25~ The t ime 
of measurement  after  anodization var ied  from Y2 to 3 
hr  depending on the anodization t empera tu re  and the 
corresponding t ime necessary to cool the cell to room 
temperature .  The thickness and re f rac t ive  index of the 
anodic oxide films were  est imated by el l ipsometry 
using the mercury  line of wave leng th  5461A. 

Results 
A typical  vo l tage- t ime curve, which was recorded 

during a constant current  anodization at 214~ is 
shown in Fig. 2. As seen, the vol tage rose l inearly 
wi th  t ime to a peak voltage, V*, then declined by 
_~V* to a min imum and after that  increased again to 
a higher  plateau. This higher  voltage plateau was as- 
sociated with  film breakdown, since oscillations were  
observed in the voltage t ime recording. The period 
between the moment  when  the vol tage reached V* 
and the t ime when the potential  again attained this 
value, during the second voltage rise, was designated 
t*. Some values for V*, t* and AV* are compiled in 
Table II. No data are listed for anodizations at t em-  
peratures  below 100~ since severe breakdowns oc- 
curred in the oxide film at the a i r -e lec t ro ly te  interface. 
It was not possible to preanodize the tabs of the tan-  
ta lum samples to sufficiently high voltages and, the re -  
fore, the breakdowns could not be prevented.  

Similar  vol tage t ime curves as in Fig. 2 have been 
repor ted  by Lakhiani  and Shre i r  (9), who invest igated 
the anodic oxidation of niobium over  the tempera ture  
range 25~176 These authors found, using electron 
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Fig. 2. Typical voltage-time curve of a constant current anod- 
ization (1 mA/cm 2) of tantalum at 214~ in 0.01M K2SO4 elec- 
trolyte. 

July 1970 

Table II. Effect of formation temperature on the peak voltage, 
V*, which is related to the onset of oxide crystallization. See Fig. 

2 for explanation of t* and AV*. 

F o r m .  
t e m p ,  ~  V* ,  V t* ,  r a i n  AV*,  V 

102 3 7 3  - -  - -  
112  3 3 3  - -  3 0 . 0  
125 2 8 5  > 6 0  2 5 . 0  
150 179  - -  
175  110  ~ 1 4  12 .0  
190 8 7  ~ 1 3  7.0 
2 0 0  7 5  - -  5 .0  
2 1 4  73  ~ I 0  3 .5  
2 2 3  71 ~8 2 .5  
2 5 0  63  ~ 1 .5  

diffraction, that  films formed at 90 ~ C to the lower  vol t -  
age plateau or beyond were  crystalline. Fur thermore ,  
electron micrographs revealed  (i) that  the niobium 
oxide films started to crack at the peak vol tage V* 
and (ii) that  crystal l ine Nb205 appeared undernea th  
the amorphous oxide on fur ther  anodization. 

The tan ta lum samples, which had been anodized to 
the start  of the lower vol tage plateau, did not exhibi t  
the usual  bright  and uni form in ter ference  colors over  
the whole sample area. Inspection under  the micro-  
scope indicated small  regions which looked similar  to 
the ones described by Vermi lyea  (10) as "crystal l ine 
areas." These crystal l ine regions covered the whole  
area of samples which had been formed beyond the 
lower voltage plateau. Therefore,  it is thought  that  the 
lower plateau is caused by the crystal l izat ion of the 
oxide film and that  crystal l ine tan ta lum oxide is 
formed when samples are anodized to higher  voltages. 

Most of the t an ta lum samples were  anodized by 
passing a constant charge of 3.33 coul, which corre-  
sponded to a formation t ime of 180 sec. Within  this 
period, the potent ia l  rose to about 36V during forma-  
tions at 250~ Even at this tempera ture ,  this is wel l  
below the peak vol tage V*, see Table II, which is re -  
lated to the onset of crystallization. To l imit  the for-  
mat ion times to 180 sec assured that  no or only very  
l i t t le crystall ization occurred at the higher  formation 
tempera tures  during this t ime period. 

The capacitances and loss angles of the samples were  
measured at 120 Hz and are plotted vs. the formation 
t empera tu re  in Fig. 3. As seen, there  is a significant 
increase in the  dielectric parameters  of films grown 
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Fig. 3. Variation of capacitance and loss angle with anodization 
temperature. Measurements were made in 40% H2SO4 electrolyte 
at 25~ 
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above about 180~ It has been shown by Smyth  et al. 
(11) (i) that  the tan ta lum substrate extracts  oxygen 
from the anodic oxide film when  annealed at t empe ra -  
tures of 200~ and higher, and (ii) that  the oxygen 
deficient layer  adjacent  to the t an ta lum substrate 
causes capacitance and loss angle to increase. The 
anodic growth of t an ta lum oxide occurs at the meta l -  
oxide and oxide-e lec t ro ly te  interfaces, since both the 
oxygen and metal  ions are mobile  (12). The  dissolu- 
tion of oxygen in the tan ta lum substrate dur ing high-  
t empera tu re  anodizations should result  in a lower  cur-  
rent  efficiency, but not cause an oxygen deficient oxide 
layer, as the oxygen is replenished by the format ion 
process. However ,  the anodization cell did not  cool 
down rapidly  after  formations had been terminated,  
and maybe  the sample remained sufficiently long at 
a high enough t empera tu re  for some additional oxy-  
gen to dissolve in the t an ta lum substrate.  This would 
cause an oxygen deficient layer  located at the tan ta -  
l um- tan ta lum oxide interface and thus give rise to 
higher  capacitances and loss angles. 

Voltage bui ld-up  rates (dV/dt)  were  determined 
f rom least square lines through vo l tage- t ime  data 
evaluated f rom the recorder  plots at 10-sec intervals  
over  the first 180 sec of the formations.  The var ia t ion 
of the vol tage bui ld-up rates wi th  t empera tu re  is 
shown in Fig. 4. The data would be ve ry  wel l  repre-  
sented by a straight line over  the first 100~ but de- 
viations f rom l inear i ty  are apparent  when the fit is 
made over  the entire t empera tu re  range. This then 
excludes Eq. [1], the single bar r ie r  relation. The solid 
line in Fig. 4 was calculated using Young's (1) data, 
which were  obtained f rom runs at various current  
densities over  the t empera tu re  range 0~176 Young 
(1) found it justified to take the cur ren t  efficiency as 
being equal  to unity. The excel lent  agreement  be tween 
the extrapola ted curve of Young's data and our ex-  
per imenta l  results might,  therefore,  suggest that  the 
current  efficiency was uni ty  over  the whole t empera -  
ture  range 0~ However ,  this was not necessari ly 
the case, as will  be shown later. 

We have plotted the square root of the vol tage 
bui ld-up  rate  vs. the formation t empera tu re  and from 
the least square analysis we obtained. 

~/dV/dt  = (0.786 _ 0.006) -- (0.660 • 0.007)10-aT [8] 

with T in ~ The correlat ion coefficient, which is one 
for a perfect  l inear  relation, was 0.997. From the in ter -  
cept at T ---- 0, we calculated 0.33 x 104 (V/cm) 1/2 
for the rat io (WJT) ,  which  compares ve ry  favorably  
wi th  0.335 x 104 (V/cm)1/2 as repor ted  by Young and 
Zobel (2). Hence, the data are represented  ve ry  well  
by the Schot tky- type  Eq. [2]. On the other  hand, the 
results are also in ve ry  good agreement  with Eq. [3], 
as seen by the excel lent  fit of the calculated curve  to 
the exper imenta l  data in Fig. 4. Thus, we were  unable 
to distinguish be tween  the ionic current  field relations 
2 and 3 in spite of the  extended tempera tu re  range. 
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Fig. 4. Change in voltage build-up rate (dV/dt) with anodization 
temperature. Solid line was calculated using quadratic relation 
and Young's (1) data. Dashed line is least square fit to the 0 ~ 
100~ data. 

The optical film thicknesses were  determined assum- 
ing a homogeneous oxide layer  f rom el l ipsometer  mea-  
surements,  which were  made under  two angles of in-  
cidence. Results are summarized in Table III for a 
sample anodized at 202~ The computer  determined 
approximate  values of the re f rac t ive  index and the 
film thickness f rom analyzer  and polarizer  readings, 
designated (exp.) in Table III. Next,  the exact  analyzer  
and polarizer  positions (calc. in table)  were  calculated 
using the re f rac t ive  index and the film thickness pre-  
viously determined.  Then, the computer  t r ied to mini -  
mize the differences (a) be tween the film thickness 
obtained f rom different angles of incidence and (b) 
be tween  the exper imenta l  and calculated analyzer  and 
polarizer  positions. For  the case demonstra ted in Table 
III, the ref rac t ive  index of 2.55 and the average  film 
thickness of 891A were  selected. 

F i lm thickness and re f rac t ive  indices, obtained in 
this way, were  plot ted vs. anodization tempera tures  in 
Fig. 5 and 6. Both quanti t ies  are quite independent  of 
anodization t empera tu re  up to about 170~ and over  
this range the refract ive  index compares wel l  wi th  the 
one repor ted  by Young (14). Above  170~ the thick-  
ness of the "equal  charge" films decreased and the re-  
f ract ive index increased. The colors of the "equal  
charge" films were  compared with  a color gauge con- 

Table III. Results of ellipsometer measurements with a sample anodized at 202~ 

A n g l e  of  Ref r .  F i l m  
incidence, i n d e x ,  t h i c k n e s s ,  A (D) ,  ( exp . ) ,  

deg. n D,  A A deg. 

A n a l y z e r  (A) P o l a r i z e r  (P) 

(calc . ) ,  A (A) ,  ( exp . ) ,  (ca lc . ) ,  A (P ) ,  
deg. deg. deg. deg. deg. 

50 918 35.88 
2.50 11 

70 907 20.72 

50 894 35.88 
2.55 6 

70 888 20.72 

50 870 35.88 
2.60 16 

70 854 20.72 

35.47 &41 227,37 227.38 0,01 

20.24 0.48 239.79 239.79 - -  

35.52 0'.36 227.37 227.38 0.01 

20.34 0.38 239.79 239.79 

35.58 0.30 227.37 227.37 

20.44 0.28 239.79 239.79 

O p t i c a l  c o n s t a n t s  of T a - - s u b s t r a t e :  N2 = 3.30; K2 = 2.24 ( Y o u n g ) .  
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Fig. 5. Optical film thickness as a function of anodization tem- 
perature. Oxide films were formed to an equal charge of 3.33 coul 
(e) and 90V (x). 
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Fig. 6. Effect of anadization temperature on the refractive index 
of oxide films formed to equal 3.33 coul charge (o) and 90V (x). 

sisting of t an ta lum samples, which had been anodized 
to different voltages (in steps of 5V) at 34~ The 
color var iat ion between films formed at room tempera -  
ture and at 250~ was small  and corresponded to a 
potential  difference of about 5V. The optical path, the 
product of thickness times refractive index, should, 
therefore, be approximately  the same. This is the case 
as may be estimated from Fig. 5 and 6. 

The rise of the refractive index wi th  anodization 
tempera ture  is not understood. Masing et al. (13) re-  
ported that  the index increased by about 0.06% per 
10~ rise of formation temperature .  This was observed 
over the range 0~176 The effect is too small  to ex- 
plain the steep rise of the refractive index of about 
180~ Fig. 6. Values for the index of some crystal l ine 
modifications of Ta205 are quoted by  Young (14), and 
none exceed 2.37. Hence, the increase of the refractive 
index is unl ike ly  to have been caused by some crystal-  
lization of the oxide, which might  have occurred 
dur ing  higher tempera ture  anodizations without  af- 
fecting the voltage bui ld-up.  Regardless of anodization 
temperature,  the same optical constants of the t an ta lum 
substrate were used for the evaluat ion of the ellipso- 
metric data. It  was speculated that  these parameters  
were not t rue  constants over the whole tempera ture  
range, but  the following test indicated otherwise. Using 
the same optical constants for the substrate, the aver-  
age optical thickness of four films anodized at room 
tempera ture  remained unchanged after annea l ing  in 
air at 200~ for 1 hr  and after an addit ional  1-hr 
anneal ing  in air at 300~ 

Thinner  films and, therefore, lower current  efficien- 
cies are caused by oxygen dissolution in Ta substrate 
as has been discussed earlier. Current  efficiencies (0) 
were calculated from Eq. [4] and are plotted vs. for- 
mat ion tempera ture  in  Fig. 7. I t  was assumed that  the 
film density was uni form and independent  of t empera-  
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Fig. 7. Variation of current efficiency with anodization tem- 
perature of equal 3.33 coul charge (e)  and 90V (x) formations. 

ture. The efficiencies were approximately  constant  up 
to about 170~ The average value was 1.04. A value 
larger than  un i ty  is par t ia l ly  due to t he  fact that  the 
optical thickness includes the air-oxide film. Fu r the r -  
more, the density (here 7.93 g /cm 3) (14) and sample 
area enters into the calculations of ~ and their  com- 
bined uncer ta in ty  is hardly  less than  4%. 

The dielectric constant  was calculated from optical 
thicknesses and capacitances and, as seen from Fig. 8, 
its value dropped drastically above anodization tem- 
peratures of 180~ 

The tempera ture  dependence of the voltage bu i ld-up  
rates (dV/dt)  has to be adjusted if the cur ren t  effi- 
ciencies vary  with temperature .  This was done and 
Fig. 9 shows that  up to ~170~ the produce of voltage 
bu i ld-up  rate t imes reciprocal current  efficiency is not 
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a l inear  funct ion of anodization temperature.  The 
broken line was calculated from the equation 

X/-(1/~]) ( d V / d t  = (0.770 m 0.066) 
- -  (0.646---+ 0.099) �9 108 �9 T [9] 

which was obtained from least square analysis. T is in 
degrees Kelvin. Equat ion [9] indicates that  the 
Schot tky- type current  field relat ion is valid over the 
range 0~176 However, as shown in the Appendix,  
the difference between relations [2] and [3] is ra ther  
small  and, therefore, the data are equal ly well  repre-  
sented by the current-f ield re la t ion of which the ex- 
ponent  is quadratic in the field. The increase of the 
adjusted voltage bu i ld-up  rates (1/~])(dV/dt) with 
anodization temperatures  above about 170~ implies 
that the formation field rose with temperature.  It  is 
not known why this should be the case. 

Summary 
Tanta lum was anodized at a constant  current  of 1 

m A / c m  2 in an aqueous electrolyte over the tempera-  
ture  range 0 ~ to 250~ The ini t ial  voltage bu i ld -up  
was linear. The l inear range was l imited essentially by 
crystall ization of the oxide film, which occurred at 
lower voltages as the tempera ture  increased. The 
change of the voltage bu i ld -up  rates ( d V / d t )  with 
tempera ture  was not compatible with the single bar r ie r  
law for high field ionic conduction. In  spite of the ex-  
tended tempera ture  range, it was not  possible to dis- 
t inguish between ionic current  ( i ) - - f ie ld  F relations 
of the form In i ~ F 1/2 and In icc F ~ F 2. A reason for 
this was discussed. However, a recent publicat ion by 
Dignam and Gibbs (15) showed (i) that  there is ex- 
tensive theoretical justification for the quadratic field 
term and (ii) that  a statistical analysis of available 
exper imental  data arr ived at a smallest s tandard de- 
viation when  the quadrat ic  field term was included. 

Current  efficiencies were determined from charge 
and optical film thickness. The current  efficiencies were 
(a) essentially constant  up to a formation tempera ture  
of about 170~ and (b) decreased by about 30% be-  
tween 170 ~ and 250~ 

Capacitance and loss angle of "equal charge" films 
increased with formation temperatures  higher than  
about 180~ Oxygen dissolution in the t an ta lum sub- 
strate was suggested as the l ikely cause. 
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APPENDIX 
Expanding the square root te rm in the exponent  of 

Eq. [2] and neglecting higher terms than  the cubic 
one yields 

1 
F 1/2 ---- Fo 1/2 -t- -~-Fo -1/2 (F - -  Fo) 

1 1 
- -  - -  Fo -3/2 (F --  Fo) 2 ~- ~ - "  ' (F -- Fo) z 8 16 Fo ~/2 

Let the first three terms on the r ight  side be f ( F ) .  The 
error is of the order of the third term if F 1/~ is re- 
placed by f (F)  and the relat ive error is 

[ F  1/2 - -  ] ( F )  ] / F o  1/2 "~ (F --  Fo)S/16 Fo 3 

The voltage bu i ld -up  rate ( d V / d t )  is directly pro-  
port ional  to the field dur ing constant  current  anodiza- 
tions. With the following values from Fig. 4 (T ---- 0~ 
d V / d t  ---- 0.373 V/sec and T ---- 125~ d V / d t  ~ 0.273 
V/sec) one obtains for the relat ive error: 0.31 x 10 -2. 
This means the m a x i m u m  error is about 0.3% if, over 
the whole tempera ture  range of 250~ the square root 
te rm is replaced by a quadrat ic  relation. Thus, wi th in  
this limit, Eq. [2] can be expressed in the form of Eq. 
[3], with the constants adjusted accordingly. 

Manuscript  received Dec. 18, 1969. This was Paper  
31 presented at the New York Meeting of the  Society, 
May 4-9, 1969. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the J u n e  1971 
JOURNAL. 
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ABSTRACT 

An  electron microscopic investigation has revealed that  the electroless 
deposition of copper occurs by repeated three-dimensional  nucleat ion at cata- 
lytic sites on a substrate. The na tu re  of the catalytic sites formed by im-  
mersion in the s tandard stannous and pal ladium chloride solutions was ob- 
served and found to influence the structure of the subsequent ly  deposited 
metal. Initially,  copper nuclei  about  25A in diameter  form aggregates an order 
of magni tude  larger. As the autocatalytic reduction reaction continues the 
aggregates increase in size unt i l  they become energetically unstable;  then 
recrystall ization occurs. The resul t ing continuous copper films exhibit  a 
heterogeneous microstructure  with grain size variat ions of more than an order 
of magni tude  and also numerous  twin  faults. 

There exists at present a considerable and rapidly 
growing interest  in the electroless deposition of 
metall ic films onto nonconduct ing substrates. Although 
many  chemical systems for metal  deposition have been 
developed (1), re lat ively l i t t le is known about the 
mechanisms which govern the behavior of these com- 
plex systems. Recently, however, some progress 
toward this goal has been made by Okinaka (2) and 
Paunovic  (3) who employed electrochemical methods 
to study the kinetics of the electroless copper plat ing 
reaction. 

An impor tant  property of electroless systems is 
their  abil i ty to deposit metals selectively. This prop- 
erty, which depends critically on the s tructure of the 
sensitized substrate, has been demonstrated by Sharp 
(4), who desensitized portions of a surface with u.v. 
radiation, and also by Turner  (5), who used a p r in t -  
ing technique to apply a sensitizer selectively. 

A fundamenta l  aspect of this type of deposition, 
about which very little is known, concerns the basic 
s t ructural  mechanisms responsible for the nucleat ion 
and growth of metallic films. These factors are im-  
portant  because they wil l  u l t imately  determine the 
properties and consequently the technological useful-  
ness of the films. Interest  in magnetic thin films has 
led to several  studies dealing with the s tructure of 
electroless nickel (6-8) and cobalt (9-12) deposits 
that were chemically reduced from solutions contain-  
ing hypophosphite. However, there appears to be 
v i r tua l ly  no data available on the growth and struc- 
ture  of other electroless deposits including copper, 
which is of considerable technological importance. 
Also, there is very little direct evidence (6, 9) con- 
cerning the structures which exist prior to the forma-  
tion of a continuous metal  deposit. One reason for this 
lack of direct evidence is that electron microscopes 
capable of resolving information on the order of 10A 
are needed. While such ins t ruments  are available, they 
have not yet been employed to s tudy the process of 
electroless deposition. 

The present  study has been pr imar i ly  concerned 
with the nucleat ion and growth of electroless copper 
deposits. However, some of the results, par t icular ly  
those per ta in ing to the sensitization and activation 
t rea tments  which precede metal  deposition, are un -  
doubtedly of a more general  na ture  and can therefore 
be applied to other e]ectroless deposition systems. 

Experimental 
Four aspects of the over-al l  process of electroless 

deposition were investigated: first, the influence of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  e lec t ro less  depos i t ion ,  copper ,  n u c l e a t i o n  a n d  g r o w t h ,  

s t r u c t u r e  of t h i n  f i lms,  e l ec t ron  mic roscopy .  

the substrate;  second, the sensitization of the sub-  
strate with stannous chloride; third, the activation of 
the sensitized substrate  with pal ladium chloride; 
finally, the deposition of a metall ic copper film. The 
formulations of the various solutions are given in 
Table I. Initially, solutions were prepared using dis- 
tilled water  of convent ional  purity.  Subsequently,  
however, deposition experiments  were carried out 
with a higher regard for purity.  For example, these 
experiments  were conducted in a laminar  flow work 
station and solutions were prepared with water  1 that  
was twice distilled in a quartz apparatus. The water  
used for the r insing operations after each stage of the 
process was of the same type used for solution prep-  
aration. Reagent grade chemicals were used without  
fur ther  purification. 

The electron microscopic techniques which were 
used to investigate the structures present  at each 

l A n  ana lys i s  ca r r i ed  ou t  by  D. L. Ma im,  of Be l l  T e l e p h o n e  Labo-  
ra tor ies ,  u.~ing spark  source  mass  spec t roscopy  i n d i c a t e d  tha t  this  
w a t e r  c o n t a i n e d  f r o m  I to 10 a t o m i c  p p m  of t o t a l  r e s i d u a l  i m p u r i -  
t ies.  

Table I. Solution formulations 

C o n s t i t u e n t s  Q u a n t i t y  C o n c e n t r a t i o n  

Sens i t i za t ion*  
A. SnC12 �9 2H.~O 16 g/1 0.07 M 

Conc. HC1 30 ml /1  0.62 M 

B. SnCI~ - 2H20 30 g/1 0.13 M 
Conc. HC1 10 ml/1 0.27 M 

A c t i v a t i o n *  
A. PdCI.~ 0.1 g/1 0.0006 M 

Conc. HC1 8 ml /1  0.22 M 

B. PdCI~ 0.75 g/1 0.004 M 
Conc.  HC1 10 ml /1  0.27 M 

Elec t ro less  C o p p e r  
A. S a u b e s t r e ' s  s o l u t i o n  (22) 170 g/1 0.60 M 

KNaC4H40~ �9 4H20 (Ro- 
chel le  sal t)  50 g/1 1.25 M 

N a O H  35 g/1 0.14 M 
CuSO~ �9 5H~O 30 g/1 0.28 M 
E D T A  10 g/1 0.03 M 

B. 

I m m e d i a t e l y  p r i o r  to use  f ive  p a r t s  of  th i s  s o l u t i o n  are  
c o m b i n e d  w i t h  one  p a r t  H C H O  (37%). 

O k i n a k a ' s  m e t h a n o l  s o l u t i o n  (23) 
P a r t  1 
CuSO4 * 5H'~O i0 g/l  0.04 M 
HCHO (37%) 60 ml /1  0.78 M 
CHsOH 300 ml/1 30% 

P a r t  2 
N a O H  40 g/1 1.0 M 
KNaC,H40~ - 4H20 (Ro- 

chelle salt) 26 g/l  0.1 M 

Par t s  1 and  2 are m i x e d  in  e q u a l  v o l u m e s  Drior to use.  

* B a s e d  on  B e r g s t r o m ' s  p a t e n t  (21). 
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stage of the process were bright-field and dark-field 
imaging combined with selected-area electron diffrac- 
tion, as well as direct carbon or two-stage surface 
replicas shadowed with a P t -Pd  alloy. These invest i -  
gations were carried out with a Siemens Elmiskop 
ins t rument  operated at 100 kV. 

In order to s tudy the ini t ial  stages of the process, 
prior to the formation of a continuous, self-support ing 
deposit, an e lec t ron- t ransparent  substrate is required. 
Evaporated carbon films, about 200 to 400A thick, 
were used, and suitable substrates were prepared by 
convent ional  techniques employing either plastic- 
coated microscope grids or glass slides as the original 
substrate materials.  

Continuous copper films, 500-1000A thick, were de- 
posited onto glass slides, evaporated carbon, Kapton 
(a polyimide film), and freshly cleaved mica sub-  
strates. The structures of these films were studied by 
the electron microscopic techniques ment ioned pre-  
viously, which required str ipping of the deposits from 
all but  the carbon substrates. Continuous copper de- 
posits were also examined by reflection electron dif- 
fraction while they were still adherent  to their  sub-  
strates in order to determine whether  the different 
substrates exerted any influence on their  or ientat ion 
and structure.  

Results and Discussion 
Sensitization.--Evaporated carbon substrates were 

immersed in s tannous chloride solutions, r insed in 
distilled water, dried, and examined electron micro- 
scopically.2 It was found that the product of this 
sensitization t rea tment  exists as part iculate mat ter  on 
an extremely fine scale. Particles of the order of 10A 
were resolved, and these tended to agglomerate into 
dense clumps an order of magni tude  larger. High 
resolution bright-field and dark-field micrographs 
which i l lustrate these results are shown in Fig. l a  and 
lb, respectively. 

Figure la represents the s tructure present  after 
immersion of a carbon substrate for 3 sec in s tannous 
chloride solution A. The darker  regions are in diffrac- 
tion contrast  and correspond to the deposited ma-  
terial. These regions appear to be clumps that  are 
about 100-250A in size and are comprised of smaller  
particles about 25A in size. The coverage in this 
field of view is apparent ly  less than 25%. In  dark-  
field micrographs at higher magnifications (Fig. lb )  
the smallest resolvable particles are approximately 
10-20A in size. Images of this type reveal  only a por-  
t ion of the deposited mater ia l  as most of the diffracted 
electrons are stopped by the objective aperture.  

The electron diffraction pat tern  shown is Fig. 2 is 
typical of those observed after sensitization in either 
solution for periods up to 1 min  and water  rinsing. 
This pa t te rn  corresponds to the oxide phase, SnO2 
(ASTM Data Card 5-0467). The analysis 3 of numerous  
similar  diffraction pat terns  confirmed this result. I t  is 
important  to remember,  however, that  these experi-  
ments  were not performed in situ and the deposits 
were exposed to an air envi ronment  for at least 10 
rain prior to examination,  dur ing  which t ime oxida- 
t ion undoubted ly  occurred. 

The breadths of diffraction lines, as determined 
from microdensi tometer  traces, yielded an indepen-  
dent calculation of the particle size. Both the integral  
breadth and the peak width at half max imum were 
determined from several typical patterns. Breadths of 
1 to 2 x 10 -8 radians were found, which correspond 
to calculated values of the particle sizes in the range 
from about 30 to 15A, to a first approximation (14). 

2 One ser ies  of these  e x p e r i m e n t s  was  ca r r i ed  ou t  in  c o l l a b o r a t i o n  
w i t h  I:L D. H e i d e n r e i c h  u s i n g  a mod i f i ed  S i e m e n s  E i m i s k o p  t h a t  is  
capab le  of  2A r e s o l u t i o n  u n d e r  o p t i m u m  c o n d i t i o n s  (13). I t  is  un -  
l ike ly ,  h o w e v e r ,  t h a t  f e a t u r e s  sma l l e r  t h a n  10A cou ld  be  r e s o l v e d  
in  the  p r e s e n t  s amp le s  due  to  the  b a c k g r o u n d  " n o i s e "  f r o m  ~he 
subs t ra tes .  

z These  m e a s u r e m e n t s  we re  f a c i l i t a t e d  by  g r a p h i c a l l y  r e c o r d i n g  
m a n y  of  t he  p a t t e r n s  w i t h  a J a r r e l l  A s h  m i e r o d e n s i t o m e t e r ,  E v a p o -  
r a t e d  TIC1 was  u sed  for  a c a l i b r a t i o n  s t anda rd .  
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Fig. 1. Sensitization of carbon substrates: a (top) bright-field 
image, 3 sec in SnCI2-A; b (bottom) dark-fleld image, 10 sec in 
SnCI2-B. 

Fig. 2. Typical selected-area electron diffraction pattern of 
sensitized carbon substrate. 

Increasing either the concentrat ion of s tannous 
chloride or the immersion t ime resulted in  an in -  
creased coverage of the adsorbed sensitizing species. 
However, on a microscopic scale the coverage was 
heterogeneous, par t icular ly  when  distilled water  of 
ord inary  pur i ty  was used. The results obtained from 
h igh-pur i ty  solutions showed a marked improvement  
with respect to uni formi ty  and reproducibil i ty.  Figure 
3 i l lustrates the effect of increasing the immersion 
t ime from 5 to 30 sec, as coverage increases from ap- 
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at the surface. In  this regard, the pH at the surface is 
an impor tant  factor which has been found (4) to 
determine which compounds are formed. Recent work 
by Sharp and co-workers (4) has shown that  t in  must  
be present  as Sn +2 and not Sn +4, otherwise activation 
and electroless deposition wil l  not occur. Diffraction 
pat terns indicat ing the presence of the b ivalent  oxide, 
(SnO)160 (ASTM Data Card 13-111) were observed 
on samples subjected to a very mild rinse, i.e., 10 sec 
immersion without turbulence.  Although no systematic 
s tudy of r ins ing was conducted, this t rea tment  in -  
fluenced the s t ructure  observed dur ing  act ivat ion and 
electroless deposition. 

A c t i v a t i o n . - - A  surface containing only an adsorbed 
sensitizer is inactive in an electroless solution(17).  
Hence, the presence of a suitable catalyst is essential 
if that  surface is to receive an electroless deposit. 
Pa l lad ium chloride solutions are most f requent ly  used 
to provide the catalyst. The reaction mechanism for 
this process is general ly  thought  (24) to be: 
Sn +2 + Pd +2 ~ Pd 0 § Sn +4, which means that  the 
adsorbed stannous ions provide the sites and electrons 
for the adsorbing pal ladium ions. When excess sensi- 
tizer is dragged through into PdC12 solutions due to 
inadequate  rinsing, the reduction to metall ic Pd occurs 
adjacent  to the interface and in the bulk of the solu- 
tion. In such cases, metall ic Pd particles, 50-1O0A in 
size, become adsorbed on the surface. The set of 
arrows shown in Fig. 4 refers to corresponding regions 
in bright  and dark-field micrographs where  these 
particles are clearly seen. 

The manne r  in which r insing was carried out after 
the sensitization and activation t reatments  was found 
to affect the configuration of the adsorbed material .  
In contrast to the previous results for re la t ively  mild 
r insing by immersion,  the s t ructure  shown in Fig. 5 

Fig. 3. Effect of time on sensitization of carbon substrates in 
SnCI~,-A (high purity): a (top) 5 sec immersion, b (bottom) 30 sec 
immersion. 

proximately  30 to 75%. Although these fields of view 
are representa t ive  and appear to have uniform 
coverage, the results must  be considered qual i tat ive 
as other samples subjected to similar  t rea tments  oc- 
casionally exhibited different configurations. Hence, a 
considerable amount  of statistical data would have 
to be obtained and analyzed, together with measure-  
ments  on a more macroscopic scale, in order to de-  
scribe and interpret  the adsorption kinetics of this 
system quanti tat ively.  

The above results confirm some of the deductions 
which were made recent ly by other workers who have 
studied the nucleation, growth, and s t ructure  of 
electroless nickel (6) and cobalt (9, 1O) deposits. 
Marton and Schlesinger (6) were unable  to resolve 
the products of s tannous chloride sensitization, prior to 
activation and nickel deposition. By extrapolat ing a 
plot of particle size vs .  t ime (back to t = 0) for grow- 
ing Ni-P islands, assuming a constant  microscopic 
growth rate, the catalytic sites were estimated to be 
less than  10A in diameter.  On the basis of the present  
results, it appears that  the most impor tant  sites for 
fur ther  nucleat ion and growth are the densest regions 
of the deposit. 

Several  impor tant  aspects regarding the sensitiza- 
t ion with stannous chloride solutions require  fur ther  
study. Although the presence of S,nO2 is indicated by 
electron diffraction, this analyt ical  method is obvi-  
ously not well  suited to a direct study of hydrolyzed 
species and therefore cannot  ident ify which of the 
m a n y  possible (15,16) s tannous or s tannous chloro- 
hydroxides, oxyhydroxides, or hydrated  oxides forms 

Fig. 4. Activation of carbon substrate in PdCI2-A after sensitiza- 
tion in SnCI2-A (high purity, S sec each) with incomplete rinse. 
Arrows indicate Pd particles, a (top) Bright-field image; b (bottom) 
dark-field image of same region. 



Vol.  I17, No.  7 E L E C T R O L E S S  C O P P E R  D E P O S I T S  867 

Fig. 5. Effect of severe agitation during rinsing of carbon-coated 
glass substrate. Sensitization and activation far 30 sec each in 
SnCI2-A and PdCI2-A. a (top) Bright-field image, b (bottom) 
shadowed, carbon replica showing surface morphology. 

Fig. 6. The initial stage of copper deposition after 3 sec in 
solution A. Carbon substrate sensitized and activated for 3 sec 
each in SnCI2-A and PdCI2-A. Twinned crystallite denoted by "T." 
a (top) Bright-field image, b (bottom) dark-field image of same 
region. 

resulted from a more severe rinse, i.e., holding the 
carbon-coated glass substrate under  runn ing  distilled 
water. The transmission micrograph in Fig. 5a in-  
dicates that  the active mater ia l  covers only a re la-  
t ively small  fraction of the surface in an island net -  
work. The morphology of this s t ructure  is visible in 
carbon replicas (Fig. 5b). Based on the shadowing 
geometry and Fig. 5b, these islands are estimated to 
be approximately 40A in elevation. 

The structures and diffraction pat terns observed 
after activation of sensitized surfaces that  received 
adequate r insing were quite similar to those obtained 
prior to the activation t reatment .  The ne twork- l ike  
clumps of adsorbed sensitizer persisted and the dif- 
fraction pat terns became more diffuse which suggests 
that  the activation process consists of the adsorption 
of very small  amounts  (probably less than  about  20A) 
of Pd onto the sensitized regions. Direct evidence of 
metall ic Pd in diffraction pat terns of these samples 
was observed when e lect ron-beam induced recrystal l i -  
zation resulted in particles 100-150A in size. Also, 
regions exhibi t ing dense coverage f requent ly  gave 
diffraction pat terns with extra lines corresponding to 
PdO. 

The following quali tat ive results on the effect of the 
deposition variables were obtained. Increased concen- 
t rat ion (solution B) resulted in increased Pd coverage. 
With respect to act ivation time, it appeared that  most 
of the sensitized regions became covered after about 
10-20 sec and that prolonged immersion had little 
effect. These effects were only observed when other 
factors, such as rinsing, did not interfere. 

Electroless copper deposition.--The electroless dep- 
osition of copper from solution occurs only at 
catalytic regions on a surface. The ini t ial  stage in this 
process is represented by Fig. 6, which corresponds to 
a 3-sec immersion in solution A. The copper particles, 
which appear dark in Fig. 6a, nucleated at t h e  most 

favorable catalytic sites. These sites correspond to 
the densest regions of the active material ,  which ap- 
pear in gray contrast  in Fig. 6a against the lighter, 
inactive regions on the substrate. It is interest ing to 
note tha t  the copper particles, which range up to 
about 300A in size, are not single crystals bu t  consist 
of aggregates of smaller crystallites. This observation 
is confirmed by the dark-field micrograph (Fig. 6b), 
which shows that the larger  aggregates contain 
randomly  oriented crystallites that  are less than  50A 
in diameter.  The streaks associated with the bright, 
diffracting crystalli tes in Fig. 6b are due to spherical 
aberration, i.e., the objective aperature  was positioned 
off the optical axis, and are without  s t ructural  signifi- 
cance. The feature denoted by the let ter  "T," which 
consists of two regions in diffraction contrast 
separated by a small  dark band with paral lel  sides, is 
believed to represent  a twinn ing  fault. The formation 
of twins dur ing  electroless copper deposition is an 
impor tant  par t  of this process and is discussed below. 

As the process continues autocatalytically,  copper 
deposits on the original ly formed nuclei. After  about 
10 sec in solution A, the largest aggregates exceed 
500A in size, yet  all of these features consist of 
smaller crystalli tes as seen in Fig. 7. Crystalli tes as 
small as 25-50A across are resolved, al though some 
coherent ly diffracting regions larger than  100A are 
p la inly  visible. Close examinat ion of this as well  as 
numerous  s imilar  samples revealed that  the twin 
faul t  density at this stage is about 10 TM cm-2  which 
corresponds to approximately 1% of the deposited 
nuclei. The diffraction pat terns obtained from these 
deposits indicate that the copper is randomly oriented 
and possesses the lattice parameter  of bulk  material.  
It appears, therefore, that  the deposition process from 
solution is random with respect to orientation. Thus, 
the formation of twin  faults can occur whenever  ad- 
jacent  crystalli tes are in twin  orientat ion across a 
common {111} boundary.  
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Fig. 7. Copper deposit after 10 sec in solution A. Carbon sub- 
strate sensitized and activated for 10 sec each in SnCI2-A and 
PdCI2-A. a (top) Bright-field image, b (bottom) dark-field image 
of same region. 

Several impor tant  aspects of the electroless deposi- 
t ion of continuous films are i l lustrated in Fig. 8, which 
represents the s tructure formed when an activated 
substrate similar to Fig. 5 was plated for 1 min  in 
solution A. The bright and dark-field pair of t rans-  
mission micrographs (Fig. 8a and 8b, respectively) 
reveal that the grain size of this s t ructure varies by 
more than  an order of magnitude.  The largest grains 
are 800-1000A across, which corresponds to the esti- 
mated film thickness. It is noted that  these larger 
grains tend to form continuous chains that are sepa- 
rated by regions consisting of much finer crystall.ites. 
The surface morphology of this deposit (Fig. 8d) con- 
firms the existence of large elevated chains separated 
by regions where the film is th inner .  The large- 
grained regions undoubted ly  correspond to the active 
sites on the substrate where copper deposition orig- 
inated. 

With the exception of the chainlike ne twork  of 
larger grains, the basic s t ructural  features that  are 
visible in Fig. 8 were common to all continuous de- 
posits regardless of pretreatment .  The microstructures 
were all qual i ta t ively similar with respect to the 
grain-size variat ions and the existence of numerous  
twin  faults. (The parallel  fringes which extend across 
many  of the larger grains in Fig. 8a are due to micro- 
twin  faults.) Typically, twin  fault  densities in excess 
of 101~ cm -2 were observed. 4 Moreover, all deposits 
were randomly  oriented. This result  was determined 
from transmission pat terns  (e.g., Fig. 8c) of detached 
films and confirmed from reflection pat terns of de- 
posits still adherent  to their  substrates. The substrates 
activated for use in the reflection experiments  were 
glass, freshly cleaved mica, and the polyimide ma-  
terial, Kapton. 

The rate of electroless copper deposition is depen-  
dent  on the na tu re  of the catalytic surface as well  as 

Similar  tw in  faul t  densi t ies  have  been observed for  both  single 
crysta l  (18) and polycrysta l l ine  (19) copper electrodeposits  and  also 
for  evapora ted  films (20). 

Fig. 8. Continuous copper deposit formed in solution A after 
pretreatment equivalent to that of Fig. 5. a, Bright-field image; 
b, dark-field image of same region; c, selected area diffraction 
pattern characteristic of copper and Cu20; d, shadowed, carbon 
replica of surface. 

the composition of the solution. Solution A, which is 
relat ively unstable, deposits copper at an average rate 
of 25 ~/hr  (70 A/sec) ,  whereas solution B, which is 
more dilute and contains a stabilizer, is slower by a 
factor of about twenty.  Despite this difference, it was 
found that both solutions yielded deposits with similar 
s t ructural  characteristics. In  fact, by al tering the 
catalyst coverage and immersion times it was possible 
to obtain vi r tual ly  identical deposits. Figure  9 i l lus- 
trates this point. The deposit in Fig. 9a received a 
5-sec sensitization and activation prior to electroless 
deposition for 10 sec in solution A. When solution B 
was used with the same pre t rea tment  relat ively few 
nuclei were deposited and these required several 
minutes  to grow into large aggregates. However, in-  
creasing the pre t rea tment  t imes to 30 sec prior to 
deposition in solution B for an equivalent  durat ion 
resulted in the s t ructure  shown in Fig. 9b. 

Several  stages in the development  of a copper de- 
posit from solution B when the surface concentrat ion 
of catalyst is low can be seen in Fig. 10. In  these ex- 
per iments  glass slides were used as substrates and 
ultrasonic agitation dur ing r insing reduced coverage 
to between 10 and 20%. The copper deposits together 
with their  evaporated carbon supports were re- 
moved from the glass in 10% HF. This t rea tment  ac- 
counts for the replicalike effect in Fig. 10a, where the 
outl ine of the deposit present  at 30 sec is visible 
although the copper has dissolved and also accounts 
for the undercut t ing  on the l - ra in  deposit (Fig. 10b). 
The other bright-field micrographs in Fig. 10c and 10d 
represent  the structures developed after deposition for 
3 and 5 min, respectively. The deposits obtained under  
these conditions, i.e., low catalyst concentrat ion and 
stabilized solution, differ from the one in Fig. 9b in 
that  there are fewer aggregates and these grow to 
several thousand angstroms in size before encounter ing 
other similar features. The dark-field image (Fig. 10e) 
and diffraction pa t te rn  (Fig. 10f) confirm that  the 
basic microstructural  characteristics of these deposits 
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are no different from those discussed previously. 
The above results indicate that  the s tructure of 

continuous electroless copper deposits is a direct con- 
sequence of the nucleat ion and growth phenomena 
which occur dur ing the ini t ial  stages of the process. 
In i t ia l ly  three-dimensional  nucleat ion occurs at cata-  
lytic sites on a surface. These nuclei  form aggregates 
which become larger due to the continued depositon 
of mater ia l  from solution unt i l  they become ener-  
getically unstable. At this stage a recrystall ization 
process occurs which el iminates the inter ior  bound-  
aries and t ransforms the unstable  aggregates into 
larger, single grains. Therefore, the conventional  de- 
scriptions of metal  deposition processes wherein  nu -  
cleation is followed by two-dimensional  growth via 
surface diffusion are not applicable to electroless dep- 
osition due to the chemical reduction react ion at the 
surface. The mechanism of this reaction is of great 
importance and has recent ly been studied using elec- 
trochemical techniques (2, 3). It  appears that  a de- 
tailed unders tanding  of both the physical and the 
chemical aspects of this complex system wil l  have to 
be obtained before a complete quant i ta t ive  description 
can be given. 

Fig. 9. Discontinuous copper deposits obtained from different 
solutions on glass substrates, a (top) Solution A, 10 sec after 
S sec each in SnCI2-A and PdCI2-A; b (bottom) solution B, 30 sec 
after 30 sec each in SnCI2-A and PdCI2-A. 

S u m m a r y  
High resolution electron microscopy provides an 

extremely powerful  method for elucidating the struc- 
tura l  phenomena associated with the electroless 
process for metal  deposition on nonconduct ing sub- 
strates. Application of this method has resul ted in the 
following description of this process. 

The products of the s tandard s tannous chloride 
sensitization t rea tment  exist as adsorbed clumps of 
mater ia l  that are several hundred  angstroms across 
and are comprised of particles 10 to 30A in size. 
Activation with pal ladium chloride results in the 
adsorption of catalytic mater ia l  onto the sensitized 
regions. The configuration of these active regions can 
be altered by  rinsing. This al terat ion is reflected in 
the s t ructure  of the subsequent ly  deposited metal. 

The s t ructural  mechanisms which govern the elec- 
troless deposition of copper were deduced by follow- 
ing the stepwise development  of metallic films. This 
process proceeds by repeated three-dimensional  nu -  
cleation from solution at catalytic sites on the surface. 
The copper nuclei, which are about 25A in diameter, 
form aggregates an order of magni tude  larger. Since 
the reduction reaction is autocatalytic, the size of the 
aggregates increases dur ing  growth unt i l  they be-  
come energetical ly unstable.  Then a recrystall ization 
process takes place and the unstable  aggregates are 
t ransformed into relat ively large grains several hun -  
dred angstroms across. Continuous copper films ob- 
tained by this process exhibit  a heterogeneous micro- 
s t ructure  with grain size variat ions of more than  one 
order of magnitude.  This var ia t ion is a t t r ibuted to the 
repeated nucleat ion and recrystall ization process. 
These deposits also contain numerous  (>1010cm-2) 
twin  faults. Twin faults can form whenever  adjacent  
nuclei  are in twin  orientat ion and possess a common 
{111} boundary.  This si tuation apparent ly  occurs quite 
f requent ly  dur ing the init ial  stages of the process 
when the randomly  oriented copper nuclei  form on 
the substrate. 

An impor tant  first step toward the goal of eluci- 
dat ing the physical aspects of electroless copper de- 
posits has been achieved. However, a more quant i ta -  
tive description encompassing both the physical and 
chemical aspects of the system is u rgent ly  needed. 

Fig. 10. Several stages in the formation of a copper deposit in 
solution B on a glass substrate with low catalyst concentration. 
Sensitization and activation for 30 sec each in SnCI2-A and 
PdCI2-A with ultrasonic agitation during rinsing, a-d, Bright-field 
images, 30 sec, 1, 3, and 5 min, respectively; e, dark-field image 
of region shown in d; f, selected area electron diffraction pattern. 
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Electrochemical Method to Measure 
the Copper Ionic Diffusivity in a Copper Sulfide Scale 

A. Etienne 
Department of Metallurgy, University of British Columbia, Vancouver, British Columbia 

ABSTRACT 

Copper sulfides have been grown on a copper anode from an acidic solu- 
t ion saturated with H2S under  a constant  current .  A theoretical model for the 
scale growth has been derived for s teady-state  conditions. From the set of 
exper imental  data, the cuprous ionic diffusivity of chalcocite and digenite 
in the scale have been calculated in the range of tempera ture  from 30 ~ to 
73~ The measured diffusion coefficient of cuprous ion in low chalcocite was 
found to be 

( 5870 ) (cm2sec-1) Dcu+ = 8.1 • 10 -8 exp T 

and in low digenite 
( 6 1 0 0 )  

Dc.+ = 3.6 • 10-~ exp (cm2 sec-~) 
T 

The calculation of the activation entropy for diffusion in both phases is a t -  
tempted. 

Copper sulfides can be grown on a copper anode 
from an acidic solution saturated with H2S. If the 
operation is conducted at constant current,  different 
sulfide layers of decreasing copper activity are bui l t  
as the oxidation proceeds. If equi l ibr ium is established, 
the successive phases should be, according to the phase 
diagram (1) (Fig. 1): copper, chalcocite, djur le i te  
digenite, covellite, and sulfur. The react ion occurring 
at the anode is 

yCu + H2S -> CuyS -~ 2H + + 2e 

The electrochemical potential  of such an electrode 
(Stockholm convention) is given by the following re-  
lat ionship 

RT Acu ~ AH2S 
E = Eo -- - - l n  + Ea [1] 

2F Acu~s AH+ 2 

The copper activity at the solid-l iquid interface re-  

Key  words:  copper sulfides, diffusion coefficient, anodic film. 

flects the conditions imposed on the system and the 
t ransport  properties of the scale being built.  The sul- 
fide activity is t aken  as unity.  In  defined geometric 
and st irr ing conditions, under  a constant current ,  the 
hydrogen sulfide and hydrogen ion activities are con- 
stant  in the vicini ty of the electrode. In  s teady-state  
conditions, the activation overvoltage for a given sul-  
fide is a constant. Therefore, the electrode potent ial  
var ia t ion with t ime follows the evolution of the copper 
activity according to the relationship [2] derived 
from [1]. 

dE RT d 
In Acu ~ 

dt 2F dt 

dE RT d 
- -  = -- y - -  In Acu if y = constant  [2] 

dt 2F dt 

If the sulfide scale grows uni formly  on the electrode 
surface, the copper activity at the l iquid-solid in te r -  
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Fig. 1. Portion of the phase diagram of the system Cu-S from 
Roseboom (1). 

face can be directly l inked to the t ransport  properties 
of the sulfide layer. 

Theoret ica l  Anode Mode l  
In  the copper sulfides, the sulfur ion mobil i ty  is 

considered negligible in comparison with copper ion 
mobil i ty  (2). In  the case of h igh- tempera ture  phases 
(aCu2S, ~Cu~S) there is exper imental  evidence (3, 4) 
to support  this. It  is also reasonable for the low- tem-  
perature  phases in view of the relat ively large size 
and associated immobil i ty  of the anion. 

The copper sulfides have a good electronic con- 
ductivity. Chalcocite is a p- type  semiconductor, its 
conduct ivi ty increases notably  wi th  copper deficiency 
(~ = 10 -2 --> 50 ohm -1 cm -1 at room tempera ture)  
(5, 6). Digenite and covellite are almost metall ic in 
character (~ = 2 • 104 ohm -1 cm-1  at room tempera-  
ture) (5, 7). 

The phenomenological  equations for diffusion relate 
the particle flux to the forces responsible for their  
motion. If the interact ion effects are neglected, un i -  
dimensional  t ransport  in  a two component  system in  
the presence of a low strength electric field can be 
equated by 

= - r [3] Jcu+ Mcu+ " ~ x  ~cu+ + qc~+ dx 

J e = - - M e  ~ e + q e  r [4] 
dz  

The electrical potent ial  gradient  can be derived from 
Eq. [4] and subst i tuted in Eq. [3]. 

qcu+ Mcu+ 
Jcu+ - -  - -  Je = 

qe Me 

- -  M c u +  ~cu+  ~e [5]  
q~ dx  

Chemical potentials of ion and electron are not  ex-  
per imenta l ly  accessible values bu t  are related through 
the measurable  quanti ty,  ~cu 

FCu ~- FCu + "~ /ze- 

Equat ion [5] is then simplified 

Mcu + d 
Jc~+ + ~ J e  = -- Mcu+ -~-x ~cu [6] 

As reported earlier, the  copper sulfides are electronic 
conductors, their  electronic conduct ivi ty being much 
larger than their ionic conductivity,  and Eq. [6] can be 
reduced to 

d 
Jc~+ = -- Mc~+ ~ ~c, [7] 

The Onsager coefficient Mi is directly related to the 
conductivity,  diffusivity, and mobil i ty  of the particle i 

871 

~l = Miq~ 2 

al = B iCiq i  2 

D t  
~r! = Ciqi 2 

RT 

Equation [7] can be expressed in terms of any of these 
four parameters. 

~Cu + d 
Icu+ = - -  #cu [8] 

F d x  

If the sulfide scale grows uni formly  and cont inuously 
over the whole electrode surface, the sample thickness 
at any  t ime is proport ional  to the number  of coulombs 
passed through the electrolytic cell dur ing that  t ime 

Icu+ ( t -  t o ) (  dM__)c x -- Xo = [9] 
y F  uys 

Combining Eq. [2], [8], and [9], yields Eq. [10]. 

= + aCu+ [i0] Icu + 2 ~ cuys dt 

which permits the calculation of the ionic conductivi ty 
of the sulfide scale formed under  s teady-state  condi- 
tions from the slope of the recording of the electrode 
potential  as a function of time. 

Exper imental  
The anode was made of copper rod (99.995% puri ty)  

0.905 cm in diameter, mounted  in acrylic resin (Kold- 
mount ) ,  and polished so that  only one plane was in 
contact with the solution. The solution, 0.2M in Na2SO4 
and 0.2M in H2SO4, was saturated by cont inuously 
bubbled H2S. A strong convection pa t te rn  was brought  
about by a magnetic  stirrer. The system was held at 
constant  tempera ture  by a regulated water  bath. A 21V 
Ni-Cd bat tery  un i t  provided current  to the system 
through a set of appropriate resistors. The electrode 
potential  was measured vs. a saturated calomel 
electrode by a Kei thley 153 voltmeter  which fed the 
signal to a Sargent  SRG recorder. 

Series of experiments  have been carried out at tem-  
peratures  be tween 30 ~ and 73~ (below the digenite 
t ransi t ion temperature)  and under  selected current  
densities between 1.9 X 10 -4 A cm-2  and 1.55 X 10 -3 
A cm -2. 

The sulfide layer shows a uni form thickness over 
the electrode surface (Fig. 2) which ranged from 50 
to 380~ depending on exper imental  conditions and the 
period of oxidation. The reaction products were ident i -  
fied by x - r ay  diffraction on a powder sample. The scale 

Fig, 2. Micrograph of the copper sulfide scale, separated from 
its Cu substratum. The Cu-Cu2S interface was on the right side 
of the specimen. Digenite and djurleite ore the only two phases 
to remain present. The band structure results from differences in 
the scale morphology emphasized by polishing. 
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structure  and morphology could not be invest igated by 
microscopy, electron diffraction, or microprobing.  The 
three-sulf ide assembly is not in equil ibrium, and in the 
absence of an electric current  one phase disappears 
during the t ime requi red  for the sample prepara t ion 
according to the react ion 

0.8 Cu2S + 0.2 CuI.8S --> CUl.9sS 

Results and Discussions 
So far, three  sulfides have  been identified, chalco- 

cite, djurleite,  and digenite. No evidence, ei ther direct 
or indirect, for the appearance of covell i te was ob- 
tained in these experiments .  

The sulfide growth model, analyzed ear l ier  in this 
paper, is val id only in s teady-sta te  conditions, that  is, 
when  the  cationic and total  electric currents  are con- 
stant. These conditions are satisfied when  the first 
sulfide layer  (Cu2S) is deposited. The s toichiometry 
range of low chalcocite is smaller  than 0.5% of its cop- 
per content (1), and, during Cu2S formation, the ionic 
current  v i r tua l ly  equals the total  electric current  
(Fig. 3). 

When a new sulfide starts to grow on the anode, the 
copper flux reaching the solid-l iquid interface is 
changed according to the Cu ++ to Cu + ratio in the 
new phase. If the  digenite  composition is approximated  
by Cu~.sS the reaction occurr ing at the l iquid-solid 
interface at the stage of digenite  growth can be repre -  
sented by Fig. 4 and the correspondingly cationic 
(I%,+) and electronic (Ie b) currents  are equal  to 90 
and 10% respect ively  of the total  current  (I).  The 
boundary between two solid phases is characterized 
by a thermodynamica l ly  fixed value of copper act ivi ty  
or e lectrochemical  potential;  therefore  the potent ial  
drop in each sulfide layer is a constant. Consequently,  
the abrupt  change in cuprous current  at the onset of 
growth of a new phase initiates an unsteady-s ta te  
process during which each sulfide layer  adjusts its 
thickness to the new current  conditions. The solid-state 
t ransformat ions  accompanying the phase boundary  
motion are bel ieved to generate  stresses in the speci- 
men because the scale always breaks away from the 
copper before CuS growth is apparent.  

So far, the digenite s toichiometry range has been 
ignored. The digenite composition is repor ted  (1) to 
extend f rom CUl.765S tO CUl.79S at room temperature .  
Al though the Cu poor l imit  is not affected by t em-  
perature,  the Cu-r ich l imit  changes to Cul.s3S at 83~ 
where  digenite inverts  to high digenite. During the di- 
genite layer  growth there  is a continuous change in 
the Cu current  flowing through the scale, but this var i -  
ation is only 1.75% of the total  current  and is smaller  
than the accuracy of the measurement  method. 

From the set of exper imenta l  data, the cationic dif- 
fusivi ty  of the chalcocite and digenite  in the scale has 

Cu 
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Fig. 3. Model of the Cu2S film growing on the Cu anode 
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Fig 4. Model of the copper sulfide scale at the stage of Cul.sS 
growth. 

been calculated in a range of t empera tu re  going f rom 
30 ~ to 73~ Al though djur le i te  was present  in every  
sample, the  ionic conduct ivi ty  value  could not possibly 
be der ived f rom the exper imenta l  curve. This phase 
probably does not extend over  enough atomic layers 
to al low a steady state to be established. 

The measured ionic conduct ivi ty  of digenite was in- 
dependent  of the current  densi ty used. In the chalcocite 
case, however,  there  was a current  density value above 
which the exper imenta l  results became inconsistent. 
This l imit ing current  density was increasing sharply 
with  temperature .  The dependence of the apparent  
ionic conductivi ty on the current  density raises the 
problem of the morphology of the sulfides grown elec- 
trolytically.  

It is usual practice to classify anodic films into con- 
t inuous and noncontinuous films. In most of the cases 
reported in the l i terature,  the distinction be tween  con- 
tinuous and noncontinuous films is based on the nature  
of the resistance opposed by the film to the current  
flow. It is characterist ic of noncontinuous film to ex-  
hibit an approximate ly  constant and low resistance (a 
few ohms) to the current  flow during the growth of 
the scale (8). The smooth copper anode and the one 
plane electrode surface p reven t  introducing stresses 
which might  lead to the cracking of the film. There  is 
no solid-state t ransformat ion  when  the useful mea-  
surements  are made, say when  s teady-sta te  condi- 
tions prevail .  The film growth is kinet ical ly  controlled 
by the copper ion diffusion through the solid, which 
mechanism favors the format ion of a continuous, uni- 
form scale. A decrease of the ionic s t rength  of the 
solution (0.1 Na2SO4, 0.1 H2SO4) did not affect the ex-  
per imenta l  results. 

The measured diffusion coefficient of cuprous ion 
in low chalcocite was found (Fig. 5) to be 

Dc~+ = 8.1 • 10 -z  exp cm 2 sec - I  
T 

Dcu+ = 1.1 • 10 -10 cm 2 sec -1 at 50~ 

The measured diffusion coefficient of cuprous ion in 
low digenite was found (Fig. 6) to be 

(0 00) 
Dcu+ = 3.6 • 10-~ exp T cm 2 sec-~ 

Dcu+ = 2.4 • 10-10 cm 2 sec-1 at 50~ 

In the t empera tu re  range studied, cuprous ions diffuse 
about twice as fast in digenite as in chalcocite. The ac- 
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t ivation energy for diffusion is 11.7 _+ 1 kcal mole -1 
for chalcocite, and 12.1 +_ 0.8 kcal mole -1 for digenite, 
respectively. 

If an activation entropy for diffusion is to be cal- 
culated, the na ture  and concentrat ion of diffusing de- 
fects must  be known. The diffusion in ionic type crys- 
tals is often associated with the migrat ion of Schottky 
or Frenkel  type defects. X- ray  investigations have 
suggested that  in some ionic type crystals metallic 
ions were dis tr ibuted v i r tua l ly  at random among a 
large n u m b e r  of near ly  equivalent  lattice sites 
[aAg2S(9), ~AgI(10), aCu2S(4)].  In  the case of low 
chalcocite and digenite which have relat ively ordered 
copper lattices, an inters t i t ia lcy mechanism (the cat- 
ions being equally mobile) may account for the cu- 
prous ion diffusion. This is supported by the experi-  
menta l  observation that  no significant var iat ion of the 
diffusion coefficient has been observed with deviation 
from stoichiometry. Therefore, the equation of zeo- 
litic diffusion is applicable (11). 

D = ks exp exp -- [11] 

The activation entropy for diffusion is then 1.9 e.u. for 
chalcocite and 1.3 e.u. for digenite, respectively. These 
low values are consistent with a mechanism which 
introduces little disordering in the lattice. 

Conclusion 
The thickening of a copper sulfide film on a copper 

anode at low electric field s t rength has been accounted 
for by electrolytic t ransport  in the scale. The diffusion 
coefficients of cuprous ion in low chalcocite and low 
digenite have been measured in the tempera ture  range 
of 30~176 dur ing the growth of the anodic film. 

The phase boundary  reactions did not appear  to be too 
irreversible to interfere  with these measurements .  

Similar  processes take place dur ing  the direct leach- 
ing of chalcocite minerals.  This exper iment  supports 
the view that  solid-state diffusion is a ra te-control l ing 
mechanism in the leaching of these minerals  (12). 
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LIST OF SYMBOLS 
Ai, activity of species i in the electrode vicini ty 
Bi, mobil i ty  of species i, cm2"sec-Z'J -1 
Ci, concentrat ion of species i, cm -3 
Di, diffusivity of species i, cm2.sec -1 
d, specific weight, g cm -3 
E, electrode potential,  V (Stockholm convent ion)  
Eo, s tandard electrode potential,  V 
Ea, activation overpotential ,  V 
F, Faraday  constant, 96,484 A sec.eq -1 
h, P lanck constant, 6.62 • 10 -27 erg sec 
Ii, cur rent  density carried by species i, A .cm -~ 
Ji, fiux of particles i, cm-2"sec -1 
k, Bol tzmann constant, 1.380 • 10 -18 erg-mole-  

c u l e - l . K - 1  
]Viil, Mi Onsager coefficient, c m - l . s e c - l ' J  - I  
M, molecular  weight, g.mo1-1 
qi, charge carried by particle i, A.sec 
R, gas constant, 8.31439 J . K - l . m o 1 - 1  
T, absolute temperature ,  ~ K 
t, time, sec 
to, arbi t rary  reference for time, sec 
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x, abscissa at t ime t, cm 
Xo, abscissa at t ime to, cm 
y, number  of copper atoms per  sulfur  atom in com- 

pound CuyS 
hH, activation enthalpy for diffusion, cal. tool -1 
aS, activation entropy for diffusion, e.u. 
~, electrical potential,  V 
~, average distance t ravel led by particle i in one 

jump,  A = 10 - s  cm 
~i, chemical potential  of species i, J .mo1-1 
r part ial  conductivi ty due to species i, ohm -1 cm -1 
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Theory of the Separation in Displacement Electrophoresis 
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ABSTRACT 

Displacement electrophoresis is a method of separating ions. After  com- 
pletion of this separation a quali tat ive and quant i ta t ive analysis of the sample 
composition can be made. In  this report  the separation process is investigated. 
It is shown that the sample introduces a t ransient  system of homogeneous 
zones which are finally reduced to zones containing only one component  of the 
sample. Star t ing from such basic equations as electroneutral i ty,  cur ren t -con-  
t inuity,  and conservation of ionic species, equations are derived which permit  
the calculation of all quanti t ies  of interest, such as local field strength, com- 
position of a par t icular  zone, and speed of zone boundaries.  In  the case of a 
two-component  sample the separation t ime can be calculated exactly; for the 
case of a mul t icomponent  sample an approximate expression is given. 

Displacement electrophoresis is an analyt ical  tech- 
nique which separates and orders ions in  an electrical 
field according to their  mobilities. A complete analysis 
of a sample is obtained with this method. If one is in-  
terested in, e.g., separation of cations, the sample which 
has to be analyzed is placed in a column between a 
leading solution containing cations with a higher mo- 
bil i ty than  that  of any of the cations in the sample, 
and the t rai l ing solutions containing cations with a 
lower mobil i ty  than  that of any  of the cations in the 
sample. Electrodes are placed in the leading and t ra i l -  
ing solution, and when an electrical field is applied the 
separation process starts and the cations move toward 
the cathode. After some t ime alI cations wil l  have the 
same counter- ions as these are moving in the opposite 
direction. Between the leading and t rai l ing solutions 
the sample components have finally ordered them-  
selves into consecutive zones according to increasing 
mobilities in the direction of migration. The same pr in-  
ciple applies to the separation of anions. 

Original ly the method was employed as a separation 
method. In this way  Kenda l l  (1-4) in  1925 separated 
rare earth ions. Vestermark (5) and Eriksson (6) used 
this technique to isolate and concentrate certain sub-  
stances from, e.g., beet juice. Mart in  and Everaerts  
(7, 8) used its qualities for quant i ta t ive  analyses. Inde-  
pendent ly  Konstant inov,  Fiks, and Oshurkova (9-12) 
arr ived at s imilar  observations. 

This article emphasizes the separation process. It  is 
shown that  this process is governed by  a n u m b e r  of 
simple equations. In  the case of a two-component  sam- 
ple the t ime required for complete separation can be 

K e y  words :  boundary  veloci ty,  concent ra t ion  boundary ,  c o n c e n -  
t r a t i o n  relat ions,  conserva t ion  of ionic species,  cont inui ty  of cur -  
rent, diffusion, dissociation, electroneutrality, eleetrophoresis, field- 
strength relations, heat production, homogeneous zones, ions. ion 
mobility, ion separation, leading solution, multicomponent sample, 
qualitative analysis, quantitative analysis, separation boundaries, 
separation time, trailing solution, transition region. 

calculated as a funct ion of the various parameters  in -  
volved. For a mul t icomponent  sample all quanti t ies  
of interest  can be calculated and an estimate of the 
separation t ime can be given. 

Theory of the Separation Process 
General considerations.--Before application of the 

electrical field the sample is placed between the lead-  
ing ion solution A and the t rai l ing solution X. The con- 
centrat ions of A and X are known;  the concentrat ions 
of the various components in the sample are u n k n o w n  

,,-leQding solution ~somple zone ~ trailing ---~ 
so(ut~on 

K c A) 

T concentration --- Q x 
boundory ~ I 

trai~ing sepQration bound~ry~ 

" t III I /  
I IIII .1/ 
I | l l l l  I I I] 

W-leading separation boundary 

.~ z o n e  ~-  

t p~itionso~ boundcLries 

Fig. I. Development of the zones and the positions of the com- 
ponents at the start (A), after application of the electrical field 
(B), and after some time has elapsed (C). 
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but wel l  defined. This si tuation is schematical ly  repre -  
sented in Fig. 1A where  only one type of ions is con- 
sidered, say the cations A, B, C . . . . . .  K . . . .  , P, 
Q, X. For  s implici ty it is assumed that  the re  is only 
one common anionic species Z. The presence of certain 
ions is indicated by the position of horizontal  lines. 
The levels  o f  these lines indicate the mobili tes of the 
cations. The original  sample zone divides the column 
into three  separate regions, marked  by heavy  ver t ica l  
lines. Af te r  application of a constant current  a new 
situation develops (Fig. 1B). The faster  components of 
the sample have occupied leading positions whereas  
the slower ones are fal l ing behind. The thin ver t ica l  
lines represent  zone boundaries.  These indicate the 
limits of the sample components  and the occurrence of 
fair ly abrupt  concentrat ion changes of other sample 
components. Adjacent  to the leading solution a zone is 
present  containing the fastest component  only. Head-  
ing the t rai l ing solution is a zone containing the slowest 
sample component.  Af te r  a sufficient t ime the number  
of zones decreases as the tails of the faster  components  
pass the fronts of the slower components  (Fig. 1C). 
F ina l ly  the sample components  are separated, and con- 
secutive zones containing only one component  proceed 
to the  cathode wi th  a uni form speed, characterist ic of 
displacement  electrophoresis.  As the apparent  mobi l i ty  
of an ion is the product  of the degree of dissociation of 
the ion and the mobi l i ty  at complete  dissociation, it 
wil l  be preferable  to choose opt imal  conditions. In 
order  to control  the degree of dissociation of weak  
electrolytes a par t icular  choice of counter  ions must  be 
made. If the sample contains a weak  acid the counter  
ion should be der ived f rom a base, preferably  a weak  
one to l imit  the hydroxy l  ion concentration. Both 
groups mutua l ly  become charged by proton transfer.  
The degree of dissociation depends on the sum of both 
pK values. A more  detai led t rea tment  is postponed to 
a future  paper. 

At a certain stage of the separat ion a number  of 
homogeneous zones is assumed to be present.  A number  
of interzonal  relat ions can be der ived which de te rmine  
the process completely.  When the solvent is at rest, 
and the uniform field s t rength of zone j is called 
Ej (V cm-1 ) ,  an ion K wi th  a mobi l i ty  ~K (cm 2 V -1 
sec -1) t ravels  at a speed (cm s e c - D  

VKj = pKEj [1] 

A uniform cross section of the capi l lary tube results in 
a constant current  density i (A cm -2) in any zone. If 
the Faraday constant is F (C g-equiv.  -1) and the con- 
centrat ion of ion K in zone j is CKj (g-equiv.  cm-3 ) ,  
the fol lowing cur ren t  densi ty equat ion is val id 

i /F ---- Ej ~ (PK -~- #z)CKJ [2] 
K 

The ions K are neutra l ized by an equal  amount  of Z 
ions; the  current  contributions of both ions are pro-  
port ional  to the individual  mobilities. Within a zone the 
ions of the same kind move  wi th  uni form velocities. 
In order  to re ta in  homogenei ty  an observer  moving  
wi th  the boundary  should see a nondivergent  flow of 
ions. For  ions K passing the boundary  be tween  zones j 
and k this leads to 

CKj(~KEj --  Vjk) : CKk(~KEk --  Vjk) [3] 

where  Vjk is the speed of the boundary  be tween the 
zones j and k wi th  respect  to the  solvent. Equat ion 
[3] resul ts  in 

Vjk = #K(CKjEj --  CKkEk)/(CKj --  CKk) [4] 

There  are as many  ways to express Vjk as there  are 
cationic species. Before any conclusions are  drawn 
from this formula  a survey  is made  of the various 
possible boundaries.  

Types of boundaries.--Two types of boundaries  can 
be dist inguished (a) the separat ion boundaries,  where  
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one par t icular  component  is present  on only one side 
of the boundary,  e.g., CKI = 0 and CKk ~ 0; in that  
case Eq. [4] results  in 

Vjk = ~KEk [5] 

and (b) concentrat ion boundaries,  which wil l  be shown 
to be immobile  and where  all components  are present  
on both sides. Equat ion [2] can be applied to zone j 
as wel l  as to zone k. Subtract ing these equations re -  
sults in 

~ (gK "~ /-tZ) (CKJEJ --  CKkEk) ~--- 0 [6] 
K 

Provided  Vjk ~ 0 it is legi t imate to divide each in-  
dividual  t e rm of the sum [6] by Vjk. The assigned way  
to reduce the result ing expression is to select the par -  
t icular  cation of the te rm under  considerat ion to evalu-  
ate Vjk f rom [4]. Then the fol lowing result  is obtained 

~ aKCKj = ~ aKCKk [7] 
K K 

where  
~K = (~K + ~Z)/~K [8] 

This relat ion can be applied repeatedly  to consecutive 
zones separated by separat ion boundaries.  As the con- 
centrat ions of the leading and t rai l ing solutions can be 
chosen at the beginning of the separat ion process and 
the concentrat ions of components  in the sample are 
arbi t rary,  Eq. [7] is not satisfied at the or iginal  sample 
boundaries.  This leads to the  conclusion that  these 
boundaries  are immobile  as only the condit ion vjk ---- 0 
can inval idate  Eq.[ 7]. F rom [4] one can der ive  in this 
case 

CKj/CKk = Ek/Ej [9] 

When the sample is completely separated and the 
zones contain only one component, Eq. [7] is still valid 
and permits a quantitative analysis. In this restricted 
form the relation was given by Kohlrausch (13). 

Two types of separation boundaries have to be dis- 
tinguished: (a) the leading separation boundary be- 
tween consecutive zones where zone j contains the 
components G, H, . . . . K, . .... P and the following 
zone k the same but, in addition, the slower compo- 
nent Q; the latter is separated out as it is not trans- 
ferred from k to j. (b) the trailing separation boundary 
between the zones k and I, in which case zone k con- 
tains the components G, H, . . . . K, . .... Q whereas 
zone 1 contains the same components with the excep- 
tion of the fastest ion G, which is separated out. 
Though Eq. [2], [4], and [9] permit the calculation of 
all unknown quantities, the elimination problem is 
tedious. A more convenient approach is given below. 

Interzonal field strength relations.--To der ive  a re la-  
t ion for the ratio of the field strengths on both sides 
of a separat ion boundary  case (a) wil l  be considered 
first. As CQj ---- 0 Eq. [3] yields for K = Q 

Vjk = pQEk [10] 
If we define ;~jk as 

;~jk = Ej/Ek [11] 

Eq. [3] results by substi tut ing [10] and [11] in 

CKj = CKk(/ZK -- #Q)/(/~K~jk -- #Q) [12] 

When both zones are not separated by an immobile 
concentration boundary, application of [12] to Eq. [7] 
results  in 

P Q 

aKCKj ~- ~ aKCKk 
K=G K=G 

P 
aKCKk(~K--~Q) [13] 

K=G /ZK~jk --  /~Q 

The last sum can be extended to K = Q because this 
final t e rm equals zero. Equat ing the second expression 
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of [13] and the extended th i rd  one leads to 
Q 

(~jk -- 1) - -  Z asCKk = 0 [14] 
K=G ~jk - -  /-~Q/#K 

The solution ~ik = 1 has to be ruled out because sub- 
sti tution in [12] renders  all concentrat ions equal  ex-  
cept Co. This is in violat ion with  Eq. [7] because of an 
excessive t e rm aoCok. This leads to the restr ict ion 
~jk < I. 

Hence [14] results in 
Q 

f (~jk) ~ f  
~KCKk 

= = O [15] 
K=G ~jk -- /ZQ/IZK 

This is a function from which only one root yields 
positive concentrat ions for all values CKj obtained by 
insert ing CKj in [12]. F rom Eq. [12] it follows that  for 
positive values of CKj the value  ~jk > ~O/~P and the re -  
fore 

/zQ/#p < ~jk < 1 [16] 

The qual i ta t ive  behavior  of f(~jk) is shown in Fig. 2. 
The function has poles at the values ~jk = ~O/~K- It  is 
evident  from the graph that  only one root satisfies [15] 
and [16]. 

The conditions for a trai l ing separat ion boundary 
when the  fastest component  is separated out can be 
der ived similarly. When we define 

/3kl = Ek/E1 [17] 
it results in 

Q 

0 [18] 
c~KCKk 

K=G ~G/~tK - -  ~kl 
for 

I </~kl < ~G/#H [19] 

Star t ing f rom a defined zone such as the  sample zone 
all quanti t ies of interest  of the preceding one can be 
calculated. P r imar i ly  Eq. [15] determines the field 
s t rength ratio and Eq. [12] yields the various concen- 
trations. The zone following the sample zone can be 
t reated in a similar  way by application of Eq. [18] and 
[12]. This process can be repeated unti l  in all the 
zones all quantit ies are known. The concentrat ion on 
opposite sides of a concentrat ion boundary  are l inked 
by Eq. [9]. The system is complete ly  determined as 
all conditions that  can be imposed are obeyed. This 
also justifies the assumption of homogeneous zones. 
The field s t rength increases f rom zone to zone with  a 
possible exception at the immobile  boundaries. 

Example.--In Fig. 3 the various stages of a separa-  
tion process are i l lustrated. In this par t icular  case the 
solvent is moved with  a constant speed equal  but  op- 
posite to the speed of the leading zone. The positions of 
various zone boundaries are plotted horizontal ly and 
the t ime vertically.  Af te r  some t ime the number  of 
zones is reduced unti l  finally five zones each containing 
one sample component  are formed. The concentrat ion 
barriers,  immobile  wi th  respect to the solvent, move 
backward with  the speed of the solvent. 

Influence o] diffusion.--For discontinuous concen- 
trat ion variat ions diffusion should be taken into ac- 
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count. Because of the electr ical  field on the one hand 
and diffusion on the other  hand a steady state is ob- 
tained. MacInnes and Longsworth  (14) der ived a re la-  
t ion for the transi t ion width  KKL (cm) be tween  two 
zones, one containing only component  K and the other  
one containing only component  L in the moving  bound- 
ary electrophoresis.  When the limits of the transi t ion 
are arbi t rar i ly  defined by the ext remes 

4RT /ZK~ L 
--2 --~ In (CK/CL) - -  2 , "KKL = [20] 

FVKL (~Z - ~L) 

where  R ( J  ~ -1) is the universal  gas constant, T (~  
the absolute temperature ,  and VKL the speed of the 
boundary concerned. In exper imenta l  conditions KKL 
wil l  not exceed a few tenths  of a mil l imeter .  This 
value is comparable  to the accuracy with  which a 
boundary can be detected. 

Separation time.--In order  to evaluate  the possi- 
bilities of analyzing a sample wi th  the aid of displace- 
ment  electrophoresis,  a reasonable  est imate of the 
separation t ime must be made. This is done by start ing 
with  a case of a two-component  system which leads to 
a simple expression. From this an approximate  value 
can be obtained for mul t icomponent  samples. 

In the simplest  case the sample contains two compo- 
nents and, moreover ,  both leading and t rai l ing solu- 
tions are adapted to the sample according to Eq. [7]. 
Therefore  no concentrat ion boundaries  are required.  
The solvent is kept immobile.  This case is i l lustrated 
in Fig. 4A where  the positions of the boundaries  are 
plotted along the horizontal  axis against t ime along 
ver t ical  axis. The original  sample length is called t l  
and the concentrat ions Cm and Ccl. Inspection of Fig. 
4A shows that  the width  of zone BC gradual ly  di-  
minishes as the confining boundaries converge  with  a 
differential  velocity, given by the product  of the local 
potent ial  gradient  and the difference in mobi l i ty  of the 
species B and C. As the zone BC is on the verge  of 
disappearing the separat ion is complete  and the t ime 
elapsed, T (sec), is given by 

= II/(~B -- #c)EBcl [21] 

The above case is merely fortuitous, and a more real- 
istic one can be constructed by concentrating the sam- 
ple by a factor 7. The sample length has to be reduced 
by the very same factor when the total amounts of 
B and C are kept unchanged. Two concentration 
boundaries appear in this case as is shown in Fig. 4B. 
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Conclusions 
The separat ion process of displacement  e lectro-  

phoresis can be described adequate ly  by equations for 
the system of homogeneous zones which are generated 
f rom the sample zone. F ina l ly  only zones containing 
one sample component  remain,  and they  move  with  
uni form speed. With the aid of relat ion [7] their  con- 
centrat ion can be calculated as a function of the con- 
centrat ion of the leading electrolyte.  In the solvent 
immobile  concentrat ion boundaries  are situated at the 
original  boundaries of the sample zone. The column 
which is p re fe rab ly  capillary, is thus divided into 
three  regions in each of which Eq. [7] is valid. The 
changes of concentrat ion at the immobi le  boundaries 
have  a fixed ratio, and Eq. [9] gives the relat ion be- 
tween the field strengths on both sides of this bound-  

Fig. 4. Diagram of the separation of a two-component sample. 
Horizontally the positions of the boundaries are plotted, vertically 
the time. In case (a) the concentrations are all mutually adapted, 
and case (b) is the general one. 

When the same current  density is conserved the field 
strength, EBCO, in the sample is lowered by a factor ~, 
wi th  respect to the previous case or, with respect  to 
the part  of the sample zone that  has crossed the con- 
centrat ion boundary already. The t ime requi red  by 
zone BC to leave the original  sample region is the 
same as before because not only is the distance over  
which the boundary (BC,C) has to t r ave l  reduced by 
the factor 7, but its veloci ty  as well. For comparison 
the simplest  case is drawn in dashed lines. It  can be 
concluded that  the  separation t ime is not affected by 
concentrat ion boundaries.  

A reduct ion of x can be achieved by raising the po- 
tent ial  gradients. The heat  production per uni t  volume,  
Pm (W cm-3) ,  occurr ing in the adapted trai l ing solu- 
tion puts a restr ict ion on the. system. Long separat ion 
times are found when  ~B ~ ~c ~ ~. Optimal  conditions 
have to be chosen in order to l imit  T to a reasonable 
value. Consider an example  in which the sample 
length is ~o whereas  the concentrat ions are CBO and 
Cco. When a comparison is made with  the adapted 
quanti t ies the conservat ion of ionic species requires  

)q(Cm + Ccl) = ~o(CBo + Cco) [22] 

As it was shown that  concentrat ion boundaries do not 
affect the separat ion t ime 

T ~ ~ O / ( / X B  - -  ~ c ) E B c o  [23]  

Introduct ion of the zonal conductivit ies CA (ohm -1 
cm-1) ,  CBCO and ax in Eq. [2] leads to 

o'AEA = O ' B c o E B c o  = ~ E x  = i [24] 

As the conduct ivi ty  is lowest  in the adapted t rai l ing 
zone, the local heat  production, Pm, is a l imit ing factor, 
given by 

Pm ---- CxEx 2 [25] 

When the system is operated under  opt imal  conditions, 
it is possible to calculate a close approximat ion of T by 
combining Eq. [8], [9], and [22] through to [25] 

T -~- ~.O0"BCO/ZA1/2/(/ZB - -  /zC) (o 'APm/ .eX)1 /2  [26] 

In this formula  all quanti t ies are known with  the ex-  
ception of asco, which can be determfned by a con- 
duct ivi ty  measurement ,  and (~B -- ~C)- The la t ter  can 
ei ther be predicted or be considered as a min imum 
value  if the pair  is to be separated in the t ime T. 

In order  to arr ive  at the separat ion t ime of a mul t i -  
component  sample, a suggestion by Mart in (pr ivate  
communicat ion)  is followed. Usual ly  the bot t leneck of 
the process is formed by the separat ion of a single ob- 
stinate pair  which consumes so much t ime that  the 
prelude to this stage can be neglected. In that  case 
Eq. [26] again gives a reasonable estimate. 

ary. From a zone with  known concentrat ions and field 
s t rength the field s t rength of an adjacent  zone can be 
calculated by applying [15] or [18] and its composition 
by applying Eq. [12]. By repeat ing this process the 
potent ial  gradient  and the composition of all  occurr ing 
zones can be calculated. Boundary  speeds fol low from 
[3] while  the opt imal  separat ion t ime is g iven by [26]. 
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LIST OF SYMBOLS 
j,k,1, zone 
A,B, .  . . . .  Z, ionic species 
A, ionic species of leading zone 
X, ionic species of t ra i l ing zone 
Z, ionic species of common counter  ions 
B,C . . . . . .  Q, ionic species present in sample 
E i, potent ial  gradient  in zone j, V cm -1 
~g, mobil i ty  of ionic species K, cm 2 V -1 

s e e - - 1  
vKi speed of ion K in zone j, cm sec -1 
i, cur rent  density, A cm -2 
F, Faraday  constant, C g - e q u i v . -  1 
C K i ,  concentrat ion of ion K in zone j, g-equiv.  

cm-3  
V ik, veloci ty of boundary  be tween  zones j 

and k, cm sec -1 
~, inverse  t ransport  number  
~ik, ratio of the field strengths of zones j and 

k 
KKL, transi t ion width, cm 
R, universa l  gas constant, J ~  -1 
T, absolute tempera ture ,  ~ 
;% zone length, cm 
~, separat ion time, sec 
7, reduct ion factor  
r zonal conductivity,  ohm -1 cm -1 
Pm, max imal  heat  product ion per  uni t  vol -  

ume, W cm -3 
pK, dissociation constant 
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Purification of Potassium Chloride Solutions 
Voltammetric Criteria 

Murray  Rosen, .1 Henry H. Bauer, .2 and Philip J. Elving* 

The University of Michigan, Ann Arbor, Michigan 

ABSTRACT 

Impuri t ies  of heavy metal  and surface-act ive types can be removed readi ly 
from solutions of reagent  grade potassium chloride by electrolysis at a 
graphite electrode; the surface-act ive mater ia l  is also largely removed by 
column chromatography over charcoal. Operat ional  approaches for moni tor ing 
the pur i ty  are described. 

To obtain pure aqueous solutions, e.g., of the alkal i  
metal  halides, for electrochemical studies, one may  
consider pur i fy ing  the salt, the prepared solution, or 
even both. Purification of the salt can often be ac- 
complished by growing crystals under  careful ly con- 
trolled conditions or by recrystall ization. Purification 
of the solution would appear to be a more direct ap- 
proach and, consequently,  two procedures based on 
the types of impuri t ies  found in solutions of potassium 
chloride, are described; these involve column chroma-  
tography using charcoal and pre-electrolysis with a 
graphite electrode. 

The purification of alkali  metal  halides has been 
f requent ly  discussed in the l i terature.  For  example, 
before applying square wave polarography to solu- 
tions that  had been pre-electrolyzed at mercury  for 
removal  of reducible species, Barker  (1) found it 
necessary to contact these solutions with an inert  
adsorbent  to remove surface-active substances. Bere-  
zina and Nikolaeva-Fedorovich ( la)  monitored sur-  
face-active substances in water  purified by various 
methods through observation of polarographic maxima 
of the second kind. Recent vol tammetr ic  studies of 
the background current  at the pyrolytic  graphite  
electrode (PGE) and the dropping mercury  electrode 
(DME) in aqueous solutions of potassium chloride, 
revealed the presence of two types of impurities,  
which were found even in spectroscopic grade KC1. 
Type I impur i ty  is polarographical ly active at the 
DME, i.e., a catalytic peak (Fig. 2) is seen at --1.1V in 
0.5M KC1 solutions between pH 0.85 and 3, suggestive 
of the presence of a surface-act ive substance; in addi-  
tion, it seems to be electrochemically reducible. Type 
II impuri t ies  definitely resul t  in faradaic processes, 
i.e., deposition waves or s tr ipping peaks are seen at 
the PGE, indicat ing that  they are probably  heavy 
metals. 

Removal of the two types of impuri t ies  has been in-  
vestigated in terms of operational  tests for the effi- 
ciency of the purification process. Since the absence 
of surface-act ive impuri t ies  is a f requent  necessity in 
electrochemical and other investigations, the results 
of the present  study should be of general  interest.  

In  general, the electrolytic purification procedure i s  
recommended over the charcoal t reatment ,  even for 
the removal  of surface-active impuri t ies  in potassium 
chloride solutions, e.g., pI-I changes and concentrat ion 
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adjus tments  which genera l ly  accompany use of char-  
coal can be avoided (c.f. subsequen t  discussion). In 
addition, electrolytic purification can be used in situ 
and can be duplicated more easily in other labora-  
tories. Moreover, the same procedure that  is used to 
purify the solution can often be used to check impur i ty  
levels and to repuri fy  the solution, if necessary, wi th-  
out essentially d is turbing the main  experiment.  The 
electrolytic purification procedure described here is 
an adaptat ion of str ipping analysis and, therefore, 
lends itself to quant i ta t ive  in terpre ta t ion  if desired. 

Experimental 
Reagents.--Reagent grade hydrochloric acid 

(du Pont ) ,  potassium hydroxide pellets (Baker & 
Adamson) ,  potassium chloride (J. T. Baker) ,  spectro- 
scopic grade potassium chloride (Hilger) ,  Darco G-60 
decolorizing charcoal (Atlas Chemical) ,  and double-  
distilled water  were used. The charcoal was purified 
as specified by the manufac tu re r  (2); a suspension of 
it in 2M HC1 was boiled and then filtered and washed 
on a Buchner  funnel .  Nitrogen (oil pumped grade),  
used for oxygen removal, was passed successively 
through two gas bubblers  containing ammonium 
vanadate  solution reduced by zinc amalgam in 
hydrochloric acid (3), gas bubblers  contain calcium 
hydroxide solution and, finally, one containing double-  
distilled water. 

Cells.--The working compar tment  (1.2-liter capac- 
ity) of the all-glass unjacketed  cell used (Fig. 1) is 
fitted with a Teflon plug stopcock on the side near  
the bottom and can be closed with a No. 7 stopper; 
the two connecting bridges can be closed wi th  No. 00 

J_ 
14, 

FRITTED DISK 
10 r a m .  

I 

s 4 

OPENING F'or 
FINE 

I 
I 

i 
I~, 6 ,4  

STOPPER # O0 

I I I 
I I I 

I I 
14 6 ,I I--3-,4 

PYREX 6780  
/ O-RING 

ll.S 

COUNTER WORKING REFERENCE 

Fig. 1. All-glass three-compartment pro-electrolysis cell. Dimen- 
sions shown are in cm. The stopcock on the working compartment 
is perpendicular to the plane of the drawing. 
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stoppers. The working and counterelectrode compar t -  
ments, which constitute a single unit,  are jo ined to 
the reference electrode compar tment  by clamping the 
O-r ing joints together. This a r rangement  enables the 
working cell to be cleaned without  affecting the refer-  
ence electrode. 

The connecting bridges, which are bounded by 
glass-fri t ted disks and are stoppered to minimize 
mixing  of solutions, are filled with background elec- 
trolyte solution when the cell has been assembled. 
This a r rangement  minimizes migrat ion of undesired 
ions between compartments  and is essential in pre-  
vent ing mercury  ions from diffusing from the refer-  
ence electrode compartment ,  e.g., an early observation 
of an anodic str ipping peak just  positive of zero volt, 
when using an ordinary  H-cell  , was traced to the 
presence of mercury  ions. 

Electrodes . - -A 1 x 12 in. strip of Grafoil  self-bonded 
tape (Union Carbide),  served as the working or pur i -  
fication electrode. Voltammetric  analysis of solution 
pur i ty  was done with a shielded electrode (19.6 mm 2) 
made from pyrolytic graphite rod (General  Electric) 
(4). 

Appara tus . - -A  Sargent  Model XV polarograph was 
used for the polarographic analyses. Vol tammetry  
was carried out with a three-electrode system and op- 
erat ional  amplifier circuits (5); vol tammograms were 
recorded on a Moseley 7001A(S) X-Y recorder, using 
a Model 17106 filter to prevent  saturat ion of the re-  
corder amplifiers by a-c noise (no a t tenuat ion  of the 
signal was noted).  A Wenking potentiostat  (100 mA 
output) provided the potential  control for the pre-elec-  
trolysis. The Leeds & Northrup Model 4776 pH meter  
used was standardized with Beckman s tandard buffer 
solutions. All  potentials were measured and are re-  
ported vs. the saturated calomel electrode (SCE). 

The 1-in. diameter  glass column used for chroma- 
tography, contained 3 to 24 in. of premoistened, pur i -  
fied charcoal with premoistened angelhair  as a filter 
and plug at the bottom. To aid in replacement  of the 
charcoal, the stem of the column was fitted with a 
Pyrex  6780 O-r ing joint, which was mated to another  
joint  attached to a Teflon stopcock. The solution to be 
purified is fed from a 2-liter, round-bot tom flask 
joined to the top of the column. The stopcock tip is 
connected to a suction flask, to which an aspirator is 
attached. 

R e s u l t s  
Type I impur i t y . - -Th i s  impur i ty  manifests itself by 

producing a catalytic wave with a peak at --1.1V at 
the DME in 0.5M KC1 solutions of pH 1.4; the height 
of the wave varies between 2 and 45 ~A and, for a 
given sample, reaches a m a x i m u m  at pH 1.5 (Fig. 2). 
Drop- t ime (t) vs. potent ial  (E) (electrocapillary) 
curves show no unusual  dips or distortions, nei ther  at 
the electrocapillary max imum nor  at --I.1V. 

The fact that  the wave is decreased by about 85% 
on bubbl ing  ni trogen through the solution while the 
lat ter  is in contact with a mercury  pool indicates tha t  
the impur i ty  either reacts chemically with mercury  
or is adsorbed from solution. 

Attempts  at plott ing adsorption isotherms for the 
impur i ty  on the charcoal used in purification (2) did 
not yield a reproducible value for n in the Freundl ich  
adsorption isotherm. However, the results indicated 
that at least two stages of charcoal t rea tment  are 
necessary to remove 85-90% of the impuri ty.  On 
column chromatography, results were general ly as 
expected, i.e., the longer the charcoal column the purer  
would be the result ing solution, but  a longer t ime was 
needed and quite often the pH change was greater. 
Since an exhaustive s tudy of the correlation of all of 
the possible parameters  with solution pur i ty  was not 
attempted, only relat ive trends can be described. For 
a 6-in. charcoal column, removal  was about 50-60% 
effective, and the resul tant  solution had a pH of about 
8. A 24-in. charcoal column removed near ly  90% of the 
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Fig. 2, Variation of catalytic wave height at DME with pH in 
0.SM KCI solution. 

impuri ty;  however, the resul tant  solution pH was often 
as high as 10, and general ly  2 hr were required to draw 
two liters of solution through the 24-in. column via 
the aspirator. Barker  (6) also noted that  charcoal 
t rea tment  caused a slight rise in solution pH dur ing 
purification of 0.5M KC1. 

Use of charcoal gives, at best, 90% removal  of the 
impuri ty.  Whether  this effectiveness could be im-  
proved by recycling or by a ba tch-column ar range-  
ment  was not tested since the same effectiveness could 
be achieved by electrolytic purification. I t  is possible 
that had Barker  (1) used a carbon- type  electrode for 
pre-electrolysis, fur ther  "cleaning" would not have 
been necessary. Since he does ment ion  t h a t  his "clean- 
ing" by charcoal t rea tment  was effective in  producing 
solutions in  which the double- layer  capacitance did 
not vary  by more than 2% in about 20 min, it is pos- 
sible that the 90% achieved here might  have been 
adequate for his work. 

Some exchange process occurs because the pH 
always increases after t reatment .  Since premoistened 
charcoal has to be used, the KC1 solution to be pur i -  
fied has to be more concentrated than the final desired 
value, and the solution coming off the column has to 
be t i t rated and then diluted to the proper concentra-  
tion. Another  disadvantage in the use of charcoal is 
that  the charcoal itself requires a lengthy and messy 
purification. 

The e!ectrocapillary ( t -E)  curve for a solution of 
the charcoal- treated mater ia l  (diluted to 0.SM KC1) 
is not  altered but  is sl ightly displaced to lower drop 
times over the ent i re  potential  range. 

Type  II impur i t y . - -The  principal  advantage of pur i -  
fication by electrolysis is in being able to plate out 
impuri t ies  on an electrode under  conditions dupl i -  
cating those used for subsequent  vol tammetr ic  studies 
themselves. 

In  pre l iminary  tests, 0.5M KC1 solutions of pH 1.4, 
6.4, and 12 were electrolyzed at a 5-mm diameter  PGE 
at --0.8V for 10 min;  without  opening the circuit, the 
potential  was then scanned to a more positive value. 
The resul tant  s tr ipping peaks in the potential  range of 
--0.8 to --0.2V. (Fig. 3) were largest at pH 1.4, indi -  
cating that  impurit ies are most effectively removed 
at this pH. Str ipping peaks observed between 0.2 and 
0.7V are not due to the presence of the impurities, but  
are associated with the PGE surface (7). 

The procedure for evaluat ing pur i ty  consists, then, 
essentially of electrolysis for 10 min  at --0.8V, 
followed by scanning to 0.8V. During an electrolytic 
purification, ca. 1 li ter of pH 1.4 potassium chloride 
solution is placed in the cell and its ini t ia l  pur i ty  is 



880 J. F~lectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  J u l y  I970 

2O -! I 

< 

> :  - 

uJ 
123 

e \ \ 
cc 2 
D 

d 

2 

1.2 Q8 Q4 0.0 -0.4 -0 .8  

POTEKITiAL VS. SCE, V 

Fig. 3. Voltammograms for evaluating effectiveness of removal 
of type II impurities from 0.5M KCI solutions of pH 1.4 (curve 1), 
pH 6.4 (curve 2), and pH 12.7 (curve 3): stripping curves obtained 
after electrolysis at --0.8V for 10 min. 

checked, using the 5-ram diameter  PGE. After  each 
4 hr  of electrolysis, the pur i ty  is rechecked. If fur ther  
electrolysis is necessary, the Grafoil  in the electrolysis 
cell is replaced by a fresh piece and the sal t -bridge 
solutions are replaced by electrolyzed solution from 
the cell. Generally,  at least 8 hr are necessary before 
str ipping peaks are no longer observed in a solut ion- 
pur i ty  test. The electrolytic purification procedure 
does not appreciably alter the pH of the pH 1.4 solu- 
t ion used, because the amount  of hydrogen ion gained 
or lost in 8 hr  would be negligible. Purified solution 

can be d rawn  off via the Teflon stopcock whenever  
needed and brought  to the desired pH by addition of 
acid or base. 

Although at least three str ipping peaks are observed, 
there is no way of de termining whether  any  of them 
result  from a type I impuri ty.  Nevertheless, pur i -  
fication by pre-electrolysis also removes about 80 to 
90% of the type I impuri ty,  as measured operationally. 
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Mathematical Study of Galvanic Corrosion 
Equal Coplanar Anode and Cathode with Unequal Polarization Parameters 
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ABSTRACT 

This paper  gives a theoretical analysis of the distr ibution of potent ial  and 
current  density on the surface of a coplanar galvanic cell in which the po- 
larization parameters  for cathode and anode are unequal.  The potent ial  at 
any point can be represented as a Fourier  series, in which the coefficients 
themselves are infinite series. It is shown that  these Four ier  coefficients can 
only be approximated by numerica l  methods. The potential  distr ibution across 
the electrode at the electrode/electrolyte interface is shown to be dependent  
on both the anodic and cathodic polarization parameters  and cannot be de- 
duced from the potential  dis t r ibut ion occurring when the anodic and cathodic 
polarization parameters  are equal. As the cathodic polarization parameter  is 
increased relative to that  of the anode the potential  shifts toward the open- 
circuit anodic voltage and both the potential  and current  distr ibution become 
more uniform. A parameter  is suggested which characterizes the "microscopic" 
or "macroscopic" behavior  of the cell. When the ratio between polarization 
parameters  is large the behavior  of the cell tends toward either anodic or 
cathodic control ra ther  than the "mixed" control. 

This paper  gives a theoretical analysis of the dis- 
t r ibut ion of potent ial  for a galvanic cell in which the 
anode and cathode lie in the same plane. It is assumed 
that  the slope of the cur ren t -poten t ia l  curves has 
different values for the anodic and cathodic processes. 

The dis tr ibut ion of potent ial  in such a galvanic cell 
is determined by the current -potent ia l  relationship 
and the conductivi ty of the electrolyte solution. Wag- 
ner  (1) formally proposed the name "polarization 

parameter"  to represent  the product  of the conductiv-  
ity and the slope of the polarization curve. The po- 
larization parameter  has the dimensions of length  and 
it was shown by Waber (2) that  the size of the cell 
in relat ion to the polarization parameter  L could be 
used to determine whether  the celt behaved in a micro- 
scopic or macroscopic fashion. In a microscopic cell the 
polarization parameter  is large with respect to a char-  
acteristic dimension ~ of the cell, and polarization 
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dominates to the extent  that  potentials  are near ly  uni-  
form eve rywhere  in the corroding liquid. If, on the  
other  hand, the cell  dimension is much larger  than the 
polarization parameter ,  then the resistance drop 
through the  electrolyte  is controll ing; this is a macro-  
scopic cell, wi th  large potent ial  var iat ions throughout  
the corrodent.  The crit ical  dimension ~ of the cell  is IN~ 
dependent  on the configuration of the electrodes and 
electrolyte.  Waber  (3) showed that  by using a l inear  
approximat ion to the polarization curve  the potent ial  
and current  distr ibut ion could be calculated in te rms  of 
the polarizat ion parameter ,  the equi l ibr ium electrode 
potentials, and the geometr ic  parameters  of the  cell. 
In this work  the polarization paramete r  was assumed 
to be equal  for the anodic and cathodic processes. The 
present  work  demonstrates  the differences in potent ial  
which occur when the anodic and cathodic polarization 
parameters  are unequal.  

Descr ipt ion  of Ce l l  
In this work  the model  cell  used is shown in Fig. 1. 

We choose the origin to lie in the plane at the midpoint  
of the anode. We assume both the anode and cathode 
to be infinite in the y-di rec t ion  and of equal  width  c 
in the x-direct ion.  The electrodes are  covered by an Ea 
electrolyte  which is infinite in the A-z-direction. A E~ 
tangent  approximat ion to the  po ten t ia l -cur ren t  re la -  
t ionship is assumed. Figure  2 is a stylized representa-  
tion of complex polarization curves such as repor ted  POTENTIAL 

by Ketcham and Haynie (3). Tangent  lines are  drawn 
to the polarization curves  at some appropria te  average  
current  density. The intersections wi th  the ordinate  
(Ea,Er are taken as the anodic and cathodic potentials  o 
for zero current.  Of course these are in many  cases Ec 
very  different f rom the t rue  values. This method of Ec ~ 
l inearizing a complex problem is equiva len t  to d raw-  
ing a tangent  to the enthalpy (H) curve  for a two-  
component  system in order  to find the  par t ia l  molar  
heats of mixing of the two components.  In analogy one 
writes ei ther  

H,~ = H% 4 -  (aH/ax),~x 
for the enthalpy,  or 

E a = Ea -4- (O,~Ea/OJ)J 

for  the  polarization. 

Mathematical Analysis 
The polarized potential  P* (x,z) in the cell must  sat-  

isfy the two-dimens ional  Laplace equat ion 

O2P*/OX 2 -4- O2P*/c3Z 2 = 0 [1] 

and satisfy the boundary conditions 

(oP*/ax)  x=0 = (oP*/ax) x=c = 0 [2] 

Ea -4- La(OP*/OZ)z=o for 0 L x ~ c/2 
P*(x,0)  ---- Ec-{- Lc(OP*/OZ)z=o for c/2 ~ x ~ - - c  

[3] 
where  La and Lc represent  the anodic and cathodic 
polarization parameters .  

The most general  solution of Eq. [1] which satisfies 
the boundary  Eq. [2] and which remains  finite as z 
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Fig. 1. Geometric arrangement of coplanar electrodes in model 
cell. 

/ 
/ f 

CURRENT DENSITY 

Fig. 2. Tangent approximation to the polarization curves. Extrap- 
olated potentials E a and Ec are not equal to the open-circuit 
potentials Ea ~ and Ec ~ 

approaches ei ther  zero or  infinity is 
r 

P* (x,z) -----Ao-4- ~ Aa cos (n~x/c)  exp ( - -n~z/c)  
n ~ l  

for n -= 1,2,3 . . . .  [4] 

The boundary  conditions in Eq. [3] are used to 
de termine  the coefficients An of the series. The problem 
reduces to obtaining solutions of t he  infinite set of 
equations, for which  A~ can now be regarded  as the 
variable.  

As = aijAj -4-/~i i = 0,1,2 . . . .  [5] 
j=o 

where  the pr ime on the summat ion indicates that  the 
t e rm j ---- i is not  included. The te rms  alj and ~ which 
enter  as e lements  of the infinite de te rminant  can be 
summarized as follows 

i j 

0 odd 

odd even 
> 0  

even odd 
> -----1 

odd odd 

even even 

Integers  

Value of a~ 

2 (La -- Lc) 
sin (j~/2) /~o = 

a0j --~ (La A- Lc) 

- - iL  sin (/~/2) cos (j~/2) 

(a -4-4- bi) (j2 _ i 2) 

jL  sin (jzc/2) cos (/~/2) 
a i j  = /3i  ~ 0 

(a -4- hi) (~2 _ i2) 

aij = 0 

aij--~ 0 

Value of fii 

(EaLc -4- EcLa) 

La -4- Lc 

[(Ea/La) -- (Ec/Lc)] sin ( ~ / 2 )  

i (a  A- hi) 
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where  the parameters  L, a, and b are defined by 

L =  [(1/Lc)  - -  (1/La)]  
and 

(a-F bi) = g/4[ (1/La) 4- (1/Lc) 4-2/~/c]  

The infinite set of s imultaneous equations given by 
Eq. [5] possesses a unique  solution which  m a y  be 
approximated  using numer ica l  methods. A discussion 
of the conditions under  which a solution exists and a 
description of the numer ica l  approximat ion is given in 
the Appendix.  

The coefficients A~ were  evaluated  up to A~o0 for 
given parameters ,  La, Lc, voltages, Ea, Ec, and the elec-  
t rode width  c. The coefficients A were  then substi tuted 
in Eq. [4] to obtain values for P* (x,z). The value  of 
100 was shown to be sufficient to ensure numer ica l  con-  
vergence.  The current  density at the cathode was cal- 
culated using the dimensionless pa ramete r  

P* (x,0) - -  E~ 2c 
Cc (x) = Lc Ea + E~ c/2 ~ x ~ c 

The anodic current  density Ca(x) is s imilar ly  defined 
Eq. [3]. It should be noted that  the total  current  ob- 
ta ined by integrat ing Ca(x) f rom 0 to c/2 is equal  but 
opposite in sign to the s imilar  in tegral  of Co(x).  

Results 
The potent ial  distr ibution at the electrode surface is 

shown in Fig. 3. These results were  obtained by 
put t ing La equal  to 1 cm and vary ing  Lc f rom 0.1 to 
10 cm. The total  width  c of the electrode was assumed 
to be equal  to 1.0 cm. 

Figure  4 shows the results obtained by sett ing 
La ~ Lc = 10 cm, and La ~ Lc = 1 cm. It is apparent  
that  the behavior  of the electrodes wi th  unequal  
anodic and cathodic polarizat ion parameters  cannot 
be deduced f rom the separate  curves obtained for equal  
polarization parameters .  

Two curves are presented in Fig. 5 which represent  
the var ia t ion  of the anodic current  pa ramete r  Ca(x) 
over  the anode, and the cathodic current  pa ramete r  
Cc (x) over  the cathode; namely,  the var ia t ion in cur -  
rent  densi ty as x ranges from 0 to 0.5c and f rom 0.5c 
to 1.0c. These two curves are drawn for a fixed value 
of La, namely  1 cm, but for two values of Lc. They 
i l lustrate  the influence of Lc on the two current  den-  
sity parameters .  In such circumstances,  the anodic 
values are re la t ive ly  uni form even though the cathodic 
values are not. 

In order  to assess the uni formi ty  of corrosion attack, 
it is useful to construct the ratio of m a x i m u m  to mini -  
m u m  current  values. For  the anode this is 

INTERFACIAL POTENTIALS FORL~ NOT EQUAL TO 
1.0 c~n 

OV-A IANODIC POLARIZATION 

E, .I .2 .3 .4 .5 .6 .7 .8 .9 1.0 
RELATIVE DISTANCE x / c  

Fig. 3. Interfacial potential distribution for unequal polarization 
parameters, for La ~ c ~ 1 cm. 

COMPARISON OF INTERFACIAL POTENTIALS FOR 
EQUAL AND UNEQUAL POLARIZATION PARAMETERS 03 

Ea L a = I 

. ~  kc= I0 

~ . 8  v 

7 - 6  . . . . . . .  ~ ' ~ ' "  

.%..~..~.,., ~ Lo= Lc=IO 
2 ' \  

_< 
o La= Lc= I 

Ec .i .~ .i .4 .s .; .-; .~ .~ ,.o 
RELATIVE DISTANCE x / c  

Fig. 4. Comparison of interracial potential distribution for equal 
and unequal polarization parameters, presented as a function of 
(La/Le) for fixed value of c. 

.OE 

Lc=lOcm 

.07 

.06 

.0. = 

.OZ 

ICa(x)l  

.02 

.02 

.01 

DISTRIBUTION OF THE ABSOLUTE VALUE 
IC(x) l  OF THE CORROSION CURRENT 

Lo = I FORI6 

L 

LC = I0 cm 

L c = 5cm 

14 

12 

.10 

0 

ICc(X) I 

.~ J; x/~ .~ .~ ,.o 
ANODE CATHODE 

Fig. 5. Anodic and cathodic current densities for unequal polar- 
ization parameters, for c = La ~ 1 cm. Note that the gradients 
dCa/dx and dCe/dx in the vicinity of x ~ c/2 are inversely pro- 
portional to La and Lc, respectively. 

m a x  Ca Ca(X = 0 . 5 c )  

min Ca Ca ( x = O) 

and similarly for the cathode 

max  Cc Cr 0.5c) 

min  Cc Cc(x  = 1.0c) 

These two ratios are plot ted as a function of the di- 
mensionless parameter  2c/ (La + Lc) in Fig. 6. 

Discussion 
In the major i ty  of corrosion exper iments  one ob- 

serves that  the anodic and cathodic polarization pa-  
rameters  are approximate ly  equal. However ,  in cases 
where  the anodic react ion is s trongly polarized, such 
as in a passive region, La is c lear ly  much larger  than 
Lc. The opposite situation might  be encountered when 
the cathodic react ion is diffusion controlled. The pres-  
ent analysis is directed toward  such situations. The 
question of the "microscopic" or "macroscopic" be-  
havior  of corrosion cells cannot be de termined  by the 
simple pa ramete r  ( c /L ) .  It  can be seen f rom Fig. 3 
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Cmax EFFECT OF VARYING Lc FOR h 
Cmin FIXED La/c RATIO 

4.02.05.0 ~ h e d i c  

At~dic ID x----:---- ~ ......... 

o',~ ,:o ,i~ z:o 
2cl(L a + L c) 

Fig. 6. Variation of the ratio of maximum to minimum current 
density with the parameter 2c / ( /a  + /c). Cathodic current full 
line, anodic current dashed line, for c = /a  = | cm. Small 
values of/-c are on the right-hand side. 

that  as the difference be tween the polarization pa ram-  
eters is increased the potent ial  across the electrode 
becomes more  uniform. We may  thus replace the pa-  
rameter  (c /L)  by 2c/ (La + Lc) as the  factor which 
determines  whe ther  the cell wi l l  behave  "microscopi-  
cal ly" or "macroscopically."  When this ratio is small, 
the  var ia t ion of current  densities is small  and the po-  
tentials are re la t ive ly  uniform. These are the char-  
acteristics of a microscopic cell. In contrast, when  the 
character izing ratio is large, i.e., when  some cell  d imen-  
sion is much larger  than both La or Lc, the cell  can be 
regarded as "macroscopic." The var ia t ion of potent ia l  
over the interface and the var ia t ion in cur ren t  densi ty  
is large. The rat io 2 c / ( L a +  Lc) represents  wha t  
Waber  (2) has defined as the character izing size rat io 
OJL). Hence as the electrolyte  is infinite the cri t ical  
dimension ~ is logically the electrode width  c. It is rea-  
sonable to replace L by the average  value (La + Lc)/2.  
Figure  6 thus shows that  max  Ca/min Ca increases 
rapidly as 2c/(La + Lc) exceeds unity. Since the total  
anodic current  must  be equal  to the total  cathodic cur-  
rent  as Lc/La increases the anodic current  is forced to 
decrease because the cathode is more effectively po- 
larized. The net result  of this is that  there  is a shift  in 
both the anodic and cathodic potentials toward  the 
open cell  value of Ea and the distr ibution of potent ia l  
over  both anode and cathode becomes more  uniform. 
This is i l lustrated in Fig. 3. 

F rom Eq. [4] it can be seen that  the potent ia l  of the 
specimen measured by a remote  probe, i.e., P ( x , ~ ) ,  is 
equal  to Ao. The calculations show that  Ao is equal  to 
the mean of Ea and Ec for the case where  La is equal  
to Lc. However ,  for La ~ Le, Ao approaches Ec, and for 
Lc ~ La, Ao moves in the opposite direction toward  E~. 
The potent ial  at a remote  point (z ---- r is indepen-  
dent of x and has been named the potent ial  of the 
composite electrode by Waber  (5). One notes that  the 
composite potent ial  is dependent  also on the ratio of 
the polarizat ion parameters .  

A P P E N D I X  

A tr ial  solution of Laplace 's  equat ion is 

oo 

P (x,z) = .40 + A~ cos - -  x exp -- ~ z 
n=l C e 

which wil l  be subject  to the th ree  boundary conditions 

8P 
- - 0  at x = 0  and x = c  [1A] 

8x 

P(x,o) Ea+La  O~l  = for 0 ~-- x ~-- c/2 [2A] 
Z=0 
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P (x,o) = Ec + Lc ~ for c/2 - -  x ~ c DA] 
Z=0 

Having  defined h - x/c, direct  substi tut ion of the series 
into boundary condition [2A] yields for o ~ x ~-- e/2 

Ao + z.~ An cos nhx = Ea + La --nhAn cos nhx 
n~-I n=l 

Multiplying through by cos qhx (where  q is an in-  
teger)  and integrat ing wi th  respect  to (hx) f rom 0 
to a/2, we obtain oo 

- -  sin (q z~/2) + Aq ~/4 + 
q = n T q  

n~q 

sin (n -- q) a /2  1 Ea 
+ = - -  sin q ~/2 -- Laqh Aq n/4 

n - - q  J q 

. . ,  sin (n + q) n/2 sin (n -- q) ~/2 
- -  L a  ~- n - - - - q  n=l 2 n + q  

n~q 
[4A] 

Simi lar ly  substi tut ing into boundary  condition [3A] 
and integrat ing f rom ~/2 to ~, we obtain 

ov 

[ -- - -  sin q a /2  + Aq ~/4 -- 
q = "2- n + q  

n~q 

sin ( n -  q) :~/2 ] Er 
+ . . . .  ] sin q a/2 

n q q 

co 
a~=ln~An [ sin (n + q) ~/2 sin (n -- q) n/2 ] 

+ g o  - n + q  
n=/=q 

-- Lcqh Aq~/4 [5A] 

Dividing [4A] by La, [SA] by Lc and adding, one ob- 
tains [1 ,] [�88 1] 

sin q n/2 �9 + (~/4) A a + ~-c 
q La Lc 

+ La L c n=l T n + q 
n:2f:q 

s i n ( n - - q ) ~ / 2 ]  [ E a  E c ] s i n q a / 2  

n -- q La Lc q 

-- Aq(q  h~/2) [6A] 

For  convenience,  let us define two auxi l iary  factors 

1 1 
L -  

Lc La 

a +  bq-- (~/4) "~a + ~ + 2qh 

Rearranging Eq. [6A] one obtains 

Ao sin q~/2 
A q =  L 

q [a + bq] 

L sin (n + q) ~/2 

+ [a + bq] n + q 
nr 

s i n ( n - - q ) ~ / 2  ] l e a  Ec ] s inq~/2 + - - -  + 
n - -  q ~aa Lc q[a+ bq] [7A] 

Defining the auxi l ia ry  function g as g (n,q) -- 

sin (n -{- q) ~/2 sin (n --  q) ~/2 
+ 

n + q  n - - q  
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The following four possibilities obtain 
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q an odd 
integer 

- -  ( - -q  sin q =/2 cos n =/2) 

- - ( n  sin n x/2 cos q =/2) 

q 

odd odd g(n,q) =0 

2 
odd even g(n,q)  

n 2 _ q2 

even even g ( n , q ) = 0  

2 
even odd g(n,q)  = 

n2 _ q2 

Subst i tut ing in [7A], we obtain when  q is an odd in-  
teger 

Ao sin q =/2 
A q =  - -  �9 L 

q [a -t- bq] 

L 

+ [ a + b q ]  eEvenAn[ --q 
1 

n 2 --_ qe ~ sin q =/2 cos n=/2 

l E a  Ec ] s inq=/2 
-[- La Lc q[a + bq] [8A] 

- -  ] sin n ~/2 cos q n/2 

bu t  when  q is an even integer  

[ Aq = An -- 
[a + bq] odd n 2 q2 

n 

[9A] 

Return ing  now to our boundary  condition, we can also 
solve for Ao in the following way 

O -Z x ~ c/2 

Ao -F ~ An cos nhx = Ea -}" La ~ --nh An cos nhx 
n = l  n = l  

Integrat ing P* (x,0) with respect to (hx) from 0 to =/2 

Ao =/2 =- Ea =/2 -- Lab E An sin n =/2 [10A] 

and separately from =/2 to = 

Ao =/2 -- ~ A n  sin n =/2 
n = l  TI, 

r  

= Ee =/2 "t- Leh ~ An sin n =/2 [ l l A ]  

Dividing the first of this pair  by La, and the second by 
Lc and adding, we obtain 

A o = 2 / = (  L a - - L c  ) ~ An sin (n~/2 ) 
La -~- Lc odd n 

n 

l E a  E e ]  L~Lc 
+ "~a -}-~'c L a + L r  [12A] 

Now make the variable change, Bn = nAn for n 
1,2 . . . . . . .  and we obtain from Eq. [8A], [gA], and 
[12A], an infinite set of l inear  equations in  the var i -  
ables Ao and Bn which is of the form 

Bj = ~ aij Bi -b 3j [13A] 
i 

Specifically 

q = O  A o = 2 / ~ (  L a - - L c  ) ~ --Bn s innn /2  
La "~- Le odd n 2 

l ea Ec ] LaLc 

+ L . + L o  

J u l y  1970 

Bq = Ao sin q n/2 
L Lq 

a q- b q  a q- b q  e v e n  

- -  qBn 
sin q =/2 cos n =/2 

n (n 2 -- q2) 

Ea Ec sin - -  
+ Le a -t- bq 

an odd Lq ~ Bn q 
integer B a z.~ sin n =/2 cos q =/2 

a q -  bq odd n 2 - -  q2 
71 

[14A] 

and 

(iii) 
a + b q  

tn 

Considering first (i),  it is easily shown that  

=-y  

thus the infinite sum reduces to =/4 ILa - Lc/La -]- Lcl 
and this is obviously ( 1. 

Turn ing  now to Eq. (ii) and  (iii), we must  consider 
the infinite sums 

(a -t- bq) e n(n2 _ qS) 
7t 

(a -t- bq) n 2 _ q2 
n 

Without  detail ing the proofs, it can be shown that  
these sums are equal to 

[ 1 ,  
a + b q  l + l o g 2 +  1 + -~- + - ~ - . . .  q _ 1 

[ q - - ~ 2  1 1 ] 1 ] 
q-}-4 2 q - - 1  ~ q  

q 

L 
~ 1 ., respectively. 

and a + bq n 1= 2n- -  1 

ij 
n 2 _ q 2  

A set of equations of the form [13A] has a unique  solu- 
tion if certain convergency conditions are satisfied (4). 
These conditions are 

(a) ~ l a 0 ] < l  j = 1 , 2  . . . . . . . .  
i 

i 

If these conditions are satisfied, then it can be shown 
that a bounded solution of the finite set of N equations 

N 

B1 = ~ Bi + flj [15A] 
i = l  

which we represent  as {B~ N} is an approximation to the 
l i ra  

solution {B~} in the sense that  N -~ ~ {B~ N} = {B~} and 
thus an approximation to Bj can be obtained by solving 
a finite set of s imultaneous equations. 

In  order to prove the convergence of the equations 
given by [14A], we must  thus consider the infinite 
sums 

L. ~ Lr odd T 
n 

a ~- bq n n(n  2 _ q2) 
even 
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It is not possible from these expressions to deter-  
mine exactly the convergence for any arb i t ra ry  values 
of La, Lc, and c. 

The convergence was investigated by selecting rea-  
sonable values for La, Lc, and c and numer ica l ly  evalu-  
ating the expressions. These were found to be less than  
uni ty  for the values of La, Lc, and c quoted in the 
section on "Results." The expressions were found to 
take on values greater than  uni ty  for either very large 
or very small  ratios of La to Lc. 

In  a similar  fashion, the convergence condition (b) 
concerning the magni tude  of the free terms bi was in-  
vestigated by numer ica l  evaluation. After  the conver-  
gence conditions were tested in this fashion, the set of 
Eq. [15A] was solved for N = 100, and for given values 
of La, Lc, Ea, Ec, and c. The s imultaneous set of equa-  
tions was solved by direct subst i tut ion using a CDC 
6400 computer. 
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Electrochemical-Chemical Synthesis of Methylene 
bis(Aluminum Dichloride) 

Edward H. Mottus and Morris R. Ort 
Monsanto Company, St. Louis, Missouri and Texas City, Texas, respectively 

ABSTRACT 

The electrochemical-chemical (EC) synthesis of methy lene  b i s ( a l u m i n u m  
dichloride),  CI2AICH2AICI2, involves electrolysis of dichloromethane solutions 
using an a luminum anode and a passive cathode in an undivided cell. The 
a l u m i n u m  anode is consumed dur ing  electrolysis. One gram-a tom a luminum 
is lost per  faraday. Suitable electrolytes are AICI3, HOAICI2, t e t raa lky lam-  
monium chlorides, and, in general,  salts that  are sufficiently soluble in  di- 
chloromethane to give conducting solutions. The na ture  of the reactions and 
characterization of the products are discussed. 

The electrochemical synthesis of organometall ics 
usual ly  involves the electrolysis of organometal l ic  A 
to produce organometall ic B or the reduct ion of a 
species 

O 
If 

(i.e., RX, RCR, CH2 = CHCN, etc.) 

at a reactive cathode to form the organometal l ic  of the 
cathode mater ia l  (1). Some Kolbe reactions are re-  
ported to give direct reaction of an organic compound 
with a reactive anode (2). Chadwick and Kinsella (3) 
reported the preparat ion of me thy l a luminum diiodide 
by electrolysis of a solution of a l u m i n u m  triiodide in 
methyl  iodide with a luminum electrodes. We wish to 
report  the EC synthesis of methylene  h i s ( a luminum 
dichloride) (C12A1CH2AIC12) I. 

Experimental 
Electrolysis cells.--Small-scale electrolyses (100 ml  
total  volume) were carried out in a tubu la r  cell, 4 cm 
diameter  and approximately  25 cm tall. The cell was 
fitted with ports for electrical leads and a condenser. 
An opening was provided at the bottom of the cell to 
allow introduct ion of gases into the electrolysis solu- 
tion. The electrodes were constructed from 99.99% 
a luminum sheet 0.01 in. thick (Consolidated Alumi-  
num Company of Canada) as concentric cylinders. 
The cathode was 2 in. high x 1/2 in. diameter,  the anode 
was 2 in. high x 1 in. diameter,  and they were held 
in place with Teflon spacers. In  some experiments  a 
p la t inum cathode was used. St i r r ing in the cell was 

with a magnetic  s t i rr ing bar  and by passage of gas 
through the electrolysis solution. 

Larger-scale electrolyses were carried out in a 500 
ml  cell. In  this cell a three-electrode concentric 
cyl inder  assembly was used. The dimensions of the 
cylinders were 13A, 21/4, and 23A in. in diameter  and 
1 in. high. The inner  and outer electrodes were cath- 
odes, and the middle electrode was the anode. 

Pr ior  to use, the cell assemblies were dried in an 
a i r -c i rcula t ing oven at 140~ The cells were as- 
sembled hot and cooled under  dry nitrogen. 

Elec t ro ly t e  s o l u t i o n s . - - S o l v e n t . - - D i c h l o r o m e t h -  
ane (Matheson, Coleman and Bell or Fisher Scientific) 
was dried by passing through a 3 ft x 1 in. column 
packed with 3A molecular  sieves (Linde).  

Method A.--To 400 ml  of dichloromethane under  
ni t rogen was added 0.036 ml (0.002 mole) of water. 
The mix ture  was st irred unt i l  solution was complete 
and 0.267g (0.002 mole) of subl imed a luminum 
chloride added. The mixture  was st irred overnight  to 
give a clear, yellow solution. The solution was used 
as prepared or was heated under  reflux to drive off 
by-product  HC1. 

Method B . ~ T o  400 ml of dichloromethane under  n i -  
t rogen was added 0.25g (0.002 mole) of e thyla lumi-  
num dichloride (Texas Alkyls Inc.).  The solution was 
stirred and 0.036 ml (0.002 mole) of water  added. The 
mix ture  was stirred overnight  to give a clear, yellow 
solution of HOA1Ct~.. 

Method C.--A mixture  of 0.267g (0.002 mole) of sub-  
l imed a luminum chloride and 400 ml  of dichlorometh- 
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ane was refiuxed under  ni t rogen overn igh t  to a clear,  
l igh t -ye l low solution. 

Methylene bis(aluminum dichloride).--The 500 ml  
cell was charged wi th  564g of electrolyte  solution 
containing 5 mil l imoles/1 of electrolyte  wi th  a 2.88 
C1-/A1 ratio. The electrolyte  solution was saturated 
wi th  e thylene and electrolyzed for 40 min  at 0.5/k with 
a s teady-state  voltage of 185-195V. Ethylene was con- 
t inuously bubbled through the cell during electrolysis. 
Af te r  the electrolysis was complete,  the solution was 
t ransfer red  to a 500 ml  flask under  nitrogen. The mix-  
ture  was refluxed for about 30 rain to dr ive off the 
excess e thylene and any HC1 if present. During the 
electrolysis 12.21 mF  of current  were  passed, and 
0.3377g (12.51 mg atom) of a luminum was lost f rom 
the anode. This corresponds to 1.03 g atom of A1/F. 
The weight  of the cathodes remained unchanged.  
Weight  fractions of the  solution were  analyzed for 
CI - ,  A1-C bonds (4), and A1. 

Anal. Calcd.--for A12CH2CI4: A1, 0.10%; A1-C bonds, 
12.51 meq; CI - ,  30.75 meq. Found: A1, 0.09%; A1-C 
bonds, 12.01, 11.77 meq;  CI - ,  30.00, 30.00 meq. 

The above A1 and C1- analyses include the elec- 
t rolyte in the solution of I. The chemical  yield of I is 

100%. 

Alkylaluminum chloride etherates.--A RB flask 
equipped wi th  a magnet ic  s t i r r ing bar and 3-way 
~opcock  was charged with  a known quant i ty  of 
a lky la luminum chloride in dichloromethane or hexane 
solution. The solution was st irred and an excess of 
diethyl  e ther  added. The  excess e ther  and solvent were  
removed  by disti l lation and the last traces of volat i les 
removed by pumping under  0.1 mm vacuum over-  
night. The a lky la luminum chloride etherates  were  
diluted approximate ly  50% with  dichloromethane for 
nmr  studies. 

Nmr.--The spectra were  obtained on ei ther  a Varian 
A-60 or A-56-60. The in ternal  standards were  ei ther  
TMS or dichloromethane.  Where  dichloromethane was 
used as the in ternal  standard, the values were  con- 
ver ted  to TMS reference  for comparison. 

Results and Discussion 
The EC synthesis of I involves the electrolysis of 

dichloromethane in the presence of an electrolyte  at 
an a luminum anode in an undivided cell. The a lumi-  
num anode is consumed during the electrolysis. The 
over -a l l  react ion is EC since lg atom of the a luminum 
anode is consumed per faraday. If the react ion were  
t ru ly  electrochemical,  3 fa radays /g  atom of a luminum 
consumed would  be required.  The fol lowing sequence 
of reactions is postulated to account for the format ion 
of I and by-products.  

At  cathode: 

CH2C12 + e -  -> C1- -~ C1CH2. [1] 

CHuC12 + 2 e -  -> 2C1- + CH2: [2] 

If [1] is operative,  the chloromethyl  radical  can 
dimerize. 

2C1CH2 �9 ~ C1CH2CH2C1 [3] 

However ,  [2] is the most probable reaction, and the 
carbene formed undergoes typical  carbene reactions. 

2CH2: ~ CH2 = CH2 [4] 

CH2 

/ ~CH CH2 = CH2 + CH2: ~ CH2 -- 2 [5] 

CH2: + CH2CI2-> CICH2CH~C1 [6] 

At anode 
CI- -+ e- + Cl- [7] 

Cl" -t- A1-> A1C1 [8] 

A1C1 d- CH2C12-> CluA1CH2C1 [9] 

AICI + CI~A1CH2C1-~ C12A1CH2A1C12 [10] 
I 

Reactions [9] and [10] are postulated on the  fact that  
A1C1 is electronical ly analogous to carbene and prob-  
ably undergoes the same type of reactions as carbene. 1 

The essential features  of the anode reactions are, 
first, the oxidation of chloride to atomic chlorine and, 
second, the at tack of atomic chlorine on the a luminum 
anode to give a luminum monochloride,  the key in ter -  
mediate  in the synthesis of I. 

The chemical  react ion of a luminum and dichloro- 
methane  does not take place under  s tandard conditions. 
Lehmkuh l  and Sch~fer (5) reported the synthesis of I 
in approximate ly  40% yield by the reaction of di-  
chloromethane with  a luminum shot-etched with  di-  
bromomethane  or by using a luminum tr ibromide as 
an initiator. 

The reaction in this case was through bromide fol-  
lowed by exchange of chloride for bromide. 

The basic react ion sequences presented here are be- 
l ieved to be general  and wil l  be fur ther  defined by us 
at a later  date. 

The conditions used during electrolysis played a 
large and unique role in the electrochemical  synthesis. 

If  the electrolyses were  carr ied out under  nitrogen, 
A1 (6) was deposited at the cathode via 

A1C12 + -~ 3 e -  -~ A1 + 2C1- [11] 

Under  these conditions the electrolyte  was depleted 
and the conductance of the cell decreased  wi th  time. 2 
However ,  if, under  nitrogen, cyclohexene was added to 
the electrolysis solution, or e thylene was used as the 
blanket ing gas instead of nitrogen, the deposition of 
A1 at the cathode did not occur. Further ,  the conduct-  
ance remained high throughout  the electrolysis. The 
role  of the olefin must  be that  of complex format ion 
with the A1C12 +. Complex of the  A1C12 cation with  

~{ q-- AIC:2 + "-=) ~ {> AIC12 + [12] 

olefin apparent ly  shifts the reduct ion potent ial  of 
A1C12 + to a sufficiently negat ive  potential  so that  re -  
duction of dichloromethane becomes the only cathodic 
process. 

The effect of the use of e thylene vs. ni t rogen on 
the cell resistance is shown in Fig. 1. Shown in Fig. 1 
are three electrolyses in which only the a tmosphere  has 
been changed. The cell resistances were  calculated f rom 
the voltage and amperage at the exper imenta l  points. 
The sharp increase in cell resistance is immedia te ly  r e -  
versed by changing the a tmosphere  in the cell f rom ni-  
t rogen to e thylene (plot 3). Plot  2 shows that  by carry-  
ing out the electrolysis for approximate ly  2 hr  before 
the e thylene atmosphere is introduced most of the 
electrolyte  has been depleted. Even  though the elec- 
t rolyte  has been largely  depleted, the introduct ion of 
e thylene has a significant effect on the cell resistance. 

The use of e thylene or other  olefins dur ing e lect roly-  
sis did not al ter  the composition of the product.  De-  
composition of the product  solutions wi th  CH3OD gave 
main ly  CH2D2 whe the r  the electrolyses were  carr ied 
out under  ni t rogen or ethylene.  Deutera ted  ethane 
was never  observed as a product  of react ion with 
CH3OD. 

In some of our work  the electrolysis was carr ied out 
under  6-11 psig e thylene pressure. Mass spectral  anal-  
ysis of gaseous a tmosphere  af ter  electrolysis showed 

: The  re fe ree  q u e s t i o n e d  w h e t h e r  an  a t t e m p t  h a d  been  m a d e  to  
i d e n t i f y  the  i n t e r m e d i a t e  CI.~A1CHeC1 as was  p o s t u l a t e d  in  Eq. [9]. 
The  p resence  of s m a l l  a m o u n t s  of  CI~A1CH2C1 was  i n d i c a t e d  b y  
mass  spec t ra l  ana lys i s  of t he  gases  o b t a i n e d  by  d e c o m p o s i t i o n  of 
e l ec t ro lys i s  so lu t i ons  c o n t a i n i n g  I w i t h  m e t h a n o l .  I n  a l l  of the  de-  
c o m p o s i t i o n  s tud ie s  0.5-0.7% CI-IaC1 was  o b s e r v e d  w h i c h  w o u l d  
on ly  ar ise  f r o m  CI2A1CH2CI. S ince  t he  p o s t u l a t e d  r eac t i ons  occur  a t  
t h e  m e t a l  su r face  t he  absence  of  l a r g e r  a m o u n t s  of  CI~A1CH~C1 is 
n o t  su rp r i s ing ,  

z The  re fe ree  c o m m e n t e d  on the  dec l ine  of  c o n d u c t i v i t y  u n d e r  N~ 
e v e n  t h o u g h  c o n c e n t r a t i o n  of I was  i n c r e a s i n g  and  I is an  e lec-  
t ro ly te .  I is a s a t i s f ac to ry  e l ec t ro ly t e  on ly  in  the  p re sence  of olefin. 
We propose  t h a t  the  olef in  p r o m o t e s  i on i za t ion  of I b y  c o m p l e x i n g  
w i t h  the  ca t ion ic  species.  
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Fi 9. 1. EfFect of ethylene on cell resistance: curve 1, F-], elec- 
trolysis under nltrogen , curve 2, C), electrolysis under nitrogen 
For 114 min, then under ethylene for 66 rain; curve 3, A ,  elec- 
trolysis under nitrogen for 3 rain, then under ethylene for 177 rain. 

the predominate  product to have a mass of 42. For this 
specific exper iment  it was not determined if the 
product  was propylene or cyclopropane. However, in 
subsequent  work (to be reported by us at a later  date) 
on a related reaction, the product with mass of 42 was 
identified as cyclopropane. By analogy we postulate 
that  the reduction of dichloromethane is a 2-electron 
reduct ion to give carbene which adds to ethylene to 
give cyclopropane (see Eq. [5]).  

In  most of the studies the electrolyte was either 
A1Cla or HOA1C12, from the reaction of H20 with 
A1C13 or C2H~A1C12. Other electrolytes investigated 
were t e t rae thy lammonium chloride and manganese  
chloride. Both these were sufficiently soluble in  CH2C12 
to give conducting solutions and allow electrolyses to 
give I. Solutions of I in  CH2C12 (at 2.5 x 10 -3 mol/1) 
were also used as electrolyte. 

The na ture  of product I has been established by de- 
composition studies, t i tration, and nmr.  Decomposition 
of electrolysis solutions with CH3OD yields main ly  
CH2D2, which can only arise from al-CH2-al species. 

I 
Titrat ion with iodine yields one ~ C - - a l - -  bond per  A1 

I 
lost from anode. Nmr spectrum of the etherate of I was 
compared with that  reported for I prepared by Lehm-  
kuhl  and Sch~fer. They isolated, characterized, and 
obtained the nmr  spectrum of the dietherate of I. The 
al-CH2-al protons were observed at ~, 11.01. When 
electrochemically prepared I was complexed with 
ether and  the n m r  spectrum obtained, two peaks were 
observed at T, 11.14 and ~, 10.44. The peak at 11.14 cor- 
responds to the dietherate of I; the one at 10.44 was 
of u n k n o w n  origin. 

A lky la luminum chlorides are known  to exchange 
rapidly to give equi l ibr ium mixtures.  For  example, a 
solution of m e t h y l a l u m i n u m  dichloride (25%) and di-  
me thy l a luminum chloride (75%) shows only a single 
sharp proton resonance signal both at room tempera-  
ture  and at --60~ (7). 

It had been observed in long- te rm electrolysis that  
solid products began to precipitate toward the end of 
the electrolysis. If I underwen t  exchange reactions and 
the product  of the exchange reaction was a solid, the 
equi l ibr ium would be altered. Fur ther ,  by complex- 
ing with ether the exchange should be stopped and 
both products observed by nmr.  The exchange reaction 
is proposed as follows 

C1 
I 

2CI2AICH2AICI2 ~ AICI3/- C12AICH2AICH2AICI2(S) 

II 
[13] 

In  order to determine if the peak at T, 10.44 could be 
assigned to II, a series of a lkyl  a luminum chloride 
etherates was prepared in which the A1/CH2 was 
varied. The influence of the a luminum on the methyl -  
ene protons should vary  as the A1/CH2 ratio varies. 
The results are given in Table I. 

In  order to el iminate possible differences in the 
shielding of mul t ip le  ether cornplexing on the same 
molecule e thy la luminum dichloride, e thy la luminum 
dichloride etherate, I and I .d ie thera te  were compared. 
The results are given in Table II. 

The results in Table II indicate that  the effect of 
adding ether is additive, and the contr ibut ion is the 
same for each a luminum etherate. 

The results given in  Table I indicate tha t  the effect 
of a luminum on adjacent  methylene  protons is addi-  
tive, and the peak at ~, 10.44 can probably be assigned 
to compound II. Fur the r  evidence that  this assignment  
is correct is that, as the electrochemically prepared I 
was allowed to stand, more solids precipitated. When 
the etherate complex of the solution with an increased 
amount  of solids present  was prepared and the nmr  
spectrum obtained, the peak at ~, 10.44 increased at 
the expense of the peak at T, 11.14. 

Stable  solutions of I in  CH2C12 could be prepared by 
carrying out a series of electrolyses in which the elec- 
trolyte was the solution of I from the previous experi-  
ment.  These solutions did not deposit solids (11) on 
standing. It is proposed that  A1C13 or HC1 in  elec- 
trolysis solutions catalyzes the conversion I ~ II (Eq. 
[13]). The technique of successive electrolyses pro-  
vides the means of obta ining solutions of I free from 
other A1 species. 

Summary 
The electrochemical synthesis of methylene  b i s (a lu -  

m i n u m  dichloride) is an EC type involving electro- 
chemical reduct ion of chloride to atomic chlorine, 
at tack of atomic chlorine on the a luminum anode to 
yield a luminum monochloride. Reaction of this key 
in termediate  with the solvent, dichloromethane, leads 
to the product. The cathodic products are postulated to 
arise from carbene, the two-electron reduct ion product 
of dichloromethane. 

Manuscript  submit ted Dec. 29, 1969; revised m a n u -  
script received c a .  March 20, 1970. This was Paper  132 
presented at the New York Meeting of the Society, 
May 4-9, 1969. 

Table I. Results 

A1/CH2 
Compound ra t io  T - C H ~ I  6 Shif t  

(C2I-I5) ~A1C1. (C~Hs)~O 0.5 9.36 
0.64 

J C~I-IsA1C12. (C~Hs)~O 1 9.90 

C1 I 0.54 I 
C12A1CHzA1CH2A1C12- [ (C2H5) 20]s 1.6 10.44 
C12A1CH2A1CI~.[(C~Hs)~O]2 2 11.14 (11.01)~ } 0.70 

Table II. Results 

Compound T-CH2A1 ~ Shif t  Sh/~t /ether  

C2HsA1C12 9.46 } 
C2I-I~A1C12 �9 (C2H~) 20 9.90 0.44 (}.44 

Ct2A1CH~A1C]~ 10.34 } 
CI~A1CH2A1CI~. [ (C2H5) 20 ] 2 11.14 0.80 0.40 
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Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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ABSTRACT 

A new exper imental  technique for measur ing molecular  diffusion through 
liquids, using microcell interferometry,  is described. The main  advantage is 
that  an exper iment  can be performed in a few minutes.  Aside from the saving 
in time, these short runs, which are inherent ly  uns teady state, are more l ikely 
to be free of external  effects. Concentrat ion profiles are recorded on film at 
suitable t ime intervals.  By analyzing the semidiscrete form of the diffusion 
equation and by a suitable l inear  t ransformat ion of the variables denoting the 
concentrat ion profile, l inear  relationships are established between the loga- 
r i thms of these t ransformed concentrat ions and time. This permits  the deter-  
minat ion  of the diffusivity with ma x i mum sensitivity. Convent ional  "least 
squares" curve fitting techniques are shown to he inadequate  for analyzing 
the data from these experiments.  

The present  paper  is concerned with (a) a descrip- 
tion of the exper imental  techniques in which data on 
t ransient  one-dimensional  diffusion in  a l iquid are 
obtained by optical methods, and (b) a mathematical  
analysis of these data to determine diffusivities. 

Experimental Techniques 
The technique to be described involves microcell in -  

terferometry.  Since a considerable amount  of work in 
the fields of measur ing diffusivities has been done in 
the past with a wide var ie ty  of apparatus, it is of some 
importance to show why a new technique should be 
introduced. The justification must  be that  either con- 
venience or accuracy or both are bet ter  served. 

Most diffusion apparatus in the past (1) has been 
large, with a long diffusion path, and relat ively small  
concentrat ion gradients. This has led to long experi-  
menta l  elapsed times and, hence, a difficulty in isolat- 
ing the system from outside perturbations.  In  these 
measurements  extremely good thermostat t ing ar range-  
ments  have been necessary to avoid thermal ly  induced 
convection, and great care must  be taken to avoid me-  
chanical agitation of any kind. 

The advantages of the present  cell is that  experi -  
menta l  results are obtained very quickly, in  only a 
few minutes.  Better  accuracies are to be expected since 
the outside per turbat ions  are usual ly  too slow to af-  
fect the results. 

Fur thermore,  since the concentrat ion gradient  is 
produced electrochemically, a wide var ie ty  of gradients  
can be selected, including very  steep ones, and the 
diffusion path is short. 

Apparatus and procedure.raThe main  apparatus con- 
sists of an interferometer  cell, its light source and the 
recording apparatus, in this case a motion picture 
camera. 

The cell, shown in Fig. 1, has been described in  some 
detail elsewhere (2). Briefly, it consists of a wedge- 

* Electrochemical Society Active Member. 

0 

Fig. I. Interferometric micr0cell 
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type in te r fe rometer  set up as an electrochemical  cell. 
Copper blocks are sandwiched be tween  glass flats 
which have par t ia l ly  reflecting dichroic coatings on 
the inner  surfaces. Coll imated sodium vapor  l ight  at 
near  90 ~ incidence is made  to in ter fere  by beam in-  
tensity spli t t ing at the reflecting coatings (Fig. 2) and 
a system of l ight and dark  fringes at a spacing of about  
3 / m m  is produced. 

The exper iments  were  carried out at two copper 
block spacings, 3 m m  and 30 mm apart. These blocks, 
connected to a potent ial  source, acted as para l le l - faced 
horizontal  electrodes wi th  the cathode above the anode, 
separated by 0.1N CuSO4 solution of pH 4.5. The elec- 
tr ical  circuit  was ar ranged to give a constant current  
of about 1 m A / c m  2. Af te r  approximate ly  3 min of elec- 
trolysis, the established concentrat ion gradient  (as 
shown by the bends in the in ter ference  fringes, Fig. 3) 
extended toward the center  of the  cell f rom both the 
anode and the cathode but left  an unal te red  volume of 
electrolyte  in the center�9 The motion picture camera 
was started and the  current  switched off. Previous  
tests had confirmed that  a l inear  relat ionship exists 
be tween concentrat ion and refract ive  index. Hence, the 
shape of the in terference fringes corresponds to the 

f 

. / 
~ J 

Fig. 2. Schematic diagram of light path 

Fig. 3. Interferograms showing concentration gradient relaxation 
at various times: A, 0 sec; B, 1 sec; C, 60 sec; d, 30 sec. 

concentrat ion profile exist ing in the cell. F igure  3 
shows typical  sets of fringes obtained at various times 
dur ing the course of one run. For  that  par t icular  mag-  
nification, the scale shows the relat ion be tween  the 
concentrat ion (in g ram-moles / l i t e r )  and fr inge dis- 
placement.  Ful l  details on how to in terpre t  these 
fringes are  given elsewhere (2). It was felt  more de- 
sirable to study the decay port ion of the curve, ra ther  
than  the bui ld-up portion, in order to avoid extraneous 
electr ical  effects. Since the camera speed was 8 f r ames /  
sec and about 5 min of the concentrat ion gradient  de-  
cay process were  taken, only certain f rames  were  ana-  
lyzed (about 10). Further ,  in analyzing the fringes, 
each of which represents  not only a ref rac t ive  index 
contour but also a concentrat ion contour, only certain 
fringes and certain points selected f rom these fringes 
were  used�9 In fact, a fr inge was selected which ap- 
peared to be representa t ive  and the same fr inge was 
measured in each frame. 

Two methods of measur ing were  used. In some cases 
the fr inge was projected on to rec tangular  coordinate 
graph paper  at about 50X magnification, then sketched 
in wi th  a pencil  and the requisi te  values obtained by 
eye. In other  cases, the film negat ive  was placed in a 
flying spot digital izer and computer  punch cards made  
for various points on the selected fringe. These were  
then curve fitted on a computer  and the values re-  
quired found from an interpolat ion routine. 

Mathemat ica l  Analysis 
The general  one-dimensional  diffusivity equat ion 

with  no in ternal  source terms, is given by 

"0x D =c ,  0t 0 < t  [1] 

where  u is the concentration, x distance, t t ime, D dif-  
fusion coefficient, C, the capacity factor, and L cell  
width. 

For  a typical  boundary condition, one that  corre-  
sponds to the exper iments  to be described later, the  
concentrat ion is constant at the  cell center  and the 
gradient  is zero at the walls. If  the cell walls  corre-  
spond to x = 0 and x = L, then these boundary con= 
ditions and any arbi t rary  but known init ial  condition 
are described by 

Ou 
= 0 at x = 0, t > 0 [2] 

Ox 

u = uc at x = L/2,  t > 0 [3] 

u = u l  (x) at t = O ,  O < x < L / 2  [4] 

If D and ~ are constant then the equat ion reduces to 

O ~  Ou 

Ox 2 Ot 
where  a ~- D/C,. 

An analyt ical  solution for the above problem is given 
by Carslaw and Jaeger  (3) in the form of an infinite 
series, as follows 

r  

exp 
u = uc + (L/2) n=0 4(L/2)  ~ 

(2n + 1)~x [ 2 (L/2)  ( - - 1 ) n u t  

�9 cos 2 (L/2)  [ (2n + 1)~ 

-F .~,o u l  ( x ' )  �9 cos 2 (L/2)  

where  x '  is a dummy variable.  
If  data  are avai lable  in discrete form, in which u is 

tabula ted  at various x's and t 's but  a i tself  is unknown,  
then  presumably  Eq. [6] can be used to calculate a. 
The best method appears to be a t r i a l - and-e r ro r  one, 
i.e., guess a value  of ~, calculate u for a g iven x and t 
and compare  this to the exper imenta l  value  of u. One 
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could then use the least squares cr i ter ion to get the best 
fit value of a for the whole set of data. However ,  at-  
tempts to apply this technique to the exper imenta l  
data f rom the test cells failed to yield useful  results, 
for reasons which will  be discussed later�9 

We have therefore  set up an a l ternate  mathemat ica l  
model  which permits  a much  more meaningfu l  in te r -  
preta t ion of the data. The space der iva t ive  in Eq. [5] 
may  be discretized using the grid spacing shown below 
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But if Q is the ma t r ix  formed by the unit eigenvectors  
of K, the operat ion Q T K Q  is a s imilar i ty  t r ans fo rma-  
tion which serves to diagonalize K, and produce a 
diagonal mat r ix  A, whose diagonal e lements  are the 
eigenvalues of K (5), i.e. 

Q r K Q  = h [13] 

Also QTQ = I, the unit matr ix ;  hence, [10] becomes 

cell cell 
wall center 

Xo Xl x2 Xn_ I 

where  x~+l -- x+ = AX -- h a constant i = 2 . . . .  , n and 
x l  -- Xo = h x / 2  = h /2  

Using central  difference approximations,  where  ap- 

i = 2 , . . . , n - - 1  

propriate  

02ul u2--ul 

OX 2 ~ X  2 

02ui u i -1  -- 2ut+ u~+l 

Ox 2 h x  2 

u~ = u~ [7] 

This may be wr i t ten  in ma t r ix  form as 

du ~ Ku + b [8] 
dt h 2 

where  u is the concentrat ion vector, K the coefficient 
matr ix,  and b the boundary value vector  (which is 
constant in this case). 

If the potent ial  vector  u happens to fal l  along one of 
the characterist ic directions of K (as represented by 
one of its eigenvectors,  say u*) ,  we have  the fol lowing 
equat ion 

du* a 
=--~*u* + b [9] 

dt h 2 

where  v* is the e igenvalue corresponding to that  
eigenvector.  This essentially decouples the system of 
equations, permi t t ing  a closed form analyt ical  solution 
of Eq. [8]�9 Further ,  since any potent ia l  vector  can be 
expressed in terms of the system eigenvectors  or char-  
acteristic directions, a general  solution may be ob- 
tained as follows. 

Let  Q be the mat r ix  whose columns are the unit  
or normalized eigenvectors  of K. By the na tu re  of the 
equations, the coefficient mat r ix  K is real  and sym-  
metric.  This means (4) that  there  are: (i) n real  
eigenvalues and (ii) n mutua l ly  orthogonal  and l in-  
ear ly  independent  eigenvectors;  fur ther ,  if the eigen-  
vectors  are chosen to be of uni t  length, the  vectors  are 
orthonormal.  This also means that  Q-1 = Qr. 

Define a new Vector v by the equat ion 

u = Qv and v = Q - l u  = QTu [10] 

Geometrical ly,  the new variables  v represent  the same 
variables  u wi th  the coordinate system changed from 
the orthogonal  cartesian coordinates to the or thogonal  
e igenvector  system of coordinates. Subst i tut ing [10] 
in [8] 

dQv a 
dt  = h - T K Q v  + b [11] 

[12] 

Premul t ip ly ing  [9] by QT 

dv a 
QrQ _ ~  = ~ Q T K Q  v _~ QT b 

where  c = QTb 
In expanded form 

d 

dt  

I v n  

d V  Q 
= - - A V  + c [ 1 4 ]  

dt h 2 

-Xl 0 

I I  �9 

" 7 

vl t 

�9 ) 

�9 i 

0 ' + 

X n V n I C,ll 

[15] 

Each of these individual  equations can be wr i t t en  as 

dvi 
= - -  t ivi  ~- ci [16] 

dt h 2 

(i = 1 . . . .  n)  

The system of differential  equations is now decoupled 
in terms of the modified variables,  and there  is no 
problem in in tegrat ing these equations separately.  

The solution of [16] is 

i+vi(t) + ci ( a~r ) 
-- exp [17] 

~+v+(o) + c+ ~ - - ~  

where  v~(o) is the value  of v~ at t = 0. Let  the 1.h.s. 
of [17] be referred to as z i ( t )  then, 

(~ z~(t) = exp - ~  [18] 

Therefore,  plot t ing In zi(t)  vs. t should result  in a 
s t raight  line f rom whose measured  slope a can be 
easily calculated. 

Treatment of Experimental Data 
Molecular  d i~usion of copper  su l fa te  in w a t e r . - - I t  

was observed, as predicted f rom theoret ica l  con- 
siderations, that  the concentrat ion at the mid-poin t  of 
the microcell  remained unchanged during the  course 
of the experiments .  The cell was divided into two five- 
point grids on ei ther side of the center  line, wi th  t h e  
boundary  conditions as designated by Eq. [2], [3], and 
[4]�9 

It has been shown elsewhere  (5) that  a f ive-point  
grid is sufficient to give three-f igure  accuracy if the 
input data are known exactly. An  appropriate  in ter -  
polation formula  was used to obtain the concentrat ions 
at the grid points and various elapsed t imes which are 
shown in Table I. The calculated values of z~(t) are 
given in Table II. 

F rom the definition of the uncoupled var iab le  vector  
v ( t ) ,  Eq. [10], it can be Seen tha t  the components  
v+(t) of this vector  are the scalar products  of potent ial  
vector  u ( t )  with  the individual  e igenvectors  qi (i = 1 
to 5). Geometrical ly,  these may  be looked on as the 
projections of the potent ial  vector  u ( t )  onto the in-  
dividual  eigenvectors  qi. If  the ini t ial  condit ion vector  
Uo happens to be colinear  wi th  one of the eigenvectors  
qj, then it follows that  vj would  have a finite value  
whereas  the other  v+'s (i ~ j)  wi l l  have  zero value  
and wil l  continue to have  zero values at subsequent  
t imes and these variables  wi l l  contr ibute  nothing to 
the analysis of data. In practice, the init ial  condit ion 
vector  is "more  colinear" wi th  some eigenvectors  than 
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Table I. Experimental data on diffusivity of copper sulfate 

Cel l  w i d t h  = 3.13 r am;  ce l l  t e m p e r a t u r e  = 25"C 
On ly  the  re su l t s  for  t h e  l ow  c o n c e n t r a t i o n  h a l f  o f  the  cel l  are p r e -  
s e n t e d  here .  

G r i d  p o i n t  
m m  f r o m  C o n c e n t r a t i o n ,  g m o l e s / l  

T ime ,  t o p  o f  1 2 3 4 5 C e n t e r  
s ee  cel l  2.9877 2.7032 2.4186 2 . 1 3 4 1  1.8495 1.5650 

0 0.0013 0.0331 0.0442 0.0492 0.0506 0.0494 
5 0.0054 0.0332 0.0440 0.0467 0.0480 0.0494 

20 0.0079 0.0312 0.0424 0.0463 0.0486 0.0494 
40 0.0106 0.0228 0.0413 0.0465 ~0483  0.0494 
50 0.0118 0.0280 0.0409 0.0460 0.0481 0.0494 
75 0.0145 0.0277 0.0405 ~0459 0.0481 0.0494 

100 0.0172 0.0281 0.0381 0.0457 0.0480 0.0494 
120 0.0181 0.0281 0.0386 0.0457 0.0476 0.0494 
150 0.0208 0.0283 0.0377 0.0444 ~.0477 0.0494 
200 0.0231 0.0288 0.0369 0.0423 0.0d87 0.0494 

Table IIA. Eigenvalues and cos 8 for various eigenvectors 

1 2 3 4 5 

Cos 6~ t 0 . 0 1 1 9  0 . 1 9 1 2  0 . 0 4 5 8  0 .6751  0 . 7 1 0 9  

A~ - - 3 . 6 8 2 5  - - 2 . 8 3 0 8  - - 1 . 7 1 5 3  - - 0 . 6 9 0 3  - - 0 . 0 8 1 0  

* 0 is t h e  a n g l e  b e t w e e n  t h e  n o r m a l i z e d  ve c to r s  u< o) a n d  q~. 

Table liB. Values of transformed variable zi(t) at various times 

z~ (t)  

1' S e c  1 2 3 4 5 

A 
.e- 

0.8 

0.6 z 4 

0.4 

5 0 . 6 9 1 0  0 . 8 0 2 7  1 . 0 0 2 4  0 . 8 2 0 0  0 , 9 7 0 5  
20  0 . 4 5 8 3  0 . 6 3 2 3  0 . 7 7 4 5  0 . 7 6 6 7  0 . 9 8 1 6  
40  0 . 0 9 3 6  0 . 2 5 0 8  0 . 5 5 8 8  0 ,7201  0 . 9 9 9 8  
50 " 0.0791 0.2341 0,5235 0'.6745 0.9881 
75 - -  0 . 0 3 1 5  0 . 1 0 8 0  0 . 4 0 4 9  0 .6181  0 . 9 5 5 7  

1 0 0  0 .2761  0 . 0 8 4 4  0 . 2 2 9 7  0 . 5 2 9 1  0 . 9 3 9 9  
120 0.1721 0.0021 0,2347 0.5095 0,9239 
150 0.0204 0.0092 0,1241 0 . 4 2 1 3  0 . 9 0 0 1  
200 -- 0.1485 0.0259 0.0956 0 . 3 0 0 4  0.8895 

the  others; this is indicated by the  re la t ive  magni tudes  
of the scalar products such as the ones shown in 
Table HA. 

The var iables  zi(t) are functions of v~(t), and are  
normalized values of v~ wi th  respect to the init ial  va lue  
vi(o)  and the  modified boundary  condit ion vector  
component  ci (Eq. [17] and [18]). Since these zi's de-  
cay exponent ia l ly  to zero with  t ime (Eq. [18]), it fol-  
lows that  they are uni ty  in numer ica l  value  at zero 
time, but  displacement  along the  t ime axis wi l l  not 
affect the determinat ion  of a. Some of these zi's decay 
faster  than the others depending on the  numer ica l  
value of the corresponding e igenvalue  k*i. Refer r ing  
again to Table  IIA, we  notice that  e2 is grea ter  in mag-  
ni tude than 01 or 03, but  is less than 04 and 05. Since 
the e igenvalue  k*2 is about 4 t imes larger  than k*4 and 
about 35 t imes larger  than k*5, it follows that  its decay 
is much faster  than  of z4 and zb. This is c lear ly  seen by 
the re la t ive  size of numbers  in Table IIB, columns 2, 4, 
and 5. The noise in the data  has affected the accuracy 
of numbers  in column 2 beyond 40 sec. Presumably ,  if  
more  data were  avai lable be tween  0 to 30 sec, z2 could 
be used along with  z4 and z5 to calculate D. It must  be 
remembered ,  however ,  that  v4 and v5 (from which z4 
and z5 were  der ived)  had much bet ter  ini t ial  values. 

These considerations have  led us to use z4 and z5 only 
for the est imation of diffusivity of copper sulfate. They 
were  separate ly  fitted to a s traight  l ine (Fig. 4). The 
value  of D using z4 was 0.585 x 10 -6 cm2/sec; using z5 
it was 0.602 x 10 -6 cm2/sec. The average  value  (0.594 
x 10 -6 cm2/sec) is consistent wi th  the reported l i tera-  
ture  va lue  which ranges f rom 0.55 to 0.80 x 10 -6 cm2/ 
sec (6). 

In order  to compare  the proposed procedure wi th  
the convent ional  "least  squares" technique,  the same 
data were  analyzed, using a t r i a l - and -e r ro r  search 
procedure  to find the min imum var iance  by subst i tut-  
ing in var ious values of D, the diffusivity into Eq. [6]. 
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Fig. 6. Least squares analysis, initial condition B 

The choice of an ini t ial  condit ion posed a problem; it 
was finally decided to carry  out  the calculations for 
two ini t ial  conditions, A and B, corresponding to 0 and 
5 sec af ter  the current  was switched off. Results are 
shown in Fig. 5 and 6. As can be seen, it is most diffi- 
cult  to find the "best fit" va lue  of a, the diffusivity, the 
two curves giving values of a that  differ by more than 
15%. 
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Conclusions 
1. A combinat ion of microcel l  in te r fe romet ry  and 

theoret ical  analysis provides a new means for rapid 
and accurate de terminat ion  of molecular  diffusivities 
in liquids. 

2. The procedure outl ined here is capable of yielding 
useful results even f rom ra ther  "noisy" data. As bet ter  
l ight sources and improved  microcells  are developed, 
the accuracy should be even better.  

3. The "least squares" technique,  besides using ex-  
cessive computing time, failed to yield useful results. 
The variance,  which is a measure  of "best  fit" is re la -  
t ive ly  insensit ive to the value of a, the diffusivity. 
Fur thermore ,  the method  is predicated on a known 
init ial  condition; hence, much weight  is placed on the 
correctness of these conditions. The proposed pro-  
cedure, on the other  hand, places approximate ly  equal  
weight  on all  the data, which more  t ru ly  reflects the 
exper imenta l  conditions. 

Manuscript  submit ted Apri l  24, 1967; revised manu-  
script received ca. March 20, 1970. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL.  
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Ion and Water Transport in Ion Exchange Membranes 
J. H. B. George, R. A. Horne, 1 and C. R. Schlaikjer *~ 

Arthur  D. Little, Inc., Cambridge, Massachusetts 

ABSTRACT 

Measurements  have been made of the electr ical  conduct ivi ty  of cation- and 
an ion-permeable  ion exchange membranes  (Nepton CR-61 and AR-110) in a 
number  of ionic forms at 10 ~ 25 ~ and 40~ and the corresponding Arrhenius  
act ivat ion energies calculated. Conduct ivi ty  measurements  have also been 
made on free solutions chemical ly  analogous to the membrane  systems and 
on membranes  containing two mobile ions. Conductivit ies in the membrane  
are much lower than in free solution and the act ivat ion energies somewhat  
higher.  In the case of mobile cations, but not anions, there  is a ve ry  strong 
charge dependence. The observed conduct ivi ty  phenomena are in terpre ted  in 
terms of a general  s t ructural  re tardat ion of movement  as a consequence of the 
enhanced wate r  s t ructure  in the internal  solution, and a more specific re laxa-  
tion arising f rom the interact ion of the mobile ions wi th  the total  coulombic 
field of their  environment .  Water  t ransport  measurements  indicate that  the 
ions moving  in the membrane  carry wi th  them their  p r imary  hydrat ion 
sphere, a sizable fract ion of their  total  coulombic hydrat ion atmosphere,  and, 
especially in the case of larger  species, entrained (or electro-osmotic)  water  
as well.  

Description of the Resin Systems 
The membranes  used in the present  invest igat ion 

were  cation permeable  Nepton CR-61 and anion per -  
meable  Nepton AR-110, both manufac tured  by Ionics, 
Inc. The manufac tu re r  cooperated by taking par t icular  
pains to provide membrane  samples as s imilar  as pos- 
sible wi th  respect to propert ies such as capacity, water  
content, cross-linking, etc. The membranes  are com- 
posed of d iv inyl -benzene-cross - l inked  polystyrene 
resins, the former  wi th  sulfonate, the lat ter  wi th  
qua te rnary  ammonium charge sites. They are quite 
highly cross-l inked (30%) and, therefore,  show re la-  
t ive ly  li t t le wa te r  transport ,  a desirable feature  in 
electrodialysis.  The general  aspect of the  membrane  
then is of a porous, hydrophobic resinous mat r ix  con- 
taining wate r  and studded with hydrophil ic  charge 
sites. 

Cross-l inked resins sometimes exhibi t  a sieve effect, 
that  is to say they mechanical ly  exclude ions too large 
to pass through the avai lable distr ibution of hole sizes 
[see Chap. 5 of Helfferich (1)].  Large  ions such as 
CH3(CHD2NH3 +, (C2Hs)4N +, and (CH~)aN(CH2~) + 
are mobi le  in the present  membranes  f rom which  the 

* Electrochemical  Society Act ive  Member .  
1Presen t  address :  Woods Hole Oceanographic  Inst i tut ion,  Woods 

Hole, Massachuset ts .  
Presen t  address :  P. R. Mallory & Co., Bur l ington ,  Massachuset ts .  

conclusion can be drawn that  there  is an ample num-  
ber of modera te ly  large passages, i.e., with  diameters  
in excess of about 10A. The "mesh width"  of organic 
ion exchange resins ranges on the average f rom a few 
to about 100A depending on the  extent  of cross- l ink-  
ing (1), and, inasmuch as the extent  of cross- l inking 
in a given membrane  is h ighly variable,  these num-  
bers probably can be taken to represent  the limits of 
pore sizes in a membrane.  However ,  movemen t  of 
species in the internal  solution of the resin is not 
total ly  without  mechanical  restraint ,  thus water  t rans-  
port  is marked ly  higher  at low current  densities (2) 
where  the ions t rave l  wi th  accompanying wate r  
through the larger  pores than  at high current  densities 
where  the ions are forced through the smaller  pores 
as wel l  (3). 

The membranes  are roughly  30% water  by weight.  
The water  content  (Table I) shows li t t le dependence 
on the nature  of the mobile ions present. But  the 
water  content of the anion permeable  membrane  ap- 
pears to be consistently lower  than that  of the cation 
permeable  membranes.  Inasmuch as the re la t ive  water  
content  of the cation-vs,  an ion-permeable  membranes  
is just  the opposite of what  one would  expect  on the 
basis of hydra t ion  considerations, the difference is 
probably due to differences in the microgeometry  of 
the two types of membranes  and to the greater  sul- 
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Table I. Water content of ion permeable membranes 

Ionic  f o r m  of  % by  W e i g h t  of  w a t e r ,  
m e m b r a n e  m e a n  v a l u e  

N e p t o n  CR-61  
Li+ 36.9 
N a  + 36.5 
K+ 35.7  
Rb+ 32.2 
Cs+ 32.7 
NH4 + 36.0 
TI+ 37.8 
Mg++ 35.5 
Ca++ 35.2 
Sr++ 32.8 
Ba ++ 32.8 
L a  +++ 32.5 

N e p t o n  A R - 1 1 0  

-6 > 

-6== 

E 
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F-  33.8 ._~ 
C1- 29.8 
B r -  32.7 
I -  31.2 -= 
NOa-  30.4 
C 1 0 , -  30.4 
PF~- 28.0 
C08  = 25 .4  
SO,= 30.2 o 

Fe (CN) ~- 29.4 

fonate concentrat ion in the cat ion-permeable  mem-  ~, 
brane  than  qua te rnary  ammonium concentrat ion in the 
an ion-permeable  membrane.  The dehydrat ion pro- 
cedure was a mild one, drying to a constant  weight at 
l l0~ hence these values probably  represent  only the 
water  held weakly in the membrane.  Characterist ically 
colored hydrated ions, such as Cu(H20)4 ++, do not 
lose their  coloration in the membrane  on drying by 
this method; hence they must  re tain at least some of 
their waters of hydration.  Similar ly  infrared studies 
on "dried" membranes  in the La +++ form revealed 
quanti t ies of water  left. Then too, the membrane  i t -  
self may retain some of its hydrat ion crust. 

The capacity of the cat ion-permeable  membranes  is 
about 1.47 meq/g  (wet resin in the Na + form) and of 
the an ion-permeable  membranes  0.650 meq /g  (wet 
resin of the C1- form).  Lit t le is known concerning the 
spatial dis t r ibut ion of the charge sites in the mem-  
brane. If coulombic forces dominate when the charge 
sites are synthesized, one would expect a more or less 
even spacing in order to achieve max imum charge sep- 
aration; however, if hydrophobic forces are important ,  
a clustering of charge sites would result. Fur thermore  
the polymer  condensation process results in consider-  
able inhomogenei ty  of the degree of cross-linking, and 
this in tu rn  also tends to concentrate the charge sites 
in clusters. The bulk  of available evidence indicates 
that charge sites are usual ly  very  uneven ly  spaced (1). 
A crude estimate based on the capacities would indi -  
cate that  on the average the distance between charge 
sites is of the order of magni tude  of 10A. 

In order to avoid electrolyte invasion, in all of the 
measurements  described here, unless otherwise stated, 
the concentrat ion of the external  solution was kept  at 
0.01N. To preserve electrical neu t ra l i ty  the concentra-  
t ion of the mobile ion in the in te rna l  solution is deter-  
mined by the number  of oppositely charged sites in the 
membrane  and can therefore be calculated from the 
membrane ' s  capacity and water  content. The concen- 
trations of mobile ions in the in te rna l  solution in the 
membranes  thus calculated are about  4 and 2N for the 
cat ion-permeable  and anion-permeable  membranes,  
respectively. 

As the concentrat ion of the external  solution is in -  
creased above 0.05N, invasion of the membrane  by 
both ions of the external  electrolyte commences. The 
in te rna l  electrolyte concentrat ion becomes roughly  
proport ional  to the external  concentration, and the 
proport ional i ty factor increases as the charge of the 
ion increases, that  is to say, the higher the charge of 
the ion the more readi ly it  invades the m e m b r a n e  
(Fig. 1). 

Experimental Results 
The major  part  of the exper imental  effort in the 

present  studies was devoted to the measurement  of 

25~ 
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Fig. 1. Invasion of a cation-permeable membrane 
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Fig. 2. Membrane conductivity cell 

the electrical conductivi ty of cat ion- and an ion-per -  
meable  membranes  containing different mobile ions. 
The conductivi ty cell used is shown in  Fig. 2 with a 
membrane  in place. The electrodes in the cell are 
paral lel  disks of plat inized plat inum. The equivalent  
circuit of the cell has been discussed by Feates, Ives, 
and Pryor  (4), while fur ther  exper imental  details were 
given in a previous paper (2). Table II summarizes 
measured conductivities of the membranes  containing 

Table II. Electrical conductivities and activation energies of 
conductance of membranes containing different simple inorganic 

cations end anions at 25~ 

~km, X~ Ea,m, E~ 
Ion  c m  2 ohm-1  c m  2 ohm-1  k c a l / m o l e  k e a l / m o l e  k~  

N e p t o n  CR-61  

Li+ 2.19 a 38.68 b 5.46 4 .13 17.7 
Na+ 2.82a 50.10 b 5.39 3.87 17.8 
K+ 5.31 a 73  50 b 3.69 3.47 13.8 
Rb+ 3.81= 77.81 b 4 .09 3 .38 20 .4  
Cs+ 1.86a 77.26 o 4.15 3,33 41.6  
NH~+ 5.32~ 73.55 b 4.69 3.86 13.8 
T[+ 3 - 0 4  a - -  4 . 7 3  - -  - -  
M g  +2 0.69 a 53.05 b 4.87 3.92 77.0 
Ca+2 0.99 a 59+50b 4.46 3.92 60.0 
Sr+~ 0.84a 59.45 b 4 82 4 .04  71.0 
Ba +~ 0.75a 63.63 b 4.80 4.23 85.0 
La +s 0.22 a 69.75 b 4.09 4.64 317.0 
N e p t o n  A R - 1 1 0  

F -  6.40 55,40 b 4.21 - -  8.7 
C1- 5.62 76.35 b 4 .56 3.57 13.6 
B r -  3,84 76,14b 5.30 3.54 20.4  
I -  1,85 76.84 b 5.55 3.28 41.4  
NO~- 4.28 71,46b 5.25 3.28 16.7 
C10~- 1,00 67.36 b 6.70 3.35 67.4  
PF6-  0.50 - -  4 .90 - -  - -  
C O s  = 4 . 6 8  - -  5 . 9 0  - -  - -  
SO+ = 3 . 9 0  8 0 . 0 2  b 5 . 1 0  3 . 9 0  2 0 . 5  
F e ( C N )  6 = 0.11 - -  4.90 - -  - -  

a F r o m  r e f  (2) .  
b F r o m  r e f  (5) ,  
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different mobile  ions, ;t.m. Also included in  Table  II 
are the l imit ing ionic conductivities of the ions in free 
solution ko and the Arrhenius  activation energies in 
the membrane,  Ea, m calculated from data at 10 ~ 25 ~ 
and 40~ and for the free solution EOa,s calculated from 
l i terature values of i~ 

In  order to test for any intr insic tendency on the 
part  of the species present  in the membranes  to form 
ion-pairs,  conductivi ty measurements  were  made on 
the following systems which represented solution 
analogues of the membranes :  

SOLUTION ANALOGUES OF THE 
CATION PERMEABLE MEMBRANE 

Li + 

N: 

H + 

Mg 

La +++ 
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Table Ill. Equivalent conductivity (A) and Arrhenius activation 
energies of conductivity (Ea) of membrane-analogue solutions 

p-toluenesulfonate (PTS) 

SOLUTION ANALOGUES OF THE 
ANION-PERMEABLE MEMBRANE 

b e n z y l t r i m e t h y l ~ o n i m n  (BTEA) 

s~ (o~,)S "~ 
These measurements  were made on solutions of con- 
centrat ion ranging from 0.001 to 2.5N at 10 ~ 25 ~ and 
40~ Some typical  plots of the conductance vs .  the 
square root of the concentrat ion are shown in Fig. 3, 
while  Table III  summarizes measured conductivit ies 
and calculates act ivation energies of conductance of 
these systems. 

The m e m b r a n e  conduct ivi ty studies were extended 
to embrace several  series of more complex organic 
cations and anions and a few ammonia ted  metall ic ca- 
tions as mobile ions and the results are summarized 
in Table IV, while the results of studies on mixed 
electrolyte systems are presented in Fig. 4 and 5. 

Table V summarizes the results of water  t ranspor t  
measurements  in the membranes  at three different 
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Fig. 3. Concentration dependence of the equivalent conductances 
of membrane analogue solutions. 

A,o~ cm 2 A~5oc cm 2 A~oc cm 2 E a ,  
Ion  ohm-1 CClV-1 ohlTl-1 eqv-Z o h m  -I e q v  -1 k c a l / m o l e  

p - t o l u e n e s u l f o n a t e s  (PTS) 
1.77N H + 132.5 172.5 211.0 2.4 
1.77N L i  + 14.6 22.5 31.0 4.1 
1.77N Na+ 20.9 32.0 43.0 3.8 
1.77N K + 35.0 49.1 68.0 3.5 
1.77N N[g++ 28.4 4.3 
1.77N Ca ++ 24.2 3.6 
1.77N Ba++* 23.0 6.1 
1.77N L a  +s* 12.0 16.0 23.0 7.3 

b e n z y l t r i m e t h y l a m m o n i u m  (BTMA) sa l t s  
0.65N C 1 -  4 3 . 0  69.6 72.0 4.2 
0 . 6 5 N  I -  4 8 . 0  4 . 0  
0 . 6 5 N  S O L :  5 7 . 8  4 . 0  

* E x t r a p o l a t e d  va lues .  

Table IV. Equivalent conductivities of membranes 
in various ionic forms 

Am c m S  Ea,m 
I o n  ohm-1 equ iv -1  k c a l l m o l e  

N e p t o n  CR-61 
(CH~) ~N+ 1.42 - -  
(CHs) NHs+ 0.73 -- 
(C~I~) 4N+ 0.76 - -  
(CHs)  sN (CI-I~--r § 0.36 - -  
1.44N* n-CsH~NH3 + 0.88 6.36 
1.42N n-C4H�NHs + 0,.65 - -  
1.43N n-CsH4NHs + 0.39 -- 

1.45N +H3N (CH2) ~NHs + 1.59 4.73 
1.4SN +H~N (CHD sNI-I~+ 1.33 -- 
1.45N +HsN (CH2) 4NHs + 0.93 -- 

Cu ( H 2 0 )  i +  + 1.19 5.49 
C u  ( NI--I~ ) 4 * +  0 . 7 6  3.89 
Cr (H20) ~+++ 0.32 5.13 
1.49N Cr (NHs),  +++ 0.18 4.50 
1.49N Co (NHs)c +++ 0.31 9.78 

N e p t o n  AR-110 
1.04N CIz~COO - 1.66 6.27 
1.04N C2H~COO- 1.39 -- 
1.05N Call,COO- 1.03 - -  

1.03N -OOC COO- 1.63 5.49 
1.04N -OOC CH~COO- 1.34 -- 
1.04N -OOC ( C H D  2COO- I . I  1 - -  

* C o n c e n t r a t i o n s  are  i n  e q u i v ,  p e r  l i t e r  of  m e m b r a n e  i n c l u d i n g  
t he  o rgan i c  m a t r i x  and  t he  F i b e r g l a s  b a c k i n g  m a t e r i a l ,  a n d  s o l u -  
t i o n .  

temperatures.  The details of the exper imenta l  pro-  
cedure have been described previously (2). 

Discussion 
The results in Table II present a number of inter- 

esting features. The two most  striking of these are 
the great reduction of ionic mobi l i ty  in the internal  
as compared to the external  solution (last co lumn)  
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Fig. 4. Conductivity mixture effect in a cation-permeable mem- 
brane at 25~ for the system N a + / C a  § § 
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Fig. 5. Conductivity mixture effect in a cation-permeable mem- 
brane at 25~ for the system K+ /La  +3. 

and the strong dependence of cationic mobil i ty  in the 
membrane  on charge type. The strong charge de- 
pendence has been repor ted  ear l ier  by Heymann  and 
O'Donnel l  (6), Rosenberg, George, and Po t te r  (7), 
Spiegler  and Coryell  (8), and Grubb (9) and is in 
strong contrast  wi th  the free solution where  the in-  
crease in hydra t ion  wi th  increasing charge type tends 
to compensate for ion size and charge type, and re-  
sults in surpris ingly l i t t le var ia t ion in conductivit ies 
among different ions. The value  of ~m for anions shows 
no charge dependency and is more var iable  within a 
charge type than among charge types. In the case of 
the halide anions, however ,  there  is a regular  decrease 
in their  m o b i l i t y  in the  membrane  with  increasing ion 
size (crystal  radius) and there  is also, as might  be 
expected, a regular  increase in Ea,m,  the Arrhenius  ac- 
t ivat ion energy of conduct ivi ty  in the membrane.  The 
ratio of the l imit ing conduct ivi ty  of the mobile  ion in 
f ree  solution to the conduct ivi ty  of the membrane  
containing that  ion, ~%/~-r~. is perhaps  even more  in-  
terest ing:  the value  of this ratio is ve ry  near ly  the 
same for all  monovalent  ions, both cations and anions, 
and for SO4 =, fall ing in the range of about 14-20. The 
anions which  do not obey this rule, F - ,  I - ,  and C104- 
are all  anions which are notoriously eccentric in aque-  
ous solution, presumably  because of their  pecul iar  
effects on water  structure.  The only cationic except ion 
to the rule, Cs +, curiously enough has the same value  
of Ls/~m as isoelectronic (and also anomalous) I - ,  al- 
though this could be fortuitous. The doubly charged 

Table V. Water transport 

Ion ic  f o r m  of W a t e r  t r ans f e r ,  m o l e / F a r a d a y  
m e m b r a n e  10~ 25~ 4O~ 

In  N e p t o n  CR=61 (0.2 m A / c m  2) a 

Ni* 20.6 16.9 (22) 17.1 
Na+ 13.3 14.0 (13) 13.8 
K+ 10.7 10.1 (7) 9.7 
Rb  + 7.9 7.7 8.1 
Cs+ 8.9 8.5 (6) 6.6 
NH~+ 14.4 12.5 14.8 
Tl+S 16.4 11.5 6.4 
M g  +~ 5.5 3.5 (36) 2.5 
Ca +2 7.2 6.8 6.4 
Sr+~ 6.3 4.8 (29) 3.2 
Ba  +2 5.4 4.5 3.1 
La+~ 3.9 2.3 2.0 

In  N e p t o n  AR-110 (0.7 mA/cm~)  
F -  12.4 I I . 0  (7) 8.S 
C1- 5.7 7.3 (5) 6.0 
B r -  5.2 7.0 (5) 4.8 
I -  11.9 I i , 3  9.7 
CIO4- 5.0 6.5 7.9 
NOs- 5.3 4.9 (6) 5.2 
PF~- 8.3 11.4 11.5 
CO~= 5,5 6.3 6.7 
SO4: 3,3 3.0 (12) 3.4 
Fe(C~)e--- -- 9.4 -- 10.2 -- 11.9 

a F r o m  ref.  (2). 

cations form a second family  of similar  k~ ratios. 
the value  in this instance ranging f rom 60 to 85. To 
generalize,  the values of k~ fall  into the ranges of 
approximate ly  20.70:300 for singly, doubly, and t r ip ly  
charged cations. 

Few systematic tendencies are evident  in the act iva-  
tion energies of conduct ivi ty  in the membrane.  The 
Ea.m'S for conduct ivi ty  in an ion-permeable  membranes  
tend to be in the ma jo r i ty  of cases h igher  than  for 
ca t ion-permeable  membranes ,  and this probably  re-  
flects differences in the mobi le  ions. As expected, save 
for a single exception, La +3, the act ivat ion energy of 
conductance in the membrane  is a lways higher  than 
for the mobile  ion in free solution. Inasmuch as Ea 
in free solution tends to decrease wi th  increasing elec-  
t ro lyte  concentrat ion (I0) ,  the differences between the 
membrane  and a free solution of comparable  electro-  
lyte concentrat ion may  be even greater.  

A comparison of the results  in Table II wi th  those 
in Table I l l  is also revealing.  In the case of the mono-  
valent  ions the Ea's of the conduct ivi ty  of the solution 
analogues of the membrane  (Table III)  fal l  between 
those of the membrane  and of the ion in infinitely di-  
lute free solution for both anions and cations. Mg + * 
and SO4 = are also intermediate .  Ea for Ca + + PTS falls 
below the value  of E~ whi le  the Ea's for Ba + +PTS 
and L a + s p T s  fall ve ry  appreciably  above both the 
c o r r e s p o n d i n g  E a , m  and E~ For the PTS solutions ?~ 
increases in going f rom Li + to Na + to K + (Table III)  
just  as it did in the case of the membrane  systems 
(Table II) ,  and in all cases the value  for the m e m -  
brane analogue solutions is in termedia te  be tween ~,m 
and ),os. Ea decreases wi th  decreasing radius of the 
hydra ted  ion as expected. Heavi ly  hydra ted  La +a has 
a low A and a high E a .  Hydra t ion  increases wi th  charge 
type; hence A decreases as Ea increases wi th  increas- 
ing charge on the ion. Both A and especial ly Ea for 
BTMA salts show li t t le systematic dependence on the 
nature  of the anion. 

Ion pair format ion in the internal  solution is com- 
monly evoked in order to account for the observed 
differences between ionic mobll i t ies  in resins and in 
f ree  solution. However ,  dilute solutions of each of the 
res in-analogue systems studied obeyed the Onsager 
l imit ing law (11), that  is to say, plots of equivalent  
conduct ivi ty  vs. the square root of the concentrat ion 
were  l inear in the di lute solution range (Fig. 3). On 
the basis of this l inearity,  the conclusion can be drawn 
that  none of the two ion systems examined showed 
any evidence for appreciable association in free aque-  
ous solution, and f rom this, inasmuch as, apart  f rom 
electrolyte  concentrat ion effects, there  is no good rea-  
son for supposing that  the  dielectric constant is differ- 
ent in the in ternal  than  in the externa l  solution, we 
can fur ther  conclude that  these studies have  given no 
reason for supposing that  there  is appreciable ion 
pair  formation in the analogous resin systems. The 
strong dependence of Donnan exclusion on charge 
type is thus the consequence of ion field interact ion 
ra ther  than enhanced mobile  ion-fixed ion association. 

The classical theory  of ionic conduct ivi ty  takes as 
its model  a charged sphere moving through a viscous 
continuum. As the concentrat ion of e lectrolyte  increases, 
the ions cease to move  independent ly  of one another,  
and the ion-ion interactions give rise to wha t  is in 
effect a drag that  reduces ion mobility. Hence conduc- 
t iv i ty  equations such as the Onsager-Fuoss  equation 
take the form of the l imit ing conductance h o, minus 
subtract ive terms for the drag effects. 

A = A ~ - -  (~bE 2C ~bR) ~ / Y  [1] 

where  I is the ionic strength, a concentrat ion depen-  
dent parameter .  In free aqueous solutions the first 
subtract ive  term, bE, represents  the electrophoret ic  
effect, the fact that  an ion is moving,  not in a stat ion- 
ary medium, but in a med ium that  is moving  as a con- 
sequence of the motion (in the opposi te  direction) of 
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the waters sur rounding  the oppositely charge ions. 
Inasmuch as the charge sites in the membrane  are 
more or less fixed, the movement  of the mobile ion in 
the membrane  should not be reduced by this phenome-  
non, unl ike  free solution. On the other hand, one might  
expect the relaxat ion effect, CR, to be more impor tant  
in the membrane  than  in free solution. This drag effect 
arises from the restoring force when  an ion is dis- 
placed in the coulombic field represented by its en-  
vironment .  In  the membrane,  because of the fixed lo- 
cations of the charge sites, this field should be more re-  
sistant to al terat ion by the displaced ion than in free 
solution. 

Meares (12) has derived a theoretical expression for 
the conductivities of ions in resins by consideration of 
the electrophoretic and relaxat ion effects. In the case 
of a resin, unl ike  free solution, the solvent flow is in 
the same direction as the movement  of mobile ions, 
and the two effects are opposite. Here we wish to pre-  
sent a closely related but  a l ternat ive  analysis. We pre-  
fer to take the view that  the immobil i ty  of the fixed 
charge site on the resin mat r ix  makes the electro- 
phoretic effect (bE in  Eq. [1]) negligible ~ and the re-  
laxation effect (r more important ,  and that  the in -  
creased relaxat ional  drag and the t ightening of water  
s t ructure  in the m e m b r a n e  are the two principal  
factors responsible for the observed great reduct ion of 
ionic mobilit ies in the m e m b r a n e  as compared to free 
solution. Therefore, for membranes  Eq. [1] can be 
rewr i t ten  

Am = A ~  - -  CR,m ~/Y [2] 

Since only the mobile ion contributes to the conduc- 
t ivi ty  in the membrane  2~Os is for the mobile ion only. 
The constant  A~ is a factor represent ing the reduction 
of species mobil i ty  by the "abnormal"  water  s t ructure 
in the in te rna l  solution of the membrane  and its value 
is probably in the neighborhood of 10. Also contained 
in A1 is the "dilution" of the resin by the volume oc- 
cupied by the nonconduct ive organic matrix.  In  free 
solution the re laxat ion term is given by (5) 

2.8 • 106lz ,zu[q ~os 
~br,s ~ [ 3 ]  

(~T3~2) (1 + ~/~) 
where q is [Iz lz21/ lZl t  -F Iz2l] [(g~ Jr 2~%)/(Iz21~~ 

Izll;~%)]. Taking the charge of the resin, z2, to be 
un i ty  and its conductive parameters  to be zero, we ar-  
rive at the following approximate  expressmn for re-  
lat ing membrane  conductivit ies to the charge of the 
mobile ion 

~.~ s 
Am = ~ - -  A 2 z l  N/C(1 + z l ) / 2  [4] 

10 

where  Zl is the charge of the mobile ion and C is its 
concentrat ion (about 4N in the present  case). Using 
the values in Table II we estimate that  A2 is some- 
where  in the range  0.8 to 1.2. The value of A2 in free 
solution (25~ ~ = 78) is 0.7855 but  inasmuch as A2 
contains ~-3/2 we expect this constant 's  value to be 
higher in the highly concentrated in te rna l  solution of 
the membrane.  Thus an equation containing only a 
water  s t ructure factor and a re laxat ional  te rm enables 
the semiquant i ta t ive  est imation of the conduct ivi ty  of 
mobile cations of any charge in a cation permeable 
membrane  from the l imit ing conductivi ty of the cation 
in free solution. The calculated values for Am, using 
A1 = 10 and A2 = 1.1, are 1.7, 2.8, 5.2, 5.6, 5.5, 5.2, 0.03, 
0.67, 1.08, and negat ive [sic] for Li +, Na +, K +, Rb +, 
Cs +, NH4 +, Mg ++, Ca ++ , Sr ++, Ba ++, and La +3, 
respectively. Agreement  with the observed values in  
Table II is good for monovalent  ions and fair for di-  
valent  ions, but  more important ,  Eq. [4] gives the 

3 W h i l e  t h e  f i x i t y  of  one  ion  m a k e s  t h e  e l e c t r o p h o r e t i c  c o n t r i b u -  
t i on  to  c o n d u c t i o n  (i.e., t h e  r e t a r d a t i o n  of  t h e  m o v e m e n t  o f  o n e  
ion  b y  the  o p p o s i t e l y  d i r e c t e d  m o v e m e n t  of  t h e  s o l v e n t  a c c o m p a n y -  
i n g  t h e  s e c o n d  m o v i n g  o p p o s i t e l y  c h a r g e d  ion) n e g l i g i b l e ,  i t  d o e s  
n o t  p r e c l u d e  t h e  e l e c t r o p h o r e t i c  t r a n s p o r t  o f  s o l v e n t  b y  t h e  o t h e r  
m o v i n g  a n d  o p p o s i t e l y  c h a r g e d  ion. 

r ight  range of values for singly, doubly, and t r iply 
charged cations. 

An expression of the form of Eq. [4] is not appli-  
cable to the conductivities of anions in an ion-perme-  
able membranes  for they, as we have seen, exhibit  
no systematic charge dependency. In  the case of 
anions, size, ra ther  than  charge, is c~early the impor-  
tant  variable. For the smaller  anions a s t ructural  re- 
tardat ion factor of a magni tude  of 10-15 is still very 
much in evidence, but  as the ion gets as large as B r -  
or greater  the re tardat ion becomes even more severe 
as evidenced both by re tardat ion factors of 20 and 
greater  and higher energies of activation. Even  more 
important ,  the relaxat ion term has ceased to be sig- 
nificant. This could be due to either the membrane  or 
the mobile ion. The charge sites in cat ion-permeable  
membranes  are coulombically hydrated  whereas those 
in an ion-permeable  membranes  with their  CH3 groups 
are hydrophobical ly hydrated.  Genera l ly  speaking 
anions in free solution are less hydrated than  cations, 
i.e., anions interact  coulombically more weakly  with 
their  environment .  One reason for this is that  their  
charge densities tend to be lower. Fur thermore  it is 
difficult to increase the charge on an anion without 
also increasing its size. Polyvalent  anions stable in 
aqueous solutions are for the most part  also poly- 
atomic. This increase in size tends to diminish the 
effect of the increased charge so that  anion charge 
densities are not as variable  with charge type  as cat- 
ionic charge densities. The weakened capacity for 
coulombic interactions in the case of anions could very 
well  greatly diminish the relat ive importance of the 
relaxat ion term. 

Of part icular  current  interest  is the s t ructural  re-  
tardat ion factor, constant  A1 in Eq. [2]. Transport  
processes in clay minerals  are retarded in a m a n n e r  
quite parallel  to the present  synthetic organic ion ex- 
change materials;  the activation energies are increased 
(and there is little ion-clay interact ion contr ibut ion)  
and the apparent  viscosity of the in te rna l  solution is 
anomalously high, and these observations have been 
a t t r ibuted to a s t ructur ing of the water  near  the min -  
eral surfaces (13, 14). Figure 6 compares schematically 
the probable differences in  water  s t ructure in the in-  
te rna l  and external  solutions. Recently a new water  
form, "orthowater" has been discovered (15, 16) which 
reportedly has a viscosity 10 to 15 times that  of "nor-  
real" water, in very  good agreement  with the present  
value of A1. Whether  orthowater  and vicinal  water  
(as in the resin) are synonymous or whether  the 
former is peculiar to silica surfaces, which may  cata- 
lyze its formation, remains  to be seen (17). 

It might  also be noted that the diffusion of Na + in a 
Nepton membrane  is 10 times slower than in free, di- 
lute  solution (8, 18). 

The conductivities of t e t r a -a lky lammonium cations, 
except for (CH~)4N + whose hydrat ion still has con- 
siderab]e coulombic character  (19), are very  much 
lower than those of the simple monovalent  ions in  
Table II; in fact, in the larger members  of the series 
such as (CH3)N-CH2~ and n-CsHllNH3 + the values 
are comparable to those for t r ip ly-charged inorganic 
ions (Table II and IV). In  addit ion to the importance 

Resin Matrix ~!:~:: 

~ "Free, "Monomeric Water 
Frank-Wen Cluster Water 
Electrostricted ~ater ) Coulombic Hydration 
"Abnormal" Structured Water t Hy(Irophobic Hydration 

Fig. 6. Comparison el external and inter.al solution structure 
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of ionic size, hydrophobic hydrat ion may appreciably 
reduce the mobil i ty  of species in the in ternal  solution, 
an hypothesis supported by the observation that, if 
these substances are made less hydrophobic by the 
addition of a second hydrophilic charge group, the 
conductivi ty increases so that, al though doubly charged 
simple cations are less conductive than  singly charged 
ones (Table IV),  doubly charged diamine cations are 
much more conductive than  isoelectronic singly 
charged monamines  (Table IV) and the activation 
energies correspondingly lower. Within  a given series 
the conductivi ty of the membrane  decreases wi th  in-  
creasing size of the mobile ion as expected. 

In  free solution the relat ively high kOs of 
Co(NHs)6 +++ (20) compared to La +~ (21) can be 
at t r ibuted to the weaker  interact ion of the former ion 
with the sur rounding  water. In  the membrane  the si tu-  
ation is reversed, and in the case of Cu( I I )  and Cr (III) 
the ammoniated cation is less mobile than  the hydrated 
cation although paradoxically, the Ea.m'S are lower 
(Table IV). The reason for these abnormali t ies  is not 
clear. The possibility of hydrolysis of these t r iva lent  
cations in the membrane  casts severe doubt on the 
real i ty  of the values. I t  is, however, reassuring to note 
that  Am for the t r iva lent  ions of Co and Cr are com- 
parable to the value listed in Table II for La +3. 

As before, the organic anions appear on the whole 
to be more mobile in the membrane  than  comparable 
cations, and again the differences between charge 
types, so obvious in the case of cations, has largely 
disappeared. The values of Am tend to be lower than  
for simple anions (Table II) and decrease, as expected, 
with increasing size. 

Mixed electrolytes.--In free aqueous solutions con- 
ta ining more than one electrolyte there are detectable 
deviations from the Kohlrausch principle of indepen-  
dent ionic mobilities and this "mixture  effect" becomes 
more marked the greater the difference in the mobil i -  
ties of the l ike-charged ions. For cations with a com- 
mon anion Longsworth (22) has shown that  the phe-  
nomenon depends only on the cations. Horne and 
Courant  (23) have studied the effect of hydrostatic 
pressure on the mixture  effect in free solution, and 
Mackay and Meares (24) examined the mix ture  effect 
for the system N a + / H  + in ca t ion-permeable  resin at 
1 atm. Theoretical analysis of the conductivi ty of 
mixed electrolytic solutions (25, 26) predicts a mix-  
ture  effect arising from the re laxat ion term. In  the 
light of the apparent  importance of re laxat ion in the 
in terna l  solution of a membrane  in de termining ionic 
mobilities (see above),  the conductivi ty of the asym- 
metrical  systems Na+/Ca  ++ and K + / L a  +3 in Nep- 
ton CR-61 was examined. For their  symmetr ical  
system N a + / H  + Mackay and Meares (24) found a 
downward deviat ion from lineari ty,  whereas the pres-  
ent  results indicate that  the N a + / C a  + + system gives a 
near ly  l inear  dependence of conductance on ionic com- 
position (Fig. 4) and the K + / L a  +3 system gives an 
upward  deviat ion from l inear i ty  (Fig. 5). 

The paper of Mackay and Meares (24), in addition 
to the mix ture  effect measurements ,  is of interest  inas-  
much as it contains two conclusions very similar  to 
two of the crucial points that  have emerged from the 
present  study, namely  that  (i) specific ion pair  and 
ionic association-type interactions are of minor  im-  
portance, and (ii) the effective viscosity in the in te r -  
nal  solution is anomalously high. 

Water transport.--The question of how much of its 
hydrat ion atmosphere a moving ion carries with it is of 
part icular  significance in  desalination technology be-  
cause the more water  the solute transfers, the more 
difficult will  be the separation of solute and solvent. 

An ion moving in the in te rna l  solution of the mem-  
brane  carries with it the more t ight ly bound elec- 
trostricted waters of hydration.  The pr imary  hydrat ion 
number  is not significantly different in the membrane  
than in free solution (3rd and 2nd columns, respective- 

Table VI. Primary hydration numbers of cations in an 
infinitely swollen sulfonated styrene-type cation exchange resin 

[ F r o m  E. G l u e c k a u f  and  G. P. P i t t ,  Proc.  R o y .  Soc.  (London) .  
A228, 322 (1955) ] 

Ion  H y d r a t i o n  N u m b e r  

H+ 3.9 4 
Li+ 3.3 2-6 
Na + 1,5 2-5 
K+ 0.6 1-4 
Cs+ 0, 0-4 
NH~+ 0.4 0-2 
Be  ++ 7.0 4 
Mg++ 7.0 4-12 
Ca ++ 5.2 4-8 
Sr++ 4.7 4-10 
Ba++ 2.0 3-5 
Hg++ 4.5 5 

ly, in Table VI). In  addition it may also re ta in  further  
waters of its total hydrat ion atmosphere. If it is a large 
ion, water  may also be t ransported as the result  of 
ionic movement  by en t ra inment  in the ion's wake 
and /or  by being pushed along the membrane  passages 
in front of the moving ion. 

Even though measurements  were made at different 
current  densities, the anions for the most par t  appear 
to t ransport  less water  than  the cations (Table V) 
which is compatible with the general ly greater  hydra-  
t ion of cations. Except for Li +, which is the most 
heavily hydrated of the alkali  meta l  cations and Rb + 
and  Cs +, the amounts  of water  carried by  all of the 
ions (mul t ip ly ing the values of the mul t icharged ions 
by their  charge) are remarkab ly  similar. Among the 
anions, F - ,  I - ,  PF6- ,  and Fe(CN)6--- appear to be ex- 
ceptional. The hydrat ion of F -  is considerably greater 
than  that  of its sister halides, hence the sizable n u m -  
ber of waters it t ransfers is no surprise. Iodide ion, 
however, is at best only very  weakly hydrated.  I t  and 
PF6-  may  be sufficiently large to t ranspor t  appre-  
ciable water  by en t ra inment  or pumping.  The present  
exper iments  give little quant i ta t ive  indicat ion of the 
relative amounts  of this electro-osmotic water  and 
water  of hydration.  The qual i tat ive expectation might  
be that  for smaller ions the lat ter  dominates a n d  for 
larger ions the former becomes important .  However, 
the si tuat ion is complicated by the fact that  the most 
heavily hydrated ions are also commonly the largest. 
Electro-osmotic water  t ransfer  may tend to com- 
pensate for hydrated water  sheared away as the ions 
press through the smaller passages. 

The water  t ransport  ~value for Fe (CN) 6 z is negative, 
that  is to say, the water  moves in the direction op- 
posite to that  of the anion. This t r iva len t  ion is taken 
up so strongly by the resin that  it converts  the mem-  
brane  from an anion to a cation exchanger analogous 
to the conversion of a cation to an anion exchanger by 
Th( IV)  complex ions (7) and of an anion exchanger 
to a cation exchanger by the absorption of oxalate 
(27). Values in Table V on the r ight  are hydrat ion 

numbers  determined from membrane  t ransport  ex-  
per iments  by Rutgers and Hendr ikx  (28). Agreement  
is very  good in the case of monovalent  ions of both 
types, but  they obtained values much higher than  
the present  ones for divalent  ions. 

Figure  7 compares the tempera ture  dependence of 
the number  of water  molecules t ranspor ted by the 
alkali  metal  cations with the number  of molecules of 
water  in their  total  hydra t ion atmospheres in free 
solution (29). The conclusions tha t  can be drawn from 
this comparison are: (i) the ions in the membrane  
transport  more water  molecules than their  pr imary  
hydrat ion number  ( t ightly bound electrostricted 
water)  but  less than  their  total  hydra t ion atmosphere 
in free solution; (ii) inasmuch as Li +, the most heavily 
hydrated cation, retains more of its less strongly 
bound waters in the m e m b r a n e  its water  t ransport  has 
the largest tempera ture  dependence. The other ions, 
being already stripped of m a n y  of their less s trongly 
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Fig. 7. Comparison of the water transport in the membrane with 
the total hydration atmosphere of the ions in free solution. 

bound waters  in the membrane ,  do not  so readily lose 
fur ther  water  molecules with increasing temperature.  
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Technicall Notes @ 
High Conductivity Solid Electrolyte System RbI-Agl 

Boone B. Owens .1 and Gary R. Argue .2 

Atomics International, A Division of North American Rockwell Corporation, Canoga Park, California 

There has been a considerable interest  in solid elec- 
trolytes because of a large number  of potential  appli-  
cations in electrochemical devices. However, such ap- 
plications have been severely l imited by the low con- 
duct ivi ty of the available solid electrolytes (1). The 
conductivities of solid electrolytes at 25~ are in  gen-  
eral  many  orders of magni tude  smaller  than those of 
electrolyte solutions, the former values being in the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
a P r e s e n t  addres s :  G o u l d  Ion ics  Inc. ,  Canoga  Pa rk ,  Ca l i fo rn ia .  
2 P r e s e n t  add re s s :  G e n e r a l  T e l e p h o n e  & E lec t ron ic s  Labora to r i e s ,  

Inc.,  Bays ide ,  N e w  York.  
Key  w o r d s :  c o n d u c t i v i t y ,  RbAgl I ; ,  r u b i d i u m  iodide,  s i l v e r  iod ide .  

sol id  e lec t ro ly te .  

range of 10 -12 to 10 -6 ( o h m - c m ) - l .  Some progress 
has been reported in using compressed powders of AgI 
for which the observed specific conductivi ty at room 
tempera ture  was of the order of 10 -4 ( 0 h m - c m ) - I  (2, 
3). The conductivi ty of the solid electrolyte Ag3SI at 
25~ was reported to be 10 -2 ( o h m - c m ) - I  by Reuter  
and Hardel  (4). Subsequent  studies per ta in ing to the 
electrical conductivi ty and related devices of AgsSI 
were reported by Reuter  and Hardel  (5) and by Taka-  
hashi and Yamamoto (6-9). 

The goal of obta ining solid electrolytes with con- 
ductivities (at ambient  t empera tu res )  comparable to 
those of electrolyte solutions was only recent ly accom- 
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plished. The solid electrolytes MAg415 (M = K, Rb, 
NH4, and to a l imited extent  Cs) were reported to have 
unusua l ly  high ionic conductivities (10, 11). The values 
reported for the electrical conductivit ies of these ma -  
terials differ by a factor of two to four. For example, 
the conductivi ty at 20~ of KAg4I~ was reported to be 
0.050 (10) and 0.21 (ohm-cm) -1 (11). In  the present  
investigation the conduct ivi ty  of the RbI-AgI  system 
was investigated in greater  detail  and, in  particular,  
the conductivi ty of the in termediate  compound 
RbAg415 was studied. 

Experimental 
The compounds and intermediate  compositions were 

prepared by the combinat ion reaction 

RbI + nAgI  ~ RbAgnIn+l [1] 

where n is the ratio of moles AgI to moles RbI. The 
indicated product  is a single phase at 165~ for n = 0, 
1/% 4, and oo, as may be readi ly deduced from the 
phase diagram (10). Other values of n yield two- 
phase products, in accord with the phase diagram. The 
compositions in the product  were readi ly identified by 
x - r ay  diffraction analysis. 

Mall inckrodt AgI and Research Organic RbI (99.9%) 
were used without  any  fur ther  purification. The re- 
actants were melted together and then  quenched; this 
product  was then gound, compacted, and annealed 
under  an argon atmosphere at a tempera ture  of 165~ 
for 16 hr. The pulverizing, compaction, and annea l ing  
were repeated once. The anneal ing permit ted any  un -  
reacted mater ia l  to form the desired product  and was 
not carried out to sinter  the product  p e r  se. 

The conduct ivi ty cells were of the type Ag foil/Ag, 
RbAg4Is/electrolyte/Ag,RbAg4IdAg foil in which a 
1/2 in. diameter  pellet was clamped between two Ag 
foil contacts. As indicated above, the pellet consisted 
of three layers, the two outer layers serving as A g /  
Ag + contacts to the central  electrolyte sample. The 
electrodes were prepared from int imate  mixtures  of 
Ag and RbAg415 containing nomina l ly  20 w/o  (weight 
per cent) of RbAg4Is. These mixtures  were prepared 
by the i n  s i t u  reduct ion of Ag20 in a carbon-RbAg415 
mat r ix  to yield the indicated electrode powder. A cell 
was fabricated from the powdered electrodes and 
electrolyte samples by  placing a 1/4g of electrode pow- 
der into a ~ in. die, spreading the electrode powder 
with the piston, adding the electrolyte powder (1-5g), 
again forming the powder into a r ight  cylinder,  and 
then adding another  Y4g of the electrode powder to 
form the second contact. The powder was then pressed 
to approximately 10,000 lb to form the pellet cell. 

The cells for the composition dependence of the 
electrical conduct ivi ty  were fabricated and tested 
under  ambient  conditions. Resistance measurements  
were carried out at 22~ However, the cells for the 
tempera ture  dependence of the specific conductivi ty of 
RbAg415 were fabricated in a dry  box, under  Ar  at-  
mosphere. The cells were placed in a controlled atmo- 
sphere chamber  in  which the tempera ture  could be 
regulated to __+2~C. Cell resistances were measured 
with a 1 kHz conductivi ty bridge (ESI, Model 250 DA).  

The specific conductivi ty r was calculated in  the 
convent ional  manner ,  from the sample resistance (cor- 
rected for contact resistance) and the sample geometry 
(diameter  and length of right cyl inder) .  The bu lk  
density of these RbAg415 pellets at 22~ is 5.30 g /cm 3 
as compared to the x - r a y  densi ty of 5.38 g/cm 3 (13). 
No correction was applied for the tempera ture  var ia-  
t ion of the cell constant. 

Results and Discussion 
The effect of composition upon the conductivi ty is 

shown in Fig. 1 in which ~ is plotted vs.  m/o  (mole 
per cent) AgI. The m a x i m u m  value of 0.26 (ohm- 
c m ) - 1  occurs at 80 m/o  AgI which is the composition 
of RbAg4Is; this demonstrates  the usefulness of corn- 
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Fig. 2. Resistance of 1.27 cm diameter pressed powder pellets of 
RbAg415 as functions of sample weight. 

posi t ion-conductivi ty curves for phase diagram or 
possibly solid-state reaction studies (12). Values of 
2 x 10 -4 ( o h m - c m ) - I  were observed for AgI and less 
than  10 - s  for RbI  and RbeAgI3. The in termedia te  com- 
positions were polyphase and had the in termediate  
values shown in  Fig. 1. 

The resistances of RbAg415 samples are shown in 
Fig. 2 for t empera ture  values from 0 ~ to 158~ The 
contact resistance values reported in  Table I are the 
intercepts of plots such as those shown in  Fig. 2; from 
the slopes of these l inear  curves the values for the 
specific conductivities were calculated. The contact 
resistance increased considerably at the subambient  
temperatures,  and there was greater  scatter in  the re-  
sistance values. 

The Arrhenius  plot of the specific conduct ivi ty is 
shown in Fig. 3. The plot is l inear  from 158 ~ down to 

Table I. Specific conductivity of gbAg415 

Contact Specific 
resistance, conductivity 

T, ~ C ohm (ohm-cm) -1 

158 0.08 0.68 

100 0.16 0.51 

30 0.27 0.30 

0 1.4 0.18 

--55 3.4 0.087 
--85 8 0.027 
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Fig. 3. Arrhenius plot of the electrical conductivity of RbAg415 

--55~ however, the --85~ value deviates from the 
l inear  curve. The Arrhenius  activation energy for 
conduction is 1.7 kcal /mole over the tempera ture  in-  
terval  of at least 158 ~ to --55~ A low tempera ture  
reversible t ransi t ion in RbAg415 has been observed by 
Geller (13); the t ransi t ion tempera ture  has been found 
to be --65~ based on both optical measurements  (14) 
and low- tempera ture  calorimetry (15). However, no 
discontinui ty in the conductivi ty was observed at this 
tempera ture  al though there is a conductance discon- 
t inui ty  at --155~ associated with a second reversible 
t ransi t ion (11). The present  conductivi ty values, when  
combined with prior results  for lower temperatures,  
tenta t ively  indicate that  the solid phase existing be-  
tween --65 ~ and --155~ has an Arrhenius  activation 
energy of 4 kcal/mole,  with the approximate slope 
shown in  Fig. 3 by the dashed line. The higher act iva- 
t ion energy is associated with a s t ructure  in which the 
silver ions are in  a more ordered state than  in the 
highly disordered phase of RbAg415 existent  at ambient  
temperatures  (13, 15-17). 

The mobile species in RbAg415 is the Ag + ion (18), 
and the low magni tude  of the activation energy is con- 
sistent with the high ionic conductivi ty of the salt. 
The value of 1.7 kcal /mole  is also in  good agreement  
wi th  the activation energy for the self-diffusion of 
Ag + ion in RbAg4Is; Bentle has reported the value of 
1.99 kcal /mole  (19). 

The variat ions in the conductivi ty values previously 
reported for the MAg415 solid electrolytes (10, 11) are 
believed to be due to resistance contr ibut ions from the 
electrode contacts, as shown by the present  invest iga-  
tion. In  addition, the electrical conduct ivi ty  of single 
crystal  RbAgI5 has been determined by Raleigh who 
observed a value of 0.268 ( o h m - c m ) - i  at 24~ with 
no orientat ion dependence (20). The value  of ~ at 
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24oC, based on the present  invest igat ion is 0.26 (ohm- 
cm) -1, thus confirming the correlation of the high 
ionic conductivi ty of polycrystal l ine RbAg415 wi th  the 
s tructure of the pure single crystal  RbAg415 (12). The 
high mobil i ty of the Ag + ion in RbAg415 is an intrinsic 
proper ty  of the pure crystal ra ther  than  a resul t  of 
high surface mobi l i ty  as has been  suggested for pow- 
dered AgI (2, 3). 
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A Simple Apparatus for Controlling and Measuring 
Very Low Flow Rates through Porous Electrodes 

A. P. Saunders 
Institute for Direct Energy Conversion, University of Pennsylvania, Philadelphia, Pennsylvania 

Steady-state  electrochemical measurements  at flow- 
through porous electrodes require a method of con- 
troll ing and measur ing flow rates which are often less 
than 10 -2 ml/sec. A review of the l i tera ture  failed to 
produce any information in this area and so a simple 

apparatus was devised (shown schematically in Fig. 1), 
based on a we l l -known  method of obtaining a constant  
level, with which it is possible to main ta in  a constant  
( •  pressure behind the electrode, enabl ing  mean 
flow rates through the electrode to be measured with 
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Fig. 1. Apparatus for controlling and measuring flow rotes 

a precision greater than 99%. A simple level control-  
l ing dra in  tube in the electrochemical cell (not shown) 
establishes a constant  pressure drop across the elec- 
trode. 

The apparatus,  made of Pyrex  glass, consists of an 
electrolyte reservoir  (A),  communicat ing via two 
Teflon stopcocks to an 0.8 cm ID calibrated precision 
bore tube (B),  the bottom of which is notched and 
projects into the controlled level chamber  (C). With 
the gas inlet  (D) closed and the Teflon stopcocks 
open, electrolyte is flowed into the lower part  of the 
apparatus, air or other chosen atmosphere being vented 
from the back of the electrode (E) by means of the 
stopcock (F).  When the electrolyte level in (B) 
reaches a desired level, the Teflon stopcocks are closed 
and gas at a controlled pressure is admitted through 
(D), bubbl ing  up the precision tube  unt i l  an equil ib-  
r ium is reached when 

Pgas ~ P" ~ H~g ~ P' 

where P" is a composite of a small  head of electrolyte 
and meniscus forces, a is the density of the electrolyte, 
and g is the acceleration due to gravity. Flow of 
electrolyte through the  electrode deforms the a nnu l a r  
meniscus in (C), creating a bubble  which projects 
through the notch into the bottom of the precision 
tube. Eventua l ly  the bubble  detaches and rises, dis- 
placing electrolyte from (B), which restores the level 
of the meniscus. The volume of hH is main ly  controlled 
by the area of the annulus  in (C) and the height of 
the notch. In this case, the t w o  diameters of the an -  
nulus  are 1.5 and 1 cm, the notch being approximately  
5 mm wide and 3.25 mm high. 

The system for regulat ing the gas pressure is shown 
in Fig. 2. The output  (100 mV for a range of 0 to 5 
psi) from an Ametek  Model 58-5B/A-SS pressure 
transducer,  1, is varied by a potential  divider and fed 
into a Moseley Model 680 recorder, 2. A l imit  switch 
on the recorder operates a solenoid valve, 3, between 
the gas supply cyl inder  and the system. As the l imit  
switch has considerable dead band, it was only possible 
to control the pressure with fluctuations about a mean  

g a s  
inlet 

to system 

t 

Fig. 2. System for regulating gas pressure 

value. Judicial  use of the fine needle valves, 4, on the 
inlet  and outlet and the pressure regulator  on the gas 
cylinder,  enabled these fluctuations to be reduced to a 
uni form cycle with a f requency of 8 sec and an  am-  
pli tude of less than  1% of the applied pressure, which 
ranged from 2 to 25 cm Hg. 

It has been established by observation that  just  be- 
fore the addit ion of electrolyte from (B), the meniscus 
in (C) falls to a constant  level, rising sharply with the 
en t ry  of electrolyte to a level  which varies, corre- 
sponding to small  variat ions of less than  5% in AH. 
Flow rates are therefore obtained by combining the 
volume of AH with the period of the meniscus rise in 
(C) which denotes the volume enter ing and exit ing 
from the electrolyte at the back of the electrode. The 
meniscus in (B) occasionally moved slightly upward  
dur ing  the first 1 or 2 min  following a level change 
before ar r iv ing at a stable position. In  all cases, when  
measur ing aH, the final stable position gave flow rates 
closer to the mean  value than if the ini t ial  height (be- 
fore the small  upward  movement )  was used. Precision 
may be increased by using several successive incre-  
ments  of aH (i.e., two, three or four bubbles  enter ing 
(B))  with one t ime measurement .  The apparatus will  
operate at the controlled pressure with the Teflon 
stopcocks open, the reservoir  main ta in ing  a constant  
supply of electrolyte to the electrode. These stopcocks 
should be closed when measur ing flow rate, however, 
to keep the volume P'  small  and the apparatus less 
sensitive to changes in the ambient  temperature.  

Table I gives typical  results using 2M KI  electrolyte, 
and a aH of one, two, and three bubbles.  Variations in 
flow rate  with tempera ture  (approximately  2%/~ 
are clearly seen, the highest precision being obtained 
when the changes in ambient  tempera ture  were small. 
aH was measured with a cathetometer accurate to 
+--0.005 cm. Using a glass capil lary to s imulate a po- 
rous electrode giving the desired order of flow rate 
and pressure, measurements  have been made with 
water  and 3M KI electrolyte. The l iquid was col- 
lected and weighed after passing through the capil- 
lary, the two methods agreeing to wi th in  1%. The 
apparatus has been used through the range 2.5 x 10 .4  
to 1 x 10-~ mi/sec  without  loss of precision, but  a high 
degree of dexter i ty  is required when  making mea-  
surements  at the higher flow due to a bubble  breaking 
every 30 sec, whereas the long period between bubbles  
at the low flow rate (<103 sec) causes some incon-  
venience. It is recommended,  should flow rates in these 
regions be required,  that  changes be made in the an-  
nulus  dimensions and notch height to provide a sui t-  
able t ime per bubble,  i.e., reducing the annu la r  area 
and notch height to give a smaller  aH at the 10 .4  
ml/sec range. 

Should the pore characteristics of (E) be such that  
a low pressure of gas is required to obtain the desired 
flow rate, a controlled orifice, i.e., a glass/Teflon needle 

Table I. FIowrate measurements of 2M KJ at 
a uniform pressure of 6.3 cm Hg 

N o .  o f  
m e a s u r e -  Tmean, AHmean, M e a n  f l o w r a t e ,  R o o m  B u b b l e s  

m e r i t s  s e e  c m  r n l / s e c  • 10~ t e r n p ,  ~  p e r  A H  

11 1 8 1 . 1  0 . 6 0 3  1 . 7 4  ___ 2 . 8 % *  2 1 . 4  ~--- 0 . i *  1 
1O 3 6 2 . 2  1 . 2 0 5  1 . 7 4 2  ___ 1 . 2 4 %  2 1 . 4  ----. 0 .1  2 

9 5 4 3 . 7  1 , 8 0 8  1 . 7 4 1  ___ 0 . 7 5 %  2 1 . 4  ----- 0 . I  3 
8 1 7 8 . 7  0 , 5 9 3  1 . 7 4  ~-_ 2 . 8 %  2 1 . 3  ----- 0 . I  1 
7 3 5 8 . 5  1 . 1 8 9  1 . 7 3 6  ___ 1 . 1 %  2 1 . 3  ----- 0 .1  2 
6 5 3 8 . 5  1 . 7 8 4  1 . 7 3 5  _ 0 . 6 6 %  2 1 . 3  ----- 0 .1  3 

14  175 .2  0 . 6 0 4  1 .81  ~ 3 . 8 7 %  2 3 . 4  ----- 0 . 4  1 
13  3 5 0 . 6  1 . 2 0 9  1 . 8 0 5  ----- 1 . 9 5 %  2 3 . 4  --~ 0 . 4  2 
12 5 2 6 . 1  1 . 8 1 3  1 . 8 0 4  ~- 1 . 2 %  2 3 . 4  ----- 0 . 4  3 
12 1 5 0 . 5  0 . 5 6 4  1 . 9 6  ----- 3 %  2 7 . 0  -~ 0 .2  1 
12  3 0 1 . 1  1 . 1 2 9  1 . 9 6 3  ___ 1 . 2 %  2 7 . 0  ----- 0 .2  2 
10  4 5 2 , 8  1 . 6 9 7  1 . 9 6 2  ___ 0 , 7 %  2 7 . 0  • 0 .2  3 

* M a x i m u m  d e v i a t i o n .  
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valve, may be inserted between (C) and (E) to pro-  Manuscript  received Jan. 13, 1970; revised m a n u -  
vide a pressure dropping device, script received Apr i l  3, 1970. 
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On the Anisotropy Observed During the 
Passivation of Nickel Monocrystals 

C. J. Mauvais, R. M. Latanision, 1 and A. W. Ruff, Jr. 
Metallurgy Divisicm, Institute $or Materials Research, National Bureau of Standards, Washington, D. C. 

The passivation of polycrystal l ine nickel  electrodes 
in acid solution has received much at tent ion over the 
years (1-8). In many  of these studies some part iculars  
of the passivation mechanism have been deduced 
through the measurement  of anodic polarization dia-  
grams. It  should be recognized, however, that  such 
studies on ordinary  polycrystal l ine specimens yield 
at best an average measure  of processes which u n -  
doubtedly occur at different rates on the various ex- 
posed crystal faces. Indeed, significant anisotropy has 
been reported in the anodic dissolution of various 
metals (9) and in the growth of passive films on iron 
monocrystals (10). 

In this study, we have potentiostat ical ly measured 
the anodic polarization behavior  of nickel surfaces 
parallel  to low index crystallographic planes in  1N 
H2SO4 and found that  a strong anisotropy occurs in 
the passive region. 

Experimental 
The two 99.999% nickel monocrystals  used in this 

study were cut from a semicircular disk Ys in. thick 
• 5/16 in. radius with a [110] axis. Three low index 
faces {100}, {i10}, and {111} were produced by  spark 
machining and then chemically polished in an acetic 
acid-nitr ic acid solution to remove any  damage. The 
or ientat ion of each face, determined by the back- re -  
flection Laue method, was wi th in  1.5 ~ of the selected 
orientation. 

Potent ia l  measurements  were made relat ive to a 
saturated calomel electrode by means of a salt br idge-  
Luggin probe assembly taking sui table precaut ion to 
avoid contaminat ion of the electrolyte by C1-. The 
geometrical a r rangement  of the components of the 
electrolytic cell was in  accord with the recommenda-  
tions of Greene (11). The 1N H2SO4 electrolyte was 
prepared from double-dist i l led water  and reagent  
grade acid. Steady-s ta te  polarization measurements  
were performed potentiostatically in  solutions exposed 
to air at temperatures  of 22~176 throughout.  In  each 
experiment,  only the crystal  face of interest  was 
exposed to the solution, the remainder  of the specimen 
being covered wi th  a protective lacquer. There were 
no indications that  the electrolyte penetrated the lac- 
quer and thus complications arising from leakage 
currents  were avoided. A reflection of the crystal  
symmetry  of each surface is shown in  the etch figures 
produced dur ing  these experiments,  Fig. 1. 

Results and Discussion 
The anodic polarizat ion behavior  is shown for each 

of the exposed crystal faces in Fig. 2. It  is clear tha t  
the current  densi ty in the passive region was not the 
same from one crystal  plane to the next  but  decreased 
in the order: {100} > {I10} > {111}. I t  is of interest  to 

1 N A S - N A E - N B S  Pos tdoc to ra l  R e s e a r c h  Assoc ia te .  P r e s e n t  ad -  
dress :  R IAS ,  M a r t i n  M a r i e t t a  Corpo ra t i on ,  B a l t i m o r e ,  M a r y l a n d  
21227. 

K e y  w o r d s :  po l a r i za t i on ,  n i c k e l  m o n o e r y s t a l s ,  d is loca t ions ,  passive 
film, sur faces .  

note that  the relat ive rates of gaseous oxidation of the 
various crystal  faces of nickel  were reported (12, 13) 
to be in decreasing order: {100} > {110} > {111} when 
epitaxial  oxide films were formed. I n  short, the degree 
of protection provided by the passive film as well  as 

Fig. I. Etch pits produced on the (a) {I11}, (b) {110}, and (c) 
(100} faces during the anodic polarization experiments. Markers 
indicate separations of 50 ~m. 
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Fig. 2. Anodic polarization diagrams determined potentiostatic- 
ally for the three low index faces of the nickel monocrystal in 
1N H2SO4 at 22~176 
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by films developed in gaseous oxidation tends to be a 
max imum for the {111} face and a m i n i m u m  for the 
{100} surface of Ni monocrystals.  

Although NiO is general ly  the only stable oxide 
formed in air or oxygen (13), it has been suggested 
that  the passive film on Ni in H2SO4 is not necessarily 
NiO, but  may be a higher oxide (4) or a composite 
of oxides (2, 3, 14). Nevertheless, assuming that  NiO 
is formed in at least some early stage of passiva- 
tion, it should be noted that  gaseous oxidation stud- 
ies (15) have shown the existence of paral lel  or ienta-  
tions between NiO and Ni for the three low in-  
dex faces, i.e., {l l l}NiO I[{ll l}Ni,{l l0}NiOt[{llo}Ni , 
{100}NiO[[{100}Ni. Recognizing that  the lattice pa- 
rameters  of NiO and Ni are unequal  (misfit ~ 1 9 % ) ,  
we suggest that  the orientat ion dependence of passi- 
vation observed in this work may be understood in 
terms of (i) the creation of a grid of dislocations at 
the Ni/NiO interface which accommodates the lattice 
misfit and  (~i) boundaries  developed within the 
passive film dur ing its growth. 

First, on the basis of Van der Merwe's theoretical 
t rea tment  of oriented overgrowths (16), we expect 
that  the oxide, when  only a few monolayers thick, 
t ransforms from a pseudomorphic s t ructure  with the 
lattice parameter  of the substrate to the (oriented) 
oxide s t ructure  having essentially the lattice pa ram-  
eter of the bu lk  oxide, the lattice misfit t aken  up 
principal ly by interracial  dislocations. The geometry 
and spacing of dislocations in the misfit ne twork  are 
expected to be a funct ion of the orientat ion of the 
substrate  [see, for example, ref. (17)]. If only pure 
edge dislocations are formed at the interface, one ex- 
pects that  the separation between the misfit dislo- 
cations on {111} is greater than  on {100} surfaces. The 
strain fields of these dislocations may have an im-  
portant  accelerating effect on ionic diffusion and thus 
on the passivation process. 

Second, it is known (15) that NiO occurs in both 
{111} and {100} orientat ions on {10O}Ni surfaces. The 
first or ientat ion relat ion has four different variants  
depending on the relat ive < l l O >  orientations in the 
metal  and oxide. If  the passive film forms by nuclea-  
t ion over the original  meta l  surface, it seems l ikely 
that  the film would contain a mix ture  of the different 
variants.  This would require misfit boundaries  in the 
film oblique to the interface, which would affect the 
oxidation rate by providing addit ional  rapid diffusion 
paths through the passive film. By comparison, {110} 
and {ll4}NiO orientat ions occur on the {lt0}Ni sur-  
face leading again to oblique misfit boundaries.  Only 
{ l l l}NiO films have been reported on the { l l l}Ni  sur-  
face al though two twin- re la ted  orientat ions are pos- 
sible. The oblique twin  boundaries  formed in this in -  
stance should be less effective in  increasing the re-  
action rate than  those expected for the other two Ni 
orientations. In short, if the degree of protection in 
the passive region may  be related to the avai labi l i ty 
of short-circui t ing reaction paths one expects {111} to 
be bet ter  protected than  {100}, as observed. 

The present  results thus indicate the heretofore ne-  
glected importance of considering the crystal lography 

and defect s t ructure  of the film and the metal-f i lm 
interface in unders tand ing  the mechanism and ki-  
netics of passivation. Similar  contr ibut ions to the ki-  
netics of film growth in  the gaseous oxidation of Ni 
and Cu monocrystals have been discussed by Cathcart  
and co-workers (18, 19). 
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Spectrophotometric Study of Electrogenerated 
Sulfur-Sulfide Solutions in Fused LiCI-KCI 

F. G. Bodewig* *  and James A.  P lambeck*  

Department of Chemistry, University ol Alberta, Edmonton, Alberta, Canada 

During electrochemical  investigations on chalcogen-  
chalconide systems in fused LiC1-KC1 eutectic car-  
r ied out in this laboratory  (1, 2) it was noticed that  
a solution containing sulfide ions is blue in color if  an 
excess of sulfur  was present  as a l iquid pool floating 
on the mel t  (1). The blue color intensified when more 
sulfide was added to the solution, but  disappeared 
when the sulfur was pumped off, indicating that  it 
is not due only to a s imple sulfide species. It appeared 
interest ing to obtain the spectrum of this species and 
to invest igate whe the r  or not Beer 's  law is fol lowed 
when  it is generated by cathodization of a sulfur pool. 

The spectrum of mol ten  KSCN has been published 
(3) and the blue color observed has been ascribed to 
sulfur. An  absorbance m a x i m u m  was observed at 605 
m~ between 250 ~ and 450~ and below 250~ an addi-  
t ional one appeared at 415 n~.  The molar  absorpt ivi ty  
for the 605 m~ max imum was est imated to be be tween 
16,600 and 30,000. 

A spectrum of mol ten  LiC1-KC1 eutectic containing 
sulfur has been published (4), and the blue color of 
the solution has been at t r ibuted to dissolved sulfur. 
The m a x i m u m  absorbance was at about 600 m~ be- 
tween 400 ~ and 600~ No value for the molar  ab- 
sorpt ivi ty  was reported.  

Exper imental  
Apparatus.---Spectra were  recorded on a Cary Model 

14 spectrophotometer .  Potentials  and currents  were  
measured with  a digital  vo l tmete r  (Model 3440A, H e w -  
le t -Packard) .  Two 45V batteries in series were  em-  
ployed as a current  source f rom which currents  be tween  
50 and 500 ~A were  d rawn through a resistor network.  

The spectrophotometr ic  cell consisted of square  
Py rex  tubing (Vitro Dynamics)  of inside dimensions 22 
x 10 mm wi th  a top connected to it by means of a 34/45 
ground-glass  joint. Four  10/30 ground-glass  joints  
were  blown on this top which were  used to insert  a 
thermocouple,  a gold foil electrode, an isolation com- 
par tment  wi th  a tungsten electrode, and an iner t  gas 
inlet tube. The isolation compar tments  for the anode 
were  made of Py rex  sealing tubes (5D; Ace Glass 
Inc.).  Par t  of this cell is shown in Fig. 1. The cell  
path length was 10 mm. 

Af ter  several  a t tempts  a furnace was constructed 
that  operated satisfactori ly and fitted into the Cary  
sample compar tment  (Fig. 1). Previous ly  published 
oven designs (5, 6) did not al low insert ion of the re la -  
t ively  large Py rex  cell used in the present  study. 
Problems were  also encountered in obtaining the uni-  
form tempera tu re  necessary over  a mel t  column of 
about 5 cm. The present  design, which uses a large 
a luminum cylinder,  accomplishes this; the  t empera -  
ture  gradient  in the unst i r red mel t  was less than 2 ~ 
over  a ver t ica l  distance of 5 cm. The t empera tu re  of 
the oven was control led by a Model 226 2-Mode solid 
state control ler  (API Ins t ruments) .  The regula t ing 
thermocouple  (not shown in Fig. 1) was placed close 
to the heat ing elements.  

Materials.--The chemicals  used have  been described 
previously  (1). Hel ium was used as iner t  gas. It was 
passed through three  cold traps cooled with  l iquid 
nitrogen; the last. cold t rap contained act ivated carbon. 
Af ter  prepara t ion of the mel t  as described previously 
(1) it was filtered th rough  a Py rex  fri t  (B porosity; 

** E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

Ace Glass Inc.) before freezing and storage. A gold 
foil electrode (Johnson, Mat they & Mallory Ltd.) was 
used to genera te  the sulfide f rom a sulfur  pool. The 
anode consisted of a tungsten spiral in an isolation 
compar tment  which prevented  mixing of anode and 
cathode products. 

Procedure.--The frozen eutectic was t ransfer red  to 
the cell and al lowed to mel t  under  a he l ium atmo-  
sphere. Once molten, the eutectic was again t reated 
with  chlorine gas after  insert ion of the isolation com- 
par tment  and the Pyrex  tube for the thermocouple.  
Af te r  10-15 min the  chlorine was removed  by purging 
with  hel ium which was also passed over  the mel t  dur-  
ing the remainder  of the exper iment .  The sulfide was 
generated with  a gold electrode in a sulfur  pool float- 
ing on the melt. The current  used was about 100 ~A. 
Af te r  each coulometric  generat ion the solution was 
made uniform by s t i r r ing it wi th  the isolation com- 
partment .  The t empera tu re  of the mel t  was 400 ~ __ 2~ 
Spectra  were  recorded with  a scanning speed of 25 
A/sec.  The concentrat ion of the sulfide was calculated 
f rom the measured current,  t ime of generation,  and 
volume of mel t  obtained as before  f rom a potent io-  
metr ic  chloride t i t ra t ion (1). 

Results and Discussion 
The spectrum of the solvent  wi th  a sulfur pool 

floating on it is the lower curve  in Fig. 2. The zero 

Fig. 1. Furnace for Cary Model 14 Spectrophotometer. 1, Brass 
water jacket; 2, water inlet and outlet; 3, semicylindrical 
aluminum reflectors; 4, semicylindrical heating units, parallel, 
each 290W, length 4 in., ID 23/s in. (Fisher Scientific Company); 
5, stainless steel crucible, 59 mm diameter; 6, aluminum cylinder, 
58 mm diameter; 7, square 22 x 10 mm (ID) Pyrex cell; 8, quartz 
window in water jacket, 20 mm diameter; 9, opening in aluminum 
cylinder, 7 x 17 mm; 10, insulation; 11, Pyrex wool; 12, isolation 
compartment with tungsten electrode; 13, Pyrex tube for thermo- 
couple; 14, gold foil electrode making contact with sulfur pool. 
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Fig. 2. Absorbance as a function of wavelength. Lower curve, 
fused LiCI-KCI with sulfur pool floating above it; upper curve; 
same following coulometric generation of sulfide. 

point on the absorbance scale was taken arbi t rar i ly  
since the reference light beam passed through air. It  
showed no peaks be tween  400 and 800 mtz, cont rary  to 
an ear l ier  repor t  by Greenberg,  Sundheim,  and Gruen 
(4). In the present  work  no blue color developed when 
care was taken in the purification of both the mel t  and 
the inert  gas. Impuri t ies  present in the mel t  might  
have reduced enough sulfur to have  produced the 
blue color observed in the ear l ie r  work  (4). The 
spectrum af ter  coulometr ic  addit ion of sulfide to the  
mel t  is also given in Fig. 2. Only one m a x i m u m  was 
observed at 585 m~, not two as repor ted  ear l ier  (4). 

Spectra  of solutions wi th  increasing sulfide concen- 
trations were  recorded at 400 ~ _ 2~ The absorbance 
at 585 m~ was measured  as indicated in Fig. 2. For  
several  exper iments  these absorbances were  plotted 
as a function of t ime of coulometric  sulfide generat ion 
at constant current.  In all cases the extrapola ted lines 
passed through the origin. This indicates that  the l in-  
ear  background l ine d rawn  under  the upper  curve 
in Fig. 2 is the zero absorbance line. It  should be noted 
that  the "zero absorbance" line shifted f rom that  of 
the solvent  plus sulfur when  sulfide was added to the 
solution. This was observed in all experiments .  

A typical  plot of absorbance as a function of sulfide 
concentrat ion is shown in Fig. 3. Concentrat ions up to 
2.2 x 10-SM followed Beer 's  law accurately.  Negat ive  
deviations occurred at higher  concentrations. The cell 
path was measured  as 1.00 cm. F rom this and the 
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Fig. 3. Absorbance as a function of sulfide concentration 

slope of the l ine of Fig. 3 the molar  absorpt ivi ty  of 
the absorbing species, calculated as S =, was found to 
be 4600 1 mole -1 cm -1 for sulfide concentrat ions up 
to 2.2 x 10-SM. Lux  and Ansl inger  (3) est imated the 
molar  absorpt ivi ty  to be 16,600 or higher,  but  this 
value was ar r ived  at under  the assumption that  the ab- 
sorbing species is $2. Fur thermore ,  it is not  clear how 
these authors de termined  the zero absorbance line 
f rom which the  absorbance was measured.  The pres-  
ent  value  is therefore  not str ict ly comparable  wi th  
thei r  value, especially in v iew of the fact that  the 
fused salts used are significantly different. 

In the course of the present  work  several  pure  
heavy meta l  sulfides have been added to the LiC1-KC1 
eutectic, in which  they  appeared to be ve ry  slightly 
soluble. These solutions were  colorless unti l  af ter  sul- 
fur was also added, when they turned  the expected 
blue. This indicates that  spectrophotometr ic  measure-  
ments  could be used to de termine  the solubil i ty of 
meta l  sulfides in fused salts. However ,  suitable cali-  
brat ion curves would be requi red  due to the pro-  
nounced deviat ions f rom Beer 's  law. Moreover ,  the 
solubilities measured would be those of meta l  sulfides 
in the presence of excess sulfur and could not a 
priori be assumed to be those which would  be ob- 
served if the sulfur were  not there. In spite of this, 
and the difficulty of p revent ing  reduct ion of some 
of the sulfur by impurit ies,  spectrophotometry  may 
be a more practical  approach than coulometry.  Coulo- 
metr ic  t i trations of anodically generated Fe  ++, Ni + +, 
Co + +, and Ag + by reduct ion of a sulfur pool elec-  
trode produced potent iometr ic  t i t ra t ion curves wi th  
breaks of 160-400 mV. These breaks consistently oc- 
curred a considerable, but  not a reproducible,  distance 
before the  theoret ical  equivalence  point. 

Conclusion 
The results reported here confirm the suggestion of 

our previous paper  (1) that  this absorption band and 
the blue color are due to one or more  polysulfide 
species. It  cannot be due to ei ther  sulfur  or sulfide 
alone. The width  of the band and the deviat ion f rom 
Beer 's  law suggest that  mul t ip le  species may  be in- 
volved. The present apparatus, however ,  permits  no 
variat ion in the sulfur  concentrat ion and we have thus 
far  been unable to test that  suggestion. 
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The Polarization Correction in Conductance Measurements 
R. P. T .  Tomkins ,  G.  J. Janz , *  and E. A n d a l a f t  

Rensselaer Polytechnic  Inst i tute,  Depar tment  of Chemis try ,  Troy,  New, Y o r k  

To at ta in conductance data of highest precision, one 
finds that  extrapolat ion of the measured resistances as 
a function of f requency is subject  to various ap- 
proaches and is not well  documented in texts or the 
published li terature.  Two of the outs tanding practices 
are due to Jones and Christ ian (1), i.e., a graphical 
extrapolat ion based on the Warburg  analysis of con- 
centrat ion polarization and to Fuoss (2), who in t ro-  
duced the inverse f requency extrapolation. With the 
recent increase of interest  in nonaqueous electrolytes, 
where br ight ly  polished or l ightly platinized electrodes 
are general ly used, the extrapolat ion techniques are 
reoccurring problems. Because of this uncer ta inty ,  al-  
ternate  procedures such as measurements  at f requen-  
cies up to 100 kHz (3), the use of electrodeless cells 
(4) and d-c bridge techniques (5, 6) have been used. 
Features  specific for mol ten salts have recent ly been 
discussed elsewhere (7) and will  not be ment ioned 
here except to note that  the basic problem, an ex- 
t rapolat ion to correct for polarization effects, is en-  
countered there as for aqueous and nonaqueous mea-  
surements.  The convent ional  a-c conductance tech- 
nique, nevertheless,  is still the most general ly and 
widely used method, largely because of its versat i l i ty 
and relat ively simple ins t rumentat ion.  The present  
note reports a critical evaluat ion of the l imitat ions and 
applicabil i ty of the extrapolat ion procedures in most 
f requent  use, and also redirects a t tent ion to the fre-  
quency dispersion errors that  may arise if a con- 
ductance cell is used outside the range for which the 
cal ibrat ion s tandard is applicable. 

Exper imen ta l . - -Tbe  purification of sodium iodide 
and acetonitri le have been described in a previous 
communicat ion (8). Two Shedlovsky- type cells hav-  
ing constants of 16.8456 and 1.33735 were used for the 
concentrated and dilute solutions, respectively. The 
conductances of all  solutions were measured with a 
Jones-Dike (9) a-c conductance bridge and accessories 
(Leeds & Northrup Company) .  A var iable  f requency 

* Elec t rochemical  Society Act ive  Member .  

Table llh Comparison of different extrapolation techniques 
to obtain the polarization free value of the 

resistance (cell constant = 1.33735; 
conc = 14.7751 x 10 -4  tool/l) 

Per cent  depar tu re  
f r o m  value  obta ined 

Technique  R. ohms graph ica l ly  

Graphica l  ext rapola t ion  5751.4 
AR -----0.5 

L.S.$ to quadra t ic  in S -1 5751.5 
0.01 0.017 

L.S, to l inear  in f-1 5750.4 0,017 
a 0.6 

L.S. to quadratic in t-1/~ 5751.5 0.017 
0.6 

L.S. to l inear  in S-1/~ 5745.6 0.101 
1.2 

"~" L.S., least  squares  analysis ;  ~, s t anda rd  deviat ion.  

audio signal generator(Eico,  Model 377) and a tuned 
amplifier and nul l  detector (General  Radio, Model 
1323-A) were used for the a-c signal and bridge cir-  
cuit balance. The f reqeuncy range was var ied from 
0.6-10 kHz. 

Results and Discussion 
The values of resistance as a funct ion of concentra-  

tion and applied f requency are in  Table I and II. With 
the low cell constant  (Table I) ,  a considerable curva-  
ture  in a plot of R vs. 5 -1/2 is observed, and a satis- 
factory extrapolat ion (to infinite frequency, to gain 
the polarizat ion-free value of R) cannot be advanced 
with certainty. On the other hand  it is found that  the 
graph of R vs. f - 1  is l inear;  the thus extrapolated 
values for R at infinite f requency are in Table I. For 
more concentrated solutions (Table II) ,  the extrapola-  
t ion R vs. f-1/2 is satisfactory. 

As an a l ternat ive  approach to gain R at infinite fre-  
quency, a least-squares analysis to quadrat ic  or l inear  

Table I. Variation of measured resistance with frequency at different concentrations 
of Hal in anhydrous acetonitrile at 25 ~ (cell constant = 1.33735) 

~104C 14.7751 17.9938 27.0081 32.1555 42.7746 59.3252 
](Hz) ~ (N) Resis tance.  ohms 

5751.4 4546.9 3090.9 2618.1 2010.6 1485.5 
10000 5754.1(0.05) 4549.5(0.06) 3093.6(0.09) 2620.9(0.11) 2013.4(0.14) 1488.4(0.20) 

6000 5755.7(0.07) 4551.6(0.10) 3095.5(0.15) 2622.8(0.18) 2015.4(0.24) 1490.1(0.31) 
5000 5756.7(0.09) 4552.2(0.12) 3096.4(0.18) 2623.7(0.21) 2016.3(0.28) 1491.1(0.38) 
4000 5757.8(0.11) 4553.8(0.15) 3097.7(0.22) 2625.1(0.27) 2017.7(0.35) 1492.8(~49) 
2500 5762.0(0.18) 4557.7(0.24) 3101.8(0.35) 2629.2(0.42) 2021.7(0.55) 1496.8(0.76) 

Values in paren thes i s  indicate  the  per  cent  error  in the m e a s u r e d  value  f r o m  t h a t  obtained by ext rapola t ion  to infinite f requency .  

Table II. Variation of measured resistance with frequency at different concentrations 
of Nal in anhydrous acetonitrile at 25 ~ (cell constant = 16.8456) 

\ C(N) 0.85296 0.52109 0,42221 0.34279 0.30514 0.24998 0.16070 0.13009 
f (Hz)  Resistance,  ohms  

1345.6 1147.2 840.5 735.4 681.6 604.7 540,7 436,7 
I0000 1350.7(0.38) 1151.5(0.37) 844.9(0.52) 739.1(0.50) 686.1(0.66) 608.2(0.58) 543.8(0.5~) 439.6(0.66) 

8000 1351.1(0.41) 1152.2(0.44) 845.4(0.58) 739.5(0.56) 686.7(0.75) 608.7(0.66) 544.3(0.67) 439.9(0.73) 
6000 1352.0(0,48) 1152.9(0.50) 846.1(0.67) 740.1(0.64) 687.3(0.84) 609.3(0.76) 544.8(0.76) 440.4(0,85) 
5000 1352,7(0.53) 1153.4(0.54) 846.7(0.74) 740.8(0.73) 687.8(0.91) 609.7(0.83) 545.3(0.85) 440.9(0.96) 
4000 1353.5(0.59) 1154.2(0.61) 847.6(0.64) 741.2(0.76) 688.6(1.06) 610.3(0.93) 545.0(0.79) 441.3(1.05) 
3000 1354.8(0.68) 1155.2(0.72) 848.7(0.98) 742.3(0.94) 689.7(1.19) 611.5(1.12) 

Values  in paren thes i s  indicate  the  per  cent  e r ro r  in the  m e a s u r e d  value  f r o m  tha t  obta ined by  ex t rapola t ion  to infinite f requency .  
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equations in f-1 was programmed. A comparison of 
the results with those of the preceding graphical ex-  
trapolat ions is in Table III. The agreement  (both for 
5 -1) leaves little to be desired. 

It  is also informat ive  to examine the results for the 
"per cent error" if the measurements  are l imited to 
one f requency only. Inspection of Table I and II shows 
that  the per cent error depends on factors such as the 
cell constant, concentration, and frequency. The per 
cent error, thus introduced, is invar iab ly  larger than  
the l imit of error (--+0.02%) for meaningfu l  theoretical 
in terpre ta t ion of conductance data. It is also seen 
from Table III that  the s tandard deviat ion provides 
a useful guide l ine for the selection of the "best" 
extrapolat ion technique.  

An analysis of the f requency dispersion of the re-  
sistance, based on the results in Table I and II, is 
shown in  Fig. 1. The curves indicate the limits of the 
concentrat ion range where the slopes of the resistance- 
frequency" plots are fairly constant  when  measure-  
ments  wi th  any  one cell are being used over a 
range of electrolyte concentrations.  The concentra-  
t ion dependence of A R / A f  -1/2 is i l lustrated in Fig. 2. 
Slopes A and B show the trends for dilute and concen- 
trated solutions, respectively, whereas slope C is an 
at tempt to curve-fit  all  the data points. 

The equat ion advanced by Fuoss and Hsia (10) for 
KC1 in water  

A = 149.935 -- 94.88C 1/2 -{- 25.48 C In C + 221 �9 C 3/2 

is in agreement  with the Jones and Bradshaw demal 
standards at 0.01 and 0.1 wi th in  0.11%, respectively, 
and is recommended for conductance cell calibrations. 

While both Ives (11) and Fuoss (12) have advanced 
equivalent  circuit models for the electrode/solution 
interface, the in terpre ta t ion  of the polarization cor- 
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Fig. i. Variation of the slope AR/~f -1/2 for two different con- 
ductance cells as a function of R(ohms). A ,  data from measure- 
ments with conductance cell having a cell constant of 1.33735; I-I, 
ibid., but cell constant of 16.8465. 
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Fig. 2. Variation of the slope AR/Af-1/2 with concentration of 
electrolyte. A ,  data -Lrom measurements with conductance cell 
with a cell constant of 1.33735; D ,  ibid., but with cell constant 
of 16.8465. 

rection remains incomplete, and from this viewpoint  
fur ther  discussion is best deferred. To summarize, 
both the f-1/2 and f -1  graphical extrapolations are 
valid procedures providing due cognizance is taken 
of factors such as the cell constant, concentration, and 
range of frequencies. That extrapolat ion which gives 
a l inear  fit, or a l ternate ly  the computer  fitted equation 
having the least s tandard deviation is the "best" for 
the polarization correction but  the justification re-  
mains  largely empirical, namely  that  this is "what 
works." 

Manuscript  received Sept. 17, 1969; revised m a n u -  
script received Feb. 16, 1970. 

A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the J u n e  1971 
J O U R N A L .  
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Epi tax ia l  Growth  wi th  L igh t  I r rad ia t ion  

M. Kumagawa, H. Sunami, and J. Nishizawa 1 
(Not published in the Journal) 

This will  acknowledge the receipt of a paper  sub-  
mit ted for publicat ion in this Journal enti t led "Epi-  
taxial  Growth  with Light I rradiat ion" in May 1967. 

1 R e s e a r c h  I n s t i t u t e  of  E l e c t r i c a l  C o m m u n i c a t i o n ,  T o h o k u  U n i -  
v e r s i t y ,  S e n d a l  J a p a n .  

The paper was authored by M. Kumagawa,  PI. Sunami,  
and J. Nishizawa, 1 and described a technique for the 
enhancement  of the low- tempera ture  epitaxial  growth 
of silicon with the aid of light irradiation.  Unfor-  
tunately,  the paper was not published in this Journal 
pr imar i ly  because of the difficulty experienced by the 
authors in describing their  work  in current  Journal 
style English, though the authors do not assent to the 
reason for rejection. Several  months later, another  pa-  
per was received for publicat ion enti t led "Low Tem- 
perature  Silicon Epitaxy" by R. G. Frieser. By coin- 
cidence, the subject mat te r  of this paper was very  simi- 
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lar  to that  previously submit ted by the Japanese  au- 
thors. Since the paper by Dr. Fr ieser  was well  wr i t ten  
and ent i re ly  acceptable in the opinion of several  re -  
viewers,  it was published wi thout  delay and, of course, 
appeared before the paper by Kumagawa  et al., was 
completely  revised. Those interested in the work  of 
Kumagawa  et al., wil l  find it in the November  1968 
issue of the Japanese Journal o~ Applied Physics. 

Effects of Oxid izable  Anion Adsorption on the 
Anodic Behavior of Plat inum 

Sigmund Schuldiner (pp. 767-771, Vol. 116. No. 6) 
T. Biegler2: In a recent  series of papers 3-5 culmi-  

nating in the work  under  discussion, Schuldiner  has 
promulga ted  the views that  there  is negligible coverage 
of a p la t inum electrode by oxygen containing species 
up to at least 1.2V in the presence of hydrogen and 1.6V 
in the presence of formic acid and that, consequently,  
the re tardat ion of hydrogen or formic acid oxidation at 
lower  potentials  is caused by anion adsorption. In 
cri t icizing these conclusions, Vet ter  and Schultze 6 have 
given an analysis of the kinetics of the part ial  reactions 
involved in the reduction of surface "oxide" by hydro-  
gen or formic acid and have thereby shown the pos- 
sibility of a steady coverage of "oxide" in the potential  
region where  Schuldiner  denies its existence. This ap- 
pears to be an unnecessari ly obscure way of at tacking 
Schuldiner 's  assertions since the direct evidence for 
surface oxidation of pla t inum under  these conditions is 
wel l  established and wel l  documented. 

Will  and Knorr  7 studied the effect of sweep rate  on 
cyclic l inear-sweep vo l tammograms in the presence of 
hydrogen. Even at quite low sweep speeds (1.6V 
sec-1) ,  the cur ren t -vo l tage  curve approached the 
shape obtained in absence of hydrogen showing that  
formation and reduct ion of adsorbed oxygen (and 
hydrogen)  layers occur more or less independent ly  of 
the presence of bulk hydrogen. Direct  comparisons of 
surface oxygen coverages in presence and absence of 
hydrogen,  s formic acid, 9 and methanoP0.11 indicate 
that  surface "oxide" formation is only slightly affected 
by the presence of these oxidizable species. In these 
cases, cathodic stripping was used to determine  ad- 
sorbed oxygen and it seems unl ikely that  the associa- 
tion of the measured cathodic charge with  surface 
"oxide" was in error. Fur thermore ,  on the basis of 
reflectance measurements ,  Koch and Scaife 12 concluded 
that  formaldehyde has no significant effect on oxygen 
coverage on plat inum. 

The published exper imenta l  evidence (the above list 
is not intended to be exhaust ive)  for adsorbed oxygen 
on pla t inum under  these conditions is therefore  strong. 
Nevertheless,  in view of the amount  of space being 
devoted to contrary  assertions, it seems wor thwhi le  to 
present a graphic and, I think, unambiguous demon-  
stration of the presence of surface "oxide" during 
formic acid oxidation. No original i ty is claimed for the 
exper iment  and no quant i ta t ive  data are extracted 
f rom it; indeed, results obtained by analogous methods 
already appear  in the l i tera ture  s-11. A plat inum wire  
electrode in a deoxygenated  solution of 1M formic acid, 
1M sulfuric acid, is held at 0.18V (vs. revers ible  hydro-  
gen electrode) to produce an "ox ide" - f ree  surface, then 
the potential  is stepped to a value Cox for 10 sec after  
which a fast cathodic sweep (45V sec -1) is started. 
At this sweep rate, the anodic current  due to formic 
acid oxidation is swamped by the cathodic current  

2 C.S.I.R.O., D i v i s i o n  of M i n e r a l  C h e m i s t r y ,  P o r t  M e l b o u r n e ,  
Victor ia ,  Aus t r a l i a .  

S. Schu ld ine r ,  This Journal, 115, 362 (1968). 
4 S. S c h u l d i n e r ,  Th'is Journal, 115, 897 (1968). 
5 S. S e h u l d i n e r ,  Th~  Journal, 116, 767 (1969). 
" K. J.  Ve t t e r  and  J. W. Schul tze ,  This Journal, 116, 824 (1969). 

F. G. W i l l  and  C. A. K n o r r ,  Z. Elektrochem.,  64, 258 {1960). 
s M. W. Bre i t e r ,  Electrochim. Aeta, 7, 601 (1962). 
9 M. W. Bre i t e r ,  Eleetrochim. Aeta, 8, 447 (1963). 
7o M. W. B r e i t e r  and  S. G i l m a n ,  This Journal, 199, 622 (1962). 
11V. S. B a g o t z k y  a n d  Yu. B. Vass i lyev ,  Eleetrochim. Acta,  12, 

1323 (1967). 
~D. F. A. Koch and D. E. Scaife, This Journal, 113, 302 (1966). 

Fig. I. Cathodic linear sweeps after 10 sec at various potentials 
in 1M HCOOH, 1M H2SO4. From left, curves start at 1.48, 1.38, 
i.28, i.18, 1.08, and 0.98V vs. r.h.e. Sweep rate 45V sec -1 
(5 msec/graticule division). 

arising from surface reduct ion processes. F igure  1 
shows a series of sweeps for Cox ranging f rom 0.98 to 
1.48V in 0.1V steps. The curves contain three  cathodic 
peaks. The first increases wi th  increasing Cox and its 
peak potential  shifts cathodically;  its behavior  is an- 
alogous to that  found in absence of formi.~ acid18.14 and 
it is therefore  a t t r ibuted to "oxide" reduction. The 
other  maxima are the two we l l -known  hydrogen  peaks 
which show only a slight dependence on Cox, mainly  
due to a small  overlap be tween  "oxide" reduct ion and 
the first (more anodic) hydrogen peak. 

These exper imenta l  results and their  in terpre ta t ion 
in terms of the presence of surface oxygen doubtless 
conform to the expectations of most electrochemists,  
especially as the work  repeats that  done in several  
other  laboratories. Their  publication is in tended to 
counteract  the wide circulat ion of incorrect  notions 
concerning the surface behavior  of p la t inum electrodes 
and to provide a challenge, in the simplest  possible 
form, to explain the cathodic peak around 0.6-0.7V in 
terms of adsorbed species other  than those containing 
oxygen. 

S. Schuldiner: The communicat ions gap between 
Biegler  and myself  is due to our ve ry  different con- 
cepts of the "s teady state." Biegler  evident ly  considers 
that  stepping the potential  to a given value  for 10 sec 
brings the electrode to its s teady-s ta te  condition. My 
measurements  in formic acid, 15 formic acid ~- sulfuric 
acid, 1~ and pure  sulfuric acidl6,17 solutions showed that  
a t ta inment  of the steady state in the potent ial  region 
of interest  took many  hours. My Fig. 115 typifies the 
current  density vs. t ime rela t ion found when  a given 
potential  is applied. 

Using a rapid anodic charging method, Warner  and 
Schuldiner  Is deposited a mono]ayer  of what  was con- 
sidered to be oxygen atoms, Gad, on a Pt  electrode. 
Under  open-circui t  conditions, the Pt-Oad reacted wi th  
H2 in the sulfuric acid solution. As the react ion pro-  
ceeded, a second anodic pulse was applied and the 
amount  of Gad formed to complete  the monolayer  was 
taken to be the amount  of Gad reacted at the t ime the 
second pulse was applied. Knowing  the change in 
potent ial  wi th  time, we were  able to de te rmine  a re-  

J~W. Bold  and  M. W. Bre i t e r ,  Electrochim. Aeta, 5, 145 (1961). 
14 T. B i eg l e r  and  R. Woods,  J. ElectroanaL Chem., 20, 73 (1969}. 
~ S. S c h u l d i n e r ,  This Journal, 116, 767 (1969). 
~ S. S c h u l d i n e r ,  This Journal, 115, 362 (1968). 
~v S. Schuldiner, Thi~ Journal, 115, 897 (1968). 
I~T. B. W a r n e r  and  S. S c h u l d i n e r ,  This Journal,  115, 28 (1968). 
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lation be tween  Oad and potential  (Fig. 418). These 
t ransient  measurements  showed that  when the  poten-  
tial decayed to about 0.9V the Pt  surface was still  
covered by Oad. However ,  my  data 1~ (see Fig. 217) 
showed that  under  s teady-s ta te  conditions at 0.9V only 
about one half  of the adsorption sites on the Pt  surface 
were  covered wi th  an adsorbate (which, under  these 
s teady-sta te  conditions, I bel ieve to be sulfate ion 
ra ther  than Gad). Recent  work  at this Laboratory,  TM 

also in H2-saturated sulfuric acid solution fur ther  con- 
firms that  the amount  of Oad which can be deposited on 
a Pt  electrode at potentials  above 0.4V was t ime depen-  
dent. In summary,  the point is that  t ransient  charging 
to an anodic potent ial  may deposit Oad on the Pt  sur-  
face but, if the anodic potent ial  is maintained,  slow 
changes occur on the surface which resul t  in a remova l  
of Oad by react ion wi th  H2 or formic acid and a deposi-  
t ion of sulfate ions. 

I should l ike to point out at this t ime that  charging 
curves can de termine  the number  of coulombs of 
charge requi red  to go f rom one potent ial  to another  
and that  ramp techniques can de te rmine  changes in 
current  under  potential  sweep conditions, but the in-  
te rpre ta t ion  of wha t  is occurring on the electrode sur-  
face is based more on consensus than on proof. 

Concentration Changes in Operating Fuel Cells 

T. J. Lundquist, Jr., and W. M. Vogel (pp. 1066-1069, Vol. 116, 
No. 8) 

M. Beltzer20: T. J. Lundquist ,  Jr., and W. M. Vogel 
found large concentrat ion changes in both strong acid 
and base electrolytes at high current  densities (___70 to 
150 m A / c m  2) in thei r  fuel  cells, contrary  to the results 
of Beltzer. 21 The authors claim that  they  cannot specu- 
late as to the causes of the discrepancies. I suggest, 
however ,  that  fur ther  analysis by the authors of their  
own exper imenta l  results would revea l  the differences 
to be valid ones. Thus, they should not be considered 
discrepancies. 

The ma jo r  difference ~n the exper iments  of the au- 
thors and those of Beltzer  lies in the propert ies of the 
matrices used. Consequently,  it is necessary to examine  
the propert ies  of matrices and their  effect on mass 
transfer.  

Al though Lundquist  and Vogel correct ly state that  
the s teady-s ta te  concentrat ion difference (•174 de- 
pends on mat r ix  geometry,  they completely  ignore the 
re tarding influence of the m a t r i x  to mass transfer.  The  
effective mobil i ty  of ions t ravers ing any mat r ix  is in-  
var iab ly  less than the mobi l i ty  in bulk solution. 22-24 
This results in larger  s teady-s ta te  concentrat ion dif-  
ferences than would occur if the ma t r ix  were  absent. 
This quant i ty  (hC~) is also marked ly  dependent  on the 
par t icular  mat r ix  used. For  example,  the authors used 
a Johns-Manvi l l e  fuel  cell asbestos matr ix.  Coleman 
et al. 25 have shown that  the same electrode wil l  ex-  
hibit  substantial ly different performances  when  differ- 
ent asbestos matr ices  are used in the cell. The l inear 
dependence of hC~ with  ma t r ix  thickness and the near  
zero intercept  (Fig. 6) cer ta inly  substantiates the 
authors '  claim that  the concentrat ion gradients are 
confined solely to the matr ix.  Consequently,  val id 
comparisons of results of different exper imenters  can 
be made only when these effects are accounted for. 

Sample  calculations using the authors '  equations and 
data show how the par t icular  mat r ix  used can resul t  in 

10 S. S c h u l d i n e r ,  M. Rosen ,  a n d  D. R. F l i n n ,  S u b m i t t e d  f o r  p u b l i -  
c a t i o n  in  This Journa l  

~o Esso R e s e a r c h  a n d  Engineering Co., Governmen t  R e s e a r c h  Lab . ,  
L i n d e n ,  N.  J .  

M. Be l t ze r ,  ThLs Journal, 114, 1200 (1967). 
w2 j .  S. M a c k i e  a n d  P. M e a r e s ,  PTOC. Roy. Soc. (London) ,  A232,  

498 (1955). 
:~ J .  A. L a n e  a n d  J.  W. R i g g l e ,  Chem. Eng. Progr. Syrup. S e t ,  55, 

127 (1959}. 
~4 F. H e l f f r i c h ,  " I o n  E x c h a n g e , "  p. 348, M c G r a w - H i l l  B o o k  Co., 

N e w  Y o r k  (1962).  
W. P. C o l e m a n ,  D. G e r s h b e r g ,  J .  D i P a l m a ,  a n d  R. G.  H a l d e m a n ,  

PTOe. Ann.  Power  Sources Cony., 19, 14 (1965). 

Table I. Steady-state concentrations in H2/02 
cell filled with KOH, no matrix 

&C (C~)| (Cr174 

I [ m A / c m C ]  [mole /~ i t e r  ] [ m o l e / l i t e r ]  [ m o l e / l i t e r ]  

0 0 6.80 6.80 
72 0.28 6.65 6.93 

144 0.56 6.52 7.08 

different concentrat ion changes in cells operat ing at 
comparable  current  densities and employing essential ly 
identical  or similar  electrodes. 

The effective diffusion coefficient of, e.g., hydroxide  
ion in the matr ix,  is calculated f rom the authors '  Eq. 
[7] 

AC~ -~ i n - l / D q F  

where  AC~ was determined exper imenta l ly ,  I is the 
ma t r ix  thickness, q the area, and n -  the t ransport  
number  of hydroxide  ion. I have  used the authors '  
value of n -  ---- 0.78, an acceptable value in KOH solu- 
tions greater  than 3 molar. 26 The re la t ive  mobili t ies 
of potassium and hydroxide  ion in the ma t r ix  are most 
l ikely similar  to that  in solution so that  the use of this 
value for the t ransference number  in the mat r ix  is 
justified. 

Using the authors '  case of the O2/H2 cell filled with 
6.8M KOH (Table II) ,  I have calculated an average 
diffusion coefficient based on the 72 and 144 m A / c m  2 
discharge data of D = 1.13 x 10 -5 cm2/sec. The bulk 
value of D at 60~ is 5.05 x 10 -5 cm2/sec. This value  
was obtained using the 25~ value est imated by 
Aust in 27 and a conductance activation energy of 2.4 
kcal /mole ,  es This act ivat ion energy applies to KOH 
solutions ranging f rom 3 to 6 molar  and is therefore  
applicable to the range of solutions used by the authors 
and myself. 

Thus, if one did not use a mat r ix  at  all, the  AC~ 
across a laminar  section of the bulk solution having 
the same area and thickness as the mat r ix  would be 
about only 1/5 of the mat r ix  ~C~. The calculated values 
of ~C.~, (Ca)~, and (C~)~, the la t te r  two quantities,  the 
s teady-sta te  anolyte and catholyte  concentrat ions in 
the absence of a mat r ix  are tabulated in Table I of this 
discussion. 

At  144 m A / c m  2 in the absence of a matr ix ,  the con- 
centrat ion decrease in the anolyte would be only 0.2,8 
moles / l i t e r  as opposed to 1.3 moles / l i t e r  wi th  the ma-  
trix. The calculated concentrat ion polarization result ing 
from this decrease is negligible 

6.80 
,1 ---- 0.066 log ~ = 0.001V 

6.52 

This is in accord with  the exper imenta l  results of 
Beltzer. Similar  considerations apply to the catholyte 
and to both electrodes in strong acids as well.  Negligi-  
ble concentrat ion polarizations at high cur ren t  densities 
in acids and basic electrolytes  have  been demonstra ted 
by Niedrach 29~~ and others. 31 Niedrach operated an 
anode at 400 m A / c m  2 in 6M KOH and encountered  
ve ry  lit t le concentrat ion polarization. He, too, did not 
use a mat r ix  but  employed free electrolyte  in the in-  
tere lect rode spacing. 

In v iew of the foregoing, it is difficult to see how the 
authors can regard  the results of others as cont rary  to 
theirs, when  the  differences are authentic  ones, and the 
results of the different exper imenters  in ternal ly  con- 
sistent. 

M. K n o b e l ,  D.  K .  W o r c e s t e r ,  a n d  F. B. B r l g g s ,  J. Am.  Chem. 
Soc., 45, 77 (1923). 

'~ L. G.  A u s t i n ,  " H a n d b o o k  of  F u e l  Cell  T e c h n o l o g y , "  C. R e r g e r ,  
Ed i to r ,  p. 141, P r e n t i c e  H a l l  Inc .  (1968). 

~SM. G.  M a n v e l y a n ,  T.  V. K r y m o y a n ,  A. G.  E g a n y a n ,  a n d  A. M. 
K o c h a r y a n ,  Izv. Akad .  N a u k  Arm.  SSR, 9, 3 (1956[. 

~ L .  W. N i e d r a c h  a n d  H.  R. A l f o r d ,  This Journal, 112 117 {1965). 
3o L. W. N i e d r a c h  a n d  D. W. M c K e e ,  Proe. Ann .  Power  Sources 

Conf., 21, 6 (1967). 
~1 R. G. H a l d e m a n ,  W. P.  C o l e m a n ,  S. H.  L a n g e r ,  a n d  W. A. B a r -  

ber ,  Advan.  in Chem. Set . ,  47, 106 (1965). 
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I have an addit ional  and admit tedly  minor  point to 
make. The terms membrane  and mat r ix  are used in- 
te rchangeably  and the authors are not alone in this 
misuse of the terms. A membrane  is a type of ma t r ix  
but  not all matrices are membranes.  The operat ional  
definition of a membrane  that  is commonly  accepted is 
that  a membrane  is a s t ructure  or phase which permits  
passage of mater ia l  exc lus ive ly  by molecular  move-  
ment ;  e.g., see Sollner.  32 I can only assume that  Lund-  
quist and Vogel did not use a t rue  membrane  because 
they took the t rouble  to orient  the s t ructure  in a hor i -  
zontal position to minimize l iquid circulat ion through 
the "membrane ."  They also changed the re la t ive  posi- 
tions of the anode and cathode so that  the denser elec-  
t ro lyte  (catholyte when  KOH was used) is on the 
bottom. These manipulat ions would  have  been unneces-  
sary if the mat r ix  was a t rue  membrane.  

$. T. Lundquist,  Jr., and W. M. Vogel: The discussion 
refers p r imar i ly  to our Eq. [7] which is indeed incor-  
rect  if I and q are taken as the thickness and area of 
the matrix.  By mistake, an essential sentence was 
omit ted (not, however ,  in the Extended Abstract  No. 
335, ECS Meeting, Montreal  1968); namely,  that  the 
tortuosi ty and porosity of the mat r ix  have  to be taken  
into account. Thus, l and q are not the dimensions of 
the mat r ix  as given in our Table II but  are the la t te r  
mult ipl ied by what  is commonly  called the ma t r ix  
factor. Since this factor (approximate ly  to r tuos i ty /  
porosity) cannot be measured  directly, we made no 
use of Eq. [7] per se but tested our theory  using Eq. 
[13] which is f ree of this factor. The ratio of the bulk 
value  for D = 5.05 x 10 -5 (cm2/sec) and the apparent  
value calculated by Bel tzer  is actual ly the ma t r ix  
factor. This factor (4.4) is ent i re ly  reasonable for the 
kind of mat r ix  used in our study. 

We quite agree that  if no membrane  is used the con- 
centrat ion changes would be much smaller.  However ,  
in his original  paper (see footnote 21) Beltzer  describes 
his electrodes as being clad with  a membrane  (caption 
to Fig. 1 and 2 and other  places).  We understood this 
to mean that  there  was a porous body be tween  the 
catalyst and the free electrolyte,  in which case the dis- 
crepancy ment ioned in our paper  still exists. 

Electrocapillary Measurements at the Interface 
Insulator-Electrolytic Solution 

H. Dahms (pp. 1532-1534, Vol. 116, No. 11} 
lkram Morcos33: We note with interest  the e lectro-  

capil lary measurements  at the insula tor-e lect rolyt ic  
solution interface. We believe, however ,  that  the in te r -  
pretat ions given by the author  are inapplicable for the 
exper imenta l  results. In this regard, we would like to 
point out the following. 

Variat ion in the po lye thylene /e lec t ro ly t ic  solution 
interfacial  tension cannot  be calculated on the basis of 
the we l l -known  equat ion 

rhApg 
---- - -  [ 1 ]  

2 

This equat ion describes the  relat ionship be tween  the 
capil!ary rise and surface tension of liquids. The use 
of this equat ion for e lectrocapi l lary studies of l iquid 
metals  is justified because ~ in such cases is also the 
liquid meta l /e lec t ro ly t ic  solution interracial  tension. 

Jn the work  of Dahms, we bel ieve that  the var ia t ion  
in the capi l lary rise of the solution inside the poly-  
e thylene tubing results f rom the var ia t ion in the con- 
tact angle be tween  the solution and the polyethylene  
wall. This var ia t ion results f rom var ia t ion in the poly-  
e thy lene /e lec t ro ly t ic  solution interfacial  tension ac- 
cording to the Young equat ion 

~'~ K. So l lne r ,  J. Phys.  Chem.,  49, 47 (1945). 
~z H y d r o - Q u e b e c  I n s t i t u t e  of Research ,  Mont rea l ,  Que,,  Canada .  

7 s / g  - -  7 L / s  
cos 0 = [2] 

'YL/g 

where  0 is the contact angle and Vs/g, 7L/s, and "YL/g are 
interfacial  tensions of the solid/gas,  l iquid/sol id,  and 
l iquid/gas  interfaces. Electrocapi l lary  studies for solid 
electrodes based on the Young equat ion have  already 
been reported in the l i t e ra ture  34-~6. 

In the case of a capi l lary tubing, the capi l lary rise 
or depression is a function of the contact angle as 
shown by the more general  equat ion of capi l lary rise 

2 7 cos 0 
h = - -  [3] 

g r~p 

It has been repor ted  by Zisman 3~ that  0 for the 
po lye thy lene /wa te r  system is around 100 ~ and, ac- 
cordingly, cos 0 cannot be omit ted f rom Eq. [3] on the 
basis of the a s s u m p t i o n t h a t  the  solution complete ly  
unwets  the polyethylene  wal l  wi th  an angle of 180 as 
in the case of mercury.  Under  the effect of an electric 
field, VL/s in Eq. [2] wil l  decrease (as a resul t  of 
charging the double layer  and adsorption of ions) and, 
if we assume that  7s/g and ~L/g remain  constant, cos 
should increase. This increase in cos 0 should, accord- 
ing to Eq. [3] result  in an increase in the capil lary 
rise, h. Because the contact angle is more than 90 ~ this 
increase wil l  be a decrease in the capi l lary depression 
as shown by Dahms. Again, wi th  the assumption that  
VL/g* is constant, h should, according to Eq. [3], vary  
l inear ly  with the variat ions in cos 0. 

The use of capi l lary rise (or depression) vs. applied 
electric field plots to obtain surface charge or surface 
excess in the case of insulator  electrolytic solution 
requires  assuming the val id i ty  of Gibbs' equation. 
While such an equat ion has been used in the case of 
an ideal ly polarizable or revers ib le  electrode, 3s it is 
quest ionable that  the same applies for the insu la tor /  
electrolytic solution interface. 

H. Dahms: The comments  of I. Morcos appear  to be 
concerned main ly  wi th  two points in my  t rea tment  of 
the electrocapi l lary data: the l inear  relat ionship be-  
tween capi l lary depression, h, and the surface tension 
insulator/solut ion,  which I have  used, and the applic- 
abil i ty of Gibbs' equat ion for this interface. 

As indicated by the ti t le of my communication,  the 
e lect rocapi l larometer  which I have described is mea-  
suring the vol tage dependence of the  interracial  tension 
insula tor /e lec t ro ly t ic  solution, 7SL. This phenomenon 
is cer ta inly  fundamenta l ly  different f rom the capi l lary 
depression or rise in a nonwet t ing  or wet t ing capil lary 
which is de te rmined  by the surface tension solut ion/  
gas, ~LG. It  can be seen that, independent  of the con- 
tact angle, 0, there  is a direct proport ional i ty  be tween h 
and VSL. By combining the general  capi l lary rise equa-  
tion with  the Young equat ion (Morcos' Eq. [3] and 
[2]), we obtain 

2 "~SG 2 7SL 
h = - -  [1'] 

r ~ p g  r a n g  

Since only 7SL wil l  va ry  wi th  the electric field whi le  
vsc remains constant, we can wri te  

2 
d h = - -  d 7SL [2'] 

r ~pg 

This is the l inear  relat ion which  I have  used to obtain 
changes of surface tension f rom changes in capi l lary 
depression. 

Concerning the applicabil i ty of Gibbs' equation, I 
agree readi ly  that  it cannot be direct ly  used to obtain 

~ I. Morcos  and  H. F i she r ,  J. Electroanal. Chem.,  17, 7 (1968). 
~ I. Morcos,  J. ElectroanaL C}~e~., f~O, 479 (1969). 

A. N. F r u m k i n ,  A. G o r o d e t z k a j a ,  B. K a b a n o v ,  a n d  N. N e k r a s -  
sov ,  Phys.  Z, Soviet  Union, 1, 225 (1932). 

~7 W. A. Z i s m a n ,  Advan .  Chem. Set . ,  43, 13 (1964). 

~s A. N. F r u m k i n ,  S v e n s k  K e n .  Tidskr.,  6, 77 (1965). 
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surface charge from -v-voltage plots. For  this purpose, 
the total  applied electric field would have  to be divided 
into the field acting across the bulk  of the  insulator  
phase and the field acting across the insula tor /solut ion 
interface. This problem awaits fur ther  study. It  wi l l  
be noted that  I have, therefore,  avoided using Gibbs'  
equat ion to obtain surface charge. I think, however ,  
that  Gibbs'  equat ion can be applied for obtaining the 
surface excess of a neut ra l  species, n -bu tano l  in my  
case, at the interface insula tor /e lec t ro ly t ic  solution. 
This t r ea tment  is based on the assumption that  the 
voltage across the interface remains constant; i.e., that  
the vol tage distr ibution be tween insulator  bulk and 
interface does not  change with  surface coverage by 
the neut ra l  species, butanol. I th ink that  this assump- 
tion is reasonable. The interface insula tor /e lec t ro ly t ic  
solution can be considered to be an ideal ly polarizable 
interface in that  there  is, by definition, no current  flow. 

A Preliminary Investigation of Fluidized Bed Electrodes 
J. R. Backhurst, J. M. Coulson, F. Goodridge, R. E. Plimley, and 

M. FJeischmann (pp. 1600-1607, Vol. ]16, No. 1]) 

Richard Prober39: The development  of fluidized bed 
electrodes, as reported by Backhurst,  Coulson, Good- 
ridge, Pl imley,  and Fleischmann, should s t imulate  con- 
siderable research interest  directed toward opt imiza-  
tion of electrode geometry  as wel l  as toward exploi ta-  
t ion in large-scale  e lectrochemical  processes. 

A fluidized bed electrode is a type of dispersed elec-  
trode, since the electrochemical  reactions occur on the 
surfaces of suspended particles.40 Heretofore,  dispersed 
electrodes have  used particles suspended by agitat ion 
or part icles flowing as a slurry. 4~ Fluidizat ion of a bed 
of particles provides efficient contacting be tween  the 
particles and the current  feeder, and it consumes less 
power  in suspending particles. 

It is no tewor thy  that  the reduct ion of m-ni t robenzene  
sulfonic acid on copper cathodes, which Backhurst  et  al. 
used as a test react ion system, is of the same class of 
reactions as the earliest  application (to my  knowledge)  
of dispersed electrodes. 42 

The data on the distr ibution of potential  wi th in  a 
fluidized bed electrode (Figure 10) do, indeed, indicate 
that  the bed is more  effective near  the current  feeder  
than at points far away from it. This is evident  upon 
replot t ing the data wi th  cartesian coordinates in Fig. 
1Oa and 10b. Both curves shown have  a change of slope 
some 1.5-1.7 era above the base of the bed. Above  that  
point, the curves are l inear  wi th  slopes that  imply an 
effective resistance of 0.5 ohm cm of bed depth and an 
effective resis t ivi ty of 3.5 ohm-cm (cf. 2.5 ohm-cm for 
1M sulfuric acid solution at 18~ Thus, the upper  par t  
of the bed seems to be inact ive unless the current  
feeder  is located there. 

John R. Backhurst: We would like to thank Dr. 
Prober  for his comments  on our paper  on fluidized bed 
electrodes. It should be emphasized that  we were  re-  
port ing the pre l iminary  results f rom this work, and 
more detailed exper imenta l  data has since been ob- 
tained. These exper imenta l  and theoret ical  conclusions 
wil l  be published shortly. 

In brief, they indicate, as Dr. P rober  suggests, that  in 
any fluidized electrodes of large dimensions in the di-  
rection of current  flow there  are regions of inactivity.  
However ,  these are not necessari ly located in regions 
of the bed remote  f rom the feeder. The distr ibution of 
act ivi ty shows a complex dependency on the many  
parameters  which are used to describe the system; of 

39 C h e m i c a l  E n g i n e e r i n g  Sc ience  Div i s ion ,  Case W e s t e r n  R e s e r v e  
U n i v e r s i t y ,  C l e v e l a n d ,  Ohio. 

40 R. I~rober and  J. C. Dyger t ,  P a p e r  61a, A m e r i c a n  I n s t i t u t e  of  
C h e m i c a l  Eng inee r s ,  62nd A n n u a l  Mee t ing ,  W a s h i n g t o n ,  D. C., Nov.  
16-20, 1969 ( S u b m i t t e d  fo r  p u b l i c a t i o n  in  A.I.Ch.E. Journal) .  

t l  See, e.g., J.  He ld  a nd  H. Ger i s che r ,  Ber. Bunsengesetl .  Phys.  
Chem., 67, 921 (1963) or  E. Baur ,  Z. Elektrochem.,  39, 162 (1933). 

ae C. F. B o e h r i n g e r ,  G e r m a n  Pat .  117,007 (1900). 
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Fig. 10. Distribution of potential in the electrolyte in a fluidized 
bed electrode (based on data of Backhurst et al.). Panel a (upper): 
feeder near base of bed, current--8.0A, above 1.6 cm slope of 
curve 1 is 4.1 V/cm. Panel b (lower): feeder about 1.5 cm above 
base of bed, current--0.7A, above 1.7 cm slope of curve 2 is 
0.31 V/cm. 

these, the ratio of par t iculate  to e lectrolyte  conduct iv-  
ity appears at this stage to be most influential. In 
fact, if the feeder  is located at the beginning of the bed 
away from the counterelectrode,  the region of least 
act ivi ty  for the reactions invest igated so far  is located 
in the center  of the bed. 

A Reversible Solid-State Battery with 
RbAg415 as Electrolyte 

Maria De Rossi, Gianfranco Pistola, aild Bruno Scrosati 
(pp. 1642-1646, Vol. 116, No. 12) 

Takehiko Takahashi43: On page 1643, Dr. De Rossi 
wrote  that  the electrolyte  (Ag3SI) cannot be used for 
bat tery  purposes since it has high electronic conduc- 
tivity, re fer r ing  to the rev iew wr i t ten  by Foley. 44 

The t ransference number  of Ag+ ion in Ag3SI, ti, was 
measured by Tak~hashi and Yamamoto to be 0.977 or 
0.985. 45 But, when  the t ransference number  of the 
electron is small, 1 -- ti is not always considered to give 
an exact  value  of the electron t ransference  number.  

For  this reason, Takahashi  and Yamamoto  also mea-  
sured the electronic conduct ivi ty  of Ag~SI by Wagner 's  
method to obtain 10 - s  ohm -1 cm -1 at room ten~pera- 
ture, 46 the value  of which was, however~ different from 
that  obtained by the ext rapola ted  figure of Reuter  and 
Hardel 's  work  (10 -4 ~ 10 -5 ohm -1 cm -1) as described 
in Dr. Foley's  review. 

The exact  reason for this discrepancy has not been 
made clear, but it wil l  be a t t r ibuted to the preparat ion 

43 Dept .  of A p p l i e d  C h e m i s t r y ,  F a c u l t y  of E n g i n e e r i n g ,  NagoTca 
U n i v e r s i t y ,  Nagoya,  J a p a n .  

a~ R. T. Foley ,  This Journal, 116, 13C (1969). 
~ T a k a h a s h i  and  Y a m a m o t o ,  Electrochim. Acta, 11, 779 (1966). 
46 T a k a h a s h i  and  Y a m a m o t o ,  Electrochim. Acta,  l I ,  783 (1966). 
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procedure of Ag3SI, the electronic conduct ivi ty  of 
which is easily changed by changing the vapor  pressure 
of sulfur when  the react ion be tween AgI and Ag2S is 
carried out to synthesize Ag3SI. Thus, the electronic 
conduct iv i ty  of 10 - s  ohm -1 cm -1 at room tempera tu re  
can easily be obtained by using a suitable vapor  pres-  
sure of sulfur on synthesizing Ag3SI wi thout  any 
change of ionic conductivity.  47 

B r u n o  Scrosat i :  The comment  of Prof. Takahashi  on 
this paper  does not seem to need a precise answer  since 
this answer  is a l ready included in the comment  itself. 
Undoubtedly,  some disagreements  on the Ag3SI elec-  

aT Denki -Kagaku ,  22, 610 (1964). 

tronic conduct ivi ty  do exist in the l i terature,  many  of 
them due to different prepara t ion procedures  or to 
different determinat ion techniques.  

As to what  the uti l ization of Ag3SI as such in a solid 
state relates to, it may  be definitive of the work  of 
Owens and co-workers  4s on the Ag3SI stability. In this 
work, it has been clear ly  proved that  this solid elec- 
t rolyte  is not stable in the presence of iodine since it 
s lowly degrades to AgI and S. It follows that  the ap- 
plication of Ag3SI in solid e lectrolyte  cells is qui te  
limited. Only low emf cells could be operat ive  wi th  all 
the related disadvantages,  such as low power  density, 
low emf., and kinetic restrictions. 48 

~SB. Owens, G. R. Argue,  I. J. Groee, and L. D. Hermo,  This 
Journal, 116, 312 (1969). 
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ABSTRACT 

The physical and electrical properties of a luminum oxide films deposited 
on silicon by rf sputter ing from an a lumina  target  in an argon atmosphere 
were investigated as a funct ion of sputter ing power density in the range from 
0.5 to 3 W / c m  2. The deposition rates ranged from 20 to 80 A/min .  The density, 
index of refraction, and dielectric constant of the films increased while  the 
etch rate decreased with increasing power density. The surface charge at the 
a luminum oxide-silicon interface was typically larger than 1012 e/cm 2. This 
charge increased with increasing sput ter ing power densi ty and could be re- 
duced to 7-8 x 1011 e/cm 2 by annealing.  The films exhibited t rapping in-  
stabilities at room tempera ture  but  no polarization was observed under  bias- 
temperature  stress. The characteristics of composite layers of thermal ly  grown 
silicon dioxide and sputtered a luminum oxide layers on silicon were also in -  
vestigated and found to exhibit  low surface charge densities, no hysteresis, 
and a "contact potential"  as well as charge stored at the interface between 
the two insulators. 

Dielectric films deposited on semiconductor sub- 
strates serve many  functions in solid state devices. 
These functions include masking against diffusion of 
impurit ies dur ing the formation of pn junctions,  sur-  
face passivation, insulat ion in mul t i layer  in tercon-  
nections, fabrication of capacitor structures, and in-  
sulated-gate field-effect transistors ( IGFET).  

Amorphous silicon dioxide films have been used ex- 
tensively in silicon device technology and are still the 
most commonly used dielectrics. However, silicon di-  
oxide is s t ructura l ly  porous (as indicated by its low 
density) and permeable to ionic migrat ion which re-  
duce its effectiveness as a passivating layer. These 
disadvantages have prompted the invest igat ion of 
other oxide and ni tr ide dielectrics; among these is a lu-  
m i n u m  oxide. 

The interest  in a luminum oxide films stems from 
the following exper imental  observations: the ionic 
mobil i ty  of impurit ies (Na +) is very low in these films 
(1), their  radiat ion resistance is high compared to 
silicon dioxide films (2), and their  dielectric constant  
is double that  of silicon dioxide (3). These films are 
also of interest  in double layer  (SIO2-A1203) struc-  
tures where they act as effective junct ion  seals (4) 
and also offer a possible method of controll ing the 
threshold voltage of IGFET devices (5) due to the 
presence of a "contact potential" at the silicon dioxide- 
a luminum oxide interface. 

A l u m i n u m  oxide films have been deposited on silicon 
by various methods. Chemical vapor deposition in-  
volving the hydrolysis of a luminum trichloride (6) or 
pyrolysis of o rgano-a luminum compounds (7) have 
been the most commonly used. The films prepared b y  
these methods exhibit  interface charge densities in 
the range 3-10 x 1011 cm -2 and this charge can be 
reduced to 1-2 x 1011 cm-2  when a thermal ly  grown 
silicon dioxide in ter layer  is used between the silicon 

* Elect rochemical  Society Act ive  Member .  
Key  words :  th in  film, dielectric,  passivation.  

and the a luminum oxide (8). Both positive and nega-  
tive interface charges have been reported in these 
films (7-11), the charge being strongly process de- 
pendent.  DC reactively sputtered (12-14) a luminum 
oxide films have resulted in ext remely  low surface 
charge and surface state densities. Plasma anodized 
(2, 15) a luminum oxide films have also yielded ex- 
t remely  low surface charge densities. More recently,  
films have also been  prepared by  reactive evaporation 
(16), and yielded results s imilar  to those obtained with 
chemically deposited films. Relat ively little has been 
reported on the deposition of a luminum oxide by rf 
sput ter ing on silicon or other substrates (17, 18). 

The purpose of this study is to investigate the physi-  
cal and electrical properties of a luminum oxide films 
deposited on silicon by rf sput ter ing from an a luminum 
oxide target  in an argon atmosphere and to evaluate 
the sui tabil i ty of these films as passivating layers on 
silicon. This s tudy also includes an investigation of the 
characteristics of sputtered a luminum oxide- thermal ly  
grown silicon, dioxide double layers on silicon. 

Experimental 
The rf sput ter ing apparatus used in this work is 

shown schematically in Fig. 1. The dielectric target  
used was a sintered a luminum oxide (99.97%) disk 
12.5 cm in diameter  and 1 cm thick. It  was metallized 
on one side and bonded using silver epoxy to a flat 
water-cooled a luminum disk which formed part  of 
the vacuum chamber  wall  through a system of vacuum 
seals and an insulat ing ring. A metal  shield sur-  
rounded the exposed areas of the water-cooled alu-  
m i n u m  disk at a spacing of 0.5 cm in order to prevent  
sputter ing from this region. The substrate support ing 
configuration was water-cooled. 

A convent ional  rf generator  operat ing at 13.56 MHz 
was used as the source of power which was coupled to 
the target  electrode through a tunable  ne twork  which 
insured matching  between the coaxial t ransmission 
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Fig. 1. Schematic diagram of rf sputtering apparatus 
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l i n e  i m p e d a n c e  a n d  t h e  s p u t t e r i n g  s y s t e m  load  i m -  
p e d a n c e .  T h e  p o w e r  d e l i v e r e d  to t h e  d i s c h a r g e  w a s  
m e a s u r e d  u s i n g  a s t a n d i n g - w a v e  p o w e r  m e t e r .  A 
p e r m a n e n t  m a g n e t  i n s i d e  t h e  v a c u u m  s y s t e m  w a s  u s e d  
to p r o v i d e  a m a g n e t i c  f ie ld (20 gauss )  p e r p e n d i c u l a r  
to t h e  d i e l e c t r i c  t a r g e t  su r face .  T h i s  m a g n e t i c  f ie ld 
c a u s e d  a 20% i n c r e a s e  in  t h e  d e p o s i t i o n  r a t e  a n d  
h e l p e d  to s t ab i l i ze  a n d  conf ine  t h e  g low to  t h e  space  
b e t w e e n  t h e  t w o  e l ec t rodes .  U l t r a  h i g h - p u r i t y  a r g o n  
(99.999%) w a s  u s e d  as t h e  s p u t t e r i n g  gas  a n d  t h e  

p r e s s u r e  d u r i n g  s p u t t e r i n g  w a s  m o n i t o r e d  b y  m e a n s  of 
a cold  c a t h o d e  gauge .  T h e  s y s t e m  w a s  e v a c u a t e d  b y  a 
6 in. oil  d i f fus ion  p u m p  e q u i p p e d  w i t h  a w a t e r - c o o l e d  
baffle a n d  a l i q u i d  n i t r o g e n  t r ap .  A M e i s s n e r  t r a p  was  
also f i t ted  i n to  t h e  18 in.  g lass  be l l  j a r  to  i m p r o v e  t h e  
u l t i m a t e  v a c u u m .  

In  a t y p i c a l  r un ,  t h e  i n i t i a l  p r e s s u r e  in  t h e  s y s t e m  
w a s  4 x 10 -7 Torr .  P r i o r  to  depos i t i on ,  t h e  t a r g e t  was  
c l e a n e d  b y  a r g o n  ion  b o m b a r d m e n t  ( w i t h  t h e  s u b -  
s t r a t e s  s h i e l d e d )  a n d  t h e  s y s t e m  w as  p u m p e d  d o w n  
a g a i n  to 4 x 10 -7  Tor r .  A r g o n  w a s  t h e n  r e - i n t r o d u c e d  
in  t h e  s y s t e m  a n d  t h e  o x i d e  d e p o s i t i o n  c a r r i e d  ou t  
u n d e r  p r e d e t e r m i n e d  o p e r a t i n g  cond i t ions .  To m i n i -  
m i z e  gas  c o n t a m i n a t i o n  t h e  p u m p i n g  s y s t e m  w a s  no t  
t h r o t t l e d  d u r i n g  s p u t t e r i n g  a n d  l i q u i d  n t i r o g e n  was  
u s e d  in  b o t h  t r aps .  T h e  a r g o n  p r e s s u r e  w a s  k e p t  at  
5-7~ d u r i n g  m o s t  of t h e  runs .  A t  t h i s  s p u t t e r i n g  p r e s -  
s u r e  a 3 cm t a r g e t  to  s u b s t r a t e  d i s t a n c e  w as  f o u n d  
to b e  c o m p a t i b l e  w i t h  a s e l f - s u s t a i n e d  u n i f o r m  d i s -  
c h a r g e  a n d  s a t i s f a c t o r y  d e p o s i t i o n  ra tes .  

T h e  n o m i n a l  s u b s t r a t e  t e m p e r a t u r e  w a s  m e a s u r e d  
u s i n g  a t h i n  (0.010 in . )  c h r o m e l - a ] u m e l  t h e r m o c o u p l e  
p r i o r  to  t u r n i n g  on  a n d  i m m e d i a t e l y  a f t e r  e x t i n g u i s h -  
i ng  t h e  g low d i scha rge .  I n  m o s t  cases,  t h e  s i l i con  s l ices  
w e r e  h e l d  on  t h e  s u b s t r a t e  h o l d e r  b y  m e a n s  of a t h i n  
l a y e r  of g a l l i u m  w h i c h  p r o v i d e d  good t h e r m a l  c o n t a c t  
a n d  a l l o w e d  d e p o s i t i o n  at  l o w  t e m p e r a t u r e s  ( ~ 1 0 0 ~  
D e p o s i t i o n s  w e r e  a lso c a r r i e d  ou t  w i t h  t h e  s u b s t r a t e s  
t h e r m a l l y  i s o l a t e d  f r o m  t h e  ho l de r .  T h e  s u b s t r a t e  t e m -  
p e r a t u r e  d u r i n g  t h e s e  r u n s  d id  no t  e x c e e d  200~ a n d  
r e a c h e d  e q u i l i b r i u m  w i t h i n  a f e w  m i n u t e s  a f t e r  t h e  
d i s c h a r g e  h a d  b e e n  t u r n e d  on  (19) .  

Silicon used in this work was in the form of polished 
circular slices (Monsanto) 2.5 cm in diameter prepared 
by the Czochralski method. The dislocation count was 
specified to be less than 103 cm-2. The slices used were 
n-type phosphorus doped, (Iii) orientation of ap- 
proximately i0 and 0.01 ohm-cm resistivities. The 
high-resistivity slices were used for surface studies 
and the low-resistivity ones were used for investiga- 
tions of the dielectric and optical properties of the alu- 
minum oxide films. Prior to aluminum oxide deposi- 
tion or silicon dioxide growth the polished silicon 
wafers were degreased, boiled in nitric acid, dipped 
in hydrofluoric acid, and then rinsed in deionized 
water. The silicon dioxide growth was carried out at 
II00~ in dry oxygen in a horizontal resistively heated 
furnace provided with a quartz tube and mullite liner. 
The silicon dioxide was then annealed at the same 
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Fig. 2. Effect of power density on deposition and etch rotes 

t e m p e r a t u r e  in  n i t r o g e n  for  30 min .  B o t h  t h e  o x y g e n  
a n d  n i t r o g e n  gases  w e r e  o b t a i n e d  f r o m  l i q u i d  sources .  

A f t e r  d e p o s i t i o n  t h e  a l u m i n u m  o x i d e  f i lms w e r e  a n -  
n e a l e d  in n i t r o g e n  fo r  30 m i n  a t  300~ u n l e s s  o t h e r -  
wise  n o t e d :  T h e  h e a t  t r e a t m e n t s  w e r e  r e s t r i c t e d  to a 
t e m p e r a t u r e  b e l o w  320~ b e c a u s e  of t h e  pos s ib l e  oc-  
c u r r e n c e  of a n e w  p h a s e  of a l u m i n u m  o x i d e  (~ ')  a b o v e  
t h i s  t e m p e r a t u r e  (20) .  

T h e  t h i c k n e s s  of t h e  f i lms was  m e a s u r e d  u s i n g  a 
T a l y s t e p  ( T a y l o r - H o b s o n )  c a p a b l e  of •  a c c u r a c y .  
T h e  s t r u c t u r e  of t h e  f i lms w a s  e x a m i n e d  b y  e l e c t r o n  
mic roscopy .  T h e  d e n s i t y  w a s  d e t e r m i n e d  b y  a d i f fe r -  
e n t i a l  w e i g h i n g  t e c h n i q u e  u s i n g  a m i c r o b a l a n c e .  T h e  
i n d e x  of r e f r a c t i o n  w a s  o b t a i n e d  f r o m  m e a s u r e m e n t s  
on  t h e  i n t e r f e r e n c e  p a t t e r n  i n  t h e  v i s i b l e  u.v.  r a n g e  
b y  m e a n s  of a P e r k i n - E l m e r  450 s p e c t r o p h o t o m e t e r  
f i t ted  w i t h  a 350 s p e c u l a r  r e f l e c t a n c e  a t t a c h m e n t .  
K n o w i n g  t h e  f i lm t h i c k n e s s  f r o m  T a l y s t e p  m e a s u r e -  
m e n t s ,  i t  was  poss ib l e  to e s t i m a t e  t h e  i n d e x  of r e -  
f r a c t i o n  as a f u n c t i o n  of w a v e l e n g t h  (21) .  T h e  i n f r a -  
r ed  s p e c t r a  w e r e  o b t a i n e d  u s i n g  a P e r k i n - E l m e r  621 
s p e c t r o p h o t o m e t e r  f i t ted  w i t h  t w o  m i c r o s p e c u l a r  r e -  
f l ec tance  a t t a c h m e n t s .  

Most  of t h e  e l e c t r i c a l  e v a l u a t i o n s  i n v o l v e d  M I S  
( m e t a l - i n s u l a t o r - s e m i c o n d u c t o r )  s t r u c t u r e s .  T h e s e  
w e r e  p r e p a r e d  b y  e v a p o r a t i n g  a l u m i n u m  (99:999%) 
field p la tes ,  1000A th ick ,  500g in  d i a m e t e r  o v e r  t h e  d i -  
e l ec t r i c  t h r o u g h  a m a s k .  A l u m i n u m  w a s  also e v a p o -  
r a t e d  on  t h e  b a r e  b a c k - s i d e  of t h e  s i l i con  fo r  con tac t .  
T h e  e v a p o r a t i o n s  w e r e  c a r r i e d  ou t  f r o m  a r e s i s t i v e l y  
h e a t e d  t u n g s t e n  f i l a m e n t  in  a v a c u u m  of 10-~ Tor r .  
E l e c t r i c a l  m e a s u r e m e n t s  w e r e  t h e n  c a r r i e d  o u t  as d e -  
s c r i b e d  l a t e r  in  t h e  p a p e r .  

Results and Discussion 
F o r  r f  s p u t t e r i n g  of i n s u l a t i n g  f i lms on  s e m i c o n -  

d u c t o r  s u b s t r a t e s ,  t h e  p o w e r  d e n s i t y  affects  t h e  r a t e  
of depos i t ion ,  t h e  e t c h  r a t e ,  t h e  dens i ty ,  t h e  d i e l ec -  
t r i c  c o n s t a n t ,  t h e  c o n d u c t i v i t y ,  a n d  t h e  s u r f a c e  c h a r -  
a c t e r i s t i c s  of t h e  s e m i c o n d u c t o r - i n s u l a t o r  i n t e r f a c e  
(22) .  S o m e  of t h e s e  effects  w i l l  b e  c o n s i d e r e d  in t h e  
f o l l o w i n g  sec t ions .  

Physical Properties 
T h e  r a t e  of d e p o s i t i o n  of a l u m i n u m  o x i d e  f i lms as a 

f u n c t i o n  of p o w e r  d e n s i t y  is s h o w n  in  Fig. 2. T h e  d e p -  
os i t ion  r a t e  is a l i n e a r  f u n c t i o n  of p o w e r  dens i ty .  T h e  
f i lm t h i c k n e s s  w a s  u n i f o r m  w i t h i n  5% o v e r  t h e  w h o l e  
a r e a  of a n y  one  s l ice  a n d  f i lms cou ld  be  d e p o s i t e d  o v e r  
s ix s l ices s i m u l t a n e o u s l y  w i t h  a t h i c k n e s s  u n i f o r m i t y  
of b e t t e r  t h a n  10%. No c r a c k s  w e r e  o b s e r v e d  in  f i lms 
r a n g i n g  up  to 5000A in  t h i c k n e s s .  

The etch rate is a sensitive indicator of the struc- 
tural properties of the film. The P-etch~ rate for alu- 

z A n n e a l i n g  at  such low t e m p e r a t u r e s  was  f o u n d  to h a v e  n e g l i g i -  
ble  effect  on the  dens i f i ca t ion  of t he  layers .  

15 pa r t s  49% HF;  10 pa r t s  70% HNO~; 300 pa r t s  H~O. 
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minum oxide films is shown in Fig. 2 and is seen to 
increase drast ical ly at low power  densities, indicating 
porous films. This fact was also confirmed by mea-  
surements  of the density of the films as a function of 
power  density. The low power  depositions resul ted in 
lower film densities as shown in Fig. 3. The density 
ranged f rom 3.5 g / c m  3 at a power  density of 1 W / c m  2 
to about 3.8 g / c m  3 at 2.5 W / c m  2. 

The films examined by low-angle  electron diffraction 
were  found to be amorphous independent ly  of the 
deposition power  densities used in this investigation. 
The index of refract ion of the  films was found to in-  
crease wi th  increasing power  density ranging f rom 
1.55 to 1.65 at 0.5~. A typical  inf rared reflectance spec- 
t rum for an a luminum oxide film deposited on low- 
resis t ivi ty  silicon is shows in Fig. 4. It exhibits  a 
broad peak around 15~, in general  agreement  wi th  the 
data repor ted  for a -a luminum oxide (23). No trace of 
water  could be detected in the films f rom these inf ra-  
red measurements .  Rela t ive ly  minor  variat ions were  
observed in the physical  propert ies of annealed films 
deposited on substrates held by gal l ium on the holder  
and those deposited on substrates the rmal ly  isolated 
from the holder. 

Electrical Properties 
Metal-aluminum oxide-silicon (MAS) s t ruc tures . -  

Dielectric constant.--The dielectric constant of a lumi-  
num oxide films sputtered under  the conditions de- 
scribed above were  obtained from capacitance mea-  
surements  of 1 kHz using a GR 1650B bridge. The 
values obtained ranged f rom 7 at a power  density of 
1 W / c m  2 to 8.5 at a power  density of 2.5 W / c m  2, Values 
of 8.55 for sput tered a luminum oxide films have  been 
reported by Pra t t  (18). The low dielectric constant 
observed at low power  density is probably related to 
the low film density (24). The dissipation factor for 
these films ranged f rom 0.01 to 0.004. 
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Fig. 3. Film density as a function of deposition power density 
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Fig. 4. Infrared spectrum of aluminum oxide films 
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Fig. 5. Capacitance-voltage plots for a MAS device showing 
the effect of annealing. (CA ~ aluminum oxide capacitance per 
unit area.) 

Breakdown lfeld.--The breakdown field of a luminum 
oxide films was measured  by the method described by 
Worthing (25). A general  correlat ion be tween  power 
density and breakdown field was not possible and the 
measured breakdown values ranged fom 2 to 8 x l0 s 
V/cm. These values agree wi th  the ones repor ted  by 
Pra t t  (18). 

Surface charge.--The charge per  unit area QsA stored 
in the a luminum oxide was de te rmined  f rom the ca- 
paci tance-vol tage  characterist ics (C-V) of the MAS 
structure.  This method  involves the determinat ion  of 
the flat-band vol tage V~B of the exper imenta l  C-V 
curve. The charge density QSA is then related to VFB 
by the expression3: 

VFB=--QsA[Xa]@d~MS-- [1] 
~a 

where  r is the meta l -semiconductor  work  function 
difference (26), and Xa, ea are, respectively,  the th ick-  
ness and dielectr ic  constant of the a luminum oxide 
layer. The capacitance measurements  were  carried 
out at 1 MHz using a Boonton 71A capacitance meter .  

As ment ioned in previous sections, h igher  deposition 
power densities result  in denser, h igher  qual i ty  films, 
however ,  a ma jo r  de t r imenta l  effect in using high 
power  densities is the deter iorat ion of the silicon sur-  
face properties. The induced charge was measured  as 
a function of deposition power  density pr ior  to anneal-  
ing of the films. The charge induced was observed to 
increase wi th  sput ter ing power  density in agreement  
wi th  the observat ions of Hu  and Gregor (24). When 
the power  density was below 1 W / c m  2 the induced 
charge was about 1012 e / c m  2. At  power  densities of 
2.5 W / c m  2 and above the surface charge was i013 
e / c m  2 or larger. In all cases the effective charge stored 
in the oxide was positive. Anneal ing  at 300~ for 30 
min in N2 prior to electrode deposition was found to 
reduce this charge in most cases to about 7-8 x 1011 
e / c m  2. For  init ial  (prior to anneal ing) charge densities 
higher  than 10 TM e / c m  2 N2 anneal ing was found to have 
l i t t le or no effect and the charge stored in the oxide 
could not be significantly reduced. F igure  5 shows the 
C-V characterist ics of a MAS sample pr ior  to and af ter  
N~ annealing. The increase in induced charge with  in-  
creasing deposition power  density can be a t t r ibuted to 
an increase in the charge stored in the oxide due to 
s t ructural  differences be tween oxides deposited at 
various power  densities and /o r  to bombardment  in-  
duced surface damage during sput ter ing (24). Since 
the surface charge after  anneal ing was approximate ly  

3 T h e  c h a r g e  QsA w a s  a s s u m e d  to be  a t  t h e  s i l i c o n - a l u m i n u m  o x -  
ide  i n t e r f a c e .  
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constant for power  densities below 2.5 W / c m  2, the re -  
duction in surface charge can be due to anneal ing of 
radiat ion damage at the s i l icon-a luminum oxide in te r -  
face. However ,  at h igher  power  densities the surface 
charge is more l ikely to be associated wi th  s t ructura l  
changes in the oxide or permanent  surface damage 
which could not be annealed. 

The distr ibution of oxide charge was studied as a 
function of distance in the oxide. The oxide charge, 
af ter  annealing,  was found to be located predominant ly  
at or near  the s i l icon-a luminum oxide interface. This 
observat ion was the resul t  of a series of e tch ing-an-  
neal ing experiments .  A luminum oxide layers, 2000A 
thick, were  th inned by etching to produce oxide th ick-  
nesses ranging f rom 500 to 2000A in several  steps. The 
oxides were  then annealed as described previously  and 
the surface charge measured.  In all cases the effective 
surface charge densities were  of the order of 7-8 x 
10 H e / c m  2 independent  of oxide thickness. Similar  re-  
sults have  been observed in sput tered silicon dioxide 
films on silicon (27). 

A fur ther  observat ion which can be made  regarding 
the C-V plots of Fig. 5 is the difference in the shape 
of annealed and unannealed  samples. The slow transi-  
t ion in the C-V curve  for the lat ter  is probably related 
to a high surface state densi ty which can be reduced 
by annealing. 

Trapping.--Hysteresis is present  in the C-V curves 
shown in Fig. 5. The sense of the hysteresis (f lat-band 
voltage more negat ive  af ter  the m a x i m u m  negat ive  ex-  
cursion) indicates charge interchange across the alu-  
minum oxide-si l icon interface. Hole emission f rom the 
silicon to the insulator  or electron emission from traps 
in the insulator  to the silicon could account for the ob- 
served sense of the hysteresis (28). An  increase in 
hysteresis was observed when  the b ias-vol tage  swing 
about f lat-band was increased. A displacement  of the 
C-V curves was also observed at room tempera tu re  
af ter  application of a stress field exceeding a threshold 
of 1-2 x 106 V/cm. The direction of this displacement  
was opposite to that  caused by polarization or ion 
migrat ion and was t empera tu re  independent  and de- 
pendent  on previous bias history. Figure  6 shows the 
effect of stress vol tage on the f lat-band vol tage of a 
MAS capacitor. Similar  results have  been observed on 
silicon ni t r ide (28), (29), and vapor-deposi ted  silicon 
oxide (30) on silicon. This instabil i ty is postulated to 
be associated with  deep t rapping centers in the dielec-  
tr ic coupled with  charge t ransfer  across the interface 
region between the dielectr ic  and the semiconductor.  
The t rapping instabil i ty and hysteresis could be caused 
by the presence of a ve ry  thin silicon dioxide layer  
(~20A) which is usual ly  present  on silicon. 

Polarization and ion migration.--Polarization and ion 
migrat ion are character ized by a displacement of the 
C-V curves in a direction opposite to the polar i ty  of 
the applied bias when the MAS sample is subjected 
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Fig. 6. Flat-band voltage as a function of stress voltage for MAS 
device. 

to b ias - tempera ture  stress. The displacement  is a func-  
tion of applied bias and temperature .  Annea led  a lumi-  
num oxide layers were  subjected to b ias - tempera ture  
stress for 10 rain at 250~ The field applied during 
these exper iments  was smaller  than the threshold field 
requi red  for t rapping ( typical ly 1 x 106 V / c m ) .  The 
resul t ing vol tage shifts were  typical ly less than 1V. 
Bias - tempera ture  stress exper iments  wi th  control led 
Na + contamination indicated that  Na + did not migra te  
appreciably through a 1000A layer  of a luminum oxide 
in agreement  with the results of Tung and Caffrey (1). 
The above exper iments  indicate that  polarizat ion and 
ion migrat ion in the sput tered films are negligible. 

M e t a l - a l u m i n u m  ox i de - s i l i c on  d i ox i de - s i l i con  
(MAOS) structures.--The electr ical  characterist ics of 
a luminum oxide-si l icon structures discussed above in-  
dicate that  in spite of the absence of polarization and 
ion migration,  the sput tered a luminum oxide films are 
not ent i re ly  satisfactory for passivation purposes be-  
cause of the t rapping instabil i ty associated wi th  the 
insula tor-semiconductor  interface. Since the rmal ly  
grown silicon dioxide on silicon does not  exhibi t  
charge instability, the propert ies  of double layers of 
SiO2 + A1203 were  investigated.  

Characterizat ion of the insulator  charge in MAOS 
structures was per formed by C-V techniques.  The 
analysis in this case is sl ightly complicated by the pos- 
sible presence of a charge Qii at the silicon dioxide-  
a luminum oxide interface and a "contact potential"  
r at the same interface (4, 31). Taking these factors 
into account the f lat-band vol tage for the double layer  
is given by 

-Jr - Q i i  -~- ~bii -~- ~bMs [2]  
5o 

where  Qss is the fixed posi t ive surface charge density 
at the Si-SiO2 interface and Xo, eo are, respectively,  the 
thickness and dielectric constant of the silicon dioxide 
layer. Distr ibuted charge in the a luminum oxide and 
silicon dioxide has been neglected in the above equa-  
tion (32). 

In order to invest igate  the val id i ty  of Eq. [2] and to 
eva lua te  the magni tude  of the various terms in that  
equation, four sets of samples having I000A of the r -  
mal ly  grown silicon dioxide with  over layers  of alu-  
minum oxide ranging in thickness f rom 700 to 3000A 
were prepared. The a luminum oxide layers were  de-  
posited at different power  densities ( ranging f rom 1 to 
2 W / c m  2) for each set of samples. The double layers 
were  then annealed at 300~ for 30 rain in N2 prior to 
electrode deposition. F igure  7 shows the C-V charac-  
teristics of one of the MAOS test samples. The C-V 
characterist ics of the double layer  do not exhibi t  
hysteresis. Trapping is also absent in the double layer  
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Fig. 7. Capacitance-voltage plot for a MAOS device. (CAo 
double-layer dielectric capacitance per unit area.) 
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even for stress voltages up to the destructive break-  
down of the dielectric layer. Similar  results have been 
observed in Si3N4-SiO2 double layers (29). Figure 8 
shows a plot of the f lat-band voltage of the double 
layer as a function of the a luminum oxide thickness 
for one set of samples. The a luminum oxide films in 
this case were deposited at 1.5 W/cm 2. 

The constant  parameters  in Eq. [2] were estimated 
by curve fitting and found to be 

Qss ~ 4 • 1011 e/cm 2 (positive) 

Qii ~-~ 1 • 1011 e /cm 2 (positive) 

r ~ 1.1V 

It should be noted that  the intercept  of the curve with 
the f lat-band voltage axis for zero a luminum oxide 
thickness is not the value of ~bii. This intercept  depends 
on the values of Qss, Xo, Co, and CMS (--0.35V in  this 
case). The magni tude  of Qss in the annealed MAOS 
samples was found to be approximately the same as 
the one observed in  MOS samples when  the silicon di-  
oxide was subjected to the same annealing.  Wu and 
Formigoni  (27) reported similar  results on double 
layers of silicon dioxide sputtered on thermal ly  oxi- 
dized silicon. The charge Qii was found to be positive 
for all the samples investigated and increased with in -  
creasing power density ranging from 1 x 1011 to 4 x 1011 
e /cm 2. The charge Qii may be associated with charged 
traps at the interface. The density of these traps in -  
creases wi th  increasing power density thus causing an 
increase in the stored charge. The origin of ~bii is not 
completely understood (33), and it was found to range 
from 1 to 1.2V for the samples investigated. Both Qii 
and eli have considerable effect on the threshold of 
IGFET's  and the control of these parameters  by dep- 
osition or anneal ing  processes 4 may be required before 
the advantages of the double- layer  s tructure can be 
ful ly realized. 

Conclusions 
Good qual i ty  a luminurh oxide films can be pre-  

pared by rf sputter ing of an a lumina  target  in an 
argon atmosphere. The rate of deposition of the films 
is in the range 20-80 A / m i n  for power densities rang-  
ing from 0.5 to 3 W/cm 2. The films were found to be 
amorphous and the etch rate, the density, the index of 
refraction, as wel l  as the dielectric constant, were 
found to increase with increasing power density. In  
general, high power sput ter ing is preferred however, 
in this case surface charge becomes a problem. The 
init ial  surface charge after deposition was found to 
be larger than  1012 e /cm 2. After  anneal ing this charge 
could be reduced to 7-8 x 1012 e /cm 2. The films de- 

F or  d o u b l e  l ayers  of  a l u m i n u m  o x i d e - s i l i c o n  d i o x i d e  on s i l icon,  
N i g h  et  al. (4) h a v e  r e p o r t e d  a p o s i t i v e  r (of a p p r o x i m a t e l y  t he  
same v a l u e  as the  one r e p o r t e d  here)  b u t  no  Q l l ;  N i s h i m a t s u  et  aL 
(10) h a v e  r e p o r t e d  t he  p re sence  of b o t h  a n e g a t i v e  Q t i  a n d  a d is -  
t r i b u t e d  c h a r g e  i n  the  A12Oa f i lms  b u t  no  r  K a l t e r  e t  al,  (31) 
h a v e  r e p o r t e d  a Pos i t i ve  ~bli b u t  no t  Q*l. 

posited directly on silicon exhibited t rapping ins ta-  
bilities at room temperature,  bu t  no polarization was 
observed under  b ias - tempera ture  stress. Double layers 
of thermal ly  grown silicon dioxide and sputtered a lu-  
m i n u m  oxide exhibited low-surface charge densities, 
no t rapping instabilities, and a "contact potential" as 
well  as charge stored at the interface between the two 
dielectrics. Both the interface charge and the contact 
potent ial  were found to be process dependant  and both 
will have to be controlled if full  advantage is to be 
taken of characteristics of the double- layer  structure.  
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Photoluminescence of Eu(ll) Activated EuAI03 
Philip M. Jaffe* 

Zenith Radio Corporation, Chicago, Illinois 

ABSTRACT 

EuA103 act ivated with  Eu( I I )  results in an efficient band emit t ing uv 
excited phosphor. F rom a study of the optical propert ies of EuA103:Eu(I I I )  
and EuA103:Eu(I I )  the  fol lowing conclusions were  reached: (i) there  is l i t t le 
if any emission f rom Eu( I I I )  because of concentrat ion quenching;  (it) other 
than the t r ivial  radiat ive energy t ransfer  f rom Eu (II) to Eu (III) there  is l i t t le  
interact ion between Eu( I I )  and E u ( I I I ) ;  (iii) the exci tat ion spectrum of 
Eu( I I )  emission can be explained in terms of crystal  field theory.  

In the last few years there  has been much interest  
in divalent  and t r iva lent  Eu act ivated phosphors. This 
interest  has been both theoret ical  and practical  as 
evidenced by an examinat ion  of the recent  phosphor 
l i tera ture  as, for  example,  ref. (1) through (8). In 
these phosphors, other  than those repor ted  by McAllis-  
ter  (8), only one oxidation state of Eu was present. 
McAllister 's  work  was wi th  the complicated (Li, Ba, 
La, Eu)PO4 in which Eu (II) and Eu (III) were  present, 
simultaneously.  A bet ter  phosphor in which to study 
interactions, if any, be tween  Eu (II) and Eu (III) would 
appear  to be EuA103. 

EuAIO3 exists in two modifications, perovski te  
(cubic) and or thorhombic  (9). The perovski te  s t ruc-  
ture, which has the general  form ABO3, may  be  con- 
sidered to be made up of layers of oxygen atoms (10). 
The large A ions are located in twe lve - fo ld  coordina-  
tion and the smaller  B ions in s ix-fold coordination. 
In EuA103 the Eu( I I I )  is in the A site. When Eu( I I )  
is formed o n ' r e d u c t i o n  of Eu( I I I )  it stays in an A 
site since no ion migrat ion or r ea r rangement  is neces-  
sary for its incorporation into the host latt ice as may 
be necessary with  McAllister 's  phosphors. 

E x p e r i m e n t a l  
The phosphors studied here  were  mix tures  con- 

taining 80-90% of the cubic EuA103, the balance being 
the or thorhombic  modification. X - r a y  diffraction 
analysis has shown that  EuA103 can exist over  the 
range of at least 0.1 g at. of excess Eu or A1 using the 
substi tution Eul• 

The various compositions studied here  were  pre-  
pared by coprecipi tat ing A1 (OH) ~ and Eu (OH)3 with  
ammonia  f rom a hot solution of the nitrates. Af te r  
digesting overnight,  the precipi tate  was filtered, dried 
at 120~ tr i turated,  and fired in a lumina crucibles at 
1250~ 

Absorption, emission, and excitat ion spectra were  
obtained with a J a r r e l l -Ash  ~/4 meter  monochromator  
fitted with  a motor  dr ive on the grating. The emission 
spectra were  corrected for ins t rumenta l  errors and 
for photomult ip l ier  response. The excitat ion spectra 
are given re la t ive  to fluorescein above 3300A and 
sodium salicylate below this wavelength.  Absorpt ion 
spectra were  also taken on a Beckman DU spectra-  
photometer.  

Fi r ing in an O2 atmosphere results in EuA103 having 
a whi te  body color. It is nonluminescent  under  uv  
excitat ion and shows a v e r y  weak red line emission 
under  cathode rays. The spectrum consists of th ree  
groups of lines located at 589, 592, and 596 nm 
(SD0 ~ VF1) ; 610, 614, 618, and 626 nm (SDo --> 7 F 2 )  ; and 
655nm (SDo ~ VF3) , respectively.  The dominant  line is 
at 614 nm. Fi r ing  in a reducing atmosphere  (NH3 was 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
~ I n c r e a s i n g  the  Eu ( I I I )  or  A1 c o n c e n t r a t i o n  a b o v e  t he  s to i eb i -  

o me t r i c  1:1 r a t i o  r e s u l t s  i n  an  inc rease  i n  t he  l a t t i c e  p a r a m e t e r ,  
ao. A b o v e  0.1 g at. A1, A12Os b e g i n s  to a p p e a r  w h e r e a s  a b o v e  0.1 
g at. Eu,  the  o rde r l y  l a t t i ce  e x p a n s i o n  of  ao becomes  erra t ic .  F i r -  
i n g  in  NH~ r e su l t s  in  the  f o r m a t i o n  of Eu(II)AI~O~ a t  E u  c o n c e n -  
t r a t i o n s  above  0.1 g at.  
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Fig. 1. Spectral distribution of the emission from EuAIO3 fired 
in ammonia. 
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Fig. 2. Absorption spectra of EuAIO3 fired in oxygen and in 
ammonia. 

prefer red)  resul ted in phosphors having a ye l low-  
green band emission and a ye l low-green  body color. 
F igure  1 shows the emission spectrum from a typical  
NH3 fired EuA103 phosphor taken under  uv  exci ta-  
tion. 2 It consists of a broad band peaking at 510 nm. 
Examinat ion  of the recorded spectrum shows the 
absence of any line emission but the presence of some 
line absorption located around 520 to 540 rim. 

F igure  2 shows the absorption spectrum of near  
stoichiometric phosphors fired in 02 and in NH3, re-  
spectively. The oxygen-f i red mater ia l  shows a strong 
absorption band below 350 nm and a narrow, weaker  
band at 405 nm. The NH3-fired phosphor shows a 
broad band extending f rom 330 to about 500 nm with 
a sharp peak at 405 nm. There  is also a slight long 
wave  broadening of the band below 350 nm. Super-  
imposed on the absorption of the O2- and NH3-fired 
samples are several  groups of absorption lines located 
around 360 to 400 nm, 525 to 550 nm, and 590 to 600 
nm. These t r iva len t  Eu absorptions are due to the 

This  s y s t e m  is d i f f icul t  to  w o r k  w i t h  and  l eaves  m u c h  to be 
de s i r ed  in  r e p r o d u c i b i l i t y .  The  d a t a  p r e s e n t e d  are  the  a v e r a g e  o f  
s e v e r a l  r epea t  samples .  
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transitions 7Fo -* 5D~.~, ~F0 -> ~D~, and 7F0.2 ~ ~Do, 
respectively.  Corresponding lines in the two spectra 
are of about equal  intensity. No absorption lines cor-  
responding to the transit ions ~F0 -~ ~D~, 460 to 490 rim, 
were  observed. 

Using the substi tut ion Eul,=AI~=O~, samples were  
prepared over  the stabil i ty range for excess Eu and A1, 
ca. 0.1 g at. F igure  3 shows the absorption spectrum 
of samples having x = 0.1 A1 and 0.1 Eu; also shown 
for comparison is the spectrum of the near  stoichio- 
metr ic  phosphor. S tar t ing  with  an excess of Eu, in-  
creasing A1 results in a progressive broadening of the 
two absorption bands plus an increase in the ampli tude 
of the long wavelength  band. The excitation spectra 
of these three  phosphors are shown in Fig. 4. There  
are  three distinct excitat ion bands located around 350, 
310, and 260 nm. There might  be a fourth band below 
225 nm, but it could not be verified since measure-  
ments could not be made  below 225 rim. The ampli -  
tude of the 310 nm band was invar iant  re la t ive  to the 
350 nm peak while that  of the 260 nm peak increase,~ 
with  increasing Eu. The brightness of these phosphors 
as a function of excess Eu or excess A1 is shown in 
Fig. 5 for exci tat ion into the three  above-ment ioned  
excitat ion bands. Star t ing with  excess Eu, for all 
three  excitations a progress ive  decrease in Eu, i.e., 
increasing A1, results in a progressive increase in the 
brightness. In addition, the slope of the curves for 310 
nm and 350 nm excitat ion are the same but different 
f rom the slope of the 260 nm excited curve. Incident-  
ally, these phosphors are fair ly efficient under  3650A 
excitation. For  example,  the brightness of a good but 
nonoptimized near  stoichiometric phosphor is about 
60% of a (ZnCd)S:Ag phosphor of a similar  color. 

The t empera tu re  dependence of a near  stoichio- 
metr ic  EuA10~ phosphor is shown in Fig. 6 for ex-  
citation into the three  excitat ion bands. The curves 
are similar  and show a t empera tu re  break-poin t  
around 200 ~ to 220~ followed by a level ing off around 
260 ~ to 300~ 
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Fig. 5. Effect of an excess or deficiency of Eu on the brightness 
of Eul+xAI l~O ~. The stoichiometric composition is at the zero 
point on the abscissa. To its right, Eu is increasing; to its left it 
is decreasing. Excitation into the three excitation bands shown in 
Fig, 4. 
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Attempts  were  made to measure  the luminescence 
decay curves af ter  excitat ion into the  three  excitat ion 
bands. Because the decay was very  fast, the  results  
are not conclusive. However ,  the decay appears to be 
the same for the three excitations, namely,  an initial 
fast decay with a t ime constant  less than  10 ~sec 
fol lowed by a sl ightly s lower component.  

Discuss ion  
The green band emission obtained by firing EuA103 

in a reducing atmosphere  is due to divalent  E u ( l l ) .  3 
While t r iva lent  Eu is present,  it does not  emit  under  
uv excitat ion and only weak ly  so under  cathode rays. 
This is most l ikely so because of concentrat ion 
quenching.4.~ However ,  the Eu( I I I )  does absorb as 
evidenced by the superimposed line absorptions found 
in the absorption, excitation, and emission spectra. 
The Eu( I I )  emission is fa i r ly  efficient par t ia l ly  be-  
cause of its low (unknown) concentrat ion.  

It is tempt ing  to speculate that  since Eu( I I )  re-  
places E u ( I I I ) ,  it would also be in the  same site 
which is lacking a center  of symmetry.  6 However ,  
because the Eu( I I )  ion is la rger  than  E u ( I I I ) ,  it is 
more  easily polarized, thus affecting its env i ronment  

3 R o o m  t e m p e r a t u r e  MSssbaue r  m e a s u r e m e n t s  show t h a t  d i v a l e n t  
Eu  is p r e s e n t  and  t h a t  i t s  c o n c e n t r a t i o n  inc reases  w i t h  i n c r e a s i n g  
A1 c o n t e n t  (16}. Th i s  t r e n d  e x p l a i n s  the  r e su l t s  s h o w n  in  Fig .  3 
a n d  5, i . e . ,  the  b r i g h t n e s s  and  t he  a b s o r p t i o n  inc rease  w i t h  inc reas -  
i ng  Eu( I I )  concen t r a t i on .  

4 The  w e a k  l u m i n e s c e n c e  u n d e r  ca thode  r ays  and  t he  l ack  of  
l u m i n e s c e n c e  u n d e r  u v  i n d i c a t e s  two  t h i n g s :  one  is t h a t  concen-  
t r a t i n g  q u e n c h i n g  is i n v o l v e d  in  b o t h  t he  e x c i t a t i o n  process  and  
e m i s s i o n  process,  and  two,  t h a t  the  e x c i t a t i o n  m e c h a n i s m  is some-  
w h a t  d i f f e ren t  for  t he  two  m o d e s  o f  exc i t a t ion .  

~ V a n  U i t e r t  and  J o h n s o n  f o u n d  t h a t  fo r  (Y,Eu)AIO3, the  op t i -  
m u m  Eu  c o n c e n t r a t i o n  was  a b o u t  5 a / o  (12). The  Eu ( I I I )  concen-  
t r a t i o n  in  EuA1Os:Eu(I I )  is  c o n s i d e r a b l y  h i g h e r  t h a n  this .  

The  m a i n  l ine  in  the  Eu+S e m i s s i o n  is a t  ~ 6 1 4  n m  (~Do ~ ~Fe) 
w h i c h  is due  to an  e lec t r i c  d ipo le  t r a n s i t i o n  i n d i c a t i v e  of  an ac t i -  
v a t o r  cen te r  l a c k i n g  a cen te r  of s y m m e t r y .  
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so that  its site symmetry  may be quite different from 
that  of Eu (III) .  

The fact that the 310 nm excitat ion band is in-  
var iant  relat ive to the 360 nm band, Fig. 4, while the 
260 nm band is not would indicate that  there are two 
divalent  Eu luminescent  centers present. This is 
supported by the fact that  the slope of the brightness 
vs. Eu concentrat ion curve for 310 and 360 nm excita- 
t ion are the same, but  different from that  of the 260 
nm curve. Since the phosphors contain both cubic and 
orthorhombic phases, most l ikely one Eu( I I )  center 
is in the former phase and the other center is in the 
latter. Since in both centers the emission originates 
from a similar  5d excited level the luminescence 
decay would be expected to be similar  as was ob- 
served. 

We can account for the 310 and 350 nm excitation 
bands in the following way: the absorption of divalent  
Eu is due to the excitation of a 4f electron to a 5d 
level. Assuming cubic symmetry,  this level is split by 
the crystal  field into two main  levels, t.~ and e (13). 
We can assign the 350 and 310 nm excitation bands to 
these two levels in the cubic perovskite as shown in 
Table I. The crystal  field spli t t ing parameter  10 Dq 
for these two lines is 3.7 kilo Kaysers, kK, which is in 
good agreement  with similar  data reported for other 
Eu( I I )  activated phosphors (14). If we assume that  
the 310 and 350 n m  bands are associated with Eu( I I )  
in the cubic (major)  phase, then there should be two 
addit ional  weaker  levels due to Eu( I I )  in the or- 
thorhombic phase. In  this case, the 260 nm excitation 
band would then be the lower energy level of another  
5d splitting. The 10 Dq value in this Eu( I I )  center  is 
probably in the order of 4 to 10 kK. Using these values 
and assuming that  the Eu( I I )  is still in a cubic field, 
then there should be a higher excitation level around 
42 to 46 kK corresponding to a wavelength  of 240-215 

Table I. Excitation bands and crystal field splitting of 
EuAI03 and other phosphors containing Eu(ll) 

E x c i t a t i o n  bands ,  C e n t e r  of 
Hos t  • 10s k i l o  K a y s e r s  10 Dq  5d l eve l  

EuA1Os 28.6 32.3 3.7 30.8 
CaF2* 27.1 45.0 17.9 37.9 
NaCl*  29.4 41,5 12.1 34.2 
KBr*  29.7 38.1 8.4 33.1 
BaZrO~* 25.2 38.2 13.0 33.0 

* Da ta  t a k e n  f r o m  ref.  (14). 

nm. There is an indication of a band in this region as 
shown in Fig. 4. The center of gravi ty  for this level is 
around 40 to 41 kK whereas it was about 31 kK for the 
cubic phase. 

The only interact ion between Eu ions in the two 
oxidation states appears to be the t r ivial  radiative 
energy transfer  from Eu( I I )  to Eu ( I I I ) .  This is in -  
dicated by the weak absorption lines superimposed on 
the Eu( I I )  spectra. A similar conclusion has been 
reached by Blasse and Bril  regarding energy interac-  
tions between Eu( I I )  and Eu( I I I )  in SrY204 (15). 
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Distribution of Impurities in Zn,O-Doped 
GaP Liquid Phase Epitaxy Layers 

R. H. Saul and W.  H. Hacketb  Jr. 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

A series of var ious ly  doped GaP l iquid phase ep i t axy  (LPE)  layers  were  
analyzed to establ ish the d is t r ibut ion  of Zn,O and res idual  impur i t ies  cont r ib -  
u t ing to the  net  impur i t y  g rad ien t  previous ly  observed in the  p - l a y e r  of high 
efficiency GaP LPE diodes. F rom these exper imen t s  we conclude tha t  the  net  
impur i ty  grad ien t  is p r imar i l y  a consequence of a decreasing Zn concentra t ion 
along the growth  direction,  and, to a lesser degree,  an increasing res idual  
donor  concentrat ion.  The dis t r ibut ion  of in tent ional  and unin ten t iona l  i m -  
pur i t ies  was found to be independen t  of subs t ra te  doping level.  

The effect of cooling ra te  on the  var ious  impur i t y  d is t r ibut ions  was also 
studied,  covering the range  0.5~176 Residual  impur i t y  levels  and  as-  
sociated gradients  were  signif icantly reduced  by  decreas ing the cooling ra te  
which indicates  that  res idual  impur i ty  incorpora t ion  is k ine t ica l ly  control led,  
p robab ly  by  slow diffusion of these impur i t ies  in front  of the  growing LPE 
layer.  S imi lar ly ,  the O level  appears  to be decreased by  reduced  cooling rate .  
In contrast ,  Zn doping was found to be independent  of cooling ra te  which 
suggests tha t  its incorpora t ion  was essent ia l ly  under  equi l ib r ium conditions.  
Assuming this to be the  case, we have shown tha t  the observed Zn d is t r ibu t ion  
is consistent  wi th  the  t empe ra tu r e  dependence  of the  Zn solid solubil i ty.  
Using an equi l ibr ium descr ipt ion for Zn incorporat ion,  we have  computed  the 
nea r - junc t ion  Zn and O concentra t ions  in the  p rev ious ly  repor ted  high effi- 
ciency diodes to be 6.7 x 1017 cm-3  and 2.7 x 101~ cm -3, respect ively .  The cor-  
responding level  of res idual  impur i t ies  y ie lds  a net  donor  concentra t ion  of 

3 X 1016 cm -3. 

We prev ious ly  repor ted  (1) on the  fabr icat ion of 
efficient ( ~ 7 % )  r ed - l igh t  emit ing GaP p - n  junct ions  
which were  grown using a p - o n - n  l iquid phase ep i t axy  
(LPE)  t ipping process. In  tha t  work,  the  s t rong de-  
pendence of quan tum efficiency ~ on Zn,O-doping in 
the p - t y p e  LPE layer  was emphasized,  and we noted 
that  the  (measured)  impur i t y  d i s t r ibu t ion  was not  
uni form in the  LPE layers.  L a d a n y  (2) observed a 
"spontaneous junct ion"  or n - sk in  near  the surface of 
his p - t y p e  LPE layers  and suggested that  impur i ty  
gradients  exis ted  in those LPE layers,  a l though the 
impur i ty  d is t r ibut ions  were  not de termined.  As i l lus-  
t ra ted  in Fig. 1, the  net  impur i t y  concentra t ion at  the 
surface of our p - l aye r s  is closely compensated,  and 
thus genera l ly  leads to difficulty in provid ing  a low-  
resistance ohmic contact  to the  p - l a y e r  since e lect r ica l  
contact  is usual ly  es tabl ished at this surface. Con- 
sequently,  the  work  descr ibed here  was in i t ia ted  to 
fu r the r  the  unders tand ing  of Zn,O and res idual  im-  
pur i ty  d is t r ibut ions  in LPE layers  and how these are  
affected by  cooling ra te  and subs t ra te  doping. These 
resul ts  have been used  to de te rmine  the nea r - junc t ion  
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Fig. 1. Net impurity profile for a Zn,O-doped LPE layer grown 
at a cooling rate of 10~ Open and solid circles designate 
measurements on different rows of Schottky-barrier diodes. 
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Fig. 2. Sealed capsule used for growth of LPE layers 

Zn,O and res idual  impur i t y  levels for high efficiency 
r ed -emi t t i ng  diodes (1). 

Experimental 
LPE growth system.--The quar tz  capsule used for  

the sea led- tube  LPE growth  is i l lus t ra ted  in Fig. 2. 
The capsule, seal ing plug, and  boat  were  etched for  
5 min  in HF, r insed  in de- ionized  water ,  and  oven-  
d r ied  jus t  pr ior  to loading. Po lyc rys ta l l ine  GaP (Mon- 
santo phosphine-syn thes ized  ma te r i a l ) ,  s ieved to 20- 
60 mesh and then etched in aqua regia, was added  to 
Ga (99.9999 +% pur i ty  obta ined  f rom Alusuisse  Met-  
als) to form the r eg rowth  solution. Incorpora t ion  of 
Zn was accomplished by  etching a c rys ta l l ine  needle  
(99.9999% pur i ty  obta ined  f rom Uni ted  Minera l )  to 
final weight  and  submerg ing  this d i rec t ly  into the  Ga. 
Powdered  t~-Ga203 (highest  pu r i ty  ava i lab le  from 
Alusuisse  Metals)  was added  to the  solut ion when  O 
doping was desired.  The Zn and Ga203 addi t ions  were  
0.03 m / o  (mole pe r  cent)  and 0.35 m/o ,  respect ively ,  
and correspond to the  op t imum doping levels found in 
our ear l ie r  work  (1). t Undoped,  Zn-doped,  and Zn,O- 

1 I n  ref.  (1), w e  n o t e d  t h a t  v e r y  l a r g e  a d d i t i o n s  o f  Ga~O8 [ ~ 3 0  
t i m e s  l a r g e r  t h a n  the  s o l u b i l i t y  l i m i t  of Ga203 in  G a  d e t e r m i n e d  b y  
Fos t e r  a n d  Sca rde f i e ld  (3)] we re  r e q u i r e d  for  eff ic ient  d iodes .  Thi s  
was  loose ly  a t t r i b u t e d  to  k i n e t i c  effects  cha r ac t e r i s t i c  of  t he  L P E  
process.  T r a n s p o r t  of  GaeOs (v ia  Ga~O) as a r e s u l t  of  s m a l l  t h e r m a l  
g r a d i e n t s  w h i c h  m i g h t  e x i s t  w i t h i n  t h e  capsule ,  t o g e t h e r  w i t h  t h e  
fac t  t h a t  t he  r e g r o w t h  so lu t ion  w a s  no t  p e r m i t t e d  to  e q u i l i b r a t e  a t  
the  m a x i m u m  t e m p e r a t u r e ,  m a y  accoun t  fo r  the  d i s c r e p a n c y  b e -  
t w e e n  F o s t e r ' s  r e su l t s  a n d  ou r  own.  In  addi t ion ,  the  O so lubi l i ty  
in  t he  r e g r o w t h  s o l u t i o n  m a y  be s u b s t a n t i a l l y  d i f f e r en t  f r o m  t h a t  
in  G a  s ince t he  f o r m e r  is s a t u r a t e d  w i t h  GaP .  

921 
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doped LPE layers were grown on undoped solution 
grown (SG) crystals, Te-doped ( N D  - -  N A  ~ 0 . 3 - 5  

X 10 is cm -3) SG crystals or similar  crystals on which 
Te-doped LPE layers had been previously grown. 

The loaded capsules were evacuated (<10 -6 Torr) ,  
sealed by fusing the plug and capsule and loaded into 
a preheated (650~ t i l table furnace which was then 
heated to ~1060~ at a rate of 20~ At the maxi -  
mum temperature,  LPE growth was ini t iated by si- 
mul taneously  t ipping the furnace and cooling at a 
programmed rate  which could be varied from 0.5-18~ 
rain. For most cases, cooling was in ter rupted  and the 
crystal was annealed for 5 hr  at 600~ followed by 17 
hr at 500~ which for the Zn,O-doped layers, increases 

by a factor of 3-4 (1). Heating, cooling, and in situ 
anneal ing cycle were programmed using a L&N Trend-  
t rak control unit .  

Determination oI doping profiles.--A high resolution 
net impur i ty  profile was obtained for each LPE layer 
by means of a series of surface-barr ier  capacitance 
measurements  on an angle- lapped surface (4). Rec- 
tangular  samples (50 x 150 mils) were lapped on a 
glass plate with Linde A to expose a surface lying 3 ~ 
from the junct ion  plane. Hot aqua regia was used to 
remove the resul t ing surface damage. The intersection 
of the junct ion plane and the lapped surface was 
del ineated by etching for 1 rain in a 1:1 solution of 
H202:HF under  br ight  i l luminat ion  (5). Schot tky-  
barr ier  diodes were formed by evaporat ing an ar ray  
of Au dots (100~ in diameter  on 200~ centers) on the 
angle- lapped surface and alloying an ohmic contact 
to the top surface. Reverse bias C-V measurements  on 
each Schot tky-barr ie r  diode yields, at the diode loca- 
tion, a net  donor or acceptor concentration, tND -- NAI 
(6, 7). This doping level was actually measured direct-  
ly using an analog doping profiler (8). The resul t ing 
ar ray  of doping levels comprises a net  impur i ty  profile 
normal  to the junct ion with an effective spatial resolu- 
tion of i00~ �9 sin 3 ~ = 5#. 2 

Results and Discussion 
Since the net impur i ty  dis t r ibut ion in Zn,O-doped 

layers is the net  result  of various individual  impur i ty  
distributions, we at tempted to isolate these components 
by comparing impur i ty  profiles for undoped, Zn-doped, 
and Zn,O-doped LPE layers. A cooling rate of 10~ 
was used as in our earlier work (1). The results of 
these experiments  are summarized in Table I. 

Undoped LPE layers.--All undoped layers are n- type,  
the value of N D -  NA increasing with distance from 
the junct ion as in Fig. 3. This gradient  is believed to 
result  from a bu i ld -up  of a slow-diffusing donor im- 
purity,  most probably Si, in front of the advancing 
solid-liquid interface. From the data of Table I, the 
residual impur i ty  levels (and profiles) are apparent ly  
insensit ive to Te concentrat ion in the substrate;  in 
fact, an undoped substrate (PTO61169) gave the high- 

T h e  e f f e c t i v e  s p a c i n g  b e t w e e n  S c h o t t k y - b a r r i e r  d iodes  w a s  r e -  
d u c e d  to 100~ by  s t a g g e r i n g  a d j a c e n t  r o w s  of A u  dots.  
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Fig. 3. Net impurity profile for an undoped LPE layer grown at a 
cooling rate of ]O~ Open and solid circles designate measure- 
ments on Hifferent rows of Schottky-borrier diodes. 
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Fig. 4. Concentration profiles for a Zn-doped layer grown at 
]O~ see text, 

est net  donor level at the junction.  Thus, the LPE 
layers are not significantly autodoped by the substrate. 
The net impur i ty  level at the junct ion  is general ly 
comparable to that  observed in undoped SG crystals 
(~5  x 10 TM cm-3) ,  al though the lat ter  are usual ly 
p-type.  As shown later, this background impur i ty  level 
is roughly an order of magni tude  lower than  the con- 
centrat ion of Zn and O. We note that, while the gradi-  
ent in undoped layers is opposite from that  of Zn,O- 
doped layers (Fig. 1), the dis tr ibut ion of residual  
impurities,  by vi r tue  of compensation, leads to a qual i -  
ta t ively similar net  impur i ty  profile. However, the 
residual impur i ty  level is not large enough to account 
ful ly for the gradient  in Fig. 1 which indicates that 
Zn and/or  O are not un i formly  distr ibuted throughout  
the LPE layer. 

Zn-doped LPE layers.--Figure 4 il lustrates a net  
impur i ty  profile (solid l ine)  for an LPE layer  doped 

Table I. Summary of dopant distribution in LPE layers a 

S u b s t r a t a  L P E  l a y e r  d o p i n g  
d o p i n g  l e v e l ,  l e v e l  N~  - -  N~ ,  c m  -~ L P E  l a y e r  

R u n  D o p a n t  ND -- N~, c m  -~ J u n c t i o n  S u r f a c e  t h i c k n e s s ,  

PT052669 -- 6 x i0 ~7 ~--3 X I0 le --1.5 x 10 ~ 48 
PT061169 -- ~5 x i0 TM --1.2 x 1017 --3.0 • 1017 68 
PT060669 -- 4 X I0 la ~--3 X 1016 --1.5 X 1017 33 
P T 0 6 1 0 6 9  Z n  ~ 5  x 101" 5.0 x 1017 2.0 x 10 ~7 30 
PT052169 Zn 1.3 • i0  Is 5.3 • I0 ~ 1.2 • 1017 42 
P T 0 8 1 2 6 9  Z n  8 x 10 ~7 5.7 X 1017 1.S • 1011 37 
P T 0 5 1 3 6 9  Z n , O  2 x 1018 3.8 • 1017 1.0 • 1017 32 
P T 0 5 1 5 6 9  Z n , O  7 x 1017 3.8 • 1017 ~ 5  X 10  le 30 
PT042169 Z n , O  8 X I 0  ~7 4.2 • 1017 1.0 • 1017 62 
P T 0 6 0 9 6 9  Z n , O  ~ 5  x 10 TM 4.0 X 1017 7 • 10 TM 43 
PT063069 Zn,O 3 x 10 TM 4.0 • I0 ~7 1.5 • 1017 44 
P T 0 6 1 6 6 9  b Z n , O  1.3 • 10 TM 3.8 X 1017 5 • 1016 38 

a L a y e r s  g r o w n  w i t h  a c o o l i n g  r a t e  of  1 0 ~  a n d  s u b s e q u e n t l y  a n n e a l e d .  
b U n a n n e a l e d .  
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with Zn. As shown in Table I, layers grown on var i -  
ously doped substrates yielded essentially identical  
profiles. From the above results, it is apparent  that  
residual impurit ies also contr ibute  to the (net) grad-  
ient evident  in Fig. 4. This LPE layer was doped with 
radioactive 65Zn, so that  the Zn concentrat ion profile 
could also be determined.  Incrementa l  layers were 
successively removed from this layer by etching and 
the Zn activity in each layer determined from the 7 
photon emission peak (1.11 MeV), characteristic of 
65Zn decay. The method of comparat ive standards was 
employed to obtain absolute values of Zn levels, and 
weight loss measurements  were used to de termine  
thickness of the incrementa l  layers. From a comparison 
of the N D -  NA and tracer profiles (see Fig. 4), it is 
clear that  the gradient  in the Zn-doped layers is 
largely due to nonuni form Zn distribution. The scatter 
in the data, however, precludes meaningfu l  de te rmin-  
ation of the residual impur i ty  distribution, al though it 
appears to be similar  to that  shown in Fig. 3. 

Since the epitaxial  layers were annealed in Ga for 
22 hr after growth, it was necessary to determine if the 
nonuni form Zn dis tr ibut ion was a consequence of out-  
diffusion of Zn dur ing the anneal ing t reatment .  An  
unannea led  Zn,O-doped layer  (PTO61669) was thus 
profiled but  found to be similar to the annealed layers. 
(As indicated in the next  section, O acts as a com- 
pensat ing donor and does not  appreciably affect the 
net  impur i ty  gradient.)  Thus out-diffusion of Zn (or 
in-diffusion of a donor impur i ty)  dur ing  annea l ing  is 
negligible,a and it is concluded that  all observed pro- 
files are established dur ing  epitaxial  growth. 

Since the dis tr ibut ion coefficient of Zn decreases as 
the tempera ture  is lowered (10), one expects that  as 
the Ga solution is cooled and the epitaxial  layer thick- 
ens, the level of incorporated Zn should decrease along 
the growth direction as in Fig. 4. Using the GaP 
liquidus data of Rubenste in  (11) and Hall  (12), and 
the Zn solid solubil i ty isotherms recent ly computed by 
Jordan (13), we have calculated the resul t ing Zn 
profile assuming that  (i) layer  growth and Zn incor- 
poration are essentially equi l ibr ium processes, and 
(ii) part i t ioning of rejected GaP between substrate 
and other competing surfaces (e.g., the 2 m/o  excess 
GaP present)  is invar ian t  for a given run. The first 
assumption is consistent with the results of the cooling 
rate experiments,  as shown later. The second assump- 
t ion effectively normalizes the calculated LPE layer  
thickness to the observed thickness. In  view of the 
uncer ta in ty  in the thermodynamic  data, the agree- 
ment  between the calculated Zn dis tr ibut ion (shown as 
a dashed line in Fig. 4) and exper imental  data is quite 
good. These results imply  that  the observed Zn profile 
is a consequence of the LPE layer having been grown 
over a wide tempera ture  range# This view is sup- 
ported by the observation that  the Zn concentrat ion 
at the junct ion  is invar ian t  while the surface concen- 
t ra t ion is independent  of layer  thickness and roughly 
constant  (see Table I) .  

Zn,O-doped LPE layers.--Profiles of Zn,O-doped 
layers are independent  of substrate doping and are 
essentially the same as for Zn-doped layers, with the 
former displaced to lower (net)  acceptor concentra-  
tions, cf., Fig. 1 and 4. This reduction in NA- ND, 
being the result of compensation of Zn acceptors by 
O donors, provides a direct measurement of the O 
concentration. 5 Thus from Table I, the apparent O 
concentration near the junction where the red lumines- 
cence occurs (14, 15) is typically -~1.3 x 1017 cm -3. 
However, the concentration of Zn is comparable to 

8 T h i s  r e s u l t  is a n t i c i p a t e d  f r o m  t h e  d i f f u s i o n  d a t a  of  P a n i s h  a n d  
C a s e y  (9). 

F r o m  t h e  G a P  l i q u i d u s  d a t a  (11, 12), a p p r o x i m a t e l y  90% of  t h e  
e p i t a x i a l  l a y e r  h a s  g r o w n  w h e n  the  G a  so lu t i on  h a s  coo led  200~ 
f r o m  i t s  m a x i m u m  t e m p e r a t u r e .  

A c t u a l l y ,  t h i s  is  t h e  c o n c e n t r a t i o n  of  e l e c t r i c a l l y  a c t i v e  ( subs t i -  
t u t i ona l )  O a n d  m a y  d i f f e r  f r o m  t h e  t o t a l  O c o n c e n t r a t i o n  w h i c h  
i n c l u d e s  i n t e r s t i t i a l  a n d  o t h e r  i n a c t i v e  f o r m s  [C. K .  K i m ,  Radio- 
chem. and Radzoannal. L e t t e r s ,  2, 53 (1969)] .  

the intrinsic carr ier  concentrat ion ni at the growth 
tempera ture  (10); hence, the s imultaneous incorpora-  
tion of O is expected to affect the level of incorporated 
Zn. As shown below this leads to an underes t imate  
of the O concentration. 

The actual O concentrat ion is readily estimated by 
considering the incorporation of Zn as described by 
the equations (10) 

[ZnGa-]p 
Zn( / )  ~ VGa = ZnGa- -~ e+;K1 = 

[Zn (l) ] [VGa ] 
[1] 

n + [Znoa-]  = p [2] 
and 

np = ni 2 [3] 

Analogous equations resu l t  for Zn,O doping except that  
Eq. [2] becomes 

no + [ZnGa-]o = Po ~- [Op + ] [4] 

where the subscript o is used to represent  s imul tane-  
ous Zn and O incorporation. At  constant  [Zn ( l ) ]  and 
[VGa] (constant in dilute solutions) it follows from 
Eq. [1] that 

p [Znoa- ]  = Po[Znoa-]o [5] 

Combining Eq. [2]-[5],  we have the desired result  

[Op +] = [ZnGa--]o- ([Znoa--]o- [Oe+]) 

[ A-b  (A2 + 4n,2) u ] 
= A  - -B [6] 

B +  (B 2 + 4 n i  2) v, 

where A ~ [ZnGa-] and B -- [Znoa-]o -- l op  +] are 
the measured quantities. Note that  Eq. [6] does not 
depend on the details of O incorporation, but  simply 
makes use of the measured compensation resul t ing 
from O-doping. Taking A = 5.3 x 1017 cm -3, B = 4 
x 1017 cm -3 from Table I, and a computed (16) value 
of nl = 1.6 x 1017 cm -3, we obtain for the  n e a r - j u n c -  
tion O concentration,  [Op +] = 2.7 x 1017 cm -3, which 
is somewhat greater  than  our earlier estimates (1). 
This numer ica l  result  is relat ively insensit ive to the 
chosen value of n,. 6 

Since the electrical measurements  do not dist inguish 
between various donor species, we considered the pos- 
sible incorporation of impuri t ies  in the Ga203, most 
notably  S which has a ra ther  large dis t r ibut ion co- 
efficient (10). (Other donor impurit ies could not be 
detected by emission spectrography.) From combus-  
t ion analysis (17) of the Ga203, the S concentrat ion 
was estimated to be about 1 ppm. Using the solubili ty 
data of Trumbore  et al. (10) and the amount  of Ga203 
added to the Ga solutions the S concentrat ion in  the 
Zn,O-doped LPE layers is expected to be < 1 x 1015 
cm -3 which is well  below the doping levels of  interest.  
Hence, it is concluded that  O is the compensating 
donor in these experiments.  

EfJect of cooling rate on dopant distribution.--Table 
II summarizes the results of experiments  in which 
the cooling ra te  was varied between ,-20 and ~0.5~ 
min. The residual  impur i ty  level in  undoped layers 
is significantly reduced by diminishing the cooling 
rate. This result  indicates that  residual  impur i ty  in -  
corporation is a rate dependent  (nonequi l ibr ium)  
process in  which the effective dis tr ibut ion coefficient k 
increases as the cooling rate is increased. Such be-  
havior is characteristic of impuri t ies  with k < 1 which 
diffuse slowly in  the l iquid (18). These experiments  
also suggest that  the nonuni fo rm impur i ty  dis t r ibut ion 
in undoped layers is p r imar i ly  a consequence of rapid 
growth as al luded to earlier. 

The Zn-doped layers, on the other hand, appear to 
be unaffected by cooling rate wi th in  the range  studied. 
Thus, Zn incorporation is not kinetical ly controlled 

~ T h i s  f o l l o w s  f r o m  Eq.  [6] e x c e p t  w h e n  n~ >> A/2  = 2.6 x 101~ 
cm--~. 
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Table II. Effect of cooling rate on dopant distributions 
in LPE layers a 

C o o l i n g  L P E  l a y e r  d o p i n g  
r a t e ,  l e v e l ,  NA --  N D,  c m  ~ 

R u n  D o p a n t  o C / r a i n  J u n c t i o n  S u r f a c e  

F T 0 5 2 6 6 9  - -  ~ 1 0  ~ - - 3  • 10 ze - - 1 . 5  • 101~ 
P T 0 9 1 8 6 9  - -  4 , 4  ~ - - 1  • 10 TM - - 9  • 10  TM 

P T 0 9 1 7 6 9  - -  0 .7  ~ - - 5  • 10 ~ ~ - - 5  • 10  TM 

P T 0 5 2 1 6 9  Z n  1 0 .0  5 .3  • 1017 1 .2  • 101~ 
P T 0 9 1 2 6 9  Z n  4 .8  5 .0  • 1017 1 .5  x 1017 
P T 0 9 1 5 6 9  Z n  0 .5  5 .0  • 101~ 1 .5  x 1017 
P T 0 6 1 9 6 9  Z n , O  1 8 ,6  3 .5  • 10~7 7 • 101~ 
P T 0 6 0 9 6 9  Z n , O  10.5  4 .0  • 1017 7 x 10  TM 

1 : r r 0 8 1 9 6 9  Z n , O  4 .8  4 .5  • 1017 1 .0  • 1017 
P T l 1 0 3 6 9  Z n , O  1.0 4 .6  • 101~ 1 .6  • 10~7 

a A l l  l a y e r s  w e r e  a n n e a l e d .  

which is, of course, a necessary condition for equi-  
l ibr ium incorporation. Since the Zn-doping  in the LPE 
layers agrees closely with the computed equi l ibr ium 
values (see Fig. 4), we conclude that our earlier as- 
sumption of equi l ibr ium Zn incorporation is valid. 

As the cooling rate is decreased, the Zn,O-doped 
layers exhibit  a systematic increase in NA -- ND at the 
junc t ion  which we interpret  as evidence of decreased 
O. This result  is consistent with the very low dis t r ibu-  
t ion coefficient of O (3). The effective reduction in the 
value of k for O is not readily compensated by in-  
creased Ga203 in the regrowth solution because of the 
very low solubili ty of Ga203 in Ga. 

Conclus ions 
The net  impur i ty  distr ibution observed in Zn,O- 

doped LPE layers results pr imari ly  from a nonuni form 
Zn dis tr ibut ion and, to a lesser extent,  nonuni form 
distr ibution of residual impurities. The O distr ibution 
is more difficult to ascertain but  appears to be rela-  
t ively constant along the growth direction even though 
k < <  1. While the bu i ld-up  of slow diffusing residual 
donor impuri t ies  in front of the growing LPE layer  
accounts for the nonuni form distr ibut ion of residual 
impurities, the grading in Zn concentrat ion is a man i -  
festation of the tempera ture  dependence of the Zn 
distr ibution coefficient. Thus the impur i ty  grading in 
Zn,O-doped LPE layers can be minimized by employ- 
ing slow cooling rates and restr ict ing growth to a na r -  
row temperature  range. The la t ter  might  be accom- 
plished by mechanical ly separating (t ipping off) the 
Ga solution from the substrate before the solution has 
cooled 25 ~ . Layers of sufficient thickness could be 
grown over a nar row tempera ture  range by appropri-  
ate increase in the ratio of regrowth solution volume 
to substrate area, and by e l iminat ing the excess 
(source) GaP which competes with the substrate 
crystal for the precipitat ing GaP. 

Decreasing the cooling rate to a ra ther  low value of 
~0 .5~  reduced the un in ten t iona l  impur i ty  level 
( N D  - -  NA _~ 5 >< 1015 cm-~) which is desirable for 
minimizing nonradia t ive  recombinat ion centers which 
may be associated with such impurities. On the other 
hand, the level of incorporated O appears to decrease 
as the cooling rate is reduced which may  be detr i -  
menta l  owing to the probable reduct ion in Zn-O com- 
plexes. The Zn concentrat ion and dis tr ibut ion is inde-  

pendent  of cooling rate in the range 0.5-10~ which 
is consistent with equi l ibr ium Zn incorporation. Using 
an equi l ibr ium description for Zn incorporation, the 
near - junc t ion  Zn and O concentrat ions for the pre-  
viously reported high efficiency diodes (1) are com- 
puted to be 6.7 x 1017 cm -3 and 2.7 x 1017 cm-3, re- 
spectively. 
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ABSTRACT 

Flow pat terns have been made visible in a horizontal  water-cooled epitaxial  
reactor by injection of TiO2 particles into the gas flow. From these experi-  
ments,  a s tagnant  layer  model has been developed with which the epitaxial  
growth of silicon from silane can be described. In  the case of a nonti l ted sus- 
ceptor, the model predicts an appreciable nonuni fo rmi ty  in thickness along 
the susceptor, whereas a small  angle of t i l t ing of the susceptor should yield 
a much bet ter  uni formi ty  in thickness (2% over a length of 22 cm). Experi-  
ments  agree very well  with the theoretical  predictions of the model. 

Silane as source for the epitaxial  growth of silicon 
has several  advantages over SIC14 and SiHC13: lower 
deposition temperature,  less autodoping from sub-  
strate, less outdiffusion, and no back etching. On the 
other hand, silane is ra ther  unstable  and will  decom- 
pose also on the hot reactor wall. This means that, as 
far as the construction is concerned, reactors for Sill4 
and SIC14 or SiHCI~ will be different. For the t ime be- 
ing, the most popular type is the horizontal  reactor. 
The construction is ra ther  simple. A large number  of 
slices can be grown in  one charge and the reactor is 
easy to load and unload. For Sill4, a water-cooled re-  
actor is preferable, because otherwise silicon would 
be deposited on the reactor wall, which would make 
measurement  of the tempera ture  of the substrates with 
an optical pyrometer  impossible. 

In  the past, several authors have described the proc- 
ess of epitaxial growth, though mostly in vertical  re-  
actors. Bradshaw (1) developed a boundary  layer 
model with which he was able to explain the growth 
experiments  in a vert ical  reactor. Here the deposition 
efficiency is low, so that  the decrease in concentrat ion 
of the silicon compound along the susceptor can be 
neglected. Shepherd (2) described the epitaxial  growth 
of silicon from SIC14 in a small  horizontal  reactor, as- 
suming a parabolic gas flow in  the reactor and omit t ing 
the decrease in  SIC]4 concentrat ion in  the length di-  
rection of the reactor. For large horizontal reactors, 
the deposition efficiency is found to be about 35%. This 
means that  the decrease in concentrat ion of the silicon 
compound along the reactor cannot  be neglected. Tak-  
•ng this into account, Rundle  (3) investigated the 
epitaxial  growth of silicon from SIC14 and SiHC13, as- 
suming that  the gas flow in the reactor has a velocity 
component only along the axis of the reactor and that  
the whole system is at a constant  temperature,  ignor-  
ing tempera ture  gradients. 

In  this paper, it is shown that  these assumptions 
cannot be justified. From gas flow pat te rn  experiments,  
it is seen that  there is a thermal  convection in the 
reactor vert ical ly overturning the main  gas flow and 
resul t ing in complete mixing  of the gas. Directly above 
the heated susceptor, the tempera ture  then  drops over 
a th in  s tagnant  layer which is excluded from the 
main  gas flow. These exper iments  are discussed and a 
model derived for the epitaxial  growth in  a horizontal  
reactor is analyzed. The rate of epitaxial  growth is 
calculated in the case of a nont i l ted  and t i l ted sus- 
ceptor. It  is shown that  there is close agreement  be-  
tween the predictions derived from the model and the 
experiments.  

Investigation of the Flow Pattern 
Experimental arrangement.--To make the flow pat-  

tern in the reactor visible, TiO2 particles are injected 
into the gas s t ream by means of the equipment  shown 

schematically in Fig. 1 (4). The horizontal  reactor used 
for these experiments  is the same as is considered 
later  for the epitaxial  deposition of silicon from silane. 
It  consists of a water-cooled quartz tube  with a rec- 
tangular  cross section (5 x 4 cm) and a graphite  sus- 
ceptor, 30 cm long, 4 cm wide, 8 mm thick, positioned 
in a quartz boat which fits in the reactor. In  our case, 
the free space between a side wall  of the reactor and 
the quartz boat is about 0.5 ram. The quartz boat rests 
on the floor of the reactor. The free height above the 
susceptor is 2 cm. Dry hydrogen and hydrogen con- 
ta in ing  water  vapor flows into the reactor where the 
tempera ture  of the susceptor is 1050~ By switching 
two electromagnetic valves, the dry hydrogen can be 
passed over TIC14. Mixing of the water  vapor-loaded 
and the TiC14-1oaded hydrogen causes the formation 
of TiO2 particles, resul t ing in a white haze. The flow 
pat te rn  in the reactor can then be observed. Photo-  
graphs of the gas flow pat terns  have been made 
through the window on the r igh t -hand  end of the re-  
actor (see Fig. 1) and are discussed below. 

Experimental results.--In Fig. 2, the s t reamline 
pa t te rn  is given for the water-cooled reactor with the 
susceptor at room temperature.  It is seen from this 
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ELECTROMAGNETIC 3-WAY VALVE 

Fig. 1. Schematic view of the equipment to make gas flow 
patterns in the reactor visible. 

/ - ,20 

Fig. 2. Streamline pattern above the nonheated susceptor 
(Ts ~ 20~ with water-cooling around the tube (wall temperature 
approximately I0~ Convective flow is visible under the influence 
of a small vertical temperature gradient. Rotation speed: about 
| rps. 
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Fig. 4. Dependence of the stagnant layer thickness on the mean 
velocity of hydrogen in the reactor. Susceptor temperature, 1050~ 
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Fig. 5. Stagnant layer model for a horizontal reactor with a non- 
tilted susceptor. 

Fig. 3. Streamline patterns with Ti02 at different gas velocities 
of hydrogen (corrected for heating up). Susceptor temperature 
I050~ Stagnant layer thickness decreases with increasing gas 
velocity. 

photograph that, a l though the ver t ica l  t empera tu re  
gradient  is ve ry  small  (AT ~-. 10~ over  about 2 cm),  
a convection flow al ready exists which, combined wi th  
the  net  gas flow, results in a double screw flow pattern.  
When the susceptor is heated up, the ver t ical  t em-  
pera ture  gradient  increases. Due to a buoyancy force, 
increased in this way, a higher  rota t ion veloci ty of the 
spirals results and the separate s t reamlines mix. This 
is shown in Fig. 3 where  hydrogen wi th  different gas 
velocities flows through the reactor  in which the sus- 
ceptor  is at 1050~ In the  case of low gas veloci ty  the 
convection flow lines can be seen separately,  but at 
h igher  veloci ty  the s t reamline  pat tern  is restr icted to 
a region separated f rom the substrate by a dark  layer.  
The la t ter  is indicat ive of a region where  the gas 
veloci ty is zero and the  incoming TiO2 part icles wi l l  
flow only in a region separated f rom the susceptor by 
a s tagnant  layer.  The thickness of the stagnant  layer  
depends on the gas velocity,  as can be seen f rom Fig. 
4. When the l inear veloci ty  in the reactor  is increased, 
the stagnant  layer  thickness tends to decrease. 

Epitaxial Growth with a Nontilted Susceptor 
Calculations on the modeL--From the  exper iments  

described above, a model  has been  developed wi th  
which the epi taxial  g rowth  in a horizontal  reactor  can 
be physically described and mathemat ica l ly  analyzed. 

In Fig. 5, a schematic d iagram of a horizontal  re -  
actor wi th  a nont i l ted susceptor is d rawn with  the as- 
sumptions implied in the model  for epi taxial  growth. 
They are mainly  based on the gas flow pat tern  exper i -  
ments  wi th  TiO2 and expl ic i t ly  given below: 

I. Due to ver t ica l  overturning caused by buoyancy 
forces in the gas ( thermal  convect ion) ,  the velocity,  
Vm, and the temperature ,  Tin, are constant over  the 
height  (b -- 5) of the reactor  tube. 

II. The t empera tu re  of the gas (Tin) is taken to be 
constant in the length direct ion of the reactor. This 
assumption is val id  for a wate r -cooled  reactor.  

III. In the stagnant layer, the gas veloci ty is zero 
and the tempera ture  increases l inear ly  wi th  y f rom Tm 

to the susceptor t empera tu re  Ts: T(y)  = Ts -- 
(Ts -- Tin) (b -- y)/5.  

IV. Sill4 diffuses through the stagnant  layer  to the 
susceptor. At the surface of the susceptor, the  Sill4 
concentrat ion is assumed to be zero since the unstable 
Sill4 reaching the susceptor decomposes immedia te ly  
at the tempera ture  considered (1050~ Thus, the 
deposition rate of silicon is diffusion controlled. 

With these assumptions, the ra te  of epi taxial  growth 
in a horizontal  reactor  has been calculated and turns 
out to be described by the fol lowing expression (see 
Appendix  A) : 

DoTspo ( DoTsX ) 
exp [1] G(x)  = 7.23 X 106 RTo 25 ToVob8 

where  G is the growth ra te  of silicon ( ~ m / m i n ) ;  Do, 
the diffusion coefficient at 300~ of silane in hydrogen  
(Do = 0.2 cm2/s);  Ts, the susceptor t empera tu re  (~  
To = 300~ Po, the par t ia l  pressure of silane (dynes /  
cm 2 ~ 10 -6 atm) at the inlet  of the reactor;  Vo, the 
mean veloci ty (cm/s)  of the gas as calculated f rom 
the incoming gas flow and the free cross section of the 
tube; R is the gas constant (8.31 x 107 e r g / ~  The 
free height  above the susceptor is indicated by b (cm). 
The only unkown var iable  is 8, the thickness of the 
stagnant layer. 

Experimental results.--Experiments were  carr ied 
out on the epi taxial  growth of silicon f rom silane in 
an a tmosphere  of hydrogen.  F igure  6 shows an outl ine 
of the  apparatus used for these experiments .  Substrates  
were  0.01 ohm-cm (N- and P - t y p e ) ,  polished slices of 
silicon single crystals. Af t e r  etching the slices at 
1200~ with  HC1, the t empera tu re  of the susceptor is 
lowered to 1050~ at which t empera tu re  the epi taxial  
growth is ini t iated by admit t ing a flow of hydrogen 
containing Sill4. The t empera tu re  has been measured  
with  an optical pyromete r  and corrected for the  emis-  
sivity of the silicon. 

The growth rate, G, is obtained by measur ing both 
the t ime of growth and the thickness of the deposited 
silicon layer. It has been verified that  the growth rate, 
G, is a constant over  the t ime of growth. The accuracy 
in the growth rate  is affected by the accuracy wi th  
which the t ime of switching can be measured and by 
the accuracy of the thickness measurement  method.  
The accuracy in t ime measuremen t  amounts to •  
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Fig. 6. Outline of the epitaxial growth equipment 

The thickness has been measured by infrared mul t i -  
ple in terference wi th  a Hitachi  EPI-G2 spectra-  
photometer .  The data obtained al low for a final ac- 
curacy in thickness of •  The evaluat ion tech-  
nique used wil l  be described by Sever in  (5). 

According to Eq. [1], the growth rate  is l inear ly  de-  
pendent  on the concentrat ion of Sill4 in the carr ier  
gas. This was verified up to 10-~ vol % Sill4 in a series 
of growth experiments .  In each exper iment ,  the slice 
was positioned at the same place in the reactor.  The 
results of these exper iments  are given in Fig. 7. It  is 

_L.. 1 
t I i i 0 

0 0.1 0.2 

Fig. 9. Dependence of the stagnant layer thickness on the mean 
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Fig. 7. Dependence of the growth rote on the partial pressure of 
silane (10 3 dynes/cm 2 relates to 0.1 vol % Sill4). 

clear f rom this figure that  growth rate  varies l inear ly  
wi th  the S i I ~  concentration.  

Another  series of exper iments  has been carr ied out 
to s tudy the dependence of growth rate, G, on position 
x along the axis of the reactor.  A typical  resul t  of 
these exper iments  is given in Fig. 8. It can be seen that, 
as required by Eq. [1] der ived f rom the model, log G 
indeed decreases l inear ly  wi th  x. 

Calculated  and e x p e r i m e n t a l  va lues  for  the  t h i c k -  
ness  of  the  s tagnant  l a y e r . - - F r o m  the  slope of the line 
in Fig. 8 as wel l  as f rom the value of G at x = 0 the 
thickness of the s tagnant  layer, 5, can be calculated. 
In Fig. 9, these values are given for gas flow rates 
(VT) be tween  50 and 500 cm/s  corresponding to Vo 
between 20 and 200 cm/s.  This figure also shows the 
thickness of the stagnant  layer  as found by direct ob- 
servat ion in gas flow pat tern  exper iments  wi th  TiO2 as 
shown in Fig. 3. Good agreement  exists be tween these 
measured values of the stagnant  layer  thickness and 
the values of ~ der ived f rom G(0) .  The values ob- 
tained from the slope turn  out to be at variance.  In 
order to proceed with  the theory, a simple formal  re-  

gas velocity in the reactor (corrected for heating up): /k, from flow 
pattern experiments using Ti02, -I- from the slope of the log G(x)-x 
curve; O, from the growth rate at x = O. 

lation be tween 6 and the velocity,  V, is needed. A 
number  of relationships have been tr ied but the re la -  
tion: 

A 
6 = - -  B [2] 

x/vT 

with A = 7 cm 3/2 s -1/2 and B = 0.2 cm appears to be 
the best compromise.  

Theoret ical ly  and exper imental ly ,  the growth rate,  
G, decreases wi th  increasing values of the position pa-  
rameter ,  x. The magni tude  of this effect depends on 
the gas flow rate. When Eq. [2] is inserted into Eq. 
[1], it follows that  the slope of the log G vs. x curve  
as a function of Vo shows a ra ther  flat minimum. This 
can be seen in Fig. 10. Some exper imenta l  data regard-  
ing this effect are  also presented in this figure. It ap- 
pears that  the same t rend is found in the exper imenta l  
and in the calculated course of the slope of the  log 
G vs. x curve  as a function of the mean  velocity,  Vo. 
The differences in actual value  of d log G / d x  are due 
to the inaccuracies introduced by Eq. [2]. 

Increasing the gas flow ra te  f rom 9 to 34 cm/s  re -  
sults in a decrease of the slope of the log G vs. x curve. 
However ,  a fur ther  increase of the gas flow rate  has no 
influence on the slope of the growth  curve. 

F rom these exper iments  and calculations, it is clear 
that  it is impossible to get the  same deposition ra te  in 
all positions on the susceptor. A smaller  gradient  in 
the thickness of deposited silicon should be obtain-  
able wi th  a s tagnant  layer  thickness decreasing in the 
length direction of the reactor  to compensate  the effect 
of decreasing par t ia l  pressure of Sill4. A gradual ly  de-  
creasing stagnant  layer  can be achieved by t i l t ing the 
susceptor, as is dealt  wi th  below. 

Reac tor  e f f ic iency. - - -At  this stage, it is interest ing to 
consider the reactor  efficiency, 0, defined as the fraction 

1.0 

E 
~ 0.6 

 o.2 

t 0,05-  
0 5 10 15 2O 25 30 

- - ~  Pos~ion x along the susceptor in cm 

Fig. 8. Growth rate vs. position along the susceptor for Vo ~- 
17.5 cm/s. Substrate temperature, 1050~ 
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Fig. lO. Calculated values of the slope ef the log G(x)-x curve 
from Eq. [ l]  and Eq. [2] at different values of the gas velocity 
(Vo). Same experimental values are also inserted into this figure 
(dotted llne). 

of t he  i n c o m i n g  Si l l4  decomposed  on t h e  ho t  susceptor .  
The  r eac to r  efficiency, ~l, can  be  exp re s sed  by  

L 
Cfo Jy (x)  dx  

n = �9 100% [3] 
n o V o b d  

w h e r e  L is the  l e n g t h  of  t he  susceptor ,  c t he  w i d t h  of  
t he  susceptor ,  d the  w i d t h  of  t he  reac tor ,  J y ( x )  t he  
m o l e c u l a r  f lux in t he  y - d i r e c t i o n  as a f unc t i on  of  x, 
and no = p o / k T o .  

I n t e g r a t i n g  Eq. [3] y ie lds  

n = --~ 1 -- exp  �9 100% [4] 
bVoSTo 

F r o m  Eq. [2] and Eq. [4], t he  d e p e n d e n c e  of  t he  
r eac to r  efficiency, ~1, on the  gas f low r a t e  can  be  ca l -  
culated.  This  is s h o w n  in Fig.  11. A t  l o w  Vo, t h e  effi- 
ciency,  n, decreases  w i t h  inc reas ing  Vo and  f la t tens  up  
to t he  u p p e r  l imi t  of t he  r a n g e  of v a l i d i t y  of Eq.  [2]. 
F i g u r e  11 also g ives  t he  e x p e r i m e n t a l  v a l u e s  of  ~1, 
m e a s u r e d  by gas c h r o m a t o g r a p h i c  ana lys is  of  t he  in -  
c o m i n g  and ou tgo ing  gas. T h e  e x p e r i m e n t a l  va lues  a r e  
close to t he  ca l cu la t ed  ones. As p red ic ted ,  ~1 decreases  
w i t h  i nc rea s ing  Vo and tends  to be  cons tan t  at  t he  
r igh t  v a l u e  of  about  35%. 

0 I I I I I I t [ 
0 50 100 150 200 

- ~  Mean velocity V�9 (cm/s) 

100 

~ 86 

Fig. 11. Dependence of the reactor efficiency, 11, on the mean gas 
velocity (Vo). 

Epi tax ia l  Growth  of Si l icon in a Hor i zon ta l  Reactor  
with a T i l t e d  Susceptor  

C a l c u l a t i o n s  o n  t h e  m o d e l . - - I n  Fig.  12, a s chema t i c  
v i e w  is g i v e n  of a ho r i zon ta l  r eac to r  w i t h  a t i l t ed  sus-  
ceptor .  The  a s sumpt ions  for  th is  m o d e l  a re  t h e  s a m e  
as used  for  t he  non t i l t ed  susceptor .  H o w e v e r ,  t h e  d e -  
c rease  in s t agnan t  l aye r  th ickness  a long  the  axis  due  
to inc reas ing  gas ve loc i ty  is t a k e n  into account .  F o r  
th is  w e  use Eq.  [2], w h i c h  was  found  as a resu l t  of  
t he  e x p e r i m e n t s  in a ho r i zon t a l  r eac to r  w i t h  a n o n -  
t i l t ed  susceptor .  In  the  case  of a t i l t ed  susceptor ,  t h e  
gas ve loc i ty  is a func t ion  of  x because  of  dec reas ing  
cross sect ion of t he  f r ee  space  above  t h e  suscep to r  

Vo b Tm 
Vw (x)  ---- [5a] 

( b - - x t a n ~ )  To 

Of  course,  it has  b e e n  avo ided  tha t  t h e  gas s t r eams  
a r o u n d  and u n d e r  t h e  suscep tor  by  f i l l ing up  t h e  space  
u n d e r  and ad j acen t  to t h e  susceptor .  The  s t agnan t  
l aye r  th ickness ,  5, and t h e  t e m p e r a t u r e  decay  in t he  
s t agnan t  l aye r  a re  supposed  to be  d e t e r m i n e d  by  the  
local  ve loc i ty  on ly  and, hence ,  Eq. [2] and  a s sumpt ion  
I I I  a re  modif ied  to be  a func t i on  of x 

7 
(x)  ----- 0.2 [5b] 

~ / Y  T (x )  
and 

(Ts -- Tin) (Y --  b Jr x t an  q~) 
T ( x , y )  = Ts  Jr [5c] 

~ ( x )  

W i t h  these  re la t ions ,  t he  g r o w t h  r a t e  ( g m / m i n )  in a 
ho r i zon ta l  r eac to r  w i t h  a t i l t ed  suscep tor  is f ound  to 
be  

DoTsPo 
G ( x )  = 7.23 X 106- exp  

RTo~5 ( x ) 

4gTo 2 t an  ~ 6(o)  --  5 ( x )  Jr 0.2 In  5 ( x )  

This  f o r m u l a  is d e r i v e d  in A p p e n d i x  B. 

E x p e r i m e n t a l  r e s u l t s . - - W i t h  Eq. [6], ca lcu la t ions  
h a v e  been  ca r r i ed  out  for  a f ixed ang l e  of  t i l t ing  of 
2.9 ~ and d i f fe ren t  gas ve loc i t i e s  of  10-70 cm/ s .  This  is 
shown  in Fig.  13. I t  is seen  tha t  at l ow  gas ve loc i t y  
(Vo = 10 c m / s )  t he  g r o w t h  r a t e  decreases  in  t he  
l eng th  d i rec t ion ,  w h i l e  at  a h i g h  gas ve loc i t y  (Vo > 40 
c m / s )  e v e n  an inc rease  in  g r o w t h  ra te  is found.  B e -  
t w e e n  these  two  values ,  a r eg ion  should  ex is t  w h e r e  
t he  g r o w t h  ra te  is n e a r l y  i n d e p e n d e n t  of  pos i t ion  x. 
E x p e r i m e n t s  ca r r i ed  out  u n d e r  t he  s a m e  condi t ions  
as those  for  w h i c h  these  c u r v e s  h a v e  b e e n  ca l cu l a t ed  
show a v e r y  good a g r e e m e n t  w i t h  t h e  ca lcula t ions ,  as 
can  be  seen in Fig.  14. Wi th  a gas ve loc i t y  Vo = 18 
c m / s  a dec rease  in g r o w t h  r a t e  a long  the  axis  is found,  
w h i l e  at 48.7 c m / s  an  inc rease  in g r o w t h  r a t e  is ob -  
ta ined.  W i t h  a gas ve loc i t y  of  34 cm/s ,  t h e  g r o w t h  ra te  
is cons tan t  w i t h i n  2% o v e r  a r e g i o n  of  22 cm ( ~ 8 0 %  
of t he  suscep to r  l eng th ) .  No t  on ly  t h e  p r e d i c t e d  
t r e n d s  in t h e  depos i t ion  r a t e s  a r e  found  e x p e r i m e n t -  
ally,  bu t  also t h e  e x p e r i m e n t a l  v a l u e  of  t he  g r o w t h  
ra te  in t he  case of  n e a r l y  e v e n  depos i t ion  is close to 
t he  ca l cu la t ed  va lue .  As can  be  seen  f r o m  Fig.  13, we  
ob ta in  for  Po ----- 1000 d y n e s / e r a  2 and  Vo ---- 34 c m / s  a 
g r o w t h  r a t e  G = 0.43 ~ m / m i n .  This  impl ies  for  leo = 

V--~ 
x 0 V(x) TM T-.*. Ts 

Q~v 
Fig. 12. Stagnant layer model for a horizontal reactor with a 

tilted susceptor. 
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Fig. 14. Growth rate vs. position along the susceptor for an 
angle of tilting of 2.9 ~ and Vo ~ 18, 34 and 4.8,7 cm/s, b = 2.05 
cm, Ts = 1350 ~ K. 

639 dynes /cm 2 that  G ~ 0.27 ~m/min  which agrees 
wel l  wi th  the exper imenta l  value G ---- 0.26 #m/rain  
given in Fig. 14. 

The decrease in growth ra te  at the end of the sus- 
ceptor, as observed exper imental ly ,  is due to geo- 
metr ica l  propert ies  of the system where  the flow and 
the  t empera tu re  should match boundary  conditions. 

The uniformity  in growth rate  across the susceptor 
depends on how wel l  the susceptor fits into the  re-  
actor. Variations in growth ra te  across the susceptor 
smaller  than  5% have  been found. 

Discussion 
From the exper iments  described in this paper, it is 

clear that  the epi taxial  growth of silicon f rom silane in 
a horizontal  reactor  can be adequate ly  explained with  
a stagnant layer  model.  According to this model,  above 
the heated susceptor a layer  of s tagnant  gas is present  
in which the t empera tu re  gradient  is ve ry  high 
(>100~  Above  the stagnant  layer  the gas is 
ver t ical ly  mixed by the high convection. When the 
ver t ical  t empera tu re  gradient  is small, the s treamlines 
have been seen individual ly  wi th  a h a z e  of TiO2 and 
the rotat ion speed of the convection flow increases wi th  
the ver t ical  t empera tu re  gradient.  The exper iment  to 
which Fig. 2 refers  yields for 5~  a rotat ion speed 
of about 1 rps, as has also been calculated using an 
e lementary  theory  in Appendix  C. However ,  in the 
case of a heated susceptor, this t empera tu re  gradient  
is ra ther  high resul t ing in so high a rotat ion speed that  
separate s t reamlines mix  and that  only a ve ry  small  
t empera ture  gradient  is left  in the convect ive  layer.  
In fact, we assume the t empera tu re  is uni form wi th in  
this upper  layer. This justifies the model  as a whole. 

The in terpre ta t ion of the results  presented in the  
sections on the exper iments  are based only on the 
equations of conservat ion of mass, which is expressed 
in the upper, convective,  layer  by the equat ion of con- 
t inui ty  and in the lower, stagnant, layer  by equat ing 
the silane diffusion flow to the growth  rate  of the sill- 

con epi taxial  layer, as shown in Appendixes  A and B. 
The react ive species involved is supposed to be SiI-~. 

We realize that  a number  of s implifying assumptions 
have been made in der iv ing the above results, par t icu-  
lar ly  as regards the diffusion process. The diffusion 
of silane to the susceptor is ra ther  complicated be-  
cause several  effects combine, which results  in an ef-  
fect ive diffusion coefficient of silane in hydrogen of 
0.2 cm2/s at room temperature .  In  general,  the  t em-  
pera ture  dependence of the diffusion coefficient is 
given by D ----- Do(T/To) m with 1.75 ~ m ----- 2. For  
mathemat ica l  convenience (see Appendix  A) ,  a value  
of m ---- 2 is used. However ,  a va lue  of m ----- 1.75 
would have been more  reasonable because most gases 
diffuse in hydrogen with  this m value (6). To obtain 
the same diffusion coefficient at high t empera tu re  
(,.,1000~ it is clear that  the Do value  must  be higher  
when m ~ 1.75 is used instead of m = 2. 

Normally,  the rmal  diffusion is neglected. In the 
case of a s tagnant  layer  wi th  a t empera tu re  gradient  
above 100~ this diffusion should be taken into 
account, as has been found by Bloem (7). Thermal  dif-  
fusion results in a mass t ransport  f rom the susceptor 
to the main gas flow and this diffusion flow is to be 
subtracted f rom the diffusion flow to the susceptor 
caused by a concentrat ion gradient.  The diffusion co- 
efficient of si lane in hydrogen due to a concentrat ion 
gradient  is not known, but on the basis of molecular  
weight  a value  of Do = 0.6 cm2/s seems reasonable 
(2). The value of Do = 0.2 cm2/s, wi th  which the re-  
sults described in this paper  can be explained, should 
be considered as incorporat ing a correct ion for ne-  
glected the rmal  diffusion and the mathemat ica l ly  s im- 
plified t empera tu re  dependence of D. 

A P P E N D I X  A 

As can be seen f rom Fig. 5, the space above the 
susceptor is divided into a convect ive and a stagnant 
layer. The der ivat ion involves the equat ion of con- 
t inui ty  in the convect ive layer  and the diffusion ~qua- 
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tion in the stagnant  layer.  The solutions are coupled 
at the common boundary.  

In an arbi t rar i ly  chosen point in the convect ive layer  
the equation of cont inui ty should be satisfied, which 
reads, since only the s tat ionary state is being con- 
sidered and no decomposition of silane in the gas phase 
is assumed 

OJx(x) OJy(x,y) 
+ 0 [ A l l  

Ox Oy 

Here, J~ is not  a function of y, because due to con- 
vect ion al l  parameters  concerned- - tempera tu re ,  T; 
density, n; par t ia l  pressure of silane, p; velocity,  V - -  
are uniform over  the convect ive part  of the cross sec- 
tion of the  tube. 

The second per t inent  equation describes the dif-  
fusion process in the stagnant  layer  f rom the top sur-  
face to the substrate surface 

On(x,y) 
Jy (x) = - - D - -  [A2] 

0y 

According to e lementary  t ransport  theory, D ~ T1/2/ 
n(T)  and a relation D ~ T 3z2 would be a reasonable 
assumption. Exper imenta l  evidence, however ,  is in 
favor  of a D ~ T m relat ionship with  1.75 ~ m ~ 2. We 
shall  use here m = 2 for mathemat ica l  convenience so 
that  D = DoT2/To 2. 

Finally,  we need the equation of state which, for 
the highly diluted silane, can be given by 

p = nkT [A3] 

where  the tempera ture  lapse rate in the stagnant layer  
is given by 

T = Ts -- (Ts -- Tm) (b -- y ) /5  [A4] 

and T = T m  in the convect ive part  of the tube. 
By s t ra ight forward calculation, it can be shown that  

Eq. [A2], [A3], and [A4] can be combined to give 

P 
d - -  

T 
Jy (x) To2kS/Do (Ts -- Tin) = -- T 2' [AS] 

dT 

which can be in tegrated be tween p = p(x,b -- 8), 
T = Tm and p(x,b) ~ 0, T = Ts to give 

p (x) = J~ (x) kTo25/DoTs [A6] 

An a l te rna t ive  relat ion be tween p(x)  and Jy(x)  
can be obtained by integrat ing Eq. [A l l  over  the cross 
section 0 < y < (b -- 8) and unit  width, which yields, 
because J~ has a finite value  only at the convect ive 
layer  bot tom surface and V and T are  constant 

- - ( b  -- 5)V a 
J~(x)  = p (x) [A7] 

kTm Ox 

When V, which is re la ted to the inside parameters  
(b -- 8) and Tin, is expressed in the corresponding out-  
side parameters  b and To as 

V ~- VobTm/(b -- 8) To [A8] 

Eq. [A7] can be wr i t ten  as 

- -  V o b  d 
Jy (x) = [A9] kTo -~x p (x) 

Eliminat ing p(x)  f rom the two solutions [A6] and 
[Ag], we find 

0 DoTsJ~(x) 
- - J y ( x )  § ---- 0 
Ox bVoTo5 

which, with the boundary condition der ived f rom [A6] 

Jy (o) kTo25 
p(o)  = [A10] 

DoTs 
has the solution 

j , j(x) = P~176 ( D~ ) 
kTo2------ ~ exp [A11] bVoSTo 

Using the density of silicon (2.33 g / c m  a) and the gas 
constant R instead of k, the growth ra te  of silicon in 
microns per minute  can now easily be found to be 

J u l y  1970 

DoTspo ( DoTsx ) 
G ( x )  = 7.23 �9 106 - -  exp [A12] 

RTo25 b VoSTo 

A P P E N D I X  B 

As has been made clear in the text, t i l t ing the sus- 
ceptor over  a small  angle, ~, can be helpful  to produce 
uniform thickness along the  length of the reactor. As 
shown schematical ly in Fig. 12, the cross section varies 
both because of the t i l t ing and because of the x -depen-  
dent  stagnant layer  thickness, 5 (x) .  Equat ion [A8] 
should be wr i t ten  now as 

Vob Tm 
V(x)  = [B1] 

b - -  5(x)  - - x t a n ~  To 

where  V (x) is the veloci ty at high t empera tu re  in the 
reactor. F rom the exper iments  wi th  a nonti l ted sus- 
ceptor, the thickness of the stagnant layer, 5, has been 
found and plotted in Fig. 9 as a function of VT where  
n o w  

VobTm 
V T ( X )  ~--- [B2] 

(b -- x tan ~)To 

and assuming a quas i -s ta t ionary  state 

A 
5 (x) = B [B3] 

~/VT (x) 

The t empera tu re  in the stagnant  layer  can be wr i t ten  
a s  

(Ts -- Tin) (y -- b W x t a n ~ )  
T(x,y)  = Ts + [B4] 

5 (x) 

It can easily be verified that, apart  f rom T being a 
function of x and y instead of y only, Eq. [A2], when 
combined with  Eq. [A3] and [B4], yields the  same 
Eq. [A5] and the same solution [A6] 

J~ (x) 5 (x) kTo 2 
p(x)  = [BS] 

DoTs 

Under  the actual conditions of the experiments ,  
there  is no decomposition on the wall. This means that  
the equation of cont inui ty over  the convect ive part  of 
the cross section of the tube can be wr i t ten  as 

J~ (x,b -- x tan ~ -- 5 (x ) )  

d 
- -  (b -- 5(x)  -- x t a n ~ ) J ~  [B6] 

dx 

which yields for Eq. [B6] applying Eq. [A3] 

d ( p ( x ) V ( x )  (b -- 5(x) -- x t a n  r 

dx kTm 

= J y ( x , b - - x t a n ~ - -  5 ( x ) )  [B7J 

or applying Eq. [B1] 
Vob dp (x) 

Jy (x) = -- - [B7a] 
kTo dx 

Eliminat ing J~(x) f rom Eq. [B5] and [BTa], it is 
found that  

dp (x) DoTsP (x) 

dx ToVobS(x) 

which has the solution 
F -  

p(x)  = p(o)  exp / 
L 

[B8] 

Hence, in terms of Jy(x) f rom Eq. [B5] 

DoTsp(o) exp [ 
J~(x)  = kTo 25(x) 

DoTs f x  dx 
ToVob ~,o ~ ] [B10] 

It can easily be verified that  for constant 5 Eq. [B10] 
is equal  to Eq. [ A l l ] ,  as it should be. 

Integrat ing the exponent  in Eq. [B10] wi th  Eq. [B2] 
and [.B3] yields the fol lowing ra ther  cumbersome ex-  
pression 

DoTs f j  dx ] 
ToVob 5 (x) [B9] 
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DoTspo [ 2DoTsTm 
Jy (x) ~ kTo25 (x) exp A2To 2 tan 

5(o_/_)(x) ) ]  [ B l l ]  ( ~  (o) 5 (x) B I n  + 

Using the density of silicon (2.33 g / c m  3) and the gas 
constant R instead of k, the growth ra te  of silicon in 
microns per minute  can now easily be found to be 

DoTsPo 
G ( x )  = 7.23 �9 1O s exp 

RTo25 (x) 

[ ( 2DoTsTm 6(o) -- 5(x)  + B In 6(x)  [B12] 
A ~To ~ tan 

A P P E N D I X  C 
In the exper iments  wi th  small  ver t ical  t empera tu re  

gradient  (see Fig. 2), the TiO2 part icles were  visibly 
moving upward along streamlines.  This is a basic phe-  
nomenon in meteorology (8). The veloci ty y of the 
rising lump of  gas can be assessed in the fol lowing 
way. 

Denoting the vert ical  coordinate by y and the ac- 
celerat ion of gravi ty  by g, the force exper ienced by a 
given parcel  of gas, p r imed if not in equi l ibr ium with  
the environment ,  increases wi th  the deviat ion f rom 
hydrostat ic  equil ibrium. This yields in a first order  of 
approximat ion a force proport ional  to this deviation, 
or, since the unpr imed quanti t ies  refer  to equi l ibr ium 

. . . .  g [all 
p' T 

Integra t ing this equation, it is found that  

g• 2 
Yo - -  y - -  - -  [C2] 

2T 

which yields, when the height  of the tube is b and the 
characterist ic t ime to t raverse  this distance is 

~ 2bT ) 1/2 
= \ ~ [C3] 

Numerical ly,  this fits well :  b = 2 cm, hT ~ 10~ 
T = 300~ g ~ 103 cm/sec  2 yields T ~ 1/3 sec, which 
means, taking into account the lateral  and downward  
motion, 1 rps. This has been observed exper imental ly .  

NOMENCLATURE 
x, position on the susceptor 
y, position above the susceptor 
G(x), growth rate  at position x on the susceptor, 

~m ra in -  1 
Jx(X,y), molecular  flux of Sill4 in the x-di rec t ion  as 

a function of x and y, cm-2  s -1 
Jy(x,y), molecular  flux of Sill4 in the y-di rec t ion as 

a function of x and y, cm -2 s -1 

5, 
~(x) ,  

8(o) ,  
C, 
d, 
b, 
L, 
Tin, 

Ts, 
T(x,y), 

To, 
p ( x ) ,  

Po, 

V(x,y) ,  

Vo, 

Vm, 

~rW (X), 

R, 
k, 

P, 
n, 

Do, 

t, 

g, 
T, 

stagnant layer  thickness, cm 
stagnant layer  thickness at position x on the 
susceptor, cm 
stagnant layer  thickness at x = 0, cm 
width of the susceptor, cm 
width of the reactor, cm 
free height  of the  reactor  at x = 0, cm 
length of the susceptor, cm 
tempera tu re  of the gas in the convect ive par t  
of the reactor,  ~ 
susceptor temperature ,  ~ 
t empera tu re  of the  gas in the stagnant  layer  
as a function of x and y 
30O~ 
part ial  pressure of silane at the position x, 
dynes cm -2 
par t ia l  pressure of silane at the inlet  of the 
reactor, dynes cm -2 
l inear gas veloci ty  in the reac tor  as a func- 
tion of x and y, cm s-1 
mean gas veloci ty in the case of a nonheated 
susceptor cm s -1 
linear gas veloci ty  in convect ive part  of the 
reactor,  cm s -1 
mean gas veloci ty  in reactor  as a function of 
x (corrected for heat ing up) ,  cm s -1 
gas constant ( =  8.31 x 107 erg ~ -1) 
Bol tzmann constant  ( =  1.3 x 10 -16 erg 
OK- D 
gas density, g cm -8 
number  of silane molecules per  unit  volume, 
cm-3  
diffusion coefficient for silane at 300~ (cor- 
rected value for thermodiffusion: 0.2 cm 2 
s--l) 
deposition efficiency, % 
time, s 
angle of t i l t ing of the susceptor 
acceleration of gravity,  cm s -2 
characteris t ic  t ime for convect ive flow, s 
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script received ca. Apr i l  1, 1970. This was a Recent  
News Paper  presented at the New York Meeting, 
May 4-9, 1969. 

Any discussion of this paper wi l l  appear in a Dis- 
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ABSTRACT 

The thermodynamics  of the t ransport  of GaAs by AsCI~ in an open system 
has been invest igated theoret ical ly  and a new approach taken to determine  
the m a x i m u m  possible amount  of GaAs that  can be deposited. The results of 
the calculations have been checked exper imental ly ,  using hydrogen and argon 
as a carr ier  gas, by measurements  of the amount  of Ga (or GaAs) wi thdrawn 
from the source and also of total  amounts  of GaAs deposited. We show that  
in the range of tempera tures  of practical  interest  the exper imenta l  results 
can be accounted for by a simple theoret ical  analysis assuming a single domi-  
nant  equi l ibr ium reaction. The theoret ical  work  and the exper imenta l  mea -  
surements  have led to an exact  knowledge of the chemical  compounds in-  
volved and have been used as a basis for a p re l iminary  invest igat ion of the 
growth mechanisms. The  problem has been approached by measurements  not  
only of the total  amount  of deposit but also of the rate  of growth on a GaAs 
substrate in the presence of various t empera tu re  gradients. A kinetic l imi ta-  
tion of the growth rate appears clearly. 

The epi taxial  growth of GaAs by t ransport  in the 
vapor  phase in the presence of AsCl~ is now one of the 
most widely  studied t ransport  reactions. Since the 
ear ly  work  (1) there  have  been many  publications on 
the subject, but  the emphasis has been on the produc-  
tion of a mater ia l  having useful properties.  More 
fundamenta l  work  has been ra ther  neglected, and a 
detailed knowledge of t ransport  phenomena is still 
lacking in many  ways. With respect to thermodynamic  
reactions Fergusson and Gabor (2) were  the first to 
consider the system as a whole and to calculate, on a 
computer  and f rom thermodynamic  data taken ei ther  
from tables or from empirical  formulas, the most im-  
portant  factors which govern  the transport .  The cor- 
responding exper imenta l  results are, however ,  ve ry  
few and incomplete.  Also, their  work  was l imited to 
a consideration of equi l ibr ia  over  the source material .  
The same type of analysis has been carr ied out by 
Hur le  and Mull in (3). A much more exper imenta l  ap-  
proach has been taken by Seki et al. (4) ; these authors 
also gave a simplified theory  which will  be discussed 
later. 

Problems arising in this field are ve ry  numerous:  
for instance, the influence of factors as important  as 
rate  of growth,  tempera tures  of the source and of the 
deposit, and the t empera tu re  gradient  is hardly  known. 
As for the mechanisms which real ly  control the 
growth, knowledge is even scarcer. Some exper imenta l  
observations have been reported (5), but it is still im- 
possible to predict  the influence of such factors as the 
concentrations of different chemicals at each point in 
the reactor  (e.g., the ratio Ga /As  in the gas phase) ,  
the amount  of supersaturation,  the crystal lographic 
orientat ion of the substrate, etc. Al l  those factors, 
however,  must  be controlled in order to reasonably 
predict  the rates of introduction of dopants and va-  
cancies into the crystal  structure,  which in turn deter -  
mine the electronic qual i ty  of the resul t ing layers. 

In order to improve  our unders tanding of the mecha-  
nisms of the react ion we have  therefore  under taken  on 
the one hand a theoret ical  analysis, the results of 
which are then compared to the exper imenta l  results, 
and on the o ther  hand systematic measurements  car-  
r ied out in the epi taxial  reactors under  precise ex-  
per imenta l  conditions. 

1 This labora tory  has m e r g e d  effect ive J a n u a r y  1st, 1970 wi th  the  
Labora to i res  D 'Elec t ronique  et  de  Phys ique  Appliquee,  3 avenue  
Descartes,  94- L imei l -Brevannes ,  France.  

Computer Calculations 
We have taken into account the same reactions as 

Fergusson and Gabor, neglect ing however  the par t ia l  
pressures of C1- and C1, namely  

GaCl~ ~ GaC1 + C12 [1] 

2GaC1 -~ 1/zAs4,-~ 2GaAs(s) + C12 [2] 

H2 -]- C12 ~ 2HC1 [3] 

As4 ~ 2As2 [4] 

together  with their  associated relations 

AG~ 
log ki = [5] 

R T  

in which the AGi's are evaluated ei ther from the data 
given by Fergusson (1) or f rom those given by Hur le  
(3). 

In practice, in this range of temperatures ,  since the 
part ial  pressure of arsenic is larger  than the equi l ib-  
r ium part ial  pressure over  sa turated gallium, a thin 
GaAs crust develops on the gallium. Af te r  an init ial  
saturat ion period, the thickness of this layer  must 
become stationary. Thus, this same equation [2] may  
be used to describe the equi l ibr ium ei ther  over  a 
gal l ium arsenide source or (again in the range of 
parameters  considered) over  an arsenic-sa tura ted 
gal l ium source. 

The three relations which are requi red  to make  the 
system complete  can be found by expressing the con- 
servat ion of the total  pressure of chlorine and of ar-  
senic. Thus, we have in all cases 

~Pi = 1 atm [6] 

where  the p~'s are the part ial  pressures, and 

PGaCl + 3pGacl3 + PHC1 "~- 2Pcl2 = 3pAsc]3 '-- 3po [7] 

where  po is used to denote the (constant)AsCla par -  
t ial  pressure. 

Since the flow of arsenic over  an arsenic-sa tura ted 
gal l ium source is conserved, we have in this case 

4pAs4 -]- 2PAsz ---- Po [Sa] 

932 
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Fig. 1. Experimental and calculated curves of the Go/CI ratio 
vs. temperature at equilibrium with the source. 

This equat ion is no longer val id 2 over  the substrate 
(because of GaAs deposition) and must  be replaced by 

4pAs4 -I- 2pAs~ - - - -  Po 
- -  (P*GaC1 -~ P*GaCI3 -- PaaCl -- PGaC13) [8b] 

where  the p*'s denote the par t ia l  pressures over  the 
source material ,  deduced from Eq. [1] through [Sa]. 

Equation [Sb] shows that  equal  amounts  of arsenic 
and gal l ium have precipi ta ted out of the corresponding 
gas phase, and the system of Eq. [1] through [7] to-  
gether  with Eq. [8b] characterizes the new equi l ibr ium 
at any chosen tempera tu re  over  a GaAs substrate 
far ther  down in the reactor,  which would result  if 
the substrate region were  long enough to allow this 
equi l ibr ium to be reached. This allows us to compute, 
by difference, the amount,  AGaAs, of GaAs which it is 
thermodynamica l ly  possible to deposit, as a function of 
the t empera tu re  of the substrate for any given tem-  
pera ture  of the source. The system of Eq. [1] through 
[8aJ has been solved pr imar i ly  to check our results  
against published ones as well  as to provide  the init ial  
conditions P*GaCl and P*GaCl3. 

Results of Calculat ions 
We show here only the most typical  curves which 

were  obtained from these calculations. In all cases, the 
AsC13 par t ia l  pressure Pa is taken  to be 0.01 atm, and 
the AGi's are those given by Fergusson and Gabor (2). 

The theoret ical  curve  of Fig. 1 (continuous line) 
shows the var ia t ion of the Ga/C1 ratio in equi l ibr ium 
over  an As-sa tura ted  Ga source in equi l ibr ium with  
the incoming gas as a funct ion of source tempera ture .  
The  exper imenta l  curve  on this figure wi l l  be dis- 
cussed later. 

The curves of Fig. 2 show the evolut ion of the 
part ial  pressures of the different compounds as a func-  
tion of the  deposition zone tempera ture ,  a lways as- 
suming this zone to be infinitely long. The points on 
the r ight  on each curve  correspond to equi l ibr ium over  
the source (which was taken to be at l120~ In 
agreement  wi th  Fergusson's  results, we found the As2 
part ial  pressure to be quite  negligible, and therefore  
we did not show it on Fig. 2. Other  points wor th  noting 
are: (it the par t ia l  pressure of GaC13 is also negligible 
above 1030~ This implies that  the theoret ical  curve  
of Fig. 1 can be in terpre ted  direct ly  in terms of the 
ratio PGacl/P~Cl; (if) the  decrease in PGaCl is due p r in -  
cipally to the reduct ion by hydrogen (formation of 
HC1) and not to disproport ionation (PGacI3 is negligible 
for T > 1030~ (iii) the l imit  to the reaction is due 
to the using up of the arsenic, as could be expected. 

Equation [Sa] would not be valid either in the case of a true 
GaAs source, An approximate equation for this case will be given 
below, but the corresponding computer calculations have not been 
carried out. 

PARTIAL 
I pRESSURE s 

,aim 1~ l , 

2 PGaCI 

lo b" p HOt 

4 p AS4 

ToK 
950 10'00 1050 1100 

Fig. 2. Calculated equilibrium partial pressures of the chemical 
compounds vs. temperature. 

The preceding remarks  have led us to plot the curves 
shown in Fig. 3 in which the ratio Ga /As  is shown as 
a function of deposition zone t empera tu re  (always 
assuming that  equi l ibr ium is reached)  for different 
values of source tempera ture .  The curves are of course 
l imited to the r ight  at the value  of the source t empera -  
ture  corresponding to each curve, so that  the dotted 
curve  drawn through these points shows this same 
Ga/As  ratio under  conditions of equi l ibr ium at the 
source as a funct ion of source tempera ture .  One can 
see that  this ratio tends to become ve ry  large for a 
reasonable t empera tu re  difference between the source 
and the deposition zone, 100~ for instance. 

Finally,  the family  of curves of Fig. 4 show the ratio 
of the amount  AGaAs of " thermodynamica l ly  avai l -  
able" GaAs to the total  arsenic content  of the gas 
when  it leaves the source, plotted as a function of 
deposition zone t empera tu re  wi th  the source t empera -  
tu re  as a parameter .  Again, the curves are l imited to 
the r ight  at the value  of source t empera tu re  corre-  
sponding to each curve. These curves enable us to cal-  
culate the degree of supersaturat ion of the gas phase 
over  the substrate provided we measure  the amount  
of deposit which has actual ly  taken place on that  sub- 
strate, under  the condit ion that  there  has been no 
deposit far ther  up-s t ream.  

Fur the r  discussions of the various theoret ical  curves 
wil l  be given later. 

Source Equil ibrium Measurements  
The purpose of this par t  of the work  was to check 

the corresponding calculations, and par t icular ly  the 
values of the parameters  AGi, by careful ly  measur ing 
the amounts of Ga or GaAs t ransported f rom an 

Ga 
k~ R a t i ~  

/ 
>/ 

/4 
=/ 

/ /  
/..# 

/ 
/ 4  / 

f "  e~= ~ , , , T o K l= 
soo ~ooo lloo 12oo 

Fig. 3. Go/As ratio at equilibrium in the reactor vs. temperature 
for different source temperatures. 
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Fig. 4. Ratio of the amount of "thermodynamically available" 
GaAs to the total arsenic content of the gas when it leaves the 
source, plotted as a function of deposition zone temperature with 
the source temperature as parameter. Without deposit, this quan- 
tity is none other than the relative supersaturation. 

arsenic-sa tura ted source by a known amount  of AsC13 
as a function of source temperature .  In order to know 
exact ly  the amount  of AsC13 in the gas s tream a deter -  
minat ion of the saturated vapor  pressure of this com- 
pound was necessary, as the  data  avai lable in the 
l i tera ture  are in disagreement  wi th  one another. 

The vapor  of boiling AsC13 is carr ied along by a 
hydrogen current  through a thermosta t ica l ly  controlled 
distil lation column. The gases then pass through wash-  
ing flasks containing soda and leave the apparatus 
through a gas-meter .  By measur ing the weight  of 
chloride formed with  the soda in the washing flasks, 
and knowing the total  gas volume, PAsC13 was deter -  
mined as a function of temperature .  By using different 
flow rates, we verified that  our saturat ion system 
showed good reproducibil i ty,  and that  saturated vapor  
tension was obtained for a wide range of flow rates. 
The results can be summarized by the formula  

log PAscI~ (mm Hg) = 8.7 -- - -  
2300 

T 

which is in good agreement  with Mat thews '  data (6). 
The t ransport  of gal l ium (or of GaAs) was carr ied 

out by passing the gas s t ream first through the sa tura-  
tion system described above, then over  the gal l ium 
heated to the required temperature .  The flow rate  and 
also the geometr ical  conditions were  de termined  so 
that  equi l ibr ium was reached. (This was checked as 
above by vary ing  the flow rates in a reasonably wide 
range around the desired values.) 

The t ransport  lasted about 1 hr, the total  flow inte-  
grated by the gas meter  being about 10 1. The GaAs 
source was weighed before  and after  the run. In the 
case of a gal l ium source, the measurements  are made 
more  difficult by the fact ment ioned above, that  the 
gal l ium is not mere ly  saturated by arsenic but  is in 
fact covered by a thick film of gal l ium arsenide. Care-  
ful analyses of sources quenched af ter  a long period 
of saturat ion have shown that  the percentage of ar-  
senic (which may be of the order of 5%) depends on 
the geometr ical  shape of the source and may  vary  
wi th  the tempera ture .  I t  is, however ,  reasonable to 
assume that  once the source is saturated the thickness 
of this film remains constant. The exper imenta l  pro-  
cedure was then to saturate  a source at a certain t em-  
perature,  quench it, weigh it, and bring it back quickly 
to the same tempera tu re  before turn ing  on the flow of 
AsC13. The source was quenched and weighed again 
after  the run, and a first approximat ion of the amount  
of gal l ium t ranspor ted  was obtained f rom the weight  
loss. The difficulty wi th  this procedure  was of course 
that  some evaporat ion of arsenic took place before 
equi l ibr ium conditions could be reached over  the 
source, and complementary  exper iments  were  neces-  
sary to de te rmine  the necessary correct ive terms. Even 
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then reproducibi l i ty  was only fair, and more  consistent 
results could be obtained wi th  a GaAs source. 

The results of these measurements  are best  sum-  
marized by the exper imenta l  curve  of Fig. 1 (dashed 
line).  The corresponding points represent  the average 
of sl ightly scattered measurements ,  carried out at the 
same temperature ,  using a GaAs source. Because of 
the exper imenta l  difficulties described in the preced-  
ing paragraph,  only two points (crosses on Fig. 1) 
have been obtained with  a gal l ium saturated source; 
in this case also, the points represent  the average of 
a number  of measurements ,  but  the scatter  was defi- 
ni tely larger, so that  more  measurements  had to be 
taken. The agreement  be tween  these two points and 
the theoret ical  curve  calculated from Fergusson's  
parameters  is good. The agreement  when  Hurle 's  
parameters  were  used was definitely not as good. The 
discrepancy with  the exper imenta l  curve  correspond- 
ing to the case of a GaAs source is qual i ta t ive ly  ex-  
plained by the decrease in arsenic part ial  pressure. 

I n t e r p r e t a t i o n  of the Exper imenta l  Results 
If • is the weight  loss of Ga (or GaAs),  ~V the 

volume in liters under  normal  conditions of the carr ier  
gas that  has passed through the system, and Po the 
saturated vapor  pressure of AsC13, we  have  

n Ga 22.4 ~m 

n C1 3M Po ~ V  

where  M is the atomic mass of Ga (or molecular  mass 
of GaAs),  and ~ the ratio of the number  of gal l ium 
atoms to that  of C1 atoms in the gas. 

Since the computer  calculations show that  in the 
presence of hydrogen the amount  of GaC13 is negligible 
in the range of tempera tures  envisaged, we can assume 
that  the predominant  equi l ibr ium is 

2GaC1 + H2 ~ 1/2As4 ~ 2GaAs + 2HC1 [9] 

In the case of a gal l ium source, we have 

3Po = P'HCI -~- PGaC[ [10] 

PAs4 = 1/4 Po [11] 

we can then express the equi l ibr ium constant K1 re la-  
t ive to Eq. [9] as 

p2(HCI) 2(1 -- a) 2 
K1 = 

p2 (GaC1) p~/2 (As4) a2 po~/2 

In the case of GaAs source, Eq. [10] remains valid, 
but Eq. [11] is to be replaced by 

PAs4 = 1/4 (Po -t- PGaCl) [12] 
whence 

2(1 -- a) 2 
K1 = 

po ~/2 a 2 ( 1 ~ 3a) 1/2 

where  Po is known and a is de termined exper imenta l -  
ly. If  the logari thm of K1 thus calculated is plotted 
against the inverse of the absolute temperature ,  the 
continuous-l ine curve of Fig. 5 is obtained. For  t em-  
peratures  higher  than 1000~ the ]inearity of the 
curve  shows that  the assumption is justified and that  
the predominant  equi l ibr ium which controls the  group 
of reactions is indeed that  expressed by Eq. [9]. Above  
1000~ a very  good agreement  is found between the 
values of K1 determined exper imenta l ly  and those 
calculated f rom Eq. [5] using Fergusson's  parameters .  
The agreement  is definitely not as good if Hurle 's  
parameters  are used (see dotted lines on Fig. 5). 
Below this temperature ,  the react ion 

3GaC1 ~ 1/zAs~ ~,~ 2GaAs ~ GaC13 [13] 

can no longer be neglected, and it is necessary to 
carry  out a complete calculat ion in order  to account 
for the exper imenta l  results (Fig. 1). 

Another  interest ing verification was under taken  by 
using argon as carr ier  gas. We assume that  equi l ibr ium 
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Fig. 5. Experimental and theoretical equilibrium constants vs. 
inverse temperature for equilibriums [9] and [13]. 

[13] is now the dominant  one; the equi l ibr ium con- 
stant is in this case 

PGaCI3 
K2 

p3GaClPY2As4 

3po = PGaCl Jr- 3POaCl3 
with  

If we set 
PGaC1 = 3 a' Po 

we have, in the case of a gal l ium arsenide source, 
which was the only one used together  wi th  argon 

Po 
pAs4 = -~  (1 + ~') 

so that  
N/2 (1 -- ~') 

K2 
27po 5/2 c= '3 (1 + ~')1/'2 

wi th  a' being deduced f rom the exper imenta l  data by 
the formula  

22.4 Am 
l + 2 a ' = ~  

Mp o AV 

Log K2 thus calculated is also plotted on Fig. 5 as a 
function of 1/T. Here too, a good agreement  wi th  the 
start ing assumption can be seen since a straight line 
is obtained. Further ,  the  exper imenta l  curve  lies be-  
tween those calculated using the data of Fergusson 
and those of Hurle, the best fit being again obtained 
with  the straight l ine corresponding to Fergusson's  
values. It  is interest ing to note the large difference 
between the two calculated sets of values, while  the 
thermodynamic  data are at first sight quite comparable  

Fergusson: AG ---- -- 108,000 + 138.2T 
- -  8.0 T l o g  T -- 3.2 �9 10-ST 2 

Hur le  : AG = -- 108,560 + 141.4T 
- -  6.45T log T -- 3.2 �9 10-aT 2 

We have also plot ted on Fig. 5 the values of K2 de-  
duced f rom Zuegel 's  results (obtained under  vacuum)  
(7). The agreement  wi th  our exper imenta l  results is 
quite  acceptable. 

Measurements Rate of Growth and Total Deposit 
These measurements  were  carr ied out in order  to 

invest igate the extent  to which a knowledge of the 
thermodynamics  of the reactions involved would  al low 
a predict ion of these quantit ies.  

The ra te  of growth was measured in a classical 
epi taxial  system (8) wi th  the two types of t empera -  
ture  gradients shown in Fig. 6. In both cases the 
growth  was carried out under  the same operat ing con- 
ditions, namely;  flow rates, source t empera tu re  
(1120~ substrate orientation, etc. Severa l  sub- 
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Fig. 6. Thermal gradients used in epitaxial growth 

strafes were  used in eve ry  run, the essential difference 
being that  in the case of gradient  1 the substrates were  
at different tempera tures ;  in the  case of gradient  2 
they were  at the same tempera ture ,  but  this t empera-  
ture  level  could be var ied  at wi l l  wi thout  changing 
the source tempera ture  nor  the general  shape of the 
curve. Typical  results have  been gathered on Fig. 7, 
which shows the growth rate  as a function of the in-  
verse of the absolute tempera ture .  

The init ial  results of growth rate measurements ,  
when no special care was taken, were  ve ry  widely  
scattered. A correlat ion was found however  between 
the occurrence of low and widely  scattered growth 
rates and the  appearance of a sizable amount  of de-  
posit on the walls on the reactor. This led us to mea-  
sure the total  amount  of GaAs deposited (on the sub- 
strate, the substrate holder, and the walls  of a re-  
movable  s leeve fitted inside the reactor) .  

It was found that  reproducible  growth rates would be 
obtained if and only if (a) there  was no deposit except  
on the GaAs substrate, and (b) the total  amount  of 
deposited GaAs was lower than  10% of the " the rmo-  
dynamical ly  avai lable"  GaAs. If these conditions were  
not satisfied, low and widely  scattered growth  rates 
were  obtained. 

A plot of the reproducible  growth rates vs. in-  
verse  t empera tu re  yields the solid curve  of Fig. 7. The 
values measured are independent  of the t empera tu re  
gradient  (type 1 or 2 of Fig. 6), of the substrate  area 
(again provided that  the total  deposit remains low 
enough),  and, in case of gradient  2, of the position of 
the substrate in the  flat region of the curve  (points A 
and B, Fig. 6). 

These results do not agree wi th  those obtained by 
Seki  (4). By taking into considerat ion only the  ther -  
modynamic  aspects of the deposition mechanism. Seki 
predicts that  the  growth rate  should increase mono-  
tonically wi th  decreasing substrate temperatures ,  and 
his results agree with this prediction. On the same 

Log ~ P/h 

780 740 FOO T,C I~ 

095  O.g~ .O3 IC3"K "~ ~'-- T 

Fig. 7. Experimental growth rate vs. inverse temperature 
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basis, we would expect the same qual i tat ive behavior,  
but  our exper imental  data, like those of Shaw's (5), 
show that  below 750~ the growth rate  fails rapidly 
with decreasing temperature.  The corresponding law 
can be characterized by a well-defined activation ener-  
gy of 40 kcal /mole for a (100) substrate orientation. 
In view of the strong dependence of the growth rate 
on substrate orientat ion in this range of temperatures,  
it seems na tu ra l  to assume that  this activation energy 
corresponds to a surface reaction. 

We have already noted that, when  the conditions 
for reproducible growth rates are achieved, the total  
deposition rate is also low. Thus, in  this case, a good 
approximation of the degree of the relative super-  
saturat ion and of the GaAs ratio over the substrate 
can be obtained from the curves of Fig. 3 and 4. These 
data may prove useful for an investigation of point 
defects, e.g., vacancies, introduced in the epitaxy 
process. 

On the other hand, when  the growth rates are not  
very reproducible, it is impossible to obtain any cor- 
rect theoretical estimate of these two parameters,  or 
to deduce a rel iable value of activation energy from 
the exper imental  data. A relat ive reproducibil i ty may 
however be achieved, and the electrical qual i ty  of the 
deposits may be quite satisfactory; however,  consid- 
erable exper imental  work is needed to find the proper 
operating conditions. 

Summary and Conclusions 
We have carried out a theoretical calculation of the 

amount  of GaAs available for epitaxial growth in an 
open AsC13 system, using a more rigorous definition of 
this quant i ty  than  done by previous authors. We have 
checked the values of the re levant  parameters  by 
careful exper imental  measurements  of t ransported 
mater ia l  and have found the values given by Fergus-  
son and Gabor (2) to give the best agreement  with 
our measurements.  These experiments  were carried 
out under  conditions very similar  to those usual ly pre-  
vai l ing for actual  epitaxial  growth. They have shown 
that, in the tempera ture  range usual ly  involved (730 ~ 
880~ the dominant  equi l ibr ium is 

2GaC1 ~ I/~As4 -k H2 ~-~ 2GaAs -}- 2HC1 

when hydrogen is used as the carrier  gas. When  the 
carrier gas is argon, the dominant  equi l ibr ium is 

3GaC1 ~- �89 ~- 2GaAs -k GaC13 

A comparison of calculated thermodynamic  param-  
eters with exper imenta l ly  determined rates of epitaxial  
growth have shown that  other mechanisms must  be 
taken into account, namely  a surface reaction with an 
activation energy of 40 kcal/mole.  

The rate of epitaxial  growth can be strongly affected 
by the occurrence of unwan ted  deposits on other parts  
of the reactor. 
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Growth and Characterization of Lead Telluride 
Epitaxial Layers 

John W. Wagner and Alan G. Thompson 
Electronic Materials Division, Bell & Howell Company, Pasadena, California 

ABSTRACT 

PbTe single-crystal  epitaxial  layers have been grown on PbTe substrates 
using the tipping technique. The layers were grown on { i l l }  and {100} oriented 
substrates from lead- te l lu r ium solutions containing from 0.01 to 0.20 atomic 
fraction tel lur ium. Cooling rates of from 0.2 ~ to l ~  were used. The re -  
sult ing layers were characterized using x-ray,  optical, etching, and electrical 
techniques. Diodes were fabricated from several of the resul t ing materials,  
and their  characteristics were found to be substant ia l ly  improved over dif- 
fused PbTe diodes. 

Lead tel luride crystals which are grown from stoi- 
chiometric melts have hole concentrations of approx- 
imately 8 X 10 TM cm -3 due to deviations from stoi- 
chiometry (1). The form of the l ead- te l lu r ium phase 
diagram close to the stoichiometric composition has 
been investigated by Brebrick and Allgaier  (2), who 
showed that  by anneal ing PbTe in the presence of lead 
or t e l lu r ium-r ich  vapor, the carrier concentrat ion can 
be made n-  or p- type and varied over a wide range. 
Thus, by anneal ing at a certain tempera ture  the hole 

concentrat ion can be lowered to the desired value;  by 
lowering the tempera ture  and anneal ing for a rela-  
t ively short t ime an n - type  layer  can be diffused into 
the surface. The resul t ing p -n  junct ion is suitable for 
photovoltaic detector and laser fabrication. 

In  the ease of the Pbi -xSn~Te alloy the same process 
is followed. However, as the t in  content  of the alloy is 
increased, the anneals  and diffusions must  be per-  
formed at progressively lower temperatures,  resul t ing 
in extremely long mater ia l  preparat ion times. Work 
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performed previously in this laboratory (3) has shown 
that PbTe and Pbz-xSn=Te crystals pulled from meta l -  
rich melts have carrier  concentrat ions substant ia l ly  
lower than those pulled from stoichiometric melts. 

Experience with the epitaxial growth of gall ium ar-  
senide from gal l ium solution has shown that  high-  
pur i ty  layers can be prepared with a p lanar  interface. 
We have therefore explored the possibility of growing 
epitaxial  layers of PbTe from lead solution with the 
following advantages in mind  (i) no lengthy anneal ing 
or diffusion procedures would be necessary, (ii) the 
possibility of more p lanar  junct ions than have been ob- 
ta ined by diffusion, and (iii) the possibility of higher 
pur i ty  layers. 

In  this paper  we present  results for PbTe grown 
from lead solutions. Metallurgical data are given and 
various electrical measurements  are reported. The 
characteristics of the grown p -n  junct ions are com- 
pared with those of diffused junct ions  reported in the 
l i terature.  

Growth Process 
The PbTe layers were precipitated from solution on 

to s ingle-crystal  PbTe substrates using a t ipping tech- 
n ique  similar  to that  of Nelson (4). The apparatus is 
shown schematically in Fig. 1. A quartz boat was in -  
serted into the quartz tube. The tube was placed in a 
horizontal resistance furnace which could be tilted in 
either direction with respect to the horizontal. The 
source material,  which consisted of Pb  (Asarco, nom-  
inal  6N) and PbTe, was placed in one end of the boat. 
A polished and etched seed wafer of PbTe was placed 
in the other end of the boat. The furnace was t i l ted 
so that the seed was higher than the source material ,  
and the tempera ture  of the furnace was raised while 
a stream of hydrogen was passed through the tube. 
The PbTe was seen to dissolve in the lead as the tem-  
perature  was increased. After the PbTe had completely 
dissolved, the tempera ture  was slowly lowered to find 
the l iquidus point  of the solution. This procedure was 
repeated several times unt i l  the ini t ial  freezing point 
had been established to wi th in  approximately I~ The 
temperature  was then raised to slightly above the 
solidifying point  and the system was allowed to sta- 
bilize. The furnace was then tilted so as to t ransfer  
the solution over the seed wafer. The tempera ture  was 
then slowly lowered so that  the PbTe would deposit 
as a s ingle-crystal  growth onto the wafer. After  slowly 
cooling over the desired tempera ture  in terval  (20 ~ 
100~ either the system was allowed to rapidly cool 
to room tempera ture  or the furnace was ti l ted to its 
original position, al lowing the remain ing  solution to 
flow off the layer prior to cooling to room temperature.  

Layers of PbTe were grown on single-crystal  {111} 
and {100} oriented PbTe wafers using this t ipping 
technique. Lead- te l lu r ium solutions containing from 
0.01 to 0.20 atomic fraction te l lur ium were used and 
the cooling rate was varied from 0.2 ~ to 1.0~ 
The resul t ing layers had thicknesses of from 50 to 
300g, and the epitaxial  growth rate was qual i ta t ively 
observed to follow the expected dependence on the 

QUARTZ TUBE - ~ . ~ ,  ~ ~ ~  

SOURCE MATERIAL --~.,.~>~f ~ H2FLOW 

RES,STANCE) ~ _ . < < ~ -  _ _  FURNACE % ~__~- "~SUBSTRATE MATERIAL 

~ ~ 1 7 6  QUARTZ B~OA; IVO, 
Fig. 1. Schematic diagram of liquid epitaxy growth apparatus 

[after Nelson (4)]. 
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Fig. 2. Liquidus curve for the metal-rich portion of the lead- 
tellurium phase diagram. 0 ,  Literature values [ref. (3, 5, 6)]; O ,  
present data. 

solubil i ty vs. t empera ture  curve and on the cooling 
rate. 

The meta l - r ich  port ion of the l iquidus curve of the 
lead- te l lu r ium system is shown in Fig. 2. The mel t ing 
points of lead, lead tel lur ide and the p to n crossover 
composition were taken from the l i te ra ture  (3, 5, 6): 
The open circles are taken from the data obtained in  
the l iquid epitaxy experiments,  and are estimated to 
be accurate to •176 Although a portion of the mel t  
vaporizes dur ing  the stabilization period, its weight is 
very small  in comparison wi th  the total mel t  and it 
decreases with decreasing temperature.  The accuracy 
of the atomic fraction of te l lur ium is bet ter  than 
+__0.005 for the higher values and probably  --4-_0.001 for 
the more dilute solutions. The only other references on 
this port ion of the l iquidus are over 50 years old and 
are quoted in Hansen (7). These are not shown on Fig. 
2 because of their large scatter and doubtful  validity. 

Characterization 
Several  techniques were used to characterize the 

as-grown layers: the most useful were x-ray,  etching, 
optical, and electrical. 

X-ray . - -X-ray  Laue photographs were taken of 
several of the epitaxial  layers to verify their  sii~gle- 
crystal na ture  and to obtain a quali tat ive indication of 
their perfection. Figure 3 (a) shows a typical  Laue pat-  
te rn  of a {100} oriented layer. The spots in these pat-  
terns were sharp and singular.  Figure 3(b) is an un -  
usual Laue photograph of a section of a {100} layer  
which contained a low-angle  boundary.  The spots are 
seen to be doubled with an angular  separation of less 
than a degree; the small  angle in this layer  originated 
from a low-angle  grain boundary  in the PbTe sub-  
strate. It  should be pointed out that these low-angle  
grain boundaries are very  common in the lead salts, 

Fig. 3 (a). (left) Typical Laue pattern of {I00} PbTe epltaxial 
layer; Fig. 3 (b). (right) Laue pattern of {100} epitaxial layer 
grown on a substrate containing a low-angle grain boundary. 
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and great care must  be exercised dur ing the prepara-  
tion of bu lk  mater ial  to avoid them and obtain t ru ly  
single-crystal  ingots. Figures 3 (a) and 3 (b) were both 
taken on layers from which the solution had been 
tipped off prior to cooling to room temperature.  

Optical.--Those layers which were cooled to room 
tempera ture  with the lead- te l lu r ium solution over the 
surface had to be etched in hot, concentrated HC1 for 
several days to reveal  the epitaxial  layer. The HC1 did 
not "attack" the PbTe layer, but  the etching procedure 
did leave the layer with a dull  gray appearance. Some 
interest ing surface features were seen on {111} and 
{100} layers when  the solution had been etched away. 
Figure 4(a)  is a photograph of the as-grown surface 
of a {111} layer  after removal  of the Pb-Te  alloy. The 
overlapping parallelopipeds have (100) cube faces. 
Figure 4(b) is a photograph of the as-grown surface 
of a {100} layer, again after etching away the alloy. 
This surface also consists of an overlapping growth 
structure dominated by (100) faces. 

The overlapping growths shown in Fig. 4(a) and 
4(b) were due to rapid growth which occurred when  
the solution was allowed to cool to room tempera ture  
while over  the layer. Such growth was possible be-  
cause the cooling process was still slow enough (a few 
degrees Centigrade per minute)  to allow rapid pre-  
cipitation from solution. Such precipitat ion can also 
occur in the epitaxial  growth of other  materials  (such 
as GaAs) from solution when the solution is permit ted 
to remain  over the layer dur ing the final cooling. The 
obvious answer to this problem is to remove the solu- 
t ion prior to the final cooling. 

Those layers from which the Pb-Te  solution was 
tipped off prior to final rapid cooling were found to be 
re la t ively flat and to have shiny, metallic surfaces. The 
surfaces exhibited none of the overlapping structure 
seen in Fig. 4, and a typical  {100} layer is shown in 
Fig. 5. However, a few of the layers showed some in-  
terest ing surface s tructure when viewed under  an 
optical microscope. Figure 6(a) is a microphotograph 
of an as-grown surface of a {100} layer. The hillocks 
seen in the photograph occurred occasionally on several 
layers, and their  height was typical ly a few microns. 
No determinat ion was made as to the origin of these 
hillocks, but  one can speculate that they arise around 
a lead precipitate or an impur i ty  precipitate. Figure  
6(b) is a photograph of a section of another  {100} 
surface. The "waves" shown in the photograph were 
seen sparingly on a few of the layers and on only 
small  portions of these layers, usual ly toward the edge 
of the substrate. These "waves" are apparent ly  due to 
t rans ient  thermal  gradients during the growth of the 
layers. It must  be emphasized that  the features shown 
in Fig. 6(a) and 6(b)  were seen on only a few of the 
layers and then only on small  portions of these layers. 

July 1970 

Fig. 5. Surface of a typical PbTe epitaxial layer grown on a {100} 
oriented substrate with the melt decanted before rapid cooling. 

Fig. 6 (a). (left) Surface of a {100} epitaxial PbTe layer showing 
small hillocks; Fig. 6 (b). (right) Surface of a {100} epitaxial PbTe 
layer showing "waves." 

Except for these features, the surfaces were qui te  
smooth when viewed under  the optical microscope, as 
in Fig. 5. 

Etching.--Cross sections of the wafers were lapped 
and polished mechanical ly  and were then polished and 
etched electrolytically [using an  etch of Norr  (8)] to 
reveal the growth junction.  Figure  7 (a) shows a typi -  
cal junct ion;  these junct ions were relat ively planar.  
Another  view of the rapid growth which occurs dur ing  
final cool down, if the solution remains  over the layer, 
is shown in Fig. 7 (b) .  The nar row straight l ine in this 
figure is the main  junct ion  formed between the sub- 
strate and the epitaxial  growth. The ragged area above 
the epitaxial  growth is the region where the rapid 
growth began dur ing  the final cooling phase. 

Electr~cal.--The interface be tween the substrate and 
the layer  can be appropriately termed a junct ion  since 
the substrate was always p- type  and the resul t ing  
layers were always n- type.  This has been shown 

Fig. 4 (a). (left) Surface of PbTe epitaxial layer grown on a {111} 
oriented substrate with the melt over it during rapid cooling; Fig. 
4 (b). (right) Surface of PbTe epitaxial layer grown on a {100} 
oriented substrate with the melt over it during rapid cooling. 

Fig. 7 (a). (left) Typical PbTe p-n junction grown by liquid 
epitaxy; Fig. 7 (b). "Double junction" in PbTe due to slow and 
rapid growths. 
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using a thermoelect r ic  probe and Hall  measurements .  
Hall  measurements  were  per formed at 77~ on the 
layers wi thout  a t tempt ing to r emove  the substrate.  
Such measurements  assume that  the layer  is sufficiently 
isolated f rom the substrate so that  the Hall  data are 
characterist ic of the layers. These measurements  gave 
electron carr ier  concentrat ions ranging f rom 3 x 1017 
to 7 x 1017 cm -3 for layers grown f rom 0.01 to 0.10 
atomic fract ion te l lur ium solutions, respect ively;  
mobili t ies ranged f rom 30,000 to 10,000 cm 2 V - I  sec -1, 
respectively.  One Hall  measurement  was per formed on 
an except ional ly  thick layer  f rom which the substrate  
had been lapped off. The carr ier  concentrat ion of this 
layer  was measured to be 3 x 1017 cm -3 prior  to lap-  
ping off the substrate and 4 x 1017 cm -~ after  r emova l  
of the substrate. This reasonable agreement  supports 
the belief that  the layers  are sufficiently isolated f rom 
the substrates when making Hall  measurements  at 
77~ 

Diodes 
Diodes have been fabricated f rom several  of the 

epitaxial  wafers. Mesas of approximate ly  10 -2 cm 2 
were  etched into the n - type  layers, and ohmic con- 
tacts were  placed on the n - layer  using Indal loy 5. 
Severa l  different contacts were  tr ied on the p - type  
substrate. F igure  8(a) shows an I - V  curve  of one 
of the diodes fabricated using Indal loy 2 as the contact 
to the p-face. The forward  characterist ics of this diode 
are ra ther  poor and are dominated by contact resis t-  
ance. The reverse  characterist ics are qui te  good. F ig -  
ure  8(b) shows an I - V  curve  of a diode which had a 
gold contact to the p-side. The forward  characterist ics 
of this diode are vast ly improved over  the diode having 
the Indalloy contact but  still  exhibi t  substantial  con- 
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Fig. 8 (c). I-V curve for PbTe epitaxial diode, 2508-6B, gold- 
thallium contact to p-side; taken at 77~ 

tact resistance. The reverse  characterist ics of this diode 
are stil l  ra ther  good. 

We have  found that  a gold- tha l l ium alloy (27:73 Au: 
T1) gave the best contact to the p-side of the diodes. 
F igure  8 (c) is a typical  I -V curve  of a diode wi th  the 
Au-T1 contact. The forward  characterist ics of this diode 
are a factor of two improved over  the diodes having 
gold contacts and are typical  of those repor ted  in the 
l i te ra ture  for diffused PbTe diodes (9, 1O). The reverse  
characterist ics are much bet ter  than those repor ted  for 
diffused diodes. A few of the diodes we have fabr i -  
cated using Au-T1 contacts to the p-side have had for-  
ward  and reverse  characterist ics which were  grea ter  
than a factor of two improved over  the typical  diode 
shown in Fig. 8,(c). 

F igure  9 is a semilogari thmic plot of the forward  
cur ren t -vo l tage  characterist ics of several  PbTe diodes. 
The open squares are data f rom a diffused diode re -  
ported by But ler  (9), while  the open circles are data 
of Zoutendyk (10), also on a diffused diode. The solid 
squares are  data f rom one of our diodes that  had 
Indal loy 2 as the contact  to the p-side. The ear ly  ap-  
pearance  of contact resistance is evident.  The solid 
circles are data f rom one of the diodes fabr icated using 
the Au-T1 alloy on the p-side. F rom the l inear  port ion 
of the semilogar i thmic I -V plots, one can calculate the 
A values for the diodes in the diode equat ion 

I : Io e qVIAkT 

Fig. 8. (a). I-V curve for PbTe epitaxial diode, 2508-6A, Indalloy 
2 contact to p-side; taken at 77~ 

Fig. 8 (b). I-V curve for PbTe epitaxlal diode, 2508-6A, gold 
contact to p-side, taken at 77~ 
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Fig. 9. Semilogarithmic plot of the I-V characteristics of PbTe 
diodes at 77~ all having areas of the order of 10 - 2  cm 2. O ,  
Diffused diode [ref. (9)];  71, diffused diode [ref. (10)]; I I ,  liquid 
epitaxial diode, Indalloy 2 contact to p-side; e ,  liquid epitaxial 
diode, gold-thallium contact to p-side. 
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Those diodes which we prepared using Au-T1 contacts 
to the p side had A values between 1.8 and 2.0. 

Capacitance data were taken for several of the 
diodes. The capacitance was found to have a l inear  
1/C 2 to 1/C~ dependence on the voltage, tending to 
follow the square law behavior  for low voltage. The 
negative intercept of the extrapolated 1/C 2 curves 
general ly lay between 0.1 and 0.25V. Carrier  concen- 
trat ions determined from the differential capacitance 
measurements  were in the range of 1016-1017 cm -3, cor- 
responding to a movement  of the space charge layer  
of 2 to 5~. This is indicat ive of the region between the 
p substrate and n layer, where compensation would 
be expected because of slight melt  back of the sub-  
strate and diffusion dur ing layer growth. Any  mater ia l  
melted and absorbed by the melt  will  not contr ibute  
impuri t ies  since the substrate carriers are due ma in ly  
to vacancies; this is not the case for the I I I -V com- 
pounds. The form of the 1/C n curves substantiates this 
argument,  since they indicate a sharp, but  not discon- 
t inuous changeover from p- to n - type  behavior. 

Conclusion 
PbTe single-crystal  epitaxial  layers have been grown 

from lead solutions on PbTe substrates using the t ip-  
ping technique of Nelson; x - ray  Laue pat terns verified 
the single-crystal  na ture  of the layers. Those layers 
which were cooled down to room tempera ture  with 
the Pb-Te  solution over the surface exhibited a region 
of rapid, overlapping growth due to rapid precipitat ion 
from solution. Such rapid precipitat ion is believed to 
occur in the liquid epitaxial  growth of other material~ 
when the solution is allowed to freeze over the layer. 
Layers from which the solution was removed prior 
to final cool down were relat ively smooth and had 
shiny, metall ic surfaces, with best growth on the {100~ 
face. The growth junct ions were revealed by electro- 
lytic etching and were found to be essentially planar.  
The layers had major i ty  carrier  (n- type)  concentra-  
tions of from 3 x 1017 to 7 x 1017 cm -3 and mobilities 
as high as 30,000 cme/V-sec. Diodes which were fabri-  

cated from the layers had forward characteristics 
which were as good as or somewhat bet ter  than  those 
reported in the l i terature  for diffused PbTe diodes. 
Their  reverse characteristics were greatly improved 
over the reported diffused diodes. Thus, this method 
of p -n  junct ion preparat ion shows promise for superior 
electrical properties because of the short t ime the 
mater ial  has to be held at a relat ively high tempera-  
ture  and the p lanar  interface which results. 
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The Effect of Environment on the Fracture of 
Adhering Aluminum Oxide 

J. C. Grosskreutz 1 

Midwest  Research Institute, Kansas City, Missouri 

ABSTRACT 

The spacing of cracks in anodic layers grown on 1100-0 and 7075-T6 a lumi-  
num was measured as a function of the strain in the substrate and as a func-  
tion of environment .  The envi ronments  were distilled water, sea water,  meth-  
anol, and dry air. In  general, the cracks produced by a given substrate s t ra in 
were densest in the materials exposed to distilled water  and ]east dense in 
those exposed to dry air. An analysis is given whereby the fracture s trength 
of the oxide, ~f, can be derived from the min imum crack spacing observed, 
ds. The result  is ~e ---- (~/2t)d~, where ~ is the interfacial  shear stress between 
oxide and substrate, and t is the oxide thickness. Values of ~ which are ob- 
tained in dry air approach those reported for sapphire whiskers. The effect of 
other envi ronments  is to reduce ~f by t0-20% in methanol,  20-40% in sea 
water, and 30-40% in distilled water. 

The mechanical  and fracture properties of metal  
oxide films (A120.~ in part icular)  have been treated in 
detail in a recent paper (1). It  was shown that the 
fracture of films adhering to a strained substrate oc- 
curred as regular ly  spaced cracks at right angles to the 

1 Address  until  Oct. 1970: Inst i tut  for  Theoret ische und Ange-  
wandte  Physik,  Universi t~t  Stut tgart ,  7 Stut tgar t  1, Azenbergstrasse  
12, Germany .  

tensile axis, provided that  the oxide was sufficiently 
thick ( ~  1000A for A120~). A phenomenological  theory 
was described which accounted for the var iat ion in 
crack spacing as a function of substrate strain. An in-  
terest ing observation was that the crack spacing 
reached a m i n i m u m  value, such that  fur ther  s t ra ining 
of the substrate produced only a widening of the exist- 
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Fig. 3. Crack spacing as a function of substrate strain in various 
environments; AI203 on 1100-0 aluminum. Errors shown are the 
standard deviation. 

ing cracks. This min imum spacing was called the 
saturat ion spacing, ds. 

It  is the purpose of the present  paper  to explore  the 
effect of env i ronment  on the density of cracks in a 
s trained A120.~ oxide film and to show how the satura-  
tion spacing can be used to der ive  the f racture  stress of 
the adher ing oxide. 

E x p e r i m e n t a l  D e t a i l s  and  Results 
Anodic oxide films of a nominal  thickness, 1400A, 

were  grown on 1100-0 and 7075-T6 a luminum sub- 
strates in a tar tar ic  acid electrolyte  (2). The substrate  
mater ia l  was in the  shape of a conventional,  flat ten-  
sile specimen with a gauge length of 2 in. and a cross 
section of 1/32 in. 2. The anodized specimens were  
pul led to various values of strain and the density of 
cracks de termined  optically at 200X by a simple in te r -  
cept method. 

Control  of the  env i ronment  was achieved by means 
of a silicone rubber  cup which was molded to sur-  
round a 1 in. section of the gauge length. For  the case 
of l iquid environments ,  the cup was simply filled and 
the top left  open. For  gaseous environments ,  the cup 
was ent i re ly  enclosed except  for inlet and outlet  ports. 
Four  envi ronments  were  chosen for study: distil led 
water,  artificial sea water,  methanol,  and dry air 
(--60~ dew point) .  

The mechanical  propert ies  of the two substrate 
materials  are summarized in Fig. 1 and 2 and Table I. 

The results of the exper iments  to de termine  crack 
density as a function of substrate strain in the various 
environments  are shown in Fig. 3 and 4. The values of 
the saturat ion (minimum) crack spacing are given in 
Table IL 

Table I. Mechanical properties of 1100-0 and 7075-T6 aluminum 

Te ns i l e  f low U l t i m a t e  
Yie ld  s t ress  a t  s h e a r i n g  

s t rength(a)  s t r a i n  = 0.065 s t rength(a)  
(psi) (psi) (psi) 

llOO-O 6,000 15,640 9,000 
7076~T6 73,000 79,775 48,000 

<a) A l u m i n u m  Da ta  Book,  R e y n o l d s  Meta l s  Co. 
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Fig. 4. Crack spacing as a function of substrate strain in various 
environments; AI203 on 7075-T6 aluminum. Errors shown are the 
standard deviation. 

Discussion of  Results 
The discussion of these results is faci l i ta ted by a 

s imple consideration of the stresses which produce the 
saturat ion crack spacing. 

Simple theory of saturation spacing.--Begin by as- 
suming the existence of a regular ly  cracked oxide film, 
Fig. 5(a) .  Once cracking has started, the strains and 
displacements in the oxide are not the same as those in 
the substrate because the moduli  in the two layers are  

Table II. Values of the saturation spacing, ds, in various 
environments 

f ~ B  

S u b s t r a t e  E n v i r o n m e n t  (microns)  

1100-0 D r y  a i r  16.40 __- 0.g2 
D i s t i l l ed  w a t e r  9.25 _ 0.19 
Sea  w a t e r  12.17 ~ 0.68 
M e t h a n o l  12.36 + 0 .26 

7075-T6 D r y  a i r  5.2':!, + 0.83 
D i s t i l l ed  w a t e r  3.44 ~ 0.23 
Sea  w a t e r  3.15 "4- 0.20 
M e t h a n o l  4.81 ~ 0.69 
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Fig. 5. (a) Schematic of regularly cracked oxide film; (b) single 
half-segment of oxide with relevant forces. 

di f ferent  (1). Hence, there are shear strains in the 
mat r ix  near  the  interface and it is these strains which 
are responsible for t ransfer r ing  stress to the oxide 
coating. Figure  5(b) i l lustrates half  of one segment  of 
the oxide and shows the interfacial  shear stress, ~, 
which is general ly  a function of x. If P is the load per 
unit  wid th  in the oxide (the width direction is perpen-  
dicular  to the paper in the figure shown) ,  and if the 
oxide is r igid wi th  respect  to shear, then the force, dP, 
acting on a slice of oxide, dx, is due ent i re ly  to the 
shear stress, T, act ing across the interfacial  area of the 
slice. Hence 

dP ~ Tdx 

or, in terms of the stress in the  oxide segment  

d~ = ~ dx  
t 

Thus 
d ~  T 

[1] 
d x  t 

Equat ion [1] gives the distr ibution of stress in the 
oxide segment as a function of distance along its 
length. 

In all cases of interest,  the saturat ion spacing of 
cracks is reached after  the substrate has begun to flow 
plasticly. Under  this condition, T never  rises above the 
shear flow stress of the substrate. For  practical  pur -  
poses, we shall  assume that  z is constant along the 
length of the segment 2 and is equal  to the shear flow 
stress in the substrate. Equat ion [1] can then be in- 
tegrated to give 

The crit ical  spacing, dc, wil l  occur when the stress, a, 
just  rises to the f rac ture  stress, af, of the oxide  at the 
midpoint  of the section. Set t ing x = dc/2, we have  
finally 

2tcf 
dc ----- [3] 

The saturat ion spacing of cracks wi l l  range f rom about 
de/2 up to just  less than dc. Considering the approxi -  
mations a l ready involved in the calculat ion of tic, we 
define the saturat ion spacing ds = d c .  

Compar ison  of the  resul ts  w i t h  the  t h e o r y . - - T h e  dif-  
ference be tween the spacings observed on the 1100 and 

Clear ly ,  t h i s  a p p r o x i m a t i o n  neg lec t s  t he  fac t  t h a t  n e a r  t he  cen-  
ter  o f  the  s e g m e n t  the  shea r  s t ress  decreases,  p a s s i n g  t h r o u g h  zero 
a t  the  center .  H o w e v e r  t h i s  f a c t  d o e s  n o t  se r ious ly  a l t e r  t he  v a l u e  
o f  ~ in  Eq. [2]. 

7075 substrates in a given envi ronment  can be ac- 
counted for in terms of the  differences in the shear 
flow stress of these two materials.  For  a rough com- 
parison, assume that  the thicknesses and f rac ture  
s t rength  of the  oxide on the two substrates are ident i -  
cal; then the ratio of the saturat ion crack spacings 
should be in inverse proport ion to the ratio of shear 
flow stresses. Subst i tut ion of the values for the dry air 
env i ronment  gives the result  ds (1100)/ds (7075) = 3.1 
and �9 (7075)/T (1100) = 5.1. While the agreement  is not  
precise, the correctness of the in terpre ta t ion does not 
seem to be in doubt. 

Rewr i t ing  of Eq. [3] gives 

Because t and �9 are unaffected by environment ,  the 
re la t ive  values of the f rac ture  strengths in the  three  
aggressive envi ronments  wi th  respect to dry air can 
be calculated from the ds data, and the results are 
given in Table III, where  Cfo is taken as the f racture  
s t rength of the film in dry air. 

If T is taken as 0.577 t imes the tensile flow stress 
reported in Table I, an absolute value for af can be 
calculated f rom Eq. [4]. These numbers  are tabulated 
in the fourth column of Table III. The calculated frac-  
ture  strengths of the oxide film on 1100-0 a luminum 
agree wel l  wi th  the f rac ture  s t rength repor ted  for un-  
polished sapphire whiskers  (3), 300,000-500,000 psi. 
On the other  hand, the calculated values for the film 
on the 7075 substrate are too high by at least a factor 
of 2. This discrepancy is fu r the r  emphasized by the  
fact that  the anodized layer  on 7075-T6 a luminum con- 
tains a great  many  defects and voids in comparison to 
the layer  on the 1100 a luminum (1). The difficulty here  
probably lies in the value assumed for T, the interfacial  
shear stress at the surface of 7075 aluminum. It  is wel l  
known that  soft, p rec ip i ta te -denuded zones exist along 
grain boundaries  in this al loy and it is en t i re ly  possible 
that  such a zone exists at the interface be tween  the 
substrate and the anodic layer.  In this case, the max i -  
mum shear stress developed in the interface would be 
much less than the bulk flow stress which was used in 
the calculation. In fact, the  u l t imate  shear stress for 
7075-0 (annealed condition) is about half  that  of 7075- 
T6, which  could account for the discrepancy. 

Another  method for calculat ing zf makes use of the 
fact that  the anodic layer  on 1100-0 a luminum is pure ly  
elastic (1). Hence, r = efEc where  er is the f rac ture  
strain in the oxide and Ec is the Young's modulus of 
the coating film. We take as ~f that  substrate strain at 
which significant cracks first begin to appear  in the 
adher ing oxide. In the case of the  dry air environment ,  
this strain is ef ~ 0.0175. The value  for Ec in dry air 
is 15 x 106 psi (1). These values lead to a calculated 
value of ~f = 262,500 psi, about half  that  given in Table 
III. 

These calculated f rac ture  strengths are an order  of 
magni tude  h igher  than those previously  repor ted  for 
s e p a r a t e d  A l r 2 0 3  films (1) in dry  air, e.g. ~ 43,000 psi. 
However ,  these la t te r  f ractures  were  dominated by 
the existence of defects in the oxide and the fracture,  
once started, grew catastrophical ly  by a Griffith mech-  
anism. In the case of an adher ing oxide, however ,  this 

Table III. The effect of environment on fracture strength 
of adhering aluminum oxide 

~rf (Caleu-  
M a t e r i a l  E n v i r o n m e n t  o- f/o" f o la ted)  (psi) 

1100-0 D r y  a i r  1.00 550,000 
D i s t i l l e d  w a t e r  0.56 312,000 
Sea  w a t e r  0.74 410,000 
M e t h a n o l  0.76 415,000 

7075-T6 Dry  a i r  1.00 1,000,000 
D i s t i l l e d  w a t e r  0.65 660,000 
Sea  w a t e r  0.60 605,000 

M e t h a n o l  0.92 920,000 
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mechanism does not operate because of the constraint  
of the substrate and the effective f rac ture  stress of the 
oxide apparent ly  approaches that  of sapphire whiskers.  

Interpretation of the environmental effects.--In gen- 
eral  (Fig. 3 and 4), distilled wate r  is the most aggres-  
sive environment .  The re la t ive  effect of this and the 
other envi ronments  on er is best understood in terms 
of the elastic modulus of the oxide. This modulus de- 
creases in the presence of wa te r  vapor  (1) and, if the 
f rac ture  strain is not  appreciably affected, the  decrease 
would account for t h e  observed decrease of gf in dis- 
t i l led water .  The sl ightly less harsh effect of sea wate r  
on the oxide grown on 1100 a luminum is not under -  
stood. The fact that  sea wate r  is more  aggressive for 
the oxide grown on 7075 a luminum is l ikely  due to 
localized at tack at magnesium-,  zinc-, and copper-r ich  
sites which form in the oxide at undissolved second- 
phase part icles on the surface of 7075. 

The smaller  effect of the methanol  is a t t r ibuted to 
the smaller  amount  of wa te r  avai lable to the oxide in 
this environment .  The fact that  methanol  had a smaller  
effect on the oxide grown on 7075 a luminum is difficult 
to explain. The exper iments  were  conducted at the 
same t ime and the same source of methanol  was used. 
So, if one assumes that  the effect is real, the explana-  
tion must  lie in the difference be tween  the anodic films 
grown on the two substrates. 

In summary,  the data and the comparison with  a 
simple theory  of oxide f rac ture  al low the fol lowing 
conclusions to be drawn:  

1. The  h igher  the shear s trength of the substrate, the 
more dense the cracks in the adher ing oxide. 

2. Env i ronment  affects the f rac ture  s trengths of the 
adherent  oxide films. ~f becomes lower  as the wate r  
c o n t e n t  of the env i ronment  increases. The lowest  f rac-  
ture  stresses occurred for distilled wate r  environment .  

3. The  calculated values of the f rac ture  stress in the  
various envi ronments  were  of the  order  of 300,000- 
500,000 psi. Calculat ion of the f rac ture  stress of the  
film adhering to a 7075 substrate is complicated by an 
apparent  loss in the shear s t rength of the substrate 
near  the oxide interface. 
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Technical Notes 

Germanium Oxide Film Growth in HF:H O  Solutions 

D. A. Kiewit 
Hughes Research Laboratories, Malibu, California 

The use of ge rmanium oxide films to protect  the 
semiconductor surface during processing or to electr i -  
cally passivate the surface in the vic ini ty  of p -n  junc-  
tions has been suggested on several  occasions (1-4). 
The use of SiO~ films for these purposes in silicon 
planar  technology is well  known. Al though germanium 
oxide films are not useful as diffusion masks because 
they reduce to the volat i le  oxide GeO at tempera tures  
above ~600~ it is wor th  considering their  use in de-  
vice fabricat ion schedules which do not involve such 
high temperatures ,  such as ion implantat ion,  or to pro-  
vide a passivating surface film that  can be formed 
after all h igh- t empera tu re  stages in a process have  
been completed.  

In the past several  approaches to the problem of 
growing germanium oxide films on germanium surfaces 
have been at tempted.  Thermal  oxidation of ge rmanium 
has been used (3) to grow thin films of the hexagonal  
modification of GeO2 on a bare  Ge surface or beneath  
a pyrolyt ical ly  deposited SiO~ film (4). Anodiza t ion  of 
germanium, especially in nonaqueous solutions, has 
been used by Wales (2) and others to grow GeO~ films 
with resist ivit ies as high as 1012 ohm-cm.  Hexagonal  
GeO2 films have also been formed (5) by the oxidat ion 
of ge rmanium in nitric acid solutions more concen- 
t ra ted than  7N. 

The growth of a glassy, hydra ted  germanium oxide 
film in aqueous HF-H202 solutions was first reported 
by Heidenreich (1), who recommended  using the films 
to protect  a ge rmanium surface f rom contaminat ion 
during processing. 

Experimental 
Germanium oxide films were  grown on 1-40 ohm-cm 

n- type  germanium wafers  at room t empera tu re  in a 
va r ie ty  of HF-H20~-H~O solutions in which the HF 
concentrat ion was var ied be tween 100 and 300 g / l i t e r  
and in which the H202 concentrat ion was var ied be-  
tween 4.1 and 37.8 g/ l i ter .  B & A electronic grade HF 
and cp H202 and 15 Mohm deionized H20 were  used 
as r~agents. The composit ion of the as- rece ived H202 
was determined wi th  a KMnO4 titration. 

After  the film was grown, part  of it was masked 
with  wax and the unmasked region was then stripped 
by a 5-10 sec immersion in aqua regia (this str ipping 
procedure  was found to remove  less than 20A from a n  
uncovered ge rmanium surface, and introduced a negl i-  
gible error  into the subsequent thickness measure-  
ment ) .  The thickness of  the germanium oxide film was 
measured wi th  a Sloan M100 Fizeau-Tolansky type 
in terferometer .  The precision of the thickness mea-  
surement  was about 10%. 
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Fig. 1. Growth of germanium oxide films in HF-H202-H20 solu- 
tions of various concentrations. 

The thickness of ge rman ium stripped from the wafer  
in the course of growing a film was measured gravi-  
metr ical ly  using a Mettler balance accurate to 0.1 rag. 
The measured weight changes were general ly  at least 

J u l y  1970 

20 mg, indicat ing the measurement  was precise to 
wi thin  5%. 

Neither the film growth rate  nor  the associated ger-  
man ium etching rate depended on the sample resist iv- 
ity. In  the present  investigation, mechanical ly  polished 
surfaces were used for most of the measurements  of 
film growth, bu t  supplementary  exper iments  on chem- 
ically polished germanium wafers indicated that  the 
rate  was not affected by  mechanical  damage introduced 
dur ing polishing. 

The growth of germanium oxide films in HF-H202- 
H~O solutions of various concentrat ions is described 
in Fig. 1. It is apparent  from these data that  vary ing  
the HF:H202 concentrat ion ratio has l i t t le effect on 
the film growth rate in the investigated solutions, but  
that  films are formed much more rapidly  at higher 
HF concentrations. 

Fi lms less than about 400A thick had pinholes which 
were clearly visible at 200X. At some other thickness, 
which depended on the solution, but  which never  ex- 
ceeded 2000A, the film began to crack. Between 400A 
and the onset of cracking, the films were smooth, 
homogeneous, and uniform over the surface of a 2 
cm wafer. After the onset of cracking, especially when  
a solution which grew films very rapidly was used, the 
film sometimes spalled off the germanium surface and 
a second film began to grow in its place. In  addition, it 
was found that  re - immers ing  a dried film in the growth 
solution led to a complete str ipping of the film from 
the substrate before fur ther  film growth Occurred. 

The interference colors of these films agree closely 
with those predicted from Vasicek's (6) results for a 
film with a refractive index of 1.607. This value of the 
refractive index was reported by Kordes (7) for bulk  
amorphous GeO2. The agreement  between the colors 
observed in this work with those reported by Wales (2) 
for anodically grown GeO2 is not quite as good. 

Reflection electron diffraction studies indicate that  the 
films that  were grown were amorphous, and a decrease 
in thickness on heat ing to several  hundred  degrees 
centigrade indicated that  they  were hydrated.  These 
observations agree with those of Heidenreich (1). 

Studies of the rate of ge rmanium etching associated 
with the film growth are summarized in Fig. 2. These 
data indicate that  faster etching is associated wi th  
higher HF concentrat ions and a lower HF:H202 con- 
centrat ion ratio in the investigated solutions. The ob- 
servation regarding the HF:H202 ratio must  be re-  
garded as tentat ive because of a lack of corroborative 
evidence. The lack of a saturat ion region in  these 
curves indicates that  the film does not effectively pro-  
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Fig. 2. Rate of germanium etching associated with film growth, 
A: CHF = 100 g/I; C~F/CH202 = 12. B: CHF = 100 g/ I ;  
CHF/CH202 = 24. E: CHF = 200 g/ I ;  CHF/C.202 = 12. H: 
CHF = 300 g/ I ;  CHF/CH202 = 12. 
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tect the surface from fur ther  etching. No inhomogenei ty  
in etch rate was Qbserved to be associated with the 
onset of cracking or spalling of the oxide films. 

Summary 
In  view of the part ial  solubil i ty of these germanium 

oxide films in HF, the faster growth rate in the solu- 
tions with higher HF concentrat ions was ini t ia l ly  sur-  
prising. However, a comparison of the film growth rates 
and the ge rmanium etching rates in the same solutions 
showed that  the substrate  is being removed 10 to 30 
times more rapidly than  the film is forming. Because 
of this disparity in the relative rates, the faster oxide 
growth at higher HF concentrat ion is less surprising, 
as the rate of germanium removal  is also higher at high 
HF concentrations. During growth the germanium ox- 
ide film is apparent ly  readily permeable to the species 
involved in the reactions. This conclusion is supported 
by the high germanium etch rate both before and after 
the onset of oxide film cracking; the even, homogeneous 
etching of the germanium surface after the film has 
cracked or spalled; and the observed lack of agitation 
effects on film growth rate. This indicates that  the 
etching and film growth reactions are not l imited by 
mass t ransport  through the films, and that  the films 

do not provide a passivating layer  against  fur ther  
chemical attack. 

Since simultaneous reactions occurred at several 
interfaces, and since not all of the reaction products at 
the surfaces are known, no at tempt was made to set 
up a quant i ta t ive  model to describe the reaction k ine t -  
ics. It  is apparent,  however, that  the film growth is 
not  diffusion limited. Hence, one of the steps in the 
competing processes of coalescence and dissolution of 
the glassy film must  be rate-controll ing.  

Manuscript  submit ted Nov. 14, 1969; revised m a n u -  
script received ca. Feb 27, 1970. 

A ny  discussion of this paper wil l  appear in  a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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The Estimation of Field Strengths in the Oxide 
during Conventional and Plasma Anodization 

G. Olive, D. L. Pulfrey, and L. Young* 
Electrical Engineering Department, The University of British Columbia, Vancouver, British Columbia, Canada 

Most authors (1) have supposed that  plasma anodi-  
zation is analogous to convent ional  anodization in  that  
the oxide film grows due to a process of ionic conduc- 
tion at high fields, leading to an exponent ial  depend-  
ence of ionic current  densi ty  on field. To test this 
assumption one needs to be able to est imate the elec- 
trostatic field in the oxide from exper imental  data on 
oxide thickness and from measurements  on the poten-  
tial of the sample being anodized. The present  work is 
concerned with the very real  problems that  arise in 
a t tempt ing to relate measurable  quanti t ies  to the field 
in the oxide. These problems are only in part  analogous 
to those that  occur in the case of wet anodization, but  
our at tempts to solve the problem in plasma anodiza- 
t ion leads us to a reconsiderat ion of the problem in 
wet anodization. As wil l  appear, an important  point  
is what  account, if any, should be taken of the free 
energy of formation of the oxide. Our work is com- 
p lementary  to that of O'Hanlon (2) who has recent ly  
pointed out that  the method used in much of the pre-  
vious work on plasma anodization is inadequate  and 
has suggested one approach to solving the problem. 

As a start, it may be supposed that  a probe is placed 
in the plasma very close to the oxide-coated electrode, 
which we take, for definiteness, to be tanta lum.  The 
probe could be an electrode evaporated onto a region 
of thicker oxide, i.e, in the region in which the plasma 
is per turbed by the current  being d rawn by  the t an -  
ta lum electrode. Otherwise it could be a macroscopic 
electrode outside the sheath surrounding the tanta lum.  
It is well  known (3) that  in some, bu t  not all, plasma 
conditions the current -vol tage  characteristic of a 
probe (Langmuir  probe) may  be interpreted to give 
what  is known as "plasma potential." Our  unders tand-  
ing of this is that, when  the probe registers plasma 
potential, the "macro" or " inner"  potential  in the 
plasma is constant  near  the probe or, at least, does not 

* Electrochemical Society Active Member. 

vary near  the probe because of the current  d rawn by  
the probe. It  would seem that, as regards points in  the 
plasma, or, for that  matter,  in any phase other than 
absolute vacuum, potential  in this sense does not mean  
an averaged potential  but the potential  corresponding 
through Poisson's equation with a space- and t ime-  
averaged space charge density. It  is thus a proper ty  of 
a model not a thermodynamic  quanti ty.  The measure-  
ment  of Langmuir ' s  plasma potential  corresponds to 
the same number  of each species being removed by 
the probe as would cross from one side an imaginary  
plane replacing the probe. If the probe is very  close 
to the tantalum, it is perhaps open to argument  whether  
it could register plasma potential.  However, if it could, 
or if the potential  of a more distant  probe could some- 
how be corrected for the systematic gradient  of poten-  
t ial  in  the plasma due to the passage of cur ren t  and for 
any potent ial  drop across a per turbed  sheath sur round-  
ing the tanta lum,  then  the energy diagram of Fig. 1 
would seem to apply and 
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1 
aPox = V (Ta-probe)  + m (~bprob e __ ~bTa) 

e 

where  aPox is the potent ial  drop across the  oxide; 
V(Ta-probe)  is the measured (and for the more  dis- 
tant  probe, corrected) voltage be tween  the tan ta lum 
and the probe, i.e., Fermi  potent ia l  difference, and the 
~'s are work  functions. 

The problem may  be avoided in part  by taking 
cur ren t -vo l tage  characterist ics of the tan ta lum elec- 
t rode at various oxide thicknesses wi th  respect  to some 
invar iant  probe which is sufficiently close that  random 
variat ions in t ime in the potent ial  gradient  through 
the plasma are  negligible. If the phenomena in the 
plasma sheath near the oxide may  be assumed to be 
the same for a given current  densi ty independent  of 
oxide thickness, then at least an incrementa l  field in 
the oxide can be obtained associated with  a given for-  
mation current.  By start ing wi th  a ve ry  thin oxide the 

mean field E = aPox/d,  where  d is thickness, can be 
obtained to some approximation.  

The question must  now be considered as to whe the r  
some account should be taken of the free energy of 
format ion of the  oxide. In other  words is the electro-  
static field as thus est imated in fact the desired quan-  
t i ty  for comparison with  theory. We refer  to s tandard 
works, such as Hauffe's (4), for discussion of how the 
free energy  of format ion corresponds to gradients  of 
electrostatic potential  and of concentrations of reac-  
tants through the film in the absence of applied fields. 
We suggest that  if we  are comparing exper imenta l  re -  
sults with a model  in which high field ionic conduction 
due to an electrostatic field is considered but in which 
diffusion is neglected, then we need to consider only 
the electrostatic field. In this case no account need be 
taken of the free energy of format ion of the oxide. If 
diffusion or other  effects due to concentrat ion gradients 
need to be taken into account, then we  are in fur ther  
difficulties because the analogy wi th  the wet  system 
breaks down in that  in plasma anodization we do not 
have a system at a uniform tempera ture ;  indeed the 
plasma species need not be even the rma l ly  dis tr ibuted 
in energy (3). Also, it is quite  possible that  the reac-  
tion involves not neut ra l  oxygen gas but  some charged 
oxygen species in the plasma which are not in equi l ib-  
r ium wi th  the neutra l  gas, or even at the  same tem-  
perature.  Hence the calculation of the free energy of 
react ion is to that  ex ten t  uncertain.  

The usual approach to the analogous problem in 
convent ional  anodization has been quite different. In 
this case a quant i ty  which has been called "overfield" 
has been used. With the cell: Ta /ox ide / so lu t ion  H2/Pt  
a hypothet ical  revers ible  emf  may  be calculated f rom 
thermal  data. Af ter  el iminat ion of ohmic potent ial  
drops in the solution, the overpotent ia l  may be de- 
fined as the excess of the cell vol tage over  the revers i -  
ble value. The  overfield was defined (5, 6) as the over-  
potent ial  divided by the thickness of oxide. The close 
relation of the above to the method [proposed in an 
early paper  by Vermi lyea  (7)] of adding in the "re-  
action vol tage" has been discussed elsewhere (6). By 
"reaction vol tage"  is normal ly  understood the  hypo-  
thet ical  equi l ibr ium voltage of the cell T a / T a ~ O J H 2 0 /  
H2/Pt.) At the revers ible  potential  the overfield is 
zero but there  is no reason why the electrostatic field 
in the oxide should be zero. Indeed, photovoltaic ex-  
per iments  have been in terpre ted  as showing that  the 
field in the oxide at this potential  is such as to oppose 
the passage of ionic current  in the direction causing 
growth (6). One advantage  of the overfield is that  it is 
at least well  defined. It is also the rmodynamica l ly  
meaningful ,  i.e., direct ly  measureable.  The  other  main 
reason for its acceptance as a useful way  of describing 
exper imenta l  results is that  it seems to work, in the 
sense that  the overfield for tanta lum and niobium (but 

VACUUM LEVEL 

SOLUTION 

July 1970 

e%I-7 l 

~_EJ,, 

'/Pt 
:ATHODE 

w 

Fig. 2 

not zirconium) has been found exper imenta l ly  to be 
independent  of thickness at constant ionic current  
density with some reservat ions about the significance 
of the data for ve ry  thin films (<200A) (6). This 
may have been a delusion since one expects, not a con- 
stant field, but a transi t ion wi th  increasing thickness 
f rom Mott 's in terface  control model  to Verwey 's  model  
in which the ionic conduct iv i ty  of the neut ra l  bulk ox-  
ide controls the current.  However ,  it seems to us that  
the argument  as given above in respect to plasma 
anodization suggests that  the overfield method works, 
if it works, by accident; the theoret ical  model  involves 
only the electrostatic field and hence one should at-  
tempt  to est imate this field (not overfield) in t reat ing 
exper imenta l  data for the purpose of test ing the  model.  

F igure  2 shows one way of doing this. The difficulty 
of using the potent ial  wi th in  the solution is avoided by 
using the vacuum level:  the energy of an electron at 
rest just outside a hypothet ical  vacuum/solu t ion  in- 
terface. The electr ical  double layers on the p la t inum 
and oxide surfaces contr ibute  ~pt and Zox, respect ively.  
For  the equi l ib r ium situation the sum is expected to 
be constant, thus an equi l ibr ium involving,  say, O H -  
across the oxide/solut ion interface would cause the 
interface pH-dependence  of Zox and ~pt to cancel. 
Hence 

-~r = ( l / e )  (EF(Pt)  -- EF(Ta) )  -- (nox ~ ~Pt) 

1 
2V - -  ( r  - -  ~bWa) 

e 

1 
= V o v e r  "~- V r e v  - -  (~ox  "~- ~ P t )  "~- ~ (~bpt - -  e T a )  

e 

where  EF is the Fermi  energy, Vover is the overpotent ia l  
for the production of TacOs, V r e v  is the revers ib le  cell 
emf (about 0.8V, tan ta lum negat ive) .  Approx imat ing  
~pt by taking the zero charge point as corresponding 
to zero potent ial  difference (i.e.,  about 0.2V posi t ive 
to the hydrogen potential  in the same solution for pH 
about 0 or 1) and with  recommended  values (8) for 
the work  functions ~bWa and eFt we have 

A ~ o x  : V o v e r  - -  nox  "~ ( - - 0 . 8  - -  0.2 -p 5.3 -- 4.1) V 

Perhaps the apparent  success of overfield has been due 
to the cancel lat ion of the terms following V o v e r  o n  the 
r igh t -hand  side. The values of the work  functions are, 
of course, uncertain, but, clearly, cancellat ion is l ikely  
to occur within a few tenths of a volt. A lack of cancel-  
lation would imply something about the magni tude  of 
concentrat ion changes of reactants  across the oxide. 
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Effects of Specimen Size and Configuration 
in Plasma Anodization 

N. Ramasubramanian 

Chalk River Nuclear Laboratories, Atomic Energy oS Canada Limited, Chalk River, Ontario, Canada 

In  plasma anodization the potential  of the specimen 
surface relat ive to the unper tu rbed  plasma determines 
the charge carrier collection and hence the oxide 
growth (1,2). When anodizing a specimen which is 
large with respect to the mean free path of the plasma 
particles or is surrounded by a shield, the plasma in its 
vicini ty is per turbed (3, 4). The purpose of this paper is 
to show that  such plasma per turbat ions and edge effects 
influence the forming characteristics. 

Experimental 
A diagram of the Pyrex  glass discharge tube and the 

various probes is shown in Fig. 1. A preoxidized zir-  
conium wire and a cylindrical  p la t inum foil formed the 
cathode and anode of the tube, respectively. The tem-  
pera ture  in the vicinity of the specimens was monitored 
by a shielded chromel-a lumel  thermocouple. Oxygen 
pressures were in the range of 0.77 _ 0.03 Torr; accel- 
erat ing voltages of 650-800V were used with a discharge 
cur ren t  of 20 mA. With water  circulating in the jacket  
the temperature  close to the specimens was ~200~ 

The materials  zirconium and Zircaloy-2 (Zr- l .5% 
Sn-0.1% Fe-0.1% Cr-0.05% Ni) were supplied by Wah 
Chang Corporation and tan ta lum by Fansteel  Metal lur-  
gical Company. The specimens were disks of the d imen-  
sions shown in Table I. A wire of the same mater ia l  
was spot welded onto the disk. The combination was 
chemically polished using a nitric and hydrofluoric acid 
mix ture  (with or without  sulfuric acid) after mechani -  
cal abrasion of the exposed face. The wire was insul-  
ated by a tight fitting ceramic capil lary which in t u rn  
was housed in a Pyrex  glass tube. In  the case of type-B 
and -D unshielded samples, care was taken to expose 
a short piece of the wire so that  the specimen was 
isolated from the space charge sheath on the insula-  
tion; the area of the exposed wire was a small  fraction 
of the specimen area. 

A Moseley X-Y1-Y~ recorder and Kei th ley  electrom- 
eters were used to measure and plot the current  and 
voltage. Anodization of at least two specimens could 
be followed simultaneously.  In a typical exper iment  
the current-vol tage  curve for the p la t inum wire probe 
was recorded. The floating potentials with the speci- 
mens were measured, a fixed anodizing voltage with 
respect to the tube  anode was applied and cur ren t -  
t ime curves were followed. The p la t inum probe was 
cleaned between experiments.  

Oxide thicknesses were estimated from a comparison 
of the capacitance data measured at 1 kHz using 1M 
NH4NO~ solution contacts with similar measurements  
on wet anodized films. Area/capaci tance vs. thickness 
curves were constructed assuming 28 A/V for zirconia 

K e y  w o r d s :  p l a s m a  p e r t u r b a t i o n ,  s p a c e  c h a r g e  s h e a t h ,  d i f f u s i o n  
s h e a t h  a n d  e d g e  effects ,  

(5) and 17 A / V  for t an ta lum oxide films (6). The in-  
terference colors of the plasma and wet anodized films 
having the same area/capaci tance value were similar. 

Results 
The potentials referred to are all relat ive to the 

discharge tube  anode; Vp, specimen potent ial  follow- 
ing anodization and Vw, floating potential  of the speci- 
men before anodization. 

Specimen area.--Anodization characteristics were 
compared among specimens whose areas varied approx- 
imate ly  in the ratio 1:2:20 (c.f. Table I) .  For  speci- 
mens of areas 0.3 cm 2 or less the floating potentials, 
current  decay and A / V  values were in close agreement.  
These quanti t ies were all different for the large sized 
type-D specimen. Another  observation with all large 
specimens was the obvious decrease in oxide thick-  
ness amount ing to ~15% from the center to the edge. 
With smaller  area specimens of type-A, -B, and -C 
the oxide film was more uniform. The oxide thick-  

~ 9 c m ~  

A B C D 

Fig. 1. Diagram of the discharge tube and probes 

Thermocouple 

Zr  cathode 

Pt anode 

Table I. Dimensions of specimens in Fig. 1 

D i m e n s i o n s ,  m m  
S p e c i m e n  T y p e  D i a m e t e r  L e n g t h  A r e a ,  c m  ~ 

P t  A 0.30 7 0.076 
Z r  B 3.13 1.48 0.285 

C 3.13 - -  0 .073 
D 14.0 1.48 3.56 

Z r - 2  B 3.17 0 .74 0.221 
C 3.17 - -  0 .075 
D 14.0 0 .74 3 .250 

T a  B 3.17 0.31 0.181 
C 3.17 - -  0.075 
D 14.0 0.31 3 .07 

T y p e - A  s p e c i m e n s  of Z r ,  Z r - 2  a n d  T a  w e r e  w i r e s  0.8 to 0.9 m m  
in  d i a m e t e r  a n d  0.1 to  0.13 c m  2 in  a r e a .  
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turbed) and b, type-B, 0.285 cm 2. 1 
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one. 

Figure 2 shows a typical set of current  decay curves 
and the exper imental  potentials for zirconium samples. 
The anodization was done in steps without  in te r rup t -  
ing the discharge; the curves a were obtained with 
the type-D large specimen 3.56 cm~ in area and b with 
the type-B specimen 0.285 cm 2 in area. During the first 
step there was practically no oxide growth (judged by 
interference color) on the large specimen in the first 
few minutes.  The current  density was very  low com- 
pared to the smaller area specimen and showed only a 
slight decrease with time. In the subsequent  steps the 
current  showed a considerable decrease with time, 
almost l inear;  but  the rate of fall, especially in the 
ini t ial  stages, was very low compared to the smaller  
sized specimen. However, after the exper iment  the 
oxide on the large area specimen was thicker  and 
(Vp -- Vw) apparent ly  lower. 

Edge el~ects.--The anodizing characteristics of 
type-C shielded specimens and the usual type-B un-  
shielded specimens were followed simultaneously.  In 
Fig. 3 are shown two sets of data obtained with zir-  
conium and t an ta lum specimens. Similar  results were 
obtained with Zircaloy-2 specimens. The current  den-  
sity in the case of the shielded specimen was higher 
when the anodizing voltage in the first step or the in -  
crement  in it dur ing the subsequent  steps ii, iii, etc., 
was fairly large, about  6V or more. Under  such cir-  
cumstances in the ini t ial  stages the current  densi ty de- 
creased more rapidly than  for unshielded specimens. 
The oxide film thicknesses were zirconium B-810A and 
C-775A and tan ta lum B-590A and C-560A. In another  
series of experiments  the oxide thicknesses were 
compared after the ini t ial  anodizing step. When the 
Vp -- Vw was ~9V or more the oxide thicknesses with 
shielded specimens were higher by about 15%. For 
example, voltages close to those shown in Fig. 3 gave 
oxide thicknesses for zirconium B-254A and C-280A 
and t an ta lum B-155A and C-175A. 

Discussion 
The per turbat ions resul t ing from the specimen size 

and presence of a surrounding shield are different in 
na ture  and are discussed under  separate headings, 
specimen area and edge effects. There is a fundamenta l  
difficulty in applying the probe theory [a review of 
Langmuir  and Mott-Smith 's  theory, assumptions in-  
volved and the technique is given by Loeb (7)] to ox- 
ygen plasmas, however, because they contain negative 

Fig. 3. Comparison of current-time curves; a, unshielded type-B 
and b, shielded, type-C specimens. 

ions in addition to electrons and positive ions, The 
t rea tment  presented here must  therefore be regarded 
as only approximately correct. 

Specimen area egects.--Waymouth (3) has given a 
detailed t rea tment  of the problem and also reported 
exper imental  evidence support ing his theory (8). The 
conclusions can be stated in  brief as follows. When 
probes of dimensions several t imes the mean  free paths 
of electrons and ions are used the large drain  of car- 
riers leads to plasma per turbat ions  in their vicinity. As 
a result  (i) charge collection by the probe is deter-  
mined by free fall space charge sheath and also a dif- 
fusion controlled presheath; (ii) in the per turbed re-  
gion there is a large reduction in the density of car- 
riers; and (iii) the plasma potent ial  changes by  ~V at 
the sheath boundary;  this change which is negative for 
probe potentials near  floating potential, passes through 
zero, and becomes positive for probe potentials near  
plasma potential. 

In  order to compare the per turbat ion  effects caused 
by the presence of various probes, it is convenient  to 
t reat  them as spheres wtih the same surface areas (3). 
The electron mean  free path in the present  study is 
about 1.5 mm and therefore probes of area >>0.3 cm 2 
introduce plasma perturbations.  A schematic diagram 
of the changes in potential  difference between the 
specimen surface and the plasma dur ing constant 
voltage anodization for the unper tu rbed  and per-  
turbed cases is shown in Fig. 4. With increasing oxide 
thickness the specimen surface potential  tends towards 
the floating potential  Vw. 

The results shown in Fig. 2 can be explained as 
follows. During the first anodizing step there is prac- 
t ically no oxide growth on the large area specimens 
because plasma per turbat ions  result  in a lowering of 
carr ier  density and a shift + ~ V  in  plasma potent ial  
which leads to only a small  potential  drop in the space 
charge sheath. In  the subsequent  steps with increase in 
the applied voltage this potential  drop is larger than in 
the first step and anodization proceeds. The degree of 
per turbat ion decreases dur ing  anodization with the 
decrease in current  and for comparable specimen sur-  
face potentials the potential  drop in the space charge 
sheath is lower for the large sized specimen than  that 
for the small  area one. Therefore, in the former case 
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one would expect the occurrence of sput ter ing effects 
(1) to a less extent, and this might be one of the rea-  
sons for obtaining a higher A / V  ratio wi th  the large 
sized specimens. In the per turbed and unper tu rbed  
plasmas the ratio of the electrons, negat ive  ions and 
positive ions is also l ikely to be different. 

Edge e~ects.--In plasma anodization evaporated 
metal  specimens have been used in which the metal  
was surrounded by an insulat ing glass substrate (9,10). 
Such a s tructure is s imilar  to the shielded specimens in 
the present  study. The insulat ing shield operates at the 
floating potential  and therefore has a negative field as- 
sociated with it. One would expect a re ta rd ing  influ- 
ence on the negative carriers and thus a lowering of 
the charge collection by the shielded specimen (4). The 
A /V  ratio is seen to vary  between the shielded and un -  
shielded specimens depending on the size of the voltage 

increment  for the anodizing step. However, the ratio is 
higher for the shielded specimens when  the forming 
voltage in the ini t ia l  step and the increment  in  it 
dur ing the subsequent  steps of anodization are large. 
It is suggested that  ionization occurs in the space 
charge regions, resul t ing from the potent ial  difference 
between the specimen surface and the insulat ing 
shield. As the anodization proceeds the specimen sur-  
face moves towards floating potential  (2), the potential  
the shield is operat ing at and therefore the extent  of 
the ionization process decreases. It  should be m e n -  
t ioned here that  the size of the Pyrex  glass shield 
(OD 6 mm) is not large to introduce plasma per tu rba-  
t ion effects discussed under  "area effects." 
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Forming Voltage in Plasma Anodization 
N. Ramasubramanian 

Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

The significance of the floating potential  in de te rmin-  
ing the forming voltage in plasma anodization was 
reported by O'Hanlon (1). In "~rder to est imate the 
surface potential  of the anodized specimen it was sug- 
gested that  a correction could be applied based on the 
i x V characteristics for the specimen obtained prior 
to anodization. The val idi ty  of such a correction is 
questionable on the following grounds: (i) the i x V 
characteristics of an anodizable specimen cannot  be 
traced out at potentials positive to the floating poten-  
tial without  r isking oxidation; (ii) plasma character-  
istics change with t ime of operation of the discharge 
tube;  and (iii) work functions of the materials  con- 
cerned are impor tant  in de termining  the various po- 
tentials measured and these differ and /or  change dur -  
ing anodization. 

Results 
Aging of the discharge tube. The exper imental  pro- 

cedure has been described elsewhere (2). At constant  
gas pressure the acceleration voltage needed to ma in -  
tain a constant  plasma current  increased with operat-  

ing t ime of the discharge tube. The plasma character-  
istics were evaluated from the i x V curves obtained 
for the p la t inum wire probe; these changed with the 
aging of the tube. The values of Vw, floating potential, 
and Vs, plasma potential,  become more negative, and 
T_,  the slope of the log i -  (negat ive carrier  cur ren t ) ,  
vs. potential  plots decreased. In  plasmas of electrons 
and positive ions l / T -  is proport ional  to the electron 
temperature.  After  the discharge tube had been in 
operation for more than about 10 hr the presence of a 
film deposited on the p la t inum anode was detected by 
its interference color. This film was soluble in HF-  
HNOs mixture.  

i x V Characteristics of the platinum probe.--Anom- 
alous behavior was observed dur ing current-vol tage  
measurements  with the p la t inum wire  probe. At po- 
tentials  sl ightly positive to Vw, the cur ren t  showed an 
increase with t ime when the voltage was kept  constant, 
and the i-V characteristic showed the presence of a 
negative resistance region. The probe characteristics 
changed completely after 10-15 rain of s tanding in the 
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plasma. No anomalies were then detected in the cur-  
rent-vol tage sweeps. Figure  1 shows the difference 
between current -vol tage  curves for the p la t inum probe 
obtained at the beginning and at the end of an experi-  
ment.  Curves obtained with a type-B Zircaloy-2 speci- 
men before and after anodization to an oxide thickness 
of 700A are also included for purposes of comparison. 
The Vw measured with the p la t inum was closer to the 
Zircaloy values after the experiment.  The s imilar i ty  
between the curves b and d should be noted. At po- 
tentials slightly negatiwe to Vw the curves are concave 
to the voltage axis, and they show a gradual  rise at 
potentials sl ightly positive to V~. 

If, after the experiment,  the p la t inum probe was 
cleaned by dipping in a HF -b HNO3 mixture,  the i -V 
characteristic reverted almost to that  in curve a (small  
differences were due to changes in the plasma condi-  
t ion).  The plasma characteristics were evaluated by 
analyzing curves a obtained at the beginning  of ex- 
periments.  

Anodization of zirconium, Zircaloy-2, and tanta lum.~ 
In a plasma the Vw values obtained with tanta lum,  
zirconium, and Zircaloy-2 probes were more negat ive 
than those obtained wi th  plat inum, by  about 5-7V. In  
a typical experiment,  the first anodizing step was to 
polarize the specimens to potentials slightly positive 
with respect to the floating potentials obtained with 
them, but  still negative with respect to the floating 
potential  measured with a p la t inum probe. The data 
from two such experiments  using type-B specimens are 
shown in Fig. 2; the values of the various potentials 
in volts are tabulated in the insert. Oxide thicknesses 
following the anodization were, case a Ta-~0A and 
Zr-170A and in case b Zr-190A and Zr-2-160A. The 
Vp -- Vw values for Ta in set a and Zr-2 in set b were 
less than the respective ones for Zr, but  the ini t ial  
current  densities were higher. 

Discussion 
In  plasma anodization a knowledge of the plasma 

characteristics is essential because they determine the 
reactions occurring at the plasma-oxide interface 

_ 0 -76  t o r t  02: 715v 

'o 

vp(volt~) 

Fig. 1. Current voltage characteristics for the platinum probe 
(a and b) and Zircaloy-2 specimen (c and d/; at the beginning of 
the experiment (a and c) and after anodizing Zircaloy-2 over a 
period of 15 min (b and d). 
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Fig. 2. Current-time curves for type-B specimens; specimen 
potentials negative to plasma potentials but positive to floating 
potential; floating potentials measured before anodization are 
quoted. 

(1-3). The plasma characteristics can be evaluated 
from the i x V curves obtained for an iner t  probe. 
However, the potentials recorded during such mea-  
surements  might  be in error due to work funct ion 
differences and/or  changes in the work functions 
brought about by deposition of a sputtered film, ion 
bombardment ,  etc. (4). For  example, in  the cases of 
zirconium, Zircaloy-2, and t an ta lum the floating po- 
tentials measured were negative by 4V or more rela-  
t ive to that  for plat inum. Therefore, specimen poten-  
tials relat ive to a floating p la t inum probe do not give 
the t rue anodizing voltages as has been claimed (5), 
and the errors involved in such measurements  are quite 
large. 

The work function of p la t inum bombarded by posi- 
tive oxygen ions has been shown to be higher by  1.2 
eV than that  of a clean surface (6). This may  be re-  
sponsible for the negative resistance anomaly observed 
in the current-vol tage  characteristics of the p la t inum 
probe. Then the actual difference between the plasma 
potential  and floating potential  would be higher by 
~ l . 2V  than the exper imenta l  values (c.f., table in-  
serted in  Fig. 2), assuming that  for a i -V sweep the 
Vw measured refers to positive ion bombarded and Vs 
determined refers to clean p la t inum surfaces. In  the 
negative resistance region (cleaner p la t inum surface) 
the measured potential  shifts to a more negative value. 
The deposition of mater ia l  sputtered off the zirconium 
wire cathode is an addit ional process giving rise to 
changes in the p la t inum probe characteristics dur ing  
an exper iment  and in the plasma characteristics wi th  
the aging of the discharge tube. 

The variat ion of the plasma and wall  potentials with 
the type of mater ial  used to measure them and the 
t ime of operation of the discharge tube is shown sche- 
matical ly in Fig. 3. It is seen that the higher the work 
funct ion of the probe mater ia l  the less negative are the 
measured potentials. 

The errors in anodizing voltage measurements  are 
due to (i) changes in the plasma characteristics dur ing  
an experiment  and (ii) work  funct ion differences 
between the anodized and unanodized specimens which 
is unknown.  These can be el iminated to a large extent  
by taking the potential  of the specimen relat ive to its 
floating potential  (obtained from i x V measurements)  
at the end of the experiment.  The specimen surface 
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Fig. 3. Schematic diagram of the variation of plasma and floating 
potentials for a fixed plasma current and gas pressure with time 
of operation of the tube and the probe materials used. 

potential  would be closer to the floating potential  of 
the plasma at the end ra ther  than  at the start  of 
anodization. 

The anodizing voltages, (Vp -- Vw) values given in 
the table in Fig. 2, are not very large compared to 
the corrected (Vs -- Vw) value for plat inum. In  the 
ease of t an ta lum the anodizing voltage is less than the 

latter. It follows then that  anodic oxide growth is ob- 
served at potentials negative to the plasma potential  
but  positive to the floating potential;  a conclusion 
which supports the model proposed by O'Hanlon (1). 
Therefore dur ing  i x V measurements  at potentials 
positive to floating potent ial  the specimen is l ikely 
to anodize; the measured potentials are thus not speci- 
men surface potentials as assumed by O'Hanlon, but  
include a definite drop across the oxide grown dur ing 
the measurements .  The surface potentials would obvi-  
ously be less than the measured potentials.  
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Response of Electroluminescent ZnS:Mn,Cu,CI Films to 
Rectangular Pulse Excitation 

John L. Plumb z 

Department of Electrical Engineering, University of Connecticut, Storrs, Connecticut 

and Robert F. Cotellessa *l 

Department of Electrical Engineering, Clarkson College of Technology, Potsdam, New York 

Zinc sulfide doubly activated wi th  Cu and Mn is 
impor tant  as an electroluminescent  phosphor in  that  
it is responsive to excitation by a d-c field. The emis- 
sion spectrum of such phosphors is due to the Mn acti- 
vat ion and peaks at approximately  5850A. The excita- 
t ion of the Mn luminescence center  is general ly  be-  
lieved to occur without  ionization of the center. The 
role played by the Cu activation in the excitation proc- 
ess is not  completely understood. 

Electroluminescence in  evaporated ZnS:Mn,Cu,C1 
films was first reported by Thorn ton  (1). A number  of 
investigators have studied the response of such films 
to d-c excitation (2-6). Vecht et al. (7) have reported 
quan tum efflciencies greater than un i ty  or brightness 
of 1000 f t -L with d-c excitation of electroluminescent  
panels containing a ZnS:Mn,Cu,C1 powder set in an 
organic binder.  

When d-c voltage is applied to an evaporated film of 
ZnS:Mn,  Cu, C1, a change in film characteristics takes 
place. Thornton (2) reported a complex response to re-  
versal of the polari ty of applied voltage, wi th  m a n y  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
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Key  w o r d s :  e l e c t ro lumine s c e nc e ,  z inc  sulf ide,  p h o s p h o r s ,  p u l s e  
exc i t a t i on ,  m a n g a n e s e .  

seconds being required to reach equil ibrium. The oc- 
currence of an electroluminescence forming process on 
ini t ia l  application of voltage was reported by  Goldberg 
and Nickerson (3). Soeya (8) has fur ther  investigated 
these slow t rans ient  effects. 

Comparat ively little has been published relat ing to 
the response of formed electroluminescent  ZnS: 
Mn,Cu,CI films to repeti t ive unidirect ional  pulse exci- 
tation. Thornton  (2) has observed a dependence of 
emission rise t ime on voltage-pulse ampli tude and a 
dependence of ~_mission decay time on voltage-pulse 
repet i t ion rate. In  this paper are reported the results 
of vary ing  over wide ranges the duration, repet i t ion 
rate, and ampli tude of the voltage pulse excitation. 

Film Preparation and D-C Characteristics 
Films of ZnS:Mn,Cu,  CI, approximately 5~ in th ick-  

ness, were formed by a two-step evaporat ion-fir ing 
process similar to that described by Thorn ton  (9). 
Luminescent  powder, activated with 1.0% Mn, 0.3% 
Cu, and 1.0% C1 by weight, was evaporated and de- 
posited onto a warmed t in-oxide-coated glass substrate. 
The deposited film subsequent ly  was baked at a t em-  
perature between 650 ~ and 675~ in contact with 
luminescent  powder. An a l u m i n u m  electrode was de- 
posited to complete a sandwich cell configuration. 
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The cells were subjected to a thorough electrical 
forming process'. With d-c voltage applied (the A1 posi- 
tive with respect to the t in  oxide), the cell current  de- 
creased from its ini t ial  value with a s imultaneous in -  
crease in light emission. The change was rapid at first 
and slowed to a very gradual  change which cont inued 
over m a n y  hours. The formed cell was rect i fying and 
light was emitted in the reverse direction of current  
flow (A1 electrode positive).  

The dependence of cell cur ren t  on applied reverse 
voltage obeyed closely the exponent ial  relat ion 

I = a  exp bx/V 

where a and b are constants for a given cell. The de- 
pendence on voltage of the ratio of light emission to 
cell cur rent  was best described by the relat ion 

L I I  = A exp ( - -B/N/V) 

where A and B are constants for a given cell. 

Pulse Excitat ion 
Unidirect ional  rectangular  voltage pulse excitation 

was applied to the electroluminescent  cells, with the 
A1 electrode positive with respect to the t in oxide elec- 
trode. The voltage rise t ime (to 90%) and fall  t ime 
(to 10%) were 0.2 ~sec or less. The current  pulses 
were monitored. An ini t ial  peak occurred at the leading 
edge of the current  pulse, due to a small  cell capaci- 
tance, and this component  of current  decayed wi th  a 
fall t ime of 1-2 ~sec. 

A 1P21 photomult ipl ier  was used to detect light 
emission. To obtain a t ime-average of l ight emission, 
or integrated light output, the average of the photo- 
mul t ip l ier  current  was measured. To observe the actual 
light pulse, or brightness waveform, the photomult i -  
plier output  was connected by a short cable to an 
oscilloscope. A variable  shunt  resistance permit ted 
ad jus tment  of the detector response time, which was 
reduced beyond the point where it had any  effect on 
the shape of the light pulse. 

One light pulse was emitted for every voltage pulse. 
At voltage-pulse durat ions or pulse widths of several 
milliseconds, emission was ini t iated at the leading edge 
of the voltage pulse and the brightness increased with 
a risetime of the order of 1 msec to an equi l ibr ium 
value. Emission was extinguished at the t rai l ing edge 
of the voltage pulse, and the brightness decayed to 
zero. At short pulse widths, the brightness continued to 
increase for a period of t ime following the trai l ing edge 
of the voltage pulse. The waveforms of the brightness 
for a pulse ampli tude of 32V are shown in Fig. 1. 

The decay time, to 1/3 of peak brightness, of the 
light pulses was 0.75 to 0.80 msec. This decay time was 

VOLTAGE 

2 r e s e t  

independent  of vol tage-pulse duration, repet i t ion rate, 
or amplitude. 

The dependence of average light emission on voltage- 
pulse duration, or pulse width, varied from an approxi-  
mate ly  l inear  relat ion to a dependence somewhat 
greater than l inear  (a power greater than  one) from 
cell to cell. Log-log plots of light emission vs. pulse 
width for a typical cell are shown in Fig. 2 for several  
different voltage-pulse repeti t ion rates, or frequencies. 
The l inear character extends to pulse widths as low as 
0.01 msec. It is also evident  that the light emission 
is determined largely by  the duty  factor of the pulse 
excitation, i.e., the fraction of a cycle in which nonzero 
voltage is applied. A semilog plot of light emission vs. 
pulse width at a constant  duty factor of 0.2 is shown 
in Fig. 3 for two cells. The light emission passes 
through a broad ma x i mum and does not change great ly 
as pulse width is varied from 2 to 0.02 msec. The same 
behavior  was observed in  all ZnS:Mn,Cu,  C1 cells. At a 
pulse width of 0.01 msec, and a f requency of 2000 pps, 
the emission decreases with a decrease in pulse width 
and simultaneous increase in frequency. A pulse width 
of 0.01 msec is yet  several t imes longer than the 0.001- 
0.002 msec fall t ime of the capacitive component  of 
current.  

The dependence of average light emission on fre-  
quency at constant  pulse width  was approximate ly  
linear. Log-log plots of emission vs. f requency for 
three different pulse widths are shown in Fig. 4 for a 
typical  cell. Also shown in the figure is the measured 
emission with d-c excitation at a voltage equal  to the 
voltage-pulse amplitude. At a f requency of approxi-  
mately  1000 pps, the rate of increase o f  emission wi%h 
frequency begins to fall off. At this f requency the ex- 
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Fig. 2. Average light emission vs. excitation pulse width at 
different pulse repetition frequencies for cell 1. 
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Fig. 1. Brightness waveforms for an electroluminescent cell 
excited by voltage pulse excitation at pulse widths of 2 msec 
(top) and 0.02 msec (bottom). 
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Fig. 3. Average light emission vs. excitation pulse width at o 
constant duty factor of 0.2 for cells 1 and 2. 
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Fig. 4. Average light emission vs. excitation pulse repetition fre- 
quency at different pulse widths for cell 2. 

citat ion per iod  is 1.0 msec, i.e., the  app rox ima te  decay  
t ime of the  l ight  pulse. 

The emission spec t rum was recorded  at  room t em-  
pe ra tu re  for va ry ing  combinat ions  of pulse w id th  and 
frequency.  No change was observed in the  spec t rum as 
pulse wid th  or f requency  were  changed.  The emission 
peak  occurred  at app rox ima te ly  5850A. 

The dependence  of average  l ight  emission on vo l tage-  
pulse  ampl i tude  appea red  to be the  same as the  de -  
pendence on d-c  vol tage  wi th  d-c  exci tat ion.  This r e -  
la t ionship  is shown in Fig. 5, in which the ra t io  of 
emission to cell  cur ren t  is p lo t ted  vs. the  rec iprocal  
of the  square root  of VT, where  VT is the  sum of 
pulse ampl i tude  and d -c  bias voltage.  There  was some 
enhancement  of emission by  this d-c  bias voltage. The 
increase in l ight  emission, obta ined when  the d-c  bias  
vol tage is increased,  cannot  be accounted for solely as 
d-c  emission produced b y  the d -c  vol tage;  the  emission 
is enhanced to a s ignif icant ly g rea te r  degree.  The  en-  
hancement  mechanism is poss ibly  the  same as tha t  
responsible  for the enhanced e lect roluminescence re -  
sul t ing f rom the s imul taneous  appl ica t ion  of a -c  and 
d-c  vol tage  to phosphor  powder  cells (10). 

In  some cells the  Mn was omit ted  to obta in  a ZnS: 
Cu,C1 film, and in others  the  Cu and C1 were  omit ted  
to obta in  a Zr~S: Mn film. The response to pulse exc i t a -  
t ion of the  ZnS:Cu,C1 film, as de te rmined  by  the 
effects of va ry ing  vo l tage-pu lse  durat ion,  repe t i t ion  
rate,  and ampli tude,  was the same as tha t  of ZnS: 
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Fig. 5. Ratio of average light emission to cell current vs. the 
inverse square root of the sum of excitation pulse amplitude and 
d-c bias voltage for cell 2. 

T O  E X C I T A T I O N  953 

8O 

~: so 
~f 

~ 4 0  
z 

ul 2O 
w 

~ o I 
0.01 0.1 I 

PULSE WIDTH ( M $EC) 
Fig. 6. Average light emission of e ZnS:Mn cell vs. excitation 

pulse width et o r duty factor of 0.2. 

Mn,Cu,C1 films. However ,  the  l ight  emission wi th  
e i ther  pulse or  d-c  excitat ion,  was at least  an order  of 
magni tude  less in the  ZnS: Cu,C1 cells and contained 
shor ter  wave leng th  components.  

The ZnS: Mn films did not r equ i re  forming;  the  d -c  
res is tance was high when vol tage  was first applied.  
Some films, of ve ry  high resistance,  were  not d -c  elec-  
t ro luminescent .  The emission wi th  pulse exci ta t ion is 
p lo t ted  vs. pulse wid th  at constant  du ty  factor  in Fig. 6. 
At  constant  du ty  factor, the l ight  emission increases 
wi th  increasing f requency and decreas ing pulse width.  
This behavior  is different  f rom tha t  of the  ZnS: 
Mn,Cu,C1 films as demons t ra ted  in Fig. 3. The emission 
appa ren t ly  resul ts  pa r t l y  f rom a-c  e lectroluminescence 
tha t  is more s t rongly  dependent  on the repet i t ion  ra te  
of the  vol tage pulses than  on the i r  durat ion.  The emis-  
sion was three  or more  orders  of magni tude  less than  
in the  ZnS: Mn,Cu,C1 cells. 

Conclusion 
The emission rise in ZnS: Mn,Cu,C1 phosphor  films on 

appl ica t ion  of a d-c  field takes  place in app rox ima te ly  
1 msec. The emission rise t ime and decay t ime are  in-  
dependent  of durat ion,  repe t i t ion  rate,  and ampl i tude  
of appl ied  d-c  pulses, as in the  shape of the  emission 
spectrum.  

The exci ta t ion process does not  exhib i t  the  same 
slow response. The in tegra ted  l ight  output  wi th  pulse 
exci ta t ion is app rox ima te ly  l inea r ly  dependent  on pulse 
wid ths  to values  as low as 10 msec. I t  is app rox ima te ly  
l i nea r ly  dependent  on f requency  to values  w h e r e  the  
in terpulse  t ime  approaches  the  emission decay t ime. 
The in tegra ted  l ight  output  is de t e rmined  l a rge ly  by  
the f ract ion of t ime vol tage  is applied.  

Manuscr ip t  submi t ted  Nov, 19, 1969; rev ised  m a n u -  
scr ipt  rece ived  March  13, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be  publ i shed  in the  June  1971 
JOURNAL. 
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T h i s  D i s c u s s i o n  S e c t i o n  inc ludes  discussion of p a p e r s  a p p e a r i n g  

in  t h e  Journal o] The Electrochemical  Society,  Vol. 116, No. 4 and 
11 (Apr i l  a n d  N o v e m b e r ,  1969). 

Some Evidence for Duplex Film Structuring Within 
the Anodic Alumina Barrier Layer 

G. A. Dorsey, Jr. (pp. 466-471, Vol. 116, No. 4) 

Robert S. Alwitt~: It  might  be of interest  that  the 
secondary phase described by Dorsey is not always 
obtained upon anodization of a luminum in boric acid 
electrolyte at 90~ We anodized chemipolished, etched, 
99.99% A1 at 1.7 mA/cm 2 in aqueous I00 g/ l i ter  H3BO~ 
at 90~ Fi lm formation was stopped and the specimen 
removed when  the cell voltage reached 200V. The 
index of refract ion and thickness of the oxide film 
were  calculated from ellipsometric measurements  made 
at two angles of incidence. For a homogeneous film, 
the calculated values will be independent  of the angle 
of incidence while a duplex film wil l  have apparent  
properties that  vary  with the angle of incidence. The 
following results were obtained: 

A n g l e  of  R e f r a c t i v e  T h i c k n e s s  
i n c i d e n c e  I n d e x  (A) 

50 ~ 1.772 2534 
60 ~ 1.787 2501 

The good agreement  between the two sets of data is 
strong evidence for the absence of a duplex film. 

The major  differences between this exper iment  and 
those performed by Dorsey are the current  density 
for film formation and the absence in our exper iment  
of any  final period at constant  voltage. Perhaps the 
second factor is the impor tant  one. From the relat ion 
between current  and t ime for barr ier  film growth at 
constant  voltage,2 it was estimated that, at the condi-  
t ions used by Dorsey, the t ime to reach the final 
current  at 90~ should have been about 30% longer 
than  the t ime at 60~ This compares wi th  a fivefold 
difference in the observed times. Apparen t ly  some 
process occurred dur ing this period at 90~ that in te r -  
fered with barr ier  film formation. 

Dorsey refers to the pr imary  barr ier  layer as 
an a luminum oxide tr ihydrate,  based on his earlier 
interpretat ions  of IR  spectra. ~.4 The most convincing 
evidence for such a composition would be a weight  
loss at an elevated tempera ture  equal to the proposed 
water  content. Dorsey has not shown this, pre-  
sumably  because he th inks  the iodine-methanol  or 
b romine-methanol  solutions used to isolate the oxide 
may alter their apparent  water  content. 5 We would like 
to point  out that  Bernard and Randal l  used this tech- 
nique to measure the water  content  of hydrated  a lu-  
m i n u m  oxide films. 6 The results were the same as those 
obtained by an independent  method. This technique 
was also found to permit  quant i ta t ive  recovery of an-  
hydrous a luminum oxide films.7 Thus, there is no 
evidence that  these methanol  solutions either remove 
or introduce into the oxide any  volati le matter .  

Several  years ago, we reported results on the weight 
loss at 900~ of isolated a luminum oxide films. 7 Fi lms 

x R e s e a r c h  a n d  D e v e l o p m e n t  Labs . ,  S p r a g u e  E l e c t r i c  Co., North  
A d a m s ,  Mass .  

R. D r e i n e r ,  This Journal, 111, 1350 (1964). 
G. A.  D o r s e y ,  J r . ,  This Journal, 113, 169 (1966), 
G.  A.  D o r s e y ,  J r . ,  Thi~ Journal,  113, 284 (1966). 
G.  A. D o r s e y ,  J r . ,  This Journal,  115, 1057 (1965). 

~ W .  J .  B e r n a r d  a n d  J .  J .  R a n d a l l ,  J r . ,  This Journal, 107, 483 
(1960). 

7 B. S. A l w i t t ,  This Journal, 114, 843 (1967). 

formed to 200V in aqueous H3BO3 solution at 90~ had 
a weight loss of 1.2% after 2 hr at 900~ Clearly, these 
films contained no significant amount  of tr ihydrate.  
Recently, the IR  spectra of a luminum oxide films have 
been interpreted in a way that  is consistent with 
these results, s 

G. A. Dorsey, Jr.:  Considering that  Alwitt 's  anodiz- 
ing conditions (sevenfold higher current  densi ty and 
failure to allow current -vol tage  equi l ibr ium) were 
such as to minimize any "secondary-phase oxide" ba r -  
r ier  layer  formation, it is not  surpris ing that  none was 
found. However, he presents only two pieces of data 
and apparent ly  disregards the dependence of ellipso- 
metric  data on (a) depth of penetra t ion effects and 
(b) angle dependence effects per ta in ing to the proper 
measurements  of optical constants. 9 

A recent paper by Vol'fson and Pi lyankevich l0 does, 
however, show the same pr imary-secondary  phase ba r -  
rier layer  relationship, using electron-optical  data: 
their  term for the "secondary phase" is pseudo-barr ie r  
layer. Figures 2 and 5 of their  paper, plus a composite 
drawing in their  Figure 6, are in good agreement  with 
the photomicrographs shown in the paper  that  is the 
subject of this discussion; their  fur ther  discussion fol-  
lows a close parallel  with that  paper and another  pub-  
lished earlier. 11 But  such evidence for duplex barr ier  
layer s tructure is not without  precedence. Brock and 
Wood 12 found at least four bar r ie r  layer regions of 
characteristic a-c resistivity with the outer ca. 20% of 
the coating general ly permeable or porous. Grosskreutz 
and Shaw 13 found an "ul t rastructure"  at the bar r ie r  
layer surface, also suggestive of duplex film formation. 

Further ,  the apparent  t ransi t ion sequence from 
pr imary  to secondary phase bar r ie r  layer  (with subse- 
quent  porous layer formation) is indirect ly suggested 
in the data of Hun te r  and Fowle, 1~ who found that  
the effective thickness of the barr ier  layer decreased 
on sealing under  conditions where dissolution of a lu-  
mina  should be negligible. Also, Diggle, Downie, and 
Goulding 15 found that  changes in the effective thick- 
ness of the bar r ie r  layer  (decreases) are a field-assisted 
process ra ther  than one a t t r ibutable  solely to chemical 
dissolution. 

Regarding Alwitt 's  reliance on the methanol - iodine  
film isolation technique, there is (contrary  to his state- 
ment)  ample evidence to at least point with caut ion 
toward this procedure. Erdey et al.16.17 point  out that  
ha logen-conta in ing metal  solvents (they used meth-  
anol -bromine)  also attack AI(OH)3 and are not iner t  
toward al ter ing the original barr ier  layer  structure. 
A comparison of their  XRD and DTG data show that 
both amorphous and crystal l ine a luminum tr ihydrates  
are at least part ial ly decomposed when  that  reagent  
is used to isolate a barr ier  layer film. 

Alwit t ' s  own paper is cites this film isolation pro-  
cedure in connection with weight loss measurements  

s W .  r e d d e r  a n d  D.  A. V e r m i l y e a ,  T~ans. Faraday Soc., 65, 561 
(1969). 

9 B. R a o  a n d  R. A.  G r i i ~ n ,  T h ~  Jo u rn a l  116, 571 (1969).  
lo A. I. V o l ' f s o n  a n d  A.  N.  P i l y a n k e v i c h ,  Zashchita Metallov,  4, 

670 (1968). 
xl G.  A. D o r s e y ,  J r . ,  This Journal, 115, 1053 (1968). 
12 A. J .  B r o c k  a n d  G. C. Wood ,  Electroehim. Aeta, 1~, 395 (1967). 

J .  C. G r o s s k r e u t z  a n d  G.  C. S h a w ,  J .  A p p L  Phys.,  35, 2195 
(1964). 

1~ M. S. H u n t e r  a n d  P .  F o w l e ,  This Journal, 101, 481 (1954). 
tz J'. W. D igg l e ,  T.  C. Downie ,  and  C. W. G o u l d i n g ,  Thi,~ Journal, 

116, 737 (1969). 
16L. E r d e y ,  T. K o r m a n y ,  a n d  S. Ga l ,  Z. Anal. Chem., 200, 218 

(1964). 
17 L. E r d e y ,  S. Gal ,  T. K o r m a n y ,  a n d  M. MezeY, Proe. Conf. A p p L  

Phys. Chem. Met, Budapest ,  3, 271 (1966). 
is R.  S. A1wJtt ,  This Journal,  114, 843 (1967). 
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(water content)  apparent ly  obtained by re-weighing 
stripped films following a 2-hr bake at 900~ He re- 
ports ca. 1.2 w/o  (weight per cent) water  content  wi th  
this technique. However, it has long been recognized 
that  a luminas  should not be cooled and re-weighed 
unt i l  they have come to equi l ibr ium using at least 
1200~ TM Otherwise, low weight loss values will  be 
found when the a lumina  takes up water  again on cool- 
ing or, in the case of barr ier  layer oxides, on immedi-  
ate re-exposure to atmospheric humidity.2O 

There is no substi tute for good TGA/DTG data; con- 
vincing evidence for a possible t r ihydrate  composition, 
as Alwit t  states. Lacking good data to report, one can 
only point out that various other data are suggestive 
of a t r ihydrate  composition. This laboratory still does 
not have the necessary equipment  to obtain a thermo-  
gram showing the complete weight loss/water  content  
of barr ier  layer oxides, al though a substi tute method 
(for part ial  water content)  was devised. 20 However, 
we now feel compelled to release data that  were ob- 
tained much earlier, but  not reported since they were 
strictly of an exploratory nature.  These data were 
obtained for us by the Pe rk in -E lmer  Corporation, using 
their TGS-1 thermobalance with a 40~ heat ing 
rate, and reportedly with hel ium purging, to 650~ 

Weight  loss (~g/cm~") 
at  equ i l i b r ium (650~ 

Theoret ical  we igh t  
Sample  Sample  A Sample  B loss (~g/cm 2) 

1O0V ba r r i e r  l ayer  
Coating intact  on 
alloy 1199 foi l  

10.8 13.5 13.1 
A s s u m i n g  14A/V w i t h  a 
dens i ty  of 2.7 g / c m  8, and  
a s suming  a un i fo rm  t r i -  
hydra t e  composi t ion 

These data should not be viewed as anyth ing  other 
than  a cursory examination.  By now, we had hoped 
to have the necessary ins t rumenta t ion  to prepare a 
thorough report that might have some value toward 
answering Alwitt 's  second comment:  his criticism of 
a much earlier paper 21 where IR data suggested a 
hydrogen-bonded cyclic t r ihydrate  barr ier  layer com- 
position, and one that  appeared to consist of two 
s t ructural  phases. 

An examinat ion  of the l i terature will, however, 
reveal  that  this suggested composition is still wi th in  
reason. Grunwald  and Fong22 favored just  such a 
hydrogen-bonded cyclic t r ihydrate  d imer /po lymer  
structure for soluble a lumina  in acid solution, at least 
near  pH3 (a condensed form of this, as with the bar -  
rier layer  film, does not seem unreasonable) .  Regarding 
the composition itself, Erdey et al. 16,17,23 report XRD, 
DTG, and dissolution rate data to show that  the anodic 
a lumina  barr ier  layer film consists of at least 35 w/o 
AI(OH)3 (at least 25% amorphous t r ihydrate)  plus 
up to 14% monohydrate ,  with the balance consisting 
of -y-alumina and presumably  anhydrous.  Bogoyavlen- 
skii 24 and Shreider  25 also report  t r ihydrates  in the 
barr ier  layer. 

Schwabe26 found that  hydrogen ion was forced from 
the a lumina  bar r ie r  layer  on reanodization (equivalent  
to at least 18 w/o water ) ,  while Brock and Wood's 
data TM suggested at least some hydra t ion  phenomena,  
which increased outward to the coating surface. And, 
since bar r ie r  layer  oxides are often reported to be 
7-alumina,  it might be well  to point  out that  David 

I~C. Dural,  " Ino rgan ic  Thermogravimetr ic  Analys i s , "  2rid Ed., 
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e2 E. G r u n w a l d  and D. W. Fong, J. Phys.  Chem., 73, 650 (1969). 

L. Erdey,  S. Gal,  and  M. Mesey,  Finomechanika,  4, 251 (1965). 
[Alum. Abstr. ,  4 (10), 1337 (1966).] 

-~A. F. Bogoyavlenski i ,  "Anodic  Protec t ion  of Metals ,"  P a p e r  
P resen ted  at  the F i r s t  I n t e r u n i v e r s i t y  Conference Moscow, 1964. 

~ A .  V. Shreider ,  J.  Appl.  Chem. USSR, 39, 2533 (1966). 
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and Welch 27 found that  a small  proport ion of com- 
bined water  was essential to stabilize the spinel- type 
7-phase of both Fe203 and AI203. Even wi th  an osten- 
sively nonaqueous electrolyte, Wood and Patr ick 2s 
found that  trace amounts  of water  exert  an influence 
on film growth rate and appear to be necessary for 
uni form film growth of thick coatings. 

This still provides only indirect  and inconclusive 
evidence for the earlier speculation 2t regarding barr ier  
layer composition and structure. Alwit t  does, however, 
cite an excellent and general ly thorough paper by 
Vedder and Vermilyea 29 wi th in  which the authors pre-  
sent yet  another  in terpre ta t ion of the barr ier  layer 
960 cm -1 IR absorption band. They at t r ibute  the ab-  
sorption to a t ransla t ional  mode (lattice v ibra t ion or 
"l iberation" mode) of anhydrous a lumina:  to an ab-  
sorption that has been shifted upward  to an abnormal ly  
high frequency by surface polarization effects. Their  
discussion is based on the work of Ber reman 30 who 
showed such an effect for thin films of l i th ium fluoride. 
This is an interest ing possibility, but  necessarily con- 
tains assumptions (and is lacking in data) that  seem 
to make this equally speculative with other in te r -  
pretations. One might  note that  Barker  31 found such 
l iberat ion modes in  Corundum,  but  these were weak 
absorptions at longer wavelengths and were polariza- 
t ion-sensit ive.  Gamo, 32 however, a t t r ibuted the 920 
cm -1 band  of A12(SO4)3 �9 18H~O as due to hydrogen-  
bonded water  coordinated to a luminum,  while Pl iskin 
and Lehman ~3 found that the Si-OH bending  vibrat ion 
is near  930 cm-1, also in a hydrogen-bonded system. 

Marker Techniques for Studying the Mechanism of 
Scaling of Metals Based on the Use of the OlS(p,n)F is 

Nuclear Reaction 
J. B. Holt and L. Himmel (pp. I569-1580, Vol. 116, No. 11) 

A. Briickman, S. Mrowec, and T. Werber34: Investiga- 
tions on the contr ibut ion of individual  reactants  in the 
over-al l  process of the t ranspor t  of mat ter  through 
scales formed on metals and alloys, as well  as research 
works on the mechanism of these processes, have been 
developing for years our knowledge about the mech-  
anism of gaseous corrosion of metall ic materials.  These 
investigations also br ing valuable  (and sometimes not 
obtainable by other methods) informat ion about the 
type of defects present  in crystal lattices of oxides and 
sulfides. 

In  view of the importance of this problem for the 
physics and chemistry of the solid state, m a n y  experi-  
menta l  and theoretical papers discussing the methods 
of investigations in this field have been published in 
recent  years. This problem is also dealt with in the 
paper presented by Holt and Himmel. In it, the authors 
present  a detailed analysis of methods used today in 
investigating the contr ibut ion of individual  reactants  
in the process of scale formation with the aid of neu t ra l  
and radioactive markers.  On the background of these 
considerations, the authors present  their  own method 
consisting of the use of a stable and radioactive isotope 
of the oxydans in the process of two-stage oxidation of 
metal  specimens. The method involves pre l iminary  
oxidation in a medium enriched in the active isotope 
and then in a normal  medium. After  having stopped 
the reaction, the dis tr ibut ion of the active isotope in 
the scale is determined autoradiographically.  In  view 

27I. David  and A. J .  E. Welch, Trans. Faraday Sot . ,  52, 1642 
(1956). 

.~s G. C. Wood and  G. W. Pa t r i ck ,  Trans. Inst. Metal Finishing, 
45, 174 (1967). 

W. r e d d e r  and  D. A. Vermi lyea ,  Trans. Faraday Soc., 65, 561 
(1969). 

ee D. W. Be r r eman ,  Phys.  Rev.,  130, 2193 (1963). 
al A. S. Barker ,  Jr . ,  Phys.  Hey., 132, 1474 (1965). 
as I. Gamo,  B u l l  Chem. Soc. Japan, 35, 1055 (1962). 
z~ W. A. Pl i sk in  and H. S. Lehman ,  This Journal, 112, 1013 (1965). 
3~ Ins t i tu t  of Solid State  Chemis t ry ,  School of Min ing  and  Meta l -  
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(water content)  apparent ly  obtained by re-weighing 
stripped films following a 2-hr bake at 900~ He re- 
ports ca. 1.2 w/o  (weight per cent) water  content  wi th  
this technique. However, it has long been recognized 
that  a luminas  should not be cooled and re-weighed 
unt i l  they have come to equi l ibr ium using at least 
1200~ TM Otherwise, low weight loss values will  be 
found when the a lumina  takes up water  again on cool- 
ing or, in the case of barr ier  layer oxides, on immedi-  
ate re-exposure to atmospheric humidity.2O 

There is no substi tute for good TGA/DTG data; con- 
vincing evidence for a possible t r ihydrate  composition, 
as Alwit t  states. Lacking good data to report, one can 
only point out that various other data are suggestive 
of a t r ihydrate  composition. This laboratory still does 
not have the necessary equipment  to obtain a thermo-  
gram showing the complete weight loss/water  content  
of barr ier  layer oxides, al though a substi tute method 
(for part ial  water content)  was devised. 20 However, 
we now feel compelled to release data that  were ob- 
tained much earlier, but  not reported since they were 
strictly of an exploratory nature.  These data were 
obtained for us by the Pe rk in -E lmer  Corporation, using 
their TGS-1 thermobalance with a 40~ heat ing 
rate, and reportedly with hel ium purging, to 650~ 

Weight  loss (~g/cm~") 
at  equ i l i b r ium (650~ 

Theoret ical  we igh t  
Sample  Sample  A Sample  B loss (~g/cm 2) 

1O0V ba r r i e r  l ayer  
Coating intact  on 
alloy 1199 foi l  

10.8 13.5 13.1 
A s s u m i n g  14A/V w i t h  a 
dens i ty  of 2.7 g / c m  8, and  
a s suming  a un i fo rm  t r i -  
hydra t e  composi t ion 

These data should not be viewed as anyth ing  other 
than  a cursory examination.  By now, we had hoped 
to have the necessary ins t rumenta t ion  to prepare a 
thorough report that might have some value toward 
answering Alwitt 's  second comment:  his criticism of 
a much earlier paper 21 where IR data suggested a 
hydrogen-bonded cyclic t r ihydrate  barr ier  layer com- 
position, and one that  appeared to consist of two 
s t ructural  phases. 

An examinat ion  of the l i terature will, however, 
reveal  that  this suggested composition is still wi th in  
reason. Grunwald  and Fong22 favored just  such a 
hydrogen-bonded cyclic t r ihydrate  d imer /po lymer  
structure for soluble a lumina  in acid solution, at least 
near  pH3 (a condensed form of this, as with the bar -  
rier layer  film, does not seem unreasonable) .  Regarding 
the composition itself, Erdey et al. 16,17,23 report XRD, 
DTG, and dissolution rate data to show that  the anodic 
a lumina  barr ier  layer film consists of at least 35 w/o 
AI(OH)3 (at least 25% amorphous t r ihydrate)  plus 
up to 14% monohydrate ,  with the balance consisting 
of -y-alumina and presumably  anhydrous.  Bogoyavlen- 
skii 24 and Shreider  25 also report  t r ihydrates  in the 
barr ier  layer. 

Schwabe26 found that  hydrogen ion was forced from 
the a lumina  bar r ie r  layer  on reanodization (equivalent  
to at least 18 w/o water ) ,  while Brock and Wood's 
data TM suggested at least some hydra t ion  phenomena,  
which increased outward to the coating surface. And, 
since bar r ie r  layer  oxides are often reported to be 
7-alumina,  it might be well  to point  out that  David 

I~C. Dural,  " Ino rgan ic  Thermogravimetr ic  Analys i s , "  2rid Ed., 
pp. 227-228, Elsevier, New York {1963). 

G. A. Dorsey,  Jr . ,  This Journal, 115, 1057 (1968). 
~ G. A. Dorsey,  J r . ,  This Journal, 118, 284 (]966). 
e2 E. G r u n w a l d  and D. W. Fong, J. Phys.  Chem., 73, 650 (1969). 

L. Erdey,  S. Gal,  and  M. Mesey,  Finomechanika,  4, 251 (1965). 
[Alum. Abstr. ,  4 (10), 1337 (1966).] 

-~A. F. Bogoyavlenski i ,  "Anodic  Protec t ion  of Metals ,"  P a p e r  
P resen ted  at  the F i r s t  I n t e r u n i v e r s i t y  Conference Moscow, 1964. 

~ A .  V. Shreider ,  J.  Appl.  Chem. USSR, 39, 2533 (1966). 
2e K. Schwabe,  This Journal, 110, 663 (1963). 
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and Welch 27 found that  a small  proport ion of com- 
bined water  was essential to stabilize the spinel- type 
7-phase of both Fe203 and AI203. Even wi th  an osten- 
sively nonaqueous electrolyte, Wood and Patr ick 2s 
found that  trace amounts  of water  exert  an influence 
on film growth rate and appear to be necessary for 
uni form film growth of thick coatings. 

This still provides only indirect  and inconclusive 
evidence for the earlier speculation 2t regarding barr ier  
layer composition and structure. Alwit t  does, however, 
cite an excellent and general ly thorough paper by 
Vedder and Vermilyea 29 wi th in  which the authors pre-  
sent yet  another  in terpre ta t ion of the barr ier  layer 
960 cm -1 IR absorption band. They at t r ibute  the ab-  
sorption to a t ransla t ional  mode (lattice v ibra t ion or 
"l iberation" mode) of anhydrous a lumina:  to an ab-  
sorption that has been shifted upward  to an abnormal ly  
high frequency by surface polarization effects. Their  
discussion is based on the work of Ber reman 30 who 
showed such an effect for thin films of l i th ium fluoride. 
This is an interest ing possibility, but  necessarily con- 
tains assumptions (and is lacking in data) that  seem 
to make this equally speculative with other in te r -  
pretations. One might  note that  Barker  31 found such 
l iberat ion modes in  Corundum,  but  these were weak 
absorptions at longer wavelengths and were polariza- 
t ion-sensit ive.  Gamo, 32 however, a t t r ibuted the 920 
cm -1 band  of A12(SO4)3 �9 18H~O as due to hydrogen-  
bonded water  coordinated to a luminum,  while Pl iskin 
and Lehman ~3 found that the Si-OH bending  vibrat ion 
is near  930 cm-1, also in a hydrogen-bonded system. 

Marker Techniques for Studying the Mechanism of 
Scaling of Metals Based on the Use of the OlS(p,n)F is 

Nuclear Reaction 
J. B. Holt and L. Himmel (pp. I569-1580, Vol. 116, No. 11) 

A. Briickman, S. Mrowec, and T. Werber34: Investiga- 
tions on the contr ibut ion of individual  reactants  in the 
over-al l  process of the t ranspor t  of mat ter  through 
scales formed on metals and alloys, as well  as research 
works on the mechanism of these processes, have been 
developing for years our knowledge about the mech-  
anism of gaseous corrosion of metall ic materials.  These 
investigations also br ing valuable  (and sometimes not 
obtainable by other methods) informat ion about the 
type of defects present  in crystal lattices of oxides and 
sulfides. 

In  view of the importance of this problem for the 
physics and chemistry of the solid state, m a n y  experi-  
menta l  and theoretical papers discussing the methods 
of investigations in this field have been published in 
recent  years. This problem is also dealt with in the 
paper presented by Holt and Himmel. In it, the authors 
present  a detailed analysis of methods used today in 
investigating the contr ibut ion of individual  reactants  
in the process of scale formation with the aid of neu t ra l  
and radioactive markers.  On the background of these 
considerations, the authors present  their  own method 
consisting of the use of a stable and radioactive isotope 
of the oxydans in the process of two-stage oxidation of 
metal  specimens. The method involves pre l iminary  
oxidation in a medium enriched in the active isotope 
and then in a normal  medium. After  having stopped 
the reaction, the dis tr ibut ion of the active isotope in 
the scale is determined autoradiographically.  In  view 
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(1969). 
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of the lack of an appropriated radioact ive isotope of 
oxygen, the stable isotope 0 TM is used and t ransformed 
into the radioact ive isotope F TM according to the nuclear  
react ion O18/n,p/F is. 

Holt and Himmel  have applied thei r  me thod- - to  
check its appl icabi l i ty- - in  invest igat ing the share of 
diffusion of individual  reactants  in the process of 
growth  of oxide scales on Fe and Zr and on F e - P t  
alloys. On the basis of obtained results, Holt and Him-  
mel  came to several  methodological  conclusions and 
to conclusions concerning the mechanism of reactions 
under  investigation. Severa l  of them arouse some ob- 
jections and some suggestions must  be direct ly  cor-  
rected. 

According to the suggestion of Holt and Himmel,  
the isotope of the oxidizing e lement  shall be used in 
the process of two-s tage  oxidation in such a way  as 
to mark  the pr imary  formed of the reaction product, 
s imilar ly as in the convent ional  marke r  method. 

This method leads--as  ment ioned also by the authors 
- - t o  unambiguous conclusions only in eases where  the 
scale layer  is compact on its whole  cross section and 
adheres s t rongly to the meta l  surface. In eases of for-  
mat ion of scales which are built  up of two layers wi th  
a porous inner one, the method proposed by Holt  and 
Himmel  is useless or leads to a l te rna t ive  conclusions 
only. Himmel  and Holt are therefore  suggesting that  
unambiguous results can be obtained f rom marke r  
exper iments  (carried out by the convent ional  method 
or by the method consisting of use of radioact ive  iso- 
topes) only in the case of compact monolayer  scales 
character ized by a ve ry  good adhesion to the meta l  
surface. This method is therefore  pr incipal ly  useless 
in invest igat ing the mechanism of heterophasie scale 
formation on metals  and alloys. In conclusion, Himmel  
and Holt formula te  the conditions which must  be ful -  
filled in prepar ing the specimens for invest igat ion if 
the formed monolayer  scale is to be compact and 
adhere to the meta l  surface. 

Himmel  and Holt  are doubtless r ight  when they  insist 
that the mobili t ies of individual  reactants  in the latt ice 
of the oxidation product  can be ra t ional ly  de te rmined  
by marke r  methods only in eases of monolayer  scale 
formation. In this ease, no other methods are needed, 
however ,  than those consisting of the convent ional  
mark ing  of the meta l  surface with  neutra l  substances, 
as ment ioned also by the cited authors in their  paper. 

On the other  hand, the results of such invest igat ions 
are interest ing first of alI f rom the point of v iew of 
sol id-state physics and not of gaseous corrosion. It is 
wel l  known that  in the case of oxidation of metals  
and alloys the format ion of mul t i l ayer  scales prevails,  
the mechanism of scale growth being the reby  v e r y  
complex. The method proposed by Holt  and Himmel  
gives no bet ter  possibilities to study these phenomena 
than the conventional  marker  method. The radioact ive 
isotope of the oxidizing e lement  can, however,  be very  
useful in s tudying the mechanism of scale format ion 
on metals  and alloys under  the condition it is em-  
ployed in another  way  than that  suggested by Holt 
and Himmel.  Such a method has been used a l ready 
for many  years and the results of model  investigations 
carried out by this method on meta l - su l fur  and al loy-  
sulfur systems have contr ibuted to the development  of 
the dissociative model  of formation of mul t i l ayer  scales 
on pure metals  and on binary alloys.~5~4 Himmel  and 

A. Briickman, S. Mrowee, and T. Werber, F~z. Metal. i Metal-  
loved., 15, 362 (1963). 
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4e S. M r o w e c  a n d  T. W e r b e r ,  Werkstof]e Korrosion, 18, 116 (1967). 
43 S. M r o w e c  a n d  T. W e r b e r ,  Werkstolye Korrosion, 19, 944 (1968}. 
4~ A. B r i i c k m a n ,  S. M r o w e c ,  a n d  T. W e r b e r ,  " P r o c e e d i n g s  of  t h e  

Third I n t e r n a t i o n a l  C o n g r e s s  on  Me ta l l i c  Co r ro s ion ,  M o s c o w ,  1966," 
Vol.  IV,  Mi r ,  M o s c o w  (1969). 

Holt do not ment ion these papers at all in their  ex ten-  
sive dissertation. If they had made acquaintance wi th  
these papers, they would  have avoided one-sidedness 
in t reat ing this important  problem. 

The authors of these remarks  have demonstra ted 
that  valuable  informat ion about the mechanism of 
mono-  and mul t i l ayer  scale format ion on metals  and 
alloys can be obtained by the method of two-s tage  
oxidation but in another  way than that  proposed by 
Holt  and HimmeI. Namely,  the radioact ive isotope of 
the oxidizing e lement  must  be int roduced into the m e -  
dium in the second, and not in the first, stage of the 
reaction. The autoradiographs of cross sections of scales 
obtained in this way  offer the possibili ty of formula t ing  
unambiguous conclusions not only in the case of mono-  
layer  scales. Figures 1.and 2 of this discussion show 
such autoradiographs of sulfide scale formed in the 
course of two-s tage  sulfurizat ion on copper and on a 
copper-zinc alloy containing 15% zinc. F igure  1 demon-  

Fig. I. Photomicrograph (a) and autoradiograph (b) of a cross 
section of a sulfurized sample of copper exposed for 5 rain in non- 
radioactive, 15 rain in radioactive, sulfur at 444~ 5 

Fig. 2. Autoradiograph of a cross section of a sulfurized sample 
of alloy Cu-15% Zn exposed for 60 rain in nonradioactive, and 60 
rain in radioactive, sulfur at 444~ 40 
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strates that, in spite of formation of a two- layer  scale 
(with a porous inner  one) on flat surfaces of the 

specimens, the inner  t ransport  of the oxidizing agent 
is not observed. At edges, the radioactive sulfur  iso- 
tope penetrated into the interior  of the scale through 
microfissures situated perpendicular  to the metal  sur-  
face. The fissures can be clearly distinguished on the 
autoradiograph and on the microphotograph. The 
mechanism of fissure formation as well  as the mech- 
anism of scale growth in these different parts  of the 
specimens are described in detail in our cited papers. 
It must  be emphasized that  application of radioactive 
and not active sulfur in the way proposed by Holt and 
Himmel, i.e. in the reversed sequence, would br ing  
to such li t t le i l lustrat ive picture as that reproduced 
in their  Fig. 7 [sic]. Also, Fig. 2 of this discussion 
should be compared with Fig. 9 of the Hol t -Himmel  
paper. In  Fig. 2, the inward  t ransport  of the oxidizing 
element  through microfissures, formed as the result  
of secondary dissociation processes and situated per-  
pendicular  to the core, can be clearly observed. Both 
scale layers can also be clearly distinguished. On the 
basis of the autoradiograph obtained by  Holt and Him-  
mel, no precise conclusions about the mechanism of 
scale formation on Fe -P t  alloy can be formulated.  It  
must  be emphasized that  such good results as shown 
in Fig. 1 and 2 can be obtained not only in cases 
where the preparat ions can be re la t ively easily pol- 
ished. Analogous results have been obtained in m a n y  
other cases, especially in invest igat ing the mechanism 
of sulfurizat ion of nickel, 3s,4~ iron, 87,3s Ni-Cr-al loys,  45 
and other systems.46, 47 

It should also be ment ioned that  the radioactive iso- 
tope of sulfur  was used in the case of many  model re-  
actions 39,43,44,4s investigated by  Wagner 's  pellet  
method.49 

When the contr ibut ion of the inward  lattice diffu- 
sion is to be unambiguous ly  determined,  an iner t  
marke r  and addi t ional ly the radioactive isotope of the 
oxidizing element  must  be used s imultaneously  in a 
way described in the papers. 36,4~ 

It should also be said that  our investigations carried 
out with use of the OlS-isotope (according to the nu -  
clear reaction OlS/~,n/Ne 21) lead to identical  results 
as in the case of sulfurization. 

Concluding, we must  under l ine  that  in spite of Holt-  
Himmel 's  suggestion that radioactive S35-isotope was 
widely used in our laboratory as well  as by  other 
authors 5~ and has contr ibuted to a bet ter  unders tand-  
ing of the mechanism of scale formation on metals 
and alloys. Some similar conclusions appear also in 
Hol t -Himmel 's  paper, suggesting thus that  they have 
been formulated for the first t ime as a result  of their  
own investigations. 

J. B. Holt and L, Himmel:  We must  confess that, at 
the t ime our paper was submit ted to this Journal, we 
were not aware of the publicat ions cited by the dis- 
cussors, nor did we know that Professor Mrowec and 
his colleagues had been using S z5 as a marker  in the 
elegant manne r  they have described. The convincing 
i l lustrations which they have provided demonstrate  
that their technique is basically sound and that  it has 
been applied wi th  great skill in s tudying the mech-  
anism of growth of sulfide scales on metals  and alloys. 
While we have been remiss in not making ment ion  of 
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this impor tant  ref inement in technique, we would like 
to point  out that  the contr ibut ion made by Professor 
Mrowec and his co-workers to the development  of the 
dissociative model for the growth of duplex scale was 
specifically acknowledged in our  paper. 

The pr imary  objective of our work was to show that 
the OlS(p,n)F TM nuclear  reaction could be used suc- 
cessfully to s tudy the t ransport  of oxygen in oxide 
scales formed on metals and alloys. To accomplish this, 
we employed 0 TM as a marker  and, to provide the most 
direct comparison with inert  marker  techniques, we 
chose to mark  the original  interface between the metal  
and the gas by oxidizing first in O is and then 016. In 
no way have we excluded the possibility or, indeed, 
the desirabil i ty of reversing the oxidation sequence, as 
Brfickman, Mrowec, and Werber  recommend. In fact, 
in connection with our experiments  on the scaling of 
zirconium as well  as in the general  discussion to our 
paper, we have pointedly emphasized the advantages 
that may  be gained by reversing the order of oxidation, 
par t icular ly  when  dealing with fissured or nonadheren t  
scales. Furthermore,  in other work on the mechanism 
of the oxidation of magnetite,  to which we have re- 
ferred in our paper, we found it expedient to oxidize 
first in normal  oxygen and then in O TM even though 
dense, adherent  F e2Oa layers at least 1 m m  thick could 
easily be produced on the FesO4 substrate. 

Although we agree that  the choice of the marking  
sequence to be employed in practice is not a t r ivial  
one and should be given careful consideration, we do 
not exclusively favor one mark ing  sequence in prefer-  
ence to the other in all circumstances. If a choice 
must  be made, we feel that  this should be dictated not 
only by the s t ructural  characteristics of the scale and 
by which of the two reacting components is the faster 
diffusing species in the scale lattice, but  also by  the 
type of informat ion being sought. Our experiments  on 
the scaling of i ron in H2/H20 atmospheres provide a 
case in point. The porosity observed in thick wfistite 
scales grown on cylindrical  iron specimens (Fig. 8c 
and d) is of an ent i re ly  different na ture  from that  
which originates in the sulfide scales formed on Cu 
or Cu-Zn alloys (Fig. la  and 2). The in te rna l  voids 
which are present  in the scale are not interconnected 
and are located re la t ively deep below the external  sur-  
face; moreover, cracks or fissures which would permit  
oxygen from the gas phase to penetrate  freely into 
the interior  of the scale do not appear to be present. 
Thus, if we had oxidized these specimens first in H2016 
and then I-{20 TM, the chances are we would mere ly  have 
confirmed what  we already knew; namely,  that  oxygen 
is v i r tua l ly  immobile  in the wfistite lattice. In all prob-  
ability, the O is distr ibution would have failed to reveal  
that  oxygen t ranspor t  actually does take place in the 
interior  of the scale by what  we have concluded must  
be a dissociative mechanism. 

For the  most part, this also applies to the scaling be- 
havior of Fe-P t  alloys. In this case, we have del iber-  
ately tried to destroy the adherence between the scale 
and the metal  by introducing a more noble alloying 
element  which tends to concentrate at the metal /scale  
interface dur ing growth of the scale. With rec tangular ly  
shaped specimens, relat ively direct access of oxygen 
to the interior  of the scale might  be possible if the gas 
can enter  at the corners and edges of the sample and 
penetra te  along the metal /scale  interface. To check out 
this possibility, it would have been instruct ive to oxi- 
dize in the reverse sequence. However, it is doubtful  
whether  this would have yielded a more enl ightening 
result  concerning the relative mobilit ies of i ron and 
oxygen in the scale formed on Fe-P t  alloys. The outer 
port ion of the scale does not contain p la t inum and 
hence a marker  exper iment  carried out in  the manne r  
recommended by the discussors would again simply 
confirm that iron is the mobile species in Pt - f ree  wfis- 
tite. 
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strates that, in spite of formation of a two- layer  scale 
(with a porous inner  one) on flat surfaces of the 

specimens, the inner  t ransport  of the oxidizing agent 
is not observed. At edges, the radioactive sulfur  iso- 
tope penetrated into the interior  of the scale through 
microfissures situated perpendicular  to the metal  sur-  
face. The fissures can be clearly distinguished on the 
autoradiograph and on the microphotograph. The 
mechanism of fissure formation as well  as the mech- 
anism of scale growth in these different parts  of the 
specimens are described in detail in our cited papers. 
It must  be emphasized that  application of radioactive 
and not active sulfur in the way proposed by Holt and 
Himmel, i.e. in the reversed sequence, would br ing  
to such li t t le i l lustrat ive picture as that reproduced 
in their  Fig. 7 [sic]. Also, Fig. 2 of this discussion 
should be compared with Fig. 9 of the Hol t -Himmel  
paper. In  Fig. 2, the inward  t ransport  of the oxidizing 
element  through microfissures, formed as the result  
of secondary dissociation processes and situated per-  
pendicular  to the core, can be clearly observed. Both 
scale layers can also be clearly distinguished. On the 
basis of the autoradiograph obtained by  Holt and Him-  
mel, no precise conclusions about the mechanism of 
scale formation on Fe -P t  alloy can be formulated.  It  
must  be emphasized that  such good results as shown 
in Fig. 1 and 2 can be obtained not only in cases 
where the preparat ions can be re la t ively easily pol- 
ished. Analogous results have been obtained in m a n y  
other cases, especially in invest igat ing the mechanism 
of sulfurizat ion of nickel, 3s,4~ iron, 87,3s Ni-Cr-al loys,  45 
and other systems.46, 47 

It should also be ment ioned that  the radioactive iso- 
tope of sulfur  was used in the case of many  model re-  
actions 39,43,44,4s investigated by  Wagner 's  pellet  
method.49 

When the contr ibut ion of the inward  lattice diffu- 
sion is to be unambiguous ly  determined,  an iner t  
marke r  and addi t ional ly the radioactive isotope of the 
oxidizing element  must  be used s imultaneously  in a 
way described in the papers. 36,4~ 

It should also be said that  our investigations carried 
out with use of the OlS-isotope (according to the nu -  
clear reaction OlS/~,n/Ne 21) lead to identical  results 
as in the case of sulfurization. 

Concluding, we must  under l ine  that  in spite of Holt-  
Himmel 's  suggestion that radioactive S35-isotope was 
widely used in our laboratory as well  as by  other 
authors 5~ and has contr ibuted to a bet ter  unders tand-  
ing of the mechanism of scale formation on metals 
and alloys. Some similar conclusions appear also in 
Hol t -Himmel 's  paper, suggesting thus that  they have 
been formulated for the first t ime as a result  of their  
own investigations. 

J. B. Holt and L, Himmel:  We must  confess that, at 
the t ime our paper was submit ted to this Journal, we 
were not aware of the publicat ions cited by the dis- 
cussors, nor did we know that Professor Mrowec and 
his colleagues had been using S z5 as a marker  in the 
elegant manne r  they have described. The convincing 
i l lustrations which they have provided demonstrate  
that their technique is basically sound and that  it has 
been applied wi th  great skill in s tudying the mech-  
anism of growth of sulfide scales on metals  and alloys. 
While we have been remiss in not making ment ion  of 
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this impor tant  ref inement in technique, we would like 
to point  out that  the contr ibut ion made by Professor 
Mrowec and his co-workers to the development  of the 
dissociative model for the growth of duplex scale was 
specifically acknowledged in our  paper. 

The pr imary  objective of our work was to show that 
the OlS(p,n)F TM nuclear  reaction could be used suc- 
cessfully to s tudy the t ransport  of oxygen in oxide 
scales formed on metals and alloys. To accomplish this, 
we employed 0 TM as a marker  and, to provide the most 
direct comparison with inert  marker  techniques, we 
chose to mark  the original  interface between the metal  
and the gas by oxidizing first in O is and then 016. In 
no way have we excluded the possibility or, indeed, 
the desirabil i ty of reversing the oxidation sequence, as 
Brfickman, Mrowec, and Werber  recommend. In fact, 
in connection with our experiments  on the scaling of 
zirconium as well  as in the general  discussion to our 
paper, we have pointedly emphasized the advantages 
that may  be gained by reversing the order of oxidation, 
par t icular ly  when  dealing with fissured or nonadheren t  
scales. Furthermore,  in other work on the mechanism 
of the oxidation of magnetite,  to which we have re- 
ferred in our paper, we found it expedient to oxidize 
first in normal  oxygen and then in O TM even though 
dense, adherent  F e2Oa layers at least 1 m m  thick could 
easily be produced on the FesO4 substrate. 

Although we agree that  the choice of the marking  
sequence to be employed in practice is not a t r ivial  
one and should be given careful consideration, we do 
not exclusively favor one mark ing  sequence in prefer-  
ence to the other in all circumstances. If a choice 
must  be made, we feel that  this should be dictated not 
only by the s t ructural  characteristics of the scale and 
by which of the two reacting components is the faster 
diffusing species in the scale lattice, but  also by  the 
type of informat ion being sought. Our experiments  on 
the scaling of i ron in H2/H20 atmospheres provide a 
case in point. The porosity observed in thick wfistite 
scales grown on cylindrical  iron specimens (Fig. 8c 
and d) is of an ent i re ly  different na ture  from that  
which originates in the sulfide scales formed on Cu 
or Cu-Zn alloys (Fig. la  and 2). The in te rna l  voids 
which are present  in the scale are not interconnected 
and are located re la t ively deep below the external  sur-  
face; moreover, cracks or fissures which would permit  
oxygen from the gas phase to penetrate  freely into 
the interior  of the scale do not appear to be present. 
Thus, if we had oxidized these specimens first in H2016 
and then I-{20 TM, the chances are we would mere ly  have 
confirmed what  we already knew; namely,  that  oxygen 
is v i r tua l ly  immobile  in the wfistite lattice. In all prob-  
ability, the O is distr ibution would have failed to reveal  
that  oxygen t ranspor t  actually does take place in the 
interior  of the scale by what  we have concluded must  
be a dissociative mechanism. 

For the  most part, this also applies to the scaling be- 
havior of Fe-P t  alloys. In this case, we have del iber-  
ately tried to destroy the adherence between the scale 
and the metal  by introducing a more noble alloying 
element  which tends to concentrate at the metal /scale  
interface dur ing growth of the scale. With rec tangular ly  
shaped specimens, relat ively direct access of oxygen 
to the interior  of the scale might  be possible if the gas 
can enter  at the corners and edges of the sample and 
penetra te  along the metal /scale  interface. To check out 
this possibility, it would have been instruct ive to oxi- 
dize in the reverse sequence. However, it is doubtful  
whether  this would have yielded a more enl ightening 
result  concerning the relative mobilit ies of i ron and 
oxygen in the scale formed on Fe-P t  alloys. The outer 
port ion of the scale does not contain p la t inum and 
hence a marker  exper iment  carried out in  the manne r  
recommended by the discussors would again simply 
confirm that iron is the mobile species in Pt - f ree  wfis- 
tite. 
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In the growth  of wilsti te on h igh-pur i ty  iron, a local 
loss of adherence occurs be tween the scale and the 
meta l  at the corners and edges of p la te-shaped speci- 
mens and at isolated regions around the c i rcumference  
of cyl indrical  specimens. Despite this, we had no diffi- 
cul ty  in establishing, unequivocal ly,  that  the mobi l i ty  
of oxygen in wfistite is negl igibly small  compared to 
that  of iron. We therefore  take except ion to the s tate-  
ment  that  the mark ing  sequence we have used wi l l  
yield unambiguous results only when  the scale is per -  
fect ly adherent  and free f rom porosity. The scale need 
not remain  firmly at tached to the meta l  substrate over  
the ent ire  specimen area in order that  the diffusing 
component  be posi t ively identified. As Bri lckman et al. 
have correct ly  pointed out, difficulties in the in te rpre -  
tat ion may  arise if the scale is comple te ly  nonadher -  
ent, just  as they  do when iner t  markers  are employed. 
This is cer ta inly  t rue  for the growth of thick sulfide 
scales on Cu but  not apparent ly  for the scaling of iron 
in air  (Fig. 10). Thus, on an iron sample oxidized in 
air, the O is dis tr ibut ion was basically the same on both 
sides of the  specimen even though the scale on one side 
was adherent,  while  that  on the other  side was com- 
pletely nonadherent .  It, therefore,  appears that  the real  
problems in in terpreta t ion are caused not by the loss 
of adherence per se but by accompanying dissociative 
t ransport  of the nonmetal l ic  component.  

So far, we have  considered the informat ion obta in-  
able using only the nonmetal l ic  const i tuent  as a marker .  

It  wi l l  be recalled, however ,  that  the general ized 
marke r  approach which we suggested in our paper  in-  
volves making use of both components of the system 
as markers  whe reve r  possible. If this is done, we feel 
confident that  a rel iable  est imate of the re la t ive  mo-  
bilit ies in the scale lat t ice can be obtained even when  
dissociative t ransport  mechanisms are operative.  For  
scaling reactions in which  the nonmetal l ic  component  
is the faster diffusing species, it would  seem par t icu-  
lar ly  desirable to employ a radioisotope of the meta l  as 
a marker ,  as our exper iments  on the scaling of z i r -  
conium have indicated. 

In summary,  we doubt that  a single recipe for car ry-  
ing out marke r  exper iments  can be formula ted  which 
is at the same t ime simple, complete ly  foolproof, and 
ideal ly suited to the study of all types of scaling reac-  
tions on metals  and alloys. The  rich var ie ty  of phe-  
nomena encountered even in a single system such as 
the react ion be tween  iron and oxygen would  seem to 
requi re  that  a combinat ion of techniques be used if a 
complete unders tanding of the scaling process is to 
be achieved. Professor Mrowec and his colleagues have  
concentrated on one aspect of the over -a l l  problem 
which we only briefly touched upon in our article, i.e. 
the mechanism of growth of nonadherent ,  duplex 
scales. We recognize the mer i t  of their  approach to 
this impor tant  and pract ical  problem but  we still  be-  
l ieve that  the techniques we  have  developed are  also 
useful  for their  in tended purpose. 
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ABSTRACT 

Preferential electrochemical etching of epitaxial structures has been ap- 
plied to the fabrication of semiconductor devices. Preparation of thin layer 
devices and isolated structures is described. As an introduction to these ap- 
plications, the etching of various epitaxial structures is described. Considera- 
tion is given to the manner in which the etching behavior is influenced by 
thermal treatment, the presence of diffusion areas, and crystal imperfections. 

Anodic dissolution of silicon in hydrofluoric acid has 
been described by several workers (1, 2). It  was found 
by van  Dijk (3) that  electrochemical etching of epi- 
taxial ly grown structures can be used to make  thin 
silicon crystals. Using silicon slices of the n + n  or the 
n+p  type, the low-resis t ivi ty  n + substrate can dis- 
solve anodically and the etching process stops near  
the epitaxial  boundary.  Thin  single crystals of silicon 
with a thickness down to 0.5# were prepared by van  
Dijk. 

This paper presents some applications of this electro- 
chemical etching process to semiconductor technology. 
Before this is done, the etching behavior  of homogene- 
ously doped substrates and epitaxially grown struc-  
tures will be considered in more detail. One application 
of the electrochemical etching process is the prepara-  
t ion of devices in thir~ silicon layers of high quality. 
These th in  silicon layers can be advantageously used 
to make devices having improved performance. Similar  
devices may be made in th in  silicon layers grown on 
sapphire, spinel, or other insulators. However, the 
crystal imperfections of these layers (often made by 
heteroepitaxial  growing techniques),  still l imit  the 
applications. Two new methods of prepar ing th in  
layer devices are described. In  one method, lateral  
devices are fabricated in a thin silicon layer which is 
made on top of a polycrystal l ine silicon substrate with 
a SiO2 layer  in between. In  the second method of mak-  
ing th in  layer devices, diffusions are carried out in 
the ini t ial  epitaxially grown structures, then the slice 
is etched, leaving a device wi th  vert ical  junct ions  only. 

The electrochemical etching process can also be ap- 
plied successfully in the preparat ion of isolated struc- 
tures. A technique is presented for uti l ization of this 
process in the preparat ion of integrated circuits with 
dielectric isolation and beam lead air-gap isolation. 

Experimental Procedure 
The samples used consisted of homogeneously doped 

n-  and p- type silicon slices and epitaxial ly grown 
slices with a highly doped substrate  ( ~  3.10 TM atoms/  
cm 8) and an epitaxial  layer  with a dopant concentra-  
t ion lower than  2.1016 atoms/cm~. Both (111) and 
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(100) oriented slices were used; slice diameters were 
between 32 and 40 ram. 

The homogeneously doped slices were chosen in the 
impur i ty  concentrat ion range from 1015 to 1019 a toms/  
cm~. Prior  to the electrochemical process, the slices 
were etched in HF (48%)-HNO3 (65%) (1: 10) etchant  
to remove work damage. Contact between the anode 
and the silicon was made by pressing a p la t inum strip 
(15 x 3 mm e) pressed against the silicon slice near  its 
edge with a perspex clamp, the resistivity of the slice 
disregarding. The slice, including the contact, was 
completely immersed in the electrolyte; if the silicon 
anode current  was to be measured, the p la t inum strip 
was covered with an apiezon wax. 

The n + substrates of the epitaxial  slices were ant i -  
mony doped, the p + substrates boron doped. The sub- 
strates were subjected to an appropriate etching and 
polishing procedure and, prior to the epitaxial  grow- 
ing process, to an HCI ( I%)  and H2 t rea tment  for 10 
min  at 1220~ Epitaxy was carried out at 1220~ in a 
SiCl4 and H2 mixture  (growth rate 0.5 ~m/min;  
dopants for the n - type  layers were phosphorus or 
ant imony;  the dopant  for p- type  layers was boron).  In  
this way, n+n,  n+p,  p+n,  and p+p epitaxial  structures 
were grown. The mount ing  and bevel ing of the slices 
and the method of making contact between the  n + 
silicon and the p la t inum strip have been described by 
van  Dijk (3). 

During the electrochemical etching process, the 
anode-cathode cur ren t  was recorded as a funct ion of 
the time. The etching process was stopped as soon as 
a constant cur ren t  level was reached, indicating that  
the low-resis t ivi ty substrate had been dissolved (ex- 
cept a minor  part  shielded by the p la t inum strip).  

The electrochemical etching conditions of both the 
homogeneously doped slices and the substrate  of the 
epitaxiaI ones were the same, namely:  Vanode-cathede 

10V; electrolyte: 5% aqueous HF; bath tempera ture  
18~ complete darkness; cathode: p la t inum gauze 
(10 x 10 cm2); cathode parallel  to slice at a distance 

of about 5 cm. 
After  anodic dissolution of the low-resist ivi ty sub-  

strate of the epitaxial  slice, chemical etching of the 
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remaining  epitaxial layer was performed in a freshly 
prepared etchant. The composition was: 50 ml  HF 
(48%), 50 ml acetic acid (Merck 99% m i n i m u m  

pur i ty) ,  and 200 mg KMnO4 (Merck 99% m i n i m u m  
pur i ty) .  The etch rate was approximately 0.2 ~m/min  
at 18~ 

The Sirtl  etch technique (4) and optical microscopy 
were used to note surface defects. 

The thickness of the thin layers was measured by 
mult iple  interference microscopy (Tolansky),  or in -  
directly derived from the known depth of diffusion 
layers or etched grooves, which are revealed at the 
rear  side dur ing  chemical th inn ing  of the slice. In  the 
case of th in  silicon layers on oxide and polycrystal l ine 
silicon, thickness measurements  were done using 
beveling (5) or infrared interference techniques (5). 

Exper imental  Results and Discussion 
Anodic etching of silicon samples.--Homogeneously 

doped samples.--In order to obtain more insight into 
the etching behavior  of nonhomogeneously doped sili- 
con samples, such as the epitaxial ly grown slices used 
for the thin layer devices, we subjected various homo- 
geneously doped samples to the electrochemical etch- 
ing process. Exper iments  on anodic dissolution of 
n - type  silicon crystals, with a donor concentrat ion 
ranging from 1015 to 1019 a toms/cm 3 under  the condi-  
tions specified before, indicated that  there are three 
concentrat ion regions, each with a different etching 
behavior. Above 3 x 10 is donors/cm 3 (<0.01 ohm-cm) ,  
we found complete dissolution of the crystals. In  the 
range between 3 x 10 is and 2 x 10 TM donors/cm~ (0.01- 
0.3 ohm-cm),  only part ial  dissolution occurred with a 
decreasing rate at the lower donor concentrations. As 
can be seen in the lower part  of Fig. l ( a ) ,  a part  of 
the silicon crystal, extending f rom' the  electrolyte-si l i-  
con interface into the bulk  crystal, has been converted 
to a brown porous structure. Infrared transmission 
spectra showed that  the b rown layer  consisted main ly  
of pure silicon, which is similar to the brown layers 
reported by Turne r  (1) and Beckmann (6). At donor 
concentrat ions lower than  about 2 x 1016 atoms/cm~ 
(>0.3 ohm-cm),  we found no visual  evidence of at-  
tack when  the etching t ime was shorter than  about 
1/2 hr. However, when etching was continued, the sili- 
con anode current  density increased (from less than  1 
to more than 5 mA/cm 2) and the crystal  surface be-  
came dull. Figure l ( b )  shows a cross section of a 
2 x 10 ~.~ n - type  slice after a short t rea tment  with Sirt l  
etchant. As can be seen, channels  locally penetra te  
near ly  20 ~m into the crystal; their  direction appeared 
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Fig. l(b). Cross section of an n-type Si slice at a weak spot 
(HD ~ 2.1015 donors/cm~; (100) slice orientation) after an 
anodizing treatment of 1 hr followed by Sirtl etching. 

to be crystal oriented. The cause and the na tu re  of the 
channels are not fully understood; the density and 
the length of the channels increased with the anodizing 
time. 

Homogeneously doped p- type  silicon samples were 
found to dissolve when  the acceptor concentrat ion was 
higher than about 5 x 1015 a toms/cm 3 (>3  ohm-cm).  
The dissolution rate of p - type  silicon was found to 
increase with the aeceptor concentration. At acceptor 
concentrations below 5 x 1015 atoms/cm 3, local attack 
around the p la t inum strips was often observed, while  
the other part of the slice was covered with a brownish 
deposit. 

Epitaxially grown structures.--Figure 2 schematically 
shows, among other things, the profiles of the net  im-  
pur i ty  concentrat ion as they wil l  appear in  n+n ,  p+n,  
n+p,  and p+p epitaxial  slices. Based on the experi-  

Fig. l(a). Cross section of an n-type Si slice (ND ~ 1017 
donors/cma; (111) slice orientation) after an anodizing treat- 
ment of 1 hr. 
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Fig. 2. Electrochemical etching of epitaxially grown n+n, n+p, 
p§ and p+p structures under standard etching conditions as 
can be expected from the results of homogeneously doped n- and 
p-type crystals. 
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ments  with homogeneously doped slices, the ranges 
have been indicated where etching, nonetching, and 
formation of a dark brown layer can be expected. More 
detailed considerations should probably take into ac- 
count the generat ion and recombinat ion of holes and 
electrons and their  dis t r ibut ion at the silicon surface, 
combined with the na tu re  of the electrochemical re -  
actions. It is shown below that  experiments  done with 
epitaxial  slices roughly agree with the indications as 
sketched in Fig. 1. 

n+n Structures.--Anodic dissolution of the n + 
substrate of an n + n  epitaxial  slice resul ted in a thin 
silicon crystal  covered with a thin dark brown layer 
as predicted in Fig. 2. The thickness of this dark 
brown layer and the smoothness of the silicon under  
this layer appeared to depend on the slope of the net  
donor profile. A steep profile resulted in a smooth sur-  
face, whereas a gradual  profile was characterized by 
an i r regular ly  etched surface and a thicker brown 
layer. 1 It  can be concluded that, for applications which 
require a smooth surface, outdiffusion of the n + sub-  
strate must  be reduced as much as possible. Figure 2 
predicts that  after electrochemical etching of n + n  
samples a very  th in  n - type  layer with a higher donor 
concentrat ion remains. This layer  can be removed by 
chemical etching. This was done with the etchant  in-  
dicated earlier in this paper. The etchant  also appeared 
to be very  suitable for removing the brown layer. 
There is another  reason why chemical etching of the 
thin n- type  layer is advisable. Sirt l  etching of cross 
sections of the n - type  crystals (thickness about 10 
#m) revealed a high density of etch channels  (about 
108/cm 2) extending a few microns (0-5 ~m) from the 
"epitaxial" side into the n - type  layer. 

These channels  are similar to those found for homo- 
geneously doped n- type  samples but  their  densi ty 
was general ly higher. They may originate at crystal  
defects at the epitaxial interface, al though x - r a y  
topography and Sirtl  etching of cross sections of epi- 
taxial  n + n  slices showed no evidence of a poor in ter -  
face structure. The depth of the channels appeared to 
increase with the distance from the p la t inum contact. 
This is due to the fact that  electrochemical etching of 
epitaxial  slices begins at the areas furthest  from the 
p la t inum strip, so that  these areas are longer exposed 
to the electrolyte. 

n+p . - -Ep i tax ia l  n+p  slices showed an etching be- 
havior similar to that  of n + n slices. The surface of the 
remaining  thin crystal was covered with a th in  dark  
brown layer. In  addition, a th in  n - type  layer  was 
found on top of the thin p- type crystal  as predicted in 
Fig. 2. The thickness of the dark b rown layer, the 
smoothness of the etched surface, and the thickness of 
the n - type  layer were again found to be dependent  on 
the amount  of outdiffusion of the n + substrate. 2 
Chemical etching was again used to reduce the thick- 
ness unt i l  a homogeneously doped p- type layer  re-  
mained.  No channels  were observed in  the p- type  
layer. 

p+n . - -Anodic  dissolution of the p+ substrate in 
epitaxial  p + n  slices resulted in a th in  layer with a 
very i r regular ly  etched surface. No brown layer  was 
observed. Often small  parts of the surface were found 
to be still p-type.  There was a strong tendency of the 
n- type  layer  to dissolve completely around the plat i -  
num contact. 

p+p.--Electrochemical  etching of p+p epitaxial  
slices was found to give results similar to those of the 
p+n  slices, an i r regular ly  etched surface, and a strong 
tendency for the p- type  layer  to etch completely 

1 This  in f luence  of t he  o u t d i f f u s i o n  f r o m  the  subs t r a t e  was  de~ 
duced  f r o m  e t c h i n g  e x p e r i m e n t s  on n+n and  n+p sl ices,  w h i c h  h a d  
been  s u b j e c t e d  to  v a r i o u s  h e a t  t r e a t m e n t s ;  i.e., ~/Dsb �9 t v a r i e d  f r o m  
a b o u t  2 • 10 -5 cm (hea t  t r e a t m e n t  d u r i n g  ep i t axy )  to  104  era. 
E t c h i n g  e x p e r i m e n t s  w i t h  n+n type  s t r uc tu r e s ,  m a d e  by  d i f fu s ion  of  
donor s  in  h o m o g e n e o u s l y  d o p e d  n - t y p e  samples ,  d i d  no t  r e s u l t  i n  
s m o o t h  su r faces  e i ther .  

Same  no te  as foo tno t e  1. 

around the p la t inum contact. It  was not possible to 
smooth the thin p- type crystals by chemical etching. 

The experiments  with epitaxial  slices show that 
thin n-  and p- type crystals with a smooth surface 
can be made from epitaxial  n + n  and n+p  slices with a 
ra ther  steep profile. The donor concentrat ion should 
preferably be higher than  3 x 10 TM atoms/cm 3. The 
etching process stops where the donor concentrat ion 
is about 2 x 1016 atoms/cm 3. When n + n  slices are used, 
channels  are introduced in the high-resis t ivi ty  n - type  
layer  dur ing the anodic dissolution of the low-resis-  
t ivi ty  n + substrate, which affects the crystal l ini ty  of 
the epitaxial  layer. Chemical etching is necessary to 
remove that  par t  of the th in  epitaxial  crystal  in which 
the concentrat ion deviates from that  of the rest of 
the epitaxial  layer  or the crystal  perfection is lower. 
High demands must  be made on the qual i ty  of the 
epitaxial  layers. These layers must  be uni form in 
thickness and be homogeneously doped to insure that 
the variat ion thickness of the th in  layer is small 
after chemical thinning.  The crystal  perfection must  be 
high, because we observed that dislocations and stack- 
ing faults can result  in etch pits and even holes in 
the th in  layer dur ing  electrochemical etching. The 
substrate of the epitaxial  slice must  be free of stri-  
ations. Electrochemical etching of substrates with 
striations often resulted in th in  layers covered with 
substrate remnants  arranged in the known striat ion 
circles. Most applications require  a th in  crystal  with a 
smooth surface. For this reason n-  and p- type  layers 
made of p+ n  and p+p  structures are less suitable for 
device applications. 

Before the electrochemical etching process is carried 
out, diffusions can be done from the front  side of the 
slice. To guarantee  that  the electrochemical etching 
process stops at the epitaxial  boundary,  a high-resis-  
t ivi ty layer between the diffused layer  and the sub- 
strate must  always be present;  i.e., the diffusions are 
done in the top of the epitaxial  layer, the rest of the 
epitaxial  layer acts as a barr ier  against the anodic 
dissolution of the diffused areas. The qual i ty  of this 
barr ier  appeared to depend on the combinat ion of its 
thickness and its free carrier  concentration. It  can be 
expected that the critical values of the thickness and 
the concentrat ion are basically related to the etching 
mechanism. Thus, inject ion of holes from the diffused 
areas into the high-resis t ivi ty  barr ier  (1) and ava- 
lanche breakdown (punch- through effects) of the de- 
pletion layer which is formed in the high-resist ivi ty 
layer during anodic dissolution of the n + substrate 
promote the anodic attack of this barrier .  The critical 
values of thickness and concentrat ion of the in ter -  
mediate layer appeared to be less s tr ingent  when  the 
diffused area at the front side had been split up in 
local areas not interconnected by metall ic leads; in 
practice, we used these local diffused areas. The n- type  
in termediate  layer  was between 8 and 15 um, the re-  
sistivity ranged from 1 to 20 ohm-cm. The p- type 
barr iers  were from 5 to 10 ~m, with a resist ivity be-  
tween 1 and 15 ohm~cm. 

Applications.--Thin layer devices.--Thin monocrys-  
ta l l ine silicon layers on insula t ing substrates like sap- 
phire have gained much interest  dur ing  the last few 
years, main ly  because of the possibilities of making 
lateral  devices, i.e. devices that  are characterized by 
the presence of vert ical  junct ions  only, and which 
therefore have extremely low capacitances. They are 
made by diffusing impurit ies through the  th in  layer 
to the insula t ing substrate. Bonding pads can be made 
directly on the insulat ing substrate at places where 
the silicon layer  is selectively removed by etching, 
thus lowering the meta l - to-subs t ra te  capacitance. In -  
tegrated circuits can be provided with a complete iso- 
lat ion between the bui lding blocks. Downing and 
Hagon (7) have described several lateral  devices and 
circuits made in  th in  silicon layers on sapphire. Zuleeg 
and Knol l  (8) made a lateral  bipolar n p n  transistor 
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with promising h igh-f requency characteristics. The 
monocrystal l ine silicon layers on insulat ing substrates 
can also be used to make deep depletion or " junct ion-  
less" FET's in which the conduction of the thin n-  or 
p- type  layer  itself is modulated by the gate poten-  
tial. Heiman (9) describes an n + n n  + MOST, made in 
a silicon layer  of 0.5-2.0 ~m on sapphire. Excellent  
h igh-f requency behavior  was shown by  a Schottky 
gate FET made on a silicon substrate of 10-50 kohm- 
cm and a gate width of 1 ~m as reported by Drangeid 
et al. (10). Combinations of lateral  n + p n  + and deep 
depletion p+pp+ may be used in the fabrication of 
complementary  MOS memory  systems (11). 

Despite the great amount  of effort put  into the fab-  
rication of monocrystal l ine layers made by hetero- 
epitaxial techniques, the fundamenta l  electrical and 
physical parameters  of these th in  layers are in  gen- 
eral inferior  to those made by homoepitaxial  tech- 
niques (Si on Si) (12, 13). The avai labi l i ty  of the 
preferential  electrochemical etching process makes it 
possible to prepare thin silicon layers of high qual i ty 
of 0.5 ~m and more in thickness. We now describe two 
methods of preparing th in  layer devices. Both methods 
require epitaxial  layers of uniform thickness and re-  
sistivity and a high crystal perfection. 

In  the first method, devices are made in a th in  sili- 
con layer (0.5-2.0 ~m), which has been attached to a 
polycrystal l ine silicon substrate with an oxide layer 
in between (Fig. 3). In  the exper imental  procedure, 
thermal ly  oxidized Slices of the n +n or n +p type, with 
an epitaxial  layer of about 10 ~m, were used. The 
thickness of the SiO~ layer was usual ly  1 ~m, but  
thicker oxide layers up to 5 ~m, preferably made by a 
low-tempera ture  process, may be used. This oxide 
layer serves as an insulat ing layer. On top of this oxide 
layer, polycrystal l ine silicon may be grown in an epi- 
taxial  reactor by hydrogen reduction of SiC]L4 or SiHC13 
at temperatures  of about 1000~176 An al ternat ive  
method of making polycrystal l ine substrates which 
minimizes the total heat t rea tment  is deposition of sili- 
con by evaporat ion in accordance with the method de- 
scribed by Ploos van Amstel  (14). In  5-10 rain, layers 
of up to 300 ~m are deposited at a substrate  tempera-  
ture  of 900~ 

Electrochemical etching is now used to dissolve the 
monocrystal l ine n + substrate. The remaining  th in  
monocrystal l ine layer is subjected to chemical etching 
to the desired thickness of, e.g., 2 ~m, followed by 
mesa etching as can be seen in Fig. 3. Devices are then 
made using convent ional  diffusion and photoetching 
techniques. 

In the second method of making  th in  layer  devices, 
diffusions are carried out first, followed by electro- 

chemical and chemical etching of the slice to the de- 
sired thickness. In  the case of junct ion  devices, the 
horizontal part  of the p-n  junct ion  is removed, leaving 
only the vertical p - n  junct ions  with their  small  area. 
This method is i l lustrated in Fig. 4. 

In  the exper imental  procedure, epitaxial  slices of the 
n + n  and n+ p  type were used. In  the example given in 
Fig. 4, discrete MOS devices of the p + n p  + type and 
the n + n n  + type were made. A typical  value of source 
and drain  diffusion depth is 3 ~m in a 12 ~m thick 
epitaxial  layer. After  the metallization, grooves were 
etched in order to divide the thin slice into individual  
chips later on. The slice containing the MOS devices, 
each device being surrounded by  a groove of 3 #m 
depth, was affixed "face down" on a temporary  carrier  
(glass plate) by means of a wax. The low-resis t ivi ty  

n + silicon was then removed by electrochemical etch- 
ing. The remaining epitaxial  layer is th inned  by chemi- 
cal etching to, e.g., 2 ~m. Dur ing  the last stage of the 
chemical etching process, the diffusion areas and the 
grooves were revealed as can be seen in Fig. 5. By the 
chemical etching process, the slice was divided into 
chips automatically.  We found that  the thin chips can 
be handled quite readi ly by a vacuum pipette. By 
means of a polymer (silicone resin),  the chip can be 
attached to a ceramic substrate. Bonding can be per-  
formed using conventional  thermocompression bond-  
ing techniques. 

Comparing the two methods of preparing th in  layer 
devices, it should be noted that  in both methods the 

. . . . . .  

p channel Most deep deptetion 
n type Most 

~ - -  potymer~ ti lm 

Fig. 4. The fabrication of thin layer devices by the second 
method. 

Fig. 3. The fabrication of thin layer devices by the first method 

Fig. 5. Source and drain diffusion areas revealed at the rear 
side of a thin epitaxlal crystal after chemical etching. The slice 
has been divided into chips. 
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electrochemical etching process was carried out after 
the epitaxial  slices were subjected to h igh- tempera-  
ture steps. As ment ioned before, outdiffusion of the 
n + substrate can result  in surface irregulari t ies which 
seem to be the most critical in the first method because 
the diffusion and the photoetching steps are still to 
be done. Moreover, we found that  the first method 
necessitated careful control of the deposition pa ram-  
eters of the oxide and of the polycrystal l ine silicon and 
of fur ther  processing; otherwise, warping  of the 
slice (mainly  due to the recrystal l ization of the poly-  
crystal l ine silicon) would affect the accuracy in 
photomasking steps. An  advantage of the second 
method is that  normal  processing can be used for 
making  devices in normal  epitaxial  slices and, after 
electrochemical etching, the slice is subjected only to 
low-tempera ture  steps. Furthermore,  measurements  of 
the device parameters  before and after  the th inn ing  
process can be done easily. Passivation of the upper  
and lower side surface was done by thermal  SiO~ in 
the first method; in the second method, passivation of 
the lower side was done by means of a silicone resin. 
In  the first method, bonding pads were made upon the 
insula t ing layer  (Fig. 3), whereas in  the second me th -  
od, these pads were made upon the th in  silicon layer 
(Fig. 4), thus causing a meta l - to-subs t ra te  capacitance. 
However, it is possible to provide the thin chips with 
beam leads which eliminates this parasitic capaci- 
tance. 

Both methods were found useful  for making th in  
layer devices. Discrete devices such as diodes, p-  and 
n -channe l  MOS transistors, as well  as deep depletion 
n +nn + and p +pp+ MOS transistors were made. 

It was found that  the d-c characteristics of the de- 
vices made by the two methods were basically the 
same as for the thick slices. Leakage currents  were 
found to be somewhat higher than  the leakage cur-  
rents of normal  diodes. The capacitance reduction was 
considerable, as can be seen in Fig. 6. In  Fig. 7, the d-c 
characteristics of an n + n n  + deep depletion MOST are 
shown. Deep depletion MOST's of the n + n n  + type 
with a part ial  gate s t ructure  showed a considerably 
better  h igh-f requency power gain than a convent ional  
n -channe l  MOST of the same geometry; this improve-  
ment  is due to low output  conductance (15). 

The minor i ty-car r ie r  l ifetime in  the th in  silicon 
layer  was determined by the MOS transient  response 
method (16), using p+pp+ type deep depletion MOS 

C 
(pF) 

Fig. 7. Typical characteristics of an n+nn + type deep depletion 
MOST in the depletion mode: tax ~ 2000~,; tsi ~ 2.5 ~m; psi 
10 ohm-cm and W/L = 60. (Note: In equilibrium, the maximum 
depletion region depth far 10 ohm-cm is about 1 ~m but, due to 
the fact that the gate is pulsed (100 Hz), equilibrium is not 
reached; no inversion is built up at the oxide-silicon interface.) 

transistors. The t ime constant, T, for a 2.5 ~m thick 
p- type  layer (NA = 1.6 x 1015 acc/cm ~) was about 48 
~sec, giving a lifetime T of about 0.2 ~,sec. This value 
is quite normal  for epitaxial ly grown silicon after 
processing. 

Isolation techniques in integrated circuits.--The p - n  
isolation which is widely used does not  give complete 
isolation. The main  drawbacks are the substrate leak- 
age and capacitance effects on the components and 
circuit operation. The desirabil i ty of a bet ter  isolation 
has resulted in several developments. The best known 
are the dielectric isolation process and the air gap 
isolation process. In  the following we show that  prefer-  
ential  electrochemical etching can advantageously be 
used in these processes. 

Oxide isolation.--A description of this we l l -known 
technique is given in  (17). A critical step in this proc- 
ess is lapping and etching just  to the upper  level of 
the oxide walls. Figure 8 i l lustrates the use made of 
the principle that, dur ing  preferent ia l  electrochemical 
etching of n + n  epitaxial  slices, dissolution automat i -  
cally stops at the n + n  interface. In  the exper imental  
procedure, epitaxial  slices of the n + n  type with an 
epitaxial  layer of 15 ~m were used. Buried layers 
were made by diffusion in top of the epilayer, fol- 
lowed by etching of the isolation grooves which have 
to surround the active areas. These grooves were 

lO~ ,N*-Si 15 

-~Vre v +Vdi f (Volt) 
Fig. 6. Drain capacitance of an experimental MOST 

Fig. 8. The preparation of a dielectrically isolated structure 
starting from an n+n slice. 
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etched in the n - type  layer in such a way that, be tween 
the bottom of the grooves and the n+n- in ter face ,  a 
high resistivity layer of about 5 ~m remains. In  order 
to accomplish this over a whole slice, epitaxial  n + n  
slices with well-defined and un i fo rm layer  thickness 
were needed. Thermal  oxidation and deposition of the 
polycrystal l ine substrate have been described before. 

Electrochemical dissolution of the n + monocrystal l ine 
substrate, followed by chemical etching of the n - type  
layer, reveals the top of the oxide walls of the iso- 
lat ion pat tern.  Chemical  etching mus t  be stopped at 
the right moment  to prevent  etching of the oxide and 
the under ly ing  polycrystal l ine substrate. If chemically 
iner t  layers such as silicon ni t r ide or a luminum oxide 
are used instead of silicon oxide, this problem is much 
less severe. 

Figure 9 shows a cross section of an oxide isolated 
s tructure with diffused areas made by the preferent ial  
etching technique. Measurements  done on such struc- 
tures gave a resist ivity of the polycrystal l ine silicon 
at 20~ of 5-10 x 105 ohm-cm, which is reduced to 
2-4 x 104 ohm-cm at 100~ Breakdown voltage of 1 ~m 
SiOz > 1000V, leakage current  <10 nA/cm2 at 5V d.c., 
and a capacitance of 3000 pF / cm 2. 

Beam lead air-gap isolation.--Beam lead ai r -gap 
isolated microcircuits were described by Lepselter 
et at. (18). Instead of diffused junctions, air gaps a r e  
used for electrical isolation of active areas. These 
areas are discrete silicon islands which contain the ac- 
tive devices. They are interconnected electrically and 
mechanical ly by metallic beams. In  the fabrication of 
the air-gap isolated circuits, there are two impor tant  
process steps in which etching can play an important  
role: first, the th inn ing  of the slices from 200 to about 
20 gm, usual ly  done by chemical etching or lapping; 
second, the etching of the isolating air gaps. For this 
critical step, Rosvold et al. (19) used a low- tempera-  
ture oxide for masking and a l ignment  from the back 
of the slice of the air-gap pa t te rn  followed by aniso- 
tropic etching in KOH. 

Preferent ia l  electrochemical etching can be used to 
reduce the slice thickness to, e.g., 20 gm or even less. 
If buried layers are needed, mul t i layer  s tructures like 
n+substnn+n or n + p n + n  can be used. Electrochemical 
etching may, however, be used for both etching steps. 
We found that  the reduct ion of the thickness and the  
etching of the air gaps can be done s imultaneously 
when  a procedure is used as indicated in Fig. 10. In  an  
epitaxial  n + n - t y p e  slice, n + isolation diffusions were 
done through the n - type  layer  up to the n + substrate. 
In  the n - type  "island" of high resistivity, devices were 
made and interconnected by  etch-resistant  metal l iza-  
t ion strips. Electrochemical etching resulted in an air-  
gap isolated circuit provided with beam leads. Figure 

Fig. 9. A cross section of a dielectrically isolated structure 

J u l y  1970 

m ~ . ,  _ _ o ~ i d e  _ _ _ _  
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/ ~ " " N"  diIfuslo 'n 's  ....................... .............. I 
'i N§ * u ~ t r a l e  

Air bsolated beam-Lead integrated circuit 

Fig. 10. Air-gap isolated beam lead integrated circuit 

Fig. 11. A diode circuit, made using anodic dissolution of the 
n + substrate and the n + isolation diffusions, in transmitted light. 

11 shows a simple diode circuit interconnected by thin 
a luminum leads. In  the given example, a l uminum 
oxide was used at those places where  protection of the 
a luminum metal  against the hydrofluoric acid was 
needed, i.e. under  the air-gap interconnections and the 
beam leads. The width of the air gaps is defined by 
the width of the n + diffusions between the n - type  
"islands." It  will  be clear that  in  the case of thick 
epitaxial  layers the lateral  n + diffusion is consider-  
able, thus causing the air gaps to be relat ively wide. 
It may be added that  the diodes can be made as lateral  
thin layer diodes by reducing the thickness of the 
n - type  islands by chemical etching, followed by passi- 
vat ion of the p - n  junctions.  

C o n c l u s i o n s  
Preferent ia l  electrochemical etching can be applied 

successfully in silicon device technology. The reduc- 
t ion of the thickness can be done easily and repro-  
ducibly, provided epitaxially grown slices of the n + n  
and n+ p  type are used as s tar t ing mater ia l  for device 
fabrication; p+ n  and p+p are less favorable. Using 
s tandard etching conditions (Vanode-cathode ~ 10V, 5 %  
aqueous I-IF, bath tempera ture  18~ dark) ,  the sub- 
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strate concentrat ion must  be higher than  3 x 10 TM 

donors/cm 3 in order to obtain completely controllable 
results. The etching process stops at the place where 
the donor concentrat ion is about 2 x 10 le a toms/cm a, 
but  n + n  slices show channels  in the high-resist ivi ty 
n - type  layer. The outdiffusion from the n + substrate  
must  be reduced as much as possible; striations and 
crystal  imperfections must  be avoided. The electro- 
chemical etching process has to be followed by a 
chemical etching process to obtain a thin homogene- 
ously doped crystal  of high perfection. The electro- 
chemical etching process in combinat ion with chemical 
etching allows the fabrication of th in  layer  devices 
with highly reduced capacitances and junctionless 
deep depletion devices in monocrystal l ine  silicon of 
high quaIity. The diffusions in the epitaxial  layer  are 
not attacked dur ing  electrochemical etching if an 
in termediate  high-resis t ivi ty  layer  of sufficient thick- 
ness is present;  deeply diffused n + areas can be etched 
away together with the n + substrate. The lat ter  has 
been used to prepare beam lead air -gap isolated struc-  
tures. 
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Corrosion Problems in Decorative Chromium Plating 
G. Kubach 

Robert Bosch GmbH, Stuttgart, Germany 

ABSTRACT 

Microcracked chromium is by far more resistant  to corrosion than  crack- 
free chromium, especially if the work-piece is mechanical ly stressed. Cor- 
rosion with microcracked chromium penetrates  br ight  nickel quite uni formly  
but  it may soon reach the basis metal,  provided no barricade like copper 
or semibright  nickel is underlaid.  Finally,  corrosion pits increase to such a 
dimension that the surface is no longer decorative. Some correlations between 
the great loss of appearance and the na ture  of the under ly ing  metal  systems 
are described. 

In an earlier series of experiments  on the corrosion- 
prevent ive action of various decorative nickel-chro-  
mium coatings, we had found that  microcracked chro- 
mium possessed a n u m b e r  of advantages over other 
types of chromium (e.g., crack-free) ,  bu t  that a n u m -  
ber of questions had still to be answered. The most 
impor tant  of these were the following: 

Is the outs tandingly good corrosion resistance of 
mechanical ly  stressed nickel plated with micro-  
cracked chromium due to the lack of cracks in  the 
nickel? Or, on the other hand, is it that  cracking of 
the nickel is not ha rmfu l  when  microcracked chro- 
mium is present? 

According to VSlkel (1), br ight  nickel plated wi th  
microcracked chromium, with a crack density of 400- 
700 cracks/cm, is corroded to a depth of 1-3 ~m Jn the 
first year  of use. 

However, we have observed corrosion of the basis 
metal, after  only a few months '  outdoor exposure, in 
steel parts coated with nickel to a thickness of 15 #m 
and with microcracked chromium according to specifi- 
cation. 

Samples coated with microcracked chromium often 
appear very unat t ract ive  after long outdoor exposure, 
and we wished to establish how far this depended on 
the na tu re  and thickness of the metal  layer(s )  under  
the chromium. 

Mechanical stressing on nickel-chromium coatings.-- 
To reproduce in static outdoor exposure the stress 
which occurs in automotive applications, we have in-  
troduced a method of t reat ing chromium-pla ted  sam- 
ples with impacts prior to exposing them on the test 
stand. Test-pieces prepared in this way, with various 
n icke l -chromium coatings, have been exposed to the 
very severe industr ia l  atmosphere of Essen (Ruhr)  
for 19 months and then examined. Figures  1(a-d)  
show the damaged areas, slightly enlarged. I t  is readi ly 
seen that  microcracked chromium performed much 
better  than  crack-free chromium. In  Fig. l ( a )  (crack- 
free chromium on br ight  nickel) ,  it is clearly evident  
that  of the many  concentric cracks produced by the 
blow both the inner -  and the outermost  are more cor- 
roded than the others. This emphasizes the role of 
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Fig. 1. Impact spots after corrosion: (a).c: 12 #m bright nickel, 
crack-free chromium; (b) c. 28 #m duplex nickel, crack-free 
chromium; (c) c. 16 ~m bright nickel, microcracked chromium; (d) 
c. 25 ~m duplex nickel, microcracked chromium. 

cathodic control of nickel  corrosion in  contact wi th  
chromium. Adjoining both these cracks there is a 
large unbroken  area of chromium, so that  these cracks 
have a larger cathodic area than  the others. 

The next  two pictures [Fig. 2(a)  and (b)]  show 
sections of the samples with crack-free chromium. It 
is clear that in contrast  to the br ight  nickel, which 
was penetrated completely by cracks, the duplex 
nickel system has resisted complete penetra t ion of the 
cracks and has subsequent ly  very effectively prevented 
penetrat ion of the corrosion in depth. Obviously, how- 
ever, the th in  copper layer  (about 3 ~m) applied as 
first coating in all  the test pieces with bright  nickel  
has also considerably protected the basis metal. 

These results are real ly only what  was to be e:~- 
pected. It must  still be asked, however, why micro- 
cracked chromium protects so well  against  corrosion, 
par t icular ly  mechanical ly stressed samples. Nohse (2) 
pointed out that damage to a microcracked chromium 
coating does not alter the ratio of the electrode areas, 
and hence also does not affect the corrosion behavior. 
VSlkel (1), on the other hand, expected that  in a 
microcracked chromium coating "the in terna l  stresses 
should be so relaxed that  no fur ther  cracks should 
occur in t ransport  service, which would be propagated 
through the br ight  nickel layer  beneath." Various ex- 
per iments  have already been made on the effect of 
bending of n icke l -chromium coatings, and gave the 
fairly unanimous  result  that  the tendency of br ight  
nickel to crack is less under  microcracked chromium 
than under  normal  chromium (3-5). We invest i -  
gated the effect of individual  impacts on the surface 
of a chromium coating. For this purpose, we plated 
plane panels, 10 x 5 cm, on one side with the following 
sequences of coatings: 

1. 16 ~m bright  nickel, crack-free chromium. 
2. 32 ~m bright  nickel, crack-free chromium. 
3. 26 ~m semibright  nickel, 8 #m bright  nickel, crack- 

free chromium. 
4. 16 ~m semibright  nickel, 16 ~m bright  nickel, 

crack-free chromium. 
5. As 3, bu t  with fresh electrolyte for the semibright  

nickel. 
6. 16 ~m bright  nickel only. 
7. 16 ~m bright  nickel, microcracked chromium. 

Masks were used in deposition, so that  coatings of 
very uniform thickness were produced (--+2 ~m nickel).  

Fig. 2. Cross sectlons--corrosion on impact spots: (a) bright 
nickel, crack-free chromium; (b) duplex-nickel, crack-free 
chromium. 

The plates were then laid, coated side up, in a simple 
holder and impact bodies of various masses, wi th  a 
radius of about 3 mm at the point  of impact, were 
dropped onto them from different heights. The support  
had a hole of 10 m m  diameter  in the middle, so that 
the samples could be bent  by the blow. 

Microscopic examinat ion  of the impact regions of 
the surface showed that, in all test pieces with crack- 
free chromium, concentric cracks had formed round 
the point of impact even when the blow was compara-  
t ively light. There was not a clear difference between 
bright  nickel and duplex-nickel .  The samples coated 
with bright nickel, but  not chromium plated, remained 
free from cracks even after the strongest blows. The 
surfaces of the samples with microcracked chromium 
remained almost unchanged,  bu t  under  the strongest 
blows (65g/60 cm or more),  single cracks could clear- 
ly be seen widened at the areas of greatest deforma- 
tion. 

Sections of the impact regions then  were prepared 
and examined under  the microscope; the results are 
shown in Table I. It  can be seen that  all the chromium-  
plated br ight  nickel coatings, including those under  
microcracked chromium, have cracked in varying  
degrees. In  particular,  one can conclude that  a some- 
what  heavier  impact is necessary to crack through a 
thick bright  nickel  coating than  through a th in  one; 
and it is also clear that  duplex-nickel  tends to prevent  
cracking through to the basis metal, the more so the 
greater its portion of semibright  nickel. Fresh electro- 
lyte of the semibright  nickel obviously produces bet ter  
properties in this respect than  old electrolyte. 

Because br ight  nickel cracks under  microcracked 
chromium even by impacts too weak to have produced 
any visible surface change (see above),  it must  be 
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Table I. Behavior of nickel(-chromium) coatings by impact 
(evaluation of sections, 1st experiment) 

I m p a c t  
Mass,  He igh t ,  No. o f  c racks  (a) in  t e s t  p iece  No. :  

g em 1 2 3 4 5 6 

45 20 8 0 4 /0  A few/O 0 O 2 
45 40 21 0 25 /0  16/0 0 0 0 
45 60 43 24 20/0 8 O O 20 
65 60 39 27 50/0 5 20/0 0 33 
85 60 115 46 8 34 30/0 0 ~ 4 0  

105 60 - -  70 19 20 M a n y / 3  0 ~ 5 0  

(a) W h e r e  t w o  n u m b e r s  are  g i v e n ,  the  f i rs t  is t he  n u m b e r  o f  
c racks  w h i c h  p e n e t r a t e d  on ly  the  b r i g h t  n i cke l ,  and  the  second  is 
the  n u m b e r  o f  cracks  w h i c h  p e n e t r a t e d  t h r o u g h  to the  basis  m e t a l  

A s ing le  n u m b e r  shows  t he  c racks  w h i c h  p e n e t r a t e d  t h r o u g h  to  
the  bas is  meta l .  

T a b l e  II. Behavior of nickel-chromium coatings by impact 
(evaluation of sections, 2nd experiment) 

K i n d  of Ni  b Cr  m Ni  b Cr  m 
coa t i ng  Ni  b Ni  b Cr  f s ample  sample  

l a  l b  2a 2b 

Thickness of 17-19 14.3-18 17,6-22 15,8-20 20-22 15.6-18 
Ni (/~m) 

Thickness of ca. 1 ca. 2.5 3.2 Not measured 
Cr (#m) 

Chromium --  - -  480-640 540-600 640-820 580-800 
cracks/cm 

No. of cracks through to basis metal caused by impact 

Height 
Mass of fall 

(g) (cm) 

25 20 O 0 0 0 0 0 
25 40 O 0 
25 60 o s --~ o ~ 2 
45  40  0 34  11 3 4 1 
6 5  4 0  O 9 6  2 3 18  31  
85  2 0  0 20  3 
85 50 o - lO ~ ~ 

105  60  0 - -  - -  1O 19  30  

Symbols: Ni b = b r i c k  n i c k e l .  
Cr f = crack-free chromium. 
Cr m = microcracked chromium. 

assumed that  stress cracks are par t icular ly  easily pro-  
duced at the small  notches of microcracked chromium. 

To check the somewhat  surprising result  obtained 
with  microcracked chromium, we  made fur ther  exper i -  
ments of the same type. The evaluat ion of the sections 
is shown in Table II. It can be seen that  the results 
of the first exper iment  are largely  confirmed. 

In these sections, the microcracked chromium coat-  
ings showed, besides the cracks through to the basis 
metal,  a re la t ive ly  large number  of cracks which had 
only ve ry  sl ightly pene t ra ted  into the nickel, but  more 
so in the samples marked  1 than in the samples 
marked  2. The ne twork  of cracks in test piece 2 was, 
however ,  not as un i form as in 1, and consisted of a 
large number  of small  cracks and fewer  large cracks. 
I t  may  be concluded perhaps that, wi th  nonuni form 
cracks, the fine ones are  hard ly  affected by impact,  but  
that  the large ones, on the other  hand, crack almost  
immedia te ly  through to the basis meta l  under  the 
bright  nickel. With a uniform crack network,  however ,  
the impact  would be bet ter  distr ibuted over  all  the  
cracks, so that  m a n y  would be propagated into the 
bright  nickel, but  only a few penet ra te  to the semi-  
bright  nickel or substrate  surface. 

Both exper iments  agree in showing that, even with  
microcracked chromium, impacts produce cracks 
th rough  the bright  nickel  but  not to the same extent  
as wi th  c rack-f ree  chromium. This s l ightly grea ter  
crack resistance is not sufficient to explain the much 
bet ter  corrosion resistance of microcracked chromium. 
This la t ter  proper ty  is due to the ratio of the cathode 
and anode area and that  ratio, and therefore  the cor-  
rosion rate, remains  unal te red  when  the nickel  cracks. 
If the crack penetrates  to the basis metal,  however ,  

corrosion of the la t ter  begins at once, and proceeds, 
according to Fl int  (5), preferent ia l ly .  

Hence, even  wi th  microcracked chromium, duplex-  
nickel is advantageous for less noble meta l  substrates 
since the ducti le semibright  nickel  cracks to the basis 
meta l  only after  ve ry  strong impact. Other  samples 
were  not deformed by single impacts before exposure 
to corrosion, but  were  t reated with  fall ing sand. Cor- 
rosion of such test pieces wi th  microcracked chromium 
was pract ical ly unaffected. With c rack-f ree  chromium 
on duplex-nickel ,  however  (see Fig. 3), wel l -deve loped  
corrosion is seen only in the isolated pores in the outer  
sand- t rea ted  zone. In the center  of this zone, however ,  
where  the pores are numerous,  a corrosion picture 
very  similar  to that  of microcracked chromium was 
produced. It thus seems possible, in principle, to t rans-  
form crack-f ree  or other  chromium into microcracked 
by t rea tment  wi th  fal l ing sand. This, however ,  is pre-  
sumably effective only if duplex-n icke l  (copper- 
nickel?)  is used. With bright  nickel  only, there  is a 
considerable danger  that  a few large cracks will  pene-  
t ra te  through to the basis meta l  and cause considerable 
corrosion. This did actual ly occur in all  our test pieces 
of this type. 

Corrosion m e c h a n i s m  in microcracked  c h r o m i u m . m  
In some experiments ,  steel parts coated wi th  6-8 #m 
bright  nickel  and microcracked chromium were  cov- 
ered with  a thick layer  of red rust  af ter  only a few 
months '  outdoor exposure. Samples wi th  a thin copper 
under layer  showed no rusting. This led to tests to 
de termine  if the corrosion of steel  could be prevented,  
and if so to what  extent,  by in termedia te  layers of 
copper (or semibright  nickel) .  

These tests (outdoor exposure)  are still  in progress, 
but we a l ready can say that  fa i r ly  th in  layers of this 
type do, in fact, c learly re tard  the corrosion of steel. 
Former ly  this has been repor ted  for  copper under -  
layers by Turner  (6) and by Claus and Klein  (7). In-  
te rmedia te  observations on the test pieces in this series 
of exper iments  led us to formula te  a new hypothesis 
on the mechanism of corrosion in microcracked chro-  
mium. 

Ear l ie r  microscopic examinat ion of the surface of 
samples plated with  microcracked chromium had 
shown that  af ter  long outdoor exposure there  devel -  
oped, on the one hand, heavi ly-cor roded  zones, often 
with  areas in which the chromium had completely  
broken away, and also other  regions in which, al-  
though the crack ne twork  was clearly recognizable, the 
individual  cracks were  almost uncorroded.  The same 
observation has a l ready been reported by VSlkel (1). 

Fig. 3. Corrosion after sprinkling by sand--dup|ex-nicke|, crack- 
free chromium. 
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Fig. 4. Section-corrosion on microcracked chromium 

Corrosion obviously does not  penetra te  un i formly  into 
the nickel in these cases. 

Now we prepared 5 sections of the above ment ioned 
series, and on all samples between larger corrosion 
sites of various sizes we found very small  ones, at 
which under  the chromium crack only very  li t t le 
nickel had been corroded (Fig. 4). A quant i ta t ive  
evaluat ion of the sections for n u m b e r  and sizes of 
corrosion sites showed the following (see Table III) .  
The fact tha t  about 60% of all  the corrosion sites, with 
good agreement  among the 5 test pieces, were of the 
small, slightly corroded type leads us to suppose that  
their  formation is par t icular ly  favored. It is, however, 
unl ikely  that  corrosion at all these spots should have 
begun shortly before inspection. How are we to ex- 
plain this large number  of scarcely corroded cracks? 

Raub (8) assumed that  the fine cracks in micro- 
cracked chromium could be blocked by the corrosion 
products, and that  the corrosion process in general  
was controlled by the high resistance of the electrolyte 
and by the resistance of the corrosion products in the 
nar row cracks. The other view, however, which is 
fair ly general ly accepted, is that  the corrosion of nickel 
in contact with chromium is cathodically controlled. 
According to this view, the very small  corrosion rate 
at each crack is due to the very  small  area of chromi-  
um available to funct ion as cathode at each individual  
crack, or, in other words, because the anode surface 
(nickel) is large in proport ion to the cathode surface 
(chromium) (9). We assume that  this second mechan-  

ism does in fact obtain in  principle, but  that in micro- 
regions the corrosion can indeed be influenced by 
blocking the cracks, perhaps in the following way. 

Corrosion begins at once at all microcracks which 
have penetrated to the nickel, bu t  proceeds very slow- 
ly, because the small  cathode area provided for each 
crack does not permit  a high corrosion current .  The 
cracks are very narrow, so that  a crack easily can be 
5locked by the products of nickel corrosion. The elec- 
trolyte resistance rises and corrosion is retarded, or 
possibly completely inhibited. 

The available cathodic surface for the neighboring 
cracks is correspondingly increased, and corrosion of 
these cracks will  be accelerated if the resistance is 
small  enough. At such sites, the under ly ing  meta l  can 

Table III. Corrosion sites after outdoor exposure 

S m a l l  co r ros ion  s i t e s  
L e n g t h  of To ta l  No. of % of  

P a r t  No. sec t ion  (era) cor ros ion  si tes  No. t o t a l  

B 90 2.25 648 391 60.5 
B 92 2.05 526 296 56 
B 94 2.22 604 376 62 
B96 1.82 356 188 53 
B 9 8  1,82 534 338 63,5 

be reached quickly. The small  corrosion sites, however, 
which we found in such large numbers  in the sections, 
are, on this basis, pe rmanen t ly  blocked by corrosion 
products at an early stage. The fact that  zones of strong 
corrosion are f requent ly  found adjacent  to almost 
corrosion-free areas can be explained on the assump- 
t ion that, in regions where m a n y  cracks are blocked, 
the nickel in the few remain ing  cracks corrodes so 
strongly that  larger areas of the coating are removed 
by the pressure of the corrosion products. This could 
be par t icular ly  t rue when  the corrosion has penetra ted 
to the basis metal. Figures l ( c )  and (d) show that  
corrosion indeed can be completely inhibi ted by block- 
ing or closing of the microcracks: The complete ab-  
sence of corrosion in  the center of the impact area is 
presUmably due to pressing together the walls of 
microcracks at this point by the impact. 

The corrosion sites, which are very  numerous,  are 
statistically distr ibuted over the surface and, if cor- 
rosion is not too far advanced, too small  to be s e e n  

with the naked eye. Hence, corrosion through cracks in 
microcracked chromium can remain  unnot iced for a 
long time and appear  quite uniform but, in fact, it 
does not proceed uniformly in depth. Uniform pene-  
t rat ion could be secured if it were possible to make 
corrosion proceed without  h indrance in all cracks. 

Turne r  (7), however, has established that  the ap-  
pearance of microcracked chromium is often consid- 
erably impaired after static outdoor exposure, but  
hardly  after service. This can be explained in  the fol- 
lowing way. 

In  service, the chromium is cont inual ly  subjected to 
impacts of sand, stones, etc., causing former ly  closed 
cracks to be reopened, and perhaps some open cracks 
may be closed. This should lead to a more uniform 
penetra t ion in depth of corrosion of microcracked 
chromium in automotive service than in static cor- 
rosion testing. It  is also possible that cracks which 
originally did not reach the nickel  wil l  completely 
penetrate,  which would also increase the uni formi ty  
of corrosion. 

Thus, the good corrosion prevent ive  properties of 
microcracked chromium wil l  be fully effective only 
under  the mechanical  stresses which occur in  service. 

Preservation of the decorative appearance; compari- 
son of steel and brass substrates.--As mentioned,  the 
decorative appearance of microcracked chromium is 
more or less impaired by long exposure to corrosive 
conditions, because the corrosion sites become visible 
to the naked eye. A fur ther  series of experiments  
showed correlations between this loss of decorative ap- 
pearance and the na ture  and thickness of the layers 
under  the chromium. The materials  examined included 
br ight  nickel of various thicknesses, duplex-nickel ,  
and a combinat ion first suggested, as far as we know, 
by Rit tner  (10): a layer of br ight  nickel with a thin 
film of semibright  nickel on top, which could be des- 
cribed as " inverted duplex-nickel ."  The basis metals 
used in our experiments  were steel and brass. As usual  
in our laboratory, the  microcracked chromium was ap- 
plied as double-chromium with 400-600 cracks/cm. 

After 16 months '  outdoor exposure in Essen, differ- 
ences between the various test pieces could be seen 
clearly. Results for the steel samples are shown in  
Table IV (not cleaned before examinat ion) .  The u n -  
cleaned brass parts showed, on principle, the same ap-  
pearance, except that  the corrosion products na tura l ly  
were much less conspicuous. 

All  the brass samples could easily be cleaned. Some 
of the steel parts gave difficulty in this respect, so that 
nitr ic acid had to be used. After  cleaning, the parts 
could be ranked with respect to the remain ing  decora- 
tive effect, which was considerably different from the 
order of meri t  of the uncleaned ones. Figures 5(a-e)  
show the brass parts. It  can be seen that  the thinnest  
bright  nickel  and the " inverted duplex-nickel"  still 
look best, while thicker  br ight  nickel  looks worse and 
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Table IV. Corrosion of steel parts 

No. Type  of c o a t i n g  A p p e a r a n c e  

A22 7 # In  N i  b 

A58 18 # m  N i  b 

A94 30 # m  N i  b 
A l l 8  23 # m  N i  d 
A143 10 # m  N i  b w i t h  

6 /un N i p  on  
top  

C o m p l e t e l y  c o v e r e d  w i t h  h e a v y  r e d -  
b r o w n  r u s t  

C o v e r e d  w l t h  a t h i n  y e l l o w - b r o w n  
r u s t  l a y e r  

N i c k e l  corrosion and t h i n  r u s t  f i l m  
N i c k e l  co r ros ion ,  h a r d l y  a n y  r u s t i n g  
N i c k e l  co r ros ion ,  e x t e n s i v e  r u s t i n g  on  

s ing l e  sites 

S y m b o l s :  N i  b ---- b r i g h t  n i cke l .  
N i  d = d u p l e x  n i c k e l .  
N i p  ---- s e m i b r i g h t  n i cke l .  

the  normal  dup lex -n i cke l  is even poorer ,  a l though this 
had the  best  appearance  before cleaning.  

The appearance  of the  steel  par t s  was about  the 
same, but  wi th  one m a r k e d  difference [Fig. 6 ( a - e ) ] :  
the  tes t  piece wi th  7 ~m br igh t  n ickel  had  a ve ry  poor  
appearance.  However ,  in the  regions of this  sample  in  
which corrosion had  not  p roduced  too large  a corrosion 
site, the  surface is s t i l l  l a rge ly  intact .  

These resul ts  a re  in accord wi th  the  val id  theories  
on the process of corrosion in mu l t i l aye r  systems, 
which there fore  need not be r epea ted  in deta i l  here.  
The impa i rmen t  of the  decora t ive  effect of a micro-  
cracked chromium coat ing wi th  t ime,  is however ,  ob-  
viously de te rmined  by  two factors:  

1. The thickness  of the  topmost  n ickel  layer .  This 
de termines  the  size of the  corrosion sites when  the 
next  meta l  is reached.  

2. The na tu re  of the  nex t  layer ,  i.e. whe the r  more  or 
less noble than  the nickel.  If  the top l aye r  is less noble, 
the corrosion of the n ickel  l aye r  proceeds more  r ap id -  
ly, inev i t ab ly  s ideways,  the  corrosion sites become 
la rger  and in the  end c lear ly  visible,  but  the  nex t  
meta l  remains  effectively protected.  This is known to 
be the case wi th  duplex-n icke l .  If, however ,  the  nex t  
l ayer  is less noble, it  is p re fe ren t i a l ly  a t tacked  and 
the n ickel  l aye r  above  wi th  i ts compara t ive ly  smal l  
corrosion sites remains  l a rge ly  intact .  The decora t ive  
effect is impa i red  only when  the corrosion of the  next  

Fig. 6. Corrosion of steel samples plated with microcracked 
chromium over: (a) 7 ~m bright nickel, (b) 18 Fm bright nickel, 
(c) 30#m bright nickel, (d) 23 ~m duplex nickel, (e) 16 #m 
inverted duplex nickel. 

or a subsequent  l aye r  is so s t rong tha t  par t s  of the  
n ickel  l aye r  a re  removed  by  the pressure  of the  cor-  
rosion products .  This mechanica l  r emova l  of the  l aye r  
by  the  corrosion products  seems h a r d l y  to occur wi th  
inver ted  duplex  nickel  as long as only  the  br igh t  
n ickel  is corroding,  but  to proceed r ap id ly  when  a ve ry  
react ive  basis metaI,  e.g. steel, is reached.  Thus, a 
noble layer ,  such as semibr igh t  n icke l  or  copper,  
should first be deposi ted on an i ron substrate .  

Brass as basis metal for microporous chromium 
plating.raThe series of exper iments  discussed in the  
foregoing section confirm the finding of Seyb  (11) 
that,  wi th  a brass  substrate ,  even fa i r ly  th in  br igh t  
nickel  layers  under  microcracked  chromium produce  
ve ry  good corrosion behavior .  We have  conducted 
fu r the r  tests on this point.  

Evaluation of polished sections.--We prepa red  two 
pol ished sections of each of the  brass  samples  in the  
above series of tests  and examined  them for the  num-  
ber  of corrosion sites, depth  of penet ra t ion ,  and  cor-  
roded  surface area. The resul ts  a re  shown in Table V. 

The fact  tha t  the  number  of corrosion sites pene-  
t r a t ing  to the subs t ra te  me ta l  was smal les t  wi th  
dup lex  nickel,  but  ve ry  la rge  with  th in  br igh t  n ickel  
and inver ted  duplex-n icke l ,  was to be expec ted  f rom 

Table V. Corrosion of brass parts 

B r i g h t  n i c k e l  
C o r r o s i o n  s i t e s  p e r  c m  C o r r o s i o n  s i t e s  c o r r o s i o n  p e r  

T y p e  of P e n e t r a t e d  p e n e t r a t e d  to crn2 sec t ion  
c o a t i n g  T o t a l  to  s u b s t r a t e  s u h s t r a t e  (%)  (10-~ mm~)  

Fig. 5. Corrosion of brass samples plated with microcracked 
chromium over: (a) 7/~m bright nickel, (b) 18 ~m bright nickel, (c) 
30 ~m bright nickel, (d) 23 ~m duplex nickel, (e) 16 ~m inverted 
duplex-nickeh 

8 # m  N i  b 180 56 31 3,1 
6 # m  N i  b 286 117 41 2.9 

20 # m  N i  b 175 13 7.5 3f l  
18 # m  Ni  b 141 16 11.3 3.8 
39 ~ m  N i  b 200 1 (?) < 0 . 5  4.3 
31 # m  N i  b J68  1 0.6 4.6 
31 # m  N i  d 180 0 0 4.2 
21 /Lm N i  d 150 0 0 7.0 
21 # m  N i  id  170 32 19 3.6 
15 # m  N i  i d  265 84 32 3.6 

S y m b o l s :  N i  b = b r i g h t  n i cke l ,  
N i  d = d u p l e x  n i cke l .  
N i  id  = i n v e r t e d  d u p l e x  n i cke l .  
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the appearance of the test pieces. The extent  of the 
corroded nickel in the sections (last column) shows a 
clear dependence on the s t ructure  of the coating; 
br ight  nickel  was the most strongly corroded in the 
case of duplex nickel. This, again, was to be expected. 
The other test pieces, in which br ight  nickel  was in  
direct contact with brass, showed less corrosion of the 
bright  nickel, while more corrosion of the brass had 
occurred. Thus, under  the conditions existing, brass 
behaved anodically toward br ight  nickel. 

Contact corrosion ol bright nicker and brass . - -A 
brass plate of 42 cm 2 surface area was placed in a 
simple electrolytic cell, together wi th  an electrolyt-  
ically prepared bright nickel plate of the same size, 
and with a 1 ohm resistance in the circuit. As electro- 
lyte, we used the solution prescribed for the acetic 
acid salt spray test (ASTM B 287-62): 5% aqueous 
NaCI, brought  to a pH of 3.2 with CH3COOH. 

The quanti t ies passing into solution in this cell in 
71/e hr were: 

22.5 mg Cu 

13.3 mg Zn 

4.3 mg Ni 

I t  can be seen from the analysis tha t  the brass plate 
was preferent ia l ly  attacked, and that  Cu and Zn dis- 
solved in exactly the same ratio as that  in which they 
were present in the brass. 

In  another  exper iment  (brass and nickel  in separate 
solutions of the above-described composition, without  
current ) ,  the quanti t ies  dissolved, under  otherwise 
identical conditions, in 16 hr  were: 

3.25 mg Cu and 2.1 mg Zn 

8.8 mg Ni 

Further ,  the curves of current  density against potential  
for bright  nickel and brass in the neighborhood of the 
rest potential  were plotted potentiostatically in  the 
above solution. The size of the electrodes was 7 x 4.8 
cme. The curves are shown in  Fig. 7. The mixed po- 
tent ial  against a saturated calomel electrode is --273 
mV. Brass is the local anode; the corrosion cur ren t  
density is 9.2 m A / d m  2. 

Analysis of the corrosion products.--The corrosion 
products deposited on the brass r ings in the series of 
experiments  last described were examined polaro- 
graphically. For this purpose, they were dissolved from 
4 cm2 of the surface with 1N HNO3; the t ime required 
for this was 1.5 rain. This dissolution was carried out 
as many  as 5 times on the same area, but  from the 3rd 
dissolution onward only li t t le nickel was removed. 
Table VI shows the result. The last column is par t icu-  
lar ly interesting. It can be seen that  in  no instance 
were copper and zinc found in  the ratio of 63:37, cor- 
responding to the composition of the brass; a greater  
proportion of zinc was always found. Further ,  this 

Table VI. Analysis of the corrosion products of 
chromium-plated brass rings 

T y p e  of c o a t i n g  % N i c k e l  % C o p p e r  % Z i n c  

Z n  
Rat io  

Cu 

7 ~m N i  b Cr  m 46-73  0 -15  19-41 c. 2.6 
18 /em N i  b Cr  m 94-96  0 .7-1 .2  3 .5 -4 .0  e. 4 
30 ~m Ni  b Cr  m 95-96.5  0 .8-1 .1  2 .4-4 .1  c. 3.2 
23 ~ m  N i  d Cr  m 94.5-96.5 0 .8-1 .0  2 .8-4 .4  e. 4 
16 ~ N i i d  Cr  m 67-83 2 .6-9 .2  14-24 c. 3.3 

7 ~ m  N i  b Cr  f 23 37 40 1.1 

Symbols: Ni b = bright nickel. 
Ni d : duplex-nickel. 
Ni id = inverted duplex-nickel. 
Cr m = microeracked chromium. 
Cr f = crack-free chromium. 

excess of zinc was more  pronounced wi th  microcraeked 
chromium than with crack-free chromium. 

Investigation w{th the electron microprobe.hThe in-  
vestigations described led to the supposition that, in  
the contact corrosion of brass and nickel, the brass 
normal ly  corrodes as a single substance but,  in the 
presence of nar row cracks, and par t icular ly  in cor- 
rosion under  microcracked chromium, the brass is 
de-zinc-ed. (The possibility of the corrosion products 
of copper being more easily washed away than  those 
of zinc, which could have led to the same analyt ical  
results, may be ru led  out on the basis of the solubil i-  
ties of the salts concerned.) 

To test more closely the question of zinc removal,  
we investigated sections of corrosion sites by  the elec- 
t ron microprobe in brass under  microcracked chromi- 
um. Figure 8 shows the result  and, in  fact, a zinc deficit 
is clearly apparent  at the bottom of the corrosion pores 
in the brass, bu t  wi th  practically no loss of copper. 
Since, however, a fair ly large amount  of copper is 
present in the pores, copper mus t  also be corroded. 

Thus, either the zinc is preferent ia l ly  attacked in 
the corrosion of brass, or copper and zinc are dissolved 
in the ratio in  which they are present  in  the brass, 
namely  63: 37, and then the copper is, to a certain ex- 
tent,  deposited by cementat ion in  the nar row corrosion 
sites. It is difficult to find a reason for the great amount  
of copper in the pores, if indeed the zinc has been 
preferential ly corroded, and therefore we th ink  that  
brass corrodes as a single substance and copper is 
deposited in the corrosion sites by cementation. 

The exposure taken wi th  SKa-radia t ion  shows, 
moreover, that  the corroding medium contains a large 
amount  of sulfur. This was to be expected, as, in out-  
door exposure in the severe industr ia l  atmosphere of 
Essen, SO2 would be the main  corroding agent. 

-220 

 .-26o 

 -3oo 

j J 

-~ -2 0 +2 +/+ 
current in mA 

Fig. 7. Current density--potential curves of brass and bright 
nickel. 

Fig. 8. Corrosion pores of bright nickelmmicrocrocked chromium 
on brass--investigatlon of sections with the electron microprobe" 
1--Cu K~, 2mZn K~, 3--SK~, 4 - -  Hi Kc~. 
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Summary 
The corrosion of nickel covered by microcracked 

chromium is cathodically controlled, as in the  valid 
theories. But in static outdoor exposure, when samples 
plated with microcracked chromium are not mechani-  
cally stressed, many  cracks are blocked, as has been 
shown. This results pr imar i ly  from corrosion products 
which render  such cracks ineffective for fur ther  cor- 
rosion. The result  is that the neighboring, s t i l l -open 
cracks corrode more strongly, so that larger pores are 
formed at these sites and the next  metal  layer  is 
reached comparat ively soon. Thus, in static open-air  
exposure, uniform corrosion is not observed as is 
normal ly  expected with microcracked chromium. 

In  service, however, when  the part  is cont inuously 
exposed to the action of sand and stones, cracks which 
have been blocked are repeatedly opened, and all 
cracks will contr ibute  to the corrosion dur ing  its whole 
duration, even if periodically and to a different degree. 
Thus, for microcracked chromium, service conditions 
are not only harmless bu t  actually beneficial. If this 
mechanism is right, it may be expected that  micro- 
cracked chromium would behave better  at exposed 
than at protected positions on a vehicle. 

The resistance to penetra t ion of a par t  plated with 
a microcracked chromium system also depends, of 
course, to a great extent  on the na ture  and thickness 
of the in termediate  layers. Thus, it has been shown 
that, with unfavorable  basis metals such as steel (and 
probably also zinc), a ductile layer  under  the bright  
nickel is indispensable.  This is pr imar i ly  because 
bright  nickel easily cracks through, even under  micro- 
cracked chromium, when subjected to impact. In  the 
absence of such a ductile layer, this wil l  lead to im-  
mediate corrosion of the basis metal. The very  ductile 
layer  must,  moreover,  be more noble  than  the br ight  
nickel. 

Finally,  it has been established that  a sequence of 
coatings most effectively prevent ing  corrosion of the 
basis metal  does not necessarily also preserve the 
decorative effect longest. Therefore, the question of 
whether  corrosion of the substrate metal  is permis-  
sible or not should be considered in  deciding the 
sequence of coatings. Corrosion of the substrate metal  
is not permissible with steel, bu t  it is quite harmless 

with brass. The reason is that,  in contact corrosion with 
nickel under  microcracked chromium, brass is only 
slowly attacked, with preferent ia l  removal  of zinc; 
the corrosion products are therefore inconspicuous and 
easily removed. Thus, for brass, a simple sequence of 
fair ly thin bright  nickel  (10-15 ~m) followed by 
microcracked chromium is adequate. 

The decorative appearance could be very  effectively 
preserved in our experiments  by a th in  semibright  
nickel layer between the bright  nickel and the chromi- 
um. This sequence, namely  br ight  n ickel / semibr ight  
nickel /microcracked chromium, admit tedly  causes 
certain difficulties, par t icular ly  with the brightness 
and protection of the basis metal.  If it is steel or zinc, 
therefore, a copper or semibright  nickel  layer  must  
addit ionally be provided under  the br ight  nickel. Such 
a system would, by  the way, show some similari ty 
with Tri-Nickel,  which has already been used. 
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The Measurement of Specular Defects 
on Semiconductor Surfaces 

J. M. Adley* and E. F. Gorey 
IBM Components Division, East Fishkill Laboratory, Hopewell Junction, New York 

ABSTRACT 

An apparatus and optical technique is described that  allows the quant i ta t ive  
measurements  of haze and other specular defects on silicon surfaces. The 
technique can be applied to any fiat, polished specimen and yields information 
on the na tu re  of the defect as well  as the relat ive surface area covered. Data 
are presented for such defects as stacking faults, lapping damage, and 
scratches. The application of this technique to the study of epitaxial  growth 
over steps on a silicon wafer is also described. 

The most f requent ly  used inspection in the processing 
of semiconductor devices is the visual inspection of 
silicon surfaces. Such inspection general ly is made by  
an operator or inspector under  a microscope light, on 
whose judgment  a significant port ion of the wafers in -  
spected is often rejected. Such judgments  are com- 
pletely subjective and vary  widely from operator to 
operator and day to day, even with the same operator. 

If such process control is to become less subjective, if 
valid comparisons of different wafer surfaces are to 
be conducted, or if any detailed study of the na ture  
and causes of surface defects is to be made, then there 
exists a critical need for a more objective, quant i ta t ive  
technique of measur ing the physical perfection of the 
wafer  surface. Such an improved inspection technique 
must  be at least as sensitive as the huma n  eye, rapid, 
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nondestructive,  and capable of observing the same 
features observed by the operator,  but  in such a way  
that  a quant i ta t ive  pa ramete r  is obtained. 

Description of Technique  
The basic principle of operat ion of this technique is 

that, when  coll imated l ight is normal  to the surface, 
the light reflected at off-normal  angles indicates sur-  
face defects. The light reflected to an off-normal  posi- 
t ion must be due to a surface defect face making  some 
angle, a, wi th  the  surface: a scratch, for example,  as 
shown in Fig. 1. A small  mir ror  is placed next  to the 
beam to collect the l ight reflected by the defects. The 
light incident on the mi r ro r  is focused through a te le-  
scope onto a photomult ipl ier  tube. The wafer  is then 
rotated using the incident beam of light as the axis of 
rotation. Upon rotat ion of the specimen such that  a face 
of a surface defect is or iented so that  it reflects l ight 
into the mirror,  the photomult ip l ier  output  increases. 
If there  are no facets or iented on the surface such that  
no light is reflected onto the mi r ro r  when  the sample 
is at angle 0 (Fig. 1), then only a "perfect  surface" or  
residual signal wil l  be seen. The photomult ip l ier  tube 
output  is plot ted against the angle of rotation, 0, and 
the result ing graph contains informat ion on the surface 
of the specimen under  investigation. A scratch wil l  
thus produce two peaks, one corresponding to each face 
of the scratch. The location of the peaks reveals  the 
angular  orientat ion of the defect faces to each other  
and may give information on the type of defect; for 
example,  a scratch or  a scribe line on a silicon surface 
will  produce two peaks 180 ~ apart  as shown in Fig. 2. 
The trace of the wafer  before scribing, shown as the 
bottom line in Fig. 2, reveals  a near -per fec t  surface free 
of defects as indicated by the very  low min imum in-  
tensi ty and total  absence of peaks. 

The  m a x i m u m - t o - m i n i m u m  intensi ty  difference in- 
dicates the re la t ive  amount  of a par t icular  surface 
defect present,  whi le  the min imum intensi ty compared 
to a s tandard or reference value  indicates general  sur-  
face condition, in terms of surface roughness and 
cleanliness. The graph of a specimen having surface 
haze is shown in Fig. 3, where  the high min imum value  
indicates that  there  is some reflection of the collected 
l ight in all  directions. Correlat ion of the m a x i m u m - t o -  
min imum intensi ty difference and the min imum in-  
tensi ty to surface haze "standards" reveals  that  in-  
creasing haze as seen by an operator  is the resul t  of 
increasing m a x i m u m - t o - m i n i m u m  intensi ty difference 
and increasing min imum intensity. Fur the r  study is 
under  way  to de termine  the relat ion o f  the two quan-  
tities to fur ther  processing. The two large peaks indi-  
cate that  most of the defects causing the surface "haze" 
are oriented in the same direction, but the width of the 

HAZOMETER APPARATUS 
e,~ SAMPLE HOLDER 

SORATCR'/  SAMPLE 

I MIRROR APERTURE 

E 

CROSS SECTIONAL VIEW OF SCRATCH 
Fig. 1. Method of measuring specular defects. (The light re- 

flected from the faces of the defect, here the scratch, is not 
reflected in all directions, but rather in two directions which have 
a component perpendicular to the surface edge of the defect face-- 
perpendicular, that is, to the direction of the scratch here.) 

Ju ly  1970 

Fig. 2. Two peaks produced by single scribe line in silicon 
surface. (The scribe line area represented only 0.07% of the wafer 
area under observation and did not increase the minimum intensity 
value.) 

Fig. 3. Graph produced by surface haze on a silicon wafer 

peak indicates that  not all the defects are exact ly  para l -  
lel. A graph of an epi taxia l ly  deposited silicon <111~ 
wafer  is shown in Fig. 4, showing the three  facets of 
the pits at 30 ~ 180 ~ and 330 ~ A scribe l ine was placed 
on the wafer  for the purpose of checking the or ienta-  
tion of the pits. The location of the peaks resul t ing f rom 
the scribe line reveals  that  the large peak  at 180 ~ is 
due to the long sharp edge of the pits as seen in the 
photograph. 
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Fig. 4. Pitted, epitaxially deposited silicon < 1 1 1 >  wafer 

Dirt on the wafer  has the effect of increasing the 
in tens i ty  value of the graph as shown in Fig. 5. Since 
the dirt  is assumed to reflect light in  a]l directions, the 
output intensi ty  at all angles (0) is expected to increase 
uniformly,  thus increasing the peak and valley level 
by the same amount  while preserving the informat ion 
on the silicon surface defect given by the m a x i m u m -  
to -min imum intens i ty  difference. 

A mechanical ly  polished wafer was expected to yield 
the same graph as the graph obtained for dirt; that  is, 
it was assumed that  the small  surface scratches present  
from the polishing operations were completely random 
in orientat ion and would produce a constant high level 
output. However, as the graph in Fig. 6 reveals, the 

Fig. 6. Effect of scratches due to 0.25-#M grit mechanical 
polishing of silicon wafer. 

lapping scratches show a definite s t ructure of four 
preferred orientations, numbered  1-4, that  are not ap- 
parent  from the photograph of the surface also shown 
in Fig. 6. Thus, this technique is able to determine 
orientat ion dependence that  is not  readi ly apparent  
by any  other technique. 

The graph of a diffusion test square on a silicon 
wafer after epitaxial  deposition is shown in Fig. 7. 
The four edges of the test square, which are of equal 
length, should produce equal intensi ty  peaks; but, 
while three of the four peak intensities are near ly  
equal, one is significantly lower. The lower peak we 
assumed to be due to a change in the angle which that  
edge makes with the surface, an assumption that  was 
verified by visual  examinat ion of similar  structures 
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DEGREES (8)  

Fig. 7. The four edges of a test square on a silicon wafer after 
Fig. 5. Effect created by dlrt an the wafer epitaxlal diffusion. 
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Fig. 8. Stacking fault edges, diagonals, and rolling contour 
lines (@ ~ 6~ 

under  high magnification. Thus, this technique can be 
used to measure the angle be tween the defect face and 
the surface; in particular,  the angle change of a step 
after epitaxia] growth. 

Observat ion of a low- tempera ture  <100> epitaxial  
silicon surface produces the complex graph shown in 
Fig. 8. A diagram of the geometrical s tructure causing 
the peaks graphed is shown in the upper  r igh t -hand  
corner of the figure. The four sides of the upper  r ight-  
hand figure are a t t r ibuted to the four edges of the 
stacking fault, and the diagonals across the stacking 
faults appear in this specimen as four more peaks in 
between the four peaks due to the stacking fault  edges. 
These edge and diagonal facets are shown in Fig. 9a, 
b, and c. In  addition to the stacking fault  structures, 
two addit ional peaks were seen on the graph that  did 
not correspond to any possible stacking fault  s t ructure 
seen on the microscope photographs shown in Fig. 9a, 

July 1970 

b, and c. However, under  Nomarski  interference con- 
trast  observation, roll ing contour lines were seen as 
shown in Fig. 9d, having the precise orientat ion needed 
to account for the two extra  peaks on the graph. Thus, 
this technique of measur ing surface defects appears 
to detect all geometrical features of a polished or 
smooth surface. 

Observation of the epitaxial  surface shown in Fig. 
8 at larger angles of observation (r in Fig. 1) wil l  
reveal the relat ive angle each group of facets makes 
with the surface. Normal ly  the angle of observation 
(r is approximately 6 ~ bu t  the graph in Fig. 10 was 
observed at approximately 11% The intensi ty  of the 
contour peaks has been greatly reduced indicat ing that  
these features are very  shallow (a in Fig. 1 is small  
compared to the other features on the surface).  The 
sample responsible for the graph in Fig. 11 was ob- 
served at a still larger angle (approximately 23 ~ and 
shows a fur ther  decline of the peaks due to the diago- 
nals of the stacking faults and the contour l ine peaks, 
while the four edges of the stacking fault  have in-  
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Fig. 10. Same sample as in Fig. 8, but with the angle of observa- 
tion, @, increased to ~11 ~ 
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Fig. 9. Microscope photographs of stacking faults represented 
in Fig. 8. 
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creased in relat ive intensity,  thus indicat ing that  these 
features make large angles with the surface. 

Discussion 
A technique has been developed for t ransla t ing vis- 

ual  defects to electrical signals containing informat ion 
on the na ture  and relat ive area covered by these de- 
fects. This technique allows either graphical presenta-  
tion of the output as is now practiced, or allows pos- 
sible fu ture  scanning of the output  by computer. 
Because the technique can observe an entire wafer  
surface at once rather  than by repeated scanning, this 
technique allows ext remely  rapid observation of wafers 
at rates possibly greater than 100 wafers per hour. 
But most important ,  this technique is opera tor- inde-  
pendent  and does allow quant i ta t ive  characterization 
of the wafer surface by using the max imum and mini -  
mum intens i ty  difference and the m i n i m u m  intensi ty  
value. 

T h e  question that must  now be answered is what  
effect these new parameters  have on subsequent  proc- 
essing steps. Which of the two parameters  now avail-  
able to characterize a surface is the more crit ical for 
fur ther  device processing and yield? Some wafers may 

have a very large m a x i m u m - t o - m i n i m u m  intensi ty  
difference but  a low m i n i m u m  intensi ty  value, while 
others may have a small  m a x i m u m - t o - m i n i m u m  dif- 
ference and a high mi n i mum intensi ty  value. Studies 
are present ly  being conducted to gain some informa-  
tion on this question. 

In summary,  a quant i ta t ive measurement  of surface 
defects has been developed and will  be used to study 
the effects of wafer surface perfection on processing 
steps. 
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Determination of the Ohmic Contribution to the 
Polarization of Fuel Cell Electrodes 

D. Lucesoli, P. Degobert,* and E. Kochoniak 
Institut Fran~ais du PdtroIe, RueiI-Malmaison, F~'ance 

While developing significant-size air electrodes (150 
x 200 ram),  having a three- layer  hydrophobic s tructure 
(conductive current-col lect ing layer, catalytic layer, 
hydrophobic layer) ,  we found high polarizations at 
current  densities above 50 mA/cm2. In order to deter-  
mine  the ohmic losses included in the polarizations, we 
developed a graphic method based on oscilloscope mea-  
surements.  This method, when applicable, enables an 
optimization of the current-col lect ing layer properties 
(sintered nickel s tructure)  in order to minimize ohmic 
drops. 

Principle of the Method 
The over-al l  polarization of a single electrode for a 

given current  densi ty is general ly  broken down into 
three distinct terms designated as: 

�9 ohmic polarization 
�9 concentrat ion polarization 
�9 activation polarization 

In order to improve the performance of our elec- 
trodes, we tried to s tudy separately the parameters  in -  
fluencing the total overvoltage (1) and to develop ex-  
per imental  procedures for s tudying every type of po- 
larization. 

The relaxat ion time, i.e. the t ime necessary to re-  
cover ini t ial  potential  after a sudden in ter rupt ion  of 
t h e  current  applied to an electrode, enables the ohmic 
polarization to be separated from other types of polari-  

* Electrochemical Society Active :Member. 

zation. The resistive component of the overvoltage dis- 
appears almost ins tantaneously  (within about 10 -3 
sec), whereas other components decrease slowly, some- 
times following exponent ial  relationships. 

Several  publications have already described thi~ 
method using a sudden in ter rupt ion  of the current  to 
determine and el iminate ohmic polarization, both in 
Leclanch6-type dry cells and in fuel cells (2-7). 

In  our case we applied this method to a half cell, 
measur ing the actual potential  compared with a ref-  
erence electrode; and we tried to develop a graphical 
method to obtain, with sufficient accuracy, the values 
corresponding to the ohmic component, which are 
somewhat difficult to extract directly from the diagram 
shown on the oscilloscope screen. In  order to avoid 
the possible limitatiOns, which are ment ioned by 
Niedrach and Tochner (8) (more par t icular ly  t ime 
constant of the measur ing system too close to the t ime  
constant  of the electrochemical system),  we calculate 
by extrapolat ion the value corresponding to the in -  
te r rupt ion  t ime zero, thus avoiding inclusion of non-  
l inear  polarization values, in the final result. This 

MERCUROUS SULFATE REE ELECTRODE 
REGULATED I ~ ~.u / 
D.C.POWER I TEST C E L L ' ( . ~ ~ H I G H  IMPEDANCE 

SUPPLY / //\!'~" ~VOLTMETRE 
J COUNTER ELECTRODE 

Fig. 1. Power supply ond potentiol meosurement circuit r 
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graphic method allows the use of mercu ry -we t t ed  
switch relays which  are commonly  commercia l ly  avai l-  
able (Vynckier -France  type 0612). F igure  3(a) shows 
the voltage drop pat tern  for a pure resistor, and Fig. 
3(b)  the same pat tern  for a composite overvol tage  
(actual fuel  cell e lectrode) .  

Experimental Assembly 
Measurements  were  made in half  cells using the 

galvanostatic method. Potentials were  measured 
through a Luggin capi l lary wi th  mercur ic  sulfate re f -  
erence electrodes. Figure  1 shows the exper imenta l  as- 
sembly, in which current  at a constant intensi ty was 
supplied to the cell f rom a stabilized d-c source. F igure  
2 shows the measurement  circuit  used to record the 
potent ia l - t ime diagram on an oscilloscope screen im-  
media te ly  after  the current  is in ter rupted  by an elec- 
tronic switch allowing an interrupt ion t ime of f rom 
5 to 60 msec with  a f requency of 1 Hz. By selecting the 
corresponding sweep f requency on the oscilloscope, we 
were  able to measure the voltage drop pat tern  wi th  
great accuracy. 

Graphic Method for Determining Ohmic Polarization 
After  in terrupt ion of the current,  the shape of the 

voltage decrease on the oscilloscope screen should 
ideally be as shown in Fig. 3(a) (9) ; i.e., ohmic polari-  
zation disappears before any concentrat ion or act iva-  
tion polarizat ion change can occur. In fact the actual 
path of the electron beam on the screen is as shown in 
Fig. 3(b) ,  and accurate direct measurement  of the 
ohmic drop is ve ry  difficult. By varying the in te r rup-  
tion t ime of the electronic switch, we can have different 
patterns on the screen corresponding to every  value of 
the in ter rupt ion  t ime [Fig. 4(c) ] .  Our graphic method 
consists of measur ing the vol tage decrease, • for 
several  in terrupt ion times, t, and of calculat ing the 
ohmic component  from the values obtained. 

Like Tvarusko (2) we can express the t ransient  
value of the voltage drop AVr by rela t ing the t ransient  
impedance, Z, to the Laplace t ransforms of voltage and 
current  corresponding to the same phase angle (10) 

C •  = C It  �9 Z 

By neglect ing any induct ive process in the measure-  
ment  circuit  (porous gas electrode, Luggin capi l lary 

R 

12 V~_~ .. TE S T C E L L ( : ' ~  ~'AR~EA~LLOS~CO~AE ON 

T " 
Fig. 2. Current shut-off diagram 

Voltage drop t 
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( ~  drop~ ~ ~ 1 7 6  Voltage 

Fig. 3. (a) Pure ohmic voltage drop, (b) fuel cell electrode 
ohmic drop (f: closed, o: open). 

'M.I! @ 

filled wi th  electrolyte,  p la t inum wire)  and assuming 
that  the electrolyte conduct ivi ty  remains constant 
throughout  the Luggin capi l lary be tween the gas elec- 
t rode and the pla t inum wire, in the equivalent  electr i-  
cal circuit  we can take into account only a resist ive 
component  and a capacitance corresponding essential ly 
to the double layer  on the electrode. As for Leclanch~ 
type cells (2-4), the equiva len t  circuit consists (Fig. 5) 
of a pure ohmic resistance, Ro, connected in series wi th  
a polarization resistance, Rp, and in paral le l  with a 
capacitance, C. Resistance Ro is always linear, whereas  
under  t ransient  conditions Rp and C present nonlinear  
variations. 

According to Tvarusko's  study (2) which feeds the 
equivalent  electr ical  circuit  wi th  a square -wave  current  
(like our electronic switch),  we can express the t ransi-  
ent vol tage response as 

E ( ' )]  A V ( t )  = I Ro -F I Rp 1 -- exp --  Rp----C 

when a given intensity, I, is applied. 
Transient impedance Z wil l  be 

[ ( ' )]  Z = Ro -F Rp 1 -- exp --  Rp---C [1] 

where  t is the interrupt ion time. 
For  t = 0 

go = Ro [2] 

We assume that  the double- layer  capacitance remains 
constant with varying potential  and that  the act ivation 
polarization and even concentrat ion polarization decay 
exponent ia l ly  wi th  time. 

The instantaneous vol tage drop corresponds to the 
pure ohmic resistance but can be difficult to measure  
with accuracy from the oscilloscope pattern.  

For t ~ o~ 
Z~ = Ro + R, [3] 

If we call L = Ro + R,  the asymptotic value of Z , ,  
Eq. [1] may be wr i t ten  as 

or as 
log10 (L -- Z) = log10 Rp -- K t  [4] 

with 
lOglo e 

g ~  
R p C  

Equation [4] gives a l inear  relat ionship be tween  
log10 (L -- Z) and the in terrupt ion time, t. On a semi-  
logari thmic diagram, as shown in Fig. 6, the intercept  

Fig. 4, Signal analysis 

Fig. 5. Equivalent circuit of total impedance 

log(L-Z) 
8z]o, 
8:6~ 

4 

1 
5K 15K 20K 25K 

% 
] 

1OK 
I 36~t 

Fig. 6. Plotting equations No. 7 for different current densities 
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I (mA/cm-")  lz = 20 

t (msec)  5 1O 20 60/80 5 
AVt ( m Y )  68 106 148 180 130 
Z (ohm-cm~)  3.4 ,5.3 7.4 9.0 3.25 
L - Z  (ohm-cm-") 5.6 3.7 1.6 0 6.0 
Rp ( o h m - c m  2) 8.4 
Ro (ohm-cm~)  0.6 

of the straight line with the loglo ( L -  Z) axis when 
t ~ 0 gives the value of Rp. Ro must  be calculated from 
Ro ~-- L -- R, with L being determined exper imenta l ly  
when the over-al l  ohmic drop remains  constant for 
increasing in terrupt ion times. 

Table I, corresponding to Fig. 6, shows that in our 
case for in ter rupt ion  times greater than 60 msec the 
voItage drop reaches its asymptotic value, from which 
we determine that the l imit for the impedance Z = L. 
Verifications were made for three different current  
densities. 

In  our case, where direct knowledge of the ohmic 
proportion in the over-al l  overvoltage is important ,  we 
can derive it by the direct plott ing of 

loglo (AV~ --  ~Vt)  = f (Kt) 

where AV= ---- ~V60 -~ ~Vso for t --~ 60 msec. 
The intercept  of the l ine when t -~ 0 gives • 

(voltage drop for activation and concentrat ion only)  
and 

In  the graphic method, the margin  of error is less than  
10%, an accuracy which is sufficient at present for 
development  of our fuel ceil electrodes. It  must  be 
ment ioned that the pat tern  obtained for ~]P. is valid for 
only one given point  on the electrode surface, i .e. the 
point located at the tip of the Luggin capillary. 

Application of the Graphic Method 
The method was first used to s tudy the influence of 

the specific properties of the current-col lect ing porous 
nickel layer on the over-al l  polarization, in order to 
choose the best suited type of porous support. Differ- 
ent electrodes made from several types of nickel plates 
were compared for their  ohmic share in  the over-al l  
polarization. The same type and location of cu r ren t -  
collecting wires was used on all the electrodes tested, 
and the Luggin capil lary was located at the same point. 
Temperature  was kept at 50~ 

Our porous metal  support, made of sintered nickel, 
was drowned in the KOH electrolyte and behaved like 
a matr ix  filled with electrolyte. Its rheological proper-  
ties (porosity, pore size, tortuosity) play an impor tant  
part  in the effective conductivi ty of the electrolyte 
inside the nickel support 

~Iterf = w e  x~ [ 5 ]  
q 

�9 I,~ff----effective conductivi ty of electrolyte inside 
the porous matr ix  

,I, ---- actual  conductivi ty of the electrolyte (mho/  
cm) 

---- volume porosity of the porous support 
q = tortuosity of the porous support 

In  particular,  the ionic conductivi ty is proport ional  to 
the volume porosity of the matrix.  

On the other hand, the electrical resist ivity of the 
dry porous nickel support  increases with the volume 
porosity (Fig. 7) for the same type of nickel plates, 
and when over 40% the increase in resistivity is more 
than linear. 

Figure 8 gives the results of the apparent  ohmic drop 
measured on electrodes of the same type, but  with 
a nickel porous support having a different porosity al- 

I~ = 40 /3 = 60 

lO 20 60/80 5 lO 20 60/80 
200 290 370 184 290 420 560 

5.00 7.25 9,25 3.05 4.85 7.00 9.35 
4,25 2.00 0 6.30 4.50 2.35 O 

8.6 8.7 
0.65 0.65 

though assumed to have about the same tortuosity. 
With a porosity of 20% to about 40% for the nickel 
support, the "apparent  ohmic polarization" for different 
current  densities decreases slowly, which corresponds 
to the increase of the effective electrolytic conductivi ty 
inside the porous matr ix  according to Eq. [5]. With a 
porosity of over 40%, the increase in electrical resis- 
t ivity overcomes the decrease in ionic conduct ivi ty  "]'e~f- 
This study made on supports of the same thickness 
enabled the opt imum porosity range (30-40%) to be 
chosen for the best power density in m W / c m  2. For 
100 mA / c m 2, the apparent  ohmic polarization, which 
reaches 80-85 mV for a porosity of 70%, decreases to 
35-40 mV for a porosity of 40%. In  terms of specific 
power density, this may represent  5 mW / c m 2 for each 
electrode, i .e. 10 m W / c m  2 for the cell or a 20% gain at 
an average power density of 50 m W / c m  2. 

Whereas it is of great interest  to decrease the volume 
porosity so as to improve the electrical conductivity of 
the support, care must  be taken not to increase the 
weight-power  ratio by using a heavier  nickel support, 
because the specific weight of such a support  increases 
proport ional ly when the porosity decreases at a con- 

A 

._> 
u) 

o 

Fig. 

p= resistivity 
e= thickness 

Porosity E% 
10 20 50 4O 5O 6O 70  80  

7. Variation of electrical resistivity (R ~ ,o/e) with porosity 

(mV)~e 

40 f.1 . 

r ' - " - -  - 

20 30 40 50 60 ~ (%) 70 

Fig. 8. Variation of ohmic drop tiP. with porosity e% 
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stant  thickness for the sintered plates. This conclusion 
leads us to replace our original 60-70% porosity plates 
about 0.4 mm thick by 40% porosity plates 0.25 mm 
thick so as to keep the same weight-power ratio, since 
the decrease in thickness does not significantly change 
the shape of the curve in Fig. 8. 

Thus, the in ter rupt ion  technique for e l iminat ing 
ohmic drop i n  the study of cells, combined with the 
graphic method described here, makes it possible to 
know with sufficient accuracy the value of the appar-  
ent ohmic polarization at every point of an electrode. 
In  principle this requires four measurements  at four 
different in te r rupt ion  times (with four other measure-  
ments  at another  current  density to confirm the resul t) .  
The method may be used for testing the performances 
of large electrodes by plott ing the decay of ohmic 
polarization, par t icular ly  as a funct ion of the location 
of the current  collecting tabs. In  order to improve the 
accuracy of our  measurements,  another  electronic de- 
vice allowing shorter in ter rupt ion  times (beginning 
at about 100 ~secs) is being developed in our labora-  
tory. To speed up measuring,  this device will be com- 
bined with electronic memories recording the values 
corresponding to given times after shut t ing off the 
current.  Such an assembly wil l  enable the values to be 
directly t ransferred to a digital computer which wil l  
give the values of the apparent  ohmic drop directly 

through the corresponding program. A special test cell 
is now being developed to map the dis tr ibut ion of 
ohmic drop, polarization, etc., on large electrodes, with 
the help of a digital computer. These devices and the 
corresponding results will be described in another  
paper. 

Manuscript  submit ted March 25, 1969; revised manu-  
script received ca. Feb. 26, 1970. 

A ny  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Properties of Aluminum Nitride Derived from AICI 'NH  
Daniel W. Lewis 

Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 

Aluminum nitr ide powder has been prepared by 
vaporization of a luminum in a ni t rogen atmosphere at 
temperatures  of 1800~176 (1) and also by str iking 
a d-c arc between h igh-pur i ty  a luminum electrodes 
in ni t rogen gas (2). These powders have been well 
characterized as A1N and were found to be chemically 
and thermal ly  stable h igh- tempera ture  dielectric ma-  
terials. Renner  (3) prepared a luminum nitr ide by 
thermal  decomposition of the A1C13.NH3 complex. 
More recently, thin layers of a l u m i n u m  ni t r ide have 
been applied in the fabrication of semiconductor de- 
vices for surface passivation, as diffusion masks, and 
as dielectric layers (4). Vapors of AICI~ and NH3 are 
the usual  source materials in thin film electronic ap-  
plications. However, th in  films of a luminum nitr ide 
have also been deposited by chemical vapor t ranspor t  
techniques, using NH4C1 or HC1 as the t ransport  agent 
(5). Very li t t le is known of the composition and prop- 
erties of the products prepared using AIC13 and NH3 or 
their  addit ion product as start ing materials.  

Present Work 
We were interested in examining  a luminum nitr ide 

as an electrical insulat ion for refractory conductors 
operating at 800~176 and at frequencies and volt-  
ages likely to be encountered in aerospace applications. 
Since this required continuous layers 1-10 mils thick, a 
vapor deposition technique was employed, using the 
volatile A1Cls.NH3 complex as the source material.  The 
equation represent ing the formation of a luminum 
nitr ide from the complex is 

700~176 
A1CI~.NH3 ~ A1N -b 3HC1 

In prepar ing specimens for examination,  u l t rapure  
ni t rogen was used to carry vapors of the complex over 
the hot substrate, which was usual ly molybdenum rods, 

Key  words:  aluminum nitride, aluminum chloride, ammonia,  py-  
rolytic films, dielectric properties, composition. 

plates, foils, or wire coils. The substrate temperature  
was varied from 700 ~ to 1400~ and the pressure in the 
reaction system was in the range of 5-10 Torr. A quartz 
U- tube  reaction chamber, as sketched in Fig. 1, was 

To Uquid N 2 Trap and Pump 

AICI 3" NH 3 700~ AIN + 3 HCI 

: : •  . Ultrapure 
Nitrogen Leak 

"----Heating Tape 

Fig. 1. Flow apparatus for vapor deposition of aluminum nitride 
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used and the substrate was heated by means of an ex- 
te rna l  rf induct ion coil. Substrates  were first given a 
heat cleaning and degassing at 1500~176 and a 
pressure of 5-10~. The substrate was then lowered to 
the desired tempera ture  and the pressure was increased 
to 5-10 Torr  by allowing u l t rapure  ni t rogen to enter  
the system by way  of a controlled leak. The cup con- 
ta in ing the source mater ia l  was heated by means of a 
small  heat ing mantle.  The rate of deposition was con- 
trolled main ly  by the tempera ture  to which the sub-  
strate and the source mater ial  were heated. At a 
substrate tempera ture  of 1100~176 the rate  of 
deposition was varied from 1 to 10 mi l s /hr  by vary ing  
the source mater ia l  tempera ture  from 100 ~ to 200~ 
Films deposited in the substrate tempera ture  range of 
700~176 were smooth t ransparen t  electrical insula-  
tors. In  the 1000~176 deposition tempera ture  range, 
opaque hard (8-9 on the mho scale) coatings were ob- 
tained. Using this system, it was not possible to deposit 
continuous films at greater than  1400~ Either nothing 
deposited, or that which did was in the form of beads 
which made only a small  area of contact with the sub-  
strate. Examples of these coatings on 1/2 in. diameter  
molybdenum rods are shown in Fig. 2. 

Our aim was to determine the var iat ion in properties 
of a luminum nitr ide films formed at various deposition 
temperatures.  Films deposited at substrate tempera-  
tures of 800 ~ 1000 ~ and 1300~ were examined regard-  
ing their  x - ray  diffraction patterns, infrared spectra, 
hydrolytic stability, flexibility, oxidation resistance, 
and h igh- tempera ture  electrical properties. 

X-ray diffraction ana~ysis.--Photographs of the x - r ay  
diffraction pat terns of mater ia l  deposited at 800 ~ 1000 ~ 
and 1300~ are shown in Fig. 3. The pat tern  of the 800 ~ 
mater ial  shows the presence of two crystal l ine phases. 
The sharp lines correspond to a crystal  having  the 
simple cubic NH4C1 structure.  Very diffuse lines of 
A1N are also visible. A m m o n i u m  chloride, which sub-  
limes at about 335~ at atmospheric pressure probably 

Fig. 3. X-ray diffraction patterns of aluminum nitride deposited 
at 800 ~ 1000 ~ and 1300~ 

was not present  in the coating as deposited at 800~ 
but could have been subsequent ly  formed by  hydrolysis 
of the powdered sample. No NH4C1 lines are present  
in the pat terns of the 1000 ~ and 1300~ coatings; only 
the A1N structure  is present. The lines in the pat tern  
of the 1300 ~ mater ia l  are much sharper than  in the 
1000 ~ deposit, indicat ing an increase in the crystal l ini ty  
of the deposit as the deposition tempera ture  increases. 

Infrared spectra.--Infrared spectra were obtained on 
powdered samples of 800 ~ 1000 ~ and 1300~ a luminum 
ni t r ide deposits using Nujol  mulls  between NaC1 plates. 
These are shown in Fig. 4. Here, too, there is evidence 
of considerable amounts  of ammonium chloride in the 
coatings deposited at 800~ This is indicated by the 
sharp absorption at 7.2# between the two Nujol  peaks, 
and lesser NH4C1 bands at 6.2, 5.8, 5.2~, and several in 
the 3-3.5~ region. The very strong broad band  centered 
at 14~ is characteristic of A1N. In  the spectrum of the 

4000 3000 2000 1.500 CM f IO00 900 800 700 

Fig. 2. Aluminum nitride deposited on molybdenum rods at 750 ~ 
1250 ~ and 1450~ (1.5X). 

WAVELENGTH IMICRON$) 

Fig. 4. infrared spectra of aluminum nitride deposited at 800 ~ 
1000 ~ and 1300~ (Nujol mull on NaCI plates). 
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1000 ~ material ,  the 7.2~ band and all of the lesser 
NH4C1 bands are much weaker  than in the 800 ~ deposit. 
The A1N band in the 12-15~ region is still strong. In 
the spect rum of the 1300 ~ deposit the 7.2~ band, as wel l  
as the other  NH4C1 bands, has disappeared leaving only 
the Nujo l  a n d / k i n  absorption. 

Once again, these spectra do not necessari ly point to 
the presence of NH4C1 as such in the coating as de- 
posited. It  probably results f rom one, or more, incom- 
ple te ly  condensed mater ia ls  still containing hydrolyz-  
able chlorine and nitrogen. 

Hydrolyzability.--To check the hydrolysis  theory, 
some of the 800 ~ mater ia l  was soaked in wate r  in a 
stoppered vial. Af te r  s tanding for some t ime the vial  
was opened, releasing a definite ammonia  odor. No 
odor was detected when  1000 ~ and 1300 ~ deposits were  
s imilar ly  treated. A more quant i ta t ive  measurement  
was made by soaking weighed amounts  of finely ground 
samples in deionized wate r  in stoppered flasks. Af te r  1 
hr  in wa te r  with in te rmi t ten t  shaking, aliquots for am-  
monia and chloride ion determinat ions  were  removed  
using a pipet te  fitted with  a filter stick. Ammonia  con- 
tent  was de termined  colorimetr ical ly  by the use of 
Nessler 's reagent.  Absorbance was measured  at 4000A 
using a Beckman Model DU spectrophotometer .  The ali-  
quot for chloride ion determinat ion  was diluted with  a 
mix ture  of methanol  and acetone and then acidified 
wi th  1:1 H2804. It was t i t ra ted wi th  0.0025N AgNO3 
using glass and silver electrodes. Af te r  81/2 hr, ali-  
quots were  again removed for ammonia and chloride 
determinat ion.  Results of these determinat ions  are 
shown in Table I. It can be seen that  coatings deposited 
at 800~ are more susceptible to hydrolysis than  are 
the 1000 ~ and 1300~ coatings. At lower  deposition 
temperatures ,  the deposit ve ry  probably contains in-  
complete ly  condensed hydrolyzable  mater ia ls  having  
the general  composition 

A1 ~ N ~  

Cl k C l A  
X 

and 

1 

NH2 L NH~ 
X 

It should be noted that  even though the ve ry  finely 
powdered samples of 1300 ~ deposits showed some small  
amount  of hydrolysis, 1 mil  thick films of this same 
mater ia l  could be isolated f rom molybdenum plates by 
soaking the coated plate in a mix ture  of HNO~-HF. The 
1/16 in. thick plate dissolved in 30-60 min  wi th  no ap- 
paren t  affect on the  ni t r ide film. As deposited on a 
molybdenum substrate, coatings appear  gray, but when 
released f rom the substrate they are whi te  or l ight tan. 

Oxidation resistance of aluminum nitride coatings 
and protection offered to molybdenumt--The product of 

Table I. Products of hydrolysis of aluminum nitride deposited 
at 800 ~ 1000 ~ and 1300~ 

1 hr  Hydro lys i s  8.5 hr  Hydro lys i s  

Moles Moles Moles Moles 
Deposi t ion NHa/100g HC1/100g NHa/100g HCI/10Og 

temp,  ~ sample  sample  sample  sample  

J u l y  1970 

Fig. 5. Molybdenum wire coils, uncoated and coated with 0.2 
mil aluminum nitride, after 16 hr at 700~ in air (2.5X). 

oxidation of a luminum nitr ide at high t empera tu res  is 
alumina. Total conversion of the ni tr ide to the oxide 
would result  in a weight  gain of 25%. To de termine  the 
extent  of oxidation of a 4 mil  film deposited at 1300 ~ 
it was heated in air at 1000~ for 115 hr. Af te r  90 hr  
the sample stopped gaining weight.  The total  increase 
in weight  dur ing this heat ing was 4% which probably 
represents  the conversion of the ni tr ide surface to 
alumina. 

Molybdenum rods and wire  coils coated with a lumi-  
num ni t r ide  were  heated in air at 700~ to de termine  
to what  extent  the coating protects the meta l  against 
oxidation. Molybdenum metal  begins to oxidize notice- 
ably at 400~ and very  act ively at 600~ Subl imat ion 
of the oxide layer begins at about 640~ Judg ing  f rom 
the oxidation resistance of the ni t r ide film itself, a con- 
t inuous nonporous film should protect  molybdenum 
from oxidat ion up to 1000~ A coil made f rom 40 rail 
molybdenum wire  was coated wi th  0.2 mil of a luminum 
nitride. This coil along with  an uncoated molybdenum 
coil of similar  geometry  was heated at 700~ for 16 hr. 
Af ter  this time, as shown in Fig. 5, there  was ve ry  
lit t le left  of the uncoated coil, but the coated coil was 
still intact. However ,  some at tack occurred on this coil 
at the two points where  it was found necessary to con- 
nect the coils ends to enable it to be heated inductively.  

Composition.--As noted earlier,  x - r a y  diffraction of 
these deposits shows the presence of the hexagonal  
wur tz i te  s t ructure  which AIN is known to have. In f ra -  
red analysis also confirms its presence. The density of a 
4.35g sample deposited at 1300 ~ was found to be 3.13 
g/cc. This compares wi th  a value  of 3.26 g/cc  calculated 
using the cell dimensions, a = 3.111A and c = 4.980A. 
Results of e lemental  analysis of two separate deposi- 
tions, in the 1250~ ~ range are given in Table  II. It 
can be seen that  these samples still contain about 0.3% 
chlorine impurity.  The presence of this impur i ty  is 
probably the reason why  the electr ical  propert ies  of 
the product  der ived f rom A1C13"NH3 fall  short of what  
is expected of h igh-pur i ty  A1N. 

Flexibility.--Most of the a luminum nitr ide coatings 
deposited in this work,  being 1 mi l  th ick  or greater,  
were  very  brittle. An a t tempt  was made to evaluate  

Table II. Composition of aluminum nitride pyrolytically deposited 
from AICI3"NH3 at 1250~176 

% A1 % N % C1 

800 0.120 0.102 0.160 0.113 Theoret ical  65.65 34.15 
I000 0.018 0.007 0,042 0.011 LH-103-3 66.2 33.5 0.'31 
1300 0.003 0.0001 0,01 0.0001 LH-111-2 66.1 33.3 0.32 
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t h inne r  coatings applied to 5 mil  mo lybdenum foil. This 
was done by bending the coated foil over mandre ls  
ranging from 3 to % in. in diameter.  Increments  be-  
tween mandrels  were % in. A 0.2 rail film did not show 
evidence of cracking unt i l  bent  a round a 21/4 in. m a n -  
drel. No obvious cracking of 1~ films took place as the 
mandre l  diameter  was reduced to Vs in., but  when  ex-  
amined under  a microscope a few long cracks were 
evident. 

Electrical propert~es.~High-iemperature electrical 
properties of a luminum ni t r ide coatings deposited at 
800 ~ and 1300~ are shown in Fig. 6, 7, and 8. At room 
tempera ture  the d-c conducti~zity of these films is in 
the 10-15-10 -14 (ohm-cm)--1 range, bu t  as the t emper -  
ature is increased this value increases rapidly.  As 
might  be expected from the foregoing properties of 
coatings deposited at 800~ the conductivi ty and dis- 
sipation factor of this mater ia l  are considerably higher 
than  those of the 1300~ product. The d-c conductivi ty 
of the former at 300~ is 8 x 10 -10 ( o h m - c m ) - l .  S~nce 
at this t empera ture  the conduct ivi ty  vs. t empera ture  
curve is becoming quite steep, measurements  of this 
mater ial  were not made at higher temperatures.  Elec- 
trical properties of the film deposited at 1300~ were 
measured up to 800~ At a measur ing tempera ture  of 
300~ t h e  d - e  c o n d u c t i v i t y  of  t h e  1300~ m a t e r i a l  is 
l o w e r  b y  a f a c t o r  of  104 t h a n  t h a t  of t h e  c o a t i n g  d e -  
p o s i t e d  a t  800~ 

T h e s e  d i e l ec t r i c  v a l u e s  c o m p a r e  v e r y  f a v o r a b l y  w i t h  
t h o s e  r e p o r t e d  (1, 6) fo r  a l u m i n u m  n i t r i d e  c r y s t a l s  
f o r m e d  b y  a v a p o r  p h a s e  r e a c t i o n  of t h e  e l e m e n t s  o r  
b y  s u b l i m a t i o n  of  a n  e x i s t i n g  a l u m i n u m  n i t r i d e  source .  
N e v e r t h e l e s s  t h e y  a r e  s o m e w h a t  i n f e r i o r  to  s i m i l a r  
p r o p e r t i e s  of h i g h - p u r i t y  a l u m i n a  or  to  w h a t  m i g h t  b e  
e x p e c t e d  of h i g h - p u r i t y  a l u m i n u m  n i t r i d e .  I t  s h o u l d  
b e  m e n t i o n e d  t h a t ,  d u e  to e r r o r s  in  t h e  m e a s u r e m e n t  
of t h e  t h i c k n e s s  of s o m e  of  t h e  r o u g h e r  coa t ings ,  t h e s e  
v a l u e s  m a y  b e  in  e r r o r  b y  as m u c h  as  20%. 

P R O P E R T I E S  O F  A L U M I N U M  N I T R I D E  
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Fig. 6. Dissipation factor and conductivi ty of a luminum nitride 
deposited at  800~  
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Fig. 8. Dielectric constant and dissipation factor of a luminum 
nitride, deposited at  1300~  

Summary 
Aluminum ni t r ide  coatings were pyrolyt ical ly  de- 

posited on refractory metal  substrates using the vola- 
tile A1C18.NH8 complex as the source material .  Deposi- 
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t ion rates depended on the tempera tures  of the sub-  
strates and the source material,  and can be as high as 
10 mils per hour. At a deposition tempera ture  of 800~ 
the t ransparent ,  amorphous films were subject to some 
atmospheric hydrolysis. Coatings deposited at 1300~ 
were stable, very hard, brittle, opaque, crystalline, and 
very adherent  on molybdenum or tungsten.  They 
offered considerable h igh- tempera ture  oxidation pro-  
tection to these refractory metals, but  complete cover- 
age of i r regular  surfaces was difficult. Electrical prop- 
erties of these coatings are poorer than  what  is ex- 
pected for h igh-pur i ty  a luminum nitride. 
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Thin Tunnelable Layers of Silicon Dioxide 
Formed by Oxidation of Silicon 

Alvin M. Goodman and James M. Breece 
RCA Laboratories, Princeton, New Jersey 

Although there is a considerable amount  of informa-  
t ion available about the thermal  growth of re la t ively 
thick (200-90,000A) SiO2 films on Si as a function of 
t ime and tempera ture  (1-8), there is comparat ively 
little informat ion published on the growth of thin t un -  
nelable oxide layers at moderately elevated tempera-  
tures. The measurement  of thin oxide layers by ell ip- 
sometry has been described by Archer (9), McCrackin 
et al. (10), Zaininger  and Revesz (11), and Saxena  
(12). In  addition, Archer (13) has described the growth 
of th in  oxide films on Si in air at room tempera ture ;  
these films continued to grow with t ime under  room 
ambient  conditions. 

In the work described in this paper, a s tudy was 
made of the growth of SiO2 on freshly etched Si at 
600~ in dry oxygen and in water  vapor. The object of 
this work was to develop a technique for reproducibly 
fabricat ing th in  tunne lab le  SiO~ layers (on Si) and to 
determine the degree of thickness stabil i ty of these 
layers under  room ambient  conditions. 

The layers described in this paper have been and 
are being used in MNOS memory capacitors and t r an -  
sistors of the tunne l ing-mode  type described by Wal l -  
mark  and Scott (14). 

Layer Fabrication, Measurements, and Discussion 
The oxidations were carried out in the center  zone 

of a resistance heated 3-zone tube furnace. The center  
(flat) zone was main ta ined  at 600 ~ • I~ For the dry  
oxidations, pure tank  02 was passed through a Milli-  
pore Fi l ter  (0.2~) and a dry ice trap into a quartz 
furnace tube (1.5 in. ID) at a flow rate of 80 cc /min  
(measured between the trap and the furnace) .  For the 
oxidations in water  vapor, a quartz flask containing 
quadruple  distilled water  (mainta ined at 101~ was 
connected to the furnace tube through quartz tubing. 
This quartz tubing  was heated to prevent  condensat ion 
on the inner  walls. The vapor pressure over the water  
was 788 Torr  (cor responding  to 101~ The vapor 
pressure at the sample is undoubted ly  somewhat less 
al though it is not accurately known. A region near  the 
exit (open) end of the furnace was main ta ined  at 
~150~ the use of this region will  be discussed 
shortly. 

The major i ty  of the wafers used in the oxidation 
experiments  were 6-13 ohm-cm, p- type  with chemi- 
cally polished 100 faces. A smaller  n u m b e r  of "wet" 
oxidation experiments  were carried out using wafers 
of different or ientat ion and conduct ivi ty type; this is 
discussed later. All thickness measurements  were made 
ellipsometrically. 1 

Our init ial  oxide growth results were not  reproduc-  
ible from day to day. A n u m b e r  of different wafer  
preparat ion procedures were tr ied before ar r iv ing  at 
the following preoxidation wafer  t reatment .  

Each wafer  was: (i) cleaned in a solution of 4 parts 
distilled H20, 1 part  H202 (30% stabilized), and 1 par t  
NH4OH (58%) by boiling for 5 min;  (ii) t r iple r insed 
in distilled H20; (iii) etched in concentrated HF for 2 
min  at room temperature ;  (iv) rinsed in distilled H20 
by di lut ing the HF and pouring off most of the diluted 
solution at least 5 t imes - - so t  allowing the wafer sur- 
face to be exposed to air until after the final dilution 
and rinse with H20; (v) spun dry for 1 min  in a clean 
Teflon spinner;  and (vi) preheated in the 150~ region 
of the furnace for 2 min to drive off any remain ing  
water  (or other volatile contaminants) .2 

Each wafer was then  placed in the 600~ zone of the 
furnace for the desired amount  of "time, after which 
the oxide thickness was measured as quickly as pos- 
sible (within 2-3 min)  and in some cases at various 
intervals  thereafter.  ~ 

The results of the 600~ oxidations in dry  oxygen are 
shown in Fig. 1, while the subsequent  growth curves 
of three layers in room ambient  are shown in Fig. 2. 

The  t h i c k n e s s  d e t e r m i n a t i o n s  w e r e  m a d e  u s i n g  S a x e n a ' s  cor rec-  
t i on  [Fig.  2 of Ref. (12)] to the  u s u a l  l i n e a r  a p p r o x i m a t i o n  (9, 11). 
V e d a m  (15) e t  aL h a v e  r e c e n t l y  r e p o r t e d  n e w  v a l u e s  for  the  op t i ca l  
cons tan t s  of s i l i con  w h i c h  are a t  v a r i a n c e  w i t h  the  g e n e r a l l y  ac-  
cep ted  v a l u e s  (9, 11-13). I f  these  n e w  v a l u e s  had  been  u sed  to  ob- 
t a in  the  f i lm th i cknes se s  f r o m  the  e l l i p s o m e t r i c  m e a s u r e m e n t s ,  the  
ca l cu l a t ed  f i lm th i cknes se s  w o u l d  h a v e  been  a b o u t  3.2% g rea t e r  (16). 

2 W h e n  the  f u r n a c e  is c o n n e c t e d  to  t he  w a t e r  v a p o r  source  fo r  t he  
" w e t "  o x i d a t i o n s  t h i s  s tep,  of course ,  does  n o t  e l i m i n a t e  a l l  w a t e r  
on the  sur face  b u t  i n s t e a d  b r i n g s  i t  to  a r epea t ab l e  c o n c e n t r a t i o n  
be fore  the  o x i d a t i o n  a t  600~ 

a The ox ide  t h i c k n e s s  ha s  also been  checked  a t  i n t e r m e d i a t e  p o i n t s  
in  the  p r e p a r a t i o n  p rocedure .  The  ox ide  t h i c k n e s s  m e a s u r e d  (wi th -  
in  2-3 ra in)  a f t e r  the  sp in  d r y i n g  s tep  has  been  f o u n d  to  he in  t he  
r a n g e  6-9A. S i m i l a r l y ,  t he  ox ide  t h i c k n e s s  m e a s u r e d  (w i th in  2-3 
rain)  a f t e r  the  p r e h e a t i n g  s tep  has  b e e n  f o u n d  to  be  i n  the  r a n g e  
9-11A. 
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Fig. 4. Oxide growth in room ambient after "wet" oxidation at 
600~ 

The room- tempera tu re  oxide growth  found by Archer  
(13) is shown in Fig. 2 for comparison. 

Only one of the exper imenta l  points in Fig. 1 lies 
more than 1A off the smooth curve;  it seems l ikely  that  
this was due to a measurement  er ror  since a repeat  
oxidation for that  t ime gave a thickness resul t  wi th in  
1A of the curve. It is apparent  that  there  is a rapid 
init ial  growth region dur ing which the growth rate  
diminishes wi th  time. The growth becomes approxi -  
mate ly  l inear wi th  t ime for oxide thickness grea ter  
than about 25A and the ra te  in this region is about 
3.2 x 10 -4 A/sec.  It is of interest  to compare this ra te  
wi th  the values that  can be ext rapola ted  from the in-  
vestigations of others at h igher  temperatures .  F rom the 
dry oxidation work  of Deal  and Grove (3) (in the 
range 700~176 one would expect  a growth  ra te  
of 5.5 x 10 -5 A/sec.  Revesz and Evans (8) have  in-  
vest igated the dry oxidation of silicon both in an r f -  
heated system under  "very  clean" conditions in the 
range 900~176 and in a res is tance-heated  a lumina  
tube in the range 900~176 Their  results were  given 
in the form of values of the  parameters  ao and Qa 
where  the rate  constant a was given by a ~ ao exp 
(--Qa/kT). The resul tant  values of a at 600~ ' are 5.7 

x 10 -8 A/sec  for the r f -hea ted  system and 2.4 x 10 -4 
A/sec  for the res is tance-heated system. 

The growth of the  oxide layers  af ter  oxidat ion at 
600~ shown in Fig. 2, c lear ly  indicates that  the oxide 
thickness is not stable under  room ambient  conditions 
and that  continued growth occurs at a rate  s imilar  to 
that  for oxide growth on previously unoxidized Si wa-  
fers. 

F igure  3 shows the results of the 600~ oxidations in 
wate r  vapor;  the subsequent  growth of three  "wet"  ox-  
ide layers  in room ambient  is shown in Fig. 4. All of the  
data  points in Fig. 3 are wi th in  +__ 1/~ of the  smooth 
calibration curve. Other oxidations were  carr ied out 

to check this curve  and the resul t ing data points (not 
shown in Fig. 3) were  also within  ___ 1A of the 
smooth curve. Above  an oxide thickness of about 25A 
the growth ra te  is constant and equal  to 1.4 x 10 -3 
A/sec.  This may be compared wi th  the wet  oxidation 
data of Deal and Grove (3) (in the range 900~176 
from which one would expect  a growth ra te  of ~1.6 
x 10 -3 A/sec  at 760 Torr  of H20. 

The wet  oxidations of Revesz and Evans (8) were  
carr ied out in an alumina tube at a wa te r  vapor  pres-  
sure of ~24 Torr;  this was obtained by bubbling He 
through distil led wate r  and then passing the "wet"  
He through the furnace tube. If one extrapolates  their  
results (in the range 920~176 to 600~ a l inear  
rate  constant of 7 x 10 -~ A/sec  is obtained. If one 
assumes that  the ra te  constant depends l inearly on 
wate r  vapor  pressure, then this would be equivalent  
to a rate  constant value of 2.2 x 10 -3 A/sec  at 760 Torr. 
The agreement  be tween these l inear  growth  rates is 
be t ter  than one would expect  considering the uncer-  
ta in ty  of the wa te r  vapor  pressure in each case and 
the fact that  the  growth rates for Ref. (8) and (9) are 
extrapola ted to 600~ from exper imenta l  data at t em-  
peratures  at least 300 ~ higher. 

Below an oxide thickness of about 25A, the growth 
rate  is h igher  than the l inear  va lue  and not constant. 
A rapid init ial  g rowth  phase of this type is usually ob- 
served in dry oxidations but  has apparent ly  not pre-  
viously been observed in the case of oxidation in a wet  
ambient  (17). A possible reason for this is discussed 
in the next  section. 

The  growth of the "wet"  oxide layers after  oxidation 
at 600~ shown in Fig. 4 is similar to that  found for 
the "dry"  oxide layers in Fig. 2. In both cases the ox-  
ide thickness is not  stable under  room ambient  condi- 
tions and continued growth occurs at a ra te  similar  to 
that  for oxide growth on previously unoxidized St. 
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It is desirable for many  purposes to reduce the in ter -  
face state density by h igh- tempera ture  anneal ing  (18). 
Annea l ing  of both "dry" and "wet" oxide layers in 
H2 at 500~ for 1 hr produced no detectable growth. 

Further Discussion--Oxidation Mechanisms 
Deal and Grove (3) have explained the lack of 

observation of rapid ini t ial  growth in the wet oxida- 
t ion case as follows. There is a rapid ini t ial  oxida- 
t ion phase associated with the t ransport  of an ionic 
species and such a phase is to be expected unt i l  the 
oxide thickness is large in comparison with the space- 
charge layer extent wi th in  the oxide. The extent of 
the space-charge region is characterized by the ex- 
trinsic Debye length 

LD = [ (kT/e)  (K~o/2eC) ] 1/~ 

where k is Boltzmann's  constant, T is the absolute 
temperature,  e is the magni tude  of the electronic 
charge, K is the oxide relat ive dielectric constant (3.8 
for SiO2), ~o is the permit t iv i ty  of free space, and C is 
the equi l ibr ium concentrat ion of the ionized oxidant  
in the oxide at the free surface. For "wet" oxidation 
at 1000~ the value of C is about 3 x 1019/cm 3 and LD 
is ~6A. Thus, the rapid ini t ial  oxidation phase would 
not have been observed using the mult iple  beam 
interferometric measurement  technique [employed in 
Ref. (3)] with an accuracy of ___ 25A or any other 
measurement  technique with a similar accuracy. On 
the other hand, for oxidation at 1000~ in dry  O2, 
they found that  C is about 5 x 1016/cm~ and the re-  
sul tant  value of L• is ~150A. This corresponded well  
to their  exper imental  observation of rapid growth of 
dry oxide in the region below about 200-300A. 

The tempera ture  dependence of C in the range 900 ~ 
1200~ is very weak for both "wet" and "dry" oxida- 
t ion and L D does not vary greatly (3). If the same 
tempera ture  dependence holds down to 600~ the 
"wet" oxidation result  observed in  the present  work 
(Fig. 3) is in accord with the explanatior~ presented 
above. However, this would mean that  the dry oxida~ 
tion observed in the present  work was still in the 
ini t ial  rapid growth region and a lower l inear  rate 
constant would be expected if the dry oxidation studies 
were extended to much greater oxidation times. 

In  addition to the work described in the previous 
section, some addit ional  "wet" oxidation experiments  
were carried out using 7-11 ohm-cm p- type wafers with 
111 faces and 7-13 ohm-cm n- type  wafers with both 
100 and 111 faces. The oxide layers grown during these 
experiments  were all in the 16~32A range; the resul t -  
ing data were wi thin  • 1A of the smooth curve in  
Fig. 3. If the dominant  ra te- l imi t ing  step in the oxida- 
t ion were at the Si-SiO~ interface, one would expect 
the oxidation rate to be or ienta t ion-dependent  (19). 
This is clearly not the case in the ra ther  l imited range 
studied here. 

An examinat ion of Fig. 2 and 4 shows that the 
growth of the oxide layers in room ambient  after oxi- 
dation at 600~ is similar in character to the growth 
of oxide on freshly etched silicon reported by Archer  
(13). That  is, the oxide thickness after long exposure 
to room ambient  seems to be a logarithmic funct ion 
of time. The logarithmic growth rate (A/decade of 
t ime) varied from sample to sample but  this is to be 

expected since the room ambient  was not controlled. 
The variabi l i ty  of the room ambient  is also the reason 
for the somewhat greater scatter of points in Fig. 2 
and 4 than in Fig. 1 and 3. A var ie ty  of models ex- 
hibi t ing a logarithmic oxide growth law has been 
described by Kubaschewski  and Hopkins (20); an-  
other model leading to this type of growth has been 
suggested more recently by Ritchie (21). We do not 
have sufficient information at this t ime to decide which 
(if any) of these models is applicable. 

Conclusions 
The results of the experiments  described in this pa- 

per lead to the following conclusions: 

I. It is possible to reproducibly grow thin tunne l -  
able layers of SiO2 on Si by both wet and dry  oxida- 
tion at 600~ 

2. After the h igh- tempera ture  growth period, the 
oxide layers continue to grow under  room ambient  
conditions at a reduced rate. 

3. The oxide layer thickness remains  stable dur ing  
anneal ing  at 500~ C in H2 for 1 hr. 
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D I S C U S S I O N  

S s  O 
This Discussion Section includes discussion of papers appearing 

in the Journal o] The Elec t rochemical  Society, Vol. 116, No. 9 and 
10 (September and October 1969). 

A High-Voltage, Solid-State Battery System 

I. Design Considerations 
c. c. Liang and P. Bro (pp. 1322-1323, Vol. 116, No. 9) 

II. Fabrication of Thin-Film Cells 
C. C. Liang, J. Epstein, and G. H. Boyle 
(pp. 1452-1454, Vol. 116, No. 10, 1969) 

G .  B ~ g i n  a n d  R .  L e  H o u i l l i e r l :  We have read wi th  
great  interest  these excel lent  papers showing the 
feasibili ty of thin film solid electrolyte  bat tery  systems. 

1 Hydro-Qu4bec Institute of Research, 75 Dorchester Blvd. West, 
Montreal 128, Que., Canada. 

We would l ike to ment ion in this respect  that, whi le  
working on a similar  system involving bromide in-  
stead of iodide, we have obtained near ly  identical  
results. 

We, however ,  feel  that  it is wor th  ment ioning the 
different conceptual  approach that  we used. First,  we  
built  the  ceil  in the discharged state s imply by making  
A g / L i B r / A g  sandwiches. Electrolysis  of the halide 
then insured the  charging of the cell. We have then 
been able to observe several  reproducible  cycles of 
charges and discharges of the e lementa ry  cell. 

A second difference consisted in the manufac tur ing  
of the cell. Instead of going into sophisticated v a c u u m  
deposition techniques,  we simply dipped the  si lver 
electrodes into the mol ten  halide. They were  then 
pressed against each other  af ter  remova l  f rom the 
melt. 

Errata 

In the paper "Ultrafine Porous Polymer  Membranes  
as Bat tery  Separators"  by J. L. Weininger  and F. F. 
Holub which appeared on pp. 340-342 of the March 
1970 issue of the JOURNAL, Vol. 117, No. 3, the last l ine 
of Table I, page 341, "Tortuosi ty Factor," should read 
"20 7.1 31" instead of "3.1 1.2 4.0." 

In the paper "Study of the Behavior  of Ethylene 
Carbonate as a Nonaqueous Bat te ry  Solvent"  by Gian- 
franco Pistoia, Mario De Rossi, and Bruno Scrosati  
which appeared on pp. 500-502 of the Apri l  1970 issue 
of the JOURNAL, Vol. 117, NO. 4, there  are several  
errors, corrections for which follow. 

Page 500, column 1--In line 5 of paragraph 5, "Car-  
bowax" should read "Charbowax."  Column 2 - -  In line 
3, in the sentence beginning "The salts general ly  used 
. . .  ," the last word should read "are"  instead of "were."  
Table I - - T h e  last i tem in column 4 should read "2.0 
(40~ c'' instead of "2.3 (40~ ' '  

Page 501--In Table III, column 3 should read "11.84 
(1.3m; 1.6N); 11.32 (1.0m; 1.2N); 7.87 (0.85m; 1.0N)" 
instead of "11.84 ( l l .3M; 1.6N); 11.32 (1.0M; 1.2N); 
7.87 (0.85M; 0.89N)." In column 1, line 17 of text,  
"0.85M" should read "0.85m." In the third paragraph 
from the bot tom of column 1, in lines 3 and 4, "l.3M, 
1.0M, 0.85M" should read "l.3m, 1.0m, 0.85m." In the 
next  to the last l ine of the next  to last paragraph,  " IM" 
should read " l m "  and the comma at the end of the 
sentence should be replaced wi th  a period. In the sec- 
ond line of the last paragraph,  "(10 m A / c m  2)' '  should 
read "(5 m A / c m  2).'' Column 2- - In  the first line of the 
caption for Fig. 2, "10 m A / c m  2'' should read "5 m A /  
cm2. '' In lines 6 and 18 of the text, "0.85M" should read 
"0.85m." In line 11, "CuF" should read "CuF2." 

Page 502--In the 1st line of the caption for Fig. 3 
and the last line of Table IV, "0.85M" should read 
"0.85m." In Ref. (8), the  correct  t i t le is "Proc. A n n .  
P o w e r  Sources  Conf ."  
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ABSTRACT 

The discharge and recharge of the PbO2 electrode was followed by optical 
microscopy. Dur ing  discharge the PbO2 dissolved with s imultaneous growth 
of relat ively large PbSO4 crystals. PbSO4 nucleated at preferred sites on the  
PbO~ and did not form a passivating film over other parts of the PbO2 surface. 
The PbO~ remaining  at the end of discharge, however, had been encapsulated 
wi thin  PbSO4 crystals grown dur ing the discharge. Dur ing  recharge these 
PbO2 particles wi thin  the PbSO4 crystals offered a conductive path through 
the highly resistive PbSO4, and the formation of PbO~ began wi th in  the en-  
capsulating PbSO4 crystals at the surface of these residual  PbO2 particles. 
PbO2 thus formed grew rapidly toward the surface of the PbSO4 crystals and, 
when  reaching the surface, appeared to spread to sur round the PbSO4 crystals, 
encapsulat ing them in tu rn  and leaving hollow shells as the PbSO4 crystals 
dissolved. 

The lead dioxide electrode has been, and still con- 
t inues to be, the subject of considerable investigation. 
Despite this intensive s tudy there still remains  a n u m -  
ber of unsolved problems concerning the behavior  of 
this electrode, par t icular ly  when  it is used as one 
electrode of the lead-acid storage battery.  

Although numerous  ingenious techniques have been 
developed to study the reactions taking place at this 
electrode during the charging and discharging of the 
battery, there has been surpris ingly little effort made 
toward direct microscopic examinat ion  of the crystal-  
logenesis in this electrode. This is remarkable  since the 
physical condition of the electrode and its microstruc-  
ture influence the degree of porosity, available reactive 
surface and reaction rate, and undoubted ly  affect the 
efficiency of use of the reactive mater ia l  present. 

The process of charge and discharge at the electrode 
has been studied by Fei tknecht  and Gaumann  (1) and 
also by Hisano (2), using electron microscopy. How- 
ever, these studies were confined to the formation of 
passivating layers of PbSO4 on the surface of soft lead 
and the subsequent  fur ther  oxidation of these layers to 
lead dioxide. There still remained the question as to 
whether  the PbO2 of the active mater ia l  would behave 
in a manne r  similar to that  observed for the PbO2 cor- 
rosion product of lead. 

Koval  and Barilenko (3) studied the charge-dis-  
charge process that  occurred in the active mater ia l  of 
actual bat tery  plates, using optical and electron mi-  
croscopy. However, their  principal  interest  was in the 
effect caused by BaSO4 which had been incorporated 
into the PbO2 electrode. Moreover, al though their  
photomicrographs show a definite change in the size 
of the PbSO4 crystals formed in the presence and ab-  
sence of the BaSO4, there is very  little addit ional  in-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 I n t e r n a t i o n a l  Lead  Z i n c  Resea rch  O r g a n i z a t i o n  Resea rch  Asso-  

c ia te  a t  the  N a v a l  Resea rch  L a b o r a t o r y .  

formation that can be obtained concerning the na ture  
of the microstructure of the active material .  

Fur ther  s tudy of the actual crystallographic changes 
occurring in the active mater ia l  dur ing  charge and 
discharge of the lead dioxide electrode therefore 
seemed to be necessary. Methods had been developed 
in this Laboratory (4) to s tudy the actual micro- 
s tructure of lead dioxide and other electrodes. Using 
these methods, numerous  sections of charged positive 
bat tery  plates had been examined in this Laboratory 
as well  as a smaller  n u m b e r  of discharged plates.  In  
addition, a microscopic study had been made of the 
mechanism of electrolytic formation and the crystallo- 
graphic changes that occurred in the positive electrode 
dur ing the forming process (5). 

Using these techniques and improvements  of their  
own devising, Bagshaw (6) and Pierson (7) carried 
out fur ther  investigations of the process by which the 
PbO2 electrode is electrolytically formed (oxidized) 
from an original mixture  of PbO and basic lead sul-  
fates. In  addition, a very  creditable cinematographic 
s tudy of the actual electrolytic formation of the lead 
dioxide electrode has been prepared (8). 

Despite these earl ier  successes, similar studies have 
not been made of the  charge-discharge process at the 
PbO2 electrode is electrolytically formed (oxidized) 
this process by similar  techniques. Examinat ion  of 
completely charged or ful ly discharged plates gave no 
information of the mechanism by which the micro- 
s t ructural  changes took place. Therefore, an experi-  
ment  was set up to allow examinat ion  of sectional 
electrodes removed dur ing  in termediate  stages of the 
charge-discharge process. 

Procedure 
The electrodes used in this investigation were com- 

mercial  bat tery  plates, received cured but  unformed.  
The test cell consisted of two positive and three nega-  
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t ive plates, and portions of the positive plate were 
removed at appropriate in tervals  dur ing discharge and 
subsequent  recharge. In  order to insure  tha t  the test 
portions were of equal size and that  there would be 
no distortion of the active mater ia l  dur ing  removal  
of the portions, the plate was given a pre l iminary  
t rea tment  before forming. This consisted of division 
of the plate into thirds by removal  of the active ma-  
ter ia l  from between vert ical  grid bar  rows at two lo- 
cations and into sixths by the subsequent  removal  of 
active mater ial  from between horizontal  grid bars 
midway between top and bottom of the plate. The ap- 
port ioning was done in a m a n n e r  to insure that the 
remaining  pasted portions were of near ly  equal area. 
In  addition, a n u m b e r  of the  horizontal  and vert ical  
wires were removed from the grid in the open rows, 
leaving just  enough grid bars to give support  and 
conduct ivi ty for the rates of charge and discharge 
used. This preparat ion of the plate made subsequent  
removal  of portions very  easy and rapid, and with 
min imal  distortion to ei ther  the port ion removed or 
that remaining.  

The plates were formed in 1.11 sp gr acid. A cur-  
rent  of 1.5A was used for 27 hr  with the final potent ial  
reaching 2.34V. The current  was then lowered to 1.0A 
and the cell was charged for a n  addit ional  20.3 hr 
to a constant  potential  of 2.42V. The forming acid 
was then replaced by 1.25 sp gr acid and the cell was 
on stand in this acid for 3.15 hr  before the first dis- 
charge was commenced. The first discharge, which 
lasted for 19.3 hr, was made at the 1.0A rate but  sub-  
sequent discharges were m a d e  at 3.0A. Discharge ca- 
pacity declined from 18.3 A - h r  at cycle 2 to 17.1 A - h r  
at cycle 8. All  discharges were te rmina ted  at 1.80V. 
For identification purposes the ini t ial  forming and sub-  
sequent discharge are designated as the first cycle. All  
charges after the forming charge were done at 1.0A. 
At cycle 8, the usual  charge at 1.0A was followed by a 
floating period at 2.25V for 72 hr. 

At the beginning  of the 9th cycle, after insur ing  that  
the cell was again in a ful ly  charged state, a portion of 
one positive plate was removed for examinat ion  and 
the necessary adjus tments  were then made in cell cur-  
rent  to compensate for the removal.  Following this, a 
discharge was made at a rate equivalent  to that used 
in the previous cycles and other portions of the plate 
were removed at five equal intervals  based on the 
estimated capacity and a discharge t e rmina t ing  at 
1.80V. With the removal of each port ion the current  
was adjusted to compensate, so that  the current  density 
remained the same throughout  the discharge. 

One positive plate was thus investigated dur ing its 
discharge and the other, which had been carried 
through the same discharge, was s imilar ly removed 
in six portions dur ing the subsequent  recharge. The 
charge and discharge conditions and the points at 
which samples were removed are shown in Fig. 1. 

The area of the negative plates remained  greater  
than that of the positive throughout  the exper iment  
and there was also a large excess of electrolyte. Very 
li t t le change from room tempera ture  of 25~ occurred 
wi th in  the cell dur ing  the experiment .  

Fol lowing removal, the various portions were im-  
mediately washed in r u n n i n g  water, dried, and addi-  
t ional  pellets punched out to obtain mater ia l  for DTA 
and x - r ay  analysis. The remainder  of each plate por- 
t ion was then impregnated with a catalyzed polyester. 
After  the hardening and curing of this resin each plate 
portion was sectioned and the individual  sections were 
polished for examinat ion by optical microscopy. 

Observed Changes in Microstructure 
The lead dioxide electrode in its oxidized or charged 

state was found by x - r ay  diffraction analysis  to consist 
practically ent i re ly  of /%PbO2, which had a micro-  
s t ructure  that  was cell- l ike or ret iculate in nature.  
This was evident  after cross sections had been made 
through the res in- impregnated  electrode s t ructure  and 
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Fig. l .  Potentials of positive plate vs. PbSO4/Pb02 reference 
electrode, during 9th discharge (bottom) and subsequent recharge 
(top). At each arrow current was interrupted while a portion of 
the plate was removed. Numbers by the arrows indicate per cent 
that the plate had been discharged or charged. 

Fig. 2. Structure found in a fully charged plate. Unpolarized, 
vertically reflected illumination is used in this and subsequent 
photographs so that the reflective areas which appear bright in the 
photograph represent hard, dense PbO2 particles, while the dark 
areas Tepresent the voids of the plate. Note that, with the excep- 
tion of a Very few larger areas of porosity, the active material had 
a very uniform structure. The PbO2 formed a nearly continuous 
cellular network, as in a sponge. Original magnification 400X. 

these sections then sui tably polished. An example of 
this type of s t ructure  is shown in Fig. 2. In  this photo- 
graph the dark areas represent  former voids in the 
plate which are now filled with the impregnat ing  
resin. The bright ne twork  represents  a densely con- 
sti tuted PbO~ structure which in actual i ty is dark 
brown or black. It  appears white in the photograph 
because this and the following photographs were taken 
with vertical  i l luminat ion  of the polished surface. 
Under  vertical i l luminat ion  smooth and dense areas 
tend to reflect the l ight direct ly back through the eye- 
piece and such areas thus appear bright, or white  in 
a photograph. 

It can be noted that  the lead dioxide in  the ne twork  
structure has an almost metall ic luster, indicat ing a 
dense, hard material .  If oblique l igh t ing  is used this 
white ne twork  is seen to be in relief upon the surface, 
which also indicates'  that  the mater ia l  of the ne twork  
is hard, at least harder  than  the plastic with which the 
electrode mater ia l  was impregnated.  

Discharge process.--The ini t ial  nucleat ion and 
growth of PbSO4 crystals was not observed. The first 
examination,  when  the electrode had been 20% dis- 
charged, showed that  a number  of crystals of normal  
lead sulfate, PbSO4, had formed in a random fashion 
throughout  the active material .  These crystals had a 
reflectivity intermediate  between that  of the plastic 
and the PbO2 so that  they could be easily identified. 
In  addition these crystals were almost invar iab ly  sur-  
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rounded by some void area, represented by  the im-  
pregnat ing plastic, so that  their  visibi l i ty was in-  
creased. The dis tr ibut ion was t ru ly  random, with no 
greater concentrat ion of the lead sulfate crystals in  one 
area than another, such as at the surface or near  the 
grid members.  

The crystals were dist inctly rect i l inear  and it was 
found that  there was not much difference in the maxi -  
mum crystal  size when  the 20% discharged plate was 
compared with that  which had been 40% discharged. 
The total number  of crystals, however, had noticeably 
increased in the 40 % discharged electrode. 

It seemed that the growth of the PbSO4 crystals 
was slowed" by some factor when the crystals reached 
a certain size so that  growth practically stopped and 
new nuclei  were necessary to allow the process to con- 
tinue. Any  of a n u m b e r  of factors could cause such a 
slowdown of crystal  growth but  the most probable is 
the depletion of one of the reacting ions at the surface 
of the growing crystal. The appearance of the 40% 
discharged plate may be estimated from Fig. 3. 

At greater than  40% discharge the crystals were 
found to be larger. It  seemed that, as sites for nuclea-  
t ion on the PbO2 surface were depleted, the PbSO4 
crystals were crowded closer together and tended to 
grow upon one another  so that  agglomeration was in -  
creased. There was also probably continued slow 
growth of the earlier formed PbSO4 crystals so that  all 
of the crystals of PbSO4 tended to merge together 
(Fig. 4). Nevertheless, their  separate ident i ty  was 
dist inguishable at high magnification. 

The increase in size of the PbSO4 crystals was, of 
course, at the expense of sur rounding  PbO2, which was 
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being dissolved at a rate proport ionate to the growth 
of the PbSO4 crystals. Comparison of Fig. 3 and 4 
i l lustrates another  characteristic of the discharge proc- 
ess. As the reduct ion of the PbO2 to PbSO4 continued, 
the amount  of the br ight  shiny ne twork  of PbO~ 
steadily diminished unt i l  at the end of the discharge 
it did not resemble a ne twork  but  seemed to consist 
only of scattered individual  particles of ~-PbO2. Al -  
though the specific volume of the PbSO4 is greater 
than  that of the PbO2, the PbSO4 forms as regular  
crystals that  are more compact than  the porous ne t -  
work s t ructure  of the original  PbO2. This compact 
form insures that  the crystals of PbSO4 cont inue to find 
space for growth, as can be seen in the photographs: 
The destruction of the PbO2 structure  dur ing discharge 
is made evident  by comparison of Fig. 5 and 6. 

At the higher magnification of Fig. 4 it can be seen 
that practically all of the remain ing  PbO2 particles are 
encapsulated wi th in  the large PbSO4 crystals. It should 
be remembered  that  these photographs are of cross 
sections so that  the white or mott led areas of PbO2 
seen surrounded by  PbSO4 at the surface of the section 
are in real i ty buried wi thin  the PbSO4 crystals. 

When polarized light was used in the  examinat ion  of 
the sections, it was found that  the PbSO4 crystals did 
not show up well, par t icular ly  for the sections 20 or 
40% discharged. At high magnification, using oil im-  
mersion it was found that  as the extent  of the dis- 
charge increased more  of these crystals became visible, 
evident ly  because more became oriented so as to give 
reflections from lower surfaces. In every case, how- 
ever, many  more crystals were seen by vert ical  
i l luminat ion with unpolarized light than  with po- 

Fig. 3. Structure shown 40% discharged and at a magnification 
of 1600X. Hate the distinctly rectilinear nature of the PbSQ; 
crystals and that they seem to be present in small clusters. 

Fig. 5. Structure shown 20% discharged, at a magnification of 
800X. This magnification is high enough to show the individual 
particles of Pb02 and PbS04 and the field of view is sufficient to 
give an idea of general distribution of particles. 

Fig. 4. Structure found after discharge to 1.80V and at 1600X 
magnification. Note particularly that access to remaining PbO2 is 
not lost as a result of the PbSO4 blocking the plate voids (still 
numerous), but that the PbO2 has been rendered inaccessible by 
becoming encapsulated within the PbSO4 crystals themselves. 

Fig. 6. Appearance of structure at 40% discharged and at the 
some magnification as Fig. 5. Note the decrease in the bright 
PbO2 and the increase in the gray areas of lead sulfate. 
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larized. The crystals that  could be seen by po- 
larized light seemed to be colorless and to have a regu-  
lar  rect i l inear  form with few in te rna l  imperfections. 

Another  feature that  was noted under  polarized 
light was a small  but  distinct change of the PbO2 to a 
l ighter red color at the surface of the plate in those 
sections that had received one-hal f  or more of the total 
discharge. This color change appeared only at the sur-  
face of the electrode and extended to a depth of not 
more than 10-20~. It seemed that  this color change took 
place wi thin  individual  PbO2 particles and that  the 
color changed from a dark  brown or red to a light 
red-orange.  Examinat ion  of the surface of such elec- 
trodes after dry ing  and before the plastic impregna-  
tion, and without  the use of magnification or po- 
larized light showed only a change from reflective 
black to dul l  brown dur ing  the course of the dis- 
charge. 

Recharge process.--In many  ways the oxidation or 
recharge of the electrode was a reverse replay of the 
changes that  had been observed dur ing  discharge but  
there were some differences which at first appeared 
conflicting. 

In  examinat ion  at lower magnification it seemed 
that  there was little change in the size or number  of 
lead sulfate crystals as the recharge proceeded to 50 %. 
At the same t ime there seemed to be a small  increase 
in the amount  of the PbO2 network,  evidenced by an 
increase in the br ight  ne twork  that had been present  
before discharge. 

Comparing the samples at somewhat  higher mag-  
nification also seemed to ver i fy that the appearance of 
the PbSO4 crystals was remaining pract ical ly un -  
changed between 17 and 50% recharged. Compare, for 
example, Fig. 7 and 8. The apparent ly  unchanged 
PbSO4 crystals and the small  increase in the PbO2 ne t -  
work up to the 50% recharged (Fig. 8) was puzzling, 
especially when  compared with the considerable 
change that  took place between 50 and 66% re-  
charged (Fig. 9). These results made it appear that 
more PbO2 was formed dur ing the second half of the 
recharge than  dur ing the first half. 

This inconsistency was explained, however, at the 
higher magnification of 1600X which revealed details 
that made evident  what  actual ly had occurred. In  the 
electrode that was recharged up to 33% of the ful ly 
charged state it was found that  the increase in the 
PbO2 particles had occurred almost ent i re ly  wi th in  the 
lead sulfate crystals, with only a very  few PbO2 par -  
ticles appearing at the PbSO4 crystal surfaces. Thus, 
while a conversion of PbSO4 to PbO2 was occurring 
wi th in  the PbSO4 crystals, their  external  size and form 
were not altered (Fig. 10). By the t ime that  the elec- 
trode was 50% recharged the PbO2 particles appearing 
at the surface of the PbSO4 crystals had become quite 

Fig. 8. Active material structure as seen at 800X magnification 
and after 50% recharge. Note comparatively unchanged appear- 
ance of the PbSO4 areas in this photomicrograph as compared with 
Fig. 7. Also note that, while the amount of bright PbO2 has in- 
creased in Fig. 8, the PbO2 in both photographs is mainly within 
the PbSO4 crystals and not at their surfaces. 

Fig. 9. Active material structure as seen at 800X magnification 
and after 66% recharge. Note the distinct increase in the bright 
Pb02, and that this increase is now primarily at the surface of the 
PbSO4 crystals. 

Fig. 7. Active material structure as seen at 800X magnification 
after 17% recharge. Notice the considerable amount of bright 
PbO2. 

Fig. 10. Active material structure as seen at 1600X magnification 
and after 33% recharge. 

numerous  (Fig. 11) and wi th  increasing recharge all 
the PbO~ particles seemed to form at the surfaces of 
the remain ing  PbSO4 crystals (Fig. 12). 

Beyond 50% recharge, the PbSO4 crystals definitely 
decreased in size while  the PbO~ now formed ent i rely 
at their  surfaces and more completely encircled their  
dwindl ing masses. This caused the formation of hollow 
shells (Fig. 12), seen as circles in  the cross section. 
Final ly,  al l  of the PbSO4 was converted to PbO2 and 
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Fig. 11. Active material structure as seen at 1600X magnification 
and after 50% recharge. 

Fig. 12. Active material structure as seen at 1600X magnification 
and after 66% recharge. 

the s t ructure  then assumed practically the same con- 
figuration as in Fig. 1. The size of the cells outl ined by 
the PbO2 and their configurations, do not necessarily 
follow that of the PbSO4 crystals upon which they were 
formed. As previously stated, m a n y  of the PbSO4 crys- 
tals contain residual  PbO~ upon which the PbO2 of the 
recharge process nucleates and grows. This residual  
PbO2 is itself assumed to be a connected ne twork  and 
the fur ther  growth of PbO2 causes the formation of 
addit ional ne twork  wi thin  the PbSO4 crystals. During 
its growth toward the surface this addit ional  ne twork  
subdivides the space from which the PbSO4 crystal dis- 
solves. This PbO2 increase within,  as well  as at the 
surface of, the original PbSO4 crystals causes the re-  
sul tant  PbO2 structure  to differ from that  of the PbSO4 
crystals from which it was formed. 

It had been observed that  a th in  surface layer of the 
active mater ia l  changed from dark to light when  the 
discharge was about half  completed. This thin surface 
layer of l ighter colored mater ia l  remained dur ing the 
subsequent recharge un t i l  the electrode was about 
one-hal f  recharged, at which point  the color became 
darker and indis t inguishable from that  of the rest of 
the electrode and no fur ther  change was detected 
throughout  the remaining  period of charge. 

The series of samples from the discharge and sub- 
sequent recharge were also examined by x - ray  and 
differential thermal  analysis, but  without  uncover ing 
any addit ional information.  The x - r ay  analysis, as 
would be expected, showed increasing PbSO4 and di-  
minishing PbO2 intensit ies as the discharge proceeded. 
This si tuation was reversed on the subsequent  re-  
charge. Plot t ing the relat ive intensit ies against the 
percentage of discharge or recharge revealed that  the 
curve of intensities for discharge was almost exactly 
duplicated on recharge. 

Discussion 
From the above observations it would seem that  the 

process of discharge began with the nucleat ion of 
PbSO4 at various selected sites on the surface of the 
PbO2, such sites always being adjacent to porous areas 
of the electrode. In  other words the nucleat ion oc- 
curred at surfaces of the PbO2 that  were in contact 
with the electrolyte, either at the surface of the elec- 
trode or at the surfaces of the various pores and 
cavities wi th in  the electrode to which electrolyte had 
penetrated. Since PbO2 is a relat ively good conductor 
of electricity, differences in conductivi ty do not seem 
to be the reason for this process of nucleat ion oc- 
curr ing more f requent ly  at one area of the electrode 
than  at another. No noticeable difference was found in 
the extent  of the PbSO4 crystal  growth near  the grid 
or near  the surface, as long as electrolyte was able to 
penetrate  freely into the area. 

Once the PbSO4 crystals are nucleated fur ther  
growth seems to depend on the continued dissolution 
of the PbO2 crystals in the immediate  vicinity, reaction 
between the Pb + and SO4 = ions, and redeposition as 
PbSO~ upon the surface of the PbSO4 crystals already 
present. There was no evidence that  the PbSO4 was 
forming any layer, passivating or otherwise, upon 
portions of the PbO2 surface other than  where  nuclea-  
t ion had taken  place. 

As the discharge continued, fur ther  deposition of 
PbSO4 was almost ent i rely upon already existing crys- 
tals so that these increased in size unt i l  m a n y  grew 
into a continuous mass containing more than  one crys- 
tal. Dur ing  this process of PbSO4 formation, the 
amount  of PbO2 steadily decreased, as would be ex-  
pected, unt i l  finally all PbO2 that  remained appeared 
to be encapsulated in the PbSO4. 

One assumes that  ini t ia l ly the PbO2 network  was a 
continuous electrical circuit and that  the electrolytic 
process that  was making  Pb  ++ ions available con- 
t inued from all points of this surface except those 
actual ly covered by portions of growing sulfate crys- 
tals. Even if it is assumed that  all PbO~ particles are in 
contact and are part  of the electric circuit  of the plate 
at the beginning  of the discharge, there is no certainty 
that all will  remain  so. Unequal  solution of PbO~ u n -  
doubtedly wil l  remove a few PbO~ particles from the 
circuit. In  the path of the growing PbSO4 crystals, 
supplied with PbSO4 from other PbO2 areas, such par -  
ticles might become encapsulated and completely sur-  
rounded by PbSO4. Alternat ively,  it is probable that  
at some points the continued growth of the PbSO4 
crystals in certain directions might  cause them to grow 
around and encapsulate portions of the remain ing  PbO.2 
ne twork  that  yet  might  remain  in the electrical cir- 
cuit of the plate. The complexity of the PbO~ struc-  
ture insures numerous  contacts between neighboring 
particles so that  it is l ikely that  most particles con- 
t inue in the circuit even when a number  of contacts 
have been lost. This seems to be indicated by the re la-  
t ively complete conversion of the PbO2 to PbSO4. If 
it is assumed that  the observed encapsulated PbO2 is 
still in the electrical circuit of the plate several  of the 
observed phenomena can be more easily explained, but  
there is, as yet, no definite evidence that  such a cir-  
cuit exists. 

If a conductive network of PbO2 does remain  dur -  
ing and after the formation of the PbSO4 crystals 
we have a ready explanat ion of how, in a mater ia l  as 
nonconduct ive as PbSO4, an electrical pa th  is furnished 
both during discharge and the subsequent  recharge. 
Because of the high electrical resistivity of PbSO4 such 
a conductive ne twork  would be most beneficial. 

The fact that  in the ini t ial  Stages of the recharge 
process PbO2 was found to increase wi thin  the PbSO4 
crystals argues for a conductive network. The fur ther  
observation that the recharge process changed to one 
where the PbSO4 crystals reacted to form PbO~ at the 
surface, when the in terna l  growth of PbO2 was ex-  
tended to the surface, indicates that  the process w o u l d  
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normal ly  take place on the surface if it could. But  the 
fact that  it did not ini t ia l ly  do so indicates that  the 
process of oxidation must  extend only slowly from 
one crystal to the next, made possible only by the 
conducting PbO2 that  is being formed by the process. 
The presence of a conducting in terna l  network, on the 
other hand, makes it possible for oxidation to take 
place s imultaneously  at m a n y  crystals so that  the 
slowness of the oxidation is not so readi ly apparent.  

If there is a conducting network,  then  a PbSO4 
crystal can be considered as forming upon, ra ther  than 
surrounding completely, the PbO2. This means that at 
some point or points at the interface between PbSO4 
and PbO2 the lat ter  must  extend to the surface of 
the PbSO4 crystal. In the growth of the PbSO4 crystal 
it is not l ikely that  a perfect and electrolyte impervi -  
ous seal was made with the PbO2 surface that  it is 
deposited upon and par t ia l ly  surrounds. It  is a well  
known fact that corrosion processes are accelerated, 
or at least preferent ia l ly  nucleated, at deep cracks and 
similar defects. Grain  boundary  penetra t ion and the 
formation of PbO2 has been detected in grid alloys, in 
sulfuric acid electrolyte and operating under  similar  
conditions to those described here (10), which is pre-  
sumably  the result  of microporosity and which causes 
great ly accelerated formation of PbO2 deep within  the 
metal. I t  seems logical to expect that  the oxidation 
of PbSO4 to PbO2 might  be s imilar ly accelerated or 
s t imulated at cracks. This would be par t icular ly  prob-  
able because PbO2 is a l ready present  to nucleate the 
process and to form a conductive path leading into the 
discontinui ty between the PbO2 and PbSO4 surfaces, 
and also because the lesser volume of the reaction 
product, PbO2, would tend to enlarge the discont inui ty  
and allow addit ional  electrolyte to reach the area. 

If, on the other hand, it  is assumed that  the encap-  
sulated PbO2 is present  as separate, disconnected par-  
ticles then it must  also be assumed that  most of these 
are completely surrounded by PbSO4 and that  the pos- 
sibili ty of discontinuit ies extending to the surface is 
small. In  this case there is no logical basis for as- 
suming that  reaction should begin in the interior.  
There is no access of electrolyte to the PbOe surface, 
there is a relat ively very  thick lead sulfate layer that  
probably  prevents  sufficient oxygen from diffusing to 
the reacting surfaces and there seems to be no reason 
to believe that  a process facing these difficulties should 
take place wi th in  the crystal  ra ther  than  at the sur-  
face. 

The results of the x - r ay  and differential thermal  
analysis, as well  as the optical examination,  seemed 
to confirm that the discharge and recharge processes 
involved only dissolution and redeposition and that no 
solid state reactions were involved in going from one 
state of oxidation to the other. Solid state t ransforma-  
tions would be expected to result  in  lattice changes 
detectable by x - r a y  analysis  or by changes in  ther -  
mal  decomposition products, nei ther  of which was ob- 
served. Berndt  (9), among others, has also presented 
convincing arguments  for the dissolut ion-reprecipi ta-  
t ion mechanism over that of the solid state. 

It is realized that  the observations made in  the pres-  
ent investigation might have been different if different 
current  densities had been used. Berndt  (9), Leibssle, 
Reber, Hermann,  and Zehender  (11), and Bode, 
Pasesar, and Voss (12) indicate that  the reaction 
mechanism may be different at higher current  density, 
while work of Metzler and Schwarz (13) indicates that  
the acid concentrat ion used is also a very  impor tant  
consideration. 

One of the puzzling features of the lead-acid stor- 
age bat tery  has been its abi l i ty  to funct ion as effi- 
ciently as has been demonstrated when  one of the re-  
action products is PbSO4, a mater ia l  of such high elec- 
trical resistivity. 

The idea of a residual  PbO2 ne twork  which can pro-  
vide electrical conduct ivi ty  through the PbSO4 of high 
electrical resistivity seems logical and has been sup- 
ported by direct observation. 

However, fur ther  invest igat ion will  be necessary to 
definitely confirm these observations and, if this con- 
firmation is obtained, to determine the m i n i m u m  
amount  of PbO2 that must  be so employed in obta ining 
ma x i mum operational efficiency. 
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New Experiments on the Sensitization of Zinc Oxide 
by Means of the Electrochemical Cell Technique 

K. Hauffe,* H. J. Danzmann, H. Pusch, J. Range, and H. Volz 
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ABSTRACT 

The "formal quan tum yield" of the sensitization of the anodic photocur-  
rent  of zinc oxide by Rhodamine B has been determined by means of an 
electrochemical cell technique. Zinc oxide was used as a single crystal  in the 
electrochemical cell 

~c Ind ium I ZnO crystal  I Electrolyte % Dye ] P l a t i num -- 
in aqueous and methanol  electrolytes. Simultaneously,  the adsorption of the 
dye on zinc oxide powder has been measured. The influence of the solvent 
on the extent  of the adsorption is significant. The impor tant  role of the co- 
sensitizer on the sensitizing abil i ty of the dye is discussed. 

A decisive step in the electrophotographic process 
is the t ransfer  of charge carriers through the in te r -  
face, adsorbed sensit izer/zinc oxide. This transfer,  
however, is retarded in  the dark  as long as no redox 
systems are present with an electronic exchange level 
near  the edge of the conduction band  (1-3). I l lumi-  
nat ion with light of the optical absorption band  of 
the sensitizer is necessary in order to supply the pre-  
supposition of an electron t ransfer  toward zinc oxide. 
Electron t ransfer  in  the inverse direction occurs very 
easily. Fur thermore ,  it should be ment ioned that  the 
excellent electrophotographic properties of zinc oxide 
are caused by the format ion of electron exhaust ion 
space-charge layers with high electrical resistance 
sur rounding  the highly conductive bulk  of the zinc- 
oxide grains. These space-charge layers can be el imi-  
nated by i l luminat ion due to generat ion of charge 
carriers. Thus, it becomes unders tandable  that  one of 
the ma in  problems is the invest igat ion of the elec- 
tronic processes and phenomena  occurring between the 
above-ment ioned interface and the space-charge 
layers. 

Generally,  for electrophotographic studies with zinc 
oxide, a negative charge is generated on a sui table zinc 
oxide-binder  layer  by means of a corona discharge (6). 
This surface charge is main ly  represented by ad- 
sorbed O2- and O -  ions. Due to i l luminat ion  with 
light of a wavelength ----- 380 n m  ( -  band  gap for ZnO) 
electron-hole pairs are generated in  the exhaust ion 
space-charge layer near  the surface of the ZnO grains. 
The holes recombine with the electrons t rapped by 
the oxygen species which desorb and the freed elec- 
trons of the electron-hole pairs disappear via the 
grounded metal  electrode. This mechanism, here only 
indicated, has been investigated by  numerous  authors 
(4-7). A more extensive representa t ion and, par t icu-  
larly, a discussion about the part icipat ion of donors 
(i.e., zinc ions in interst i t ial  position) dur ing  the 
charging and discharging process have been  given by 
Hauffe and Stechemesser (8). 

In  order to exclude the complications appearing 
with polycrystal l ine zinc oxide embedded in  a resin 
as a binder,  most of the experiments  dealt with in  this 
report  have been carried out with single crystals of 
zinc oxide. In  this paper, some results of our mea-  
surements,  par t icular ly  on the charge t ransfer  sensi- 
tized by organic dyes, are reported. As demonstra ted 
by m a n y  authors (9-15), for the sensitization of the 
l ight-decay of electrically charged zinc oxide-resin 
layers, certain organic dyes with conjugated double 
bonds and charge resonance are especially effective. 
These experiments,  however; have been performed 
main ly  wi th  polycrystal l ine zinc oxide. Under  these 
exper imental  conditions, a quant i ta t ive  evaluat ion of 
the sensitization measurements  is scarcely possible be-  
cause of the undefined i r radiat ion caused, for instance, 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Me mber .  

by an optical shielding of an u n k n o w n  amount  of ZnO 
crystalli tes in  the layer. In  this paper, we omit the 
often-discussed question as to whether  or not sensi- 
t ization is caused by an energy t ransfer  or by an elec- 
t ron transfer,  because often the two mechanisms can-  
not be distinguished. Markevich and Putzejko (16) 
found a m a x i m u m  of the photovoltage with poly-  
crystall ine zinc oxide covered by various dyes at a 
coverage of about 50% of a monolayer.  

It  is our opinion, however, that  optical shielding of 
the embedded ZnO powder, par t icular ly  at higher dye 
concentrations, cannot  be excluded from consideration. 
Fur thermore,  since the in tensi ty  of the l ight respon- 
sible for the  sensitization at the surface of the single 
grains can be only roughly estimated, we decided to 
perform sensitization measurements  with single crys- 
tals. As discussed elsewhere (15), the single crystal 
was used as anode in the following electrochemical 
cell 

+ Ind ium I ZnO single crystal 
I Electrolyte + Dye I P la t inum -- 

where an adsorption equi l ibr ium with the dye in the 
electrolyte was established. Since in  electrophotog- 
raphy, part icularly,  the behavior  of dye mixtures  and 
their  mutua l  influence as adsorbed species is of signifi- 
cant interest, the interact ion of two dyes and their  
influence on sensitization was also studied using single 
crystals. These experiments  have been published else- 
where (17) and are continued with nonaqueous elec- 
trolytes. One of the first necessary requirements  for a 
bet ter  unders tanding  of the sensitization are quan tum 
yield measurements .  

Measurements of Spectral Sensitization and Adsorption 
Experimental 

Pretreatment of crystals and the measuring setup.-- 
Pure  single crystals of zinc oxide were supplied from 
the 3M Company in the form of platelets 1 mm in 
thickness with the (0001) face ( =  Zn+ § face) and the 
(0001) face (---- O = face) perpendicular  to the c-axis. 
These crystals were polished with diamond paste of 
grain sizes down to 0.25~. In  order to get a barr ier - f ree  
electrical contact,~ the (0O01) face was covered with 

1 The  b a r r i e r - f r e e  con tac t  of i n d i u m  as e l ec t rode  for  z inc  ox ide  is  
o b v i o u s l y  caused  by  the  inc rease  of  c o n c e n t r a t i o n  of f ree  e l ec t rons  
in  zinc ox ide  n e a r  t h e  i n t e r f a c e  I n / Z n O  due  to  the  c h e m i c a l  ex -  
c h a n g e  reac t ion .  

2 I n  + 3 Z n O  = In~O~ + 3 Z n  (d i s so lved  in  In)  [a] 

w i t h  a s u b s e q u e n t  d i s s o l u t i o n  of  In~Oa i n t o  Z n O  a c c o r d i n g  to 

Zn"  + IntO8 = 2 I n l Z n  l" + e' + 3 Z n O  [b] 

or by  c o m b i n a t i o n  of  Eq. [a] a n d  [b] 

2 I n  + Zn"  = 2 In]Zn]" + e '  + 3 Z n  (d i s so lved  in  In)  [c] 

Here,  Zn" a n d  e '  deno te  zinc ions  in  i n t e r s t i t i a l  p o s i t i o n s  and  f r ee  
e lec t rons ,  r e spec t ive ly .  F u r t h e r m o r e ,  InlZn["  deno t e s  an  i n d i u m  ion  
in  a z inc i on - l a t t i c e  s i te  and  the  dot  a n d  the  p r i m e  the  p o s i t i v e  a n d  
n e g a t i v e  excess  charge ,  r e s p e c t i v e l y .  A s  can be seen  f r o m  Eq. [c], 
t h e  c o n c e n t r a t i o n  of f ree  e l ec t rons  is i nc r ea sed  by  t h e  i n c o r p o r a t i o n  
of i n d i u m  ions  i n to  t he  Z n O  latt ice .  
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a t ranslucent  indium film. Then the prepared  crystal  
was cemented with Apiezon W wax  in a small  window 
of the electrochemical  cell so that  usual ly the (0001) 
face was in contact wi th  the electrolyte.  If methanol  
electrolytes were  employed, the Apiezon W wax  was 
substi tuted by Teflon. The (0001) face exhibi ted the 
same behavior;  the sensitization, however ,  was only 
about half  of the value of the other  face, In Fig. 1, 
the exper imenta l  setup wi th  a schematic sketch of the 
electr ical  circuit  can be seen. A Wenking  potentiostat  
served as voltage supply, and a p icoammeter  417 and 
an e lec t rometer  610 R f rom Kei th ley  were  used for 
current  and vol tage measurements ,  respect ively.  The 
cell  was flushed with  purified nitrogen. The light of a 
xenon h igh-pressure  lamp was i r radiated through the 
back side of the crystal. The employed wavelengths  
could be obtained by corresponding in ter ference  filters 
or by a monochromator .  The light intensi ty was deter -  
mined with  a cal ibrated thermopile.  Since the spectral  
t ransparency of the crystal  was measured,  the light in-  
tensi ty  present  at the interface ZnO/e lec t ro ly te  could 
be determined.  

The dye was dissolved in an electrolyte  consisting 
general ly  of an m/1O KC1 solution buffered with  an 
m/10 acetate-acet ic  acid (pH = 4.6). Also a methanol  
electrolyte  wi th  10-3 moles / l i t e r  KC1 was employed. 
The average wate r  content  was smaller  than 0.5 v/o .  
A noticeable change in the photocurrent  was recog~ 
nized only above 0.5 v / o  H20. Exper imenta l  details 
can be obtained from the paper  of Volz (18). 

A d s o r p t i o n  m e a s u r e m e n t s . - - S i n c e  the  knowledge of 
the amount  of adsorbed dye is necessary for the de te r -  
minat ion of the effectiveness of the sensitization and 
since a direct measurement  wi th  single crystals is not 
possible, adsorption measurements  have been per -  
formed wi th  various ZnO powders. Such measure-  
ments  have  been carried out in our laboratory  by 
Danzmann (19). These measurements  were  per formed 
by adding an amount  of lg  ZnO powder  to 20 cm 3 of a 
dye solution of various concentration. In order  to 
guarantee  an adsorption equi l ibr ium due to an int i-  
mate  contact be tween the ZnO powder  and the dye 
solution, all exper iments  have  been carr ied out in a 
glass tube closed and assembled on a v ibra t ing  ma-  
chine. The zinc-oxide powder  was exposed to the solu- 
tion for 2-3 hr  in spite of the fact that, general ly,  af ter  
1 hr  no change in the dye concentrat ion was detect-  
able. All  operations have been done under  red light. 
The rest of the zinc oxide which remained  in the dye 
solution was separated in a centrifuge. The  change of 
the ext inct ion of the solution was de termined  by 

P O T ~ A T  II 

Ag/AgCl nO 

LIGHT SOURCE 

Fig. 1. Schematic representation of the electrochemical cell 
technique. 

means of a Zeiss DMR 21 spectrometer .  The measur ing 
technique corresponds to that  used by Markevich  and 
Putzejko (16). By addit ional  adsorption exper iments  
wi th  a ZnO powder  column, smal ler  amounts of ad- 
sorbed dyes also could be determined.  A glass tube 
was filled with the corresponding ZnO powder.  The 
dye concentrat ions of the various fractions of the 
solution passing the column have been measured unti l  
no fur ther  change in the concentrat ion of the electro-  
lyre was detectable.  If the ini t ial  dye concentrat ion is 
c and the concentrat ions of the fractions V1, V 2 . . .  Vn 
are Cl, ce . . . cn, the surface concentrat ion r of the 
adsorbed dye can be calculated according to 

r = ~ ( c  - -  c i ) V i / ( B E T  surface of the ZnO powder)  

Results and Discussion 
The sensitizing behaviors  of Rhodamine B, Rose 

Bengale, Eosin, Fluorescein,  and Methylene  Blue have 
been studied by means of cur ren t -vo l t age  curves in the 
above-ment ioned  electrochemical  cell in the dark and 
under  i l luminat ion (17-20). In this paper, the sensi- 
tizing abil i ty only of Rhodamine  B is dealt  wi th  in 
more detail. The wave leng th  dependence was studied 
in some cases, but main ly  only l ight of the optical ab- 
sorption m ax im um  of the corresponding dye was used. 
While in the dark at anodic polarizat ion of the ZnO 
electrode the current  amounts  to only 10 -10 A / c m  2 
due to the barr ier  action of the exhaust ion space- 
charge layer, it can be increased by i l luminat ion  to 
about 2-3 orders of magni tude  depending on the light 
intensity. A typical vo l tage-cur ren t  curve  wi th  a 
Rhodamine B sensitized ZnO electrode under  i r radi-  
ation with  545 nm light is represented in Fig. 2. Even 
at small  voltages of about 0.5V measured  v s .  an A g /  
AgC1 electrode in m/10 KC1 solution, a marked  satu- 
rat ion region wi th  a constant cur ren t  is established. In 
this region, all electrons introduced by the sensitiza- 
tion step from the dye into the space-charge layer  of 
th'e ZnO crystal wil l  be exhausted by the applied elec- 
tr ical  field to the grounded back side of the crystal. 
The remaining electronical ly  unoccupied state of the 
adsorbed dye wil l  be filled by an electron f rom the 
redox electrolyte  or f rom an oxygen ion on the  ZnO 
surface. At  lower voltages, however ,  the current  de- 
creases. Therefore,  the  saturat ion current  be tween  0.5 
and 1V is a direct quant i ta t ive  measure  of the sensitiz- 
ing abili ty of a dye. 

As a suitable quant i ty  for comparison among var i -  
ous measurements ,  par t icular ly  for the comparison of 

< 

El  

I i i  

n," 
::3 
tO 

2.5 

O 

1.0~ 

O 
I 

0.2 0 0.4 
VOLTAGE 

[ I 
O -  

10-SMOLE/LITER RHODAMIN B 
pH = 4,6 
m KCI 
10 

1.2 1.6 2.0 
VOLT } =- 

Fig. 2. Photocurrent density as function of the applied voltage 
under illumination with 545 nm light at room temperature. For 
all measurements, an m/lO acetate-acetic acid buffered aqueous 
m/lO KCI solution (pH = 4.6) was used. The concentration of 
Rhodamine B was here 10 - 5  moles/liter. 
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the data from electrochemical experiments  with those 
from adsorption measurements ,  we introduced the 
"formal quan tum yield" defined as the ratio of the 
n u m b e r  of flowing electrons to the n u m b e r  of incident  
photons per square cent imeter  and second. This quan-  
t i ty is readi ly accessible for measurement .  It  does 
not contain addit ional  assumptions on the absorption 
probabil i ty  of molecules as is usual ly  the case for the 
determinat ion of the direct quan tum yield. 

The precise proport ional i ty of the photocurrent  to 
the light in tensi ty  recognized in former investigations 
(15, 20) could be confirmed by the independence of 
the formal quan tum yield from the light intensity,  as 
may be seen from Fig. 3. On the basis of this result, 
sensitization data obtained at various light intensit ies 
can be compared. These results have been obtained not 
only in aqueous electrolytes but  also in dye-conta in ing 
methanol  electrolytes. The measurements  of the wave-  
length dependence of the photocurrents,  represented 
in Fig. 4, 5, and 6, have been carried out by means of 
a monochromator  with a resolut ion of 10 n m / m m  slit 
width. The monochromator  was used with a slit width 
of 0.5 mm. As can be seen, the wavelength dependence 
of the photocurrent  for methanol  (Fig. 4) and for 
aqueous dye solutions not too concentrated (Fig. 5) is 
in rather  good agreement  with the wavelength de- 
pendence of the ext inct ion in Fig. 6 defined as log 
Io/I. It should be noted that  the curves of the spec- 
t ra l  sensitization are shifted slightly to the  longer wave 
range, especially for methanol  solutions about 10 nm. 
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Fig. 5. Spectral sensitization of the anodic photocurrent and the 
extinction of Rhodamine B, aqueous electrolyte v/ith CRhB ~--- 10 - ~  
moles/liter. 
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Fig. 3. The formal quantum yield as a function of the light 
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extinction of Rhodamine B, aqueous electrolyte with CRhB ~-- 
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Presumably,  this shift is caused by the interact ion 
between the adsorbed dye and the zinc-oxide surface 
resul t ing in a slight decrease of the excited state which 
is not significant if the adsorption occurs from a 
strong polar solvent like water.  In  aqueous solutions 
with ra ther  large concentrat ions of Rhodamine B (see 
Fig. 6, CRhB ----- 2 X 10 -8 moles / l i te r ) ,  the extinction 
curve indicated the appearance of a dimer  band  at 
shorter wavelengths  (21). The sensit ization spectrum 
of the photocurrent,  however, exhibits only a weak 
ma x i mum in the dimer band. From this we may con- 
clude that  the sensitization by the adsorbed dimer 
must  be poor. At present, it is u n k n o w n  whether  the 
poor sensitizing abi l i ty  of the dimer  is caused by a 
small  adsorption or by a small  quan tum yield. 
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A further  impor tant  result  can be deduced from Fig. 
7 and 8 where  both the formal quan tum yield and the 
photocurrent  are plotted vs. the concentrat ion of the 
dye in aqueous and in methanol  solutions. If an aque-  
ous electrolyte is employed, the formal quan tum yield 
is increased cont inuously with increasing dye concen- 
tration. At higher concentration, however, the gradient  
becomes smaller. The curve corresponds roughly to 
an adsorption isotherm which, however, cannot be de- 
duced, nei ther  from a Langmui r  type nor  from a 
Freundl ich  type adsorption. A direct comparison with 
adsorption isotherms obtained on ZnO powders in a 
dispersion was not possible because this adsorption 
technique is not applicable at such high concentrations. 
In  these cases, only adsorption measurements  by  
means of ZnO powder columns are used. In  Fig. 9, 
some orient ing measur ing points are plotted vs. the 
equi l ibr ium concentrat ion of the dye in the solution. 
The adsorption curve has a course s imilar  to that  of 
the curve for the formal quan tum yield in Fig. 7. More 
precise measurements  are projected. Due to the above- 
mentioned formation of dJmers, the evaluat ion of the 
sensitization measurements  becomes more difficult. 

As we found, measurements  with a methanol  elec- 
trolyte exhibit  other results. According to the course 
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of the dependence of photocurrent  on dye concentra-  
t ion in Fig. 8, a constant  photocurrent  is a lready es- 
tablished at ra ther  low concentrat ions of Rhodamine B 
(at 2 x 10 -4 moles/ l i ter  methanol) .  A maximum,  as 
observed from photovoltage measurements  with dyed 
polycrystal l ine zinc-oxide samples (16, 25), could not 
be detected. Fur thermore,  the course of the curve does 
not correspond to the expected one which was found 
by adsorption measurements  represented in Fig. 9. An 
elucidating result  is obtained if the ratio of the photo- 
current  obtained with a ZnO single crystal  to the  dye 
surface concentrat ion of polycrystal l ine ZnO is plotted 
vs. the concentrat ion of the dye solution. In  spite of 
the lack of knowledge of absolute values concerning 
the amount  of adsorbed dye on ZnO single crystals, 
it is allowable to apply the ratio of the relat ive values 
represented in the course of the adsorption curve for 
polycrystal l ine mater ia l  to the single crystal. I t  results 
that the efficiency of sensitization becomes larger with 
decreasing dye concentrat ion in the solution as can be 
seen from Fig. 10. This result  is surpris ing since even 
at small  surface concentrat ions the interact ion of the 
adsorbed dye molecules in  their  excited state must  
be noticeable and, therefore, influences the efficiency 
of the sensitization. 
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Fig. 10. Ratio of the photocurrent with a zinc oxide single 
crystal to the surface concentration of the dye on polycrystalline 
material as function of the dye concentration in the methanol 
electrolyte. 
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Fur the r  in teres t ing informat ion in the sensitization 
process is supplied by the change of the photocurrent  
with the t ime and by the bleaching rate of the dye. As 
can be seen from Fig. 11, at longer i l luminat ion  t ime 
the photocurrent  ini t ia l ly  decreases ra ther  sharply and 
later more gradual ly unt i l  a constant  current  is 
reached, the value of which is approximately  30% 
below the ini t ia l  value. One has to assume that  the 
molecules formed by  the light oxidation of Rhodamine 
B must  block the surface for the adsorption of new, 
undestroyed dye molecules. The decrease in the photo- 
current  cannot  be explained by the decrease of the 
Rhodamine B concentrat ion in the electrolyte since 
the change in the dye concentrat ion is too small. This 
was demonstrated by measurements  of the decrease of 
the dye concentrat ion dur ing  the i l luminat ion.  From 
simultaneous measurements  of the dye concentrat ion 
in the solution after various i l luminat ion  periods and 
of the photocurrent,  the very  significant result  was 
obtained that  for every generated electron (i.e., for 
every electron which has crossed the interface electro- 
lyte /crystal )  about five Rhodamine B molecules have 
been destroyed. If we have an open circuit, no notice- 
able destruction of the dye can be detected. This result  
leads to the conclusion that  a radical  mechanism must  
be responsible for the destruction reaction whereby 
the Rhodamine B molecule must  give off its electron 
into zinc oxide. Therefore, for this reaction it is diffi- 
cult to believe that  an energy- t ransfe r  mechanism 
should govern. This result  is in agreement  with that 
of Gerischer and Tributsch (22, 23). These authors 
have fur ther  found that  the destruction of the dye can 
be prevented by admission of a reducing compound 
into the electrolyte which can provide an electron to 
fill the unoccupied singlet state of the adsorbed dye. 
The protective compound for Rhodamine B was a l ly l -  
thiourea which was destroyed instead of the dye (23). 
By the addition of this reducing compound, the quan-  
tum yield of the sensitization process was s imul tane-  
ously increased. A corresponding effect was obtained 
by us if the ZnO crystal was cathodically polarized 
before the sensitization experiments,  whereby it is 
believed that zinc atoms have been generated on the 
surface of the crystal. This assumption is supported by 
the increase of the anodic dark current  both in  the ab-  
sence and presence of dyes after a cathodic polariza- 
tion period of the crystal. Fur thermore ,  the difference 
of the sensitized anodic current  and the dark  current  
became larger. While the anodic dark current  ex-  
hibited an increase of 2-3 orders of magnitude,  the 
difference of the light and dark current  became larger 
to a factor of 2-3. 
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Conclusions and Final  Remarks 
As we discussed above, a quant i ta t ive  evaluat ion of 

the sensitization experiments  is possible only if s imul-  
taneous determinat ions  are made of the qua n t um yield 
and the surface concentrat ion of adsorbed dye mole-  
cules per uni t  area. With respect to fur ther  consider- 
ations, we assume that the probabi l i ty  of the optical 
absorption of a dye molecule is independent  of 
whether  the molecule is in the adsorbed or in the 
solved state. Under  the assumption of a quan tum 
yield of 1, 1/3, or 1/10, the n u m b e r  of adsorbed mole- 
cules /cm 2 can be calculated and compared with the 
data obtained from adsorption experiments.  The fol- 
lowing estimation, which is based on a correct value of 
absolute light intensity,  was controlled by actinometric 
measurements  of light intensity.  The photocurrent  
generated by light of 365 n m  wavelength was mea-  
sured and corresponded to a quan tum yield of about 
0.85 which is in fair agreement  with former experi-  
ments  (24). As can be seen from Fig. 12, the calcu- 
lated percentage of coverage of the zinc-oxide surface 
with the dye is much larger than the coverage ob- 
tained by adsorption experiments.  For  the calculation, 
the following formula was employed 

1.6 • 10 -21 er ~-- log10 [QY/ (QY  - FQY)]  

where e denotes the molar  extinction coefficient and 
QY and FQY are the quan tum yield and the formal 
quan tum yield, respectively. Also with a quan tum 
yield of 1, the discrepancy is still large. In  the case of 
aqueous dye solutions, a reasonable comparison is 
possible only for ra ther  small  dye concentrat ions 
(CRhB = 10 -5 moles / l i ter ) .  Also uz~der these experi-  
menta l  conditions, the surface coverage calculated 
from the data of the electrochemical cell experiments  
was larger by about a factor of 30 than that  from ad- 
sorption measurements.  For  the evaluat ion of the 
electrochemical data, the geometrical surface area of 
the ZnO crystal has been used ra ther  than  the real 
surface area since the lat ter  is unknown.  However, the 
introduct ion of a large roughness factor is unlikely.  
Furthermore,  the assumption of a photoadsorption 
(26) cannot remove this large discrepancy. Oster and 
Wassermann (26) have found, indeed, a photoadsorp- 
t ion of Fluorescein and of its halogenated derivatives 
on powdered zinc oxide. The speed of adsorption, how- 
ever, was ra ther  slow in contrast  to our sensitization 
kinetic experiments.  As can be seen from Fig. 13, the 
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photocurrent  reached its final value in a few seconds 
after the inject ion of 5 cm 3 of a 10 -5 moles/ l i ter  
Rhodamine B solution into 25 cm ~ dye-f ree  electrolyte. 
This  rise t ime of the photocurrent  caused by dye ad- 
sorption dur ing i l luminat ion can be much shorter be-  
cause the mixing in the electrolyte seems to be rate 
de termining  and depends on the stirring. Fur thermore,  
the l inear  dependence of photocurrent  on light in -  
tensi ty is not compatible with photoadsorption. Also, 
a significant change of the optical absorption prob-  
abil i ty of a dye molecule in the adsorbed state com- 
pared to that  in the electrolyte cannot  be assumed of 
the s imilar i ty  of the sensitization spectrum to the op- 
tical absorption spectrum of the corresponding dye 
solution. 

As can be concluded from the results in Fig. 12, the 
quan tum yield of sensitization must  be near ly  1 be-  
cause a lower quan tum yield would postulate a still 
higher coverage of the ZnO surface with dye (more 
than  a monolayer)  which should be scarcely possible. 
On the basis of quan tum yield measurements ,  we may 
tenta t ively  assume that  preferably  adsorbed dye mole-  
cules might  sensitize the electron t ransfer  since the 
amount  of dye available from the sur rounding  elec- 
trolyte is too small  for a noticeable contr ibut ion to the 
sensitization. Similar  effects could be found in metha-  
nol electrolytes even if the quanti t ies  were different. 
At the same dye concentrat ion of about 10 -8 moles /  
liter, the anodic photocurrent  through the cell with an 
aqueous electrolyte was twice as large as the current  
wi th  methanol  electrolyte. This means that  the qua n -  
tum yield of sensitization in an aqueous electrolyte 
must  be significantly higher than  that  in a methanol  
solution, al though the adsorbed amount  of the dye 
from a methanol  solution has been found three times 
larger than that  of aqueous solutions. On the  basis 
of these results, it may be concluded that  the adsorp- 
t ion data with polycrystal l ine ZnO in aqueous solu- 
t ions cannot be used for the evaluat ion of the single- 
crystal cur rent  experiments.  Fu r the r  investigations 
are runn ing  for the in terpre ta t ion of this, at present, 
u n k n o w n  phenomenon.  

The calculations of the extent  of the dye coverage 
in the presence of aqueous solutions will  be confirmed 
fur ther  by an est imation by means of the cur ren t - t ime  
curves, and by measurements  of the kinetics of the dye 
oxidation. If consideration is made of the ini t ia l  gradi-  
ent of the current  decay extrapolated toward its in-  
tersection with the abscissa, and the destruction of five 
dye molecules per flowing electron, then the n u m b e r  
of adsorbed dye molecules can be calculated from the 
area surrounded by the x-y axis and the tangent  (see 
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Figure 14. Evaluation of current-time curves concerning the dye 
coverage of a zinc-oxide surface. Schematic sketch for the calcula- 
tion of the dye coverage. 

the schematic drawing in Fig. 14). The results, repre-  
sented in Fig. 12, are in fair  agreement  with those 
obtained from the steady sensitization currents.  2 

The plotted measur ing  data are grouped near  the 
curve estimated for a total  quan tum yield of 1/3. 
From the evaluated dye reaction, it may be concluded 
that  the adsorbed dye molecules do inject  their  elec- 
t ron into zinc oxide dur ing  the sensitization step. By 
this mechanism, the increase of the quan tum yield be-  
comes unders tandable  which was found either in the 
presence of par t ly  reduced ZnO surfaces after a 
cathodic polarization, or in the presence of a reducing 
compound in the electrolyte, as for instance a11y1- 
thiourea. In  both cases, the regenerat ion of the unoc- 
cupied singlet ground state of the excited dye mole- 
cule occurs by recombinat ion with the electron of re-  
ducing agent. This effect, called "supersensitization," 
is well  known in the l i terature  and the reducing com- 
pound is known as a "supersensitizer." According to 
this representation,  however, the terminology is mis-  
leading. It is recommended that  the first expression be 
el iminated ent i rely and that  the second one be replaced 
by the term "cosensitizer," CS, which acts only as a 
contractor for electrons. Therefore, the general  re-  
action scheme can be tenta t ively  formulated as fol- 
lows 

Dye(ads)  -5 by--> Dye* (ads) [1] 
and 

Dye* (ads) --> Dye + (ads) -5 e ' (ZnO) [2] 
o r  

Dye* (ads) --> Dye(ads)  -Jr energy [3] 

In  order to prevent  the undesirable  step [3] which de- 
creases the quan tum yield, the following one becomes 
effective in a presence of a cosensitizer, CS 

Dye* (ads) -5 CS(aq)  -> Dye(ads)  

-5 CS + (ads) -5 e'(ZnO) [4] 

and, also, the further oxidation of the dye, additionally 

2 T h e  f u l l  c i r c l e s  i n  Fig .  12 a r e  c a l c u l a t e d  u n d e r  t h e  f o l l o w i n g  a s -  
s u m p t i o n .  I f  F is t h e  c o v e r a g e  of t h e  s u r f a c e  a n d  5 m o l e c u l e s  w i l l  
be  d e s t r o y e d  p e r  f l o w i n g  e l e c t r o n  t h r o u g h  t h e  ce l l ,  i t  is  o b t a i n e d  

d P / d t  = 5 x d n / d t  
w h e r e b y  

n = ~./e 

w i t h  i as  t h e  c u r r e n t  d e n s i t y  a n d  e t h e  e l e m e n t a r y  c h a r g e .  I f  w e  
use  f o r  s m a l l  v a l u e s  of dF 

dF di  
[ ,- -~ - - ? -  

w e  g e t  
d F / d t  

F =  . . . .  i 
d i / d t  

a n d  f i na l l y  u n d e r  c o n s i d e r a t i o n  of  F ig .  14 

F 
F = 5 X ~  

e 

where F is the area bordered by the ;r-l] axis and the tangent, 
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responsible for the decrease in the quan tum yield, wil l  
be significantly prevented,  e ' (ZnO)  denotes a free 
electron just  injected into ZnO and the star denotes 
the electronically excited state. According to this 
sequence of reaction steps, the cosensitizer is oxidized 
and can again enter  the electrolyte. If t rapped elec- 
trons, for instance as 0 2 -  species, are avai lable on the 
ZnO surface and if the e lectron-exchange level is not 
too high, then an e lectron-exchange react ion may oc- 
cur as follows 

CS + (ads) -5 O2- (ads )  --> CS(aq)  -5 O2 • (ads) [5] 

Fur the r  exper iments  are in progress. 
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Electrochemical Characteristics of Iron in Acidic Solutions 
Containing Ring-Substituted Benzoic Acids 

A. Aklyama 1 and Ken Nobe* 
School of Engineering and Applied Science, University of California, Los Angeles, California 

ABSTRACT 

The electrochemical behavior  of Armco iron in 1N H2SO4 in the absence 
and presence of r ing-subs t i tu ted  benzoic acids have been investigated by the 
measurement  of the corrosion potentials, open-circui t  capacitances, potent ial-  
current  polarization characteristics, potential  transients,  and corrosion rates. 
Anomalous behavior  was observed for iron in the presence of pa ra -hydroxy-  
benzoic acid. The corrosion rates of inhibi ted Armco iron followed a LFER 
with an adsorption mode of inhibit ion.  The adsorption correlation indicated 
that  increasing the electron density at the adsorption center  increased in-  
hibition. Corrosion inhibi t ion of Armco iron by r ing-subs t i tu ted  benzoic acids 
increased in the following order: benzoic acid ~ m-OH ~ m-NH2 ~ p-OH 

p-NH2. 

Recently, a series of investigations on organic cor- 
rosion inhibitors have been carried out in this lab-  
oratory. In  the first paper  (1), the correlation between 
the induct ive and resonance effects of organic com- 
pounds and their  inhibi t ive properties was quant i ta -  
t ively discussed and st imulated this laboratory 's  ex- 
per imental  study of the s t ruc ture- inhib i t ion  relat ion-  
ship for organic compounds. 

Initially,  ani l ine and subst i tuted anil ines were s tud-  
ied as corrosion inhibitors of i ron and the experi-  

* Electrochemical Society Active Member. 
1Permanent address: Department of Applied Electrochemistry, 

Tokyo Institute of Technology, Tokyo, Japan. 

menta l  results have been reported in a previous paper 
(2). A discussion of the inhibi t ion mechanism of 
organic substances has been made on the basis of the 
exper imental  results of anil ines (3). 

This paper is a cont inuat ion of the previous work by 
Donahue (2, 3) and is based on a study of the electro- 
chemical behavior  of Armco iron in 1N I-I2SO4 con- 
ta ining r ing-subs t i tu ted  benzoic acids. 

Experimental 
The electrochemical celi and the ins t rumenta t ion  

have been described previously (4, 5). All  electrodes 
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were prepared from the same sample of a commercial  
Armco iron rod (0.5 in. diameter) .  The analysis of 
the Armco iron was 0.15% Cu, 0.13% C, Mn, P, S, Si, 
and 99.72% Fe. The electrodes were made as follows: 
(a) the rod was cut into cylinders, (b) a thin par t  of 
the cylindrical  surface was milled off on a lathe, (c) 
degreased with hot benzene in a soxhlet column for 
several  hours, (d) dried under  vacuum, (e) annealed 
at 900~ for 1 hr under  vacuum of 10 -5 m m  Hg, (I) 
degreased with hot benzene again, (g) dried under  
vacuum, (h) stored in a desiccator with silica gel, and 
(i) activated in 5N H2SO4 for 10 min  just  before an 
experiment.  

All  organic chemicals were recrystallized from 
water  and dried at 60~ under  vacuum. The pur i ty  
was checked by mel t ing point  determination.  

I ron corrosion in the presence of each of the selected 
r ing-subs t i tu ted  benzoic acids at a concentrat ion of 
0.02M was studied. These organic compounds were 
benzoic acid, para-  and meta -amino  and hydroxy ben-  
zoic acids. In addition, exper iments  with phenol  were 
conducted. The support ing electrolyte was 1N H2SO4 
which was deaerated with prepurified nitrogen. Other 
organic compounds which were considered but  whose 
solubil i ty was not sufficient for this work were para-  
and meta- toluic  acid, para-  and meta -methoxy  ben-  
zoic acid, para-  and meta-chloro-benzoic  acid, tere-  
phthalic acid, and isophthalic acid. Para-ni t robenzoic  
acid was also studied to some extent,  but  electro- 
chemical reduction of this compound precluded fur ther  
experimentat ion.  However,  a brief  discussion of these 
results will  be given later  in  this paper. 

Electrode potentials were measured relat ive to the 
saturated calomel electrode (SCE). The d-c pulse tech- 
nique was used to determine the differential capaci- 
tances. The electrolyte was main ta ined  at room tem-  
perature which was 24 ~ • I~ 

Results 
Figure 1 compares the corrosion potent ia l - immers ion 

t ime behavior  of iron in the presence of all the in -  
hibitors studied. As shown the corrosion potentials 
of the inhibi ted iron shifted toward positive potentials  
with respect to the uninhib i ted  iron. Previously (6), 
it had been reported that  the shift of the corrosion po- 
tent ial  of iron in the presence of sodium benzoate was 
in the positive direction. In  this study, the corrosion 
potential  of iron in  the presence of benzoic acid 
shifted in the positive direction only about 15 inV. The 
benzoate ion has been regarded as a corrosion in-  
hibitor of metals in neut ra l  and alkaline solutions 
(6-8). However, the mode of inhibi t ion of benzoic acid 
in an acidic solution is different than in  alkal ine solu- 
tions since in a low pH solution such as 1N H2SO4, the 
benzoic acid is undissociated. 

The cathodic overpotential  of both un inhib i ted  and 
inhibi ted iron reached steady-state  wi th in  5 sec with 
the exception of pa ra -hydroxy  benzoic acid which re-  
quired several minutes  as shown in Fig. 2. The cathodic 
overpotentials for 1 m A / c m  ~ are compared in Fig. 3. 
In  general, the cathodic overpotentials at some speci- 
fied polarization changed with immersion t ime but  
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Fig. 1. Corrosion potential of inhibited iron vs. immersion time 
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Fig. 2. Potential transient of inhibited iron during cathodic polar- 
ization of 1.0 mA/cm 2 
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(pulse duration = 5 sec). 

were constant  after about 30 hr. It  is noted that  i ron in 
an acidic solution of impure  meta-aminobenzoic  acid 
was the exception. This organic compound exhibited 
the best inhibi tor  qualities. 

The small  positive shift in the corrosion potential  
and the increase in the cathodic overpotential  of in -  
hibited iron indicate that  the benzoic acids studied in 
this investigation are mixed inhibitors (9). These re-  
sults suggest that  the organic compounds have a 
slightly greater effect on the electrodissolution of i ron 
than on the hydrogen evolution reaction (HER). 

The corrosion current  was determined by extrapo- 
lation of the cathodic Tafel curves  to the corrosion 
potential. Typical corrosion currents  are plotted 
against immersion times in Fig. 4. The open and closed 
points represent different runs in order to demonstrate  
the reproducibil i ty of the results. Corrosion currents  
(icorr) and cathodic Tafel slopes (be), determined 
after an immersion t ime of 20 hr  are given in Table I. 
The corrosion current  reached a constant  value at 
approximately an immersion time of 20 hr. The cath- 
odic Tafel slopes for inhibi ted and uninhib i ted  iron 
were essentially constant dur ing the run. 
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Fig. 4. Corrosion current of iron in the presence of benzoic acid 
and p-amlnobenzoic acid. 
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Table I. Experimental data 

(Concentration of inhibitors = O.02M) 

~bcorr. be. icorr, CO, C5o. 
Inhibitor mV mV /~A/cm 2 /~F/cm ~ /~F/cmS 

Uninhib i ted  -- 495 67 66 36 129 
Benzoic acid --480 71 38 35 86 
m-Hydroxy-benzo ic  acid --481 71 35 35 78 
m-Amino-benzo ic  acid - -  480 73 32 37 72 
p -Hydroxy-benzo ic  acid --478 80 33 31 54 

26* 
p-Amino-benzoic  acid -- 477 72 22 31 58 
I m p u r e  m- ami n o - b en -  

zoic acid -- 472 S0 19 25 42 
Phenol  -- 487 71 55 34 122 

" Es t ima ted  us ing  m e a n  cathodic Tafel  slope of 72 inV. 

Superpolarizat ion (i.e., maximum in the potent ial-  
time t ransient)  was observed dur ing a galvanostatic 
anodic pulse. The inhibi ted iron exhibited larger 
superpolarization values and at tained the max imum at 
shorter times than the uninhibi ted  iron. The potentials 
dur ing a galvanostatic anodic polarization of 1.0 m A /  
cm ~ are plotted against  the polarization t ime in Fig. 5. 
The steady-state polarization potentials of inhibited 
iron were shifted to more positive values than  the un-  
inhibited iron. As shown in Fig. 5, the positive shift 
of the polarization potential  of i ron in the presence of 
para -hydroxy  benzoic acid was more substant ial  than 
iron in the presence of the other organic compounds. 

Yamaoka and Fischer (10) studied the s teady-state  
anodic polarization of i ron in the absence and presence 
of inhibitors, o-phenamthrol ine  or phenylthiourea,  and 
observed that  at high current  densities, anodic polari-  
zation of inhibi ted iron approached that  of uninhib i ted  
iron. They suggested that  the superpolarization of in-  
hibited iron dur ing  an anodic current  pulse was due to 
the desorption of the inhibitor.  Gatos (8) reported 
that benzoate ions did not inhibi t  iron corrosion when 
iron was coupled to gold (i.e., dur ing  anodic polariza- 
t ion) .  On the other hand, he implied that  inhibi t ion 
of iron corrosion with benzoate ions was achieved 
when iron was coupled with zinc (i.e., during cathodic 
polarization).  However, fur ther  details of these results 
were not given. 

The results of Yamaoka and Fischer (10) and Gatos 
(8) suggest that  the larger superpolarization of i ron 
in the presence of the benzoic acids observed in  this 
investigation may be the manifestat ion of organic de- 
sorption dur ing  anodic polarization. Nevertheless, the 
open-circuit  and cathodic polarization behavior  of i ron 
indicate that  the benzoic acids inhibi t  anodic dissolu- 
t ion of iron at open circuit and small  anodic currents.  

The open-circui t  differential capacitances (i.e., at the 
corrosion potential)  are plotted against  immersion 
times in Fig. 6. The capacitance of uninhib i ted  iron in -  
creased l inear ly  with immersion t ime up to the end of 
the experiment.  The capacitances of iron in the pres-  
ence of benzoic acid and the hydroxybenzoic acids 
also increased approximately l inear ly  with immersion, 
but were less than the capacitance of uninhib i ted  iron. 

~~176 

T I M E  ( m i n u t e ~ )  

Fig. 5. Potential transient during anodic polarization of i.0 
mA/cmg: solid line is for uninhibited iron, benzoic acid (C)), 
m-hydroxybenzoic acid ([~), p-hydroxybenzoic acid ( l l ) ,  m-amino- 
benzoic acid (~ ) ,  and p-aminobenzoic acid ( , ) .  
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Fig. 6. Open-circuit differential capacitance of iron 

On the other hand, the capacitance of i ron in  the pres-  
ence of the aminobenzoic acids increased with immer-  
sion time, but  approached a s teady-state  value. It 
should be noted that  the ini t ial  open-circui t  capaci- 
tances (within 2 hr immersion) were approximately 35 
~F/em2 for inhibi ted and uninhib i ted  iron. In  Table I, 
Co represents the ini t ial  open-circui t  caphcitance. The 
capacitances of i ron after 50 hr  immersion,  Cs0, de- 
creased in the following order as shown in Table I, 
phenol  > benzoic acid > m-OH ~ m-NH2 ~ p-NH., 

p-OH. 
The differential capacitance of both uninhibi ted  and 

inhibited iron was not greatly affected by galvano- 
static cathodic polarization indicat ing a low surface 
coverage of hydrogen atoms. On the other hand, the 
capacitance increased dur ing  anodic polarization as ob- 
served previously for i ron in the presence of the sub- 
sti tuted anilines (2). This increase in  capacitance (ad- 
sorption pseudocapacitance) and the potential  t r an -  
sient behavior dur ing  anodic galvanostatic polarization 
has been at t r ibuted to the increase in surface concen- 
t ra t ion of FeOH (11). The adsorption pseudocapaci- 
tance was approximately the same for inhibi ted and 
uninhib i ted  iron except for para-hydroxybenzoic  acid. 
The smaller  adsorption pseudocapacitance of Armco 
iron in the presence of para-hydroxybenzoic  acid was 
similar to the results obtained previously with para-  
toluidine (2). 

In a previous investigation (2), it was shown that 
the electrochemical behavior  of i ron in 1N H2SO4 con- 
ta ining ani l ine was not significantly different than the 
uninhibi ted  case. The behavior  of i ron in 0.02M phenol 
in 1N H2SO4 was examined since the effect of the hy-  
droxy subst i tuent  on the inhibi tor  qualities of ben -  
zoic acid was a part  of this investigation. Figures 1, 3, 
and 6 and Table I show that, of the inhibitors studied, 
phenol  had the least effect on the electrochemical char-  
acteristics of iron. 

Similar  to results obtained previously for the im-  
pure ani l ine (2), impure meta-aminobenzoic  acid in-  
hibited the corrosion rate of i ron more than  the pur i -  
fied compound as shown in Table I. The impure  organic 
compound was used +'as-received," it was brownish 
colored. As shown in  Fig. 6, the open-circui t  capaci- 
tance of i ron in the presence of impure  me ta -amino-  
benzoic acid was significantly lower than  in the pres-  
ence of the purified organic. 

The impure, colored an i l ine  and meta-aminobenzoic  
acid contain high molecular  weight compounds which 
have long conjugated structures. The long conjugated 
structures are usual ly  considered to enhance adsorp- 
tion. From a practical point, fur ther  investigations on 
the identification of the impurit ies may  be of con- 
siderable importance.  

It was observed that  the addit ion of sodium chloride 
(8.55 mM) to the corrosion env i ronment  containing 
para-aminobenzoic  acid affected the electrochemical 
behavior  of i ron in  the following way: the corrosion 
potential  remained unchanged,  the open-circui t  capaci- 
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tance decreased f rom 56 to 42 gF /cm 2 with the addit ion 
of the sodium chloride, the  corrosion current  decreased 
from 22 to 11 t ,A/cm u, and the cathodic Tafel  slope re-  
mained unchanged. These results indicate that  the 
addition of sodium chloride in modest  amounts en-  
hances the inhibit ion of iron with  para-aminobenzoic  
acid. Such effects have  been invest igated by others as, 
for example,  Hackerman  et  al. (12). 

The reduct ion of para-ni t robenzoic  acid on iron in 
1N H2804 was observed for a saturated solution 
(~0.01M). The corrosion potent ial  was shifted toward 
the posit ive direction by st irr ing the electrode, --428 
mV for the s tat ionary electrode and --417 mV for the 
electrode rotated with  a tangent ial  veloci ty of 8.5 c m /  
sec or with agitation of electrolyte. The capacitance 
at the corrosion potential  was unusual ly  large, 281, 
346, and 735 #F/cme for immersion t imes 1, 2, and 22 hr, 
respectively.  Cathodic polarization of iron in the para-  
nitrobenzoic solution indicated that  the reduct ion re-  
action was diffusion-controlled.  

Discussion 
The corrosion rates of iron in the presence of r ing-  

substi tuted benzoic acids are plotted against the Ham-  
met t  substi tuent constants in Fig. 7. For comparison, 
the corrosion rates of uninhibi ted and phenol in-  
hibited iron are also given. It should be noted again 
that  iron in 1N H2SO4 containing para-hydroxyhenzoic  
acid did not achieve s teady-s ta te  cathodic overpoten-  
tials as the other  organics during a 5 sec pulse as 
shown in Fig. 2; several  minutes were  required.  There  
are two data points given for the  para-hydroxybenzoic  
acid in Fig. 7. The open point is the corrosion rate  de- 
termined using the cathodic Tafel  line of slope, 80 mV, 
obtained exper imental ly .  The closed point is the corro -  
sion rate est imated by the best fit of the overpotent ia l  
data using a cathodic Tafel  line of slope, 72 mV, which 
was the average value obtained with  the other organic 
compounds. 

The correlat ion of the corrosion rates of iron in- 
hibited by r ing-subst i tu ted  benzoic acids indicate that  
increasing the electron density at the adsorption or re-  
action center  by the addit ion of electron providing 
substituents on the ring increased inhibition. Fu r the r -  
more, correlat ion was achieved by using the z values 
of the free amine ra ther  than the protonated amine 
for the aminobenzoic acids. In the bulk solution of the 
1N H2SO4, the aminobenzoic acids should be proton-  
ated. Therefore,  the correlat ion indicates that  the ad- 
sorbed aminobenzoic acids were  in the unprotonated  
state. This suggests that  these organics were  adsorbed 
in the flat position on the iron surface [see also p. 1013 
of ref. (3) ]. 

The anomalous anodic behavior  of iron in the pres-  
ence of para-hydroxybenzoic  acid was manifest  in the 
anodic t ransient  data and the pseudocapacitance d u r -  
ing these anodic transients. These results suggest that  
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the p a r a - h y d r o x y b e n z o i c  acid interacts  wi th  the sur-  
face in termedia te  formed dur ing the electrodissolution 
of iron at polarization conditions of reasonably large 
displacement f rom the open circuit. 

Anomalous behavior  of iron in the presence of para-  
hydroxybenzoic  acid was also observed dur ing cathodic 
polarization. As shown in Fig. 2, s teady-s ta te  condi- 
tions during cathodic polarizat ion were  not achieved 
for at ]east several  minutes for iron in the presence of 
para-hydroxybenzoic  acid, whi le  less than 5 sec were  
required for iron in solutions containing the other  
organics. This cathodic behavior  of iron suggests that  
the para-hydroxybenzoic  acid interacts wi th  the re-  
action in termedia te  during the HER. 

The electrochemical  polarization behavior  of in- 
hibited iron indicates that  the para-hydroxybenzoic  
acid affects the reaction mechanism of both the elec- 
t r o d i s s o l u t i o n  and the HER. A mechanism was pro-  
posed previously (3) to take into account the active 
part icipation of an organic inhibitor  in the electrodis-  
solution of iron and can be used as a basis to in terpre t  
qual i ta t ively  the exper imenta l  results of this invest i -  
gation including the para-hydroxybenzoic  acid data. 
Similar  mechanisms to account for the interact ion be- 
tween the organic compound and the reaction in ter -  
mediate  during the HER can also be readily devised. 
However ,  the p r imary  purpose of this study was to 
invest igate the possible l inear free energy relat ionship 
(LFER) correlat ion of iron inhibit ion by r ing-subst i -  

tuted benzoic acids. 
To provide fur ther  information on the deviat ion of 

the para-hydroxybenzoic  acid data (open point) f rom 
the correlat ion curve shown in Fig. 7, the cathodic 
overpotent ia l  of the inhibited iron was plotted vs.  t h e  
substi tuent c o n s t a n t s  in Fig. 8. For  all current  densi-  
ties, the correlat ion lines were  drawn parallel.  At low 
current  densities, a good correlat ion was obtained in- 
dicating the simple adsorption mode of inhibition. 
However ,  at the higher  current  densities the  para-  
hydroxybenzoic  acid data substantial ly deviates from 
the correlat ion line and the deviat ion is shown to in-  
crease with increase in current  density. As shown in 
Fig. 8, the rate of the HER on iron was less in the pres-  
ence of para-hydroxybenzoic  acid than in the pres-  
ence of para-amino-benzoic  acid at large polarization. 
This increase in polarizat ion accounts for the observed 
larger  cathodic Tafel  slope of iron in the presence of 
pa ra -hydroxy-benzo ic  acid. 

It seems reasonable to assume that  the closed data 
point for pa ra -hydroxy-benzo ic  acid in Fig. 7 more  
closely approximates  the electrodissolution rate  at 
open circuit (i.e., the corrosion ra te) ,  since it bet ter  
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Fig. 8. Cathodic overpotentials of inhibited iron vs. Hammett 
substituent constants. 
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reflects the low polarization data .  Therefore, it is con- 
cluded that  corrosion inhibi t ion of iron (at open cir- 
cuit) by the r ing-subs t i tu ted  benzoic acids studied is 
achieved by the simple adsorption mode. At larger 
anodic and cathodic polarization, the electrochemical 
behavior indicates that the para-hydroxybenzoic  acid 
interacts with the adsorbed intermediates,  FeOH and 
H, and thus, alters the reaction mechanisms of electro- 
dissolution and the HER. 
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The Anodic Dissolution of Titanium 
in Sulfuric Acid 

R. D. Armstrong, J. A. Harrison, H. R. Thirsk,* and R. Whitfield 
Electrochemistry Research Laboratories, Department of Physical Chemistry, 

University o.f Newcastle upon Tyne, Newcastte upon Tyne, England 

ABSTRACT 

The mechanism of t i t an ium dissolution in sulfuric acid has been investi-  
gated using wire, rotat ing disk and p la t inum r ing - t i t an ium disk electrodes. 
T i tan ium dissolves directly as Ti 3+, without  any solution soluble in termedi-  
ates. The reaction is H + catalyzed (approximately first order).  A possible 
mechanism is suggested. 

The electrochemical behavior of t i tan ium has fre- 
quent ly  been investigated (1-10), par t icular ly  in re-  
lat ion to stress corrosion cracking. The mechanism of 
Ti dissolution has however rarely been inferred from 
the results obtained, and it was for this reason that 
the present  work was under taken.  

Experimental 
Ti tan ium electrodes (99.9%) were investigated in 

the form of wires (diameter  1 mm) and disks (diam- 
eter 7.5 ram).  A t i tan ium disk-p la t inum r ing electrode 
system was also used (rl ---- 3.18 ram, r2 = 3.47 mm, 
r~ ~ 4.77 mm) . l  Before use the Ti disks were mechani -  
cally worked with emery. The solutions used were 
prepared from AnalaR reagents and t r iply distilled 
water. They were all deoxygenated with N2. The refer-  
ence electrodes were H2/H + in 1M H2SO4 to which all 
potentials are referred, after correction for l iquid 
junct ion potentials. The solutions used together with 
the corrosion potentials of t i t an ium in  these solutions 
are shown in Table I. 

Repetitive t r iangular  sweep measurements  were 
made using a function generator  and a potentiostat  at 
sweep speeds from 3 mV/sec to 1 V/sec. Square  pulse 
potentiostatic measurements  were also used. For the 
r ing-disk  electrode two potentiostats were used so that  
the potentials of the r ing and disk electrodes could be 
separately controlled. All  measurements  were made at 
70 ~ _+ I~ since at lower temperatures  the current  
levels were found to be inconvenient ly  small. 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 A s m a l l e r  s p a c i n g  w a s  n o t  p r a c t i c a b l e  f o r  u s e  a t  o t h e r  t h a n  a m -  

b i e n t  t e m p e r a t u r e .  

Table I. Solutions used and corrosion potentials of titanium 

S o l u t i o n  E~ur  ro, io, , ,  p H ( 2 0 ~  [H+]  ( 7 0 ~  
H._,S O4 N a 2 S O 4  m V  m e a s u r e d  e s t i m a t e d  

1 0 M  - -  - 5 8 0  - - 0 . 8  - -  
( e s t i m a t e d )  

1 M  - -  -- 5 7 6  0 .07  1 . 0 4 M  
0 . 5 M  0 . 5 M  -- 5 7 0  0 .51  0 . 2 1 M  
0 . 1 M  - -  -- 550  0 .95  0 . 1 M  
0 . 1 M  0 . g M  -- 4 7 0  1 .51 0 . 0 2 M  

Results 
Current-potential curves on wire electrodes.--A 

typical i-E curve obtained from a chart recorder is 
shown in Fig. 1. The regions corresponding to hydro-  

2O 

An odic 

~'0 

0 -~Do -200  - 3 0 0  - 4 0 0  -50o  -500  
e(mv) ~ H 2 (i M H2S~I 

Fig. 1. i-E curve for a Ti wire electrode, 1 M H2S04 
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Fig. 5. Current-voltage characteristics of a hydrided electrode, 
1M H~S04. 

gen evolution (I) ,  active t i t an ium dissolution (II) ,  and 
passivity (III) can clearly be identified. The anodic 
and cathodic sweeps coincide at sufficiently slow sweep 
speeds. The dependence on sweep rate is shown in 
Fig. 2, as d V / d t  ~ 0, a convergence to a l imit ing i-E 
curve was found. The l imit ing i-E curves for different 
solutions are shown in Fig. 3 (active dissolution) and 
Fig. 4 (hydrogen evolut ion) .  If hydrogen evolution 
was main ta ined  for some time, the electrode charac- 
teristics changed in that  the rate of hydrogen evolu- 
t ion at fixed potential  was markedly  increased and the 
dissolution of the metal  greatly suppressed (Fig. 5). 
We took this to be due to hydr iding of the metal. 

Current-potentia~ curves on rotating disk electrodes. 
- - C u r r e n t  potential  curves on rotat ing disk electrodes 
showed no dependence on disk speed 2 between ~ = 2.6 
and ~ ~ 680 rad/sec. This is shown in  Fig. 6 for the 
active branch. The i -E relationships obtained coincided 
with those obtained from wire electrodes. 

Ring-disk  electrodes.--The i-E relat ionship obtained 
on the r ing electrode while active dissolution was pro-  
ceeding (Fig. 7) showed a single anodic wave before 
oxygen evolution. The r ing current  in the region of 
this l imit ing current  is shown for various values of 
the disk potential  (Fig. 8). For active dissolution 

ir 
= 0 .13  • 0 ,01 

i d  

Transient measurements . - -Ac t ive  to passive poten-  
tiostatic t ransient  measurements  showed a monotoni -  
cally decreasing cur ren t  with t ime (Fig. 9A, B),  
whereas passive to active t ransients  (Fig. 10) were of 
a sigmoid form. 

I n  H C 1  t h e r e  w a s  a l s o  n o  d e p e n d e n c e  o n  r o t a t i o n  s p e e d .  I n  HC20 .~  
h o w e v e r  t h e r e  w a s  a m a r k e d  d e p e n d e n c e  w h i c h  i s  p r o b a b l y  a s s o c i -  
a t e d  with a homogeneous oxidation of Ti species. 

2.o I 

i 

onodh 

O - I o 0  - 2 0 0  - 3 0 O  - 4 0 0  - 5 0 0  

Fig. 6. Dependence of dissolution rate on disk rotation speed, 
1M H2504. i-E curve shows results for o~ ~ 2.6, 680 rad ser -1 .  
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Fig. 7. Ring current as a function of ring potential. Disk at 
- - 2 0 0  mV vs. H2 IM H2S04, ~o = 19 rad sec - I .  
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Fig. 8. Ring current as a function of disk potential. Ring poten- 
tial 1.29 V, ~o = 19 tad sec - 1 .  
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Fig. 9A. Typical active-passive transient (short time scale) 
--450 to 0 mV (1M H2S04). 
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Fig. 9B. Typical active-passive transient (long time scale) - -450 
to 0 mV (1M H2S04). 
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Fig. 10. Typical  passive-act ive transients  ( IM H2S04);  A = 0 
to --200 mV, B = 0 to --450 mV. 
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Discussion 
Thermodynamic requirements.--For Ti in sulfuric 

acid the fol lowing potentials have  been quoted (11, 12) 
(at 25~ 

Ti ---- Ti(H20)63+ -5 3e E~ ---- --1.21V 

Ti = T i ( IV)  -5 4e E~ -- --0.88V 

The T i / T i ( I I )  potent ia l  is uncertain since stable 
solutions of T i ( I I )  cannot be prepared  in aqueous 
media (13), a l though recent  est imates (14, 15) give 

Ti = T i ( I I )  -5 2e E~ ---- --0.6V 

Ti (III)  complexes wi th  O H -  as (16) 

Ti 3+ -5 OH = T i (OH)  2+, log K1 ---- 12.71 

while  Ti ( IV)  is present  in sulfuric acid largely as 
Ti (OH)3 HSO4 (17). 

Thus, thermodynamical ly ,  Ti could dissolve in the 
potential  region under  invest igat ion as T i ( I I ) ,  T i ( I I I ) ,  
or T i ( IV) .  However  the product  of the react ion must  
be T i ( I I I )  or T i ( IV)  since T i ( I I )  is oxidized by water .  

Mechanism o~ Ti dissolution.--The independence of 
the dissolution cur ren t  on disk rotat ion speed shows 
that  (a) surface processes are rate  determining,  and 
(b) that  solution soluble in termediates  are absent. It 
is not possible to deduce a Tafel  slope f rom the com- 
posite i-E curves because of the re la t ive ly  small  po- 
tent ia l  region be tween  hydrogen evolut ion and passi- 
vation. However  the react ion is approximate ly  first 
order  with respect to H + at constant potential .  

This is in agreement  wi th  previous observations on 
the effect of hydrogen ion concentrat ion in sulfuric and 
hydrochloric  acids (2, 8, 10). 

The product  of the react ion follows f rom the  ring 
disk experiments.  Since it can be oxidized it must  be 
Ti ( I I )  or T i ( I I I ) .  The collection efficiency (N) esti-  
mated  f rom Albe r ry  and Bruckenstein 's  (18) tables is 
0.40 which fits the exper imenta l  results  if 

at the disk Ti --> Ti 3 + W 3e 

at the r ing Ti ~+ --> Ti ( IV)  -5 e 

Thus the dissolution of Ti appears to be H + cata-  
lyzed, in contrast  to Fe (19) which is O H -  catalyzed. 
A possible mechanism is 

Ti ~ Tia~s 2+ 4- 2e 

Tiads 2+ -5 H + "-> Ti 3+ -5 Hads 

Hads ~- H + -5 e 

which would requi re  the react ion to be first order in 
H + and have  a Tafel  slope of ~-34 mV/decade  for the 
case of low coverage by adsorbed species. 

Another  possible explanat ion for the H + dependence 
of the dissolution rate  is that  O H -  is adsorbed in the 
region of Ti dissolution and reduces the ra te  of dis- 
solution through a surface coverage effect. 

Hydrogen evolution.--Current-potential curves for 
hydrogen evolut ion showed a Tafel  slope of 172 m V /  
decade (at 70~ and an order  of uni ty  wi th  respect  
to H +. This indicates the slow discharge of H + as the 
rate de termining step. The present  work  is compared 
with previous work  (20, 21) on hydrogen evolut ion on 
Ti in Table II. Thus Ti is a high overvol tage  meta l  
while  Ti -H has a low overvol tage  for hydrogen evolu-  
tion. 

Table II. Parameters for hydrogen evolution on titanium 

log  io, Ta fe l  slope,  
S o l u t i o n  T e m p e r a t u r e  A cm-2 m V / d e c a d e  Refe rence  

1M H2SO4 70~ -- 6.37 172 Th i s  w o r k  
1M H2SO4 R o o m  t e m p  -- 6.15 119 20 
0.5M H2SO4 R o o m  t e m p  --6.01 135 21 
1M HCI R o o m  t e m p  --6.30 130 21 
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Passivation of titanium.--The i-E curve for the ac- 
t ive-passive t ransi t ion in t i t an ium shows no depen-  
dence on rotat ion speed. We consider this as evidence 
that the passivation of Ti does not involve an in ter -  
mediate dissolution reaction followed by "precipita- 
tion" in the solution as has been proposed for Ni (22). 
The passive-active t ransients  which are observed (Fig. 
10) can be explained by assuming that  the passivating 
film on t i t an ium is removed by a mechanism involv-  
ing the nucleat ion and growth of two dimensional  
holes. If the holes grow a velocity v cm sec -1 and 
nuclei  are formed at the rate of A nuclei  cm-~ sec-1 
then the fraction of active surface (S) after a t ime t is 

S = l _ exp [ -nv2t~A ] 
3 

The component which will  be observed is then (23) 
(i) due to the active dissolution of Ti, i~; (ii) due to 
the passive dissolution of Ti, i2; (iii) due to hydrogen 
evolution on the active surface, i3; (iv) due to hydro-  
gen evolution on the passive surface, i4 and 

3 

i2 = i02 exp ( --~v2taA ) 
3 

3 

i t = i o ~ e x p ( - - n v 2 A t 8  ) 
3 

while the observed current  is 

i = i 1 + i 2 - - i 3 - - i 4  

which qual i tat ively agrees with the observed t r an -  
sients. 
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Mechanism of Electrodeposition of Manganese 
in Alpha and Gamma Modifications 

N. Dhananjayan 
National Metallurgical Laboratory, Jamshedp~tr-7, India 

ABSTRACT 

A mechanism of the deposition of manganese in alpha and gamma modifi- 
cations, in the presence and absence of addition agents in the electrolyte, has 
been proposed based on exper imental  results and evidence. A flash layer  of 
amorphous manganese  is deposited from pure solutions, over which gamma 
manganese  begins to bui ld up in the absence of reducible sulfur  or selenium 
compounds in the electrolyte. In  the presence of sulfur dioxide, the amorphous 
na ture  continues to build up to an increasing thickness over which crystal l ine 
alpha manganese  is obtained. Alpha manganese  is obtained in the presence of 
sulfur, selenium, or t e l lu r ium when the cathode polarization together with 
the hydrogen content of the deposit is found to be increased. Likewise, the 
increase in current  density increases the cathode polarization together with 
the hydrogen c~ntent of the deposit when hard bri t t le  amorphous manganese  
is obtained. The low hardness and density of electrodeposited alpha m a n -  
ganese, compared to its annealed state, and the increase in hardness to- 
gether with ducti l i ty on heating, suggest that  a part  of the discharged hydro-  
gen ions assumes positions inside the lattice or forms a complex dur ing  the 
deposition of alpha manganese.  

According to Dean (1,2), manganese  is ini t ial ly de- 
posited to a few thousandths of an inch thick in gamma 
modification from all electrolytes, and in the presence 

Key words:  eleetrodeposited manganese ,  s t ructure ,  mechanism,  
cathode polarization, hydrogen.  

of SO2 in the electrolyte, this gamma gradual ly  t rans-  
forms to the alpha form, the t ransi t ion proceeding out-  
ward from the cathode plate. When the alpha form 
reaches the surface, manganese  will  plate as macro-  
scopic crystals of alpha manganese.  Dean (1,2) has 
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based his above inference on the "duplex  s t ructure ,"  
as he calls it, of deposited manganese  and the h igher  
hardness of the manganese surface-facing cathode. 

Schlain and Pra te r  (3) obtained good deposits of 
gamma manganese on copper cathodes in the absence 
of SO2 with  current  efficiencies of 62-72% on 5-12 hr  
runs, but their  deposits on stainless steel were  poor 
and porous. According to them, the addition of S.O2 
prevents  the formation of gamma manganese. The de- 
posited gamma manganese  takes about 238 hr  at 25~ 
for half  complet ion of the t ransformat ion  to alpha 
manganese (4). 

Bell 's  work  (5) does not seem to support  Dean's 
contentions. She plated manganese on aluminum, mild 
steel, and copper to 0.0005-0.0015 in. thick and found 
only the presence of alpha manganese,  a l though there  
was no reducible  sulfur  compound present  in the 
electrolyte.  She had used a high current  densi ty of 
23-27 A /d in  2 and had used electrolytic manganese 
flakes in the anolyte to make  up the manganese con- 
tent  of the bath. 

According to Moiseev and Popova (6,7) and Gor-  
bunova (8), the deposits on copper, silver, and iron 
f rom manganese ammonium sulfate baths with or 
wi thout  addition of glycerol  to a thickness of 10-60~, 
at cur ren t  densities of 30 A/d in  2, and at pH 3.8-4 
showed only x - r a y  pat terns similar  to the one f rom 
the  amorphous substances. They obta ined gamma man-  
ganese, in some cases, in the deposit 10~ thick, on a 
si lver cathode, in the absence of glycerol  in the bath. 
At room tempera ture ,  it passed over  to the alpha 
form in about 6 hr. The deposits obtained by Moiseev 
and Popova (6,7) wi th  0.3% SO2 in the electrolyte,  at 
current  densities of 17-25 A/d in  2 and at pH 2.2-3.0, 
showed clear crystal l ine s t ructure  of alpha manganese 
with  a texture,  while  deposits obtained at current  
densities of 25-30 A / d m  2 and at pH 3.8-4.2 showed 
only a pa t te rn  of the amorphous body. 

This paper proposes a new mechanism on the dep-  
osition of manganese in alpha and gamma forms, on 
the basis of more recent  data from an extensive study 
(9, 10), and at tempts  clarification of certain anomalies 
in the observations of ear l ier  investigators.  

Exper imenta l  
Considerable at tent ion was paid in the preparat ion 

and pur i ty  of the electrolyte  to ensure absence of 
colloidal or sulfide sulfur. Unless otherwise mentioned,  
the conditions of deposition were  as follows. 

Composition of electrolyte:  23-24 g / l i t e r  of manga-  
nese as manganese sulfate and 135-140 g / l i t e r  of 
ammonium sulfate; init ial  pH of catholyte  and feed 
electrolyte:  7.2; e lect rolyte  flow to the cell: 10 m l / m i n ;  
cathode current  density 4.2 A/dm2; and tempera ture :  
28oc 

Each cathode had a ver t ica l ly  cut slit, 4 x 1 cm, in 
the center  (see Fig. 1). The top of the slit was 1 cm 
below the solution level. A 0.25 mm thick wire  of the 
cathode mater ia l  was at tached in the slit. The wires 
were  cold drawn and annealed. They were  then 
polished with  metal lographic  paper 2/0. A port ion was 
cut f rom the middle  of this wire  wi th  deposited meta l  
and the same was used as the specimen for x - r a y  
studies. For  back-reflect ion x - r a y  studies of deposits, 
cathodes, wi th  deposited manganese f rom a small  cell, 
were  direct ly  used as the specimen. For  micros t ruc ture  
studies, the metastable  gamma manganese or speci- 
mens containing both alpha and gamma were  cold- 
mounted with  plastic solution and powder.  

The electrode potentials were  determined with  a 
v iew of s tudying the compara t ive  differences in the 
values of the various forms of manganese in identical  
solutions under  identical  conditions. They were  mea-  
sured direct ly  f rom 1N MnSO4 solution, prepared f rom 
t ransformed gamma manganese, and contained no sul- 
fur, selenium, or any dissolved gases. The recorded 
potential  values f rom the  moment  the  meta l  is placed 

Fig. 1. Stainless steel cathode after stripping off deposited 
gamma manganese showing the amorphous undercoat of manga- 
nese. 

in the solution to about 30 rain were  extrapola ted to 
zero t ime and the potential  at zero t ime was taken for 
comparison. It  may  be ment ioned that  the extrapolated 
values to zero t ime of two different specimens of each 
of the various forms of manganese examined were  in 
v e r y  close ranges of ~0.003V. No correction has been 
made for the act ivi ty  coefficient and the values cannot 
be taken as absolute standard potential  values. 

The hydrogen content  in deposited manganese was 
determined by vacuum extract ion at 500~ as the solu- 
bil i ty of hydrogen in manganese is min imum at that  
temperature .  The order  of reproducibi l i ty  in the de- 
te rminat ion  was about _+ 5%/100g of metal.  

Results and Discussion 
Nature and growth o~ manganese deposits.--It can 

be seen f rom Table I that  deposition of manganese on 
a stainless steel cathode in the absence of reducible 
sulfur  or selenium compounds in the electrolyte  re -  
sults in a nonuniform amorphous deposit (Fig. 1) for 

Table I. Structure of initial deposits of manganese from 
solutions in absence and presence of sulfur dioxide or 

selenious acid 

A d d i t i o n  
a g e n t  T i m e  o f  On  s t a i n l e s s  

g / l i t e r  d e p o s i t i o n  s t ee l  c a t h o d e  

S t r u c t u r e  of  t h e  d e p o s i t  

On  c o p p e r  c a t h o d e  

Ni l  

N i l  

N i l  

Ni l  

N i l  

N i l  

0.15 SO2 

0.15 SO2 

0.15 SOz 

0.15 SO~ 

0,1 H~SeOa 

8 sec  A m o r p h o u s  

30 sec  G a m m a  (d i f f r ac t i on  l ine  
of  2 .13A on ly )  

1 r a in  G a m m a  (d i f f r ac t i on  l ine  
of  2 .13A on ly )  

2 r a in  G a m m a  (d i f f r ac t i on  l ine  
o f  2 .13A only)  

3 r a i n  G a m m a  (d i f f r ac t i on  l ine  
of  2 ,13A only)  

5 r a i n  G a m m a  (al l  t h e  d i f f r a c -  
t ion  l i ne s  of  g a m m a )  

2 r a i n  A m o r p h o u s  ( b r o a d  d i f -  
f u s e d  ha lo  a t  l o w  a n g l e )  

5 r a i n  A m o r p h o u s  ( b r o a d  d i f -  
f u s e d  ha lo  a t  l o w  a n g l e )  

10 r a i n  A m o r p h o u s  ( b r o a d  d i f -  
f u s e d  ha lo  a t  l o w  a n g l e )  

15 r a in  A l p h a  (all  t h e  d i f f r a c -  
t ion  l ines  of  a lpha )  

1 r a i n  A l p h a  (all  t h e  d i f f r a c -  
t i o n  l ines  of  a lpha )  

O n l y  d i f f r a c t i o n  p a t -  
t e r n  of  c o p p e r  s u b -  
s t r a t e  
O n l y  d i f f r a c t i o n  p a t -  
t e r n  of  c o p p e r  s u b -  
s t r a t e  
O n l y  d i f f r a c t i o n  p a t -  
t e r n  of  c o p p e r  s u b -  
s t r a t e  
A m o r p h o u s  (b road  d i f -  
f u s e d  h a l o  a t  d v a l u e  
2.0B-2.15A) 
A m o r p h o u s  (broad dif -  
f u s e d  h a l o  a t  d v a l u e  
2.08-2.15A) 
G a m m a  (all  t h e  d i f -  
f r a c t i o n  l i ne s  of g a m -  
m a )  
A m o r p h o u s  ( b r o a d  di f -  
f u s e d  ha lo  a t  l ow a n -  
gle  ) 
A m o r p h o u s  (b road  d i f -  
f u s e d  h a l o  a t  l o w  a n -  
gle)  
A m o r p h o u s  ( b r o a d  d i f -  
f u s e d  h a l o  a t  l o w  a n -  
gle ) 
A l p h a  (all  t h e  d i f f r a c -  
t ion  l i ne s  of  a l p h a )  
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the first 8 sec over  which gamma manganese begins to 
build up. Deposits on copper up to 1 min of deposition, 
under  the same conditions, do not show any diffraction 
lines other  than those of copper, which may  perhaps 
be the period of  alloy formation and /o r  diffusion, af ter  
which up to 3 rain of deposition, in addition to the 
substrate pat tern,  a broad halo at a low angle in-  
dicating the amorphous nature  of the growing deposit 
is noticed. At 5 rain of deposition, all the  diffraction 
lines of gamma manganese are noticed both on stain-  
less steel and copper cathodes. 

On the other  hand, on addit ion of 0.15 g / l i t e r  of SO2 
to the same electrolyte  under  the same conditions, the 
deposits, both on stainless steel and copper, continue 
to show the init ial  amorphous pa t te rn  up to 10 min of 
deposition. At 15 min, both give a clear crystal l ine 
pa t te rn  of alpha manganese.  No evidence of deposition 
of gamma manganese was found at any t ime on ei ther  
cathodes in the presence of SO2, al though in its 
absence, gamma lines were  dist inguishingly clear  at 
5 min of deposition. The amorphous deposits show a 
hardness value of 652 DPN indicat ive of alpha manga-  
nese. 

Beyond 15 min of deposition, crystal l ine alpha man-  
ganese is obtained on all cathodes in the presence of 
SO2 or SeO2 in the electrolyte  and gamma manganese 
is obtained in their  absence. The photomicrographs of 
alpha manganese, obtained in presence of S or Se, 
show a clear co lumnar  structure, while  those of gamma 
manganese, obtained in absence of these compounds, 
show a twinned  s t ructure  as can be seen from Fig. 2a 
and 2b. 

The surface of the alpha manganese-fac ing  cathode, 
obtained in the presence of SO2, immedia te ly  after  
deposition or af ter  a period of four years of aging at 
room temperature ,  does not give any back-reflect ion 
x - r a y  pa t te rn  confirming that  the part icle size of the 
surface-facing cathode is below the range of diffrac- 
tion by x-rays.  Only af ter  heat ing at 500~ for 2 hr  in 
vacuum did this specimen give a sharp back-reflect ion 
pa t te rn  of alpha manganese.  

Deposition of gamma over alpha manganese and vice 
versa.--Figure 3a and 3b show the photomicrographs 
of deposited alpha over  gamma manganese and vice 
versa. 

Back-reflect ion x - r a y  examinat ion  of the deposit 
obtained in 10 min, in the presence of selenium, over  
gamma manganese  shows diffraction lines of alpha and 
gamma manganese,  while  the deposit in 10 rain, in the 
absence of selenium, over  alpha manganese shows 
diffraction lines of alpha manganese only. This la ter  
deposit, on x - r ay  powder  pat tern,  shows a broad 
diffused halo at a d value  of 2.10A along wi th  alpha 
manganese lines. This indicates that  during deposition, 
f rom solutions containing no reducible  S or Se com- 
pounds, over  alpha manganese,  an amorphous deposit 
forms ini t ia l ly  because of which gamma deposited 
over  alpha could be s t r ipped off separately.  On the 
other  hand, alpha manganese deposited over  gamma 
could not be stripped off, the  ent i re  deposit coming off 
together  f rom the cathode. 

Substrate influence.--Thus i t  can be seen that  copper 
and manganese cathodes have some influence in the 
first few layers of the deposit. Beyond that, the  sub- 

Fig. 2a. Electrodeposited alpha manganese, cross section. 270X Fig. 3a. Alpha over gamma manganese. 450X 

Fig. 2b. Electrodeposited gamma manganese, cross section. 270X Fig. 3b. Gamma over alpha manganese. 450X 
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Table II. Electrode and cathode potential values 

No. N a t u r e  of  m a n g a n e s e  m e t a l  

E L E C T R O D E P O S I T I O N  O F  M A N G A N E S E  1009 

W i t h  r e s p e c t  to  h y d r o g e n  
e l e c t r o d e  as  zero ,  a t  27~ V 

E I e c t r o d e  
p o t e n t i a l  

in  1N MnSO4 C a t h o d e  
so lu t i on  p o t e n t i a l  

( e x t r a p o -  a t  a c u r -  
l a t e d  value r e n t  d e n s i t y  

to ze ro  t i m e )  of 4.2 A / d i n  ~* 

1. P u r e  a l p h a  m a n g a n e s e  c o n t a i n i n g  --1.058 
no  s u l f u r  o r  s e l e n i u m  (depos i t ed  
as  g a m m a  m a n g a n e s e  a n d  t r a n s -  
f o r m e d  to a l p h a  b y  h e a t i n g  a t  
160"C f o r  1 h r  in  v a c u u m )  

2. G a m m a  m a n g a n e s e  ( e l e c t r o d e p o s -  -- 1.085 -- 1.392 
i t ed )  

3. A l p h a  m a n g a n e s e  c o n t a i n i n g  su l -  - 1 . 0 9 2  - 1 . 3 9 9  
f u r  ( e l e e t r o d e p o s i t e d  f r o m  so lu-  
t i ons  c o n t a i n i n g  0.1 g / l i t e r  of  SOe) 

4. A l p h a  m a n g a n e s e  c o n t a i n i n g  se-  --1.125 --1.408 
l e n i u m  ( e l e e t r o d e p o s i t e d  f r o m  so-  
l u t ions  c o n t a i n i n g  0.1 g a i t e r  of  
HsSeO3) 

* No c o r r e c t i o n  h a s  b e e n  m a d e  f o r  t h e  o h m i c  d r o p  b e t w e e n  t h e  
L u g g i n  c a p i l l a r y  a n d  e l e c t r o d e  s u r f a c e .  

strates have no directing influence on the s t ructure  of 
the deposit. The presence of reducibIe S or Se com- 
pounds alone in the electrolyte determines the ul t i -  
mate structure. With all other conditions of deposition 
such as current  density, pH, temperature ,  composition 
of electrolyte, and even cathode efficiency remain ing  
the same on any substrates, gamma or alpha m a n g a -  
nese can be deposited depending on the absence or 
presence of reducible compounds of S or Se in the 
electrolyte. 

Stanc~ard and cathode potentials.--It can be seen 
from Table II that  the s tandard electrode potential  of 
pure alpha manganese containing no sulfur  or selenium 
should be less negative than  that  of gamma manga-  
nese and that the two values differ only very slightly, 
which is in conformity with the s tandard free energy 
of each modification (11). It is also seen that the 
cathode potentials under  the same current  densities 
of deposition increase in the order of (a) gamma m a n -  
ganese, (b) alpha manganese containing sulfur, and 
(c) alpha manganese  containing selenium, which is 
found to be in conformity with the order of electrode 
potential  values. 

Pure  alpha manganese  ( t ransformed gamma m a n -  
ganese) is found to have a very low hydrogen over-  
voltage, while gamma manganese has a comparat ively 
higher hydrogen overvoltage. 

Addition agents, polarization, and hydrogen content. 
- - I t  can be seen from Table III  that  electrodeposited 
gamma manganese contains 42-70 ml/100g of hydrogen, 
almost the same amount  soluble in gamma manganese  
wi thin  its tempera ture  ranges of stabil i ty (12). On 
the other hand, electrodeposited alpha manganese,  in 
presence of sulfur or selenium, contains 230-260 
ml/100g of hydrogen, while the absolute solubil i ty of 
hydrogen in alpha manganese  is  only 21.6 ml/160g at 
25~ (12). It is noticed that  the presence of reducible 
S or Se compounds in the electrolyte increases the 
cathode polarization with a resul tant  increase in the 
hydrogen content  of the alpha deposit obtained. Both 
these properties can be at t r ibuted to the negative 
catalytic activity of sulfur  and selenium on the re- 
combinat ion of hydrogen atoms (13, 14) to form mole-  
cules. 

While the negative catalytic agents of group VIB, 
viz., S, Se, and Te, facilitate the deposition of alpha 
manganese,  negative catalytic agents of group VB, 
viz., P, As, and Bi, do not  behave similarly. With 
te l lur ium the hydrogen content  increases to 598 m l /  
100g and the deposit shows an amorphous pat tern on 
x - r ay  studies. 

Organic inhibitors in the electrolyte also increase the 
cathode polarization, but  they nei ther  yield alpha 
manganese  nor  introduce any high amount  of hydrogen 
in the deposit. Exper iments  D and E in Table III show 
that  only cathodically reducible sulfur  compounds 
yield alpha manganese  and  that  the effect of SO2 is 
pr imar i ly  not that of a reducing agent in the deposi- 
tion of manganese  (1). 

Effect of conditions of deposition.--Cathode current 
density.--With all other conditions of deposition re- 
main ing  the same, increase in cur ren t  density from 
4-5 to 30 A/dm2 prevents  the formation of gamma 
manganese  from solutions containing no reducible S 
or Se compounds, and an amorphous bri t t le  manganese 
with the hardness of alpha and with a hydrogen con- 
tent  of 550 ml/100g is obtained. Heating this amor-  
phous deposit at 125~ in a vacuum of 10 -~ mm of Hg 
gives a clear crystal l ine pa t te rn  of alpha manganese.  

Table III. Addition agents, hydrogen content, and structure of deposited manganese 

( E x c e p t i n g  f o r  Exp t .  A - - l ,  w h e n  c o p p e r  c a t h o d e  w a s  used ,  a l l  t ~ e  o t h e r  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  w i t h  s t a i n l e s s  s tee l  ca thode . )  
C u r r e n t  d e n s i t y :  4.6 A / d m e ;  t i m e  of  d e p o s i t i o n :  2 h r  

A d d i t i o n  a g e n t ,  C u r r e n t  H y d r o g e n  con-  
No.  g / l i t e r  e f f ic iency ,  % S t r u c t u r e  t en t ,  m l / 1 0 0 g  R e m a r k s  

A--I N i l  67.35 G a m m a  70 
2 N i l  73.72 G a m m a  4 2  No sul f ide  s u l f u r  d e t e c t e d  in  t h e  d e p o s i t  

B.  N e g a t i v e  c a t a l y s t s  f o r  h y d r o g e n  r e c o m b i n a t i o n  
Group V I B  

1 SuLfu rous  a c i d :  0.13 63.48 A l p h a  231 0.07% s u l f u r  in  t h e  d e p o s i t  
2 Selenious acid: 0.013 64.68 Alpha 260 0.13% selenium in the deposit 
3 T e l l u r i c  a c i d :  0.1 26.02 A l p h a  ( a m o r p h o u s  598 

Group V B  f ine  g r a i n e d )  

4 P h o s p h o r u s  0.05 as  so~ 65.77 G a m m a  
d i u m  h y p o  p h o s p h i t e  

84 

C. O r g a n i c  i n h i b i t o r s  
1 T r i a m y l a m i n e :  0.11 68.31 G a m m a  99.93 

2 T r i e t h a n o l a m i n e :  3 m l  54.34 G a m m a  48.6 
3 P a r a f o r m a l d e h y d e :  0.1 73.68 G a m m a  26.62 
4 D i m e t h y l a m i n e  b e u z a l -  51.66 G a m m a  62.8 

d e h y d e :  0.1 
5 G l y c e r o l :  10 m l  69.28 G a m m a  45.6 

W i t h  b i s m u t h  ox ide ,  o n l y  b l a c k  depos i t ;  w i t h  a r s e n i t e ,  
d e p o s i t  a t  e d g e s  of  t h e  c a t h o d e  o n l y  w e r e  o b t a i n e d  

V e r y  a d h e r e n t ,  a Very  t h i n  l a y e r  of  w h i t e  u n d e r c o a t  
M n  w a s  s e e n  on s t r i p p i n g  g a m m a  m a n g a n e s e  

E x c e l l e n t  depos i t ,  n o t  v e r y  a d h e r e n t  
D e p o s i t  w a s  r a t h e r  loose,  no t  a d h e r e n t ,  A m o r p h o u s  
u n d e r c o a t  w a s  p r a c t i c a l l y  a b s e n t  

13. C a t h o d i c a l l y  n o n r e d u c i b l e  a n d  r e d u c i b l e  s u l f u r  c o m p o u n d s  
1 D i t h i o n i c  a c i d :  0.4 65.55 G a m m a  36.1 No  su l f ide  s u l f u r  d e t e c t e d  in  6g  s a m p l e  
2 O - T o l y t h i o u r e a :  0.26 63.43 A l p h a  230.5 V e r y  b r i g h t  d e p o s i t  

E. O x i d i z i n g  a g e n t s  in  p r e s e n c e  a n d  a b s e n c e  of  s e l e n i u m  
1 S e l e n i o u s  a c i d  0.1 a n d  88.67 A l p h a  184 

a m m o n i u m  p e r s u l f a t e  
4.0 

2 A m m o n i u m  p e r s u l f a t e  50.0 G a m m a  50.6 
only: 10.0 
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During deposition at high current  densities, at the 
top solut ion-air  interface portion, where the current  
is blocked due to accumulat ion of hydrogen bubbles 
and where the cathode polarization is decreased, 
gamma manganese  is obtained. Similar ly  if a cathode 
is bent  at the projected side which is d rawn nearer  to 
the anode and where the current  densi ty  is high, 
alpha manganese  (amorphous) is obtained, and on 
the reverse side where the cur ren t  densi ty  is low, 
gamma manganese  is obtained. 

Catholyte pH. - -At  catholyte pH around 2, in the pres- 
ence of SO2, deposits obtained show crystal l ine pat tern  
of alpha manganese,  instead of the amorphous de- 
posits obtained up to 10 min of deposition at pH 
around 7 as ment ioned earlier. This has to be a t t r ibuted 
to the formation of hydrogen sulfide and its direct 
inhibi t ive  action on the recombinat ion of hydrogen 
atoms and to direct proton inclusion in the deposit 
(13,14). 

Hardness and evolution of hydrogen in manganese. -  
Unlike other electrodeposited metals like Fe, Cr, Ni, 
etc., electrodeposited alpha manganese  does not show 
a high hardness value compared to its annealed state. 
The electrodeposited alpha manganese has a hardness 
of 690 DPN, which increases to 1000 DPN on heat ing 
to 500~ in  vacuum, when practically all the hydrogen 
is removed. The electrodeposited gamma manganese  
has a hardness of 100 DPN. 

The electrodeposited alpha manganese left at room 
tempera ture  is found to be less bri t t le  with the passage 
of time. Most of the hydrogen in alpha manganese  can 
be removed on heat ing to 300~ in a vacuum of 
10 -4 mm of Hg without  significantly affecting the 
broadening of diffraction rings (Table IV). On heating 
to 500~ the broadening disappears, the x - r ay  pa t te rn  
is well resolved, and the hardness is also increased. 
Along with hardness, the ducti l i ty of the metal  also 
increases. 

The x - r ay  powder pat terns obtained in this invest i-  
gation of gamma and alpha deposits containing various 
amounts  of hydrogen general ly  confirm Potter 's  (15) 
earlier finding that  the broadening of the lines was 
highest with t ransformed gamma manganese.  Pot ter  
(15) explains, on the basis that all  the hydrogen is in 
interst i t ial  solid solution, that the highest broadening 
with t ransformed gamma manganese  is because of an 
uneven  dis tr ibut ion of hydrogen in the uni t  cell of 
alpha manganese  so formed. On the other hand, it is 
felt that the highest broadening observed with t rans-  
formed gamma manganese  shou!d be a t t r ibuted to the 
volume change associated with the t ransformat ion of 
gamma to alpha and the resul tant  stress. Second, the 
deposits containing more than 500 ml/100g of hydrogen 
obtained in this invest igat ion were general ly  amor-  
phous. 

General discussivn.--No evidence to support  Dean's 
theory that  manganese  is ini t ia l ly deposited in gamma 
which subsequent ly  t ransforms to alpha in presence 
of SO2 was found from x - ray  studies of the deposits. 
The exper imental  results in this investigation indicate 
that  the particle size of the init ial  deposit, in presence 
of SO,,, should be less than  0.01~, being below the 
range of diffraction by x-rays.  Apparen t ly  the th in  
crystal l ine deposit toward the cathode, ment ioned by 

Table IV. Evolution of hydrogen from electrodeposited 
alpha manganese (pilot plant sample) during 

heating to various temperatures 

E v o l v e d  h y d r o g e n  in  15 ra in  
T e m p e r a t u r e ,  ~ a t  10 -~ m m  of  Hg  (ml /100g)  

75 11.58 
100 15.4S 
200 106.90 
300 154.50 
400 16.73 
500 2.57 

Dean (1), seems to be this amorphous deposit. The 
higher hardness and the tarnish  resisting brightness 
of the surface-facing cathode (1) can be explained by 
the finer grain size and orientat ion of the ini t ial  de- 
posit. 

Presumably  the high current  densi ty of 23-27 A / d m  2 
and the sulfur  present  in the electrolytic manganese  
flakes which were used directly in the anolyte to make 
up to the manganese content  of the bath may be re- 
sponsible for the absence of the gamma modification in 
the deposits that Bell (5) obtained in the absence of 
SOu in the electrolyte. 

The gamma manganese  obtained in this invest igat ion 
took about 5 days for half completion of t ransforma-  
t ion to alpha at a tempera ture  of 32~ corroborating 
Potter 's  data (4). In  this investigation, the addition of 
glycerol was not found to have any effect on the 
s tructure of deposited manganese  compared to those 
obtained from pure solutions as reported by Moiseev 
(6, 7). However, this investigation corroborates 
Moiseev's (6, 7) findings that at a lower pH, crystal l ine 
alpha manganese  is obtained instead of the amorphous 
deposits obtained ini t ia l ly  at higher pH values in the 
presence of SO2. 

Proposed Mechanism 
The following mechanism is suggested in the deposi- 

tion of manganese  in alpha and gamma modifications, 
at cur rent  densities of the order of 4-5 A/d in  2 and at 
catholyte pH values around 7. 

(i) (a) Barr ing the exceptions of a directing in-  
fluence of an active substrate in the first few atomic 
layers of the deposit, manganese  is ini t ia l ly electro- 
deposited from pure solutions of manganese  and am- 
mon ium sulfate in an amorphous nature.  This amor-  
phous deposit resembles alpha manganese.  
(b) Pure  alpha manganese  containing no S or Se and 
especially this amorphous deposit has a very  low 
hydrogen overvoltage, and for this reason it cannot  be 
electrodeposited from pure solutions to any appreci- 
able thickness. 
(c) As soon as an init ial  flash layer  of such extremely 
fine grained (alpha) manganese  is formed in about  
8-10 sec, it facilitates hydrogen discharge and hydro-  
gen evolution takes place. This discharge of hydrogen 
ions makes the vicini ty of the cathode more alkal ine 
when  the potential  for evolution of hydrogen is raised. 
(d) The s tandard electrode potential  of gamma man-  
ganese is only slightly more negative than that  of pure 
alpha manganese,  and the increase in polarization due 
to the discharge of hydrogen (as ment ioned under  (c) 
above) enables gamma manganese  to be deposited. 
Due to the higher hydrogen overvoltage of gamma 
manganese,  gamma manganese  begins to bui ld  up. 

(ii) (a) With an addition of 0.1 g / l i ter  of SO2 to the 
electrolyte, the amorphous na ture  of the init ial  deposit 
continues to bui ld up to an increasing thickness, over 
which crystal l ine alpha manganese  is obtained. This 
bears a close resemblance to the thick amorphous 
bri t t le  manganese, having hardness of alpha, obtained 
at high current  densities, viz., 27-30 A / d m  2, from solu- 
tions containing no reducible sulfur  or selenium com- 
pounds. 
(b) Addition of reducible compounds of sulfur  or 
selenium to the electrolyte not only increases the 
cathode potent ial  values, but  s imultaneously increases 
the surface concentrat ion of hydrogen atoms, as in the 
case with high current  densities of deposition from 
pure solutions. 
(c) These indicate that  alpha manganese begins to 
bui ld up when the cathode polarization is raised, 
together with a high adsorption or absorption of 
hydrogen as noticed from the hydrogen contents of 
deposited manganese  in presence of sulfur  or selenium 
in the electrolyte, and also at high current  densities 
of deposition from solutions containing no reducible 
sulfur  or selenium. 
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(d) The strength of the bond between manganese  and 
sulfur  or selenium may be greater with a result  of the 
adsorption of these particles, and their  effect on the 
discharge of metal  ions may also be greater. 

(iii) (a) The low hardness and density of electro- 
deposited alpha manganese,  compared to its annealed 
state, and the increase in hardness together with 
ducti l i ty on heating suggest the possibility that  a part  
of the discharged hydrogen ions assumes positions in-  
side the lattice or forms complex dur ing  the formation 
of alpha manganese.  
(b) On the other hand, desorption characteristics of 
hydrogen in alpha manganese  do not favor the view 
that  all the hydrogen in electrodeposited manganese  
is inside the lattice. 
(c) After  the flash layer of amorphous (alpha) m a n -  
ganese of the first 8-10 sec, fur ther  deposition of man-  
ganese in alpha form has to be a t t r ibuted to the prop- 
erties ment ioned before and has to be explained pre-  
sumably  on the basis that a part  of the hydrogen 
atoms goes inside the lattice and remains as protons 
and that the electrons are not equal ly shared between 
different kinds of atoms in alpha manganese  and that 
the s tructure is more similar  to that  of a compound 
than to a t rue element  (16). 
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CrO :S04 Ratios 
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ABSTRACT 

The formation of cathodic films was observed under  the microscope during 
electrolysis of chromium plat ing solutions at various CrO~:SO4 ratios. The 
microscopic observations were correlated with galvanostatic and potentiostatic 
polarization data. It was found that  an amorphous oxide film formed in 
chromic acid solutions. This film also formed, as a t rans ient  stage prior  to 
chromium deposition, in solutions containing sulfate at CRO3:SO4 ratios 
ranging from 200:1 to 65: 1. Chromium deposition was associated with t rans-  
formations at the cathode surface that involved the breakup of the amorphous 
oxide film and the appearance of a viscous film. The na ture  and formation 
of these two types of cathodic films are discussed with reference to findings 
of other investigators. 

Although the deposition of chromium from chromic 
acid solutions is an impor tant  industr ia l  process little 
is known about its mechanism. Dubpernel l  (1) in a 
critical review of the available l i terature  on the sub-  
ject came to the conclusion that  even the simplest 
questions about chromium plat ing cannot be answered 
with the present knowledge. A critical area of dis- 

* Electrochemical  Society Act ive  Member.  
Key  words:  cathodic films, ch romium plating, microscopic obser- 

vations. 

agreement  concerns the existence, role, and na ture  of 
cathodic films formed dur ing electrolysis of chromic 
acid solutions in the presence and absence of sulfate. 

The views regarding these films constitute two main  
schools of thought. One school main ta ins  that  pure  
chromic acid cannot be reduced to metal  because a 
nonporous amorphous oxide film grows on the cathode 
surface and prevents  all reduction processes other 
than that  of hydrogen ion. The presence of sulfate 
alleviates the barr ier - l ike  conditions at the cathode 
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surface by one of the fol lowing processes: (a) pene-  
t rat ion by sulfate resul t ing in part ial  disruption of the 
amorphous oxide film suggested by Muller  (2), (b) 
part ial  chemical  dissolution of the film in the pres-  
ence of sulfate suggested by Weiner  (3), (c) modifica- 
tion of the film into reducible  compounds that  serve as 
an in termediate  reduct ion stage postulated by Rein-  
kowski and Knor r  (4) and by Okada and Yamamoto 
(5), and (d) inhibit ion of the film growth in the pres-  
ence of sulfate assumed by Kappel  and Gerischer (6). 

The second school of thought,  represented  by the 
views of Vagramyan  and Usachev (7), Solov 'eva  and 
and Vagramyan (8), and Shluger  and Kazakov (9), 
maintains that  the deposition of chromium is brought  
about by formation of an ent i re ly  different type of film 
in the presence of sulfate. This second type of film, in 
distinction f rom the amorphous oxide type of film 
(film of the first type) ,  is considered to be a colloidal 
complex consisting of the products of the reduction of 
chromic acid to the t r iva lent  state, together  wi th  CrG+ 
and SO4 = ions. This film may  be observed visual ly on 
cathodes ext rac ted  from plating baths wi th  the cur-  
rent  on (10, 11); it dissolves easily in di lute chromic 
and sulfuric acids, in the e lect rolyte  in the absence of 
current,  and even in distil led water.  Its thickness may 
vary  in accordance with the electrolyte  composition 
and the conditions of electrolysis, but  it is always 
macroscopic. The colloidal film does not form in pure 
chromic acid, whereas  the amorphous oxide film forms 
and grows in pure chromic acid to a considerable 
thickness. 

The formation of an amorphous oxide film, that  is, 
a film of the first type, has been detected in the  pres-  
ent invest igat ion dur ing electrolysis of both "pure"  
and sulfa te-containing chromic acid solutions by in 
situ microscopic observations of the cathode surface. 
These observations were  correlated with polarization 
characteristics. The observations reveal  that  the amor-  
phous oxide film disintegrates when  chromium dep- 
osition begins in convent ional  plat ing baths and cannot 
therefore  be considered an in termedia te  stage in the 
chromium plat ing process, as proposed by some in- 
vestigators (4, 5). In addition, the present  work  points 
indirect ly  to the formation in the plat ing bath of 
the second type of film prior to the establ ishment  of 
the chromium deposition process. Microscopic obser-  
vations indicate that, under  the conditions invest i -  
gated, this second type of film is in the form of a 
t ransparent  viscous layer  during chromium plating 
and that  it does not form in pure chromic acid solu- 
tions. One can assume, therefore,  that  such a film has 
a faculty of br inging about the final reduct ion step to 
meta l  in agreement  wi th  the results of the Russian in- 
vestigators (7-9). The unconvent ional  nature  of the 
second type of film is not surprising in view of many  
phenomena associated with chromium plating that are 
not encountered in o ther  electrodeposit ion processes. 

Experimental 
The exper imenta l  setup used in the invest igat ion is 

represented schematical ly in Fig. 1. The microscopic 
technique used was s imilar  to the one described by 
Jones and Saiddington (12) but included increased 
resolution of the optical system. To remove  the evo lv-  
ing hydrogen bubbles, which would otherwise in ter -  
fere  with microscopic observations, a constant flow of 
solution at approximate ly  1 cm/sec was mainta ined 
between the object ive  and the cathode surface. For  
comparison, duplicate exper iments  were  per formed 
with solution stat ionary at the cathode surface. 

All  solutions were  prepared with  250 g/1 of ana-  
lytical  reagent  qual i ty  chromium trioxide, which con- 
tained 0.02% of sulfate as an impurity.  Thus, in "pure"  
chromic acid the ratio of chromium tr ioxide to sulfate 
was 5000: 1. In addition to pure chromic acid four other  
concentrat ions of sulfate at fixed CrO~:SO4 ratios of 
200: 1, 100: 1, 75: 1, and 65:1 were  studied. In a number  
of exper iments  the CrOs:SO4 ratio was varied f rom 

~ ~H2SO 4 or Na2SO 4 

CAMERA 

PUMP 

Power~ 

Fig. i. Schematic diagram of the pJating cell and accessories 

5000:1 to 100:1 and subsequent ly  to 400:1 or 500:1 
whi le  the electrolysis was in progress under  ga lvano-  
static or potentiostatic conditions. The var ia t ion of 
the CrO3:SO4 ratio was accomplished by increasing or 
decreasing the addition of H2SO4 or Na2SO4 to pure 
chromic acid solution passing continuously through 
the plat ing cell (see Fig 1). 

An ANOTROL potential  control ler  was used as a 
source of constant current  and controlled potentials.  
Polarizat ion curves were  recorded by means of a po- 
tent iometr ic  recorder  wi th  a 1/z-sec response over  a 
full  9-in. grid and a 4-megohm input  impedance off 
balance. Satura ted  calomel electrode was used 
throughout  as a reference  across a salt br idge that  did 
not introduce significant ohmic drops at the currents  
employed. 

Cathodes were  prepared f rom iron rods, 3.96 mm 
diameter,  with cross-sections polished meta l lographi -  
cally to a fine finish. A 2-min immers ion in the plat ing 
bath preceded by a thorough rinse with disti l led wate r  
was the only chemical  t r ea tment  employed. 

All  exper iments  were  conducted at 50~ Pract ical ly  
all microscopic observations were  made at 100X mag-  
nification with  0.18 NA object ive under  conditions of 
dark  field i l luminat ion with  solutions flowing across 
the cathode surface. The visual  observations are de- 
scribed in the text. Photomicrographic  record is i l lus- 
t ra ted by a small  number  of selected photomicro-  
graphs. 

Results 
Electrolysis at constant curren t .mVol tage- t ime  

curves . - -Vo l tage- t ime  curves at a current  density of 
220 m A / c m  2 at CRO3:SO4 ratios of 5000: 1, 200: 1, 100: 1, 
75: 1, and 65:1 obtained with  the solution mainta ined 
stat ionary in the plating cell  are shown in Fig. 2a. 
Similar  curves obtained wi th  the solution flowing 
across the cell at approximate ly  1 cm/sec  are shown 
in Fig. 2b. The principal  effect of the agitat ion thus 
introduced was a complete separat ion of curves 2 and 
3 shown in Fig. 2b, whi le  they  coincided in the first 
par t  of their  length in Fig. 2a. 

The curves are considered in terms of five ranges of 
potential.  

Potent ia l  range (i) is characterized by a rapid shift 
of potential  f rom the value 4-0.85V vs. SCE, measured  
during the immersion of the electrodes in the plat ing 
cell before commencement  of the electrolysis, to the  
potent ia l  of hydrogen evolut ion at --0.75V. Since the 
rate of the shift of the potent ia l  to this point  was 
found more rapid than the response characterist ics of 
the recorder,  this part  of the curve is shown in Fig. 2a 
and 2b as a s traight  line and can be considered, in the 
context  of this investigation, to represent  the process 
of charging the electrode f rom the potent ial  of rest to 
the potential  of hydrogen evolution. This range of 
potential  was the subject  of detai led studies by Okada, 
Nakamura,  and Ishida (13). 
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Fig. 2a. Polarization curves at a constant c.d. of 220 mA/cm 2 in 
stationary solutions. CrO3, 250 g/I; temperature, 50~ CRO3:SO4 
ratios: curve 1, 5000:1; curve 2, 200:1; curve 3, 100:1; curve 4, 
75:1; and curve 5, 65:1. 
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Fig. 2b. Polarization curves at a constant c.d. of 220 mA/cm 2 
with a solution flowing across the cathode surface at approximately 
! cm/sec. CrO3, 250 g/I; temperature, 50~ CRO3:SO4 ratios: 
curve 1, 5000:1; curve 2, 200:1; curve 3, 100:1; curve 4, 75:1; 
and curve 5, 65:1. 

Potent ia l  range  (ii) starts with the evolution of 
hydrogen at --0.75V. This value is in good agreement  
with the potential  of hydrogen evolution on iron, 
which, when calculated on the basis of Tafel param-  
eters available in the l i tera ture  (14-16), is --0.747 to 
--0.770V (vs. SCE) at pH --0.212, c.d. 0.220 A/cm ~, and 
temperature  of 50~ The fact that  the potential  of the 
init ial  hydrogen evolution was the same at all 
CrO3:SO4 ratios investigated suggests that  sulfate con- 
centrat ion has no measurable  effect on the ini t ial  dis- 
charge of the hydrogen ion. The fact that hydrogen 
evolution continued, from this stage onward, at poten-  
tials increasingly more negative is an evidence of the 
increase of the overvoltage values. 

The appearance of the electrode immersed in the 
solution before commencement  of the electrolysis is 
seen in Fig. 3a. Microscopic observations of the cathode 
surface dur ing potential  range, (ii) revealed always 
the presence of bright  t ransparent  gas bubbles against  
dark background as seen in Fig. 3b, taken dur ing  the 
exper iment  3, Fig. 2b. 

The end of the potential  range (ii) was manifested 
by changes of the gassing pat tern  followed by forma- 
t ion of an amorphous oxide film easily observed under  
the microscope at about -- 1.00V. 

Potent ia l  range (iii) is characterized by the forma-  
tion of a visible (under  the microscope) amorphous 
oxide film and a temporary  arrest of the polarization 
between about  --1.00 and --1.04V observed quite dis- 

Fig. 3. Photomicrographs of the cathode surface during experi- 
ment No. 3 in Fig. 2b. Original magnification X100. Dark field il- 
lumination. Exposure 1/60 sec. a, Original surface before elec- 
trolysis; b, 10 sec; c, 55 sec; d, 70 sec; e, 75 sec; f, 85 sec; g, 
90 sec; h, 100 sec. 

t inct ly  on the potent ia l - t ime curves 1, 2, and 3 but  
appearing as an inflection on curve 4. In  the case of 
65:1 ratio no significant arrest of potential  was ob- 
served, al though the presence of the amorphous oxide 
film at the surface at about --1.00V was detected dur -  
ing a brief (3 sec) t ransi t ion period. Since the durat ion 
of the potential  arrest decreased with the decrease of 
the CRO3:SO4 ratio from 5000:1 to 75:1 one can as- 
sume that  in the case of 65:1 ratio the polarization was 
too fast for the arrest  to be resolved by the  experi-  
menta l  technique employed. 

The formation of the amorphous oxide film was 
always preceded by the changes of gas evolution from 
that seen in Fig. 3b to that  seen in photomicrograph 
c, Fig. 3. The appearance of the cathode surface would 
then change gradual ly  to tha t  seen in photomicro- 
graph d which shows the amorphous oxide film as a 
grayish background with gas bubbles moving away 
from the surface seen in the foreground, out of focus. 

Potent ia l  range (iv) is characterized by fur ther  po- 
larization from the end of potential  range (iii) at about 
--1.04V to the potential  of chromium deposition at 
s teady-state  conditions. The potential  of chromium 
deposition varied with CRO3:SO4 ratio and is here 
designated, therefore, as potent ial  range (v).  

The shift of potential  from range (iii) to range (v) 
is associated with certain t ransformations that  create 
conditions favorable at the cathode surface for the dep- 
osition of chromium. Since chromium deposition does 
not take place at potential  range (~ii) the t ransi t ion 
from range (iii) to range (v) is a step of fundamenta l  
importance. 

In  "pure" chromic acid the polarization would al-  
ways end at about --1.00V. There was no fur ther  shift 
of potential, and there was no metal  deposition. The 
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amorphous oxide film would continue to grow, flake 
off, then regrow, the process cont inuing indefinitely. In 
200:1 solution, however, the potential  kept on shifting 
gradual ly  to more negat ive values un t i l  chromium 
deposition began at --1.05V. 

In  conventional  baths the t ransi t ion from range 
(ii i)  to (v) was observed to be rapid and quite dis- 
tinct. It would always begin with an ini t ial  b reakup  
of the amorphous oxide film followed by continuous 
rapid changes involving disintegrat ion of the solid 
amorphous oxide film and an increase of the viscosity 
in the vicini ty of the cathode surface, a condit ion that  
significantly reduced the mobil i ty  of the evolving hy-  
drogen bubbles that began to become s ta t ionary and 
grow to larger sizes. The whole process would be com- 
pleted in about 15 sec. 

The beginning of the breakup of the amorphous oxide 
film is seen in Fig. 3e. The breakup is manifested by 
the appearance of dark areas represent ing the surface 
underneath.  The condition at the surface 10 sec later  
on, when the disintegrat ion of the amorphous oxide 
film is about ha l f -way completed and the electrolyte 
next  to (in the vicini ty of) the cathode surface is 
more viscous, is seen in Fig. 3f. The surface is par t ly  
obscured by large gas bubbles  that  have just  become 
detached from the surface and remain  suspended in 
the viscous medium long enough to register in fore- 
ground out of focus. 

Although in 75:1 and 65:1 solutions the t ransi t ion 
from range (ii i)  to (v) occurred more rapidly it 
could still be traced through the formation and break-  
up of the amorphous oxide film, observed under  the 
microscope. 

The inference from these observations is that  dur ing 
the t ransi t ion the amorphous oxide film was replaced 
by a viscous film which had physical and chemical 
characteristics dist inctly different from those in the 
bulk  of the solution. Once the film was established its 
existence could not be detected in  the incident  l ight 
unless agitation, preferably  wi thin  the film itself, 
brought about changes in the angle of refraction across 
its boundary.  

The abil i ty to observe the presence of the second 
type of film at the cathode surface by direct observa-  
tion of the electrode in the incident  light was based, 
primari ly,  on the visibi l i ty of a ripple, (dur ing hydro-  
gen evolution) when  the light was crossing media  
with different refractive properties near  the cathode 
surface. Since the glass extension of the objective was 
immersed in the plat ing bath, no ripple was detect- 
able when the evolution of gas bubbles  took place 
in a uniform medium. If, however, gas-bubble  forma-  
t ion occurred wi th in  or undernea th  a film having a 
composition different than that  of the adjoining bulk  
of the solution, a ripple resul t ing from the st i rr ing 
effect was easily recognizable as that caused by tem- 
porary in termixing  of media with different consist- 
encies. These observations, characteristic of the 
"schlieren effect" that  indicates ref ract ive- index 
changes due to composition variation, in conjunct ion 
with the evidence of the decreased mobi l i ty  of the 
growing gas bubbles were interpreted as manifes ta-  
tions of increasing viscosity of the precathodic layer. 
The observational  technique employed in the present  
work could not detect directly changes in viscosity. 
The term "viscous film" was adopted to emphasize the 
l iquid- l ike properties of the second type of film in 
contrast with the solid "amorphous oxide film," the 
presence of which was associated with a different re-  
gion of potential.  

Potent ia l  range (v) is characterized by the dep- 
osition of chromium at s teady-state  conditions, that  is, 
at a constant potential  the value of which depended 
on CrO3:SO4 ratio. At  ratios 100:1 to 65:1 it was 
--1.10V. In 200:1 solution the final stage of polariza- 
t ion reached the level of --1.05V. 

The deposition of chromium from 200:1 solution is of 
special interest  because it reveals certain details of 

the ini t ial  stages of deposition that  could not be ob- 
served under  rapidly changing conditions in other 
solutions. The electrolysis of 200:1 solution is dis- 
cussed, therefore, unde r  a separate heading. 

The beginning  of chromium deposition in the conven-  
t ional plating bath is seen in Fig. 3g in the form of an 
epitaxial  growth on the surface at the upper  r ight  hand 
corner of the photomicrograph. Figure 3h shows that  
the epitaxial  growth, at various degrees of progress, 
has covered the whole surface area 10 sec later on. 
This stage of the electrolysis coincided with a new 
gassing pat tern  in the form of small  mobile hydrogen 
bubbles. 

Similar  progress of ini t ial  chromium deposition was 
observed to occur more rapidly in 75:1 and 65:1 solu- 
tions. 

Observa t ions  at  CrO3:SO4 ratio of  200:1 . - -The observa- 
tions made dur ing electrolyses of solutions with 
CRO3:SO4 ratio of 200:1 (curve 2 Fig. 2b) meri t  sepa- 
rate discussion because they showed that the potential  
of chromium deposition at s teady-state  conditions 
(--1.05V vs. SCE) can be reached with the cathode 
surface completely covered by the amorphous oxide 
film. 

The formation of the amorphous oxide film was ob- 
served to begin in 200:1 solution after about 3 min  of 
electrolysis at potent ial  range ( i i i ) .  The appearance of 
the cathode surface covered with the amorphous oxide 
film about 1~ thick, is i l lustrated in the photomicro- 
graph Fig. 4b. Photomicrograph a i l lustrates the 
evolution of hydrogen at potent ia l  range (ii)  and 
dur ing the ini t ial  part  of potential  range ( i i i ) ,  prior to 
the formation of the amorphous oxide film. 

Fig. 4. Photomicrographs of the cathode surface during experi- 
ment No. 2 in Fig. 2b. Magnification and illumination as in Fig. 3. 
Exposure 1/125 sec. a, 1 min electrolysis; b, 6 min; c, 23 rain; d, 
31 min; e, 35 min; f, 38 min. 
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In  200:1 solution the potential  kept shifting slowly 
to more negative values over a period of 10 rain, while  
the amorphous oxide film remained on the surface. 
When the potential  of --1.05V was reached in the 12th 
minute,  pe rmanent  bright  spots appeared on the cath- 
ode surface, indicat ing the beginning  of chromium 
deposition at these spots, unde rnea th  the amorphous 
oxide film. A more advanced stage of this phenome-  
non is seen in Fig. 4c. The pe rmanen t  bright spots 
could be dist inguished easily from t rans ient  br ight  
spots associated with images of gas bubbles that  moved 
wi th in  the field of vision. The breakup of the amor-  
phous oxide film, observed to begin around the  br ight  
nucleat ion spots, cont inued by f ragmentary  detach- 
ment  from the surface. Par t ia l  detachment  of the 
amorphous oxide film revealed small  bright  areas of 
chromium that can be easily seen in Fig. 4d, in contrast  
with the large dark areas corresponding to the over-  
laying oxide film. Figure 4e shows a more advanced 
stage of the same phenomenon when  still larger por-  
tions of the chromium deposit are exposed. At this 
stage it was possible to observe quite dist inctly the 
evolution of hydrogen within  a viscous film in which 
remnants  of the amorphous oxide film remained sus- 
pended for various periods of t ime before moving 
away from the cathode surface. 

An example of a small  port ion of the amorphous 
oxide film suspended near  the cathode surface in a 
viscous film is seen in Fig. 4f in  the form of a small  
darker  area in the center of the photomicrograph. 
Closer examinat ion  reveals that  this r emnan t  of the 
amorphous oxide film is sl ightly t ransparent  showing 
small  hydrogen bubbles inside or underneath.  This is 
quite remarkable  if one considers that,  at this stage, 
the chromium deposition process has been already in 
progress for over 25 rain. 

The above observations demonstrate  that  the shift 
of potent ial  from range (iii) to (v),  at least in 200:1 
solution, is not due to the breakup of the amorphous 
oxide film, as one could infer from interpre ta t ion  of 
observations made in convent ional  pla t ing bath, and 
that  the breakup of the oxide film is not  a process of 
gradual  dissolution or gradual  conversion into another  
type of cathode film, but  ra ther  a phenomenon of 
mechanical  disruption of a r edundan t  layer  tha t  has 
formed dur ing  the earl ier  stages of the electrolysis. 
Thus, the significant changes at the cathode surface 
that  occur dur ing  the shift of potent ial  from about 
--1.00 to --1.05V inhibi t  fur ther  growth of the amor-  
phous oxide film and, at the same time, br ing  about 
the process of the reduct ion of chromic acid to metal.  
These fundamenta l  changes can be at t r ibuted to the 
formation of a viscous film with unique  characteristics 
that, at present, are not well understood, since they 
may be due to the formation of polynuclear  species 
(17) in the form of olated polymer  ions together with 
coordinated Werner - type  complexes involving tr i-  
valent  chromium (18, 19). 

E~ect  of the addition of sulfate to "pure" chromic acid. 
- - T h e  t ransformations observed in conventional  plat-  
ing bath dur ing t ransi t ion from the potential  range 
(iii) to (v) have also been observed dur ing t rans i -  
tions induced by addit ion of sulfate to "pure" chromic 
acid when  the cathode was kept polarized at a constant  
current  density. 

The effect of such an addition of sulfate is seen in 
Fig. 5 in the form of an increase of the polarization 
from the level of --1.00V to the level of --I.07V 
which, in  this par t icular  experiment,  represents the 
potential  of chromium deposition at range (v). 

Potent ia l  range (iii) , as in other experiments,  was 
characterized by the evolution of hydrogen and for-  
mat ion of the amorphous oxide film. The appearance of 
the amorphous oxide film after 20 rain electrolysis of 
pure chromic acid is seen in photomicrograph Fig. 6a. 
The addit ion of sulfate to the solution enter ing the cell, 
marked in Fig. 5 by an arrow point ing upward, re-  

-H 

-I,O 

~ -0,9 

~ -0,8 

a.. -0,7 

.0,9 ~ 

!; 
0 

bl 

t 

. . . . .  ;4 4 8 J2 16 20 32. 
TIME (MINUTES) 

Fig. 5. Effect of increasing (arrow up) and decreasing (arrow 
down) the sulfate concentration at a constant c.d. of 175 mA/cm 2. 
Chromic acid solution 250 g/I of CrO3; temperature, 50~ solu- 
tion flow across the surface 1 cm/sec (approx.). CRO3:SO4 ratios: 
a, 5000:1; b, 130:1; c, 500:1. 

Fig. 6. Photomicrographs of the cathode surface during polariza- 
tion shown in Fig. 5. Magnification X100. Dark field illumination. 
Exposure 1/125 sec. a, 20 min 45 sec, c.p. --1.00V; b, 25 rain, c.p. 
- - I .07V;  c, 25 min 45 sec, c.p. --1.07V; d, 27 rain, c.p.--1.01V; 
e, 28 min, c.p. --1.01V; f, 41 min. c.p. --1.01V. 

sulted in gradual  changes of the CrOs:SO4 ratio from 
5000:1 to 130: 1. Simultaneously,  the potent ial  began 
to shift from --1.00 to --1.07V. The amorphous oxide 
film began to break up in a m a n n e r  s imilar  as in con- 
vent ional  bath. Before the breakup was completed the 
presence of viscous film was observed in the vicini ty 
of the cathode surface. The t ransformations ended 
with a complete disintegrat ion of the amorphous oxide 
film. 

The final stage of the disintegrat ion is seen in Fig. 
6b. Here, par t  of the surface is still covered with the 
amorphous oxide film. Sta t ionary gas bubbles are ob- 
served to grow to larger sizes wi th in  a viscous film 
that  restricts their mobility. The center and upper left 
hand corner of the photomicrograph shows an outline 
of a grain  pa t te rn  indicat ing the presence of a coherent 
chromium deposit. Small  mobile gas bubbles were ob- 
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served visual ly wi th in  this area. Fi f teen seconds la ter  
chromium deposit, together  wi th  small  bubbles over -  
head, was observed over  the surface area as i l lustrated 
in Fig. 6c. This stage represents  chromium deposition 
at s teady-sta te  conditions at potent ial  range (v) .  

E~ect of the withdrawal of sulfate ~rom the plating 
bath.--The withdrawal  of sulfate f rom the plating bath 
during electrolysis was accomplished by decreasing 
the addition of sulfuric acid (or sodium sulfate) to 
pure  chromic acid enter ing the plat ing cell (see Fig. 
1). This point is marked  in Fig. 5 by an ar row directed 
downward.  

As a result  of the changes introduced, the CrO3:SO4 
ratio started to increase f rom 130:1 to 500: 1. This in-  
crease upset the s teady-sta te  process of chromium 
deposition shift ing the  potent ial  back to the --1.00V 
level. As this new level  of potential  was being reached, 
amorphous oxide film began to form in certain re -  
stricted areas character ized by a ve ry  intense gassing. 

The growing amorphous oxide film is seen in Fig. 6d 
as dark circular  patches. F igure  6e shows that  the 
format ion of the amorphous oxide film extended 
eventua l ly  over  the other  parts of the surface. In the 
end, a uni form film covered the whole  surface in a 
manner  identical  to that  at the beginning of the elec-  
trolysis of pure chromic acid. This can be easily con- 
firmed by comparison of photomicrographs a and f in 
Fig. 6. 

The fact that  the hydrogen evolut ion can be con- 
t rol led during electrolysis of chromic acid solutions 
by the addit ion or wi thdrawal  of sulfate, i r respect ive  
of the cathode surface, indicates that  the inhibit ion of 
hydrogen ion discharge involves processes in which 
sulfate e i ther  interacts  revers ib ly  with the cathode 
surface itself or wi th  the solution adjoining it, thus, 
forming an effective film barrier.  

The format ion of the amorphous oxide film is con- 
sidered to be the result  of lower hydrogen ion con- 
centrat ion at the cathode surface. This process is dis-  
cussed in grea ter  details under  a separate  heading. 

Electrolysis at controlled cathode potentials.--Fixed 
CrO3:SO4 ratios.--Microscopic observations during 
electrolysis at controlled cathode potentials  in solu- 
tions wi th  fixed CRO3:SO4 ratios revea led  the same 
sequence of events that  was observed during electrol-  
yses in constant current  experiments ,  namely, init ial  
evolut ion of hydrogen fol lowed by the formation of 
the amorphous oxide film, its breakdown and replace-  
ment  by a viscous film and a final stage consisting of 
the deposition of chromium at the s teady-s ta te  con- 
ditions. 

This p re l iminary  study supported in all aspects the 
general  observations on the formation and presence 
of cathodic films during chromium plating, made  in 
galvanostat ic  investigations, and was, therefore,  not 
pursued to completion. 

Adjustable CrO~:SO4 ratios.--The resul ts  of the elec-  
trolysis at controlled cathode potentials  and adjust-  
able CRO3:SO4 ratios corroborate  and ampl i fy  certain 
important  features of the format ion and breakup of the 
cathodic films observed under  galvanostat ic  conditions 
and are, therefore,  considered in more detail. 

The effect of the addit ion and wi thdrawal  of sulfate 
during polarizat ion at control led cathode potentials 
was invest igated in a s imilar  manner  as dur ing con- 
stant current  electrolyses. 

The cathodes were  polarized ini t ia l ly  in "pure"  
chromic acid solutions unti l  s teady-s ta te  conditions 
were  established for a substant ial ly long period of 
t ime (about 15 min) .  Dur ing  this period the  amor-  
phous oxide film grew on the cathode surface to a 
considerable thickness. The addition of sulfate to the 
flowing solution was then started at a p rede te rmined  
rate suitable for lowering the CrO~:SO4 ratio to the  
desirable level. When the meta l  deposition process was 
established, the addit ion of sulfate  to the chromic acid 
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enter ing the plat ing cell was decreased, thus in-  
creasing effectively the ratio to a new level. 
Ef]ect of the addition of sulfate to pure chromic ac id . -  
Figure  7 shows cu r ren t - t ime  curves obtained at con- 
trolled cathode potent ials  of - - I . I0  and --1.00V vs. 
SCE. The addition of sulfate is marked  by an arrow 
pointing downward.  Pr ior  to the addit ion of sulfate 
(region a),  the cathodes were  overlaid wi th  the amor-  
phous oxide film in a manner  s imilar  as in Fig. 5 at the 
potent ial  arrest  a shown in Fig. 6a. 

The addit ion of sulfate at a p rede te rmined  ra te  re-  
sulted in a rapid drop of the over -a l l  ra te  of elec-  
trolysis at --1.10V. The accompanying t ransi t ion from 
the stage of hydrogen evolut ion and amorphous oxide 
film formation at a to the meta l  deposition at b was 
also very  rapid and difficult to observe under  the 
microscope in all the  details. 

At  --1.00V, however ,  the t ransi t ion f rom a to b was 
very  protracted. The addit ion of sulfate was started 
at the 13th minute  but  no significant changes were  
observed unti l  about the 17th minute,  when  the ini-  
t ial  nucleat ion of chromium deposition in the form of 
br ight  spots at a number  of sites became evident.  The 
breakup of the amorphous oxide film star ted around 
such sites and continued by f ragmenta ry  detachment  
f rom the surface. The presence of a viscous film was 
detected at the cathode surface through a character -  
istic evolut ion of s ta t ionary hydrogen  bubbles. By  the 
t ime the lowest cur ren t -dens i ty  value was reached 
(approximate ly  100 m A / c m  2) the cathode surface was 
ent i re ly  free of the amorphous oxide film and the 
process of chromium deposition was wel l  established 
in the 24th minute.  

Since all the above observations detected a sequence 
of events ve ry  much  like the one observed during 
electrolysis of 200:1 solutions at constant current  no 
photomicrographic record is included. 
E~ect of the withdrawal of sulfate from the plating 
bath.--The wi thdrawa l  of sulfate was star ted when  it 
was ascertained that  the process of meta l  deposition 
was established. In a number  of exper iments  the  addi- 
t ion of sulfate to pure  chromic acid was then dis- 
continued completely,  thus al lowing the CrO3:SO4 
ratio to rise to 5000:1 level. At  the 5000:1 level  the 
chromium-pla ted  cathode surface became completely  
covered with  the amorphous oxide film. In the ex-  
per iments  represented by curves 1 and 2 in Fig. 7 the 
addition of sulfate was decreased sufficiently to allow 
the CrO~:SO4 ratio to increase to 500:1 and 400: 1, r e -  
spectively. 

Curve  1 in Fig. 7 shows that  such a restr ic ted wi th-  
drawal  of sulfate at the 21st minute,  marked  by an 
a r row pointing upward,  resul ted in a rapid increase 
of the over -a l l  rate  of react ion at --1.10V. The sur-  
face became par t ia l ly  covered with  the amorphous 
oxide film by the t ime c level  was reached. 
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Fig. 7. Effect of increasing (arrow down) and decreasing (arrow 
up) the sulfate concentration at constant potentials of curve 1, 
- -1 .10V  vs .  SCE and curve 2 - -1 .00V vs.  SCE. Ranges of CrO~:S04 
at  curve I ,  a = 5000:1; b = 100:1; c = 500:1; at curve 2, a 
5000:1; b ~ 150: i ;  c = 400:1. 
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At --1.00V (curve 2) the wi thdrawal  of sulfate was 
started at the 25th minu te  of the experiment.  Its effect 
was not observed immediate ly  under  the microscope. 
Figure 8a shows a selected area of the cathode surface 
1 min-30 sec after the beginning of the wi thdrawal  of 
sulfate, when  the deposition of chromium was ap- 
paren t ly  still in progress in the presence of small  very 
mobile hydrogen gas bubbles.  Few seconds later  on, 
between the t ime of taking photomicrographs a and b, 
very heavy gassing started at the site of an inc.lusion, 
seen as a dark dot in the upper  par t  of the photo- 
micrograph off center  (marked by an arrow).  The 
gassing and the accompanying growth of the amor-  
phous oxide film kept spreading in a circular  manne r  
unt i l  it reached, in 2 rain after wi thdrawal  of sulfate, 
the size seen in Fig. 8b. The lateral  growth of the 
amorphous oxide film (area vs. t ime) cont inued at a 
rate which was practically identical  with the rate  of 
the increase of the current  density (c.d. vs. t ime) .  A 
more advanced stage of such a growth is seen in Fig. 
8c, 2 min-45 sec after the wi thdrawal  of sulfate. 

Since the CRO3:SO4 ratio was not allowed to reach 
the range of pure chromic acid, the growth of the 
amorphous oxide film was not allowed to cont inue 
unchecked. Thus, both the increase of the current  
density and a fur ther  growth of the amorphous oxide 
film were arrested. Figure 8d shows the appearance 
of the film after  the arrest of its growth when the gas- 
sing at the surface of the film began to decrease ma r k -  
edly. Figure  8e shows the same amorphous oxide film 
11 min-30 sec after wi thdrawal  of sulfate when  larger 
s ta t ionary gas bubbles were observed to form at the 
surface and at the edge. ThoSe hydrogen bubbles 
evolving at the edge revealed unmis takab ly  the pres- 
ence of a viscous film. The hydrogen bubbles evolving 

Fig. 8. Photomicrographs of the cathode surface during with- 
drawal of sulfate. Curve 2 in Fig. 7. a to e dark field illumination, 
magnification X 100. f bright field illumination, magnification X 
110 (approximately). a, 26 min 30 sec, 113 mA/cm2; b, 27 min, 121 
mA/cm2; c, 27 min 45 sec, 142 mA/cm2; d, 29 min 30 sec, 155 
mA/cm2; e, 36 min 30 sec, 15S mA/cm2; f, after completion of 
electrolysis (58 min). 

over the remain ing  surface area, where the deposition 
of chromium was observed to take place, were small  
and very mobile. 

The amorphous oxide film was reduced part ial ly to 
metal  at its edge and also around the inclusion sites. 
This is easily confirmed by examinat ion of the same 
surface area after completion of the electrolysis shown 
in Fig. 8f. It  is seen that  dur ing  the addit ional  22 min  
of electrolysis after photomicrograph e was taken, a 
considerable port ion of the amorphous oxide film was 
converted into chromium deposit. Photomicrograph f 
was taken under  br ight  field i l luminat ion.  The dark 
reddish amorphous oxide film could easily be ob- 
served then at low magnification even with the help 
of an ordinary  magnify ing glass. In  the photomicro- 
graph, the amorphous oxide film is seen as a dark area 
against a bright  background of chromium deposit. The 
bright band (around the black area) ,  corresponding 
to the original  size of the amorphous oxide film before 
its reduction, appears to be superimposed over a base 
of coherent chromium deposit. This suggests that  two 
reduction processes to metal  proceeded s imultaneously 
at the same surface area. In  the steady-state  case with 
the usual  plat ing solution, this cannot  occur since the 
amorphous oxide film begins to disintegrate below the 
potential  at which plat ing occurs. 

The exper imenta l  results dur ing  electrolysis at con- 
trolled cathode potentials show that  the addition of 
sulfate to pure chromic acid brings about a drop of the 
over-al l  rate of reaction evident ly  due to inhibi t ion of 
hydrogen evolution. Since the hydrogen evolution 
resumes at higher rates after wi thdrawal  of sulfate, 
the inhibi t ion is not l ikely due to adsorption of sul-  
fate or its complexes at the cathode surface but  ra ther  
due to the formation of a barr ier  in the solution ad-  
joining the cathode surface. 

The ini t ia l  formation of the amorphous oxide film at 
inclusions, that  is, at sites with low overvoltage charac- 
teristics, shows that  the formation of such a film is 
related to higher pH environment .  The lateral  growth 
of the amorphous oxide film at rates paral lel  to the 
rates of current  increase indicates the establ ishment  
of low hydrogen overvoltage conditions in the ex-  
panding areas. 

Discussion 
Interpretation of potential-time curves.--According 

to Dubpernel l  (1) there  are four electrochemical re-  
duction processes associated with cathodic polariza- 
tions in chromium plat ing solutions. The processes are 
as follows: 

(I) Reduction of Cr 6+ to Cr 3+ involving Cr207 ~ 
species. 

(II) Reduction of Cr 6+ to Cr a+ involving CrO4 = 
species. 

(III) The evolution of hydrogen with a s imul tane-  
ous reduction of Cr 6 + to Cr 3+. 

(IV) The deposition of chromium accompanied by 
the evolution of hydrogen and the reduction of Cr 6+ 
to Cr 3 +. 

Processes (I) and (II) take place at potential  ranges 
that  vary  with the type of basis metal  and  surface 
pre t rea tment  (20), bu t  always at values more positive 
than  the evolution of hydrogen. Since both processes 
involve the formation of t r iva lent  chromium at low 
current  densities, their  separation into distinct steps on 
a cur ren t -poten t ia l  polarization curve is not always 
feasible. 

The evolution of hydrogen with simultaneous reduc-  
t ion of chromic acid to t r iva lent  chromium in  the ab-  
sence of chromium plating, that is, reduct ion proc- 
esses ( III) ,  is sometimes not observed on metals wi th  
high hydrogen overvoltages, when  the electrolysis 
proceeds directly from processes (I) ,  (II) to proc- 
esses (IV). 

The beginning of reduction processes (I) ,  (II) ,  (III)  
on iron corresponds to about q-0.50, --0.50, and --0.75V 
vs. SCE, but  these potentials depend on surface prep-  
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aration. Chromium deposition does not start  unti l  the 
potential  of --1.00V vs.  SCE is reached, and this po- 
tent ia l  is not affected by the nature  of the cathode sur-  
face (21). 

The four reduct ion processes described above are 
used by some invest igators  as a basis for a division 
of the  cur ren t -vo l t age  curves into four branches. In 
the present  invest igat ion the division of po ten t ia l - t ime 
curves into five ranges is more convenient  and in 
bet ter  accord with  wel l -def ined stages of polarization 
observed chronological ly under  the microscope. 

Potent ia l  range  ( / ) . - -The  first range of potential  did 
not involve  microscopic observations because, as men-  
t ioned before, it was too fast to be resolved by the re-  
corder. This range of potent ial  corresponds to proc-  
esses (I),  ( II) .  

Okada, Nakamura,  and Ishida (13) studied, by 
means of oscillographic techniques,  charging curves 
during init ial  cathodic polarizations of gold and pla t i -  
num electrodes at various current  densities in pure  
and sulfa te-containing chromic acid solutions. They 
f ound  that in pure chromic  acid the  charging curves 
(potential  vs. charge) f rom the potent ial  of rest  to 
the potent ial  of hydrogen evolut ion were  always the 
same irrespect ive of the current  densities used. In the 
plat ing bath, at low current  densities (50 mA/cm2) ,  
there  were  current  carrying reactions (Cr 6+ ~ Cr 3+) 
that  prevented  the charging of the cathode to the po- 
tent ial  of hydrogen evolution. At higher  current  den-  
sities (200 m A / c m  2) the charging rates in the plat ing 
baths were  the same as in pure  chromic acid solutions. 
This means that  at sufficiently high current  den-  
sities the reduct ion of chromic acid to t r iva len t  chro-  
mium in the presence of sulfate cannot support  the 
over -a l l  rate of electrolysis at potentials less negat ive  
fhan the evolut ion of hydrogen.  It  is justifiable, there-  
fore, on the basis of this evidence to consider potent ial  
range (i), at high current  densities, as predominant ly  
a process of charging the electrode to the potential  of 
hydrogen ion discharge. 

Poten t ia l  range  ( / / ) . - -This  range corresponds to the 
reduct ion processes designated (III) .  Al though in the 
presence of sulfate the reduct ion of the chromic acid 
to t r iva lent  chromium is assumed to account for par t  
of the total  charge transfer,  the  polarizat ion ra te  dur-  
ing this range of potent ial  is controlled by the hydro-  
gen evolut ion reaction. Therefore,  regardless of the 
presence of sulfate the shift of potent ial  that  consti-  
tutes range (ii) is a process sufficiently well  defined to 
mer i t  separate t reatment .  The  increase of the rates 
of polarizat ion with  decreasing CRO3:SO4 ratios must  
be considered, therefore,  in terms of increasing hydro-  
gen overvoltages.  

Poten t ia l  range ( i i i ) . - - T h i s  range also corresponds to 
the reduct ion processes (III) .  However ,  here the ap- 
pearance of the amorphous oxide film observed clearly 
under  the microscope together  wi th  distinct t emporary  
arrest  of the polarizat ion at higher  CrO3:SO~ ratios 
sets this range of potent ial  apart  f rom the previous 
one. The format ion of the amorphous oxide film at 
various CRO3:SO4 ratios is discussed in the next  sec- 
tion, under  a separate heading. 

Poten t ia l  range ( iv ) . - -Th i s  is the transi t ion range 
f rom the reduct ion processes (III) to (IV), that  is, 
f rom the part ial  reduct ion of chromic acid (Cr 6+ --> 
Cr 3+) and hydrogen evolut ion (2H + --> H2) in the 
absence of chromium deposition, to the stage of chro-  
mium plat ing at s teady-sta te  conditions, in the pres-  
ence of hydrogen evolution and Cr 3 + formation. 

Poten t ia l  range ( v ) . - - T h r e e  reduct ion processes, 
namely,  Cr 6+ --> Cr 3+, H + --> �89 and Cr 6+ --> Cr 0 
occur s imultaneously at s teady-s ta te  conditions. Both 
the evolution of hydrogen and the reduct ion of chro-  
mate  to Cr 3+, assuming that  formation of Cr a+ is not 
due to side reactions, proceed at more negat ive  poten-  
tials than at range ( i i i ) ,  that  is, under  conditions of 

higher  vol tage values. The remarkab le  thing is that  
this h igher  overvol tage  condit ion exists only as long 
as there  is adequate  sulfate concentra t ion in the plat-  
ing bath. As soon as sulfate is removed the potent ial  
shifts to less negat ive values, the deposition of chro- 
mium ceases, and the amorphous oxide film forms 
rapidly on the surface. 

Since the higher  overvol tage  during chromium 
plating is a phenomenon revers ib ly  control led by the 
presence of sulfate i r respect ive of the surface con- 
ditions, it is more  l ikely that  the  overpotent ia l  is due 
to formation of a film which does not form a stable 
bond with  the surface, rather,  than due to a revers ible  
adsorption of sulfate or its complexes. 

There  is no clear cut evidence what  occurs during 
the t ransi t ion range ( i v ) .  

Reinkowski  and Knor r  (4) postulated format ion of 
in te rmedia te  reducible  compounds containing com- 
plexes of divalent  chromium. These compounds, adz 
sorbed on the cathode surface, were  considered to be 
involved in the final reduct ion step to metal.  

Solov 'eva  and Vagramyan (8) explained the t ransi-  
t ion as a process of format ion on the electrode sur-  
face of a colloidal film from the products of incomplete  
reduction of chromic acid, chromate  and sulfate ions. 
According to these authors (22), a film, forming a 
continuous phase on the electrode surface, appears due 
to the accumulat ion of the Cr 6+ --> Cr 3+ react ion prod-  
ucts together  wi th  certain components  of the solution. 
The colloidal film inhibits the reduct ion of chromate  
ions to the t r iva lent  state and the discharge of hy-  
drogen ion. 

Okada and Yamamoto (5) assumed that  the film 
that  forms at potent ial  range (ii i)  grows thicker  
gradual ly  and, subsequently,  the hydrogen overvol tage  
of the "fi lmed" electrode increases when the potential  
shifts to the potential  range (v) .  They expressed a be- 
lief that  the amorphous oxide film that  forms at po- 
tent ia l  range (iii) in the presence of sulfate is an 
olated oxide compound of Cr 3 + penet ra ted  with  sulfate 
anions. The rate of transi t ion from potential  range 
(iii) to (v) depends on the rate  of the growth  of the 
film formed at range ( i i i) ,  according to these authors. 

Present  investigations show that  the amorphous 
oxide film that  forms at potent ial  range (iii) begins 
to disintegrate when  the potent ia l  shifts f rom range 
(ii i)  to (v) in a convent ional  plat ing bath. Thus, the 
increase of hydrogen overvol tage  is not due to the 
thickening of the film formed at range (iii) as sug- 
gested by Okada and Yamamoto.  Since potent ial  
range (v) can be reached with  the cathode surface 
completely covered by the amorphous oxide film (at 
CrO~:SO4 ratio of 200:1), one cannot infer that  the 
t ransi t ion from potent ial  range (iii) to (v) is due to 
the disintegrat ion of the amorphous oxide film only. 

The fact that during the transi t ion the vicini ty  of 
the cathode surface becomes more viscous suggests 
formation of a viscous film, which, presumably,  is the 
same film as the continuous phase film discussed by 
Vagramyan  and Solov'eva.  It  appears that  the viscous 
film forms independent ly  of the amorphous oxide film, 
which, in turn, becomes superfluous once the potential  
shifts to the level  of range (v) .  

Nature  and the f o rma t ion  of cathodic f i l m s . - - A m o r -  
phous  ox ide  f i l m . - - S y s o e v ,  Drobantseva,  and Platonina 
(23) analyzed chemical ly cathodic films formed on 
copper and steel during electrolysis of pure chromic 
acid solutions. They concluded that  the films con- 
sisted only of t r iva lent  chromium apparent ly  in the 
form of Cr (OH) 3. 

Weiner  and Schiele (24) examined films detached 
from cathodes polarized in pure  and sulfa te-containing 
chromic acid solutions. They found by electron dif- 
fraction methods that  all films formed on Fe, Ni, Cr, 
Cu, Ag contain only Cr203. Fi lms formed in plating 
baths also were  found to contain traces of oxides of 
the cathode metal  in addition to Cr203. 
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Since chromic oxide, presumably,  at various stages 
of hydration,  is practically the only const i tuent  of 
the amorphous oxide film it is reasonable to assume 
that its formation will  be affected by the availabil i ty 
of Cr ~ + at the interface. 

Tr ivalent  chromium apparent ly  is not produced in 
any measurable concentrat ions by direct electro- 
chemical reduct ion of pure chromic acid (25). The 
electrolysis, in this case, consists of the evolution of 
hydrogen with practically 100% current  efficiency. 
Snavely  (26) has shown that  chromic acid can be 
reduced to t r ivalent  chromium by evolving hydrogen, 
but that the reaction is very slow. Thus. ~he low con- 
centrat ion of the t r iva lent  chromium a~ the beginning 
of the electrolysis of pure or near ly  pure chromic acid 
may account for the slow rate of the formation and 
growth of the amorphous oxide film observed in such 
solutions. 

The reduction of chromic acid to t r iva lent  chromium, 
that is, Cr 6 + --> Cr 3 +, is promoted by sulfate to proceed 
at potentials less negative than  the evolution of hy-  
drogen (27, 28). Hence, the ini t ial  stages of polariza- 
tion, in the presence of sulfate, yield t r ivalent  chro- 
mium that  accumulates at the interface, before hydro-  
gen evolution begins at potential  range (ii). Intense 
hydrogen evolution lowers hydrogen ion concentrat ion 
at the interface, creating conditions favorable for the 
formation of an oxide-type film, which, according to 
Pourbaix  diagrams (29), can be avoided only by main-  
taining high degree of acidity in the catholyte. 

Since the rate of Cr 6+ ~ Cr 3+ increases with sulfate 
concentration, the formation of the amorphous oxide 
film will be accelerated at lower CRO3:SO4 ratios. This 
is borne out experimental ly.  The formation of the 
amorphous oxide film was observed, for instance, to 
begin at 6th and 3rd minute  in solution with ratios 
5000:1 and 200: 1, but  its presence was visible already 
in 50th, 14th, and 3rd second in solutions with 
CrO~: SO4 ratios 100: 1, 75: 1, and 65: 1. 

Close association between hydrogen evolution and 
the amorphous oxide film formation is demonstrated in 
Fig. 8b to d. Whether  the process of the film forma- 
tion is ent i rely a chemical precipitat ion reaction or a 
reaction involving charge t ransfer  at the interface 
cannot  be decided on the basis of the evidence pre-  
sented. The increase of the over-al l  rate of electrol- 
ysis dur ing lateral  growth of the amorphous oxide film 
indicates only an increase of the reduction rate wi thin  
the expanding areas which may  be ent i re ly  due to 
more intense hydrogen evolution. 

The electron microscope examinat ion of the amor-  
phous oxide films by Weiner  and Schiele (30) showed 
that there are two kinds of oxide films. One, very 
thin (0.02~) and pore free, forms ini t ial ly on the cath- 
ode surface. The other thicker (0.1~) and fair ly po- 
rous continues to grow over the thin one, with the 
line of demarcat ion not always distinguishable. 

Presumably,  the thin film forms during the ini t ial  
shift of potential  from --0.75 to --1.00V, that is, at po- 
tential  range (ii), when its presence cannot be detected 
under  the microscope and when its effect is manifested 
by higher rates of polarization at lower CRO3:SO4 
ratios. The thicker film is apparent ly  the one that  is 
observed visual ly to grow at the potential  range (iii). 

The evidence of the reduction of the amorphous 
oxide film to metal  (Fig. 8f) is in agreement  with ob- 
servations made by other investigators (31, 32). The 
process is not considered to be connected with the 
mechanism of chromium deposition at steady state 
conditions, because the amorphous oxide film is ob- 
served to break up into fragments  at the onset of 
chromium plating. 

Viscous ] i lm.--According to KappeI and Gerischer (6) 
the cathode is covered with mono-  or b i -molecular  
oxide film, which serves as an in termediate  stage for 
the final reduction step to metal. The role of sulfate 
is to l imit  the thickness of the film through a corn- 

peti t ive dissolution reaction and, thus, to allow the re-  
lease of oxygen dur ing the reduction. 

The presence of mono-  or b i -molecular  oxide films 
is difficult to detect by conventional  methods. Elec- 
t ron diffraction examinat ion of conventional  deposits 
(5) did not reveal the presence of any films, although 
an oxide-type film has been observed together with the 
chromium deposit in dilute solutions (33). This is not 
unexpected because dilute solutions are considerably 
less acid and, therefore, provide an env i ronment  more 
favorable for the formation of the amorphous oxide 
film. 

In conventional  plat ing solutions the visible amor-  
phous oxide film disintegrates when the potential  of 
chromium deposition is reached. Whether  a thin in-  
visible amorphous oxide film remains  on the surface 
dur ing  chromium plat ing cannot be resolved on the 
basis of the microscopic observations. The fact that  the 
ini t ial  deposition of chromium starts undernea th  the 
amorphous oxide film dur ing  electrolysis of 200:1 solu- 
tions (Fig. 4) is an evidence point ing out to the con- 
trary.  

Shluger and Kazakov (9) investigated dissolution 
processes at the cathode surface after cessation of the 
electrolysis by observing the edge of the electrode 
under  the microscope in t ransmit ted  light. An at tempt 
by these investigators to observe the cathode surface 
in the incident  light dur ing plat ing was not successful 
because of copious hydrogen evolution. These authors 
concluded that there is a colloidal film present at the 
cathode surface dur ing chromium plating, the dis- 
solution of which is observed when the current  is 
switched off. 

In the present investigation microscopic observations 
of the cathode surface in the incident  light at the 
te rminat ion  of the electrolysis did not permit  the 
differentiation between the dissolution of a cathodic 
film and the dissipation of a concentrat ion gradient.  
No evidence is therefore available that  the viscous 
film that seems to form dur ing the t ransi t ion from 
the potential  range (iii) to (v) is still present  at the 
cathode surface at the end of the plat ing process. Its 
existence can be detected only when the cathode sur-  
face is par t ia l ly  covered with the fragments  of the 
amorphous oxide film when at least part  of the evolv- 
ing hydrogen originates wi th in  or undernea th  the 
viscous film, thus reveal ing its presence. 

Whether  the viscous film observed in the present  
investigation is the same film reported by Shluger and 
Kazakov is not  absolutely certain. It  is reasonable to 
assume that it is the same film since both microscopic 
observations were made at s imilar  low-range magnifi-  
cations which are unl ike ly  to reveal the existence of 
two ent i rely different types of macrofilms. The viscous 
na ture  of the film does not  exclude a colloidal sus- 
pension result ing from the disintegrat ion of the amor-  
phous oxide film. 

The unconvent ional  characteristics of the viscous 
film may  account for a n u m b e r  of unusua l  phenomena 
such as: (a) preferent ia l  reduction of higher rather  
than lower oxidation states of chromium to metal  (34), 
(b) inabi l i ty  to discharge cations dur ing  chromium 
plat ing at adequately negative potentials (35), (c) 
favorable env i ronment  for the reduction of anions of 
other metals (36, 37), and (d) the variat ion of current  
efficiency with cur ren t  density, temperature,  and elec- 
trolyte composition (38). 

Conclusions 
It is concluded that the amorphous oxide film itself 

is not involved in the mechanism of chromium dep- 
osition at s teady-state  conditions despite the evidence 
that it can be reduced electrolytically to metal. Its 
formation is a consequence of side-reactions facilitated 
by higher pH and higher t r iva lent  chromium concen- 
tration. 

The deposition of chromium is associated with the 
formation of an ent i rely different type of film which is 
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t r ansparen t  and viscous in contras t  wi th  the  opaque  
and solid na ture  of the  amorphous  oxide film. 

The format ion  of the  viscous film, which occurs only 
in the  presence of adequate  sulfate  concentrat ion,  in-  
hibi ts  the  evolut ion of hydrogen  and the  progress  of 
o ther  react ions tha t  cont r ibu te  to the  format ion  of the  
amorphous  oxide film. 

Manuscr ip t  submi t ted  Jan.  12, 1970; revised m a n u -  
script  received Apr i l  2, 1970. This was Pape r  263 p re -  
sented at the  New York  Meeting of the  Society, May  
4-9, 1969. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1971 
JOURNAL. 
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A Study of Some Primary Processes in 
Electropolymerization by Cyclic Voltammetry 

of PhenyI-Substituted Ethylenes 
B. Lionel Funt and Derek G. Gray' 

Department of Chemistry, Simon Fraser University, Vancouver, British Columbia, Canada 

ABSTRACT 

Tetraphenylethylene, triphenylethylene, stilbene, I,I diphenylethylene, and 
styrene were utilized as model compounds. Cyclic voltammetry in tetrahydro- 
furan, NBu4C]O4, showed that the radical anions of these compounds were 
protonated in this medium and are therefore stronger nucleophiles than poly- 
cyclic aromatic hydrocarbons for which similar protonation does not occur. 
The stability of the initial ionic species produced increased with the number 
of phenyl substituents in this series of substituted ethylenes. The cyclic 
voltammetric data was examined critically to determine the reversibility of 
the electron transfer steps, the number of electrons added per step, and the 
stability or lifetime of transient substances formed. Reaction mechanisms 
are proposed and the relevance of the findings to electropolymerization proc- 
esses is indicated. 

The passage of an e lec t ro ly t ic  cur ren t  t h rough  a 
nonaqueous organic solut ion can produce  a wide  va -  
r i e ty  of reduct ion products  at  the  cathode. These m a y  

1 Present  address: Depa r tmen t  of Chemistry,  Univers i ty  of To- 
ronto, Toronto, Ontario, Canada. 

include radicals ,  rad ica l  anions, carbanions,  and o ther  
re la ted  in te rmedia tes  (1).  

In  our  previous  work,  we had shown tha t  in  the  
presence of a sui table  monomer,  po lymer iza t ion  could 
take  place (2). The ra te  of po lymer iza t ion  was, in 
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general, controlled by the magni tude  of the current ,  
and the molecular  weight, in m a n y  instances, could be 
regulated in absolute value (3) and in dis tr ibut ion of 
molecular  weight by the current  programmed through 
the solution. 

The local environment ,  in terms of type of solvent 
and support ing electrolyte, can be chosen to determine 
a mechanism by which the polymerizat ion will  occur. 
Thus it is possible to conduct free radical, anionic and 
cationic (4) reactions induced electrolytically. 

The technique of electropolymerization has many  
novel and interest ing possibilities. It  can provide a 
degree of control over the rate of the reaction which 
is not possible in  thermal ly  conducted or chemically 
init iated polymerization. The reaction can also be 
stopped readi ly  or caused to proceed over a program 
of different rates as a funct ion of time. 

The purpose of this s tudy is to elucidate the na ture  
of the intermediates  and their  roles in polymerization 
reactions. Our pr imary  interest  was in the polymeriza-  
t ion mechanism rather  than in the electrode mecha-  
nism, and the focus of a t tent ion was on the chemical 
processes and their  interrelat ionships rather  than  on 
the theory of electrode reactions. 

The phenyl -subs t i tu ted  ethylenes provide a par-  
t icular ly interest ing group of model compounds. One 
of the members  of the series, styrene, is a very impor-  
tant  and well-characterized monomer.  Another  mem-  
ber, stilbene, will  copolymerize but  not  homopoly- 
merize, while others, such as te t raphenylethylene,  wiI1 
not undergo polymerizat ion in convent ional  systems 
due to steric h indrance (5-7). 

Cyclic vo l tammetry  was employed as these systems 
are par t icular ly  sensitive to trace proton donor im- 
purit ies and an upper  l imit  of 10-4M, may  be placed 
on the impur i ty  level if "living" polymerizat ion is to 
occur. Cyclic vo l tammet ry  between s ta t ionary plat i-  
num electrodes can be adapted for work under  such 
conditions in vacuum systems. 

Experimental 
The exper imental  conditions employed have been 

reported previously (8). 
All  solvent transfers and electrolytic measurements  

were conducted under  h igh-vacuum conditions. The 
p lanar  working electrode was 0.07 cm 2 p la t inum wire 
sealed in glass, and a p la t inum disk served as counter-  
electrode. 

A silver wire sheathed in a glass capil lary proved 
adequate as a reference electrode (9). Te t rahydrofuran  
was the solvent, and t e t r a -n -bu ty l  ammonium per-  
chlorate was the support ing electrolyte. 

Cyclic vol tammograms were obtained by feeding a 
signal from a funct ion generator  through a potentio-  
star to the electrolysis cell and recording the output  
on an x -y  recorder. 

The effects of uncompensated iR resistance on the 
values of the peak potential  were corrected by ex- 
t rapolat ing to zero current.  The deviation from strict 
l inear i ty  wil l  be significant in any  rigorous quant i ta -  
tive analysis of the data but  has li t t le importance in 
the mechanistic in terpre ta t ion and comparisons which 
are our prime concern. The characteristics of the 
species produced on the cathodic scan were invest i -  
gated using a more rapid reverse anodic scan. This 
technique has been shown to give anodic diffusion 
currents  proport ional  to the surface concentrat ion of 
the cathodic products (10). 

Table I. Cyclic voltammetric data for phenyl-substituted ethylenes 

T e t r a -  T r i -  1 ,1-Di-  
p h e n y l -  p h e n y l -  S t i l -  p h e n y l  S t y -  

e t h y l e n e  e t h y l e n e  b e n e  e t h y l e n e  r e n e  

(Ep,e)~=~, V* - 2 . 4 7  --2.61 --2.55 - -2 .56  - -3 .18  
- 2.90 

M i l l i m o l a r  p e a k  h e i g h t :  3.16 3.16 1.85 3.05 3.54 
~ A / m M * *  1.•0 

AE,/Ai,, ~A/mV'~  18 27 22 29 20 f 67 ~ E ~ - E p ~  . . . .  m v  42 36 ~ _ ~ 100 100 

(Ep,a)i=o, V* --2.39 --0.82 --0,65 --0,52 --0.80 

R e l a t i v e  nox* 2 1 { 01.05 } 1 0.2 
2O 

AEp/Aip, ~ A / m V ~  25 71 40 j 40 55 

* P e a k  p o t e n t i a l s  a t  ze ro  c u r r e n t  vs .  A g  w i r e  in  0.1M N ( B u ) ~  
C104-THF solu t ion .  

** S c a n  r a t e ,  0.15 V / s e c .  
A v a l u e  fo r  AEp/Aip of 20 ~ 3 ~ A / m V  is a s c r i b e d  to u n c o m -  

p e n s a t e d  o h m i c  r e s i s t a n c e  f o r  t h e  so lu t i on  a n d  cel l  g e o m e t r y  u s e d  
h e r e  a n d  p r e v i o u s l y  (8). L a r g e r  v a l u e s  a re  r e l a t e d  q u a l i t a t i v e l y  to  
i r r e v e r s i b l e  c h a r g e  t r a n s f e r s  o r  s u b s e q u e n t  c h e m i c a l  r eac t ions .  

A p p a r e n t  n u m b e r  of  e l e c t r o n s  in  r e - o x i d a t i o n  s tep .  D e t e r m i n e d  
by  r e l a t i v e  p e a k - h e i g h t  i n c r e a s e  w i t h  scan  ra t e .  

was almost twice that  obtained under  identical con- 
ditions for the first reduct ion step of trans-stilbene [a 
known one electron reversible process (6)] and the 
peak height was sharper than that for trans-stilbene. 
The separation of cathodic and anodic peak potentials 
extrapolated to zero current  was found to be 60 • 4 
inV. However, for a reversible two-electron transfer  
reaction, the peak height should be 23/2 that for a 
s ingle-electron transfer,  and the peak separation 
should be 30 mV. Thus the process cannot  be in ter -  
preted as a simple two-electron transfer. However, the 
discrepancy may  be resolved by considering mul t i -  
step charge transfers. The exper imental  results ob- 
ta ined here coincide with those predicted for sub-  
stances undergoing two successive reversible electron 
transfers  at potentials separated by less than 0.1V. 
(11). Thus the reduction process may  be wr i t ten  

(Ph)2C = C(Ph)2 + e -~ (Ph)2C = C(Ph)2 

(Ph)2C = C(Ph)2 + e ---- (Ph)2C = C(Ph)2 = 

Neither the radical anion nor  the dianion appears to 
be protonated to any appreciable extent  in the t ime 
interval  between electron transfers.  Thus this reaction 
differed from most two-electron reductions of aromatic 
hydrocarbons. Nevertheless, the appearance of the re-  
verse peak on the cyclic vol tammogram enables this 
unusual  mechanism to be assigned with a high degree 
of confidence. 

Results 
Some details of the cyellc vo l tammetry  of phenyl -  

subst i tuted ethylenes are presented in Table I. 

Tetraphenylethylene.--Cyclic vol tammograms for 
te t raphenyle thylene  at a series of scan rates are shown 
in Fig. 1. The most str iking feature was a large anodic 
peak which indicated that the reduct ion product  was 
relat ively stable in  solution. The cathodic peak height 

Fig. 1. Cyclic voltammogram for the reduction of tetraphenylethyl- 
ene, 0.9 mM, in 0.1M N(Bu)4CIO4-THF solution. Scan rates: 0.06, 
0.15, 0.30, 0.48, 0.60 V/sec. 
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Triphenylethylene.--The v o l t a m m e t r i c  p e a k  h e i g h t  
for  t r i p h e n y l e t h y l e n e  w a s  also f o u n d  to b e  a b o u t  t w i c e  
t h a t  e x p e c t e d  for  a o n e - e l e c t r o n  t r a n s f e r .  H o w e v e r ,  no  
a n o d i c  p e a k  w a s  e v i d e n t  on  t h e  r e v e r s e  s c a n  a n d  t h e  
p e a k  was  n a r r o w e r  a n d  s h a r p e r  t h a n  t h a t  f o u n d  for  
r e v e r s i b l e  t r a n s f e r s .  T h e  r e s u l t s  a r e  s h o w n  in Fig. 2. 
The  r a t e  of p o t e n t i a l  sh i f t  w i t h  i n c r e a s i n g  c u r r e n t  i n -  
d i c a t e d  a n  i r r e v e r s i b l e  e l e c t r o d e  p r oce s s  or  a s u b s e -  
q u e n t  c h e m i c a l  r e a c t i o n  of t h e  i n i t i a l  e l e c t r o c h e m i c a l  
p r o d u c t  T w o  r e a c t i o n  p a t h s  a p p e a r  p l a u s i b l e  

( P h ) 2 C  ---- C H P h  + e - >  ( P h ) 2 C  = C C H P h ' -  

( P h ) 2 C  = CCHPh'--q-  H + -> ( P h ) 2 C  -- C H 2 P h  

( P h )  2C --  CH2Ph  q- e--> ( P h ) 2 C  --  CH2Ph  

( P h )  2C = C H P h  q- e - >  ( P h ) 2 C  = C H P h :  

[Ia] 

[ Ib ]  

[Ic]  

[ I I a ]  

o r  

( P h ) 2 C  = C H P h ' - +  e--> ( P h ) 2 C  = C H P h  = [ l i b ]  

( P h ) ~ C  = C H P h  = -~ H + --> Ph2C --  CH=,Ph [ I Ic]  

T h e  f i rs t  m e c h a n i s m  w as  p r o p o s e d  b y  H o i j t i n k  (12) 
for  t h e  r e d u c t i o n  of a r o m a t i c  h y d r o c a r b o n  in  t h e  p r e s -  
e n c e  of p r o t o n  donors .  Th i s  a u t h o r  s h o w e d  t h e  m o l e c -  
u l a r  o r b i t a l  t h e o r y  p r e d i c t e d  t h a t  t h e  r a d i c a l  f o r m e d  
b y  p r o t o n a t i o n  of  t h e  r a d i c a l  a n i o n  ( r e a c t i o n  [ I b ] )  
was  r e d u c e d  ( r e a c t i o n  [ I c ] )  a t  l o w e r  p o t e n t i a l s  t h a n  
t h a t  for  i n i t i a l  e l e c t r o n  t r a n s f e r s  (Eq.  [ I a ] ) .  H o w e v e r ,  
t h i s  m e c h a n i s m  w o u l d  r e q u i r e  f a s t  p r o t o n a t i o n  of t h e  
t r i p h e n y l e t h y l e n e  r a d i c a l  a n i o n  e v e n  w h e n  t h e  o n l y  
p r o t o n  s o u r c e  i n  s o l u t i o n  w a s  t h e  t e t r a b u t y l a m m o n i u m  
salt .  In  v i e w  of  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  s t i l b e n e  
r a d i c a l  ion  u n d e r  i d e n t i c a l  cond i t i ons ,  i t  s e e m e d  u n -  
l i k e l y  t h a t  s u c h  r e a c t i o n s  c o u l d  occur .  

T h e  s e c o n d  r e a c t i o n  p a t h  is m o r e  l ike ly .  A s e c o n d  
e l e c t r o n  is t r a n s f e r r e d  to t h e  r a d i c a l  ion  (Eq.  [ I I b ] )  a t  
a p o t e n t i a l  c lose  to t h a t  for  t h e  f irst  t r a n s f e r .  T h e  d i -  
a n i o n  f o r m e d  is suf f ic ien t ly  bas ic  to a b s t r a c t  a p r o t o n  
f r o m  a sa l t  a n i o n  a n d  p r o d u c e  a c a r b a n i o n .  T h e  n a r -  
r o w n e s s  of t h e  p e a k  m e a s u r e d  b y  t h e  d i f f e r e n c e  b e -  
t w e e n  t h e  p e a k  a n d  h a l f - p e a k  p o t e n t i a l s  a lso s u p p o r t s  
a m e c h a n i s m  r e q u i r i n g  t w o - e l e c t r o n  r e d u c t i o n  p r i o r  
to  p r o t o n a t i o n .  

A n  a t t e m p t  w a s  m a d e  to d e t e c t  t h e  c a r b a n i o n  w h i c h  
b o t h  r e a c t i o n  m e c h a n i s m s  p r e d i c t e d  as p roduc t .  F o r  

f 

A 

C 

- - i  i i I i i i 

POTENTIAL, 0 5  per div. 

Fig. 2. Comparison of cyclic voltammograms for the phenyl-sub- 
stituted ethylenes. A, Tetraphenylethylene (0.90 mM); B, triphenyl- 
ethylene (0.87 mM); C, trans-stilbene (1.16 mM); D, 1,1 diphenyl- 
ethylene (0.87 mM); E, styrene (1.44 mM). All voltammograms were 
obtained under similar conditions in 0.1M N(Bu)4CIO4-THF with a 
scan rate of 0.15 V/sec. 
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this ,  t h e  a s y m m e t r i c  s can  t e c h n i q u e  was  e m p l o y e d .  T h e  
a n o d i c  p e a k s  f o r m e d  on  v a r y i n g  t h e  r e v e r s e  p o t e n t i a l  
s c a n  r a t e  w a s  r a t h e r  m i s s h a p e n  a n d  i n d i c a t e d  a n  i r r e -  
v e r s i b l e  r e a c t i o n .  H o w e v e r ,  b y  c o m p a r i n g  t h e  c h a n g e  
of p e a k  h e i g h t  w i t h  s q u a r e  roo t  of s c a n  r a t e  for  t h e  
f o r w a r d  a n d  r e v e r s e  r e a c t i o n s ,  t h e  r a t e  of p e a k  i n -  
c r ease  for  t h e  r e v e r s e  r e a c t i o n  w a s  f o u n d  to b e  a b o u t  
h a l f  t h a t  for  t h e  f o r w a r d  r e a c t i o n  

- - e  
(Ph)2C -- CH2Ph > (Ph)2C -- CH2Ph 

Thus, two electrons were required for the reduction 
and only one for the oxidation The irreversibility of 
the oxidation reaction is due to the high reactivity of 
the free radicals formed. Unlike an anion radical, this 
intermediate is uncharged and therefore electrostatic 
repulsion does not hinder dimerization or dispropor- 
tionation. 

The carbanion oxidation mechanism may be assigned 
to the anionic peak for triphenylethylene on the basis 
of molecular orbital considerations (12). 

Although the oxidation of carbanions derived from 
polycyclic aromatic hydrocarbons has been reported 
(13), we believe that experimental evidence for elec- 
trolytic oxidation of an ethylenic hydrocarbanion has 
not been found previously. 

Trans-Stilbene.--This compound has been studied 
intensively by a number of workers who employed 
conventional polarography in dimethylformamide and 
found that trans-stilbene exhibited the behavior typi- 
cal of po lycyc l i c  a r o m a t i c  c o m p o u n d s  (6, 14). 

T h e  cycl ic  v o l t a m m o g r a m  (Fig.  2) s h o w e d  t h a t  t h e  
r e d u c t i o n  o c c u r r e d  in  t w o  s tages .  I f  t h e  p o t e n t i a l  s can  
w a s  l i m i t e d  to 2.8V, t h e  a n o d i c  a n d  c a t h o d i c  p e a k s  
w e r e  f o u n d  to b e  of e q u a l  h e i g h t  a n d  t h e  o t h e r  p a r a m -  
e t e r s  also i n d i c a t e  c l e a r l y  t h a t  a s ing le  r e v e r s i b l e  one  
e l e c t r o n  r e d u c t i o n  occu r r ed .  O n e  c a n  t h u s  c o n c l u d e  
t h a t  t h e  r a d i c a l  ion  of trans-stilbene is s t a b l e  u n d e r  
t h e s e  c o n d i t i o n s  

P h H C  ~ C H P h  q- e --> P h H C  = CHPh-"  

T h e  s u b s e q u e n t  r e d u c t i o n  a t  m o r e  c a t h o d i c  p o t e n -  
t ia l s  was  also a s i n g l e - e l e c t r o n  t r a n s f e r  

PhHC = CHPh-~- e --> PhHC = CHPh= 

T h e  a b s e n c e  of a c o r r e s p o n d i n g  a n o d i c  p e a k  on  r e -  
v e r s i n g  t h e  s can  i n d i c a t e d  t h a t  t h e  d i a n i o n  h a d  u n d e r -  
g o n e  f u r t h e r  r eac t i on .  I n  t h i s  case,  p r o t o n a t i o n  b y  t h e  
s a l t  c a t i o n  w a s  p r o b a b l e  

P h C H  = C H P h  = -~ H + -* P h C H  --  C H 2 P h  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  p r o d u c t  w a s  a g a i n  f o u n d  
to b e  a c a r b a n i o n  a n d  a n  o x i d a t i o n  p e a k  w a s  f o r m e d  
a t  t h e  p o t e n t i a l  e x p e c t e d .  

In  t h i s  case,  t h e  r a t e  of g r o w t h  of t h e  p e a k  h e i g h t  
w i t h  s c a n  r a t e  w a s  less  t h a n  t h a t  e x p e c t e d  fo r  a o n e -  
e l e c t r o n  t r a n s f e r ,  a n d  t h i s  m a y  b e  d u e  to f u r t h e r  p r o -  
t on  a b s t r a c t i o n  b y  t h e  carbanion, t h u s  r e d u c i n g  t h e  
a m o u n t  a v a i l a b l e  fo r  o x i d a t i o n  on  t h e  r e v e r s e  scan.  
A s y m m e t r i c  s c a n  d a t a  cou ld  n o t  b e  e m p l o y e d  success -  
f u l l y  in  t h i s  i n s t a n c e  b e c a u s e  of  a s m a l l  u n e x p l a i n e d  
p e a k  a t  - -  1.6V. 

1,1 Diphenylethylene.--For t h i s  s u b s t a n c e ,  a t w o -  
e l e c t r o n  i r r e v e r s i b l e  r e d u c t i o n  w a s  found .  H o w e v e r ,  
t h e  p e a k  w a s  m u c h  b r o a d e r  t h a n  t h a t  f o u n d  w i t h  t r i -  
p h e n y l e t h y l e n e ,  a n d  t h e r e f o r e  a d i f f e r e n t  m e c h a n i s m  
is i n d i c a t e d .  I f  one  a s s u m e s  t h a t  a r a d i c a l  a n i o n  is 
f o r m e d  in i t i a l ly ,  t h e n  t h e  a b s e n c e  of  a p h e n y l  s u b s t i t u -  
en t  on  one  of t h e  olef inic  c a r b o n  a t o m s  w o u l d  b e  e x -  
p e c t e d  to d e c r e a s e  t h e  s te r ic  h i n d r a n c e  t o w a r d  p r o t o n  
a b s t r a c t i o n  f r o m  t h e  sa l t  ca t ion .  I n  t h i s  case,  H o i j t i n k ' s  
m e c h a n i s m  w o u l d  b e  e x p e c t e d  
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(Ph)2C = CH2 q- e~ (Ph)2C = CH2 

(Ph)2C = CH2 + H + "-> (Ph)2C -- CH3 

fast 
(Ph)2C -- CH3 -5 e ) (Ph)2C -- CH3 

The carbanion formed was oxidized at 0.5V on the  
reverse  scan. The asymmetr ic  scan technique showed 
that  the anodic peak increased at half  the rate  of the 
cathodic peak. This indicates a one-e lec t ron  t ransfer  
oxidat ion 

(Ph)2C -- CH3 -- e--> (Ph)2C -- CH3 

Unlike the corresponding sti lbene carbanion, there  
was thus no evidence of protonation of the 1,1 d iphenyl-  
e thylene  carbanion, presumably  due to the  steric effect 
of the two phenyl  substituents at the  nucleophil ic site. 

Styrene.--Cyclic vol tammograms  for s tyrene re-  
semble those for 1,1 d iphenyle thylene  except  that  the 
peak due to anodic oxidation of the carbanion was very  
much smaller  than expected for the one-elect ron 
transfer.  This behavior  is consistent with the dimin-  
ished steric hindrance in the s tyrene carbanion com- 
pared with  the 1,1 d iphenyle thylene  carbanion. Thus, 
the second protonat ion step may  occur before elec- 
trolytic oxidation can take place 

v 
PhHC = CH2 -4- e ~,~ PhHC = CH2 

PhHC = CH2 ~- H + --> PhHC -- CH~ 

PhHC -- CH3 q- e-> PhHC -- CH;~ 

PhHC -- CH3 q- H + --> PhH2C -- CH~ 

PhHC -- CH~ -- e--> PhHC -- CH3 

A comparison of the voltammograms of the phenyl- 
substituted ethylenes under similar conditions in 0.1M 
tetrabutylammonium perchlorate in tetrahydrofuran 
at a scan rate of 0.145 V/sec is shown in Fig. 2. 

Discussion 
A summary  of the re la t ive  stabilities of the various 

species which we have  assigned on the basis of in ter -  
pretat ion of the numer ica l  data and the cyclic vol t -  
ammograms is shown in Table II. 

The results for the phenyl-subs t i tu ted  ethylenes 
show that  as expected f rom chemical  considerations, 
the stabil i ty of the anionic species produced by elec- 
trolytic reduct ion increases wi th  the number  of phenyl  
substituents. This is c lear ly  i l lustrated in Table I. 

Cyclic vo l t ammet ry  thus indicates the nature  of 
electron t ransfer  reactions wi th  very  l i t t le ambigui ty  
and also permits  the invest igat ion of the carbanion 
electro -oxidation.  

The  data wi th  1,1 d iphenyle thylene  are of par t icu-  
lar interest.  This compound was used as a model  sub- 
stance in the elegant  pioneer ing studies on anionic 
polymerizat ion conducted by Szwarc and his co- 
workers  (15, 16). Using stop-flow techniques they 

Table I1. Summary of the relative stabilities of the anionic species 
derived from phenyl-substituted ethylenes under voltammetric 

conditions 

D i a n i o n ,  R a d i c a l  C a r b a n i o n ,  
C o m p o u n d  R = a n i o n ,  R ?" R H  :':. 

T e t r a p h e n y l e t h y l e n e  S t a b l e  - -  - -  
T r i p h e n y l e t h y l e n e  P r o t o n a t e d  - -  S t a b l e  
S t i l b e n e  P r o t o n a t e d  S t a b l e  P r o t o n a t e d  
1 , 1 - D i p h e n y l e t h y l e n e  - -  P r o t o n a t e d  S t a b l e  
S t y r e n e  - -  P r o t o n a t e d  P r o t o n a t e d  

found a very  high rate of combination of the radical  
anions wi th  a ra te  constant of 1-2 x 106 1 �9 mole -1 
s e e  - 1. 

Although the mechanism we propose involves proton 
abstraction ra ther  than  radical  combination, this is 
not at var iance with  Szwarc 's  quant i ta t ive  results. The 
concentrat ion of the l iving anions in the react ion mix -  
ture is ex t remely  low, whi le  the concentrat ion of te t ra-  
bu ty lammonium ions is re la t ive ly  high. The lat ter  are 
effective proton donors and cannot be used in systems 
in which a l iving anion concentrat ion is maintained.  
The  ratio of the  concentrat ions of l iving ions to t e t r a -  
bu ty lammonium ions must be at least a factor of 106, 
and thus protonat ion can be justified in competi t ion 
wi th  combination even on quant i ta t ive  grounds. 

The l i fet ime of the radical  ions of 1,1 d iphenyle thyl -  
ene has been claimed to be much longer by Evans and 
Evans (17), but the val idi ty  of their  results have been 
quest ioned by Szwarc (16). These authors refute  
Szwarc's  suggestion that  the optical spectrum and the 
propert ies reported by them should be a t t r ibuted to 
the benzophenone radical  ion (17). Despite this, the 
dominant  ev idence  in the l i tera ture  favors Szwarc 's  
quant i ta t ive  results and mechanism. 

The electrochemical  data which we repor t  for the 
d iphenyle thylene  is based on the observat ion of a two-  
electron transfer.  This observat ion is in keeping with  
a number  of other  investigations on phenyl-subst i tu ted  
ethenes. Studies by Wawzonek (6) and by Grodzka 
and E1ving (7) indicate a single two-e lec t ron  wave. 
However ,  the lat ter  point out the difficulties in assign- 
ing an exact mechanism to the process. 

A result  of re levance  to e lectropolymerizat ion is that  
under  the exper imenta l  conditions employed in vol t -  
ammet ry  the ions of s tyrene and 1,1 d iphenyle thylene  
do not dimerize but undergo protonat ion and reduc-  
tion. This indicates that  the radical  ions are more  
basic than those der ived f rom polycyclic hydrocarbons,  
which undergo dimerization. It  can be concluded that  
the t e t r abu ty lammonium cations, which  are the source 
of the protons, wi l l  be inefficient chain initiators in 
v inyl  electropolymerization.  This resul t  also indicates 
clearly the importance of finding a l te rna t ive  electro-  
lytes for e lect ropolymerizat ion studies. A number  of 
suitable salt systems have been explored, but thus far  
those most suited for electropolymerizat ion,  for ex-  
ample sodiumtetraphenylbor ide ,  are  not  satisfactory 
for studies in cyclic vol tammetry .  Fur the r  exploratory 
work  is required.  
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Thermodynamics of Liquid Copper-Silver Alloys 
by a Solid Electrolyte Cell 

U. V. Choudary and A. Ghosh 
Department of Metallurgical Engineering, Indian Institute of Technology, Kanpur, India 

ABSTRACT 

The reversible galvanic cell 

Cu (S), Cu20 (S) / / C a O - Z r O 2 / / C u - A g  (1), Cu20 (S) 
electrolyte 

was employed to determine the thermodynamic  properties of l iquid copper- 
silver alloys in the range of Xcu from 0.1 to 0.8 and tempera ture  from the 
liquidus to 1330~ The activities of copper were found to be higher than  
the values reported by Hul tgren  et al. on the s i lver-r ich side, whereas they 
agree well  in the high-copper side. Values of F E, obtained by extrapolat ion of 
the data of this s tudy to 1400~ agree well  with those reported in l i terature.  
H M, determined in this study, agree with the calorimetric results wi th in  
the exper imental  uncer ta inty.  Small  values of S E confirm the near ly  regular  
behavior  of the Cu-Ag system. 

Thermodynamic  properties of l iquid copper-si lver 
alloys have been determined in  the past by employing 
three methods: calorimetry (1-3), vapor pressure 
measurements  (4), and distr ibution equil ibria  (5). 
Phase diagram calculations have also been carried out 
(6). Hul tgren et al. (6), in their  thermodynamic  com- 
pilation, have critically reviewed these studies and 
pointed out the need for more accurate determinations.  
Calorimetric measurements  (2, 3) show mutua l  agree- 
ment. However, they do not, normal ly  yield accurate 
values of activities. Direct activity measurements  were 
done by Edwards and Downing (4) by the vapor pres-  
sure method. Their  data contained large scatter and 
were also found to lead to some thermodynamic  incon-  
sistencies according to later  analysis (6). The data of 
Koros and Chipman (5), obtained from measurements  
of distr ibution equil ibria  between liquid copper-si lver 
and liquid i ron-copper alloys were confined to a na r -  
row range (0.01-0.12) of mole fraction of copper. 

Therefore it was decided to make direct measure-  
men t  of activities in  this system and for this the solid 
electrolyte cell method was chosen. Various invest i-  
gators (7-10) have demonstrated that  emf measure-  
ments  with the solid oxide electrolytes are capable of 
yielding results with good accuracy. In  the present  
work, the cell was 

Cu (S), Cu20 (S) / / C a O - Z r O 2 / / C u - A g  
a l loy( l ) ,  Cu20(S)  [I] 

electrolyte 

This type of cell has already been employed by some 
investigators (11-14) and is of the general  type 

A, A O / / S o l i d  o x i d e / / A - B  alloy, AO [II] 
electrolyte 

Such cells yield values of activity of A in the alloy 
A-B directly from the cell emf's. In  cell I, if Po2 ~ and 
Po2 are the part ial  pressures of oxygen on the left and 
right side of the cell respectively, then 

Key words:  thermodynamics ,  copper, silver, solid electrolyte,  emf. 

RT Po2 
E ---- emf of the cell = In 

4F po2 ~ 

Again, 4 Cu(S  or in alloy) -~ O.,(g) : 2 Cu20(S)  
Therefore 

[1] 

Taking the pure solid copper as the s tandard state and 
combining Eq. [1] and [3], we obtain 

RT 
E = -- ~ l n a c u  [4] 

F 

Other thermodynamic  quanti t ies  also can be calcu- 
lated, as shown later  (Eq. [5]-[15]) .  

Accurate results can be obtained, provided the fol- 
lowing conditions are satisfied. (a) The solid electro- 
lyte is completely ionic in the range of Po2 prevai l -  
ing in the experiments.  (b) The oxide of A is much 
more stable compared to the oxide of B. Moreover AO 
should be stoichiometric. (c) The solubilities of oxy- 
gen in A and in alloy A-B are small. (d) There are no 
side reactions, such as those between electrode and 
electrolyte, electrode and contact lead, and electrode 
and atmosphere to any significant extent. 

The calcia-stabilized zirconia is a perfect ionic con- 
ductor (7-10) in  the range of Po2 prevai l ing dur ing the 
experiments  (greater than  10 -10 a tm) .  Cu20 is much 
more stable compared to Ag20 and exhibits l i t t le non-  
stoichiometry (15) in the range of t empera ture  in-  
vestigated. The Cu-O phase diagram (16) shows that 
the solubili ty of oxygen in solid copper in equi l ibr ium 
with Cu20, below 1330~ is negligibly small. Ap-  
proximate calculations based on the model of Belton 
and Tankins  (17), for the solubil i ty of oxygen in 
b inary  alloys, reveal that  l iquid Cu-Ag alloys (Xcu : 

acu202  
K = [2] 

a c u  4 X P02 
If Cu20 is pure, then 

1 
PO2 - -  [3 ]  

K �9 a c u  4 
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0.15-0.9), when equi l ibrated with  Cu20, dissolve oxy-  
gen to a max imum of 1 a /o  (.atom per cent) at 1300~ 

Experimental 
Cell assembly.--Two types of cell, as shown sche- 

mat ical ly  in Fig. la  and b, were  employed in the pres-  
ent work. In cell a, the e lectrolyte  was a % in. I.D., 1/2 
in. O.D., and 1 in. high crucible of 15 m / o  (mole per 
cent) calcia-stabil ized zirconia, obtained f rom the 
Zirconium Corporat ion of America.  In cell b, labora-  
t o ry -made  crucibles f rom fully stabilized ZIRCOA-B 
powders, served as the electrolyte.  The crucibles were  
slip-cast, presintered at 1200~ for one day, and finally 
sintered at 2000~ for 6 hr  in a ZIRCOA pot furnace. 
The densities of the crucibles, af ter  final sintering, 
var ied be tween  5.5 and 5.9 g/cc. Thin copper foil was 
wrapped around the solid e lectrolyte  crucible in the 
form of a close-fitt ing cup, and the annular  gap was 
filled with  Cu-Cu20 mixture.  

The furnace was g lobar-hea ted  in order to avoid in- 
duct ive emf's. The t empera tu re  was control led by a 
Leeds & Nor thrup  Elec t romax Signall ing control ler  
wi thin  •176  The tempera tu re  of the  cell was mea-  
sured by a cal ibrated P t -P t /10% Rh thermocouple.  The 
exper iments  were  conducted under  a flow of argon, 
purified by successively passing through a copper-  
gauze furnace, CaC12 and P2Os-towers, and finally 
through a magnes ium-chip  furnace. The emf's were  
measured by a Leeds & Nor thrup  potent iometer  wi th  
a sensit ivi ty of 0.01 mV. 

Calibration run.--Cell a was used in most of the 
runs. In order  to make  sure that  there  was no sig- 
nificant short -c i rcui t ing of the electrodes by gaseous 
t ransport  via a tmosphere  and electronic conduct ivi ty  
in the electrolyte,  a cal ibrat ion run  was taken with  
mixtures  of Cu-Cu20 and Ni-NiO as the two elec- 
trodes. Cu20 and NiO powders were  of Fisher  Certified 
Reagent  grade. Cu and Ni powders were  obtained 
f rom Semi-Elements  Inc. wi th  a min imum pur i ty  of 
99.9%. 

The Cu-Cu20 mix tu re  was placed inside the e lectro-  
lyte crucible, and contact was established by pressing 
a p la t inum disk, which was spot -welded to Pt  and P t /  
10% Rh wires, sheathed in a double-bore  a lumina 
tube. This served as lead as wel l  as thermocouple.  
P la t inum wire  was wound round the electrolyte  cru-  
cible and a moist paste of Ni-NiO was applied over  it. 
The electrolyte  crucible was contained in a recrysta l -  
lized a lumina crucible and Ni shot along with NiO 
powder  were  kept in the la t ter  in order  to provide  a 
bet ter  environment .  

The furnace chamber  was first flushed with  purified 
argon, evacuated at 150~ and then was slowly heated 
to 900~ under  flowing argon. Both the electrode m i x -  
tures were  sintered in situ, establishing ve ry  good 
electrical  contact. The durat ion of the  run was one 
week and the  t empera tu re  cycling was done two t imes 
in the range 1020~176 The measured emf  was 
considered as steady, if it remained constant wi th in  
• mV for a min imum period of 6 hr. Moreover,  the 
cell was left overnight  and at t imes for one full  day 
at arbi t rar i ly  selected temperatures .  The emf's re -  
mained steady and the fluctuations never  exceeded 0.5 
mV. Reversibi l i ty  of the cell emf  was checked by 
polarization tests and by vary ing  the gas flow rate. 
Table I compares or data with the most precise values 
avai lable e lsewhere  (9, 18) and the agreement  is ex-  
cellent. Cell b was tested against cell  a by measure -  
ments at the same compositions (Xcu = 0.5). The 
emf's in these two ar rangements  agreed wel l  (___1 mV).  

Selection of contact lead for liquid alloy.--Dissolu- 
tion of the lead by the l iquid alloy is a problem in this 
kind of study. There are two ways to tackle it. First, 
one can use a lead which dissolves to a negligible ex-  
tent  and hence can be dipped continuously. Diaz and 
Richardson (19) immersed  a ch romium-a lumina  cer-  
met continuously in l iquid copper at l l00~ with  suc- 
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Table I. Temperature dependence of emf for the calibration cell: 
Ni, NiO/CaO-ZrO2/Cu, Cu20 

T e m p e r a t u r e ,  
~  1020 1116 1150 1200 1273 1323 

E m f  (mY) 

Th i s  w o r k  275.9 268.3 266.3 263.6 256.7 255.0 
Rizzo, B i d w e l l  
and  F r a n k  (18)* 276.5 269.6 267.2 263.7 258.5 - -  
C h a r e t t e  a n d  
F l e n g a s  (9)* 275.8 268.1 265.7 262.1 257.0 253.5 

* C a l c u l a t e d  v a l u e s  f r o m  t e m p e r a t u r e - e m f  r e l a t i o n s  of  t he  i n v e s t i -  
gators .  

cess. If the lead mater ia l  tends to be dissolved faster, 
it is immersed for a short  t ime only, dur ing the t ime 
of measurement  of emf. Inconel, cermet,  and Cu20 
were  tr ied as leads. While the Inconel was dipped into 
the alloy dur ing measurements  only, the  other  two 
mater ia ls  were  kept  immersed  continuously. The cer-  
mets were  hung by p la t inum wires, whereas  Cu20 was 
sintered on pla t inum wire  for strength. Al though all 
the above leads were  found to be quite  satisfactory 
during trials, the  cermet  was chosen because it gave 
the smallest  scatter. Therefore  most of the  runs re-  
ported here have  been taken wi th  ce rme t -ce rme t  com- 
bination, as shown in Fig. 1. The cermet  was the same 
as that  used by Diaz and Richardson (19). 

Emf measurements on copper-silver alloys.--The 
master  alloys of Cu and Ag were  prepared by mel t ing  
the required amounts  of copper (Semi-Elements  Inc., 
U.S.A., pur i ty  99.97%) and si lver  (Amer ican  Smel t ing 
and Refining Co., U.S.A., pur i ty  99.99%) shot ei ther  
in an evacuated and sealed quar tz  tube or in a 
one-end open quar tz  tube under  a s t ream of purified 
argon. The weight  of each master  al loy ranged between 
7 and 10g. The alloys were  taken  in the recrystal l ized 
alumina crucible (cell a, Fig. 1) or in e lectrolyte  cru-  
cible (cell b, Fig. 1) along with  1 to 2g of Cu20. The 
furnace chamber  was first evacuated wi th  the cell as- 
sembly in position, filled with  purified argon, and then 
slowly heated to 1000~ At this tempera ture ,  the cell 
at tained a steady emf in less than 2 hr. Emf's  were  
recorded at intervals  of 30 min, and if the var ia t ion 

~,f=..~..:d.L.i~ | 

Fig. 1. Cell assembly. 

a: !, Reaction tube-mullite; 2, supporting mulllte tube; 3, outer 
silica crucible; 4, recrystallized alumina crucible; 5, double-bore 
alumina sheath for Pt/Pt-Rh thermocouple; 6, addition tube-quartz; 
7, alumina guide tubes for lead wires; 8, platinum lead wires; 9, 
Cr-AI203 cermets; 10, solid electrolyte crucible; 11, Cu-Cu20 
reference electrode; 12, Cu-Ag melt with Cu20; 13, purified argon 
from gas train. 

b: I, Recrystalllzed alumina crucible; 2, solid electrolyte cruci- 
ble; 3, quartz tube for addition; 4, thin copper foil; 5, Cu-Cu20 ref- 
erence electrode; 6, Cu-Ag melt with Cu20; 7, Cu shot with Cu20; 
8, double-bore alumina sheath; 9, alumina guide tubes for lead 
wires; 10, platinum lead wires; 11, Cr-AI203 cermets. 
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was within  ___0.1 mV in a period of 2 hr  the emf's were  
considered to be steady. A min imum of 4 hr  was al- 
lowed before a t empera tu re  change was effected. Each 
exper iment  was subjected to the tests for revers ib i l i ty  
and reproducibi l i ty  just  as the cal ibrat ion run. Even 
after  heavy polarizat ion (1 mamp for 3 min) ,  usual ly  
a m a x i m u m  of 30 min were  enough for r e -a t t a inment  
of steady emf's. Additions of Cu or Ag in the form of 
small  shot were  made at 1050~ Immedia te  changes 
in emf's were  observed and steady emf's were  at tained 
in about 2 hr. 

Chemical  analysis of the alloys was not made. In 
order  to be certain of the accuracy of compositions 
dur ing the experiments ,  a few times the same composi- 
tions were  obtained ei ther  f rom the master  alloys di- 
rect ly or by additions. Emf 's  by these two procedures 
differed by less than 1 mV. This observation,  coupled 
with the facts that  the t empera tu re  cycling yielded 
reproducible  emf's and that  the emf  vs.  t empera tu re  
plots were  straight  lines wi th  s tandard deviat ions of 
less than 1 mV in all  the experiments ,  pointed out 
that  negligible composit ional changes took place dur-  
ing the exper iments  ei ther through evaporat ion of Ag 
or in any other  manner.  

Results 
The measurements  were  confined in the range of 

Xcu from 0.1 to 0.8 and in the t empera tu re  range 
Tliquidus to 1330~ A few measurements  were  made 
below the l iquidus and above 1330~ Figure  2 shows 
the leas t -square  lines for the  emf vs.  t empera tu re  
relat ion at each composition. Table II presents  the re-  
sults analyt ical ly  along with  the s tandard deviat ions 
and max imum deviations. The emf's could also be ex-  
t rapolated to 1400~ after  correct ing for d E / d T  at the 
melt ing point of copper (1356~ The cell emf's  gave 
part ial  quanti t ies for copper direct ly  wi th  solid copper 
as the standard state. Liquid copper was employed as 
the standard state, by making appropriate  corrections 
for fusion values of copper, as noted below. 

FMcu ~ - -  EF - -  AFfusion = R T  In acu [5] 

dE 
S M c u  = F -  -- ASfus io  n [6] 

d T  

HMcu = FMca + T SMcu [7] 

whe re  FMcu, SMcu, HMCu are  f ree-energy,  entropy, and 

T ( ~  
IOSO IISO 1250 1350 

~_ t I ; I I I: / / ,  

160 �9 MASTER ALLOY, CERMET-CERMET (e) . .2~1 t 
/ A . . . .  ~ INCONEL- PLATINUM (a)A(~ I / 
r o . . . .  , ,NCONEL-INCONEL @) / I 

,4o ~- , . . . . . .  ( b ) / o  I 
| ~7 MASTER ALLOY ,,  ( b ) ~  I 
F =~ b REFER TO DIFFEREN V X~,, I 

TYPES OF CELL Cu 

120 I-- SHOWN IN A~ M.IR o f  I 
FIG I " " ~  L, T ..r} c':,'(~;~Y L 

l (t LIQUIDMS ~ / . 1 ~ [  

E M F  ~ 

60  / 

l l o o  1200  1300 1 4 0 0  
T (~ 

Fig. Z Experimental data of emf vs. temperature for liquid Cu- 
Ag alloys. 

J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE August 1970 

Table II. Experimental data on liquid Cu-Ag alloys 

E m f  (mY) 
T e m p e r a t u r e  E = A + B T  S t a n d a r d  M a x i m u m  

r a n g e  of d e v i a t i o n ,  d e v i a t i o n ,  
Xcu app l i cab i l i t y ,  ~ - - A  B m V  m V  

0. i  1181-1330 191.I 0.2606 0.7 1.6 
0.2 1133-1330 229.4 0.2470 0.6 1.0 
0.25 1113-1330 245,6 0.2472 0.9 2.1 
0 . 3  1090-1330 210.6 0.2132 0.4 1.0 
0.4 1052-1330 196.6 0.1909 0.4 1.1 
0.5 1090-1330 177.8 0_1657 0.6 1.2 
0.6 1131-1330 163.8 O. 1485 0.4 0,"/ 
0.7 1173-1330 157.6 0.13"/0 O.S 0 . 9  
0.8 1220-1330 140.4 0.1190 0.8 l.O 

heat of mixing of copper wi th  l iquid copper as the 
standard state. 

The part ial  thermodynamic  quanti t ies  for si lver 
were  determined using the fol lowing equations 

f Xcu 

log aAg = log X A g  - -  X A g X c u a c u  -~-  ~ e GCu " dxcu  

FMAg = 4.576 T log aAg 

~ X C u  

HMAg = -- XAgXcu/~cu -F ~o flcu " d x  

[8] 

[9] 

[10] 

[11] 

[12] 

[13] 

SMAg : (HMAg - -  FMAg)/T 
where  

log 7cu 
~Ctl 

(1 -- Xcu) 2 

HMCu 
~Cu 

(1 -- Xcu) 2 

The integrals in Eq. [8] and [10] have  been evalu-  
ated graphical ly f rom Fig. 3 and 4. F rom these par -  
t ial  values, integral  and excess propert ies  for Cu-Ag 
system were  calculated. For  the latter,  the  equations 
employed are noted below. 

f XCu 

F E = (1 - -  Xcu),,,o acu �9 d x c u  [14] 

0 6 6  

0-62 
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0 5 4  

Go 
o .so  
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1300~ / 
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Xcu 

Fig. 3. a-function for Cu in liquid Cu-Ag alloys 
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Fig. 4. p-function far Cu in liquid Cu-Ag allays 
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Fig. 5. Activity plots in liquid C--Ag olloys 

f Xcu 
H E = (1 -- Xcu) ~ o #cu �9 dxcu  [15] 

where the superscript E denotes excess property. 

Discussion 
Hultgren et  al. (6) give a value of 0.96 ___ 0.005 for 

the activity of copper at the eutectic tempera ture  
(1052~ Emf data in this s tudy at Xcu = 0.4 and 0.7, 
yielded activity values of 0.953 and 0.965, respectively. 
This agreement  is considered to be excellent. At Xcu 
= 0.1, the liquidus was found to be 13~ higher than 
that given in the phase diagram. Repetit ion with an-  
other master  alloy of the same composition yielded 
reproducible  results. At Xcu  = 0.2 and 0.3, consider-  
able supercooling (greater  than 20~ was observed. 
Even prolonged equi l ibrat ion (12 to 18 hr) and stir-  
r ing of the bath resulted in the same emf's. The dis- 
solved oxygen could be the cause for lowering of the 
liquidus. 

The activities of Cu and Ag at 1200 ~ , 1300 ~ , and 
1400~ (extrapolated) are presented in  Fig. 5 along 
with the values reported by Hul tgren et al. (6). The 
s tandard states for both are pure liquid metals. For 
determinat ion of the activity of Ag, an extraPolated 
value of ~ca was employed only for Xcu ---- 0.8, since 
at this composition 7ca is close to un i ty  and a little 
error (0.5%) in acu can lead to a large uncer ta in ty  in 
acu. The values at 1400~ are 10 to 15% higher on 
si lver-r ich side and 3 to 5% lower on high copper side, 
compared to those of Hul tgren  et al. (6). 

As Table IV shows, HMcu obtained from the in te r -  
cepts of emf vs. tempera ture  plots, increase wi th  de- 
creasing Xcu,  except at Xca = 0.1, where HMcu is un -  
usual ly  low. The change in  solubil i ty of oxygen with 
temperature  could be causing this discrepancy. Quant i -  
tat ive explanat ion could not be given in the absence 
of oxygen solubil i ty data in these alloys. If Cu20 will  
dissolve in  the liquid alloy according to the reaction 

Table III. Activities in liquid Cu-Ag alleys (standard states: 
pure liquid metals) 

1400~ 
1200~ 1300~ ( •  ~ ( ex t r apo l a t ed )  

XCu ~Cu* "TAg 7Cu* "]AS ~Cu ~'Ag 

0.1 2.640 1.016 2.545 1.013 2.460 1.011 
0.2 2.235 1.057 2.094 1.055 1.975 1.050 
0.3 1.840 1.122 1.737 1.I10 1.668 1.104 
0.4 1.563 1.228 1.498 1.198 1.444 1.191 
0.5 1.396 1.372 1.358 1.316 1.321 1.292 

(--0.005) (•  (~0.019) 
0.6 1.240 1.673 1.219 1.501 1.199 1.462 
0.7 1.141 1.833 1.137 1.747 1.110 1.692 
0.8 - -  - -  1.045 2.160 1.043 2 ,010  

* " / cu  w . r . t  so l id  copper  as t he  s t a n d a r d  s ta te  m a y  be o b t a i n e d  b y  
mul t ip ly ing  the  v a l u e s  of the  t ab l e  b y  1.170 a t  1200~ a nd  1.050 a t  
1300~ 
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Table IV. Heats and entropies of mixing in liquid Cu-Ag alloys 
(standard states: pure liquid metals) in the range: 

Tliquidus to 1330 ~ K. 

XCu HMCu St~Cu HMAg S~Ar Ht~ St~ 

0.1 2675* 4.77* 25 0.21 295 0.67 
(1290) t 

0.2 2170 3,40 100 0.45 510 1.04 
0.3 1735 2.62 255 0.70 695 1.276 
0.4 1415 2.15 455 1.00 815 1.46 
0.5 980 1.52 785 1.46 875 1.50 

('+'240) (__.0.18) ( •  (~0.2) ( •  (-+-0.14) 
0.6 655 1.13 1130 1.90 865 1.45 
0.7 480 0.86 1560 2.50 790 1.34 
0.8 120 0.45 2100 3.30 640 1.11 

* E x t r a p o l a t e d  v a l u e s  frOm graph .  
? E x p e r i m e n t a l  va lues .  

Cu20(S)  = 2Cu + O [16] 

it can lead to an increase in Xcu by a fraction of few 
hundredths,  which is enough to decreaSe the slope of 
emf vs.  tempera ture  plot and hence decrease measured 
HMcu considerably. This process is reversible with re-  
spect to tempera ture  and hence  tempera ture  cycling 
will  not reveal any irreproducibil i ty.  Approximate  
calculations on the basis of the model proposed by 
Belton and Tankins  (17), for the solubili ty of oxygen 
in b inary  alloys, confirms that  oxygen solubil i ty is at 
least 1 a/o at 1300~ for s i lver-r ich alloys (Xcu = 0.1). 
However, the consequent  inaccuracy in the activity of 
Cu at Xcu ----0.1, resul t ing from this depar ture  in ac- 
tua l  slope, is estimated to be less than  3% at 1300~ 
For Xcu = 0.2, the dissociation of Cu20 will  not cause 
appreciable compositional changes (less than 0.005 in 
Xcu). Moreover, emf values for the alloys (Xcu --  0.2) 
are much less sensitive to slight compositional changes, 
and the shift in HMcu will  be well  wi th in  the experi-  
menta l  uncer ta inty.  Even if an approximate correction 
for oxygen solubil i ty is made  in acu, the present  values 
are higher than those reported by Hul tgren  et aL (6). 
The molar  free energies of mixing  (F E) of this work 
are compared with those of Hul tgren  et al. (6) in 
Fig. 6 and the agreement  is quite good. 

In  Fig. 4, the curve of ~cu vs.  Xcu has been extrapo- 
lated from the middle ranges of composition toward 
the te rminal  regions. For the low-copper side the rea-  
son for this extrapolat ion will  be obvious from the 
preceding discussion. On the high-copper side, the 
values of (1 -- Xcu)2 becomes small, making  /~cu very 
sensitive to any error in HMcu. Therefore extrapola-  

FE  800  

CALS  
J-atom 

I l l l l l l ~ l  

6OO 

40O 

2OO 

O 4 i I I I I I ~ I I 
o o . 2  o4  o -6  0 -8  i - o  

Xcu 

Fig. 6. Excess molar free energies of mixing in liquid Cu-Ag 
alloys. 
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Fig. 7. Integral molar heats and entropies of mixing in liquid 
Cu-Ag alloys. 

t ion f rom the middle  composit ion ranges  was preferred.  
As Fig. 7 shows, the  values  for in tegra l  molar  heats  
of mixing,  H M, agree  wel l  wi th  the ca lor imetr ic  de te r -  
minat ions  (2, 3) in the  h igh-Cu range,  whereas  on the 
lower  copper  side, the  values  are  somewhat  lower.  
Consider ing the unce r t a in ty  of nea r ly  200 cal in H M 
values  of present  work,  the agreement  is good. 
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Supporting Electrolyte Effects in Electrochemistry: 
Copper and Mercury Acetylacetonates in Acetonitrile Solvent 
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Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 

In acetoni t r i le  solvent,  the t e t r a a l k y l a m m o n i u m  
enolate  salt  of 1,3-pentanedione (acetylacetonate ,  
R4N + a c a c - )  is, at most, weak ly  associated as an ion 
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ABSTRACT 

The anodic mercury  wave  of ace ty lace tonate  and the reduct ion  of Cu(acac)2 
have been invest igated in acetoni t r i le  solvent. The e lec t rochemis t ry  of both 
species is subs tan t ia l ly  modified by  the presence of l i th ium perch lora te  in 
the t e t r a e t h y l a m m o n i u m  perchlora te  suppor t ing  electrolyte .  The anodic mer -  
cury  wave  of ace ty lace tonate  yields  a s table  m e r c u r y ( I I )  ace ty lace tonate  
product  in l i th ium-conta in ing  medium;  the  product  complex undergoes  rap id  
decomposi t ion in the  absence of l i thium. A coordinat ive  in teract ion of l i th ium 
ion with  Hg(acac)2  is postulated.  The reduct ion of Cu(acac)2  proceeds in a 
single two electron wave  in Et4NC104 e lec t ro ly te  and in two single e lect ron 
steps in LiC104-Et4NC104 electrolyte .  An  in te rpre ta t ion  res t ing on the ins ta-  
b i l i ty  of C u ( a c a c ) 2 -  and the coordinat ion of ace ty lace tonate  by  l i th ium ion, 
to give Li2 (acac) +, is given to account for this  behavior.  

pair .  When  l i th ium or t e t r a a l k y l a m m o n i u m  ace ty lace-  
tonate  is dissolved in acetoni t r i le  containing LiCIO4 
electrolyte ,  the  ~-d ike tona te  becomes coordina ted  in 
a stable d i l i th ium complex,  Li2(acac)  + (1). The  ca th-  
odic e lec t rochemis t ry  of var ious  meta l  ace ty lace tonates  
is sensit ive to the  presence of LiC104 e lec t ro ly te  be -  
cause of this l i th ium coordination.  Fo r  instance, the  one-  
e lectron reduct ion of tris(acetylacetonato)iron(III), 
Fe(acac)3,  in t e t r a e t h y l a m m o n i u m  perch lora te  elec-  
t ro ly te  yields a s table  Fe(acac) .~-  complex.  In  l i th ium 
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perchlora te - te t rae thylammonium perchlorate electro- 
lyte, charge t ransfer  is immediate ly  followed by a 
poorly reversible abstraction of an acetylacetonate 
ligand by l i thium ion to give Fe(acac)2 and the di- 
l i th ium complex (2). Invest igat ion into the details of 
l i th ium electrolyte effects in acetonitri le has continued. 
Reported here are some fur ther  results on two elec- 
trochemical reactions: the anodic reaction at a mer -  
cury electrode in the presence of acetylacetonate and 
the reduction of bis (acetylacetonato) copper (II) ,  
Cu (acac) 2, at mercury.  

Experimental 
Acetonitr i le solutions contained 0.1M te t rae thy lam-  

monium perchlorate (Et4NC104) as support ing electro- 
lyte; various concentrat ions of l i th ium perchlorate 
were added to this. Acetylacetonate was added to 
l i th ium-conta in ing  solutions as Li(acac) ,  forming 
Lif(acac) +, and to 0.1M Et4NC104 solutions as the 
t e t r abu ty lammonium salt, Bu4N +acac- .  The lat ter  
compound was prepared by a procedure provided by 
Posner et al. (3), in which acetylacetone is mixed 
with a solution of t e t r abu ty lammonium hydroxide 
(Eastman) in methanol ,  the reaction mix ture  cooled, 
and ethyl acetate added to precipitate the white salt. 
This was recrystallized from methylene  chloride, 
again using ethyl acetate to induce precipitation. All 
acetylacetonate solutions were used wi thin  a few 
hours of their preparation;  solutions of Li2 (acac) + are 
quite stable, while those of Bu4N + acac-  give u l t ra -  
violet spectral indication of decomposition after  about 
10-12 hr. Standard Cu(acac)2 solutions were prepared 
from J. T. Baker mater ia l  recrystall ized from benzene. 

Working electrodes were either a DME or a hanging 
mercury  drop electrode of the design of Shain et aI. 
(4). Potentials  reported are vs. an aqueous NaC1-SCE 
reference electrode isolated from the working elec- 
trode compar tment  with a Et4NC104-acetonitrile salt 
bridge. Coulometry experiments  on the anodic mer-  
cury wave of acetylacetonate were carried out with a 
micrometer  thin layer  cell (5) equipped with a mer-  
cury-coated p la t inum working electrode. The cell was 
calibrated by potent ial  step coulometry of Fe(acac)3 
(n = 1) in 0.1M Et4NC104-acetonitrile. A range of 
solution thicknesses were employed in both the cali- 
brat ion and thin layer determinat ion of acetylaceton- 
ate n values. Ins t rumenta t ion  and other details are as 
cited earlier (2). 

Results and Discussion 
Anodic mercury wave of acetylacetonate.-- Solu- 

tions of Bu4N + acac-  in Et4NC104 electrolyte exhibit  
an anodic polarographic wave with E1/2 = --0.242V vs. 
SCE; those containing Li(acac) dissolved in LiC104- 
Et4NC104 support ing electrolyte exhibit  this wave at 
more positive, [LiC104]-dependent potentials (Table 
I).  On Pt and Au  electrodes, these solutions yield 
anodic waves at +0.3 and +0.9V, respectively. The 
anodic reactions on the solid electrodes are of demon-  
s trably different properties and origin (6), however. 
The anodic reaction of acetylacetonate at mercury  is 
assigned to an oxidation of mercury  to yield a mer-  
cury acetylacetonate complex. 

The anodic mercury  wave of Li2(acac)+ [Li(acac) 
dissolved in LiC104-containing media] is considered 
first; various data are summarized in Table I. Polaro-  
graphic (i/h1~2), chronopotentiometric (i,1/2), and po- 
tent ia l  sweep (ip(a)/V 1/2) criteria establish diffusion 
control of the anodic reaction by Li2 (acac)+. Stabil i ty 
of the mercury-conta in ing  anodic product, and its non-  
adsorption, is demonstrated by accord of cyclic volt-  
ammetric  i p ( a ) / i p ( c )  , chronopotentiometric Tf/~b, and 
thin layer coulometric Qanod/Qcath ratios with diffu- 
s ion-only expectations. 

The anodic mercury  acetylacetonate product is an-  
ticipated to represent  a mercu ry ( I I )  species; mer-  
cury( I )  acetylacetonates are unknown.  The following 
results bear on the stoichiometry of the mercu ry ( I I )  

Table I. Characteristics of the anodic mercury wave of Li(acac) 
dissolved in LiCIO4-O.1M Et4NClO4-acetonitrile solvent 

(dilithium acetylacetonate) 

Resu l t s  i n d e p e n d e n t  of  [LiC104]  u n l e s s  o t h e r w i s e  n o t e d  

P o l a r o g r a p h y :  
Id (ima~/m~/a tl/~ C ~ 2-69 a'b 
D ( c m f / s e c )  2.24 x 10-~ 
E1/e (V) ;  [ L i C 1 0 , ]  = 0 m M  +0 .091  

9.5 mM~ + 0 . 2 1 0  
21.4  m M  + 0 . 2 3 2  
26.7 m M  + 0 . 2 3 8  
40.0 m M  + 0 . 2 5 0  
49.4 m M  + 0 . 2 5 2  
79.6 m M  + 0.262 

C h r o n o p o t e n t i o m e t r y :  
iv~/e/AC ~ ( a m p  c m  sec l /2 /mole )  
D (cm~/sec)  
Tf/Tb 

Cycl ic  v o l t a m m e t r y :  
ipea)/AC ~ vl/2 ( a m p  c m  sec ' / 2 /mo le )  
hEpeak (mY) 
ivfa)/il,(v) 

T h i n  layer  e l e c t r o c h e m i s t r y :  

"~acac 
Qanod/Ocath 

268 • 3 a,4 
2.44 • 10-~ 
2.97 • 0.10 r 

1001 • 45f  
38g 
1.03 • 0.04r 

0.83 ~ :0.03 
1.04 

, F r o m  ref .  (1). 
b I n d e p e n d e n t  of  m e r c u r y  c o l u m n  h e i g h t  a n d  [ a c a c | .  
c [ acac ]  < 0.1 [LiC104]  in  a l l  cases ;  d i s s o c i a t e d  [Li+] ,  c a l c u l a t e d  

as in  ref .  (1),  is 1.84, 4.04, 5.00, 7.33, 8.90, 13.8 raM. 
d I n d e p e n d e n t  of  a p p l i e d  c u r r e n t  a n d  [ a c a c l .  

[LiC104]  > 10 mM.  
f I n d e p e n d e n t  of  p o t e n t i a l  s w e e p  r a t e .  
y A t  v = 0.1 V / sec .  

complex: Potent ia l  step th in  layer coulometry gives a 
result  of 0.83 electrons/acac. This result, n near  unity,  
indicates a Hg(acac)2 product, with perhaps some 
higher coordination, such as Hg(acac)3- ,  occurring as 
well. Proximity  of the polarographic Id constant, 2.69, 
with those of known one-electron metal  acetylaceton- 
ate reactions in acetonitri le lid = 3.i8, Fe(acac)3; 
Ia ~ 3.06, Co(acac)3 (2); Id = 3.2, first wave of 
Cu (acac)2, see below] is consistent with this observa- 
tion. Verification of the 1:2 stoichiometry is provided 
by an amperometric  (p01arographic) t i t ra t ion of 0.5 
mM Hg(C104)2 with a Li2(acac) + solution [Li(acac) 
dissolved in 0.1M LiC104]. The init ial  mercu ry ( I I )  
wave is l inear ly  a t tenuated (to zero current )  and re- 
placed with the more cathodic reduction wave of co- 
ordinated mercury  (II) (rising to a max imum current ) ,  
with an end point corresponding to a l ( H g ) / 2 ( a c a c )  
mole ratio. An excess of acetylacetonate initiates pre-  
cipitation of the fairly insoluble mercury  complex and 
appearance of the anodic Li2(acac) + wave. A polaro- 
gram of the "end point" solution (which contains 16 
mM LiC104) shows that  the cathodic Hg(acac)2 wave 
has Ell2 ~ +0.22V, the same potent ial  as that of the 
anodic Li2(acac) + mercury  wave at this [LiC104] 
(Table I).  The cathodic-anodic couple in a cyclic 
vol tammogram of the Hg(acac)2 solution exhibits a 
similar correspondence to one observed for a solution 
of Li2 (acac) + 

The most interesting feature of the anodic 
Li2(acac) + mercury wave is revealed by examination 
of the dependency of its EI/2 on the concentration of 
dissociated lithium ion (to which [LiCIO4] is nearly 
proportional, Table I). This examination, strictly 
speaking, can be semiquantitative only, owing to the 
imperfect reversibility of the reaction: 5Epeak > 30 
inV. In solutions containing sufficient excess lithium 
ion that [LiCIO4]x=o ~ constant and that most of the 
acetylacetonate exists as the dilithium complex [>80% 
as Li2(acac) + for [LiCIO4] > i0 raM, (I)], a plot of 
Ell2 vs. log [Li+]free should be linear with slope 0.059 
m/n, where n = 2 and m is the number of lithium 
ions released by the anodic process. If two Li2 (acac) + 
reactants combine with mercury to give as product 
simply Hg(acac)2, a slope of 118 mV is anticipated. 
The actual 58 mV slope of the linear plot of experi- 
mental results (of which those in Table I are a 
sampling of about one-third of those available) is 
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quite divergent  from this simple expectation, and in-  
dicates re tent ion of two l i th ium ions in the mer-  
cury (II) acetylacetonate product complex 

2Li~(acac) + + Hg--> Li2Hg(acac)22+ + 2Li + + 2e [1] 

Accepting the result  of the El l2  - -  log[Li+]free anal -  
ysis as proof of mixed coordination of acetylacetonate 
to mercu ry ( I I )  and l i thium ion admittedly,  owing to 
the reversibi l i ty factor, requires some caution. Two 
addit ional factors serve to add plausibil i ty to a proc- 
ess such as reaction [1]. The first centers on previous 
chemical evidence. Among the metal  fl-diketonates, 
mercury ( I I )  complexes apear to be unique  in that the 
diketonate l igand bonds to the metal  as an enolate 
(unidentate)  l igand (as opposed to the usual  cyclic 
geometry) .  Hammond and Nonhebel (7, 8) have shown 
this from arguments  based on infrared and ul traviolet  
spectra and solubil i ty and chemical reactivity (ben-  
zoylation) data. One oxygen site on an a c e t y l a c e t o n a t e  
l igand bound to mercu ry ( I I )  is thus free for associa- 
t ion with another  metal  ion. The acetylacetonate lig- 
and is known, through demonstrat ion (1) of the exist- 
ence of Li2(acac) +, to be capable of bonding in an 
open chain form each of its oxygens to a metal  ion. 
Postulat ion of a l i th ium ion Hg(acac)2 association is, 
against this background of previous evidence, chemi- 
cally reasonable. 

The second argument  centers on the behavior  of the 
anodic reaction of Bu4N+aeac - in 0.1M Et4NC104 
( l i thium absent) .  The anodic acetylacetonate mercury  
wave in this medium has a polarographic Id ~ 4.00, 
Ell2 -~ --0.242V, and is diffusion controlled in the 
polarographic experiment.  The product of this anodic 
reaction, in contrast to that  found in the presence of 
l i thium ion, is quite unstable;  cyclic vol tammetr ic  
ip(a)/ip(c) ~ 1 and chronopotentiometric ~f/Tb ~ 3 
ratios (poorly reproducible) both indicate extensive 
decomposition. Anodic thin layer charge-t ime curves 
exhibit  only a poor inflection at an nacac ~ 1 charge, 
and substant ia l  fur ther  charge accumulat ion (exceed- 
ing edge diffusion and background values) occurs on 
prolonged electrolysis (n ---- 14 after ~15 min) .  Evi-  
dent ly  the decomposition slowly leads to fur ther  oxi- 
dizable materials.  Surface effects of the anodic prod- 
uct(s)  are indicated by polarographic electrocapillary 
observations. The details of the decomposition reac- 
t ion(s)  of the mercu ry ( I I )  acetylacetonate anodic 
product are unknown.  It is quite clear, however, that  
the absence of such decomposition in solutions contain-  
ing l i thium ion provides addit ional c i rcumstant ia l  evi- 
dence for a coordinative interact ion of l i th ium ion 
with Hg(acac)2 such as that  of reaction [1]. 

R e d u c t i o n  o f  Cu(acac)2 i n  a c e t o n i t r i l e . - - S e v e r a l  po- 
larographic studies of Cu(acac)2 in aqueous solvent 
and in aqueous mixtures  with ethanol, methoxymeth-  
anol, dioxane, and methyl  cellosolve (9, 12) have de- 
scribed a single, two-electron reduction wave. In a 
50% aqueous-50% pyridine solvent mixture,  on the 
other hand, Calvin and Bailes (13) report that 
Cu (acac)2, and other copper(II)  ~-diketonates, are re-  
duced in two one-electron waves, the second polaro- 
graphic wave exhibi t ing the same reduction potent ial  
found for Cu(I )  in this medium in the absence of 
acetylacetonate. The reduct ion pa t te rn  in Calvin and 
Bailes' solvent is in terpre table  as resul t ing from a 
combinat ion of the greatly lessened stabil i ty of cop- 
per ( I )  fl-diketonate in the presence of pyridine [its 
post-electron transfer  decomposition shifting the po- 
tential  of the C u ( I I ) / C u ( I )  couple to more positive 
values],  with the stabilization of the "free" copper(I)  
state by pyr idine solvation (shifting the E1/2 of the 
C u ( I ) / C u ( 0 )  reaction to more negative values) ,  the 
combinat ion removing the overlap between the poten-  
tials of the two couples. 

The polarographic reduct ion of Cu(acac)2 in aceto- 
ni tr i le  solvent can proceed by ei ther  the one two- 
electron or the two one-electron wave pattern,  de- 

pending on the support ing electrolyte employed. In-  
dependently,  Hiller  (2, 14) and Leddy (15) showed 
that  the former pa t te rn  results when  using Et4NC104 
electrolyte and the lat ter  occurs with a LiC104 or a 
LiC104-Et4NC104 electrolyte, and ascribed this effect to 
the coordination of acetylacetonate by l i thium ion. To 
clarify the mechanistic details of this effect, the 
Cu(acac)2 reduction has been examined fur ther  by 
polarographic, cyclic voltammetric,  and chronopoten-  
tiometric experiments  in these media. 

Figure 1 shows polarograms of Cu(acac)2 in aceto- 
ni t r i le  containing Et4NC104 and LiC104-Et4NC104 
support ing electrolytes. The single, diffusion-controlled 
( i d / h  1/2 constant) wave in Et4NC104 electrolyte is of 
two electron height (Ig ~ 7.10) and has the asym- 
metrical  shape and [Cu (acac)2]-dependent  reduction 
potential  [E1/2 ~ --0.58, --0.62V for 0.10, 0.50 mM 
Cu(acac) 2, respectively] expected for an electrode re- 
action involving three diffusing products [two acac-  
and one Cuo (Hg)] .  The polarographic wave is i r re-  
versible; an E vs.  log [ (id --  i ) / i  3] plot is curved and 
of average slope ~130 mV. Addi t ion of LiC104 to the 
Et4NC104 supporting electrolyte splits this wave and 
causes a pronounced positive potential  shift until ,  
at ~1 :1  ratio of [LiC104]/[Cu(acac)2],  two clear!y 
defined reduction waves are evident. Both waves are 
diffusion-controlled and are approximate ly  equal in 
h e i g h t  ( I d  ~ 3.2, 3.5). In this medium the reduction 
clearly is resolved into its C u ( I I ) / C u ( I )  and C u ( I ) /  
Cu(0) steps. Increasing [LiC104] shifts the Elfz of the 
first wave to cont inual ly  more positive values, but  the 
E1/2 of the second wave is independent  of l i th ium con- 
centrat ion for [LiC104]/[Cu(acac)2] ~ ~4 .  The E~/2 
of the second, near ly  reversible, wave, - - 0 . 3 4 V  vs .  SCE, 
is coincident with that  reported for the reduct ion of 
"free" copper(I)  in acetonitr i le solvent (16). 

These polarographic results can be interpreted in 
terms of the following reactions 

Cu(acac)2 + e -  -> Cu(acac)2-  [2] 

Cu(acac )a -  ~ Cu + + 2 ( a c a c - )  [3] 

2 ( acac - )  + 4Li + ~ 2Li2(acac) + [4] 

--0.34 
Cu + + e -  --> Cu~ [5] 

Per t inen t  to this interpretat ion,  which is analogous to 
that for Calvin and Bailes' exper iment  (13), is the 
l i terature  observation (17) that  the m o n o - a c e t y l a c e -  
tonate of copper(I)  is quite unstable.  The copper(I)  
b i s - a c e t y l a c e t o n a t e  resul t ing from the first charge 
transfer  step (reaction [2]) is presumed to be also 
unstable  and to undergo dissociation (reaction [3]) 
to the stable, "free" (acetonitr i le-solvated) copper(I)  
ion. 

In the Et4NC104 electrolyte, the potential  for the re-  
duction reaction [2] remains, in spite of the following 
chemical process [3], more cathodic than  that  for the 
second charge t ransfer  step reaction [5]. In  this me-  
dium, then, the reaction sequence [2, 3, 5] occurs in a 
single, two-electron polarographic wave. 

8 

I t I L ~ _ol.3 , -o!5 I _ol7 I +0.3 +0.1 ~011 
E v s  S . C E  , v o l t s  

Fig. 1. Polarograms for 0 .10  m M  C u ( a c a c ) 2  in acetonitrile. 
[ E t 4 N C I 0 4 ]  ~ 0 . 1 0 M ,  [ L i C I 0 4 ]  ind ica ted  on f igure.  
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In the presence of l i thium ion ( i . e . ,  in the LiC104- 
Et4NC104 elect rolyte) ,  the  dissociation react ion [3] is 
fol lowed by l i th ium coordination to acetylacetonate  
(reaction [4] ). This event  can influence the potential  
at which the reaction sequence [2, 3] occurs only if 
the dissociation reaction [3], whi le  lying far  to the 
right, is never theless  not chemical ly irreversible,  or 
al ternat ively,  if the l i th ium ion part icipates as a reac-  
tant  in the dissociation process. Apparen t ly  one of 
these circumstances (it is thought  to be the former)  
is the case, since the potent ial  for react ion [2] is 
s t rongly dependent  on the l i thium ion concentrat ion 
and can be shifted to a value  less cathodic than that  
for the reduct ion of Cu+ ion. Two one-e lec t ron polar-  
ographic waves result:  reactions [2, 3, 4] and react ion 
[5]. 

The result  of a cyclic vol tammetr ic  exper iment  in 
the LiC104-Et4NC104 electrolyte  is shown in Fig. 2. The 
two cathodic waves observed on the first potent ial  
sweep correspond to the polarographic steps observed 
at the same [LiC104]. The second of these, at --0.34V, 
exhibits  an anodic partner ,  is near ly  revers ible  elec-  
t rochemical ly  ( : -%Epeak ~ 70 mV),  and is complete ly  
revers ible  chemical ly  ( i p ( a ) / i , ( c )  = 1.00), which is con- 
sistent wi th  expectat ions (16) for react ion [5]. The 
first cathodic wave  shows no reverse  peak at any sweep 
rate examined (0.05-5.0 V/sec) ,  which  is consistent 
with the decidedly d rawn-ou t  polarographic shape of 
this wave. The reverse  ra te  of react ion [3] and /o r  [4] 
must be quite  slow. The residual Li2(acac) + in the 
diffusion layer  thus generates,  on continuing posit ive 
potential  sweeping, an anodic mercury  wave  with  po- 
tent ial  (Epeak -~ +0.28V) and reverse  cathodic wave  
( ip (c ) / ip (a )  = 1.0) precisely corresponding to that  ex-  
pected for reaction [1]. 

Chronopotent iometr ic  experiments ,  shown in com- 
posite form in Fig. 3, produce the same pat tern  of 
waves observed by cyclic vol tammetry .  The chrono- 
potent iometr ic  constants for the two cathodic waves, 
i r l l / 2 / A C  ~ = 263 -L-_ 13 and i ~ 2 t / 2 / A C  o ---- 650 +_ 23 amp 
sec u2 cm/mo]e,  are current - independent .  Current  re-  
versal  at t ime t~ gives an anodic wave  at the potent ial  
of reaction [1]. The exper imenta l  t ime ratio t l / T 3  = 
1.33 is in accord with  the theoret ical  predict ion (18) of 
1.25 for a one-e lec t ron- forward ,  two-e lec t ron- reve r se  
chronopotent iometr ic  reaction sequence. Current  re-  
versal  at t2 yields an anodic wave  (x4) for the one- 
electron production of Cu + fol lowed by the anodic 

�9 o'3 -& -o'.1 -d3 -o'5 
E vs. S.C.E. 
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Fig. 2. Cyclic voltammogram of 2.0 mM Cu(acac)2 in acetonitrile 
containing 0.10M Et4NCI04 and 0.10M l iCl04;  v ~- 0.10 V/sec. 
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Fig. 3. Chronopotentiograms of 1.15 mM Cu(acac)2 in aeetonitrile 
containing 0.10M Et4NCI04 and 0.10M LiCI04. 
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mercury  acetylacetonate wave. The theoret ical  
t2/[x4 Jr- T~] = 1.79 for a two-e lec t ron- forward ,  th ree-  
e lec t ron- reverse  react ion sequence agrees qui te  wel l  
wi th  the exper imenta l  1.76 result. 

At sweep rates >0.6 V/sec,  cyclic vo l t ammet ry  of 
Cu(acac)2 in Et4NC104 elect rolyte  yields, like the 
polarography,  a single cathodic wave. This is fol lowed 
on sweep reversa l  by a corresponding anodic wave  
(Fig. 4A). The couple is e lect rochemical ly  i r revers ible  
( - -%Epeak : 0.21V) but, at these sweep rates, chemical ly 
revers ible  ( ip{a) / ip (c )  ---- 1.0). (An analogous anodic- 
cathodic couple is observable at a copper amalgam 
electrode in a solution of Bu4N +acac -  in the Et4NC104 
electrolyte.)  Thus, in the absence of l i th ium ion, a 
sufficient populat ion of the unstable Cu (acac )2 -  spe- 
cies exists for the cathodic react ion sequence [2, 3, 5] 
to be quant i ta t ive ly  reversed.  

Cyclic vo l t ammet ry  of ~Cu(acac)2 in Et4NC104 at 
lower potential  sweep rates produced an unexpected  
result, Fig. 4B. The anodic reversa l  w a v e  at --0.52V 
becomes kinet ical ly controlled;  ip (a ) / i~ (c )  decreases 
wi th  decreasing potent ia l  sweep rate. A result  of the 
kinetic d iminut ion of the extent  of Cu~ reoxida-  
tion at --0.52V is the appearance  of a subsequent  
anodic wave  at --0.25V. The oxidat ion of Cu~ 
to Cu + (reverse  of react ion [5]) and the oxidation of 
mercury  in the presence of a cac -  both occur at this 
potential.  A cathodic par tner  to this wave  is visible 
(at --0.34V) only on prolonged cycling of potential  
(dashed curve) .  In the absence of a completely  satis- 
factory explanat ion for the kinetic l imitat ion of the 
anodic wave  at --0.52V, a t tempt  at fu r the r  in te rpre -  
tat ion of the second anodic wave  (--0.25V) does not 
seem worthwhile .  

In summary,  in both the anodic mercury  wave  of 
acetylacetonate  and the cathodic e lect rochemist ry  of 
Cu(acac)~, a more  definitive unders tanding proved 
possible in the LiC104-containing medium. It is also 
clear that  the mechanist ic results for the reduct ion of 
Cu (acac)2 in the LiC10~-Et4NC104 elect rolyte  were  of 
uti l i ty in unders tanding some features  of the reaction 
in the absence of li thium. A previous comment  (2) 
that support ing electrolyte  effects such as that  of the 
l i thium ion can allow in te rpre t ive ly  useful per turba-  
tions can be re i tera ted  here. 
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Hydrodynamic Potentiometry and Amperometry 
at Ring-Disk Electrodes 
Barry Miller* and Stanley Bruckenstein *.1 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

An  electronically regulated speed control un i t  has been programmed to 
produce an ~1/2 -- kt relat ion for disk and r ing-d isk  electrodes. Besides auto- 
matic hydrodynamic  amperometry  (Levich plots), one can perform two new 
techniques of hydrodynamic  potentiometry:  (a) recording of disk potent ial  
(ED) VS.  w 1/2 at constant  disk current  ( i D ) ;  and (b) recording of E D  VS. iD at 
constant  surface concentrat ions of all species, obtained by holding iD/W 1/2 
constant  while scanning iD. The equations governing (a) are derived and the 
implications of (b) for measur ing rate constants and/or  uncompensated solu- 
tion resistance are discussed. 

The rotat ing r ing-disk  electrode geometry is par-  
t icularly favorable for electrochemical studies in that  
it is possible to control the rate of mass t ransfer  in 
addition to either potent ial  or current.  Advantages 
inherent  in programmed control of the electrode ro- 
tat ion speed (~) have not been exploited in the past. 
Ordinari ly,  ( r ing-)  disk electrode experiments  are 
carried out at constant  o~, controll ing either potential  
or current.  Addit ional  informat ion contained in the 
o,-dependence can be obtained only by repeat ing the 
part icular  exper iment  at a series of different, constant  
w~S. 

The purpose of this work is to develop the theory 
required to in terpret  data obtained when ~,1/~ is varied 
cont inuously and to describe a method for program-  
ming ~ while effectively re ta in ing a hydrodynamic  
steady state (Levich equat ion conditions).  

The funct ional  form of the Levich equation 

i = 0.62 n A Di 2/3 wl/2 v--l/6 ( C i  - -  C i  s) 

= nKi op/2 (C~ -- Ci s) [1] 

indicates that  it is of part icular  value to obtain a re- 
cordable voltage which is proport ional  to ~1/2. In  Eq. 
[1], Ci and C~ s are the bulk  and surface concentrat ions 
of the i th species and the other symbols have their  
convent ional  significance. 

Creason and Nelson (1) have recent ly  reported 
briefly on a method in which the square root of a volt-  

* Elec t rochemica l  Socie ty  Act ive  Member .  
�9 P resen t  address :  D e p a r t m e n t  of Chemis t ry ,  Sta te  Univers i ty  of 

N e w  York  a t  Buffalo,  Buffalo,  New York.  

age produced by a tachometer generator  (geared to 
the rotator drive motor) is recorded vs. current.  We 
have used an operational  amplifier circuit containing a 
squaring module to program an exisitng electronically 
regulated motor speed controller  (2) to produce, ra ther  
than compute, the desired ~,1/2 dependence. This ap- 
paratus  has been used to perform automatical ly 

1. Hydrodynamic amperomet ry- -p lo ts  of i vs. ~1/2 
at constant  ED (disk potential)  and constant  bulk  
concentrat ion Ci--Eq. [1]. 

2. Hydrodynamic potent iometry  
(a) plots of E D  VS. r at constant  i and Ci 

(Method HP1). 
(b) plots of ED VS. i at constant C~ where the 

ratio i/~ 1/~ is held constant  (Method HP2). 

The lat ter  two techniques are new, to the knowledge 
of the authors. Method HP1 may  be thought  of as a 
t ransla t ion of the chronopotentiometric exper iment  at 
s ta t ionary electrodes to the steady-state convective 
diffusion control regime where rotat ion speed replaces 
t ime as the third variable. Method HP2 has application 
to the measurement  of exchange currents  and the di- 
rect determinat ion of solution resistance between ref- 
erence capil lary tip and disk. 

Theoretical 
Hydrodynamic Amperometry 

The theoretical aspects of ( r ing-)  disk experiments  
of this type are well  developed and require no elabora- 
tion here [for a complete bibliography, see Ref. (3)]. 
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However ,  it is wor th  pointing out that  the direct  re -  
cording of i vs. ~1/~ at constant ED, ( a )  general ly  pro- 
duces greater  reproducibi l i ty,  (b) shortens the t ime of 
an exper iment  to a few minutes, and (c) makes ob- 
vious any deviat ions f rom the expected ~,1/2 behavior  
such as those arising f rom kinetic or f i lm-forming 
complications. 

Hydrodynamic Potentiometry 
ED VS. ~I/Z at cons tant  i and Ci, M e t h o d  H P 1 . - - T h e  
general  shape of an ED vs. w 1/2 curve  can be deduced 
graphical ly from the convent ional  cur ren t -poten t ia l  
curve of a par t icular  system. Consider a solution con- 
taining two species, A and C, which are  reduced ac- 
cording to 

A -~ nle--> B [2] 

C q- n2e--> D [3] 

with ha l f -wave  potentials  of E11/2 and E21/2, respec- 
tively, where  E2 ~/2 < E11/2. 

Suppose that  Eq. [2] and [3] represent  revers ible  
systems involving soluble species. Then a plot of 
i / w  1/2 VS. ED, as shown in Fig. 1A, is constant for given 
CA and Cc when uncompensated ohmic potential  drops 
are ignored. The sigmoid curve in Fig. 1A is inde-  
pendent  of the manner  in which  the ratio i/oP/2 is 
established. In convent ional  practice, a series of i - -  ED 
curves would be obtained at different constant ~1/~ 
values. In hydrodynamic  potent iometry,  Method 1, i is 
held constant at a value  I, ~ is varied, and ED is 
recorded vs. ~1/2. In Fig. 1B we have plotted ~1/2/i vs. 
ED simply by taking the reciprocal of the ordinate of 
Fig. 1A at all values of ED. 

Since it is not possible to have wl/2 approach zero 
and mainta in  rotat ing disk t ransport  assumptions, only 
part  of the ~1/2/i vs. ED curve can be observed exper i -  
mental ly.  

Sharp potential  changes in the ED - -  wl/2 plot occur 
at potentials in the vicini ty  of the l imit ing current  
regions (4). If o,1 represents  the angular  veloci ty  when 
I corresponds to the l imit ing current  for reaction [2] 
and ~2 the angular  veloci ty  when  I corresponds to the 
sum of the l imit ing currents  for reactions [2] and [3], 
one can relate  hoP/2 ( =  ~ / 2  _ w21/2)  to the  concen- 
t rat ion of A and C in solution. The curves for these 
two angular  velocities and an in termedia te  one are 
shown in Fig. 2. 

We shall refer  to ,~ and ~2 as transi t ion velocities. 
In practice, t ransi t ion velocities at a disk electrode are 
determined graphical ly f rom ED -- w 1/2 plots in a man-  
ner  analogous to that  used for transi t ion t imes in 
chronopotent iometry.  Al ternat ively ,  plots of r ing cur-  
rents vs. o,1/2 obtained at r ing-disk  electrodes may  be 
more  precise in defining the t ransi t ion veloci ty for the 
ED - -  w 1/2 data, par t icular ly  for i r revers ible  systems, 
whereve r  such ring reactions are feasible. 

RING-DISK ELECTRODES 

E D 

E D 

f 

B 

E D 

A 

/ 

i 0 -I (r ll~ 

-:~ 

(zJ 112 

Fig. 1. A--Plot of i/wV2 vs. E D for two reversible redox systems 
at a rotating disk electrode. Anodic currents are treated as posi- 
tive and positive potentials increase from left to right. B--Plot of 
the reciprocal of the ordinate of A vs. ED. 
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Fig. 2. Plot of the ~-ED curves for two reversible redox systems 
at three rotation speeds, ~I  > ~ :> ~2; reaction [21 yields the 
first wave, the sum of reactions [21 and [31 contributes toward 
the second wave. At ~'1, I equals the limiting current of the first 
wave and, at ~2, I equals the sum of the limiting currents of the 
first and second waves. 

~l/ '- '-Concentration re la t ions . - - I f  a constant cathodic 
current,  I, of appropriate  magni tude  is passed through 
a cell containing A and C which have the i -E  curves in 
Fig. 2, the fol lowing l imit ing current  relat ions may be 
wr i t ten  for o~l and ~2, respect ively (giving cathodic cur-  
rent  a negat ive  sign).  

- - Iwl -  i/2 : KA?tlCA (CA s ---- 0) [41 

--I(~2 - I /~  = KAnlCA 2r Kcn2Cc (CA s = Cc s = 0) [5] 

At rotat ion speeds ~ ~ ~l the current  efficiency for re-  
action [2] is essentially 100%, whereas  at ~,.2 < ~ < wl 
both reactions [2] and [3] proceed. In the general  case, 
at ~ both B and D are produced at l imit ing cur-  
rents. For  the special case of consecutive oxidation 
or reduct ion reactions of a single substance, CA = Cc, 
B -- C, and the electrode react ion at o,2 produces D 
exclusively  (the ni -~ n2 electron product  of the s tar t -  
ing substance, A) .  

F rom Eq. [4] and [5] 

_ i ( ~ - 1 / 2  _ ~l-1/2) : .  Kcn2Cc [6] 
o r  

o;2,1/2 ~1  f / 2  - -  I 
= - -  [ 7 ]  

h (W 1/2) Kcn2Cc 

If Cc is held fixed, and ~i and ~2 de termined  from the 
ED - -  w 1/2 plot for a series of constant currents,  Eq. 
[7] predicts that  the function ~i 1/2 ~21/2/• (~1/2) is pro-  
port ional  to I wi th  a slope f rom which the  diffusion 
coefficient of C can be obtained. 

On dividing Eq. [51 by Eq. [4], we have 

r Kcn2Cc -~ KAnlCA 
- -  = [B]  

~a21/2 KAnlCA 

which may be rewr i t t en  as 
/ 

Kcn2Cc 
w l l / 2  -- w~l /2  ~ A ( w l / 2 )  ~ w11/2 ( 

\ KAnlC  A -]- Kcn2Cc 
) 
[ 9 ]  

or, on substi tut ion of Eq. [4] 

KAniC~ / -!- 

In the general  case, both CA and Cc are  obtained f rom 
two equations, [4] and [5] or [7] and [10], in the 
manner  of t ransi t ion t ime-concent ra t ion  relat ions in 
chronopotent iometry  where  T2 is dependent  on T1 as 
w21/2 is o n  wl 1/2. If C -- B, as is the case in the  s tep-wise 
reduct ion of A to D, we may  set CA ---- Cc and KA -- Kc, 
yie lding 

wl 1/2 nl  ~ ns 
- -  = and 
w21/2 n I 

1 ) [111 
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In the special case that nl = n2 = 1 (Cu( I I )  ~ Cu( I )  
--) Cu in 0.5M KC1), 0)11/2/o)21/2 = 2 and 5(oP/2) = - - I /  
2 KACA. 

Potential-~ V2 Curves 
T w o  consecu t i ve  e lec t rochemica l  react ions  invo lv ing  
d i f f eren t  s u b s t a n c e s . - - I f  reactions [2] and [3] are as- 
sumed to occur at sufficiently separated potentials, 
they will  yield a distinct ED -- o)i/2 step for [3]. 

o) > o)l.~The ED - -  o)1/2 curve for 0) > 0)1 corresponds 
to the situation in which only B is produced at the 
electrode surface and, assuming Nernst ian behavior, is 
obtained by substi tut ion into 

0.059 CA s 
EA-B = EfA-B "~ ' log [12] 

n l  CB s 

f rom the appropr ia te  expressions. EfA-B is the formal  
potential  for the A - B  couple in the medium being 
studied. El iminat ing CA from Eq. [1] when i = --I ,  
using Eq. [4] yields 

I 
CA s = ~ (~1-1/2 _ ~-1/2) [13] 

n lKA 

The flux of A and that  of B are of equal absolute mag-  
nitude, hence 

10)- 1/2 = nlKBCBs [14] 

El iminat ing Ca ~ and CB s from [12] using [13] and [14] 
gives 

0.059 ( D__D_~A )'~/:~ 
EA-B = EfA.B + ~ log 

n l  
0.059 (o)1-1/2 _ o)-1/2)  

+ ..- log.  [15] 
,nl o)--1/2 

since K ~ / K A  --- (D~/DA)  2/~. The ha l f -wave  potential,  
EA-B 1/2, o c c u r s  a t  o) = 40)1 ( u n i t y  v a l u e  o f  t h e  l o g  a r g u -  
m e n t )  and would be observable only if start ing the 
scan at 0) --~ 40)1 were  feasible for a given current  level, 
I. The dimensions of o)-~/2 are timel/2; the close paral le l  
of both Eq. [15] and the 4,ol condition to the corre-  
sponding equation of chronopotent iometry  and the 
�9 1/4 point are  obvious. 

o)l > o) > o)2.--In this range of speed, both reactions 
[2] and [3] proceed. The current,  I, may be wr i t ten  in 
terms of the fluxes of A and C and the Levich equa-  
tion as 

--Io) -1/2 = nlKACA + n2Kc[Cc  -- Cc s] [16] 

The second te rm on the r igh t -hand  side of [16] may be 
expressed in terms of the  flux of D, namely  

- - Io)  - 1 / 2  .=- n l K A C A  + TI2KDCD s [17]  

Since Cc s = 0 at o) = ~ and nIKACA is given by Eq. 
[4], Eq. [16] may  be wr i t ten  as 

--I~2 -1/2 -~ --I~1-1/2 + n2KcCc [18] 

and Eq. [17] as 

- - Io)  - 1 / 2  ~- - -10)1-1/2  + n 2 K D C D  s [19]  

On substi tut ing Eq. [18] and [4] into Eq. [16] to ob- 
tain Ccs and solving Eq. [19] for CD ~, one obtains 

- - I  
C c  s = ~ (t02--1/2 __ 0)--1/2) [20]  

n2Kc 
and 

The ha l f -wave  potential,  E c . D  1/2, o c c u r s  at 0)-1/z = 
o)2--1/2 ~- o)1--1/2 

2 
In the case of a s tep-wise reduct ion where  the sec- 

ond react ion is 
B + n2e-> D [24] 

ra ther  than [3], Eq. [17] remains  valid. However ,  Eq. 
[16] must be replaced. We equate  the flux of A to the 
sum of the fluxes of B and D, namely  

n l K A C A  ~- n l K B C B  s + n 2 K D C D  s [25] 

On substi tution of Eq. [4] and [19] and rear range-  
ment  

nlKBCBs = _i(2o)1-i /2 _ 0)-1/2) [26] 

The l imiting current  at ,~2 corresponds to that  of the 
reaction A + (nl  + n2)e  -~ D which is given by 

[27] 

- - I  
C D s  = ~ (0)-1/2 __ o)1-1/2) .  [21]  

n2KD 

0.059 Ccs 
EC-D = EfC-D -~ l o g  [22] 

n 2  C D  s 

whereupon substi tution of Eq. [20] and [21] gives 

0.059 ( D D ~  2 / 3 , L ) C  
EC-D -~ EfC.D + ~ log --2----/ 

n2 
0.059 (o)2-1/2 _ 0)-1/2) 

+ , l o g  [23 ]  
n2 ( o ) - I / 2  _ o)1-1/2) 

--Io)2 -1/2 ---- (hi + n2)KACA 

Combining Eq. [27] and [4] yields 

( n , )  
o)1-1/2 .= - -  ~2 -1/2 [28] 

n l  ~- ~t2 

permit t ing the introduction of o)2 -1/2 into Eq. [26], 

nlKBCB s = - - I  ~ 0 ) 2 - 1 / 2  _ 0)--1/2' [29] 
$tl 7 t- 9~2 

T h e  E D  - -  o)1/2 curve  for reaction [24], on combining 
Eq. [21] and [29] and assuming Nerns t ian  behavior,  
is 

00 0 
E~.D = EI B.V + ~ log -D-~-~ / 

?t2 

t( ) 
2nl o)~ 1/2 o ) - - 1 / 2  

0.059 n~ + n2 [30] 
+ ~ log 

?t 2 o)--1/2 ~ o)1--1/2 

EWD 1/" is obtained for 

o)--1/2 ~_ _ _  _ _  o)2--1/2 .~- 0)1--1/2 
2 nl + n2 

In the special case nl = n2, the r igh t -hand  log terms 
of Eq. [23] and [30] are identical. When the n2 elec- 
tron t ransfer  step produces a constant act ivi ty  state 
(e.g., metal  deposition as in CuC12 reduction in 0.5M 
KC1), CD s is taken as 1 and Eq. [30] becomes 

0.059 
EB-D = E f s - V  - ~  ~ log (DB)-2/8 

n2 

00 0 )] 
+ log _ _  0)2-1/2 _ 0)--1/2 [31] 

n2 n l  -~ n2  

For the CuC12 case, •1 --~ n2 = 1, and Eq. [31] reduces 
to 

EB-D = EfB-D + 0.059 log (DB)-Z/3 

+ 0.059 log (o)2-1/2 _ 0)-1/2) [32] 

As in the convent ional  i -E  representation,  the half-  
wave  potential  at o),/2 = 4/3 w21/2  = 2/3 0)11/2 for such 
a system depends on the current  level,  I. 

Ring Current-o) I/2 Relation 
The transi t ion velocities may  be determined by us- 

ing a r ing electrode for amperometr ic  detection of one 
or more  of the species A, B, C, or D in the general  
case, or of A, B, or D in the s tep-wise  reduction. To 
i l lustrate  calculat ing the r ing current,  it, in any spe- 
cific case, consider detecting B in the s tep-wise  re-  
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duction A --> B -* D in the region 0)1 > ~ > 0)2 where  
both B and D are  being formed. The surface concen- 
t rat ion of B at the disk is given by Eq. [26] or [29]. 
The disk current,  id, that  may be assumed to be pro-  
ducing B wi th  100% current  efficiency is re la ted  to 
CB s by id = --nlKB0)]/2CB s, hence 

id : I(2oJ1-1/2 -- 0)-1/2) 0)I/2 

: ' [ ( 'n l  2nl-~- n----~ ) 0 ) 2 - 1 / 2 - - w - 1 / 2 ]  0)1/2 [33] 

The ring current  is 
~%r 

ir : +_N id [34] nd 
where  n d :  nl, the  number  of electrons in the B-pro -  
ducing disk reaction, nr is the number  of electrons in 
the ring react ion detect ing B, N is the geometr ic  col- 
lection efficiency, and -4_-_ refers to the  sign appropriate  
to the direction of the ring reaction. Then (0)1 < 0) 
< 0)D 

ir ~"N ( nr ) ( 2 0 ) 1 / ~ ~  - -  I i )  

n d o~11/2 

= N -~d I (nl -4- he)~21/2 

At 0) > 0)1, the ring current  is constant at (nr/nd) N I 
since the ent ire  cathodic current,  I, is going to form 
B. At  0) < o,2, the ring current  is zero as the react ion 
proceeds ent i re ly  to D. In the region 0)1 > ~ > 0)2, the 
ring cur ren t  varies  l inear ly  wi th  ,~1/2. 

Collecting the quanti t ies  in Eq. [35] that  are con- 
stant in a par t icular  exper iment ,  and assuming nd 
nl = n2 ~ 1 [CuCI2 in 0.5M KC1, Cu( I )  --> Cu( I I ) ,  oxi-  
dation at the ring requi r ing  a minus sign] yields 

/\--NI 
ir---- ~.._~_~) (0)I/2__ o)21/2)for0)l__~_0)___w2 [36] 

ED VS. i at cons tan t  C ]or i/0) 1/2 ratio held  constant .  
Me thod  H P 2 . ~ I f  the  ratio i/0) 1/2 is held constant by 
suitable ins t rumenta t ion  while  i is scanned at a rota t -  
ing disk electrode, the surface concentration, C s, cor-  
responding to the ratio, i / v  1/2, remains constant under  
the conditions of Eq. [1]. Thus, for the anodization of 
a metal, the  surface concentrat ion of the dissolving 
species is fixed. For  a soluble redox couple, the ratio 
of the surface concentrat ions of Ox and Red wil l  be 
held constant. During the exper iment ,  ED is de ter -  
mined while  i is scanned. If the solution resistance is 
negligible, the  der iva t ive  (OED/Oi)cs can be obtained 
over  a range of C s and i values. The extrapolat ion of 
this par t ia l  der iva t ive  to zero current  yields the po- 
larizat ion resistance and, thus, the exchange cur ren t  at 
that  par t icular  surface concentration. Since the po- 
larization resistance may be de termined  as a function 
of surface concentration, the method is of general  ap-  
plication to electrode kinetic problems. A detailed dis- 
cussion of this procedure  for de termining the d-c po- 
larizat ion resistance kinetic parameters  will  be for th-  
coming. The present  paper is devoted to the exper i -  
menta l  basis of this method, and only one par t icular  
theoret ical  aspect is developed here. The measurement  
of the solution resistance between rotat ing disk and 
reference electrode capillary, neglected in the above 
discussion, is considered below. 

All  determinat ions  of the der ivat ive  (OED/Oi)cs con- 
tain the uncompensated part  of the series resistance 
that  a lways exists be tween the disk electrode and the 
Luggin capi l lary tip. For  fast reactions and /o r  suffi- 
cient surface concentrat ion of electroact ive species, 
kinetic contributions to the polarizat ion may become 
negl igibly small  compared to the IR  drop, revers ing 
the situation previously considered. This condition of 
negligible react ion polarizat ion may  be tested exper i -  

menta l ly  by de termining (OED/Oi)cs at i --> 0 for sev-  
eral  values of C s, and observing whe the r  or not a con- 
stant value of (OED/Oi)cs is found. In kinetic studies, 
the der iva t ive  wil l  normal ly  not be constant and the 
IR t e rm must  be corrected for, possibly using the ap- 
proach to be outlined. 

For  any given value of i /~  1/2, the  ext rapola ted  value 
Of ED at i = 0 is the  Nernst  potent ia l  of the system 
for the part icular  fixed value  of C s, independent  of 
kinetic parameters  and IR drop. Any  deviat ion of the 
actual value of i /~  1/2 f rom the p rogrammed ratio wil l  
distort  the i-ED curve and introduce an er ror  in the 
ext rapola ted  Nernst  potential.  Such exper imenta l  
problems are not serious. In the case of a reaction 
with  a ve ry  high exchange current,  for which 
(OED/~C)c s at i ~ 0 equals R, even a 5% var ia t ion in 
i/0) 1/2 is equivalent  to only a 0.6/n mV shift in the 
(reversible)  disk potential,  where  n electrons are 
t ransfer red  in the potent ia l  de termining reaction. In 

p rac t i ce ,  the ratio of i /~  1/2 can be control led to bet ter  
than 1%, and this introduces no significant exper i -  
menta l  errors. 

Experimental 
Figure  3 shows the 0)1/2-scanning scheme. An opera-  

t ional amplifier in tegrator  fed wi th  a constant current  
produces a l inear vol tage ramp, Es = at. Squar ing  this 
output  produces a voltage, Eo ---- a2b2t 2, where  b 2 is a 
constant introduced in the squaring operation. (A sec- 
ond integrat ion instead of direct squaring would pro-  
duce an equiva len t  result.) A tachometer  generator  
at tached direct ly  to the disk electrode produces a d-c 
voltage, ET, that  is proport ional  to rotat ional  speed, 
ET ~ 0)/C 2. A fraction, Rs/Rg,  of ET is compared to the 
output  of the squaring module  and made equal  to it 
by a control amplifier supplying the a rmature  of the 
dr iving motor  (2), causing the motor  speed to vary  
according to w ---- (a2bT~c 2 Rg/Rs)  t2. The constants b 
and c are not adjustable and are character is t ic  of the 
squaring module  and tachometer  generator,  respec-  
tively. Hence, it is necessary to divide the tachometer  
output  wi th  the divider  ne twork  Rs/Rg  (Fig. 3) to 
produce the desired relat ion be tween 0)1/2 and Es. 

( Rs ~l/2 0)I/2 and 0)1/2 abc ( Rg ~ I/2 
E s = \ -~g / b c = \ -~s ] 

t 

Driving the X axis of an X - Y  recorder  wi th  Es yields 
a calibrated, l inear  =1/2 scale. In practice, a set of Rs 
values has been used to provide op/2 scans f rom 0-1000, 
2500, 5000, and 10,000 rpm. In the apparatus used in 
this study, the  manual  speed adjus tment  wi th in  the 
original  speed control ler  is still  operative,  so that  the 
w 1/2 scans may  be started at any arb i t ra ry  init ial  value 
of ~w2 as well  as zero. 

Since the motor  speed is actual ly  being controlled 
to give 0)1/2 = kt,  ra ther  than being l inearly scanned 

ETE~ 

~ ! s ~ t  Eo~t 2 ~ '" 
~ /  ~Rg TACHOMETER 

--  Rs SPINDLE 

CELL CURRENT ' '/._LL 
"std MOTOR / 

~ - ~  Es/ Rstd 
FOR HP2 RING-DISK 

H._~A 
LEVICH 

CONST E o 

I 

RECORDER J 
X-AXIS O u1/2 

ELECTRODE 

H P._~I H P__2 
CONST I I/o~ I12 = CONST 

% /  Eo/ 
0 w 1/2 0 w 1/2 AND I 

Fig. 3. Schematic of 0)l/2-scanning circuit. HA = hydrodynamic 
amperometry, HP ~ hydrodynamic potentiometry (Methods 1 and 
2). See text. 
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VS. t ime and the tachometer generator  output  voltage 
square rooted (1), the time derivative, d~/2/dt, is 
being held constant  ra ther  than do~/dt (1). This allows 
one to scan wide ~ ranges with increasing angular  ac- 
celeration at the higher speeds, where it can be more 
readily tolerated. The t ransi t  t ime from disk to ring, 
for example, is inversely related to ~ (5), as is the 
t ime required to reach a specified fraction of the 
s teady-state  l imit ing current  at the disk in a potential  
jump exper iment  (6). 

For  the experiments  in which I/~ 112 is held con- 
stant, the output  Es is also used to provide, with the 
aid of an in te rmediary  buffer amplifier equipped with 
a 0.5A booster, a cell cur ren t  equal to Es/Rstd. Rstd is 
a precision six-decade, ]0-megohm resistance box 
(General  Resistance Model DS166B). The X axis of the 
recorder is thus s imultaneously calibrated in both oY 9- 
and I units. The ratio, I/~ 1/2, is fixed and given by 
(Rs/Rg) 1 / 2  (1/RstdbC). 

The l inear i ty  and cal ibrat ion of the w~/2-Es rela-  
tions depend on the squar ing module accuracy (Burr  
Brown 9874/19, 0.1% full  scale), the l inear i ty  of the 
tachometer-reference system in the controller, the 
RJRs  ratio for tachometer output  division, and the 
amplifier bias at the summing point (the Rs-Rg junc-  
t ion in Fig. 3). With proper ad jus tment  of the lat ter  
two factors, the op/2 scale was found to be l inear  with 
Es (X axis) from i0-i00 rpm 1/2 (high range, Wmax = 

10,000 rpm) to wi th in •  The accuracy increases 
with speed where the bias adjus tment  is less critical. 
Cal ibrat ion can be achieved by setting Es = 1V, ad-  
just ing the amplifier bias un t i l  ~1/2 = 10 rpm 1/2 and 
then, at Es = 10V, t r imming  the tachometer  divider 
un t i l  ~/2 = 100 rpml/% This cycle is repeated unt i l  the 
accuracy is wi th in  the desired limit. 

Rotation speeds were measured with a General  
Radio 1536A photoelectric pickoff and a Hewlet t -  
Packard 5216A counter. All  curves were recorded on a 
Honeywell  580 X Y Y" plotter. 

The cell, electrode construction, and electronics 
have been previously described (7). A gold split r ing-  
disk operated with shorted half-r ings  was employed 
for reduction exper iments  in 2 mM CuCla-0.5M KC1; 
the disk of the same electrode was used for experi-  
ments  in 1M H2SO4 containing mi l l inormal  level 
Fe( I I I )  and MnO~-. The Fe ( I I I ) -MnO4-  solution was 
not  analyzed, since the same solution was used to 
obtain both hydrodynamic  potentiograms and con- 
vent ional  i-E curves. The comparison of these does not 
require knowledge of CMnO4- or CFe(*H>. Solutions 
were prepared with t r ip ly  distilled water.  The geo- 
metr ical ly  calculated collection efficiency for the gold 
electrode was 0.349. The disk of a silver disk-graphi te  
split r ing electrode was used for anodic exper iments  
in 1N HC104. The disk areas of both electrodes were 
0.178 cm 2. 

Mating of the motor scan electronics to the cell 
operational amplifier circui try (7) requires fur ther  
comment since Fig. 3 suggests that  the motor con- 
troller employs a ground-referenced,  operationally 
programmable  power supply. The motor controller  (2) 
actually used required a floating reference source in 
a bridge circuit, and therefore both controller  and scan 
circuitry had to be isolated from ground by suitable 
transformers.  Capacitive grounding of the low point  
in the controller  circuit reduced the a-c level of the 
common re tu rn  in the r circuitry, with respect 
to power l ine ground, to about  2V. A un i ty  gain differ- 
ence amplifier referenced to power l ine ground was 
then used to convert  Es, measured between the inte-  
grator output  and the isolated common, to a single- 
ended signal compatible with the existing ground ref-  
erenced cell control electronics and recorder. Careful 
measurements  with a 0.1% digital vol tmeter  (Hew- 
le t t -Packard  Model 3430A) proved that  no detectable 
errors were introduced into Es by these manipulat ions.  
The constant  speed regulat ion of this configuration, 

better  than  1 ppt at 2000 rpm, is actual ly superior to 
that  originally claimed (2) (0.5%). 

Results and Discussion 
Hydrodynamic Amperometry--Disk and Ring 

The current-vol tage curve for the gold disk elec- 
trode in a solution of 2 mM CuC12 in 0.5M KC1 is 
shown in Fig. 4A. The r ing current -vol tage  curve for 
a constant  current  producing Cu( I )  at the disk is 
shown in Fig. 4B. The ~l/2-scanning device was tested 
by controll ing the disk potent ial  to give the l imit ing 
current  of the Cu (II) --> Cu( I )  wave while control l ing 
the r ing potent ial  to give the l imit ing current  value 
for the oxidation of Cu(I )  --> Cu( I I ) .  The ,~l/2-scan 
was made from zero to >8100 rpm. Because of iner t ia  
and the motor low speed limit of 15-20 rpm, the elec- 
trode does not begin to rotate unt i l  the X-axis  de- 
flection corresponds to ~30-40 rpm (the spindle gear 
ratio was 2:1). Once the motor begins to rotate, it 
rapidly reaches the nomina l  speed required by Es. 
The rotation speed of the electrode is wi th in  1% of the 
indicated X-axis  value at 100 rpm when doP/2/dt ==: 

0.33 r p m l / 2 - s e c - i  The ent i re  Levich plot, obtained 
automatical ly under  these conditions, along with the 
s imultaneously recorded r ing current ,  is shown in Fig. 
5. It is satisfactorily l inear  (___1%) for ~ > 300 rpm. If 
dop/2/dt > 0.33 rpml/2-sec -1, the speed at which id or 
ir l inear i ty  with ~l/S is reached becomes greater. The 
ring current  plot is wi th in  --+2% of the best straight 
line in the region 300-8000 rpm and yields a collection 
efficiency (the negat ive of the ratio of the i t-  and id- 
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Fig. 4. A--Current-potential curve for the reduction of 2 mM 
CuCI2 in 0.SM KCI at a gold disk; rotation speed 5000 rpm, poten- 
tial scan 20 mV/sec. B--Ring current-potential curve far 0 < Er 

0.7V for the above system when a cathodic disk current of 
250/~A is applied. 
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Fig, 5. Automatically recorded disk current and ring current as a 
function of ~ 1/2 for the 2 mM CuCI2-0.SM KCI solution and the 
conditions ED = --0.170V, Er = ~0.6.50V, and ~]/2 scan rate of 
0.33 rpmY2 sec -1. Scan started from ~ = 0. 
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op/2 slopes) of 0.375. This exper imental  value of N is 
7% larger than the calculated value of 0.349 for the 
gold r ing-disk electrode, presumably  because of Cu (I) 
produced dur ing m a n y  previous o,1/2-scans in the same 
solution. The i-E curve of Fig. 4A also indicates a 
small  second-wave enhancement  of the same origin. 

The r ing current  reaches a l inear  slope as rapidly as 
does the disk current  when do,1/2/dt = 0.33 rpm 1/" 
sec -1, indicat ing that  no addit ional  problems are in -  
troduced in collection studies with ordinary  electrode 
geometries by o,1/2 scanning. For do,1/2/dt = 0.33 
rpm~/~-sec -~, a scan from 0-10,000 rpm takes 5 rain. 
Star t ing at 1000 rpm, no deviation from l inear i ty  was 
observed when the speed was scanned to 8000 rpm in 
less than  90 sec. The value of D for Cu(I I )  calculated 
from the slope of the disk trace in Fig. 5 is 6.3 x I0 -~ 
cm~/sec. 

Hydrodynamic potentio~netry--Method HPI.--Cu(II)-  
Cu( I ) -Cu  sys tem.- -The  hydrodynamic  potentiogram 
for the CuCle-0.SM KC1 system is shown in Fig. 6, 
along with the l imit ing Cu(I )  --> Cu(I I )  r ing current .  
The ED-W I/2 c u r v e  can be related to Fig. 4A, the con- 
vent ional  i-E curve, by the t ransformat ion indicated 
in Fig. 1. However, it is to be noted that  a nucleat ion 
overpotential  peak for Cu deposition is visible in the 
ED-O, 1/2 curve. Such a peak cannot occur dur ing a con- 
vent ional  controlled potential  scan. The exper iments  
were performed by adjust ing o,1/2 to about 90 rpm 1/2, 
applying the desired constant  current ,  and then scan- 
ning toward lower rotat ion speeds. Exper iments  were 
ended when the disk electrode potential  reached the 
hydrogen evolution region, i.e. when the impressed 
cur ren t  became greater  than  the l imit ing cur ren t  for 
the complete reduction of Cu( I I ) .  

Fif teen runs  similar to those shown in Fig. 6 were 
made using applied currents  from 230 to 470 #A. Below 
230 #A, the oJ2 t ransi t ion [Cu(II )  -> Cu(0) ]  occurs at 
motor speeds too low for Levich conditions to apply 
and, above 470 ~A, the l imit ing current  of the Cu( I I )  
-> Cu(I )  step is exceeded at the s tar t ing (high) motor 
speed. For the o,,/2 scans with currents  between 230 
and 470 ~A, the o,] 1/2 and o,21/2 t ransi t ions were clearly 
defined. In  order to determine these t ransi t ion veloci- 
ties, an arb i t ra ry  graphical procedure was adopted in 
which the l inear  regions on either side of o,1 and o,2 
were extrapolated and the intersections used to define 
the value of o,,~/s and a~21/2. 

The theoretical prediction of Eq. [7] is tested in 
Fig. 7, where the funct ion o,21/e o,,l/2/A(o,1/e) is plotted 
vs. the impressed current .  The plot is l inear  over the 
accessible current  range and, wi th in  the exper imenta l  
error, extrapolates to zero. A value for the  diffusion 
coefficient of Cu(I I )  of 6.8 x 10-~ cm2-sec -1 was ob- 
tained from the slope, compared to the 6.3 x 10 -6 cm 2- 
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Fig. 6. (Upper trace) ED as a function of o,V2 for 2 mM CuCl2- 
0.SM KCI at a constant cathodic current of 273 ~A which was 
turned on at the upper right point, o, 1/2 scan rate 0.33 rpm V2 sec -1 .  
(Lower trace) Ring current at -I-0.65V measured concurrently. 
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A(~'/~) 
drodynamic potentiogmms as in Fig. 6 for the CuCI2-KCI system. 

sec -1 from the one electron Levich plot in Fig. 5, and 
6.8 x 10 -6 cm2-sec -1 from a previous rotat ing disk 
determinat ion (8) on the same system. 

According to Eq. [11], the theoretical  value of 
o,11/2/~21/2 is 2. The 15 curves from which Fig. 7 was 
constructed yielded an average value of 2.09 with a 
s tandard deviat ion of 0.04. The very slight positive 
bias is in the direction predicted if, as previously dis- 
cussed, a small  fraction of Cu(I I )  is assumed to have 
been converted to Cu(I )  in the course of the experi-  
ment. Considering this factor, the exper imental  o,11/2/ 
o,2 lz2 is in agreement  with the predicted value. 

In  Fig. 6, the r ing  current  _o,1/2 traces for the oxida- 
t ion of Cu(I )  to Cu(I I )  show constant collection effi- 
ciency unt i l  the rotat ion speed drops below o,1, where-  
upon the disk current  efficiency for Cu(I I )  --> Cu(I )  
reduction becomes less than 100%. After  copper metal  
nucleat ion occurs at the disk electrode, the r ing current  
decreases l inear ly  with o,1/2 to zero at the o,~-transition 
velocity. The it-o, 1/2 behavior  is exactly that  predicted 
in Eq. [36], and the intersections of the straight lines 
of the ir-~P/2 trace can be used to define the values of 
oa Iz2 and o,21/2. This gives results in excellent agree- 
ment  with the previously described method using the 
ED-OJ 1/2 plots, which was feasible because the dED/do, 1/2 
slopes were quite l inear  in our experiments.  However, 
many  disk electrode reactions can be extremely i r re-  
versible; e.g., a d rawn-ou t  ED-O, 1/2 c u r v e  between the 
transi t ion velocities would have been seen if the Cu (I) 
--> Cu(0)  reaction were very  slow. Even  in such an 
instance, the Jr-o, 1/2 plots would still give well-defined 
o,1 ~/2 and o,2~/2 values since such plots depend only on 
current  efficiency. As long as the steps in the i-ED plot 
are separated by a l imit ing current  region (as here for 
Cu(I I )  --> Cu(I )  --> Cu at the disk), the ir-o, lz2 plot 
ought not  to be affected because of i r reversibi l i ty  at 
the disk electrode, provided an adequate l imit ing cur-  
rent  region for the r ing reaction exists. When two 
disk reactions slightly overlap in  potential,  instead of 
being separated by a clear l imit ing current  region, the 
c o r r e s p o n d i n g  S D - o ,  1/2 t ransi t ion will  be ill defined 
and ir-o, 1/2 intersections for suitable r ing reactions will  
be rounded. However, the lat ter  traces will  be l inear  
in the regions away from the theoretical intersection 
points and thus can readi ly be extrapolated to the 
t ransi t ion velocity intersection. This is comparable to 
the general  advantage of amperometr ic  titrations, 
which have basically two l inear  regions, over poten-  
t iometric ones in end point  definition. 

An  exper imental  equivalent  of a r ing electrode is 
of course absent  in  constant  current  s tat ionary elec- 
trode techniques, viz. chronopotentiometry.  In  hydro-  
dynamic vol tammetry,  the combinat ion of constant IR 
drop at the disk electrode, and r ing electrode-defined 
El/2-values may be of special value as compared to 
single-electrode techniques in situations complicated 
by irreversibil i ty,  potent ia l  overlap, and /o r  high re-  
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sistance, provided a suitable r ing electrode react ion or 
sequence of reactions is available. 

Fe(lll)-Fe(ll) and MnO4--Mn(ll) Systems 
The  ED-W 1/2 behavior  predicted by Eq. [23] for a 

mix ture  of two different electroact ive components  was 
tested with  a F e ( I I I ) - M n O 4 -  mix tu re  in 1M H2SO.~. 
In this exper iment ,  the F e ( I I I ) - F e ( I I )  potent ial  is 
represented by EC-D in the region ~t > ~ > o~e. In a 
convent ional  i-E curve  of this system, a plot of ED Vs. 
log (ia -- i ) / i  for the Fe ( I I I )  step is l inear wi th  a slope 
close to that  characterist ic of a revers ible  one-elect ron 
transfer,  59 mV/decade.  F rom Eq. [23], the  equivalent  
revers ibi l i ty  test using hydrodynamic  potent iometry  
is a plot of ED vs. log [(o,2 -~/~ - -  ~-~/2)/(o~-~/2 _ 

~ - ~ / 2 ) ] .  Such a plot should be l inear and have a slope 
of 59/n mV/decade  for an n electron revers ible  reac-  
tion. 

The ED-W 1/2 and i-En behavior  of a gold disk for the 
F e ( I I I ) - F e ( I I )  step in 1M H2SO4 solution containing 
both Fe (III) and MnO~- was found to be quite depen-  
dent on electrode p re t rea tment  and direction of po- 
tent ial  scan. In this work, we sought only to compare 
the log plot relationships for i-ED and ED-W ~/2 curves 
under  electrode surface conditions as equivalent  as 
possible. Br ief  anodization of the disk electrode at a 
constant current  equal in magni tude  to the cathodic 
current  used in the ED-~ 1/2 exper iment  proved ade-  
quate, as did holding the disk electrode equal ly  briefly 
at about 1.3V vs. SCE prior  to the i-ED experiments .  
Immedia te ly  after  pre t reatment ,  Eo was made to vary  
from -- to -t- potentials, i.e. f rom H2 evolution to more  
posit ive potentials by increasing ~ /~  during the 
ED-~ 1/2 exper iment  and by scanning ED posi t ively in 
the i-ED experiment .  

Two controlled potential  i-E curves and one hydro-  
dynamic potent iogram are shown in Fig. 8, as actual ly  
recorded on the same chart. The x-ax is  of the recorder  
was successively cal ibrated for current,  and then for 
wl/2. 

The rotation speeds for the i-ED plots were  selected 
to give l imit ing currents  for the sum of the two steps 
not very  different from the constant 167 , A  cathodic 
current  used in the hydrodynamic  potentiogram. The 
appropriate  log analyses of the three curves are shown 
in Fig. 9. The two i-ED plots yield slopes (60 and 62 
mV) that  are in exper imenta l  agreement  wi th  r eve r -  
sible behavior.  The log function of Eq. [23] is also 
l inear wi th  potent ial  and gives a slope in accord with 
the others (56 mV).  If the electrode surface is not 
t reated as described, the log functions have vary ing  
i r revers ible  slopes (>59 mV).  Each such plot, however ,  
appears to be reasonably linear, as would be expected 
from the form of Eq. [23] after  it had been proper ly  
modified by incorporat ing the  effects of i r revers ibi l i ty  
into the pre- logar i thmic  factor. 
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Fig. 8. ED scans A and B are conventional 20 mV/sec potential 
scans vs. disk current at 835 and 1330 rpm, respectively, w�89 
scan is ED vs. ~/2 hydrodynamic potentiogram at a constant 167 /~A 
cathodic disk current. Solution is approximately millinormal Fe(lll) 
and Mn04 -  in 1M H2S04. ~/~ scan rate 0.33 rpmV= sec -1.  
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For ED scans A and B, log [(id - -  i ) / i ]  is plotted vs. ED and for the 
( ,~2-~/=-- ~- ' /= ~ 

hydrodynamic potentiogram log ~o_1/=.--~,1~_~. / is plotted vs. 

ED. 

The log function of ~ in Fig. 9 is unity at +423 mV 
or, f rom the curve in Fig. 8, for ~-1/2 = 0.0246 rpm -1/='. 
The theoret ical  va lue  of w-1/2 at this point is, f rom 
Eq. [23], (~2 -1/~ d- ~1-1/2)/2. Values of  ~21/2 and ~11/2 
were  obtained from the intersections of l inear  ex t rap -  
olations of the steepest and flattest parts of the ED-W I/2 
curve, g iving for the theoret ical  value, (0.0176 + 
0.0314)/2 = 0.0245 rpm -1/2, in excellent  agreement  
wi th  the result  f rom the logari thmic plot. Fur thermore ,  
the exper imenta l  ratio of ~11/2/o,21/2 is 1.78, which, f rom 
Eq. [8], should be equal  to the ratio of the total  l imit-  
ing current  for Fe ( I I I )  ~- MnO4- divided by the 
MnO4- l imiting current  alone, when ~ is constant. 
This ratio was found to be 1.82 by cont inuing i-ED 
scans of the type shown in Fig. 8 anodically to the 
residual  current  level  at the base of the MnO4- wave,  
again showing satisfactory in ternal  consistency. 

Hydrodynamic Potentiometry--Method HP2 
Determination of uncompensated ohmic res i s tances . -  

As described in the Exper imenta l  section, recording i 
vs. ED while scanning the current ,  i, through the disk 
electrode and holding the ratio, i/w 1/2, constant may  
yield information about the kinetics of the redox 
couple being studied. In the l imit ing case of a high 
exchange current  when  the polarization resis tance is 
much less than the solution resistance be tween  re fe r -  
ence capil lary and the disk, the  slope of the i-En curve  
gives the solution resistance. This case was tested 
wi th  a si lver disk in IN HC104. The plot of ED VS. i 
obtained using a controlled, constant value  of i/w I/2 
= 0.25 m A - r p m  -1/2 is shown in Fig. 10. The slope of 
Fig. 10 yields a resis tance of 3.2 ohms. This i/~ 1/~' 
ratio corresponds to a Ag + surface concentrat ion of 
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Fig. 10. Controlled il~V2 = 0.25 mA-rpm -j/2 current and ~J/~ 

scan of a silver disk in 1N HCIO4. Disk potential plotted simul- 
taneously against ~'/2 and anodic current, i. 
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0.054M, for which the exchange current  is > 1 A /cm 2, 
according to Gerischer and Tischer (9). The corre- 
sponding polarization resistance is calculated to be 
less than 0.2 ohm for the electrode used. Hence, the 
value of 3.2 ohms should correspond to the solution 
resistance between the Luggin capil lary tip and the 
disk electrode (about 1 cm). 

Without al ter ing the position of any  of the com- 
ponents in the electrode cell, a potentiostatic in ter-  
rupter  method (10) was used to measure independent -  
ly the uncompensated ohmic potential  drop. The 
average of several measurements  was 3.5 _+ 0.5 ohms. 

Fur ther  evidence that  the i-ED method was yielding 
solution resistance was obtained by lowering the ref-  
erence capillary away from the disk electrode, which 
gave a slope of 3.5 ohms. Then a 10 ohm _+ 0.05% 
resistor was inserted in  series with the disk electrode, 
and the slope was found to be 14.0 ohms. The differ- 
ence in the lat ter  two values yielded 10.5 ohms for 
the resistance inserted in series with the disk, and is 
indicatve of the accuracy limits of this method for 
de termining uncompensated ohmic resistance at that  
level, about  5%. The reproducibi l i ty  of the i-ED traces 
was considerably bet ter  than that  obtained by the in -  
te r rupter  method using an oscilloscope. 

Summary and Conclusions 
The theoretical consequences of programming the 

rotation speed of ( r ing-)  disk electrodes according to 
0)1/2 ~ kt  have been successfully verified under  three 
schemes of current ,  potential,  and surface concentra-  
t ion control. The l inear i ty  of r ing and disk currents  
with 0)1z~ at constant ED and Er under  Levich condi-  
tions confirms the expected features of considerably 
shortened exper iment  time, satisfactory reproducibi l i -  
ty, and ready observation of deviations from i vs. 0)1z2 
behavior  occurring at the electrode. Other par t icular  
benefits of a continuous 0)1/2 scan and the consequent 
min imal  r ing and disk per turba t ion  (shortened t ime 
and fewer coulombs passed) wil l  depend on the ex- 
per iment  being done and need not be elaborated here. 

Using hydrodynamic  potentiometry,  method HP1, 
satisfactory values of diffusion coefficients and agree- 
ment  with theoretical behavior  were obtained for the 
predicted 

w11/2 to21/2 (a)2--1/2 __ ~ - - 1 / 2 )  
(al/2~ a~11/2/a.'21/2, ~ and 

A (~I/2) (o)--1/2 __ ~i--1/2) 

functions of ring and disk i-E parameters. Using 
method HP2, reliable solution resistance measure- 
ments have also been obtained. While these tech- 
niques might be carried out manually, such plotting 
in method HP1 would be tedious and as omissive of 
possible important detail as the equivalent procedure 
in conventional current-potential methodology. Sim- 
ilarly, our experience with method HP2 has shown 
that the precision of i-ED data is significantly im- 
proved with the scanning technique as opposed to 
manual adjustment of both i and ~i12 values with 
measurement of ED point-by-point. This is of con- 
siderable importance when the total ED excursion is 
only a few millivolts since the precise measurement 
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of ED is a l imit ing factor in de termining the magni-  
tude of the rate constants that  can be handled in 
applications of the method to kinetic analysis (11). 

Method HP1 with concurrent  r ing measurement~ 
can offer a substant ial  improvement  in the experi-  
menta l  de terminat ion  of t ransi t ion velocities and in 
wave analysis. The precise location of apparent  Elj" 
values in relat ively resistive solutions, as in most or- 
ganic solvents, and for i r reversible  reactions might  
make this technique the method of choice in those 
cases. The constant  IR drop also simplifies analysis. 

The motor speed scanning circuitry employs a 
squaring module to generate the 0)1/2 ~ k t  relation. 
For any other k ind of rotat ion speed dependence, as 
might  be required for kinetic studies, a log operator, 
a succeeding variable  gain stage, and then  an ant i -  
log conversion could be used to generate any required 
0)-power. The t ransformat ion of E-O) 1/2 curves into 
i-E plots as outl ined in Fig. 1 could be accomplished 
automatical ly using analog division of a constant  
voltage proport ional  to I by the Es output  propor- 
t ional to 0)1/2 and recording the quotient.  The t rans-  
formed plot is l ikely to have certain features differ- 
ent from the i-E plots done by either current  or po- 
tent ial  scanning. For example, in the CuC12 experi-  
ment, convent ional  potential  scanning would miss the 
metal  nucleat ion overpotential.  Curren t  scanning 
would show this feature but, along with the potential  
sweep, would suffer from a variable  IR correction not  
present  in the t ransformed HP1 data. 
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Circuit for Transient-Free 
Current-Potential Control Conversion 

Stanley Bruckenstein .I  and Barry Miller* 
Bell  Telephone Laboratories, Incorporated, Murray Hill, New Jersey  

A B S T R A C T  

A general  technique for switching a closed loop control circuit  f rom one 
funct ion to another  is described. A closed loop exists at all times, even during 
the switching operation. A potentiostat  that  can be switched to a ga lvano-  
stat and vice versa in less than 10 ~sec was built. No spurious potential  or cur -  
rent  t ransients  were  observed on test or real  cells. This potent io-galvanosta t  
has been tested with  a convent ional  three  electrode cell, wi th  a r ing-disk  
electrode, and as a potentiostatic interrupter .  

The use of active circuit  elements,  e.g., operat ional  
amplifiers, in closed loop configurations to control  the 
potential  of or the current  through an electrode is 
commonplace today. In general,  these circuits are far  
superior to ones involving only passive elements.  
However ,  the closed loop configurations that  we are 
famil iar  wi th  do not permit  changing f rom one con- 
t rol  si tuation to another  and back again, without  
opening the loop and causing the controll ing e lement  
to limit. Such hmi t ing  is sometimes fatal  to the ex-  
periment.  For  example,  in order to go f rom galvano-  
static to potentiostatic control  and back again, the 
various act ive and passive elements  are rear ranged  
by switching. In cur rent ly  used configurations this 
requires  opening the loop in one or both switching 
directions. A par t icular ly  ingenious method of this 
type described by Warner  and Schuldiner  (1) in-  
volves using a back-biased diode to open the loop. The 
same pulse that  l imits the potentiostat  is used in the 
current  mode as the vol tage source to supply the 
current  to the cell through a series resistance. This 
circuit  functions wel l  in t ransfer r ing  control led po- 
tentiaI  control  to a simple resist ive current  source, 
but potential  overshoots occur on re-establ ishing po- 
tentiostatic control. 

Any  a t tempt  to change the control function of a 
single closed loop operat ional  amplifier  circuit  that  
opens the loop produces an unstable condition that  is 
accompanied by undesirable  electr ical  t ransients  in 
the supposedly controlled system. In general, if a 
circuit  is designed with  two closed loop paths in-  
volving the same control  amplifier, it is possible to 
make  changes in control function, unaccompanied by 
conditions of instability. To our knowledge,  this con- 
cept has not been previously applied to electro-  
chemical  studies. In such circuits, one control func- 
tion exists when one loop is closed, whi le  the second 
control function is imposed when the second loop is 
closed. This second loop s imultaneously performs two 
functions. First, it negates the control  function of the 
first loop and second, it establishes the desired control 
situation. 

Negat ion of the control situation established by 
the first loop is accomplished by appropriate  use 
of an inver t ing  amplifier whose  output  is made the 
negat ive sum of every  signal fed to the input  of the 
control amplifier. The input of the inver te r  is taken  
f rom the same signal sources as those going to 
the negat ive input  of the control amplifier and 
through identical  impedances. The output  voltage 
of the inver te r  is fed through an appropriate  resist- 
ance to a single pole, single throw switch connected 
to the negat ive  input of the control  amplifier. If 
the various resistors associated wi th  the inver t ing  

~ E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
1 P e r m a n e n t  addres s :  D e u a r t m e n t  of C h e m i s t r y ,  S ta te  U n i v e r s i t y  

of New York  a t  Buffa lo ,  Buffa lo ,  N e w  York.  

amplifier are proper ly  chosen, closing the switch pro-  
duces a zero output  vol tage and current  at the  control 
amplifier. In "effect, the  first closed loop has been 
opened since the output  current  of the control amplifier 
drops to zero. 

Closing the switch can also establish the control 
function desired in the second situation. Any  other  
signals fed to the same side of the switch as the in- 
verter ,  or a l te rna t ive ly  to the summing point of the 
inverter ,  will  not be cancelled and can establish the 
second control situation. This situation wil l  corre-  
spond to the requi red  one if proper  choice of the 
control l ing parameters  is made. Since only one con- 
trol  amplifier is used for both control loops and at 
least one closed loop always exists regardless of the 
switch position, control  is main ta ined  at all times. 

The phase shifts of the two closed loop situations 
are sl ightly different. It is necessary to choose the 
passive components associated with the various 
act ive circuit elements to satisfy the less stable of 
the two configurations. 

In this paper we describe one of the many possible 
circuits fulfilling the design principles outl ined 
above which wil l  function ei ther  as a potent ial  or 
current  control l ing device. This circuit  contains two 
closed loops with  one common control amplifier, and 
no spurious potential  or current  t ransients  are ob- 
served on switching f rom one configuration to the 
other. 

Experimental 
Chemicals and apparatus . - -Al l  chemicals were  of 

reagent  grade, and ord inary  disti l led wate r  was 
doubly distilled f rom quartz. 

The rotator  for the r ing-disk electrode was manu-  
factured by the Pine Ins t rument  Company of Grove 
City, Pennsylvania.  

The r ing-disk  electrode had a p la t inum disk and a 
p la t inum ring and was insulated with  Teflon. The 
disk radius was 0.2410 cm, the r ing electrode outer  
radius was 0.4858 cm, and the r ing width var ied  f rom 
0.0053 to 0.0131 cm. The geometry  of this par t icular  
electrode is such that  the var ia t ion in r ing width  in- 
troduces a large uncer ta in ty  in the calculated value  
of the collection efficiency, i.e., a change in inner 
d iameter  of the r ing by 0.0010 cm changes N by 
6%. For  this reason N was determined exper i -  
menta l ly  using the oxidation of B r -  to Br~ at the 
disk electrode and the reverse  reaction at the  r ing 
electrode. The solution used in all exper iments  con- 
tained 3.6 x 10-~M NaBr  and 0.2M HC10~. The value  
of N found was 0.078 • 0.001. This mean  N cor- 
responds to a r ing electrode inner radius of 0.4733 
cm, which lies wi th in  the  exper imenta l  measure -  
ments of this dimension. 

The disk of this r ing-disk electrode was also used 
for all exper iments  not involving a r ing electrode. 

1040 
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Fig. !. Schematic circuit of potentio-galvanostat for transient- 
free switching from potential (S-1 open) to current (S-1 closed) 
control. 

In  the r ing-disk experiment,  two previously de- 
scribed ins t ruments  were used. Ins t rument  1 in-  
dependent ly  controls the potential  of both r ing and 
disk electrodes (2). In s t rumen t  2 controls the current  
through the disk electrocte While independent ly  con- 
troll ing the potential  of the r ing electrode and can 
also be switched to perform the funct ion of circuit 
1 (3). Potentiostatic control of the disk electrode is 
main ta ined  in  ins t ruments  1 and 2 using the con- 
figuration of amplifiers A- l ,  A-2, and A-3 shown in 
Fig. 1. The disk potentiostats for both these ins t ru-  
ments  were modified according to Fig. 1 to provide 
disk cur ren t  control on closing S-1. 

Steady-state  exper iments  were performed using 
the disk electrode potentiostats of ins t ruments  1 and 
2 modified according to Fig. 1, and with the original 
version of ins t rument  2 in which current  control 
through the disk electrode was main ta ined  using a 
more conventional  single loop controlled current  
source. Nonsteady-sta te  experiments  were performed 
using the modified form of ins t rument  2. The ampli -  
fiers employed in obtaining the results displayed in 
Fig. 2-7 were all Bur r -Brown  amplifiers: Models 
3072/15 (A-1 and A-3),  3013/t5 (A-2) and 3003/15 
(A-4) 2 (see Fig. 1.) 

The r ing electrode control circuits of ins t ruments  1 
and 2 do not  interfere with experiments  involving 
only the disk electrode. 

All potentials are reported vs. the Ag/AgBr  elec- 
trode in contact with the test solution, whose poten- 
t ial  was --14 mV vs. SCE. 

S w i t c h i n g . - - C o n v e n t i o n a l  m e c h a n i c a l  s w i t c h e s  
bounce on closing, and these switching in ter rupt ions  
are visible in experiments  analogous to those shown 
in Fig. 2 to 7 below. The use of a mercury  wet ted 
relay obviates this problem. We have used a Western 
Electric Model 276B relay with an 0.01 #F capacitor 
across the relay coil. However, energizing this relay 
coil can still induce a spurious pulse into the po- 
tent io-galvanostat  c ircui try unless care is taken in 
shielding and physically locating the relay. This 
problem is far more serious when  a real electro- 
chemical cell is used in place of the test cell. 

Even more rapid bounce-free  t ransfer  was obtained 
using an electronic switch (Burr  Brown 9859/15) as 
S-1. In  this case the switching of the test cell (C1, 
C2, and 1~ all zero) between potentiostat  and gal- 
vanostat  was complete in less than  10 ~sec in either 
direction with no trace of overshoot. The specified 
operat ing t ime of the switch itself is 3 #sec on, 5 ~sec 

Later  exper ience  of the authors  indicates  the lower  offset of the 
chopper stabil ized Model 3072/15 is preferable  for the A-4 function. 

off. The logic pulse (+SV on, 0V off) operating the 
switch was obtained from an operat ional  amplifier 
zero crossing detector caused to flip between its 
limits, with a blocking diode in one direction pro- 
viding the zero volt condition. Any voltage step 
source would serve. Application of the pulse through 
a mechanical  switch may  be satisfactory (no 
bounces),  depending on the qual i ty of the switch, 
since the Bur r -Brown  FET device has a 0.5V noise 
immuni ty .  

Circuitry 
Figure 1 is a schematic d iagram of a circuit  which 

permits  switching from a controlled electrode po- 
tent ial  to a controlled electrode cur ren t  and vice 
versa without  introducing spurious transients.  When 
switch S-1 is open, the potential  of the indicator 
electrode is controlled by amplifiers making up the 
closed loop, A-1 and A-2. A-3, the current  follower, 
mainta ins  the indicator electrode potential  at v i r tual  
ground. In  the commonly used version of this cir-  
cuit, R1 = R4, and E1 may be any  funct ion of t ime 
produced by a suitable signal generator. The current  
through the indicator electrode, iD, is obtained from 
Ea and R6 using Eq. [1] 

iD = -- E3/R~ [1] 

For simplicity in the derivat ion given below, we 
assume ideal operational amplifiers of infinite open 
loop gain, zero input  current,  and zero error voltage 
between the positive and negative inputs. 

The summing point res traint  at the input  of the 
inver t ing amplifier, A4, requires that 

E1 E2 Ea E4 E5 
= 0 [ 2 ]  

+ -g;  + + -h-: + 
When the switch S-1 is closed, the summing point 
restraint  condition at the negative input  of the con- 
troI amplifier A-1 yields 

E1 E4 E~ 
- -  - -  = 0 [ 3 ]  
R1 + g~-4 + R~ 

Solving Eq. [1], [2], and [3] for the eontrolled cell 
eur rent  gives 

E2R3 
iD ~- [4] 

R6R2 

E2 may also be any  funct ion of t ime supplied by an 
appropriate signal generator.  

The t rans ient  and steady state behavior  of the 
circuit shown in Fig. 1 is reported below. A purely 
resistive and a resistive-capacitive analog of an elec- 
trochemical  cell were used in addition to an electro- 
chemical cell in which a rotat ing p la t inum disk elec- 
trode served as the indicator electrode. The test 
(resistive) cell was required to study the circuit 's 
t ransient  response in the absence of electrode-solution 
processes. Under  certain circumstances the electro- 
chemical behavior of a real  system prevents  the cir- 
cuit response from being studied. Such a situation oc- 
curs in two cases in an electrochemical cell: 

(i) On switching from constant  current  control to 
constant  potential  control, the current  follower po- 
tent ia l  limits; and (ii)  on switching in the opposite 
direction the potent ial  of the reference electrode 
follower A-2 relaxes in a re la t ively slow fashion 
after the init ial  uncompensated ohmic potential  drop. 

The circuit configuration shown in Fig. 1 will  be 
referred to as a potent io-galvanostat  since this 
combinat ion of existing terminology implies the con- 
trol functions of the circuit. The effect of the second 
control loop on the r ing control circuits of ins t ru-  
ments  1 and 2 was also studied. 

Results and Discussion 
S t e a d y - s t a t e  behavior.  Contro l led  cu r r en t  m o d e . - -  

Tes t  c e l l . - - T h e  same signal source was used to supply 
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El and E2 with switch S-1 closed. The outputs of the 
current  follower and of the voltage follower were 
recorded vs. E2 on an X-Y-Y'  recorder. Within  the 
control l imits of the operational  amplifier, the slopes 
of these lines corresponded within  ~ 0.2% (recorder 
l imitat ion) to those which would be predicted from 
the resistance values listed in the legend to Fig. 2. The 
currents  controlled varied from 10-~ to 10-2A. Scan-  
n ing E1 along with E2 had no effect on the controlled 
current,  nor  did stepping El by  _ 1V about any preset 
value of E2. 

The independence of the circuit performance on E1 
clearly demonstrates the negation of potentiostatic 
control in the loop A- l ,  A-2, and A-3 by the inver t ing  
amplifier, A-4, and t ransfer  to cur ren t  control on 
closing the second loop through S-1. 

Ring-disk electrode.--Circuit 2 in the cur ren t -con-  
t rol l ing (convent ional  single loop) configuration was 
used to determine Nexp, the exper imental  collection 
efficiency, in a solution containing 3.6 x 10-3M NaBr 
and 0.2M HC104, scanning the anodic disk current  
from 0 to 0.500 mA. Next, the modified versions of 
circuits 1 and 2 in the current  controll ing mode were 
used to determine Nexp for disk currents  of 0 to 0.500 
mA. Again E1 was set equal to E2 in order  to test the 
potentiostatic rejection property of the double loop 
configuration. 

Values of hrex, obtained in  all three  exper iments  
agreed wi th in  1% with each other and were, wi thin  
exper imental  error, indis t inguishable  from the theo- 
retical value of N. 

Transient behavior.--Test  ceiL--Resistors R7 and 
Rs (Fig. 1) s imulated the simplest t ransient  control 
si tuation required of the potentio-galvanostat .  The 
response of amplifier A-2, the reference electrode 
follower, on opening and closing switch S-1 (mercury  
relay, see above) is shown in Fig. 2. For  convenience, 
in this section, we shall refer to the negative of the 
reference electrode follower voltage, --E4, as the in-  
dicator or disk electrode potential,  (ED). The indi-  
cator electrode potential  changes between the 
required limits in about 2 x 10 -4 sec, wi thout  
overshooting either potential  limit. The output  
potential  of the current  follower, E3, changes be- 
tween the values required by the constant  current  
and constant potential  situations on closing and 

opening switch S-1 in an equal ly satisfactory fashion, 
as shown in Fig. 3. 

Electrochemical celL--The t rans ien t  behavior  of the 
potent io-galvanostat  was studied using a p la t inum 
rotat ing disk electrode. The auxi l iary (counter)  
electrode was a large area p la t inum gauze electrode 
that was not separated from the disk electrode by a 
porous diaphragm. The reference electrode was a 
silver wire coated with silver bromide in a Luggin 
capil lary filled with the solution in the cell. The 
resistance between the disk and auxi l iary  electrode 
was 14 ohms at 1 kHz. 

The circuit in Fig. 1 tended to break into oscilla- 
tion, whether  S-1 was open or closed, unless the 
series resistance, R9, was introduced between the 
output  of the control amplifier, A- l ,  and the auxi l iary  
electrode. In  the work reported below R9 -- 1470 
ohms. If the auxi l iary  electrode is separated from 
the disk electrode compartment ,  the total  cell resist- 
ance becomes sufficiently large to make R9 unneces-  
sary under  most conditions. The mercury  relay was 
used for S-1. 

Figures 4 and 5 i l lustrate the t ransient  response of 
the disk electrode current  follower (E3) and that  
of the reference electrode follower (E2) on  closing 

Fig. 3. Response of current follower A-3 for conditions of Fig. 2. 
Trace A, start upper left (constant current), switching to constant 
potential; trace B, start lower horizontal line (constant potential), 
switching to constant current. 

Fig. 2. Response of test cell reference potential E4 between 
current and potential control. R7 ---- 2K, Rs = 1K in Fig. 1. 
Horizontal time scale I msec/major division. C2 and R9 ~ 0, 
Cz ~ 100 pf. Trace A, start upper left with --0.75 mA constant 
current switching to --0.14V constant potential; trace B, start 
lower horizontal line (constant potential) switching to constant 
current, same values as trace A. Note: E4 ~ - -ED,  R6 ~ 10K. 

Fig. 4. Current follower (E3) response during potential to current 
control switching on 2500 rpm disk electrode in 3.6 x 10 -3M 
NaBr, 0.2M HCI04. Constant - -0.10V ED (upper left) switched to 

0.50 mA constant ID (lower right). 1 msec/majar div. horizontal 
axis. R6 ~ 10K. 
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Fig. 5. Reference electrode (ED) response during potential to 
current control switching under solution and rotation conditions of 
Fig. 4. 10 msec/major div. horizontal axis. Curve A, potential 
( - -0.10V) to current (-{-0.50 mA); curve B, current (+0 .50  mA) to 
potential (--0.10V). 

S-1. The init ial  potentiostatic condit ion corresponded 
to ED ~ - - 0 . 1 0 V ,  while the final galvanostatic condi- 
tion corresponded to iD ~ 0.500 mA (anodic disk 
cur rent ) .  The l imit ing convective diffusion current  
for the oxidation of bromide to bromine at the disk 
electrode was 0.88 mA at 2500 rpm. 

As can be seen in Fig. 4, the disk electrode current  
changes rapidly  (,~ 10 -4 sec) and smoothly between 
practically zero current  and 0.500 mA without  any 
overshoot. The behavior of ED (curve A, Fig. 5) is 
governed by surface and convective diffusion 
processes in solution. The rela t ively slow, sigmoid 
var iat ion in ED with t ime reflects the charge neces- 
sary to oxidize any hydrogen adsorbed at --0.10V, 
oxidation of the disk electrode, and the t ime required 
to establish steady-state  surface concentrat ions of 
Br2 and B r -  at the disk electrode. The potential  
var iat ion is smooth and of the expected shape (4). 

Curve B, Fig. 5 and Fig. 6 show the response of the 
disk electrode when S-1 is opened. Before opening 
S-I, iD ~ 0.500 mA, and ED ~ 0.935V. On opening S- l ,  
ED changes rapidly (,~ 10 -4 sec) to the prese!ected 
potential,  --0.10V without  overshooting. The disk- 
electrode current - fo l lower  potential, Fig. 6, shows a 

Fig. 6. Current follower (E3) response during current to potential 
control switching under Fig. 4 conditions. 5 msec/major div. hori- 
zontal axis. From left, constant current (-{- 0.50 mA) switched to 
constant potential (--0.10V). 
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rela t ively fiat region for about 5 x 10 -~ see, fol- 
lowed by the expected current  variat ion for a disk 
electrode potential  step (5). The ini t ia l  flat current  
region is caused by voltage l imit ing of the control 
amplifier, as was verified in three different ways. 
First, oscilloscopic observation of the output  potential  
of amplifier A-1 demonstrated voltage l imit ing for 
about  5 x 10 -3 sec. Second, ha lv ing  the ini t ial  anodic 
current  decreased the length of the ini t ia l  flat region 
by ~30%. Third, the output  of the control amplifier 
was biased 9V using a Kepco Precision Voltage 
Source in the sense required to overcome the ex- 
te rna l  ohmic potential  drop, and the exper iment  
shown in Fig. 6 repeated. The length of the flat 
current  region was reduced to ,~ 2 x 10 -3 sec. 

R i n g - d i s k  e l e e t r odv . - - The  p o t e n t i o - g a l v a n o s t a t i c  
c i rcui t ry  in Fig. 1 was incorporated into circuit 2, 
which independent ly  controls disk and r ing electrode 
potentials. Ring electrode potentials and currents  were 
observed on opening and closing S-1. The r ing elec- 
trode potent ial  was unaffected, and r ing electrode 
currents  had the expected nonsteady-s ta te  shapes (6). 

Changing E1 by  a potential  step of • 1.1V produced 
no detectable changes in the potentials or currents  at 
the r ing or disk electrodes while S-1 was closed. 

Interrupter application.--S,witching the potentio- 
galvanostat  from a controlled potent ial  to a zero con- 
trolled current  state produces the equivalent  of a 
potentiostatic in te r rupter  experiment.  Hence it is 
possible to measure the t rue potential  of the indicator 
electrode and calculate the uncompensated ohmic drop 
between the reference and indicator electrodes. The 
f requency and t ime of the in ter rupt ion  period are 
readi ly controlled by applying a suitable signal to the 
logic gate of the Bur r -Brown  FET switch. Such 
signals are readi ly obtained from a number  of pulse 
generators and, in the in te r rup te r  exper iment  re- 
ported below, we have used a General  Radio Model 
1340 Pulse Generator.  

The test-circuit  of McIntyre and Peck (7) was em- 
ployed to examine  the in ter rupter  performance of the 
potentio-galvanostat .  This circuit differs from the test 
cell shown in Fig. 1, in that  R7 ~ 420 ohms and Rs was 
replaced by a 50-ohm resistor, the uncompensated cell 
resistance, in series with a parallel  RC network  (R 
100 ohms, C = 8.6 #f), to s imulate  the equivalent  cir- 
cuit of a disk electrode. An addit ional  20 Kohm resis- 
tor was inserted in the lead to A-2 (Fig. 1) to rep-  
resent  the resistance of the Luggin capil lary and 
reference electrode. 

Approximate ly  80 #sec pulses, at a repeti t ion rate 
of about 2270 Hz were used to gate the FET switch, 
thereby imposing a controlled potent ial  of 1.50V or a 
zero current  state at the indicator electrode. These 
conditions correspond to an uncompensated ohmic po- 
tent ial  drop of 0.50V. The results of two pulses are 
shown in Fig. 7. The uncompensated ohmic drop was 
obtained from the intersection at 1.0V of the two 
stages of potential  decay. The rapid potent ial  change 
immediate ly  after in ter rupt ion  is 5 divisions or 0.50V, 
in excellent agreement  with the actual  uncompensated 
ohmic potential  drop in the test circuit. The slower 
potential  change visible at longer times after in te r rup-  
tion corresponds to the voltage decay within  the RC 
circuit. Removal of the gate pulse switches the circuit 
back to potentiostatic control, with barely  detectable 
potential  overshoot. Depending on the application en-  
visioned, pulse width and repeti t ion f requency can be 
adjusted over very  wide limits. The pulse width may, 
in many  situations, be made narrow enough to make 
un impor tan t  any relaxat ion of the electrode potential  
dur ing  the in te r rup t  t ime interval .  Thus, the circuit in 
Fig. 1 is well  adapted to use as a repeti t ive in te r rup te r  
for applications which require  monitor ing (or record- 
ing) of the t rue potential  of an electrode. 
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potential  to a controlled electrode current  si tuation 
and vice versa without  in t roducing spurious potentials 
or currents  in an electrochemical cell. The per form-  
ance of the circuit in one state is identical to that  of an 
individual  potentiostat  and in the other is comparable 
to that of a more convent ional  galvanostat.  The 
general  principle described may  be used to switch 
other potentiostat  configurations to galvanostats. 
Alternat ively,  a potentiostat  may  be added to an exist- 
ing galvanostat  using the second loop principle wi th-  
out loss of control dur ing  switching. 

The potent io-galvanostat  may  also be used as a 
t ransient  free in te r rupter  by rapidly switching to a 
zero controlled current ,  if S-1 is a FET switch whose 
gate is dr iven by an appropriate signal. 

Fig. 7. Potentiostatlc interrupter mode. 80 ~sec gate pulse width, 
repetition rote 2270 Hz. Two interruptions shown; $ S-1 closed 
(switch to zero current), T S-1 opened. Horizontal axis 100 p.sec/ 
major div. Vertical axis 0.10 V/major div. Cell description, see 
text. 

It is to be kept in mind  that  test cell switching t ime 
is a property of the part icular  combinat ion of logic 
pulse rise time, switch operating time, and amplifier 
slew rates. There is no reason to believe that, where 
required, the circuit principle cannot be extended to 
over-al l  switching times considerably bet ter  than  those 
cited here ( ~  1O ~sec) by choice of faster operating 
components, either cur rent ly  or soon to be available 
from a rapidly developing technology. 

Conclusion 
The potent io-galvanostat  circuit described in this 

paper permits  .~vitching from a controlled electrode 
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An Experimental Study of Nonuniform Current 
Distribution at Rotating Disk Electrodes 

Stanley Bruckenstein *,~ and Barry Miller* 
Bell Telephone Laboratories, Incorporated, M~erray Hill, New Jersey 

ABSTRACT 

The theoretical predictions of Newman (1, 2) concerning the existence of a 
nonuni form current  distr ibution at rotat ing disk electrodes have been ver i -  
fied in media containing insufficient support ing electrolyte. Measurements  of 
the thickness of copper films deposited on a p la t inum disk yield results 
qual i tat ively of the form predicted by Newman. The p r imary  current  dis- 
t r ibut ion is approached at currents  corresponding to a small  fraction of the 
l imit ing convective diffusion current  in the absence of appreciable support ing 
electrolyte, while a uni form current  dis t r ibut ion is found in the l imit ing 
current  region. Nonuniform current  distr ibution at a disk electrode has been 
found to have significant effects on the collection efficiency of a r ing-d isk  elec- 
trode. These effects depend markedly  on the geometry of the electrode. 
Similar  behavior has been noted in the currents  observed at "shielded" rings 
of r ing-disk electrodes. Under  conventional  polarographic conditions in solu- 
tions containing fifty- to a hundred-fo ld  excess of support ing electrolyte, 
no significant deviations from a uniform disk current  distr ibution could be 
detected. 

The theory of r ing-disk  electrodes has been devel-  
oped assuming Levich's concept of uniform accessibil- 
ity of the disk electrode. Recently (1,2), Newman has 
calculated the effect of the ohmic potential  drop out-  

* Elect rochemical  Society Act ive  Member .  
l P e r m a n e n t  address :  D e p a r t m e n t  of Chemis t ry ,  State Un ive r s i t y  

of N e w  York at Buffalo, Buffalo, N e w  York. 

side the diffusion layer  of a disk electrode using 
Laplace's equation, considering the cases of (a) a 
single salt, and (b) a diffusing species present  in ex-  
cess electrolyte. In  the absence of a large excess of 
support ing electrolyte, he concluded that there will not 
be a radial ly  independent  current  density at a disk 
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electrode except for the l imit ing current  region and 
discussed several generalized situations. 

In the case where the current  passed through the 
disk electrode is much less than  the l imit ing current  
and the exchange current ,  we combine his (2) Eq. 
[30] and [36] to obtain 

r0 di 0 
J ~ ko d~]s 

where  ko is the specific conductance of the par t icular  
solution, r0 is the radius of the disk electrode, di/d~]slo 
is the slope of the disk cur rent -overpotent ia l  curve at 
zero current ,  and J is a parameter  used in Fig. 2 
of Newman's  paper (2). This figure shows that  a 
uniform current  density is approached only when 
di/d~lslo is small. The ini t ial  slope is small  only for 
i rreversible reactions and will be higher for more 
reversible couples. In  the limit, for a reversible couple, 
the current  densi ty at the center  of the electrode is one 
half of the average current  density, as is the case for 
the pr imary  current  distribution. Note that these con- 
clusions hold only when concentrat ion polarization 
may be ignored. 

Newman has compared his theoretical calculations 
to an exper iment  involving copper deposition from 
0.1M CuSO4 at a rotat ing disk electrode, obtaining fair 
agreement  between theory and exper iment  (2). F u r -  
ther exper imental  studies of the magni tude  of this 
effect in the presence of varying amounts  of support-  
ing electrolyte seem to us to be quite impor tant  since 
it would be incorrect to use existing r ing-disk  theory 
in solutions which yield significantly nonuni form disk 
electrode currents.  We have used three approaches. 

First, th in  copper deposits have been plated on a 
rotat ing disk electrode, and their thickness measured 
with the aid of a Talysurf  surface roughness ins t ru-  
ment  (4). We find that  the deposit thickness in-  
creases with the radial  coordinate under  Newman-  
type conditions and that it is independent  of radius 
under  Levich- type (uni formly accessible) conditions. 

Second, we have used the novel approach of Albery 
and Ulstrup (5). They showed, theoretically, that  the 
collection efficiency of a thin r ing- th in  gap r ing-disk  
electrode reflects the concentrat ion profile at the outer 
edge of the disk. Under  Newman- type  conditions the 
disk electrode current  densities are higher at the edge 
than under  Levich-type conditions; hence higher 
values of N should be observed when significant non-  
uniform disk electrode currents  exist. Qualitatively,  
the same conclusions should hold for all geometries 
of r ing-disk electrodes. However, Albery  and Ulstrup's  
exper imental  study of NaBr-HC104 solutions yielded 
N-values  in agreement  with, or lower than  those 
calculated using the assumptions of a uniform disk 
current  (5). We have repeated some of their experi-  
ments  with three different r ing-d isk  electrodes of 
widely different geometries in NaBr-HC104 solutions, 
and, contrary to them, always find N-values equal to 
or greater  than the geometrical N-value,  as their  
theory for Newman- type  conditions predicts. The 
Albery-Uls t rup  approach has been used by us in two 
other experiments,  involving electrochemical oxida- 
tion of a Cu disk in NH3-(NH4)2SO4 solutions and a 
Ag disk in HC104 solutions and collection of the metal  
ion at a r ing electrode. Again we find N-values that  
are equal to or greater  than the theoretical value. 

Third, we have used r ing-disk  electrodes with in-  
sulat ing gaps of radically different thicknesses to de- 
termine the r ing  cur ren t  for the oxidation of B r -  to 
Br2 in solutions containing different concentrat ions of 
HCIO4. Dur ing  this exper iment  the potential  of the 
r ing electrode was held at the instantaneous potential  
of the disk electrode. If a uni form current  density 
exists at the disk electrode, the ratio / r / i d  ~ f l 2 / 3  _ _  N 
(7), where fl ---- (R33 -- R28)/R13, and R3, R.,, and RI 
are the outer and inner  radii  of the r ing and the disk 
radius, respectively. As R2 -- R1 ~ 0 and R3 -- R2 ~ 

R2 -- R1 ( thin  gap, thick r ing electrode) ir/id -* 
(R32 - -  R~2)/R12. This result  is the equivalent  of con- 
sidering a thick r ing- th in  gap r ing-disk electrode to be 
a disk electrode of radius Rs for which it is possible to 
measure the current  in the regions 0 --~ r --~ R1 and R1 

r ~R3 separately. 
Under  Newman- type  conditions, the current  density 

increases across a disk as the radial  distance grows 
larger. Hence the average current  density in the region 
R,, --~ r ~ R3 (r ing electrode) will  be higher than that  
in the region 0 ~-- r ~ R1 (disk electrode). Thus, for 
all r ing-disk  electrode geometries ir/id should be 
greater than fl2/3 _ N or greater  than (R32 -- R22)/R12 
at a r ing-disk  electrode with a thin gap and thick 
ring. As reported below, we have found this to be the 
case for the oxidation of B r -  in the presence of in-  
sufficient support ing electrolyte. 

The use of a thick r ing- th in  gap r ing-d isk  electrode 
to test for nonuni formi ty  of current  dis t r ibut ion has 
recently been suggested by Marathe and Newman (3), 
who propose comparing the r ing and disk current  
densities when  both electrodes are held at the same 
potential. As shown above, this is merely  the l imit ing 
case in comparing values of ~2/3 _ N. 

Experimental 
Reagents.--All chemicals were of reagent  grade. 
House distilled water  was doubly distilled from 

quartz and collected in quartz. 

Ring-disk electrodes and control circuitry.--Experi- 
ments involving the determinat ion of the collection 
efficiency of copper in NH~--(NH~)2SO~ mixtures  and 
of silver in perchloric acid solutions used epoxy- 
type electrodes and the circuit reported by Mil ler(6) ,  
while all other experiments  used Teflon-type p la t inum 
ring, p la t inum disk electrodes (Pine Ins t rument  Com- 
pany, Grove City, Pennsylvania)  and the circuit re- 
ported by Bruckenstein  and co-workers (7). A Honey-  
well  Model 580 X-Y recorder was used. 

All electrodes were ground and polished using 
s tandard techniques. The final finish was produced 
using 0.3~ alumina.  

All  experiments  were performed at room tempera-  
ture  (23~ 

Measurement o] copper film thickness on disk elec- 
trodes.--The thickness of deposited copper films was 
measured using a Taylor-Hobson Ltd. Talysurf  Model 
4 s tylus- type surface roughness ins t rument .  The ac- 
curacy obtainable is of the order of 5% (4) and in our 
experiments  seems to be determined pr imar i ly  by the 
smoothness of the copper deposit. The Talysurf  device 
convenient ly  measures step heights and its 0.3~ ful l -  
scale and 1.0~ full-scale ranges were used. These steps 
were produced in our copper experiments  by covering 
exactly half  the copper-plated p la t inum disk elec- 
trode with Scotch Brand electroplaters '  tape and dis- 
solving the unprotected copper with a few drops of 
concentrated nitric acid. The electrode surface was 
then immediate ly  washed with water, the electro- 
platers '  tape removed, and the entire electrode sur-  
face rinsed with acetone. The disk electrode was 
mounted  on a micrometer  stage positioned on the bed 
of the Talysurf  ins t rument ,  and the stage adjusted so 
that the step between the copper-plated surface and 
the p la t inum surface was at r ight  angles to the direc- 
t ion of t ravel  of the diamond stylus. A 2 in. diameter  
a luminum rod of length equal to the disk electrode 
was also fastened to the micrometer  stage. This rod 
was necessary to support the shoe affixed to the arm 
holding the diamond stylus of the Talysurf  ins t ru-  
ment.  The center of the disk electrode was located 
using the micrometer  stage to measure the diameter  
and setting the stage at the calculated position. Re- 
peti t ive measurements  indicate that the disk electrode 
center can be located to wi thin  0.003 cm. Step heights 



1046 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A u g u s t  1970 

were  de termined  at intervals  of about 0.06 cm along 
the step. 

Results and  Discussion 
Copper film thickness measuremen t s .~The  radial  

flux dependence across a disk electrode was deter -  
mined by plat ing approximate ly  2.7 coulombs/cm 2 of 
copper meta l  at 900 rpm on a p la t inum disk electrode 
at specified fractions of the l imit ing current  and mea-  
suring the film thickness using the Talysurf  ins t ru-  
ment.  This charge corresponds to an average th ick-  
ness of ~ 10 -4 cm. 

Mara the  and Newman  (3) have  discussed the im-  
portance of keeping the deposit thickness considerably 
less than the momen tum boundary  layer,  and our de-  
posit thickness corresponds to a smaller  fraction of the 
momen tum boundary  layer  than in thei r  experiments .  
Copper was plated from a solution 3.0 mM in CuSO4 
and 0.2 mM in HC104 before and af ter  adding known 
amounts of NaC104. The results obtained are shown in 
Fig. 1 in which L / L  o is plotted vs. r/R1. L ~ represents 
the thickness of the deposit at the center  of the elec-  
t rode whi le  L represents  the deposit thickness at a 
distance of r f rom the center  of a disk electrode of 
radius R1. 

Within  the exper imenta l  error, the thickness of the 
copper plate is independent  of r if copper is plated on 
the convective-diffusion l imit ing current  region in the 
solution containing no added NaC104. This result  is in 
agreement  wi th  the predictions made by Newman  (2). 
Marathe  and Newman  (3) were  unable to per form an 
equivalent  exper iment  because their  deposit became 
powdery.  

In this same solution, if  the copper is plated at 20% 
of the l imit ing current,  marked  deviat ions f rom the 
uni form flux condition exist. The results of this ex-  
per iment  are indist inguishable from the theoret ical  
curve  der ived assuming the p r imary  current  dis t r ibu-  
tion first calculated at a disk electrode by Newman  
(1). Newman 's  result  for the p r imary  current  dis- 
t r ibut ion can be rewr i t t en  in the form 

L 1 

L ~ ( 1 -  (r/R1)2) 1/2 

and is the dashed line shown in Fig. 1. 
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Fig. 1. Effect of supporting electrolyte on the radial dependence 
of the thickness of a deposited Cu film, 2 x 10 -3M CuSO4 -I- 
2 x 10-4M HCIO4, platinum disk electrodes of Rz ~-~ 0.394 cm 
used. Rotation speed ~ 900 rpm (15.00 Hz). Average film thick- 
ness ~ 1.0/~. Key: [~, on limiting current; -~-, 20% of limiting 
current; (Z), 4.2 x 10-3M NaCIO4 added, 20% of limiting cur- 
rent; Q, 4.2 x 10-2M NaCIO4 added, 20% limiting current; A ,  
0.10M NaCIO4 (total) added, 20% of limiting current; O,  50% of 
limiting current; I I ,  0.40M NaCIO~, (total) added, 2~% of limiting 
current. 

As NaC104 is added to the original  solution, the film 
thickness becomes more uniform, but  it is only when 
as much as 0.4M NaC104 is present  that  a uni formly  
thick film of copper deposits at 20% of the l imit ing 
current.  No significant deviat ions f rom a radial ly  uni-  
form deposit can be detected in 0.1M NaC104 solution 
at 50% of the l imit ing current.  

If  we neglect  individual  differences in ionic equiv-  
alent conductivities, the above results suggest that  no 
appreciable deviat ion f rom Levich 's  assumption of 
uni form accessibility will  occur provided at least a 
f if ty-fold excess (on a normal i ty  basis) of support ing 
electrolyte  is present  and currents  measured are in 
excess of 20% of the l imit ing current.  

Collection efficiency measurements . - -Oxidat ion of 
N aBr . - -T he  collection efficiency at a p la t inum ring 
electrode for the reduct ion of Br2 (produced by oxida-  
tion of B r -  at a pla t inum disk electrode) was studied 
in a 3.0 mM NaBr  solution as a function of HCIO4 
concentrat ion using three  different r ing-disk  elec- 
trodes. The collection efficiency was de termined  by 
scanning an anodic current,  id, through the disk elec- 
t rode l inear ly  wi th  t ime and measur ing the r ing elec- 
t rode current,  ir, at 0 vol t  vs. SCE. {d was plot ted vs. Jr 
on an X - Y  recorder.  In all cases, this plot was a 
s traight  line and independent  of scan direction pro-  
vided, (i) the disk electrode potent ial  did not become 
so posit ive that e lectrode oxidat ion occurred, and (ii) 
the electrode was briefly cathodized in the solution 
being studied to reduce thoroughly  the p la t inum disk 
surface. If these precautions are not observed, id - -  ~r 
plots become nonl inear  at posit ive potentials,  and the 
apparent  collection efficiency becomes smal ler  than 
the theoret ical  value. 

The results of the exper iments  are shown in Fig. 2 
in which Nc/N is plotted vs. log CHClo4/CNaBr. Nc is the 
observed value of N at c molar  HC104, whi le  N is the 
value  observed when  CHCIo4/CNaBr ~ 100. The  lat ter  
value  always agreed wi th in  a per  cent or so of the 
theoret ical  value, Ntheor, in our  exper iments  and did 
not change detectably on adding excess perchloric  
acid. 

With all three electrodes, Nc/N ~ 1, as was predicted 
by Albe ry  and U]strup but not observed by them 
when  they per formed this identical  exper iment .  The 
reasons for the exper imenta l  discrepancy be tween  our 
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Fig. 2. Effect of CHClO4 on the collection efficiency of ring-disk 
electrodes. Disk electrode reaction 2Br-  -~ B~ -I- 2e, ring elec- 
trode reaction, Br2 ~ 2e ~ 2Br- .  Key: /% CNa~r = 3.6 x 10-3M,  
N = 0.173, and f l 2 / a  = 0.335 (thin gap, thin ring electrode); O, 
CNaBr = 3.6 X 10-aM,  N = 0.399, and fl2/a = 1.16 (thin gap, 
wide ring electrode); � 9  CNam. = 1.73 x 10-2M, N = 0.399, and 
~2/3 = 1.16 (thin gap, wide ring electrode). Rotation speed = 
2500 rpm (41.67 Hz). 
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results and those of Albery  and Ulstrup is not clear; 
however,  Albery  and Hi tchman (8) have confirmed 
that  Nc/N ~ 1 on repeat ing one of our experiments .  

The extent  of deviat ion of N~ from N is a function 
both of the geometry  of the r ing-disk  electrode and 
the amount  of support ing electrolyte  present. The 
largest deviat ion in 1 mM HC104 is observed with  a 
thin gap, thin ring electrode, Nc/N = 1.22 (A in Fig. 2). 
The deviation is smaller for an electrode with a wider 
gap (O and �9 in Fig. 2). For an electrode with an 
extremely wide gap (N ~ 0.079 and /~2/3 = 0.73) the 
value of N~/N = 1.02 in a solution for which CN,Br = 
3.6 x 10-3M NaBr and CHClO4 = 1.00 x I0-3M. Nc/N vs. 
log CHclo4-data for the latter electrode are so close 
to 1.00 they are not plotted in Fig. 2. Thus, it appears 
that, for a given disk electrode radius, the wider the 
gap between the ring and disk electrodes, the more 
the concentration profile at the inside edge of the ring 
approaches the Levich situation. This result is seen 
by the simple analogy of fluid flowing in a tube into 
which a solute is injected upstream. The further down- 
stream an observer is positioned, the less able he is to 
detect whether or not the solute was injected uni- 
formly throughout a given upstream volume element. 

On the basis of Fig. 2, it seems valid to conclude for 
ring-disk electrodes of the usual geometries that a 
fifty-fold excess of perchloric acid is sufficient to 
eliminate the possibility of detecting, through N, the 
effect of any nonuniform current distribution during 
the oxidation of Br- at the disk electrode. Since the 
collection efficiency of a wide gap electrode is ex- 
tremely insensitive to any nonuniform disk current 
distribution, such an electrode should prove quite 
valuable in situations where only the average flux 
leaving the disk need be determined. 

Oxidation of me ta l s . - -A  copper-disk,  gold-r ing elec- 
t rode was used to study the collection efficiency of 
Cu(I )  produced by oxidizing the copper disk in am-  
moniacal  media. The current  scanning technique used 
for the bromide studies was employed. The ring pro-  
cess was Cu (I) ~ Cu( I I )  + e and the r ing cur ren t  
was proport ional  to the anodic disk current.  As seen 
in Table I, Nc/Ntheor ~ 1.09 in 0.1M NH,3 and is wi th in  
a per cent of unity when CNH4 § ~ 0.02M. 

A si lver disk, graphi te  r ing electrode was used to 
study the effect of Cnclo4 on Nc/Ntheor. In these ex-  
per iments  si lver dendri tes grew ve ry  rapidly  at the 
ring electrode, and the ring current  for the reduction 
of si lver increased wi th  t ime at a constant anodic disk 
current.  Therefore,  N~ was obtained f rom the  ring 
current  extrapola ted back to zero time. The results of 
these exper iments  are  also shown in Table I. In 0.1M 
H C 1 0 4 ,  Nc/Ntheor = 1.00 and does not change for 
C~cio4 = 1.0M. 

In both of these experiments ,  the electrode geometry  
is one that  has been used fair ly extens ively  in other  
studies. These electrodes are not over ly  sensit ive to a 
nonuniform current  distr ibution at the disk. The max i -  
mum disk current  levels used in the above exper i -  

Table I. Variation of N with electrolyte concentration during 
the oxidation of metal disks 

Cu d i s k  in  0 .1M NH~r a) A g  diskr b) 

C(NH4)2SO4, rnM ~c/~theor CHCIO~r m/P/ ~Tc/~theor 

0 1.09 0.500 1.24 
5.00 1.05 2.00 1.15 

20.0 1.00 10.0 1.13 
50.0 0.99 100.0 1.00 

1000.0 1.00 

(at Ntheor = 0.344, c o p p e r  d i s k ,  go ld  s p l i t  r i n g ,  sp l i t  c o r r e c t e d  fo r  
in c a l c u l a t i n g  Ntheo~, is  = 100 #A. R o t a t i o n  s p e e d  = 2000 r p m  (33.3 
Hz) .  R1 : 0.239 cm,  R~ = 0.263 cm,  a n d  Rz ~ 0.323 cm. 

(b) Ntheor : 0.348, s i l v e r  d i sk ,  g r a p h i t e  sp l i t  r i n g ,  sp l i t  c o r r e c t e d  
fo r  i n  c a l c u l a t i n g  Ntheor,  id = 100 /~A a n d  200 /~A a t  e a c h  CHC]O~. 
A v e r a g e  Nc/Ntheor  r e p o r t e d .  R o t a t i o n  s p e e d  : 2000 r p m  (33.3 Hz) .  
R~ : 0.227 cm,  R~ = 0.259 e ra ,  a n d  R3 = 0.324 cm.  
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ments  correspond to disk electrode surface concentra-  
tions of 0.5 mM Cu (I) and 1.0 mM Ag (I) .  The ap- 
preciable posit ive effect in 0.5 mM HC104 for s i lver  
corresponds to the case in which  the support ing elec-  
t ro lyte  is not in excess of the surface concentrat ion 
of the e lect rogenerated species. Support ing electrolyte  
concentrat ions approximate ly  50-100 fold larger  than 
the surface concentrat ions were  requi red  to approach 
N t h e o r  within  1%. 

Effect of supporting electrolyte on the ratio of ring 
and disk curren t s . - -A  plot of anodic r ing electrode 
cur ren t  vs. anodic disk electrode current  was obtained 
for two r ing-disk  electrodes in 3.6 x 10 -3 M NaBr  
solution containing 1.00 mM HC104. The r ing potential  
was rnaintained equal  to the disk electrode potent ial  
while  the current  through the disk electrode was 
scanned l inear ly  wi th  time. Next,  sufficient concen- 
t ra ted HC104 was added to make  the solution 0.2M in 
acid, and the previous exper iment  repeated.  Both ex-  
per iments  yielded straight line plots, provided the 
electrode potent ial  did not become so positive that  
pla t inum surface oxidation occurred. The  slopes of 
these plots correspond to ~2/a--N and are given in 
Table II, along with  the theoret ical  values for ~2/3--N 
calculated f rom the electrode geometry.  

The higher  current  densi ty  at the ring electrode as 
compared to that  at the disk electrode in the absence 
of excess support ing electrolyte  is confirmed by the 
data in Table II. 

The principal  difference be tween  the geometries  of 
electrodes 1 and 2 (Table II) is in the width  of the 
r ing electrode. In such a situation, it is expected that  
the electrode with  the nar rower  ring (electrode 1) 
should have the higher  average  current  density 
arising from the nonuniform current  densi ty dis tr ibu-  
tion caused by the absence of excess support ing elec- 
trolyte. This is the case, since the ratio of fl~/3--N in 
the presence and absence of excess HC104 is greater  
for electrode 1, whose ring is about half  the width of 
that  of electrode 2. 

Visual evidence for  nonuni form current  distributiom 
- - A  simple exper iment  can be per formed which 
dramat ica l ly  demonstrates  the effects of a nonuniform 
current  distr ibution at a disk electrode. First, copper 
is deposited on a rotat ing plat inum disk electrode f rom 
a solution containing 3.0 mM CuSO4 and 0.2 mM 
HC104 under  conditions which yield a uniform de-  
posit, i.e., at a potential  in the l imit ing current  region. 
The amount  of copper is not critical, and for demon-  
strat ion purposes 5-10 min of deposition at 900 rpm 
produces a c lear ly  visible deposit. Next, an anodic 
cur ren t  equal in magni tude to the convect ive  diffusion 
l imit ing current  is passed through the electrode. As 
shown above by the collection efficiency studies in-  
volving the oxidation of copper and si lver disks, the 
copper disk wil l  be oxidized nonuniformly because of 
the lack of excess support ing electrolyte.  Rather  larger  
current  densities are to be expected at the edge of the 
disk as compared to the center  of the disk. Visual 
examinat ion of the disk during the oxidation step 
produces the fol lowing observations which can only be 
explained by the more  rapid oxidation of copper at 
the edge of the disk. First, immedia te ly  after  start ing 
the oxidation cycle, no visible change of the electrode 

Table II. Effect of supporting electrolyte concentration 
on ~2/3-N 

#~/8-N f o r  e l e c t r o d e  

S o l u t i o n  1 (a) 2 ~a) 

3.6 • 10-sM N a B r  + 1.0 rnM H C 1 0 ,  0.45 1.25 
3.6 • 10-ZM N a B r  + 0 .200M HC10~ 0.19 0.78 
T h e o r e t i c a l  v a l u e  0.17 0.76 

(~) R o t a t i o n  s p e e d  = 2500 r p m  (41.67 H z ) .  
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surface occurs. Then, a perfectly concentric band of 
p la t inum becomes visible at the edge of the disk, and 
the width of this band increases with t ime as the 
central  area of the disk covered with copper shrinks. 
Ul t imately the area covered by copper becomes zero. 
If the oxidation of the copper is in ter rupted  some 
t ime after the outer p la t inum band becomes visible 
and the electrode is examined under  10X magnification, 
the border between the copper and p la t inum is seen 
to be very sharply defined. This result  clearly demon-  
strates that the current  densi ty at the edge of the 
copper deposit is very much higher than the average 
current  density. 

Conclusions 
Nonuniform current  distr ibution effects at a rotat ing 

disk electrode, as predicted by Newman (2) and ex- 
per imenta l ly  verified in a 0.1M CuSO4-0.1M H2SO4 
solution by Marathe and Newman (3), have been 
studied as a function of support ing electrolyte con- 
centrat ions using a n u m b e r  of redox systems. A fifty- 
fold excess of supportin~ electrolyte is sufficient to 
produce a uni formly  accessible disk surface dur ing the 
deposition of Cu(I I )  from NaC104 media, provided 
the applied current  exceeds 20% of the l imit ing cur-  
rent.  The effects of nonuni form accessibility on the 
collection efficiency of a r in~-disk electrode predicted 
by Albery and Ulstrup (5) have been observed and 
depend on the electrode geometry. Thin r ing- th in  gap 
electrodes are most sensitive to nonuni form current  

dis t r ibut ion effects, while ext remely  wide gap elec- 
trodes show barely  detectable effects. The magni tude  
of the quant i ty  ~2/3-N of a r ing-disk electrode is 
also sensitive to nonuni form cur ren t  densities at a 
disk electrode. 

For practical purposes, results obtained with a r ing-  
disk electrode in the presence of a 50 to 100-fold 
excess of support ing electrolyte may  be assumed to be 
free of problems arising from nonuni form current  
density effects. 

Manuscript  submit ted Feb. 27, 1970; revised m a n u -  
script received ca. Apri l  7, 1970. 

A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOUHNAL. 
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The Transient Regime of the Anodic Dissolution 
of a Three-Valent Metal Proceeding in 

Two Steps under Galvanostatic Conditions 
I. H. Plonski* 

Institute for Atomic Physics, Bucharest, Romania 

ABSTRACT 

The t ransient  regime of the anodic dissolution of a th ree-va len t  metal, 
proceeding in two steps under  galvanostatic conditions, is studied for the 
part icular  case when  z, ~ 1, z2 = 2 and i01 > /o2. It has been found in going 
from low to high current  densities that the n -  t curve changes its shape, 
namely:  for i < icrl, monotone increasing n toward the steady state; for 
icrl < i < icr2, peaked-shaped ~1 -- t curves; for i > icr2, monotone increasing 
toward the steady state again. Under  part icular  conditions of [M+]o values, 
the overvoltage peak may disappear for ir < i < ic,~. At the same t ime the 
[ M + ] 0 -  t curves have shapes depending on the i and [M+]o values. The 
steady-state  value of the in termediate  ion concentrat ion increases with in-  
creasing current  density, passes through a maximum,  and then, for very high 
values of i, decreases toward zero. The decay curves do not display a peak. An 
apparent  remanent  overvoltage is noticed, especially for high values of [M + ]0, 
when the decrease of [M + ] toward [M+]0 is slow in comparison with the d e -  
c r e a s e  of n toward zero. 

In the present paper, the third of a series (1, 2) on dn 1 
the subject of the t ransient  regime of two stepwise- dt C 
proceeding electrode reactions, the case of the anodic 
dissolution of a th ree-va len t  metal  is considered. The 
complete system of equations, describing the stepwise 
metal  dissolution 

M ~ Mzl§ -~ z l e -  [ I ]  d[ Mzl+] 

dt Mzl+ ~ M(zl+z2)§ ~ z2e- [II] 

when the electron t ransfer  and the mass t ransfer  of the 
in termediate  and final ion are taken into account (2), 
is 

�9 Electrochemical Society Active Member. 

[ M ( Z l + Z ~ ) +  ] 

i -~ io2 [M(z~+z~)+]o e -ac~" -- iole~,ln 

[M~ +] "1 
( i o 2 e a . ~  - -  i o l e - a ~ )  | [ 1 ]  

[M ~+] o J 

iol io2 [M(~+~)+] 
- -  ---- ~ e~.~ e - ~ e ~  

zlF + z2F [M(z~+z~)+]o 

[M zl+] 0 z1F z2F 
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and  

d[M (z~+z~)§ io2 [ [M ~§ 
eaa=v 

d t  z 2 F  [ M  z~+] o 

e -a~ -4- D2 [3] 
[M(~+~)*]0 ~ x=o 

Here ,  ~1 is t he  ove rvo l t age ,  t t he  t ime ,  C the  doub le  
l aye r  capaci ty ,  i t he  c u r r e n t  densi ty ,  i0t and io2 t h e  
e x c h a n g e  c u r r e n t  dens i t i es  for  t he  first  and  second 
step, r e spec t ive ly ,  F t h e  F a r a d a y  n u m b e r ,  [M z~+] and  
[Mz~§ t h e  i n t e r m e d i a t e  ion concen t ra t ion ,  [M (z~+z~)§ 
and  [M(z~+z~)§ t he  final  ion c o n c e n t r a t i o n  at  t he  e l ec -  
t r ode  su r face  at t he  t i m e  t and at  e q u i l i b r i u m ;  zl and 
z2 are  t he  n u m b e r  of e l ec t rons  i n v o l v e d  in t h e  first 
and second step, r e spec t ive ly ,  and  aa~, act, aa~, and at2 
a re  g i v e n  by  the  express ions :  aal = ~tztF/RT; ac~ = 
(1 -- ~ )  z~F/RT; aa~ : fl2z2F/RT; ac2 : ( I --  ~'2) z~F/RT 
w i t h  ~ and  ~2 the  s y m m e t r y  fac tors  for  t he  first and 
second step, r e spec t ive ly ,  R the  gas  constant ,  and  T 
the  abso lu te  t e m p e r a t u r e ;  the  M~ and  M2 a re  t he  con-  
cen t ra t ions  of t he  i n t e r m e d i a t e  and  f inal  ion, r e spec -  
t ive ly ,  in t he  b u l k  of t he  solu t ion;  t he  t e r m s  

D~( OM'-~x ~/x=o and  D ( O M 2 ) x = ~ r e p r e s e n t t h e r a t e ~  x Ox 

the  a p p e a r a n c e  (or  d i s appea rance )  of the  r e spec t i ve  
ion at  t h e  e l ec t rode  su r face  due  to mass  t rans fe r .  

I n  o r d e r  to i nves t i ga t e  t he  b e h a v i o r  of  t he  e l ec t ron  
t r a n s f e r  in a first app rox ima t ion ,  t h e  final  ion concen -  
t r a t ion  is a s sumed  cons tan t  and  the  mass  t r a n s f e r  p r o c -  
esses a r e  neg lec ted .  The re fo r e ,  t he  s y s t e m  of e q u a t i o n s  

r educes  to Eq.  [1] and  [2] w i t h  D~ " ~ x / ~ = 0  = 0. 

Also,  the  t r e a t m e n t  of the  two  mechan i sms ,  z~ = 1, 
io~ io2 

z2 = 2 and  z~ ----- 2, z2 ---- 1, each  of  t h e m  for  - -  > - - ,  
Zl  Z2 

/o~ i0~ io~ io2 
-=-- ~ and  - -  < - -  in b o t h  anodic  and ca thod ic  

Zl  2:2 Zl  Z2 
direct ions ,  w o u l d  be  in te res t ing ,  bu t  t he  c o m p u t a t i o n s  
a re  v e r y  l abor ious  so we  s tud ied  on ly  the  case  of z~ 

/Ol /o2 
---- 1, z2 = 2, and  > - - .  We  also t a k e  fl~ ---- ~ ---- 0.5, 

Z1 Z2 
i.e., a a l  = a c l  ~ a ;  a a2  ~--- tee2 ~ 2 a .  

E q u a t i o n  [4] is e v a l u a t e d  for  d i f fe ren t  v a l u e s  of  ~1~ 

and --.i~ The  resu l t s  a r e  g iven  in Fig.  1, f r o m  w h i c h  
i02 

we can  no te  t he  fo l lowing :  
1. The  i n t e r m e d i a t e  ion c o n c e n t r a t i o n  increases  w i t h  

inc reas ing  ~1~, passes t h r o u g h  a m a x i m u m  value ,  and  
dec reases  t h e n  t o w a r d  zero. 

2. The  m a x i m u m  v a l u e  of [M+]~ and  the  o v e r v o l t -  
age  or  the  c u r r e n t  dens i ty  at  w h i c h  it  is a t t a ined  in -  

i01 
c rease  w i t h  i nc rea s ing  of t h e  ra t io  ~ .  

/02 
By  f o r m i n g  the  d e r i v a t i v e  of Eq.  [4] and  e q u a t i n g  

it  to zero  we  ob t a in  the  exp re s s ion  of ~I~[M+] max  

~ [ M  +1 max 

2/012 ) _t_ " ~ / ( 1  ~~ 1 2i012 4i012 
In 

3a /02 

2io~ 
[6] 

f r o m  w h i c h  in con junc t i on  w i t h  Eq.  [4], we  ob ta in  t he  
m a x i m u m  v a l u e  of [M + ]~ a t t a inab le  for  a g iven  sys-  
tem.  

The  v a l u e  of ~1~ fo r  w h i c h  the  s t e a d y - s t a t e  va lue  
of [M + ] equa l s  its e q u i l i b r i u m  v a l u e  resu l t s  f r o m  Eq. 
[4] 

1 iol 3 t- X/i012 -- i022 
= -- In [7] 

~I~[M+]~ = [M+] 0 a ~02 

Transient Regime 
Because  the  sys t em is too in t r i ca te  to be  used  in t he  

discuss ion of  t he  c r i t i ca l  va lues  of i and  ~1, f r o m  w h i c h  
t h e  ~ -- t cu rves  can  change  t he i r  shapes  w e  cons ider  
for  a m o m e n t ,  as in t he  p r e v i o u s  pape r  (1),  tha t  t he  
capac i t ive  c u r r e n t  dens i ty  is negl ig ib le ,  t ha t  is 

i " ( e a ~  ~ [Mz~+] e~acl~ ) 
F :-- ~OI [Mz~§ 

( [Mz~+] - - e - a ~ , )  : i  [8] 
-~ i02 [gz'+]0 

and  

dn (io2 e a.~" - -  i01 e -a~€ [ (Zl + z2)~OliO2(e (a"l+a~z)n - -  e-ta~x+a~z)n) - -  i (Z2 i01 e -a'~n -{- Zl ~02 e a"2n) ] 
[91 

dt N 

Steady State, the Moment of Switching on the Current, 
and Their Critical Values 

U n d e r  s t e a d y - s t a t e  condi t ions  t he  v a l u e s  of [M ~+] 
and  ~1, m a r k e d  by  the  i n d e x  ~ ,  a re  g i v e n  by  (1) 

Zs iol 

[M~+]o z2 iol 

Zl /0s 

and 

- -  - -  e-aexn| .~- eaa2~| 

2 i O l  e an| -~- e_2an| 
io, 

2 "t01 e -a~| "-~ e2a,}| 

io2 

zl A- z2 . 
102 

Z2 

e ( a a l + t ~ a 2 + ~ c l ) ~  - -  e- -ac2n~ 

1Jff-- 
Z1 /02 

e (  aa2 -~c o~cl)?~ 
z2 /01 

3 e 4an| - -  e -san| 
---- ~ i02 

io._~2 e 8a"| 
2 1 -t- 2iol 

[4] 

[5] 

w h e r e  

N = zlz2 F[Mzl+]o { (acl + aal)i012 e (a"l-a~l)" 

-4- (at2 -4- a~2) i'02 e (a~-a~ -4- i01i02[ (ac2 

- -  a c l )  e - ( a c l + a e 2 ) ~  -~- ( a a 2  - -  a a l )  e ( a a l + a a 2 ) n ]  

- -  i(~a2 io2 e ~ "  + ~ci i01 e - a o l " )  } 

I t  can  be  seen  f r o m  Eq. [9] t ha t  = 0 in 
t = 0  

two  p a r t i c u l a r  eases: 
1. W h e n  t h e  first rou~d  b r a c k e t  is zero,  t ha t  is for  

1 i01 
~l(o+e) = In  -- [I0] 

~a~ A- aa l  ~oz 

w h e r e  n(o+~) is t he  v a l u e  of ~ w h i c h  the  e l ec t rode  
po t en t i a l  a ssumes  w h e n  the  c u r r e n t  is sw i t ched  on. 
Because  t h e  ~ --  t curve ,  d e t e r m i n e d  by  Eq. [9], has  

d~ I = 0  no m a x i m a ,  m in ima ,  o r  inf lect ion points,  ~ t=o 

impl i e s  tha t  nr = n~, in o the r  words  t h e  o v e r v o l t -  
age, a t t a ins  its s t e a d y - s t a t e  v a l u e  f r o m  the  beg inn ing .  
F r o m  this  c r i t i ca l  v a l u e  of  ~1~, deno t ed  by  n~crl ( w h i c h  
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cor responds ,  in acco rdance  w i t h  Eq.  [8], to a c r i t i ca l  
v a l u e  of i, deno ted  by  icrl),  the  n -  t c u r v e  w i l l  
change  its cu rva tu r e .  

2. W h e n  the  second b r a c k e t  is zero, w h i c h  is sa t i s -  
fied for  t he  s t eady  s ta te  (1),  i.e., fo r  [M z~+] = [Mz~+]~. 
I t  can be seen  f r o m  Eq. [4] or  f r o m  Fig.  1 t ha t  [Mz~+]0 
= [Mz~+]| in two  p a r t i c u l a r  cases, n a m e l y ;  fo r  ~1~ = 
O) (i.e.,  i = 0) w h i c h  is an  u n i n t e r e s t i n g  case, and  fo r  
~ g i v e n  by  Eq.  [7]. F o r  this  r eason  w e  deno ted  ~ 
g iven  b y  Eq. [7] by  ~l~cr2 and its c o r r e s p o n d i n g  i by  
lcr2. 

In  conclusion,  i f  C ---- 0, t h e  ~1 --  t c u r v e  can c h a n g e  
i~s c u r v a t u r e  twice .  

The  fact  tha t  t he  d o u b l e - l a y e r  capac i t y  is in pa r a l l e l  
w i t h  t he  e q u i v a l e n t  i m p e d a n c e  of t he  e l ec t rode  r eac -  
t ion  impl ies  ~0+~) = 0, i.e., any  rea l  ~ --  t c u r v e  beg ins  

f r o m  zero,  e v e n  for  i # 0, w i t h  d~l I > 0 .  
d t  I t=0 

On the  basis  of  express ions  [1] and [2], t h e o r e t i c a l  
cu rves  of n -  t (Fig.  2) and  [ M + ] _  t (Fig.  3) w e r e  
c o m p u t e d  for  t he  specia l  case  of C =  3 • 10-~ (F ) ,  
[ M + ] 0 = 5  • 10 - ~ 1 ( M / 1 ) ,  iol = 1 • 1 0 - 4 ( A ) ,  /O2 ~- 
1 X 10 -S (A)  and d i f fe ren t  va lues  of  i po in t ed  out  on 
the  figures.  

F r o m  Fig. 2 the  f o l l o w i n g  obse rva t ions  a r e  made :  
1. As  e x p e c t e d  f r o m  the  discuss ion of  the  case of  C 

= 0, as a consequence  of t he  c o m p e t i t i o n  b e t w e e n  t h e  
cha rg ing  of t he  doub le  l a y e r  and  the  t r a n s i t o r y  e lec -  
t ron  t r a n s f e r  process,  t he  ~1 -- t cu rves  a r e  p e a k - s h a p e d  
b e t w e e n  icrl and  /cr2. 

2. The  d i f fe rence  ~ p e a k -  ~ increases  at first, passes 
t h r o u g h  a m a x i m u m  value ,  then,  for  i -> icr2, decreases  
t o w a r d  zero. The  m a x i m u m  v a l u e  of th is  d i f fe rence  and 
the  co r r e spond ing  i m a y  be  compu ted .  

3. I t  is g e n e r a l l y  va l id  t h a t  the  t i m e  necessa ry  to 
r each  the  s t eady  s ta te  decreases  w i t h  inc reas ing  of  i, 
e x c e p t  for  icr2 w h e n  t h e  s teady  s ta te  of ~1 is a t t a ined  

(CJ 
'3~0 
3X, O 
320 
300 
280 
260 

A] I 2~0 220 
200 

(A)# I I ~ /  8 NO 

4 ~Ol:~OI 7 120 

II \1 , ,o 

';r//M k 
200 300 500 .,[ (/O-3V) 

Fig. 1. Ratio between the intermediate ion concentration in the 
steady state and at equilibrium, [M + ] J [ M  + ]o, as a function of 
steady-state overvoltage, ~)~, for different values of the ratio 
io/io2 written on the curves. (The capital letter on the curves in- 
dicates the ordinate.) 

7 (IO'~VI 8 ~o~ = 200 (lO'3V) 
.200190 ~ "~l'~gx/O'2(A) 

/80 
fTG 
160 7 7 ~  crz ~ 155/~ (10aV) 

150 f [~r2 = 5"80xlO-3(A) 
F 

~3~ I /I-'-'--------___ s ~.~zu~-~w 

goNII I I e.gg.,o" cA) 

70 i= s.~Sx tO-~X) ~ 
~EPI~m,,,m S3.7 (fO-3v) 

6 ~  3 ~.: 5o uo~v~ 

II11/ / / 2~39.ouo"vJ 
30 
2O / / /  l . =20(lO-'V) 

0 2 # G 8 t0 12 i~ IE 18 20 22 21+ 28 28 30 
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Fig. 2. Overvoltage, ~), as a function of time, t, for different 
values of current density written on the curves. The arraws indi- 
cate the difference ~peak - -  ~ .  

EM§ ,e~ 
2o [M*]~=l~s 

4 

0 20 ~0 80 80 100 120 No 160 180 zoo 220 240 250 280 300 
f (10-3s~c) 

Fig. 3. Intermediate ion concentration, [ M + ] ,  as a function of 
time, t, for the current densities corresponding to the same num- 
bers as the curves in Fig. 2. 

sooner .  If  [M+]0 is g rea t  enough,  no no t i ceab le  change  
in t he  i n t e r m e d i a t e  ion c o n c e n t r a t i o n  t akes  place.  C o n -  
sequen t ly ,  for  icr'Z t h e  ~1 --  t c u r v e  reflects  t he  c h a r g i n g  
of t h e  doub le  layer ,  only.  

F r o m  Fig. 3A it m a y  be no t iced  tha t  for  i < i[M+],max, 
the  [M +] - - t  cu rves  a re  S - s h a p e d ;  fo r  i > i[M+l,max, 
these  cu rves  m a y  be  S - s h a p e d  or  m a y  h a v e  m a x i m a ,  
d e p e n d i n g  on t h e  [M+]o va lue .  This  is d iscussed la ter .  
F u r t h e r m o r e ,  t he  inf luence  of t he  change  of i n t e r -  
m e d i a t e  ion concen t r a t i on  at e q u i l i b r i u m  is s tudied.  

Due  to t he  c o m p l e x i t y  of  t he  express ion  fo r  t he  
d i m  + ] 

p roduc t i on  r a t e  of  t he  i n t e r m e d i a t e  ion, , i t  is 
d t  

difficult  to discuss q u a n t i t a t i v e l y  t he  inf luence  of t he  
change  of  [M~l+]0 on it, but  it is k n o w n  t h a t  th is  r a t e  

2i01 - -  i02 
can v a r y  b e t w e e n  i ( the  m a x i m u m  v a l u e  

2F(iol  -b /o2) 
a t t a i nab l e  at t = 0 + ~ if C = 0) and ze ro  ( the  r a t e  at 
t he  s t eady  s ta te)  (1).  
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On the other  hand, it follows f rom Eq. [4] that  the 
s teady-s ta te  in termedia te  ion concentrat ion is propor-  
t ional to its equi l ibr ium concentration.  

d i m  + ] 
The fact that  - -  cannot surpass the m a x i m u m  

dt 
value  given before, but that  [M+]0 can theoret ica l ly  
be as high as we desire means that  the period of t ime 
necessary to at tain [M+]~ and ~= increases wi th  in-  
creasing [M+]0. This can be seen f rom Fig. 4A and 5A. 

For  large values of [M+]0 (curves c) there  appears 
a disproport ion be tween the period of t ime necessary 
to attain, say, 90% of ~1~ for n and the same proport ion 
of [M+]~ for [M+],  i .e.,  the overvol tage  increases 
rapidly to a value near  *1~ as [M + ] changes very  little. 

For  ve ry  low values of [M+]0 (curves a) [M +] also 
will  have ve ry  low values;  consequently,  the change 
of the in termedia te  ion concentrat ion does not affect 
the ~1 -- t curves  noticeably. In contrast, l i t t le  changes 
of n lead to large changes in the [M + ] -- t curves, for 
example,  the maxima presented by curves 5a and 8a. 

It is interest ing to notice the influence of the change 
of the in termedia te  ion concentrat ion at equi l ibr ium 
on the ~ -  t curves for icrl ~ i < icr2, i.e., for the 
domain of possible peak-shaped ~ -- t curves. For  ve ry  
low values of [M+]0 (curve 4a, Fig. 4A), when the 
overvol tage  attains for the first t ime the value  of ~ ,  
the in termedia te  ion concentrat ion attains the [M+]~ 
value too, so that  the steady state is established. In 
this case the peak disappears and the overvol tage  at 
the plateau corresponds to n~. For  modera te  values of 

ZOO 

180 

f60 

~z7 

fee 

/00 

/ ~a 

"1 ~[~-~v)~, 

8 c 2001 

;!if 

2 L~ G S IOI2141618202226Z62830323zJ6 0 2 ~ B SfOI21Z~IG/820Z22~2628303236 3~ 
(fO'~sec) t ( / O - ~ e c )  

Fig. 4A. (left) Overvoltage, 11, as a function of time, t, for the 
current densities corresponding to the same numbers as the curves 
in Fig. 2 and to the following values of initial intermediate ion 
concentration, [M+]o:  curves a, [M+]o  = 5 x 10 -~3 M/ I ;  curves 
b, [ M + ] o  = 5 x 10 - n  M/ I ;  curves c, [ M + ] o  = 5 x 10 -~~ M/I .  

Fig. 4B. (right) Decay curves corresponding to the curves in Fig. 
4A. 
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Fig. 5A. (left) Ratio between the intermediate ion concentration, 
[ M + ] ,  and its value at equilibrium, [M+]o ,  as a function of time, 
t, corresponding to the curves in Fig. 4A. The upper abscissa is 
valid only for curve 8a. 

Fig. 5B. (right) Ratio between the intermediate ion concentration 
and its value at equilibrium, [M+]I[M+]o as a function of time, 
t, corresponding to the curves in Fig. 5A. 

[M+]0 (curves 4b, Fig. 4A) because at the ve ry  mo-  
ment  when ~1 attains the value of n~ first, [M +] is far  
f rom its s teady-s ta te  value, n increases continuously 
and then decreases to ~ .  The peak appears. The dif-  
ference n ~ -  ~peak increases wi th  increasing [M+]0 ap- 
proaching its m a x i m u m  value  given by the  difference 
n~ -- ~1(0+~). For  ve ry  high values of [M+]o (curve 4c, 
Fig. 4A), we have an apparent  disappearance of the 
peak. The slope of the decrease of  ~ f rom ~peak to ~ 
being very  little, a pseudoplateau is established so that  
1]pea k and ~1~ cannot be distinguished exper imental ly .  

The effect of [M+]0 on the shape of n -  t curves 
will  be explained clear ly  by means of an equivalent  
scheme which will  be given elsewhere.  

In addition to this, the  fol lowing observat ions are 
made from Fig. 5A: 

1. The [M +] -- t curves have  shapes depending on 
the value of [M+]~ besides the value of i. 

2. For  large values of [M+]0, the [M +] - - t  curves 
are only S-shaped (curves c). 

3. For  an in termedia te  value  of [M+]0 (curves b) 
and i > i[M§ the [M +] - - t  curves may  be S- 
shaped for lower  values of i and may display maxima 
for larger  currents.  

4. For  low values of [M+]0 and i > i[M+]~max all 
[M +] -- t curves display maxima even for the case of 
[M+]~ : [M+]0 (not given on the figure) or of [M+]~ 
< [M+]0 (curve 8a). The m a x i m u m  transi t ion value 
of [M+], at tainable in this case, is the greater  the 
lower is the value  of i, but  can never  surpass the 
max imal  value of [M + ] given by Eq. [4] in conjunction 
with  Eq. [6]. 

Decay Curves 
The decay curves were  computed  on the basis of 

Eq. [1] and [2] wi th  ~1~ and [M+]~ as init ial  values of 
~, [M+], and i = 0, in other  words we consider that  
the current  is switched off af ter  the reaching of the 
steady state. Some specific curves corresponding to 
the curves of Fig. 4A and 5A are given in Fig. 4B and 
5B. 

From Fig. 4B two observat ions are made: 
1. The decay curves are monotone, ~1 decreasing to- 

ward  zero. No peak, which would  imply t ransi tory  
negat ive  values of n, is noticed. 

2. F rom a cer ta in  time, the decrease toward the 
steady state is slow so that  an apparent  remanent  
overvol tage  may be noticed exper imenta l ly  (curves 
lc  and 4b). 

F r o m  Fig. 5B characterist ic shapes of [M +] - - t  
curves as functions of i and [M + ]0 values result. 

1. For  i < icrl, curves 1, [M +] is monotonously  de- 
creasing. For  high values of [M+]o, curve  lc, the de-  
crease of the in termedia te  ion concentrat ion is ve ry  
slow, so that  when the electrode potent ial  approaches 
a pseudoplateau of n, [M + ] is diminished ve ry  little. 

2. For  icrl ~ i < icr2, curve  4b, [M +] decreases fol-  
lowing an S-shaped [M +] - - t  curve. 

3. For  i > i~2, [M + ] increases to the equi l ibr ium 
value fol lowing a simple monotonously increasing 
curve  for high values of [M+]0, curve  8c, or fol lowing 
a peak-shaped curve  for ve ry  low values of [M+]0. 

Conclusions 
1. The appearance of ~ -  t curves wi th  peaks in a 

certain domain of i in the anodic dissolution of a th ree -  
valent  metal  may  prove a stepwise mechanism in 
which z = 1, z = 2, and i0z > i02. 

2. The absence of ~ -- t curves  wi th  peaks does not 
prove that  the dissolution is not proceeding stepwise. 
In this case at tent ion must be given not to confuse ~1~ 
with  TIpeak. 

3. The decay curves do not have peaks. Due to an 
apparent  remanent  overvol tage  and [M+], at tent ion 
must  be paid not to apply a second current  pulse too 
soon, because this .second pulse would start  wi th  com- 
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pletely different ini t ial  values than the equi l ibr ium 
values corresponding to the former pulse. 

4. By anodic dissolution of a th ree-va len t  metal, 
proceeding in two steps which were dealt with above, 
in termediate  ion concentrat ions higher than  a critical 
value cannot be obtained. 

Manuscript  received Feb. 17, 1970. 
Any  discussion of this paper wil l  appear in a Dis- 

cussion Section to be published in the June  1971 
JOURNAL. 
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Diffusion Impedance and Reaction Impedance 

Israel Epelboin* and Michel Keddam 
Groupe de Recherche du C.N.R.S., "Physique des Liquides et Electrochimie," 

associd ~ la Facultd des Sciences, 9, quai Saint-Bernard, Pari~ 5 ~ France 

ABSTRACT 

Relative contr ibut ions of double- layer  and faradaic impedances have been 
studied for two typical  cases involving impor tant  electrochemical processes. 
The faradaic impedance has been interpreted quant i ta t ive ly  in terms of models 
which describe either the mass t ransport  or the reaction mechanism at the 
electrode. The first case is the electrochemical reduction of the I3- ion at a 
rotat ing p la t inum disk in the presence of a support ing electrolyte (KI 0.1N). 
The mass t ransport  impedance has been computed by means of a Laplacian 
t ransformat ion of the impulsional  response of the system. It is shown that 
this impedance accurately follows an expression based on Nernst 's  hypothesis. 
The diffusion layer thickness, determined by means of impedance measure-  
ments, is in agreement  with that  deduced from hydrodynamic data. The 
second case is the anodic dissolution of iron in aqueous sulfuric acid at differ- 
ent pH's. The steady-state cur ren t -po ten t ia l  curves and the complex im-  
pedance in the whole frequency range, between 30 kHz and 10 -5 kHz, have 
been interpreted in terms of a dissolution mechanism in two steps involving 
an adsorbed FeOH intermediate.  

Despite the capacitive behavior of the over-al l  im-  
pedance of an electrode in the h igh-f requency range, 
separat ing the double- layer  impedance from the far-  
adaic impedance is very difficult, and often impossible, 
when rapid electrode reactions occur. For slow elec- 
trochemical processes, the theoretical justification of 
an a priori distinction between double- layer  charging 
and charge transfer  is still controversial  (1), even in 
the presence of a support ing electrolyte (2) and in the 
absence of specific adsorption. 

In this article, the problem has been approached 
from an exper imental  point of view, tu rn ing  to account 
the complete analysis of variat ions of the impedance of 
the electrode up to its l imit  at zero frequency. For this 
purpose, we chose two markedly  different electrochem- 
ical systems, the first having a diffusion impedance, the 
second a reaction impedance. The two examples are 
the polarographic discharge of the I3-  ion at a p la t inum 
electrode, and the anodic dissolution of iron in an 
acidic medium, respectively. In  both cases, exact de- 
te rminat ion  of faradaic impedance is an effective 
method for testing the val idi ty  of models that  describe 
mass t ransport  or the succession of heterogeneous 
reaction steps at an electrode surface. In  the first sys- 
tem, the presence of a support ing electrolyte and the 
l imit ing of the reaction rate by a slow process, i.e., 
convective diffusion, are favorable conditions for dis- 
t inguishing between double- layer  capacity and faradaic 
impedance. On the other hand, nei ther  of these condi-  
tions is satisfied in the second example, and separa-  
t ion seems more delicate. 

Experimental 
Compounds.--Water for electrolyte solutions was 

distilled and then treated on an ion exchange resin. 

Electrochemical Society Active  Member.  

Reagents such as I, KI,  H2SO~, and Na2SO4 were 
analyt ical ly  pure (Merck).  

Electrodes and cell.--Platinum was provided by the 
Lyon-A]lemand Laboratories (Paris) and iron, spec- 
troscopically pure, by Johnson-Matthey Chemicals 
Ltd. (London).  The disk electrode is made up of a 
cylindrical  cross section whose surface is isolated by 
a polyolefinic thermoretractable  sheath. The surface in 
contact with the electrolyte is t reated with emery 
paper (600 grade),  then polished with a lumina  or 
diamond paste (7 ~m). 

The rotat ion speed of the disk, dr iven by an asyn- 
chronous motor, is checked by a stroboscope and is 
stable to better  than 1%. A double compar tment  satu- 
rated calomel reference electrode (SCE) is directly 
immersed in the cylindrical glass cell, main ta ined  at 
25 ~ _ 0.1~ by water  circulation, The counterelectrode 
is a coaxial p la t inum mesh having a large surface area. 

Electronic set-up.--A detailed description of the po- 
tentiostatic apparatus, essentially a wide-band  potenti-  
ostat (PZ1 Electronique Appliqu~e, Paris) ,  has been 
given elsewhere (3, 4). Impedances have been deter-  
mined by two methods: the one using a sinusoidal 
potential, the other an impulsion technique. For fre- 
quencies f greater than  0.01 kHz, measurements  have 
always been carried out under  sinusoidal conditions 
with an impedance meter  giving the phase and modu-  
lus of the impedance (3). For  frequencies below 0.01 
kHz, different methods have been used in the two cases 
considered: (i) for I3- discharge, impedance is de- 
duced from the response of the system to a small  
ampli tude step by  means of a Laplacian t ransformat ion 
in real terms. Impedances were electronically com- 
puted; (ii) for iron dissolution, impedance is deter-  
mined by means of Lissajous' oscillographic method 
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(Tektronix oscilloscope, Type 536, two W plug- in  
uni ts) .  

Results and Discussion 
Diffusion impedance: polarographic discharge .of an 

i o n . ~ T h e  over-a l l  electrochemical reaction in aqueous 
solutions is 

I3-  + 2e-  "-> 3 I -  

The presence of the support ing electrolyte KI  (0.1N) 
allows us to neglect all  coupling between layer  charg- 
ing and charge transfer.  For the same reason, electri-  
cal migrat ion does not contr ibute  to t ranspor t  of the 
I3- ion, which is solely due to convective diffusion. 
Use of a rotat ing disk electrode ensures that the diffu- 
sion layer  is of uni form thickness at the electrode 
surface (uni formly accessible surface).  Figure 1 shows 
a group of cur ren t -po ten t ia l  curves I = f ( V )  obtained, 
for solutions 2.44 x 10-~ M in I3-,  at different rotat ion 
speeds ~t ( in rpm) .  We have checked that  the l imit 
currents  are proport ional  to ~t'/~ under  conditions of 
l aminar  flow, in conformity with hydrodynamic  theory. 
Impedance diagrams in the complex plane Z = R - - jG  
have been recorded under  the same conditions as for 
Fig. 1. An example is given in Fig. 2 for a potent ial  of 
0.25 V/SCE and a rotation speed f~ = 900 rpm. Diffu- 
sion impedance Zd and t ransfer  resistance Rt then have 
comparable values. The double- layer  capacity Cd, in 
parallel  with Rt, gives rise to the circular part  of the 
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Fig 1. Current-potential curves for the cathodic reduction of 13- 
at a rotating platinum disk 0.4 cm in diameter. Rotation speeds 
D, in rpm; [13 - ]  = 2.44 x 10 -3M;  [KI ]  ~ 0.1M; temperature, 
25 ~ • 0.1~ 

diagram between 40 and 0.2 kHz (line I, in Fig. 2). For 
this f requency range, Cd can be calculated as 8 ~ F .  
cm-~. As well  as the resistance of the electrolyte Re, 
the capacity Cd is independent  of the rotat ion speed of 
the disk, and hence of the concentrat ion of I3- in the 
interface. After  correcting the total impedance for the 
effect of Cd by assuming it to be of constant  value 
(8 ~F �9 cm -2) in parallel  with the faradaic impedance, 
we verify that  this result  is in agreement  with the role 
of KI  as support ing electrolyte. It is to be noted that  
the pre t rea tment  of the electrode surface is of great 
importance: a diamond-polished disk gives a double-  
layer capacity almost three times as large as that  for 
an a lumina-pol ished disk. 

After  e l iminat ing Cd, presumed to be in paral lel  
with the faradaic impedance Zf ---- Rt -[- Zd, we verify 
that, for frequencies greater than about 10 Hz, the fre- 
quency dependence of the diffusion impedance can be 
expressed by Warburg 's  formula 

A 
Zd = ~ [I] 

where A = constant and w = 2 :ft. A straight line of 
slope unity (line II, in Fig. 2) corresponds to this 
equation. 

Analysis of the variation of the diffusion impedancc 
for frequencies below 0.01 kHz, measured by the 
method given in the experimental section, shows that 
Zd no longer obeys Eq. [1], but can be accounted for 
satisfactorily by the analytical expression [2] 

Rd th X/j~ 821D 
Zd = [2] 

x/J~ 82/D 

based on the assumption (4, 5, 6) that  t ransport  is due 
exclusively to diffusion through an electrolyte layer  of 
thickness 5 and with a diffusion coefficient D (Nernst 's  
hypothesis) .  It can be easily ascertained that  for suf- 
ficiently high frequencies (th A/j~ 52/D ~ 1), Eq. [2] 
becomes Eq. [I] .  

To i l lustrate  the good agreement  between theory 
and experiment,  we list in Table I the values of ~1 and 
52 calculated from Eq. [2] at different rotat ion speeds, 
for two different f requency ranges; Table I also gives 
the thickness of the Nernst  layer calculated from the 
hydrodynamic equation for a rotat ing disk, Eq. [3] 
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Fig. 2. Complex impedance Z = R - - j G  of the disk electrode 
measured under the same conditions as for Fig. I (1~ = 900 rpm; 
V = 0.25 V/SCE). Experimenta! points correspond to frequencies 
in kHx. Dotted lines: I ----- Cd shunted by Zf; II = Warburg's im- 
pedance (see Eq. [ I ] ) .  

where v denotes the kinemat ic  viscosity of the solution. 
Table I shows that  81 and 52 values, obtained from 
diffusion impedance measurements ,  are indeed inde-  
pendent  of frequency, which is in agreement  with Eq. 
[2]. Fur thermore ,  it can be seen from the last column 
of Table I tha t  the thickness thus de termined is accu- 
rately proport ional  to ~-'/~. 

Table I. Determination of the Nernst layer thickness, 8, by 
diffusian impedance measurements (diffusion coefficient 

D = 1.13 x 10 - 5  cm ~ sec-Z; kinematic viscosity 
~, = 0.00874 cm 2 sec -1 )  

R o t a t i o n  speed  [ 51 + ~ "1 
of  t h e  d i s k  N e r n s t  l aye r  t h i c k n e s s  (10-8 cm) / - - J  

1600 1.7 1.7 1.32 68 
900 2.3 2.3 1,75 69 
625 3.1 3.0 2.20 78 
400 3.6 3.6 2.64 '/2 
225 4.3 4.4 3.62 65 

* CaIcu la t ed  f r o m  Eq. [2] fo r  10 -4 kHz  ---~ 2' ~ 10-~ kHz. 
** C a l c u l a t e d  f r o m  Eq. [2] fo r  10-~ kHz  ~ f ---~ 10-i kI-Lz. 

*** C a l c u l a t e d  f r o m  Eq,  [3]. 
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Reaction impedance: anodic dissolution o] iron.--The 
over-al l  anodic reaction in aqueous sulfuric acid is 

Fe--> Fe 2 + 4- 2e -  

The rate of this reaction increases with increasing 
electrolyte pH, as shown by the cur ren t -po ten t ia l  
curves (Fig. 3). Curves 1 to 4 correspond to pH values 
of 0.03, 1.61, 2.68, and 3.50, respectively. The electrode 
rotat ion speed (2000 rpm) is sufficiently high to make 
all effects of mass t ransport  on dissolution rate negli-  
gible, even for the  highest anodic currents  reached here. 
These curves have been corrected for ohmic drop, pre-  
viously determined either by an in te r rup te r  method 
(7) or from the high frequency limit of the impedance. 
The cur ren t -poten t ia l  curves tend, for high anodic 
potentials,  to a common line, independent  of pH. For 
lower anodic .potent ia ls ,  these curves become almost 
parallel;  the reaction is then near ly  first order in OH- ,  
as can be calculated from the following equation 

( 01ogI ~ 01ogI 5), 
This result  s trongly supports one of the mechanisms 
proposed by Bockris, Drazi~, and Despi~ (6) which 
implies the formation of an adsorbed FeOH in ter -  
mediate. On the other hand, the hypothesis tha t  FeOH 
acts as a catalyst, suggested by Heuster (9), which pre-  
dicts a reaction order of 2 tending to i for high anodic 
polarizations (7), must  be rejected. The mechanism 
proposed in ref. (8) involves the following steps 

Ks 
Fe 4- ( O H - ) a d s ~  (FeOH)ads 4- e -  [I] 

Ks' 

K2 
(FeOH)adsO (FeOH) + 4- e -  [II] 

(FeOH) + 4- H + ~ Fe 2+ 4- H.,O [III] 

In  step [I], the adsorbed hydroxyl  gives an adsorbed 
(FeOH) ads intermediate.  In  step [II], iron would leave 
the lattice as a cation (FeOH)+;  then, in step [III],  
would pass into the solution as a Fe 2+ ion. This reac- 
tion mechanism can be accounted for, if step [III] is 
neglected, by calculations similar  to those a l ready used 
in the case of hydrogen evolution (10) and iron dis- 
solution (11). Steps [I] and [II] being simultaneous, 
we shall consider they occur on fractional electrode 
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Fig. 3. Steady-state current-potential curves for the anodic dis- 
solution of a rotating disk of Johnson-Matthey iron 0.5 cm in di- 
ameter. (D = 2000 rpm; temperature, 25 ~ ~ 0.1~ 4- Curve 1: 
H2SO4 1M, pH = 0.03; • curve 2:H2SO4 0.1M, Na2SO4 0.9M, 
pH = 1.61; �9 curve 3:H2SO4 0.01M, Na2SO4 0.99M, pH = 2.68; 
/X curve 4:H2SO4 0.0012M, Na2SO4 IM, pH = 3.50. Continuous 
line = experimental curves; dotted line = partial currents deduced 
from Eq. [15] and [6]. 

areas of (1 -- e) and o, respectively; according to the 
Langmui r  isotherm, the fraction 0 is covered by a 
monolayer  of FeOH. The relationship between current  
and potential  can then be expressed (7) as 

2FK1K2r [ O H - ]  
I = [ 4 ]  

K I [ O H - ]  4- (KI' 4- K2) r 

where r denotes the ma x i mum superficial densi ty of 
(FeOH)ads. The electrochemical rate constants K1, KI', 
and K2 of steps [I] and [II] are supposed to follow 
Tafel 's law 

Ki = ki exp biV 

where ki is the pre-exponent ia l  rate constant  and bi 
the Tafel exponent.  

If the anodic potential  is sufficiently high, the rate 
constant KI'  of the reverse reaction in step [I] can be 
neglected in the denominator  of Eq. [4]. If we define 
the part ial  currents  I1 and /2, determined by the rates 
of reactions [I] and [II], as 

I1= 2F K I [ O H - ]  [5] 
and 

12 = 2F K2 r [6] 

expression [4] then simplifies to 

I2 I2 
I = ~ ET] 

II + I2 

and the coverage coefficient can be expressed as 

It  
0 = ~ [ 8 ]  

I1+ I~ 

According to Eq. [7], when  the potential  increases 
steps [I] and [II] become successively rate de te rmin-  
ing, in an order which depends on the relat ive values 
of bl and b2. These two coefficients can be determined 
by means of the curves in Fig. 3. 

1. In a range from 4 to 100 mA, the form of the I = 
](V) characteristics is in agreement  with Eq. [7] (4, 7). 

2. When the anodic polarization is low, the curves 
tend toward the straight l ines I1A, I1B, I1C, and I1D 
(Fig. 3, in dotted lines) which represent  the variat ions 
of the current  I~, following Eq. [5], their common slope 
being bl = 36V - i .  

3. When the anodic polarization is very high, the 
curves approach a common asymptote I2 (dotted l ine) ,  
which is in agreement  with Eq. [6], its slope being 
b2 = 1O.5V-L 

4. Below 4 mA, the exper imental  plot deviates from 
the Is lines, because of the influence of cathodic reac- 
tions (reverse react ion in step [I], reduction of dis- 
solved oxygen, discharge of the solvated proton) .  More- 
over, part ial  coverage by  adsorbed hydrogen diminishes 
the effective area of the electrode (7). 

Taking into account the sign of (bs -- b2), it is found, 
from Eq. [8], that  the degree of coverage by  (FeOH)ads 
increases with increasing anodic potential, reaches 0.5 
for Is = I~ (points N~, N~, N3, or N4, in Fig. 3), then 
tends toward 1. 

By studying the re laxat ion of e, by analysis of the 
faradaic impedance Z~, we should be able to confirm 
these first results. In  fact, by assuming that  the poten- 
t ial  V undergoes sinusoidal  oscillations of very  small  
ampli tude and of f requency f, we have deduced from 
Eq. [4] an expression for Zf; this expression, already 
proposed elsewhere (4), can be simplified under  condi- 
tions where Ks' is negligible (this is the case for I > 
4 mA) ,  and becomes 

1 FK1 [OH-]  K2fl r 
bl [ + b2 

Zf Ks [OH-]  4- K2r 

(Karl -- K1 [ O H - ] )  (hi -- b2) ] 
4- : J [9] ~ r  + K1 [ O H - ]  + K2~ 
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In terms of Eq. [5], [6], and [7], Eq. [9] becomes 

1 I [ b ~ + b 2 +  ( b , - - b 2 ) ( [ ~ - - I ~ )  ] 

This expression, a ra t ional  fraction in j~, corresponds 
to an equivalent  scheme whose elements are indepen-  
dent  of f requency and depend on potential  only through 
currents  I, I~, and I2 defined above. Since b~ > bf, the 
reactive e lement  of the scheme will be a capacity for 
Iz > I~ (i.e., for potentials more anodic than those cor- 
responding to points N~, N2, N~, or N4, in Fig. 3) and 
a self- inductance in the contrary case. 

The four diagrams of Fig. 4, 5, 6, and 7 which cor- 
respond to this last case, have been recorded under  
the same conditions (of pH and polarization) as points 
A, B, C, and D in Fig. 3. We verified in all  cases that  
the extrapolated impedance at zero frequency is equal  
to dV/dI.  
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Fig. 4. Complex impedance Z ~ R - -  jG for an iron anode under 
the same conditions as for Fig. 3. (A) represents the polarization 
point. 
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Fig. 5. Complex impedance Z ~ R - -  iG  for an iron anode under 
the same conditions as for Fig. 3. (B) represents the polarization 
point. 
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Fig. 6. Complex impedance Z = R - -  jG for an iron anode under 
the same conditions as for Fig. 3. (C) represents the polarization 
point. 
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Fig. 7. Complex impedance Z ~ R - -  jG for an iron anode under 
the same conditions as for Fig. 3. (D) represents the polarization 
point. 

The variat ions of the exper imental  impedance with 
frequency are in agreement  with the theoretical ex- 
pression of Zr (Eq. [10]), if the electrochemical double 
layer is taken into account. This layer introduces a 
capacitive contr ibut ion on the over-al l  impedance Z in 
the h igh-f requency range. 

The induct ive behavior  of Zf is shown in the Z = R  
-- jG diagrams by (a) a max imum of the real com- 
ponent  R, and (b) a negative value of the imaginary  
component  G. 

Using these results, we tried to determine the equiv-  
alent circuit elements in order to compare them with 
values calculated by means of Eq. [10] which can also 
be expressed as 

1 1 1 1 1 
- ~ - - - - - -  + 

Zf Rt jL~, -]- p Rt p(1 ~- 3~T) 
where 

the t ransfer  resistance 

Rt ~ [11] 
I (bl -~ b2) 

2 (11 -~ 12) 
[12] 

the faradaic resistance 

p 
I (bl  -- b2) (/~2 -- I1) 

the faradaic t ime-constant  

L 2F~ 
= - -  = [13] 

p I1 +12 

A numerical analysis (carried out in collaboration 
with J. C. Lestrade) of the diagrams in Fig. 4 to 7 re- 
veals that it is impossible to describe adequately the 
experimental results by assuming that the equivalent 
scheme of Eq. [I0] is shunted by a constant capacity. 
We have therefore represented the observed systematic 
deviation by a distribution of the capacitive time- 
constant in the high frequency range, about a charac- 
teristic value THF. For this purpose, two empirical 
relations, frequently adopted in dielectric relaxation 
studies, have been used. The first one, of a symmetrical 
type (12), leads to an expression of the over-all im- 
pedance of the electrolyte, including the resistance of 
the electrolyte 

Z = Re + - ~ t  [1 + (j~o ~HF)~] + p(1 + j~oT) 

[14] 
The second one is of an asymmetrical type (13) 

Z ---- Re -~ (I -~ jw THF )T -~- p(l -{- j ~ )  

[15] 

where 7 is a nondimensional  number  between 0 and 1. 
Parameters  Re, Rt, TI-IF, % p, and T have been deter-  

mined by  means of the least-squares method applied 
to nonl inear  complex functions, in the same manne r  as 
for certain relaxat ion problems already studied in our 
laboratory (14). The calculations have been carried 
out on a IBM 360/75 computer. These results are pre-  
sented in Table II, with their confidence in terval  cal- 
culated on the 10% level of significance (15). They 
indicate that  the two resistances Re and Rt are scarcely 
affected by the adopted dis tr ibut ion law, whereas the 
characteristic elements of low frequency behavior  of 
the system, i.e., p and ~, depend marked ly  on this law. 
The data in the third column are deduced from steady- 
state measurements ,  corresponding to Fig. 3, by means  
of Eq. [11], [12], and [13]. The value of ~ adopted in 
Eq. [13], i.e., 3 x 10 -9 cm -2, corresponds to a FeOH 
layer on the plane (110) of the a-Fe crystal lattice. 
Agreement  between measured (columns 1 and 2) and 
calculated (column 3) values is quite good except for 
x. The differences observed in the case of the t ime- 
constant  might be explained by the fact that the theory 
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Table II. Comparison between measured (columns I and 2) and 
calculated (column 3) parameters for the electrode impedance 

C a l c u l a t e d  
f r o m  

I = I (V) 
P o l a r -  D e d u c e d  D e d u c e d  a n d  Eq.  
i z a t i o n  f r o m  Z f r o m  Z f l l ] ,  f 1 2 | ,  
points* Parameters  and Eq.  [14] a n d  Eq.  [151 a n d  [13] 

A R .  (ohm} 2.23 -4- 0.09 1.99 -r 0.13 ** 
R t  (ohm)  10.75 -4- 0.33 10.40 -4- 0.25 10.5 
7rlr" (mi l l i s ec )  0.153 -4- 0.096 0.23 -4- 0.02 ** 
"7 0.831 • 0 .024 0.679 ~ 0.039 ** 
p (ohm)  19.7 • 1.3 2 2 . 7 ~  1.7 25.5 
r ( m i l l i s e c )  10.4 • 1.6 12.2 • 2 0.96 

B R ,  (ohm)  7.50 • 0.11 7.03 -4- 0.20 ** 
Rt  (ohm} I I  -4- 0.28 10.74 ~ 0.23 10.5 
rH~" (mi l l i s ec )  0 ,173 -4- 0.009 0.324 ~ 0.031 ** 
7 0.775 • 0.023 0.559 ~ 0.038 ** 
p (ohm)  29.35 ~ 1.55 38.60 ~ 3.10 31.4 
v (mi l l i s ee )  11.5 ___ 1.5 14.3 • 2.5 1.75 

C R,, (ohm)  8.55 -4- 0.10 8.06 ~ 0.25 ** 
R t  (ohm)  11.28 -4- 0.5 11.25 ~ 0.25 10.5 
~'r[F (mi l l i s ec )  0.266 -4- 0.018 0.48 ~ 0.06 ** 
"y 0.802 • 0.030 0.584 __+ 0.047 ** 
p (ohm)  49 ~ 6.2 62.5 • 10 40 
v (mi l l i s ec )  23 • 7 87.4 • 14 3 

D R,~ (ohm)  8.21 _ 0 .1I  7.72 ~_ 0.26 ** 
Rt  (ohm)  11.15 "4" 0.25 10.95 ~_ 0.30 10.5 
"r~r,, (m i l l i s ec )  0 .183 ___ 0.007 0.308 ~ 0.035 ** 
~, 0.781 "4- 0.021 0.561 "4- 0.046 ** 
p (ohm} 74 ~-- 8 125 • 27 78.5 
T (mi l l i s ec )  12.2 • 3.3 25 • 15 3.5 

* C o r r e s p o n d i n g  to points A, B,  C, a n d  D in  F ig .  3 to 7. 
** N o t  c a l c u l a t e d .  

based on the Langmui r  isotherm assumes that  all sites 
on the electrode surface are equivalent,  a si tuation that  
cannot be realized because, among other reasons, of the 
polycrystal l ine s tructure of the electrode used. 

Conclusions 
Separation of the double- layer  capacity and faradaic 

impedance, for the polarographic discharge of I3- ,  
leads to the conclusion that  the diffusion impedance at 
the surface of a rotat ing disk can be satisfactorily cal-  
culated in terms of the model of the Nernst  layer and 
shows that the Warburg  impedance is a l imit ing case. 

The analysis of an iron anode impedance, in H2SO4 
aqueous solutions, reveals that  the double- layer  im-  
pedance cannot  be described as a constant  capacity 
in parallel  with the faradaic impedance. However, a 
part ial  separation of respective contr ibut ions of these 
two impedances, by means of empirical relationships, 

made it possible to compare the exper imental  data 
with a mechanism implying that  dissolution occurs in 
two steps (8). Induct ive impedances, quite comparable 
to that  of an iron anode, are we l l -known in the case of 
certain biological systems involving membranes  (16). 
As for the metal-electrolyte  interface, evidence for 
such an impedance was obtained in our laboratory in 
1952 (17). However, in the present  article, an in terpre-  
tat ion of inductance in terms of a faradaic process is 
given for the first time. 

Manuscript  submit ted Ju ly  28, 1969; revised m a n u -  
script received May 7, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
J O U R N A L .  

REFERENCES 
1. P: Delahay and G. Susbielles, J. Phys. Chem., 70, 

3150 (1966). 
2. K. Holub, G. Tessari, and P. Delahay, ibid., 71, 2612 

(1967). 
3. M. L. Boyer, I. Epelboin, and M. Keddam, Electro- 

chim. Acta., 11, 667 (1966). 
4. M. Keddam, Th6se de Doctorat d'Etat, Paris  (1968), 

No. d 'enregis t rement  C.N.R.S.: AO 2192; idem., 
Traitements de Surface, No. 95, 39 and No. 96, 3 
(1970). 

5. D. Schuhmann,  C. R. Acad. Sci., Paris, 262, 1125 
(1966). 

6. I. Epelboin, M. Keddam, and J. C. Lestrade, ibid., 
263, 1110 (1966). 

7. Ph. Morel, Th~se de Doctorat d'Etat, Paris (1968), 
No. d 'enregis t rement  C.N.R.S.: AO 2346; idem., 
Traitements de Surface, No. 89, 9 (1969) and No. 
91, 37 (1970). .V 

8. J. O'M. Bockris, D. Drazlc, and A. R. Despi~, Elec- 
trochim. Acta, 4.315 (1961). 

9. K. E. Heusler, Z. Elektrochem., 62, 582 (1958). 
10. H. Gerischer ~nd W. Mehl. ibid., 59, ln49 (1955). 
11. E. J. Kelly, This Journal, 112, 124 (1965). 
12. R. H. Cole and K. S. Cole, J. Chem. Phys., 9, 341 

(1941). 
13. D. W. Davidson and R. H. Cole, ibid., 19, 1484 

(1951). 
14. J. P. Badiali, H. Cachet, and J. C. Lestrade, To be 

published. 
15. J. Mandel. "The Statistical Analysis of Experi-  

menta l  Data," Interscience Publishers,  N e w  York 
(1964). 

16. K. S. Cole and R. E. Baker, J. Gen. Physiol., 24, 
771 (1941). 

17. I. Epelboin, C. R. Acad. Sci., 234, 950 (1952). 

Technicall Notes @ 
Potential Oscillations of the H2-CO System 

at Low CO Content 
S. Szpak 

Naval Weapons Center, Corona Annex,  Corona, California 

This communicat ion considers the development  of 
potential  oscillations in a gas-diffusion electrode 
operating under  galvanostatic conditions. Qualitatively,  
results seem to agree with those reported recent ly  by 
Deibert and Williams (1). The essential difference 
appears in the f requency and the potent ial  range in 
which they occur. 

P r e s e n t  a d d r e s s :  C h e m i c a l  L a b o r a t o r y ,  M a r e  I s l a n d  N a v a l  S h i p -  
y a r d ,  Va l l e j o ,  C a l i f o r n i a  94542. 

Experimental 
The exper imental  a r rangement  was pat terned after 

Will (2), except for details in the construction of the 
working electrode. Will 's " inverted pore" was replaced 
by a "silt-electrode," assembled as follows: two 
platinized p la t inum foils, of equal  areas by charging 
curve measurements,  mounted  in plastic f rame were 
assembled to form a nar row slit (0.236 cm) configura- 
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tion. The extent  of immersion of the electrode as- 
sembly, i.e., the film length h, was de termined by the 
use of a cathetometer.  The electrode was operated at 
constant gas composition (99.7% H2 -t- 0.3% CO) and 
pressure slightly higher than  atmospheric and con- 
trolled by a needle valve in the exit stream. 

To assure the reproducibi l i ty  of results, the follow- 
ing procedure was adapted: totally immersed electrode 
was subjected to an anodic potential  of + l . 8 V  (vs. H2 
electrode in the same solution) followed by cathodic 
potential  of --0.5V for 30 sec, each. Entrapped gaseous 
reaction products (Oe, He respectively) were removed 
from the space between p la t inum foils by wi thdrawal  
of the electrode assembly from the solution. After  
exposure to the reactant  for 10 rain, the working 
electrode was immersed again, adjusted to the desired 
depth and equil ibrated for at least 20 rain. It is note-  
worthy that for pure hydrogen this procedure yielded 
results identical to those of an inver ted  pore. 

D e v e l o p m e n t  of  Po ten t ia l  Osc i l la t ions  
The necessary condit ion for the development  of 

potential  oscillations are the existence of film of 
critical length, the presence of two component  reactive 
gas mixture,  and constant  current  from an external  
source wi th in  a ra ther  na r row range of current .  No 
potential  oscillations were observed when the film 
length exceeded 0.3 cm, or when pure hydrogen, or 
hydrogen diluted with an inert  gas, was used. The 
range of current  necessary to ini t iate  and sustain 
periodic behavior is proport ional  to the film length. 
For example, for h : 0.07 cm, 1.0 < icr < 2.0 mA, 
while for h = 0.113 cm, 1.0 < icr < 3.0 mA. 

The V/ t  curves, shown in Fig. 1, exhibit  two distinct 
branches prior to the ini t ia t ion of periodic behavior. 
The ini t ial  portion, AB, is characterized by  rapid 
growth in potential  with time, and it is usual ly  com- 
pleted wi thin  seconds after closure of the switch. The 
second branch, t e rmina t ing  at C, requires substant ia l ly  
longer times; in some cases, more than 20 rain. This 
induct ion t ime for the development  of periodic be- 
havior appears to be a complex funct ion of impressed 
current  and depth of immersion. 

Discussion 
Equivalent circuit .--The stabili ty conditions for the 

electrode processes can be investigated, using the con- 
cept of an equivalent  circuit  (3). Such a circuit, shown 
in Fig. 2, consists of a combinat ion of resistance R1 
and capacitance C in series, short-circuited by resis- 
tances Rej,R2,2 . . . .  Resistances R1, R.~,I,R2~ are the 
faradaic discharge resistances, i.e., essentially non-  
ohmic in character, and C is the adsorption pseudo- 
capacitance arising from the potential  dependent  sur-  
face coverages (4). The film resistance, Rf, is assumed 
to operate in series with Rz. TakingRe > >  Rz, R2,n, and 
Cd~ < <  C, we have (by Kirchhoff's law) 

Fig. 1. Potential oscillations in gas-diffuslon electrode. Electro- 
lyte: 6 NH2SO4; gas composition: 99.7% H2, 0.3% CO; pressure: 
1 atm; temperature: room. Curve a: ip = 2.0 mA, h ~ 0.113 cm; 
curve b: ip  = 1.5 mA, h = 0.113; curve c: ip = 1.5 mA, h = 
0.07 cm. 
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A S 
Rf " V --  " 

Fig. 2. Equivalent electric circuit. Rf = film resistance (ohmic); 
C ~ pseudocapacitance; Cd! ~ double layer capacitance. 

E - -  Rf (ic + it) -I- V [1] 

where E is the t ime- independen t  potential  operat ing 
across the cell and V is the exper imenta l ly  measured 
potential. Replacing ic and ir by appropriate ex- 
pressions containing V (i.e., ic = C dV/dt ,  ir = ] (V)  ) 
and solving for dV/dt ,  we get 

dV 1 
[E -- V -- Rr f (V)  ] [2] 

dt = RfC 

The conditions for potential  oscillations are deter-  
mined by the na ture  of f (V)  (5); this funct ion must  
not be single-valued, and its derivatives at the points 
of s tat ionary states (equi l ibr ium) (6) must  be positive. 

Nature of f(V) for H2 + CO sys tem.- -The  ir = / ( V )  
curve is the usual  s teady-state  po ten t ia l / cur ren t  re -  
lationship. For  the gas-diffusion electrode, the steady- 
state f (V) is identical with the potent iodynamic curve 
of dV/d t  < 100 mV/min ,  and V ~ + 800 mV, i rre-  
spective of the direction of potential  sweep, as indi -  
cated by the dashed line in Fig. 3a. Considerably 
different behavior  is observed when small  amounts  of 
CO were introduced into the hydrogen stream. Typical 
behavior for the lat ter  case is shown by the solid line. 

Evidently,  the introduct ion of CO into H2 stream 
resulted in non-s ing le -va lued  ir = f (V)  curve 
(ABCDA-curve in Fig. 3a). The details of this curve, 
for h = 0.113 cm, are shown in Fig. 3b. The character-  
istic points are: (i) if the potential  sweep was re-  
versed at V ~ -t- 700 mV, the forward and reverse 
traces coincided; (ii) if the reversal  of potential  sweep 
was executed at V > + 700 mV, a "hysteresis" was 
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Fig. 3. Potentiodynamic i /V  curves for gas diffusion electrode. 
(a, upper figure): dashed-pure hydrogen; solid-hydrogen contain- 
ing carbon monoxide, with h ~ 0.07 cm, dV/dt  ~ 75 mV/min. 
(b, lower figure): for hydrogen containing carbon monoxide with 
h = 0.113 cm, dV/d t  = 75 mV/min. 
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observed. It is seen that  the extent  of hysteresis 
depends on the potential  at which the reverse sweep 
took place, being essentially unaffected for V ~ ~- 900 
mV (points 3, 4, and 5 in Fig. 3b). 

Assuming that the curve ABCDA (Fig. 3b) rep-  
resents the required function, one seeks points of 
equi l ibr ium; or, what  is equivalent,  the solution of 
[2] for d V / d t  ~ O, and determine the sign of f ' ( V ) ,  at 
V1, Vf, represent ing the roots of 

1 
- -  ( E  - -  V )  = f ( V )  [3] 

Rf 

The simplest procedure is the graphical solution, since 
f ( V )  is obtained in that  form. The roots VA, VB are 
given by the intersection of a straight l ine i -~ 
1/Rr (E -- V)  w i t h i  : f (V) ,  as shown in Fig. 3b. It  
is seen that  f ' ( V )  at V1 and V3 is positive, thus ful-  
filling the condit ion for oscillatory behavior. 

Qualitatively, the above analysis is consistent with 
the observations, par t icular ly  with regard to the 
nar row range of impressed c.d., the effect of film 
length, and the potential  range which is lower than  
reported by Deibert and Williams for higher CO 
content  and different electrode geometry. 

Mechanism of periodic behavior at low CO con- 
centrat ion.--Total  constant current,  ip, can be split 
into the capacitance current  ie and reaction current  ir. 
The presence of two-component  gas mixture  suggests 
that  ir can be fur ther  split to represent  the cont r ibu-  
tion due to oxidation of hydrogen and carbon mon-  
oxide. The contr ibut ion of each reaction is governed 
by the composition of gas mixture,  the applied po- 
tential, the kinetics of individual  reaction, and the 
effect of one reaction on the other. 

The kinetics of hydrogen oxidation in a gas-diffusion 
electrode is l imited by the t ransport  of hydrogen 
across the electrolyte film (2). The kinetics of carbon 
monoxide oxidation is more complex. Its essential 
feature, as far as the development  of potential  
oscillation is concerned, is that  the oxidation rate is 
inversely proportional to the surface coverage, eco, and 
occurs at substant ial  rates at potential  higher than  
+800 mV, but  less than those where the formation of 
surface oxide exerts an inhibi t ive effect (7). 

Assuming, as a first approximation,  that  the oxida- 
tion of hydrogen and carbon monoxide occurs in-  
dependently,  and taking  into account the composition 
of the reacting gas (99.7% H2, 0.3% CO), one can con- 
clude that  the reaction cur ren t  is essentially due to 
hydrogen oxidation. 

Evidently,  two critical potentials exist along the 
ABC-curve,  Fig. 3a. Below the lower critical potential,  
V1, Fig. 3b, f ( V )  is s ingle-valued only if this potential  
is not exceeded on forward potential  sweep. This 
implies that the electrode retains a s teady-state  sur-  
face concentrat ion of CO, which depends on its con- 
centra t ion in the gas phase. As the potential  is in-  
creased, the oxidation of adsorbed CO takes place, 
thus making addit ional electrode surface available for 
hydrogen oxidation. At sufficiently high potentials,  
where the oxidation of CO is controlled by diffusional 
t ransport  (the upper  critical potential  V3, Fig. 3b), 
the electrode operates essentially as a hydrogen elec- 
trode, and free from CO interference. 

At intermediate  points, i.e., points located between 
the critical potentials, where the rate of CO oxidation 
is greater than CO adsorption, that  is, where the n u m -  
ber of "free sites" for hydrogen adsorption increases, 
lower potential  is required to support the impressed 
constant current,  ij,. As the potential  is decreased, how- 
ever, conditions favorable for CO adsorption reappear, 
thereby result ing in increase in potential  to main ta in  
the impressed constant  current,  unt i l  oxidation of CO 
can occur again. Thus, the cyclic process is realized. 

Manuscript  submit ted Feb. 16, 1970; revised m a n u -  
script received ca. April  24, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL.  
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Electrochemistry of Silver in Condensed Phosphoric Acid 
David P. Lake *.1 and John H. Kennedy 

The Univers i ty  of  California, Santa Barbara, California 

Work in this laboratory (1) has demonstrated that  
condensed phosphoric acid [78 w/o (weight per cent) 
P20~] is an excellent solvent for t ransi t ion metal  ions, 
and that solutions of these ions can be analyzed in situ 
by volumetric  t i t rat ions with potentiometric end 
points. Condensed phosphoric acid offers several ad-  
vantages as an electrochemical solvent, especially its 
wide range of operat ing voltage. The only electro- 
chemical reactions taking place in the pure acid are 
the reduction of H + and the oxidation of water. The 
potential  of H + reduction is sl ightly dependent  on 
P205 concentration, but  is at most 0.2V less than  in 
water. However, the oxidation potential  of H20 is very 
dependent  on P205 concentration, and the decomposi- 
tion potential  of 85% P205 is about 5V. 

* Elect rochemical  Society Act ive  Member .  
1 Presen t  address :  Research  Laborator ies ,  Genera l  Motors Corpo- 

rat ion.  Warren ,  Michigan.  
K e y  words :  s i lver  (I), s i lver  (II)~ chronopotent iometry ,  vo l t am-  

me t ry ,  condensed phosphoric acid. 

According to McMillan (2), Ag(I I )  is stable in 
strong acids for a few hours at 0~ Davis and Lingane 
(3) successfully used Ag(I I )  as an electrolytically 
generated coulometric t i t ran t  in 5M HNOs at 0~ but  
they found the other acids less successful. In  light of 
the high stabili ty toward oxidat ion exhibited by con- 
densed phosphoric acid, a s tudy of s i lver(I )  oxidation 
was made in this electrolyte medium. 

Experimental 
The 78 w/o acid was prepared by adding analyt ical  

grade P20~ to 85% H3PO4 (68 w/o  P205) with heat ing 
and stirring. A liter of the acid was treated with a few 
drops of concentrated H202 and then heated to 300~ 
to decompose excess H202. The resul t ing water-c lear  
solution was cooled and analyzed for P205 content.  
This solvent had a viscosity of 5000 centipoises at the 
ambient  tempera ture  of this study. 
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Table I. Transition times for reverse chronopotentiograms. 0.0995M Ag(I) 

~Tr~/2 
i (fl~k) Tforward ( s e c )  Treverse  ( s e c )  Eo.2s~r r ( v o l t )  E.o~rr ( v o l t )  Tf/Tr ( ~ - ~  �9 s e c  1/2) 

35 99.2 31.0 1.43 1.46 3.22 195 
70 24.9 8.0 1.42 1.47 3.11 196 

140 5.94 1.97 1.27 1.49 3.05 197 

A known volume of the solvent was placed in an 
H-cel l  constructed from two 100-ml beakers connected 
with a tube containing a glass frit. Mounted on one 
side were  the reference  electrode, the working elec- 
trode, a si lver sheet for generat ing A g ( I ) ,  and a 
magnet ic  spin bar. A p la t inum auxi l ia ry  electrode was 
in the other  compar tment .  The working  electrode 
consisted of a p la t inum sheet 0.226 cm 2 in area. The 
reference  electrode was contained in an 8-ram 
diameter  x 10 cm long glass tube with  a wire  sealed 
into the bot tom end. Mercury  was placed in the tube 
and condensed phosphoric acid poured over  it. Some 
of the mercu ry  was e lectrochemical ly  oxidized unti l  
the acid became filled wi th  white,  solid mercury  phos- 
phate. One end of a 2 m m  diameter  Teflon tube filled 
with condensed phosphoric acid was placed inside the 
top of the glass tube, with the other  end held wi th  
Teflon cord in the H-ce l l  next  to the working  elec- 
trode. The Teflon tube was plugged wi th  glass wool  at 
both ends to prevent  diffusion of e lectrochemical ly  
active ions into or out of the H-cell .  

Ag( I )  was genera ted  in the st irred solution by elec- 
t rochemical ly  oxidizing the si lver sheet with respect  
to the counterelectrode.  The desired concentrat ion was 
obtained by using a constant current  for a pre-  
de termined  time. The  s i lver  electrode was then dis- 
connected, the p la t inum working  electrode connected 
in its place, and the s t i rrer  turned off. A Beckman 
Electroscan was used for constant current  coulometry,  
chronopbtent iometry  and vol tage sweeps. 

Results and Discussion 
C h r o n o p o t e n t i o m e t r y . - - A  c h r o n o p o t e n t i o m e t r i c  

wave, a t t r ibuted to oxidat ion of A g ( I ) ,  was observed 
in solutions which were  ~ 0.0IM. For  solutions con- 
taining 0.0995M A g ( I ) ,  iT 1/2 was 374 ~A-sec 1/2 wi th  
a s tandard deviat ion of +2 #A-sec 1/2. The product  
iT 1/2 was reasonably constant in spite of the long 
transit ion t ime (385 sec) for the lowest current .  Con- 
densed phosphoric acid is sufficiently viscous that  the 
usual problem of convect ive s t i r r ing was not en- 
countered. ET/4 increased f rom 1.45 to 1.53V with  in-  
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Fig. 1. Chronopotentiogram of 0.174M Ag(l) in condensed phos- 
phoric acid. Current, 500 ~A. 

creasing current  which may have been caused by the 
placement  of the reference electrode probe, ET/4 depen-  
dence on current  for s i lver ( I )  oxidation cannot be 
ruled out. By plott ing Ag( I )  concentrat ion vs. ~1/2, 
the diffusion coefficient was calculated to be 2.7 x 10 -8 
cm2/sec f rom the  slope. 

Reverse  chronopotent iometr ic  curves were  taken, 
and the results are shown in Table I. The ratio ~f/Tr 
was close to three  indicating a soluble product  wi th  a 
diffusion rate  about equal  to the reactant.  The E ~ 
values f rom the forward  and reverse  waves  compare 
very  well, showing the react ion to be v i r tua l ly  revers i -  
ble. 

In solutions of 0.0995M Ag( I )  a second wave  ap- 
peared around 1.8V vs. H g / H g  phosphate reference  
(Fig. 1). Assuming that  the first wave  corresponds to 

A g ( I )  --* A g ( I I ) ,  the second wave  could be a t t r ibuted 
to fur ther  oxidat ion to A g( I I I )  or  that  e i ther  the 
reactant  A g ( I ) ,  or the product  A g( I I ) ,  exists in two 
forms. For  example,  one species may be adsorbed on 
the electrode. The chronopotent iometr ic  data do not 
distinguish be tween these alternatives.  Table II shows 
that  ~2/TI for the two waves is 5-7, in poor agreement  
wi th  the theoret ical  value of 3 for the simple process: 
Ag( I )  -* A g ( I I )  --> A g ( I I I ) .  However ,  the discrepancy 
may  lie in an i r revers ib le  second reaction. 

The E ~ values of the two electrode reactions were  
est imated to be ~-1.47 _ 0.02V and %1.70V vs. I-Ig/I-Ig 
phosphate reference  electrode f rom the Er/4 values. 
However ,  revers ibi l i ty  of the second wave  was not 
established, and thus, is only an estimate. 

One other  comment  might  be made regarding the 
chronopotent iometr ic  data  for the first wave.  Since the 
ratio of xr/Tr is near ly  three  (slightly grea ter ) ,  there  
is no fast decomposit ion of A g ( I I ) .  If  a fast decom- 
position did occur, the ratio would be smaller  because 
Ag( I I )  would be removed from the electrode by de- 
composition as wel l  as by diffusion. Since no decom- 
position was indicated, A g ( I I )  should be reasonably 
stable in condensed phosphoric acid. 

Scanning vo l tammetry . - -Fur ther  informat ion con- 
cerning si lver  (I) oxidation was sought f rom scanning 
vol tammetry ,  and in particular,  to ident i fy  the nature  
of the second oxidation step. Two anodic peaks were  
easily identified when  solutions of A g  (I) were  scanned 
f rom 1.2 to 2.1V. A typical  scan is shown in Fig. 2, 
wi th  data for various scan rates at two concentrat ions 
given in Table III. The value of ip /v  1/2 was reasonably 
constant, even wi th  the low scan rates because of the 
high viscosity of the solvent. 

The separat ion of A g ( I )  oxidat ion and Ag( I I )  
reduct ion peaks was greater  than the 58 mV theoret ical  
va lue  for a revers ible  case. However ,  the chronopoten-  
t iometr ic  data for Ag( I )  oxidat ion indicated a re-  
versible  process and for this reason it was of interest  

Table ]1. Transition times for first and second waves 
in 0.0995M Ag(I) 

i (~A) (sec) (sec) (vol t )  v2 /v l  ( ~  �9 seC 1/2) 

50 56.0 384 1.69 6.86 980 
70 29.0 196 1.70 6.76 980 

lO0 13.75 92.5 1.71 6.73 962 
170 4.70 26.9 1.74 5.72 882 
250 2.15 11.6 1.75 5.39 852 
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Fig. 2. Triangular voltage sweep of 0.0995M AGO). Rate, 20 
mV/sec. 

to calculate D from the Ag(I )  vol tammogram peak. 
Values for the diffusion coefficient ranged from 2.7- 
2.9 x 10 -8 cm2/sec, in excellent  agreement  with the 
value calculated from the chronopotentiometric data. 

As ment ioned in the section on the chronopoten-  
t iometry of Ag(I ) ,  one of the possibilities for ex- 
pla ining the second peak is adsorption of one of the 
silver species on the electrode. Wopschall and Shain, 
in a detailed t rea tment  (4) showed that  when the re-  
actant was strongly adsorbed, a second peak appeared 
after the normal  diffusion peak; and when the prod- 
uct was strongly adsorbed, a second peak appeared 
before the diffusion peak. In  both cases the adsorption 
peak is symmetr ical  both in voltage and current  when  
a t r iangular  voltage sweep is applied. 

The fact that  the first peak obtained dur ing oxida- 
t ion of Ag(I )  fits the theory for a diffusion-controlled 
process, rules out adsorption for that  peak. The second 
peak, however, could be caused by adsorption of the 
reactant  Ag( I ) .  Figure 2 shows a t r iangular  sweep 
with an unsymmetr ica l  peak, indicating that  it is not 
an adsorption peak. Wopschall and Shain also point 
out that a given concentration, the ratio of the ad- 
sorption peak to the diffusion peak increases with the 
scan rate. The data in Table III show the opposite. 
Thus, both tests show that  the second peak is not  an 

Table III. Cyclic voltammetry of Silver (I) 

P e a k  c u r r e n t  and  p e a k  v o l t a g e  as a f u n c t i o n  of scan  ra te  f o r  (a) 
0.0746M a n d  (b) 0.00545iVl Ag( I )  a t  25 ~ on a p l a t i n u m  elect rode.  
Scanned  f r o m  + 1,20 to + 2.10V, vs.  the  t I g / H g  p h o s p h a t e  r e f e r ence  
e lec t rode .  

v E~I Eps ip: 
(mV/sec)  (vol t )  (vol t )  (#A) ip:/V~ it2 (~A) ipJi,z 

(a) 0 . 0 7 4 6 M A g ( I )  
100 1.55 

50 1,51 
20 1.51 
10 1.51 

5 1.50 

(b) 0 , 0 0 5 4 5 M A g ( I )  
I00 1,55 

50 1.53 
20 1.52 
10 1,50 

5 1.50 
2 1,48 
1 1.48 

1.84 237 23,7 245 1.03 
1.61 189 26.7 219 1.16 
1.79 113 25.3 174 1.54 
1.78 79 25.0 142 1.80 
1.76 56 25.0 106 1.89 

11.0 1.10 
7.1 1.00 
4.6 1.03 
3.4 1.07 
2.55 1.14 
1.67 1.18 
1.20 1.20 
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Fig. 3. Absorption spectrum of 0.019M Ag(ll) in condensed phos- 
phoric acid. 

adsorption peak. Since the second wave was not an 
adsorption peak, it is reasonable to conclude that  the 
second oxidation step was the formation of Ag( I I I ) .  

The E ~ values of the two electrode reactions can be 
estimated from the peaks al though strict reversibi l i ty  
was not established. For the first peak, this may  re-  
sult from some kinetic complications for the reduction 
of the stable Ag(I I )  species, since the oxidation of 
Ag(I )  was shown to be reversible from chronopoten- 
tiometry. In any case, the estimated E ~ values of 
+1.48 and +1.75V vs.  Hg/Hg phosphate reference 
agree quite well  with the values obtained from the 
chronopotentiograms. 

P r e p a r a t i o n  o f  A g ( I I ) . - - I n  view of the indicat ion 
that  Ag(I I )  should be stable, an electrochemical prep-  
arat ion was carried out. A p la t inum electrode of 
about 10 cm ~ was placed in a 1.5 em diameter  tube. 
The bottom end, which was made of frit ted glass, was 
placed along with the counterelectrode in a beaker of 
acid. Three cubic centimeters  of 0.05M Ag(I )  were 
placed in the tube, and oxidized with a 10V power 
supply. The whole apparatus was provided with a dry 
N2 cover. After 1 hr there was a slight pink color near  
the electrode; after one week the entire solution was 
dark purple. The current  efficiency was low because 
the high voltage applied also produced oxygen as a 
by-product .  

A known volume of this solution was diluted with 
condensed phosphoric acid and placed in the H-ceil. 
The voltage of the p la t inum working electrode was 
set at +0.8V, the st irrer  was tu rned  on, and the cur-  
rent  result ing from the reduct ion of the purple solu- 
t ion was recorded. When the current  had fal len to 2% 
of its original value, the total  number  of coulombs 
was calculated. Comparing this number  with the 
number  of moles of silver used for this coulometric 
t i t rat ion showed that  0.94 electrons/mole participated 
in the reduction, thus indicat ing the presence of 
Ag(I I ) .  This solution of Ag(I I )  was stable at room 
tempera ture  for at least several  months. 

The absorption spectrum (Fig. 3) showed a single 
band  as expected for the d 9 configuration, and the 
molar extinction coefficient was 80 at 525 nm. 

Conclusion 

This study demonstrates that condensed phosphoric 
acid is a suitable solvent for electrochemical studies, 
and furthermore,  the stabili ty of Ag(I I )  showed the 
abil i ty of this solvent to support species having a high 
oxidation potential.  Electrochemical preparat ion of 
Ag(I I )  for spectral studies was accomplished, and 
this technique may be applied to other s trong oxi- 
dants. 

Earlier work (1) showed that  the E ~ of the Hg/Hg 
phosphate reference was +0.54V vs.  SHE. The E ~ 
values of Ag(I I )  and Ag(I I I )  found in this work were 
+1.47 and +1.70V vs.  Hg/Hg phosphate. When  con- 
verted to the SHE scale, the Ag( I - I I )  and Ag( I I - I I I )  
couples were +2.01 and +2.24V, respectively. Lat imer  
(5) reports the aqueous value for Ag(I I )  as --1.98V 
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and es t imates  A g ( I I I )  as about  --2.1V (La t imer  sign 
convent ion) .  

Manuscr ip t  submi t ted  J u l y  25, 1969; revised m a n u -  
script  received A p r i l  3, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1971 
JOURNAL. 
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ABSTRACT 

The equi l ibr ium distr ibut ion coefficient of boron in germanium was found 
to be 12.2. The var ia t ion with growth rate was interpreted in terms of a 
theory by Burton, Prim, and Slichter. As the growth ra te  was increased the 
width of the diffusion dominated layer  ini t ia l ly increased followed by a 
later decrease. This was due to a change from a thermal ly  produced melt  
flow pat tern  to a hydrodynamica l ly  produced pattern. The results show that  
a slow growth rate and a high rotat ion rate should be used to obtain equi l ib-  
r ium distr ibut ion coefficients. 

The effective dis tr ibut ion coefficient of boron in 
ge rmanium as a funct ion of crystal  growth rate has 
been measured by Bridgers and Kolb (1). The results 
were obtained for a part icular  crystal  rotat ion rate of 
60 rpm and an unspecified crystal growth direction. 
They were interpreted in terms of a theory proposed 
by Burton, Prim, and Slichter (2). 

Boron in germanium is unusual  in  that  the dis t r ibu-  
t ion coefficient is greater  than one. A recent theo- 
retical paper  by Hurle  and Jakeman  (3) predicted 
anomalous results for systems with k > 1. Addit ional  
values of the effective distr ibution coefficient vs. 
growth rate for a 30 rpm rotation rate and specifically 
for the <Iii> growth direction are presented here. 
The depar ture  of these results from those predicted by 
the theory is ascribed to the approximate equali ty of 
the thermal  convection flow and hydrodynamic  flow 
pat terns at this rotat ion rate. 

Experimental 
The germanium crystals were produced by the 

Czochralski technique.  The ge rmanium mel t  was con- 
tained in a 48 mm diameter  carbon crucible which was 
heated by a slotted carbon heater. Resistive heating 
gives a more massive system than is usual  wi th  in -  
duction heating. This reduces tempera ture  gradients 
and gives better  short t e rm tempera ture  stability. The 
furnace was evacuated and crystal growth took place 
in a vacuum of between 2 x 10-6 and 10-5 Torr. The 
seed was oriented in the <111> direction and the 
crystals were grown at a n u m b e r  of growth rates be-  
tween 0.1 and 3 mm/min .  A rotat ion rate of 30 rpm 
was used. Boron dissolves slowly in germanium and 
hence all melts were made from previously grown, 
boron-doped crystals. The seed to crystal  joints were 
2-3 mm in diameter  and the growing crystals were 
expanded slowly so that  the full  d iameter  of ,~2 cm 
was not reached unt i l  approximately  3 cm of crystal  
had been grown. The furnace  gradients were such that  
the solid-liquid interface was slightly convex to the 
melt. On completion of growth the crystals were 
cooled to room tempera ture  over a period of 2 hr. 

Key words: germanium, boron in germanium, distribution coeffi- 
cient of b o r o n  in germanium. 

The completed crystals were removed from the 
furnace and a volume vs. l eng th-grown measurement  
was made by l iquid displacement. The crystals were 
then sectioned longi tudinal ly  to give parallelepiped 
samples suitable for two-probe resist ivi ty measure-  
ments. Other, transverse,  samples were cut so tha t  Hall  
measurements  could be made. 

Results and Discussion 
The incorporation of impur i ty  atoms into single 

crystals dur ing growth has been discussed by a n u m -  
ber of authors (2, 4). For a l iquid-solid system in 
equi l ibr ium the ratio of the concentrat ion of impur i ty  
in the solid, Cs, to that  in the l iquid at the interface, 
Co, is defined as the equi l ibr ium distr ibut ion coefficient, 
ko. For the part icular  case of boron in germanium, /co 
is greater than  uni ty .  Under  the conditions of 
Czochralski crystal growth discussed here, there is a 
departure  from equil ibrium. As crystal growth pro- 
ceeds boron is preferent ia l ly  incorporated into the 
solid and, because of the l imited st i rr ing and the finite 
boron diffusion rate in the liquid, a boron concentrat ion 
gradient  is established in the l iquid ge rman ium ad- 
jacent  to the l iquid-solid interface. The result  is less 
boron in the solid than  expected. This depar ture  from 
equi l ibr ium may be expressed in terms of an effective 
dis t r ibut ion coefficient, kerr, defined as Cs/C1 where C1 
is the boron concentrat ion in the bulk  of the liquid. 
Bur ton  et al. (1) have derived an expression relat ing 
keff to ko in terms of the crystal  growth parameters  

1 
keff : [1] 

1 -t- [1/ko -- 1] exp -- (S f /D)  

where D is the solute diffusion coefficient in the liquid, 
diffusion in the solid is neglected, f is the crystal 
growth rate, and 5 is the thickness of the diffusion 
dominated region in the liquid. 5 itself is somewhat 
a rb i t ra ry  and may be expressed as 

8 = bD 1/3 ~z/6 ~-1/2 [2] 

where ~, is the crystal  rotat ion rate, b is a constant, 
and v the l iquid viscosity. For  the small  solute con- 
centrat ions considered here ko is assumed independent  
of concentration. 
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Fig. 1. Log-log plot of the carrier concentration in the crystal, 
Cs, as a function of (1 - -  x) the fraction of the melt remaining. 

As a result  of the preferent ia l  incorporat ion of the 
boron into the germanium the melt  is s teadily depleted 
of boron as crystal  growth proceeds. The relat ionship 
(4) be tween  the  solute concentrat ion in the solid and 

the fraction of the mel t  that  is crystallized, x, is 

Cs - -  kef f  CI  ~ (1  -- x)  ko,~-~ [3] 

If the crys ta l  g rowth  and rotat ion rates are kept  
constant then keff may  be de termined  (1) f rom the 
slope of the curve obtained by plott ing log Cs vs. log 
(1 -- x) .  A plot of this type was made for each crystal  
grown. 

A set of exper imenta l  results for a growth rate  of 
0.33 m m / m i n  are shown in Fig. 1 plot ted as log Cs vs. 
log ( l - - x ) .  These points were  obtained f rom the crys-  
tal  volume vs. length and resist ivi ty vs. crysta l  length 
plots. The concentrat ion values were  obtained from 
the resist ivi ty values by using the curves published by 
Sze and I rv in  (6). Concentrat ion values calculated 
f rom Hal l  measurements  made were  used as checks 
only. The plot of Fig. 1 is seen to be l inear  wi th  devia-  
tions at both high and low carr ier  concentrations. At  
high concentrations the crystal  was still expanding and 
at the low concentrat ion end of the plot the residual  
impurities,  i.e., other than boron, were  becoming sig- 
nificant. Hence, only the l inear portion of the plot was 
considered. 

An effective distr ibution coefficient of 9.3 for a 
growth rate  of 0.33 m m / m i n  was determined from 
Fig. 1. In Table I are shown the effective distr ibution 
coefficients calculated in this manner  for a number  of 
growth rates. Equat ion [1] may  be rear ranged  to give 

1 -- (1/keff) = [1 -- (1/ko)]  exp ( - -  5f /D)  [4] 

A plot of in [1 -- (1/keff)] vs. f, the  growth rate, 
should give a straight line with slope -- 5/D. The 
results of Table I are shown plot ted in this form in 
Fig. 2. The results that  Bridgers and Kolb obtained 
for a rotat ion rate of 60 rpm are also shown in Fig 2. 
F rom the probable  intercept  on the ordinate a va lue  of 

at 
0 -0.1 ~ x ~ ~ ] ("} BRIDGERS ~KOI_. 

GROWTH RATE MM/MIN. 

Fig. 2. Results of this work and those of Bridgers and Kolb 
plotted as o function of growth rote according to Eq. [4].  The 
slope, ,5/D, for curve b is 56 see/era and for curve c is 79.2 
sec/cm. 

ko of 12.2 is obtained, a figure which is definitely lower  
than the value of 17.4 • 20% calculated by Bridgers 
and Kolb. The difference is most l ikely  due to an 
orientat ion effect. The specific reference  by these 
authors to the repeatabi l i ty  of their  crystal  growth 
wi thout  loss of boron and their  use of a carbon crucible 
would appear to e l iminate  an explanat ion for the 
difference, based on an assumption of less boron oxida-  
tion, in the case of the present  work. It has been 
shown that  the  oxidation of boron effectively removes  
the boron (7) as an electr ical ly act ive dopant and 
consequent ly  an oxygen leak into the crystal  grower  
could give an apparent  increase in keff as measured 
f rom a plot such as Fig. 1. The apparent  disappear-  
ance of boron observed by Swiggard  and Shenker  (8) 
also raises the possibility that  an equi l ibr ium with  a 
nonelectr ical ly  act ive boron (9) dope could be affect- 
ing such measurements .  

Recent ly  Hur le  and J akem an  calculated the effect of 
t empera tu re  per turbat ions on the effective distr ibution 
coefficient. Where  ko> 1 they  predict  that  the dis tr ibu-  
tion coefficient measured, which is an average va lue  
when per turbat ions are present,  wil l  be less than the 
effective value expected f rom the Burton, Prim, and 
Slichter  theory. In the par t icular  case of crystal  mel t -  
back just  fail ing to occur wi th  the peak of each t em-  
pera ture  fluctuation (the so-called margina l  case) the 
measured keff m wil l  equal  kerf/2. Their  calculated re-  
sults are subject to several  boundary conditions or 
restraints.  The  Hur le  and Jakeman  relationships for 
the margina l  case and k > 1 have been evaluated for 
the exper imenta l  conditions used here. At the lowest 
growth rate  used of 0.1 m m / m i n  the m ax im um de-  
pression of keff due to fluctuations is 7% even for the 
marg ina l  case. Growth  took place in the < 111 
direction and the possible existence of facets would 
lead to delays be tween any dr iv ing  per turbat ion 
present  and the interface response. The concentrat ion 
variat ions as a result  of the t empera tu re  fluctuations 
would  thus be reduced (10). Very l i t t le faceting is 
thought  to have occurred because t ransverse  resist ivi ty 
plots did not revea l  any evidence of resis t ivi ty coring. 
The Hurle  and J akem an  calculations are not real ly  
applicable when  facets are present. 

It is also re levant  that  for part  of the growth of the 
0.1 m m / m i n  crystal  a small  island due to a scum 
part icle existed at the edge of the melt. Such islands 
accentuate  t empera tu re  asymmetr ies  leading to more 
definite striations (11). In this instance no i r regular i ty  

Table I. Values of keff for several crystal growth rates 

Growth  rate,  ram/ra in  0.I 0.2 0.33 0.4 0.6 1.0 1.0 1.0 1.0 1.5 2.0 2.0 3.0 3.0 
Effective K 11.6 10.7 9.3 8.2 5.7 4.5 3.77 4,2 4.08 3.1 2.89 2.97 2.64 3.24 
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in the log C~ vs. log (1 -- x) curve was found. This 
point together with the observations of the last para-  
graph are taken as an indication that  any tempera ture  
fluctuations present  and par t icular ly  those due to the 
crystal rotat ion are not sufficient to cause a significant 
lowering of kerr due to the mechanism discussed by 
Hurle  and Jakeman.  Closer comparison with the 
results of Bridgers and Kolb is not possible as they 
did not give some key growth information,  e.g., the 
doping levels used and the crystal growth direction. 

From Eq. [4] it is seen that  the slope of the plot of 
Fig. 2 gives a value for 8/D. The results obtained here 
give a nonl inear  plot which has a greater average 
slope than a s imilar  plot of Bridgers and Kolb's  results. 
The increased slope is expected because of the reduced 
rotat ion rate. The relat ionship calculated from Eq. [2] 
and the Bridgers and Kolb 8/D value for 60 rpm is 
plotted as curve C in Fig. 2. It  is necessary to consider 
the possible reasons for the nonl inear i ty .  

The diffusion coefficient, D, is tempera ture  depen-  
dent  and the tempera ture  gradient  will  vary  with 
growth rate. However, the region over which D is 
considered is very  small  and the consequent  variat ion 
in temperature  across 8 is very  small compared with 
the actual tempera ture  at the interface. The l iquid-  
solid interface tempera ture  is essentially fixed at the 
freezing point; hence D is practically constant  and the 
cause of the nonl inear i ty  is 8, the width of the diffusion 
dominated layer. 

At the rotat ion rate used the amount  of st irr ing that 
is induced is par t icular ly  sensit ive to the relat ive 
magni tude  of the thermal ly  produced convection 
current  and the crystal-rotat ion induced flow pat te rn  
(12,13). With the part icular  resistive heat ing ar range-  
ment  used the melt  rises at the sides of the crucible 
and falls at the center due to the effect of the cooled 
seed (Fig. 3). This picture is reinforced by the experi-  
menta l  observation that scum particles, once dislodged 
from the crucible, will t ravel  inward toward the seed 
as would be expected from the flow diagram of Fig. 3. 

The flow pat tern  due to the crystal rotat ion is the 
opposite of the thermal ly  induced pattern,  i.e., the 
liquid rises at the center beneath  the crystal and falls 
at the crucible sides (12-14). It has been shown that  at 
crystal  rotat ion rates of ,--30 rpm the predominant  
s t i r r ing mechanism is changing from the thermal ly  
induced flow to the crystal-rotat ion induced flow. The 
diffusion layer thickness, 8, which depends on this 
flow pat te rn  will  be especially sensitive to the growth 
conditions at the crystal rotation rate of 30 rpm. 

As the pull  rate is increased for a given rotat ion rate 
the la tent  heat of solidification rejected by the growing 
crystals increases. If we ignore the radiat ion loss at 
the interface the heat balance equat ion is 

6T 8T 
f p L = K s  ~ - -  KL -. [ 5 ]  

8z 8~ 

where f is the growth rate, p is the density, L the 
latent  heat of fusion, Ks and KL the thermal  conduct iv-  

CRYSTAL. 

HEATER 

I 

Fig. 3. Thermal flow pattern established in the melt for zero or 
low rotation rates. 

ities in the solid and liquid, respectively, and 8T/Sz 
and 8T/8"y the tempera ture  gradients in the solid and 
liquid, respectively. 

An upper l imit to the growth rate is reached when 
the heat flowing along the solid arises ent i rely from 
the latent  heat of fusion. At quite modest growth rates 
the heat rejected is a significant fraction of that  being 
conducted along the crystal. For  example, if for ger-  
man ium Ks = 0.058 cal cm -1 C -1 sec  -1,  bT/bz  = 
l l0~  p = 5.32 g/cc, and L = 114 cal/g, then  for a 
growth rate of 3 ram/ra in  the la tent  heat of fusion is 
contr ibut ing some 47% of the heat being conducted 
along the crystal. As may be  seen from Eq. [5] this 
will reduce the tempera ture  gradient  in the liquid, 
i.e., the cooling effect of the seed on the liquid is re- 
duced and the over-a l l  effect is a reduction in the 
effectiveness of the thermal  convection flow pat te rn  
(Fig. 3). 

The results shown in Fig. 2 support this premise. As 
the growth rate increases and the effectiveness of the 
thermal  flow pa t te rn  is reduced the diffusion layer 
thickness, 8, ini t ia l ly  increases, as was observed. An 
effect of this type was predicted by Robertson (13). 
At the higher growth rates the rejection of significant 
amounts  of latent  heat of solidification facilitates the 
establishment of the hydrodynamic  flow pat tern  at the 
given rotation rate. Once again a definite flow pat te rn  
is established in the melt  with a consequent reduction 
in the diffusion layer thickness, 8, as observed. There 
is a suggestion of this behavior, i.e., an ini t ia l  increase 
in 6 and a later decrease, in the exper imental  results 
of Bridgers and Kolb, reproduced in Fig. 2. These 
workers used a higher crystal rotat ion rate of 60 rpm 
and the effect would therefore not be as great as for 
the 30 rpm of the present  work. To el iminate  effects 
due to a thermal ly  induced flow pat tern  it is thus 
necessary to use even higher rotat ion rates, e.g., >100 
rpm. The growth system described here is l imited to a 
m a x i m u m  rotation rate of ~-45 rpm because of me-  
chanical s tabil i ty problems. 

Conclusion 
The value of the dis tr ibut ion coefficient of boron in 

germanium was found to be 12.2. This is significantly 
lower than the value of 17.44-20% found by Bridgers 
and Kolb. It is not clear whether  this difference arises 
because of an effect due to the crystal  orientation, the 
ready oxidation of the boron, or the presence of boron 
in a nonelectr ical ly active form. 

The relationship between the effective distr ibution 
coefficient and growth rate agrees with that calculated 
by Burton et al. and the results of Bridgers and Kolb, 
if allowance is made for the part icular  growth condi-  
tions. An effect predicted by Robertson and due to a 
reduction in the degree of s t i rr ing in the melt  with 
increase in growth rate has been observed. 

A rotat ion velocity of at least 100 rpm and a small  
growth rate should be used to obtain values of ko. A 
high rotat ion rate establishes a hydrodynamic  flow 
pattern.  A small growth rate minimizes thermal  effects 
due to the latent  heat of fusion and also reduces the 
amount  of extrapolat ion necessary to obtain the value 
of ko. 
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The S-Shift Curve Characteristics of Si-O Stretching Band 
of Amorphous Silica 

Kenzo Sato 
Musashi Works, Hitachi, Ltd., Kodaira-shi, Tokyo, Japan 

ABSTRACT 

The absorption profile of the Si-O stretching band of a silica layer  was 
studied as a funct ion of layer thickness. Behavior  of the S-shift  curve which 
relates the wave number  of the reflection/absorption peak and the layer  
thickness was found to vary with the conditions of layer growth and thermal  
t reatment .  Tentat ively,  these effects were explained as related to the presence 
of two types of loosely bound lattice oscillators derived from the expression 
(SixOy) n, and they were considered to be present  both on the surface and in-  

side the silicon-silica interface layer. 

The properties of a th in  amorphous silica layer 
grown above a silicon wafer have been studied by 
many  researchers for interest  regarding its electrical 
characteristics as an insulator  and for crystallographic 
interests (1-4) as well as the s tudy of crystal l ine 
quartz (5-8). Also, much interest  is concerned with 
the s t ructural  evaluat ion of the th in  silica layer which 
was formed by the compound shown as (SixOy)n by 
means of x - r ay  diffraction analysis and infrared 
absorption spectroscopy. Various network models 
based on x - r ay  diffraction data have been proposed 
(9,10) which suggest that  the amorphous silica layer  
consists of an extended three-dimensional  network 
lacking periodicity, the construction of which may be 
inhomogeneous and which would undergo modifications 
according to its growth and impur i ty  inclusion. 
Especially, precise measurements  of the lattice v ibra-  
t ional spectra by the infrared spectroscopical method 
in the 1-30~ region suggest many  interest ing optical 
properties which are seen as peculiar  to th in  films 
(11-14). For example, the O-H stretching band formed 
by wet oxygen gas visible in the 2.5-3.5~ region is apt 
to become modified by thermal  t rea tment  (11). Pro-  
file of the Si-O stretching band seen in the 9-10~ region 
and the bending band  seen in the 21-23~ regions is 
sensitively modified by the conditions for layer  growth 
and impur i ty  inclusion(13).  

Fur thermore ,  wavelength of the peak of the Si-O 
stretching band  and bending band is not always seen 
at definite points, and it is noticeable that  the peak 
fluctuates according to the conditions of layer growth 
and that  the conditions shift toward the longer wave-  
length side with layer thickness (12). This effect can 
be called a surface shift (S-shif t) ,  considered as 
caused by certain essential optical properties of very  
thin films, presumably  due to the presence of loose 
bonds formed by unsa tura ted  lattice oscillators. 

In  this paper, the main  interest  was concerned in 
s tudying the profile of Si-O stretching band character-  
istics because the band is considered as the most basic 
spectrum represent ing the properties of (SixOy)n 
compounds in a silica layer. Especially the effect of 
the S-shift  was studied experimental ly,  and the 

origins of this effect are considered related to the in-  
homogeneous s t ructure  of the silica layer. 

Experiments 
Considering the peculiar properties of the sample, 

its thickness is less than 1~ and characteristics of t h e  
thin layer are not always uniform, not  only at the 
silicon-silica interface but  also on the surface of the 
silica layer. Both the reflection and t ransmission 
methods were used to measure the step etched 
samples. The etchant used is shown as (NH4F:HF -~ 
6:1), and the layer thickness was measured by  ob- 
serving the surface color formed by interference.  Ac- 
curacy is considered as wi th in  an error of +_200A. 

The infrared spectrophotometer used was a Hitachi 
EPI-2, double-beam type with NaC1 optics whose 
resolving power is 2.5 c m - 1 / m m  in the 9~ region. The 
area of samples for the measurements  was about 
10 m m  in diameter  with an incident  angle of 10 de- 
grees for the reflection measurements.  

The results of these measurements  are summarized 
as follows: 

Thermally grown and chemical vapor deposited sil- 
ica (C.V.D.) .--Shown in Fig. la, b, and c are some ex- 
amples of measur ing the silica layer which was grown 
thermal ly  at l l00~ with a flow of wet  oxygen gas 
(A sample) and chemically deposited silica at 800~ 
by decomposition reaction of te t ra-e toxysi lane by oxy- 
gen gas (B sample) .  In  reflection measurements ,  sam- 
ple A shows that  the wave number  of the reflection 
ma x i mum of the Si-O stretching band is shifting con- 
t inuously  from 1100 to 1045 cm -1 with a var iat ion of 
layer thickness from 7000A down to 1200A. Also, the 
t ransmission m i n i m u m  shifts from 1080 cm -1 (at 
7000A) down to 1069 cm -1 (at 3300A) and re turns  to 
1075 cm -1 (at 1250A). 

These phenomena were commonly seen in  the 
thermal ly  grown silica layer, al though the wave  
n u m b e r  somewhat fluctuates in the samples. On the 
other hand, concerning sample B which was deposited 
from tetra-etoxysitane,  as shown in Fig. lc, the 
S-shift  curve of transmission measurements  did not 
r e tu rn  to the shorter wavelength side even when the 
layer  thickness became smaller  than  3000A. 



1066 August 1970 J. Electrochem. Boc.: S O L I D  S T A T E  S C I E N C E  

Fig. la. Infrared reflection and transmission spectrum of silica layer. 
The three parts of Fig. la  show reflection and transmission spectra of silica layers. 

Fig. la(i). One example of ab- 
sorption measurements of silica 
layer which was deposited by 
decomposition reaction of tetra- 
ethoxysilane using oxygen gas 
at 800~ The thickness of step- 
etched sample corresponding to 
the running number is shown in 
the note. The absorption minima 
of Si-O stretching band is shift- 
ing continuously from 1065 to 
1040 cm -1 ,  but Si-Si stretching 
band at 800 cm - z  is not shifting. 

Fig. la(ii). One example of ab- 
sorption measurements of silica 
layer which was grown thermally 
at 1100~ using wet oxygen gas. 
The thickness of step-etched 
sample corresponding to the run- 
ning number is shown in the 
note. The absorption minima of 
Si-O stretching band is shifting 
from 1060 cm-Z (at 7200.~,) to 
1045 cm -1  (at 2750~,) and re- 
turn to 1065 cm -1  (at IOOA). 

As-grown layers.--In this  case, also, p rope r t i e s  of  
t he  S - s h i f t  c u r v e  w e r e  m e a s u r e d  to t h e  si l ica layers ,  
t he i r  t h i ckness  in an  a s - g r o w n  s ta te  d i f fer ing  f r o m  
each  other .  The  two  groups  of samples  w h i c h  w e r e  
g r o w n  t h e r m a l l y  changed  t h e  d u r a t i o n  t i m e  of t he  
l a y e r  g r o w t h  in w e t  o x y g e n  gas, and the  l a y e r  t h i ck -  
ness in an  a s - g r o w n  s ta te  is 8000A (C sample )  and  
3700A (D s a m p l e ) ,  r e spec t ive ly .  Also,  depos i t ed  si l ica 
l aye r s  whose  th ickness  in an  a s - g r o w n  s ta te  was  
6000A (E sample )  and 3000A (F  sample )  w e r e  used  

as samples  and  t h e i r  S - s h i f t  c u r v e s  w e r e  m e a s u r e d .  
The  resu l t s  a re  shown  in Fig.  2, w h e r e  t he  C sample  
r evea l s  t ha t  t h e  ref lec t ion  m a x i m u m  is sh i f t ing  f r o m  
1103 cm -1 (at  8000A) to 1055 cm - ]  (at  1250A; and  in 
t h e  D sample,  f r o m  1090 cm -1  (at  3800A) to 1060 cm -1  
(at 750A). In  t he se  two  curves ,  t he  w a v e  n u m b e r  of  
t he  D sample  is sh i f t ing  t o w a r d  the  sho r t e r  w a v e -  
l e n g t h  side a p p r o x i m a t e l y  10 cm -1  f r o m  tha t  of  s a m -  
pie  C. This  effect can be t e r m e d  as the  P - s h i f t  (phase  
shif t )  of t h e  a s - g r o w n  layer .  
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Fig. la(ili). One example of re- 
flection measurements of silica 
layer which was grown thermally 
at 1100~ using wet oxygen gas. 
The thickness of the silica layer 
corresponding to the running 
number is shown in the note. The 
reflection maxima of Si-O 
stretching band is shifting con- 
tinuously from 1075-1030 cm - z  
but Si-Si stretching band at 275 
cm - z  is not shifting. 

Note: The thickness of step-etched samples corresponding to the 
running number in Fig. la (i), (ii), and (iii). 

No.•ple (i) (ii) (iii) 
Absorption, ~ Absorption, A Reflection, A 

1 6300 7200 6000 
2 5200 6200 5500 
3 4450 5400 4900 
4 3650, 4260 4200 
5 3250 3650 3650 
6 2750 2750 3050 
7 2500 1600 2250 
8 2000 600 1500 
9 1500 100 850 

10 1250 ~ 0 
11 750 ~ 
12 500 ~ 
13 0 ~ - -  

On the other hand, in the E sample, the wave n u m -  
ber is shifting from 1070 cm-~ (at 6000A) to 1036 cm-1 
(at 1500A); and in the F sample, it is shift ing from 
1050 cm -1 (at 3000A) to 1030 cm -1 (at 1000A). It  is 
clear that  the effect of the P-shif t  is not visible in  the 
sample of the C.V.D. silica layer. 

Thermal treatment.~In the thi rd  measurements ,  the 
effect of the S-shift  was also studied on two kinds  of 
samples. The G sample is thermal ly  grown and the H 
sample is the C.V.D. silica layer. 

Here, a sample wafer  was divided into four pieces 
and these were heated at 700~ at durat ion times of 
0, 3, and 6 hr, and their  S-shift  curves were measured.  
They are as shown in Fig. 3a and b. 

In  this figure, no special effect requir ing considera- 
tion was observed in the G sample; but  in the H 
sample, the S-curves shifted toward the shorter wave-  
length side with the durat ion of thermal  t reatments .  

Discussion 
To explain the above-described exper imenta l  re-  

sults, especially the effects of the S-shift,  the P-shift ,  
and their  modifications, it seems necessary to assume 
the unun i fo rm statistical dis t r ibut ion of the concent ra-  
tion of lattice oscillators which were formed by Si-O 
bondings in the f requency  region f rom 4.61 x 101~ Hz 

(7.0~) down to 3.0 x 1013 Hz (i0~).  And it is necessary 
to admit  the presence of different types of latt ice 
oscillators, the i r  force constant and reduced mass 
differing f rom each other. 

I t  is reasonable to consider tha t  the main  part  of 
the silica layer  consists of silicon dioxide shown as 
(SiO~)n and that  they  form polyhederon networks.  
But  near  the sil icon-sil ica interface, the  ratio of con- 
centrat ion of oxygen and silicon atoms i s  considered 
to va ry  because the supply of oxygen atoms to the in-  
ter face  dur ing layer  growth is not sufficient to form 
a saturated silicon dioxide layer.  In another  type of 
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s i tua t ion  i t  is neces sa ry  also to a s sume  t h e  sur face  of  
t he  s i l ica layer ,  because  p re sence  of t h e  d a n g l i n g  bond  
is cons ide rab le  be low  the  surface.  Cons ide r ing  these  
s i tuat ions ,  t h e  v a r i e t y  of SixOy c o m p o u n d s  and t he i r  
conf igura t ions  wh ich  a re  r e l a t ed  to t he  S i - O  osc i l la tor  
can  be  s u m m a r i z e d  as p r e s e n t e d  in Tab le  I. 

The  f o u r  k inds  of la t t i ce  osci l la tors  w h i c h  w e r e  
f o r m e d  by  t h e  r e p l a c e m e n t  of s i l icon a toms  w i t h  
o x y g e n  a toms w e r e  s u m m a r i z e d  as t y p e  1 osci l lators ,  
and  t h e y  a re  classif ied in to  fou r  types.  Also,  s ix  types  
of  d a n g l i n g  bonds  w h i c h  w e r e  f o r m e d  by  s t r i pp ing  
one, two,  and  t h r e e  o x y g e n  a toms  f r o m  t y p e  1 
osci l la tors  w e r e  s u m m a r i z e d  as t y p e  2 oscil lators.  The  
conf igura t ions  of each  osc i l la tor  m o d e  a re  s h o w n  in 
Tab le  I. It  is r ea sonab le  to a s sume  tha t  f r e q u e n c i e s  of 

t h e  la t t i ce  osci l la tors  of  each  m o d e  differ  f r o m  each  
o the r  as e x p e r i m e n t a l l y  ind ica ted  by  R i t t e r  (20) (see 
Fig.  4).  

Cons ide r ing  these  s i tuat ions ,  the  c o n c e n t r a t i o n  p r o -  
file of each  la t t i ce  osc i l la tor  ins ide  t he  si l ica l aye r  is 
shown  s c h e m a t i c a l l y  in Fig.  5, w h e r e  (a)  r ep r e sen t s  
t he  c o n c e n t r a t i o n  prof i le  of each  osci l lator .  In  this  
figure,  t ype  1 osci l la tors  a re  v i s ib le  m a i n l y  at  the  
s i l i con-s i l i ca  in t e r f ace  and t y p e  2 a re  seen at  t he  sur -  
face  of t h e  silica. F u r t h e r m o r e ,  th is  f igure  indica tes  
the  s t r u c t u r a l  d i f fe rence  of t h e  su r f ace  of t h e  si l ica 
w h i c h  is in an  a s - g r o w n  s ta te  and  in an  a s - e t c h e d  
state.  F r o m  this  f igure,  i t  is c lea r  t ha t  t h e r e  is a l a r g e r  
c o n c e n t r a t i o n  of t y p e  2 osci l la tors  on t h e  a s - e t c h e d  
su r face  t h a n  on the  a s -g rown .  F i g u r e  5b shows  the  
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Table I. Variety of Si-O stretching bondings 
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In  the  express ion of  (Si=O~).. we  see wi th  the  var ia t ion  of y/x  the f r equency  of  Si-O s t re tch ing  band changes (15-18). 
Here,  i t  is reasonable  to assume the relat ion shown as f4 ~> f3 :> f2 > fl  and  f~ > f q  > f% > f"% 

Type  1 oscillator Type  2 oscil lator 
Concert- Concen-  Concen- Concen- 
t rat ion,  Fre-  t ra t ion,  Fre-  t ra t ion,  Yre- trat ion,  F re -  

cm -~ quency  Configurat ion cm ~ quency  Configurat ion cm ~ quency  Configurat ion c m ~  quency  Configurat ion 
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atomic concentrat ion profile inside the silica and 
silicon-silica interface re la t ing to the concentra t ion 
profile of Si-O oscillators. 

Assuming the lattice oscillators concentrat ion profile 
as shown in Fig. 5, the effects which were observed 
concerning the S-shift  can be explained qual i ta t ively 
as follows; 

1. Effect of the S-shift  was commonly observed in  
all samples, which may be due to the presence of type 1 
oscillators at the silicon-silica interface and type 2 
oscillators on the surface. With the progress of step 
etching, the contr ibut ion of surface oscillators (type 
2 oscillators), sensit ively related to the occurrence of 
reflection, increases because the type 1 oscillators are 
apt to become type 2 oscillators. Thus, the cont r ibu-  
tion due to more loosely bound oscillators becomes 
stronger. 
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Fig. 4. Relation between wavelength of absorption maximum 
and O/Si ratio in SixOy (20). 

2. As shown in sample A, the wave number  of the 
t ransmission measurements  ini t ia l ly  shifts toward the 
longer wavelength  side than that  of the reflection 
measurements .  This effect may suggest that reflection 
in tensi ty  is main ly  influenced by type 2 oscillators 
present  on the surface, and that  t ransmission in tensi ty  
is influenced ra ther  strongly by type 1 oscillators. Also, 
type 1 oscillators are more loosely bound than are 
type 2 oscillators. 

3. When thickness of the silica layer  becomes 
smaller  than 3000A, the S-shift  curve of the thermal ly  
grown layer re turns  to the shorter wavelength  side by 
about 10 cm -1, while that  of the C.V.D. layer shifts 
to the longer wavelength side. This effect may be due 
to a difference in construction of the silica-silicon in-  
terface of the two layers. 

4. The S-shift  curve of sample D shifts toward the 
shorter wavelength  side by about 10 cm -1 compared 
with that  of sample C. This effect also suggests that  the 
th in  silica layer  in  an as-grown state is r ich in t ight  
bondings, which implies that  the concentrat ion of type 
1 oscillators is smaller  than  that  of the thick silica 
layer. This effect can be derived from the fact that  the 
supply of oxygen atoms to form the silica layer  at the 
silicon-silica interface is bet ter  as long as the silica 
layer  is th inner .  

5. S-shift  curves of the C.V.D. silicon layer, sam- 
ples E and F, shift toward the longer wavelength 
side by about 30 cm -~ from that  of the thermal ly  
grown silica layer, sample C. This effect may suggest 
that the C.V.D. layer is r ich in loosely bound  oscilla- 
tors throughout  the layer thickness. And  the S-shift  
curve of sample F is present  at almost the same wave 
n u m b e r  region as that  of sample E, suggesting that  
there is no special difference in construction between 
the thin layer and the thick layer  regarding the C.V.D. 
silica layer. 
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Fig. 5. Distribution profiles of lattice oscillators and atoms inside 
the silica layer. 

a. Lattice oscillator concentration profile. Inside the silica 
layer, many kinds of lattice oscillator are considered to be 
present. The type I oscillator is rich at the Si-silica interface and 
the type 2 oscillator is at the surface of the silica layer. With the 
step etching, the type 1 oscillator is apt to become type 2 
oscillators. Type 2 oscillators are sensitively related to the reflec- 
tion and type 1 and 2 oscillators are to the absorption. It is clear 
that the concentration profile of the oscillators, Nz, N2, N3 and 
N4, depends on the ratio No/Nsi.  

b. Atomic concentration distribution profile. The number of sili- 
con atoms represented as a area of (ijf) is equal to (feab) and 
they form the silica layer in the range of (bc) and (ab). The con- 
centration of silicon atom, 1.7 x 1022/cm3 was derived by assum- 
ing that the (SiO2)n is piled up with pentagonal dodecahedral 
polyhedrons, whose atomic distance of Si-Si bonding is 3.23-~ and 
that of Si-O is 1.62~, (19). The profile of the curves (gc) and (jr) 
can be assumed as error functions as 

f x}  , 1 ~ err 
N o ( x , t ) =  2 2~ /Dz t  [1] 

{ "}  Nsi(X, t) = ~N'~ 1 ~ erf _ _  
2 2 ~ D 2 t  [2] 

here, the constants D1 and D2 are considered to vary with the con- 
ditions for the layer growth. And the ratio No/Nsi  varies in the 
range of 2-0. 

6. By the rmal  t r ea tmen t  at  700~ the S -curve  
of the  t he rma l ly  grown si l ica did  not  r evea l  any  
special changes. On the other  hand, the  C.V.D. sil ica 
d isp layed shif t ing toward  the  shor te r  wave leng th  side 
by  about  20 cm -1, suggest ing tha t  the  loose bondings 
inside the  deposi ted layer  are  ap t  to become t igh t  due 
to t he rma l  t rea tments .  

A c k n o w l e d g m e n t s  

I express  m y  thanks  to Dr. S. Tauchi  for his discus-  
sions concerning the expe r imen ta l  da ta  and to Messrs. 
H. Inoue and T. K iya  for  p repa r ing  the samples  and 
measurements .  

Manuscr ip t  submi t ted  Dec. 1, 1969; rev ised  m a n u -  
script  received ca. March 30, 1970. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1971 
J O U R N A L .  

REFERENCES 

1. F. Matossi and C. L. Schaefer,  "Das Ul t ra ro te  
Spect rum,"  p. 318, Ver lag  van  Jul ius  Spr inger ,  
Ber l in  (1930). 

2. Howard  A. Robinson, J. Phys. Chem. Solids, 26, 
202 (1965). 

3. B. E. Deal  and M. Sklar ,  Th.is Journal, 112, 430 
(1965). 

4. H. C..Evite, H. W. Cooper, and S. S. Flaschen,  ibid., 
111, 688 (1964). 

5. I. Simon, J. Opt. Sac. Am., 41, 336 (1951). 
6. W. G. Spi tzer  and D. A. Kle inman,  Phys. Rev., 121, 

1324 (1961). 
7. D. K. K le inman  and W. O. Spitzer,  ibid., 125, 16 

(1962). 
8. K. Sato, J. Phys. Sac. Japan, 29, No. 5, 795 (1965). 
9. W. H. Zachrisen,  J. Am. Chem. Sac., 54, 3841 (1941). 

10. W. H. Zachrisen, ibid., 3, 162 (1935). 
11. W. A. Pl iskin  and H. S. Lehman,  This Journal, 112, 

1013 (1966). 
12. K. Sato and M. Shibata,  J. Phys. Sac. Japan, 21, 

No. 6, 1088 (1966). 
13. W. A. Pliskin,  Thin Solid Films, 2, 1 (1968). 
14. J. R. Ligenza and W. G. Spitzer ,  J. Phys. Chem. 

Solid, 14, 131 (1960). 
15. G. Herzberg,  "Spect ra  of Diatomic Molecules," 

p. 75, D. Van Nost rand Co., Inc., Toronto (1953). 

16. G. Herzberg,  " In f ra red  and Raman  Spec t ra  of 
Po l l -a tomic  Molecules," p. 61 D. Van Nos t rand  
Co., Inc. Toronto (1953). 

17. G. Herzberg,  "Electronic Spec t ra  of Pol ia tomic  
Molecules," p. 419. D. Van Nos t rand  Co., Inc., 
Toronto (1967). 

18. F. Matossi, J. Chem. Phys., 17, 679 (1949). 
19. H. A. Robinson, J. Phys. Chem. Solids, 26, 214 

(1965). 
20. E. Rit ter ,  Opt. A cta, 9, 197 (1962). 



Electron Microscopy of Phosphor 
Raw Materials 

P. J. Walitsky and F. M. Vodoklys* 
Lamp Division, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

The reaction of CaHPO4 with the individual  activators and modifiers used 
to produce cool white phosphor was studied using electron microscopy and 
x - ray  diffraction. Electron micrographs were obtained of CaHPO4, CaCO~, 
CaFf, 8b203, MnCO3, CdCO~, and NH4C1. Micrographs were also obtained of 
the mater ia l  produced by adding one additive at a t ime to CaHPO4 and firing 
at ~1200~ in N~. The conversion of CaHPO4 to fl-Ca2P207 was accompanied 
by considerable grain growth. Combining with either CaCOz or CaF2 en-  
hanced this grain growth. X- ray  diffraction was used to identify the products. 
Particle size data obtained with the  Coulter Counter  indicated that  the size of 
the final phosphor is determined pr imar i ly  by the CaHPO4, CaCO3, and CaF2 
components. 

The use of electron microscopy to s tudy lamp 
phosphors has been reported previously by Wali tsky 
(1). The development  of a technique for single stage 
replication was described and examples of calcium 
halophosphate phosphor shown. A logical extension 
of this work was the s tudy of the raw materials  from 
which the phosphor is made. 

The preparat ion of calcium halophosphate phosphors 
is well  known and goes back to the n ine teen  thirties. 
The s tar t ing materials  are usual ly  CaHPO4, CaCO3, 
Sb20~, CdCO3, MnCO~, CaF2, and NH4C1. Wanmaker ,  
Hoekstra, and Tak (2), in 1955, studied the reactions 
of the various components  individual ly  and  in various 
combinations using differential thermal  analysis. Many 
similar  studies have been done since. However, as far 
as can be determined in the published l i terature,  there 
has been no electron microscopic study of the raw 
materials  or of the various reactions occurring in the 
calcium halophosphate system. Bodi and Tufts (3) 
have studied the recrystall ization of ZnS phosphor 
which is p r imar i ly  a cathode-ray phosphor. Recently 
Brown has also studied ZnS (6). 

While the in tent  of the work was pr imar i ly  to ob- 
tain electron micrographs, x - r ay  diffraction data were 
also obtained. The x - r ay  diffraction data were especi- 
al ly valuable in p inpoint ing  and explaining s t ructural  
changes observed in the microscope. They also pro- 
vided the informat ion necessary to establish correla- 
t ion with past work. 

The electron micrographic study of phosphors 
ment ioned above (1) raised several  questions which 
were unanswered  at the t ime of presentation. Many 
of the phosphors observed exhibited a surface 
topography resembling metal lurgical  structures. It ap- 
peared that  grain s t ructure  covered much of the sur-  
face. There was no firm explanat ion as to its origin. 
Second, small  particles or surface debris were seen on 
the surface of the large phosphor particles. These were 
also not ful ly explained. 

Results and Discussion 
Samples of each of the raw materials  were first 

studied separately. Following this, samples of CaHPO4 
were mixed with each of the separate materials.  
Samples of CaHPO4 + CaCO3, CaHPO~ -{- Sb203, 
CaHPO4 -~ CaF2, etc., were thus obtained. These 
mixed samples plus a separate sample of CaHPO4 were 
then fired at ~ 120O~ in a N2 atmosphere for several 
hours. The CaHPO4 was studied separately as it is 
considered the basic s t ructure  from which this 
phosphor forms. The same amounts  of mater ia l  were 

" Electrochemical Society Active M e m b e r ,  
Key words: phosphor, electron microscopy, r e a c t i o n s .  

added as would normal ly  be done when preparing 
phosphor. The CaCOJCaHPO4 mole ratio was approxi-  
mate ly  0.5:1, the CaFJCaHPO4 mole ratio was 
approximately 0.13: 1, Sb2OJCaHPO4 and C d C O J  
CaHPO4 mole ratios were both approximately  0.01: 1, 
NH4C1/CaHPO4 was approximately 0.02: 1, and finally 
the mole ratio for MnCOJCaHPO4 was approximately  
0.1: 1. 

CaHPO4.--Figure 1 shows a section of a typical 
CaHPO4 particle at 10,000X. (All micrographs were 
at 10,000X.) Figure 2 is a section of a particle from 
the same lot as Fig. 1 given the hea t - t rea tment  de- 
scribed above. Transformat ion has occurred and grain 
boundaries are evident. Wanmaker  et al, (2) state 
that the t ransformat ion of CaHPO4 to ~-CafP207 starts 
at 380~ The x - r ay  diffraction data obtained as a 
part  of this investigation indicated that the samples 
represented by Fig. 2 were indeed fl-Ca2P2OT. 

Comparison of micrographs not shown with Fig. 4 
indicates that  considerable grain growth has occurred 
subsequent  to the transformation.  The development  of 
the grains and their  growth is par t  of a separate in -  
vestigation which will be discussed in the future. The 
particle shown in Fig. 4 represents the final result  of 
the grain growth which has occurred. 

CaHPO4 + CaCO3.--The next  micrograph (Fig. 3) 
shows a CaCO3 crystal. Some of these particles were 
observed as almost perfect cubes, while others were 

Fig. l. CaHP04 
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Fig. 2. fl-Ca2P207 

The a-Cas(P04)2 was indeed the  major  product 
found by x - r ay  diffraction analysis. However a 
detailed examinat ion  of the diffraction pa t t e rn  re-  
vealed the presence of ~-Ca~(PO4)2 and fl-Ca2P2Or. 
Examinat ion  of the phase diagram P2OJCaO 
(7) indicates that  these phases wil l  exist if one 
has a composition slightly richer in CaO than  the ratio 
of 2CaO to 1P205. Our s tar t ing composition was 
slightly richer. The tempera ture  to which the sample 
was heated would suggest that  we should also have 
the phase a-Ca2P2OT. This phase was not detected. It 
may well  be that this phase t ransformed on cooling to 
~-Ca~P2Or. 

The grain s t ructure  seen in Fig. 4 is somewhat larger 
than  that  observed in the t ransformed CaHPO4. The 
reaction with CaCO3 apparent ly  changes the final grain 
size of the ~-Ca~(PO4)2 from that  of the fl-Ca2P2Or. 
According to Wanmaker  the CaCO3 breaks down to 
CaO at 900~ at 1000~ the reaction ~-Ca2P207 + 
CaO-*~-Ca.~(PO4)2 takes place. (The ~-Ca2P207 had 
been formed at ~ 380~ The reaction is exothermic 
and perhaps provides a part  of the energy necessary 
for grain growth. 

CaHPO4 + Sb203.--Particles of Sb203 are seen in 
Fig. 5. The particle size of this activator apparent ly  
covers a fair ly wide size range. Combin ing  CaI-IPO4 
and SI~O~ results in formation of fl-Ca2P2Oz and is 
seen in Fig. 6. While there is no change in s t ructure  as 
compared to the t ransformed phosphate there did 

Fig. 3. CaC03 

Fig. 5. Sb20z 

Fig. 4. a-Ca3(P04)2, prepared by heating CaHP04 -I- CaC03 

less regular  in shape. Combining CaHPO4 and CaCO~ 
produces a new structure, a-Cas(PO4)2 (Fig. 4). As 
with the previous reaction, correlat ion between our 
x - ray  diffraction data and Wanmaker ' s  work was 
obtained, plus some addit ional  information.  Fig. 6. ~-Ca2P~07, prepared by heating CaHP04 + Sb203 
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appear to be a change in grain structure.  The grain 
size is between that  shown in Fig. 2 and 4. There was 
also evidence of mater ia l  in the grain boundaries.  
Stereo electron microscopy indicated that the 
boundaries were quite deep. From the metal lurgical  
viewpoint  two other interest ing features were seen: 
s tructures resembling twin  planes and others 
s t r ikingly similar to slip lines. 

CaHPO4 -5 CdCO3.--The next  mater ial  considered 
was CdCO3. This was revealed as fine mater ial  with 
some agglomeration (Fig. 7). fl-Ca2P207 is again the 
reaction product and appeared almost identical  to the 
particle in Fig. 6. The only difference was that 
mater ial  was not observed in the grain boundaries.  In 
the preparat ion of the electron microscope samples 
CdCO3 was the least soluble in HNO3 of any  of the 
additions. This necessitated longer dissolution times 
when preparing the replicas or a change in acid. 

CaHPO4 -5 MnCO3.--MnCO3 is seen in Fig. 8. Pla te-  
let growth is the prominent  feature of this activator. 
A few of the particles observed were, however, smooth 
and did not exhibit  this type of structure. As with the 
preceding two materials,  combining it with CaHPO4 
does not disturb the t ransformat ion to fl-Ca2P2OT. Its 
appearance was similar to the CdCO3 and CaHPO~ 
mater ial  and the Sb203 combinat ion (Fig. 6) 

CaHPO4 -5 CaF2.--CaF2 does produce a change in 
transformation.  The mater ia l  itself is shown in Fig. 9. 
Its appearance is somewhat similar to the CdCO3, but  
the CaF2 is present as much larger particles. Fi r ing 
produces a mixture  of fl-Ca2P207 and Ca apatite 
[Ca~(PO4)3F] as revealed by x - ray  diffraction. This 
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Fig. 9. CaF2 

correlates with Montel (4) who states that  18Ca2P207 
-5 14CaF2 ~ 5 apatite -5 6POF3(g). Rabat in  and 
Gillooly (5) confirmed the reaction using reaction 
rate studies. They stated that  when  excess fl-Ca2P207 
is present it will  appear in the product. 

During the microscopic examinat ion  it was very 
difficult to dist inguish between fl-Ca2P207 and apatite. 
Most of the mater ia l  observed was similar  in 
topography to the fi-Ca~P207. However,  examinat ion  
of the micrographs indicate that some of the particles 
resembled the final phosphor more than the fi-Ca2P207. 
As the final phosphor does have the apatite s t ructure  
it may be that  these are apatite particles. An example 
of this is seen in Fig. 10. 

CaHPO4 -5 NH4C1.--The last mater ia l  examined 
was NH4C1. This mater ia l  is soluble in water  which 
simplified the replication procedure. A complicating 
factor was the large size of the particle. It was im-  
possible to obtain micrographs of an entire particle 
due to folding of the replica film. Fragments  were 
obtained, however, and one is shown in Fig. 11. The 
mater ia l  was covered with a very  fine step structure.  
Particles which did not display this s t ructure  were 
general ly smaller  in size. Combinat ion of NH4C1 and 
the CaHPO4 did not dis turb the t ransformat ion to 
~-Ca2P2OT. Its apearance was similar to Fig. 6 and 
the CdCO3 combinations. 

Phosphor.---A section of a phosphor particle is seen 
in the last micrograph (Fig. 12). Its topography is 

Fig. 7. CdC03 

Fig. 8. MnC03 Fig. 10. Cas(PO4)3F, prepared by heating CaHP04 -5 CaF2 
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Fig. 11. NH4CI 

Fig. 12. (Ca, Cd)5(P04)3(CI, F):Sb, Mn finished phosphor (cool 
white). 

similar  to that  seen in  m a n y  of the earlier micro-  
graphs. Quite a few small particles appear on the 
phosphor surface. These were also observed on the 
combinations. Examinat ion  of the individual  com- 
ponents lead us to the conclusion that  this mater ia l  is 
mostly small  bits of activators and modifiers not ful ly 
incorporated into the phosphor crystal. 

Part icle  size.--The effects of the different raw ma-  
terials on the particle size of the finished phosphors 
were also studied. Calcium dibasic phosphate 
(CaHPO4) is considered to be the basic "building 
block" for a calcium halophosphate phosphor, as 
stated in the introduction. Part icle size measurements  
made with the Coulter Counter  indicated that  this 
compound experienced a reduction in particle size 
when  fired to form the ~-Ca~PuO7 (Fig. 13). The in-  
crease in particle size when  going from fl-Ca2P207 to 
the finished phosphor was due mostly to the CaCO3 
(Fig. 14). 

Also evident  was the growth of the fl-Ca2P207 re-  
sul t ing from the reaction with the CaP2 (Fig. 15). This 
increase was of lesser magni tude  than that  caused by 
the CaCOa. The effects of the other consti tuents on 
particle size were insignificant. Thus only those ma-  
terials which produce a phase change in the fl-Ca2P207 
have a significant effect on the final phosphor size. 
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Conclusion 
The question of grain  structure on the final phosphor, 

raised in the introduction, has been explained. It  is 
pr imar i ly  due to the t ransformat ion of CaHPO4 to 
fl-Ca2P207. Correlation of the micrographs with x - r ay  
diffraction data has provided evidence for support ing 
several exper imental  studies done with differential 
thermal  analysis. It is evident  that  the electron micro- 
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scope can also p rov ide  some new insight  into exac t ly  
wha t  is occurr ing dur ing  the so l id-s ta te  react ions  in-  
volved in the  product ion of l amp phosphors.  
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A Quasi-Chemical Equilibrium Calculation of 
the Ge-Si-Sn and Ge-Si-Pb Ternary Phase Diagrams 

G. B. Stringfellow and P. E. Greene 
Hewlett-Packard Company, Palo Alto, California 

ABSTRACT 

The ternary phase diagrams Ge-Si-Sn and Ge-Si-Pb have been calculated 
based on the quasi-chemical equilibrium treatment of the lattice model for 
both the liquid and solid solutions. The calculation, using temperature inde- 
pendent interaction parameters obtained by fitting the calculated binary 
liquidus curves to experimental data, agrees to within experimental error 
with liquidus and tie line data obtained from the steady-state epitaxial 
growth of Si-Ge alloys from Sn and l~b solutions. 

Al loy  semiconductors  have  r ecen t ly  become impor -  
tan t  because  the i r  p roper t ies  can be ta i lored  for  specific 
appl icat ions  (1-5}. A convenient  me thod  for  the  g rowth  
of these  al loys is f rom solut ions r ich in a me ta l  solvent.  
One difficulty wi th  this  method of crys ta l  g rowth  is 
the lack of re l i ab le  t e m p e r a t u r e  composi t ion t e r n a r y  
phase diagrams.  The purpose  of this  pape r  is to demon-  
s t ra te  the  feas ib i l i ty  of ca lcula t ing accurate  t e rna ry  
phase d iagrams  for G e - S i - M ,  where  M is the  m e t a l  
solvent,  using the rmodynamic  p roper t i e s  of the  e le-  
ments  and in terac t ion  pa rame te r s  obta ined  f rom the 
three  b ina ry  phase  d iagrams  Ge-M, Si-M, and Ge-Si .  

The Model 
The t e r n a r y  phase d i ag ram is ca lcula ted  for  the  

quas i -chemica l  equ i l ib r ium (QCE) model  solut ion 
which  was chosen as the  s implest  one which  is capable  
of f i t t ing the  expe r imen ta l  da ta  for  the  th ree  associ-  
a ted  b ina ry  systems. The QCE model  has the  fo l lowing 
proper t ies :  

1. Each a tom has Z neares t  neighbors .  
2. Neares t  ne ighbors  in te rac t  pa i rwise  wi th  the  t em-  

pe ra tu re  and composi t ion independen t  in te rac t ion  
parameter ,  ~, defined as 

~QAB = I'IAB - -  1~ (HAA -{- HBB) 

3. Only  the  eonfigurat ional  free energy  of mix ing  is 
considered,  i.e., the  v ibra t iona l  free ene rgy  of m i x i n g  
is neglected.  

4. The d is t r ibut ion  of const i tuent  a toms is ca lcula ted  
using a mass  ac t ion- l ike  expression 

NAA N B B / ( N A B )  2 -~  - 1/4 exp (2PIAB/ZRT) [1] 

To test  the  QCE model,  ca lcula ted  l iquidus  curves  
for  the  b ina ry  Ge -M and S i -M sys tems  are  compared  

Key words: system Ge-Si-Sn, system Ge-Si-Pb, calculated phase 
diagrams, calculated ternary phase diagrams, system Ge-M, system 
Si-M. 

with the  da ta  of Thurmond et al. (10) in Fig. 1 and 2. 
The equat ions descr ibing the b ina ry  l iquidus  curve  for 
a QCE solut ion in the  case of no solid so lubi l i ty  of B 
in A are  as follows (7) 

in = -- 1 [2] 
XA (1 - -  X A ) h ' A ' Y B  R \ T 

{ ~ - 1 + 2XA ~z/2 

t ~ -  1 + 2XA \z/2 
*B = ( i  -- XA) (fl + I) J [3b] 

where  
;~ ---- [1 + 4XA (1 --  XA) (~]2-- 1)]V2 

and 
n = exp (~AB/ZRT) 

In these equations A represen ts  Ge or Si and B the  
me ta l  solvent.  ASA r and  TAv a re  the  en t ropy  and t e m -  
pe ra tu re  of fusion of  pu re  A. The in terac t ion  p a r a m e -  
ters  were  de t e rmined  by  m a k i n g  a best  fit to the  ex -  
pe r imen ta l  data.  In  a l l  cases the  ca lcu la ted  l iquidus  
curves  are  seen to fit the  expe r imen ta l  da ta  well.  

The Ge-S i  binary,  both solidus and l iquidus,  were  
also ca lcula ted  t r ea t ing  the solid and l iquid as QCE 
solutions. The method  of ca lcula t ion  is the  same as 
tha t  descr ibed  in the  next  section wi th  Xsa = 0. The 
ca lcula ted  l iquidus  and solidus fit we l l  w i th  the  ex-  
pe r imen ta l  da ta  of Thurmond  (16) as shown in Fig. 3. 

Calculation of the Ge-Si-Sn Phase Diagram 
The first s tep in the  calculat ion of the t e r n a r y  phase 

d i ag ram G e - S i - S n  is to equate  chemical  potent ia l s  of  
Ge and Si in the two phases 

/xSi c ( T )  = / x s i  1 ( T )  [4a]  

/ZGe c ( T )  : /ZGe 1 ( T )  [4b] 
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Fig. 1. Liquidus curves for Si-M systems calculated using the 
QCE model with constant interaction parameters compared to ex- 
perimental data of Thurmond et al. (10). Values of interaction 
parameter used were QSi-Au ~ - - 5 0 2 0 ,  I~Si-AI = --2860, 
l'~Si-Ga ~ -  1960, l~si-sn - -  6410, ~Si-Pb ~--- 13,220 col/mole. 

] .0  

0.1 

XGe 

0.01 

0,001 
8 10 12 14 16 18 20 22 

]04/T (oK-') 

Fig. 2. Liquidus curves for Ge-M systems calculated using the 
QCE model with constant interaction parameters compared to ex- 
perimental data of Thurmond et el. (10). Values of interaction 
parameter used were ~'~Oe-Au = - - 3 6 5 5 ,  ~Ge-AI = --2470, 
~Oe-Ga = --210, A~Ge-Sn = 735, ~Ge-In = 1015, QGe-Cd = 2520, 
~Ge-Pb = 4 6 7 5  col/mole. 

where 
~i p (T) = #i ~ -~ RT in 7iPXi p [5] 

The superscript p represents the phase and the sub- 

i i r I I I I I 1 

t400 - -  

1300 

J200 

T('C) 

ilOO 

iooo 

900 

800; I I I I I I ] I I 
Ge .10 .20 ,50 .40 .50 .60 .70 .80 ,90 Si 

XSi 

Fig. 3. Comparison of calculated to experimental (16) T-X phase 
diagram for the Ge-Si system, The QCE calculation used the fol- 
lowing interaction parameters ~Ge-Si I = 1615 and ~Ge.Si c = 

1210 cal/mole. 

script i represents the component,  The chemical po- 
tentials  of the two phases in the s tandard state at 
T =/= T F are related as follows (14) 

m ~ = m ~  -- ~Si F (Ti F -- T) 
+ ~Cp [Ti F -  T - -  T l n  (TiF/T)] [6] 

Combining Eq. [4]-[6],  neglect ing the hCp t e rm in Eq. 
[6], yields 

_ -  

"}'Si I XSi 1 n T 

lrl [ "~fiec(1-zsic) ] - - - -  ~ ASGeF ( TGeF- l )  [Tb] 
I_ Vce i XG2 R T 

XGJ + Xsi i + Xsn I ---- 1 [7c] 

These equations assume no solubil i ty of Sn in the Ge- 
Si solid alloy. 

The activity coefficients in  the l iquid solution may be 
calculated as a funct ion of tempera ture  and composi- 
tion using the QCE model. The following six equa-  
tions specify the thermodynamic  properties of the 
liquid solution. 

NAANBB/(NAB)2= 1/4 exp (21%AB/ZRT) [Sa] 

NBBNcc/(NBc) ~ = */4 exp (2nBc/ZRT) [8b] 

NAANcc/(NAc)2= ~/4 exp (2~Ac/ZRT) [8c] 

2NAA + NAB + NAC = ZNA [9a] 

2NBB ~- NAB -~- NBC ----- ZNB [9b] 

2Ncc + NAC + NBC = ZNc [9c] 

The equations can be solved to obtain NAB, NAC, and 
NBC, i.e., the distribution of A, B, and C atoms over the 
available sites. The total free energy of the system can 
be calculated and hence the activity coefficients. The 
details of the numerical calculation can be found in 
ref. (13). 

The activity coefficients in the solid solution assumed 
to have only two components, are given by Eq. [3a, b]. 
Z is taken to be 4 for the solid since it has a diamond 
structure. 

Equations [7a]-[7c] can then be solved numerically 
for a given Xsi 1 and XGe 1 to yield Xsn 1, the l iquidus 
tempera ture  and the solidus composition in  terms of 
the thermodynamic  properties of the elements Tsi F, 
TGe F, ASsi F, ASGe F, and the four tempera ture  and com- 
position independent  interact ion parameters  ~si-sn, 
~'~Ge-Sn, ~Si-Ge l, and nSi.Ge c. The first two interact ion 
parameters  are obtained by fitting the Si -Sn and Ge-Sn  
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Table I. Parameters used for the QCE calculation of 
the Ge-Si-Sn and Ge-Si-Pb phase diagrams 

Ge-Si-Sn, Ge-Si-Pb PHASE DIAGRAMS 

Value used in  
P a r a m e t e r  t e rna ry  calculation 

Tst  r 1663~ (10) 
Toetr 1210~ (10) 
ASsi  F 7.2 eu (10) 
ASoe r 6.7 eu (10) 
~Oe-Sn 7 3 5  eal /mole 
s 4675 
~st-sn 6410 
~SJ-P~ 13,220 
~Sl_ae ] 1615 
~ s t - ~ '  1210 

phase diagrams, Fig. 1 and 2, and Qsi-ce for the solid 
and l iquid solutions are obtained by fitting the Ge-Si  
b inary  l iquidus and solidus data. Fig. 3. The values of 
the parameters  used are tabula ted in Table I. 

Computed isothermal l iquidus lines for the Ge-S i -Sn  
system are presented in Fig. 4. Iso-(sol id  composition) 
lines are presented in Fig. 5. In  this figure, each curve 
represents the liquid compositions in equi l ibr ium with 
a solid Ge-Si alloy of a given composition. To clarify 
this somewhat unconvent ional  representat ion tie lines 
for the 1200~ liquidus isotherm are included in Fig. 4. 
By comparing Fig. 4 and 5 it can be seen that  tie lines 
extend from the intersection of the iso-(solid concen- 
t rat ion) lines with the 1200~ l iquidus to the solid 
Ge-Si  concentrat ion with which the iso-(solid concen- 
t rat ion) l ine is labeled. 

Calculation of the Ge-Si-Pb Phase Diagram 
The Ge-S i -Pb  phase diagram was calculated as de- 

scribed for the Ge-S i -Sn  system except for the com- 
plication of the l iquid immiscibil i ty.  The isothermal 
l iquidus curves for the l iquid- l iquid  equi l ibr ium were 
calculated by equat ing chemical potentials of Ge, Si, 
and Pb  in the two l iquid phases in the same way as 
for the solid-l iquid equil ibrium. The two liquidus sur-  
faces were superimposed wi th  the higher tempera ture  
l iquidus being the equi l ibr ium liquidus surface. This 
allowed the determinat ion of the monotectic l ine in the 
Ge-S i -Pb  ternary.  The thermodynamic  parameters  
used in the calculation are listed in  Table I. The calcu- 
lated l iquidus isotherms are plotted in Fig. 6. In  Fig. 7 
the iso-(sol idus concentrat ion)  l ines are plotted. 

Sn 

S i 1650 ~600 1550 1500 1450 1400 1300 v ~  

Fig. 4. Liquidus isotherms for the system Ge-Si-Sn calculated uS- 
ing the QCE model compared with experimental liquidus data at 
1100 ~ , 1200 ~ , and 1300~ The dashed lines are tie lines at 
1200~ 
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Experimental 
Several  l iquidus isotherms of the t e rnary  phase dia- 

grams were determined by solubil i ty measurement  of 
Si in Ge-M solutions. A schematic of the apparatus 
used is shown in Fig. 8. The tempera ture  is measured 
using a P t /P t -13% Rh thermocouple enclosed in a 
fused quartz tube inside the crucible, above the melt. 
The actual tempera ture  of the melt  was determined at 
several temperatures  by  insert ing a test thermo-  
couple, enclosed in a fused quartz tube, into the melt. 
It  was determined that  a correction of + 2  ~ is neces- 
sary to make the thermocouple located above the mel t  
give the actual mel t  temperature .  The m a x i m u m  
error in measured tempera ture  is estimated to be ~2  ~ 
The apparatus is designed so that  the Si wafer can be 
inserted into or removed from the melt  at the experi-  
menta l  tempera ture  by t i l t ing the crucible. During 
the ent i re  exper iment  the h igh-pur i ty  graphite cruci-  
ble is in an atmosphere of flowing H2 purified by 
diffusion through a pal ladium membrane.  

The exper imenta l  procedure is as follows. Appro-  
priate amounts  of 6-9's Sn or Pb, Ge, and Si were 

S n  

- . B 3  

.89 

.77 

.IZ 

.4S 

.S5 

Si Ge 

Fig. 5. Calculated iso-(solid concentration) lines for the system 
Ge-Si-Sn compared with experimental results. Each line represents 
the liquid compositions in equilibrium with a solid Ge-Si alloy of the 
given composition. 

Pb 

I 

o 1500 ~ 
A1250 ~ 
[] 1200 ~ 

2000 
17~ 20O 

s 1650 1600 1550 ~500 1400 1500 1250 Ge 

Fig. 6. Ge-Si-Pb isotherms calculated using the QCE model com- 
pared with experimental {iquidus data at 1200 ~ 1250 ~ and 1300~ 
The heavy dashed line is the ternary monotectic line. 
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Fig. 7. Comparison of calculated iso-(solid concentration) lines 
with experimental data for the Ge-Si-Pb system. The heavy dashed 
line is the ternary monotectic line. 
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the  ao vs. x data of Dismukes et al. (15). The accuracy 
of the  determinat ion of composit ion is •  a /o  Si. 

The solubil i ty of Si in the  Ge-M mel t  was de te r -  
mined as follows. Af te r  the al loy was removed and its 
weight  and lat t ice paramete r  determined,  the r emain -  
ing Si was weighed and its dimensions measured.  The 
Si weight  was taken as the product  of  vo lume and 
density. This was done to minimize  errors  due to mel t  
or alloy remaining on the Si surface since Sn, Pb, and 
Ge all have much higher  densities than Si. The amount  
of Si dissolved in the mel t  was de te rmined  as (original  
weight  of Si added to mel t  + weight  of Si w a f e r ) - -  
(weight  of Si wafer  af ter  r u n ) - - ( a l l o y  weight  x weight  
fraction Si in al loy).  Since the weight  of the Si added 
to the melt  was normal ly  la rger  than the  weight  of 
the Si wafer,  errors in de termining the final weight  
of dissolved Si produced only small  errors in l iquidus 
composition. The est imated m a x i m u m  errors  resul t ing 
f rom thus de termining the weight  of Si dissolved are 
represented by the size of the exper imenta l  points on 
the phase diagrams. 

The exper imenta l  results  are presented on the cal-  
culated phase diagram G e - S i - S n  and Ge-S i -Pb  in Fig. 
4-5 and 6-7, respectively.  

Discussion 
The te rnary  phase d iagram is calculated for a model  

solution which is chosen as the simplest  one which fits 
the exper imenta l  data for the three  b inary  systems. 
Some model  solutions which might  describe the the r -  
modynamic  propert ies of Ge-S i -M solutions are dis- 

Crucible cussed in terms of a b inary  solution A-B.  Al l  models 
discussed are based on the lat t ice model  where  the 
consti tuent atoms are located on a fixed lat t ice wi th  
Z nearest  neighbors. The configurational free energy 
of mix ing  is de te rmined  by pai rwise  interactions. 

The simplest  model  is the ideal solution where  the 
const i tuent  atoms do not interact  so ~AB = 0. 

A second commonly  used model  is the regular  solu- 
t ion (6). In this model  ~AB is nonzero and the A and B 
atoms are distr ibuted randomly,  giving 

NAANBB/(NAB)  2 = �88 

The regular  solution model  is in ternal ly  inconsistent 
since, in a system of in teract ing atoms, cer ta in  con- 
figurations have lower  energy than others, thus the 
distr ibution is nonrandom and t empera tu re  depen-  
dent. 

The subregular  solution model  (8) is s imilar  to the 
regular  solution except  ~AB is taken  to be l inear  in 
mole fraction A. This model  is a specific case of a non- 
physical  approach where  the chemical  potent ial  is ex-  
pressed as a power  series in t empera tu re  and composi- 
t ion (9). These approaches are useful  for extrapola t ing 
or interpolat ing avai lable  t e rnary  phase d iagram data, 
but cannot be used to calculate a t e rnary  phase dia- 
gram from data on the b inary  systems. 

An  in ternal ly  consistent and more  reasonable model  
is the QCE model  described in the second section of 
this paper. The nonrandom distr ibution of const i tuent  
atoms is calculated using a mass actionlike expression, 
Eq. [1]. 

A comparison of calculated vs. exper imenta l  phase 
diagram data is necessary to select the appropriate  
model  for the G e -S i -M  systems. Thurmond  et al. (10) 
made a systematic s tudy of b inary  l iquidus curves  for 
14 different e lements  wi th  Si and Ge. They found that  
most of the data could be fit using a regular  solution 
model  only if ~ were  t empera tu re  dependent  contrary  
to a basic assumption of the model,  i.e. 

~'~AB ~ a --  bT  

with a direct relat ionship be tween  a and b. 
Binary  l iquidus curves calculated using the QCE 

model  with t empera tu re  independent  in teract ion pa- 
rameters ,  Fig. 1-3, w e r e  found to fit the  exper imenta l  
data well.  These results  suggest that  the t empera tu re  

t 

Fig. 8. Schematic of apparatus used for measurements of the 
solubility of Si in Ge-Sn and Ge-Pb solutions and the growth of 
Ge-Si alloys from the equilibrium liquidus solutions. 

placed in the crucible. A Si wafe r  was polished 
mechanical ly  and chemically,  weighed, and at tached 
to the holder  in the crucible. The crucible was placed 
in the apparatus. Af te r  thorough purging,  the crucible 
was moved into the furnace. The mel t  was al lowed to 
equi l ibrate  for approximate ly  1 hr  before the Si wafer  
was inserted into the melt. Dur ing the exper iment  the 
crucible was slowly rocked to faci l i tate  a t ta inment  of 
equil ibrium. Af te r  no less than 6 hr, the substrate was 
removed from the mel t  and the  crucible wi thdrawn to 
the cold zone of the apparatus. Af te r  al lowing the 
crucible to cool, the Si wafe r  was r emoved  to de te r -  
mine the weight  of Si dissolved. 

Due to a slight la teral  t empera tu re  gradient  across 
the sample, af ter  equi l ibr ium was established, Si 
would dissolve f rom one half  of the wafer  and a Ge-Si  
alloy crystal  would grow epi taxia l ly  on the other  
half. This al lowed the composition of the Ge-Si  alloy 
in equi l ibr ium with  a given l iquid to be determined.  
In real i ty  crystal  growth never  occurs under  equi l ib-  
r ium conditions but since the crystal  g rowth  was ve ry  
slow, at a constant tempera ture ,  and the  crystals ob- 
tained were  homogeneous,  as described below, they 
would be expected to have  ve ry  near ly  the equi l ib-  
r ium solid composition. Af te r  each exper iment  the 
alloy was removed  f rom the Si substrate  and was 
used to make a Debye -Sche r r e r  x - r a y  diffraction pat-  
tern. This powder  pat tern  was used to obtain the la t -  
t ice pa ramete r  and to de termine  the homogenei ty  
of the alloy. The half  width  of the alloy diffraction 
lines was found to be the same as for pure Si, indi-  
cating that  the alloys are  homogeneous.  The composi-  
t ion was de termined  f rom the lat t ice pa ramete r  using 
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dependence of ~ in the regular  solution calculation is 
an artifice to compensate for a fai lure of the model, in 
that  it does not take into account the tempera ture  
dependence of the dis tr ibut ion function. The interac-  
t ion parameter  is forced to include not only HAB -- 
�89 (HAA Jr HBB), but  also the changing pair  d is t r ibu-  
t ion with temperature.  This explains the funct ional  
relationship between a and b, since the tempera ture  
dependence of the dis t r ibut ion funct ion is determined 
by ~. 

These results in the Ge-M and Si-M systems are 
similar  to those in the  Ga-As system which Thurmond  
(11) and Ar thur  (12) fitted using the regular  solution 
model with 

~ = a - - b T  

The authors (13) demonstrated that  the data could 
be fit using the QCE model with a tempera ture  inde-  
pendent  a.  

Summary 
The Ge-S i -Sn  and Ge-S i -Pb  t e r aa ry  phase diagrams, 

both l iquidus isotherms and tie lines, were calculated 
based on the QCE model for both the ' l iqu id  and solid 
solutions. The parameters  needed for the calculations 
were Tsi F, TGe F, ~ S s i  F, and ASGeF , which were ex- 
tracted from the l i terature,  and the interact ion pa-  
rameters  ~Ge-M, ~'~Si-M, ~Si-Ge c, and ~'~Si-Ge 1, which were 
determined by fitting respectively the Ge-M, Si-M, 
and Ge-Si  exper imental  b inary  diagram data. 

Exper imenta l  l iquidus data were obtained for the 
Ge-S i -Sn  and Ge-S i -Pb  systems by solubil i ty mea-  
surements  of Si in Ge-M, and tie lines were obtained 
by growth of Ge-Si alloys from liquid solutions of 
known composition. 

The calculated phase diagrams were found to agree 
within the experimental data to within the experi- 
mental error. This illustrates the accuracy of the QCE 
calculation of ternary phase diagrams in these par- 
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t icular  systems. The results suggest that  the calcu- 
lat ion would apply to other systems for which the 
b inary  l iquidus can be fit using the QCE calculation. 

Manuscript  submit ted Sept. 30, 1969; revised m a n u -  
script received Apri l  2, 1970. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1971 
J O U R N A L .  
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Standing Wave Interference Patterns in Photoresists 
Observed with a Scanning Electron Microscope 

L.J. Fried, R. Fiachbart, D. F. itlen, J. W. Raniseski,* F. W. Anderson, and K. V. Fatel 
IBM Components Division, East Fishkil~ Facility, Hopewell Junction, New York 

The existence of s tanding light waves was first dem-  
onstrated exper imenta l ly  by Weiner  (1) in  1890, and 
was used as a basis of a method of color photography 
by L ippmann  (2) in 1891. More recently,  the existence 
of s tanding wave interference dur ing exposure of 
photoresists was postulated by Al tman  and Schmitt  
(3) to explain the spli t t ing of KTFR 1 films on 
chromium after development  and has been used by 
Sheridan to produce holograms(4) .  The objective of 
this paper is to demonstrate,  by use of the scanning 
electron microscope (SEM), the existence of s tanding 
wave interference dur ing  photoresist exposure. 

Samples were prepared by  spinning AZ-1350H2 
photoresist on Si wafers with 5000A of thermal ly  

* E lec t rochemica l  Socie ty  Act ive  Member .  
l E a s t m a n  K o d a k  C o m p a n y ,  Roches ter ,  N e w  York  14650. 

Sh ip ley  C o m p a n y ,  Inc.,  2300 Wash ing ton  St., Newton ,  Massachu-  
setts 02162. 

grown silicon dioxide. The resist was approximately  
1.2-1.6# thick. Pat terns  were formed in the resist by 
exposing with an unfiltered 200W Hg arc source with 
major  u.v. lines at 3650, 4050, and 4360A. Exposure was 
performed through a silver halide mask for 1(}-20 sec. 
The exposed resist was then removed in AZ developer. 
No post -baking was performed after development.  
Finally,  approximately 500A of Au was evaporated 
on the wafers to minimize charging dur ing observa- 
tion under  the scanning electron microscope. 

Figure 1 is a SEM micrograph i l lustrat ing an edge 
of one of the resist lands. Of interest  are the fringes 
seen along the thickness of the resist, a higher magnifi-  
cation of which is shown in Fig. 2. These fringes are 
due to s tanding wave interference dur ing exposure of 
the resist. 
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Fig. 3a. Schematic showing formation of standing wave from 
SiO~-Si interface. (Change in wavelength between resist and oxide 
is not shown.) 

Fig. 1. Edge of AZ-1350H 

• 

I 
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S~ 

Fig. 3b. Schematic showing resist edge a~ter development 

Fig. 2. Detail of Fig. 1 

Figure 3a schematically i l lustrates the formation of 
the s tanding wave from the SiO2-Si interface, and Fig. 
3b shows the resul t ing resist edge after development.  
Areas where  maxima in the resist occur represent  
nodes in the s tanding wave where the resist is not  
adequately exposed and is not removed in the de- 
veloper. Likewise, areas where  min ima  in the resist 
occur represent  antinodes in the s tanding wave where  
the resist is adequately exposed and removed in the 
developer. The distance between adjacent  nodes or 
antinodes for monochromatic radiat ion is given by 
~,o/2nl, where ~0 is the wavelength  of the incident  
radiat ion in air, and nl  the index of refraction of the 
resist. Figure 4 i l lustrates the sinusoidat profile of the 
resist edge. 

To determine what  contr ibut ion was due to a 
s tanding wave generated at the photoresist-SiO2 in te r -  
face, AZ-1350H was spun onto a glass slide and ex-  
posed, with black paper beneath  the slide to el iminate 
a high reflectance substrate. The fringes which were 
produced were less pronounced than  those produced 
from an SiO2-Si or photoresist-Si interface; it was 
therefore concluded that  the s tanding wave was 
pr imar i ly  from the Si interface. 

Fig. 4. Edge profile of AZ-1350H 

To el iminate the possibility that  the fringes might  
have been an inheren t  s t ructure in the photoresist 
enhanced by the developer, a resist edge was cleaved, 
left unexposed, and then immersed in the developer. 
No fringes were produced. 

To determine the effect of the wavelength  of the 
incident  radiat ion on fr inge spacing, wafers with 
AZ-1305H were exposed through band-pass  filters, 
isolating the 3650, 4050, and the 4360A Hg lines. Table I 
shows a comparison between the fr inge spacing as 
calculated from the micrographs and that  given by 

Table I. Comparison between theoretical and measured fringe 
spacing 

Wavelength of 
incident light, A Fringe spacing, A 

k nl* T h e o r e t i c a l  M e a s u r e d  

3650 1.70 1070 I I 0 0  
4050 1.67 1210 1200 
4360 1.66 1310 1285 

* I n d e x  of r e f r a c t i o n  of pho to res i s t "  t he  i nd i ce s  of  r e f r a c t i o n  were  
m e a s u r e d  (5) on an AZ-1350  p o l y m e r  (Pheno l  F o r m a l d e h y d e  Res in ) ,  
u s i n g  t he  l a s e r - V A M F O  t e c h n i q u e  (6). 
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)~o/2nl. The excel lent  resul ts  a re  undoub ted ly  some-  
wha t  fortui tous,  as the  er ror  in the  measurements  is 
p robab ly  about  10%. However ,  the  change in f r inge  
spacing wi th  wave length  is demonst ra ted .  

I t  should be emphasized that  al l  of the  samples  were  
not baked  af ter  development .  If pos tbaking  is pe r -  
fo rmed at  a t e m p e r a t u r e  such tha t  the  resist  flows, 
the fr inges wash  out. 

The  existence of fr inges due to s tanding wave  in te r -  
ference has been seen in such o ther  posi t ive resists  as 
AZ-1350 and A Z - l l l  and, to a lesser  extent ,  in negat ive  
resists  such as KTFR.  This difference in ex ten t  be -  
tween posi t ive and negat ive  resists  m a y  possibly  be 
due to a swel l ing of the  K T F R  dur ing  deve lopment  
washing out some of the structure.  

To conclude, a scanning e lec t ron microscope enabled  
us to observe fr inges along the thickness  of the  exposed 
photoresist .  These fr inges were  found to be due to 
p re fe ren t i a l  exposure  caused by  a s tanding  wave  
or iginat ing at  the  SiO2-Si interface.  
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Deposition of Epitaxial InAs P(l_x)on GaAs 
and GaP Substrates 

H. A. Allen* and E. W. Mehal *'1 
Texas Instruments Incorporated, Dallas, Texas 

There  is considerable  in teres t  in semiconductors  
which  have  band  gaps in the  n e a r - i n f r a r e d  region of 
the spec t rum (1.4-0.33 eV) for so l id-s ta te  l igh t -  
emi t t ing  and laser  diode, detector,  and pho toemi t t e r  
applications.  The  specific areas  of photoemi t te rs  and 
re la ted  photocathodes  have genera ted  specific in teres t  
because of the  ve ry  high photoemiss ive  yields  which  
have been obta ined  f rom Cs20 ac t iva ted  I I I -V  surfaces 
(1,2) which  show promise  of giving a sensitive, h igh-  
efficiency photocathode for  e lec t romagnet ic  rad ia t ion  
beyond 0.9 ~m, where  the  quan tum efficiency of the  
classical  a l ka l a i -me ta l  photocathodes  is less than  1%. 
However ,  in o rder  to make  photocathodes prac t ica l  for 
image- in tens i f ie r  purposes,  the  act ive I I I -V  ma te r i a l  
must  be deposi ted on a subs t ra te  t r anspa ren t  to 
rad ia t ion  of wavelengths  longer  than  0.9 #m. 

InAsxP(1-x) is a I I I - V  a l loy  sys tem which has band  
gaps tha t  span this spect ra l  region. GaAs could serve  
as a subs t ra te  window for rad ia t ion  of 0.9 #m and 
longer,  and GaP  could serve  as a b r o a d e r - b a n d  
window, t r ansmi t t ing  l ight  of wave lengths  longer  
than  0.56 #m. The chemica l -vapor  deposi t ion of 
InAsxP(1-z) on InAs substrates ,  using AsH3 and PH3 
as the source of As and P, was recen t ly  r epor t ed  (3).  
A s imi lar  process has been  used to deposi t  ep i tax ia l  
l ayers  of this  a l loy on ch romium-doped  and t e l l u r ium-  
doped GaAs and undoped  GaP substrates .  

chamber  pr ior  to in t roduct ion  to the reactor .  The com- 
posi t ion of the  deposi ted  al loys was cont ro l led  by  the  
re la t ive  flow ra tes  of the AsHs-H2 and PHj-H2 gases, 
each of which could be var ied  cont inuously  f rom 0 to 
about  250 cc/min.  For  these exper iments ,  mix tures  
containing 4% AsHa and 4% PHs (each in hydrogen)  
were  obta ined  f rom the Matheson Company.  E lementa l  
ind ium (s ix-nines  pure)  was purchased  f rom Cominco 
American,  Incorpora ted .  

A two-zone  resis tance furnace  p rov ided  independent  
t e m p e r a t u r e  control  (+_ 2~ of the  ind ium reservoi r  
and the  GaAs or GaP  substrate .  Tl~ere was a g radua l  
t e m p e r a t u r e  grad ien t  be tween  the indium zone (main-  
ta ined  be tween  750 ~ and 850~ and the subs t ra te  
(main ta ined  be tween  630 ~ and  750~ The seed and 
ind ium reservoi r  were  located 3-4 in. apar t .  In  most  
runs, the seed was held  normal  to the  d i rec t ion  of gas 
flow by  a quar tz  pin  th rough  a hole in the  slice. 

T h e  GaAs subst ra tes  were  (100), ( I l l ) A ,  ( I l l ) B ,  
and (110) or ien ted  slices (20 mils  th ick)  cut  f rom 
chromium-  or t e l l u r i um-dope d  pu l l ed  crys ta ls  and 
chemical ly  pol ished wi th  8: 1:1 (H2SO4: H202: H20) 
immed ia t e ly  before  use. The GaP subst ra tes  were  
grown by chemica l -vapor  deposi t ion on ( l l l ) A  GaAs 
substrates.  The  subs t ra tes  were  removed  by  lapping.  
The a s -g rown  surfaces were  used for a l loy deposit ion,  

Experimental 
Materials preparation.--The open- tube  deposi t ion 

sys tem (Fig. 1) used in these studies is const ructed  of 
fused quartz.  A mix tu re  of anhydrous  HC1 and purif ied 
hydrogen  passes over  a hea ted  ind ium reservoi r  and 
t ranspor t s  the  vola t i le  InC1 thus formed to the  depos i -  
t ion zone. Purif ied hydrogen  and h i g h - p u r i t y  AsH3 
and PI-I8 (each in hyd rogen  gas) a re  mixed  in a 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Me mber .  
1 Present address: Spectronics Incorporated, Richardson, Texas. 

TWO-ZONE FURNACE 

ASH3 750-850 C . / 6 3 0 - 7 5 0  C ~--GaAs OR GaP 
+ ~1~ ~SUBSTRATE 

H 2 ~ ~ i '; 

E \ If I 
HCL+ H2~ \~-IN SOURCE EXHAUST 
H 2 

Fig. 1. Horizontal vapor-growth system 
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Materials evaluation.--Epitaxial layer thicknesses 
were determined by either cleave or bevel-lap,  and 
stain. Staining with a 1.5% NaOC1 solution in H20 gave 
a sharp contrast between the GaAs substrate and the 
layer; no stain was required for the GaP substrates. 
Alloy compositions were de termined by electron 
microprobe analysis and /o r  x - r ay  diffraction. The 
sharpness of the diffraction peaks and the  reproduci-  
bi l i ty of microprobe readings ( taken in at least four 
positions on the surface) were used to determine the 
homogeneity of the layers. Inf rared absorption mea-  
surements  were made rout ineIy to de termine  the ab-  
sorption edge and to provide a semiquant i ta t ive  mea-  
sure of composition. However, accurate band gap 
values are difficult to obtain using this procedure be-  
cause the sharpness of the absorption-edge measure-  
ment  appears to depend strongly on the method of 
surface preparation.  

Carrier  concentrat ions and mobilit ies were deter-  
mined by a-c or d-c Hall and resistivity measurements  
at room temperature  on ul trasonical ly cut, s ix-armed 
samples with ind ium contacts. 

Results and Discussion 
Physical properties.--The alloy composition of the 

epitaxial layers was varied by changing the relat ive 
flow rates of the AsH3 and PH~ mixtures.  The alloy 
composition (expressed in mole per cent InAs) is 
plotted in Fig. 2. Against  the gas-phase composition 
calculated from the flow rates (expressed in mole 
per cent As, taking into account the Group V com- 
ponents only),  it is seen that  the alloys are system- 
atically higher in arsenic content  than the correspond- 
ing vapor phase. These results are in close agreement  
with those of Tiet jen et al .(3).  

Alloy samples grown in a given run  were similar in 
composition. The surface composition did not vary  by 
as much as 1 m/o  (mole per cent) for most of the 
layers grown on ( l l l ) A  and (110) substrates. The 

100 

90 / / ~  
80 

70 / 

6o I i i  

4oa0 / / /  9 / / o  
20 / ~ (111)DATA Q 

/ ~  ~ (110) DATA [ ]  
10 

0 ~ I I I i I I I I I 
108 98 80 70 60 50 40 30 20 10 0 

MOLE % In P 

Fig. 2. Per cent InAs in (InAs)x(InP)l-x deposited vs. per cent 
of As as total Y component in the gas phase. 
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10 I 

o 

,J 
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Fig. 3. Hall mobility vs. alloy composition 

80 90 100 

( l l l ) B  and (100) layers were less homogeneous for 
alloys containing more than 50 m/o  InAs and were as 
homogeneous as any other orientat ion for those having 
more than  75 m/o  InAs. The composition and crystal-  
l ini ty  of various samples were checked by x - r ay  
diffraction with compositions being determined by the 
method described by Howard and Dobrott  (4) and the 
crystal l ine perfection of the layers was determined by 
a Laue topographical method developed by Swink(5) .  

The opt imum orientat ion appears to depend on alloy 
composition. For InP  and alloys with <0.50, the 
(111) A orientat ion produced the highest -qual i ty  
layers. The (100) orientat ion appeared to become more 
favorable for alloys having InAs contents of 75 m/o  or 
greater. High-qual i ty  layers were grown on (110) 
substrates up to the middle of the composition range; 
erratic results were obtained using ( l l l ) B  substrates. 
A more complete study of this or ientat ion dependence 
is under  way and will  be reported at a later time. The 
opt imum growth tempera ture  appears to increase 
with InAs composition of the layers from around 640 ~ 
to 650~ for InP  to near  700~ for the InAs layers. 
Typical deposition rates were 50 ~ 10.0 ~m/hr .  

The deposits on GaP substrates were general ly  of 
lower perfection than those of GaAs substrates as 
evidenced by broader x - r ay  diffraction peaks. How- 
ever, some relat ively shiny surfaces with a smooth 
a l loy-GaP interface were grown throughout  the com- 
position range, but  with more difficulty and less re-  
producibil i ty than on the GaAs substrates. The 
larger lattice mismatch undoubted ly  contr ibutes to the 
imperfection of the deposits on GaP compared with 
those on GaAs. However, this might be alleviated by 
finding a set of growth parameters  more favorable to 
deposition on GaP. 

Electrical properties.--The electrical properties of 
InAsxP<l-x} layers deposited on chromium-doped 
semi- insula t ing  GaAs substrates were measured 
throughout  the composition range. The deposits were 
all N- type  having carrier  concentrat ions in the 
(1-5) X 10~6cm -z  range. The Hall  mobilit ies measured 
here increase monotonical ly from about 400 cm2/V-sec 
for InP  to 10,000 to 11,000 cm2/V-sec for InAs. It  is to 
be expected that  the mobilities for these deposits on 
GaAs would be considerably lower than those for the 
deposits on InAs obtained by using the same reactant  
system (3), due to the large lattice mismatch between 
the alloy layers and the GaAs substrates. The lower 
mobili t ies for the InAs deposits as compared to those 
of Cronin et aL who used AsC13 and system-generated 
HC1 to prepare InAs layers on GaAs substrates (6,7) 
are probably due to the incorporation of more com- 
pensat ing impurit ies originat ing from the commercial  
AsH3 and HC1 start ing materials.  No electrical mea-  
surements  were made on the InAsxP(~-~) depositions 
on GaP. 

Manuscript  submit ted June  25, 1969; revised m a n u ,  
script received ca. April  5, 1970. This was Recent 
News Paper  353 presented at the New York Meeting, 
May 4-9, 1969. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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ABSTRACT 

A pseudo-resis tance method is described for t ransformat ion of discharge 
curves obtained with  a s torage bat tery  into one characterist ic curve, which 
is called the Ri-curve.  This graphical  procedure yields useful  figures of 
mer i t  for storage batteries and is par t icular ly  valuable  for est imates of 
ba t te ry  data at high current  and energy drains and for studies of var ia t ions  
and var iabi l i ty  in battery performance.  Two versions are presented. "Version 
I," which is sufficient for most purposes, uses three  characteris t ic  constants: 
a ( the resistance paramete r ) ,  ~ ( the capacity parameter ) ,  and Vr, where  Vr 
is a reference vol tage and a and b are obtained from the regression line 
Ri = a  + b ( R i .  D ) , w i t h R i  ~ ( V r - -  V ) / I a n d D  ~ f I d t  ( V i s t h e  operat-  
ing voltage, I discharge current,  and t discharge t ime) .  The regression 
line represents  the l inear part  of the Ri -curve  Ri = ~ ( D - R i )  which  is 
plotted in the so-called Ri-diagram.  "Version II," the R&D version, yields four 
figures of meri t :  Vr, Dr, Rc, and Rk,  where  Dr is a l imit  capacity, Rc a mini -  
mum internal  resistance, and R k  a resis tance factor for est imating the frac-  
tion of Ri, which depends on D. 

The electric car is expected to become a ve ry  
demanding application for storage batteries in the 
future. In contrast  to the general  level  of technology, 
in this and other  novel  applications for storage bat-  
teries, e.g., on the motor  side, the methods for de-  
scribing the electr ical  characteris t ics  of the ba t te ry  
itself are unsatisfactory and incomplete.  There  are 
very  good reasons for this situation. The storage bat-  
te ry  is a much more  complicated technical  system 
than its e lectromechanical  partner.  The motor  con- 
stitutes an invar iant  sys t em,  whereas  the propert ies  
of the storage ba t te ry  change during charge and dis- 
charge. 

Methods for detailed presentat ion of the electr ical  
quali t ies of the storage ba t te ry  are desired both by 
the manufac ture r  and by the user. The  manufac ture r  
needs fi~ures of mer i t  in his R&D and for his qual i ty-  
control functions. The user, e.g., a submarine captain 
or an "e lec t ro -motor i s t " - - a  dr iver  of an electric c a r - -  
needs re levant  data presented in an unders tandable  
and usable form. This kind of informat ion is needed 
par t icular ly  at high current  drains and /o r  large energy 
drains, i.e., in the domain of the per formance  limits of 
the battery.  The user depends less on detai led informa-  
tion of this kind when the ba t te ry  is in its ful ly  
charged condition. 

Figures  of mer i t  or characteris t ic  parameters  for 
batteries should be der ived ent i re ly  f rom the inherent  
qualit ies of the battery.  The basic relat ion should, 
wi th  a min imum of terms, be capable of describing the 
whole a r ray  of discharge curves and associated vol t -  

* Electrochemical Society Active Member. 
Key words: battery characterization. Ri-curves, Ri-diagrams. dis- 

charge curves, end voltages, battery parameters, Peukert relation, 
Shepherd equation, battery variability, voltage-current curves, in- 
ternal resistance of batteries,  e lectrode  structure, overcharging lead 
acid batteries, sintered iron electrodes.  

age /cu r ren t  curves wi th  par t icular ly  high precision 
in the domain of the performance limits of the battery.  
The constants involved should pre fe rab ly  have a 
physical  meaning to help unders tanding and analysis. 
The most important  goal would, however,  be to achieve 
an efficient reduct ion of exper imenta l  data. This is 
in line wi th  the purpose of the comprehens ive  work 
by Shepherd  (1) who der ived an equation describing 
ba t te ry  discharge. The present  approach has much in 
common with  Shepherd 's  studies. The present  work  
should, however ,  not be considered an extension of 
Shepherd 's  work;  rather ,  the purpose has been to 
bring to focus the most interest ing area f rom the user 's 
point of view, i.e., the domain of the performance  
l imits of the battery,  and to find a more practical  pro-  
cedure for der iving figures of mer i t  for the ba t te ry  in 
this domain. 

Shortcomings of Present Methods 
The per formance  of storage batteries is today almost 

universa l ly  repor ted  by means of discharge curves. 
The ba t te ry  vol tage is plot ted against  the discharge 
t ime or the amount  of electr ici ty del ivered at constant 
current.  The discharge is in ter rupted  at an end voltage, 
Vs, and the obtained capacity figure, Ds A-hr ,  repor ted  
as a figure of merit .  The choice of Vs depends on the 
application in question and the discharge current.  

The famil iar  Peuker t  re lat ion is f requen t ly  used in 
lead acid ba t te ry  studies for estimates of Ds at various 
I. Unfor tunately ,  the constants of the Peuker t  r e -  
gression line are much influenced by the choices of Vs 
as i l lustrated by Fig. 1. F igure  1 also includes a Peuker t  
curve  for a hypothet ical  ba t te ry  wi th  a constant capa- 
ci ty independent  of the discharge current.  This curve 
does not deviate  too much from the others in the graph. 
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Fig. 1. Peukert curves, l~ t ~- a -+- b l~ l, derived from 
discharge curves obtained with a lead acid battery, Tudor 6 x 4E 
(I, discharge current; t, discharge time; and Vs, end voltage. End 
voltages, Vs, were chosen according to (a) practice in the labora- 
tory for general evaluation, x; (b) practice for tractionory batter- 
ies, ::= ; and (c) practice for stationary batteries, + .  The dashed 
line represents a hypothetical battery with constant capacity inde- 
pendent of discharge current. 

The concept of end vol tage is apparent ly  of l i t t le 
value  as a basis for put t ing up equations describing 
ba t te ry  performance  because of its a rb i t ra ry  character.  
The situation would of course be different if Vs could 
be related to the electr ical  propert ies  of the ba t te ry  
and not be decided by the actual application. The 
fol lowing route might,  however ,  be used for defining 
Vs in a manner  which would be satisfactory f rom this 
point of view. End voltages plotted against the cor-  
responding discharge currents  f requen t ly  fol low a kind 
of l inear vo l t age /cu r ren t  curve. The D = Ds curve in 
Fig. 2 shows end voltages, Vs, against discharge cur-  
rents. Such V / I  curves are also obtained when vol t -  
ages at constant ratios, D/Ds,  are plotted against the 
current,  Fig. 2 (D denotes the number  of ampere -  
hours that  have  been del ivered at the t ime of the 
voltage reading, whereas  Ds represents  the capacity 
at the discharge current  used).  These special V / I  
curves f requent ly  have  the same slopes at different 
D/Ds  ratios. One could then adopt the policy that:  (a) 
end voltages should be chosen so that  the V s / I  curve  
becomes paral le l  to other  V / I  curves, valid for various 
constant D/Ds  ratios, and (b) that  the constant vol tage 
difference be tween the V s / I  curve  and the V / I  curve  
for D ~ 0 should be related in a simple numerica l  way  
to the difference be tween the V / I  curve for D = 0 and, 
e.g., the  curve  for D/Ds  = 0.5. This route  is fa i r ly  
complicated, requires  that  the discussed V / I  curves are 

2,1 
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Fig. 2. Cell voltages for a lead acid cell plotted as a function 
of the discharge current at states of discharges characterized by 
O = 0, O = 0.5 Ds and D = Os, respectively. Data taken from 
discharge curves in a battery catalog at the 10, 5, 3, 2, 1, and Vz 
hr rates (2). 

reasonably parallel,  and involves an i tera t ion pro-  
cedure. The curves in Fig. 2 which  are based on pres-  
ent practice to define Vs for t rac t ionary  bat ter ies  are 
almost, though not exactly,  parallel .  The vol tage dif-  
ferenc'e be tween  the D = 0 and the D = Ds curve  is 
0.29V. Shepherd considered discharges to be ended at 
voltages equal  to those of the D = 0 curve,  minus 
0.25V. 

Shepherd 's  equat ion (1) is capable of describing 
complete  sets of discharge curves  very  efficiently. In 
spite of this h ighly desirable fea ture  most laboratories,  
however ,  do not seem to use this tool because of (a) 
the somewhat  complex procedures involved in deter -  
mining the numerica l  values of the constants of the 
equation, (b) the diffuse physical  meaning of some 
of the constants, (c) the fact that  consistent and good 
curve fits can be obtained wi th  different sets of con- 
stants, and (d) the var iabi l i ty  in ba t te ry  per formance  
which makes any a t tempt  to fit exper imenta l  data to 
any equat ion over  the ent ire  range of discharge curves 
dubious to the mind of the experimental is t .  

The  fourth point is par t icular ly  re levant  when 
D < 0.5 Ds, as i l lustrated by the V / I  curves  in Fig. 3. 
These V / I  curves were  obtained wi th  a 260 A - h r  
s tat ionary lead acid battery.  The ba t te ry  was dis- 
charged at various constant discharge currents  in the 
normal  way  ([ = 26, 45, 64 and l l l A ) .  The constant  
current  discharge was, however ,  in ter rupted  for a 
short t ime three t imes during the discharge, at D = 
40, 64, and 107 A-hr .  On these occasions the load was 
var ied so as to obtain a V / I  curve val id for  the 
bat tery  under  the prevai l ing  conditions. The ba t te ry  
vol tage and the var iable  load current  were  recorded 
after  90 sec of operat ion at the  new current  load. 

The 12 V / I  curves in Fig. 3 obtained in this way  
(one for each combinat ion of D and I) exhibi t  three  
features: (a) l inearity,  (b) some variabil i ty,  and (c) 
fa i r ly  small  d i f fe rences- - f rom a practical  point of 
v i e w - - b e t w e e n  the various runs. The range of the 
intercepts on the voltage axis for I = 0 represents  only 
_ 1.2% of the bat tery  voltage. This domain of ba t te ry  
operat ion evident ly  does not provide a good start ing 
point for  put t ing up relations describing ba t te ry  per -  
formance. A bet ter  route would  be to start  at the 
other  end of the discharge profile where  more dra-  
matic things happen that  are impor tant  to the user. 

Pseudo-Resistance Method (Ri-Method) "Version I" 
Obviously, a m in im um  of three  parameters  would 

be requi red  to define the per formance  of a bat tery:  
(a) a capacity parameter ,  (b) an internal  resistance 
parameter ,  and (c) a re ference  voltage. Since the 
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Fig. 3. V/I  curves for a 260 A-hr lead acid battery Tudor 3 Spg 
obtained at D = 40, 64, and 107 A-hr, respectively. The discharge 
was performed with 26, 45, 64, and 111A, except when readings for 
the V/I curves were taken. 
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slope of the  V / I  curve depends  on the  s ta te  of charge,  
and the capacities,  which  can be obta ined  under  
var ious  conditions,  depend  on the  shape of the  V / /  
curves, the  sought  re la t ion  should at  least  include a 
re la t ionship  be tween  these two parameters .  The 
capaci ty  p a r a m e t e r  should p r e f e r ab ly  be re la ted  to 
the capaci ty  found at  v e r y  smal l  d ischarge currents ,  
whereas  the  in te rna l  res is tance p a r a m e t e r  should be 
re la ted  to the  proper t ies  of the  ba t t e ry  in its nea r ly  
fu l ly  d ischarged state. 

The so cal led Ri -d iagrams,  in t roduced in this  paper ,  
are  in the i r  most simplif ied version,  comple te ly  in 
h a r m o n y  wi th  the above requirements ,  and give a 
good fit of expe r imen ta l  data. This version, here  
cal led "Version I," makes  use of an appa ren t  res is t -  
ance term,  Ri,  calcula ted  as 

R i  - - - -  ( V r -  V ) / I  [1] 

where  V r  is a re fe rence  vol tage which  is es t imated  as 
the ave raged  in te rcept  of the  r e l evan t  V i i  curves 
ex t rapo la t ed  to I ---- 0, and V is the  vol tage  of opera~ 
tion. R i  obta ined  in this  w a y  is p lo t ted  agains t  the  
product  ( R i .  D) where  D is the  quan t i ty  of elec-  
t r ici ty,  he re  in A-hr ,  tha t  has been  de l ivered  by  the  
ba t t e ry  at the  t ime of the  measurement .  

A l inear  Ri -curve  indicates tha t  the  potent ia l  drop,  
V r  - -  V ,  increases wi th  discharge time, t, in an ac-  
ce lera ted  way, being propor t iona l  both  to ( V r  --  V )  and 
t. As a ma t t e r  of fact, the  Ri-curves ,  R i  = �9 (R i  �9 D),  
most f r equen t ly  tu rn  out  to be l inear,  except  at low 
energy  dra ins  (i.e., ea r ly  in the  d ischarge) .  This  r e -  
gression l ine is here  expressed b y  

R i = a + b  ( R i . D )  [2] 

The slope b has the dimension of inver ted  capacity,  
( A - h r ) - l ,  whereas  the  in te rcept  on the Ri-axis ,  a, is 
a character is t ic  res is tance term. Equat ion [2] is thus 
based on the th ree  pa rame te r s  Vr,  a, and b. At  the  
moment  we consider  the  R i -d iagram,  "Version I," to 
be an empi r ica l  re la t ion.  We, however ,  in t roduce  a 
"Version II"  below in which case some r emarks  of a 
deduct ive  na tu re  wi l l  help  in unde r s t and ing  the 
meaning  of the  constants  a and b. 

The Ri -d i ag ram in Fig. 4, covering different  charge  
states  and  discharge currents ,  shows tha t  this s imple 
rou te  is a f a i r ly  efficient p rocedure  for  reduct ion  of 
expe r imen t a l  da ta  into one single curve.  Po in ts  f rom 
different  discharges wi th  different  cur ren t s  fa l l  on 
the  same Ri-curve .  A regression l ine va l id  for la rge  
energy  dra ins  which satisfies [2] is obta ined by  e x t r a p -  
olat ing the  l inear  pa r t  of the  curve  t oward  the  R i -  
axis. In  this  pa r t i cu la r  case, l i b  corresponds to 45.9 
A - h r  to be compared  wi th  the  15 hr  capac i ty  of Ds = 
43.5 A-h r .  

I t  is thus rea l ized f rom Fig. 4 tha t  the  R i -d i ag ram 
could also be useful  for a presenta t ion  of the  elec-  
t r ica l  p roper t ies  of the  ba t t e ry  for  smal l  energy dra ins  
even if the  l inear  re la t ion  [2] no longer  holds in this  
region.  

The R i -d i ag ram is, however ,  of course no r e m e d y  
agains t  va r i ab i l i t y  in ba t t e ry  performance.  The v a r i -  
ab i l i ty  m a y  f r equen t ly  manifes t  i tself  as a var ia t ion  
in the  regression constants,  a, whereas  the slopes, b, 
of the regression l ines in most cases come out f a i r ly  
constant.  This is i l lus t ra ted  in Fig. 5 wi th  four  con- 
secut ive cycles wi th  a la rge  ba t te ry .  Clear ly  the  R i -  
d iagram is an excel lent  tool to s tudy  and define this 
k ind  of var iab i l i ty ,  since the  va r i ab i l i t y  can often be 
a t t r ibu ted  to one single parameter .  I t  seems qui te  
na tu ra l  tha t  the  w e l l - k n o w n  va r i ab i l i t y  in ba t t e ry  
pe r fo rmance  f rom one cycle to another  under  
seemingly  r igorous ly  cont ro l led  expe r imen ta l  condi-  
t ions should be connected wi th  some k ind  of res is t -  
ance factor, smal l  in i tself  but  wi th  a la rge  influence 
on per formance .  (Var ia t ions  m a y  occur in  the  contact  
be tween  the  cur ren t -co l l ec t ing  gr id  and the  act ive 
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Fig. 5. Ri-curves, "Version I," for a large experimental lead acid 
cell demonstrating variability of the regression constant, a, fre- 
quently met with in development work. Vr ~ 2.02V. 

mater ia l s  due to th in  corrosion layers .  Minute  gas 
bubbles  m a y  rema in  f rom the foregoing charging 
per iod  in the porous s tructure,  etc.) 

The different  characters  of the  two regress ion con-  
stants a and b are  also evident  f rom the  exper iments  
r epor t ed  in Fig. 6. This lead  acid ba t t e ry  was heav i ly  
overcharged  dur ing  many  days. The R i -d i ag ram in-  
dicates that  the  slopes in the  R i - d i a g r a m  are  qui te  
constant,  whereas  the  regress ion constant ,  a, increases 
wi th  the  amount  of overcharge.  F igure  7 gives a plot  
of the two regress ion constants.  There  is an approx i -  
ma te ly  l inear  increase of the  res is tance parameter ,  a, 
whereas  the  capac i ty  pa ramete r ,  l / b ,  is influenced bu t  
s l ight ly  b y  overcharging.  
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Fig. 7. Parameters a and l i b  from regression lines for Ri-curves 
in Fig. 6. 

Figure 8 displays discharge curves taken from a 
bat tery  catalog (2) in  the condensed form of the R i -  
diagram. The simple method for est imating D at any  
voltage and discharge current  wi thin  practical l imits 
is exemplified on the graph. Since one Ri-curve  is 
sufficient for one battery, the performance of several 
batteries can be presented on the same graph for easy 
comparison. The two constants of the l inear  part  of 
the Ri-curve can be obtained in one single discharge 
run  with two voltage readings at two D (discharge 
t ime at constant  current  to two predetermined volt-  
ages recorded).  A logarithmic scale makes it possible 
to accommodate batteries with widely varying  prop- 
erties on the same graph. 

By means  of values for Ri, taken from the R i -  
diagram, and the figure for Vr, the V i i  curve for the 
state of charge in question is easily put  up according 
to [1]. Because of the t ime required to establish 
steady state in the bat tery  system, V i i  curves derived 
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I -'- D=24BAh 
0 0.5 1.0 1.5 2.0 

D-Ri A h-Jq_ 
Fig. 8. Use of the R,Ldiagram, "Version I / '  for estimates ef dis- 

charge data. 

from discharge data at constant  current  ma y  differ 
from those obtained with rapid variat ion of the load. 

T h e  R i - M e t h o d ,  "Vers ion  I1" 
So far the Ri-method in its "Version I" has been 

presented as an empirical  finding; it is in this respect 
much like the Peuker t  relation. The procedure is thus 
considered to be justified by its practical merits, and 
can be recommended for any bat tery  system which 
yields data that give consistent Ri-curves. 

There must  of course be a consistent theoretical 
background to a consistent Ri-curve.  Consistent means 
here that plots taken from discharge runs  with dif- 
ferent discharge currents  fall on the same Ri-curve--- 
in the (rare) cases with no variabil i ty.  This theo- 
retical background may differ in  its details from one 
ba t te ry  system to another  but  probably  some impor-  
t an t  elements in the theoretical  f ramework wil l  be 
common for most batteries. An  a t tempt  is therefore 
made to organize those elements into a formal re-  
lationship to get some unders tanding of some of the 
features behind the Ri-diagram. The result  of this 
t rea tment  is an equat ion which contains the impor tant  
elements of the Shepherd equation. The derivation, 
however, follows a slightly different course and the 
interpreta t ion of the physical meaning  of the constants 
a l so  differs somewhat. It is shown how the feature of 
the present  paper, the Ri-diagram, is related to the 
type of numerica l  relationship that  was first derived 
by Shepherd (1). 

This t rea tment  suggests a correction which can be 
applied to "Version I" of the Ri-method described 
above. The somewhat more elaborated "Version II" 
is useful in R&D work, whereas "Version I" is quite 
satisfactory from the user's point of view. 

Clearly, the concept of a l inear  vol tage/current  
curve is a logical s tar t ing point  for the analysis. These 
curves are characterized by slope and intercept. 

From, e.g., Fig. 3, it is realized that  two types of 
voltage drops have to be taken into account: (a) 
Vo -- Vr ,  which is a function of the state of charge; (b) 
V r  -- V ,  which is the voltage drop due to the passage of 
current  under  the prevai l ing conditions. 

The open-circuit  voltage of a ful ly charged battery,  
Vo,  can be defined as the intercept  for I ~ 0 from the 
l inear  part  of the V i i  curve for D = 0. The actually 
observed open-circuit  voltage could also be used. It  
is of course impor tant  to make clear in numerica l  
work which route is followed. 

One might first expect an approximately l inear  re-  
lat ion between Vr and the state of charge. Shepherd 
used an equation with log (Vo -- Vr) proport ional  to D. 
Data in Fig. 2 in Shepherd's paper are, however, 
fair ly consistent with a l inear  relation; the system was 
here lead dioxide, zinc, and sulfuric acid. The open- 
circuit voltage of lead acid batteries at various acid 
concentrations is, e.g., f requent ly  estimated by means 
of simple l inear  relations like voltage equal to (0.84 
+ density in grams/cm3),  etc. Since the density of 
the acid is approximately l inear ly  related to the state 
of charge, one might  therefore expect a similar 
l inear  relat ion also between V r  and the state of charge 
even if V r  is not  a t rue open-circui t  voltage. Figure 
9(a),  which is based on data presented in Fig. 3, how- 
ever indicates that  things may not always be that  
simple. Figure 9 (b) shows fur thermore  that  it is not 
possible to observe any  influence of the discharge 
cur ren t  on V r  in  this case. Figure  10, which contains 
data calculated from a ba t te ry  catalog (2), also indi-  
cates a fairly complicated pat tern.  Vr drops at first 
with increasing D, but  then increases again. There  is 
also a fairly small difference between the m a x i m u m  
and the m i n i m u m  values for V r  in this graph. The 
average Vr comes out as 2.02V in  this case, which 
seems to be a good reference value for most lead acid 
batteries of convent ional  design. 
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on the basis of catalog data (2). 

It is clear that any equat ion describing the electrical 
characteristics of a storage bat tery  at low currents  
and small  D is very  much influenced by the com- 
ponents  of the equation which take care of V o  --  V r  
since the contr ibut ion of Vr -- V associated wi th  the 
current  dra in  as such compared to the total drop 
V o  --  V may be quite small  in this region. 

The slope of the V / I  curve represents  an apparent  
in terna l  resistance of the battery.  This resistance 
should constitute a sum of resistance terms connected 
with the different process steps in  the battery.  For  
comparison it can be ment ioned that  in fuel cell 
studies the fair ly constant  total resistance which in 
general  is observed for an electrode system may  be 
split up in  three terms: (a) a term associated with 
the diffusion of gas through the electrolyte film, (b) 
a term associated with the charge t ransfer  step, and 
(c) a resistance te rm associated wi th  the migra t ion of 
ions along the electrolyte film (3). 

The empirical ly found constancy of Ri at a cer ta in  
state of charge could be due to two causes: (a) con- 
t r ibut ing  terms of a n y  i m p o r t a n c e  are constant,  and 
(b) variat ions are in te rna l ly  compensated. The fact 

t h a t  practically l inear  V / I  curves are obtained for 
many  different batteries and electrode structures 
indicates that  explanat ion (a) is probably valid. 

The apparent  in te rna l  resistance, Ri ,  will  then be 
split up in two sums of terms, one represent ing 
resistances which are not influenced by the state of 
charge, e.g. ,  resistance terms associated with the con- 
duction of electrons in the electrode current-col lect ing 
structure, and one sum of terms which depend on the 
state of charge only. These two sums are denoted R c  
and R v ,  respectively, and thus 

R i  ---- R c  Jr R v  [3] 

The state of charge is here defined as L = ( D r - -  D ) / D r ,  
where Dr is the capacity at infini tely low currents,  
assuming no self-discharge. The resistance term, R v ,  
can thus be wr i t ten  

R v  = r  = ~ ( D r - -  D ) / D r  [4] 

R c  must evident ly  be smal ler  than or equal to the 
m i n i m u m  value of Ri which can be observed in any 
measurement .  It  is realized that  it must  be possible to 
find expressions for [4] for any  assumed Rc-value 
satisfying this condition and [3]. 

Figure  10 i l lustrated how the apparent  in ternal  re-  
sistance may depend on the state of charge. We now 
seek a formal description of this relationship. 

The current  used in the discharge in general  has less 
influence than genera l ly  believed on the s t ructure  and 
conditions of the electrodes of the bat tery.  A general  
experience with, e.g. ,  lead acid batteries is also that  
the number  of ampere-hours  which can be extracted 
out of the bat tery  when the discharge cur ren t  is varied 
dur ing the discharge is fair ly constant,  wi th in  say • 
3%, and approximately equal  to D s  for the lowest dis- 
charge current  in  the discharge proffie, provided tha t  
the final discharge is done at this discharge current .  
The var ia t ion  in  Ds with the discharge current  thus 
does not reflect differences between the quanti t ies of 
available active electrode materials  due %o cur ren t -  
induced effects. The view that  the physical state of the 
electrode is governed main ly  by D and not so much by  
the discharge profile, the course taken to D, is sup-  
ported by scanning electron micrographs of lead acid 
bat tery  positive plates which have been discharged at 
high and low current  drains to about the same D. The 
structure of the plates looks near ly  the same, indepen-  
dent  of the cur ren t  used in the discharge, Fig. 11. The 
appearance of the sintered iron electrodes in  Fig. 12 is 
also in ha rmony  with this view. 

It  is well  known that  the active materials  in  most 
types of storage batteries with porous electrode struc-  
tures  are not used up entirely in the discharge reaction 
even if the discharge current  is kept very low. Positive 
and negative materials  in the lead acid bat ter ies  are 
thus f requent ly  utilized only to 30-35% (thin elec- 
trodes may exceed 50%, however) .  There are excep- 
tions to this, e.g. ,  the silver oxide electrode which is 
used to near  100%. The end point  of the discharge with, 
e.g. ,  a lead acid bat tery at very  low current  is thus 
not determined by the amount  of active materials  pres-  
ent bu t  by the in te rna l  resistance which increases to 
very high values near  the end point. A mathemat ical  
expression should thus give infinite in te rna l  resistance 
at the end point  at very low current  drains. The end 
point, characterized by infinite Ri, could thus repre-  
sent the ma x i mum available capacity at infinitely low 
current  drains, Dr ,  assuming no self-discharge. The 
simplest relat ion satisfying this requi rement  is ap- 
pa ren t ly  

R i  = R c  Jr R v  = R c  Jr R k  �9 D r / ( D r  ~ D) 

= R c  4- R k / L  [5] 

The resistance terms which are influenced by the state 
of charge, and summed as R v ,  are thus here assumed 
to be inversely proportional to the state of charge, 
which makes R i  -~ oo when D --> Dr. 

The inverted value of the resistance t e rm R v ,  1 / R v  
~_ L / R k ,  is apparent ly  a conduct ivi ty  term, which thus 
should be proport ional  to L, if [5] is valid. It  seems 
quite reasonable that  this conductivi ty term should be 
proport ional  to L, at least in  a crude way. The active 
parts of most electrode structures contain wel l -con-  
ducting charged mater ia l  ( in an amount  proport ional  
to Dr -- D) and poorly conducting discharged mater ia l  
(in an amount  proport ional  to D). The resul t ing con- 
duct ivi ty of these active parts of the electrode is then  
expected to be approximately proport ional  to Dr -- D s 
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Fig. 11. Micrographs of 
out layer of tubular posi- 
tive lead electrodes dis- 
charged to N 0.6 Dr at 
Vz hr current (left) and 
20 hr current (right). 
Lead sulfate crystals in 
unreacted lead dioxide 
mass. 

Fig. 12. Micrographs of 
middle of experimental 
sintered iron electrode 
discharged to 0.18 A-hr/g 
at 12.5 mA/cm ~ (left) 
and 50 mA/cm 2 (right). 

i.e., to L. Severa l  other  processes in the bat tery  should 
fol low the same pattern.  If, e.g., the  e lect rolyte  is used 
up in the discharge, one may  expect  a l inear relat ion 
be tween the conduct ivi ty  of the electrolyte  and L. Ac-  
tually, most mass t ransfer  processes at play should 
respond to the change in the state of charge in a re-  
lated way. 

Relation [5] thus seems to exhibit  the characteris t ic  
features we want  to formalize. Shepherd ar r ived  at the 
same relat ionship assuming a l inear re la t ion be tween  
the overpotent ia l  and the "act ive mater ia l  current  
density," with the act ive mater ia l  current  density being 
inversely  proport ional  to the amount  of unused act ive 
mater ia l  in the electrode structure.  Shepherd,  however ,  
concluded that  the successful use of his equations did 
not necessari ly imply that  his theoret ical  deduction 
did apply. This r emark  is certainly valid also for the 
present  considerations. The above discussion may  thus 
be summarized 

f Vo  -- V r  : ~ (L) = ~ (Dr  -- D ) / D r  [6] 

V r - -  V - ~  I ( R v - ~  Rc)  : I .  R k .  D r / ( D r - -  D) 

~- I �9 Rc : I ( R k / L  + Rc)  [7] 

In "Version I," Ri  was defined as Ri  = ( V r - -  V ) I .  
We here start  wi th  a more general  definition of the 
apparent  in ternal  resistance and refer  it to the open 
voltage of the ba t te ry  at D = 0 

Ri  = (Vo  --  V ) / I  [8] 

In this case, Ri will  va ry  with  the current  when  Vo =~ 
Vr. Summat ion  of [6] and [7] gives 

Ri  ~- ~ ( L ) / I  ~- R k / L  ~- Rc [9] 
o r  

Ri = r  ~u R k  �9 D r /  (Dr  -- D) -~ Rc  [10] 

Multiplication with L -~ (Dr -- D ) / D r  and rea r range-  
ment  gives 

Ri  : R k  ~- Rc -~ 1~Dr { D ( R i  -- Rc)  } -~ L / I  �9 ~(L)  
[11] 

Relat ion [11] approximates  to [2] when L ~ 0 (Ri ~ 
Rc) and at large currents  in cases where  the expres-  
s ion  L / I  �9 ~ ( L )  in [11] has some significance. 

As was ment ioned above, it is evident ly  necessary to 
know the function L / I  �9 ~ (L) when  dealing wi th  near ly  
ful ly charged bat ter ies  and small  currents.  The vol tage 
drop, Vo -- Vr,  associated with the state of charge, 
though in itself small, may be large compared to the  
drop due to the passage of current  under  these cir-  
cumstances. There are no difficulties of a pr incipal  
na ture  involved here. One may, e.g., t ry  the re la t ion 
used by Shepherd;  see [13] below. As was ment ioned 
in the introduction, this domain of ba t te ry  operat ion 
is of l i t t le significance in this context, however ,  and 
we shall therefore  drop the te rm L / I  �9 ~ ( L )  in [11] 
and thus put Vr ~ V o  as was done in the "Version r '  
t reatment .  This reduces relat ion [11] to 

Ri  -~ R k  -~ Rc Jr 1~Dr �9 D ( R i  -- Rc) [12] 

which may  be refer red  to as the "Version II" equation. 
The "Version II" procedure evident ly  gives a possi- 

bi l i ty of obtaining two resistance parameters ,  Rk and 
Rc, e.g., by solving equat ion systems of [12] with sets 
of data for Ri and D. However ,  this is complicated by 
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the fact that  R k  is not a t rue  constant but f requen t ly  
varies in the region D < 0.5 Dr. Unfor tunate ly ,  it is 
not possible to measure R c  direct ly since there  are also 
ohmic components  in R k / L .  Figure  13 illustrates, how-  
ever, how differences in Rc show up in the Ri-diagram.  
In this case the Ri-difference be tween  the two curves,  
0.04 mohm, corresponds very  wel l  wi th  the calculated 
differences be tween  ohmic resistances of the two types 
of grids used in the two batteries.  

Most batteries,  however ,  exhibi t  a fa i r ly  flat dis- 
charge curve  (neglect ing the init ial  drop f rom the 
t rue open-circui t  vol tage)  down to at least L N 0.5. 
Thus R i  does not change much during this part  of the 
discharge. This implies that  in these cases R c  > >  R k / L  
in this region. Since R c  is to be considered a correct ion 
t e rm in the t e rm l / D r  �9 D ( R i  - -  R c )  of [12], the value 
for R i  determined  f rom the  slope of the  V / I  curve  at D 

0 could be used as an upper  est imate of R c  in [12]. 
This is the  prefer red  method of calculation in the 
"Version II"  procedure. This is exemplified in Fig. 14, 
which reports  Ri-curves  obtained in this way  for an 
exper imenta l  s intered iron electrode under  develop-  
ment  for electric car batteries. 

These s intered iron electrodes, 50 m m  diameter,  w e r e  
run in half  cells in 5N KOH at 50~ The potent ia l  vs .  
a standard H g / H g O  reference electrode was recorded. 
The discharge current  was kept  constant at 25 m A /  
cm 2. This par t icular  exper imenta l  electrode was chosen 
for this presentat ion because of the feature  exhibi ted 
by the Ri-curves  in Fig. 14. The first cycle wi th  the 
new electrode gives peak per formance  with  Dr = 0.110 
A - h r / c m  2. Cycle 2 gives D r  ~ 0.092 A - h r / c m  2 and 
cycle 3 D r  ~ 0.079 A - h r / c m  2, wherea f t e r  D r  stabilizes 
at 0.065 A - h r / c m  2. There  is, however ,  but l i t t le  var ia -  
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Fig. 13. Ri-curves, "Version I," for two large lead acid cells. 
Cells identical except for different grid resistance in the positive 
plates: for cell 11 estimated as 0.002 mohm and for cell 12 as 
0.008 mahm. 
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Fig. 14. Ri-curves, "Version I1," for an experimental iron elec- 
trode. 

t ion in the intercepts of the Ri-curves  on the R i - a x i s .  
The decrease in per formance  is thus here  a t t r ibuted 
mainly  to a decrease in the t e rm Dr. This effect may  
be compared with  the overcharge  exper iments  wi th  
lead acid bat ter ies  repor ted  in Fig. 6 and 7 where  de-  
crease in ba t te ry  per formance  could be a t t r ibuted to 
a change in the resistance parameter ,  whereas  the ca- 
paci ty parameter  l i b  remained fair ly constant. These 
observations i l lustrate  how the Ri -method  can give 
valuable  hints about causes for changes in ba t t e ry  
performance.  

The calculations involved in the "Version II" pro-  
cedure are demonst ra ted  for cycle 1 in Fig. 14. A plot 
of the V i i  curves for D ~ 0 showed a fa i r ly  small  va r i -  
ation of the intercepts,  V r ,  with  the average  V r  = 
0.939V within  the limits 0.924-0.954 (__ 1.6%). Conse- 
quently,  use of a constant Vr  = 0.939V for all Ri-  
est imates was considered justified. (For  comparison, 
it can be ment ioned that  the average t rue open-circui t  
vol tage was V o  = 0.975V wi th in  the limits 0.960- 
0.980V). The slope of the V i i  curve  for D ---- 0 and the 
discussed cycle 1 corresponds to R i  = 0.72 __ 0.10 ohm-  
cm 2, est imated 95% confidence limits. [In this research 
study, ba t te ry  parameters  are re fe r red  to uni t  area 
(1 cm 2) of the cell section which is car ry ing  the cur-  
rent.] F rom the discharge curve  with  voltage plotted 
as a function of the discharge t ime at 25 m A / c m  2, 
figures for R i  were  obtained at var ious D est imated as 
R i  = (0.939 -- V)/0.025 ohm-cm 2. The figure R i  = 0.72 
ohm-cm 2 at D ---- 0 was used as an est imate of Rc to 
get ( R i  - -  Rc).  The Ri=curve was then obtained by 
plot t ing R i  against  D ( R i  - -  Rc) as shown in Fig. 15. 
The intercept  of the extrapola ted l inear part  of the 
curve  is equal  to R c  4- R k ,  which here comes out as 
0.93 o h m - c m  2. The  factor RI~ is es t imated as Rk = 
0.21 ohm-cm 2 at D > 0.5 D r ,  since Rc was assumed ---- 
0.72 ohm �9 cm 2. The  factor Rk thus increases f rom Rk 
- 0 at D ---- 0 to a value  which is fair ly constant when  
D > 0.5 D r  as indicated by the l inear  course of the 
Ri-curves  in this region. The slope of the  regression 
line corresponds to Dr  = 0.110 A - h r / c m  2 to be com- 
pared wi th  Ds ---- 0.101 A - h r / c m  2 for V s  ----- 0.700V. 

This method  of calculat ion thus implies a ve ry  p re -  
cise meaning of R c  and R k .  The increase in R i  for in-  
creasing D is whol ly  a t t r ibuted to the t e rm R k  �9 D /  
(Dr -- D) of Eq. [10] due to increase both  of Rk f rom 
zero to a constant value and the  increase of D / ( D r  
- - D ) .  

Compar ison  with the  Shepherd  A p p r o a c h  
Our Eq. [10] and the evaluat ion of its constants is 

compared wi th  Shepherd 's  Eq. [9] which, wi th  Shep-  
herd 's  glossary and after  minor  rear rangement ,  reads 

"E 

O 0.85 0.10 0.15 0.20 0.25 
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Fig. 15. Ri-curve, "Version I I / '  for an experimental iron elec- 
trode (cycle 1 in Fig. 14). 
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( E s - - . E ) / i  ( =  R i )  = K �9 Q / ( Q  - i t )  + N 

- -  A l l  exp ( - -  B Q  -1  i t )  [13] 

This relat ion is apparent ly  formal ly  identical  wi th  the 
present relat ion [10], provided Es  = V r ;  Q = 1 / G  �9 
Dr ;  N -~ 1 / G  �9 Rc;  K ~- 1 / G  �9 R k  and - - A / i  �9 exp 
( - -  B Q  -1  i t )  = 1 / G  �9 r  where  G is the area of 
the cross section through which current  is flowing 
between the electrodes in the battery.  However ,  the 
above formal  identit ies are not val id f rom a physical  
point of view: Shepherd 's  Q is de termined  by the 
amount  of available act ive mater ia l  on the control l ing 
electrode, whereas  our D r  is the capacity at infinite Ri.  
Shepherd 's  K is re fe r red  to the act ivat ion overpoten-  
t ial  and N is the in ternal  resistance. Both R k  and R c  
as defined above contain ohmic terms;  the sole condi- 
t ion is that  Rc is independent  of the state of charge 
and R k  is zero at D ~ 0. Shepherd determines  his 
constants by means of an equation system using four  
points taken  f rom each of two discharge curves, one 
obtained at a modera te ly  high current  density and the 
other  one obtained at a modera te ly  low current  density. 
This procedure uses only a fraction of avai lable exper i -  
mental  data. Physical  in terpreta t ion is fu r the rmore  
made difficult by the fact that  the in ternal  resistance 
t e rm f requen t ly  comes out as a negat ive  term. 

The t ransformat ion  of [10] into [11], however ,  seems 
to give a simple and useful method for graphical  re -  
duction of the discharge data. This is the main advan-  
tage of the present  method. This feature  is also demon-  
s trated by means of data taken f rom lead acid ba t te ry  
curves in Shepherd 's  paper. The result  of the t rea t -  
ment  is shown in Fig. 16. Data for this Ri -d iagram were  
taken from discharge curves for a lead acid bat tery  re-  
ported in Fig. 9 and 10 in Shepherd 's  paper. 

Shepherd 's  Fig. 10 is a V / I  curve  for a ful ly charged 
battery,  D = 0, f rom which the apparent  internal  re -  
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Fig. 16. Ri-curve, "Version I1," based on data for lead acid 

battery reported by Shepherd (1). (Dashed line represents "Version 
I" procedure.) 

sistance under  this condition is obtained as R i  = 3.8 
mohm. The curves in Shepherd 's  Fig. 9 give the cell 
potent ial  as a function of Q / ( Q -  D)  where  Q is the 
amount  of active mater ia l  on the controll ing electrode 
in Ah (Shepherd 's  glossary) for different current  
densities.~ Ri-values  were  calculated f rom data from 
these curves for Q / ( Q  - D) equal  to 6, 4, 3, 2, 1.5, and 
1.25. Averaged  Ri-va lues  for each D were  corrected by 
subtract ing R c  ~ 3.8 mohm and the te rms  D ( R i  - -  R c )  
calculated for the Ri-diagram. The slope of the resul t -  
ing diagram corresponds to Dr = 0.9 Q, whereas  R k  + 
R c  for large D comes out as 9 mohm. Consequently,  it 
can be concluded that  R c  ,~ 4 mohm, whereas  R k  in-  
creases f rom R k  ~ 0 at D = 0 to R k  ,-5 mohm at D 
0.5 Dr. These figures plus the est imate of Dr,  in this 
case reported as D r  = 0.9 Q, give a sat isfactory descrip- 
tion for this par t icular  lead acid battery.  (Observe 
that  Dr  =~ Q!) 

Figure  16 also contains for comparison an Ri -cu rve  
based on the same data but calculated according to 
the simplified procedure,  "Version I," wi th  no Rc- term.  
The two curves run in paral le l  and apparent ly  the 
"Version I" procedure is as good as "Version I r '  for  
the purpose of general  ba t te ry  character izat ion in this 
case. 

One may also visualize a more  refined t rea tment  than 
the "Version II" procedure described above. The pur-  
pose of this procedure,  "Version III," should obviously 
be to establish a relat ion be tween  R k  and D so as to 
describe how R k  varies wi th  D. The only, but  ve ry  
serious, l imitat ion is here the difficulty of obtaining 
sufficiently precise and reproducible  exper imenta l  data. 
At present,  "Version II" seems to be on the border l ine  
of what  is pract ical ly feasible. 
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NOMENCLATURE 

V, vol tage 
Vo,  open-circui t  vol tage 
Vr, reference voltage 
Vs, vol tage at end of discharge 
I, discharge cur ren t  
D, del ivered ampere -hours  
Ds, capacity at Vs 
Dr, l imit  capaci ty 
L, state of charge 
Ri ,  apparent  internal  resistance 
Rc,  part  of R i  not depending on L 
R v ,  part  of R i  depending on L 
R k ,  resistance factor in Eq. [5] 
a and b, regression constants of R~-curve 
For  symbols in Shepherd 's  Eq. [13], see Ref. (1). 
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The Stress of Electroless Nickel Deposits on Beryllium 
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ABSTRACT 

The residual  stress of electroless nickel coatings on one side of 0.01 in. 
bery l l ium strips was determined by bow deformation measurements .  Differ- 
ent plat ing conditions can produce either a tensile or compressive stress. The 
parameters  controll ing stress are those which determine the phosphorus con- 
tent  of the deposit, of which pH is the most important .  The stress increases 
in  the negative direction with increase in  phosphorus content  of the deposit. 
"As-plated" 4 mil  coatings containing more than 8.5% phosphorus  are com- 
pressively stressed, while those with lower phosphorus content  are in tensile 
stress. Contract ion dur ing anneal ing  decreases the compressive and increases 
the tensile stress of the plate. With close control of the plat ing parameters,  re-  
producible, essentially "stress-free" electroless nickel coatings can be plated 
on critical optical bery l l ium surfaces such as aerospace mirrors.  

This invest igat ion was prompted by a recent article 
(1), which concluded that  Kanigen|  deposits on 
bery l l ium induce significant tensile stresses in the 
composite: "For diffraction-l imited precision optical 
surfaces, these stresses may produce unacceptable  
distortions." Precision bery l l ium mirrors  require elec- 
troless nickel coating to provide a hard surface for 
final optical polishing and low scattering reflectivity: 
The pr imary  purpose of the work was to find the 
plat ing conditions inducing the least tensile stress in 
the plate. 

In te rna l  stresses developed in plated deposits are 
either tensile due to contraction or compressive due 
to expansion. A tensile stress in the coating will  
decrease its adhesion, corrosion resistance, and some- 
times the fatigue s trength of the substrate.  It is 
therefore desirable to minimize  tensile stress or pro-  
duce a slightly compressive plating. Genera l ly  the 
degree of stress decreases with increase in thickness 
of the deposit. 

The stress in plated coatings is most readi ly  mea-  
sured by plat ing only  one side of th in  metal  strips. 
Any residual  stress in the coating is released by 
bending of the strip. The bow at the center  is a mea-  
sure of the in terna l  stress. On thick, rigid substrates 
no bending can occur and the stress is "locked-in" 
the deposit. Large stresses exceeding the tensile 
s trength of the deposit will  induce cracks, while 
small  stresses may create surface or interphase dis- 
turbances such as ripples. 

The deformation of metal  strips nickel plated on 
one side only is due in part to the bimetallic effect, 
e.g. the difference in thermal expansion coefficients 
of electroless nickel (13 x 10-6/~ and beryllium 
(11.6 x 10-6/~ If this were the only factor, then 
an electroless nickel deposit on beryllium would al- 
ways be in slight tensile stress of about 4000 psi due 
to its larger contraction, when the composite cools 
from 95~ plating to room temperature. Other fac- 
tors such as the plating conditions and bath formula- 
tion also produce residual stresses, since they affect 
the composition and crystal structure of the deposit. 
Our work was primarily concerned with the effect 
on stress of two critical plating process variables: pH 
and temperature. 

Nickel, which is chemically reduced by sodium 
hypophosphite, is deposited as a nickel-phosphorus 
alloy in a metastable state. The phosphorus content 
in electroless nickel deposits can vary from 3 to 13% 
depending on the plating conditions and solution em- 
ployed. Heat treatment above 250~ gradually sta- 
bilizes the system by precipitation of nickel phosphide 
(Ni~P). This increases the hardness from 50 Rockwell 
C to a maximum of 70. 

* Elec t rochemical  Society Act ive  Member .  
x Regis te red  t r a d e - m a r k  of  Gene ra l  A m e r i c a n  Transpor ta t ion  Cor-  

porat ion and  its licensees- 

Experimental Procedure 
To investigate the stresses in electroless nickel 

deposits, a 10 li ter Kanigen@ plat ing system and 
bath ~ were employed. This process incorporates con- 
t inuous circulation and filtration, as well  as external  
steam heat ing of the plat ing solution. The operat ing 
tempera ture  was varied in the range  of 82~176 
and the pH of the bath from 3.9 to 5.1. Dur ing  plat ing 
the concentrat ion of all chemicals and the pH were 
main ta ined  by f requent  additions to the regenerat ion 
tank as indicated by analysis. 

The main  components of the plat ing solution were: 
0.08M NiSO4 6H20, 0.23M NaH2PO2.H20, and 0.36M 
lactic acid as the nickel chelating agent. Minor amounts  
of stabilizer, wet t ing agent, and organic acid pro- 
moters were also present. The pH was adjusted with 
10% NaOH solution and measured to 0.01 units  every 
30 rain with a Beckman pH meter. In the last experi-  
ments  the hypophosphite concentrat ion was increased 
to 0.4M. 

Beryl l ium strips, 3 in. long, 0.30 in. wide, 0.01 in. 
thick, mil led and then  stress relieved by chemical 
etching, were used for all plat ing experiments.  Length 
and width of each strip were determined to 0.01 in.; 
its thickness to 0.0001 in. Most of the bery l l ium strips 
were straight before plating; however, any init ial  
deflection was measured with an optical comparator 
and recorded. After  pre t rea tment  in alkal ine cleaner 
and dilute hydrofluoric acid etch, the strips were 
plated on both sides under  various plat ing conditions 
wi th  0.5-4 mils of electroless nickel. In  the first series 
of experiments,  the strips were plated wi th  3.9-4.3 
mils to compare the deformation at similar thicknesses. 
In  most experiments,  tr iplicate or duplicate strips 
were plated under  the same conditions. 

In  previous stress investigations, the  th in  meta l  
strips were first masked on one side. After  plating, 
the masking was peeled off. Unless great care is 
taken,  the strips are easily bent  when  handled  during 
masking or when  the masking is removed. A new 
method to determine the coating stress was therefore 
employed in which both sides of the strips are plated 
to minimize handling.  

One side of the plated strip was covered with tape 
before the other side was coated with mol ten stop-off 
wax. After  removal  of the tape the strip was immersed 
in concentrated ni t r ic  acid, which does not  at tack 
beryl l ium.  As the nickel alloy is gradual ly  dissolved 
from the unmasked  side, the th in  strip assumes a 
bow shape. After  the nickel was completely stripped, 
the wax was removed by soaking in perchloroethylene.  
The bow-out  at the center (sagitta of the arc) was 
then accurately measured to 0.0001 in. A concave 

The composi t ion and process are covered  by U.S. Pat.  2,658,839; 
2,658,84t; 2,762,723; 2,822,293; 2,822,294; and  o thers  ass igned to 
GATX. 
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nickel surface indicates a tensile (-{-) stress, while 
a convex surface shows a compressive (--) stress 
in the deposit. Any deflection prior to stripping was 
subtracted to obtain the net change in bow-out (L1) 
of the strip due to internal stress in the nickel plating. 

After the deflection measurements in the "as-plated" 
condition, the strips were annealed in an oven for 
4 hr at 190~ and the bow-out (L~) redeterrnined 
at room temperature. In some instances the plated 
strips were annealed a second time to determine any 
additional change (L3), which may occur during final 
stress relief annealing after polishing. 

The nitric acid containing the stripped alloy was 
analyzed for nickel content by EDTA titration, and 
for phosphorus by the vanadate-molybdate photo- 
metric method (ASTM E 156). 

Results 
The bow measurements  of the bery l l ium strips 

plated with  4 mils electroless nickel under  varying 
plat ing conditions are shown in Table I. They are ar-  
ranged in order  of increasing phosphorus content  of the 
deposits. The bow data va ry  f rom -t-0.17 in. (concave) 
to --0.075 in. (convex) .  Anneal ing  increases the con- 
cave, but decreases the convex curvature.  

The in terna l  stresses in the deposits were  calculated 
according to the  method of Soderberg and Graham 
(2), who der ived an equat ion based on a strip r ig id ly  

held dur ing plating, and no bending occurs unt i l  
a f te r  deposit ion is complete.  The over -a l l  stress, S, in 
a compound beam is calculated from the equat ion 

Eb I 
S =  

r c - -  dw 

Eb : Elastic modulus of basis meta l  = 44 • 106 psi 
for Be 

I = Moment  of inert ia  of effective section weigh t -  
ed to the base modulus, in psi 
W 

I = - -  [a(d-~-t) 3 -  ( a - - 1 ) t ~ - - 3 ( t ~ a d )  (d-~-t--c)2] 
3 

Elastic modulus of coating 
a 

Elastic modulus of basis meta l  
20 • 105 psi 3 

44 • 106 psi 

c = Distance of neut ra l  axis to outside surface of 
deposit, in. 
a d 2 -b 2dt Jc t~ 

2 ( a d  q- t) 

a The  m o d u l u s  of  e l a s t i c i t y  of e lec t ro less  n i c k e l  " a s - p l a t e d "  is 
17 • 106 psi. I t  inc reases  w i t h  h e a t  t r e a t m e n t .  
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Fig. I. Stress of electroless nickel on beryllium as a function of 
phosphorus content of the deposit. 

d : Thickness of coating, in. 
t : Thickness of the strip, in. 
w = Width of the strip = 0.30 in. 
r = Radius of curvature ,  in. 

l 2 ~- 4L 2 12 
- - , - - _ _  (since L is much smaller  

8L 8L 
than l) 

= Length of strip, in. 
L = Net change in bow-out ,  in. 

The development  assumes that  bending of the strip 
is caused by two kinds of stress, one by the s t ructure  
of the deposit, the other  by the difference in the rmal  
contraction of base metal  and the plate, when  the 
plated strip is r emoved  from the hot plat ing bath. 
Another  assumption is that  the net  force in the 
nickel  acts in the center  plane paral le l  to the neut ra l  
surface of the deposit. The total  force or stress in 
the coating at equi l ibr ium (in bent  condition) can 
be calculated f rom the measured  deformat ion of the 
strip. The original  force or  stress, S, in the unflexed 
coating is then the sum of this calculated equi l ibr ium 
force and the addit ional  force necessary to re tu rn  the 
coating alone to its unbent  condition. 

The average stress values va ry  f rom -{-7.9 Ksi 4 
tensile for low phosphorus to --18.5 Ksi compressive 
for high phosphorus deposits in the  as-pla ted condi- 
tion. Af te r  anneal ing  at 190~ ei ther  an increase 
in the tensile stress or a decrease in the compressive 
stress is found. Reanneal ing produced slight addi- 
t ional changes in stress. These results are plot ted 
in Fig. 1. 

*Ksi= l b i n .  -2 • 103 . 

Table I. Electroless nickel on beryllium; variation of plating pH and temperature 

L e n g t h  Thickness  
t, t, Be, d, Ni,  

No. in.  in, in .  

A n n e a l e d  R e a n n e a l e d  
P l a t i n g  c o n d i t i o n s  Depos i t  A s - p l a t e d  4 h r / 1 9 0 ~  4 h r / 1 9 0 " C  

T e m p ,  Rate,  L1, 81, L2, S~, Ls, 88, 
pH "C mi//hr ~ P in. ](si in. Ksi in. Xsi 

8 2.97 0.0099 0.0042 
9 2.98 0.0101 0.0042 

11 3.01 0.0107 ~0041 
23 2.99 0.0102 0.0042 
24 2,94 0.0102 0.0039 
25 3.00 0.0109 0.0040 
27 3.04 0.0100 0.0042 
28 3,04 0.0096 0.0641 
31 3.03 0,0698 0.0042 

4 2.93 0,0102 0.0040 
5 2.97 0.0104 0.0041 
6 3.04 0.0103 0.0042 

12 = 2.98 0.0093 0.0041 
15 ~ 3.01 0.0108 0.0042 
26 3.01 0.0100 0.0042 
32 3.03 0.0097 0.0040 
35 3.04 0.0098 0.0042 
19 2.99 0.0168 0.0039 
22 2.98 0.0103 0.0043 
34 3.02 6.0097 0.0043 
29 3.01 0.0096 0.0042 

5.0 82 0.35 6.9 0.0175 4.6 0.0545 14.3 
5.0 82 0,35 6.9 0.0172 4.6 0.0480 12.9 
5.0 82 0.35 6.9 0.0173 5.0 0.0495 14.3 
5.0 88 0.50 7.0 0.0135 3.6 0.0505 13.8 
5.0 88 0,50 7.0 0.0080 2,3 0.0515 14,8 
5.0 88 0.50 7.0 0.0085 2.6 0.0355 10.7 
4.9 95 0.75 7.2 0.0045 1.1 0.0380 9.6 
4.9 95 0,75 7.2 0.0050 1.2 0.0450 11.1 
4,9 95 0,75 7.2 0.0050 1.2 0.0432 10.7 
4.5 93 0,50 8.1 0.0070 2.0 0.0445 12.8 0.0505 14.6 
4.5 93 0,50 8.1 0.0075 2.1 0.0415 11.8 0.0426 12.1 
4.5 93 0,50 8.1 O.OlO0 2.6 0.0450 11.9 0.0485 12.8 
4.5 93 0.50 8.4 0.0275 6.7 0.0915 22.3 -- -- 
4.5 93 0.50 8.4 0.0272 7.9 0.0860 25.1 - -  - -  
4,0 97 0.33 10.7 --0.0365 --7.1 0.0150 3.9 w __ 
4.0 97 0.33 10.7 --0.0450 --10.1 0.0180 4,5 ~ 
4.0 97 0.33 10.7 --0.0350 --9.5 0.0260 6.4 -- -- 
4,0 94 0,21 11.6 --0.0480 --14.5 O 0 0.0045 1.4 
3.95 93 0.17 12.2 -- 0.0470 -- 12.8 -- 0.0060 -- 1.4 -- 0.0030 -- 0.8 
3.95 93 0.17 12.2 --0.0495 --12.1 --0.0065 --1.6 --0,0040 --1.0 
3.95 91 0.12 12.4 --0.0755 --18.5 --0.0190 --4.7 --0.0145 --3.5 

a M a s k e d  be fo re  p l a t i n g .  
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Table II. Electroless nickel (12.3% P) on beryllium; effect of deposit thickness 

B e r y l l i u m  N i c k e l  A n n e a l e d  R e a n n c a l e d  
L e n g t h .  T h i c k n e s s ,  T h i c k n e s s ,  A s - p l a t e d  4 h r / 1 9 0 ~  4 h r / 1 9 0 ~  

No .  l, i n .  t ,  i n ,  d ,  i n .  L1,  i n .  $1,  K s i  L.~, in .  S2, K s i  L~, i n .  43,  Ksi  

3 3 . 0 3  0 . 0 1 0 3  0 . 0 0 0 5  0 0 0 . 0 0 1 0  1 .4  0 . 0 0 2 0  2 . 8  
13 2 . 9 6  0 . 0 1 0 0  0 . 0 0 0 5  0 O 0 0 0 0 
14 3 .01  0 . 0 1 0 1  0 . 0 0 1 1  -- 0 . 0 1 3 0  -- 8 .7 0 . 0 0 5 0  3 .3  0 . 0 0 5 5  3.7 
36 3.01 0.0096 O.OOl l  -- 0.0170 --  10.3 0.0(329 1.2 0.0025 1.5 
16 2.95 0 . 0 0 9 9  0 . 0 0 2 0  -- 0 . 0 3 0 5  -- 12 .5  0 . 0 0 5 0  2 .1  0 . 0 0 6 5  2 .7  
37  3 . 0 3  0 . 0 0 9 8  0 . 0 0 2 0  -- 0 . 0 2 3 7  -- 9 .1  0 . 0 0 4 5  1.7 0 . 0 0 5 5  2 .1  
l S  2 . 9 6  0 . 0 0 9 6  0 . 0 0 3 1  -- 0 . 0 4 8 5  ~ 14 .6  0 . 0 1 3 0  3 .9  0 . 0 1 0 0  4 .9  
3 0  3 . 0 0  0 . 0 0 9 5  0 . 0 0 3 1  -- 0 . 0 4 4 5  -- 12 .4  0 . 0 1 6 0  4 .5  0 . 0 1 7 5  4 . 9  
22  2 . 9 8  0 . 0 1 0 7  0 . 0 0 4 2  -- 0 . 0 5 5 0  -- 16 .0  -- 0 . 0 0 1 0  -- 0 .3  0.0 O 
34  3 .02  0 . 0 1 0 2  0 . 0 0 4 2  -- 0 . 0 4 9 5  -- 13 .1  -- 0 . 0 0 4 0  -- 1.1 -- 0 . 0 0 2 0  -- 0 .5  

7 2 . 9 9  0 . 0 1 0 0  0 . 0 0 5 0  -- 0 . 0 6 2 0  -- 15 .4  -- 0 . 0 1 8 5  -- 4 .0  -- 0 . 0 0 5 0  --  1 .2 
10 3 . 0 0  0 . 0 1 0 8  0 . 0 0 5 0  -- 0 . 0 6 4 0  -- 17 .4  -- 0 . 0 1 4 0  -- 3 .8  -- 0 . 0 0 4 0  -- 1.1 

A decrease of plat ing pH and /or  tempera ture  in-  
creases the phosphorus content  of the alloy. Thus, 
at a pla t ing tempera ture  of 88~ the phosphorus 
increases from 7% at pH 5 to over 12% at pH 4. 
At a pH of 4 the phosphorus increases l inear ly  
from 10.7 to 12.4% with decrease in plat ing tem-  
perature  from 97 ~ to 91~ 

The effect of vary ing  the thickness of coatings 
containing 12.3 • 0.1% phosphorus is shown in Table II  
and Fig. 2. In  the "as-plated" deposits there is a 
l inear  increase in bow-out  with increase in thickness 
and a gradual  increase in compressive stress between 
1-5 mils thickness. The reannealed  stress values varied 
from -}-4.9 to --1.2 Ksi. Since th inner  coatings became 
slightly tensile stressed dur ing  annealing,  a 4 mil  
thickness is desirable for annealed low stress coatings. 

The plat ing conditions which produce the least 
stressed coating after anneal ing  slow the plat ing rate 
to less than 0.2 rail /hr.  The rate can be increased by 
raising the plat ing tempera ture  to 93~ however,  
it is then necessary to increase the hypophosphite 
concentrat ion of the bath  to 0.4 mole / l i te r  in order 
to a t ta in  the desired 11.5~-% phosphorus level in the 
deposit (4). 

As a result  of this invest igat ion the plat ing condi- 
tions for the electroless nickel  coating of four 13 in. 
diameter  beryl l ium mirrors  (Fig. 3) were adjusted 
to produce a low stress deposit for precision aerospace 
experiments.  These mirrors  were plated at pH 3.95- 
4.05 and 93~C in a 25 gal Kanigen |  system. About  
20 hr were required to obtain 4 mils ?- thickness. Beryl-  
l ium strips plated at the same t ime were measured 
for bow-out  and showed a compressive stress in the 
range of --6 to --16 Ksi as-plated and ~-1 to --1 Ksi 
after reanneal ing.  

Discussion 
Comparison of the bow data obtained by  the old 

"masking" vs. the new "str ipping" method shows 
substant ia l ly  lower tensi le  deformation for the latter.  
Bow measurements  of strips plated under  the same 
conditions are general ly  in  good agreement,  

O 

~x 

As shown in Fig. 1 the stress of the electroless 
nickel deposits is inversely related to the phosphorus 
content  of the  deposit. Thus, the tensile stress de- 
creases l inear ly  with increase in phosphorus. At a 
phosphorus content  of about 8 .5+%, the "as-plated" 
coatings are compressively stressed. All  coatings with 
lower phosphorus content  show tensile stress. Under  
"normal"  Kanigen|  plat ing conditions of pH 4.5, the 
phosphorus content  of the deposit is 8.5 • 0.5%. 

In  electroless nickel plat ing the phosphorus content 
of the deposit depends pr imar i ly  on the pH of the 
bath. The reaction equi l ibr ium (5) 

H -~ H2PO2- ~--- P -t- H20 -~- O H -  

shifts to the r ight  with decrease in pH--i.e.,  increase 
in hydrogen ion concentration.  Conversely, raising 
the pH to 5 lowers the phosphorus content  of the 
alloy. The plat ing tempera ture  has a smaller  effect 
on phosphorus; however, at pH 4 the tempera ture  
should not exceed 93~ to obtain an 11.5% ~- P 
deposit. 

The higher phosphorus nickel alloys have been 
found to give more diffuse x - r ay  diffraction pat terns 
(4, 6) a t t r ibuted to an "amorphous-I ike" structure:  
If in the as-plated alloy the phosphorus is present 
not  only in a supersaturated nickel solution but  also 
at the microcrystall i te boundaries,  this would move 
the crystals apart  and induce in te rna l  compressive 
stresses. 

Dur ing  anneal ing  the deposits apparent ly  contract, 
increasing the stress in the positive or tensile direction. 
Therefore in order to obtain a low-stress annealed 
coating, a deposit containing 11.5-12% phosphorus 
is required with a compressive stress of --12 Ksi in 

. . . . . . .  ~5 

DEPOSIT THICKNESS,  in. 

Fig. 2. Effect of deposit thickness on bow-out of electroless 
nickel (12.3% P) plated beryllium strips. Fig. 3. Low-stress, electroless nickel plated beryllium mirror 
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the as-plated condition. This apparent  shrinkage may 
be due to the e l iminat ion of s t ructural  defects and  
hydrogen from the coating. In  any case, dur ing an-  
neal ing the electroless nickel  approaches equi l ibr ium 
condition and a more orderly lattice ar rangement .  

These results are in fair  agreement  with previous 
findings of Shemenski  et al. (1). Apparent ly ,  all  of 
their  coatings contained about 7-8% phosphorus and 
were therefore in comparat ively strong tensile stress 
after annealing.  They also agree with Baldwin and 
Such (7), who measured at plat ing tempera ture  a 
l inear  increase in mean in te rna l  stress from --8 to 
+ 16 Ksi with increase in pH of the plat ing bath from 
4.0 to 6.0. Comparison of these results indicates that  
the bimetall ic  effect makes only a minor  contr ibut ion 
to the in te rna l  stress of electroless nickel on beryl l ium. 

The results obtained by Bart le t t  et al. (8) on 
brass strips plated in a pH 10.5-11.0 pyrophosphate 
electroless nickel bath should be mentioned.  Their  
nickel deposits contained only  3.2-4.2% phosphorus 
and showed as much as 50 Ksi tensile stress. 

Fur ther  plat ing experiments  with metal  strips of 
steel, nickel, a luminum,  and t i t an ium are in progress 
to determine the effect of phosphorus content  on the 
residual stress of the deposit on these substrates. 

Summary 
On the basis of the results, the following con- 

clusions can be drawn:  

1. The difference in  the rmal  expansion coefficients 
between electroless nickel  and bery l l ium produces 
a re la t ively small  tensile stress in the composite. 

2. The deformation and stress induced by the elec- 
troless nickel  pla t ing on beryl l ium varies from com- 
pressive to tensile, depending on plat ing conditions. 

3. The plat ing parameters  controll ing the residual 
stress are pr imar i ly  those which determine the phos- 
phorus content  of the electroless nickel deposit. 

4. A phosphorus content  of 8.5% or higher produces 
a compressive stress in the as-plated deposit. 

5. During anneal ing  at 190~ the electroless nickel  
deposits contract with either increase in the tensile 
stress or decrease in compressive stress. 

6. To obtain a "stress-free" annealed electroless 
nickel coating on bery l l ium requires an 11.5%-~ phos- 
phorus deposit, which is compressively stressed in 
the as-plated condition. 

7. A relat ively "stress-free" 4 mil  electroless nickel 
deposit on bery l l ium mirrors  is obtained by close 
control of plat ing conditions in a Kanigen|  system 
using a bath adjusted to pH 4.0, containing 0.4 mole /  
liter hypophosphite and operat ing at 93~ 

8. A new method for de termining  the stress of 
plated coatings by plat ing both sides of thin strips 
is shown to give reproducible results. 
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Electrolytic Removal of P-Type GaAs Substrates 
from Thin, N-Type Semiconductor Layers 

C. J. Nuese and J. J. Gannon 
RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

An  electrolytic etching technique has been developed which can remove 
p- type  GaAs substrates from th in  (2-10~) n - type  layers of GaAs or GaAsl-~Px, 
0 ---~ x ~ 1. Sodium hydroxide is used as the electrolyte, and is sprayed con- 
t inua l ly  over the etching surface to prevent  the bu i ld-up  of "flakes" on the 
p- type  surface as by-products  of the etching process. Such flakes serve as an 
effective mask to the etching process and, unless removed, result  in i r regular  
or mat te  surfaces on the n - type  layer after removal  of the p - type  m a t e r i a l  
The removal  of these flakes by the spray of NaOH leads to shiny, unblemished 
n - type  surfaces over large-area wafers (2-5 cm2). The extension of this elec- 
trolytic etching technique to thin,  vapor -grown layers has applications in  
electron microscopy, luminescence and optical measurements ,  and in semi-  
conductor device fabrication. 

The anodic etching of p- type  semiconductors in  an 
appropriate  electrolytic solution has been used 
rout inely  for polishing and shaping surfaces of 
ge rmanium (1-5) and silicon (3-6), and for removing 
damaged mater ia l  or reducing the active junct ion  
area (7) in  I I I -V compounds. However, when  an 
at tempt is made to s imilar ly etch n - type  samples, a 
blocking potential  bar r ie r  is established at the semi- 
conductor surface (3,6), which restricts the passage of 

electrolytic current ,  and significantly reduces the 
etching rate. 

This difficulty in electrolytically etching n - type  
semiconductors, par t icular ly  those wi th  a re la t ively 
large energy gap (6), and hence a more effective sur-  
face barrier,  can be used to good advantage for the 
selective removal  of an adjoining p - type  layer  without  
significant penetra t ion into the n - type  layer. In  the 
present  paper, we report  a simple electrolytic etching 
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Fig. 1. Geometry of sample used for electrolytic etching. In this 
case, the sample is mounted permanently on o gloss plate for opti- 
cal transmission measurements. 

technique which has been used successfully for this 
purpose on large-area p - n  junct ions in  several I I I -V 
compounds. This technique has been found to be 
especially useful for isolating thin (2-10~) epitaxial  
layers from thick (250-500~) p- type  substrates, and  
has been used f requent ly  for this purpose throughout  
the GaAsl-~P~ alloy system. For such structures, con- 
vent ional  lapping or chemical etching procedures 
usual ly  cannot  be controlled with sufficient accuracy 
to remove all of the p- type region without  penet ra t ing  
significantly, and often irregularly,  into the thin n - type  
layer. 

The thin n - type  specimens which can be isolated by 
this technique have found a var ie ty  of applications in 
electron microscopy, luminescence and optical mea-  
surements,  and in mul t i layer  device fabrication. 
Several  of these applications are discussed briefly 
below. It is not our in tent ion in this paper to consider 
the basic physical or chemical properties of the elec- 
trolytic reactions, except vchere these properties di-  
rectly affect the extension of our electrolytic etching 
technique to the large-area layers considered here. 

Exper imental  
Most of the samples used for the etching studies re -  

ported here consisted of an epitaxial  n - type  layer  of 
GaAs or GaAsl-=Px which had been deposited di-  
rectly on a <100>-or i en ted  p- type  GaAs substrate via 
a vapor-phase growth technique (8). For  such samples- 
the p -n  junct ion  was therefore at the subs t ra te-epi taxy 
interface. In  some samples, however, a p - type  GaAs 
or GaAsl-xPx layer was first deposited on the p- type  
substrate, followed by the th in  n - type  layer, in which 
case the p -n  junct ion was then located wi th in  the  
epitaxial  layer. For both cases, the electrolytic tech-  
nique described below was found to be capable of 
selectively removing all of the p- type  material ,  leaving 
only the n - type  layer bordering the p -n  junction.  

The n - type  ep[taxial layers were typical ly between 
2 and 10/~ thick, whereas the substrates were about 
500~ thick initially, but  were mechanical ly  lapped to a 
thickness on the order of 200~ to reduce the etching 
time needed for their  removal.  

For  general  sample preparation,  an ohmic contact 
strip of Ag-Mn(9)  is evaporated and sintered to the 
lapped p- type  surface (Fig. 1) although, for samples 
with a heavi ly-doped p- type  substrate, a simple con- 
duct ing-epoxy contact is often adequate. The wafer for 
etching is then mounted n-s ide down on a glass micro-  
scope slide by (a) tacking a spot beneath  the contact 
area with Apiezon wax,~ for applications where  the 
n - type  layer  is to be removed from the slide after 
etching, or by (b) bonding the entire n - type  surface 
to the slide with a clear epoxy (BiPax Tra-Bond)  2 for 
pe rmanen t  mounting.  Finally,  for a current  lead, a 

A r t h u r  H. T h o m a s  Co., P h i l a d e l p h i a ,  Pa. 
T r a - C o n  Inc. ,  55 N o r t h  St. ,  Medfo rd ,  Mass.  

NoOH- 

i ~L  ~ , ~  r r l V L J F _  

Fig. 2. Electrolytic etching system employing sprayed NoOH 
electrolyte. Pressurized reservoir of NaOH can be replaced by 
electric pump for convenience. 

gold or p la t inum foil is connected to the p- type  contact 
with silver paste or conducting epoxy. 

For the electrolytic etching process, a 3 moIar  
aqueous solution of NaOH has been most commonly 
used in the system shown in Fig. 2, al though the exact 
degree of di lut ion does not appear to be critical. AIter-  
nately, a simple electrical pump 3 can be u s e d  to drive 
the NaOH spray, in which case the cumbersome 
pressurized cyl inder  in Fig: 2 would not be required. 
In either case, the sample is immersed in  the elec- 
trolyte to a depth such that  the metal  contact is jus t  
out of solution. 

~Three conditions were found to be essential for ob- 
ta ining a smooth, shiny surface on the n - type  layer  
upon the total removal  of the p- type  layer. 

1. Most important ,  the region being etched must  be 
cont inual ly  agitated or r insed dur ing  the entire 
etching process. The electrolytic reactions of GaAs and 
GaAs~-~P~, unl ike  those of Ge, produce compounds 
which are only ve ry  slowly soluble in  the NaOH 
solution, and which therefore remain  loosely attached 
to the crystal surface in the form of g ray-brown 
"flakes" (10-12), tenta t ively  identified here as arseno- 
life, As203. 4 These flakes have been found to effec- 
t ively mask the etching process, so that  when  a sample 
is etched ver t ical ly  in the electrolyte, and not in ten-  
t ional ly  agitated, portions of the flakes drop randomly  
from the surface under  their  own weight, causing the 
etching to proceed irregularly,  and resul t ing in  a dull, 
mat te  n - type  surface upon removal  of the p~type 
material .  When a sample is placed horizontal ly in 
solution, so that  the flakes do not  readi ly fall from the 
surface, and e t c h ~  wffhou~ agitation, masking  occurs 
to such an extent  that  the  measured etching current  
drops by about  a factor of four wi thin  several minutes.  
We have found that  by cont inual ly  r ins ing away the 
flakes with a rapidly flowing (0.15 l i te rs /min)  stream 
of NaOH under  a pressure head of 3-4 ft of solution, 
a fiat, unblemished n- type  surface is usual ly  obtained. 

2. A steady d-c current  densi ty should be ma in -  
tained throughout  the etching process. Whenever  the 
current  density is changed discontinuously (e.g., by 
dipping the wafer in and o u t  of solution) a distinct 
etching line appears on the epitaxial surface, probably 
due to an abrupt  change in the etching rate. Best 
results are obtained by gradual ly dec rea s ing  the 
etching current  as the area of the p- type layer  is 
reduced, so that  a current  density of approximately 
100 mA/cm2 is main ta ined  throughout  the etching 
process. A constant  voltage supply is convenient  for 
this purpose, since the supply current  is then auto- 
matical ly de termined by the resistance of the layer  
dur ing  etching. 

3 C R C  Vib ros t a l t i c  P u l s a t i o n  P u m p ,  Cat. No. 65/1705; C h e m i c a l  
R u b b e r  Co., C l e v e l a n d ,  Ohio.  

Th i s  i den t i f i c a t i on  r e su l t s  f r o m  x - r a y  p o w d e r  pa t t e rns ,  w h i c h  
r e v e a l  a cub ic  s t r u c t u r e  w i t h  a l a t t i ce  cons tan t ,  ao of  11.075A. T h e  
x - r a y  m e a s u r e m e n t s  d i d  n o t  i n d i c a t e  t he  p re sence  of  G a A s  (ao = 
5.653A) in  t he  f lakes,  c o n t r a r y  to  p r e v i o u s  r e s u l t s  (11, 12). 
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3. The cathode should be placed directly below the 
sample. Because of the low-resistance path through 
the p- type layer (0.1-1 ohm) as compared to that  
through the electrolyte (~50 ohms), the etching then 
proceeds most rapidly near  its bottom edge, closest to 
the cathode, and soon becomes noticeably beveled 
away from the contact. The unetched port ion of the 
p- type  mater ia l  then progresses upward  from the 
bottom, un t i l  reaching the surface of the electrolyte 
near  the ohmic contact. Only  rarely has the etching 
been cut off by more rapid etching inward  from the 
sides than upward from the bottom. However, should 
this be a problem, the wafer  can be readi ly lapped to 
a bevel, away from the contact, to ensure an upward  
"travel"  of the unetched p- type  material .  

Results and  Discussion 
The technique described above has been used fre- 

quent ly  to remove thick p- type  GaAs substrates from 
thin  n- type  epitaxial  layers of GaAsl-xPx over the 
entire al loy composition range, 0 ~-~ x ~ I. The sur-  
faces of the n - type  layers after etching are usual ly  
shiny and highly reflecting, as i l lustrated in Fig. 3 for 
a 5t~ thick GaAs0.sP0.5 sample prepared from vapor-  
phase growth. The surface of this specimen was found 
to be free of microscopic imperfections at magnifica- 
tions up to approximately  1000 (see Fig. 4), and was 

Fig. 3. Reflection from exposed surface of GaAso.5Po.5 n-type 
layer, 5~ thick, after electrolytic removal of thick p-type GaAs 
substrate. 

Fig. 4. Photomicrograph of a portion of the unblemished n-type 
GaAso.sPo.5 surface after electrolytic removal of the adjoining 
p-type GaAs substrate. Magnification is 1000X. Surface is the 
same as that shown in Fig. 3. 

estimated to be flat to wi th in  about a micron over 
most of its surface. A typical etch rate for the elec- 
trolytic process here is about 4~/min. 

Whereas n- type  layers of GaAsl-xP~ have general ly  
yielded unblemished surfaces, like that  shown in Fig. 
3 and 4, similar layers of n - type  GaAs have occasion- 
ally appeared slightly less shiny after etching of the 
bordering p- type layer. This is thought to be due to a 
very  slight penetrat ion of the etching into the n - type  
GaAs layer. Since the potential  barr ier  at the interface 
between the n - type  semiconductor and the electrolyte 
blocks major i ty  carr ier  electrons, the penetra t ion of 
the etching into the n - type  layer can occur only from 
the diffusion of minor i ty  holes to the semiconductor-  
electrolyte interface from wi th in  the n - type  material ,  
or from the generat ion of electron-hole pairs in the 
space-charge layer of the interface barr ier  (13). In 
either case, the magni tude  of the small  reverse 
(etching) current  will depend directly on the intr insic  
carrier  concentration, which in tu rn  varies exponent i -  
ally with the semiconductor energy gap. Since the 
energy gap of GaAsl-~Px can be appreciably larger 
than that of GaAs, the intr insic carrier concentration, 
and hence the magni tude  of the etching current ,  
should be much less for n - type  GaAsl-xPx than  for 
GaAs. Fur thermore ,  the diffusion coefficient for holes 
is somewhat smaller  in GaAsl-xPx than  in GaAs, 
which can fur ther  reduce the magni tude  of any  hole 
diffusion cur ren t  responsible for penetra t ion into the 
n-s ide of a p -n  junction.  

The surface perfection of the n - type  layer  after 
etching also depends somewhat on the metal lurgical  
perfection of the p - n  junc t ion  itself, and on the 
impur i ty  concentrat ions on the n -  and p-sides of 
the junction.  For example, l ightly doped n - type  
(n ~ 1015 --10 TM cm -3) layers of GaAs and GaAsl-xPx 
have consistently been free of surface imperfections, 
whereas more heavi ly  doped n - type  layers have shown 
slight pi t t ing or matteness,  probably due to a break-  
down of the potent ia l  barrier,  which occurs at rela-  
t ively low voltages for such layers (13). 

To the contrary, moderate or heavy doping in the 
p-type substrate or epitaxial  layer  is desirable to 
spread the current  un i formly  across a large area of 
the wafer. For our applications, p- type  layers with 
acceptor concentrat ions greater  than  about 10 TM cm -a  
have provided adequate current  spreading as well  as 
smooth etching behavior. 

Al though most of the p- type  vapor-grown layers 
removed by this electrolytic technique have been of 
GaAsl-~P~, 0 ~ x ~ 1, the etching process has also 
been occasionally applied, with success, to p- type  
layers of InP, InxGal-xP,  and AlxGal-xAs.  

Appl~cations.--The th in  n - type  specimens which can 
be isolated by the electrolytic technique described 
below have found a variety of applications. For  ex- 
ample, in t ransmission electron microscopy studies, 
the region border ing a p -n  junct ion  has been con- 
sis tently located and isolated by selectively etching 
away all of the bordering p - type  layer (14). Such 
layers are s imilar ly useful for photoluminescent  or 
cathodoluminescent  studies, where  the n - type  region 
which was original ly adjacent  to the p -n  junc t ion  is 
of interest. In fact, with a photon or electron beam of 
sufficient intensity,  such layers in a suitable mater ia l  
(e.g., GaAs) might  well  support  laser emission wi th in  
the large-area  cavity formed by  the  two closely 
spaced surfaces of the n - type  layer. 

Fur thermore,  the electrolytic removal  of p- type  
GaAs substrates f rom thin  n - type  epitaxial  layers of 
GaAsl-xPx has been ins t rumenta l  in measur ing  the 
extent  of warpage in the epitaxial  layers due to the 
mismatch in the lattice coefficients be tween the two 
regions (14). Optical absorption measurements ,  par t ic-  
u la r ly  at photon energies near  or above band gap, have 
also been enhanced by the th in  large-area  specimens. 
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A large absorption coefficient (104 to 10 s cm - I )  and 
an ordinar i ly  thick sample usual ly  reduce the t rans-  
mit ted light in tensi ty  below normal  detection levels. 

Final ly,  a th in  n - type  base layer sandwiched be-  
tween two p- type layers of a p - n - p  transistor  s t ructure 
has been selectively exposed (for contacting) by 
masking portions of the uppermost  p- type layer from 
the electrolytic process. Such masking is provided by  
either a thin film of SIO2, or by an evaporated ar ray  
of Ag- or Au-based  alloys, which also serve as the 
ohmic contacts to the emitter.  The large ar ray  of 
p- type  "mesas" provided over an entire wafer by  this 
masking and etching procedure has also found ap- 
plications in electroluminescent  diodes and in ava-  
lanche microwave oscillators(15). 

Conclusions 
An electrolytic etching techinque has been developed 

which can remove thick p- types  substrates from thin  
n - type  layers of GaAsl-xPx, 0 --~ x ~ 1. This tech- 
nique utilizes a spray of NaOH to rinse away "flakes" 
of arsenolite which form on the p- type  surface and 
which effectively mask the etching process; a constant  
current  densi ty of 100 mA/cm2; and a cathode located 
below the bottom edge of the sample, in order to 
ensure continuous upward  etching of the p- type  layer. 
N-type layers of Gal-xPx as th in  as 2~ and as large in 
area as 5 cm 2 can be isolated from p- type substrates 
in this fashion, with exposed surfaces which are shiny 
and free of surface blemishes under  magnifications of 

1000. Light doping in the n - type  layer  and 
moderately heavy doping in the p- type mater ial  most 
often yield unblemished surfaces. Such layers of 
GaAsl-zP~, x > 0, have consistently yielded shiny 
surfaces, whereas similar  layers of GaAs have 
occasionally appeared less perfect. The extension of 
this technique to thin,  vapor -grown layers has ap- 
plications in electron microscopy, luminescence and 
optical measurements,  and in semiconductor device 
fabrication. 
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Technica  Notes 

Reaction of Aluminum with Sodium Hydroxide Solution 
as a Source of Hydrogen 

David Belitskus 
Aluminum Company of America, Alcoa Research Laboratories, New Kensington, Pennsylvania 

Generat ion of hydrogen for fuel cells by reaction 
of hydrides with water  or aqueous solutions reduces 
storage weight or volume over high pressure or cry-  
ogenic storage (1-3) but  is expensive. Reaction of 
a luminum in aqueous solutions provides an inexpen-  
sive, compact source of hydrogen. While 100~176 
is required for useful rates wi th  mercuric chloride 
solution (4), room tempera ture  is satisfactory with 
sodium hydroxide solution. 

Experimental Results and Discussion 
A shallow Teflon cup holding the a l u m i n u m  sample 

was lowered into a sodium hydroxide solution in a 
flask and the gas evolut ion- t ime curve recorded from 
a gas burette.  

Key words: hydrogen, fuel cell, aluminum, atomized powder. 

Par t icular  a t tent ion was paid to the rate of gas 
generat ion from a specific a luminum surface area, 
since immersion of pellets into a solution provides a 
convenient  form of activation. A prototype portable 
fuel cell (3) operates under  full load with a hydrogen 
generat ion rate of 7 ftS/hr. Assuming that  a pellet 
having a geometric surface area of about 0.5-1 ft 2 is 
convenient  for this purpose, a specific generat ion rate 
of 7-14 cubic feet of gas per hour  per square foot of 
surface area (3.5-7 ml of gas per minute  per square 
cent imeter  of surface area) is required. 

Figure  1 shows the reaction rates of 10 cm 2 area 
cylinders of several  a l uminum alloys in 200 ml of 
10M NaOH at 25~ The gas volumes reported are for 
25~ and 740 Torr. The most rapid reaction (with 
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Fig. 1. Hydrogen evolution rate of aluminum cylinders (10 cm 2 
geometric surface area) machined from ingots or plates, and im- 
mersed in 200 ml of 10M NaOH at 25~ 99.999% AI, i100 alloy, 
2011 alloy, 7072 alloy, AI-0.8% Li, and AI-2.7% Li. 

A1-2.7% Li) had a specific hydrogen generat ion rate of 
0.6 m l / m i n / c m  2, much lower than desired. 

Hence, a more reactive form of a luminum,  atomized 
powder, was tried. Compositions, particle sizes, and 
surface areas for the powders are given in Table I. 
Reaction of 0.2g of the highest surface area powder, 
No. 140, in 1M NaOH proceeded near ly  to completion 
(275 ml of gas) in 10 min. For comparison, reaction in 
saturated mercuric chloride solution began after a 
delay of several  minutes,  but  the hydrogen production 
rate was only 0.06 ml /min .  After 40 rain of no de- 
tectable gas generat ion in 1M HC1, react ion proceeded 
at a rate of 0.6 ml /min .  Only sodium hydroxide solu- 
tion seemed suitable for rapid hydrogen generat ion at 
room temperature .  

Figure 2 shows the gas evolution rates for 0.2g 
of each powder in 200 ml  of 1M NaOH. Relative 
rates for the powders made from 99.8% A1 are as 
expected from surface area data. High-pur i ty  (99.99% 
A1) powders No. 7101 and 7120 reacted near ly  as 
slowly as No. 129, though having surface areas ap- 
proximately the same as several  99.8% A1 powders 
which reacted at in termediate  rates. This pur i ty  effect 
agrees with the results for ingot samples in 10M NaOH 
(Fig. 1), but  is different from that  found by Bobb (4) 
in comparing alloys of lower purity,  98.8% A1 and 
99.4% A1 in mercuric chloride solution. All unal loyed 
powders eventual ly  reacted to completion; No. 718 
(the A1-12% Si alloy powder) yielded less hydrogen 
than the unal loyed powders. 

The max imum rates of hydrogen generat ion from 
0.2g of No. 140 powder in 10M NaOH, 1M NaOH, and 
0.1M NaOH, were, respectively, >500, 130, and 13 ml /  
rain. Rate was directly dependent  on sample size for 
0.1-0.4g samples of No. 140 powder in 200 ml  of 

Table I. Micromeretic data 

N o m i n a l  a v e r -  Su r f ace  area  ~ 
P o w d e r  1 age  par t i c l e  p e r  uni t  

d e s i g n a t i o n  ALloy d i a m e t e r ,  /~ we igh t ,  m~/g  

101 99.8% A12 17-24 0.235 
120 99.8% AI~ 25-30 0.253 
123 99.8% A1 '~ 15-19 0.227 
129 99.8% A1 ~ -- 0.126 
140 99.8% A12 3-6 0.853 
718 A1-12% Si  17-20 0.335 

7101 99.99% A1 17-24 0.339 
7120 99.99% A1 25-30  0.290 

1 A l u m i n u m  Co. of Amer i ca ,  A t o m i z e d  A l u m i n u m  Powders .  
P u r i t y  of a l u m i n u m  before  a tomiza t ion .  T y p i c a l  ana lys i s  of pow-  

de r :  A1, 99.7-99.7% (dec reas ing  w i t h  i n c r e a s i n g  su r face  area  o f  
p o w d e r ) ;  A1,.,O3, 0.1-1.1 ( i nc r ea s ing  w i t h  i n c r e a s i n g  su r face  area  of 
p o w d e r ) ;  Fe, 0.15; Si,  0,07. 

3 D e t e r m i n e d  b y  r a d i o e h e m i c a l  m e t h o d  (5) on  p a r t i c u l a r  lo ts  of  
p o w d e r  used.  
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Fig. 2. Hydrogen evolution rate of 0.2g samples of various 
atomized aluminum powders in 200 ml of |M NaOH at 25~ 

1M NaOH. A delay of about 0.25 mi n  preceded rapid 
gas generat ion using No. 140 powder. Delay increased 
with powders having lower surface areas. When a lum- 
inum and solid sodium hydroxide were added to water  
without  mixing, generat ion of hydrogen was as rapid 
as, or more rapid than, reaction in predissolved so- 
dium hydroxide solutions. 

The gas evolution rates shown in Fig. 3 for com- 
pacted 0.75g pellets of No. 140 atomized powder in 
200 ml  of 1M NaOH decreased with increasing densi ty 
as might be expected. Even the densest pellet  (85% 
of crystal density) evolved hydrogen rapidly,  at 25 
m l / m i n  ini t ia l ly  or 7 m l / m i n / c m  2, 17.5 times faster 
than 1100 alloy ingot cyl inder  in more concentrated 
(10M) NaOH. Both higher density pellets remained 
in one piece dur ing  reaction. The lower densi ty  pellet 
broke up and evolved gas at a rate of 500 m l / m i n  or 
125 m l / m i n / c m  2. 

Pellet  densi ty was more impor tant  than  surface 
area of the uncompacted powder in de termining the 
reaction rates of pellets. Three- four ths -gram pellets 
were compacted at various pressures from samples of 
powders No. 140, 101, and 129, whose surface areas 
decrease in  this order. Pellets with densities of 2.1 
g/cm 3 reacted at s imilar  rates in  200 ml of 1M NaOH. 
Pellets with densities of 2.3 g/cm 3 also reacted at 
similar, slower rates. This contrasts with a 12-fold 
difference in rates found for No. 140 and No. 129 
powders in tests with 0.2g samples of uncompacted 
powder (Fig. 2). 

One difference in behavior  of the three powders 
was retained in the pellets. Delay times before rapid 
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Fig. 3. Hydrogen evolution rate of 0.7Sg samples of atomized 
aluminum powder No. 140 compacted at room temperature and the 
stated pressures into 1.25 cm diameter cylinders and allowed to 
react in 200ml of IM  NaOH at 25~ 
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reaction were independent  of densi ty and were less 
than 1 rain for pellets of No. 140 powder, about 2 
rain for pellets of No. 101 powder, and 3 rain for 
pellets of No. 129 powder. 

Exper iments  with less than  200 ml  solution volume 
(133 times the stoichiometric amount  of water  for 
0.75g of a luminum)  were conducted to observe the 
effect of reaction heat (14.6 Btu /g  A1) on rates and the 
effect of reduced sodium hydroxide. Reaction of a 
0.~5g pellet of No. 140 powder (2.1 g /cm 3 density) in 
25 ml  of 1M NaOH (17 times stoichiometrically re-  
quired water)  proceeded rapidly with 400 ml  of gas 
evolved in 5 min, then gradual ly  slowed to a rate of 
only 2 m l / m i n  in 35 min. S,imilar pellets in 25 ml  of 
2M and 3M NaOH yielded about 300 ml  of gas 
per minute  with localized boiling of water. The bulk 
water  tempera ture  rose slowly to a max imum of 70~ 
when 800 ml  of gas had been generated. Delay t ime 
decreased noticeably with increased concentration. 

The reactions of a luminum in sodium hydroxide 
solutions are 

2A1 + 6H20 + 2NaOH-+ 2NaAI(OH)4 -}- 3H2~ [1] 

NaAI(OH)4-> AI(OH)s  $ + NaOH [2] 

Sodium hydroxide consumed (1.48g NaOH/g A1) in 
the hydrogen-genera t ing  reaction can be regenerated 
in  reaction [2]. The relat ive rates of reactions [1] 
and [2] wil l  affect both the rate and the extent  of 
hydrogen evolution if a stoichiometric amount  of 
sodium hydroxide is not present. Reaction [2] is im-  
portant  in both the Bayer  process and Al-a i r  batteries 
(6) 

Twenty-f ive  mill i l i ters of 1M NaOH contain lg of 
sodium hydroxide, or 90% of the amount  required by 
reaction [1] for 0.75g of a luminum.  The rapid decline 
in rate before the theoretical  hydrogen volume (based 
on weight of a luminum)  had been generated in this 
solution indicates that  reaction [2] is not sufficiently 
rapid to sustain ini t ial  gas generat ion rates. 

A final exper iment  was performed with a 0.75g 
cyl inder  (densi ty of 2.1 g /cm a) of No. 140 powder 
placed in 2.5 ml  of 2M NaOH (or 18% of the 
stoichiometric amount  of sodium hydroxide and 150% 
the stoichiometric amount  of water,  according to re-  
action [1]).  The ini t ial  rate was very  rapid, with 
boil ing of the solution. With in  a minute,  the volume 
of gas reached 190 ml; then the rate  dropped off 
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sharply, bu t  cont inued for 20 hr  at 0.05 ml /min ,  the 
rate at which sodium hydroxide was being regener-  
ated by reaction [2]. 

After  about 20 hr, the hydrogen evolution rate 
increased to 0.15 ml /min .  With  time, the a luminum 
hydroxide precipitate may become a more effective 
seed surface for regenerat ion of sodium hydroxide 
by reaction [2]. Nonetheless, stoichiometric quanti t ies  
of sodium hydroxide are required for rapid reaction 
rates. The possibili ty of rapid gas generation from 
uncompacted a luminum powder and sodium aluminate  
solutions has not  been tested. 

Summary 
Hydrogen generat ion rates from massive a luminum 

in sodium hydroxide solutions are inconvenient ly  
slow for fuel cell use, even in 10M NaOH: Compacts 
of atomized a luminum powder in sodium hydroxide 
solutions yield hydrogen at suitable rates without  
external  heat ing and with a s ta r t -up  t ime in the 
range of 1 rain. Rapid hydrogen generat ion to com- 
plete consumption of a luminum requires at least 
1.5g NaOH/g A1, bu t  slow generat ion can cont inue 
even with a lower sodium hydroxide to a luminum 
ratio. 
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The Electropolishing of Zinc Specimens 
R. W. Powers* and E. C. Jerabek 

General Electric Research and Development Center, Schenectady, New York  

Very smooth, bright  surfaces of zinc have been of 
considerable u t i l i ty  in electrochemical studies. For  
example, such surfaces were not only helpful  in de- 
l ineat ing the various anodic films that  form on zinc bu t  
also were useful  in observing the early stages of den-  
drite formation dur ing  the deposition of zinc from 
alkal ine zincate solutions (1-3). The process of elec- 
tropolishing is often used for producing smooth, bright  
surfaces in  the unworked state. In  this note, a new 
procedure for electropolishing zinc specimens based on 
a sulfuric acid bath is described. In  our experience, it 
gives rise to a bet ter  surface on zinc than that  pro- 
duced by any electropolishing method described pre-  
viously. A number  of such procedures have been sum- 
marized by Tegart  and by  Fedotev and Gril ikhes (4). 
The conditions for opt imum polishing given in this note 
differ significantly from those of Maitak (5). The work 

* Elec t rochemical  Society Act ive  Member. 

of Ovari seems more concerned with br ightening  zinc 
ra ther  than with electropolishing (6). 

The zinc specimen, usual ly  a disk 0.5-1 in. in diam- 
eter, is held in  a horizontal  p lane about 11~ in. off the 
bottom of a liter beaker that  serves as the bath con- 
tainer.  The jig on which the specimen is mounted  has 
been described elsewhere (7). The electrolyte consists 
of about 650 ml of an aqueous solution of sulfuric acid, 
20% by weight. The cathode is a 3 in. by  12 in. strip of 
nickel foil (or, better, p la t inum foil) with attached 
tab to serve as the current  lead. The cathode foil is 
arranged along the inside wall  of the beaker. For this 
work, a filtered d-c power supply, Electro Products 
Laboratories Model NFB, has been used. To prevent  
hydrogen bubbles,  generated at the cathode, from 
reaching the specimen, a thin porous sheet of ma-  
ter ial  such as Fiberglas, nonwoven nylon, or 
polypropylene is used as a diaphragm. It is wrapped 
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about  a per fora ted  po lye thy lene  cyl inder ,  3 in. in 
d iamete r  by  4 in. high, cut f rom a po lye thy lene  bott le.  

The j ig  wi th  specimen a t tached is p laced in the  
e lec t ro ly te  at  room t empera tu r e  wi th  2.5V appl ied  
be tween  the  specimen and the cathode. Because the  
anodic overpo ten t ia l  comprises  most of the  cell  voltage,  
the  fo rmer  is contro l led  adequa te ly  by  main ta in ing  
the  cell  vol tage  constant.  A value  of 2.5V corresponds 
to a posi t ion on the cu r r en t  p la teau  of the  cu r r en t -  
potent ia l  curve.  Smoothing  takes  place in the  presence 
of a l ight  g ray  anodic film tha t  covers the  specimen 
surface. Fol lowing  the in i t ia l  cur ren t  surge, the  cu r ren t  
dens i ty  is app rox ima te ly  0.3 A / c m  2. Af te r  1-2 hr  of 
e lec t ro ly t ic  smoothing and jus t  pr ior  to remova l  of the  
specimen from the  bath,  the  cell  vol tage  is increased 
to 7-9V. The g ray  film is removed  in 20-60 sec and the 
specimen surface becomes very  lustrous. The specimen 
is then  quickly  removed  from the ba th  wi th  vol tage  
appl ied  and immedia t e ly  p lunged  into dis t i l led water .  
It is dr ied  r ap id ly  wi th  a s t ream of d r y  gas. 

The surface produced according to this procedure  is 
mir ror l ike ,  ve ry  lustrous,  and smooth as indica ted  by  

Fig. 1. Nomarski interferogram of zinc specimen after 2 hr of 
electropolishing. 60X. 

the  Nomarsk i  in t e r fe rogram shown in Fig. 1. Since the  
reference  plane in the Nomarsk i  technique is fo rmed 
opt ica l ly  and can be t i l ted  a r b i t r a r i l y  wi th  respect  to 
the  specimen surface, only  the  waviness  of the  fringes, 
not the  distance be tween  them, is significant in indi-  
cat ing surface smoothness.  The photomicrograph  
shown in Fig. 1 was t aken  m i d w a y  be tween  the 
center  and edge of a 3/4 in. d isk  of 99.9999% zinc 
with  ye l low light. Gra in  boundar ies  are  fa in t ly  dis-  
cernible.  Sl ight  differences in the  heights  of ind iv idua l  
grains  appear  to be the  cause of the  s l ight ly  jagged  
charac te r  of the in ter ference  fringes. 

The polishing procedure  descr ibed in this note is not 
sa t is factory  for most  zinc alloys.  Al loying  addi t ions 
ev iden t ly  increase the  conduct iv i ty  of the g ray  anodic 
film. Dur ing  remova l  of this  film by appl ica t ion  of 
7-9V, oxygen is evolved on the alloys. This leads to the 
fo rmat ion  of fine pits. 
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A Method for the Synthesis of 
for Use as a Dopant Source 

M. Berkenblit* and A. Reisman* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York  

Although B2H6 is genera l ly  used as a p - t y p e  dopant  
source for Ge layers  grown by  the GeCl4 or GeH4 
processes, it  was found to have l imi ted  appl icat ions  
when  used wi th  the GeI2 d ispropor t iona t ion  reaction.  
Under  low growth  ra te  condit ions using B2H6 as a 
dopant  source in the  iodide process (1),  Ge ep i tax ia l  
layers  were  obta ined wi th  res is t ivi t ies  as low as 
0.005 ohm-cm.  However ,  under  the  high g rowth  ra te  
condit ions necessary  to obta in  smooth and sh iny  
ep i tax ia l  l ayers  on (110) or ien ted  subs t ra tes  (2, 3), B 
addi t ion via B2H6 presen ted  a problem.  The m a x i m u m  
usable  p - t y p e  doping obta ined was 0.02 ohm-cm.  Wi th  
fu r the r  increase  of B2Ho concentrat ions,  the  surface 
qual i ty  of the  epi tax ia l  l aye r  degraded.  

A t  the  low t empera tu re s  (350~176 used in  the  
d ispropor t iona t ion  ep i tax ia l  reaction,  the  incorpora t ion  

* Electrochemical  Society Act ive  Member.  
Key words:  semiconductor  materials ,  doping of semiconductors,  

p-type  dopant source. 

of B into the  growing  layer  was assumed to occur via 
an in te rmedia te  fo rmat ion  of BI3 b y  the reac t ion  of 
B2H6 wi th  HI in the gas s t ream. (HI was present  as 
one of the  gas species dur ing  the deposi t ion process.)  
The BI3 yie ld  was l imi ted  by  the  avai lab le  HI and the 
efficiency of this react ion at  the  t e m p e r a t u r e  of the  
ep i tax ia l  reactor .  Thus, in o rder  to establ ish a high 
BI3 concentrat ion,  a large  excess of B2H6 was needed,  
which  in tu rn  pe r tu rbed  the ep i tax ia l  reaction.  

Subs t i tu t ion  of a solid BI3 source (vendor  suppl ied  
ma te r i a l )  p roved  to be unsa t i s fac tory  because  of large  
var ia t ions  in pur i ty  from lot to lot, and difficulties 
encountered  in t r ans fe r r ing  .the ma te r i a l  into the  r e -  
act ion system. It  is the  purpose  here  to descr ibe a 
method for an in situ synthesis  of BI3 which  y ie lds  a 
reproduc ib le  source of boron and enables  deposi t ion 
of low-res i s t iv i ty  Ge s ing le -c rys ta l  layers.  

The synthesis  of BI3 involved  the react ion of B2H6 
(obta ined from the Matheson Company  in a H2-He 
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carrier  gas at 100-1000 ppm level) ,  and HI (delivered 
from a generator  similar to that  used for the Ge 
epitaxy) (4) in appropriate quant i t ies  to satisfy the 
stoichiometry shown in Eq. [1] (5). 

6B2H6 + 6HI ~ 2BI3 + 5B2H6 -5 6H2 [1] 

Both the B2H6 and HI were carried into a furnace by a 
He-He gas mix ture  and reacted at 250~ Figure 1 is a 
schematic representat ion of the system used. At the 
output  of the reaction chamber,  BI3 was condensed in 
an ice trap, while other effluent vapors ( including 
B2H6) were swept out of the system. Once a sufficient 
quant i ty  of BI3 was collected, the synthesis was 
terminated.  Then, using a suitable valving ar range-  
ment,  the BI3 was introduced into the epitaxial  reactor. 
During the epitaxial  reaction, the BIa was main ta ined  
at 24 ~ and the concentrat ion in the reactor var ied by 
the carr ier  gas flow rate. 

According to calculations made using the J A N A F  
thermochemical  data tables, the equi l ibr ium constant  
for the react ion as wr i t t en  in Eq. [1] varies from 101~ 
to 105 in the range 25~176 respectively. The syn-  
thesis was at tempted at 250 ~ 450 ~ and 800~ and only 
at 250~ was any measurable  amount  of BI3 observed. 
At the higher temperatures,  there was no measurable  
trace of BI3, indicat ing that K is much smaller  (-->0) 

~/".~-..~ (~(~ ~ ~ [_ Vent 

Epi Reactor 

a) 8l, SYNTHESIS- G ' ( ~  + (~ OPEN 
(~+(~ CLOSED 

b) EPI REACTION- (~,(~ +(~ CLOSED 
OPEN 

Fig. 1. Schematic representation of the BI3 synthesis-epitaxial 
reactor train. 

t han  the calculated value. Since the kinetics of the 
reaction would increase wi th  increasing temperature ,  
these results do not appear to be due to kinetic l imita-  
tions, and would indicate that  the thermochemical  
data are in considerable error. 

An indication of the applicabili ty of Eq. [1] in  de- 
scribing the over-al l  reaction and a measure of the re-  
action efficiency at 250~ were obtained via chemical 
analysis of the reaction products. Thus, if one obtains 
the ratio of BI~ to B2H6 in the effiuent, s tart ing with 
equimolar  mixtures  of B~H6 and HI, the BIJB2H6 
ratio would be expected to vary  between zero when  
no reaction occurs to 2:5 if the reaction goes essen- 
t ial ly to completion. A series of 3 H20 bubblers  were 
attached to the output  of the reaction t ra in  (BI3 and 
B2H6 decompose in  water  to form B203 in solution).  
With the ice trap in place, unreacted Bell6 in the exit  
gas was trapped and decomposed in  H20 while the BI3 
was ent ra ined in the ice trap. After  the reaction was 
terminated,  this trapped BI3 was flushed into a new set 
of water  bubblers  and decomposed. The boron content  
in both solutions was then determined colorimetrically 
by the methylene  blue method (6). Wi th in  the pre-  
cision of the method of analysis (ca. 5%),  the mole 
ratio of BI3 to B2H6 was found to be 2:5 indicat ing 
that at 250~ the reaction goes essentially to comple- 
tion. 

Acknowledgments  
The authors wish to thank  M. Sampogna for his 
assistance with the synthesis and B. L. Gilbert  and 
B. L. Olson for the boron analysis. 

Manuscript  received March 30, 1970. 

A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 

REFERENCES 
1. A. Reisman and M. Berkenbli t ,  This Journal, 112, 

315 (1965). 
2. M. Berkenblit, A. Reisman, and T. B. Light, ibid., 

115, 66 (1968). 
3. M. Berkenblit, T. B. Light, and A. Reisman, ibid., 

To be published. 
4. A. Reisman and M. Berkenblit, ibid., 113, 146 (1966). 
5. "Boron, Metallo-Boron Compounds and Boranes," 

R. M. Adams, Editor, p. 604, John Wiley & Sons, 
Inc. (1964). 

6. L. Pasztor and J. D. Bode, Anal. Chem., 32, 277 
(1960). 



J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

R E V I E W S  A N D  

Chemical Approaches to the 
Approximate Prediction of Band Gaps of 

Binary Semiconductors and Insulators 
Ashok K. Vi/h* 

Hydro-Quebec Institute of Research, Varennes, Quebec, Canada 

ABSTRACT 

The chemical approaches to the approximate predict ion of band gaps of 
b inary  inorganic semiconductors and insulators have been briefly reviewed 
with special emphasis on re la t ively recent  work. These approaches involve 
establ ishment  of correlations be tween band gaps and various other quan-  
tities, e.g. heats of formation, bond energies and electronegativities, etc. It  
has been shown that  some of these correlations provide semiquant i ta t ive  
means for the estimation of band  gaps of several materials  for which it  is 
ei ther too difficult or impossible to compute accurate band gaps on the basis 
of methods of theoretical  physics. The possible theoretical foundations of 
some of these correlations, as examined previously, have also been presented. 
Some of the recently proposed correlations, e.g. between band  gaps and heats 
of formation per equivalent,  even though rough, have universa l  validity,  in  
that  they are applicable to all types of b inary  inorganic compounds covering 
a wide range of ionicity, crystal type, and band gaps. 

It is general ly  recognized that  the methods of theo- 
retical physics are either inadequate  or cumbersome 
for computing the width of forbidden gaps of all but  
the simplest semiconductors, e.g. Ge. The width of the 
forbidden gap is, of course, an extremely impor tant  
parameter  for the case of semiconducting compounds 
since it constitutes the basis for the calculation of band 
structure and the computat ion of the number  of in t r in -  
sic carriers, and other properties. This si tuation has 
prompted a number  of investigators to predict, albeit  
approximately,  the band  gaps of semiconductors by 
chemical approaches involving a var ie ty  of correla- 
tions (1-8). For  example, band gaps have been related 
to heats of formation per mole (1), heats of formation 
per equivalent  (7), electronegativit ies (3), atomic 
numbers  (6), heats of atomization per atom (5), single 
bond energies (4), and average bond energies (8). 
Many of these correlations are pure ly  empirical  in 
nature.  In  some cases, however, at tempts have been 
made to present  some theoretical justifications (1, 5, 
8-10). 

In  the present  article, an a t tempt  is made to present  
an outl ine of the more significant of these approaches 
with special emphasis on relat ively recent  work. It  is 
assumed that  the reader is famil iar  with the qual i ta-  
tive description of the band theory of solids as pre-  
sented, e.g. in  a recent lucid article (11). Other excel- 
lent  articles on the band  theory of solids, at a re la-  
t ively e lementary  level, are also available in the 
l i terature  (2, 3, 12-16). 

It may be added that  the fundamenta l  contr ibu-  
tions of Mooser and Pearson (17), Goodman (18), 
Suchet (19), and Welker  (20) to the subject of pre-  
diction of semiconductivi ty in materials  are not in-  

* Elect rochemical  Society Act ive  Member .  

cluded in this article since their  work has already 
been reviewed previously in  some detail (10). 

Correlation of Band Gaps to Various Quantities 
It was demonstra ted by Ruppel, Rose, and Gerr i tsen 

(1) that  band  gaps, Eg, of several semiconductors and 
insulators lie between one and two times the heats of 
formation per mole of the corresponding compounds 
(Fig. 1). It was pointed out (7), however, following 
Sanderson (21), that  in correlations of the type shown 
in Fig. 1 the thermodynamic  data must  be "normal-  
ized," i.e. the heats of formation should be plotted as 
per equivalent  (i.e. nei ther  as per mole nor  as per atom 
but  as per atom equivalent) .  This correlation (Fig. 1) 
was extended to several more compounds by including 
this concept of normalizat ion (7), and the results are 
shown in  Fig. 2. It  is clear from Fig. 2 that, roughly, 
a very large var ie ty  of semiconductors and insulators 
obey the relation: 

Eg = 2 ~He [1] 

where AHe is the heat  of formation per equivalent .  For  
the case of polyatomic compounds formed between 
polyvalent  ions, it is par t icular ly  glaring that  (Table 
I) the proposal of Ruppel  et al. (1) is not  sustained, 
whereas Vijh's relat ion (Fig. 2) gives ra ther  satisfac- 
tory predictions of approximate values of the band 
gaps (Table I) .  

In  a correlat ion proposed by  Hooge (Fig. 3), band  
gaps of several  b ina ry  compounds may  be satisfactorily 
estimated from electronegativit ies by means  of an 
empirical  equation. This correlation (3) does not, how- 
ever, include polyatomic compounds. 

In  a very interes t ing paper, Manca related the single 
bond energies of several compounds, calculated by 
Paul ing 's  empirical  equat ion (22), to their  band  gaps, 

173C 
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Table I 

Eg (Ruppel Eg (V i ih) ,  Ee (experi-  
Compound  et al.),  eV e V  menta l ) ,  eV  
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Fig. 1. Correlation between bond gaps and heats of formation 
(standard state) per mole for several compounds, after Ruppel, 
Rose, and Gerritsen ( l ) .  

AhOs 17-34 5.67 7 
Ta205 21.75-43.5 4.35 4.6 
TiO~ 9.46-19~92 4.73 3.0 
GaM:h 11.19-22.38 3.73 4.4 
InM:h 9.63-19.26 3.21 2.8 

through an empirical  relation of the type: 

E g = a ( E s - - b )  = 2  ( E ~ - - b )  [2] 

where  Eg is the band gap value; Es is the single bond 
energy; a and b are constants characteristic of a given 
class (e.g. A Iv B Iv, A nI B v, etc.) of semiconductors.  
For the compounds examined by Manca, the value of 
a is roughly equal to 2. Manca's results showing the 
val idity of Eq. [2] for several  compounds have been 
presented in Fig. 4. In another paper, Bai l ly  and Manca 
(5) have shown that for several  compounds the fol -  
lowing relation is obeyed: 

Eg = A (AG, - B) [3]  

Here 2~G s is the free energy of sublimation per atom 
of the semiconducting compounds and A and B are 
parameters characteristic of each series of semicon-  
ducting material.  It may  be seen from Fig. 5 that Eq. 
[3] holds for a typical  series of compounds.  Bai l ly  and 
Manca have also analyzed the factors that determine 
the magnitude of parameters A and B for several  series 
of inorganic compounds (5) .  
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Fig. 2. A plot of band gaps vs. heats of formation (standard state) per equivalent for a large number of inorganic binary compounds (7) 
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Fig. 3. Hooge's (3) relationship between band gaps and a func- 
tion of electronegativities, X, for some semiconductors and insula- 
tors. 
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Fig. 4. Manca's correlation between single bond energies, as 
estimated by Pauling's method, and band gaps for several series 
of inorganic substances (4). 

All  the  foregoing correla t ions  (Fig. 1-5) have  a 
serious l imi ta t ion  in tha t  they  are  empir ica l  in nature .  
Fur the r ,  most  of t hem (Fig. 1, 3-5) a re  res t r ic ted  to 
cer ta in  special  classes of compounds and lack  un iversa l  
appl icabi l i ty .  However ,  the  re la t ionship  p resen ted  in 
Fig. 2 is an except ion in this  pa r t i cu la r  respect;  i.e. it  
has genera l  appl icabi l i ty .  A point  tha t  may  be em-  
phasized here  is tha t  most  of these  corre la t ions  are  
r a the r  approx ima te  in na ture .  

Recent ly ,  Vi jh  (8) has  p resen ted  a corre la t ion (Fig. 
6) be tween  average  bond energies  and band gaps, Eg, 
of severa l  inorganic  b ina ry  compounds.  In fact i t  has 
been shown that  Manca 's  Eq. [2] is appl icable  to a 
large va r i e ty  of compounds (Fig. 6) if Es in Eq. [2] is 
assumed to denote  an average bond energy  as calcu-  
la ted by  a the rmochemica l  procedure ,  ins tead of r ep -  
resent ing  a single bond energy value.  I t  is impor tan t  
to note that  this  corre la t ion  (Fig. 6) is n o t  res t r ic ted  
to some pa r t i cu la r  class of semiconductors  and  is in 
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Fig. 5. A typical plot of free energy of sublimation per atom 

against band gaps for a given series of semiconductors, as pre- 
sented by Bailly and Manca (5). 

14 
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E LIZ .,?K~. Z 

BOND ENERGY. eV 
Fig. 6. A plot depicting correlation of average bond energies 

with band gaps for a wide range of inorganic binary compounds. 
Bond energies for CdSe, ZnTe, InN, ZnSe, ZnS, and AIN are single 
bond energies estimated by Pauling's empirical equation since re- 
liable thermodynamic data are not available for calculation of 
average bond energies (8). 

fact a genera l  one and includes compounds which 
cover the  fol lowing spec t rum of behavior :  

(i) Inorganic  compounds which  range  f rom h ighly  
covalent  (Sb2S3) to those which  are  h ighly  
ionic (NaF) .  

(ii) Semiconductors  and insulators  represen t ing  a 
r a the r  large  range  of band  gap values,  e.g. 0.5 
to 12 eV. 
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(iii) There are several substances in Fig. 6 (and 
Table I) which are polyatomic b inary  com- 
pounds formed between polyvalent  ions, e.g. 
Sb2S~, Bi2S~, A1203, Ta2Oh, etc. 

(iv) A wide range of crystal structures as repre-  
sented in Fig. 6, e.g. Wurzite, zinc blende, 
Corundum, cuprite, fluorite, NaC1, and CsC1. 

The relationship presented in Fig. 6 is not only a 
ra ther  general  one but  it can also be derived theo- 
retically (8) for the case of ionic compounds, e.g. 
alkali  halides. The theoretical basis of Fig. 6 and Fig. 
2 has been outl ined in the following section. 

Some Theoretical Considerations 
In this section, an at tempt  is made to indicate the 

theoretical basis of Eq. [2] and [1] for the case of 
alkali  halides, assuming that Es in Eq. [2] represents 
an average bond energy value. It is important,  how- 
ever, to precede this analysis by a discussion of some 
matters  related to the question of proper definition of 
bond energies and band gaps. 

Bond energies . - -There  are two procedures fre- 
quent ly  used for the calculation of bond energies: 

1. Pauling's me thod- -s ing le  bond energies 
The bond energy of an isolated diatomic molecule 
formed between two univa len t  atoms, e.g. NaC1, may 
be estimated by Paul ing 's  empirical  equation: 

D (Na-C1) = 1/2{D (Na-Na) 

-b D(Cl-Cl)}  -b 23(XNa-Xci) 2 [4] 

Here, D(Na-C1) is the bond energy between Na and 
Cl in NaCl; D (Na-Na) is the bond energy between Na 
atoms; D(Cl-Cl)  is the bond energy between two 
chlorine atoms; XNa and Xcl are the electronegativities 
of Na and C1, respectively, on the Paul ing  Scale (22). 
This method gives fair ly accurate estimates of bond 
energy between two univa len t  atoms held together by 
a single bond, e.g. NaC1. However, when more than 
one bond is involved, e.g. in CH4, Paul ing 's  procedure 
does not give a good estimate of the average C-H bond 
energy, but  only yields a value for the last dissociation 
energy, i.e. C-H bond, when  only one H is present on 
C. When applied to cases involving either divalent  or 
mul t iva lent  atoms, e.g. Ta205, Sb2S3, GaN, this method 
gives an estimate of the energy of the last bond in the 
molecule after all other bonds have been removed. It 
is believed that  such a quan t i ty  is not a very good 
measure of the general magni tude  of b inding in a 
complex molecule, which must  be represented by an 
average bond energy. The average bond energy thus 
obtained, it is believed, is more per t inent  to the dis- 
cussion of relat ion be tween binding and band gaps 
in inorganic compounds. This bond energy is calcu- 
lated from the appropriate thermochemical  data, as 
follows. 

2. Thermochemical  procedure--average bond energies 
The bond energy of a compound, e.g. NaC1, may be 
obtained from the equation: 

D (Na-C1) = ~Hs + 1/z AH~ --}- H~ [5] 

Here, D(Na-C1) is the required bond energy; aHs is 
the heat of subl imat ion of Na metal  per mole; AHdiss is 
the heat of dissociation of C12 molecule into C1 atoms, 
again, per mole; aHof is the heat of formation of NaC1 
in its s tandard state, again per mole. The quant i ty  
given by Eq. [5] (i.e. bond energy) is, of course, the 
heat of atomization of NaC1. In the case of NaC1, only 
one shared electron pair  is involved in the bonding. 
For complex compounds, e.g. A1203, several bonds (i.e. 
shared electron pairs) are involved and hence an ap- 
propriate normalizing factor must  be used to obtain 
from Eq. [5] the bond energy per bond and not the 
total energy for all the bonds in A12Oz. This is done 
by computing, first from Eq. [5], the heat of atomiza- 
t ion per mole which is then normalized with respect 
to the part icipat ing valences in order to obtain heat of 
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atomization per equivalent,  which is, of course, the 
bond energy. For example, the heat of atomization 
per equivalent  (i.e. the bond energy) for A1203 is 
1/6 of the heat of atomization per mole as calculated 
from Eq. [5]. Fur ther  details on these and related 
matters are available elsewhere (7, 8, 21-23). 

The heat of atomization per equivalent  thus ob- 
tained, after some second-order corrections (e.g. spin 
correlation stabilization energies, coordinate valence) 
as discussed by Howald (23), are the actual values of 
the average bond energies as obtained from the ex- 
per imental  thermochemical  data. 

These average bond energy values have been used 
in constructing Fig. 6 (see, however, caption to Fig. 6). 
The accuracy of these bond energies is l imited only by 
the accuracy of the thermodynamic  data which were 
used in their  calculation. These data have been ob- 
tained from reliable compilations (23-25). In  ob- 
ta ining these average bond energies, corrections to the 
heats of atomization per equivalent  were applied only 
for spin correlation stabilization energies (23). The 
possible presence of coordinate valence has been ig- 
nored because unambiguous  estimates of the extent  
of part icipation of coordinate valence in compounds 
are not always easily obtained as discussed by Howald 
(23). Since the theoretical derivat ion of Eq. [2] and 
[3] (see below) is claimed to be strictly valid for 
alkali halides only, this neglect of coordinate valence 
in the calculation of bond energies is not serious, be- 
cause alkali  halides do not involve any coordinate 
bonds. 

Band gaps.- -These band gaps (Fig. 6) refer to k 
space at k = 0. It  may be ment ioned that precise defi- 
ni t ion and determinat ion of band gaps involves some 
real difficulties. For example, in large band gap semi- 
conductors like alkali  halides, exper imental  values 
quoted are s trongly influenced by coulomb effects, 
even though there is no significant difference between 
the direct and indirect gap since the bands are very 
narrow. This is because of the reason that the optical 
absorption is determined rather  by the exciton struc-  
ture  in front of the energy gap than  by the energy gap 
itself (8). In small  band gap semiconductors, on the 
other hand, there are appreciable differences between 
direct and indirect  gaps since the bands are rather  
wide (8). The significance of values of band gaps used 
in Fig. 6 must  be accepted only in relat ion to these 
difficulties. It is believed, however, that  the afore- 
ment ioned difficulties in the precise definition and de- 
te rminat ion  of band gaps are not serious enough to 
render  values of band gaps in Fig. 6 so uncer ta in  as 
to make the relationship presented invalid. 

Derivation of Eq. [2] and [3] for ionic c o m p o u n d s . -  
As shown previously by Mark (26), the forbidden gap 
Eg of an ionic compound like NaC1 is given by: 

Eg = 2M -- (Im -- Ax) [6] 

where M is the Madelung energy, Im is the ionization 
potential  of Na; Ax is the electron affinity of C1. From 
Eq. [6], 

Eg ---- 2(U -- R) -- Ira+ Az  [7] 

where U is the exper imental  ( thermochemical)  lattice 
energy and R is an energy term which includes re- 
pulsive, London, and other components (e.g., crystal 
field stabilization energy) of  theoretical lattice energy 
(12) so that  

M = (U -- R) [8] 
is quite valid. 

It may be readily shown, by means of a Born-Haber  
thermochemical  cycle, that  (12) : 

AHof = AHs -4- Im -~- 1/2 AHD -]- Ax -t- U [9] 
where, 

AHof is the heat of formation, e.g. of NaC1 
• is the heat of subl imat ion of Na 
Im is the ionization potential  of Na 
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AHD is the energy of dissociation of C12 (g) into atoms 
Ax is the electron affinity of CI 
U is the lattice energy of NaCl 

The quanti t ies  defined above are all  as per mole of the 
corresponding substance. 

On obvious rearrangement ,  Eq. [9] gives: 

- - U  • AHs -~- Im -~- 1/2AHD -~ Ax - -  AH~ [10]  

Now we note that  U, Ax, and AHof are exothermic 
quanti t ies (hence with -- sign) and AHs, Ira, and AHD 
are endothermic quanti t ies (hence with + sign) for 
alkali  halides. On making  these substi tutions for exo- 
thermici ty and endothermici ty in Eq. [10], we obtain: 

U ---- hHs ~ Im -~- 1/2AHD -~- AH~ - -  A x  [11] 

Subst i tut ing Eq. [11] in Eq. [7], 

Eg = 2~Hs + 2Ira + AHD -}- 2hHof 

- - 2 A x - - 2 R - - I m ~ A x  [12] 
o r  

Eg ---~ 2hHs -t- Im -{- 5HD -~- 25H~ -- Ax -- 2R [13] 

On making  an approximation that  Im is roughly 
equivalent  to As in magnitude,  one obtains: 

E~ = 2arts -t- 2•176 -{- AHD -- 2R [14] 
o r  

Eg ---= 2(~Ha -- R) [15] 

where AHa is the heat of atomization per mole, and for 
a diatomic molecule formed between two un iva len t  
ions (e.g. NaC1) is identical  with the heat of atomiza- 
tion per equivalent,  which is, of course, the average 
bond energy (8, 21-23). 

When considering a polyatomic compound formed 
between either un iva len t  or polyvalent  ions, Eq. [15] 
has to be su i t ab ly  modified. This is owing to the fact 
that  Eq. [6] and [7] refer to the t ransfer  of one 
valence electron only, i.e. from Na to C1; in order to 
main ta in  the validit iy of Eq. [12], U in Eq. [11] must  
also be taken  as per valence electron, i.e. as per 
equivalent.  As a result, the alia term irr Eq. [15] must  
be changed from hHa/mole to hHa/eq, for a polyatomic 
compound. As ment ioned earlier, hHa/eq, is, of course, 
the bond energy Es. Hence, 

Eg = 2(Es -- R) [16] 

For a closely related series of compounds, e.g. alkali  
halides, R may roughly be treated as a constant. Hence, 
Eq. [15] may be wr i t ten  as: 

Eg -~ 2 (Es -- b) [17] 

where "b" is a constant. This Eq. [17] is identical  
with Manca's equation, i.e. Eq. 2 in this paper. 

The approximation made in the derivat ion of Eq. 
[17] may now be considered. If Im is not roughly 
equivalent  to Ax, then R in Eq. [16] may be t rans-  
formed into R' where, 

R' -~ R ~r 1/21m -- 1/zAx [18] 

For s t ructural ly  related compounds, R' may again 
be assumed as, roughly, a constant. For  example, for 
several alkali  halides, values of R" lie close to 2.5 +_ 0.5 
eV. It is obvious, of course, that  Eq. [18] must  be ap-  
propriately modified for compounds involving positive 
electron affinities. 

On the basis of the foregoing analysis, the possible 
theoretical basis of Fig. 2 may now be explored. Re- 
wr i t ing  Eq. [14], by subst i tut ing Eq. [18] into it, one 
obtains: 

Eg = (2~Hs -t- AHD -- 2R') + 2AH~ [19] 

For several  compounds, it turns  out, fortuitously, 
that quanti t ies  in the parentheses of Eq. [19] ei ther 
roughly cancel each other out or assume rather  small 
net  value (8). Hence, Eq. [19] may be approximated 
as:  

Eg __~ 2AH~ [20] 

As ment ioned in the foregoing discussion, in all such 
discussions the quanti t ies must  be properly normalized 
(7, 8, 21-23), i.e. t aken  as per equivalent  which for a 
diatomic substance formed between un i -un iva l en t  ions 
is, of course, the same thing as per mole. Hence, Eq. 
[20] may be wr i t ten  as: 

Eg ~ 2~He [21] 

Equat ion [21] is identical  with Eq. [1], and it consti- 
tutes the possible theoretical basis of Fig. 2. 

Limitations of the foregoing theoretical analysis.-- 
It is clear that  the foregoing analysis is invalid for 
e lementary  semiconductors since lattice energy for 
these substances has no significance. Also, molecular  
semiconductors like anthracene  are not covered by the 
foregoing discussions. Further ,  theoretical foundations 
of Fig. 2 and 6 for the case of predominant ly  covalent 
b inary  compounds like Sb2S3 are not completely clear. 

For the case of some covalent  compounds, however, 
e.g. those included in Fig. 6, it is possible that the 
increase in cohesive energy due to homopolar binding 
approximately cancels out the decrease in lattice en-  
ergy that may result  from part ial  ionicity of the com- 
pound (8,26). In  these cases, exper imental  lattice 
energy values, U, wil l  be near ly  equivalent  to the 
(M -}- R) values that would have been obtained, had 
the compound been predominant ly  ionic. In some for- 
tuitous cases of this type, the ent i re  analysis presented 
here would still be valid, despite significant covalent 
bonding. 

In some other cases of covalent compounds, the 
present  analysis may be extended by modifying Eq. 
[17] to give: 

Eg : 2 (Es -- b) -+- AU [22] 

where • is the difference between the thermochemi-  
cal and theoretical lattice energies (12) again taken  
as per equivalent.  

It is impor tant  to emphasize that  it is ra ther  fortu-  
itous that several covalent  compounds obey the rela-  
t ionship shown in Fig. 6, despite the fact that  no cor- 
rection for homopolar bonding has been applied to 
them. 

Concluding Remarks 
It  has been shown in the foregoing discussion that  it 

is possible to obtain by chemical approaches some sig- 
nificant, semiquant i ta t ive  correlations between band 
gaps and other properties, e.g. heats of formation and 
bond energies. The impor tant  points that  have been 
brought  out in this article are as follows: 

(A) These correlations (Fig. 2 and 6) need not  
necessarily be l imited to certain restricted classes of 
compounds. 

(B) They yield semiquant i ta t ive  results and not 
just  quali tat ive trends. 

(C) These correlations also lend themselves to some 
theoretical analysis. 

It  is obvious, of course, that  these correlations are 
not very exact yet and would need considerable im-  
provements and more sophisticated theoretical anal -  
ysis before yielding procedures for accurate prediction 
of band gaps of materials.  

Manuscript  submit ted Nov. 3, 1969; revised m a n u -  
script received Jan. 19, 1970. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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I IIII I II 

S E C T I O N  N E W S  

Columbus Section 

A symposium on battery separators 
was held in Columbus, Ohio, on Feb- 
ruary 18-19, 1970 under the sponsor- 
ship of the Columbus Section of The 
Electrochemical Society. 19 papers 
covered separator materials and per- 
formance in lead-acid, nickel-cadmium, 
silver-zinc, and sitver-cadmium bat- 
teries and rechargeable fuel cells. 
Approximately 100 scientists and engi- 
neers from the United States, Canada, 
England, and Sweden were in attend- 
ance. 

The proceedings of the symposium 
will be published in a softbound book 
in approximately two months. A limited 
number of copies are still available at 
$7.00 each. Orders for copies of the 
proceedings should be sent to Dr. H. L. 
Goering, Battelle Memorial Institute, 505 
King Avenue, Columbus, Ohio 43201. 
Checks should be made payable to 
Columbus Section of The Electrochemi- 
cal Society. 

The program consisted of the follow- 
ing papers: 

"General Requirements and Charac- 
terization of Secondary Battery Sep- 
arators,"--J. J. Lander, Air Force Aero 
Propulsion Laboratory, and E. J. Casey, 
Defense Research Establishment; 

"A New Type of Microporous Poly~ 
meric Separator,"--Erik Sundberg, Tu- 
dor Sweden, and J. Q. Selsor, Amer- 
ace, Esna Corporation; 

"Characterization of Anisotropic 
Films for Battery Separators,"--Michael 
J. Lysaght, Amincon Corporation; 

"The Selection of Textile Fibers and 
Fabricating Techniques in Separator 

Design,"--Phoenix N. Dangel, Kendall, 
Fiber Products Division; 

"Characterization and Performance 
of Separators for Ni-Cd Aircraft Bat- 
teries,"--Louis Belove and Paul Scar- 
daville, Sonotone Corporation; 

"QC Procedures and Measurements 
--Polypropylene Separators for Sealed 
Ni-Cd Batteries,"--T. E. King, Defense 
Research Establishment; 

"Separators for Heat Sterilizable 
Ni-Cd Batter ies,"--R. Lutwack, Jet 
Propulsion Laboratory; 

"Ultrafine Porous Polymer Mem- 
branes as Battery Separators,"--J. L. 
Weininger, General Electric Company; 

"Cellulosic Separators for Alkaline 
Batteries--A Review,"--G. A. Dalin, 
Yardney Electric Corporation; 

"Silver-Zinc Battery Separator Mate- 
rial Development,"--E. V. Kirkland, 
Monsanto Research Corporation; 

"Improved Separator Materials for 
Alkaline Batteries,"--H. E. Hoyt, Bor- 
den, Inc., Chemical Division; 

"Preparation and Properties of Sep- 
arators for Silver-Zinc Cells,"--A. 
Langer and L. C. Scala, Westinghouse 
Electric Corporation; 

"Preparation and Properties of 
Grafted Membrane Separators for Sil- 
ver-Zinc Cells,"--V. D'Agostino, RAI 
Research Corporation; 

"Performance of Organic Membranes 
and Inorganic Coatings as Separators 
in Silver-Zinc CelIs,"--T. J. Hennigan, 
Goddard Space Flight Center; 

"Charged Stand and Cycle Life Test 
Results on Separator Systems for Al- 
kaline Cells,"--R. S. Bogner, Jet Pro- 
pulsion Laboratory; 

"QC for Heat Sterilizable Silver-Zinc 
Separator Materials,"--W. von Hart- 
mann, Jet Propulsion Laboratory; 

"Chemical and Physical Analysis of 
Grafted Membranes for Silver-Zinc Bat- 
teries,"--E. F. Cuddihy and J. Moa- 
canin, Jet Propulsion Laboratory; 

"Separator Developments for Re- 

chargeable H~O2 Fuel Cells,"--M. G. 
Klein, Electro-Optical Systems, Inc.; 

"Recent Advances in Ion Exchange 
Membranes for Use in Rechargeable 
Fuel Cells,"--A. P. Fickett, General 
Electric Company. 

Concluding the program was a panel 
discussion chaired by Arthur Fleischer, 
with panelists T. J. Hennigan, R. Lut- 
wack, T. E. King, and J. J. Lander. 

Detroit Section 
The Detroit Section held a meeting 

on March 19, 1970, at the McGregor 
Memorial Conference Center, Wayne 
State University. The guest speaker was 
Dr. C. V. King, Vice-President of the 
Society, and also President of American 
Gas & Chemicals, Inc. Dr. King gave a 
very interesting and lucid account of 
methods for determining gas leaks. 
Most of the methods described were 
chemical tests, involving the use of 
color-change tapes or papers, which 
could be used for rocket and missile 
fuels and oxidizers, for carbon mon- 
oxide, ammonia, hydrazine, unsymmet- 
rical dimethyl hydrazine, hydrogen sul- 
fide, for engine fuels, oils, and hydrau- 
lic fluids. A simple bubble test for bu- 
tane lighters was described which in- 
volved immersion in water containing a 
suita'ble detergent. Dr. King also de- 
scribed a few electrochemical methods 
for determining leaks. The presentation 
was illustrated with several demonstra- 
tions. 

Prior to the technical part of the 
meeting Dr. King spent fifteen minutes 
or so discussing Society affairs. The 
main topics covered were the transfer 
of the National Office to Princeton, N. J., 
the running of National Meetings by 
the National Office, and the Society's 
membership and financial standing. 

Raymond Thacker 
2nd Vice Chairman 
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naces in the 2000-3000~ range; the use 
of electric arcs for material synthesis, 
purification, and crystal growth; and 
new methods for vapor growth of single 
crystals of ZnTe, using a "transparent 
furnace" especially suited for vapor 
growth of crystals. After a lively period 
of questions and answers, Dr. Reed 
demonstrated a model of the trans- 
parent furnace. Dr. Carr presented the 
speaker with a telescoping pocket point- 
er as a token of the appreciation of 
the Section for the fine lecture and 
the meeting was closed with a rising 
vote of thanks for Dr. Thomas B. Reed. 

Dodd S. Carr 
Vice-Chairman 

North Texas Section 
The winter meeting of the North 

Texas Section was held on January 26, 
1970 in the Meadows Building Cafeteria 
in Dallas. 

The speaker was Dr. Charles Tobias 
of the University of California. Dr. To- 
bias conducted an informal discussion 
of several aspects of Electrochemical 
Society activities such as the new loca- 
tion of the national headquarters. Fol- 
lowing this discussion he made a tech- 
nical presentation on "Electrolysis at 
High Rates." 

Active and transpassive anodic dis- 
solution modes of copper are charac- 
terized by different overpotentials and 
different resulting surface textures. 
Voltage transients observed during 
these dissolution processes are related 
to current densities and electrolyte 
flow rates. Passivation phenomena and 
the formation and removal of solid 
anodic reaction products are likely con- 
trolled by mass transport. 

David F. Cole 
Chairman 

Pacific Northwest Section 
The Pacific Northwest Section held 

its third meeting at Andy's Diner, 
Seattle, Wash., on March 16, 1970. After 
a social hour and dinner, Robert Glock- 
ling, Chairman, introduced David Roe, 
the guest speaker. Dr. Roe is on the 
faculty of the Oregon Graduate Center, 
Portland, Oreg. His illustrated talk was 
entitled "An Electrochemical and Mass 
Spectrometric Investigation of Platinum 
Electrodes." 

In spite of their extensive use in 
electrochemistry, platinum electrodes 
show some unusual characteristics 
which eluded thorough explanations. 
The literature of the past ten years, in 
particular, is replete with electro- 
chemical investigations of the surface 
oxidation of platinum and studies of 
oxidation of organic compounds on 
"activated" platinum. Deductive devel- 
opment of rigorous, or even consistent 
molecular models from such informa- 
tion is hampered by incomplete knowl- 
edge of, for example, true surface area, 
"active" surface area, adsorption sites, 
surface contamination, and the chemi- 
cal nature of surface oxides. 

Further insight in some of these 
problems has been obtained from com- 

1971 Palladium Medal Award, ECS 
The tenth Palladium Medal of The Electrochemical Society will be awarded at 

the Fall Meeting of the Society to be held in Cleveland, Ohio, October 3-8, 1971. 
The medal was establishecJ in 1951 by the Corrosion Division. 

The candidate shall be distinguished for his original contributions to theoretical 
electrochemistry or to fundamental scientific knowledge of corrosion processes. 
He need not be a member of the Society. There shall be no restrictions or reser- 
vations made regarding his citizenship, age, or sex. 

To be eligible, the candidate shall agree to receive the award in person at the 
designated national meeting of the Society. He shal~ also agree to present a gen- 
eral lecture before the Society, at the above designated national meeting, to be 
called the Palladium Medal Address. This address will in general describe some 
area of the candidate's researches, and will be presented at a time and place 
during the meeting to be specified in each instance by the Board of Directors. 

Previous medalists have been: Carl Wagner, Max Planck Institut fur Physi- 
kalische Chemie; N. H. Furman, Princeton University; U. R. Evans, Cambridge 
University; K. F. Bonhoeffer, Max Planck Institut fur Physikalische Chemie (post- 
humous award); A. N. Frumkin, Electrochemical institute of the USSR; H. H. Uhlig, 
Massachusetts Institute of Technology; Norman Hackerman, University of Texas; 
Paul Delahay, New York University; and Thomas P. Hoar, Cambridge University. 

Sections, Divisions, and members of the Society are invited to send suggestions 
for candidates, accompanied by supporting information, to Mr. Ernest G. Enck, 
Executive Secretary, The Electrochemical Society, 30 East 42nd St., New York, 
N. Y. 10017, for forwarding to the Committee Chairman. Deadline for submission 
of suggestions is August 31, 1971. 

bining mass spectrometry with electro- 
chemical measurements. From these 
results it can be shown how to obtain 
a clean platinum surface, free of or- 
ganic adsorbants. Also, anodic oxidation 
of platinum does not produce an oxide 
with any of the properties of PtO2, as 
noted by decomposition behavior in 
vacuum. However, exposure of platinum 
to oxygen and water vapor at 210~ does 
result in detectable surface oxidation. 
This oxide can be reduced electro- 
chemically and compared with anodic- 
ally-formed oxide. Rate and equilib- 
rium measurements of the vapor phase 
oxidation at 210~ leads to identifica- 
tion of the reaction as requiring one 
water molecule per atom of oxygen, i.e. 
Pt + V202 + H20 ~ Pt (OH)2. 

Sidney Gross 
Secretary 

B O O K  R E V I E W S  

"Thin Film Technology," by R. W. 
Berry, P. M. Hall, and M. T. Harris. 
Published by D. Van Nostrand Co. 
Inc., Princeton, N. J., 1969. 206 
pages; $15.00. 

"Thin Film Phenomena," by K. L. 
Chopra. Published by McGraw-Hill, 
New York, 1969. 793 pages; $24.50. 

Both of the above books are intro- 
ductions in a way to thin film activities. 
The former, prepared by the staff of 
Bell Telephone Laboratories, is perfect 
for the novice who wishes to engineer 
a thin film operation. Bare on funda- 

menials but heavily loaded with spe- 
cific equations for various topics, it cov- 
ers the entire gamut, in a surface man- 
ner, from the vacuum system itself to 
generation of the film assembly line. 
As such it is excellent, but it only cov- 
ers the thin film capacitors and resis- 
tors with its main emphasis on tanta- 
lum components. It is, in essence, an 
engineering manual. 

The latter book, by Chopra, could 
be considered a manual also--but of 
a different type. Dr. Chopra collects all 
the phenomena that could occur in thin 
films, their properties and their experi- 
mental aspects, briefly and sparsely 
covers them and then presents a fan- 
tastic amount of references (over 2000). 
The book is really an encyclopedia of 
phenomena, techniques and properties. 
As such it is a surface coverage for 
someone wishing to enter into thin 
film research. 

Both books serve useful functions. 
However, I prefer the series on "Phys- 
ics of Thin Film" published by Aca- 
demic Press as a more comprehensive 
starting point. 

Julius Klerer 
The Cooper Union, New York 
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A_BSTRACT 

The dependence  of the  composi t ion of the  anodic layer ,  the electr ic  capacity,  
and the  cur ren t  on the quan t i ty  of e lec t r ic i ty  passed on potent ios ta t ic  ox ida -  
t ion of lead in sulfur ic  acid are  invest igated.  Oxida t ion  runs were  pe r fo rmed  
in the  lead  sulfate, the  lead  oxide, and the lead  dioxide  poten t ia l  regions. I t  
was es tabl ished tha t  at al l  oxidat ion  potent ia ls  the  e lect rode is pass iva ted  by  
the format ion  of a dense c rys ta l l ine  l aye r  a f te r  passing a given quan t i t y  of 
electr ici ty .  Subsequen t ly  this  l ayer  grows. If the  oxida t ion  takes  place  in 
the  lead  oxide region,  t e t r agona l  PbO and basic lead  sulfate  form dur ing  the  
growth  of the  anodic layer.  On oxidat ion in the  lead  dioxide  region,  t e t r ag -  
onal  PbO and ~-PbO2 form in the  deposit  (at  --950 mV wi th  respect  to the  
Hg/Hg2SO4 e lec t rode) .  At  + 1000 and + 1100 mV af ter  the  fo rmat ion  of a-PbO~, 
PbSO4 is oxidized to ~-PbO2. The change  in the  composi t ion on oxida t ion  is 
due to change in ionic conduct iv i ty  be tween  the PbSO4 crystals .  When  the 
cur ren t  th rough  the anodic l aye r  begins to be t r anspor ted  by  O 2-  at  the  
l ead /anodic  l ayer  interface,  t e t ragona l  PbO is formed.  If  the  oxidat ion  po ten-  
t i a l  exceeds +950 mV, ~-PbO2 forms in addi t ion  to the  t e t ragona l  monoxide.  
At  potent ia ls  more  posi t ive than  +1000 mV, the  solute Pb  2+ ions are  oxidized 
to ~-PbO2 at  the  a-PbO2/solu t ion  interface.  

Dur ing  anodic oxidat ion  of lead in sulfuric  acid an 
insoluble l ayer  is fo rmed whose composit ion depends  
both on the potent ia l  and the quan t i ty  of electr ici ty .  
In  the  reg ion  ly ing  be tween  the equi l ib r ium poten-  
t ials of the  Pb/PbSO4 and PbSO4/PbO2 electrodes 
Lander  (1) found t e t ragona l  PbO and expla ined  the 
format ion  of this compound in t e rms  of a so l id-s ta te  
react ion be tween  FbO2 and Pb. B u r b a n k  (2) suggested 
a model  of the  s t ruc ture  of the  anodic l ayer  depend-  
ing on the oxidat ion  potent ial .  At  high oxida t ion  po-  
tent ia l  Ruetschi  and  Cahan (3) es tabl ished the  a lpha  
po lymorph  of PbO2 and found that  PbSO~ is oxidized 
to B-PbO2. Ruetschi  and Angs tad t  (4) in t roduced 
layers  of lead basic sulfates in the  model  of the  anodic 
deposit.  In  a previous  w o r k  (5) we  de te rmined  the 
dependence  of the composit ion of the  anodic l ayer  on 
the oxidat ion potent ia l  of the electrode.  According to 
the  phases presen t  the  potent ia l  in te rva l  ly ing be-  
tween  the equi l ib r ium potent ia l  of the  Pb /PbSO4 
elect rode --956 mV and +1400 mV (wi th  respect  to 
the Hg/Hg2SO4 elect rode)  can be divided into th ree  
regions:  (a) l ead  su l fa te  reg ion  be tween  --950 and 
--300 mV. The anodic deposi t  is const i tu ted b y  PbSO4 
crystals;  (b) lead oxide region f rom about  --300 to 
about  +900 mV. The deposit  contains t e t ragona l  PbO 
and PbSO4 in commensurab le  amounts  as wel l  as 
minor  amounts  of basic sulfates of lead; and (c) lead  
dioxide region above app rox ima te ly  +950 inV. The 
anodic l ayer  is bui l t  up main ly  b y  the two po lymorphs  
of PbO2. 

Key  words :  lead sulfate e lec t rochemical  format ion ,  lead oxide  
e lectrochemical  formation,  lead dioxide e lec t rochemical  format ion ,  
lead ox ide / lead  sulfate  layers  ionic conductivi ty ,  lead oxide / lead  
sulfate layers  x - r a y  analysis .  

In order  to e lucidate  the  processes which  take  place  
on anodic polar izat ion of the  lead e lec t rode  in sul-  
furic acid, it  is also necessary  to es tabl ish the  de- 
pendence of the  composit ion of the  anodic l aye r  on 
the quan t i ty  of e lec t r ic i ty  passed at  constant  ox ida-  
t ion potent ial .  This dependence  is contro l led  by the 
processes which  t ake  place  on g rowth  of the  c rys ta l -  
l ine anodic layer .  This is the  purpose  of the  present  
paper .  

Methods 
The fol lowing pa rame te r s  were  measured  dur ing  

the potent iosta t ic  oxidat ion  of the  lead e lect rode in 
sulfuric  acid: composi t ion of the anodic layer ,  cur -  
rent  and  electr ic  capac i ty  of the  electrode.  The 
change in the  e lec t rode  poten t ia l  was fol lowed dur ing  
the first 2 min a f te r  in te r rup t ing  the polar izat ion.  The 
anodic l ayer  was observed by  e lect ron microscopy at  
the  end of the  measurement .  

H i g h - p u r i t y  99.9999% lead electrodes wi th  d imen-  
sions 16 x 11 x 1 m m  were  subjec ted  to oxidat ion  in 
ana ly t ica l  g rade  e lec t rochemica l ly  purif ied 1N H2SO4 
at 25~ The oxida t ion  was pe r fo rmed  b y  means  of 
an electronic potent ios ta t  IP-410B Elek t ro impex.  The 
e lect rode poten t ia l  was measured  wi th  respect  to a 
Hg/Hg~SO4 e lec t rode  b y  means  of a CP-2 vol tmeter ,  
E lek t ro impex.  A l l  values  of the  e lec t rode  potent ia l  
wi l l  be the rea f t e r  given wi th  respect  to this  pa r t i cu -  
lar  re fe rence  electrode.  The cur ren t  and the  quan t i ty  
of e lectr ic i ty  were  cont inuously  recorded  by  means  
of a combined po ten t iomete r -cou lomete r  Goerz R-512. 

The de te rmina t ion  of the  e lect rode capaci ty  dur ing  
the potent ios ta t ic  oxida t ion  was  effected by  the 
method  suggested b y  Pangarov ,  Christova,  Atanasov,  
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and Kertov (6). To this effect potentiostatic pulses 
from an IG-3 generator  constructed in this Inst i tute  
were fed to the input  of the potentiostat. By means 
of a C-1-15 oscillograph the quant i ty  of electricity 
passed either dur ing the potentiostatic pulse or on 
in ter rupt ing  the pulse was recorded. The measure-  
ment  of capacity of the electrode prior to oxidation 
was performed by applying single rectangular  gal-  
vanostatic pulses of a dura t ion of 20 ~sec. The capacity 
was determined from the slope of the pulse t ransient  
(7). The block diagram of the electric circuit is given 
in Fig. 1. 

The phases present  were identified by  x - r a y  dif- 
fraction. A MilDer Mikro 111 diffraction uni t  was used. 
The diffraction pat terns were recorded with filtered 
copper radiat ion and with the following goniometer  
settings: goniometer speed 2 ~ 20/min, and slits 1~176 
0.1 mm. The diffractometer traces were measured 
down to d = 1.60A. The intensit ies were measured 
by the area under  the peaks. The x - r ay  identification 
of the composition of the anodic layer  was performed 
after 1, 10, and 30 rain and 1, 3, 6, 20, 40, and 72 hr  
potentiostatic oxidation runs. To this effect the elec- 
trode was removed from the electrolytic cell, washed, 
x-rayed,  after which the oxidation was continued. 
This way of de termining the composition was adopted 
after several tr ial  runs which showed that  no changes 
occurred in the phases present  dur ing  washing and 
recording of the x - r ay  diffraction pattern.  

After  completion of the oxidation at a given poten-  
tial and after recording the x - r ay  pa t te rn  the elec- 
trode was shaded by the p la t inum-carbon  replica 
technique. The replicas were stripped using a 40% 
solution of ammonium acetate and observed under  the 
electron microscope Zeiss EF-4. 

Exper imenta l  Results 
Lead sulfate region.--Oxidation runs  were per-  

formed at --900 and --500 inV. All  diffraction lines of 
the powder pa t te rn  of lead sulfate appeared in an in -  
terval  up to the thir t ie th minute.  From Fig. 2, it is 
seen that the intensi ty  increase of the lead sulfate 
lines is accompanied by a decrease of the lead lines 
due to the increase in  the thickness of the lead sul- 
fate layer. 

The capacity and current  changes as a function of 
the quant i ty  of electricity at --500 mV are represented 
in Fig. 3. Two characteristic stages are observed on 
the capacity curve. In  the first ini t ia l  stage (ab) the 
capacity rapidly falls down to 4-5 gF/cm 2. During 
this stage the electrode is passivated by the anodic 
layer  formed. Dur ing  the second stage (bc) a slow 
decrease in capacity and current  occurs down to com- 
parat ively  constant  values. At  the same t ime the 
thickness of the anodic layer increases. 

After  in te r rupt ing  the polarization the electrode 
potential  immediate ly  falls down to the Pb/PbSO4 
equi l ibr ium potential.  

Fig. 1. Block diagram of the circuitry: |, potentiostot; 2, pulse 
generator; 3, electrolytic cell (a) working leod electrode, (b) ref- 
erence Hg/Hg2S04 electrode, (c) reference Ph/PbS04 electrode, 
(d) Pt counterelectrode; 4, valve voltmeter; 5, oscillograph; 6, 
potentiometer-coulometer. 
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Fig. 3. Change in electrode capacity and current during oxidation 
at - -500 mV. 

An electron micrograph of the anodic layer is 
given in Fig. 4. The deposit is bui l t  up by well-defined 
crystals of different sizes. 

Lead oxide region.--Oxidation runs were performed 
at --200, 0, +300, +700, and +900 mV. The change in 
the amounts  of the phases present  in  the anodic 
layer was determined from the changes in  the in-  
tensities of their  diagnostic diffraction lines: for 
PbSO4, d = 3.00 and 3.33A (10); for Pb, d = 2.85 and 
2.45A; for te tragonal  PbO, d = 3.12A, 2.801 and 1.68A 
(5, 11); for PbO-PbSO4, d = 2.95A (10, 5); for 
5PbO.2H20, d = 3.08A (12, 11, 5). The major i ty  of 
these diagnostic diffraction lines occur in a re la t ively 
restricted in terval  of d-spacings between 2.70 and 
3.20A. Port ions of diffraction pat terns  taken in this 
in terval  at different potentials and as a funct ion of the 
oxidation t ime (up to 20 hr)  are represented in  Fig. 
5. Only the lower portions of the diffraction peaks 
are represented since our interest  was directed main ly  
toward the t i m e  at which the  various compounds ap- 

z As  shown in ref .  (5) the  in tens i ty  of  this  partictular di f f ract ion 
is enhanced  and  domina tes  in the  pa t t e rn  owing  to p re fe r red  or ien-  
tation. 
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Fig. 4. Electron micrograph of the anodic layer after oxidation 
at - -900 inV. 6500X. 

pear. Lead sulfate crystals appear dur ing  the first 
minu te  of the oxidation process. The amount  of this 
compound increases with time. Concomitant ly  at --200 
mV monobasic lead sulfate and tetragonal  PbO ap- 
pear at the sixth hour. The amounts  of these com- 
pounds in the anodic deposit remain  small  as com- 
pared to that  of PbSO4 even after the seventieth hour. 
Monobasic lead sulfate begins to form at 0 mV after 
1-hr oxidation, whi le  after 3 hr  te t ragonal  PbO ap- 
pears and increases predominant ly .  At  +300 mV mono-  
basic lead sulfate, 5PbO-2H20 and tetragonal  PbO 
appear at the tenth  minute.  After  a 1-hr polarization 
the amount  of te t ragonal  PbO rapidly increases. After  
passing 5-6 coulombs the amounts  of PbSO4 and 
tetragonal  PbO become commensurable  (Fig. 6). The 
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Fig. 6. Change in intensity of diffraction lines of PbSO4 with 
d ~ 3.00~ (@), of Pb with d = 2.85.~ ( O ) ,  of tetragonal PbO 
with d = 2.80A (11), and of PbO'PbSO4 with d = 2.95A (I-I) as 
a function of the quantity of electricity after oxidation at +300  
mV. 

change in the composition of the anodic layer  at + 700 
and +900 mV (Fig. 5) is s imilar  to tha t  observed at 
+300 mV, but  PbO-PbSO~ appears at the first minu te  
as well as two diffraction lines with in te rp lanar  spac- 
ings 3.16 and 2.73A belonging to an unidentif ied com- 
pound. The remaining  lines of this compound probably 
coincide with those of PbSO4. These lines disappear 
after a 1-hr oxidation. At these potentials the forma- 
t ion of te tragonal  PbO becomes the ma in  process after 
1 hr. The results obtained show that  with the increase 
of the potential  toward the more positive values the 
t ime elapsed before the formation of te tragonal  PbO 

Fig. 5. Portions of diffraction patterns at 
various potentials after different oxidation 
times in the lead oxide region. 
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decreases. The formation of this compound is accom- 
panied or preceded by that  of monobasic lead sulfate. 
Whereas te t ragonal  PbO begins to predominate  the 
monobasic sulfate remains  constant. 

From --200 to +900 mV the dependence of the ca- 
pacity and cur ren t  on the quant i ty  of electricity 
passed is s imilar  to that  observed at --500 mV but  the 
values are lower. After  passing 4-5 coulombs the ca- 
pacity reaches 0.1-0.3 ~F/cm 2. 

After  in te r rup t ing  the polarization the electrode po- 
tent ia l  falls down to the region of the equi l ibr ium 
potentials of the basic sulfates in 1N H2SO4. 

Fig. 7 represents  an electron micrograph of the 
anodic layer after  oxidation at a potent ial  of +300 inV. 

Lead dioxide region.--The change in  composition 
and in capacity was studied at the following poten-  
tials: +950, +1000, +1100, +1200, +1300, and +1400 
mV. In  this potential  in terval  the t ime for which the 
electrode acquired the given potential  was 3-4 sec. 

Dur ing  the first minutes  of oxidation at +950 mV 
the composition is s imilar  to that  found at +700 
and +900 mV (Fig. 5). A lead sulfate layer  is formed 
which contains monobasic lead sulfate as well  as the 
unidentified lead compound with diffraction lines 
d -- 3.16 and 2.73A. After  about  an hour  te t ragonal  
PbO and a-PbO2 d ~ 3.12 and 1.84 (13) also appear. 
The formation of PbO2 at + 950 mV was confirmed by 
the chemical analysis of the layer. From Fig. 8 it is 
seen that after passing 2 coulombs three processes 

Fig. 7. Electron micrograph of the anodic layer after oxidation 
at +300  inV. IO00X. 
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occur s imultaneously  at the electrode. As a resul t  the 
deposit contains PbSO4, a-PbO2, and te t ragonal  PbO. 
Figure  9 depicts the change in  capacity and cur ren t  
changes dur ing the oxidation. After  switching on the 
polarization the electrode capacity falls immediate ly  
down to 2.0 ~F/cm 2 and remains  constant  up to 0.25 
coulombs of electricity. Subsequent ly  the capacity 
rapidly increases. The x - r a y  data indicate that  after 
2 coulombs a new phase, a-PbO2, appears. Taking into 
account the electronic conduct ivi ty of a-PbO2 and the 
higher sensit ivity of the capacity method as compared 
to x - r ay  diffraction, it is clear tha t  the increase in 
capacity is due to the formation of a-PbO2. 

The appearance of the anodic layer  obtained on 
oxidation at +950 mV is shown on Fig. 10. Since lead 
dioxide is insoluble in  ammonium acetate it remains  
on the replica and is seen on the micrograph as a 
black deposit. 

During the first minutes  of the oxidation at 1000- 
1100 mV the composition is analogous to that  found at 
-{-950 mV. After  1 coulomb ~-PbO2 and tetragonal  
PbO form in the anodic layer  (Fig. I1). After  18 
coulombs fl-PbO2 is detected by  diffraction lines d = 
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Fig. 10. Electron micrograph of the anodic layer after oxidation 
at +950  inV. 4000X. 
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3.50 and 2.78A, whi le  the l ine wi th  d = 1.84A (13) in-  
creases. With the progress of the oxidat ion the amount  
of #-PbO2 increases whi le  those of PbSO4 and te t rag-  
anal PbO decrease. Af te r  28 coulombs the anodic 
layer  contains a-PbO2, #-PbO2, and te t ragonal  PbO. 

Between  + 1200 and + 1400 mV the composit ion in 
the first minu te  of the oxidation is similar  to that  at 
+950 inV. Af ter  about 4 coulombs a-PbO2, #-PbO2, and 
te t ragonal  PbO form almost s imultaneously (Fig. 12). 
The sulfate formed at the beginning is oxidized to 
#-PbO2 much  more  rapidly than at +1000 inV. The 
amount  of lead sulfate oxidized is substant ial ly smaller  
than the #-PbO~ formed. This means that  #-PbO2 does 
not form at the expense  of PbSO4 only. Tetragonal  
PbO does not form at + 1300 and + 1400 mV. At  + 1300 
mV intensive oxygen evolution occurs after  1.6 cou- 
lombs when  the anodic layer  is consti tuted only by 
a- and #-PbO2. 

F igure  13 i l lustrates the capacity and current  
changes as a function of the  quant i ty  of electricity. At 
higher  potentials  the t ime in terva l  elapsed before the 
increase in capacity becomes shorter. During its in-  
crease the capacity reaches values which cannot be 
accurate ly  de te rmined  by the method  used. A we l l -  
defined m a x i m u m  is observed on the i / t  curve  at oxi-  
dations above +1200 mV, 2 af ter  the format ion of 
a-PbO~. 

The electron micrograph on Fig. 14 shows the ap- 
pearance of the lead dioxide at oxidation potential 

2 O n  r e p e a t e d  o x i d a t i o n  a n d  r e d u c t i o n  a m a x i m u m  i n  t h e  i/t  
c u r v e s  i s  o b s e r v e d  a t  p o t e n t i a l s  h i g h e r  t h a n  + 1 0 0 0  m V  ( 1 7 ) .  
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Fig; 13. Change in electrode current and capacity during oxida- 
tion at +1000 mV (C))  and +1200 mV (@). 

Fig. 14. Electron micrograph of the anodic layer at +1300 mV. 
1000X. 

+ 1300 inV. Since the oxidat ion was in te r rupted  at the 
beginning of the format ion of PbO2 it is obvious that  
this compound forms in the intercrysta l l ine  spaces 
left be tween the PbSO4 crystals. 

Discussion of  Results 
Passivation o~ the electrode.--On anodic polarization 

of the electrode at small  overvol tages  lead is oxidized 
to Pb 2+ ions which give, together  wi th  the sulfate ions 
in the solution, PbSO4 crystals. The growth  of the lead 
sulfate crystals hinders  the motion of the SO42- flow 
toward the lead surface. The flow of lead ions gener-  
ated at the lead surface remain  uncompensated in the 
intercrysta l l ine  spaces. To remain  e lec t roneutra l  the 
solution be tween the  crystals is alkal inized and basic 
sulfates form as a consequence. Thus a continuous 
dense tayer  const i tuted by lead sulfate  crystals  con- 
nected by basic sulfate is formed. This layer  passivates 
the electrode. The t ime of format ion of a dense layer  
constitutes the passivation stage of the potentiostatic 
oxidation. These processes were  studied in some detail  
in a previous work  (7). 

At  a given moment  of the passivation stage the ca- 
pacity, Ct, per uni t  area represents  the  sum of three  
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terms: the capacity of the port ion of the area, 01, oc- 
cupied by PbSO4 crystals, the capacity of the in te r -  
crystal l ine spaces occupied by basic sulfates, and the 
capacity of the in tercrys ta l l ine  spaces where  the solu- 
t ion is in  contact with lead. Therefore the total ca- 
pacity is given by the equat ion 

el e2 
Ct = .01---~---_ + 0 2 - - +  (1 -- 01 -- ~ ) C d  

4 n ~ 1  4~d~ 

where 02 is the port ion of the surface occupied by in-  
tercrystal l ine basic sulfates, ~1 and ~ are the dielectric 
constants of PbSO4 and the basic sulfates, respectively, 
and dl and d2 are their  effective thicknesses. Cd is the 
capacity of the double layer  at the lead/solut ion in te r -  
face. On switching on the polarization the last te rm 
in this equation is largest. During oxidation this value 
rapidly decreases (Fig. 3 ab).  It becomes zero when  
the electrode is covered by a cont inuous anodic layer. 
After  passivation of the electrode the capacity slowly 
decreases (Fig. 3 bc). This is brought  about by the in-  
crease in the effective thickness of the PbSO4 crystals 
and of the basic sulfate connections between them. 

The passivation stage of lead oxidation in sulfuric 
acid is determined by the quant i ty  of electricity re- 
quired for bui lding the dense anodic layer. During 
this period the ini t ial  cur rent  depends on the over-  
voltage of the electrode, that  is, on the difference be-  
tween the oxidation potential  and the equi l ibr ium po- 
tent ia l  of the Pb/PbSO4 electrode. The increase in 
overvoltage gives rise to an increase in  the ini t ial  cur-  
ren t  and to a decrease of the dura t ion of the passiva- 
t ion stage. Passivation times and current  reach values 
which exceed the upper l imit  of the possibilities af- 
forded by modern  potentiostats: 3 response t ime 1-2 
~sec at cur rent  10-50 mA. 

At overvoltages higher than 1.5V at the first moment  
the current  reaches several hundreds  of mil l iamperes 
which cannot  be accepted by the potentiostat. Thus the 
passivation stage proceeds at potentials more negative 
than that  fed to the potentiostat. Therefore, x - ray  data 
show that on oxidation above +700 mV (Fig. 8, 11, 12) 
in the first minu te  of the run  the anodic deposit is 
constituted by PbSO4 even when the electrode is po- 
larized at potentials ly ing in the lead dioxide region. 
After  passivation the current  decreases and the oxida- 
t ion takes place at the potent ial  fed to the potentiostat. 
This potential  determines the growth processes of the 
dense anodic layer. 

Growth  of the anodic layer . - -The  object of the pres-  
ent investigation is the study of the changes in the 
phase composition dur ing the growth of the anodic 
layer. The growth of the dense anodic layer  is deter-  
mined by its ionic conductivity.  It  is complicated by 
the processes of t ransi t ion through the lead/anodic 
layer and anodic layer /sul fur ic  acid interfaces. Owing 
to the crystal l ini ty  of the deposit the ionic conduc- 
t ivi ty  may be achieved in two ways: through the lat-  
tice of the lead sulfate crystals and through the basic 
sulfates connecting them. The lead sulfate crystals are 
of various sizes. This means that the intensi ty  of the 
electric field at every point  of the anodic layer will  be 
different. The distance between the lead surface and 
the solution is the smallest  in the intercrysta l l ine  
spaces where the in tens i ty  of the electric field is there-  
fore largest. Owing to the very  complex conditions of 
formation of the basic sulfates the lat ter  have probably  
imperfect  structures. These features of the anodic 
layer require that  the motion of the ions take place 
only through the intercrysta l l ine  spaces. This is con- 
firmed by the electron micrograph taken by Grauer,  
Wehr, and Engel (15) of a lead surface after oxidation 
in concentrated sulfuric acid and at high temperature.  
It is seen there that  the dissolution of lead occurs at 
the boundary  of the lead sulfate crystals. 

Thi s  t y p e  of p o t e n t i o s t a t s  w a s  u sed  in  (14, 4) as w e l l  as in  t he  
p r e s e n t  w o r k .  
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Fig. I5. Model of the anodic layer (a) in the lead sulfate re- 
gion, (b) in the lead monoxide region, (c) in the lead dioxide re- 
gion (+950  mV). 

The ions which can move upon oxidation up to + 900 
mV are Pb 2 + and pb2- .  4 These ions have equal charges 
and the same Goldschmidt radii  of 1.32A. The SO42- 
ions have a radius of 2.30A, i.e., they are very  large 
and do not part icipate in the cur ren t  t ranspor t  through 
the layer. 

Pb 2+ ions are formed at the lead/anodic layer  in ter -  
face. Under  the action of the electric field they reach 
the second interface and r e tu rn  to the solution. Since 
the solution is saturated with respect to PbSO4 the 
Pb 2+ ions diffuse to the growth front of some of the 
lead sulfate crystals and are incorporated in it. The 
ionic current  is very small. Therefore the supersatu-  
rat ion of the solution at the surface of the lead crys- 
tals is small  and the lat ter  have very  well-defined 
faces (Fig. 4 and 7). Owing to these processes of t rans-  
port of Pb 2 + through the anodic layer, microvoids are 
formed between the lead sulfate crystals and the lead 
surface (Fig. 15a). This gives rise to mechanical  
stresses in the anodic layer. Under  their  action some 
of the lead sulfate crystals are displaced. Sulfuric 
acid permeates through them and thus reaches the 
lead surface. In tensive  dissolution begins and lead sul- 
fate forms. During growth the lead sulfate crystals 
come once more closer to one another  and the access 
of the acid to the metal  is interrupted.  Short  abrupt  
rises in current  were observed in the lead sulfate po- 
tent ial  region. 

The direction of the motion of the 0 2- ions in the 
anodic layer  is inverse to that  of Pb  2+. The oxygen 
ions pass from the solution into intercrysta l l ine  spaces. 
Under  the action of the field the 0 2- ions reach the 
lead surface. The last stage is related either with the 
t ransi t ion of Pb 2 + which form PbO with the O 2- ions 
or with the inclusion of O 2- in the lattice of lead 
where PbO is also formed. Bode and Voss (16) stressed 
the close similarities in the s t ructures  of lead, te t rag-  
onal PbO, and ~-PbO2. The 0 2- may t ravel  the way 
indicated in the presence of a corresponding potential  
drop at the two interfaces and in  the layer. Such a 
drop is created if the electrode has a potent ial  more 
positive than the given value. This determines  the l imit 
between the lead oxide and lead sulfate potential  re- 
gions. The x - r ay  diffraction pat terns of the anodic 
layer showed that  finely crystal l ine te tragonal  PbO 
forms above --200 mV. 

From Fig. 5 it is seen that the formation of te t rag-  
onal PbO becomes the ma in  process after passing a 
certain quant i ty  of electricity. The detection l imit  by 
x - r ay  diffraction is about a few per cent. Therefore 
this method is unable  to reveal  the actual  processes 
taking place at the beginning of the oxidation. Be- 
tween --200 and +900 mV there is probably  at the 
beginning  of the oxidation an ionic current  due to the 
oxygen ions. Therefore the t ransference number  of the 
Pb 2+ ions is smaller  than  uni ty .  During a given time 
in terval  this oxygen component  of the ionic current  
brings changes in the s t ructure  and composition of the 

4 The  so lu te  OH-  i ons  a t  the  anod ic  l a y e r / s o l u t i o n  i n t e r f a c e  
e v o l v e  H+. 
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basic sulfates  be tween  the PbSO4 crystals .  In  addit ion,  
lead  oxide  compounds  are  formed at  the  me ta l / anod ic  
l ayer  interface.  This change in the  na tu re  of the  in te r -  
face and in the  s t ruc ture  of the  basic sulfates leads to 
changes in the  ionic conduct ivi ty.  As  a resul t  the  t r ans -  
ference number  of O 2-  increases and tha t  of Pb  2+ de-  
creases. The format ion  of t e t r agona l  lead monoxide  
becomes the  main  process (Fig. 5 and 6). The a ppe a r -  
ance and growth  of t e t r agona l  PbO unde rnea th  the  
PbSO4 crys ta ls  creates  in te rna l  stresses in the  c rys t a l -  
l ine anodic layer .  Under  the i r  effect some of the  lead  
sulfate c rys ta ls  a re  d isplaced wi th  respect  to one an-  
other. The dis tance be tween  t hem increases. This 
makes  i t  possible for the  sulfur ic  acid to in t rude  be-  
tween these crystals .  The pH decreases.  Monobasic lead 
sulfate  and  t e t ragona l  PbO are  dissolved. The solut ion 
becomes supersa tu ra ted  wi th  respect  to Pb  2+ and 
SO42-. This leads to the  fu r the r  g rowth  of the  PbSO4 
crystals .  The dis tance be tween  them once again  de -  
creases down to sizes which  block the  flow of sul-  
furic acid be tween  the  crystals .  The dissolution of 
t e t r agona l  PbO stops. Thus the  PbSO4 crys ta l l ine  l aye r  
protects  the  lead monoxide  l aye r  f rom the  acid. A 
t w o - l a y e r  anodic deposi t  is fo rmed (Fig. 15 b) .  

As a l r eady  ment ioned,  on oxida t ion  at  potent ia ls  
ly ing  in the lead  dioxide  region first a l ayer  made  up 
of normal  and basic lead sulfates is formed owing to 
the  l imi ta t ions  of the  potent iostat .  Subsequen t ly  these 
compounds as wel l  as the  lead are  oxidized to lead 
dioxide  (Fig. 11 and 12). In  addi t ion  another  e lec t ro-  
chemical  react ion takes  place, n a m e l y  oxida t ion  of the 
O H -  ions of the solut ion to O2. This subs tan t ia l ly  com- 
pl icates  the  mechanism of the  processes occurr ing at  
the e lec t rode  and hamper s  the i r  s tudy.  

There  are  two po lymorphs  of PbO2: or thorhombic  
(a) which  is fo rmed on electrolysis  f rom neu t ra l  and 
a lka l ine  solutions and t e t ragona l  (/~) obta ined in acid 
solutions. Both  po lymorphs  are  electronic conduc-  
tors. 

Tet ragonal  PbO and a-PbO2 are  s imul taneous ly  
formed in the  anodic l ayer  a t  +950 mV af ter  a given 
oxida t ion  t ime  (Fig. 8). This process takes  place  at  
given locat ions of the  l ead /anod ic  l aye r  in ter face  
(Fig. 10). Since this in terface  is isolated f rom the 
acid the  ~ -po lymorph  of lead dioxide  is formed. The 
new phases c rea te  in te rna l  stresses in the  anodic de -  
posit  which dis turb  the  over ly ing  Iead sul fa te  crystals .  
Since a-PbO2 is insoluble  in sulfuric acid a new dur -  
able  in terface  occurs (Fig. 15c, 10). The to ta l  capaci ty  
Ct in this  case is de te rmined  f rom the expression 

Ct-~- C1 + C~ + StCd 1 

where  C1 is the capac i ty  of the  PbSO~ crystals ,  C2 is 
the  capaci ty  of the  in te rc rys ta l l ine  spaces occupied 
lead monoxide  and basic  sulfates,  and St is the  a rea  of 
the  a -PbOJHeSO4  in ter face  which  is in electronic con- 
tact  wi th  Pb. Cd 1 is the  capaci ty  of the  e lect r ica l  
double  l ayer  of this surface. 

When  ~-PbO2 comes into contact  wi th  the sulfuric  
acid the  th i rd  t e rm of the  equat ion acquires  its la rges t  
value  and becomes capac i ty -de te rmin ing .  Wi th  the  
proceeding of the  oxida t ion  St and  the  to ta l  capaci ty  
increase  (Fig. 9). F r o m  the  same figure i t  is eas i ly  seen 
tha t  the  cur ren t  is smal l  and does not  change as a re -  

sult  of the fo rmat ion  of a lpha  lead  dioxide.  This means  
that  only  ionic cu r ren t  passes th rough  the anodic l ayer  
as is the  case in the  lead oxide  region. 

At  potent ia ls  more  posi t ive than  1000 mV oxida-  
t ion of Pb  2+ to Pb 4+ takes  p lace  at  the  ~-:PbO2/elec- 
t ro ly te  interface.  Since the  oxida t ion  is pe r formed  in 
acid med ium the  /~-polymorph of PbO2 appears  (Fig. 
11). This process in t roduces  an electronic component  
of the  cur ren t  which passes th rough  the a-PbO2 of the  
anodic layer .  Wi th  the  increase  in po ten t ia l  the  for -  
mat ion  of t~-PbO2 is acce lera ted  (Fig. 12). 

F igu re  12 shows tha t  the  amount  of /~-PbO2 is sub-  
s tan t ia l ly  l a rge r  than  tha t  of the  oxidized PbSO4 and 
te t ragona l  PbO. This leads  to the  assumpt ion  tha t  p r io r  
to the  beginning of the  oxygen  evolut ion process an 
ionic cur ren t  of Pb  4+ passes th rough  the anodic l ayer  
which  gives r ise to ~-PbO2 at  the  solut ion interface.  
Pb  2+ ions do not  form at  these s t rong high posi t ive 
potentials .  A t  more  posi t ive potent ia ls  the  ionic Pb 4+ 
component  of the  cur ren t  is l a rge r  whi le  the  O 2-  
current ,  the  amount  of a-PbO2, is smal le r  (F ig  11, 12). 
A n  in tens ive  oxygen  evolut ion  process  begins  at  po-  
tent ia ls  more posi t ive  than  +1200 mV af ter  the  for -  
mat ion  of the  lead dioxide layer .  The po ten t ia l  g rad i -  
ent  in the  l aye r  s t rongly  decreases  and tends  to zero. 
Ionic cur ren t  flows only by  diffusion th rough  the 
layer .  The oxygen evolut ion  processes as wel l  as the  
oxida t ion  of lead th rough  a PbO2 laye r  ( s t eady-s t a t e  
corrosion of lead)  wi l l  be deal t  wi th  in fu ture  work.  
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Anionic Inhibition in Electroless Plating 
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ABSTRACT 

The incorporation of a specific class of oxy-anions  in eleetroless plat ing 
baths reveals that  above a certain critical concentrat ion limit, a drop in 
the plat ing rate takes place. The critical concentrat ion for a specific anion 
is pr imar i ly  proport ional  to those parameters  which affect the bath 's  re-  
activity. Adsorption of the anions at the electrode-solution interface along 
with a chemical interact ion between the adsorbed layer and the reducing 
agent is proposed to account for the inhibi t ion effect. 

The phenomenon of electroless plat ing of metals may 
be best defined as an autocatalytic chemical reduct ion 
taking place at heterogenous interfaces. Due to its 
catalytic and heterogenous character, it is well  docu- 
mented that trace additives may  alter the plat ing 
process, either to accelerate or decrease the plat ing 
rate. Typically, it has been reported (1) that  heavy 
metal  ions, such as Pb + +, Cd + +, and others, as well  as 
su l fur -conta in ing  compounds, tend to poison this auto-  
catalytic process. With respect to anionic poisoning, it 
has been reported that  thiocyanate (CNS- )  and cy- 
anide ( C N - )  in trace quant i ty  exhibit  an inhibi t ing 
effect. It  has been observed in  our laboratory that  the 
presence of ni t rate  and other oxy-anions  may also in-  
hibit  electroless plating. The effect was reversible; i.e., 
samples which did not plate in a n i t ra te -conta in ing  
bath would begin plat ing immediate ly  when  im- 
mersed in  a bath from which n i t ra te  was absent. 

This investigation was under t aken  to develop a 
model to account for the inhibi t ion effect and also 
to test the proposed model against cur ren t ly  accepted 
theories of electroless plating. 

Experimental Procedures 
Chemicals . - -Al l  chemicals used in prepar ing the 

plat ing solutions with or without  the additives were 
reagent  grade. The water  used was deionized and 
then distilled. 

Rate.--For comparison of the relat ive effect(s) of 
the various anions, s tandard 2 x 2 in. a lumina  sub- 
strates (American Lava Corporation No. 614 plain) 
having a geometrical surface area of 52 cm 2 were 
used. These substrates had a 40 ~in. surface rough-  
ness. Volume of solutions was held at 200 cc unless 
otherwise stated. Eleetroless plat ing on these sub-  
strates was carried out following a t in -pa l l ad ium 
sensitization and activation sequence and the weight 
gain dur ing  plat ing was recorded. No agitation was 
provided dur ing the plating. 

The plat ing t ime in all cases was chosen as 10.0 min  
unless otherwise stated and the tempera ture  was 
main ta ined  at 25.0 ~ _ 0.1~ Due to the visible non-  
uniformit ies  of plat ing (especially under  inhibi ted 
conditions) as well  as slight variat ions in induct ion 
time, the results are presented as the weight gain per 
s tandard area (52 cm 2) for a constant  plat ing t ime 
of 10 min. For most of our work, a room tempera ture  
electroless Ni-P (2) bath  having the following com- 
position was employed: NiSO4, 0.095M; NaH2PO2, 
0.24M; Na4P2OT, 0.11M; and NHaOH (2.64M), 70 cc/ 
liter. Some of the un ique  characteristics of this pla t -  
ing bath  include: (I) The plat ing rate  is s trongly 
dependent  on the ammonia  content, r ising rapidly at 
first and then falling slowly as the ammonia  content  
increases further.  (II) Over the pH range 9.0-11.5, 
the plat ing rate is independent  of pH, provided the 
ammonia  content  is constant. (III) For the composi- 
tion given above, the plat ing rate is dependent  on 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

the hypophosphite ion concentrat ion but  independent  
of the nickel ion concentration. 

The inhibi t ion effect for the bath was first checked 
as a funct ion of the  bath  composition: i.e., hypo- 
phosphite concentration, ammonia  content, and pH. 
The pH was varied by either changing the ammonia  
content  or main ta in ing  the ammonia  content  fixed 
and adding alkali  hydroxides. 

In  moni tor ing the hydrogen evolved, hydrogen was 
collected via a simple displacement apparatus. Prior  
to each run,  the plat ing solution (approximately 500 
cc) was saturated with hydrogen. The 2 x 2 in. ceramic 
substrates ment ioned above were used for this work. 

Potential measurements . - -Potent ia l  measurements  
were carried out using a recording potentiometer.  All  
steady-state potentials (mixed potentials)  were ob- 
tained using freshly deposited nickel  electrodes against  
SCE at 25~ Potent ia l  measurements  were obtained 
as the concentrat ion of a specific anion varied. 

The ni t ra te  activity for different ini t ia l  concentra-  
t ion levels (10-2-10-1M) was monitored as funct ion 
of t ime using a n i t ra te  specific ion electrode (product 
of Orion Research Model 92-107). 

Results and Discussion 
Figure  1 shows the over-al l  inhibi t ion effect asso- 

ciated with each of the oxy-anions.  From the results, 
it can be seen that  these anions show inhibi t ion at 
different concentrat ion levels, leading to the follow- 
ing sequence 

Group I: AsO2 -I ,  IO3 -1, NO2 -1, BrO3 -1, and NO3 -1 

The order assigned in  group I corresponds to the in -  
creasing bulk  concentrat ions required to give inhibi -  
tion. With the oxy-anions  of group II, no inhibi t ing 
effects were noted employing concentrat ions up to 1M. 

16 
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41 
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11 IO- 4 10 -3 10 -2 tO" I 

MCILAR CONCENTRATION OF ADDITIVES 

Fig. 1. Inhibition of the oxy-anions in electrnless nickel plating 
bath. 
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Group II: SO4 -2, HPOa -~, CHO -1, C10~ - I ,  C104 -1, 
AsO4 -8, PO4 -~, CO3 -2, and others 

All  of the oxy-anions  of group I with the exception 
of the n i t ra te  may be classified as "soft" bases (3), 
while members  of group II are all "hard" bases. Soft 
bases have donor atoms which are general ly easily 
polarized and oxidized, and are of low electronega- 
tivity. Nitrate, the exception, must  be present  in  high 
concentrat ion in  order to yield the inhibi t ing effect. 
According to Pearson metal  atoms and bulk  metals  
may be classified as soft acids. F rom the general  rule  
(3) of acid-base interaction,  soft pairs have the 
greatest tendency to interact.  On this basis it might  
be anticipated that  soft bases interact  with the metall ic 
substrate in an adsorpt ion-type reaction and as a con- 
sequence would affect the catalytic na tu re  of the  sur-  
face. It is interest ing to note that the order of effective- 
ness among the oxy-anions  (group I) follows their  
order of basicity (or degree of softness). 

Since the ni t ra te  anion causes the inhibi t ing effect 
at a fair ly high concentrat ion (10-L10-1M) ,  its ac- 
t ivi ty for various ini t ial  concentrat ions was monitored 
as funct ion of t ime employing a suitable specific ion 
electrode. This examinat ion  was carried out over an 
interval  of several hours with suitable substrates in 
the plat ing bath. No change in  the ni t ra te  activity was 
observed. Hence a competing chemical or electrochem- 
ical reduction that  consumes the nitrate,  h inder ing the 
main  electroless plat ing process, can be ruled out. Thus 
the ni t ra te  anion mus t  cause the inhibi t ion through 
an interfacial  adsorption mechanism, even though the 
interact ion is not strong. 

With inhibi ted solutions, if I - ,  B r - ,  or AsO4-, are 
added, the inhibi t ing effect can be reversed with I -  
addition, bu t  only where  NO~- or IOn-  are the in-  
hibitors, provided a th in  nickel layer is present  on 
the surface. In  other words, the plat ing rate of a 
solution inhibi ted with either n i t ra te  or iodate can 
be raised greatly if I -  is added to the bath. Typically, 
it was found that solutions having 8 x 10-4M IO3- 
(Fig. ld)  required at least 6.5 x 10-4M I -  in order to 
completely nul l i fy  the inhibi t ion effect. For inhibi ted 
solutions containing the n i t ra te  anion (Fig. la ) ,  
qual i ta t ively it was demonstrated that  addit ion of I -  
in  a 1:1 molar  ratio to the nitrate,  caused a reversal  
of the inhibi t ion effect. Neither B r -  nor  AsO4- have 
such an influence on the inhibit ion.  

The dependency of the inhibi t ing effect on the bath 
reactivi ty revealed that  the critical concentrat ion re-  
quired to yield the abrupt  inhibit ion,  with the ni t ra te  
or the iodate anion, is displaced toward higher con- 
centrat ions as the bath react ivi ty  is increased. The 
bath react ivi ty can be increased by increasing the 
temperature,  the hypophosphite concentration, or the 
ratio of ammonia  to pyrophosphate concentration.  To 
be specific, plating compositions having a hypophos- 
phite content  of 0.095, 0.24, and 0.28M required a n i -  
trate concentrat ion of about 2.2 x 10-2, 4.3 x 10-~, 
and 4.7 x 10-2M, respectively, to yield the onset of 
inhibit ion.  Similarly,  by  a l ter ing the tempera ture  from 
25 ~ 30 ~ and 35~ the ni t ra te  concentrat ion required 
to yield the inhibi t ion was about  4.3 x 10 -2, 5.0 x 
10 -2, and 7.5 x 10-2M, respectively. No dependency 
on pH was noted; this is consistent with the kinetic 
characteristic of the bath, fur ther  ru l ing  out any  pos- 
sible competing redox reaction in which the oxy- 
anions participate, since these reactions are known 
to be pH sensitive. 

Examinat ion  of the steady-state potent ia l  (mixed 
potential)  as the concentrat ion of the inhibi t ing ions 
is increased shows that  an abrupt  drop occurs at a 
characteristic concentration. Typical potent ial  var ia-  
tions for different ini t ial  n i t ra te  concentrat ions are 
shown in Fig. 2. From this figure the potent ial  for the 
inhibi ted region is about --570 mV v s .  SCE. Fur the r -  
more, a pla t ing bath without  hypophosphite yielded 
a steady-state potent ial  of about --580 mV v s .  SCE. 
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MOLA~ CONCENTRATION OF NoNO 3 {xlO 2) 

Fig. 2. Steady-state potential vs. nitrate concentration 

Examinat ion  of the other anions, AsOe-,  IO3-,  NO._,-, 
and BrOa-  in their  respective inhibi t ion regions 
(Fig. I ) ,  showed that  the s teady-state  potential  at 
25~ was in the range of --550 to --600 mV v s .  SCE. 
Hence, it can be stated that  the addit ion of ni t ra te  
and other inhibi t ing anions tends to mask the presence 
of hypophosphite at the electrode solution interface. 

In  an at tempt  to characterize the observed phe- 
nomena,  the data of Fig. 1 was defined as follows 

W o  - -  W 

~3o 

where w o  = weight  gain wi thout  inhibitor,  w = 
weight gain wi th  added inhibitor,  and # = fraction of 
inhibition. Figure 3 shows the manne r  in which 
varies with the concentrat ion of typical  additives. 
Analysis of thiourea inhibi t ion is provided in Fig. 3 
for comparison. Since it is reasonable to anticipate 
that the degree of inhib i t ion  is proport ional  to the 
fraction of surface sites occupied, Fig. 3 may  be clas- 
sified as an adsorption isotherm. Specifically, the m a n -  
ner  in which e varies with concentrat ion of inhibitors 
seems to follow the behavior  associated with the 
F r u m k i n  type isotherm (4). Apparent ly  there is an 
associative enhancement  mechanism which accounts 
for the sudden rapid increase in inhibi t ion taking 
place over a small  concentrat ion change. 

The data of Fig. 1 and 3 demonstra te  the manne r  in 
which the over-al l  weight gain varies wi th  concen- 
t ra t ion of inhib i t ing  anions in the bath. Figure  4 
shows how each of the main  products of the deposi- 
t ion reaction (Ni and I ' - I2) depends on inhibi tor  con- 
centration. The relat ive ratio of Ni/H2 is fair ly con- 
s tant  and, in fact, follows closely a 1:1.1 molar  ratio 
(neglecting the hydrogen t rapped in  the deposit).  In  
contrast  to the n icke l -hydrogen ratio, the nickel-  
phosphorus ratio is a variable.  The per  cent phos- 
phorus in  the deposit increases as the inhibi tor  con- 
centrat ion is increased, typical ly from 3% without  
any additives to about 10% with a n i t ra te  concentra-  

I , l = l l l r f ' l ' l l l ' 3 1  

L0e 

d~ 

2 4 6 s ,o ,2 =4 ~6 ,e zo 
MOLAR CONCENTRATION OF ADDITtVES 

Fig. 3. Fraction of inhibition vs, additive concentration 
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Fig. 4. Nickel and hydrogen deposition vs. nitrate concentration 

t ion of 5 x 10-2M. S imi la r  behavior  was noted when  
AsO2-  was employed  as the  inhibi t ing  anion. For  a l l  
points along the inhibi t ion curve, the  ex ten t  of pH 
drop dur ing  pla t ing is p ropor t iona l  to the  r a t e  of 
deposit ion.  Since the  hydrogen  ions come from the 
anodic reac t ion  of hypophosphi te  wi th  surface, i t  can 
be pos tu la ted  that  the  inhibi t ion  of the  process  is 
re la ted  to the  anodic reac t ion(s )  l ead ing  to the  hy -  
d r ide  fo rmat ion  r a the r  than  to subsequent  react ions  
in which nickel  is reduced  at  the  surface. In a recent  
invest igat ion (5) of N i / F e  electrodeposi t ion,  it  was 
r epor ted  tha t  the  addi t ion  of NaAsO2 up to 0.5 g/1 
resul ted  in no effect on the r a t e  of deposi t ion or 
a l loy composit ion.  This resul t  re inforces  the  bel ief  
tha t  the  AsO2-  anion does not in te r fe re  wi th  the  
cathodic process (Fig. 5, react ions  2 th rough  5) and 
hence the  inhibi t ing effect must  be a t t r ibu ted  to in-  
te r fe rence  in the  anodic reac t ion  (s) .  

These observat ions,  whi le  at  first s ight  a re  puzzling,  
seem to be consistent  wi th  t h e  hyd r ide  theory  (6) 
which best  accounts for  the  mechanism of electroless 
p la t ing of nickel.  The hydr ide  t heo ry  suggests  tha t  
the hydrogen  evolved is p r i m a r i l y  due to the  n ickel  
reduct ion  r a the r  than  a dis t inct  e l ec t rochemica l - type  
reaction.  However ,  the  fo rmat ion  of phosphorus  in 
the  deposi t  is best  accounted for b y  separa te  e lec t ro-  
chemical  reduction.  Since there  a re  two apparen t  
e lec t rochemical  redox  reactions,  i.e., the  n ickel  and 
phosphorus formation,  i t  is not  surpr i s ing  tha t  each 
can be al tered,  but  not  in the  same manner ,  due to 
changes in the  e lec t rochemical  pa rame te r s  (~, ~ ,  
and ~/) which  affect the i r  reduct ion  kinetics.  I t  is 
commonly  noted in corrosion systems tha t  addi t ives  
wi l l  a l te r  var ious  redox  react ions  and e lect roless-  
p la t ing  processes do fal l  wi th in  the  genera l  domain 
of corrosion systems. 

In  a s tudy of the  s t ruc ture  of adsorbed species on 
meta l  surfaces (7),  appl ica t ion  of in f ra red  spec t ra l  
absorpt ion  revea led  that  n i t r ic  oxide when  adsorbed 
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REACTION TYPE 
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ELECTROCHEMICAL 

CHEMICAL  

ELECTROCHEMtCAL b 

ELECTROCHEMICAL b 

I .  H2P02  + 2 O H -  + X a ~ k l  * IX  , - .  H I -  + HPO3 + H 2 0  

2. 2 ( •  . . . .  ~ I -  + N~ + k2 N i + 2X . . . .  H 

k 3 
3. 2X . . . .  H - - *  2X + H 2 

k 4 
4. [X  . . . .  H I -  + H 2 0  ~ H 2 + O H -  + X 

_ k E 
5, IX  . . . .  H~ + H 2 P O 2 - ~  2 O H -  + X . . . .  H + P 

a. X DENOTES A CATALYTIC SITE. 
b. REACTION APPLIES TO ALKALINE MEDIA. 

Fig. 5. Hydride transfer mechanism 

on nickel  surfaces yields  a p re fe r r ed  configurat ion 
w he re by  the bonding to the  surface takes  place v ia  
the  n i t rogen par t  of the  oxide. S imi la r  observat ions  
on the  configuration of adsorpt ion  were  made  wi th  
respect  to carbon monoxide.  These two examples ,  
a l though they  const i tute  a gas-sol id  interact ion,  m a y  
also be classified as sof t -base  sof t -acid  interact ions.  
They suggest  tha t  the  p re fe r r ed  configuration for  ad-  
sorpt ion of the  oxy-an ions  is v ia  the  a tom which is 
the  most  polar izable ,  easiest  to oxidize, and  of lowest  
e lec t ronegat iv i ty .  

In  v iew of the  resul ts  of this  inves t igat ion and the 
fundamenta l s  of ha rd  and soft acids and bases, i t  is 
proposed tha t  the  inhibi t ion effect associated wi th  the  
oxy-an ions  of group I is p r i m a r i l y  by  a surface  ad-  
sorpt ion mechanism.  Fo r  al l  inhibi t ing  anions, the  
a tom bonded to the  surface is As, I, N, and B r  r a the r  
than oxygen.  Due to the  adsorpt ion  of these  anions, 
the  number  of vacant  ca ta ly t ic  sites decreases,  r e -  
ducing the p robab i l i ty  for in terac t ion  of hypophos-  
ph i te  wi th  the ca ta ly t ic  sites. Fu r the rmore ,  due to 
the  p re fe r red  or ienta t ion associated wi th  the  adsorbed  
anions and,  specifically, w i th  the  oxygens  a w a y  from 
the  surface, i t  is an t ic ipa ted  tha t  the  hypophosphi te  
in the  p rox imi ty  of the  absorbed l aye r  would  also 
have  a p re fe r r ed  or ientat ion.  A s imple coulombic a t -  
t rac t ion suggests the  models  shown in Fig. 6. I t  is 
suggested tha t  the  format ion  of hydrogen  bonding 
be tween  the adsorbed  layer  and the hypophosphi te  
p robab ly  accounts for the  r ap id  inhibi t ion tak ing  
place wi th in  a smal l  concentra t ion range  of addi t ives.  
Whe the r  the chemical  in terac t ion  be tween  the ad-  
sorbed l aye r  and hypophosphi te  is in a mola r  ra t io  
of 2:1 or 1:1 is not  cer ta in  and cannot  be resolved 
wi th  the  resul ts  of this  invest igat ion.  A l though  Fig. 6 
ut i l izes the  commonly  accepted isomer  for  hypophos-  
phite, the  model  proposed is be l ieved to be consistent  
when  employing  the other  i somer  (8) of hypophos-  
phi te  commonly  re fe r red  to as the  "act ive form." 

/ / /  / / / / / / / / / ~ 7 - /  / / / / , ,  

o. NO,~- 

~ /  / /  / / / / 7 /  / / / / / 

b. AsO2- 

/ /  / / /  / / / / / / ." / Y /  / / 

r I0~- 

Fig. 6. Proposed model for the interaction of adsorbed oxy-anlons 
with hypophosphite. 
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Conclusions 
The inhibi t ion  of the  electroless p la t ing  of n icke l  

wi th  the incorpora t ion  of a specific group of oxy-  
anions m a y  be best  accounted for  by  an in ter rac ia l  
adsorpt ion  mechanism,  which reduces  the  number  of 
ca ta ly t ic  sites for anodic oxida t ion  of hypophosphi te .  
I t  is fu r the r  appa ren t  tha t  the  ab rup t  increase  of in-  
h ibi t ion as the inhib i tor  concentra t ion increases  can 
be accounted for by  any  of the  following, opera t ing  
s ingly  or in combinat ion.  

I. A chemical  in terac t ion  be tween  the  adsorbed  
layer  and the hypophosphi te  leading to a s t r eng then-  
ing of the  P - H  bond in hypophosphi te .  

II. The adsorbed anions a l te r  the  s t ruc ture  of the  
double layer ,  modi fy ing  (or increasing)  the  degree  of 
surface adsorpt ion and affecting the  kinet ics  of the  
redox reactions.  

III.  The number  of ad jacent  pa i r  ca ta ly t ic  sites 
ava i lab le  for the  ca ta ly t ic  dehydrogena t ion  of hypo-  
phosphi te  decreases r ap id ly  once a cr i t ical  concent ra-  
t ion of adsorbed  inh ib i tor  is reached.  

Al though  the inhibi t ion effect was examined  in 
de ta i l  employing  an a lka l ine  room t e m p e r a t u r e  N i -P  
bath, addi t ional  exper imen t s  have  shown that  the  
effect also holds for o ther  electroless baths,  typ ica l ly  
an acidic (9) nickel  bath.  However ,  the  extent  of 
in teract ion is not the  same. F u r t h e r  s tudy  is in 
progress  to de te rmine  the appl icab i l i ty  of this  effect 
to o ther  electroless p la t ing  compositions.  

Due to the  s t rong adsorpt ion  t endency  exhib i ted  
by  some of the  anions, i t  is an t ic ipa ted  tha t  these 
anions can be used effect ively in the  s tabi l izat ion (10) 
of electroless  p la t ing  baths,  t he reby  overcoming ma jo r  
pi t fal ls  associated wi th  some s tabi l izers  (i.e., sul fur -  
containing compounds) ,  such a s  the i r  t endency  to 
hydro lyze  and the incorpora t ion  of sulfur  in the  de-  
posit. 

F r o m  the var ia t ion  of po ten t ia l  as inhib i tor  concen-  
t ra t ion  increases, and the  observed re la t ionship  be -  
tween the onset of inhibi t ion for  a given oxy-an ion  
concentra t ion and the hypophosphi te  concentrat ion,  
a potent iometr ic  method  of ana lyz ing  hypophosphi te  

in p la t ing  ba ths  is p roposed  (9).  Such a technique 
would  be a r ap id  and di rec t  me thod  for  ana lyz ing  the  
hypophosphi te  anion concentra t ion  in p la t ing  ba ths  
wi thout  in te r fe rence  b y  the  phosphi te  byproduct ,  and 
would  closely resemble  poten t iomet r ic  t i t r a t ion  me th -  
ods. 

A be t te r  unders tand ing  of the  effects of addi t ives  on 
lab i le  hydrogen  (11) in common reduc ing  agents  
(boraneamine,  hypophosphi te ,  formaldehyde ,  etc.) 
should lead to a means  for  acce lera t ing  the  p la t ing  
ra tes  of electroless  baths.  
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Electrochemical Oxidation of 2,6-Dithiopurine at 
the Pyrolytic Graphite Electrode 

Reaction Products and Mechanism 

Glenn Dryhurst 
Department of Chemistry, University of Oklahoma, Norman, OkZahoma 73069 

ABSTRACT 

At  the  pyro ly t ic  graphi te  e lect rode (PGE)  2,6-di thiopurine is oxidized 
e lec t rochemical ly  by  w a y  of th ree  vo l t ammet r i c  processes. The first pH de-  
pendent  peak  observed is due to oxida t ion  of 2 ,6-di thiopurine pa r t i a l l y  in an 
adsorbed state to give a l ayer  of s t rongly  adsorbed  product ,  b i s ( 6 - p u r i n y l ) -  
disulfide-2,2 '-dithiol .  The second pH dependent  peak  appears  to be fu r the r  
oxidat ion  of the  adsorbed product  of peak  I to a fu r the r  s t rongly  adsorbed  
product  bis (6-pur inyl)disul f ide-2 ,2 ' -d isul f ide .  The th i rd  pH dependent  p e a k  is 
ve ry  much l a rge r  than  the o ther  two and is a 12e/12H + oxidat ion  of 2,6-di- 
thio•urine to pur ine-2,6-disul fonic  acid. In  ammonia  containing suppor t ing  
e lec t ro ly te  systems the  evidence suggests  tha t  the  product  of the  th i rd  peak  
is pur ine-2 ,6-disul fonamide.  

There  have been severa l  recent  repor ts  of the  elec-  
t rochemical  oxidat ion  of biological ly  impor t an t  pur ines  
(1-5) at the  pyro ly t ic  g raphi te  e lec t rode  (PGE) .  I t  is 
of pa r t i cu la r  significance tha t  the re  is an apparen t  
s imi la r i ty  be tween  the modes of e lec t rochemical  oxi-  

dat ion and var ious  biological  (e.g., enzymic)  ox ida t ive  
processes especia l ly  in the  case of nonsu l fu r -con ta in -  
ing purines.  Pur ines  such as 6- th iopur ine  (3) which  
contain exocyclic sulfur  groups appear  to be oxidized 
e lec t rochemica l ly  b y  mechanisms  which  involve  the  
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sulfur  grouping, while biological oxidation of this 
compound consists in oxidation wi th in  the pur ine  r ing 
system. However, in view of the very  incomplete 
knowledge of the metabol ism and enzymic oxidations 
of the thiopurines it is probable that  the electro- 
chemical mechanisms might aid in  unders tanding  the 
complete and detailed electron t ransfer  reactions of 
such compounds. In view of the fact that  of the thio- 
pur ines  only 6- thiopurine has been investigated in 
detail  (3) several other impor tant  pur ine  systems 
containing one or more exocyclic thiol groups are 
being investigated in order to ascertain the general i ty  
of the previously observed processes. In  addition, elec- 
trochemical oxidation of 6- thiopurine results in for- 
mat ion  of some interest ing products which can other-  
wise be obtained only by quite complex chemical 
routes, e.g., purine-6-sulfonamide.  Because of our in-  
terest in developing electrochemical synthetic routes 
for such potent ia l ly  biologically active compounds 
which are chemically prepared with difficulty or which 
have never  otherwise been prepared it is of interest  
to fur ther  investigate these sul fur-conta in ing systems. 

Reported here is the electrochemical behavior of 
2,6-dithiopurine.1 

Only a very  l imited number  of chemical and bio- 
chemical studies of 2,6-dithiopurine has been reported. 
Bergmann  and co-worker  (6) reported oxidation with 
the pur ine  oxidizing system Pseudomonas aeroginosa 
which actual ly had a high xan th ine  oxidase activity. 
Oxidation proceeded very slowly at C-6 to give 2,6- 
di thio-8-oxypurine.  

The work reported here indicates that  2,6-dithio- 
pur ine  is oxidized in three steps. The first peak is due 
to oxidation probably of weakly adsorbed 2,6-dithio- 
pur ine  to a product that is very  strongly adsorbed. The 
current  density and vol tammetr ic  properties of this 
adsorbed product suggest that it is formed by a l e  oxi- 
dation of 2,6-dithiopurine to give b i s (6 -pur iny l )d i -  
sulfide-2,2'-dithiol. The second peak is only observed 
indis t inct ly but  again the vol tammetr ic  behavior 
suggests that  the product is again very  strongly ad- 
sorbed. In  view of the observed vo l tammet ry  of this 
adsorbed product  it is l ikely that  it is due to fur ther  
oxidation of the peak I product to b i s (6 -pu r i ny l ) d i -  
sulfide-2,2'-disulflde. The third peak which is very  
much larger  than  the other two results in formation 
of a third new compound, purine-2,6-disulfonic acid 
in a 12e/12H + process. In ammonia  containing back-  
grounds the pr imary  product from the third peak 
appears to be purine-2,6-disulfonamide. 

Experimental 
Chemicals.--2,6-Dithiopurine (2,6-dimercaptopurine) 

was obtained from K & K Laboratories. Buffer solu- 
tions were prepared from analyt ical  reagent  grade 
chemicals. Argon (Linde) used for deoxygenat ing 
purposes was equil ibrated with water;  no other pur i -  
fication was necessary. 

Chemical synthesis oy purine-2,6-disul~onic acid.-  
Half a gram of 2,6-dithiopurine was dissolved in 8.7 
ml  of 0.5M potassium hydroxide solution. Then  a 
warm solution of approximately  1M potassium per-  
manganate  was added in a dropwise fashion with 
vigorous st irr ing unt i l  a pe rmanen t  slight excess was 
present  (approximately  14 mt  KMnO4 required) .  The 
excess of permanganate  was removed by dropwise 
addition of dilute sodium bisulfite solution. 

The precipitated MnO2 was filtered at a fine sintered 
glass funnel.  The colorless filtrate was adjusted to pH 
9 with glacial acetic acid. The resul t ing solution was 
evaporated to about 15 ml  and, after cooling, was ad- 
justed to pH 7.9 with 2M acetic acid, when  very  pale 
yellow crystals appeared. The solution was chilled for 
30 min  at --5~ after which the precipitate was filtered 

1 T h e  Chemica l  Abs t rac t s  n u m b e r i n g  s y s t e m  is  e m p l o y e d  t h r o u g h -  
o u t  t h i s  p a p e r .  

and washed sequential ly  with 8.5% ethanol, ethanol 
and ether. Recrystall ization was accomplished by  re-  
precipitat ion from N potassium hydroxide with 2M 
acetic acid. 

Elementa l  analysis of the product agreed closely 
with that expected for the dipotassium salt of pur ine-  
2,6-disulfonic acid dihydrate. A yield of about 80% 
was obtained mp > 300~ 

Ultraviolet  absorption data: at pH 2.3 ~m~x = 278.5 
m~; at pH 6 )~max ~ 279.5 m~; at pH 12.6 ~ m a x  ~ 286 rn~. 

Electrochemical synthesis o] purine-2,6-disulSonic 
acid.--Approximately 0.2g of 2,6-dithiopurine was 
suspended in about 190 ml  of 1M HOAc in a conven-  
t ional electrolysis cell (2) and with vigorous st irr ing 
a potential  of 1.4V was applied at the large PGE. Com- 
plete electrochemical oxidation usual ly required 3-4 
days and was confirmed by the absence of the charac- 
teristic u.v. peaks of 2,6-dithiopurine. At the end of 
the electrolysis some white precipitate was normal ly  
present  in the solution and is due to 2,6-dihydroxy- 
pur ine  formed by hydrolysis of the 2,6-disulfonic acid. 
The water  and acetic acid were removed by lyophiliza- 
tion. The result ing solid was dissolved in approxi-  
mately  15 ml of water  and 0.5M KOH added unt i l  the 
solution was pH 9. The result ing solution was evapo- 
rated to very low volume when fur ther  white pre-  
cipitate was produced; this 2,6-dihydroxypurine was 
removed in a fine sintered glass filter and washed with 
cold water. The resul t ing pale yellow filtrate was 
again evaporated to low volume and the pH adjusted 
to 7.9 with di lute acetic acid. On cooling to 5 ~ a pale 
yellow precipitate appeared which was filtered and 
washed sequential ly  with 85% ethanol, e thanol  and 
ether. 

Recrystall ization was accomplished in the same way 
as for the chemically synthesized product. A yield of 
about 20% was obtained. 

The spectra and polarography of this compound 
were identical to the purine-2,6-disulfonic acid syn-  
thesized chemically. 

Apparatus.--Apparatus for polarography, vol tam- 
metry, cyclic vol tammetry,  coulometry, macroscale 
electrolysis, spectral data acquisition, and lyophiliza- 
t ion have been described in  detail  elsewhere (2-5). 

Results and Discussion 
Voltammetry.--At the s tat ionary PGE 2,6-dithio- 

pur ine  shows three anodic peaks (Fig. 1). The least 
positive peak (peak I) is observed between pH 1-8; 
a second peak (peak II) appears at more positive 
potential  between about pH 4.7-9, al though it is always 
very poorly formed and is at best mere ly  an inflection 
on the lower rising portion of the largest and most 
positive peak (peak III) which itself is observed be-  
tween pH 4.7-12.5. The peak potentials (E p ) for all 
three peaks shift l inear ly  more negative wi th  in -  
creasing pH (Fig. 2) ; E ~ = 0.61-0.057 pH for peak I, 
Ep ---- 1.26-0.062 pH for peak II, and Ep = 1.86-0.10 pH 
for peak III. 

The current  density observed for peak I on average 
was about 1.0 ua mm -2 mM-1;  peak II was much too 
indist inct  to allow accurate computat ion of its current .  
Wave III  showed an average current  densi ty  at pH 
4.7 where it was studied most closely of about 10-12 
~a mm -a  m M - k  By comparison to earlier data (1-3) 
this would tend to support the view that  peak I in -  
volved about 1-2e and peak I I I >  10e per mole of 2,6- 
dithiopurine. 

Cyclic voltammetry.--Cyclic vol tammetry  of peak I 
of 2,6-dithiopurine at a s tat ionary PGE showed that  
having once scanned peak I on the init ial  anodic sweep 
at least one wel l - formed cathodic peak was observed 
on the reverse scan (Fig. 3). The peak potentials  for 
these two peaks were separated by  ca. 0.SV. At  low 
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Fig. 2. Variation of peak potentials with pH for peaks I, II, and 
III of 2,6-ditbiapurine at stationary PGE. 

scan rates and at the higher end of the concentrat ion 
l imit  (e.g., at 0.05 mM) a small  post peak was often 
observed after the principal  cathodic peak. This post 
peak was clearly observed in acetate buffer pH 4.7 
(Fig. 3). It was not observed at very  low concentra-  

tions (ca. 0.016 raM) or at fast scan rates (i.e., hard ly  
noticeable at scan rates of 50 mV sec -1 or above).  It  
was par t icular ly  noticeable that  the peak current  for 
the ma in  cathodic peak was usual ly  greater  than  that  
for the ini t ia l  anodic peak I and that  the cathodic peak 
was the more symmetrical .  Anodic peak I in m a n y  
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Fig, 3. Cyclic voltammogram of ca. 0.1 mM 2,6-dithiopurine in 
acetate buffer pH 4.7. Scan pattern: 0.0V -~ 0.8V ~ --1.2V ~ 0. 
Scan rate: 5 mV sec -z .  

slow scan vol tammograms had the appearance of two 
very  close overlapping peaks (e.g., Fig. 1, 3). Such 
phenomena  suggests the involvement  of adsorption 
processes in the cur ren t  and potential  de termining re-  
actions. 

As the sweep rate increases the value of the experi-  
menta l  equivalent  of the peak current  funct ion 
(ip/ACV I/2) (7) increases (Fig. 4). Because of the very  
l imited solubil i ty of 2,6-dithiopurine concentrat ion 
studies could only be performed over l imited concen- 
t rat ion ranges. Nevertheless over the range 0.016-0.062 
mM at scan rates of 20, 50, 100, and 200 mV sec - I  in 
acetate buffer pH 4.7 l inear  ip-C plots were obtained 
al though the graphical plot did not pass through the 
origin. 

With increasing scan rate the peak potential  for peak 
I (anodic) shifted more positive, Ep = 0.31V at 5 mV 
sec -1 and Ep ---- 0.48V at 500 mV sec -1. The value of 
Ep for the principal  reverse cathodic peak was es- 
sential ly constant  at Ep = --0.61 • 4 mV over the  
same scan rate  range. 

Considerat ion of the above data in the l ight of the 
theoretical data presented by Wopschall and Shain (7) 
tends in part  to support  the view that  both 2,6-dithio- 
pur ine  and the oxidation product  of peak I are ad-  
sorbed. Thus, the symmet ry  of peak I suggests the 
presence of two very  close overlapping waves, which 
considered in  the light of the increase of the peak cur-  
rent  funct ion with scan rate suggests adsorption of the 
2,6-dithiopurine. The symmetry,  relat ive peak height, 
and occasional post-peak formation associated with 
the reverse cathodic process is indicative of adsorp- 
t ion of the product  of oxidation of 2,6-dithiopurine as 
does the increase of the peak current  funct ion with 
scan rate. At this t ime the theories of adsorption in 
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Fig. 4. Variation of experimental peak current function, ip/  
ACV 1/2 in units of /~A mm - 2  mM -1  (mV/sec) -1/2 with scan rate 
for 0.109 mM 2,6-dithiopurine in acetate buffer pH 4.7 at station- 
ary PGE. A, Anodic peak I; B, cathodic peak. 
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i r revers ib le  systems of this type are insufficiently de- 
veloped to allow calculat ion of the re la t ive  strengths 
of product  and reactant  adsorption. The shift of the 
peak potent ial  for peak I to more  posit ive potent ial  
wi th  increasing scan rate  is quite  the opposite to that  
expected for a revers ible  system (7). The disappear-  
ance of the occasionally observed cathodic post peak 
at low concentrat ion or fast scan rate  is anomalous, 
at least as predicted for a revers ib le  system, and ac- 
cordingly this peak may  be a resul t  of secondary 
chemical  processes ra ther  than being specifically as- 
sociated wi th  adsorption processes. 

Cyclic vo l t ammet ry  embracing anodic peaks II and 
III  did not  revea l  any significant cathodic peaks. 

C o u l o m e t r y  and  M a c r o s c a l e  Electrolysis 

Peaks I and / / . - - A t t e m p t e d  coulometric,  measure-  
ment  of faradaic n values at potentials  corresponding 
to peaks I or II of 2,6-dithiopurine were  never  suc- 
cessful; the current  always quite rapid ly  decayed to a 
level  equal  to or less than that  observed for back-  
ground solutions alone. On removal  the massive PGE 
presented a ve ry  dul l  surface unl ike  that  af ter  back-  
ground electrolysis, which  suggested a surface film 
formation. 

In order  fur ther  to s tudy these processes a clean 4 
mm PGE was mainta ined at a potent ia l  corresponding 
to ei ther peak I or peak II in an acetate buffer pH 
5.65 saturated with  respect  to 2,6-dithiopurine. (This 
buffer system was selected because in it a sa turated 
solution of 2,6-dithiopurine gave a reasonably distinct 
plateau for peak II.) Af te r  5 min electrolysis the PGE 
was r emoved  from the electrolysis cell, the controlled 
potential  then turned off, and the PGE thoroughly  
washed with  wate r  for  at least  30 sec. Excess wa te r  
f rom the glass walls of the PGE was removed  wi th  a 
paper  tissue. The electrode was then inserted into a 
fresh deaerated solution of acetate  buffer pH 5.65 and 
various vo l tammetr ic  scans were  run. The vo l tam-  
metr ic  data can be understood by reference  to Fig. 5. 

If  the PGE was mainta ined at 0.35V ( ~  peak I) ,  
af ter  washing and immers ion in a f resh buffer solu- 
tion then on sweeping ini t ia l ly  toward negat ive  poten-  
tial, f rom a s tar t ing potent ia l  of 0.0V, two large 
cathodic peaks were  observed at E p = --1.05 and 
--1.42V (Fig. 5A), the more negat ive  peak being 
about twice as high as the less negat ive  peak. Af te r  
scanning the first or both of these peaks then on the 
subsequent  sweep toward posit ive potent ial  a single 
anodic peak  at 0.35V was observed which corresponds 
to peak I for 2,6-dithiopurine. Once having scanned 
this peak then on the next  sweep toward negat ive  po-  
tent ia l  two new cathodic peaks appeared at E p = 
--0.70 and --1.10V; the peak or iginal ly  at Ep -- 
--1.05V had disappeared and that  at E p = --1.42V 
had decreased to about one third of its or iginal  height. 
If  the ini t ial  sweep from 0.0V was toward posit ive po- 
tent ia l  then no peak corresponding to peak I of 2,6- 
d i th iopur ine  could be observed, but a peak at 0.85V 
is observed which corresponds to peak II of 2,6-dithio- 
pur ine  (Fig. 5B). On the reverse  sweep to negat ive  
potential  two cathodic peaks are observed at the same 
potentials as out l ined for Fig. 5A and the subsequent  
sweeps to first posit ive and then negat ive  potentials 
were  also identical  to the previously described vo l t am-  
mograms. 

If the PGE was mainta ined at 0.95V for 5 min  
before washing and scanning, then if the init ial  scan 
was toward  negat ive  potential,  two large cathodic 
peaks were  observed at E p -~ --1.16 and --1.43V, 
both peaks being of about the same height  (Fig. 5C). 
Having  scanned the first or both of these peaks then 
on the posi t ive-going sweep a single anodic peak at 
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Fig. 5A. Cyclic voltammogram of PGE after electrolysis of 2,6- 
dithiopurine (saturated) at 0.35V for 5 mln in acetate buffer pH 
5.65. Electrode washed and scanned in fresh, deaeroted acetate 
buffer pH 5.65. Scan pattern: 0.0V -> --1.65V ~ 1.25V ~ - -1.65V 
-> 1.25V. 

Fig. 5B. Repeat of A but initial scan toward positive potential. 
Scan pattern: 0.0V --> 1.25V -> - -1 .65V -> 1.25V --> --1.65V. 

Fig. 5C. Cyclic voltamrnogram of PGE after electrolysis of 2,6- 
dithiopurlne (saturated) at 0.95V for 5 rain in acetate buffer pH 
5.65. Electrode washed and scanned in fresh, deaerated acetate 
buffer pH 5.65. Scan pattern: O.0V --> - -1 .65V--~  1.15V --~ 
- -1.65V --> 1.15V. 

Fig. 5D. Repeat of C but initial scan toward positive potential. 
Scan pattern: 0.0V -~ 1.30V ~ - -1 .65V ~ 1.30V. 

Fig, 5E. Cyclic voltammogram of a saturated solution of 2,6- 
dithiopurine in acetate buffer pH 5.65 at clean PGE. Scan pattern: 
0.0V -> - -1.50V -~ 1.15V -> - -1 .50V ~ 1.15V. Scan rate: 200 
mY sec - ] .  

E t) ~ 0.36V is observed which  corresponds to peak I 
of 2,6-dithiopurine. On the subsequent  second nega-  
t ive-going  sweep two new peaks at E p ---- --0.70 and 
--1.10V are observed along with  the most negat ive of 
the init ial  cathodic peaks at E p ~ --1.40V which was 
less than one third of its or iginal  height  (Fig. 5C). If 
the init ial  sweep 0.0V was toward posit ive potent ial  
no anodic peaks were  noted and the subsequent  
cathodic and anodic sweeps gave identical  traces to 
those observed if the ini t ial  sweep was to negat ive po- 
tentials  (Fig. 5D). 

Under  identical  conditions 2,6-dithiopurine at a 
clean PGE showed only a single cathodic peak on the 
init ial  nega t ive-going  sweep at E p ~ --1.37V but 
having scanned the anodic peak  I, E p = 0.36V then 
two cathodic peaks at E p  = --0.70 and --1.08V ap- 
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peared;  the or ig inal  cathodic peak  at  E ,  = --1.37V 
had decreased in height  (Fig. 5E). 

This observed vo l t ammet r i c  behavior  can be  r a t ion -  
al ized as follows: Oxidat ion  of 2 ,6-di thiopurine at  peak  
I gives rise to a s t rongly  adsorbed  and p robab ly  h igh ly  
insoluble  product .  This l a t t e r  product  can be reduced 
(s t r ipped)  at  --1.05V to reform 2,6-di thiopurine.  That  
2 ,6-di thiopurine is the  resul t  of the  l a t t e r  cathodic 
process is evidenced b y  the appearance  of a more  
negat ive  peak  at  about  --1.40V [which is due to pa r t i a l  
reduct ion  of 2 ,6-di thiopurine and pa r t i a l l y  to ca ta ly t ic  
hydrogen  discharge (8), the  l a t t e r  process account ing 
for the ma jo r  por t ion of the cur ren t ]  and to the  fo rma-  
tion of anodic peak  I and the normal  cathodic  peaks  at 
--0.70 and --1.10V on the subsequent  cathodic scan, a l l  
of which agree  wi th  the  peaks  observed wi th  authent ic  
2,6-di thiopurine.  The adsorbed product  f rom peak I can 
be fu r the r  oxidized, this  process corresponding to peak  
IL The product  from peak  II  is also s t rongly  adsorbed;  
the  adsorbed product  can be reduced  (or  s t r ipped)  at  
--1.16V in a process that  involves  about  double  the  
cur ren t  observed for reduct ion  of the  produc t  of peak  I 
(at  --1.05V). Again  the  cyclic v o l t a m m e t r y  of the  re -  
duct ion product  of the  adsorbed peak  I I  product  is 
ident ical  to tha t  of 2,6-dithiopurine.  

Peak/H.--Coulometry at potent ia ls  cor responding  to 
the crest  of peak I I I  in aceta te  buffers pH 2, 3, 4.7, and 
5.7 where  the  peak  was most c lea r ly  observed gave an 
average  faradaic  n value  of 10.6. The product  of the  
e lectrolysis  in all  of these buffers had  a single u.v. ab-  
sorpt ion peak  at ~max ---~ 278-279 m~. Po la rog raphy  of 
the  product  solutions showed some ve ry  character is t ic  
waves. In 1M acetic acid the  product  showed th ree  
waves  at  E1/2 = --0.85, --1.05, and --1.23V; in ace ta te  
buffer p H  4.7 two waves  at Et/2 = --1.14 and --1.29V 
were  observed.  Authen t ic  pur ine-g ,6-disul fonic  acid 
(see Exper imen ta l )  gave ident ical  spect ra l  and po la ro-  
graphic  data.  A smal l  scale e lec t rochemical  synthesis  of 
pur ine-2,6-disul fonic  acid was successful ly ca r r i ed  out 
(see Exper imen ta l )  and, a l though low yie lds  were  ob-  

ta ined  under  the r a the r  c rude  condit ions employed,  the  
product  obta ined was  ident ica l  to the  chemical ly  
synthesized product  in t e rms  of mel t ing  point, spectra,  
and po la rography  in a va r i e ty  of media.  The mech-  
anism of e lec t rochemical  reduct ion  of pur ine-2 ,6-d isu l -  
fonic acid is p resen t ly  under  invest igat ion and wil l  be 
repor ted  in due course (9). I t  was clear  f rom the 
polarographic  da ta  in pa r t i cu la r  t ha t  pur ine-2 ,6-d isu l -  
fonic acid was the m a j o r  product ;  however ,  severa l  
minor  po larographic  waves  also were  often observed  
indica t ing  the presence of less impor tan t  e lec t rochem-  
ical  products .  No doubt  these are  sulfinic acids or o ther  
su l fur -conta in ing  products  where  the  sulfur  is in a 
lower  s ta te  of oxida t ion  than  in the disulfonic acid. 

When  e lec t rochemical  ox ida t ion  of 2,6-dithiopurine 
in ammonia  conta in ing background  e lect rolytes  was 
per formed  ex t r eme ly  er ra t ic  fa rada ic  n va lues  were  
obtained.  The majo r  product  tha t  was obta ined differed 
spec t ra l ly  and po la rograph ica l ly  f rom pur ine-2 ,6-d isu l -  
fonic acid. In  1M ammonia  background  the  product  of 
oxida t ion  of 2 ,6-di thiopurine at  potent ia ls  cor respond-  
ing to peak  I I I  showed two u.v. absorpt ion  peaks  (~,max 

305, 225 m~),  whi le  pur ine-2,6-disul fonic  acid 
showed only  a single peak O-max = 285 rag).  Macroscale  
e lectrolysis  of 2 ,6-di thiopurine in 5M ammonia ,  
fo l lowed by  lyophi l iza t ion gave a pale  ye l low product  
which  was ex t r eme ly  insoluble  in w a t e r  (unl ike  the  
disulfonic acid) a l though soluble in s t rongly  a lka l ine  
solut ion and which  mel ted  above  300~ Elec t rochem-  
ical oxidat ion  of a few tenths  of a g ram of 2,6-dithio-  
pur ine  in ammonia  medium a lways  took excessively 
long t imes under  the  exper imen ta l  condit ions em-  
ployed,  and in fact  a product  free of 2 ,6-di th iopur ine  
was never  obtained.  The product  was qui te  s tab le  to 
boi l ing water .  The in f ra red  spec t rum revea led  the  
character is t ic  su l fonamide  peaks  at  1330 and 1153 cm -1. 
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Because of the  difficulty of  ma in ta in ing  a sufficiently 
high ammonia  concentra t ion over  ex tended  per iods  of 
t ime and the var iab le  coulometr ic  da ta  the exact  na tu re  
of the  products  and the mechanism wil l  be  r epor t ed  
af ter  more  extens ive  study.  Tenta t ive ly ,  however ,  the  
evidence suggests  tha t  the  ma jo r  product  is pur ine-2,6-  
disulfonamide,  which would  be a new and po ten t ia l ly  
biological ly  act ive species. 

Mechanism 

Peaks 1 and / / . - -The  vol tammet r i e  da ta  suppor ts  the  
view tha t  2 ,6-di thiopurine is adsorbed at  the  PGE and 
tha t  the  products  of peak  I and peak  II  a re  also ad-  
sorbed. Cyclic vo l t ammet ry  of the  adsorbed products  of 
peak  I and peak  II  indicates  tha t  the  products  of the  
two processes a re  different  but  tha t  t h e y  are  reduced  
d i rec t ly  to 2,6-di thiopurine.  The product  of peak  I I  is 
more  difficultly reduced  than  the product  of peak  I and 
involves about  twice as much current .  I t  is we l l  known 
that  thiols are  r e l a t ive ly  eas i ly  oxidized to disulfides 
both chemica l ly  (10) and e lec t rochemica l ly  (3). Elec-  
t rochemical  evidence also suggests tha t  b i s (6 -pu r iny l )  
disulfide, the  first oxidat ion  product  of 6- thiopurine ,  is 
adsorbed  at  the PGE (3).  In  v iew of the  magni tude  of 
the  anodie cu r ren t  for  peak  I, the  mechanism for peak  
I is p robab ly  format ion  of bis (6 -pur iny l )  disulfide-2,2 '-  
d i th iol  (II, Fig. 6) which is s t rongly  adsorbed  at the  
PGE (Fig. 6) ; the  r eac tan t  2 ,6-di thiopurine being only  
weak ly  adsorbed.  

The close p rox imi ty  of the  two rema in ing  thiol  
groups in (II, Fig. 6) suggests tha t  fu r the r  e lec t ro-  
chemical  oxida t ion  at peak  II  would  resu l t  in fu r the r  
oxidat ion  to the  double  disulfide, b i s ( 6 - p u r i n y l ) d i s u l -  
f ide-2,2'-disulfide (III, Fig. 6) which is also s t rongly  
adsorbed at the  PGE. There  is only  scant  evidence for 
the format ion  of such complex  polysulf ides as I I I  (Fig. 
6) a l though 1,4-dithiobenzene is thought  to form an 
analogous species (11), which  is also ex t r ao rd ina r i l y  
insoluble. Because of the  na tu re  of the  e lec t rode  reac-  
t ion ne i ther  of the  above disulfide species has been 
chemica l ly  character ized,  thei r  iden t i ty  being in fe r red  
f rom the observed  electrochemical  behavior ,  and by  
analogy wi th  known chemical  and e lec t rochemical  
proper t ies  of thiols. 

In  view of the  insolubi l i ty  of 2,O-dithiopurine and of 
the  grea t  insolubi l i ty  of the  product  of oxidat ion  of 
1,4-dithiobenzene (11), it  is not  un l ike ly  tha t  at least  
pa r t  of the  surface coverage of the  products  of peaks  I 
and II  might  resul t  f rom s imple  prec ip i ta t ion  of 
product .  

The th i rd  peak  in the  absence of ammonia  is c lear ly  
due to oxidat ion  of 2 ,6-di thiopurine or compounds II  
and II I  (Fig. 6) to pur ine-2 ,6-d isu l fonic  acid in a 
12e/12 H + process. The fact  that  a l i t t le  less than 12e 
on average  were  observed  coulomet r ica l ly  is no doubt  
due to pa r t i a l  format ion  of der iva t ives  wi th  the  sul fur  
in a lower  oxida t ion  state. 
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Fig. 6. Interpretation of the observed electrochemical oxidation 
of 2,6-dithiopurine at peaks I, II, and III. 
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Manuscr ip t  submi t ted  Jan.  12, 1970; revised m a n u -  
script  rece ived  ca. Apr i l  28, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1971 
JOURNAL. 
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Electrochemical Reduction of 2,6-Dithiopurine at 
the Dropping Mercury Electrode and the Pyrolytic 

Graphite Electrode 
Glenn Dryhurst 

Department of Chemistry, University of Oklahoma, Norman, Oklahoma 73069 

ABSTRACT 

The e lec t rochemical  reduct ion of 2 ,6-di thiopurine has been inves t iga ted  
po la rograph ica l ly  at the  d ropping  m e r c u r y  e lect rode (DME) and the  s ta -  
t ionary  pyro ly t ic  g raph i te  e lect rode (PGE) .  A t  the  DME two reduct ion  waves 
are  observed;  the  first wave  occurs between pH 1-5.7 and is due  p a r t l y  to 
e lec t rochemical  reduct ion  of 2 ,6-di thiopurine and pa r t l y  to ca ta ly t ic  hydrogen  
discharge.  The second wave  appears  be tween  pH 4-8 and is a typ ica l  ca ta ly t ic  
hydrogen  discharge wave  ca ta lyzed  by  adsorbed monoanionic  2,6-di thiopurine.  
Only a single peak  is observed at the  PGE be tween  pH 1-7 and again is due  
to two s imul taneous  processes, the  ma jo r  process is ca ta ly t ic  hydrogen  dis~ 
charge cata lyzed by  adsorbed  neu t ra l  2 ,6-di thiopurine accompanied by  a 
minor  process which is reduct ion of 2 ,6-di th iopur ine  to a product  which  is 
also obta ined  on reduct ion of 2 - th iopur ine  under  the same conditions;  this  
product  is 1 ,6-dihydro-6- th iopur ine .  

Recent  repor ts  f rom this  group have  been  con- 
cerned wi th  the  e lec t rochemical  e lect ron t ransfe r  re -  
act ions of biological ly  impor tan t  pur ines  and the re-  
lat ion of these react ions to biological  e lec t ron t r ans fe r  
processes ( i - 6 ) ,  as wel l  as the ana ly t ica l  u t i l i ty  of 
the  e lec t rochemical  phenomena  (2, 7). Pur ines  con- 
ta in ing exocyclic sulfur  such as 6- th iopur ine  are  
e lec t rochemica l ly  oxidized b y  qui te  different  mech-  
anisms f rom those observed for the  n a t u r a l l y  occur-  
r ing  pur ines;  the i r  reduct ion  mechanisms,  a l though 
complex,  were  s imi lar  to those observed for the  non-  
su l fur -conta in ing  compounds.  In  view of the po ten-  
t ia l  of developing  some e x t r e m e l y  sophis t ica ted  elec-  
t rochemical  syntheses  of pur ines  conta ining sul fur  in 
oxidat ion states h igher  than  the thiols, such as bis (pur -  
inyl)  disulfides, sulfinic and sulfonic acids and sul-  
fonamides  as a resul t  of oxida t ion  at  the  pyro ly t ic  
g raphi te  electrode,  and the very  incomple te  knowl -  
edge of metabol ic  degrada t ion  of the thiopurines ,  
which are of ten ant icarcinogens,  as wel l  as a dea r th  
of select ive and sensi t ive ana ly t ica l  procedures ,  we 
have cont inued to examine  in deta i l  the  e lec t rochem-  
i s t ry  of severa l  o ther  th iopur ine  systems. 

Repor ted  here  is the  e lec t rochemical  reduct ion  of 
2 ,6-di th iopur ine  t at both the  d ropping  mercu ry  elec-  
t rode  (DME) and the pyro ly t ic  g raph i t e  e lect rode 
(PGE) .  

Horn  and Zuman  (8) have  repor ted  the  fo rmat ion  
of anodic waves  at the  DME for 2,6-di thiopurine,  whi le  
Zuman and Ku ik  (9) briefly indicate  tha t  in ammo-  
niacal  cobal t  solut ions 2 ,6-di thiopurine gives a ca ta-  
ly t ic  wave  for hydrogen  evolution.  

1 The Che~n~cat Abstracts  number ing  system is employed through-  
out this  paper.  

The work  repor ted  here  indicates  tha t  2,6-dithio- 
pur ine  is reduced at  the  DME and the PGE be tween  
about  pH 1-6 in a process which pa r t i a l l y  involves 
ca ta ly t ic  hydrogen  discharge  and pa r t i a l  fa rada ic  re -  
duct ion of the 2,6-dithiopurine.  Above  about  pH 6 at  
the  DME a fu r the r  large reduct ion  wave  appears  
which is a t rue  ca ta ly t ic  hydrogen  wave.  

Because of the  ea r l i e r  da ta  (8) no a t tent ion was 
given to the  anodic waves  r epor ted  and expec ted  at  
posi t ive potent ia l  at  t he  DME. 

Experimental 
Chemicals.--2,6-Dithiopurine and 2- th iopur ine  were  

obta ined f rom K&K Labora tor ies .  
Buffer solutions were  p repa red  f rom analy t ic  re -  

agent  grade  chemicals.  Argon  (Linde)  used for  de -  
oxygenat ing  purposes  was equi l ib ra ted  wi th  water ;  no 
other  purif icat ion was necessary.  

Tr ip le  dis t i l led m e r c u r y  was employed  throughout  
the work.  

Apparatus.--Apparatus for po la rography ,  vo l t am-  
metry ,  cyclic vo l t ammet ry ,  coulometry ,  macroscale  
electrolysis,  and spect ra l  da ta  acquis i t ion are  de -  
scr ibed e lsewhere  (3-7).  

Results and Discussion 
Polarography at DME.--2,6-Dithiopurine exhibi ts  

two polarographic  reduct ion  waves;  the  first wave  
(wave  I) occurs be tween  pH 1 and 5.65, the  second 

wave  (wave  II)  occurs be tween  pH 4 and 8. The ha l f -  
wave  potent ia ls  for  both  waves  shift  l i nea r ly  more  
negat ive  wi th  increas ing p H  (Fig. 1B); E1/2 = --0.79- 
0.076 pH for wave  I and E1/2 ~ --0.97-0.102 pH for 
wave  II. 
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Fig. IA. Variation of diffusion current constant for waves I and 
II of 2,6-dithiopurine with pH at the DME. 

Fig. lB. Variation of E1/~ for waves I and II of 2,6-dithiopurine 
with pH at the DME. 

The diffusion cur ren t  constant  for wave I is 28 at 
pI-I 1 and decays at pH values above 2 in  a more or 
less regular  fashion to zero at about pH 6 (Fig. 1A). 

The droptime dependence of wave I in  chloride 
background pH 1.0 is not  in  accord with a process 
ent i rely under  diffusion control; for a 0.057 mM so- 
lut ion of 2,6-dithiopurine the ra t io  of i~/h~, decreased 
from 0.526 to 0.36 as h was varied from 32.5 to 92.5 cm, 
respectively. This decrease coupled with the magni -  
tude of the diffusion current  constant  indicated that  
the process was at least par t ly  under  catalytic control. 
In  agreement  with this conclusion the tempera ture  
coefficient of the wave in chloride background pH 1.0 
was 3.2%/~ which is larger than  expected for a 
diffusion controlled process, but  somewhat smaller  for 
a process solely under  catalytic control. The solubil i ty 
of 2,6-dithiopurine is very  low so that  al though a 
0.1 mM supersaturated solution can be prepared in 
water, it slowly precipitates over the course of a 
few days. Nevertheless, it was found that  the current  
observed for wave I in  chloride background pH 1.0 
was l inear ly  proport ional  to concentrat ion over the 
concentrat ion range  0.02 to 0.10 mM with an i]/C 
ratio of 57.1 -~ 2.4 ~A mM -~. 

Wave II  for 2,6-dithiopurine is first observed at pH 4 
as an ext raordinar i ly  large wave which occurs close to 
background discharge. Between pH 4 and 4.9 the dif- 
fusion current  constant  decays steadily from 138 to 
25.4 and then  increases again to 107 at pH 6 and 108 at 
pH 7 (Fig. 1A). At pH 8 wave II  is extremely small. 

In  MacIlvaine buffer pH 7 (Fig. 2B) the l imit ing 
cur ren t  for wave II  appears to increase with decreas- 
ing height of the mercury  column, but  owing to the 
shift of background discharge to more positive poten-  
tial in the presence of 2,6-dithiopurine it  was very 
difficult to correct the wave for background current ,  
par t icular ly  at low column heights. Nevertheless, the 
large magni tude  of the diffusion current  constant  and 
the vir tual  independence of the l imit ing current  with 
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Fig. 2. Polarograms of 0.069 mM 2,6-dithiopurine at the DME in 
(A) chloride background pH !.0, and (B) Mac|lvaine buffer pH 7. 

mercury  column height indicated that  the wave was 
effectively under  catalytic control. 

In  MacIlvaine buffer pH 7 the tempera ture  coefficient 
of wave II was --0.98%/~ Le., the wave height de- 
creased slightly with temperature.  Over the concen- 
t rat ion range 6.6 X 10 -6 to 6.6 x 10 -5 M of 2,6-dithi- 
opurine in the same background the l imit ing current  
for wave II increased l inear ly  with concentrat ion al-  
though the ratio il/C increased from 88 to 162 ~A 
mM -1, respectively. 

Vo~ammet~  at PGE. - -At  the s ta t ionary PGE (4 
m m  diameter)  2,6-dithiopurine gives only a single 
vol tammetr ic  reduct ion peak, which occurs between 
pH 1 and 7, the peak potential  for which shifts l inear ly  
more negative with increasing pH according to the 
equation Ep ~ --0.96 --0.068 pH (Fig. 3B). The peak 
itself is ext remely  sharp (Fig. 4), more  so than ex- 
pected for a simple diffusion controlled process. The 
cur ren t  densi ty decreases in  a more or less regular  
fashion as the pH is increased, ranging from 8.0 ~A 
m m - 2  raM-1 at pH 1.0 to almost zero at pH 7 (Fig. 
3A). By comparison with earlier data (1) a current  
densi ty of 8.0 would indicate an apparent  faradaic n 
value of 13-14 electrons. 

In  chloride background pH 1.0 the peak current  did 
not increase l inear ly  with concentrat ion (Fig. 5) but  
over the range  0.02 to 0.10 mM at 5 mV sec -1 scan rate  
i p -  C plots are essentially exponent ia l  with ip ap-  
parent ly  tending to a l imit ing value at somewhat above 
the 0.1 mM concentrat ion level. The l imited solubili ty 
of 2,6-dithiopurine prevented extending the concen- 
t ra t ion s tudy to higher levels. The ratio ~p/C decreased 
from 224 ~A mM -~ at the 0.02 mM concentrat ion level 
to 142 ~A mM -1 at 0.1 mM. 

Cou[ometry at mercury electrodes.--Attempts to de-  
termine faradaic n values by macroscale electrolysis 
of 2,6-dithiopurine at a massive mercury  pool electrode 
in chloride pH 1.0, acetate pH 4.7, and MacIlvaine pH 7 
backgrounds could not be meaningfu l ly  performed be-  
cause of a quite rapid reaction between 2,6-dithio- 
pur ine  and mercury  to give a gray-b lack  suspension in 
solution and a gray-b lack  discoloration to the mercury  
pool surface. This reaction was so rapid, as evidenced 
by u.v. spectral studies, that  within 15 rain about 50% 
of the 2,6-dithiopurine of concentrat ion 0.05 mM in 
acetate pH 4.7 had disappeared. The resul tant  product 
was not electrochemically reducible. Accordingly all 
fur ther  informat ion regarding the electrolysis product 
and electrode mechanism was gained by electrolysis of 
2,6-dithiopurine solutions at a large PGE. 
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Fig. 3B. Variation of peak potential for valtammetric reduction 
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Fig. 4. Voltammogram of 0.10 mM 2,6-dithiopurine in chloride 
background pH 1.0 at a 4 mm diameter PGE. Scan rate: 5 mV 
sec-- 1. 

Coulometry at PGE.--Electrolysis of a 0.066 mM 
solut ion of 2 ,6-di th iopur ine  solut ion in  chlor ide  back -  
ground pH 1.0 on the r is ing por t ion  of the  s ingle vo l t -  
ammetr ic  peak  (--0.98V) resul ted  in the  immedia te  
l ibera t ion  of H2S ( lead acetate  pape r ) .  The cur ren t  ob-  
served in i t ia l ly  was ve ry  high ( >  50 mA)  and did not  
decay  apprec iab ly  but  r ema ined  at  an  e x t r e m e l y  high 
level.  By moni tor ing  the u.v. absorpt ion  spect ra  and 
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Fig. 5. Variation of peak current with concentration on voltam- 
metric reduction of 2,6-dithiopurine in chloride background pH 1.0 
at stationary PGE. Scan rate: 5 mV sec -1.  

by  employing  cyclic v o l t a m m e t r y  at  PGE it  was c lear  
however  tha t  the  2 ,6-di thiopurine was e lec t rochemi-  
ca l ly  reduced.  The da ta  accumulated,  pa r t i cu l a r ly  the  
cyclic vo l t ammet ry ,  suggested tha t  t he  p roduc t  was 
ident ical  to tha t  obta ined upon reduct ion of 2- th io-  
purine.  Since more  extens ive  da ta  were  ava i lab le  on 
the  e lect rochemical  reduct ion  of 2 - th iopur ine  in ace-  
t a te  buffer pH 4.7 (10) where  more  defini t ive u.v. 
spect ra  and cyclic vo l t ammograms  are  obtained,  a 
more  deta i led  examina t ion  of the  reduct ion  of 2,6-di- 
th iopur ine  in this  buffer  was car r ied  out. 

A t t empt s  to reduce 2 ,6-di th iopur ine  in acetate  buffer 
pH 4.7 on the r is ing por t ion  of the  peak  (--1.26V) 
again  resul ted  in format ion  of H~S and d isappearance  
of the  character is t ic  spec t rum of this  compound (Xmax 
-~ 350, 292.5, 250 m~) and fo rmat ion  of a species wi th  
a qui te  different  absorpt ion  spec t rum at pH 4.7 (~max 
= 282, 246 m~). Al though  the  observed  cu r ren t  was 
only about  one fifth of tha t  observed  at  pH 1.0 i t  did 
not  decrease  apprec iab ly  over  the  course of severa l  
hours,  a l though it  was qui te  obvious f rom spec t ra l  da ta  
that  al l  2 ,6-di th iopur ine  had  been reduced.  

Cyclic v o l t a m m e t r y  at  PGE of the  produc t  revea led  
that  there  were  no reduct ion  waves  remain ing  (apar t  
f rom sl ight  t races  of 2 ,6-di thiopurine i t se l f ) ,  but  a 
w e l l - f o r m e d  oxidat ion  peak  at  Ep = 0.38 --> 0.40V was 
present.  Once having  scanned this single anodic peak,  
four  cathodic peaks  were  observed  on the subsequent  
sweep in the negat ive  d i rec t ion  a t  Ep = --0.77 
--0.78V; --1.02-> 1.03V; --1.27 --> - - I .29V and --1.52 -4 
--1.54V (Fig. 6C, D).  None of these cathodic peaks  are  
observed on cyclic v o l t a m m e t r y  of 2 ,6-di thiopurine i t -  
self (Fig. 6A),  a l though at pH 4.7, 2 ,6-di th iopur ine  is 
oxidized at  Ep ---- 0.41V (Fig. 6A, B) ; the mechanism of 
this process wi l l  be discussed elsewhere.  Electrolysis  
of 2- th iopur ine  at  a pp rox ima te ly  the  same concent ra -  
t ion and under  o therwise  ident ica l  condit ions did  not  
give r ise to H~S evolution.  The character is t ic  u.v. spec-  
t rum of 2- th iopur ine  at  pH 4.7 (~max 285, 243 m~) d is -  
appea red  and a produc t  having an ident ica l  spec t rum 
(~.max 282, 246 m~) to tha t  p roduced  f rom 2,6-di thio-  
pur ine  under  the  same condit ions was observed.  Cyclic 
v o l t a m m e t r y  of the  e lectrolysis  p roduc t  of 2- th iopur ine  
was essent ia l ly  ident ica l  to tha t  p roduced  f rom 2,6- 
d i th iopur ine  (Fig. 6E, F ) .  Complete  in te rp re ta t ion  of 
the  var ious  peaks  observed  for these  solutions wi l l  be 
r epor ted  e l sewhere  (10). 

I t  was thus qui te  c lear  that  reduct ion  of 2- th iopur ine  
and 2,6-di thiopurine at  potent ia ls  corresponding to the  
single reduct ion  peak  of the  l a t t e r  compound gave  rise 
to the  ident ical  product ;  th is  p roduc t  appears  to be 
ex t r eme ly  effective in fac i l i ta t ing  ca ta ly t ic  hydrogen  
reduction.  

Electrochemical  M e c h a n i s m  
Po~arograph~ at DME.- -As  evidenced by  the magn i -  

tude  of the  diffusion cu r ren t  constant ,  the  d rop t ime  
and t empera tu re  dependence,  and control led  poten t ia l  
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electrolysis data, wave I is due to two simultaneous 
processes. At  low pH the most impor tant  of these 
processes is catalytic hydrogen discharge accompanied 
by some electrochemical reduct ion of 2,6-dithiopurine. 
As the  pH increases the decrease in wave height  mus t  
be related pr imar i ly  to a decrease in the catalytic 
process. The decrease in  cur ren t  can be related to the 
state of ionization of the 2,6-dithiopurine. Viout and 
Rumpf  (11) determined the pKa values of 2,6-dithio- 
pur ine  as 5.02 and 10.06 using a potentiometric t i t ra t ion 
method. Employing a spectrophotometric method based 
on the three u.v. absorption peaks of 2,6-dithiopurine 
we have found PKal = 4.9 and pKa2 ~" 8.8; the lat ter  
figure is of somewhat doubtful  accuracy because the 
peak which was employed for its de terminat ion  oc- 
curred very  close to end absorption in most buffer 
systems employed. 

Accordingly, the reaction apparent ly  giving rise to 
the catalytic contr ibut ion is typical  of such waves 
given by m a n y  thiols (12) (Eq. [1]).  

14 t a  + 

J 
+ t l  § 

+ 1/2]] 2 

[1] 

As the solution pH increases the concentrat ion of 
neut ra l  2,6-dithiopurine decreases as does the proton 
concentrat ion resul t ing in  a decrease in the current  
for wave I. Above pH 5 most of the 2,6-dithiopurine 
will  be in  the monoanionic  form and accordingly the 
catalytic current  would be expected, as observed, to 
decay to zero. By analogy with the polarographic be- 
havior of 6- thiopurine (4) it might  be expected that  
any  t rue  faradaic reduct ion of 2,6-dithiopurine might  
decay to zero at pH values much above PKal, i.e., it is 
the uncharged species that  is reduced. As a result  of 
the reaction (or adsorption) of 2,6-dithiopurine with 
mercury,  coupled with the catalytic processes it is not 
possible to decide on the na tu re  of the t rue faradaic 
process. The very l imited solubil i ty of 2,6-dithiopurine 
does not allow a detailed comparison of the catalytic 
process proposed for wave I with other systems (12). 
At  the 0.05 mM concentrat ion level solutions of 2,6- 
di thiopurine in acetate and MacIlvaine buffers did not 
result  in any appreciable depression or shifts of elec- 
t rocapi l lary curves; at such low concentrat ion levels 
this was not unexpected. 

Wave II shows the typical  behavior  expected of a 
normal  catalytic wave except for its anomalous tem- 
pera ture  dependence. Since wave II is not observed 
unt i l  pH 4 it is l ikely that  it is associated wi th  the 
monoanionic form of 2,6-dithiopurine which has 
reached significant concentrat ions at this pH. Accord- 
ingly it is possible to designate the probable catalytic 
reaction as follows (Eq. [2]).  

HS H 

B 

1/21~ 2 

[2] 

The observed Shifts in the magni tude  of the diffusion 
current  constant  (Ia) be tween pH 4 and 8 may  be ex-  
plained by the fact that  at pH 4 (assuming a value of 
PKal ~ 5.0) about 10% of the 2,6-dithiopurine exists 
in  the monoanionic  form; however,  as a result  of the 
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Fig. 6A, B. Cyclic voltammograms of o saturated solution of 2,6- 
dithiopurine in acetate buffer pH 4.7 at stationary PGE. Scan 
pattern: A, 0.00V -> - -1 .65V -> 0.90V --+ - -1.25V; B, 0.00V --> 
0.98V -> - -  1.65V -~ 0.98V -> 0.00V. 

Fig. 6C, D. Cyclic voltammograms of product of electrochemical 
reduction of 2,6-dithiopurine at - -1 .26V at PGE in acetate buffer 
pH 4.7 at stationary PGE. Scan pattern: C, 0.00V -+ - -1.70V --> 
0.90V --> - -1 .70V --> 0.90V ~ O.OOV; D, O.OOV "--) 
0.90V --> - -  1.75V --> 0.00V. 

Fig. 6E, F. Cyclic voltammograms of product of electrochemical 
redaction of 2-thiopurine at - -1.26V at PGE in acetate buffer pH 
4.7 at stationary PGE. Scan pattern: E, 0.00V ~ - -1.75V 
0.80V --> - -1.75V ~ 0.80V ---> 0.00V; F, 0.00V --> 1.00V 
--> --1.70V ~ 1.00V ~ 0.00V. Scan rate: 200 mV see-Z; PGE: 
area 12.5 mm =. 

high proton concentrat ion and buffer capacity of the 
buffer employed (MacIlvaine, ionic s t rength 0.SM) a 
large catalytic current  is observed, the current  for 
which is l ikely l imited by reaction [2B], reaction [2A] 
being a fast electron t ransfer  process. As the pH in-  
creases up to pH 4.9 the concentrat ion of the mono-  
anionic 2,6-dithiopurine still accounts for considerably 
less than  50% of the compound, whereas the proton 
concentrat ion has decreased an order of magni tude  
and the buffer capacity has decreased. As a result  the 
systematic cur ren t  decrease up to pH 4.9 is observed. 
At  pH 6, in  excess of 90% of the 2,6-dithiopurine is in 
the monoanionic  form which, as a resul t  of increased 
catalyst  concentration, more than  compensates for the 
decrease in proton concentrat ion and be tween pH 6 and 
7 the catalytic current  is again high. At  pH 8 the com- 
binat ion of decreased proton concentrat ion and fur ther  
ionization of the monoanionic  2,6-dithiopurine results 
in  a drastic decay of the observed catalytic current .  
The anomalous negat ive tempera ture  coefficient of 
wave II can only  be rationalized by invoking the gen-  
eral ly accepted theory that  thiols giving rise to cata-  
lytic waves do so in  an adsorbed state of the catalyst. 
However, in the case of wave II  the catalyst is a nega-  
t ively charged species and, at potentials of the catalytic 
wave, the electrode carries a large negative charge. It 
is not unl ikely,  therefore, that  the thiol adsorption is 
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weak  and would  have  a high t e m p e r a t u r e  coefficient 
of desorption.  The net  resul t  being therefore  tha t  the  
usual ly  la rge  posi t ive  t e m p e r a t u r e  coefficient of the  
cata lyt ic  process is more  than  offset b y  a decrease  in 
ca ta lys t  adsorpt ion  at  e levated  t empera tu re .  Elec t ro-  
cap i l l a ry  curves  of 0.05 mM 2,6-di thiopurine at  pH 7 
showed l i t t le  difference f rom the background  solution 
alone. 

Voltammetry at PGE.m2,6-d i th iopur ine  is reduced  at  
PGE in a process where  appa ren t ly  the  r eac tan t  (and 
possibly  produc t )  faci l i ta tes  cata lyt ic  hydrogen  dis-  
charge. The known pKal of 2,6-di thiopurine,  the  va r i -  
a t ion of Ep and the cur ren t  dens i ty  wi th  pH, and con- 
t ro l led  potent ia l  e lect rolys is  da ta  suppor t  this  view. 
The produc t  of fa rada ic  reduct ion  of 2 ,6-di thiopurine 
appears  to be spec t ra l ly  and vo l t ammet r i ca l ly  ident ica l  
to tha t  obta ined b y  reduct ion of 2 - th iopur ine  under  
the  same conditions.  The produc t  of this  l a t t e r  r educ -  
t ion of 2- th iopur ine  appears  to be 1 ,2-d ihydro-2- th io-  
l ~ r i n e  (10). Since reduct ion of 2 ,6-di th iopur ine  ap-  
pears  to involve  loss of HeS this mus t  occur by  reduc-  
tion of the  1 ,6 -N=C-  double  bond in much  the same 
w a y  pos tu la ted  for  6- th iopur ine  (4),  pur ine  and ade-  
nine (13). Accord ing ly  a mechanism for fa radaic  r e -  

~H 

H \  

H 
H 

+ 2ff 'p + 2 e  

~.+ 2E + 

+ 2e 

H~, 

H5 

~/ " ~ 2 s  

[3] 

duct ion of 2 ,6-di thiopurine is proposed  (Eq. [3]) .  
The process responsible  for  ca ta ly t ic  hydrogen  d is -  

charge  is no doubt  ident ica l  to tha t  observed for wave  
I at  DME. 
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Polarography of 
UranyI-Diethylenetriaminepentaacetate Complexes 

and Adsorption Kinetics at the Dropping Mercury Electrode 
Tsai-Teh Lai and Chaur-Shyong Wen 

Department o~ Chemical Engineering, Cheng Kung University, Tainan, Taiwan, China 

ABSTRACT 

The chela t ion of u r a n i u m ( V I )  wi th  d ie thy lene t r i aminepen taaee ta t e  was 
inves t iga ted  po la rograph ica l ly  over  the  pH range  3.7-8.4 and l igand concen-  
t ra t ion  range  0.005-0.1M. The p redominan t  chelate  species was found to be 
UO2(OH)H2A ~- wi th  the  logar i thmic  format ion  constant  of 2.96 at  pH 6.4-7.5 
and ionic s t rength  0.25. In  the  presence of Tr i ton X-100 ~0.003%, a s ingle 
i r revers ib le  and di f fus ion-control led  wave  was obtained.  The kinet ic  p a r a m -  
eters  were  de te rmined  (ks is the  o rder  of 10 -~ cm/sec  and a = 0.42 •  
When  the  concentra t ion of Tr i ton X-100 is g rea te r  than 0.003%, the  s ingle wave  
spli ts  into two i r revers ib le  waves,  due to the adsorpt ion of surface act ive 
substance.  

Die thy lene t r i aminepen taace t i c  acid (DTPA)  is wel l  
known to form s table  complexes  wi th  m a n y  metals .  
Po la rograph ic  de te rmina t ions  of copper  ( I I ) ,  b is-  
m u t h ( I I I ) ,  and a n t i m o n y ( I I I )  using DTPA as sup-  
por t ing e lec t ro ly te  have  been s tudied (1).  Ka l l and  and 
Jacobsen  have  s tudied the effect of sur face-ac t ive  
substances on the  polarographic  waves  of i r o n - D T P A  

K e y  words :  ca thod ic  action, formation constant, kine t i c  p a r a m e ~  
ters ,  u r a n i u m  (VI), DTPA.  

complexes (2) and also the  po l a rog raphy  of copper -  
DTPA complexes  (3,4). The polarographic  behav ior  
of europium (5) and  t h a l l i u m ( I )  (6) in DTPA solu-  
t ion has been repor ted .  The meta l  ] igand ra t io  of 
u r a n y l - D T P A  complex  has been shown to be 1:1 by  
spec t rophotomet ry  (7). 

Since the  d ie thy lene t r i aminepen taace t i c  acid is a 
versa t i le  chela t ing agent,  the po la rographic  da ta  and 
the constants  of the  chela tes  of u r a n i u m ( V I )  wi th  
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DTPA provide an indispensable clue for the extraction, 
separation, and de terminat ion  of u ran ium.  

In  an at tempt  to offer this impor tant  information,  
in this paper the polarographic characteristics, the 
formation constants, and the kinetic parameters  due to 
the adsorption effect of the electrode process for the 
u r a n i u m - D T P A  system are reported. 

Experimental 
Apparatus.~Polarograms were recorded with a 

Yanagimoto Pen-Recording  Polarograph Model p8 at 
30 ~ ~ 0.1~ The characteristics of the DME were: 
m = 1.864 mg/sec and t = 4.53 sec at 74.9 cm mercury  
height in a 0.15M NaC104 solution at an applied poten-  
tial of --0.40V vs. SCE. 

The pH values of the solutions were adjusted with 
perchloric acid or sodium hydroxide and determined 
by a Toa Denpa HM-5A glass electrode pH meter.  

Chemicals.~The stock solution of 0.1M urany l  per-  
chlorate was prepared and analyzed as described in the 
earlier paper  (8). 

A 0.2M stock solution of DTPA was prepared by dis- 
solving the acid (Aldrich Company) 19.668g and NaOH 
6.0g in distilled water  and di lut ing to 250 ml. 

Tri ton X-100 was used as a surface-act ive substance 
and 0.15M sodium perchlorate as a support ing electro- 
lyte. 

Results and Discussion 
Wave characteristics An the absence of surface-active 

substance.--A well-defined reversible wave was ob- 
ta ined when  [DTPA] > 0.02NI and 4.35 < pH < 8.40 in 
the absence of surface-active substance, Triton X-100 
(Table I).  However, a m a x i m u m  appeared when pH 

4.35. As shown in Table II, the value of ~d/h 1/2 is 
0.324 ~ 0.004 at pH 5.2. This indicates that  the l imit ing 
cur ren t  is proport ional  to the square root of the height 
of the mercury  column and proves that  the reductions 
are ent i re ly  diffusion-controlled. 

The tempera ture  coefficient of ha l f -wave  potential  
is --0.2 mV/~ and the mean  slope of the convent ional  
log plots is 0.059 +__ 0.004. These data indicate that  the 
electrode reductions are a one-electron reversible proc- 
ess for the polarographic solutions of [DTPA] > 0.02M 

Table I. Polarographic characteristics and reversibility 
of uranyI-DTPA complex 

(1.0 mM ~.TO2(C104)=, 0.15M NaC104, 0% Tr i ton  X-100) 

CDTPAp M 

URANYL-DIETHYLENETRIAMINEPENTAACETATE 1123 

- - A E a . e .  

t 
--E1/2, V A log - -  

p H  vs. SCE /d -- i id,/zA 

0.1 4.36 0.305 0.063 4.08 
5.30 0.360 0.056 2.75 
6.40 0.423 0.064 2.14 
7.25 0.440 0.061 2.14 
7.50 0.450 0.063 2.14 
8.40 0.520 0.062 1.50 

0.02 5.45 0.360 0.064 2.70 
6.50 0.425 0.071 a 2.13 
7.45 0.450 0.062 1.90 
8 . 0 5  0 . 4 9 0  0 . 0 6 1  1 . 7 0  

0.005 5.15 0.340 0.076 a 3.10 
5.95 0.395 0.0715 2.25 
6.75 0.430 0.063 2.12 
7.30 0.430 0.062 2.09 
7.60 0.460 0.061 1.90 

= I r r e v e r s i b l e  w a v e .  

Table If. Variation of limiting current with 
height of mercury column 

(1.0 m M  UO~(C104)~, 0.1M DTPA,  0.15M N a C I O D  

Height ,  h 
p H  crn ,  c o r r .  t~, /~A id/hl/~ 

5.2 84.9 2.94 0.321 
74.9 2.80 0.323 
64.8 2.64 0.328 

Avg.  0.324 "~- 0.04 

at 4.4 < pH < 8.4 in the absence of surface-active sub- 
stance, Tr i ton X-100. 

As shown in curve A of Fig. 1, at pH < 6.4 and pH 
> 7.5, the slope of ~Ell2/~pH is --0.060V showing that 
one hydrogen ion takes part  in  the reduction. At  6.4 
pH < 7.5, the hal f -wave potent ial  is independent  of 
pH. Curve A also shows that  the ha l f -wave  potent ial  
is independent  of l igand concentrat ion for a given pH 
value. It  reveals that  the reduced complex species, 
u r a n i um (V) -DTPA, has the same meta l - l igand  ratio 
of 1:1 as that of u r a n i u m ( V I ) - D T P A  complex. Curve 
B shows that, in  the absence of DTPA, the hydroxyla-  
t ion of u rany l  ion occurs at pH > 4.0. 

Since the successive pK values of DTPA are 1.75, 
2.45, 4.23, 8.50 and 10.02 (9), respectively, the probable 
chelate species at 4.5 < pH < 8.4 can be deduced to be 
UO2 (OH)H2A 2- f rom the ha l f -wave  potent ia l  relat ion 
as had been reported in our earlier paper (10). 

It  is obvious from Fig. 2 that  an anodic wave pre-  
cedes the normal  cathodic wave at pH > 6.0 and the 
ha l f -wave  potential  shifts sl ightly to negative side as 
the ligand concentrat ion and pH value  increase. These 
phenomena  were a t t r ibuted  to the depolarization of 
mercury  by formation of a stable chelate with DTPA. 

Formation constants of uranyZ-hydroxo and uranyl- 
DTPA complexes.--It is obvious from curve B of Fig. 1 
that  in the absence of chelating agent and at pH < 4.0, 
the hal f -wave potent ial  remains  constant  at --0.18V vs. 
SCE; the electrode reduction is 

UO22+ + e ~ UO2 + [1] 

However, at pH > 4.0, the ha l f -wave  potential  shifts 
to more negative side; the slope of AEI/JApH is 
--0.060V indicat ing that  one hydroxyl  ion is involved 
in the electrode reduction. Therefore, it was concluded 
that the u rany l -hydroxo  complex undergoes the fol- 
lowing electrode reduct ion without  prior dissociation 

UO2(OH) + + e.~-UO2 + -t- O H -  [2] 

The hal f -wave potential  can be given as 

( E l / 2 )  UO2(OH) + = ( E 1 / 2 )  UO22 + - -  0.060 log K 
--0.060 log [ O H- ]  [3] 

Where K is the formation constant  of UO2(OH) +, 
which was calculated to be log K = 9.95 (Table I I I ) .  

0.5o I / 

0.45 

> o.4o 

t~ 
d 

u/ 0,35 > 

i 

0.30 

0.25 

B 

0.20 

21 ~ 5,10 ~ 9~0 

pH 

Fig. 1. Effect of pH on the half-wave potential of uranyI-DTPA 
complex. 1.11 mM U02(C104)2, 0.15M NaCI04, 0% Triton X-I~,  
and various ligand concentrations: 0 0.1M; x O,02M; A 0.005M; 
[ ]  0.000M. 
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Table IV. Formation constant of UO2(OH)H2A 2 -  

(I.0 m M  UO~(CIOD~, 0.1M DTPA,  0.15M NaCIOD 

Fig. 2. Polarographic waves of uranyI-DTPA complex. 1.0 mM 
U02(C104)2, 0.15M NaCI04, and varying concentration of DTPA 
and Triton X-IO0 at various pH: 

A B C D E F G 
pH 5.0 5.0 6.0 6.5 5.0 5.0 6.0 
CDTPA, M 0.1 0,02 0.02 0.] 0.1 0.02 0.02 
Triton X-lO0, 0,002 0,002 0.002 0.002 0.004 0.004 0.004 

% 

At 6.4 <: pH < 7.5, the ha l f -wave  potential  of the 
complex UO~ (OH) (H2A) 2- is independent  of both pH 
value and l igand concentrat ion (Fig. 1, curve A).  
Therefore, the ha l f -wave  potential  of the complex 
UO2(OH) (H2A)2- can be wr i t ten  simply as 

Koc 
(E1/2)c -=-- (E1/2)s -- 0.060 log [4] 

KRc 

where Koc and KRC are the formation constants of the 
oxidized and reduced forms of the u r any l -DTP A  com- 
plexes, respectively, and the Koc was determined by 
the following method which had been reported pre-  
viously (11). 

In  the modified Ilkovic equation (12) 

( AD1/2tl/6 ) 
id = 607 nD1/2m2/3t 1/6 1 -~- m 1/3 C [5] 

the concentrat ion C of the reducible substance can be 
expressed as the complex species concentrat ion of 

[UO2(OH)H2A2_] = Cuo2(om+ �9 a 3 [6] 
1 

Koc + as 
where 

CDTPA 

[H+] 3 [H+] 2 [H + ] k4 k4k5 
+ + 1 

Subst i tute  the corresponding exper imenta l  data for 
two pH values in  the range of pH 6.4-7.5, into Eq. [5] 
and [6] and by  solving the s imul taneous equations 

( ( i d )  1 = f l  (D, Koc) 
( i d ) 2  = I2 ( D ,  Koc) [7] 

the formation constant  and the diffusion coefficient of 

Table III. Formation constants of UO2(OH) + 

(1.0 miVI UO~(C1OD~, 0.1SM NaCIOD 

(E1/2) UO~(OH)+, 
DH V vs. S ~  log K 

4.2 -- 0.200 10.02 
4.5 --0.210 9.94 
4.7 - -  0.226 9.90 

Avg.  9.95 _-+ 0.07 

(El/2)~o2 ~ = --0.18V vs.  SCE. 

p H  to, /~A D, c m  2 sec-1 log Koe 

6.40 2.140 
7.25 2.139 3.31 x 10~" 2.96 -~- 0.01 
7.50 2.138 

Current sensitivity = 30 n A/ ram.  

the complex UO2(OH)H2A 2- can be obtained (Table 
IV). 

E~ects of Triton X-IO0 on the polarograms.--The 
polarograms were influenced great ly by the addition of 
Tri ton X-100. The reversible waves which were ob- 
served at 4.4 < pH < 8.4 and DTPA concentrat ion 
range of 0.02 to 0.1M were distorted into i rreversible 
waves by the addit ion of Tri ton X-100 < 0.003%. 
Furthermore,  when  the concentrat ion of Tri ton X-100 
is increased above 0.003%, the wave splits into two 
more i r reversible  waves at a more negative potential  
due to the adsorption of surface active substances (13) ; 
the first wave is smaller  than the second wave (Fig. 2). 
The polarographic characteristics of the  two waves 
are shown in Table V. 

The electrocapillary curve of mercury,  which is il- 
lustrated in Fig. 3, shows that  the addition of Tri ton 
X-100 to the solution causes a large decrease in the 
drop time of the capillary; the electrocapillary maxi -  
m u m  shifts to the positive side with increasing con- 
centrat ion of Tri ton X-100. 

These facts show that  an adsorption of Tri ton X-100 
occurs on the mercury  electrode; the film formation of 
surface-active substance can be regarded as a rapid 
process (14). The inhibi t ing effect of the adsorbed film 
of Tri ton X-100 on the electron t ransfer  renders  the 
cur ren t -po ten t ia l  curve more irreversible.  

The l imit ing current  of the total wave is independent  
of the concentrat ion of DTPA but  decreases with in -  
creasing pH value (Fig. 4). It is interest ing to note 
that the l imit ing current  of the total wave increases 
with increasing concentrat ion of Tri ton X-100 and 
reaches a plateau at 0.006% Triton X-100 (Fig. 4). 

Electrode kinetics influenced by the adsorption of 
surface active substance.--As ment ioned above, a 
single irreversible wave was obtained by the presence 

4.5  

" 4 . 0  

r~ 

3 .5  

3.3 

f D - ~ .  D 

' I ' ' ' I + 0 . 2  O 0  - 0 . 4  - 0 . 8  - L 2  - 1 4  

E ,  VS. S.C.E. ,  V 

Fig. 3. Electrocapillary curve of mercury in o solution containing 
1 mM U02(C104)2, 0.1M DTPA at pH 5.0, and various concentra- 
tion of Triton X-IO0: x 0%; [ ]  0.002%; /~ 0.004%; G 0.01%. 
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Table V. Polarographic characteristics of the two waves of the uronyI-DTPA complex 

(1.0 mM UO=(C104)~, 0.15M NaC10~ and 0.004% Triton X-100) 

(-EII~)~, 
CVTP~, M PH V vs .  SCE 1 I d log ia -- ~ ( ' E u 2 ) ~ ,  A log ia -- i 

z t]z, /zA V vs.  SCE 2 h=, ,uA ht, /~A 

0.1 3.75 0.34 
4.40 0.35 
5.15 0.38 
6.15 0.40 
6,65 0.44 
7.60 0.47 

0.02 3.75 0.31 
4.40 0.31 
5.05 0.35 
5.60 0.38 
5.10 0.37 
7.30 0.43 

0.005 3.48 0.28 
4.02 0.28 
4.45 0.29 
4.88 0.31 
3.53 0.31 
5.80 0.36 

0.104 1.77 0,75 0.120 1,50 3.27 
0.102 1.59 0.84 0,114 1,44 8.03 
0,084 1.05 0,85 0.114 1.37 ~,.42 
0.080 0.57 0.90 0.130 0.99 1.56 
0.078 0.45 0.95 0.150 0.78 1.23 
0.068 0.50 1.02 0.142 0.70 1.20 
0,098 1.50 0.72 0,130 1.89 3.39 
0.099 1.41 0.78 0.120 1.62 3.03 
0.094 1.02 0.70 0,122 1.49 2,51 
0.080 0.62 0.84 0.122 1,20 1.S2 
0.088 0.55 0.89 0.123 1.10 1.65 
0.080 0.45 0,97 0.132 1�9 1AT 
0. lOl 2.21 0.57 0.120 2.40 4.61 
0.099 1.72 0.71 0.124 2.14 8.86 
0.121 1.26 0.71 0.126 1.78 3.04 
0.095 1.10 0.72 0.134 1.60 2.70 
0,Ii0 1.05 0.82 0.140 1.20 2.25 
0.095 0.98 0.86 0.138 1.10 2,05 

of Tr i ton X-100 < 0.003%. This phenomenon  can be 
a t t r ibu ted  to the  s lower e lect ron t rans fe r  in the  elec-  
t rode  reduct ion  in the  presence of sur face-ac t ive  sub-  
stance. Therefore  the  de te rmina t ion  of the  kinetic  
pa rame te r s  of e lec t rode  reduct ion  was car r ied  out. 

The plots of Ed.e. V8. log i / ( i d  - -  ~) were  found to be 
good s t ra ight  lines, bu t  the  mean  slope for the  series is 
75 • 5 mV (Table  VI) .  The t e m p e r a t u r e  coefficient of 
the  diffusion cur ren t  is 0 .824 /~  and the  va lue  of 
i , t / h  1/2 is 0�9 • 0�9 at p H  5.0, These da ta  show tha t  
a l though the  e lec t rode  react ions  are  dif fusion-con-  
t rol led,  the  process is not  revers ible .  

The correc ted  r eve r s ib l e  h a l f - w a v e  po ten t ia l  E1/2 ~ 
for  a quas i - reve r s ib le  sys tem can be expressed by  the  
fol lowing re la t ion  (15) 

Thus, by  plot t ing [Ed.e. - -  R T / n F  In id --  i / i ]  against  i 
and by  ex t r apo la t ing  i t  to $ = 0, the  E~/2 r can be ob-  
ta ined  (Fig. 5). 

The degree  of i r r eve r s ib i l i t y  of the  e lect rode r educ -  
t ion is expressed b y  Eq. [9] (15) 

[ Z = anti  Iog10 2.303 R T  (E1/2r - -  Ed.e.) 

The s t andard  ra te  constant  ks and t ransfe r  coefficient 
can be de te rmined  by the fol lowing equat ion 

1.13 Do 1/2 
log (Z --  1) = log 

k~ "k/td 

(1 - = ) n F  
+ (E1/~ r - Ed.~.) [10] 

2.303 R T  

Table VI. Polarographic characteristics and kinetic 
parameters of uranyI-DTPA chelate 

(1.O m M  (UO~(C10~)~. O.IM DTPA,  O.15M NaC]O~ 
and 0~ Tr i ton  X-100) 

pH 

~ d . e .  

t 
--E1/2, --~1/s r, /d, A log 

V vs�9 SCE V vs. SCE #A i~ -- 
ks X I0 s, 

crn/seo 

4.45 0.325 0.305 3.42 0.081 0.40 3.68 
5.25 0.360 0.344 2.80 0.081 0.40 3.80 
5.50 0.302 0.354 2,64 0.075 0.43 3.13 
6�9 0.400 0.397 1.50 0.072 0.44 3,08 
6.50 0.400 0.415 1,43 0,075 0.42 3.33 
6.60 0�9 0.416 1.44 0.075 0.41 3.09 
7.35 0.440 0.418 1.38 0.074 0.40 2.72 
8.40 0.500 0.495 0.96 0.071 0.43 2.29 

where  td is the  drop time, Do is the  diffusion coefficient 
of oxidized form�9 

Equat ion [10] shows tha t  the  plot  of log (Z --  1) v s .  
(E1/~ ~ ' -  Ed.e.) should give a s t ra igh t  l ine and the 
value  of ks and a can be obta ined  f rom the  in tercept  
and the slope of the  plot  (Fig. 6). The da ta  obta ined 
at  var ious  pH values  are  l is ted in Table  VI. 

4.0  

3.6 

3 .2  

< 

2 .8  

.# 
2.4 

2.0 

1.6 

/x 

0.004 0,005 0,006 0.007 0.008 0.009 0.0 I 

% Triton X-tO0 

Fig�9 4. Effect of Triton X-100 on the total limiting current of 
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UO~(CIO4)~, 0.1M DTPA, 0.15M NoCIO4, and 0.002% Triton 
X.lO0 at pH 6.6. 

The ks values  were  found to be of the  o rder  of 10-~ 
cm/sec,  which indicates  tha t  the e lect rode reduct ion  
is quas i - revers ib le  (16). As the  pH increases, ks was 
found to decrease,  showing that  the  i r r eve r s ib i l i t y  in-  
creases wi th  increas ing pH value.  The adsorpt ion  of 
sur face-ac t ive  substance on the  dropping  m e r c u r y  
e lect rode inhib i ted  the  react ion ra te  and  resul ted  in 
the  increase  of i r revers ib i l i ty .  The  t rans fe r  coefficient 

was found to be 0.42 • 0.02 (Table  VI) .  
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Cation Transport Numbers in Molten AgNOs-AgCI Mixtures 
by Pressure-EMF Measurements 

H. E. Townsend . I  and Paul Duby .2 

Department of Metallurgy and Laboratory Sot Research o~ the  Structure of Matter, 
University oJ Pennsylvania, Philadelphia, Pennsylvania 19104 

ABSTRACT 

The pressure-emf ,  o r  difference in e lect rode potent ia l  which resul ts  f rom 
a hydros ta t ic  p ressure  difference, was measured  in mol ten  sal t  cells  r e p r e -  
sented schemat ica l ly  as 

Ag  (s) /AgNO3,  AgC1 (1) [P1]/ /AgNO3, AgC1 (1) [P2] /Ag (s) 

containing 0-42.8 m / o  AgC[, from 200 ~ to 260~ Measurements  of this  effect, 
which  depends  on the  difference be tween  anion and cat ion inabil i t ies,  ind i -  
cate  tha t  the  cat ion t r anspor t  number  increases  wi th  increas ing AgC1 content  
or  wi th  decreas ing tempera ture .  Because of the  smal l  differences be tween  
anion mobil i t ies ,  the p re s su re -emf  alone is shown to provide  a good a p p r o x i -  
mat ion  to a l l  three  ion const i tuent  t r anspor t  numbers  ir~ this  system. 

It  has been repor ted  p rev ious ly  (1) tha t  a p ressure -  
emf can be measured  in fused salts  by  apply ing  a 
pressure  difference be tween  two  elect rode compar t -  
ments  separa ted  b y  a porous d i aphragm and  by  re -  
cording the changes in po ten t ia l  difference be tween  
two ident ical  meta l l ic  e lectrodes in equi l ib r ium wi th  
the  same electrolyte .  Equat ions  have been der ived  (2) 

* Elect rochemical  Society  Ac t ive  Member .  
P re sen t  address :  H o m e r  Research  Laborator ies ,  Be th l ehem Steel  

Corporat ion,  Be th lehem,  Pa.  
P r e sen t  address :  H e n r y  K r u m h  School of Mines,  Columbia  Uni -  

vers i ty ,  N e w  York,  N.  Y. 
K e y  words :  cat ion t r anspor t  numbers ,  mol ten  salt mix tu res ,  p res -  

su re -emf ,  s i lver  n i t ra te  mel ts ,  s i lver  chlor ide  mel t ,  t r anspor t  n u m -  
ber. 

which show tha t  this  p r e s su re - e mf  is a l inear  funct ion 
of the  mass  t r anspor t  numbers  of the  var ious  com- 
ponents  re la t ive  to an ex te rna l  reference f rame such 
as the  cell  or the  d iaphragm.  Al though  the  theo ry  in 
genera l  applies to any  electrolyte ,  the  exper imen t s  
have so far  been l imi ted  to single fused salts, and  only 
the  resul ts  on s i lver  n i t r a te  have  been r epor t ed  in 
deta i l  (3). The present  pape r  descr ibes  a s imi lar  in-  
ves t igat ion which has been ca r r i ed  out  wi th  mol ten  
mix tu res  of s i lver  n i t r a t e  and s i lver  chloride.  

In  the  genera l  case of a cell, a t  un i form t e m p e r a t u r e  
and composit ion,  conta ining a m ix tu r e  of c e lementa l  
components  ( ion const i tuents) ,  one of which  (denoted 
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by  subscr ip t  1) is oxidized or reduced  at  e i ther  of the  
two ident ica l  electrodes,  i t  can be easi ly  shown (2) 
tha t  as a consequence of Saxon 's  re la t ion,  a the  p res -  
su re - emf  is given by  the  fol lowing equat ion 

c ~ 

= [1] 
A'p F L " - ~ - I  "{- = Yk iZk[ ]zkl Zl 

where:  AE is the  e lect r ica l  potent ia l  difference which 
is caused by  the  hydros ta t ic  pressure  difference AP; F 
is the  F a r a d a y  constant  (96,487 coulombs) ;  V1 and zl 
a re  the  pa r t i a l  mo la r  volume and the  oxida t ion  number  
of the const i tuent  of the  e lec t ro ly te  which  reacts  at  
the  electrodes;  Vto is the  pa r t i a l  mola r  volume of the  
same const i tuent  in the  e lect rode phase;  ~k and Zk are  
the  pa r t i a l  molar  volume and the oxida t ion  number  of 
the  remain ing  e lementa l  components  which  const i tute  
the  e lec t ro ly te  and which  can be de te rmined  by  chemi-  
cal analysis.  

Tk is the  equiva lent  mass t r anspor t  n u m b e r  of the  
component  k re la t ive  to an ex te rna l  re fe rence  frame,  
and it is defined as the  number  of equivalents  of the  
e lementa l  component  which  would  be t r anspor t ed  
across the  d i aph ragm per  f a r a d a y  of e lec t r ic i ty  dur ing  
an electrodiffusion exper iment .  The t r anspor t  numbers  
are  a lgebra ic  numbers ,  posi t ive for a t r anspor t  t oward  
the cathode, and the  sum of the i r  a r i thmet ic  values  
equals  one. 

As discussed prev ious ly  (2), these definitions, which 
lead to the  above equat ion by  a s t r a igh t fo rward  t h e r -  
modynamic  calculation,  do not  requi re  any  knowledge  
or any  assumpt ion concerning the  ionic species ac tua l -  
ly  presen t  in the  melt .  The t r anspor t  numbers  a re  
macroscopic quant i t ies  tha t  descr ibe  the  to ta l  fluxes 
resul t ing  f rom all  possible  t r anspor t  mechanisms.  

The p re s su re -emf  equat ion has been  der ived  b y  the  
appl ica t ion  of theories of t he rmodynamics  of i r r e v e r -  
s ible processes and Onsager ' s  rec iprocal  relat ion.  I t  
requi res  only the  assumpt ion  tha t  the  t r anspor t  n u m -  
bers  and pa r t i a l  molar  volumes r ema in  constant  wi th in  
the  range  of electr ic  field and hydros ta t ic  pressure  
g rad ien t  across the  f r i t t ed  disk, and  these  condit ions 
are  easi ly  verif ied exper imenta l ly .  I t  is also assumed 
for the  purpose  of der iv ing  the equat ion tha t  the  chem-  
ical  composi t ion and t e m p e r a t u r e  r ema in  uni form 
throughout  the  system. These condit ions are  ac tua l ly  
fulfilled, even wi th  a m ix tu r e  as the  e lectrolyte ,  be -  
cause the  p re s su re -emf  can be  measured  ve ry  fast  and 
because,  w i th  a su i tab le  measur ing  device, no apprec i -  
able cur ren t  is d r awn  f rom the cell  so tha t  no t r anspor t  
of ma t t e r  occurs and no concentra t ion grad ien t  bui lds  
up. 

Equat ion [1] is r ead i ly  appl ied  to a mix tu re  of s i lver  
n i t ra te  and  si lver  ch lor ide  wi th  two meta l l ic  s i lver  
electrodes.  Si lver ,  chlorine,  and the n i t r a t e  group are  
the  obvious choices as the  e lementa l  components,  and 
the oxida t ion  numbers  a re  + 1 for  the  s i lver  and --1 
for the  chlor ine  and ni t ra te .  Thus, for the  cell  which 
can be schemat ica l ly  r ep resen ted  as 

Ag( s ) /AgNO3,  A g C I ( I )  [ P i ] / / A g N O s ,  
AgC1 (1) [P~] /Ag (s) 

the p r e s su re - emf  for un i form t e m p e r a t u r e  and com- 
posi t ion is g iven b y  

AE 
- F .  = VA~ + T ~ o a V ~ o s  + ~C, VAgCl [2] 

AP 

Experimental 
The pressure-emf ,  or  difference in cel l  po ten t ia l  r e -  

sul t ing f rom a pressure  difference be tween  the  elec-  
trodes,  has been measured  by  cont inuous ly  record ing  
the  vo l tage  of the  cell  descr ibed above  and not ing  the  
changes tha t  occur as the  difference in hydros ta t ic  

3 See,  fo r  e x a m p l e ,  G. N.  L e w i s ,  lVL Randa l l ,  K .  S. P i t ze r ,  a n d  L.  
B r e w e r ,  " T h e r m o d y n a m i c s , "  2nd  ed. ,  p. 458, M c G r a w - H i l l  B o o k  
Co.,  New Y o r k ,  N. Y. (1961). 

pressure ,  AP = P 2  --  P1, is a l t e rna te ly  appl ied  and r e -  
leased. A glass f r i t  separa tes  the  two e lec t rode  com- 
pa r tmen t s  and al lows the p ressure  difference to be 
ma in ta ined  for finite t imes;  10-15 see is usua l ly  a l lowed 
to apply,  measure ,  and re lease  a given pressure  differ-  
ence. Voltage changes were  recorded  wi th  a Ke i th l ey  
150 mic rovo l tme te r  (10 T ohms input  res is tance on the 
10 ~V range)  and a Bausch and Lomb VOM-5 recorder  
which  were  ca l ibra ted  af ter  a series of measurements  
at a pa r t i cu la r  t e m p e r a t u r e  by  use of a Ke i th l ey  260 
(be t te r  than  ___0.05 ~V for a 10 ~V output)  nanovol t  
source. The technique  employed  was  wi th  some  minor  
changes ident ica l  to tha t  p rev ious ly  descr ibed  in  de ta i l  
in connect ion wi th  the  measuremen t  of p r e s su re -emf  
in pure  rholten salts  (3). The modifications which  were  
made  as a m a t t e r  of expe r imen ta l  convenience and do 
not appear  to change the  resul t s  include the  use of 
s i lver  wi re  e lectrodes secured by  Teflon seals, ins tead 
of s i lve r -p la t ed  tungs ten  wi re  e lectrodes sealed in 
glass, and fine (4-5#) r a the r  than  med ium (10-15~) 
poros i ty  f l i t t ed  glass disks. 

The p re s su re -emf  has been s tudied in AgNOs-AgC1 
mix tures  of five composit ions (0.057, 0.117, 0.232, 0.345, 
0.428 equiva len t  f ract ion AgC1) at  t empera tu re s  ex-  
t ending  f rom the I iquidus ( ind ica ted  by  the  l e f t -hand  
t e rmin i  of the l ines on Fig. 1) to the  useful  l imi t  of 
the  Teflon seals, about  260~ F o r  each composition, 
measurements  were  t aken  in a r andom sequence of 
t empera tures .  At  each t e m p e r a t u r e  which was held 
constant  wi th in  ~-I~ by  immers ion  of the  cell  in a 
mol ten  P b - S n  bath,  we pe r fo rmed  20-30 ind iv idua l  
measurements  of the  potent ia l  changes a t t end ing  the 
appl ied  pressure  differences which  ranged  f rom 5 to 70 
cm Hg. The direct ion of flow was reversed  on a l te rna te  
measurements .  P lo ts  of the  potent ia l  changes, AE, 
against  the cor responding  pressure  differences, AP, 
typ ica l ly  resul t  in s t ra igh t  lines, the  slopes of which  
are  the  pressure-emf ,  AE/AP. S t a n d a r d  deviat ions of 
these slopes were  genera l ly  wi th in  the  range  0.05-0.15 
~V/atm. This scat ter  is r e la ted  to changes in the  slope 
of the  background  dr i f t  ( to ta l  background  genera l ly  
less than  200 ~V) which  accompany  the  flow of sal t  
under  the  appl ied  pressure  difference. Typica l  r ecord-  
ings of the  changes in cell  po ten t ia l  as the  pressure  is 
appl ied  and re leased  as wel l  as addi t iona l  expe r imen ta l  
detai ls  are  given e lsewhere  (3, 11). 

The minus  sign on the AE/AP values  measured  in 
this  inves t igat ion indicates  tha t  in al l  cases the  elec-  
t rode  at  the  h igher  p ressure  became more  anodic on 
appl ica t ion  of the  p ressure  difference. 

The salt  mix tu re s  were  p repa red  f rom Baker  r eagen t -  
g rade  salts, which  were  fused, mixed,  and fi l tered 
pr ior  to p lac ing wi th in  the  cell. 

Results and Discussion 
The measurements  of p r e s su re -emf  for  mix tu res  of 

AgNOs-AgC1 are  summar ized  in Fig. 1. At  each corn- 
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Fig. 1. AE/AP vs. temperature for various compositions. Mole 
fractions of AgCI are respectively: (2) 0.057, []  0.117, �9 0.232, 
A 0.345, �9 0.428. 
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constant with composition. 

position (except at NAgCl = 0.428, where only one tem- 
pera ture  was studied) there  appears to be a slight de- 
crease in  the absolute value of AE/AP with increasing 
temperature.  The l ines drawn through the points at 
each composition were constructed by  a least squares 
fit. 

At those compositions for which measurements  were 
performed at the greatest n u m b e r  of temperatures,  it 
was observed that  measurements  (those which deviate 
most from the  least squares lines of Fig. 1) at the first 
few temperatures  differed by several  s tandard devia-  
tions from the least squares lines. Af ter  the ini t ia l  
measurements ,  however, the results which followed 
seemed to fit more closely to the downward sloping 
line. Accordingly, one might  be justified in reject ing 
the ini t ial  data on the basis of a possible systematic 
error. 4 We have chosen not  to do this because (a) only 
a few measurements  were performed for two of the 
compositions and (b) the salient results  of this study, 
namely,  the composition dependence at constant  tem- 
pera ture  of the pressure-emf and of the t ranspor t  
numbers ,  are largely unaffected. 

At a given temperature,  the value of pressure-emf 
increases markedly  with increasing concentrat ion of 
AgC1. Figure  2 clearly shows the increase of ~E/~P 
relat ive to the pure salt value (3) as AgC1 concentra-  
t ion is increased at 230~ The error l imits associated 
with each point are based on the s tandard deviat ion 
calculated from the dis t r ibut ion of the data about the 
least squares lines of Fig. I. 

The composition dependence of aE/~P can now be 
considered in relat ion to mass t ranspor t  in this system. 
An  average anion mass t ransport  number ,  x*- ,  can be 
defined as 

1 
"~* -- = ( .SNO3 VAgNO3 -{- .SC1 VAgC1) [ 3 ]  

Vm 

where V,~ = NA,No3 VAgNOS + NAgCi VAgCl is the equiv-  
alent  volume of the mix ture  and NAgCl and NAgNO3 are 
the equivalent  fractions of those components. This al- 
lows Eq. [2] to be wr i t t en  as 

~E 
- -  F = VAg + .s*- Vm [4] 

~P 

The broken line shown in Fig. 2 is a plot of Eq. [4] 
where the assumption has been made that ~*- remains 
unchanged as AgCI is added to pure AgNOs. The slight 
upward slope reflects the decrease in Vm (4) with in- 
creasing NAgcl. The measured values occur significant- 
ly above this line, thus indicating that the average 
anion mass transport number decreases with increas- 
ing concentration of AgC1. 

4 S ince  s im i l a r  b e h a v i o r  w a s  n o t  o b s e r v e d  in e x p e r i m e n t s  w i t h  
p u r e  AgNOa (3), w e  s u s p e c t  t h a t  i n c o m p l e t e  m i x i n g  in t h e  case  of  
t h e  in i t ia l  m e a s u r e m e n t s  w i t h  m i x t u r e s  m a y  he  a poss ib le  s o u r c e  o f  
e r r o r .  
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Fig. 3. Mass transport numbers vs. composition, t = 230~ - - . s * -  
calculated from Eq. [4 ] ;  . . . .  (I - -  .s* - ) .  e ,  �9 pure salt 
values of mass transport number (ref. 3) of Ag + and N O 3 - ,  
respectively; O xAg; [ ]  .SNO3; A .sO]; - - - - - -  ~*--  NAgNO3 (nega- 
tive slope) and ~ * -  NAgc1 (positive slope). 

The decrease in  T*- with increasing AgC1 is shown 
explicit ly in  Fig. 3, where the solid l ine has been 
d rawn through values computed from Eq. [4]. Cor- 
respondingly,  there is an increase in the average cation 
mass t ransport  number ,  ,* +, defined by 

�9 s*+ = 1 + .s*- [5] 

shown at the top of Fig. 3. 
The average anion mass transport number can be 

related to those of the elemental components by 

VAgC1 
~N03 ~--- •*--  J~rAgNO3 - -  ~ b - ~  

V~ 
[6] 

T~-TAgNO 3 
TCl = ~*-  NAgCl + r 

V~ 
where 

r ~--- TCI NAgNO3 - -  TNO3 N A g C I  [7] 

The function ~b is a measure of the difference between 
the mobilities of the two unlike elemental components 
with the same oxidation number in a binary common- 
ion mixture. It is often used to summarize results such 
as those of a Hittorf experiment (5, 6), a measurement 
of liquid junction potential (7, 8), or a measurement 
of the potential of a gravity cell (4), which all depend 
on that difference and are related to the function r 
For the system AgNO3-AgC1, it has been previously 
shown that r is quite small (4) (less than 0.03), which 
indicates that the values of the mobilities of the two 
anionic elemental components are nearly equal in these 
ranges of composition and temperature. Thus, the last 
term in Eq. [6] may be neglected as a first approxima- 
tion, allowing computation, within a reasonable degree 
of precision, of .sNO3 and .scz, as well as .sAg from 

�9 SAg -- .Sr~Os -- .SCl = i [8] 

Values of .SNO3 and .sci that result from neglecting 
the last terms in Eq. [6] are plotted as the two lower- 
most dashed lines in Fig. 3. Exact values of elemental 
component mass transport numbers, .sAg, XNOs, and .scl, 
which have been computed without approximation 
using Eq. [4] and [6], with the experimental values of 
~b (4), are also shown on Fig. 3 with the associated 
uncertainties. Within the cumulative uncertainty, the 
exact values are coincident with the approximate 
quantities which have been inferred from the pressure- 
emf measurements alone, assuming equal anion mobili- 
ties. Thus, the approximations 

"SAg = 1 + .s*- 
xNoa = ~*-  NAgNO~ [9] 

.SC1 ~--- .S*-- NAgC1 
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are  qui te  sat isfactory;  and this  sys tem as wel l  as 
others  (8, 9), for which  ~ has been de te rmined  to be 
smal l  re la t ive  to the  precis ion wi th  which  it can be 
measured,  a re  amenable  to descr ip t ion  in t e rms  of a 
single mass  t r anspor t  number ,  ~*- ,  de t e rmined  by  the 
r e l a t ive ly  s imple  expe r imen t a l  technique  of p ressure -  
emf. 

Wi thout  necessar i ly  invoking  any microscopic model  
one can define e lec t r ica l  mobi l i t ies  which  correspond 
to the  quant i t ies  T*- and z*+ as 

A 

F 
[10] 

A 

F 
where  A is the  equiva lent  conductance.  These mobi l i -  
t ies have  been ca lcula ted  at  10-degree in terva ls  by  use 
of ava i lab le  conduct iv i ty  da ta  (10) and are  shown in 
Fig. 4 for  each of the  composit ions studied. Al though  
the  slope dU* +/dT is g rea te r  than  dU*-/dT, the  f rac -  
t ional  ra te  o f  increase  is g rea te r  for U * - ,  a fact  which  
is significant for two reasons.  Firs t ,  it  indicates  tha t  the  
average  cat ion mass  t r anspor t  n u m b e r  

U*+ 
�9 *+ - =  [11] 

U* + --  U * -  

is decreas ing wi th  t empera tu re .  Second, it  indicates  
tha t  the  act ivat ion energies  for e lec t r ica l  t ranspor t ,  
which can be deduced f rom an Ar rhen ius  plot  of these 
mobil i t ies ,  a re  la rger  for anion t ranspor t .  A t r end  of 
decreasing anion mobi l i ty  and hence increas ing ac t iva-  
t ion energy  wi th  increas ing  concentra t ion  of AgC1 is 
also evident  in Fig. 4. 

At  a l l  t empera tu re s  the  values  ca lcula ted  for U*+ 
are  ident ica l  up to 0.232 AgCI as shown on Fig. 4. How-  
ever,  wi th in  expe r imen ta l  unce r t a in ty  (about  5%, cf. 
Fig. 3), i t  would  be possible  to assume that,  wi th  in-  
creasing concentra t ion  of AgCI. a l inear  increase  in 
U*+ occurs s imul taneous ly  wi th  the  decrease in U * - .  
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Fig. 4. Apparent mobilities vs. temperature. Mole fractions of 
AgCI are respectively: O 0.057; [ ]  0.117; �9 0.232, A 0.345; 
�9 0.428. The continuous and the interrupted lines represent U * -  

, and U*+ ,  - - - ,  for NAgcl = 0.345. Values of U*+ for 
0.057 and 0.117 are coincident with that at 0.232. 
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On the  basis of the  re la t ive  anion mobi l i t ies  as wel l  
as the  concentra t ion  dependence  of conduct iv i ty  and 
the t he rmodynamic  proper t ies  of these mixtures ,  i t  has 
been prev ious ly  suggested (4) tha t  the  process of m ix -  
ing mol ten  AgNO3 and AgC1 could be descr ibed  in 
te rms of the  fo rmat ion  of r e l a t ive ly  low-mobi l i t y  
m i x e d  anionic complexes,  the  s implest  example  of 
which  is C1AgNO~' .  The  resul ts  of this  invest igat ion,  
no tab ly  (a) the  decrease  in combined  anion mobi l i ty  
(as shown in Fig. 3 and 4), and (b) the  l a rge r  (abso-  
lute)  va lue  of ac t iva t ion  energy  for anion mobil i t ies ,  
m a y  be consistent  wi th  tha t  point  of view. 

The re la t ionship  of i tem (a) above to a model  of 
mixed  anionic complexes  is obvious enough, pa r t i cu -  
l a r ly  when  one notes tha t  the  values  of ~NO3 and Tc~ 
seem to approach the same value at NAgCI ~--- NAgNO3. 
Item (b) could be related to the same phenomenon in 
that an additional activation energy is required for 
thermal dissociation of the complex species as they 
are formed to an increasing extent with increasing 
NAgc]. However, any models of complex ion formation 
based solely on macroscopic transport and thermody- 
namic information will admittedly remain quite specu- 
lative until further information such as self-diffusion, 
x-ray, and spectroscopic data become available. 

One might also inquire as to the generality of the 
phenomenon of decreased average mobility for the 
noncommon elemental components in common-ion 
binary mixtures exhibiting negative heats of mixing. 
Additional transport measurements in other systems 
would be useful in this regard. 
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Thermodynamics of Molten Silver Chloride-Alkali 
Chloride Solutions by Electromotive Force Measurements 

A. D. Pelton and S. N. Flengas* 
Department ol Metallurgy and Materials Science, University oF Toronto, Toronto 5, Ontario, Canada 

ABSTRACT 

Electromotive force measurements have been made using the reversible 
formation cell 

Ag t AgCl-a lkal i  chloride I graphite, Cl 2 
(l iquid) 

Various aspects of the cell design are discussed. Measurements  were of suffi- 
cient precision to give the concentrat ion dependence and the magni tude  of the 
excess free energies, enthalpies, and excess entropies of mixing in the AgC1- 
AC1 (where A = Na, K, Rb, or Cs) systems. The results are discussed in terms 
of covalent bonding in mol ten silver chloride. A simple semiquant i ta t ive  
"dual  bonding" model is developed in which "ionic" and "covalent" si lver 
coexist. 

A knowledge of the thermodynamic  properties of 
mol ten AgCl-alkal i  chloride mixtures  is of importance 
in the unders tanding  of the fundamenta l  properties of 
simple fused salt systems. Accurate enthalpies of mix-  
ing in  these systems are avai lable from the calori- 
metric  measurements  of Hersh and Kleppa (1). Sev- 
eral authors have studied the AgCI-LiC1 (2, 3), AgC1- 
NaC1 (4-7), and AgC1-KC1 (7-9) systems using elec- 
trochemical formation cells. This work is reviewed by 
Dijkhuis et aL (10). Recently, Guion et al. (7) have 
made some measurements  in the AgC1-CsC1 system. 
Such measurements  in the AgC1-RbC1 system have 
not been reported. From these results, the magni tude  
of the free energies of mix ing  are knovcn with reason- 
able accuracy in these systems. However, asymmetry  
terms in the concentrat ion dependences of the free 
energies of mixing  are at best poorly defined. The 
temperature  dependences of the measured emf's are 
of sufficient precision to give only a very  approximate 
est imate of the excess entropies of mixing. A knowl-  
edge of the excess entropies of mixing  is of pr ime im-  
portance in  unders tand ing  the solution properties of 
these mixtures.  In  the present  investigation, measure-  
ments  of the emf's of formation cells of the following 
type were made 

Ag I AgCI-AC1 ] graphite, C12 

(where A = Na, K, Rb, or Cs). The measurements  
were of sufficient precision to permit  the calculation 
of not only the magni tudes  but  also the asymmetr ies  
in the concentrat ion dependences of the excess free 
energies, enthalpies, and excess entropies of mixing  in 
these systems. 

Experimental 
A quartz cell was used. A diagram of this cell is 

shown in  Fig. 1. The inner  quartz crucible was filled 
to a depth of about 1 ~ in. with the melt. The cell was 
surrounded by a grounded Inconel  metal  sheath and 
placed in a tube furnace. Temperatures  were read 
with a cal ibrated chromel-a lumel  thermocouple placed 
as shown in  Fig. 1. In  a p re l iminary  exper iment  in 
which another  identical thermocouple was placed in 
the melt, it was found that  the thermocouple in  the 
thermocouple well read the melt  tempera ture  correct 
to wi thin  about 0.5~ and also that  the tempera ture  
gradients over the 1 �89 in. depth of the melt  were of 
the order of 0.5~ The total error in temperatures  re-  
ported is probably  about  _+I~ The cell emf and the 

* Electrochemical  Society Act ive  Member.  
K e y  words:  silver chloride, alkali  chlorides (sodium chloride, 

potass ium chloride, rub id ium chloride, cesium chloride),  mol ten 
salts (fused salts), format ion cells, chlorine electrode, silver elec- 
trode, thermodynamics .  
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thermocouple output  were tested for induced pickup 
from the a-c field of the furnace windings by  taking 
readings as the furnace  was switched off and on. With 
the Inconel  sheath grounded, no detectable pickup was 
observed. 

A silver electrode of 99.9+% pur i ty  and of ~ in. 
diameter  welded to a 0.040 gauge silver lead was used. 
The cell emf was independent  of depth of immersion 
provided that the electrode was immersed deeper than  
about  1/4 in. Only  a very small  amount  of dendri te  for- 
mat ion was observed on the silver after operat ing the 
cell for a period of two to three  days. However,  if a 
finer gauge silver electrode were used, more dendri tes  
formed, and cell voltages were sl ightly less stable. 
Possibly, the larger silver wires, having  higher 
thermal  conductance, tend to have smaller t empera-  
ture gradients  along their  lengths. 

The graphite used in  the chlorine electrode was 1/s in. 
diameter  special spectroscopic "SPK" graphite  from 
National  Carbon Company. The graphite  rods were 
pretreated by being held at 900~ a l ternate ly  for 12 hr 
under  vacuum and under  an atmosphere of chlorine 
for a total  of 48 hr. A smal l  amount  of ta r - l ike  im-  

Ag wire 
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Fig. 1. Experimental cell 
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pur i ty  was removed in  this manner .  The chlorine used 
was Mathesofl "high puri ty"  grade. The chlorine was 
passed over magnes ium perchlorate before being ad-  
mit ted to the cell. It was found that  saturat ion of the 
melt  with chlorine could be achieved without  the 
necessity of bubbl ing  the chlorine through the melt. 
An  a r rangement  as in  Fig. 1 wi th  the C12 inlet  tube  
ending 1 cm above the melt  was used. 

Of major  importance in  the present  cell design is the 
"asbestos diaphragm" which separates the two elec- 
trode compartments  and prevents  the diffusion of 
chlorine to the silver electrode (11). Briefly, these 
diaphragms are made by  t ight ly rol l ing a small  s t rand 
of asbestos string, firing it to a white ash, and then 
collapsing 6 m m  quartz tubing  around it  with tweez- 
ers. Very fine capil lary channels  result. Cell resistances 
of 1000 to 20,000 ohms were obtained wi th  these dia- 
phragms. No noticeable at tack of the silver electrode 
after  several days of operat ion was noticed. Most other 
investigators have used quartz fri ts or capil lary tubes 
as diaphragms, with cell resistances of about  50 ohms. 
It  is believed that  the very  stable cell voltages in the 
present  s tudy are, to a large degree, a result  of these 
high resistance asbestos diaphragms. 

Reagent grade AgC1, NaC1, and KCI were used. The 
CsC1 (Fisher) was of 99.9% puri ty,  and the RbCI 
(Matheson) was of 99-}-% purity.  All  salts were dried 
under  vacuum and with dry HC1 gas at 400~ in the 
case of AgC1 and at 550~ for the alkali  chlorides. All  
salts were stored in  a vacuum dessicator. 

In  a typical  experiment ,  the quartz crucible was 
filled with the salts and, with the silver electrode in 
place, the outer cell was capped with a rubber  stopper 
and the salts were melted under  vacuum. If mel t ing  
was not done under  vacuum, cell voltages would be 
slightly less stable for the first 24 hr, possibly because 
of the effect of dissolved oxygen on the silver electrode. 
After  fusion had occurred, dried purified argon was 
admitted to the outer  cell, and the inner  cell, contain-  
ing the proper amount  of salts, was quickly lowered 
into place. After  2 min, when  the salts in  the inner  cell 
had melted, the graphite electrode assembly was 
lowered into place and the inner  cell was quickly 
flushed with dried argon. Cell voltages were found to 
be slightly more stable if about 12 hr were allowed to 
elapse before readings were taken. 

The chlorine electrode compar tment  was flushed with 
chlorine at a high flow rate. After  about  1 hr  the cell 
voltage would be stable. Thereafter,  readings were 
taken  with the C12 flowing at about 25 ml /min .  Volt-  
ages were independent  of flow rate. The cell emf was 
measured with a Leeds and Nor thrup K3 potent i -  
ometer. All  voltages reported in this work are in  ab-  
solute volts. No appreciable condensat ion of salt in the 
upper  par t  of the apparatus was observed, and so 
volat i l i ty of the salts is not  a problem at the tempera-  
tures employed in  these experiments.  

The C12 pressure in the cell was measured with a 
manometer  filled with H2SO4. The pressure was about  
3 mm Hg above barometr ic  because of the exit bubble r  
heads. All  readings reported were corrected to a C12 
pressure of 1 s tandard atmosphere (1.01325 x 105 new-  
t on -m-S) .  Voltages measured would remain  stable to 
• mV for several hours. Response to tempera ture  
changes was immediate.  Voltages were reproducible 
on repeated heat ing and cooling cycles as shown 
later. All  cells were subjected to a polarization test in 
which about 1 mA was passed through the cell for 
about 1 min  in each direction using an externa l  dry 
cell. Cell voltages would r e tu rn  to wi th in  0.1 mV of 
their previous values wi th in  15 sec after the external  
dry cell was disconnected. 

Pressure dependence.raThe response of the  cell to 
changes in chlorine pressure was studied. This was 
done previously, but  only over the l imited pressure 
range  of 760 to 1050 m m  Hg, by  Wachter  and Hilde- 
brand (12) who observed the expected Nernst  be-  
havior. 

The chlorine pressure was controlled by mix ing  the 
C12 wi th  dry purified argon. Chlorine and argon flow 
rates were measured using Gi lmont  "RGI" spherical 
float flowmeters which were calibrated for the specific 
gases with a soap-bubble  column. Chlorine pressures 
from 1.0 to 10 -1 a tm could be determined with an 
accuracy of about --+5%, and from 10-1 to 10-3 atm 
with about _15% accuracy. Calculations show, then, 
that  an accuracy of about •  mV at higher  C12 pres-  
sures and about +__6 mV at the lowest Ch pressures 
should be obtained at the tempera tures  of the experi-  
ments.  At the lowest CI~ pressure, when  the Ar flow 
rate was very high, some of the gas mix ture  was bled 
off before reaching the cell so tha t  the total  flow rate 
through the cell was about  50 ml /min .  Flow rates were 
kept steady to about __+2% for the dura t ion of a mea-  
surement  using needle valves. 

Five pressure-dependence studies were made, three 
with pure  AgC1 electrolyte at different temperatures,  
and two with fair ly dilute solutions of AgC1 in NaC1. 
No hysteresis was observed on increasing and de- 
creasing pressure cycles. The cell voltage responded 
very  quickly to the presure  changes. Steady voltages 
were obtained wi th in  about 15 min  of a flow rate 
change, which is about  the t ime one would expect to 
be required for the gas phase to reach equil ibrium. 
Results are shown in Fig. 2. Theoretical  l ines calcu- 
lated from the Nernst  equat ion are also shown. Results 
are wi th in  the error l imits expected from the accura- 
cies of the pressure measurements .  

Several  authors (4, 8, 13-15) have noted that  pre-  
t rea tment  of the graphite  electrode (usual ly  with C12 
at high tempera ture  as in the present  s tudy)  is neces- 
sary for the a t t a inment  of stable voltages. It has been 
suggested that  the p re t rea tment  is necessary to satu- 
rate the graphite with chlorine. However, the rapid 
response of the cell emf to changes in C12 pressure as 
observed in the present  s tudy would indicate that  sat-  
ura t ion is no problem. Perhaps the main  effect of the 
pre t rea tment  is to oxidize impuri t ies  (such as un -  
graphitized binder)  in  the graphite. Several  of these 
authors have also stated that  a pre-electrolysis step 
was sometimes required to achieve stability. This was 
not required in the present  study. 

E 

hJ 

0 -O.5 -IO -q,5 -2.0 

LOgjo%2 

Fig. 2. Results of pressure-dependence studies. Lines shown are 
calculated from the Nernst equation. 
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Thermoelectric correction.--The correction for the 
voltage of the Ag-C couple was determined by mea-  
suring the voltage of a cell in which the contact be-  
tween the silver and the graphite was made with a 
silver wire  instead of the molten electrolyte. Results 
are shown in Fig. 3. Voltages were quite reproducible 
on continued heat ing and cooling. Carbon is negative 
to silver at the cold junct ion,  and so the thermoelectric 
potential  opposes the emf of the cell. The voltages are 
very nonl inear  with temperature.  Voltages as mea-  
sured by Hamby (16) are also shown in Fig. 3. Panish 
et at. (4) do not give their  correction, but  state that  it 
was "from 1-9 mV" over the tempera ture  range of in-  
terest, which is close to the values obtained in the 
present  study. Li tera ture  values (17) give the voltage 
of the Ag-C couple as varying  from 1.2 to 2.6 mV from 
500 ~ to 900~ It would appear that these values are 
questionable. 

The equation of the curve shown in Fig. 3, as ob- 
tained by a least squares analysis  is 

V (mV) = 4.36 -- 0.08802T + 0.01288T in  T [1] 

where  T is in Kelvins. This thermoelectric correction 
only affects the absolute values of E o for the formation 
of pure  AgC1, and does not, of course, affect the differ- 
ential  solution properties. 

Results 
Formation potential, E o, of pure AgCl.- -The forma- 

tion potential, Eo, of pure AgC1 was determined in 
three separate experiments.  Results as shown in Fig. 4 
are not corrected for the thermoelectric potential.  
These results were obtained on several heating and 
cooling cycles. 

Recent measurements  in  this laboratory (18) indi-  
cate that  the heat capacity, Cp, of l iquid AgC1 is 13.7 
cal /K-mole .  Using this value along with l i terature  
(19) values of Cp for Ag and C12, ACp for the reaction 

Ag + VzC12 ~ AgClaiq) [2] 

was calculated as 

ACp = 4.2 -- 2.07 (10-2) T ca l /K-mole  [3] 

where T is in Kelvins. ( In the present  work, 1 calorie 
is defined as 4.1840J.) Therefore, from the relat ionship 

~Cp = n F T (  02 E~ ) [4] 
\ OT22 
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Fig. 4. Formation potential of pure AgCI (uncorrected for thermo- 
electric potential). 

(where n = 1 for reaction [2] and F is the Faraday  
constant) it may  be shown that  the expected funct ional  
form of Eo is 

E~ ---- A + BT + 0.182TINT -- 4.48(I0-5)T 2 [5] 

~ - - -  Pre~en~ 5luCy 

�9 I . . . .  Hamby (16) 

2O0 4O0 eO0 800 
T ( ~  

Fig. 3. Thermoelectric potential of the Ag-C couple 

The 39 data points from t he  three experiments  were 
fitted by a least squares method to an equation of the 
form of Eq. [5], giving 

Eo(mV) = 1227.0 -- 1.5973T 
+ 0.182TINT -- 4.48(10-5)T2 [6] 

The s tandard deviat ion was 0.57 mV, and only one 
point deviated by  more than 1.0 mV from the line. The 
curvature  of the exper imenta l  curve is thus in very 
good agreement  with that  predicted on the basis of 
heat capacity measurements .  In  Fig. 4 are shown the 
exper imental  points and the fitted curve. Values 
shown in Fig. 4 are uncorrected for the thermoelectric 
effect, and the curve shown is Eq. [6] with Eq. [1] 
subtracted from it. 

Hamer et al. (20) calculated E o from thermochemical  
data. If Hamer 's  calculations are corrected by  taking 
Cp for l iquid AgC1 as 13.7 (instead of 16.0 as used by 
Hamer) ,  then the thermochemical  curve of E ~ vs. T is 
very close to the curve measured in the present  s tudy 
and is near ly  paral lel  to it. This is shown in  Table I. 
Agreement  between the present  results and E o values 
measured electrochemically by other authors (4, 7, 11, 
13, 14, 21) is also reasonable.  Values taken from Send-  
eroff and Mellors' (13) curve are listed in Table I. 
Much of the discrepancy be tween  the present  results 
and those of Senderoff and Mellors probably  results 
from their  use of the l i tera ture  (17) values for the 
thermoelectric correction. Values measured by  Flengas 
and Ingraham (11) by  extrapolat ing emf's measured 
in concentrat ion cells are also shown in Table I and 
are in  good agreement  with the present  values and 
also with the thermochemical  data. 

Table I. Formation potentials, E ~ of pure AgCI (mV) 

SOO~ 600~ 700~ SO0~ 900~ 

P r e s e n t  s t u d y  900.4 873.6 848.0 823.3 799.4 
T h e r m o c h e m i c a l  896 869 844 819 794 
S e n d e r o f f  and  

Mel lo r s  (13) - -  868.4 842.1 815.8 789.5 
F l e n g a s  and  

I n g r a h a m  (11) ~ - -  845 820 795 
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AgCl-alkali chloride solutions.--Cell potentials, E, 
were measured with electrolytes at several composi-  
tions in the AgC1-AC1 systems (where A = Na, K, Rb, 
and Cs). Values of (E -- E o) were calculated for each 
experimental  point using Eq. [6] for E o. The results 
are shown in Fig. 5 (a -d ) .  The points shown for any 
one experiment  were obtained during at least one, and 
usual ly  two, heating and cooling cycles. In all  cases, 
the points were  wel l-f i t ted by straight lines. Least 
square l ines are shown in Fig. 5 (a-d) ,  and the equa- 
tions of the l ines are g iven in Table II along with  the 
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mean and m a x i m u m  deviations for each line. The 
mean deviation is never greater than 0.5 mV, and the 
average m a x i m u m  deviation is about 0.6 inV. 

For a few compositions in the "eutectic wells" of the 
systems, it was possible to measure values  of E at tem-  
peratures below the mel t ing  point (455~ of pure 

Table II. Linear least squares fits for (E - -  E ~ vs. temperature at compositions in AgCI-alkali 
chloride systems (1 cal ---- 4.1840J) 

XA~e~, mole E -- E ~ mV Mean clev, Max dev, ~EAHCl, ~AgCI, ~EAgoI at 
System fraction (T = ~ mV mV cal/K~ cal/mole 800~ cal/mote 

AgCI-NaCI 0.0515 --72.0 + 0.2875T 0.4 0.6 0.74 1661 870 
0.1032 - -54 .2  + 0 .2163T 0.2 0.6 0.47 1251 741 
0 .1043 - -49 .5  + 0 .2101T 765 
0 .2058 - -45 .5  + 0 .1553T 0.2 0.4 0.44 1050 579 
0.3580 --24,9 + 0.0968T 0.1 0.I 0.19 574 368 
0.5080 -- 12.8 + 0.0625T 0.2 0.5 0.I0 294 191 
0.7073 - -6 .4  + 0 .0331T 0.3 1.0 0.07 147 67 
0.8548 --5.2 + 0.0182T 0.3 0,9 0.11 119 4 

AgC1-KC]  0.0300 67.3 + 0 .2952T  0.1 0.1 - - 0 . 1 6  - - 1 5 5 3  - - 1 3 8 2  
0.0999 53.5 + 0.1981T O.l 0.I --0.01 --1233 --1224 
0.2013 49.6 + 0.1324T 0.1 0.2 --0.13 --1143 --1001 
0.3497 34.2 + 0 .0862T 0.3 1.0 - - 0 . 1 0  - - 7 8 8  - -681  
0.4994 21,2 + 0 .0572T 0.3 0.6 - -0 .06  - - 4 8 9  - - 4 2 5  
0.6992 9.7 § 0.0290T 0.3 0.6  --0.04 --225 --180 
0.8505 --2.7 + 0.0188T 0.3 0.5 0.11 61 --58 

AgC1-RbCI  0.0297 120.2 + 0 .2796T 0.2 0.4 - -0 .54  - -2771  - - 2 1 9 1  
0.0997 111.2 + 0 .1750T 0.3 0.6 - - 0 . 5 5  - - 2 5 6 4  - - 1 9 7 8  
0.1999 90.6 + 0.1198T O.l 0.3 --0.44 --2089 --1622 
0.3509 63.6 + 0 .0766T 0.3 0.6 - -0 .31  - - 1 4 6 7  - - 1 1 2 9  
0 . 5 0 0 7  33 .5  + 0 . 0 5 3 6 T  0 .3  0 .5  --0.14 - - 7 7 2  - - 6 2 3  
0.5995 20.0 + O.O407T 0.1 O.1 - -0 .08  - - 4 6 2  - - 3 7 7  
0.7007 10.7 + 0 .0299T 0.1 0.4 - -0 .02  - - 2 4 7  - - 2 2 9  

AgCI-CsC1 0.0292 171.4 + 0 .2703T 0.2 0.3 - -0 .79  - - 3 9 5 3  - - 3 1 0 7  
0 . 0 8 6 1  1 5 6 . 0  + 0 . 1 8 2 6 T  0 ,4  0 .6  - - 0 , 6 6  - - 3 5 9 6  - - 2 8 8 6  
0.1989 127.0 + 0.1154T 0.3 0.7 --0.55 --2929 --2341 
0.3575 95.6 + 0.0632T 0.5 1.4 --0.59 --2205 --1575 
0.5132 54.3 + 0.0407T 0.5 0.9 --0.39 --1252 --837 
0.7082 25.9 + 0.0142T 0.5 1.0 --0.36 --598 --212 
0.8497 2.5 + 0.0142T 0.4 1.1 O.OO --58 --62 
0.8501 3.6 + O.OI22T 0.3 0.5 --0.04 --83 --38 
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AgC1. From these values of E, and values  of (E --  E ~) 
extrapolated using the l inear equations in Table II, it 
was  possible to calculate E o values for pure supercooled 
liquid AgC1 at temperatures  down to about 275~ Cal- 
culated values of E ~ lay close to the curve obtained by 
extrapolating Eq. [6]. The disagreement  was  about 3 
mV at 275~ wi th  the extrapolated curve ly ing below 
the calculated points. 

In Table II, the partial molar excess  free energy of 
mix ing  of AgC1, ~GEA~ci, aS calculated from the fitted 
line, is l isted for each composit ion studied at 800~ 
Also l isted are the partial molar  enthalpy and excess  
entropy of mix ing  of AgC1, aH---Agcl and ~SEAgCl, calcu-  
lated from the temperature  dependence of (E -- Eo). 
These two properties are temperature  independent 
within exper imenta l  accuracy since the ( E -  E o) 
curves  are l inear within experimental  accuracy. (For 
the composit ion at XA~Cl ----- 0.1043 in the AgC1-NaC1 
system, there are only  two  data points, and it was  felt 
that the slope of this l ine is not sufficiently we l l  de-  
fined for partial enthalpies and excess  entropies to be 
calculated.) 

For each system, the three partial properties l isted 
in Table II were  fitted, using a least  squares technique,  
to power  series of the form 

AFAgC1 ~ -  a X 2 A c I  --}- b X 3 A c I  --~ CX4ACI -~- �9 . .  [ 7 ]  

where  AFAgc~ is the partial property in question, and 
XACl is the mole  fraction of alkali  chloride. The fitted 
equations and mean  and m a x i m u m  deviation for each 
fit are given in Table III. These fits are discussed in 

detail below. Also in Table III are the fitted equations 
for AG~A~cl at 700~ for each system. 

Excess free energies oF mixing.--Values of AGhAst1 
at 800~ and of the quantity,  }'G~Agcl/X2Acl, for the 
four systems are plotted in Fig. 6 (a -d )  along with  the 
fitted curves. 

It must  be remembered  w h e n  examining the plots 
Of AGEAgCI/X2Acl, that dividing aG~Agc} by X2ACI great-  
ly  magnifies the discrepancy between  the fitted curve 
and the experimental  points when  XACl is small.  When 
Xacl --~ 0.3, for instance, errors are magnified about 
e leven t imes more  than when  XAcl ---- 1. The least 
squares fit is done on the values of AG~Agcl, not on the 
values of AGEAgcI/X2Acl. 

In the AgC1-NaC1 system, aG~Agcl is positive,  and in  
the AgC1-KC1, AgC1-RbC1, and AgCI-CsC1 systems,  
~G~A~Cl is negative.  From the  plots of AGEAgcl/X2.~Cl 
for the present study, it is seen that 2-coefficient power 
series fits are justified in the NaC1 and KC1 systems,  
and 3-coefficient fits are justified in the  RbC1 and CsC1 
systems.  Values measured by other authors (4, 7, 8) 
are also shown in Fig. 6 (a, b, d) .  [Points shown in Fig. 
6b from the work  of Murgulescu and Sternberg (8) 
were  corrected from lower temperatures  to 800~ using 
partial molar enthalpy data as measured in the present 
study.]  The present study is the first w o r k  in which it 
has been possible to define the second and third co- 
efficients in the power series expansion [7] for aG~AgCl. 

In order to show clearly the magnitude of  the devi -  
ations from ideality in these  systems,  the activities of 
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AgCl, calculated from the fitted free energy curves  in 
Table III, and the activit ies  of alkali  chloride, calcu- 
lated analytical ly from the Gibbs-Duhem equation 
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using the method of Margules (22) in the form pro- 
posed by the present authors (23),  are plotted in Fig. 
7 for al l  four sys tems  at 800~ 

Enthalpies of mix /ng . - -The  values of AHAgcl and of 
the quantity, AI'~AgC1/X2Ac1 ,  a r e  plotted in Fig. 8 (a -d)  
along wi th  the fitted curves. Values measured electro-  
chemical ly  by Guion et al. (7) are also shown.  Values 
calculated from the data of Panish et aL (4) or of 
Murgulescu and Sternberg (8) are too scattered to be 
meaningful .  

Enthalpies of mix ing  are posit ive in the AgC1-NaC1 
system,  and negat ive  in the other sys tems  studied. 
From the plots of M-/Agct/X2Acl, it is seen that in all  
sys tems  a 2-coefficient power  series fit is justified. 
(Remember  that errors in AH-AgCl/X2AcI are greatly 
magnified at lower  values of XAel.) 

Table III. Least squares fits for partial molar properties of mixing 
of AgCI vs. composition in AgCI-alkali chloride systems 

(1 cal = 4.1840J) 

M e a n  M a x i -  
d e v i -  m u m  

S y s t e m  a b c a t ion  d e v i a t i o n  

AC-BAgCl at AgC1-NaC1 677 298  8 19 
300~ e a l / m o l e  A g C I - K C I  - - 1 9 7 3  518 8 16 

AgC'I-RbCI - - 1 4 7 9  - - 3 5 4 9  2759 14 25 
A g C I - C s C I  - - 9 5 5  - - 8 1 4 4  5913 15 28  
A g C I - N a C I  690 361 8 19 
AgC1-KCI  - - 2 0 2 7  567 8 1 6  
AgC1-RbC1 - - 1 4 2 2  - - 3 9 0 8  3006 15 27 
AgC1-CsC1 - - 1 5 2 3  - - 7 0 9 5  5347 15 35  
AgC1-NaC1 768 1043 60 120 
AgC1-KC1 -- 2345 776 50 110 
AgC1-RbC1 - - 3 7 7 3  758  8 0  90 
AgCI-CsCI  --  6957 2876  60  I00  
AgC1-NaCI  0.060 0.701 0.06 0.11 
AgCI-KC1 -- 0.340 0 .233 0 ,05  0.12 
AgC1-RbCI  --  0 .7~4 0 .127 0 .04  0.05 
AgC1-CsC1 - -2 .508  1.619 0 .07  0 .19  

AG~AgCl at  
700~ e a l / m o l e  

AHAgC t ,  
c a l / m o l e  

A S ~ A g C  I ,  
c a l / K - m o l e  

a ,  b ,  e are coeff ic ients  of  the  p o w e r  ser ies  e x p a n s i o n s  as  in  Eq.  
[ 7 ] .  
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ment  between the present work  and that  of Hersh and 
Kleppa (1),  it would  seem that these values  are more 
trustworthy. 

Excess entropies of mixing.--Values of ASEAgCI are 
plotted in Fig. 10 (a, b) along with the fitted curves. 
Excess entropies of mix ing  are posit ive in the AgClo 
NaC1 system, and negat ive  in the  other systems studied. 
The points were fitted by 2-coefficient power series. 
Points as measured by  Guion et al. (7) are also shown. 

In Fig. l l a  are plotted integral excess entropies of 
mixing. ~S ~, calculated analytically from the present 

XAgCI 

Fig. 7, Activities of AgO and of alkali chloride (ACI) at $00~ 
vs, composition in AgO-alkali chloride systems. 

Curves calculated from the calorimetric data of 
Hersh and Kleppa (1) at 660~ are also shown in Fig. 
8 (a-d) .  Hersh and Kleppa used a 3-coefficient fit to 
their data in the CsC1 system and 2-coefficient fits in 
the other systems. Agreement  between the present 
results and the calorimetric data is very  good. In Fig. 
9, the integral  molar enthalpies of mixing,  ~H, as mea-  
sured by Hersh and Kleppa (1) and as calculated 
analyt ical ly  from the present data using the Gibbs- 
Duhem equation are compared. Values of ~/-/0.5 (at 
XAgcl = XAcL = 0.5) are in agreement wi th in  100 cal. 

Calorimetric measurements  made in this laboratory 
(24) are in good agreement in magnitude wi th  the 

curves in Fig. 9 for the AgC1-KC1 and AgC1-RbC1 
systems. However,  the reported asymmetries,  whi l e  of 
the same sign, were much greater than those measured 
in the present work or in the work of Hersh and 
Kleppa. In the AgCI-CsC1 system, a value  of AH0.~ of 
--1600 cal was reported, and this is not in agreement 
with the curves in Fig. 9. In v i e w  of the good agree- 
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results  using the Gibbs-Duhem equation. In Fig. l l b  
are plots of ~S ~ calculated by using the integral hH 
values at 660~ of Hersh and Kleppa (1) along wi th  
integral  excess  free energies  of mixing,  AG E , calcu- 
lated analyt ical ly  from the present results  using the 
equations for aG~Agct at 700~ in Table III. Values of 
hS~o.5 (at XA~cl = XACl = 0.5) in Fig. l l a  and Fig. 
l l b  are in agreement  to within 0.1 ca l /K-mole .  The 
sign of the a symmetry  is in agreement  for each sys-  
tem. Al l  the sys tems  in which  ASE is negative  have 
asymmetr ies  of the same sign, and the asymmetr ies  
of AG E, 5H, and AS E are of the same sign within any 
one sys tem of the four. 

Discussion 
From Fig. 12 it can be seen that there is an approxi-  

mate  l inear relationship be tween  hH0.5 and hSEo.~ for 
the four systems studied. Furthermore,  the l ine passes 
approximately  through the origin. Hersh and Kleppa 
(1) measured ~H0.5 for the AgC1-LiC1 sys tem at 6600C 
as being -t-490 cal, and this is in the expected direction. 
By  combining the emf  measurements  of Panish et al. 
(3) at 700~ wi th  the calorimetric  data, hS~0.5 was  cal- 
culated as being almost  exact ly  0.00 for the LiC1 sys-  
tem, whereas  in Fig. 12 a value of hS~0.~ = -t-0.13 is 
predicted. The difference is probably within  experi -  
mental  error l imits,  but also it may  be that, as in many  
other comparisons of properties involving the alkali  
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Fig. 10a. Partial molar excess entropies of mixing of AgCI vs. 
composition in the AgCI-NaCI and AgCI-KCI systems. (Lines shown 
are least squares fits.) 
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of mixing values at XAgct = 0�9 in AgCI-alkali chloride systems. 
�9 Both AHo.5 and ASE~.5 from temperature dependences of cell 
potentials in present study; C) AH0.5 from calorimetric (1) data. 
ASE0.5 by combining electrochemical free energies and calorimet- 
ric enthalpies (as in Fig. l lb). 

halide series, the very  small  size of the Li + ion causes 
anomalous behavior. 

Reiss, Katz, and Kleppa (25) have developed a con- 
formal  solution theory for mol ten salts having a cou- 
Iambic- type interionic pair  potential.  Essentially, the 
theory is concerned  with a dimensional  analysis of the 
part i t ion funct ion and predicts the funct ional  re la t ion-  
ship between the enthalpies of mix ing  and the ionic 
radii. The theory has been shown (1) to expla in  the 
observed t rends in  various ni t ra te  systems, and also, 
with an addi t ional  t e rm to account for van  der Waals-  
London energy between nex t -neares t  neighbors, the 
theory has been shown (1) to account for the entha l -  
pies of mixing  in solutions of alkali  halides. Large dis- 
crepancies be tween theory and exper iment  resulted, 
however, when  Hersh and Kleppa (1) a t tempted to 
explain their  values of AH in the AgCl-a lkal i  chloride 
systems. This is evidence, then, that  the bonding in 
AgC1 systems has a large covalent character. 

The concept of covalent  bonding in such solutions 
was discussed earlier by  Thurmond  (26) as an ex-  
planat ion of the enthalpies of mixing  in the AgBr-  
alkali  bromide mixtures  observed by Hi ldebrand and 
Salstrom (27). AH is positive in the AgBr-LiBr  and 
AgBr-NaBr  systems and is negative in the AgBr-KBr  
and AgBr-RbBr  systems, and in all  cases the magni -  
tude of AH0.~ is very close to the value in the corre- 
sponding chloride system. Thurmond  suggested that  
there is a resonance between covalent and ionic Ag-Br  
bonds�9 If there is a small  cation with a high field 
s trength such as Li + or Na + on the other side of the 
bromine,  then  the resonance is disturbed, resul t ing in 
a higher energy for the solution. If however, there is 
a large weak cation such as K +, Rb +, or Cs + next  to 
the bromine, the silver can more easily form strong 
covalent bonds with the bromine,  resul t ing in  a nega-  
tive enthalpy of mixing. 

Using the quasichemical method in the m a n n e r  dis- 
cussed by  FCrland (28), it may  be shown easily that  
the negat ive excess entropies of mix ing  observed in 
the present  s tudy in  three systems are much too nega-  
t ive to be explained by simple ordering on the cation 
lattice. And such ordering will not, of course, explain 
the positive values of AS E in the AgCI-NaCI system. 
However, in view of Thurmond's (26) explanation for 
the AH values, it seems reasonable that the positive 
and negative AS E values might also be explained as 

resul t ing from a decrease or increase in  covalency on 
mlxmg. 

Simple "'dual bonding" modeL--In order to make 
these ideas at least semiquanti ta t ive,  a simple struc-  
tura l  model for these systems wil l  be developed. 

A very  similar  model has recent ly  been  proposed 
(29), with much success, to expla in  the thermodynamic  
properties of mol ten MgC12-alkali chloride mixtures.  
The essentials of the model for these systems are that  
there are two bonding configurations for magnes ium 
in solution and in  pure  MgC12, with some of the mag-  
nes ium existing as free Mg ~+ cations, and some exist- 
ing in MgC142- complexes. Also, the energy of forma-  
tion of a complex was shown to depend on the type 
of cation in  its first coordination sphere. 

In  the AgC1-AC1 systems, then, it is proposed that  
some of the silver exists as "ionic" silver, and some 
exists as "covalent" silver. Let a be the fraction of 
silver which is "covalent." I t  is assumed that  the two 
types of silver can exchange positions with each other 
and with alkali  cations on cation sites. ( In  this sense 
the present model differs from the model used for the 
MgC12 systems in  which the MgC142- complexes ex- 
changed positions with C1- anions.) 

Possibly, in view of the atomic orbital  s t ructure  of 
silver, and from exper imenta l  evidence in  aqueous and 
in di lute mol ten salt solutions (30), the "covalent" 
silver could be considered to form covalent bonds to 
two chlorine neighbors through sp digonal  hybr id  
orbitals. However,  it is not necessary to know the 
precise na ture  of the "ionic" and  "covalent" bonding. 
This is why these terms are placed in quotation marks. 
It is only necessary that  there be two types of bond-  
ing configurations avai lable to a silver on a cation site, 
so that  two silver ions, one in each type of configura- 
tion, become dist inguishable statistical entities�9 

In  one mole of solution, XAC I moles of A + ions, aXAgc1 
moles of "covalent" silver, and (1 -- ~)XAgcl moles of 
"ionic" silver ions are randomly  distr ibuted over the 
cation sites. The mult ipl ici ty,  1% of one mole of solution 
is thus given by  

No! 
a = [8] 

(XAcIN ~ [ (aXAgCIN ~ [ ( (i -- a) XAgCIN ~ ! 

where N ~ is Avogadro's number. The configurational 
entropy, S, of one mole of solution is then given by 

S = k In ~ = -- R [XAcl In XAC I -~- ~XAgCI In (aXAgcl) 
+ (1 - -  a ) X A g C l ~ q  (1  - -  a ) X A g C I ]  [ 9 ]  

where k is Boltzmann's  constant, and Stir l ing 's  ap-  
proximat ion has been used. R is the ideal gas constant. 

If ~o is the value of ~ in pure AgC1, then the molar  
configurational entropy, S~ of pure AgC1 is given 
by setting XAgCl = 1 in Eq. [11] such that  

S%gc l=  ~ R [ a ~  ~  ( 1 - - n  ~ In ( 1 - - a o ) ]  [10] 

For pure AC1, the configurational entropy, SoACl, is 
zero. Assuming that  v ibra t ional  contr ibut ions to the 
entropy of mixing may  be neglected, the ent ropy of 
mixing,  AS, is g iven by  

/kS = S -- XAgCIS~ [11] 

The leading term in the expression for the enthalpy 
of mixing is assumed to arise from the changes in bond 
character on mixing and, as in the model for the MgCI2 
systems, terms resulting from residual coulombic and 
polarization interactions not accounted for in the first 
term are neglected. 

Let Act be the molar energy change for the following 
process occurring in pure AgCI 

[12] Ag ("ionic") Ag ("covalent") 

Let Ae2 be the molar  energy change for the same pro-  
cess occurring at infinite di lut ion in alkali  chloride 
solvent. As discussed earlier, the energy change of this 
process will  depend on the type of cation in the second 
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coordination shell of the central  silver. Thus, if A + is 
a cation with a high field s t rength such as Li + or Na +, 
it would be expected that  Ae2 > Ael, and if A + is K +, 
Rb +, or Cs +, then  the weak alkali  cation favors cova- 
]enqy and Ae2 < Ae~. In  general,  the molar  energy 
change, Ae, of process [12] should vary  be tween Aej 
and ~e2 depending on the mole fractions of AgC1 and 
AC1. As a first approximation,  a l inear  variat ion was 
assumed. That  is 

ae : XA~c~ Ae~ -}- XAC~ Ae2 [13] 

Since the pressure-volume work of mixing  is negl i -  
gible, AH of mixing  may be equated to the change in 
in te rna l  energy on mixing.  Since there are aX~gc~ 
moles of "covalent" silver in one mole of solution and 
ao moles in one mole of pure AgC1 

A H  = aXAgc~ (X~gc~ Ae~ -t- XAc~ Ae2) -- a o XAgc~ Ae~ 
[14] 

Let us define 
bt = ~e~ 
b2 = Ae2 -- Ael [15] 

where bt and b~ are the adjustable  parameters  in the 
model and are taken to be independent  of tempera ture  
and concentration.  The parameter  bt is independent  of 
the type of alkali  cation, A +. The parameter  b2 wil l  
have a different value for each b inary  system. Equat ion 
[14] may  be rearranged as follows 

AH : XA~C~ (a -- ~o)b~ ~- aX~c~X~c~ b~ [16] 

The values of a and of a ~ which actual ly occur may 
be calculated as those which minimize  the free energy 
of mixing.  That is, a and a o may  be calculated from 
the equations 

(AG) 0 (AH) 0 (aS) 
- T . . . . .  = o [17] 

O= ~= O= 

o (AG) 0 (AH) 0 (AS) 
---- - -  T = 0 [18] 

a~ o Oao aao 

Subst i tu t ing Eq. [12] and [16] into Eq. [17] and [18], 
performing the differentiations, and rear ranging  terms 
yields the following expressions for a and ~o 

~o = C z / ( 1  + C1) [19] 

= C~C2/(1 + CzCD [20] 
where 

Ct = e x p ( - -  b l /RT)  [21] 

C2 = exp ( - -  XAclb2/RT) [22] 

If  values of bl and b2 are chosen, Eq. [19] and [20] 
may be used to give values of ~ and ao. These values 
may  then be subst i tuted back into Eq. [11] and [16] to 
give numer ica l  solutions for AH and AS at any  com- 
position. 

Numerical  solutions were obtained in this manner .  
Good fits to the exper imental  data in  the four systems 
studied were obtained with bz-------3.5 kcal and b2 
values of --4.5, --3.0, --2.0, and +1.5 kcal in  the CsCI, 
RbC1, KC1, and NaC1 systems, respectively. These 
values of b~ and b~ are reasonable  in view of the physi-  
cal significance attached to them by the model. When 
bz = --3.5 kcal, <~o = 0.836. Values of ~ at various com- 
positions in the four systems are listed in Table IV. 

Table IV. Values 

'JLgC 1 

b:~, k c a l  ~ ,  

--4.5 
( A g C l - C s C 1 )  

- -3 .0  
(AgC1-RbC1)  

--2.0 
(AgCI-KCI) 

+ 1.5 
(AgCI-NaCI) 

of a calculated from the "dual-bonding" model 

(bz = --3.5 keal) 
0.1 0.3 0.5 0.7 0.9 1.0 

0.97 0.96 0.94 0.91 0.86 0.836 

0.95 0.93 0.91 0.89 0.86 0.836 

0.92 0.91 0.89 0.87 0.85 0.836 

0.73 0.'/6 0.78 0.81 0.83 0,836 

Calculated curves are shown in Fig. 13 and 14. By 
comparison with Fig. 9 and 11 it  may  be seen that  the 
AH and AS~ curves are s imul taneously  fitted in magni -  
tude wi th in  the limits of exper imenta l  accuracy (al-  
though AS s calculated for the CsC1 system is probably  
not negative enough) .  The calculated AH curves are 
almost perfectly symmetr ic  (i .e,  parabolic) about 
XAgcl = 0.5. The calculated AS s curves for the KCI, 
RbC1, and CsC1 systems show some asymmetry  in  the 
same direction as the exper imental  curves. For  the 
NaC1 system, AS S is calculated as near ly  perfectly 
symmetric.  

A good fit to AH, as measured by Hersh and Kleppa 
(1), for the AgC1-LiC1 system is obtained wi th  52 = 
-~2.0 kcal. In  this case, ASE0.~ is calculated to be +0.10 
cal /K-mole.  This is as predicted from Fig. 12, but, as 
discussed earlier, there  is evidence that  H e in this 
system may  show anomalous behavior. 

Summary  
A reversible s i lver-chlorine formation cell for use 

in mol ten salt electrolytes has been built .  Voltages are 
highly stable and reproducible.  I t  is believed that  the 
use of a very  high resistance (>1000 ohms) asbestos 
diaphragm between the two electrode compartments  is 
impor tant  in  achieving the observed stability. The de-  
pendence of the cell potent ia l  on chlorine pressure 
from 10-3 to 1.0 atm has been measured. The very  fast 
response of the voltage to changes in chlorine pressure 
indicates that  there is no difficulty in  saturat ing the 
graphite electrode as was previously thought.  

The curvature  of the measured E o vs. T curve is in  
very good agreement  with the thermochemical  values 

+400 b2= +1~ 

~ I 

!.oo 
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..... X I / 
-moo ~ 
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XAqCI 

Fig. 13. Integral molar enthalpies of mixing calculated from the 
"dual bonding" model with bl = --3.5 kcal and for values of b2 
(kcal) shown. 
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Fig. 14. Integral molar excess entropies of mixing calculated 
from the "dual bonding" model with bl = --3.5 kcal and for values 
of b2 (kcal) shown. 
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of hCp for the formation of AgC1, and the curve itself 
is in very good agreement with the curve calculated ~S--EI 
from the thermochemical data. Previously noted dis- 
crepancies between the thermochemical and electro- ~ g c l  
chemical Eo values were the result of the use of an in- 
correct Cp value for liquid AgC1. 

Measurements were made over the total composition Xl 
ranges in four AgCl-alkal i  chloride systems. Excess ai 
free energies of mixing were in reasonable agreement ~Ho.5 
with values measured by other authors where mea- 
surements were available. The precision of the results ~SS0.5 
is such as to give the second and third coefficients in 
the expansions for the excess free energies as power a 
series in the mole fractions. Enthalpies of mixing, can  ~o 
culated from the temperature dependences of the cell ~2 
potential, were of sufficient precision to permit  2-co- No 
efficient fits as power series in the mole fractions. In R 
all  systems, values of AH0.5 (at XAgcl = 0.5) agreed k 
with calorimetric (1) values within 100 cal, and in all S 
systems the asymmetry of aH was also in agreement 
both in sign and magnitude. Excess entropies of mix-  S~ 
ing, calculated from the temperature dependences of 
thece l l  potential, were of sufficient precision to permit  ~e 
the sign of the asymmetry to be determined. Values of 
~S E were also calculated using free energies measured ~e~ 
in the present work, and calorimetric ~H values (1). ~e., 
The two sets of curves agreed within 0.1 ca l /K-mole  bl b~ 
at XAgcl ---- 0.5, and in all cases the signs of the asym- 
metries were in agreement. 

Values of hG E, hH, and hS E were positive in the 1. 
AgC1-NaC1 system and were negative in the AgC1-KC1, 
AgC1-RbC1, and AgC1-CsC1 systems. Within each sys- 2. 
tern, the asymmetries of hG E, AH, and aS ~ were of 
the same sign. 3. 

It has been shown that  the results provide evidence 4. 
for the occurrence of covalency in molten solutions 
containing AgC1. A simple "dual bonding" model for 5. 
these melts was developed in which "ionic" and 6. 
"covalent" silver coexists. With the use of only one 
composition-independent adjustable parameter  for 
each system, and one other adjustable parameter  for 7. 
all the systems taken together, it was possible to simul- 8. 
taneously explain the signs and magnitudes of the 
enthalpies and excess entropies of mixing in all four 9. 
systems and to explain some of the observed asym- 10. 
metrics. 
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T 
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V 
E 
E o 

Cp 

F 
AG ~ 

~H 
AS ~ 

AH~ 

any alkali metal  
temperature in Kelvins 
natural  logarithm 
thermoelectric potential  (mV) 
reversible cell potential (mV) 
reversible cell potential with pure AgC1 elec- 
trolyte (mV) 
heat capacity (cal /K-mole)  
change in heat capacity for a chemical reaction 
(cal /K-mole)  
number of equivalents per mole 
Faraday constant (23.0610 cal /mV-equiv) 
integral molar free energy of mixing (cal /  
mole) 
integral molar enthalpy of mixing (cal/mole) 
integral molar excess entropy of mixing (ca]/ 
K-mole) 
part ial  molar excess free energy of mixing of 
component i (cal/mole) 
part ial  molar enthalpy of mixing of component 

i (cal/mole) 
partial  molar excess entropy of mixing of 
component i (cal /K-mole)  
any of the three par t ia l  molar properties of 
mixing of AgC1 (excess free energy, enthalpy, 
or excess entropy) 
mole fraction of component i 
activity of component i 
integral molar enthalpy of mixing when 
XAgcl ----- XACl ---- 0.5 (cal/mole) 
integral molar  excess entropy of mixing when 
XAgCl ----- XAc, ---- 0.5 (eal /K-mole)  
fraction of silver which is "covalent" in the 
dual bonding model 
value of a in pure AgC1 
configurational multiplici ty of the solution 
Avogadro's number 
ideal gas constant 
Boltzmann's constant 
molar configurational entropy of solution (cal /  
K-mole) 
molar configurational entropy of pure com- 
ponent i (cal /K-mole)  
molar energy change for reaction [12], (cal /  
mole) 
value of he in pure AgCI (cal/mole) 
value of he in pure AC1 (cal/mole) 
~el (cal/mole) 
-~ee -- hel (cal/mole) 
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Electrochemical Behavior of 2-(1-Naphthyl)-S-Phenyl- 
and 2,5-Diphenyloxazole 
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ABSTRACT 

The electrochemical reduction of 2-(l-naphthyl)-5-phenyl- and ~.,5-di- 
phenyloxazole in N,N-dimethylformamide has been studied at platinum and 
mercury electrodes in the presence and absence of proton donors. Polaro- 
graphic,  potentiostat ic ,  vo l tammetr ic ,  and spec t rophotometr ic  techniques were  
employed  in the  study.  Both compounds  are  reduced  v ia  two pola rographic  
steps. The first is a revers ib le  one-e lec t ron  t rans fe r  producing  a s table  anion 
radical .  The second is a revers ib le  one-e lec t ron  t r ans fe r  fol lowed by  r ap id  
protonat ion  of the  dianion (EC process) .  The resu l t ing  pro tona ted  species 
undergoes  a slow i r revers ib le  reaction. Addi t ion  of hydroqu inone  as a source 
of protons enhances the  format ion  of the  long t e rm  electrolysis  product .  

The va lue  of e lec t rochemical  measurements  in the  
e lucidat ion of the ox ida t ion- reduc t ion  behavior  of 
organic compounds is wel l  documented  (1-4).  Adams  
has r ecen t ly  organized  and presented  a lucid descr ip-  
t ion of mechanisms for  the e lec t rochemical  ox ida t ion  
of aromat ic  hydrocarbons  and amines (5). Ba rd  has 
cont r ibu ted  a grea t  amount  of informat ion  to the  
s tudy  of e lectrolyt ic  reduct ion mechanisms of organic 
compounds  (6-9).  Peover  has discussed much of the  
work  in this  a rea  in a r ev iew (10). 

However ,  po larographic  da ta  for f ive-membered ,  
aromat ic  heterocycl ics  in aprot ic  med ia  is ve ry  
sketchy.  There  have been  no e lect rochemical  inves t i -  
gat ions of the  oxazole nucleus, subs t i tu ted  oxazoles or 
re la ted  compounds in aprot ic  solvents.  

We have  unde r t aken  a s tudy  of 2- (1 -naph thy l )  -5-  
pheny l -  and  2 ,5-diphenyloxazole  in N ,N-d ime thy l fo rm-  
amide  (DMF) solvent  in an a t t empt  to es tabl ish a 
mechanism for  the i r  e lec t rochemical  reduct ion.  The 
s tab i l i ty  of reduct ion  in te rmedia tes  and  the na tu re  of 
homogeneous  react ions  of  the  in te rmedia tes  a re  con- 
sidered. Polarographic ,  cyclic vo l tammetr ic ,  po ten t io -  
static, mass electrolyt ic ,  and spec t rophotometr ic  
techniques were  employed  in the  study.  The vo l t a m ,  
metr ic  behavior  of these  compounds  at me rcu ry  and 
p la t inum electrodes in the  absence and presence of 
proton donors is described.  A reduct ion  mechanism 
consis tent  wi th  the e lect rochemical  resul ts  is pos tu-  
lated.  

Results 
Voltammetr~c me thods . - -Bo th  2 ,5 -d ipheny l - ( I )  and 

2- ( 1 - n a p h t h y l ) - 5 - p h e n y l o x a z o l e  ( I I )  exhibi t  two 
wel l -def ined  polarographic  waves  in DMF wi th  0.1M 
t e t r a - N - p r o p y l a m m o n i u m  perch lora te  (TPAP)  as 
suppor t ing  electrolyte .  The po la rographic  ha l f -wave  
potent ials ,  Ez/~'s, are  --2.13V and --2.47V vs. sa tu ra ted  
calomel  e lec t rode  (SCE) for  compound I and --1.88V 
and --2.24 vs. SCE for II. The  diffusion cur ren t  (i~) of 
both waves  of I and I I  var ied  as the  square  root  of the  
height  of the  me rcu ry  head  (h z/2) above the d ropping  
m ercu ry  e lect rode (DME),  indica t ing  tha t  ma te r i a l  
t r ans fe r  to the  e lec t rode  is diffusion controlled.  The  
slope of a plot  of po ten t ia l  (E) vs. log i / ( id- i )  for the 
first wave  is 60 mV for I and  II. 

I I I  

Key  w o r d s :  E l e c t r o c h e m i c a l  r e d u c t i o n  oxazole.  

The cyclic vo l t ammet r i c  behavior  of compound I at  a 
hanging  me rc u ry  drop e lect rode (HMDE) is shown in 
Fig. 1. Voltage excurs ion and reversa l  past  the  first 
po la rographic  wave  at  HMDE yie lds  a vo l t ammogram 
wi th  a subs tant ia l  anodic current .  The  ra t io  of the  
cathodic peak  cu r ren t  to the  anodic peak  cur ren t  
[ ( i p ) c / ( i p ) a ]  is app rox ima te ly  1.0 at  a l l  sweep ra tes  
(v) ,  Table  I. The cathodic peak  potent ia l  to h a l f - p e a k  
potent ia l  separa t ion  [ (Ep)c  --  (Ep)c /2) ]  is 60 mV at 
al l  v and the cur ren t  function ( ( i~ )c /v  z/~) is invar i -  
ant  to changes in v, Table  I. The 60 mV separa t ion  is 
not s t r ic t ly  in accord with  the  theo ry  for  a revers ib le  
one-e lec t ron  t ransfer .  However ,  the  ove r -a l l  behavior  
is indicat ive  of such a process producing  a rad ica l  

-iov 
E (v vs. SeE) 

Fig. 1. Cyclic voltammograms of 2,5-diphenyloxazole at HMDE 
in DMF containing 0.1M TPAP showing sweep range from 0.0Y. All 
solutions were 1 mM in oxazole. Sweep rate was 250 mV/sec in all 
experiments. (a) Excursion and reversal past second wave, (b) for- 
ward excursion held at potential above second peak for 5 sec before 
reversal, (r multicyclic voltammogram showing no current peak 
corresponding to follow-up oxidation current, (d) same as "c" 
with solution 1 mM in HQ. 
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Table h Cyclic voltammetric data for the reduction of compound I and II in DMF at HMDE a 

2 , S - D i p h e n y l o x a z o l e  (I) 

F i r s t  w a v e  S e c o n d  w a v e  

Scan  r a t e  [ (Ep) c -- (E~) c/2] -- (E~) cb (i~) c/V112 -- (E~) c (ip) c / v l l  2 
(V/ ra in )  (mY) (V) (~)c/(~p)a c ( ~  sec-1/2) ~ (V) (p~A sec-1/-')~ 

12.0 60 2.17 1.02 0.17 2.53 0.153 
6.0 60 2.17 1.00 0.18 2.52 0.154 
2.4 60 2.18 1.02 0.17 2.50 0.154 
1.2 60 2.16 0.98 0.18 2.48 0.176 

2 (1 -Naph thy l )  - S - P h e n y l o x a z o l e  (II) 

F i r s t  w a v e  S e c o n d  w a v e  

Scan  r a t e  [ (Ep) r -- (Ep) e/2] -- (Ep) cb (ip) c/vz/z  -- (E~,) c (ip) e/vZ/2 
( V / m i n )  (mY) (V) (i#) e/(ip) a e ( ~  see -1/2) (V) ( ~  see -1/2) ~ 

12.0 60 1.96 -- 0-27 2.37 0.32 
6.0 60 1.94 -- 0,27 2.35 0.40 
2.4 60 1.94 - -  0.29 2.34 0A2 
1,2 60 1.94 - -  0.29 2.34 0.46 

a The  so lu t i on  was  0.1M i n  T P A P .  
b S m a l l  (E~)c s h i f t  p r o b a b l y  d u e  t o  u n c o m p e n s a t e d  iR  drop .  
c Scan  r e v e r s a l  100 m V  p a s t  (E~)c. /~ m e a s u r e d  b y  e m p l o y i n g  t h e  p o t e n t i a l  h o l d  m e t h o d  (14). 

ip m e a s u r e d  b y  e x t r a p o l a t i n g  c u r r e n t  f r o m  f i rs t  peak .  
e A n o d i c  s t i r r i n g  p r e v e n t e d  m e a s u r e m e n t .  

species stable dur ing  the course of the exper iment  
(11). Similar  behavior  is observed for the first wave 
of I at a p lanar  p l a t inum disk electrode (PPDE) ,  
Table II. 

Voltage sweep and reversal  at potentials above the 
second polarographic plateau yields a second cathodic 
peak wi th  no corresponding anodic current  at sweep 
rates up to 500 mV/sec., Fig. 1. The (Ep)c of the sec- 
ond wave shifts approximately  30 mV in a cathodic 
direction and the current  funct ion decreases approxi-  
mate ly  20% with a tenfold increase in v, Table I. This 
behavior  suggests a reversible electron t ransfer  
followed by a rapid homogeneous reaction of the 
radical  species (EC process) (11). 

A second anodic peak current  appears at potentials 
less cathodic than that  represent ing the oxidation of 
the monoanion  radical  if sweep excursion is reversed 
at potentials past the second wave, Fig. la, peak 4. 
This oxidation peak is not present  if the voltage ex- 
cursion is reversed at potentials past only  the first 
cathodic current  peak. Multisweep vol tammograms 
exhibit  no cathodic cur ren t  corresponding to peak 4, 
Fig. lc. The in tensi ty  of the anion radical  oxidation 

Table II. Cyclic voltammetric data for the reduction of compound 
I and II in DMF at PPDE a 

2 ,5 -D ipheny loxaz o l e  (I) 

F i r s t  w a v e  

[ (Ep) e 
Scan  ra te  -- (Ep) c/2] -- (Ep) cb (/o) e /  (ip) c/vl/2 
(V/ra in)  (mY) (V) (ip),o (/zA sec-1/2) 

12.0 60 2.19 1.00 3.2 
6.0 60 2.19 1.90 3.3 
2.4 60 2.18 1.00 3.7 
1.2 60 2.18 1.O0 3.7 

2- (1 -Naph thy l )  - 5 - P h e n y l o x a z o l e  (II) 

F i r s t  w a v e  

[ (E~) e 

Scan  r a t e  -- (E~) r -- (E~) cb (~)  c /  (ip) e/v1/2 
(V/ ra in)  (mV) (V) (/p) a o (/~A sec-1/2) 

12.0 65 1.96 1.00 10.1 
6.0 65 1.94 1.00 10.7 
2.4 65 1.94 1.00 10.5 
1.2 65 1.94 1.00 10.7 

�9 The  s o l u t i o n  was  0.1M in  T P A P .  
b S m a l l  (Ep)c s h i f t  due  to  I m c o m p e n s a t i o n  i R  drop .  

Scan  r e v e r s a l  100 m V  pas t  (E~)c. /p m e a s u r e d  b y  e m p l o y i n g  t h e  
p o t e n t i a l  h o l d  m e t h o d  (14). 

cur ren t  (peak 3, Fig. la)  is markedly  decreased and 
that  of peak 4 is correspondingly increased by pausing 
at potentials above the second polarographic plateau 
before sweep reversal,  Fig. lb.  These observations 
suggest that  fol low-up anodic wave represents  the 
oxidation of a product produced by the EC process 
occurring at the potent ial  of the second wave. The 
absence of a cathodic current  or any  subsequent  oxida- 
t ion-reduct ion couple is consistent with the regenera-  
t ion of s tar t ing mater ia l  at the fol low-up wave. 

Compound II exhibits s imilar  behavior  under  the 
same conditions. Cyclic vol tammetr ic  data  at a PPDE 
and a HMDE for compound II  are given in Tables I 
and II. The differences in  the current  peak potentials 
and the diffusion E1/2 values seem large considering 
the na ture  of the subst i tuents  and suggest differing 
reduct ion mechanisms. However,  analysis of all  the 
exper imenta l  informat ion s trongly indicates similar  
reduct ion paths. 

Potentiostatic method.--The available electrochemi- 
cal data show that  the first polarographic plateau is 
representat ive of a diffusion-controlled one-elect ron 
transfer.  The n u m b e r  of electrons (n) t ransferred at 
potentials above the second polarographic reduct ion 
step can be estimated as 2.0 with reference to the 
ratio of diffusion currents  for the first and second 
polarographic waves. Comparison of slopes of i vs. 
t - l /2  plots corresponding to potentials at the first and 
second polarographic plateaus in  exper iments  carried 
out on a HMDE yields an n va lue  of 1.0 for the second 
wave for compounds I and II. The over-al l  reduct ion 
process carried to potentials  above the second wave 
requires  two electrons. 

The vol tammetr ic  and potentiostatic results suggest 
the following reduct ion mechanism for I and  II  

Firs t  wave 
R ~ -  e -  ~=~ R - 

S e c o n d  wave 
R : ' +  e -  ~=~R = 

R= -~ SH--> R H -  ~ S - 

Regenerat ion wave 

R H - ~  R ~  H + - ~ 2 e -  

Where R is the subst i tuted oxazole and SH is a proton 
source. This mechanism has been suggested by  Bard 
(7) for the electrochemical reduct ion of aromatic azo 
compounds and is analogous to the behavior  exhibited 
by aromatic hydrocarbons (10). 



Vol. 117, No. 9 E L E C T R O C H E M I C A L  B E H A V I O R  O F  O X A Z O L E S  

El~ect of proton donors.--To test the postulate of 
proton addit ion to the dianion, the polarographic and 
vol tammetr ic  behavior  of I and II in  the presence of 
varying amounts  of hydroquinone (HQ) was studied 
(8). The in tens i ty  of the first polarographic wave 
grows at the expense of the second and the second 
shifts toward more positive potentials with increasing 
concentrat ion of HQ. At very high concentrat ions of 
HQ (0.1M) only one polarographic wave is observed. 
The pronounced effect of the HQ is consistent wi th  
the postulated mechanism and ent i rely analogous to 
the behavior  of polycyclic aromatic hydrocarbons in 
the presence of proton donors (10). Hoi j t ink  (12) has 
shown that  this behavior can be explained by the fact 
that  the RH. radical  of an  a l te rnant  aromatic hydro-  
carbon formed by protonat ion of the R 7 ion has a 
higher electron affinity than the parent  compound, R. 
At potentials above the first polarographic wave the 
over-al l  process becomes 

R +  e - ~ R T  

R T + HQ-* RH. 

RH. + e -  -* R H -  

The anodic shift of the second wave wi th  increasing 
HQ is also suggestive of an increasing rate of the 
fol low-up reaction after the second electron transfer.  
Addit ion of HQ has a pronounced effect on the in -  
tensi ty of the product regenerat ion wave observed in 
the cyclic vol tammetr ic  experiments,  Fig. ld. The 
anodic current  decreases on addition of HQ, and at 
concentrat ions as tow as 1 mM the regenerat ion wave 
is not observed. The behavior  suggests a fur ther  i r -  
reversible reaction of the protonated dianion, R H - ,  
possibly of the type 

R H -  + HQ ~ B/-I2 + Q -  

Mass electrolysis.--Mass electrolysis experiments  at 
a st irred mercury  pool working electrode were under -  
taken to fur ther  study the stabil i ty of the proposed 
intermediates  and to investigate possible long term 
reactions. The course of each mass electrolysis experi-  
men t  was monitored with a PPDE in a three  electrode 
configuration in-situ in the electrolysis vessel. Aliquots 
of the electrolyzed solution were removed and u.v. 
spectra were recorded at various t ime intervals.  

Electrolysis of 200 ml  of a 1 mM solution of I in  
DMF at potentials above the first polarographic 
plateau produced a yellow solution containing a para-  
magnetic  species. 1 Electrolysis at this potential  for 6 
hr produced no detectable change in the anodic 
current  of peak vol tammograms corresponding to the 
oxidation of the 2,5-diphenyloxazole anion radical, 
Fig. 2a. No decrease in the in tensi ty  of the u.v. ab-  
sorption of the parent  compound (~,max = 309 m~ in 
DMF) was noted after 6 hr  of electrolysis, Fig. 3b. 
In t roduct ion of trace amounts  of oxygen destroyed 
the yellow color. 

Increasing the electrolysis voltage to potentials 
above the second polarographic wave resulted in a 
purple solution unstable  to oxygen. A peak vol tam- 
mogram of this solution ini t ia ted at potentials above 
the first wave with voltage sweep in  the anodic direc- 
t ion exhibi ted a small  cur rent  peak corresponding to 
the oxidation of the anion radical and  an intense 
anodic current  at the potent ial  corresponding to the 
anodic regenerat ion process, Fig. 2b. Purging  the 
solution with a small  amount  of oxygen and then  
degassing with n i t rogen destroyed the regenerat ion 
anodic current  of a peak vol tammogram with the po- 
tent ia l  sweep ini t iated at potentials above the first 
polarographic plateau, Fig. 2c. This behavior  is con- 
sistent with the postulated radical  na ture  of the EC 
process product. 

1 A n a l y s i s  of  E S R  s p e c t r u m  w i l l  be  r e p o r t e d  l a t e r .  

11,43 

I lO~uo (a) 

(b) 

. ~ ( c )  

o -,!ov -2or -~s 
E(V VS. SCE) 

Fig. 2. Single sweep voltammograms at 250 mV/sec at a PPDE 
of a 1 mM solution of 2,5-diphenyloxazole in DMF undergoing elec- 
trochemical mass reduction at various potentials. (a) Single sweep 
voltammogram initiated at --2.0V; mass electrolysis potential 
- -2 .0V for 4 hr, (b) single sweep voltammogram initiated at 
--2.0V; mass electrolysis potential - -2 .5V for 30 rain. (c) single 
sweep voltammogram initiated at - -2.0V; solution from "b" after 
introduction of trace 02 and then degassing with N2. 

~D 

co 

D 0 

C 0 

0 

0 
390 5~0 3~)0 25O 

WAVELENGTH , m~J 

Fig. 3. (a) U.V. spectrum of 2,5-diphenyloxazole in DMF before 
reduction at a mercury pool electrode, (b) u.v. of solution from "a" 
after mass electrolysis at potential above first wave for 6 hr, (c) 
u.v. of solution from "b" after mass electrolysis at potential above 
second wave for 3 hr, (d) u.v. of solution from "c" after mass elec- 
trolysis at potential above second wave for 8 hr, (e) u.v. of solution 
from "d" after 24 hr of mass electrolysis at potential above the 
second wave. (f) u.v. of 2-(l-naphthyl)-5-phenyloxazole (11) in 
DMF, (g) u.v. of mass electrolysis product of II in ether solvent. 

Continued electrolysis at potentials above the sec- 
ond wave for 3 hr produced a slight decrease in  the 
in tensi ty  of the u.v. absorption of the paren t  corn- 
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pound, Fig. 3c. No u.v. absorption could be detected 
after 36 hr  of electrolysis at potentials above the sec- 
ond plateau, Fig. 3e. These observations suggest that  
the radical  product  of the EC process undergoes a 
slow, i~reversible reaction yielding a product  not 
electroactive at potentials less cathodic than  the first 
polarographic plateau. Mass electrolysis experiments  
a t  a mercury  pool electrode indicate that  compound 
II behaves in a similar  manne r  wi th  the EC radical  
product undergoing a slow chemical reaction. 

The long term electrolysis products of compounds I 
and II were extracted from the electrolysis solutions 
with small  portions of benzene unt i l  the benzene layers 
were clear. The benzene solvent was evaporated under  
vacuum and the brown residue was dissolved in 
ethanol. The solutions were concentrated by evapora-  
tion and then treated with cold anhydrous  ether. 

The product of II melts at 169~ and exhibits a u.v. 
spectrum with a ~max of 287 m~ in ether, Fig. 3g. 
Compound II  exhibits a kmax at 333 m~ in ether. The 
long te rm electrolysis product of I exhibits a kmax at 
276 n ~  in ether while the parent  substance absorbs 
at 305 m~. The u.v. cutoff of DMF does not allow the 
observation of product production from I dur ing elec- 
trolysis. 

Discussion 
Electrochemical data have been presented that in-  

dicate 2,5-diphenyloxazole and 2- (1 -naph thy l ) -5 -  
phenyloxazole are reduced in two polarographic steps 
in DMF solvent. The first is a reversible one-electron 
t ransfer  process producing a stable anion radical. 
Mass electrolysis experiments  indicate that  the anion 
radical does not undergo significant reactions over 
long periods of time. The second reduction step is a 
reversible one-electron t ransfer  process producing a 
dianion which undergoes rapid protonation. The pro- 
tonated dianion product  is oxidizable to the parent  
compound at potentials more anodic than  that  corre- 
sponding to the oxidation of the anion radical. 

The electrochemical reduction mechanism is 
analogous to that  found for polycyclic hydrocarbons 
in aprotic solvents (10). The analogy is interest ing in 
view of the difference in  s tructure of the oxazole 
nucleus and an aromatic hydrocarbon. 

Addit ion of small  quanti t ies of HQ decreases the 
in tensi ty  of the anodic current  corresponding to the 
process 

R H - - ~  R -F H + + 2 e  

This suggests that the product of the EC process, R H - ,  
undergoes fur ther  rapid protonat ion and reduct ion in 
the presence of a proton source. 

The protonated dianion is found to undergo a slow 
chemical reaction even in the absence of HQ. Spectro- 
scopic studies show that the ~-max of the long term 
electrolysis product of each compound is at a wave-  
length less than  that  of the paren t  substance. This 
wavelength shift between the parent  substance and 
the electrolysis product  is consistent with decreased 
conjugation in  the product brought about by sa tura-  
t ion of the oxazole ring. 

Bezuglyi, Shimanskaya,  and Peresleni  (13) have 
studied the electrochemical reduct ion of oxazoles in 
methanol -wate r  solvent. Their  infrared data indicate 
that 2 - (1 -naph thy l ) -5 -phenyloxazo le  is reduced in the 
following m a n n e r  

All  other oxazoles were ,reported to be reduced 
under  similar  conditions to a r ing-opened product via 
a 6-electron process. The lack of fur ther  reduct ion of 
(II) in  methanol -wate r  solvent suggests that  the re- 
duction should proceed no fur ther  in  an aprotic 

medium. The great s imilar i ty  in electrochemical be- 
havior of (I) and (II) in DMF solvent indicates that  
the reduction of both proceeds pr imar i ly  by the above 
mechanism. 

Experimental 
Apparatu~.--The voltammetr ic  experiments  were 

carried out using a mult ipurpose ins t rument  with 
three electrode cell configurations produced by 
Beckman Instruments ,  Inc. The ins t rument  consists of 
a high-speed, h igh- impedance potentiometric recorder, 
and an electrolysis module that incorporates a high-  
gain operational  amplifier with circuits for either 
voltage or current  control. All  u.v. spectra were re- 
corded with a Perk in  Elmer  202 u.v.-visible spectro- 
photometer. 

The p la t inum working electrode (PPDE) consisted 
of a p la t inum disk sealed in a soft glass tube. The 
PPDE was cleaned in hot ni tr ic  acid, washed in dis- 
tilled water, and hydrogen flamed before each experi-  
ment. The area of the electrode was 80 mm 2. The 
HMDE was a mercury  drop suspended on a mercury-  
coated p la t inum wire sealed in soft glass. The auxi l iary  
electrode was a coiled p la t inum wire. The reference 
electrode in all exper iments  was an aqueous SCE con- 
nected to the test solution by means of an Agar plug 
and sintered-glass disk. All  solutions were deoxygen- 
ated with ni t rogen gas which was purified by passage 
over hot copper gauze and then saturated with DMF. 

The mass electrolysis experiments  were carried out 
in a 300 ml vessel at a mercury  pool cathode having 
an area of 28 cm 2. The p la t inum foil anode was 
oriented 1 cm from the cathode pool and was housed 
in a f l i t ted glass chamber. The solution was st irred 
dur ing electrolysis with a s tream of purified nitrogen. 
A Dressen-Barnes regulated power supply was em- 
ployed as a source of constant  potential.  

Chemicals.--Compounds (I) and (II) were obtained 
commercially from Picker Nuclear. They were both 
recrystallized from pure methanol  before use. Com- 
pound (I) melts in the range  70~176 compound (II) 
melts in the range 104~176 Hydroquinone (HQ) 
was obtained from J. T. Baker  Chemical Company 
and was recrystallized from a 50% water  ethylether  
solution. 

Spectroquali ty N,N-dimethylformamide containing 
approximately 0.03% water  was obtained from East- 
man  Organic Chemicals. The solvent was vacuum 
distilled twice from anhydrous  CuSO4 before use. 

Te t r a -N-propy lammonium perchlorate was produced 
by mixing  equal molar mixtures  of t e t ra -N-propy lam-  
monium hydroxide and perchloric acid. The product 
was washed with cold distilled water, recrystallized 
from a 20% acetoni t r i le-water  mixture  and dried 
under  vacuum. The hydroxide was obtained from 
Eastman Organic Chemicals. 

Acknowledgment 
The financial support of The Robert  A. Welch 

Foundat ion  (Grant  No. AO-337) is grateful ly 
acknowledged. 

Manuscript  submit ted Apri l  20, 1970; revised m a n u -  
script received ca. May 13, 1970. 

A ny  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
1. P. H. Given, M. E. Peover, and J. M. Schoen, J. 

Chem. Soc., 1958, 2674. 
2. A. H. Maki and D. H. Geske, J. Chem. Phys., 33, 

825 (1960). 
3. P. H. Reiger, I. Bernal,  W. H. Reinmuth,  and G. K. 

Fraenkel ,  J. Am. Chem. Soc., 85, 683 (1963). 
4. S. Wawzonek and A. Gunderson,  This Journal, 

111, 324 (1964). 
5. Ralph N. Adams, Acc. of Chem. Res., 2, 175 (1969). 



VoL 117, No. 9 ELECTROCHEMICAL BEHAVIOR OF OXAZOLES 1145 

6. K. S. V. San thanam and A. J. Bard,  J. Am. Chem. 
Soc., 88, 2669 (1966). 

7. J. L. Sad le r  and A. J. Bard,  ibid., 90, 1979 (1968). 
8. K. S,. V. San thanam and A. J. Bard,  ibid., 99, 118 

(1968). 
9. J. L. Sad le r  and A. J. Bard,  This Journal, 113, 343 

(1968). 
10. M. E. Peover  in "Elec t roana ly t ica l  Chemist ry ,"  

A. J. Bard,  Editor,  Marcel  Dekker ,  ~ e w  York  
(1967). 

11. R. S. Nicholson and I. Shain,  Anal. Chem., 36, 706 
(1964). 

12. C. J. Hoi j t ink,  J. Van Schooten, E. de Boer, and 
W. Y. Aalbersberg ,  Rec. Tray. Chim., 73, 355 
(1954). 

13. V. D. Bezuglyi ,  N. P. Sh imanskaya ,  and E. M. 
Peresleni ,  Zh. Obshch. Khim., 34, 3540 (1964). 

14. R. Nelson, E. T. Seo, D. Leedy,  and R. N. Adams,  
Z. Anal. Chem., 224, 164 (1967). 

Study of the Fluoride Complexes of Antimony(Ill) 
in Acidic Media by Rapid A-C Polarography 

Evaluation of Complex Ion Systems by A-C Polarography for the 
Quasi-Reversible Electrode Process 

A. M. Bond 
Department of Inorganic Chemistry, University o~ Melbourne, Parkville, 3052, Victoria, Australia 

ABSTRACT 

The antimony (III) -fluoride complex ion system has be~n evaluated from 
data obtained from rapid a-c polarographic measurements. Four complexes 
are indicated to exist with stability constants of 

8'1 = I0 ~ (SbF++), ~'2 = 5 X 10 5 (SbF~ +) 

8'3 ----- 2 X 10 s (SbF~), and ~'4 = 9 X 10 I~ (SbF4-) 

where ~'n values refer Co equilibria of the type Sb s+ + nF- .~- SbFn (3-~)*. 
Before evaluating this system, a detailed study into the nature of the elec- 
trode reaction occurring was undertaken and the conditions necessary for 
convenient polarographic study were ascertained. These conditions, the theory 
and other aspects of using a-e polarography to examine the system, in which 
an a-e quasi-reversible electrode reaction was observed, are considered in 
detail .  

Recent ly  (1),  the  au thor  has shown tha t  r ap id  
polarographic  techniques can be app l ied  to the  de te r -  
mina t ion  of s t ab i l i ty  constants  of meta l  ion complexes.  
In  this  work  i t  was pointed out tha t  the  rap id  method  
should be appl icable  to cer ta in  systems which  could 
not  be s tudied by  convent ional  d-c  po larography.  In  
o ther  cases, where  e i ther  convent ional  or  r ap id  po la r -  
og raphy  could be used, the r ap id  method,  wi th  its 
shor t  cont ro l led  drop  t ime  and fast  scan ra te  of po ten-  
tial,  offers the  advantages  of convenience and consid-  
e rab le  t ime saving. 

To ver i fy  the  usefulness of the  r ap id  polarographic  
method  in the  s tudy of complex  ion systems, a s tudy  
of the  b i s m u t h ( I I I ) - f l u o r i d e  sys tem was u n d e r t a k e n  
(2). This pa r t i cu l a r  sys tem necessar i ly  had  to be s tud-  
ied in acidic med ia  to p reven t  hydro lys i s  of bismuth.  
In  acid media,  and under  the  condit ions for  po la ro-  
graphic  s tudy  of complex  ions, any  fluoride presen t  
must  be in the  form of hydrofluoric  acid (HF) .  H F  is 
especia l ly  corrosive t oward  glass, and convent iona l  
po la rographic  methods  wi th  long drop t imes  and fa i r ly  
slow scan ra tes  of po ten t ia l  cannot  be used because 
the  contact  t ime of the  glass d ropping  mercu ry  elec-  
t rode  (DME) with  the H F  is sufficient for cons iderab le  
corrosion of the  glass DME to occur. The r ap id  po la ro -  
graphic  method,  however ,  because of the  fast  scan 
ra te  of potent ia l  which  can be used, enables  m e a s u r e -  
ments  to be made  in such a short  t ime  tha t  no signifi-  
cant  a t t ack  on the glass DME occurs. In  fact  H F  con- 
cent ra t ions  of up  to 25% can be to le ra ted  b y  this 
method  (3). 

Key words:  fluoride complexes ,  an t imony  (III), q u a s i - r e v e r s i b l e  a -c  
polarography.  

Antimony,  l ike bismuth,  is a lower  m e m b e r  of group 
(V) in the  per iodic  table,  and consequent ly  both these 
e lements  n o r m a l l y  exhib i t  somewhat  s imi lar  chemical  
behavior .  Very  l i t t le,  however ,  is known about  the  
aqueous fluoride chemis t ry  of these two species and 
informat ion  ava i lab le  on the  s tab i l i ty  or na tu re  of 
the  fluoride complexes  formed in solution b y  S b ( I I I )  
or B i ( I I I )  is ve ry  l imi ted  (4). 

I f  in fact  the  e lect rode react ion of S b ( I I I )  at  the  
DME is s imi lar  to B i ( I I I ) ,  then  use of the  r ap id  
polarographic  technique and the  equat ion and condi-  
t ions suggested prev ious ly  for  s tudy  of the  bis-  
m u t h ( I I I ) - f l u o r i d e  system (2) should enable  the  
an t imony  (III)  -f luoride system to be s tudied  and thus  
a l low a useful  compar ison of the  two fluoride complex-  
ing systems. 

As it in fact  t u rned  out, the S b ( I I I )  e lect rode reac-  
t ion at  the  DME was not  found to be qui te  ident ica l  
wi th  tha t  for B i ( I I I ) .  However ,  as is discussed later ,  
the  use of r ap id  a-c  po la rog raphy  should sti l l  pe rmi t  
a s imple calculat ion procedure  being used to eva lua te  
the  number  and magni tude  of the  consecutive s tabi l i ty  
constants  of the  fluoride complexes  of S b ( I I I )  formed 
in acidic media.  This a-c  method,  the  Sb ( I I I )  e lec t rode  
reaction,  and the resul ts  are  discussed in de ta i l  in the  
r ema inde r  of this  paper .  

Experimental 
Al l  chemicals  used were  of r e a ge n t -g r a de  pur i ty .  
The concentra t ions  of s tock solutions f rom which  

appropr ia t e  al iquots  were  taken  to give the des i red  
concentrat ions  were  de te rmined  as follows: (i) sodium 
perch lora te  b y  prec ip i ta t ion  of po tass ium perchlora te ,  
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(ii) sodium iodide by potentiometric t i t ra t ion against 
silver nitrate,  and (iii) perchloric acid by t i t ra t ion 
against  sodium hydroxide. 

Fluor ide was added as sodium fluoride. An t i mony-  
(III)  solutions were prepared by  dissolving an t imony-  
(III)  tr ioxide (Sb203) in 6M perchloric acid. 

All  measurements  were made at 30 ~ • 0.1~ and at 
an ionic s t rength of 2.0 main ta ined  by sodium per-  
chlorate. Oxygen-free  ni t rogen was used to deaerate 
the solutions. 

The concentrat ions of Sb ( I I I ) ,  sodium iodide, and 
perchloric acid were 4 x 10-4M, 3 x 10-4M, and 1.2M, 
respectively in all solutions measured, unless otherwise 
stated. The concentrat ions of fluoride added to each 
solution are shown in the tables. 

Polarograms were obtained using the Metrohm 
Polarecord E 261. A-C polarography was carried out 
using the Metrohm A-C Modulator E 393 wi th  an  ap- 
plied a -o  voltage of 10 mV, rms at 50 Hz. Rapid polaro- 
graphic techniques with drop times of 0.16 sec and 
scan rate of potential  of 0.5V/rain were used with 
both d-c and a-c work using Metrohm Polarographie 
Stand E 354. 

To minimize cell impedance, the a-c polarography 
was carried out with a three-electrode arrangement ,  
with Ag/AgC1 as the reference electrode and tungsten  
as the third or auxi l iary  electrode. 

The DME used in all measurements  had a value of 
m 2/3 t 1/6 of 1.93 mg s/~ sec 1/s in distil led water  at zero 
applied potential  vs. the Ag/AgC1 electrode. 

The method for recording rapid polarograms in 
aqueous HF was the same as that described previ -  
ously (2). 

All  potentials  measured in  this work  refer to a 
s i lver /s i lver  chloride reference electrode (Ag/AgCI, 
5M NaC1) connected to the polarographic solution via 
a 5M NaC104 salt bridge. No correction was made to 
the applied potent ial  of the cell for ei ther junc t ion  
potentials or cell resistance (IR drop).  

A n t i m o n y ( I I I )  electrode reaction at the DME.- -Po-  
larographic data for complex formation can most 
easily be understood and in terpre ted when  reduct ion 
or oxidation of species under  consideration is re-  
versible. 

The na ture  of the polarographic reduct ion of an -  
t imony( I I I )  at the DME has been observed to vary  
markedly  with change in support ing electrolyte. In  
hydrochloric acid and acidic chloride media, reversi-  
ble reduction of the type 

Sb( I I I )  + 3e ,~  Sb (amalgam) 

has been observed by m a n y  workers [e.g., ref. (5-10)] 
using convent ional  d-c methods. 

In  noncomplexing perchloric acid-sodium perchlorate 
media, however, reduct ion of an t imony( I I I )  has been 
found to be irreversible (7, 11). Addi t ion of fairly low 
concentrat ions of the hal ide ions, chloride, bromide, or 
iodide to these perchlorate solutions leads to the ob- 
servation of a reversible three-electron reduction wave. 

The above features were also observed in this work, 
by convent ional  a-c, d-c, and rapid polarographic 
techniques. Figure la  shows a convent ional  d-c polar-  
ogram of an t imony( I I I )  in 1.2M perchloric acld/0.8M 
sodium perchloric media. Two waves close together 
are observed. The first wave is very  small  in  height  
and is dominated by the second wave which makes the 
major  contr ibut ion to the polarogram. The first wave 
has a half  wave potential,  EI/~, of --0.07V and the 
second wave an El/2 value of --0.17V. The complete 
a-c polarogram also consists of two waves (Fig. lb )  
with a very  small  peak with a summit  potential ,  Es, of 
--0.05V and a large, fair ly symmetr ical  peak with Es 
of --0.21V being observed. 

The ha l f -width  of the second wave is about 110 mV, 
which is significantly larger than the va lue  expected 
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Fig. la. Conventional d-c polarogram of antimony(Ill) in 
HaCIO4/HCt04. 

Fig. ]b. Conventional a-c polarocjram of antimony(Ill) in 
NaCIO4/HCI04. 

for a reversible three-e lect ron reduct ion of approxi-  
mate ly  90/n. The hal f -width  of the first wave cannot  
be estimated because it overlaps to a large extent  with 
the second wave. 

The rapid d-c and a-c polarograms (Fig. lc  and d) 
are very similar  to the convent ional  d-c and a-c po- 
larograms. Again the first wave is  very  small  relat ive 
to the second and is just  discernible. Es values of 
--0.05 and --0.22 and EI/2 of --0.05 and --0.21 are ob- 
tained, respectively, for the first and second waves 
under  rapid polarographic conditions. I t  can be seen 
by comparison of Fig. la  and b with lc and d that 

Fig. 1c. Rapid d-c polarogram of antimony(ill) in NaCl04/ 
HCI04. 
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Fig. Id. Rapid a-c polarogram of antimony(Ill) in NaCl04/ 
HCI04. 

the very  short drop t ime of the rapid polarographic 
method does not al ter  the shape or na tu re  of the 
polarographic waves significantly. 

The addit ion of a trace of iodide to the NaC104/ 
HC104 solutions (Fig. 2a and b) gives reversible po- 
larograms. Plots of Ed.e. vS. log ( i / i d -  i) are l inear  
with slope 22 • 2 mV; hal f -widths  of a-c polarograms 
are 40 • 2 mV (uncompensated for IR drop);  the a-c 
polarograms are highly symmetr ical  and E~/2 and Es 
values are in excellent agreement.  

In  aqueous solutions, the Sb ~ + ion has a great t end-  
ency to hydrolyze to SbO + and even in acidic media  
the hydrolysis would not be expected to be completely 
suppressed. In  fact, except in concentrated perchloric 
acid, only a very  small  concentrat ion of Sb ~+ could 

Fig. 2a. Rapid d-c polarogram of antlmony(lll) }n NaCI04/ 
HCIO4/Nal. 

Fig. 2b. Rapid a-c polarogram of antimony(Ill) in NaCl04/ 
HCIO4/Nah 
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be expected. The two waves in  perchloric acid may 
therefore arise f rom equil ibria  of the type  Sb a+ q- 
HeO .~ SbO + -t- 2H +. One wave would thus be 
due to the electrode reaction Sb ~+ W 3e ~ Sb (amal-  
gam) and the other to an electrode process of the 
type SbO + q- 2H + -{- 3e r Sb (amalgam) + HH20. 
This second process would be expected to be a slow, 
nonreversible,  electrode process as it requires the 
breakage of a meta l -oxygen  bond. 

When a trace of chloride, bromide, or iodide is added 
several  phenomena could occur leading to the observa-  
t ion of a reversible  wave and mechanisms involving 
adsorption and complex formation have been postu-  
lated (8). These halides are readi ly deformable, and 
thus adsorbable at the DME on the positive side of the 
electrocapil lary m a x i m u m  at which the an t imony( I I I )  
wave occurs. In  the absence of a halide the equi l ibr ium 
concentrat ion of t r ip ly  charged positive Sb 8+ ion to 
be reduced has to move toward a positively charged 
DME, the kinetics of the electrode reaction are slow, 
and an i rreversible  wave due to Sb 3+ is observed. In  
the presence of adsorbed halide, the positive charge 
on the DME is par t ia l ly  neutral ized and it could be 
considered that  the rate of the electrode reactions can 
increase to reversible because it is now easier for the 
Sb ~+ to reach the DME. This mechanism implies that  
at least one of the waves observed in perchloric acid 
is due to Sb s+ and it is this wave which becomes re-  
versible on the addition of halide. Al ternat ively ,  com- 
plex formation of Sb (III)  could occur and give rise to 
the observed reversible wave. 

Format ion  of SbXn ~ - n )  + type complexes in solution 
could lead to a reversible wave provided that  associa- 
t ion and dissociation of the complexes is rapid. The 
electrode reaction could then be considered as a two- 
stage process with the charge t ransfer  step being re-  
versible and rate de termining 

SbXn CS-n)+ ~ Sb 8+ q- nX- 

SbS+ -k 3e ~ Sb (amalgam) 

As the Sb(III) electrode reaction is similar to that 
of Bi(III) with regards to the effect of chloride, bro- 
mide, and iodide ions, a discussion of the Bi(III) elec- 
trode reaction (2, 8, 11) should be consulted for further 
details as to the possibility of either adsorption or 
complex formation being the cause of the observed 
reversible wave. However, it does not appear possible 
to distinguish between the two possibilities from this 
or other work. 

Addition of fluoride to the 1.2M HHCIO4/0.8M NaCIO4 
solutions leads to rapid a-c and d-c polarograms as 
given in Fig. 3a, b, c, and d. The ElI2 and Es values 
become more negative on addition of fluoride and the 
very small first wave is not observable. The d-c shape 
of this wave virtually remains unaltered by the addi- 
tion of fluoride and the a-c wave becomes just slightly 
broader. (Compare appropriate polarograms from 
Fig. 1, 2, and 3.) 

Fluoride ion, like perchlorate ion, is nondeformable  
and nonadsorbable  at the DME. Fur thermore ,  in acid 
media most of the fluoride would exist as undissociated 
I-IF ra ther  than  as free fluoride ion because hydrofluoric 
acid is a fair ly weak acid. Thus nei ther  of the possible 
adsorption or complex formation mechanisms leading 
to a reversible wave as observed with chloride, bro-  
mide, or iodide could be expected to occur on addit ion 
of fluoride. 

West and co-workers (12) in 0.5M sodium fluoride 
(pH 3.0-4.4) observed a well-defined wave for an-  
t imony( I I I )  which had an E1/2 value of --0.683V vs, 
SCE. They also observed a prewave. This system would 
appear to be very  similar to that  in  perchloric acid, 
where two waves were observed. In  the fluoride media 
the two waves could be a t t r ibuted to SbOFn ( l -n)+ 
and SbF r + type complexes, respectively. Compari-  
son with perchloric acid solutions would suggest that 
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Fig. 4a. D-C polarogram of the antimony(lU)-NaCIO4/HCIO4/ 
Nal/NaF system at high fluoride concentrations. 

Fig. 3a and b. Effect of added fluoride on the d-c antimony(lll)- 
NaCIO4/HCIO4/NoF polarogram. Figure 3b has a higher concen- 
tration of fluoride than Fig. 3a and the negative shift in El~2 due 
to fluoride complexlng can be seen. 

Fig. 3c and d. Effect of added fluoride on the antimony(lll)- 
NaCIO4/HCIO4/NaF polaragram. Figure 3d has a higher concen- 
tration of fluoride than Fig. 3c and the negative shift in Es due to 
fluoride comp|exing can be seen. 

both the SbO + and Sb ~+ waves have shifted to con- 
s iderably more negative potentials due to fluoride com- 
plexing. Pavlov and Lazarov (13, 14) have confirmed 
the shift in Ezt2 due to fluoride complex formation. 
However, their  work was carried out using 0.SM KC1 
to main ta in  constant  ionic strength, so somewhat dif- 
fe rent  electrode reactions could be occurring as the 
chloride would not be an iner t  electrolyte. In the 
more acidic medium of 0.1M HF-0.1M NH4F, and wi th  
a Teflon DME (15) only one irreversible d-c wave was 
reported with E1/2 of --0.65V vs. SCE (E1/4-E3/4) -~ 
90 inV. 

Addit ion of fluoride to the reversible wave found in 
1.2M HC104-0.8M NaC104-3 x 10-4M NaI causes a neg-  
ative shift in Es and El~2 values. Figures 4a and b 
show that  the shape of the d-c and a-c waves also 
changes slightly with addition of fluoride. In actual 
fact, the reversible waves are now both a-c and d-c 
quasi reversible  as is shown by the nonl inear  d-c plots 
of Ed,e. VS. log ( i / i d -  i), and the slight broadening of 
the a-c wave accompanied by  the appearance of the 
shoulder at high fluoride concentrat ions (16). 

The large negative shift in  E~z2 and Es could not  be, 
however, completely a t t r ibuted to change in revers i -  
bi l i ty  and must  be par t ia l ly  due to fluoride complex- 
ing. The na tu re  and magni tude  of the fluoride com- 
plexing are discussed in the following sections. 

Fig. 4b. A-C polarogram of the antimony(lll)-NaCIO4/HCIO4/ 
Nal/NaF system at high fluoride concentrations. 

Theory 
De Ford and Hume (17) have derived an equation 

for evaluat ion of consecutive stabil i ty constants from 
polarographic data. 

This equation can be wr i t ten  as follows 

f n F  Fo(X) = antilog 0.4343 [ (E1/2)F - -  ( E I / 2 ) C ]  
RT 

-}- log IF~It } 
J 
[1] 

where the symbol Fo(X) is introduced for convenience 
to represent the experimentally measurable quantity 
on the left hand side of the equation. ~n is the forma- 
tion or stability constant of the n th complex and refers 
to equilibria of the type 

~n 
M ~+ + n X -  ~ MXn~ ~-~)+ 

The subscripts F and C in Eq. [1] refer to the free ion 
and complexed ion, respectively. Other  symbols are 
those convent ional ly  used in  polarographic te rminol -  
ogy. 

If fluoride complexing of Sb 3 + occurs to give rise to 
ShFn( 3-n)+ type complexes, then the electrode reac- 
t ion occurring can be represented simply as a two-stage 
process 

SbFn C3-n)+ ~- Sb ~+ + nF- [2] 
and 

Sb a+ + 3e ~ Sb (amalgam) [3] 

For the De Ford-Hume expression above to be valid 
the following two conditions must hold: (A) The com- 
plexed and uncomplexed species are in rapid equilib- 
rium as represented by Eq. [2]. (B) Nernstian condi- 
tions prevail, i.e., the electrode reaction in Eq. [3] is 
polarographically reversible. Under these conditions 
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the ha l f -wave  potential  measured directly f rom the 
polarogram is the reversible hal f -wave potential,  
El/2 r. Thus Eq. [1] should more correctly be expressed 
a s  

Fo(X) = antilog 0.4343 R'-'T- [(EI/2r)F -- (E1/2)cr] 

+ log IF/ Ic  1 

---- ~ ;~.Cx" 

If the electrode reaction is reversible then the a-c 
summit potential Es is equal to El/2 r and the De Ford- 
Hume equation can be solved as 

Fo(X) = antilog 0.4343 [ (Es) F -- (Es) c] 
R T  

-I- log IF/ Ic  I i. = ~ r n [4] 
J n 

The first parameter  which must  be obtained for a suc- 
cessful solution to the De Ford-Hume equation is the 
(E1/er)F value for the free, uncomplexed ion. In this 
ease, this would be for Sb a +. 

As previously mentioned,  in the presence of a trace 
of iodide, the d-c electrode reaction was observed to 
be polarographically reversible by conventional  plots 
of Ed.e. VS. log ( i / id  --  i ) .  

Reversibil i ty of the a-c polarography was confirmed 
as follows. With 3 x 10 -4 NaI the a-c half  width was 
(40 ___ 3) mV. Theoretically, at 25~ and for an applied 
a-c voltage of -- 8 / n  mV, (16) the ha l f -wid th  should 
be approximately  (90 /n)  inV. This work was done at 
30~ with an applied a-c voltage of 10 mV, rms at 50 
Hz. Under  these conditions, with tempera ture  greater 
than  25~ and the applied a-c voltage considerably 
greater than  (8 /n  ---- 2.67) mV, the theoretical half-  
width would be expected to be somewhat greater than 
(90/n) mV, so that  the ha l f -width  value observed of 
40 _ 3 mV, uncompensated for IR drop, indicates a 
high degree of a-c reversibili ty.  The excellent  agree- 
ment  of E1/~ and Es and the highly symmetr ical  na ture  
of the a-c wave provides fur ther  evidence for the 
electrode reaction being reversible. 

Thus Es --  EI/2 r, in  the presence of a trace Of iodide, 
but  whether  the value of Es is (Es)F needs to be con- 
sidered. 

If the sole funct ion of the small concentrat ion of 
the iodide is to provide a reversible  electrode reaction 
by an adsorption mechanism then the necessary equiv-  
alence 

E s  : E l / 2 r =  ( E 1 / 2 r )  F ~- ( E s ) F  

will  be satisfied exactly. 
If complex formation of iodide is involved then the 

E1/2 r value observed, (E1/2r)o, wil l  be related to 
(E1/2r)F, by an  equat ion 

antilog 0 . 4 3 4 3  [ ( E l / 2  r )  F -- ( E l l 2  r)  0] 
R T  

. .% 

+ log I f / I o  ~ ---- 1 + ~1[I - ]  -b ~2[I-]  2 + . . . . .  ~ j [ I - ]  J 

where ~j is the stabil i ty constant  of the jth complex 
derived from equil ibria  of the type 

iodide complex formation had to be used. As the con- 
centrat ion of iodide is small, and in fact less than  that  
of ant imony,  it was hoped that this procedure would 
not  involve a very large source of error. A thi rd  pos- 
sibility, that  the reversibi l i ty  results from a combina-  
tion of adsorption and complex formation could also 
be considered. That  is, iodide complexation with Sb- 
(III)  may  occur via a surface reaction or in  the im-  
mediate  vicini ty of the electrode surface where  the 
iodide concentration, because of adsorption, would be 
significantly higher than  in the bu lk  of the solution. 

In  view of the reversible wave provided by low 
concentrat ions of iodide, and the simplifying effect this 
has on calculations, all the Ella and Es values quoted 
are measured in the presence of 3 x 1O-4M sodium 
iodide and the Fo(X) values are assumed to be close 
to correct whatever  the mechanist ic effect of iodide on 
the electrode reaction is, and no correction for iodide 
complexation was made. 

Close examinat ion  of the electrode process in fluoride 
media and in the presence of sodium iodide, showed it 
to be classified as nonrevers ible  by  both a-c and d-c 
polarography for fluoride concentrat ions greater than 
0.02M. For concentrat ions of fluoride greater  than  this, 
the nonl inear  plots of Ed.e. VS. log ( i / i d  - -  i) from d-c 
polarograms, and the broadening and appearance of 
shoulders in a-c polarograms, suggested that  the elec- 
trode process has become quasi reversible. 

For  fluoride concentrat ions less than 0.02M the elec- 
trode reaction was found to be d-c reversible but  a-c 
quasi reversible. Table I verifies the d-c process pos- 
sesses a high degree of reversibi l i ty  up to 0.02M in 
fluoride as (E1/4-E3/4) values are wi thin  the range 23 
+_ 1 mV. The a-c half-width,  however, increases with 
added fluoride, indicat ing a change in rate of electrode 
reaction is occurring, a fact not observed by  the d-c 
method. 

Table I shows the effect of fluoride concentrat ion on 
(id) and ( i ~ )  values. The d-c (id) is v i r tua l ly  u n -  
altered by added fluoride bu t  the a-c ( i ~ )  decreases 
significantly with increasing fluoride concentration. 
Thus the fluoride complexation reaction is sufficiently 
rapid So that  it does not contr ibute  to rate control in 
the d-c electrode process. The decrease in (id--,) with 
increasing fluoride concentrat ion indicates that the 
a-c electrode process is no longer solely diffusion con- 
trolled. If the fluoride complexation reaction is suffi- 
ciently rapid so that  it does not contr ibute  to rate 
control in either the d-c or a-c electrode processes, 
then the exper imental  observations may be explained 
ent i rely in terms of charge t ransfer  effects as follows. 

In  the absence of fluoride, bu t  in  the presence of a 
trace of other halide ion, the electrode process is dif-  
fusion controlled and shows a high degree of reversi-  
bi l i ty  in both the d-c and a-c sense. As the concentra-  
t ion of fluoride is increased, the charge t ransfer  rate 
is decreased and becomes sufficiently slow so that  the 
a-c electrode process is no longer reversible.  For  fluo- 
ride concentrat ions less than  0.02M, the d-c electrode 

Table I. Variation of E1/2; Es, id, ida,  (E1/2-E3/4), and 
a-c half width for the Sb(lll) ~ Sb(O) (amalgam) electrode 
reaction with increasing fluoride concentration. [Sb(lll)] ----- 

4 x 10 - 4  M, [Nal ]  = 3 x 10 - 4  M, [HCI04] = 1.2M. 
Ionic strength ~- 2.0 (HCIO4/NaCI04) 

~J 
Sb3++ j I -  ~- SbI] (3-j)+ 

--El]~, - -Es ,  (EI/4 A - C  ha l f  
V vs. V vs.  -- Es/,), wid th ,  

[F-] ,  M AE/AgCI  A g / A g C I  ig, ILA ta~,  ~ m V  m V  

Thus, as long as the concentrat ion of iodide is low and 
~j complexes are not too strong it can be seen that  to 0.oo0 
a good approximation ( E 1 / 2 r ) 0  ( E 1 / 2 r ) F .  If iodide 0.002 "~" 0.003 
complex formation is involved in providing the revers-  0.004 
ible wave, (E1/2 r) F could in fact be calculated provided 0.008~176176 
the ~j values are known.  Unfor tuna te ly  no values for o.012 

0.016 
~j are available (4) and the procedure of neglecting 0.020 

0.0312 0.0293 3.88 1.95 22 40 
0.0416 0.0440 3.92 1.70 22 44 
0.0520 0.0515 3.90 1.52 22 46 
8.0599 0.0593 3.92 1.48 24 49 
0.0721 0.0701 3.88 1.30 23 58 
0.0794 0.0786 3.96 1.13 24 58 
0.0926 0.0905 3.94 1.06 24 60 
0.1027 0.1025 3.88 0.95 23 86 
0.1089 0.1086 3.92 0.90 24 76 
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process is still sufficiently rapid so that  it is revers ible ,  
aS evidenced by the l inear plots of Ed.e. VS. log ( i / id  -- 
i) wi th  slopes close to the theoret ical  value. When the 
fluoride concentrat ion becomes greater  than 0.02M the 
charge t ransfer  react ion has become sufficiently slow 
so that  it is no longer revers ib le  in ei ther  the d-c or 
the a-c sense. Under  these conditions the quas i - revers i -  
ble a-c wave  becomes significantly broader  and may  
exhibi t  shoulders (16) (c]., Fig. 4b). 

To evaluate  the stabil i ty constants of the an t imony-  
( I I I ) - f luor ide  system, by the De F o r d - H u m e  method, 
only d-c results obtained for fluoride concentrat ions 
less than 0.02M could be used. For this concentrat ion 
range the d-c electrode react ion is revers ible  and El~2 
= E1/2 r. Over  this concentrat ion range it was also 
found that  Es = E1/2 = E1/2 r for the quas i - revers ib le  
a-c process as shown in Table I, which suggests that  
a-c  polarography can be used despite the fact  that  
an a-c quas i - revers ib le  electrode process is observed. 

The theory for a-c polarography involving quasi-  
revers ible  electrode processes is ra ther  difficult to solve 
exactly. 

However  at low f requency and for ke ~ ~ 10 -2 cm 
sec -1 it can be shown that  Es approaches El/2 r (16). 
Thus, using low f requency a-c polarography,  El/2 r can 
be calculated direct ly  and simply f rom the Es value. 
A f requency  of 50 Hz was used in this work  and 
(E1/2r)c values used, were  those taken direct ly  f rom 

the a-c polarogram as the  (Es)c value. The previous 
use of a-c polarography for s tudy of complex ion sys- 
tems for revers ible  electrode reactions [1], [2] can 
thus be extended satisfactori ly to the quas i - revers ib le  
electrode process. However ,  care in using the quasi-  
revers ible  a-c procedure should be exercised, as only 
results for which ke o ~ 10 -2 cm sec -1 are valid. In 
this work, solutions of high fluoride concentrat ion 
which gave shoulders on the a-c polarogram, were  not 
used because ke0 probably is < 10-2 cm sec -L  

The complete  Fo(X) function also involves the t e rm 
log IF/Ic.  For  revers ible  a-c electrode reactions the 
wave  height  ( i a ~ )  could be used to solve the expres-  
sion as log ( i a ~ ) F / ( i a ~ ) c .  However ,  because of the 
a-c quas i - revers ib le  react ion this a-c t r ea tment  cannot 
be applied. The d-c  t reatment ,  Iog ( i a ) f / ( i d ) c ,  how-  
ever,  is still valid and can be used for any diffusion 
control led reaction. In actual fact, the te rm log ( id )F /  
(ia) c was found to be very  small and can convenient ly  
be neglected in calculations of Fo (X).  

Thus the equation used to solve the  Sb( I I I ) - f luo r ide  
complex system was the a-c expression 

nF  
Fo (X) = anti log 0.4343 - -  [ (Es) F -- (Es) c] 

R T  

= 1 q- E l [ F - ]  q- f l2 [F- ]  2 q- . . . f l n [ F - ]  2 [5] 

Inclusion of the equi l ibr ium constant Ka, for hydro-  
fluoric acid modifies this equat ion to give 

Fo (X) = antilog 0.4343 [ (Es) f -- (Es) c] 
[HF] [HF] 2 [HF]n 

= 1 -~ f l lKa[ -T '~-  J q- fl2Ka 2 [H+]------~... f lnKa n [H+]------ ~ [6] 

or  ( a )  Fo(X) = 1 + r  ~ +~'2 

( ~  + . . . ~ ' , ~  ~ [7] 

where  r is the s tabi l i ty  constant for  the  equi l ibr ia  

Sb a+ q- H F  ~- SbFn (3-n)" q- n H +  

and a is the concentrat ion of sodium fluoride added to 
the solution, ini t ial ly b M in perchloric  acid. In the 
presence of excess acid over  added fluoride, and be-  
cause HF is a weak  acid, v i r tua l ly  all  fluoride wil l  be 

present  as undissociated HF  and the  rat io [ H F ] / [ H  + ] 
is given by ( a / b  -- a) as described in a previous paper 
(2). 

If the symbol y is used in place of ( a / b -  a), the 
equat ion has the form 

Fo (X) = 1 + P'l Y + /~'2Y 2 q- �9 �9 �9 ~'nY n 

If the function F I ( X )  = (Fo(X) -- 1 ) / y  is now in-  
troduced and a graphical  plot of Fa (X) vs. y is made, 
then the  value of F I ( X )  at the  intercept  equals ~'1. 
Likewise the value of 0'2 is given by the value of 
F.,(X) at the intercept  when  the function F2(X) = 
(FI (X)  -- O'I) /Y  is plotted against y and is ex t rapo-  
lated to y = 0. The formation constants of higher  com-  
plexes (if present)  may  be de termined  in a similar 
manner.  

As a consequence of the na ture  of the Fn(X)  func-  
tions, a plot of Fn(X)  vs. y for the last complex wil l  
be a straight l ine paral le l  to the y axis, and this al-  
lows the determinat ion of the number  of complexes. 

In obtaining values of #'n for the Sb ( I I I ) - f l uo r ide  
system, the extent  of er ror  involved in making two 
approximations must be kept  in mind. 

First,  the /~'n values are to be calculated neglect ing 
any complex format ion f rom iodide. If any occurs, then 
the electrode reaction should more  expl ici t ly  be 
wr i t ten  as 

SbIj (a-j) .-.- Sb a+ q- J I -  
[A] 

[ S b F n  ~a-n)§ + n i l+  ~ Sb a+ "k" nHF 

Sb a+ + 3e ,~ Sb (amalgam) [B] 

It can be readi ly  shown that  /~'n values calculated for 
fluoride complexes in the manner  indicated, by neglect 
of iodide complexes,  wil l  be too low by a factor 
(1 + /~1[I-] + . . . .  # j [ I - ] J ) .  Thus providing ~1 is not 
too large for iodide, then at the concentrat ion of iodide 
used in this work, the approximat ion of neglect ing 
iodide complexat ion should be satisfactory. Al t e r -  
natively,  if & values were  known then the #'n values 
could be corrected. 

Second, it has been assumed that  the fluoride com- 
plexes of Sb( I I I )  are  of the type SbF~ ~3-~)§ ra ther  
than SbOFn ~1-~)+. Both of these can be related by an 
equi l ibr ium 

SbFn (3-n)§ q- H20 ~- SbOFn (l-n)+ -~- 2H + 

In this work  solutions measured all contained a ve ry  
high concentrat ion of H + which strongly favors for-  
mat ion of SbFn (3-n)+. Fur thermore ,  in this h ighly  
acidic media only one wave  is observed compared wi th  
the two waves at pH (3.0-4.4) (12). In the work  at 
h igher  pH (3.0-4.4) the two waves  probably  resul t  
f rom the equi l ibr ium concentrat ions of fluoride and 
oxy-fluoride complexes.  In the considerably more  
acidic media used in this work  it is postulated that  
only the wave  f rom SbFn ~3-n> is observed because 
the equi l ibr ium concentrat ion of SbOFn r247 is now 
too low to be detected. Ana logy  of the fluoride system 
with  the corresponding ant imony (III) -chlor ide and 
the chemical ly s imilar  b i smu th ( I I I ) - ch lo r ide  systems 
is somewhat  hazardous, but  for these systems neglect-  
ing the SbOCln r or BiOCln ~l-n)§ complexes at 
high acidity is satisfactory (4) and they need only be 
considered at fa i r ly  high pH. These chloride systems 
have  in fact been successfully invest igated polaro-  
graphical ly  in acid media  by assuming format ion of 
simple chloride complexes only (7, 9). 

Results and Discussion 
Table II and Fig. 5 summarize  the results obtained, 

using the calculat ion method  described previously.  
Four  complexes were  observed with  values of ~'1 = 103 
(SbF2+),  ~'2 = 5 X 105 (SbF2+),  #'a = 2 • 10 s (SbFa) 
and ~'4 = 9 • 1010 (SbF4- ) .  The large errors involved 
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Table II. Analysis of Fn(X) functions for the antimony(Ill)- 
fluoride system 

aM 

, .  
V 'vs. F 1 X  F.~X .lea(X) F', .(X) 

x I08" A g / A g C I  Fo(X) x I0~ x 10 4 X 10 4 xlO -~" 

0.000 0.000 0.0293 1.000 . . . .  
0.002 1.669 0.0440 5.433 2,656 0.992 3.95 
0.003 2.506 0.0515 12.88 4.741 1.49 3.95 7.8 
0.004 3.344 0.0593 31.62 9.157 2.44 5.80 11.4 
0.006 5.025 0.0701 109.6 21.61 4.10 7.16 10.3 
0.008  6,711 0.0786 291.7 43.32 6.31 8.68 9.9 
0.012 10 . I0  0.0905 1148 113.6 11.1 10,5 8.4 
0.016 13,51 0.1025 4571 338.3 25.0 18.1 12,0 
0.020  16.95 0.1086 9226 544.2 32.0 18.6 9.8 

* a = c o n c e n t r a t i o n  of  s o d i u m  f luo r ide  a d d e d  to  so lu t i ons  i n i t i a l l y  
b M i n  p e r c h l o r i c  acid,  

in calculations, by the time F4 (X) values are obtained, 
could possibly conceal higher but fair ly weak com- 
plexes. However, at least four can be detected. 

Comparison of these results with the b i smuth ( I I I ) -  
fluoride system studied previously, for which #'1 = 
26(BiF2+), #'2 = 2(BiF2 +) and #'3 = 500(BiF3) in- 
dicate two marked differences in these systems. 

First, the stabili ty of Sb(I I I ) - f luor ide  complexes is 
considerably greater than for Bi(I I I ) - f luor ide  species. 
The very high stabili ty for the Sb( I I I )  complexes is 
in agreement with the work of Pavlov and Lazarov 
(13, 14). 

Second, an anionic form of Sb(II I ) - f luor ide  was de- 
tected as SbF4-.  Such a species was not observed with 
Bi( I I I ) .  This difference observed, is in agreement with 
anion exchange studies made by Faris (17) and Nelson 
et al. (18) in hydrofluoric acid media. In the solid 
state, SbF3 is also known to be capable of acting as a 
Lewis base to form SbF4- with the fluoride ion (19), 
so that detection of an anionic complex in solution 
containing excess HF could be anticipated. 

I0 

~" 5 
C ~ ~ ( x )  

o ~ iO f~ 20 
(&) x ,o' 

Fig. 5. Graphical analysis of Fn(X) functions for the anti- 
mony (lll)-fluoride system. (3,  Fo(X) x 10-1;  0 ,  FI(X) x 10-3;  
Ig, F2(X) x 10-6;  A ,  F3(X) x 10-s;  x, F4(X) x 10 -1~ 

Thus the fluoride complex systems of Sb( I I I )  and 
Bi( I I I )  exhibit marked differences in aqueous media, 
both as to the stabili ty and number of complexes 
formed, according to polarographic data. This idea is 
also consistent with the rather  limited data available 
from other sources, and this fact at least provides 
some indication that  the theories and ideas used in 
this work, as well as the assumptions made, are valid. 

Manuscript submitted Dec. 10, 1969; revised manu- 
script received March 18, 1970. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June 1971 
J O U R N A L .  
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Technical Notes  @ 
I 

A Contribution to the Applicability 
of Critical Pitting Potentials 

H. P. Leckie 
Inland Steel Research Laboratories, Coated Product~ Division, East Chicago, Indiana 46312 

Many metals may exhibit  passivity or undergo in-  
tense localized corrosion in  aqueous chloride media 
depending on the relat ive position of their  open 
circuit corrosion potent ial  with respect to a "critical 
pi t t ing potential ," Vc. Included in this category are 
t i tanium, a luminum,  zirconium, nickel, and some of 
their  alloys together with m a n y  of the austenitic and 
ferritic stainless steels. Pi t t ing of these passive metals  
and alloys is inhibi ted if the potential,  controlled 
either by local cell action or some outside impressed 
source, is main ta ined  more active than  Vc. Should the 
meta l / so lu t ion  potential  become more noble than Vc 
localized attack may  occur often resul t ing in  envi ron-  
ment  concentrat ion changes which shift Vc to more 
active values. Such concentrat ion changes caused by 
the pi t t ing process itself probably  explain the hys-  
teresis effects described by Pourbaix  et aS. (1) who 
noted both a pit t ing potent ial  and a "repassivation 
potential" (occurring at some more active value) for 
stainless steels in chloride media. 

The concept of a critical potent ial  is not new, being 
first reported in terms of a "breakthrough" potential  
by Brenner t  (2) as far back as 1937. Very little follow 
up to this work took place, save for the work of 
Mahla and Neilson (3) in 1947, unt i l  the last five or 
six years dur ing which a considerable amount  has 
appeared in the l i terature  (4-9). 

From the work of Leckie and Uhlig (8) and Hor-  
vath and Uhlig (9) as well  as others a considerable 
amount  of informat ion has been obtained re la t ing  to 
the effect of envi ronmenta l  factors on the value of 
the critical pi t t ing potent ial  for 18-8 stainless steel 
and a luminum.  Other passive materials  have been 
studied to a more. l imited extent. It  is somewhat sur-  
prising, therefore, that  ful l  ut i l ization of critical po- 
tent ial  measurements  has not been employed as a 
more widespread means for rapidly predict ing the 
tendency for localized attack on materials  of construc- 
t ion in na tura l ly  occurring envi ronments  A criticism 
is often put  forth of critical potential  measurements  
as a cri terion for predicting localized pi t t ing corrosion 
under  na tu ra l ly  corroding conditions in that  such 
measurements  are obtained under  shor t - term dynamic 
conditions and as such bear no relat ion to long- te rm 
immersion behavior. 

It  is the purpose of this note to show that  critical 
pi t t ing potentials do indeed provide a valuable  
cri ter ion in  de termining passive film stabil i ty and 
may serve as a useful  tool in  one aspect of materials  
evaluat ion for design in much the same way  as 
isothermal t ransformat ion curves and pH-potent ia l  
(Pourbaix)  (10) diagrams (although both of these 
represent  "unreal"  conditions) serve to provide in-  
formation regarding the behavior  of metals and alloys 
with respect to thermal  and erLvironmental effects, re-  
spectively. 

Key words: critical pitting potential, pitting potential in chlorides. 

Table I. Composition of AISI type stainless steel 

Composition, per cent 
C Mn P S Si Cr Ni Mo 

0 . 0 5  0 . 7 5  0 . 0 1 8  0 . 0 1 5  0 . 5 6  18,7 8.8  0 . 1 5  

Experimental 
All  experiments  were conducted on AISI  Type 304 

stainless steel and have the composition shown in 
Table I. Cylindrical  specimens cut from rods were 
abraded to 3/0 emery paper followed by pickling in a 
solution containing 15% HNO~, 2% HF, 5% HC1 by 
volume at 60~ for 5 rain. Specimens were mounted  
in a manne r  previously described (8) such that  only 
the stainless steel was exposed to the environment .  
The all-glass cell incorporated a platinized p la t inum 
counterelectrode, Luggin capil lary connected to a 
saturated calomel reference electrode, and an inlet  
for gas agitation and deaeration. Electrolytes were 
deaerated for four or more hours using prepurified 
nitrogen. All  electrolytes were made from double 
distilled water  and Reagent grade chemicals. 

Polarizat ion measurements  were obtained using a 
Wenking potentiostat  in conjunct ion with a Wenking 
potential  programmer.  The la t ter  permit ted sweeps 
to be conducted over a very  wide range of scan rates. 
An X-Y recorder permit ted simultaneous measure-  
ment  of potential  and current .  In  all cases the s ta in-  
less steel specimens were activated by holding at a 
potential  of --1.5V SCE for a period of 5 rain. The 
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Fig. 1. Effect of potential scan rate on the value of Vc for 
Type 304 stainless steel in 0.1M NaCl. 
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potential  was then shifted in the noble direction at a 
scan rate  of 10 V/hr  and on reaching --0.3V SCE, 
was held for a fur ther  15 rain. Holding at this poten-  
tial in the passive region allowed the format ion of a 
uni form film. Critical potentials were then measured 
by again sweeping the potential  in  the noble direction 
at various controlled, constant  rates. 

Results and Discussion 
The effect of potential  scan rate on the critical po- 

tent ial  for pi t t ing for Type 304 stainless steel in 0.1M 
NaC1 is shown in Fig. 1. Over a three order of magni -  
tude var iat ion in  scan rate, the as-measured critical 
potent ial  varied by 280 mV. Increasing scan rates r e -  
sulted in  a shift in  the critical potent ial  in the noble 
direction. At  lower scan speeds Vc approaches some 
l imit ing value. Although no "absolute" value of Vr 
may be measured on this basis without  wai t ing for an 
infinite period of time, no breakdown was observed 
on Type 304 stainless steel held in  0.1M NaC1 at 
--0.1V SCE for a period of 14 weeks (2352 hr) .  This 
data would indicate that  a realistic value for the t rue 
critical pi t t ing potential  for this mater ia l  under  the 
described env i ronmenta l  conditions would lie between 
--0.1 and --0.01V SCE. The lat ter  breakdown po- 
tent ia l  corresponds to the value measured at the 
slowest scan rate (18 mV/h r ) .  It  would not  appear 
realistic to consider the existence of incubat ion 
periods longer than 14 weeks in the confined experi-  
menta l  cell conditions with ready availabil i ty of 
chloride ions. 

Under  practical conditions the propensi ty for pi t t ing 
in a given env i ronment  may be determined by mea-  
suring the value of the corrosion potential  with re-  
spect to the critical pi t t ing potential.  If the open cir- 
cuit corrosion potential  lies at some value more active 
than the critical pi t t ing potential  (allow a "safety 
factor" of say 50 mV),  it may be reasonably assumed 
that  the passive mater ia l  under  invest igat ion wil l  be 
immune  to pi t t ing corrosion. In  this manne r  the 
pit t ing characteristics of passive materials  in na tura l ly  
occurring chloride containing envi ronments  may be 
determined. Any  means which wil l  shift Vc in the 
noble direction (either by alloying or the use of 
inhibitors)  results in a decreased tendency for pitting. 
Should no pit t ing occur up to a potential  correspond- 
ing to the equi l ibr ium oxygen reduction potential,  
pi t t ing will  be inhibi ted since the corrosion potent ial  
arising from local cell action can never  be more 
noble than this value. For  this reason t i t an ium having 
a crit ical pi t t ing potent ial  ~ -J- 12V (11), at room 
temperature  can never  undergo spontaneous pi t t ing 
corrosion in chloride solutions in  the absence of an 
external ly  imposed potential.  Therefore, the value of 
Vr provides a parameter  which rates alloys as to their  
resistance to pitting. In  conjunct ion with a sound ex- 
per imenta l  design and incorporat ing mult iple  regres-  
sion analysis techniques for data analysis, V~ mea-  
surements  may be successfully used as a tool in the 
development  of alloys having resistance or immuni ty  
to pi t t ing corrosion. 

Figure  2 shows the effect of pH on the critical 
pi t t ing potent ial  as a function of three different 
chloride ion concentrations. This data was obtained 
in the manne r  previously outl ined using a scan rate of 
500 mV/hr .  The data is shown in terms of a homograph 
which clearly delineates potent ia l -pH zones corre- 
sponding to pitting, general  corrosion, inhibit ion,  and 
immuni ty .  At this scan rate  Vc is shifted in the noble 
direction by 70 mV for each tenfold decrease in 
chloride ion concentration. Using a potent ial-s tep 
technique Leckie and Uhlig (8) reported a shift of 
90 mV for the same change in chloride ion concentra-  
tion. In  all  three chloride solutions the critical pi t t ing 
potent ia l  for 18-8 stainless steel was independent  of 
pH in  the acid region. At some fairly critical pH in  
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Fig. 2. Effect of pH on Ve for Type 3114 stainless steel in 0.01M, 
0.1M, and 1.0M NaCI. 

the alkal ine region Vc shifts in  the noble direction. 
The lines are shown dashed since erratic pi t t ing or 
general  dissolution occurs over a very  small  pH range 
and although actual critical pi t t ing potentials may  be 
measured in this t ransi t ion region these tend to be 
nonreproducible.  The addit ion of hydroxyl  ions thus 
changes the dissolution behavior  from one of pi t t ing 
corrosion at active potentials to general  corrosion and 
the formation of chromates by the reaction 

Cr -t- 4 H 2 0 ~  C r O 4 - -  -~ 8H + W 4e [1] 

at noble potentials. Figure  2 shows that  the slope of 
the potential  vs. pH for this reaction is independent  
of chloride ion concentrat ion and has a value of 
--0.082 V/pH unit .  The calculated value of slope ac- 
cording to Eq. [1] is --0.079 V/pH. Other inhibi tor  ions 
have also been shown to shift Vc in  the noble  direc- 
t ion at some critical concentrat ion value, dependent  
on the effectiveness of the inhibitor.  Thus, Leckie 
and Uhlig (8) showed that the efficiency of four ions 
in inhibi t ing pi t t ing of 18-8 stainless steel by  chlorides 
decreased in  the order O H -  ~ NO~- ~ S O 4 - -  
C104-. 

Nomographs similar in form to that  shown in Fig. 
2 may be constructed to show the corrosion behavior  
of other passive metals as a funct ion of chloride and 
inhibi tor  ion concentrations.  

Conclusion 
It is the author 's  opinion that  the critical pi t t ing 

potential,  Vc, has a firm foundat ion in  theory and 
wide applicabil i ty in practice. Measurements  of Vc 
provide a rapid method for predict ing the tendency 
for localized attack in  chloride containing envi ron-  
ments  and serve as a parameter  for pi t t ing tendency 
which may be quant i ta t ive ly  used in  the develop- 
ment  of pit resistant  alloys. 

Manuscript  submit ted Jan. 5, 1970. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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The Effect of Tin and Tetraethylammonium Ions 
on the Characteristics of Zinc Deposition on a 

Zinc Single Crystal in Aqueous KOH 
F. M a n s f e l d  .1 and S. G i l m a n *  

NASA~Electronics Research Center, Cambridge, Massachusetts 02139 

In a recent  pape r  (1), the  authors  r epo r t ed  the  
effect of l ead  ions added  to the  electrolyte ,  on the  
dissolution and deposi t ion character is t ics  of a zinc 
single crystal .  The deposi t  obta ined at  --200 mV 
polar iza t ion  (a l l  potent ia ls  re fer  to the  res t  potent ia l  
of pure  zinc in the  same solution) is conver ted  by  the 
addi t ion  of Pb  ions f rom classical  dendr i tes  wi th  side 
branches  to compact  cy l inders  wi th  rounded  tops 
consist ing of many  smal l  crystal l i tes .  I t  was shown 
tha t  lead  blocks most of the  sites act ive for  dissolut ion 
and deposi t ion of zinc. Growth  is nuclea ted  p r e f e r en -  
t i a l ly  at  sites of macroscopic  defects  in the  crystal ,  
where  impur i t y  segregat ion is also expected.  In  the  
present  communicat ion,  the  effect of t in and t e t r a e t h y l -  
ammonium ions on the morphology  of zinc deposi ts  
a t  --200 mV is discussed. As a dendr i t e - inh ib i t i ng  
addi t ive  for secondary  zinc ba t t e ry  applicat ions,  Sn 
offers the  advan tage  over  Pb  in tha t  the  oxida t ion  
potent ia l  of Sn is not  much h igher  than  tha t  of Zn, as 
shown by the rmodynamic  d a t a  (2) and potent ios ta t ic  
polar iza t ion  curves  in 6N KOH. On discharge  both Zn 
and Sn m a y  the re fo re  ionize s imul taneous ly  mak ing  
Sn ions avai lab le  for  the  recharge  process. 

In  the  exper iment  of Fig. 1, t in was p la ted  out  on a 
po lycrys ta l l ine  zinc rod in 6N KOH at --100 mV for 
3 min, fol lowed by  a l inear  vol tage  sweep in the  noble  
direction.  The second peak,  noble  by  about  +0.19V to 
the  zinc oxidat ion  peak,  is not  observed in the  absence 
of t in and  corresponds  to oxidat ion  of tha t  me ta l  

Fo r  reference,  Fig. 2 obta ined using a scanning 
e lec t ron microscope (SEM),  i l lus t ra tes  the  t y p e  of 

* Electrochemical  Society Act ive  Member .  
x Present  address:  Science Center,  :North Amer ican  Rockwell  Cor- 

poration, Thousand Oaks, California 91360. 
Key  words:  electrodeposition, dendrites,  zinc batteries,  ba t t e ry  

addit ives,  microscopy. 

Fig. 2a. Deposit at - -200 mV from 6N KOH 4- 20 g/I ZnO 
after 900 sac, SEM, 34 ~ I90X. 

i 
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Fig. I. Polarization curve on polycrystalline zinc in 6N KOH -F 
10-3M SnCI2, 25~ after 3 rnin at r = - -100 inV. Sweep rate 
= 390 mV/sec. 

Fig. 2b. 480X 

dendr i t ic  g rowth  obta ined when  Zn is e lec t rode-  
posi ted on the basa l  p lane  of a zinc single c rys ta l  
f rom a zincate  solut ion conta in ing no addi t ives  [for 
detai ls  of the  expe r imen ta l  procedure ,  see ref. (1)] .  
Comparison of Fig. 3 and 2 reveals  the  effect of add i -  
tions of 10-4M of SnC12 on the morphology  of the  
Zn deposit .  The effect of t in  is s imi lar  to tha t  of lead 
(5).  The morphology  is changed  f rom dendr i t ic  
(Fig. 2) to a s t ruc ture  consist ing of m a n y  smal l  

c rys ta l l i tes  a r ranged  in a spongy array.  Whi le  the  
e lec t rodeposi t  ob ta ined  in the  presence of Pb  (1) was 
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Fig. 3a. Deposit at --200 mV from 6N KOH ~ 20 g/I ZnO -I- 
10 -4  M/I  SnCI2 after 2050 sec, SEM, 34 ~ 190X. 

Fig. 4. Deposit at --200 mV from 6N KOH Jr 20 g/I ZnO -t- 
10 -4  M/I tetraethylammonium perchlorate after 2000 sec, SEM, 
34 o. 190X. 

Fig. 3b. 480X. 

s imi la r ly  microcrys ta l l ine ,  the  ove r -a l l  s t ruc tu re  was  
more  compact  than  in the  present  case. 

The effect of t e t r a e t h y l a m m o n i u m  ion (TEA) was 
also studied,  since a beneficial  effect of such ions has 
been ment ioned  in (3-5) but  no microscopic studies 
repor ted .  F igure  4 reveals  the effect of addi t ion of 
10-4M of TEA- ion  under  the  same condit ions as in 
Fig. 2. A dendr i t ic  s t ruc ture  is s t i l l  observed,  but  
dendr i tes  in the  presence of TEA ions have  become 
finer wi th  the  s tem and the side branches  shor te r  and 
the  number  of dendr i tes  p robab ly  greater .  I t  cannot  
be shown wi th  these  p r e l i m i n a r y  da ta  whe the r  den-  
dr'ites are  comple te ly  suppressed  as the  concentra t ion 
of TEA ions is increased or  h igher  members  of these  
compounds added as r epor ted  in (4, 5), but  the  effect 
of TEA-ions  is ce r t a in ly  smal le r  than  tha t  of lead  or 
t in  ions at  a given potent ial ,  concentrat ion,  and equal  
t ime for deposit ion.  

Whi le  it  is possible tha t  the  s l ight  effect of TEA-ions  
on the  e lec t rodeposi t  m a y  be due to specific adsorp-  
t ion of t he  la rge  cations, as suggested b y  Diggle et al. 
(4, 5) (or of TEA decomposi t ion products  which  might  
be present  in a lka l ine  solut ions) ,  the  effect of lead 
and t in  ion addi t ions  mus t  more  logical ly  be a t t r ibu ted  
to the  codeposi t ion of the  corresponding meta ls  wi th  
zinc. The foreign meta l  can be expected  to deposi t  on 
p re fe r red  growth  sites b locking fu r the r  zinc deposi t ion 
on the  pa r t i cu la r  crys taUite  and lead ing  to nuclea t ion  
of new grains.  

The effect of lead, t in,  and TEA-ions  on the  cor-  
rosion behav ior  of po lycrys ta l l ine  zinc (99.999%) has 

Fig. 4b. 480X 

been reported recently by the authors (6) for 200-hr 
tests in 6N KOH at 25~ 
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Chemical Deposition of Single Crystal Gold Films 
Richard Sard*  

Bell Telephone Laboratories, Inc., Murray Hil~, New Jersey 07974 

An electron microscopic inves t igat ion has  disclosed 
that  ep i tax ia l  single c rys ta l  gold films can be chem-  
ica l ly  deposi ted  on copper  subs t ra tes  f rom aqueous 
solutions. This unexpec ted  resul t  was observed in the  
course of an invest igat ion of the  g rowth  and s t ruc ture  
of gold deposi ts  obta ined f rom the  electroless  solu-  
t ions fo rmula ted  by  Okinaka  (1).  

Ini t ia l ly ,  annea led  copper  sheet  was used as sub-  
s t ra tes  and  the large  gra ined  s t ructure ,  character is t ic  
of recrys ta l l ized  copper,  was copied by  gold deposi ts  
0.1-0.2~ in thickness.  A series of exper imen t s  car r ied  
out wi th  single c rys ta l  copper subs t ra tes  tha t  
were  cut (Servo Met  Spa rk  Cut ter )  and  pol ished 
pa ra l l e l  to  (100}, (110}, or  {111} confirmed tha t  the  
gold deposi ts  were,  in fact, epi taxial ,  i.e. they  were  in 
pa ra l l e l  or ien ta t ion  with  the  subs t ra te  and  exhib i ted  
bu lk  values  of  the  in t e rp lana r  spacings. 

Gold deposi ts  were  obta ined  on at  least  four  single 
crys ta l  subs t ra tes  in each or ienta t ion as pa r t  of the  
over=al l  inves t igat ion (2) of the  s t ruc tures  obta ined 
f rom electroless solutions. The solutions used for these  
exper iments  contained var ious  amounts  of the  re= 
ducing agent,  KBH4, in addi t ion  to the  o ther  con- 
s t i tuents :  KAu(CN)~ ,  KOH, and KCN. 1 These solu-  
t ions wi l l  p roduce  gold deposi ts  app rox ima te ly  1000- 
1500A th ick  in f rom 2 to 20 rain at  80~ depending  on 
the  specific ba th  composit ion (1). However ,  the  exact  
formula t ions  used are  not  of p r i m a r y  re levance  to 
this  note  as we are  concerned here  only wi th  the  
genera l  fea tures  of the  ini t ia l  stages of ep i tax ia l  gold 
deposi t ion on copper substrates .  Thus, the  fact  tha t  
au toca ta ly t ic  solut ions were  used is not  too importaz~ 
because the  growth  process in this  case is due to a 
d isplacement  mechanism as discussed below. A much 
more  deta i led  s tudy  of the  growth,  s t ruc ture  and 
proper t ies  of electroless  gold deposi ts  has been con-  
ducted (2) and  wil l  be submi t ted  for  publ ica t ion  in 
the nea r  future.  

The gold films were  s t r ipped  f rom the i r  copper 
subs t ra tes  in a chromic=sulfuric acid  solut ion (3). 
Stop-off  lacquer  (Michigan Chrome and Chemical  
Company)  was used to protect  the  crys ta ls  and pe rmi t  
dissolut ion only  at windows on the  app rop r i a t e  sur -  
faces where  gr id-s ize  regions (2=3 mm)  were  scr ibed 
wi th  tweezers.  When  the  deposits  f loated free f rom 
the  subs t ra tes  they  were  p icked up on grids, ca re fu l ly  
washed and dried, then  placed in a vacuum dess icator  
unt i l  examina t ion  in a Siemens e lect ron microscope 
opera ted  at  100 kV. 

Examples  of the  s ingle c rys ta l  e lec t ron diffract ion 
pa t te rns  of gold films deposi ted on {100} and { I l l }  
surfaces a re  shown in Fig. 1 and 2, respect ively.  These 
pa t te rns  a re  s imi la r  to those observed  for ep i t ax ia l  
deposi ts  of face-cen te red  cubic meta l s  p r epa red  by  
vacuum evapora t ion  (4) and e lect rodeposi t ion (5, 6). 
The "satel l i te"  spots  in Fig. 1 a re  due to micro twin  
faul ts  on the  four incl ined {111) planes  and double  
diffract ion at the i r  boundar ies  as discussed by  p re -  
vious authors  (4, 7, 8). In  Fig. 2 the six in te r io r  spots 
in hexagona l  a r r a y  are  of  the  type  1/3 ~422>  and are  
due to diffraction at  double  posi t ioning boundar ies  (8). 
B r igh t - and  dark=field observat ions  of the mic ro-  
s t ruc ture  indicate  tha t  the  defect  densi t ies  of these  
films are  qui te  high; typ ica l ly  ~ 10 lo cm-2.  

* Electrochemical  Society Act ive  Member.  
Key  words:  chemical  deposition, single crystal  fiIms, gold, t rans-  

mission electron microscopy. 
1 A typical  composition used ~vas: 0.4M KBH4, O.02M KAu(CN)~, 

0.2M KOH, and 0.2M K e N .  

Fig. 1. Transmission e|ectron diffraction pattern of go|d de- 
posit on (100~ copper single crystal. 

Fig. 2. Transmission electron diffraction pattern of gold de- 
posit on (111~ copper single crystal. 

As indica ted  above, a d i sp lacement  mechan i sm is 
responsible  for  the  ini t ia l  stages of gold deposi t ion on 
copper  substrates .  Ana ly t i ca l  evidence obta ined  by 
atomic absorpt ion  spec t roscopy indicates  tha t  copper  
dissolves f rom the  surface  and goes into solution, 
p r e sumab ly  to form a more  s table  cyan ide  complex.  
Conver t ing  f rom mass  units  to equiva len t  th ickness  
(assuming uni form dissolut ion over  the  geometr ica l  
a rea)  one obtains values  of  app rox ima te ly  100A for 
the  magni tude  of the  ini t ia l  d isp lacement  process 
under  favorab le  conditions, i.e., when  pores  a re  sealed 
by  ca ta ly t i c  deposit ion.  

Aqueous  solutions tha t  y ie ld  deposits  of pa r t i cu la r  
meta ls  (e.g., Ag, Cu, Ni, Pd, Pt,  Sn) on specific sub= 
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s t ra tes  have  been ava i l ab le  for  some t ime (9-11). 
These deposi ts  a re  usua l ly  t e rmed  " immers ion"  coat-  
ings, and they  appa ren t ly  resul t  f rom galvanic  dis-  
placement .  Unl ike  electroless  solutions, these  ba ths  
p roduce  r e l a t ive ly  th in  deposi ts  as the  react ion wi l l  
cease when  the  solution and or ig inal  subs t ra te  are  no 
longer  in contact.  Moreover,  such deposi ts  a re  usual ly  
qui te  porous which is w h y  the i r  th ickness  increases  
over  ex tended  per iods  of time. 

However ,  i t  is impor tan t  to note tha t  the  s t ruc tures  
of gold deposits  obta ined f rom an immers ion  gold 
solut ion (11) and two p r o p r i e t a r y  (12, 13) solut ions 
were  found to be qua l i t a t ive ly  s imi la r  to those ob-  
ta ined  wi th  the  electroless solutions. These deposi ts  
were  obta ined  at the  r ecommended  opera t ing  condi -  
t ions wi th  annealed,  po lycrys ta l l ine  copper  subs t ra tes  
and the diffract ion pa t te rns  exhib i ted  s ingle c rys ta l  
spots cor responding  to t he  var ious  subs t ra te  grains.  

Thus, it  is concluded tha t  the  d isp lacement  process 
responsible  for the ini t ia l  deposi t ion of gold films on 
copper  subs t ra tes  occurs by  an ep i tax ia l  growth  mech-  
anism. There  is addi t ional  evidence which  indicates  
tha t  such a mechanism m a y  be qui te  genera l  for the  
in i t ia l  s tages of d i sp lacement  processes. This quest ion 
wil l  be t r ea ted  in g rea te r  de ta i l  in a fu tu re  publ icat ion.  
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Oxygen Reduction on Bright Osmium Electrodes in 
85% Orthophosphoric Acid 

A. J. Appleby* 
Institute of Gas Technology, Chicago, Illinois 60616 

Work  on the  oxygen  e lec t rode  behav ior  of osmium 
has been in f requen t ly  r epor ted  in the  l i te ra ture .  In 
1940, Bain 1 r epor ted  res t  potent ia ls  of osmium black  
films in oxygen - sa tu r a t ed  1N H2SO4 solut ion of 0~ 
vs. hydrogen.  Charging  curves for - - O  adsorpt ion  on 
osmium electrodes were  s tudied b y  Khomchenko  
et al. (2),  who noted a genera l  resemblance  in p rop -  
er t ies  to those of ru then ium (3), a l though osmium 
was observed to go into the  solut ion at  lower  po ten-  
tials. Llopis  and Vazquez (4) obta ined  cyclic vo l t am-  
metr ic  scans in acid solutions on osmium b lack  elec-  
trodes.  G n a n a m u t h u  and Pet roce l l i  (5) r epor ted  
s t eady-s t a t e  oxygen reduct ion Tafe l  slopes of app rox i -  
ma te ly  2RT/F in oxygen - sa tu ra t ed  1N H2SO4 solution. 
Elect rodes  were  of compara t ive ly  low activi ty,  wi th  
overpoten t ia l s  much grea te r  than  those on p la t inum.  

In  the  presen t  work,  oxygen  reduct ion  on phase-  
ox ide - f ree  osmium surfaces in 85% or thophosphor ic  
acid was s tudied as a funct ion of t empera ture .  

Experimental 
Osmium electrodes were  p repa red  by  e lect rolyt ic  

deposi t ion on 1 cm 2 gold foils f rom mol ten  cyanides  
by  a p rev ious ly  publ i shed  method  (6). The elec-  
t ro lyt ic  deposi ts  were  bright ,  though  somewhat  g r anu -  
lar .  Roughness factors were  measured  b y  using a 
cha rg ing-curve  technique  (2) (see be low) .  Elec-  
t rodes  were  suspended on gold wires  in the  a l l - s i l ica  
cell  used in previous  w o r k  (7). A bubbl ing  hydrogen  
r e f e r e n c e  e lect rode was used, to which  al l  potent ia ls  

* Electrochemical Society Active M e m b e r .  
Key words: oxygen reduction, osmium electrodes, electrocatalysis. 

are  refer red .  The  e lec t ro ly t ic  cell  conta ined a gold 
counterelect rode,  so that  any  contamina t ion  of the  
e lec t ro ly te  would  be confined to t races of nonelec t ro-  
cata lyt ic  metal .  For  the  same reason, t races  of oxidiz-  
able  ma te r i a l  were  removed  from the e lec t ro ly te  by  
hydrogen  peroxide  t r ea tmen t  r a the r  than  by  p re -e l ec -  
trolysis.  

A p a r t  f rom the charging curves,  al l  da ta  were  
obta ined  b y  a s t eady- s t a t e  ga lvanosta t ic  technique,  
a l lowing sufficient t ime for less than  0.2 m V / m i n  
change in potent ia l  at  each appl ied  cu r ren t  density.  
This condit ion requi res  5-15 rain at h igher  cur ren t  
densit ies;  up to 2 h r  was r equ i r ed  in the  10-s-10 -9  
A / c m  2 range.  

Results 
Electrode area determinations.--After prepa ra t ion  

the electrodes were  washed  in conduct iv i ty  wa te r  to 
remove  cyanides  and were  then r insed  in concent ra ted  
HC1, conduct iv i ty  water ,  and the purif ied electrolyte .  

Electrodes were  poten t ios ta ted  over  n ight  a t  21.0~ 
in n i t rogen - sa tu ra t ed  85% or thophosphor ic  acid at  
50 mV HRE to ensure  reduct ion  of any  res idual  phase  
oxide, af ter  w h i c h  chronocoulometr ic  scans were  
car r ied  out. 

F igu re  1 shows a typica l  complete  anodic-ca thodic  
charging curve in N2-sa tura ted  85% or thophosphor ic  
acid at  21~ at  a cur ren t  dens i ty  of 200 m A / c m  2 
(geometr ic ) .  

This  charging  curve  is the  final one of a series of 
six, a l l  of which  were  identical .  The curves  were  
t e rmina ted  at  a po ten t ia l  of 0.84V to p reven t  any  
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Fig. 1. Charging curve on osmium at 200 mA/cm 2 in N2 satu- 
rated 85% orthophosphoric acid (21~ 

extensive oxidation of osmium to OsO2 or OsO4, or 
any electrode dissolution. 

The electrode shows well-defined hydrogen and 
oxygen regions, with QH about 2Qo, where Qo is the 
number of coulombs for oxygen. The hydrogen depo- 
sition region finishes at about 200 mV; the region of 
monolayer oxygen deposition starts at about 250 mV 
and continues through 800 mV. 

There is some hysteresis between anodic and cath- 
odic portions, as indicated in Fig. 1, but much less 
than is shown by platinum (8). The general be- 
havior is close to that of ruthenium (3). The greater 
hysteresis between anodic and cathodic potential 
scans on platinum compared with osmium is partic- 
ularly well shown by Llopis and Vazquez (3). 

Preliminary experiments established that the con- 
centration of the acid used has little effect on the 
charging curves. In addition, results obtained in 
1N H2SO4 and 85% orthophosphoric acid were virtu- 
ally identical. 

Khomchenko et al. (2) have shown that electrode 
areas measured from the hydrogen-charging region 
agree with BET data on osmium black electrodes. 
Using 22.48 g/cm~ as the density of osmium and as- 
suming one adsorbed H radical per metal atom, 
osmium will adsorb 1.73 • 1015 H atoms/cm 2. If one 
assumes about 30 ~F/cm2 for the double-layer 
capacity in I-IsPO4, then the total charge in going from 
0 to about 150 mV (the end of the hydrogen-charging 
region) is 270 + 30 • 0.15 /~C/real cmS: Le., 275 
~C/cm 2. 

In Fig. 1 the H-charging region is about 1800 
coulombs, indicating a roughness factor of 6.5. 

Open-circuit potent~als.--Open-circuit potentials 
were about 850-880 mV I-IRE 2 hr after immersion 
of the electrode in  oxygen-sa tura ted  85% I4_~PO4 or 
after cathodic polarization. A complete list is given in 
Table I. 

At 21.0~ the ini t ia l  value refers to 30 min  after 
polarization: The final value was at ta ined after 12 hr 
in the solution. Open-circui t  potentials rose slowly 
over several  days. This is i l lustrated by the value at 
35.0~ (941 mV) at ta ined after 2 days in the solution. 

Tafel plots.~Figure 2 shows a series of steady-state 
galvanostatic Tafel plots for the osmium electrode at 
21-0 ~ 35.0 ~ 52.1 ~ 76.0 ~ 104.0 ~ and 138.0~ In each 

Table I. Open-circuit potentials of osmium oxygen electrodes 

Temp,  "C P o t e n t i a l ,  m V  

9OO 

~: 800 

~ 7 0 0  

5oo t I I 
-8 -7 -6 -5 

IOglo i ,  A/sq cm 

Fig. 2. Tafel plots for oxygen reduction on osmium in 0"2 satu- 
rated 85% orthophosphorir acid as a function of temperature. 

case, the slope is about 2RT/F. Current densities are 
corrected for the roughness factor of the electro- 
deposit. 

The Tafel plot at 35.0~ was obtained from the high 
open-circuit value reported in Table I and is char- 
acterized by a more gentle curve into the Tafel region 
at the high-potential portion of the plot than is ob- 
served when results are obtained on electrodes at 
initially lower open-circuit values. The Tafel region, 
however, is not affected by the initial open-circuit 
value. 

The above charging curve and polarization results 
refer to the same electrode. Data obtained on other 
electrodeposited osmium surfaces were consistently 
with in  • mV of the plots shown in  Fig. 2, and the 
discrepancy in  each case was not significantly tempera-  
ture-dependent .  

Unl ike  phase-oxide-free p la t inum oxygen elec- 
trodes, osmium electrodes appear not to be substant i -  
ally affected by adsorbed impurities,  as potentials 
showed no tendency to decay with t ime and results 
are unaffected by pre l iminary  pulsing between 0.9V 
and 50 mV (9), which should serve to remove any ad- 
sorbed impurities (9, I0) that diffuse to the electrode 
surface from the solution. However, as already in- 
dicated, electrodes took a considerable time to come 
to steady state at any applied current density, in- 
dicating that development of equilibrium --O and 
--OH coverage from water oxidation is slow. How- 
ever, there was no hysteresis between ascending and 
descending Tafel plots, provided sufficient time was 
allowed at each applied current density. 

Kinetic data.--Values of i0 corrected for oxygen 
partial pressure (assuming a first-order process), 
roughness factor, 1/a values, and Tafel slopes are 
given in Table II. 

An Arrhenius plot of lOglo i0 against I/T is given in 
Fig. 3. Activation energy at the reversible potential 
on this basis is 13.5 ~ kcal/mole. 

Discussion 
In  the potential  range 600-850 mV, equi l ibr ium - - O  

and - - O H  coverage from water  oxidation on osmium 
electrodes may be expected to be high: The charging 
curve i l lustrated in Fig. 1 indicates that  about one 
monolayer  of - - O  is adsorbed at 800 mV HRE after 
20 sec. On this basis, adsorption of reaction in te rmedi -  
ates wil l  take place under  Langmui r  ra ther  than 
Temkin  conditions. 

The Tafel slope of 2RT/F is indicative of a p r imary  
charge t ransfer  as the ra te -de te rmin ing  step, under  

Table It. Kinetic data for oxygen reduction on osmium 

Tafe l  slope, 
T e m p ,  ~ m Y / d e c a d e  l/c~ io, A / c m  2 

21.0 854--875 
35.0 808 
52.1 570 
76.0 8(;9 

104~  873 
136.0 857 

21.0 128 2.19 3.5 • 10 - ~  
37.0 130 2.18 8.3 X 10 -13 
52.1 136 2,11 2.6 • 10 -11 
76.0 141 2.07 9.2 • 10-n 

104.0 146 1.95 3.8 • 10 -lo 
136.0 158 1,95 2.5 • 10 -~ 
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Fig. 3. Arrhenius plat of Ioa~ ~ fo~ ox~jgen ~ed~cti~n an o~mium 
in 85% orthophosphoric acid. 

L a n g m u i r  condit ions of adsorpt ion  (9). On ru then ium 
electrodes i t  has been shown tha t  the  p r i m a r y  charge-  
t ransfe r  reac t ion  

02 + HsO + + e -  --> (O2H)a~s 

is r a t e  de te rmin ing  in acid solut ion (11). In  v iew of 
the  chemical  resemblance  be tween  ru then ium and 
osmium and  the  genera l  s imi la r i ty  of the i r  - - O  ad -  
sorpt ion behavior  (2, 3, 4, 11), it  is t empt ing  to sug-  
gest  tha t  the  same step is ra te  de te rmin ing  on osmium 
electrodes,  a l though precise  ident i f icat ion of the  
process requi res  r eac t i on -o rde r  measurements .  

Osmium and ru then ium have  s imi la r  d -o rb i t a l  
characters  (2.2 vacancies)  (12) and would  be  ex -  
pected to show s t rong adsorpt ion  of oxygena ted  
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species compared  w i th  gold, on which  the  same r e -  
a c t i o n  has been  shown to be  r a t e  de te rmin ing  (13). 
This is reflected in the i r  measured  ac t iva t ion  energies  
at  the  revers ib le  po ten t ia l  (13.5 kca l  on osmium, 11.7 
kca l  (11) on ru thenium,  23.6 kca l  (13) on gold) .  This 
demons t ra tes  the  effect of hea t  of adsorpt ion  of r e -  
action in te rmedia tes  on act ivat ion energies,  first d is-  
cussed by  Hor iu t i  and  Po lany i  (14) wi th  reference  to 
the  hydrogen  evolut ion  react ion.  

Acknowledgment 
The author  wishes  to t h a n k  the  sponsors of the  

TARGET fuel  cell  p rog ram and P r a t t  & Whi tne y  A i r -  
craf t  Division of Uni ted  Ai rc ra f t  Corp. for  permiss ion 
to publ ish  this  work.  The  he lp  of member s  of IGT in 
the  p repa ra t ion  of this  publ ica t ion  is also g rea t ly  
appreciated.  

Manuscr ip t  rece ived  Apr i l  13, 1970. 
A n y  discussion of this  p a p e r  wi l l  appear  in a Dis-  

cussion Section to be publ i shed  in the  J u n e  1971 
JOURNAL. 

REFERENCES 
1. H. G. Bain, Trans. Electrochem. Soc., 78, 173 (1940). 
2. G. P. Khomchenko,  N. G. Ul 'ko,  and  G. D. Vov-  

chenko,  Elektrokhiva., 1, 659 (1965). 
3. T. N. S toyanovskaya ,  G. P. Khomchenko,  and G. D. 

Vovchenko,  Vestn. Mosk Univ. Ser. II, Khim., 
17, [5J, 30 (1962). 

4. J. Llopis  and M. Vazquez, Anales Real Soc. Espan. 
Fis. Ouim. (Madrid), B63, 273 (1967). 

5. D. S. Gnanamuthu ,  and J. V. Petrocel l i ,  This Jour- 
nal, 114, 1036 (1967). 

6. A. J. Appleby ,  ibid., 117, 1059 (1970). 
7. A. J. Appleby ,  J. Electroanal. Chem., 24, 97 (1970). 
8. Ts. Zalk ind  and B. V. Ershler ,  Zh. Fiz. Khim., 25, 

565 (1951). 
9. A. J. Appleby,  This Journal, 117, 328 (1970). 

10. S.D. James,  ibid., 114, 1113 (1967). 
11. A. J. Appleby ,  to be publ i shed  in J. Electroanal. 

Chem. 
12. M. L. B. Ruo, A. Damianovic .  and J. O'M. Bockris,  

J. Phys. Chem., 67, 2508 (1963). 
13. A. J. Appleby ,  to be publ i shed  in J. Electroanal. 

Chem. 
14. J. Hor iu t i  and M. Polanyi ,  Acta Physicochim. 

U.R.S.S., 2, 505 (1935). 

Oxygen Reduction on Phase-Oxide-Free Platinum- 
Ruthenium Alloys in 85% Orthophosphoric Acid 

at High Temperature 
A. J. Appleby* 

Institute oS Gas Technology, Chicago, I~liuois 60616 

A series of studies conducted b y  Hoar  and Brooman  
(1, 2) on oxygen  reduct ion  in d i lu te  acid solut ion 
using P t -Ru ,  P t -Rh,  and P t - I r  a l loy electrodes con-  
ta in ing low atomic percen tages  of the  a l loying me ta l  
indica ted  tha t  such al loys are  more  act ive e lec t ro-  
ca ta lys ts  t han  pure  p la t inum.  Rate  enhancement  for  

* Electrochemical Society Active Member.  
Key words: oxygen reduction, platinum-ruthenium alloys, elec- 

trocatalysis.  

s imi lar  al loys over  pu re  p l a t inum in gas-phase  
catalysis  processes has also been  noted.  In  par t icu la r ,  
Bond and Webs te r  (3, 4) showed tha t  P t - R u  al loys 
were  more  reac t ive  than  e i ther  pure  me ta l  for  h y d r o -  
genat ion reactions.  Other  examples  of synergist ic  
effects have  been  noted,  bo th  in the  gas phase  (5) 
and in e lec t rocata lys is  (6). 

A recent  s tudy  b y  Hoare  on P t - R h  al loys (7) as 
oxygen  reduc t ion  cata lys ts  in purif ied d i lu te  acid 
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solut ion does not confirm Hoar  and Brooman 's  find- 
ings: No synergis t ic  effects were  noted, and the  log 
exchange cur ren t  was propor t iona l  to the  p l a t inum 
content  of the  alloy. 

In  view of the  above  observat ions,  a s tudy  of oxygen 
reduct ion  on smooth P t - R u  alloys was car r ied  out in 
purified 85% or thophosphoric  acid at e levated  t em-  
pe ra tu re  (1040C, approx imat ing  to energy  convers ion 
device condit ions)  in a fused-s i l ica  e lec t rochemical  
cell  to de te rmine  the ac t iv i ty  of the al loys under  
different  surface conditions.  

Exper imenta l  
Pol ished electrodes of P t -8  a / o  (a tom per  cent)  Ru  

and Pt-18 a /o  Ru were  cut f rom a stock Enge lhard  
al loy sheet  of 99.9% pur i ty  using a d iamond  saw. 
Electrode areas  var ied  be tween  0.8 and 1.40 cm. 2 In 
addit ion,  a 2.0 cm 2 pure  p l a t inum electrode of 99.999% 
pur i ty  and a pure  ru then ium elect rode were  studied. 

Al l  e lectrodes were  ca re fu l ly  we lded  to gold wires  
and af ter  mechanica l  pol ishing using a lumina  powders  
were  degreased  wi th  organic solvents  and washed  
wi th  concent ra ted  HC1, conduct iv i ty  water ,  and f inal ly 
the  e lec t ro ly te  (purif ied 85% or thophosphoric  ac id) .  

The e lec t ro ly te  was purified by  t r ea tmen t  wi th  
hydrogen  peroxide,  as descr ibed in previous  work  
(8, 9). A thermosta t ic  oil ba th  ma in ta ined  the fused 
sil ica e lect rolyt ic  cell  (8) at  a t e m p e r a t u r e  of 104.0 ~ 
• 0.2~ A s t ream of h i g h - p u r i t y  oxygen  was passed 
cont inuously  through the  e lec t ro ly te  at a ra te  of 
about  10 ml /min .  The reference  e lect rode was an 
i so thermal  bubbl ing  hydrogen  85% or thophosphor ic  
acid electrode,  to which al l  potent ia ls  th roughout  this 
paper  a re  re fe r red  (HRE poten t ia l s ) .  A gold counter -  
e lect rode was used to avoid contamina t ing  the pure  
ru then ium elec t rode  surface wi th  t races  of p la t inum.  
Separa te  batches of e lec t ro ly te  were  used for  each 
alloy. 

R e s u l t s  

Rest potentials.--After the  p repa ra t ive  p rocedure  
descr ibed above, each e lec t rode  was potent ios ta ted  for 
2 h r  at  50 mV HRE to reduce any  superficial  oxide 
that  might  have been present .  Fol lowing  this t r e a t -  
ment,  the  e lec t rode  was a l lowed to reach  its open-  
circuit  potential .  Typica l  values have  been p lo t ted  as 
a funct ion of a l loy composi t ion in Fig, 1. 

In  each case, the lower  resul t  is the  value  a t ta ined  
a few minutes  af ter  the  re lease  of the  potent iosta t ic  
circuit.  The h igher  values  were  a t t a ined  af te r  2-3 hr. 
On being left  overnight ,  the  va lue  for P t  t ended  to 
fal l  to 980-990 mV; those for P t -8  a /o  Ru  and Pt-18 
a /o  Ru fell  to about  990-1000 mV. This m a y  be a t t r i b -  
u ted to the  slow adsorpt ion of cap i l l a ry -ac t ive  im-  
pur i t ies  that  a re  not  r emoved  by  oxida t ive  pur i f ica-  
t ion t rea tment ,  for  example ,  po lyphosphates  and 
traces of organic polymers .  Li t t le  change in potent ia l  
was noted for  the  above  electrodes on longer  e x -  
posures to the  e lectrolyte .  On the Pt-40 and 60 a /o  
Ru alloys,  potent ia ls  r ema ined  essent ia l ly  constant  

1050 

I000 

950 

~" 9oo 

800 0 INITIAL VALUES 
A VALUES AFTER 8-hr IMMERSION 

750 I J I I I 
0 20 40 60 BO I00 

Ru, ~tom % 

Fig. 1. Open-circuit potentials of Pt, Ru and alloys in oxygen- 
saturated 85% orthophosphoric acid (104~ 

af ter  2-3 hr, whereas  the  va lue  on Ru tended  to r ise 
ve ry  s lowly (5-10 m V / d a y ) .  

The open-c i rcu i t  potent ia ls  appear  to go th rough  a 
m a x i m u m  at about  P t -8  a /o  Ru (Fig. 1). 

Tafel plots.--After equi l ibra t ion  for  8 h r  at open 
circuit  in the  oxygen - sa tu r a t ed  e lectrolyte ,  a de-  
scending galvanosta t ic  Tafel  plot  was made  for each 
meta l  and alloy. In  each case, the  plot  was t aken  
down to the point  where  diffusion control  became ap-  
paren t ;  the  p lot t ing direct ion was then  reversed.  A 
hysteresis  due to desorpt ion  of cap i l l a ry -ac t ive  m a -  
te r ia l  on the  e lect rode surface was observed in each 
case. The pa t t e rn  of the  hysteres is  is changed according 
to the al loy composit ion.  Plots  for  each mate r i a l  a re  
shown in Fig. 2 and 3. P lo t  A for each e lec t rode  is the  
downward  plot ;  p lot  B is t aken  in the  u p w a r d  d i rec-  
tion. Sufficient t ime was a l lowed at each appl ied  
cur ren t  dens i ty  for  the poten t ia l  to change b y  less 
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Fig. 2. Tafel plots on Pt and low atom per cent Pt-Ru alloys 
showing desorption hysteresis in oxygen-saturated 85% orthophos- 
phoric acid (104.0~ 
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Fig. 3. Tafel peats on Ru and high atom per cent Pt-Ru alleys 
showing deserption hysteresis in oxygen-saturated 85% orthophos- 
phoric acid (IlN.O~ 
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than  0.5 mV/min .  This no rma l ly  was so wi th in  2-10 
rain, the  t ime decreas ing wi th  increas ing cur ren t  
density.  

In  the  case of pu re  p la t inum,  desorpt ion  hysteres is  
is most  m a r k e d  at  about  930-950 mV HRE; the  ini t ia l  
plot  indicates  less ac t iv i ty  than  for  the  Pt -8  a /o  Ru 
a l loy (Fig. 2). The desorpt ion  poten t ia l  r ange  is 
broad  in the  case of the  8 a /o  Ru alloy, but  desorpt ion 
becomes m a r k e d  only  be low 930 mV HRE on the Pt-18 
a / o  Ru alloy. For  Pt-40 a /o  Ru, Pt-60 a /o  Ru, and  
pure  z Ru, desorpt ion is m a r k e d  only  below 920, 900, 
and 800 mV, respect ively .  The enhancement  factor  of 
P t -8  a /o  Ru over  pu re  Pt  is about  1.5 at  900 mV under  
these surface conditions.  Act ivi t ies  of Pt, Pt -18 a /o  
Ru, and  Pt-40 a /o  Ru are  s imi lar  at  900 mV in plot  A. 

Tafel  plots  were  also obta ined af te r  a s t andard  
act ivat ion procedure ,  in tended  to desorb  impuri t ies .  
Electrodes were  pulsed ga lvanos ta t ica l ly  three  t imes 
be tween  open circui t  and  50 mV I-IRE. The las t  pulse  
was a lways  cathodic,  and af ter  i t  a continuous up -  
wa rd  plot, s tar t ing at about  35 ~A/cm 2, was made.  
This is* represen ted  by  plot  C in each case in Fig. 2 
and 3. P lo t  D for each e lect rode in Fig. 2 and 3 is a 
d o w n w a r d  galvanosta t ic  Tafel  p lot  t a k e n  f rom open 
circuit  immedia t e ly  af te r  complet ion of plot  C. For  
both plots C and D points were  taken  af ter  each cur -  
ren t  dens i ty  had been appl ied  for 2 rain. 

For  Pt-40 a /o  Ru, Pt-60 a /o  Ru, and pure  Ru, plots  
C and D were  essent ia l ly  identical .  F u r t h e r  puls ing 
before each point  to +1000 and +50  mV led to no 
fu r the r  improvement .  For  pure  Ru and the Pt-60 a /o  
Ru alloy, these  plots show deact iva t ion  effects (i.e., 
devia t ion  f rom l inea r i ty )  at h igher  potent ia ls  in the 
ranges above  750 and 850 mV I-IRE, respect ive ly .  
S imi lar ly ,  deact iva t ion  effects occur for  Pt-40 a /o  
Ru above about  900 mV HRE. F o r  the  p l a t i num- r i ch  
compositions,  a hysteresis  effect is noted be tween  the 
ac t iva ted  curve  plot ted  in the  upward  direct ion and 
the d o w n w a r d  curve (Fig. 3). 

I t  appears  tha t  cer ta in  adsorbed impur i t ies  are  not 
removed  from these electrodes by  puls ing to + 50 mV, 
but  are  desorbed at  the  h igher  potent ia l  end of the  plot  
above about  950 mV. This effect is most  m a r k e d  in the  
case of pure  p la t inum.  On this e lec t rode  meta l  points  
in the  h igh  cur ren t  dens i ty  region  of curve D are  
uns table  and decayed  wi th in  a few minutes  to values  
corresponding to those in curve C. Separa te  puls ing 
was necessary  be tween each point  in curve D to 
obta in  a consistent  curve. I t  was however ,  es tabl ished 
tha t  puls ing to h igher  anodic potent ia ls  (to about  
1.4V) led to no fu r the r  improvemen t  in curve D for 
pu re  p la t inum.  This can be considered to be a plot  
for a clean (i.e., i m p u r i t y - f r e e )  surface. I t  was es tab-  
l ished ear l ie r  tha t  puls ing of p l a t i num beyond 1.4V 
leads to surface area  changes. Al loys  were  not  pulsed 
anodica l ly  beyond  1000 mV because of the  danger  of 
composit ion changes. 

Fo r  the  P t -8  a /o  Ru alloy, much more  s table  plot  
D points  were  obta ined  than  on pure  p la t inum,  and 
i t  was possible  to t race  the  whole  plot  wi thou t  
separa te  act ivat ion for  each point .  No improvemen t  
was noted in ind iv idua l  points  by  separa te  ac t iva t ion  
be tween  points. I t  the re fore  appears  tha t  pure  
p l a t inum is much more  r ap id ly  deac t iva ted  b y  ad -  
sorpt ion of impur i t ies  than  the Pt -8  a /o  Ru al loy 

z T h e  p l o t  for pure  Ru is f rom d a t a  a t  9 5 . 9 ~  b u t  m a y  b e  t a k e n  
a s  r e p r e s e n t a t i v e .  

Table I. Tafel slopes of Pt-Ru alloy electrodes 

S l o p e ,  m Y / d e c a d e  l [ a  

: P u N  P t  7 7  1 . 0 3  
: P t - 8  a / o  R u  8 3  1 .11  
P t - 1 8  a / o  R U  9 0  1 . 2 0  
Pt-40 a / o  R u  9 5  1 . 2 7  
P t - 6 0  a / o  R u  1 0 3  1 .SS 
Pure R u  1 1 5  1 . 5 4  
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Fig. 4. Tafel plots on pulsed sudoces of Pt, Ru, and alloys in 
85% orthophosphoric acid (|04.0~C). 

(Fig. 2.) The plots for a l l  the  i m p u r i t y - f r e e  e lectrode 
surfaces (i.e., plot  D in each case)  are  shown in Fig. 4. 

Tafel slopes for  clean surfaces.--Tafel slopes and 1/a 
values  a re  given in Table  I. 

There  is a definite t endency  for  the s lope to increase  
as the  ru then ium content  of the  a l loy increases. 

Discussion 
Hoar  and Brooman (1,2) have  publ i shed  work  

car r ied  out in di lute  sulfuric  acid to show tha t  P t - R u  
alloys wi th  Ru content  up to 9.3 a /o  are  more  act ive 
than  pure  p l a t i n u m  at 25~ However ,  the  ox ide - f ree  
p l a t inum elec t rode  da ta  they  r epor t  indicate  tha t  the i r  
e lec t rode  is cons iderab ly  less act ive than  the corre-  
sponding surface in 85% or thophosphor ic  acid at  25~ 
(9) (by  about  200 mV at the  same cur ren t  densi ty)  
and  that  [ f rom Damjanovic  and  Brusic 's  (10) da ta]  
it  is about  10,000 t imes  less act ive than  the same sur-  
face in perchlor ic  acid at the  same tempera tu re .  Ac -  
cording to Hoar  and Brooman (1), the  inflections in 
thei r  plots  were  caused by  adsorpt ion  of an in t e rmed i -  
ate. I t  is more  l ikely ,  however ,  tha t  they  are  due to 
adsorbed impuri t ies ,  as only  cathodic p re -e lec t ro lys i s  
was used for  purification.  The  poor per formance  of 
the i r  p l a t i num electrode impl ies  tha t  oxidizable  im-  
pur i t ies  were  present  in the i r  exper iments .  

The resul ts  of the  present  exper imen t s  show tha t  
p l a t inum is more  suscept ible  to poisoning b y  impur i -  
t ies than  al loys conta ining smal l  amounts  of r u -  
thenium,  as shown by  the  ini t ia l  Tafe l  plots (Fig. 2 
and 3). This is also reflected in the  open-c i rcu i t  po-  
tent ia ls  and the re la t ive  per formance  of pure  Pt  and 
P t -8  a /o  Ru at  cur ren t  densi t ies  below 1 ~A/cm 2. The  
adsorp t ive  proper t ies  of P t - R u  al loys are  thus different  
f rom those of pure  Pt. The i r  ac t iv i ty  in d i rec t  hyd ro -  
carbon oxida t ion  (6) and the i r  to lerance  to poisoning 
are  p robab ly  re la ted  phenomena.  

Resul ts  ob ta ined  on clean p l a t i num surfaces also 
decay  much more  r ap id ly  than  on P t -8  a /o  Ru alloy. 
Hence, in not  ex tens ive ly  purif ied solution, P t - R u  
al loys containing smal l  amounts  of ru then ium m a y  
be more  active than  p la t inum alone, bu t  for  clean 
surfaces at modera t e  overpotent ia l s  ac t iv i ty  increases 
wi th  increas ing p l a t inum content.  

As m a y  be seen in  Fig. 4, the  increase  in ac t iv i ty  
is a combinat ion  of two factors:  improvemen t  in io 
and in Tafel  slope. F igure  5 shows the  log cu r ren t  at 
850 mV H-RE plo t ted  against  a tom pe r  cent Ru. A 
s t r a igh t - l ine  re la t ionship  is obtained.  S imi la r  resul ts  
have  been  obta ined  on the P t - R h  a l loy oxygen  elec-  
t rode  system b y  Hoare  (7). 

As d -o rb i t a l  vacancies in solid solut ions are  p ro -  
por t iona l  to atomic composition, i t  appears  tha t  the  
energy  of ac t iva t ion  for  the  r a t e - d e t e r m i n i n g  step of 
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Fig. 5. Correlation between current density at 8.50 mV/HRE and 
alloy composition for Pt-Ru solid solutions: oxygen reduction in 
85% orthophosphoric acid (104.0~ 

the  react ion depends  d i rec t ly  on the electronic s truc-  
ture  of the  alloy. 
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ABSTRACT 

The early stages of oxidation of Fe-Cr  and Ni-Cr  alloys, containing respec- 
t ively nomina l ly  5, 10, 15, and 30 a/o Cr, in 1 atm oxygen at 600~ have been 
studied by t ransmission electron microscopy of stripped films and by  elec- 
t ron diffraction. Substant ia l  amounts  of iron and nickel  oxides, respectively, 
are produced on all alloys before steady-state,  healing, chromium-conta in ing  
oxide layers are developed. This occurs more rapidly and more completely as 
the alloy chromium content  is increased. For dilute Fe-Cr  and very dilute 
Ni-Cr  alloys, grain and subgrain boundaries  and other subst ructural  defects 
of the alloy are covered by thicker oxide. This is due either to their  efficiency 
as cation vacancy sinks or to more local diffusional paths in  the oxide above 
them. Conversely, for alloys richer in chromium (up to 30%), healing is most 
rapid in these locations due to rapid chromium diffusion to the al loy/oxide 
interface, leading to th in  oxide above the defects. The tendency of rapidly 
growing iron oxides to overgrow the chromium-conta in ing  oxides, and also 
to undermine  them by encroaching on the alloy, is countered by the rapid 
development  of a general  healing layer of FeFe(2-x)CrxO4 (O ~ x ---~ 2) for 
the dilute Fe-Cr  alloys and Cr20.~ for the concentrated alloys. NiCr204 prob-  
ably does not form a healing layer for di lute Ni-Cr  alloys and the com- 
pletion of a healing Cr203 layer  is slower than  for Fe-Cr  alloys. This is largely 
due to the lower alloy interdiffusion coefficient. However, the slow growth 
of NiO limits overgrowth and scale encroachment.  Cr203 healing is eventual ly  
approached by dense in terna l  oxide formation, resul t ing par t ly  from the rela-  
t ively high solubil i ty of oxygen in Ni-Cr alloys. 

Relat ively little is known about the t ransient  films 
formed in the initial, nonsteady-s ta te  stages of oxida- 
tion. Par t icular ly  with alloys whose oxidation behav-  
ior is borderl ine between protective and nonprotective,  
the spatial distribution, amount,  composition, and 
s t ructure  of the ini t ia l  phases determine the oxidation 
rate and the subsequent  approach to s teady-state  oxi- 
dation. A considerable total oxide thickness is often 
developed before s teady-state  conditions are estab- 
lished. Wagner  (1) has considered presteady-state  
conditions briefly, and relat ively detailed studies of 
Cu-Ni and Cu-Zn alloys have been made by Whit t le  
and Wood (2, 3). Other papers re levant  to the subject 
have been published on Fe-Cr  alloys (4-6, 14) and 
copper-base materials  (7-9). 

The present paper is one of a series in which t rans i -  
ent oxidation of a wide range of practically impor tant  
alloys has been studied by transmission electron mi -  
croscopy and by transmission and reflection electron 
diffraction of stripped films. By using s tandard heating 
and cooling conditions for oxidation in a single oxygen 
pressure at one temperature,  for single-phase Fe-Cr  
and Ni-Cr alloys of various fixed compositions, the 
ma in  variables emerge as (a) the bu lk  alloy composi- 
tion, (b) the alloy interdiffusion coefficient, (c) the 
solubil i ty and diffusivity of oxygen in the alloy, and 
(d) the relat ive growth rates of the doped and com- 
plex oxides. The s tandard free energies of formation 
for oxides of the relat ively noble metals, nickel, cobalt, 
and iron are so similar, compared wi th  the value for 

Key words: oxidation, Fe-Cr alloy, Ni-Cr alloy. 

the much less noble metal, chromium, that  differences 
in this factor are insignificant in  this series. Complex 
oxide formation is, however, different in the different 
systems. Par t icular ly  under  relat ively mild conditions, 
epi taxy effects and the influence of the substrate sub-  
s t ructure  must  be expected to be significant. Plastic 
flow of the oxide and substrate may also influence the 
scale morphology. 

A subsidiary object of the paper was to investigate 
the interrelat ionship between the subst ructure  of the 
oxide and the subjacent  alloy. This subject  is still in  
its infancy but  has been studied for pure metals, for 
example in ref. (10-21). 

Experimental Procedure 
The alloys were prepared from vacuum-mel ted  ma-  

terials as cold-rolled strip 0.05 cm thick. The analyses 
were pure iron, Fe-4.35 w/o  Cr (4.7 a /o) ,  Fe-9.4 w/o Cr 
(10.0 a /o) ,  Fe-15.5 w/o  Cr (16.4 a /o) ,  Fe-28.5 w/o  Cr 
(30.1 a /o) ,  pure nickel, Ni-5 w/o  Cr (5.6 a /o) ,  Ni-10 
w/o  Cr (11.1 a/o) ,  Ni-15 w/o Cr (16.6 a /o) ,  and Ni-27 
w/o Cr (29.5 a /o) .  The nominal  compositions of 5, 10, 
15, and 30 a/o are used throughout  the remainder  of 
the paper. 

After  anneal ing  for 4 hr  at 800~ at 10 -5 Torr, most 
specimens, 2 x 0.5 x 0.05 cm, were individual ly  electro- 
polished for 5 rain in 30 sec pulses at 0.5 A cm -2 (25V) 
in 90% glacial acetic acid, 8% perchloric acid (sp gr 
1.61), 2% water  (all v / v ) .  This was sufficient to re-  
move about 15 mg cm -2' from each side of the speci- 
mens. It  ensured the complete removal  of any 
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chromium-deple ted  surface layer developed dur ing 
fabrication and not removed by annealing.  Pure  
nickel was electropolished under  identical  conditions 
in 50% v / v  sulfuric acid. All  the polished samples 
were r insed in water  and methanol  and dried prior 
to oxidation. 

Oxidation was restricted to 1, 2.5, 5, 10, and 15 rain 
at 600~ Since the oxidation times were short, the 
specimens had to be brought  to tempera ture  as quickly 
as possible and then after oxidation cooled very rapidly. 
The following technique,  a ref inement of that  of Whi t -  
t le and Wood (2, 3), ensured identical  al though arbi -  
t ra ry  heating and cooling for each specimen. A glass 
tube, 80 cm long and 3.75 cm in diameter,  was sus- 
pended by a vacuum-t igh t  joint  above a vertical  fur-  
nace containing flowing oxygen at 1 atm pressure. The 
furnace inner  tube  was 66 cm long and 2.85 cm in 
diameter  and the outer tube  was 37.5 cm long and 4.5 
cm in diameter. The specimen was hung  inside the 
glass tube using a Kan tha l  hook, 6.25 cm long and  0.05 
cm in diameter, passing through a 0.1 cm hole in the 
specimen. The hook itself was attached to an 18% Cr, 
8% Ni stainless steel rod, 60 cm long and 1 cm in 
diameter, rest ing freely on an upper  suspension rod. 
Upon release of this suspension rod, the stainless steel 
rod and attached sample fell 57.5 cm to a second sus- 
pension rod, permi t t ing  the specimen to reside exactly 
in the center of the hot zone of the furnace. At the end 
of the run, the second suspension rod was released, 
dropping the stainless steel rod and attached specimen 
directly into a quenching water  bath beneath. The oxi- 
dation t ime was designated as the t ime elapsing be- 
tween the two releases. The specimens were immedi-  
ately dried and placed in a desiccator. 

Any  effects of "overheating" of the sample and the 
t ime taken for it to reach 600~ were investigated. A 
P t / P t - R h  thermocouple was spot-welded to the speci- 
men in its usual  assembly. Identical  t empera tu re / t ime  
curves were obtained for iron and Fe-30% Cr. It took 
about 80 sec to reach the vic ini ty  of 600~ as shown 
by automatic recording (Fig. 1). A similar curve was 
obtained when the thermocouple was attached to the 
Kantha l  hook in the absence of the specimen. If any 
overheating due to the heat of formation of the oxide 
occurred, it was masked by  the rapid rise to tempera-  
ture. The other alloys would be expected to give simi- 
lar  curves because iron and Fe-30% Cr were, respec- 
tively, the fastest and slowest oxidizing alloys. 

After  evaporat ion of carbon onto the surfaces for 
support ing purposes in some cases, most oxide films 
were stripped chemically. A saturated solution of 
iodine in 10% w / v  potassium iodide, or sometimes a 
12% w / v  solution of iodine in absolute methanol,  
proved successful for Fe-Cr  alloys, and a solution of 
HC1/water /e thanol  (10 ml  : 30 ml  : 40 ml) ,  to which 
a few mill i l i ters of hydrogen peroxide had been added, 
proved successful for Ni-Cr  alloys. The stripped films 
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Fig. 1. Temperature of iron or Fe-30% Cr specimen as a function 
of time during the heating-up period. 

were washed in methanol  and water  prior to examina-  
tion in an A.E.I-E M6G electron microscope wi th  dif- 
fraction at tachment  at 80 kV. 

The top surfaces of films were examined by reflec- 
tion electron diffraction at grazing incidence, in te rpre-  
tat ion of the pa t te rn  being subject to the usual  severe 
restrictions of this technique. Transmission electron 
diffraction was applied with greater  confidence. Se- 
lected area electron diffraction, l imited in  resolution by 
the mi n i mum aperture of 1.25 ~m, was inadequate  to 
resolve the finely divided phases. Electron probe mi-  
croanalysis in plan (2, 3) was so near  its l imits of use- 
fulness, films general ly  being <1000A in thickness, that  
it could not be employed significantly. 

Results and Interpretation 
Electron di~raction.--The oxides displayed interfer-  

ence colors, often blue to b lue-brown,  and electron 
opacity experiments  with stripped films indicated 
them to be in the range 400-2000A thick. Relative 
thicknesses between films on 30% Cr alloys could not 
be judged. It appeared that  al though for a given oxi- 
dation t ime films were thicker on iron than  on nickel, 
they were th inner  on Fe-5 to 15% Cr than on Ni-5 to 
15% Cr. 

General ly  2 or 3 diffraction photographs were taken 
from different regions over the surface of every speci- 
men, using large and small  apertures as appropriate.  
The exper imental  dhkl values were compared with the 
values obtained from standard x - ray  data and the pat-  
te rn  was identified. Some reflection lines were missing 
in the Fe-Cr  pat terns which were very diffuse. The 
diffraction data are summarized in Tables I and II, 
referr ing to the phases from the x - r ay  pat terns  used 
in identification. Where an expected oxide (on the 
basis of general  theory and s teady-state  data) was 

Table I. Electron diffraction results for oxidation of Fe-Cr alloys at 600~ 

1 ra in  2.5 ra in .  5 m i n  10 m i n  15 m i n  

T R T ~R T R T R T R 

F e - 5  Cr  Fe80~ (s) Fe~O~ (s) Fe304 (s) 
RhC (w )  

Fe-10  Cr  Fe304 (s) Rh  (m)  Fe304 (s) FesO4 (s) Fe30~ (s) FenO4 (s) R h  (s) Fe~O4 (s) Fe304 (s) 
R h  (tr)  R h  (w) Rh  (m)  R h C  (w)  R h  (s) Fe304 ( tr)  R h  (s) R h  (s) 

FeCr~O4 ( w )  

Fe-15  Cr  FesO4 (s) Rh  (m)  FesO4 (s) Fe304 is) R h  (m) Fe304 (s) Rh  (m)  Fe304 (s) R h  (s) 
R h  ( tr)  Fe804 (m)  Rh  (m)  R h C  (s) R h C  ( t r )  R h  (m)  FenO4 (w) R h  (s) Fe304 (s) 

R h C  (m) R h  ( tr)  R h C  (tr)  R h C  (w) 

F e - 3 0  C r  R h C  (s) R h C  (s) R h C  (s) R h C  (s) 
FeCr204  (w) Fe~O~ (w) Fe~O4 (m)  Fe30~ (m)  
R h  ( tr)  R h  ( tr)  R h  ( tr)  R h  (w) 
Fe30~ (tr)  

T = t r a n s m i s s i o n  d i f f r ac t ion .  
1~ -- r e f l ec t ion  diffraction. 
s = s t rong ,  m = m e d i u m ,  w = w e a k ,  t r  = t r ace .  
l~h = r h o m b o h e d r a l  p h a s e  ( a -Fe208  o r  Fe=On-Cr208 r e l a t i v e l y  r i c h  i n  Fe~O3). 
B h C  = Cr~O3-Fe=O8 r i c h  i n  Cr=On. 
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TabJe II. Transmission electron diffraction results for oxidation of Ni-Cr alloy~ at 600~ 

1 ra in  2.5 ra in  5 ra in  10 ra in  15 ra in  

Ni-5 Cr  NiO (s) NiO (s) NiO (s) NiO (s) 
NICr.~O~ (tr) NtCr~O~ (ra) NiCr~O4 (s) 

Also NiO (s) in re -  
f lect ion p a t t e r n  

Ni-10 Cr  NiO (s) NiO (s) NiCr~O4 (s) NiCr~O~ (s) 
NtCr~O~ (s) NtO (ra) R h C  (s) 

NiO (tr) 

Nl-15 Cr  NiO (s) NiO (s) NtO (s) NiCr~O~ (s) 
NiCr~O~ (w) RhC (s) 
RhC (tr) NiO (tr) 

N|~ Cr  N | O  (s) NiO (s) NiO (s) NiO (s) NiO (s) 
R h C  (w) NiCr~O~ (w) NiCr~O~ (w) RhC (m) 

NiCr~O~ (m) 

N o m e n c l a t u r e  as in Table  I. 

missing, this is indicated in the text. Relative amounts  
of phases indicated by electron diffraction data must  
not always be accepted literally. This is because the 
oxides may be buried in certain cases, missed in r an -  
dom sampling, or present  in too small  an amount  to be 
detected, par t icular ly  if the major  lines are in close 
coincidence with those of another  predominat ing phase. 
Although it was possible in the Fe-Cr  system to dif- 
ferent iate  spinel  oxides, that  is, Fe304 and FeCr204 
from the  rhombohedral  phases, that  is, ~-Fe20~ and 
Cr~.Os, only with great difficulty could members  wi th in  
each phase group be identified. Thus, identification as 
FeCr204 or FesO4 could mean  FeFe<e-x)CrxO4 (0 
x - -  2) rich and lean in chromium, respectively, and 
Cr203 and Fe2Os would indicate Cr20~-Fe2Os rich and 
lean in chromium, respectively. Some evidence of 
single as well  as polycrystal l ine pat terns  was observed, 
but  in the absence of alloy attached to the oxide, epi- 
taxy relationships were not identified. 

Oxidation of Fe-5% Cr revealed Fe~O4 as the only 
major  phase for up to 10 min, wi th  some Cr203 ap- 
pearing at 15 rain. No FeFe<2-x~Cr~O4 rich in chro- 
mium (usual ly indexed as FeCr204) was found. How- 
ever, it is l ikely that  a th in  heal ing layer  of the spinel  
relat ively dilute in chromium existed at the scale base, 
as found for thicker scales produced at high tempera-  
tures. The Cr203 was possibly a healing layer  
which can develop at the base of the spinel, or in ter -  
nal  oxide. A little rhombohedral  oxide (probably ~- 
Fe~O3) would be expected at the outer surface if the  
oxidation rate  had slowed sufficiently, but  this was not 
detected. For comparison, Phelps, Gulbransen,  and 
Hickman (14) found Fe~O4 and perhaps, surprisingly,  
Cr20~ for Fe-5% Cr after 5 rain at 400~ using reflec- 
t ion diffraction, but  only Fe304 and FeCr204, after cool- 
ing by transmission diffraction. 

As expected, reflection diffraction revealed Fe304 
with a presumably  overlying, rhombohedral  layer  on 
Fe-10% Cr at all times. In  transmission,  the existence 
of Fe304 as the major  phase was na tura l ly  emphasized 
because the entire film was now being traversed by 
the electron beam. FeCr204 was occasionally indexed, 
but  again some of the mater ia l  indexed as Fe~O4 could 
have been spinel dilute in chromium. The weak Cr~O3 
lines observed in  t ransmission after 5 rain could have 
been a healing layer  or possibly a local area where 
Cr203 developed from the outset. The lat ter  explana-  
t ion was supported by the occasional finding of weak 
Cr~Os lines in reflection patterns.  Al te rna t ive ly  this 
could be a case where an init ial  Cr203 layer lifted off 
the surface, became perforated, and allowed i ron-  
containing oxides to grow beneath  it. 

For  Fe-15% Cr, again, Fe~O4 and rhombohedral  ox- 
ide (probably ~-Fe203 but  the~presence of Cr20~ after 
5 min  indicated that  some of it could have been 
a-Fe203-Cr20~) were detected as the outer phases by 
reflection electron diffraction. Transmission diffraction 
revealed addi t ional ly  Cr203, which would be expected 

at the scale base. It  is curious that  the apparent  amount  
decreased with time. Phelps, Gulbransen,  and Hickman 
(14) also detected Fe304 and Cr2Os as predominant  
phases in the stripped film for Fe-13% Cr after 15 rain 
at 600~ 

The presence of Cr2Oa as the major  phase at all  t imes 
on Fe-30% Cr was expected, bu t  it is reasonable that  
minor  amounts  of Fe304 (or spinel rich in i ron) ,  rhom-  
bohedral  oxide, and spinel rich in chromium should 
have been identified. These almost certainly lay at the 
outside of the films, being the result  of the nucleat ion 
stages. Fur the r  outward diffusion of i ron ions, t rapped 
original ly in the inner  Cr~O~-rich layer, toward the 
location of higher oxygen potent ial  could also occur. 

The pat terns were much sirnpler to in terpret  for 
Ni-Cr alloys because only three oxides had to be con- 
sidered. Vir tual ly  all  the diffraction data were obtained 
by transmission. 

For Ni-5% Cr and Ni-10% Cr, NiO was the major  
phase, with increasing amounts  of NiCr~O4 as oxidation 
proceeded. If behavior  at higher temperatures  was fol- 
lowed here, the spinel  did not exist as a complete layer 
but  as particles produced by interact ion between the 
ma in  NiO layer  and the Cr20~ in te rna l  oxide. I t  would 
appear that  a heal ing Cr2Os layer  ini t iated after 10 
rain for Ni-10% Cr. The low amount  of NiO found on 
this specimen could have been due to very  rapid heal-  
ing or to substant ia l  interact ion between the ini t ial  NiO 
layer and the heal ing Cr203 layer. The same phenom- 
enon was found after 10 min  with Ni-15% Cr, so pos- 
sibly the second explanat ion is favored. The extent  of 
NiO formation was still high even with Ni-30% Cr, 
but  the amount  of Cr203 detected, al though small, did 
increase with the alloy chromium content  and also 
became detectable earlier. Apar t  from the fact that  
such layers could have been quite thin, these scales 
tend to crack between the Cr203 and the outer oxide 
on cooling. Adhesion be tween the Cr~O3 and the sub-  
strate is much better  in the Ni-Cr  than the Fe-Cr  sys- 
tem, due to interlocking. Although most of the oxide 
would have been stripped from the substrate, some of 
the Cr20~ may have floated away from the outer layer  
rich in NiO and containing NiCr204 and not have been 
detected. There is, however, no direct evidence that  a 
more complete spinel layer did not form at this lower 
t empera ture  and play a more impor tan t  role than  at 
higher temperature.  

Electron microscopy.mGenera~ comments.--Pt/C 
replicas revealed that  electropolished surfaces were 
smooth and v i r tua l ly  uniform. Etched surfaces of an-  
nealed samples showed large grains, of typical  d iame-  
ter 10-50 ~m, with relat ively un i fo rm surfaces apart  
from a few minor  dimples and some fine columnar  
grains occasionally grown on grain boundaries.  Several  
areas of each stripped oxide film were studied to en-  
sure representat ive micrographs. 

For pure metals and dilute alloys (very dilute in the 
Ni-Cr  case), the alloy grain boundaries,  subgrain  
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boundaries,  and certain other subst ructura l  features, 
which could be dislocation loops and forests, produced 
thicker oxide. This could have been par t ly  due to im-  
pur i ty  segregation in this location but  was more l ikely 
due to their  acting as excellent vacancy sinks. This 
permit ted a high vacancy concentrat ion gradient  across 
the scale and prevented void formation at the scale 
base, so permit t ing rapid oxidation (12). Alternat ively,  
the thicker oxide was due to more local paths of easy 
diffusion, due to lattice disregistry between coalescing 
epitaxial  nuclei  in the oxide, the introduct ion of misfit 
dislocations, incoherent  twin  boundaries,  mosaic struc-  
tures, etc. (10, 11, 13, 16). The lat ter  explanat ion also 
shows why certain grains oxidized faster than  others. 
It appears qui te  common to make reference to sub-  
grains in the oxide (10, 11), but  it is not always easy 
to differentiate between genuine features and replica- 
t ion effects. Some artifacts may have been introduced 
on quenching or stripping, but there is no direct evi- 
dence of this and most features are considered genuine. 

As the alloy chromium content  increased, it became 
progressively more possible for preferent ia l  healing of 
the scale by chromium-r ich  oxides at the substrate 
defects. This was due to the more rapid diffusion of 
chromium to the al loy/oxide interface through such 
defective regions, permi t t ing  the t ransi t ion from in-  
t e rna l  to external  Cr203 formation there. There is some 
evidence that  the effect was relat ively greater  for Ni-Cr  
alloys, but  the si tuation was complex as discussed 
later. The term "healing" is used in this paper to mean  
the development  of a compact, slowly growing, oxide 
layer at the scale base and does not imply closure of 
cracks and so forth. 

Fe-Cr alloys.--Characteristic thickening of the oxide 
at grain boundaries  (up to 1 ~m) and other vacancy 
sinks occurred for pure iron after t imes of about 2.5 
min. Figure 2b-d shows similar features for Fe-5% 
Cr. Clearly oxidation was most rapid at the main  grain 
boundaries  which thickened to different extents due to 
orientat ion differences, i l lus t ra t ing that  the zone of 
influence extended beyond the boundaries  themselves. 
Lesser thickening at alloy subgrain  boundaries  was 
then followed by the gradual  "fil l ing-in" of the areas 
between the subboundaries.  The f i l l ing-in was again 
faster on some grains than others, the process being 
vi r tual ly  complete after 15 rain. Assuming the subgrains 
visible in the oxide were not independent  features but  
did replicate the alloy, the subgrains of the alloy ap- 
peared equi-axed and about 1-3 ~m in size, the small  
thicker oxide regions usual ly  being 0.5-3 ~m. The 
oxide grain size was, therefore, very much smaller  
than the alloy grain size even by  the t ime the crystal-  
lites formed at the defective regions had thickened, 
grown, and coalesced to give an opaque oxide. 

Figure 2a, typical  of several  such features, shows an 
area of th in  oxide, probably  over a minute  healed 
region of scale (which would be too small  to detect by 
electron diffraction). The features leading radial ly  into 
the th in  oxide could have been dislocations in the ox- 
ide, or produced in the replication of dislocation struc-  
tures in the substrate, or merely  have been composi- 
t ional or contrast  effects in the films. The features were 
still visible on t i l t ing but  did not move in the electron 
beam, probably  support ing the replication concept. If 
they were dislocation arrangements ,  differential 
stresses in the oxide or the substrate produced dur ing 
growth could have been responsible for the dis t r ibu-  
tion. However, the remarkable  s imilari ty to the micro- 
graphs of Howes (5) and Taylor, Holmes, and Boden 
(21) suggests they may have been diffraction contrast  
fringes. Such fringes may  have been due to severe 
strains in the oxide or at the al loy/oxide interface, 
as a result  of epitaxial  growth or of stress developed 
in  the oxide at a later  stage (5), or electron optical 
ext inct ion phenomena as a result  of rust  rosettes (21). 

September 1970 

Fig. 2. Transmission electron micrographs of oxide films formed 
on Fe-5% Cr for (a) 1 rain, (b) 2.5 min, (c) 5 min, and (d) 5 rain 
at 600~ (a) shows radiM structural or contrast features leading 
into a thin oxide disk, (b)-(d) show initiM oxide thickening at alloy 
grain boundaries and other sites and the gradual filling in of the 
subgrain regions. 
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Nevertheless, in the present  work they were never  
observed on pure iron. 

A similar pat tern  of boundary  growth and the filling 
in of subgrains was observed on Fe-10% Cr (Fig. 3), 
the rate appearing to be somewhat similar to that  for 

Fe-5% Cr. The borderl ine na ture  of the alloy was 
i l lustrated by the fact that  in some regions the oxide 
above the main  grain boundaries had thickened every-  
where more rapidly than  above the grains themselves, 
whereas, in others (Fig. 4d) oxidation had been slower 
there due to preferent ia l  healing. The intermediate  
si tuation is given in Fig. 4a where breaks in the grain 
boundary  darkening indicate localized healing. Re- 
markable  differences in oxide thickness from place to 
place on this sample may also have been evidence of 
some localized healing wi th in  certain meta l  grains. 

Close scrut iny of certain grains in Fig. 4a reveals a 
myr iad  of small  disks with dark peripheries, general ly 
separate bu t  occasionally impinging on one another. 

Fig. 3. Transmission electron micrographs of oxide films formed 
on Fe-lO% Cr for (o) 2.5 rain, (b) 2.5 min, (c) 5 rain, and (d) 10 
rain at 600~ (a) and (d) show preferential grain boundary healing 
in certain locations, with thickening still present elsewhere; (o) 
a|so gives the general distribution and (b) the detail of loop struc- 
tures; (c) shows rosette structures. 

Fig. 4. Transmission micrographs of oxide films formed on 
Fe-15% Cr for (a) 1 min, (b) 2.5 min, (c) 5 min, and (d) 15 min at 
600~ (c) demonstrates complete preferential healing along grain 
boundaries; (a)-(c), various local healing features within the grains, 
and (d), a rosette structure with the "hub" containing thick oxide. 
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Although  they  m a y  have been due to minor  undula t ions  
in the  film or local hea l ing  wi th in  the circles, it  ap -  
pears  much  more  l ike ly  tha t  they  were  genuine fea-  
tures.  F igu re  4b gives the  de ta i l  of the  disks, the 
typ ica l  d iamete r  being 0.1-0.4 ~m and the popula t ion  
109 cm -2. A l ike ly  explana t ion  is tha t  the  film rep -  
l icated dislocation loops which were  produced in the  
subs t ra te  by  r ap id  cat ion vacancy  injection.  Such 
vacancies, produced by  the oxida t ion  process, ag-  
gregated  and even tua l ly  col lapsed dur ing  the in i t ia l  
s tages of oxidation.  The per ipher ies  of the  loops acted 
as good cation vacancy  sinks, so the  oxide th ickened  
above them. Al te rna t ive ly ,  the la t t ice  mismatch  a rgu -  
men t  is applicable.  Cer ta in  loops appea r  to have  been 
connected wi th  other  dislocations. The loops were  
s table  in the  beam, which  favors the concept tha t  they  
repl ica ted  loops produced  in the a l loy surface and re-  
mained  presen t  on t i l t ing.  They  were  also seen in 
specimens oxidized for 1 min. S imi la r  loops or r ep -  
l icated loops have been observed prev ious ly  by  
Howes (5) on Fe-28% Cr, a l though they  were  
smal le r  than  here, and by  All  and Wood on nickel  
(22). They have been s tudied in deta i l  b y  t r ansmis -  
sion of th in  meta l  foils covered by  thin oxide in the  
case of magnesium,  zinc, and cadmium (17-20). 

"Rosette" s tructures,  somewhat  s imi lar  to those in 
Fig. 2a except  tha t  the cent ra l  region contained th ick  
r a the r  than  thin  oxide, were  also observed on this a l loy 
(Fig. 3c). The in te rb ranch  spacings of the  roset tes  
were  th in  and bright.  

The resul ts  for Fe-15% Cr (Fig. 4) revea led  com- 
ple te  p re fe ren t ia l  heal ing along gra in  boundar ies  (Fig. 
4c) due to the  h igher  a l loy chromium content,  wi th  the  
zones of influence of the boundar ies  ex tending  more  
into the  gra in  wi th  cer ta in  boundar ies  than others. 
Al though  the oxidat ion  ra te  st i l l  va r i ed  f rom gra in  
to grain, this  was somewhat  less pronounced than  wi th  
di lute  alloys,  wi th  less local  scale th ickening  above 
subs t ra te  defects. The considerable  local heal ing seen 
in some grains  (Fig. 4a-c)  could have  been due to th in  
oxide above meta l  subgrain  boundar ies  or o ther  sub-  
s t ra te  defects, or due to reduced  th ickening above  
ch romium-r i ch  oxide which commenced as in te rna l  
oxide. Fea tu res  which could have been dislocation 
forests are  visible in Fig. 4b. The roset te  s t ruc tures  
observed on previous  al loys (Fig. 2a and 3c) were  
again c lear ly  visible, pa r t i cu la r ly  over  large  areas  of 
the  10 and 15 min specimens (e.g. Fig. 4d) .  

Wi th  Fe-30% Cr there  was less oxidat ion at gra in  
boundar ies  and the i r  per ipher ies  and at cer ta in  sites 
wi th in  the  gra ins  than  over  the  genera l  surface (Fig. 
5a). However ,  the  influence of the  gra in  or ien ta t ion  on 
the  oxidat ion  ra te  genera l ly  appeared  less than  for the  
other  alloys. As heal ing by  a Cr20~ layer  is expected 
fa i r ly  r ap id ly  wi th  this alloy, the mot t led  oxide 
was p robab ly  main ly  the  Fe304 and rhombohed ra l  ox-  
ide other  than  Cr203 detected by  e lect ron diffraction 
and produced in the ini t ia l  scale es tabl i shment  stages. 
The fine da rk  par t ic les  were  almost  cer ta in ly  rhombo-  
hedra l  oxide r ich in a-Fe20~, s tanding proud (Fig. 5a). 
Pe rhaps  these subsequent ly  acted as centers  of roset tes  
which appea red  in rup tu red  forms. With  increas ing 
t ime,  p re fe ren t i a l  g rowth  at  the  gra in  boundar ies  again  
began to p redomina te  (Fig. 5b). This is reasonable  be-  
cause once Cr20~ was the  ma jo r  phase  over  the  ent i re  
surface and it became th ick  compared  wi th  the  outer,  
res idua l  i ron-conta in ing  oxides the  boundar ies  could 
again act as vacancy  sinks or enhanced mismatch  
centers  wi th  respect  to Cr20~ formation,  and local 
th ickening  could occur there.  The m a t r i x  now consisted 
of fine oxide crys ta l l i tes  up to about  0.2 ~m in size 
(Fig. 5c). Other  areas  of oxide showed fr inges and 
possible  dislocation structures.  

Ni-Cr alloys.--Grain b o u n d a r y  th ickening  of oxide and 
the var ia t ion  in oxidat ion  ra te  f rom grain  to g ra in  

Fig. 5. Transmission electron micrographs of oxide films formed 
on Fe-30% Cr for (a) 2.5 min, (b) 15 min, and (c) 15 rain at 600~ 
(a) displays rapid healing at grain boundaries and limited healing 
within the groins, with a few minor oxide protrusions; (b), local 
oxide thickening above alloy grain boundaries at a later stage; 
and (c), the detail of the oxide within the grains. 

also held  for pure  nickel.  The genera l  fea tures  were  
s imi lar  to these a l r eady  descr ibed (10-12), wi th  ap-  
pa ren t  oxide crys ta l l i tes  growing wi th  t ime and dislo-  
cat ion forests, mosaic s t ructures ,  etc., visible  in the 
oxide. Many of the  oxide  films on nickel  and the  di lute  
Ni -Cr  al loys cur led  up into rol ls  on s tr ipping,  p resum-  
ab ly  due to res idual  stresses wi th in  the films. 

Oxidat ion  of Ni-5% Cr for  1 min showed a un i form 
dis t r ibut ion  of small ,  bright,  d i sk - l i ke  s t ruc tures  (0.05- 
0.2 ~m in d iamete r )  th roughout  the  mat r ix ,  w i th  some 
evidence of agglomera t ion  of these s t ructures  along 
the gra in  boundar ies  (Fig. 6a and b).  Af t e r  2.5 rain and 
longer  t imes the  disks d i sappeared  and la rger  l ight  
regions wi thin  the  gra ins  and b roade r  gra in  bounda ry  
regions were  apparent .  The wid th  of the  gra in  bound-  
a ry  bands var ied  f rom b o u n d a r y  to b o u n d a r y  and 
tended to increase wi th  t ime (Fig. 6c and d) .  The 
or ienta t ion  dependence  of the  gra in  bounda ry  zone of 
influence is p r e sumab ly  re la ted  more  to the  angle  at  
which the bounda ry  has been cut  by  the  surface than  
to any aniso t ropy of the  a l loy interdiffusion coefficient. 
The extent  of th ick  and thin  regions of oxide  from 
gra in  to gra in  va r ied  enormous ly  and there  were  
occasional hints  of f i l led- in  subgrains  and bounda ry  
th ickening  in isolated regions. The genera l  effect of 
crys ta l l i tes  filling in became more  pronounced  wi th  
t ime but  the  evidence of local ly  healed areas  had not  
a lways  been comple te ly  e rad ica ted  over  the  t ime  scale 
used. Gra in  b o u n d a r y  hea l ing  occurred wi th  much 
lower  a l loy chromium contents on Ni -Cr  al loys than  
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dation. The disks disappeared after longer oxidation 
times, par t ly  due to their lateral  overgrowth by the 
rapidly developing NiO and par t ly  due to the develop- 
ment of larger regions of healed oxide (Fig. 6c and 
d). Despite the evidence of extensive NiCr204 from 
electron diffraction data, previous work would indicate 
that healing in this system is usually by Cr~Os. Sub- 
grain filling in was much less evident than with Fe-Cr  
alloys. The nucleation pattern for nickel oxide seemed 
less related to specific sites than did that of iron oxides 
on Fe-Cr  alloys. 

Ni-10% Cr behaved similarly to Ni-5% Cr, healing 
at grain boundaries being readily apparent, except 
where they were obscured by lateral  overgrowth by 
NiO. Twin boundaries did not show local thickening 
or healing, perhaps because such boundaries are co- 
herent (10-11). 

Oxidation of Ni-15% Cr showed much more rapid 
and general healing in the early stages (Fig. 7a), but 
there was substantial variation from area to area and 
grain to grain. The areas of the bright regions in Fig. 
7b are typically 1-1.5 ~m 2. The very fine light areas in 
Fig. 7b must have been minor grain boundaries, twin 
boundaries, or, just possibly, slip bands. It is not possi- 
ble to say categorically whether the light areas were 
vir tual ly Cr2Os alone or whether they were regions 
where outer NiO and NiCr204 had become separated 
from the alloy by healing Cr2Os layers or particles. 

The situation was similar for Ni-30% Cr, with even 
slower oxidation and more pronounced healing at grain 
boundaries and within the grains (Fig. 8a-c). The 
width of the healed grain boundary regions visible in 
the microscope increased with time (Fig. 8b). Certain 
substructural features where local healing occurred 
were also revealed within the grains (Fig. 8b). As 
happened with other alloys, although less clearly (e.g., 

Fig. 6. Transmission electron mlcrograpbs of oxide films formed 
on Ni-5% Cr for (a) 1 rain, (b) 1 rain, (c) 2.5 min, and (d) 2.5 
rain at 600~ (a) and (b) show slow oxidation above disks, prob- 
ably internal oxide particles or initial nuclei; and (c) and (d), the 
zones of influence of grain boundaries in producing local healing, 
as well as local healing within the alloy grains themselves. 

on Fe-Cr alloys. Grain boundary thickening, although 
occurring with dilute alloys, was rare with Ni-5% Cr. 

Although possessing a superficial similarity to the 
disks seen during Fe-Cr  oxidation, the present disks 
were in fact different, showing litt le peripheral  darken-  
ing, and were much thinner than the matr ix  oxide, sug- 
gesting local healing. Indeed the explanation is that  
the NiO could not grow rapidly above internal oxide 
particles of Cr~O3 developed in the alloy for Ni-Cr 
alloys or above the NiCr204 particles produced on 
incorporation of the internal oxide into the scale. Such 
phases could, of course, also have existed as initial 
nuclei on the surface after only 1 min. Although the 
disks were not replicated dislocation loops in the pres- 
ent case, it is possible that the first internal oxide 
nucleated at such sites during the initial stages of oxi-  

Fig. 7. Transmission electron micrographs of oxide films formed 
an Hi- IS% Cr for (a) 2.5 min and (b) 10 rain at 600~ Preferential 
healing is most rapid at grain boundaries but is also prevalent 
within the grains. 
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Fig. 8. Transmission electron micrographs of oxide films formed 
on Ni-30% Cr for (a) I rain, (b) 15 rain, and (c) 15 rain at 600~ 
Preferential healing sites are clearly visible, as is the grain struc- 
ture within and adjacent to the healed areas. 

Fig. 6b), thickening of the oxide along certain but  not 
all grain margins  occurred (e.g., Fig. 8b). This was due 
to preferent ial  oxidation above a chromium-deple ted  
zone on either side of the grain boundary,  lateral  dif- 
fusion of chromium to the grain boundary  occurring 
to promote continued growth of the chromium-r ich  
oxide there. The width of this zone increased wi th  
t ime due to the inabi l i ty  of the bu lk  grains to replenish 
chromium to the margins.  A fine oxide grain s t ructure  
existed wi thin  the region over the alloy grain bound-  
aries (Fig. 8c). 

Genera l  Discussion 
The heating and cooling procedure for the specimens 

was rather  a rb i t ra ry  but  is considered to give a good 
guide to behavior. The slower the hea t ing-up  process, 
general ly the greater is the likelihood of establishing 
the steady state and often the thermodynamica l ly  
predicted scale at an early stage. The s tandard free 
energies of formation of the oxides only predict the 
thermodynamical ly  stable oxides, not  necessarily the 
s teady-sta te  scale, which may  be determined by the 
spatial dis t r ibut ion of phases in the ini t ial  film. It  is 
now possible to discuss the influence of the bu lk  alloy 
chromium content, the alloy interdiffusion coefficient, 

the solubil i ty and diffusivity of atomic oxygen in the 
alloy, and the relat ive growth rates of the doped sample 
and complex ini t ia l  oxide nuclei  on the film establish- 
men t  stages, as far as the l imited data on these parame-  
ters permit.  The data are scattered, often do not refer  
to 600~ sometimes depend on mater ia l  puri ty,  and 
wil l  be detailed elsewhere (23). Here, for brevity,  only 
order of magni tude  values are indicated and the origi- 
nal  references are omitted. 

The same general  pa t te rn  of behavior occurs ini t ia l ly  
for each alloy. The first nuclei  of oxide, which rapidly 
coalesce to give a complete oxide layer, contain par t i -  
cles of the simple and complex oxides of all the alloy 
components, according to the schematic diagram of 
Wagner  ( 1 )  and the observations and theories of 
Whitt le  and Wood (2, 3). In  principle it should be 
possible to get scale enriched in the faster growing 
noble metal  oxide. Subsequent ly  a steady-state scaling 
si tuation is established, in which the the rmodynami-  
cally favored oxide (in this case usual ly  Cr203) at-  
tempts to provide a healing layer as the scale base and 
diffusional factors come more into play. As this occurs 
the oxidation rate  declines, l i t t le fur ther  noble metal  
enters the scale and that  which is wi thin  it redistr ibutes 
itself in a way determined by the oxygen potential  
gradient. 

It  is reasonable to assume that  the ini t ia l  nuclei, 
rapidly forming from an ini t ia l  amorphous skin (9), 
an a i r - formed film, or a prenucleated surface oxide 
(15), could be very small  indeed and even little above 
atomic dimensions. However, they rapidly grow into 
larger crystallites, as observed in the present  study, to 
decrease the interfacial  energy. They also tend to in ter -  
diffuse to give solid solutions and complex oxides, and 
noble metal  oxides may even be reduced back to metal  
by the displacement reaction. Par t icu la r ly  at the lower 
temperature  used here, epi taxy effects may be more 
impor tant  than suggested by  Whit t le  and Wood (2, 3) 
in determining the size, structure,  and composition of 
the ini t ial  nuclei. This contr ibut ion of epitaxy has been 
emphasized by various workers (4-6). For example, alI 
the nuclei  on Fe-Cr  alloys may tend to be cubic (4). 

Considering first the 30% Cr alloys in which a heal-  
ing Cr20~ layer is established relat ively quickly, sev- 
eral factors are operative in deciding the thickness of 
the outer layers containing the simple oxides of iron 
and nickel and the spinels. For Fe-Cr  alloys, the ten-  
dency of the very  rapidly growing i ron-r ich  oxide 
nuclei  is to overgrow the chromium-r ich  nuclei  and 
encroach on the alloy, unde rmin ing  and incorporat ing 
any  ini t ia t ing in te rna l  oxide particles or layers into 
the main  scale. This is countered by the ease of forma- 
t ion of a healing layer  of Cr203 near  the al loy/oxide 
interface, ra ther  than  as in te rna l  oxide. As a result  
of the high alloy interdiffusion coefficient (3-8 x 10 -10 
cm 2 sec -1 at 1000~ and relat ively low oxygen solu- 
bi l i ty  (6-80 x 10 -4 w/o  in iron at 700~176 and 
possibly diffusivity (1 x 10 - l ~  cm 2 sec -1 at 1000~ 
sufficient Cr203 is precipitated near  the surface to pre-  
vent  fur ther  in te rna l  oxidation. A fur ther  point  is that  
a layer of FeFer (O ~ x --~ 2) may be devel-  
oped in the ini t ia l  nuclei  and between the outer iron 
oxides and the developing inner  Cr20~ particles or 
layer. Thus the fast oxidation rate of i ron (kp 7.6 to 
13 x 10 -11 g2 cm-4  sec-1 at 600~ would have a chance 
to show up only in very early stages indeed (kp for 
Cr is 8 x 10 -15 at 700~ Some reaction between re -  
sidual Fe304 and a-Fe20~ outside the Cr203 with the 
Cr203 would produce the spinel and rhombohedral  
oxide detected by electron diffraction. 

A similar  general  picture applies to the oxidation 
of Ni-Cr alloys where  nickel has a higher oxidation 
rate than  chromium. The lower alloy interdiffusion co- 
efficient (1-4 x 10 -11 cm 2 see - I  at 1000~ and higher 
oxygen solubili ty (200 x 10 -4 w/o  at 600~ and prob-  
ably diffusivity (24 x 10 -10 cm 2 sec -1 at 10O0~ corn- 
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pared with the Fe-Cr  system mean that  the Cr203 
tends to be formed as an in terna l  oxide, al though with 
a very dense population. 1 This possibly coalesces to 
give a healing layer and is assisted in doing so by the 
re la t ively  slow overgrowth and encroachment  rate of 
the NiO, (kp for Ni is 3.9 x 10 -14 at 600~ which is 
much more protective than  the iron oxides. The longer 
t ime required to "shut off" the growth of the noble 
metal  oxide in the Ni-Cr  case means that  the ini t ial  
oxides are of comparable thickness to those on Fe-Cr  
alloys. It  has not been established definitively that 
NiCr204 does not give a complete layer, but  the elec- 
t ron micrographs and higher tempera ture  data possibly 
tend to favor its presence as particles in the scale. Its 
relat ively fixed composition reduces its amount  l ikely 
to be found in a scale. No reliable data are available 
for the formation rates of NiCr204, or indeed for 
FeFe(2-x)CrxO4 (O ~-~ x ~ 2). Really preparabolic oxi- 
dation rates of doped oxides should have been used in 
the above comparisons, but  the very  l imited data sug- 
gest similar t rends to the kp values (23). 

As the alloy chromium content  is decreased, the ex-  
tent  of healing becomes more localized in the Ni-Cr 
system, and wi th in  the grains th in  oxide often occurs 
only above Cr203 in te rna l  oxide or recent ly incorpo- 
rated NiCr204 particles. Oxidation, determined largely 
by the rate of thickening of doped NiO, par t ia l ly  
blocked by the spinel particles, is still re la t ively low. 
It is not as catastrophic as would be expected with 
dilute Fe-Cr  alloys because a healing layer  of 
FeFec~-x)Cr~O4, more protective than iron oxides but  
less protective than Cr203, is soon developed at the 
scale base and this determines the oxidation rate. This 
actual ly means that  the oxidation rate  up to 15 min  
is slower for dilute Fe-Cr  alloys than  Ni-Cr alloys. 
Even with the dilute alloys it may become possible to 
develop a heal ing Cr2Os layer in the later stages, 
beneath  the FeFe(~-x)CrxO4. 

The intr insic diffusion coefficients in  the respective 
Fe-Cr  and Ni-Cr  system are probably sufficiently simi- 
lar  to avoid any  Kirkendal l  voids in the depleted alloy 
zone under  the oxide as a result  of alloy interdiffusion. 
This is not to say that  voids are not eventual ly  pro-  
duced at the al loy/oxide interface by cation vacancies 
diffusing in  through the scale. 

One final point  is that  it is clear from this s tudy how 
difficult it is going to be to unders tand  the mechanical  
properties of oxidizing samples on terms of substruc-  
tura l  factors, many  of which produce highly localized 
effects. 
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1 I f  t h e  a l loy  i n t e r d i f f u s i o n  coef f ic ien t  is s u b s t a n t i a l l y  l o w e r  a t  
600 ~ t h a n  a t  800~ s u c h  d e n s e l y  p o p u l a t e d  i n t e r n a l l y  o x i d i z e d  
r e g i o n s  m a y  c o n s t i t u t e  t h e  " h e a l i n ~  l a y e r "  e n t i r e l y  in  s o m e  cases .  
T h e  r e l a t i v e  e a s e  of  e x t e n s i v e  s p i n e l  f o r m a t i o n  a t  600~ w o u l d  
t h e r e b y  be  e x p l a i n e d  b y  i n c o r p o r a t i o n  of  s u c h  Cr.~O3 p a r t i c l e s  in to  
t h e  N i O  as  o x i d a t i o n  c o n t i n u e s .  
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A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
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Ionic Current as a Function of Field in the Oxide during 
Plasma Anodization of Tantalum and Niobium 

W. L. Lee, 1 G. Olive, D. L. Pulfrey, and L. Young* 
Electrical Engineering Department, The University of British Columbia, Vancouver 8, British Columbia, Canada 

ABSTRACT 

The plasma anodization of t an ta lum and niobium in an oxygen d-c glow 
discharge was confirmed to be analogous to anodization in aqueous solutions 
in that evidence was obtained that the ion current  J in the oxide was a func-  
tion of field E in the oxide. Exper imenta l  data on J (E,T) were  obtained using 
in situ ell ipsometry to determine the thickness of oxide D, and hence E (using 
l~robe measurements  to obtain the potential  difference across the oxide) and J 
from dD/dt. The ell ipsometry data are consistent with a two- layer  oxide, and 
this may indicate that  both metal  and oxygen ion motion is involved in the 
growth process. 

Plasma anodization differs from ordinary  anodiza- 
tion in that the electrolyte solution is replaced by an 
oxygen plasma. As a method of producing dielectric 
films, it is of part icular  interest  in the fabrication of 
electronic devices since it is compatible wi th  other 
vacuum processing steps. In wet anodization the high 
field ionic conduction in the oxide is believed to be 
the principal  growth mechanism, and little is known 
to indicate that the electrolyte acts as more than a 
conducting med ium and source of oxygen and con- 
t aminan t  species for the construction of the oxide 
film. Most authors have assumed that  plasma anodiza- 
tion is analogous (1). One exception is Ligenza (2) 
who has considered, in the case of silicon, a growth 
mechanism in which implanta t ion  in the oxide of 
energetic ion species from the plasma sets up a con- 
centrat ion gradient  leading to diffusion-controlled 
growth. The analogy may  fail for other reasons also. 
For  example, with t an ta lum and some other metals it 
is known that  in plasma anodization the ion current  
density is normal ly  a small  fraction of the total cur-  
rent  densi ty in the oxide, in contrast  to ordinary  
anodization. Under  ul traviolet  irradiation, however, 
the ion current  in the ordinary wet  system may also 
become a small  fraction of the total cur rent  due to 
electronic photoconductivity.  In this case the oxide 
tends to have anomalous properties with regard to 
homogeneity and refractive index, and the oxide 
grows faster at a given field strength, i.e., the ionic 
current  at the given field s trength is enhanced (3). 
This might  suggest that  the photoelectronic current  
st imulates the ionic cur ren t  A specific mechanism for 
electronic cur ren t - induced  growth was suggested by 
Fritzsche (4) in connection with yet another  case 
where the ion current  is a small  fraction of the total 
current,  namely  the ordinary  anodJc growth of oxide 
films on silicon.~ Fritzsche's model is that  the elec- 
tronic current  involves hot electrons which generate 
electron-hole pairs by impact ionization. The forma-  
tion of positive holes, which anodic dissolution experi-  
ments  on silicon show to have some of the physical 
at tr ibutes of broken bonds, implies the loosening of 
atoms in the SiO2 glass which then  become mobile. 
In plasma anodization the large electronic current  
may be due mere ly  to the presence in the gas of many  
electrons which are energetic enough to be able to 
enter  the oxide. However, the plasma is itself a source 
of u.v. radiat ion so that  any effects due directly to u.v. 
absorption (as opposed to the consequences of elec- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  add re s s :  P h y s i c s  D e p a r t m e n t ,  N a t i o n a l  U n i v e r s i t y  of 

Ta iwan ,  Ta ipe i ,  Ta iwan .  
K e y  w o r d s :  gaseous  o x i d a t i o n ,  t h i n  d i e l ec t r i c  f i lms,  T a f e l  p lots .  

S i l i con  di f fers  f r o m  t a n t a l u m  in  t h a t  the  f ie lds  for  o b s e r v a b l e  
ion  c u r r e n t s  are  l a rge r  (1-2 • 10 7 V em-D b u t  F r i t z c h e ' s  s t a t e m e n t  
t h a t  log  J is  no t  d e p e n d e n t  on E a t  l ow  or m e d i u m  J does no t  agree  
w i t h  the  e l l i p s o m c t r i c  e v i d e n c e  on we t  a n o d i z a t i o n  of Si  [ref. (11)]. 

tronic photoconduction) may  appear in this case 
also. 

Another  possible effect of the electron current  
might  be the formation of a net  space charge, 
which would modify the field in the oxide and  thus 
al ter  the ion current  at a fixed mean field. Negative 
or positive space charge is possible, e.g., electron 
bombardment  of SiO2 produces positive space charge 
due to trapped holes (5). Positive space charge would 
increase the field at the outside of the oxide at the 
expense of the field near  the metal, with obvious 
consequences according to the kinetics of the process 
at these interfaces. Final ly,  if the plasma and wet 
processes are indeed analogous, then the drastic dif- 
ference in the conditions at the outer interface must  
have some observable consequences which may be of 
help in  discovering what  part  this interface plays. 
Possibly some l imit ing growth rate might  be ex-  
pected corresponding to the diffusion l imited supply 
of some part icipat ing species in the plasma. There 
is in fact some evidence that  faster growth rates 
and higher current  efficiencies may be obtained in 
denser plasmas (2, 6) and plasmas of different com- 
position (7), respectively. There  is, however,  the 
al ternate  possibility that the rate of en t ry  into the 
oxide of electrons from the plasma limits the field 
which may be set up in the oxide and hence limits 
the rate of growth, i.e., the different rates in  differ- 
ent plasmas may  be a funct ion of the relat ive elec- 
t ron and ion densities. 

The aim of the work to be described below was to 
see whether  the ion current  density J in the oxide 
could in fact be identified as a funct ion of the field 
s trength E in the oxide and its tempera ture  T, and 
in addition, to seek effects on the rates of growth due 
to a variat ion of the concentrat ion of plasma species. 
The growth of the oxide was followed by in situ 
ellipsometry. This indicated that  the films were two- 
layered. J was determined from the rate of growth 
and E calculated from the thickness and from esti- 
mates of the potential  difference across the oxide 
obtained from probe measurements .  The calculation 
involves some difficult points regarding interface p.d.'s 
and the relat ion to the free energy of formation of 
the oxide. These have been discussed elsewhere (8). 

Experimental Procedures 
The apparatus is shown in Fig. 1. A d-c glow dis- 

charge was struck between a luminum disk electrodes 
of 99.999% specified purity.  The cathode (K) was of 
the " inverse-brush"  type, i.e., it had m a n y  small  holes 
dril led into the front surface. Musal (9) showed that 
this gives larger currents  and increased plasma stabil-  
ity. The specimen position was fixed by the need for 
a l ignment  with the windows (O): the light beam of 
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Fig. 1. Schematic diagram of the discharge cell and pumping 
station. 

the ell ipsometer should enter  and leave the windows 
at as close as possible to normal  incidence in order to 
minimize polarization errors. The glow discharge 
could be moved relat ive to the specimen by adjust ing 
the position of the electrodes with external  magnets  
acting on pieces of iron (not shown) sealed in glass 
and positioned between the A1 rods (R) and coiled 
Ta wire (W). Connection to a d-c regulated power 
supply and series resistor was made via the tungsten  
feedthroughs (F).  The discharge cell was a borosili-  
cate glass tube 5 cm in diameter  and 30 cm long with 
tails to allow the motion of the electrodes. It  was 
connected via a meta l  bellows to a stainless steel 
pumping system buil t  from standard components 
with copper gaskets. The whole system was bakeable 
in a demountable  furnace with the sorption pump 
external .  After  bakeout  at only l l0~  the ion pump 
gave pressures of 10-9 Torr  as indicated by the ion 
gauge: organic contaminat ion was shown by the 
quadrupole  residual  gas analyzer to be negligible. 
Matheson 99.999% oxygen was admit ted through a 
leak valve, and the system was normal ly  operated 
wi th  the sorption pump on. 3 The leak valve could 
be servo-control led using a Granvi l le  Phill ips 
capacitance manometer  and pressure controller. 
Manual  control was also used and, ra ther  than  ma i n -  
tain a constant  indicated pressure, it was found de- 
sirable to control gas inflow to keep constant  the 
potential, with respect to the anode, of a floating probe 
close to the sample. This procedure was used for the 
Nb sample and pressure variat ions of about +__5% 
around the mean  value (60m Torr) were needed. 

The specimens were single crystal  or poly- 
crystal l ine sheets about  1 x 1 cm with a tab. These 
were electropolished in  a Teflon cell wi th  circulated 
solution. Typical ly  current  densities of about 150 
mA cm-2  were used for several minutes  with periodic 
inspection of the surface. The electrolyte was 9 parts 
by volume of 98 w/o  (weight per cent) H2SO4 and 10 
parts 48 w/o  HF for t an ta lum and 4 parts of 98 w/o  
H2SO4, 2 parts 48 w/o  HF, and 5 parts  85 w/o  lactic 

8 In la ter  w o r k  (s ince  this  p a p e r  w a s  submit ted)  f resh  o x y g e n  
was  flowed t h r o u g h  the  d i scharge  tube ( ra ther  than  mere ly  added  
e i sewhere  to  m a i n t a i n  pres su re ) :  there  is evidence  t h a t  th i s  g ives  
i n c r e a s e d  J at  g i v e n  E. 

acid for n iobium (10). Both were used warm. Single 
crystal mater ial  was preferred because it is easier to 
obtain a good electropolish, there being no development  
of ridges or grooves at grain boundaries  or of steps due 
to unequa l  dissolution rates on different faces. 

The samples were fixed to the hollow stainless 
steel support  using a m i n i m u m  of Ultek high vacuum 
epoxy wi th  a th in  mica sheet for electrical insulation.  
Water  from a thermostat ted bath was circulated 
through the substrate  holder and the tempera ture  of 
the assembly was monitored with a glass-enclosed 
thermistor  embedded in that  face of the substrate 
holder to which the specimen was fixed. The sample 
holder was supported by a stainless steel crosspiece 
which was connected to a s ide-arm of the cell 
through a meta l  flange and bellows. During specimen 
a l ignment  the crosspiece could be adjusted with 
screws wi th  respect to a metal  post which extended 
from the plate support ing the cell. The water  feed- 
through tubes were sufficiently flexible to allow the 
specimen to be rotated for a l ignment  using a bellows- 
type rotary  feedthrough plus bevel  gears. 

Electrical connections to the thermistor,  probes, 
and specimen entered though an  octal header flange 
on the crosspiece. The probes were tungs ten  wire  
with glass sheathing except at the melted spherical 
tip. Connection to the specimen was via a spot- 
welded anodized t an ta lum wire sheathed in  small  
diameter  glass tubing. 

The ellipsometer was the same as described pre-  
viously (11), and an angle of incidence of 65 ~ was 
used. Even  wi th  an extra in ter ference- type  filter 
before the photomult ipl ier  the l ight  f rom the plasma 
at the wavelength used (5461A) made balance diffi- 
cult with the plasma present. A lock-in  amplifier as 
opposed to a tuned amplifier has in later  work been 
used to overcome this. 

Normally a constant  total cur rent  derived from an 
electronic constant  current  supply was applied to the 
specimen and re turned via the discharge anode which 
was grounded. I t  was found best not  to exceed 20% 
of the total  discharge current  of 10 mA if unaccept-  
able nonuni formi ty  of oxide thickness was to be 
avoided. 

The potential  of the specimen relat ive to a nearby  
probe (at zero current ,  i.e., floating or wal l  potential)  
w a s  recorded continuously dur ing growth on a str ip- 
chart  recorder us ing a Kei th ley- type  602 electrom- 
eter with back-off voltage supply as shown in  Fig. 
2. The potent ial  difference be tween either the above 
probe, or one about 1 cm nearer  the anode, and the 
discharge anode was also recorded in similar  fashion. 

The results to be reported refer to specimens in 
the negative glow region of the discharge. It  w a s  
found necessary to have the specimen face away 
from the cathode to  avoid pick-up of a luminum 
sputtered from the cathode. 

Results and Discussion 
Ellipsometric evidence for two-layered l~lms.--In 

wet anodization, see, e.g. ref, (1), tracer studies in -  

IBOKa'~ 

CA rHODE + - 

- DUAL 

l RTRIP + BAMPLE CHART 
PROBES RECORD;R 

/ / / / /  

Fig. 2. Schematic diagram of the electrical circuits 
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dicate that  metal  and oxygen ions move to comparable 
extents. The film consists of an outer part  correspond- 
ing to metal  ion motion and an inner  par t  due to 
oxygen motion. With films formed in I-I~PO4, the 
outer par t  has a lower refractive index, permit t ivi ty,  
and ionic conductivity. If only slight electrolyte in-  
corporation occurs (e.g. ,  in the case of dilute H2SO4 
or citric acid), the films are optically homogeneous 
and nonabsorbing with the possible exception of a 
very thin outer layer. 

The ellipsometric measurements  (as i l lustrated by 
those in Fig. 3 and 4) on the present  films were in-  
consistent with a homogeneous film with refractive 
index independent  of thickness, but  were well  ac- 
counted for by a two- layer  film (12). The inner  part  
had a refractive index close to that  of films formed on 
Ta and Nb in dilute sulfuric acid (11). The outer 
part  in each case had a lower index. This is what  
might  be expected if plasma anodization is analogous 
in mechanism to ordinary  anodization, i.e., if both 
metal  and oxygen ions are mobile. The growth process 
at the meta l /oxide  interface would then be the same, 
and the ellipsometric data were fitted on this basis 
with, e.g.,  in Fig. 4, a root mean  square error of 0.4 ~ 
in ~ and 0.12 ~ in -I,. The different refractive index of 
the outer film suggests that  the reaction at the 
plasma/oxide interface is affected by the plasma, e.g., 
bombardment  by high energy particles or even u.v. 
i r radiat ion could lead to a more porous film develop- 
ing from this interface. 

After  removal  from the cell, the oxide thickness of 
some samples was mapped out over the surface using 
ellipsometry. Typically it was 10% greater at the 
top, presumably  due to the nonuni fo rmi ty  of the 
plasma caused by the substrate holder.4 

C u r r e n t  e ~ c i e n c y  a n d  t h e  g r o w t h  r a t e . - - C u r r e n t  
efficiencies were consistently low, i.e., the amount  of 
oxide produced at 30~ normal ly  corresponded on 
Faraday 's  law to about 0.5% of the charge passed, 
al though slightly higher efficiencies (1%) were re-  
corded with Ta substrates at 77~ Growth rates at 
the temperatures  and cur ren t  densities used did not 
usual ly exceed 3 A/min .  

An obvious factor dist inguishing plasma from solu- 
tion anodization is the absence of water  in the former 
technique and, as it appears that the presence of water  
can have a catalytic effect in some oxidation 
processes (13), the plasma anodization of a n iobium 
sample was carried out in a discharge struck in a 
mix ture  of 02 and H20. Results are given in Table I, 
from which it can be seen that the growth rate 
actuaIly decreases on the addition of water  vapor to 
the system at the same total pressure. A similar result  
for the anodization of Si in a h.f. discharge has been 
reported (14), but  no explanations were given. How- 
ever from residual gas analysis results in the present  
exper iment  it appears that  on str iking the discharge 
the water  vapor dissociates into OH, H, and O. The 
process of dissociative electron a t tachment  in H20 has 
a relat ively large capture cross section (5xl0 - i s  cm 2 
as compared with 1.3x10 -18 cm2 for a t tachment  in 
O2) (15), and H -  ions are probably produced ra ther  
than  O H -  ions, i.e. 

e -  + H20-> (H20-) -~ H- + OH 

Further dissociation of OH according to 

e- + OH-> 0 + H- 

probably occurs and would hence account for the 
residual gas analysis data. It appears then that, on 
the addition of water vapor, although a measure of 
growth control is achieved, some of the electrons 
usually available for producing the pertinent species 
for the anodization process are used up in the forma- 

l M o r e  u n i f o r m  f i lms w e r e  o b t a i n e d  in  a R F  p l a s m a  s y s t e m  in  
w h i c h  t h e  s u b s t r a t e  h o l d e r  w a s  c o a x i a l  w i t h  t he  d i s c h a r g e  tube .  

September 1970 

e =  EXPERIMENTAL POI 

300 0 / 7 0 0  

/ MODEL USED TO COMPUTE CURVE 

/,oo 
2~o J,ooo I ' [ q - I  

,~o I r -~,D'ID2~'-- 
N 1 =1.89, N 2 :Z22 

r DI = 0 .d3 (D I + D 2 ) 
180 

. 1300 

~J~O~e~ AS- POLISHED SURFACE 

GO 500 

0 GO0 
20 40 ~ o GO 

Fig. 3. Ellipsemetry results for the plasma anedization of Ta. 
Experimental conditions: oxygen pressure 80 mTorr, sample tem- 
perature 30~ Values marked on curve are computed total film 
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Fig. 4. Ellipsometry results for the plasma anodization of Nb. 
Experimental conditions: oxygen pressure 60 mTorr; sample tem- 
perature 30~ Values marked on curve are computed total film 
thicknesses in angstroms. 

t ion of H - .  In  this case, then, the growth rate is re-  
duced, but  this does not preclude the possibility of 
other gas mixtures  being effective in increasing 
growth rates. 



Vol. 117, No. 9 P L A S M A  A N O D I Z A T I O N  O F  T a  A N D  N b  

TaMe !. Current, field and gas content data for the plasma 
anodization of HI) in a water/oxygen plasma at 30~ 

1175 

Total Percentage 
sample partial pres- 

Formation current, sure of water 
o r d e r  m A  v a p o r ,  % 

I o n i c  
M e a n  E s t i m a t e d  f i e ld  c u r r e n t  C u r r e n t  

g r o w t h  r a t e ,  I n t e g r a l  D i f f e r e n t i a l ,  d e n s i t y ,  e f f i c i ency ,  
A m i n - 1  10 6 V cm-1 10 8 V c m  -1 10 -~ A c m  "~ % 

1 0.5 ~ 0,93 4.0 4.2 2.7 0.52 
2 1.0 ~ 3.6 4 .5  4.3 10 1,0 
3 1.0 2.2 2.7 4.4 4.4 7.7 0.77 
4 1.0 ~ 1 0 0  1.7 4.6 4.6 4 .9  0.49 
5 1.0 ~ 7 0  (1.4) 4.6 (5.9) (4.0) ( 0 . ~ ) *  
6 1.0 < 7 0  1,4 4.7 4.7 4.0 0,40 

* The sample temperature was greater than 30~ for the first half 

Permit t iv i ty . - -Bridge measurements  on p lasma-  
anodized samples after evaporat ion of gold counter-  
electrodes gave dist inctly lower values of the relat ive 
permit t ivi ty,  e.g., 17 and 34 for Ta and Nb, as com- 
pared to 27.6 and 41, respectively, (3) for films 
anodized in  0.2N H2SO4 at about  25~ and 10 
mA c m - L  It is probable that  the permi t t iv i ty  varies 
with formation conditions, as it does in  wet anodiza- 
tion. 

The losses of the best specimens were not signifi- 
cant ly  different from those existing in convent ional  
films, but  films with higher losses were met  more 
f requent ly  than  is the case for wet-anodized speci- 
mens. 

Variation of voltage witt~ t ime at constant total 
current.--Figure 5 shows a plot of the potential  Vsp 
of a n iob ium specimen relat ive to a probe dur ing  
anodization at constant current .  The plot is fa i r ly  
typical of both t an t a lum and n iobium specimens in  
that the potent ial  rises rapidly when  the cur ren t  is 
first applied and then settles to a slower, more or 
less constant  rate of rise. The explanat ion of the fast 
ini t ial  rise is probably  as follows. Since the current  
is mostly electronic the effect is clearly an increase 
of resistance to electronic current .  Electron inject ion 
from the plasma appears to occur at comparat ively 
low fields. With li t t le or no space charge in the oxide, 
the field throughout  the oxide is also low. However, 
electronic space charge develops due to capture of 
electrons by  the heavy  concentrat ion of traps present  
in the amorphous oxide. This would cause the field 
at the plasma interface to be reduced so that  a 
higher mean  field would be required to ma in ta in  the 
given electronic current .  Final ly,  a steady state would 
be reached in which the slow rise of voltage would 
be due more or less ent i rely to the slow rate of 
growth of the oxide. An al ternat ive  explanat ion is 
possible in terms of patching of leaky spots in the 
oxide, but  this seems unl ike ly  in  view of the fact that  
the same behavior was exhibited by films prepared 
by wet anodization and then tested in the plasma. 

Vsp 
(v) 

J 

ANODIZING 
CURRENT OFF 

ANODIZING 

t Cmin) 

Fig. 5. Typical variation of the potential of a Nb sample (with 
respect to a floating probe) during plasma anodizatlon at constant 
current. 

of  formation 5. 

The type of behavior  in Fig. 5 has several  implica-  
tions. First, the ionic current  density should be 
calculated on the basis of total  thickness increase 
dur ing  the formation period divided by  the total  
t ime less the t ime for the ini t ia l  t ransient .  This ionic 
cur ren t  is then  an estimate dur ing  the final s teady- 
state period of the formation. Second, the differential 
field and the integral  field may be estimated during 
this period. Final ly,  it is evident  that, if the space 
charge explanat ion is correct, the field dis t r ibut ion 
in the oxide is modified by space charge so that  the 
si tuat ion is expected to differ from wet anodization. 

Voltage vs. thickness for s~eady-state conditions.-- 
Figure  6 (which is for n iobium) shows voltages with 
respect to a nea rby  probe recorded at the end of 
each of a series of formations at the same total cur-  
rent,  plotted against the corresponding thickness of 
oxide. The corresponding ionic current  density, as 
deduced from the change of thickness dur ing  the ano-  
dization period, is recorded beside each point. Clearly 
the l inear  dependence of voltage on thickness in -  
dicates a constant  mean  field s t rength in the film. This 
constant  field gave a more or less constant  ionic cur-  
rent.  This is analogous wi th  wet  anodization, but  
does not mean  necessari ly that  the field was constant  
through the thickness of the film. The intercept  HI at 
zero thickness gives informat ion on the net  work 
funct ion corrections but  with an u n k n o w n  error due 
to any  changes in the drop in plasma potent ial  be-  
tween the probe surface and the oxide surface. 

Relation between log J, E, and T.- -F igure  7 is for 
n iobium and shows values of log J for various esti- 
mated fields. We included here all " integral" fields 
for one final specimen, in which it was believed that  
the control of pressure had been very  precise, plus 
data at low anodizing currents  for films greater  than  
450A thick from two earlier specimens. (With thicker 
films the zero error in voltage has less effect on the 
estimate of field.) Differential fields (AV/AD) have 
been omitted since they were prone to scatter, as is 
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Fig. 6. Variation of the potential of a Nb sample (with respect to 
a floating probe) with oxide thickness for a series of formations at 
0.5 mA total current. 
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to be expected  f rom the discussion above. Also in-  
cluded is a l ine re fe r r ing  to the anodizat ion of Nb in 
0.2N H2SO4 (11). F igure  8 shows log J vs. E at two 
t empera tu re s  for  Ta, plus equiva lent  da ta  for g rowth  
in 0.2N H2SO4 (11). 

The da ta  in Fig. 7 and 8 appear  to show that  ionic 
cu r ren t  is indeed de te rmined  b y  the field in the  
oxide. The same type  of change f rom wet  anodizat ion 
is shown for both Ta and Nb, i.e., for p lasma anodiza-  
t ion the  va lue  of d log J/dE is less and Jo exp 
- - W / k T  in J = Jo e x p ( - - W / k T )  exp (+/#E) is g rea te r  
than  for the  wet  case. 

These two changes are  wha t  might  have  been p re -  
dicted f rom the lower  re f rac t ive  index  and pe r -  
mi t t i v i ty  of the  p lasma  oxide, or at  least  of the  outer  
layer .  The lower  re f rac t ive  index  p robab ly  indicates  
a less dense film so that  the  zero field act ivat ion 
energy W shoula  be less, thus  giving the h igher  in-  
tercept  on the  log J axis at zero field. Also, as has 
been  noted in convent ional  anodizat ion for some time, 
there  appears  to be a cor re la t ion  be tween  pe rmi t t i v i ty  
and ionic conduct ivi ty .  The most  acceptable  model  is 
tha t  ionic conduct ion is contro l led  b y  an effective 
field, e.g., the Lorentz  field 1/3 (~r W 2)E. This would  
predic t  the  change of slope. However ,  the  l a t t e r  could 
also be expla ined  by  the  p rev ious ly  ment ioned  effect of 
a negat ive  space charge  in reducing  the oxide field 
near  the  ox ide /p l a sma  in ter face  be low the  mean  
(es t imated)  field. 

I t  is perhaps  wor th  not ing by  way  of caut ion that ,  
if the  ionic cu r r en t  was in fact  control led  b y  the elec-  
t ronic current ,  which  was i tself  control led  b y  the  
field, then  once again log J would  show some depend-  
ence on E. This poss ibi l i ty  could perhaps  be eva lua ted  
by  vary ing  the p lasma  condit ions so tha t  d i f f e r en t  
electronic cur ren ts  were  obta ined  at the  same field. 
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Sealing Effects near the Barrier-Porous 
Layer Interface of Anodic Aluminas 

G. A. Dorsey, Jr. 
Kaiser Aluminum and Chemical Corporation, Center for Technology, Pleasanton, California 94566 

ABSTRACT 

Effluent gas detection, inf rared analysis, impedance measurements ,  and 
gross weight changes were used to study the  effects of boiling water  ex- 
posures on anodic oxide films: the "sealing" reaction. Certain changes in film 
structure  and composition were found to be significant with regards to the 
effectiveness of the sealing t reatment .  Par t icu lar ly  impor tant  were transi t ions 
leading to an effect localized at the interracial  region between the barr ier  
and porous layers. In  retrospect, hydrat ion and s t ructural  changes at the 
outer surface of the porous layer (general ly regarded as the only effect of 
sealing) may contr ibute  li t t le to at least the ini t ia l  impedance increase, on 
sealing. Alloy 1199 foil was anodized in 0.3M sulfuric acid at 1.08 A/d in  ~ 
(10 A/ f t  2) and 30~ Anodizing times varied from 1 to 18 rain, and a de- 
tailed study was made of coatings prepared in the 3.0-to-4.6~ thickness range. 
Unsealed, as well  as sealed, foils were examined. 

The term "sealing" probably originated with the 
observation that  dyes were pe rmanen t ly  re ta ined 
within  an anodic coating if, following the dye opera-  
tion, the anodized workpiece was subjected to a brief 
immersion in .boiling water. Then too, it was found 
that the same immersion t rea tment  rendered the 
anodic coating more durable  than unsealed films and 
subsequent ly  more protective to the substrate metal. 
Sealing was first considered to be a pore-closure 
mechanism that  was l imited to the outer surface of 
the film and caused by  oxide swell ing due to the 
formation of the monohydrate  boehmite. And  while 
this basic view can still be substantiated, later  work 
has shown the sealing process to be re la t ively com- 
plex. The electron microprobe work of Wood et al. 
(1) shows that at least some bulk  effects, in addit ion 
to surface hydration,  are involved, while Spooner (2) 
found hydrat ion and s t ructural  changes taking place 
for at least the first 50 hr of sealing. More recent ly  
(3) ~ an anion exchange mechanism (hydroxide re-  
placing incorporated sulfate, wi th in  the oxide struc-  
ture) was proposed, while the s t reaming potential  
measurements  of Yokota (4) and others (5) seem to 
indicate that trihydrates,  ra ther  than monohydrates,  
are formed on sealing. Fur ther  background may  be 
found in a detailed review by Diggle, Downie, and 
Goulding (6). 

Earl ier  (7) we found that sealing appeared to pro- 
duce a decrease in the amount  of barr ier  layer  oxide, 
in keeping with the earlier observation of Hunte r  and 
Fowle (8). At the same time, however, the amount  of 
porous layer  cross- l inking was found to increase. This 
led to the speculation that at least one impor tant  
effect of sealing involved a s t ructural  t ransi t ion at the 
interface between the barr ier  and porous layers. The 
barr ier  layer  was proposed to consist of two layers 
[confirmed by electronoptical data (9), also by  the 
recent work of Vol'fson and Pi lyankevich (10)], and 
it was the more permeable  open-s t ructured secondary 
phase barr ier  layer  that  appeared involved in this 
transition. Schematically, this might  be represented 
as shown in Fig. 1. 

Conventionally,  the effects of sealing are measured 
by observations regarding the changed na tu re  of the 
porous layer  surface, for example, by  dye reject ion 
tests (11, 12). Certainly, the outer  surface of the 
porous layer  is changed, s t ruc tura l ly  hydrated,  by 
the sealing process. However, it may be that  an 
equal ly important  change is that  which takes place 
at the barr ier  layer-porous layer  interface. 

Key words:  anodie a luminas,  sealing. 

Experimental 
Sample preparation. - -C leaned  alloy 1199 a luminum 

foils (99.99% A1) were chemically brightened, then 
anodized in 0.3M H~S04 at 30~ and 1.08 A / d in  2 (10 
A/ f t  2) with an anode-cathode potential  of 20V. These 
conditions were employed to slow down st ructural  
t ransi t ions that normal ly  (1.TM H~SO4 at 1.3 A/d in  2) 
take place too quickly to allow a detailed study. 
Anodizing times varied from 1 to 18 rain. Afterward,  
the foil coupons were cut in half, and one-hal f  of each 
was sealed in pH 6.0 boil ing distilled water  for ei ther 
10-, 15-, or 20-rain periods. These coupons were then 
tested, along with the unsealed halves, after a i r  d ry -  
ing but  without  any  fur ther  delay. 

Nonanodic a luminas  were also prepared to i l lustrate  
a comparison between the s t ructure  of acid gel 
a luminas and the anodic barr ier  layer. These were 
formed by adding A1CI~ to dilute HC1 solutions, ad-  
justed to various pH levels with NaOH. Each solution 
was centrifuged before the IR examinat ion of (a) 
the clear and water -whi te  superna tan t  liquid, in 
I r t ran  cells vs. a water  b lank  and (b) the precipitate 
(formed above p i t  4) after air  drying this, then pre-  

par ing a KBr  pellet for use vs. a KBr blank.  

Test methods.--The samples were examined wi th in  
the 4000-600 cm -1 range  of the Beckman IR-7, as 
before (13) using, for the anodized foils, a reflectance 
a t tachment  set at 45 ~ angle of incidence. The amount  
of barr ier  layer  present  was taken from the absorb- 
ance of the 900-to-1000 cm -1 band. The amount  of po- 
rous layer was based on the absorbance of the 1325 
cm -1 A I = O  band (13); actually, this is probably  an 
A I = O ~ - S  band  associated with s t ructura l ly  incorpo- 
rated sulfate. We did not use far inf rared  here since, 
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I I 
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F ig.  1. Proposed sealing effect caused by barrier layer transition 
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for th in  films, this 1325 cm -z  band  provides as rel iable 
a measure of porous layer quant i ty  as does the far 
infrared A1-O-A1 stretch. This may  be seen by com- 
paring these data with those given in ref. (7). 

The effluent gas detection (EGD) data were taken  
in the usual  manner ,  described earlier (14). Imped-  
ance measurements  were made immediate ly  after 
anodizing and air drying the same films from which 
sections were taken for examinat ion  by  the other 
techniques. The data reported are average values 
from mul t ip le  readings obtained with a Twin City 
Testing Corporation Z-Scope (I  kHz impedance 
bridge),  using a 3.5 w/o  NaC1 media (15). 

Coating weight and weight  gain on sealing meas-  
urements  were made in the s tandard manner ,  using 
the chromic-phosphoric acid str ipping technique (15) 
for the coating weight determinations.  F i lm thick-  
nesses were obtained by metallographic cross sec- 
tioning. 

Results and Discussion 
Earlier  (17) we suggested a two-phase oxide struc-  

ture  for the anodic barr ier  layer. This was proposed 
to consist of a p r imary  bar r ie r  layer  phase (seem- 
ingly, a cyclic t r ihydrate)  and a secondary phase 
with a lower polymer weight  than  the primary,  ap- 
parent ly  less dense and comprised of ~-hydroxy 
linkages (as opposed to the apparent  hydrogen bond-  
ing of the pr imary  phase).  There was some l imited 
precedence for this a l ready in the l i terature,  but  a 
recent  article (18) by Vedder and Vermilyea puts 
forth an excellent  a l ternat ive  to this earlier IR in-  
terpretation.  

They propose that  the substrate  metal  produces a 
polarization effect on a t rans la t ional  mode A1-O-A1 
lattice vibration,  thereby leading to a 950 cm -z  ab-  
sorption band that  would otherwise occur at longer 
wavelengths.  While their  in terpre ta t ion  also contains 
elements of speculation, it offers m a n y  interest ing 
possibilities. We would like to point  out, however,  
that  e lemental  a l u m i n u m  need not  be present  to 
sustain this ~950 cm -z absorption. If the earl ier  in -  
terpretat ion (17) has some basis, and apart  from other 
data then  presented, then acid gel a luminas  should 
also have this same s t ructural  feature. Grunwald  and 
Fong (19) recent ly did in fact suggest a similar  s truc-  
ture  for acid gel aluminas.  

In  connection with this it should again be noted 
that the ~950 cm-~ absorption band  is found both in 
soluble aluminic acids and in the solid gels corre- 
sponding. Figure  2 shows the IR spectra of aqueous 
solutions prepared by dissolving A1CI~ in dilute HCI. 
Figure 3 shows IR spectra of the gels precipitated 
from these solutions at higher pH values, along wi th  
representat ive spectra of the pr imary  and secondary 
phases of the anodic barr ier  layer. One pr incipal  
difference between these two a lumina  types is that  
the nonanodic a lumina  undergoes complete dehydra-  
tion at or below 250~ whereas the anodic a luminas  
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Fig. 2. Infrared spectra of aqueous solutions prepared from 
AICI3 and HCh in Irtran cells vs. matching water blank. 
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d) alumina gels precipitated from AICI~ solutions: in KBr vs. KBr 
blank. Spectra for primary phase (curve e) and secondary phase 
(curve f) anodic barrier layer oxides are included. 

apparent ly  require  far higher temperatures  (14), 
possibly owing to a higher degree of polymerization. 

Re turn ing  to the subject now at hand. F igure  4 
shows the l inear  relat ionship that  was obtained be-  
tween the anodic coating thicknesses and the 
anodizing times, in the 0.3M H2SO4 electrolyte at 1.08 
A / d m  2 and 30~ However,  as has been noted earlier 
(7), the composition of the coating did not remain  
constant  but  changed as anodizing progressed. Figure  
5 shows IR data for changes in  the amounts  of 
barr ier  and porous layers wi th  respect to anodizing 
time. These again i l lustrate  the t ransi t ions wi th in  the 
barr ier  layer, and from barr ie r  layer  to porous layer, 
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Fig. 4. Coating thicknesses for increasing anodizing time in 
0.3M H2SO4 at 1.03 A/f t  2 and 30~ 
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tha t  were  discussed ear l ie r  (7,9,14). Most pe r t inen t  is 
the  t rans i t ion  f rom p r i m a r y  to secondary  ba r r i e r  l aye r  
phase  tha t  begins at  the  end of 4 min  of anodizing, 
under  these conditions. This t rans i t ion  is r ap id  in the  
10-15 rain region, being complete  af ter  15 min. F igure  
6 also i l lus t ra tes  this t ransi t ion,  using the  cha rac te r -  
istic band posi t ion shift  f rom 930 to 980 em -1. We 
would,  therefore,  expect  the  film p repa red  in this 
t rans i t ion  region (films anodized be tween  10 and 15 
rain, 3.0-4.6 ~m) to be s t ruc tu ra l ly  unstable.  There  
was no s t ruc tu ra l ly  es tabl ished ba r r i e r  phase  here,  
no es tabl ished equi l ib r ium be tween  p r i m a r y  and 
secondary  ba r r i e r  layer  phases. The seal ing effect, 
which al ters  both the  amount  and na tu re  of the  
ba r r i e r  layer ,  might  therefore  be  most  p ronounced  in 
this region.  

As before,  seal ing decreased the amount  of ba r r i e r  
layer  (Fig. 5), the  decreased amount  of ba r r i e r  l aye r  
being caused by the seal ing-affected t rans i t ion  (an 
" inner  seal" effect) consist ing of a s t ruc tura l  change 
from ba r r i e r  l ayer  to porous l aye r  oxide. As an-  
t icipated,  the magni tude  of this effect was grea tes t  
for  films wi th in  the  ~10-15 rain range,  and was less 
elsewhere.  The IR spect ra  themselves  serve be t t e r  to 
i l lus t ra te  such effects in the  film t rans i t ion  region.  
The differences be tween  an unsea led  and sealed 
film spectrum, for  a 12-rain film (center  of t rans i t ion  
zone) is shown in Fig. 7. 

Note the  nea r ly  comple te  t rans i t ion  f rom second-  
a ry  ba r r i e r  phase  (unsealed)  to porous layer  t r i -  
hyd ra t e  ( sea led) .  Fo r  films p repa red  outside this  
t ransi t ion zone (wi th  less than 10 min  or more  than  
15 rain of anodizing t ime)  such a change was fa r  less 
pronounced (Fig. 8). 

Data  f rom another  technique,  to i l lus t ra te  the  same 
s t ruc tura l  sensi t iv i ty  to sealing, a re  shown in Fig. 9. 
These are  effluent gas detect ion (EGD data)  obta ined 
for the  t ransi t ion zone films, and  wi th  the  ra t io  of 
pa r t i a l  wa te r  contents  for  sealed and unsealed films 
(wa te r  r emovab le  to 350~ wi th  he l ium purge)  
p lot ted  vs. anodizing time. Note tha t  this  ra t io  
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Fig. 6. Placement of barrier layer band center showing transition 
from primary barrier phase (930 cm -1 )  to secondary barrier phase 
980 cm-1) .  Open circles are data paints obtained for this report 
(there was no detectable change in wavenumber between sealed and 
unsealed films of the same thickness). The X points were obtained 
earlier (14), with these same anodizing conditions. 
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Fig. 9. Ratio of water contents between sealed and unsealed 
films (EGD data) when baked to 350~ 

(degree  of change, on seal ing) reached a peak  near  
12 min  of anodizing time. Beyond 15 rain of anodizing 
time, the  ra t io  decreased.  A corre la t ion  be tween  the  
IR data  and the  EGD data  themselves  m a y  be seen 
by a comparison of Fig. 10 and 5. 

The porous layer  AI-~O<---S bond da ta  do not  
reflect any  such change as a resul t  of  sea l ing how-  
ever, since the  increase  in porous l aye r  c ross - l ink ing  
[as a resul t  of seal ing (7)]  did not  ma te r i a l l y  a l te r  
the  AI=O<--S  band absorbance.  We would  expect ,  
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Fig. 10. Micrograms per square centimeter water released from 
sealed and unsealed films (EGD data) when baked to 350~ 
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however ,  to find a large  amount  of phys ica l ly  sorbed 
wa te r  in the  porous l aye r  a f te r  sealing, due  to surface 
hydra t ion  and to effects o ther  than  those occurr ing 
near  the in ter face  be tween  ba r r i e r  and porous layers .  

The weight  gain on seal ing da ta  (Fig. 11) shows 
such an increase. Note, first, tha t  the  to ta l  quan t i ty  of 
wa te r  in  the  sealed film was  far  more  than  tha t  in-  
d ica ted  by  the  EGD technique.  Ear l i e r  (14), i t  was 
suggested tha t  at least  some of the wa te r  removed  by  
the  EGD technique (below 350~ corresponded to 
ba r r i e r  l aye r  hydroxide .  The compar ison be tween  
to ta l  weight  gain, on sealing, and the  EGD-me a su re d  
hydra t e  would  seem to lend some fu r the r  suppor t  
t o w a r d  this speculat ion.  That  por t ion  of the  p o r o u s  
l aye r  hyd ra t e  which is not r e la ted  to the  ba r r i e r  
layer ,  or to its t rans i t ion  product ,  mus t  then  be r e -  
movable  only  by  baking  above  350~ unde r  the  con- 
dit ions of the  EGD technique (10~ hea t ing  rate,  
w i th  he l ium purge ) ,  

F igu re  11 also shows that  the to ta l  weight  gain on 
sealing, p lo t ted  vs. anodizing t ime, does not e x t r a p -  
olate  back  to 0 rain. Instead,  an  ex t r apo la t ed  0 
weight  gain fal ls  on the  plot  at app rox ima te ly  7 rain 
anodizing t ime. However ,  but  pe rhaps  only  b y  coin-  
cidence, this  corre la tes  n ice ly  wi th  the  IR data  for the  
p o r o u s  layer .  Note (Fig. 5) tha t  the  porous layer  only 
begins to form, in any  apprec iab le  quant i ty ,  af ter  4 
rain of anodizing t ime, and  its growth  ra te  reaches  an 
equi l ib r ium (p la teau)  af ter  6-7 rain. If  the  p o r o u s  
l aye r  is responsible  for the  bu lk  of the  wa te r  t aken  
up  dur ing  sealing, and if only  a t r iv ia l  amount  of 
p o r o u s  l aye r  was formed before  the  6-7 rain anodizing 
time, we would  not  expect  to find a gross weight  gain, 
on sealing, tha t  was l inear  wi th  respect  to film 
thickness  (or to anodizing t ime) .  

Thus, these IR, EGD, and gross weight  change da ta  
have  demons t ra ted  the appa ren t  t rans i t ion  zone tha t  
exists dur ing  anodizing, and wi th in  which  zone the 
anodic oxide  s t ruc ture  is h ighly  vu lne rab l e  to 
changes caused by  sealing. On e i ther  side of this 
zone, seal ing effects appea r  lessened. Some phys ica l  
significance to this  can be given, now, by  an e x a m i n a -  
t ion of impedance  data. 

The  1 kHz impedance  values  (ki lohm/cm2) are  
usua l ly  at  least  two to fivefold h igher  wi th  sealed 
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films than  wi th  unsealed films. Explana t ions  of this  
a re  usua l ly  given in te rms of changes re la t ing  to film 
poros i ty  (a phys ica l  p lugging of the  outer  pore  sur-  
face, a leaching of e lec t ro ly te  f rom the  pore  volume, 
etc.) which  may  be  ha rd  to reconci le  wi th  the  over -a l l  
l inear  increase  of impedance  wi th  increasing sea led-  
film thickness,  When  equal  seal ing condit ions are  
employed,  any surface effects should be approx i -  
ma te ly  equal  in magni tude  and re l a t ive ly  indepen-  
dent  of minor  changes  in film thickness.  Cur ren t  
reasoning now seems to fal l  a long the l ines of Wood 
et al. (20, 21): that  seal ing effects a re  not  l imi ted  to 
p o r e  blockage  at the  coating surface,  but  a re  also due 
to s t ruc tura l  r e a r r a nge me n t  and agglomera t ion  
processes tha t  t ake  place  wi th in  the  bulk: of the  coat-  
ing as well.  

F igu re  12 shows impedance  da ta  for  these same 
anodic coatings, and again in the  t rans i t ion  reg ion  of 
f rom 10 to 15 min  anodizing t ime. Note the  peak  at  
12 min  where  the  preceding  da ta  have  shown the  
inner  seal  effect to be at  its max imum.  If  the  on ly  
factors a l ter ing impedance  values  were  a combinat ion 
of surface effects and a l inear  increase  in bu lk  film 
thickness,  then a more  nea r ly  l inear  re la t ionship  
should have  been obtained.  This  wou ld  be especia l ly  
so if the  effective ba r r i e r  l ayer  th ickness  were  con- 
stant,  wi th  only bu lk  and surface  porous l aye r  effects 
to influence impedance  values.  This is not  mean t  to 
imp ly  tha t  on ly  inner  seal effects a re  impor tan t  in the  
mechanism of sealing, but  tha t  they  are  a po ten t i a l ly  
equal  cont r ibu tor  to w h a t e v e r  effects seal ing m a y  
produce.  
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Structural Features of Anodic Aluminas 
Adjusted to Influence the "Degree-of-Seal" 

G. A. Dorsey, Jr. 
Kaiser Aluminum & Chemical Corporation, Center $or Technology, PIeasanton, California 9~566 

ABSTRACT 

Different two-s t ep  cur ren t  densi ty  p rograms  were  used to p r e p a r e  7.4 #m 
anodic oxides in an a t t empt  to de te rmine  a set of anodizing condit ions best  
sui ted  to p rope r ly  sensit ize the  oxide s t ruc ture  for m a x i m u m  seal ing effect. 
Effluent gas detection,  in f ra red  analysis,  and impedance  measurement s  were  
used to s tudy these films. The des i red  s t ruc ture  was achieved,  in a 1.7M H2SO4 
electrolyte ,  by  anodizing to a 4.84 x 102 c ou lomb /dm ~ cu r r en t  quan t i ty  using 
a cur ren t  dens i ty  of 1.3 A / d i n  ~, then  r a p id ly  increas ing the  cur ren t  dens i ty  to 
3.5 A/dm~ for a to ta l  cur ren t  quan t i t y  of 13.9 x 102 cou lomb/d in  ~ (y ie ld ing 7.4 
~m films).  Sealed and unsealed coatings were  examined.  

In  the  preceding  paper  (1) a s t ruc tu ra l  t rans i t ion  
was descr ibed tha t  takes  place, as a resul t  of sealing, 
nea r  the  in ter rac ia l  region be tween  the secondary  
phase  ba r r i e r  l aye r  and the porous l aye r  of anodic 
coatings on a luminum.  However  this  seal ing effect 
was l imi ted  to films of ~ 4  ~m thickness,  using the  
anodizing condit ions then  employed:  0.3M H~SO4 at 
1.08 A/din2 and 30~ A proposed  r equ i r emen t  for 
this seal ing t ransi t ion,  or " inner  seal  effect," was tha t  
the  s t ruc ture  of the anodic ba r r i e r  l ayer  Should be 
in a t rans i t ion  fo rm tha t  represents  app rox ima te ly  
50% vonversion of p r i m a r y  into secondary  phase  
oxide. Wi th  the  more  commonly  used porous l aye r  
anodizing condit ions of 1.7M H~SO4 at 1.3 A / d m  2 and 
25~ such a t rans i t ion  zone would  be expected  to be 
l imi ted  to films of only  -~2 ~m thickness.  This is sup-  
por ted  by  da ta  presented  ea r l i e r  (2) and shown again 
here  for purposes  of comparison,  in Fig. 1. The ap-  
pa ren t ly  requ i red  s t ruc ture  occurred at  12 min  
anodizing t ime (,~4 ~m film thickness)  wi th  the  0.3M 
H~SO4 electrolyte ,  using 1.08 A/dm~ and 30~ and at 
5.7 rain (-~2 ~m film) wi th  1.TM H~SO~, using 1.3 
A/dm2 and 25~ 

We now seek to br ing  about  this same s t ruc tu ra l  
f ea tu re  in the  anodic coating,  in o rder  to maximize  
the  inner  seal  effect, but  wi th  thicker,  7.4 ~m films 
p repa red  in 1.7M H2SO4 at  25~ A two-s t ep  cur ren t  
dens i ty  sequence seemed to be  a feasible  approach,  in 
order  to first develop the  necessary  ox ide  s t ructure ,  
then to "freeze" this  s t ruc ture  by  using a h igh  current  
dehsity,  which  never the less  a l lows the  film to th icken 
to the  des i red  value.  This would  amount  to a reversa l  
of the  normal  t rans i t ions  of the  anodizing process, 
so as to produce  a 7.4 ~m th ick  film wi th  the  same 
s t ruc tu ra l  propor t ions  of a th reefo ld  t h inne r  coating.  

Experimental 
Sample preparation.--Alloy AS32 (a l loy  1100 clad 

wi th  1100:99.2% A1) sheet  coupons were  c leaned and  
chemical ly  br ightened,  then anodized in 1.7M H~SO~ at 
25~ for a to ta l  cur ren t  quan t i t y  of 13.9 x 10 '~ 

Key words: anodie aluminas, sealing. 

coulombs/dm% One group was anodized at  a cu r ren t  
dens i ty  of 1.3 A / d i n  z, The  r ema inde r  were  anodized 
at 1.3 A / d m  2 for the first 4.84 x 10~ cou lomb/d in  2 
(6.25 min) ,  then  the  cur ren t  dens i ty  was immed ia t e ly  
increased to a h igher  value,  which was  ma in ta ined  for  
the  ba lance  of the  anodizing program.  In  the  l a t t e r  
case, final cur ren t  dens i ty  values  ranged  from 2.16 to 
4.32 A / d i n  ~. One coupon from each set of anodizing 
condit ions was lef t  in the  unsealed condition,  whi le  the  
other  was sealed for  10 rain in boi l ing pH 6.0 dis t i l led 
water ,  b u f f e r e d  wi th  acetic acid and sodium 
hydroxide .  Coupons in tended  for impedance  measu re -  
men t  were  also sealed for 20 and 30 rain, respect ively.  
Table  I l ists these var ious  anodizing conditions,  to-  
ge ther  wi th  the  final vol tage  values  and the coat ing 
thicknesses tha t  resul ted.  

Test methods.--The samples  were  examined  wi th in  
the 4000 - 35 cm - I  ranges of the  Beckman IR-7 and 
IR-11 spectrophotometers ,  according to p rocedures  

L.  

m 
.~0.2 

o 

0 , 1  

E 

(o) {b) 

, j _  I I  

i l l  ~ - ~  
, ilk=.- -~ec 

J 
I I o 

-I"* I I  o 

I . . . . .  I ( . .  I I :  I 

o 1o zo o Jo 2o o io 
Anodizing T ime  Anodizing Time Anodizing Time 

(rain) (rain) (mln) 

Fig. 1. Amount of barrier layer vs. anodizing time, produced 
in (a) 1.7M and (b) 0.3M H2SO4 electrolytes, also showing IR 
band position. Anodizing conditions were: (a) 1.7M H~$O4-1.3 
A/din ~, 25~ and (b) 0.3M H2SO4-1.08 A/din 2, 30~ 
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Table I, Anodizing conditions and metallographic coating 
thicknesses 

Initial period Final period 
Current Current 
quantity, Current quantity, Current 
coulombs/ density, coulombs/ density, 

dm~ A/din ~ dlns A/din e 

Final Coating thick- 
voltage, ness,/~in 

V Unsealed Sealed 

13.9 ( x 19 ~) 1,3 - -  ~ 14.5 7 .4  7.1 
4 ,84 1.3 9 .04 ( x I0  -~) 2 .16 15,0 7 . I  6.9 
4 .84  1.3 9 .04  2 .70 15,0 7.4 7.6 
4 .84  1.3 9 .04  3 ,24 19,0 '/.4 '/.4 
4,84 1.3 9 .04  3,78 20.0  '/.4 'A6 
4 ,84 1,3 9 .04  4.32 20.0  7.6 7,6 

a l r eady  descr ibed  (2). In f r a red  absorbance  values  and 
band posit ions we re  then de te rmined ,  to measure  (a)  
the  amount  and type  of ba r r i e r  layer ,  (b)  the amount  
of porous l aye r  cross- l inking,  and (c) the  amount  of 
s t ruc tu ra l ly  incorpora ted  porous l aye r  sulfa te  (1325 
cm -1 in f ra red  band) .  

Effluent gas detect ion (EGD) da ta  were  obta ined  
as before  (3), and  impedance  values  were  measured  
wi th  a 1 kHz. impedance  br idge  (1).  Coat ing th ick-  
nesses were  obta ined by  meta l lograph ic  cross sect ion-  
ing. With  the  except ion of these th ickness  measu re -  
ments, a l l  sample  analyses  were  made  immed ia t e ly  
af te r  a i r  d ry ing  the sample,  wi thou t  any  s torage 
period. 

Results a n d  Discussion 
As shown in Table I, all  coatings were  of the  same 

thickness:  7.4 +_ 0.2 ~mo The da ta  tha t  follow should 
therefore  show no effects tha t  might  be caused by  
gross differences in coat ing thickness.  

As discussed earl ier ,  w e  sought to achieve a cer ta in  
s t eady- s t a t e  coat ing s t ructure ,  the  na tu re  of which, 
and modes  of t ransi t ion,  a re  descr ibed in more  deta i l  
e l sewhere  (1, 2). Briefly, we sought  to find the  two-  
s tep cur ren t  dens i ty  p rog ram that  would produce  an 
anodic coating which was h igh ly  recep t ive  to seal ing 
effects near  the  ba r r i e r -po rous  l aye r  interface.  There  
should be a cur ren t  dens i ty  range  wi th in  which  the 
coating is in this  des i red  state. Curren t  densi t ies  on 
e i ther  side of this range  might  then  p roduce  coatings 
of lower  seal ing sensi t ivi ty.  

F igu re  2 shows the k i lohm per  square  cen t imete r  
impedance  values  tha t  were  obta ined wi th  these  7 . 4  

~m films; p lot t ing k i lohm/cm~ impedance  values  vs. 
final cu r ren t  density,  wi th  each film having  been p r e -  
pa red  wi th  1.3 A / d m  2 for  at  least  the  first por t ion  
(4.84 x 102 cou lomb/d in  2) of the  anodizing program.  
A nea r ly  80% improvemen t  in coat ing impedance  
(film impe rmeab i l i t y )  was rea l ized wi th  a final c u r -  
ren t  dens i ty  nea r  3.46 A/dm~, vs. 1.3 A / d i n  ~, wi th  
films sealed for 10 rain. More pro longed  seal ing t imes 
decreased this factor  to about  40%. Effluent gas de tec-  
t ion (EGD) and inf ra red  da ta  confirm this by  showing 
the same cor re la tab le  t rends  tha t  were  r epor ted  
ea r l i e r  (1) for n e a r l y  threefold  th inner  films. 

F igure  3 presents  the EGD par t i a l  wa te r  contents  
(wa te r  r emovab le  to 350~ wi th  he l ium purge ) ,  
again  for both  sealed (10 rain)  and unsea led  films. 
The~e da ta  indicate,  however ,  tha t  the op t imum sec- 
ond cur ren t  dens i ty  value  lies closer to 3.24 A / d m  2. 
The min imum inflection in the  curve  at  this p o i n t  is 
an indica t ion  of inner  seal  effect (1). I t  can be  seen 
more  c lea r ly  in Fig. 4: the wa te r  ra t io  (#g H20~cm ~, 
sealed vs. unsealed)  p lo t ted  against  second cur ren t  
dens i ty  values. With  reasonable  justification, we  can 
make  the assumption tha t  these  EGD da ta  app ly  d i -  
rec t ly  to the  inner  seal  effect, and not to hydra t e  
s t ructures  tha t  occur e l sewhere  in the  porous l aye r  or 
at i ts  surface ( I ) .  

The  in f ra red  data, Fig. 5 th rough  8, a re  equal ly  
definitive, but  r equ i re  in te rpre ta t ion .  We seek a coat-  
ing s t ruc tu re  whose ba r r i e r  l aye r  is undergoing  a 
t ransi t ion,  and where  ne i ther  the  p r i m a r y  nor  the  
secondary  phase  ba r r i e r  l aye r  is the  es tabl ished 

N 

:30 

2 5  

E 
',~20 

o m 

| 15 

o 

- -  I0  

O t.O 2.0 3.0 5.0 
Final Current Oensity (A/din ~) 

Fig. 2. Coating impedance for sealed firms as a Function of final 
current density, Curves are for 10, 20, and ]0 rain sealing time, 
respectively. 

c~ 40 

30 

~E 

10 

,.o 2.0 ~.o ~.o o 
Final Current Density (A/din 2) 

Fig. 3. Micrograms per square centimeter of water released from 
sealed and unsealed films (EGD data) when baked to 3S0~ 

6 

.~ 3 

"6 

2 

{ 

o - I'.0 2.0 3J.o 4.0L 5~.0 
F~nal Current Denslty (A/din 2) 

Fig. 4. Ratio of water released (EGD) from sealed vs unsealed 
f i l m s ,  p l o t t e d  a g a i n s t  f ina l  c u r r e n t  d e n s i t y .  



Vol. 117, No. 9 S T R U C T U R A L  F E A T U R E S  O F  A N O D I C  A L U M I N A S  1183 

0.18 

0.16 

-~ 0.14 

"5 0.12 

0.10 

0.08 

"( 0.~:~ 

0,04 

0,02 

[ 

, 98~ 
J nPure" S e condar'/ 

1 " ^ ~ ^ 

I ",or!" ~r,~ w 
0 1 L J 

1.0 2.0 3.0 4.0 5.0 
F{nal Current Denslh/(A/dm 21 

Fig. 5. Amount of barrier layer in sealed and unsealed films, 
also showing placement of IR band. 

150 

?' , 

',6 1 6 0  

,~ 170 
E =" 

180 

I 
I 

\ I 
I 

\ I ',., 
[ I ( t I 

1.0 2.0 3,0 4.0 5.0 
Final Current Density (A/din 21 

Fig. 6. Placement of porous layer AI-O-AI far IR band center, 
showing effect of sealing transition. 

structure.  As noted ear l ie r  (1, 2), this  would  requ i re  
tha t  the  w a v e n u m b e r  peak  posi t ion of the  ba r r i e r  
l ayer  be somewhere  wi th in  the  region nea r  965 cm -1, 
and the amount  (absorbance)  of the ba r r i e r  l ayer  
should be at  a min imum.  F igure  5 shows tha t  these 
condit ions are  best  met  wi th  a second, ,or final, cur ren t  
dens i ty  whose value  is be tween  3.24 and 3.78 A / d m  2. 

F a r  in f ra red  da ta  are  equa l ly  wel l  suited, but  in-  
direct ly ,  to measure  the  extent  of this  t r ans i t ion-s ta te  
p rope r ty  of the  ba r r i e r  layer .  Al though  the far  IR 
data  a re  s t r ic t ly  a measure  only of the  porous layer,  
the  ba r r i e r  l ayer  seal ing t rans i t ion  produces  a direct  
resu l t  in the  porous layer .  Seal ing t ransforms  a por-  
t ion of the  secondary-phase  ba r r i e r  l ayer  into porous 
layer  hydroxide .  This t rans format ion  increases the  
amount  of porous layer  cross- l inking,  t he reby  shif t -  
ing, to lower  wavenumbers ,  the  peak  p lacement  of 
the porous l aye r  A1-O-A1 s t re tching  vibrat ion.  F igure  
6 i l lus t ra tes  such a shift  in band  position, which is at 
its m in imum (most  favorable)  value  wi th  a f ina l  
cur ren t  densi ty  in the region 3.24~3.78 A / d m  2. 

F igure  7 is a plot  of amount  (absorbance)  of porous 
layer  cross- l inking,  for sealed and unsealed films, and 
again (2) shows that,  for unsealed films, the  amount  
of porous l aye r  c ross- l inking  fol lows an inverse  r e l a -  
t ionship wi th  the  amount  of ba r r i e r  l aye r  The min i -  
m u m  inflection near  3.24 A / d m  2, in Fig. 7, is an indi-  
cat ion tha t  the  ba r r i e r  l aye r  s t ruc ture  has undergone  
a change tha t  puts  i t  back  into the  inner  seal  t rans i -  
t ion zone. The inflection shows that ,  in this  region,  the 
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bar r i e r  layer  has r eve r t ed  f rom p redominan t ly  sec- 
ondary  phase (which gives r ise  to the  porous l ayer )  
to a p r i m a r y - s e c o n d a r y  t rans i t ion  zone, wi th in  which  
the growth  of the porous layer  subsides slightly.  

F igure  8 shows a plot  of s t ruc tu ra l ly  incorpora ted  
porous layer  sulfate  (A1-O-S l inkage)  p lot ted  vs. 
final cu r ren t  density.  Sea l ing  removes  some of the 
incorpora ted  e lec t ro ly te  anion and p robab ly  replaces  
it wi th  an h y d r o x y l  group (4). Less direct ly ,  since 
the  A1-O-S bond is insensi t ive to changes in porous 
layer  cross- l inking,  these da ta  also show some of the  
effects tha t  were  discussed ear l ie r  in connection wi th  
Fig. 5. 
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ABSTRACT 

The electronic states of Mn 2+ are derived from excitation spectra for five 
green-emitting phosphors: (i) MgGa204:Mn, (ii) Zn2SiO4:Mn, (iii) ZnAl20~: 
Mn, (iv) Zn2GeO4:Mn, and (v) Li2ZnGeaOs:Mn. Only MgGa204:Mn is found 
to give a spectrum consistent with octahedral (or tetrahedral) symmetry of 
Mn2+; the other four phosphors show spectra typical of Mn 2+ in symmetry 
lower than octahedral. Solution of the Tanabe-Sugano energy matrices using 
the MgGa204:Mn levels as input gave Racah parameters of B ---- 624 em -I 
and C = 3468 cm -1. 

Most s tudies  of the  opt ical  spectra  of Mn ~+ com-  
pounds  have  been concerned wi th  aqueous solutions 
of Mn salts, h y d r a t e d  crystals ,  and Mn 2+ halides. Where  
studies of Mn2+-ac t iva ted  phosphors  have  been made,  
the pr incipal  concern was to account for observed dif -  
ferences in emission color, the phosphors  fa l l ing in two 
classes, those wi th  green emission and those wi th  
o r a n g e - t o - r e d  emission. In  s imi lar  fashion, we catalog 
the spectra  of Mn 2+ phosphors  in two parts .  In  this  
paper  we give spect ra  for five phosphors  wi th  green 
emission and reserve  for  a l a te r  paper  presenta t ion  of 
spect ra  for the  o r ange - to - r ed  emit ters .  Aside  from the 
obvious division based on color difference, the  division 
follows na tu r a l l y  f rom the observed posi t ion of the  
4A-4E level  for the  two classes. For  the  green emi t te rs  
the  level  is found at about  23,500 cm -1, whi le  for  the 
o r ange - to - r ed  emit ters ,  the  level  is  found at  about  
24,700 e m -  t. 

We give below, then, exci ta t ion  and emission spect ra  
for MgGa204: Mn, Zn2SiO4:Mn, ZnA1204: Mn, Zn2GeO4: 
Mn; and Li2ZnGeaOs: Mn, give ass ignments  for the  ob-  
served levels, compare  our observat ions,  where  possi-  
ble, wi th  p rev ious ly  r epor ted  results,  and, finally, fit 
the  observed levels of MgGa~O4: Mn for given values  of 
the  Racah pa rame te r s  and crys ta l  field strength.  

The energy levels of the 3d 5 Mn 2+ ion in an octa-  
hedra l  c rys ta l  field have been given by  Orgel  (1), 
Tanabe  and Sugano (2), and Druzhinin  (3). Moore (4) 
gives the f ree- ion  levels. In  brief,  the  f ree- ion  levels,  
in o rder  of increasing energy  are  6S, 4G, 4p, 4D, and 4F. 
In the  oc tahedra l  field the  designat ions are  6Alg(6S), 
4Tlg(4G), 4T2g(4G), 4Eg-4AIg(4G), etc., whe re  the  
f ree- ion  level  origins are  given in parentheses .  The 
labels  A, E, and T re fe r  to single, double,  and  t r ip le  
orb i ta l  degeneracies,  respect ively .  Fo r  completeness,  
Orgel ' s  c rys ta l  field d iag ram is r eproduced  in Fig. 1. 

The theory  has been appl ied  by  Pappa l a rdo  (5) to 
MnC12 and MnBr2, by  Goode (6) to MnC12 complexes,  
by  Ford  et al. (7) to MnS, by  Medl in  (8) to na tu ra l ly  
occurr ing minerals ,  by  Heid t  et al. (9) to Mn(C104)2, 
by  Cotton et al. (10) to te t raha lo  anions, by  Lawson 
(11) to Mn2+-halo  hydra tes ,  by  Bingham and P a r k e  
(12) to glasses, and by  Curie (13), McClure  (14), 
Ryskin  et al. (15), and Lange r  (16) to ZnS. In the  
above systems, the posi t ion of the  4E-4A(4G) level  
va r i ed  f rom 21,237 cm -x  (ZnS :Mn)  to 25,550 cm -1 
(MnF~). In  general ,  no spl i t t ing  of  the  two lowes t - ly ing  
4T levels  was observed.  

Wi th  pa r t i cu l a r  reference  to the  phosphors  we  repor t  
on below, Kl ick  and Schu lman  (17) give t he  exci ta t ion 
spec t rum of Zn2SiO4: Mn. They  note  three  broad  bands  
in the  visible. Kos tan t inova-Sch lez inger  (18), and 
Kons tan t inova-Sch lez inger  and K a b a k o v a  (19) give 

* Electrochemical Society Active Member. 
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exci ta t ion spec t ra  for  green and red  emit ters ;  in p a r -  
t ieular ,  for g reen-emi t t ing  Zn2SiO4:Mn and Zn2GeO4: 
Mn they  show three  bands  in the  vis ible  for each. For  
ZnA1204:Mn, Kroger  (20) indicates  one band in the  
visible. Sehrader  (21) and Vlam (22) r epor t  fine 
s t ruc ture  on the emission band  of Zn~SiO4:Mn at  low 
tempera ture .  But ler  (23), Nagy  (24), and Makai  (25) 
fit the  si l icate emission spec t rum wi th  Gauss ian  bands. 
Brown (26) discusses the luminescence of MgGa204: 
Mn and Grisafe  (27), the  luminescence  of LiaZnGe3Os: 
Mn. Kl ick  (28) gives a br ief  s u m m a r y  of the  Mn 2+ 
luminescent  center.  

A knowledge  of expected site s y m m e t r y  of Mn 2+ 
in each of the  lat t ices considered here  serves as basis 
for comparison of observed spect ra  wi th  g roup  theo-  
re t ica l  predictions.  In  al l  five phosphors  the  site sym-  
m e t r y  is expected to be e i ther  oe tahedra l  or t e t r a -  
hedral .  ZnAl~O4 (20), MgGa~O4 (29), and Li2ZnGeaOa 
(27) are  spinels wi th  both oe tahedra l  and t e t r ahed ra l  
sites. Zn2SiO4 (30, 31) and Zn2GeO4 (32) have  t e t r a -  
hedra l  sites. For  the 3d 5 configuration Orgel 's  d iagram 
applies  for both oe tahedra l  and t e t r ahed ra l  s y m m e t r y  
(33). 

Experimental Procedures 
Exci ta t ion  and emission spec t ra  were  measured  at 

room and l iquid-N2 t empe ra tu r e  using a Hi tach i -  
Pe rk in  Elmer  M P F - 2 A  spectrofluorimeter .  L iqu id -He  
spectra  were  taken  on the same ins t rument  using an 
Ai r  Products  "Cryo-Tip"  dewar.  The exci ta t ion source 
was a 150-W xenon-a rc  l amp for measurements  be low 
380 nm and a 1000-W quar tz - iod ine  ( tungsten)  l amp 
for measurements  above 380 nm. The l ine s t ruc ture  of 
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Table I. Mn 2+ excitation bands (in ~ and cm -1) 

Levels in 
Free-ion octahedral 

levels symmetry 1YfgGa20r Z112SiO~ ZnAI~O~ Zn~GeO4 Li~ZnGe~Os 

~G 

4D 

l } 4973 20,109 5060 19,763 
~Tlg 4787 20,890 4884 20,475 Not observed 4860 20,578 l~'ot observed 

4754 21,035 4740 21,097 
4430 22,573 4575 21,858 4500 22,222 4640 21,552 

l 'T~g } 4468 22,381 4330 23,095 4520 22,124 4450 22,472 4585 21,810 
4445 22,497 4360 22,936 4460 22,422 

4230 23,640 4258 23,485 4290 23,310 
4Eg-4A~ 4241 23,573 4208 23,764 4265 23,447 4249 23,535 

4204 23,787 4230 23,640 4260 23,474 
"~ 335I 25,967 3890 25,707 3990 25,o63 3670 25,840 

4T29 } 3800 26,316 3792 26,371 3860 25,907 3740 26,738 3310 26,247 
3713 26,932 3760 26,596 

4Eg ~ 3578 27,948 3578 27,949 3620 27,624 Not observed 3640 27,472 
3450 28,985 3590 27,855 3450 28,986 

the  xenon arc in the  region of 430 to 500 nm in te r -  
feres wi th  accura te  de te rmina t ion  of band positions. 
The spect ra  obtained were  uncorrec ted  for energy.  

The compounds measured  were  fo rmula ted  wi th  
Mn 2 + concentrat ions designed to give m a x i m u m  quan-  
tum efficiency as de te rmined  by  extens ive  empir ica l  
testing, except  as noted below, where  Mn 2+ concent ra -  
t ion var ia t ions  revea led  addi t ional  band s t ructure .  
P r epa ra t i ve  techniques were  typ ica l  of usual  solid 
state phosphor  synthesis  and are  given in the  l i t e ra -  
ture  (20, 21, 26, 27, 32). 

In  der iv ing  band locations, no a t t empt  was made  to 
resolve over lapping  bands  into Gaussians  to obta in  a 
more  precise  value  of wavelength .  Values  quoted for 
these bands  are  therefore  only  est imates.  

Results and Discussion 
A few comments  are  in o rder  before  deta i l ing  the 

results,  summar ized  in Table  I for  r eady  reference:  
(i) only  MgGa204:Mn gives the expected spec t rum 
for oc tahedra l  (or t e t r ahedra l )  symmet ry ,  i.e., no 
spl i t t ing of degenera te  E and T levels,  (ii) the posi t ion 
of the  4A-4E (4G) level  is r e l a t i ve ly  constant  in al l  five 
samples  at  about  23,500 cm -1, (iii) where  spl i t t ings  
of the degenera te  E and T levels occur, some of the  
expected levels are  not  observed,  and (iv) Orgel ' s  
cr i ter ion tha t  the  levels  wi th  m i n i m u m  slope (A and  
E levels)  show the na r rowes t  bandwid th  is used as the 
s tar t ing point  for  assignments.  

The spec t rum for  MgGa204:0.02 Mn is g iven in 
Fig. 2. Not shown is the weak  lowes t - ly ing  4T 1 level  
at 478.7 rim. The sharp level  at  424.7 nm is the  
~E-4A(4G). The r ema in ing  ass ignments  a re  given in 
Table I. Levels  above the  4E(4D) are  not observed;  
they  are  masked  by  the  charge t rans fe r  band. The 

s t ructure  observed  at  about  415.0 nm is not  uniquely  
assigned. A possible  ass ignment  would  be a 2T2(2I) 
level, not shown in Orgel ' s  d iagram,  but  which  Tanabe  
and Sugano indicate  crosses the lower - ly ing  levels (2).  
An  a l t e rna t ive  assignment,  as a spl i t t ing of the  4E-~A 
level, is not  consistent  wi th  the  observed band  in-  
tensi t ies  for Zn2GeO4:Mn and Zn2SiO4:Mn, noted be -  
low. 

In contrast ,  Zn2GeO4:0.03 Mn shows complete  spl i t -  
t ing of the  4Tl(4G),  4T2(4G), and 4E-4AOG) levels.  
The spec t rum is given in Fig. 3. Not obvious in the  
figure is the  th i rd  band of the  4E-4A level,  bu t  shown 
in grea ter  deta i l  and h igher  resolut ion in Fig. 4. The 
4T2(4D) level  ly ing above the 4E-4A(4G) level  is not  
a dist inct  t r ip le t  as might  be expected.  Only  two of the  
expected th ree  bands  are  wel l - reso lved .  Higher  ly ing  
levels, again, are  masked  by  the main  broad  exci ta t ion 
band. 

Zn2Si04:0.06 Mn gives spl i t t ings  pa ra l l e l ing  those of 
ZnzGeO4: Mn. Here, the  th i rd  band of the  4T2 (4G) level  
is not  observed.  The t r ip le t  charac te r  of the  4E-4A(4G) 
level  is shown in Fig. 4; the  comple te  spec t rum is 
shown in Fig. 5. A t t empt s  to resolve the  th i rd  band  
of the 4T2(4G) level  at lower  (down to 0.5 m / o  
[mole per  cent]  and h igher  Mn ( u p  to 12.0 m/o )  
contents were  fruitless.  The possibi l i ty  that  one of the  
th ree  assigned 4E-4A(4G) levels  belongs to the  4T20G) 
t r ip le t  was considered,  bu t  re jec ted  as inconsistent  
wi th  ass ignments  for the  Zn2GeO4: Mn spectrum. 

The spec t rum of Li.gZnGe~Os:0.035 Mn is given in 
Fig. 6. Here,  the  lowes t - ly ing  4T1 level  was not  ob-  
served.  The 4T2(4G) level  spli ts  into a t r iplet .  Only  
double t  charac te r  appears  in the  4E-4A(4G) and the  
~T2(4D) levels, where  we might  expect  t r ip le ts  in 
analogy wi th  the  complete  spl i t t ing  of the  4T2(4G) 
level. The 4E (4D) level  shows the expec ted  doublet .  A t  
lower  Mn content  (0.5 m / o )  no spl i t t ing  of the  
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temperature. 

4E-4A(4G) level is noted, al though the rest of the 
levels split as given in Fig. 6. 

For  ZnAlzO4:0.02 Mn, no structure is resolved in the 
4E-4A(4G) level al though the 4T2(4G) level is a 
distinct triplet. The spectrum is given in  Fig. 7. The 
4Tl(4G) level was not observed; the 4T2(4D) and the 
4E(4D) levels split into the expected tr iplet  and doub- 
let, respectively. We at t r ibute  the apparent  s t ruc ture-  
less na tu re  of the 4E-4A(4G) level to ins t rumenta l  
l imitations;  our max imum resolution for excitation 
spectra is about 0.6 nm. We note fine s t ructure  appear-  
ing in the 4T2(4D) level (not shown in Fig. 7) at 
384.3, 385.6, 386.3, and 387.2 nm. Goode (6) at t r ibutes  
similar s tructure in MnC12.2H~O to spin-orbi t  split- 
tings. The split t ings here (~65 cm -1) are consistent 
with his calculated values. 

We noted above failure to observe the 4T1 (4G) level 
in ZnA1204: Mn and Li2ZnGesOs: Mn. Either the levels 
are too weak to observe or they lie so near  the emis- 
sion band (small Stokes shift) they cannot be mea-  
sured in the excitation mode. We favor the lat ter  ex- 
p lanat ion based on the observed magni tude  of spli t t ing 
of the 4T2(4G) level from the 4E-4A(4G) level. 
Larger splittings are observed for ZnA1204:Mn and 
Li2ZnGe3Os:Mn than  are observed for the remaining 
three phosphors. We expect then  the 4Tl(4G) level 
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Fig, 6. Excitation spectrum of Li2ZnGe3Os:0.035 Mn at liquid-N~ 
temperature. 
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temperature. 

in these two compounds to be found at lower energy 
than the 4Tl(4G) level of the silicate, gallate, and 
orthogermanate,  hence closer to the emission band  and 
possibly overlapping it. The predicted position of these 
4T1 levels, derived from calculations indicated below 
and plotted in Fig. 11, supports the interpretat ion.  

The spectral characteristics of the emission bands  of 
the five phosphors vary  from simple to complex. 
MgGa204:Mn and Zn2GeO4: Mn show no fine structure.  
At liquid-N2 tempera ture  the gallate peaks at 508 n m  
and has a 27 nm bandwidth  at ha l f -max imum in-  
tensi ty (spectrum not shown).  Zn2GeO4:Mn peaks at 
524 n m  and has a 30 n m  bandwidth;  the spectrum is 
given in Fig. 8. Also shown in Fig. 8 is the ZnA1204: Mn 
spectrum; it is almost a mirror  image of the 4T2(*G) 
excitation band (Fig. 7). However, one extra band is 
observed in emission. Since the emission t ransi t ion is 
presumably  4Tl(4G) - ,  6A1(6S), complete splitt ing of 
the tr iplet  can account for only three  of the observed 
bands. Alternat ives  are that  the s t ructure  results from 
superposition of v ibra t ional  modes or that  spin-orbi t  
coupling produces the addit ional splitting. Goode (6), 
in his calculations including spin-orbi t  coupling, gives 
splittings of the 4Tl(4G) level of about 62 cm -x, 
smaller than we observe in  emission (~150 cm-X). At  
present we can make no definitive assignment  for the 
origin of the fine structure.  

Similar considerations apply to the Zn2SiO4:0.005 Mn 
spectrum shown in Fig. 9. We observe more s tructure 
than  reported by Schrader (21), but  less s t ructure  
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temperature. 

than reported by Vlam (22). The marked  asymmetry  
and fine s t ructure  observed suggest tha t  more than  
one mechanism is operative here. 

For Li2ZnGe~O3:Mn, Fig. 10, the spectrum broadens 
with increased Mn content  and at 3.5 m/o  Mn shows a 
series of seven f ine-s tructure  components super im-  
posed on a broad asymmetric  band;  the f ine-s t ructure  
levels occur at 520.1, 522.8, 525.8, 528.0, 530.6, 533.7, and 
536.6 nm. The regular i ty  of the f ine-structure separa- 
tions about the 528.0 nm level suggest v ibrat ional  
s t ructure as their  origin; the average separation in 
levels is about 100 cm -1. 

As a final exercise, we use the Tanabe-Sugano  
matrices to fit the MgGa204: Mn levels. We use the 4E 
observed levels (23,578 and 27,948 c m - D  to derive 
values of the Racah parameters,  using the 4r3 matrix,  
which is independent  of the crystal  field strength. The 
values of B (624 cm -1) and C (3468 cm -1) obtained 
are then used in the crystal - f ie ld-dependent  matrices 
to determine the remain ing  levels. The results are 
shown in Fig. 11, where  we include the observed 
levels of the other four compounds for qual i tat ive 
comparison. A value of 10 Dq of 5200 cm -1 gives a 
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Fig. 11. Calculated energy level diagram for Mn 2+ based on 
position of the 4E levels in MgGa204, for B = 624 cm - 1  and 
C ~ 3468 cm -1.  Lines and circles show level positions for: 1. 
MgGa204, 2. ZnaSiO4, 3. Zn2GeO4, 4. Zn2A|O4, and 5. ki2ZnGesOs. 

reasonable fit for the gallate levels. A more accurate 
fit can be obtained by a least squares procedure, using 
B and C as adjustable  parameters.  However, in the 
absence of exper imenta l  values for the h igher- ly ing  
levels, the ref inement seems unwarran ted .  Table II 
gives a comparison of our derived values for B, C, and 
10 Dq with those reported in the l i terature.  Our values 
are in fair agreement  with those reported for Mn ~+ 
complexes (9-11). 

We noted above that  Mn 2+ is expected to be in  an 
octahedral or te t rahedral  site in  all five compounds 

Table II. Value of B, C, and 10 Dq in cm -1  for Mn 2+ systems 

System B C 10 Dq Reference 

MgGa204 :Mn 624 3468 5200 This work 
[Mn (H~O) 6] ~+ 671 3710 8480 9 
[MnBr4] ~+ 536 3530 310~ 10 
MnC12 �9 2H~O 630 3600 6000 11 
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s tudied (1). If  so, no spl i t t ing  of degenera te  E and T 
levels is expected (2). However ,  only  MgGaeO4:Mn 
gives the expected spectrum, i.e., no spl i t t ing of de-  
genera te  levels. Two mechanisms m a y  account for ob-  
served spli t t ings;  e i ther  the  s y m m e t r y  is lower  than  
is expected,  or Mn 2+ occupies both oc tahedra l  and 
t e t r ahed ra l  sites in the  Li2ZnGe3Os:Mn and ZnA1204: 
Mn spinels, and both (unequiva len t )  t e t r ahed ra l  sites 
in Zn2SiO4:Mn (31). The la t te r  mechanism would, at  
most, account for doubl ing the number  of expected 
levels, but  would not account for the  observed t r ip le ts  
(Fig. 11). We  assume, therefore,  tha t  the  spl i t t ings  
resul t  f rom a lower ing  of the  site symmetry .  The 
point  group symmet r i es  consistent  wi th  complete  l i f t -  
ing of the  degeneracies  are  C2v, C2h, De, or D2h (33). 

The apparen t  dependence  of the  4E-4A(4G) leve l -  
spl i t t ing in Li2ZnGe~Os:Mn on Mn 2+ concentra t ion  is 
unexpec ted  and deserves  fu r the r  s tudy.  (The ob-  
servat ion is not an ar t i fac t  a t t r ibu tab le  to spect ra  
measured  at different  ins t rumenta l  resolutions.)  Group 
theore t ica l  a rguments  requ i re  tha t  complete  spl i t t ing  
of the 4T1 (4G) level  be reflected in complete  spl i t t ing 
of the  remain ing  levels. Unt i l  addi t ional  da ta  a re  
avai lable ,  we forgo explanat ions  tha t  mus t  be couched 
in speculation.  

On emission spectra  we have said l i t t le  and can say 
l i t t le  more. Where  s t ruc ture  is observed in a phos-  
phor  emission spectrum, it usual ly  follows tha t  s t ruc-  
ture  is also observed in the  exci ta t ion spectrum. The 
converse s ta tement  m a y  or may  not be true.  In pa r -  
t icular ,  the  Zn2GeO4:Mn emission spec t rum shows no 
fine s tructure,  whi le  the  exci ta t ion spec t rum does 
(Fig. 3 and 8). 

Summary 
Of the  five compounds examined,  only  MgGa204: Mn 

shows the expected behav io r  for  Mn 2+ in oc tahedra l  
(or t e t r ahedra l )  symmetry .  The complete  spl i t t ing of 
at least  one of the  4T levels in al l  the  remain ing  com-  
pounds requi res  dis tor t ion of the expected  oc tahedra l  
(or t e t r ahedra l )  s y m m e t r y  down to C2v, C2h, C2, or 
D2h symmetr ies  (33). The quest ion of the  effects of 
sp in-orb i t  coupling and v ibra t iona l  modes on spl i t t ings  
and fine s t ruc ture  we leave unresolved,  requi r ing  add i -  
t ional  exper imen ta l  da ta  t aken  at  h igher  resolu t ion  
and embracing  a wider  range  of Mn concentrat ions for 
more  definit ive conclusions. 
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Luminescence of Divalent Europium in Ba-Ca, Ba-Sr, and Ca-Sr 
Orthophosphate and Pyrophosphate Compositions 

Costas C. Lagos* 

Phosphor Research Laboratory, Sylvania L~ght~ng Center, D~nvers, Massachusetts 01923 

ABSTRACT 

Divalent  europium was used as an activator in  Ba-Ca, Ba-Sr,  and Ca-Sr  
orthophosphate and pyrophosphate compositions. Luminescence was observed 
in most of the compositions and spectral energy dis tr ibut ion measurements  
were made on all samples. Changes in the mixed cation ratios produced var i -  
ations in emission band intensities, shifting of emission peak positions, and 
changes in emission band widths A new compound with the formula 
Ba~Ca (PO4) 2 was found. 

Compositions along the b inary  joins between the 
orthophosphates and pyrophosphates of Ca-Sr, Ba-Sr,  
and Ca-Ba were doped with divalent  europium and 
examined for luminescence under  2537A excitation. 
Many of the compositions fluoresced quite strongly 
and emission band peak positions varied from 407 to 
550 nm. During the course of the investigation, a pre-  
viously unrepor ted  orthophosphate compound with 
the composition of Ba2Ca (PO4)2 was found. 

Other papers (1-6) have previously reported on the 
divalent  europium activation of alkal ine earth ortho- 
phosphates and pyrophosphates, bu t  in  most cases the 
authors either presented data pr imar i ly  on the substi-  
tu t ion of Mg for Ba, Ca, or Sr, or they did not report  
extensively on their  results. In  this paper we shall en-  
deavor to present a more comprehensive picture on the 
divalent  europium activation of the mixed alkaline 
earth orthophosphates and pyrophosphates with the 
major  emphasis being placed on  empirical  results. 

Experimental 
The samples were prepared using luminescent  grade 

Ba, Ca, and Sr carbonates, BaHPO4, CaHPO4, and 
SrHPO4, and 99.99% pure Eu203. After  dry  mixing, 
the blends were f i red i n  air  and then  mixed again 
prior to a final reduct ion firing in  a 1% H2-99% Nu 
atmosphere. The firing temperatures  used were  varied 
and were determined by the par t icular  composition 
join being studied. A concentrat ion of 0.02 gram atom 
of Eu were added per gram atom of alkal ine earth 
cation and a slight excess of phosphate (0.02 gram 
atom) was also used. 

X- r ay  diffraction data were obtained on all samples. 
Spectral  energy dis tr ibut ion data (SED curves) using 
2537A radiat ion were also obtained on all luminescent  
samples, and emission peak height  intensit ies were 
compared as described previously (3). 

Results and Discussion 
Orthophosphates 

Ca-Sr  compositions.--The only noteworthy lumines-  
cence observed in these compositions was that  of the 
pure end members,  Ca~(PO4)~ and Sr3(PO4)2. Each 
end member  has two polymorphic forms, = and ~ (7, 8). 
Ca~(PO4)2 has a/~ to a t ransi t ion tempera ture  of 1180 ~ 
while the /~-form of Sr~(PO4)~ is not  stable at room 
tempera ture  unless it is stabilized by  the addit ion of a 
number  of various foreign cations of which Ca is 
one (8). 

Calcium was subst i tuted for s t ront ium in  Sr~ (PO4)~: 
Eu +~ in 0.5 mole increments  and samples were fired at 
1100 ~ and 1250~ X- ray  diffraction data of the mixed 
Ca-Sr compositions from both firing temperatures  

* Electrochemical  Society Active Member .  
K ey  words:  luminescence,  phosphors,  25375- excitation, divalent  

europium activation, spectral energy  distribution, ba r ium-ca lc ium 
pyrophosphates, barium-strontium pyrophosphates, calc ium-st ron-  
t ium pyrophosphates ,  ba r ium-ca lc ium orthophosphates,  b a r i u m-  
s t ront ium orthophosphates, calcium-strontium orthophosphates. 

showed only the presence of either fl-Srs(PO4)2, 
~-Ca3(PO4)2, or some solid solution between them. 
The end members  were found to be /~-Ca~(PO4)2 at 
1100~ a-Ca~(PO4)2 at 1250~ and a-Sr3(PO4)2 at 
both temperatures.  

Figure 1 shows the emission curves for a and 
fl-Ca3 (PO4)2: Eu + 2 and a-Sr3 (PO4) 2: Eu  + 2. The la t ter  
had an intense nar row emission band  peaking at 415 
nm, while fl-Cas(PO4)~:Eu +2 had a s imilar ly  nar row 
emission band  peaking at 408 nm. A n  extremely wide 
emission curve peaking at 488 nm was obtained with 
~-Ca~ (PO4)~: Eu  § This phosphor, because of its wide 
emission curve, appeared to be a moderately  bright  
whit ish green when  visual ly observed under  2537A ex- 
citation, but  its peak intensi ty  was only about 6% of 
the 1200~ fired a-Srs(PO4)2:Eu +2 phosphor, the 
brightest  of this part icular  orthophosphatc group. 
Table ! lists the emission properties of these end-  
member  phosphors which were the only significant 
phosphors found in  the Ca-Sr  orthophosphate compo- 
sitions. Data on some s tandard phosphors are also in-  
cluded for reference. 

As Ca was subst i tuted for Sr in ~-Sr3(PO4)2, the 
(~-form of Sr3(PO4)2 was formed. The only lumines-  
cence observed here was an  extremely weak  reddish- 
orange emission. On examinat ion  by the spectral en-  
ergy d is t r ibut ion  radiometer,  the red portion of the 
luminescence was found to be weak t r iva lent  europium 
emission. Apparent ly,  the t r iva lent  europium in the 
/~-Sr3(PO4)2 compound could not be reduced to di- 
va lent  europium. 

In  addition to the weak red Eu +~ emission, there 
was also observed an ext remely  weak orange, emission 

r E +z a'-s ~(~J=.= - ~ - C % ( P 0 4 )  2 : EL, . 2  

�9 + 2  >. I # i r ~. CIE-Co3(PO4)~:E/J- .I/I. / v  
0 j i/ ',, 

!li" \ 
a: " 1 

300 4bo 55o eSo m~-- 

WAVELENGTH IN N A N O M E T E R S  

Fig. 1. Spectral energy distribution of the emission of 
~-Ca3(PO~)2:Eu +~, ~-Ca3(PO4)2:Eu +2, and ~-Sr3(PO4h:Eu +2. 
2537A excitation. 
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Table I. Emission properties of significant orthophosphate 
compositions 

Table II. X-ray diffraction data for Ba2Ca(P04)2 
(Copper Ka radiation) 

Width at P e a k  he igh t  
Posit ion,  ha l f -he ight ,  in tens i ty  as % 

Composi t ion n m  n m  of Zn~SiO4:Mn 

a-Sr~ (PO4) 2 :Eu+"~ 415 38 104 
or-Ca3 (PO+) 2:Eu +2 488 122 7 
,6-Cas (PO+) 2:Eu+~ 408 46 9 
Ba~ (POD ~:Eu+2 415 34 84 
Ba~Ca (PO~) ~:Eu+-" 463 48" 11 

520* 160" 10 
CaWO4:Pb 446 124 39 
MgWO+ 488 142 45 

* These  f igures  are close approx ima t ions  because of the  par t ia l  
m e r g i n g  of the two emiss ion  bands.  

20 ! Io d 2~ I Io d 

15,25 4 5.805 38.02 3 2.365 
18.89 39 4.694 38.32 3 2.347 
19.41 19 4.569 38.72 13 2.324 
21.35 3 4.157 39.36 11 2.287 
22.69 24 3.916 40.32 23 2.235 
22.97 4 3.868 42.18 16 2.141 
25.95 72 3.431 43.42 24 2.082 
27.82 100 3.204 45.50 5 1.992 
29.51 3 3.024 45.81 13 1.979 
30.75 3 2.905 46.29 13 1.960 
31.83 33 2.809 46.89 5 1.938 
32.70 89 2.736 47.90 3 1.897 
36.26 4 2.475 48.32 13 1.882 

Plus  other  lines. 

in the vicini ty of 510-660 n m  which had also been 
reported previously by Gorbacheva (5). 

Ba-Ca orthophosphates.--Calcium was subst i tuted 
for bar ium in Ba3 (PO4)2:Eu +2 in 0.5 mole increments  
and samples were fired at 1000 ~ and 1200~ As in the 
case of Ca-Sr orthophosphate compositions, the br ight-  
est phosphors obtained in this b inary  system were the 
pure end members,  a- and ~-Ca3(PO4)2:Eu +2, which 
were ment ioned previously in the discussion of the 
Ca-Sr orthophosphate compositions, and Bas(PO4)2: 
Eu +2 which had an intense emission band  at 415 nm. 

Figure  2 shows the emission curve for the Be3 (PO4)2: 
Eu + 2 phosphor and Table I lists its emission properties. 

Also included in Fig. 2 is the emission curve for 
the new compound that  was discovered dur ing this 
investigation. This compound had the formula 
Ba2Ca(PO02, with an emission peak intensi ty  about 
10% of the Ba3(PO4)~:Eu+2 end member,  but  it ap- 
peared a moderately br ight  pale yel low-white  under  
2537A excitation because of its extremely wide emis- 
sion band. The emission properties of this phosphor 
are also given in Table I. 

The presence of the two emission peaks in the SED 
curve of this Ba2Ca(PO4)2:Eu +2 phosphor appeared 
to indicate that a mix ture  of two phases was present. 
X- ray  diffraction data, however, showed extremely 
sharp and well-defined lines of a single compound 
whose x - r ay  pat tern  did not correspond to any single 
pat tern or combinations of pat terns of any other 
known compounds in either the BaO-P205 or CaO-P205 
b inary  systems. Table II gives the x - r ay  diffraction 
data for the new Ba2Ca (PO4) 2 compound. 

The Ba~Ca (PO4) 2: Eu + 2 phosphor was also inspected 
under  2537A excitation with a microscope. The emis- 
sion color of all particles was identical. SED curves 
of some individual  luminescent  particles were obtained 
using a modified fiber optic single particle microspec- 
t roradiometer  which was previously described by 
Bouchard (9). The single particle SED curves were 
identical to the SED curve shown in Fig. 2 which was 

obtained from a powder sample. The two peaks in the 
emission curve are probably the result  of the acti- 
vator being in two different crystallographic sites. 

Figure 3 shows the var iat ion of emission peak in-  
tensi ty with composition for the 1200~ firing. As Ca 
was subst i tuted for Ba, there was a drastic decrease in 
emission intensi ty  unt i l  the composition of Ba2Ca (PO4)2 
was reached. Fur ther  Ca subst i tut ion resulted only in 
a small  gradual increase in in tensi ty  un t i l  the wide 
band pale green-whi te  emit t ing a-Ca3 (PO4) 2Eu +2 end 
member  was reached. 

It also can be seen from Fig. 3 that  there was a sub-  
stantial  increase in the width of the emission band  as 
Ca was substi tuted for Ba. The emission band  width 
began to increase at Ba2.sCao.5 and continued to in-  
crease quite rapidly un t i l  the Bal.sCa,.5 composition 
was reached. X- ray  diffraction of compositions in this 
region (Ba3.0 to Bal.5Cal.5) showed the presence of 
(a) Baz(PO4)2, (b) a mix ture  of Ba3(PO4)2 and 
Ba2Ca (PO4) 2, (c) Ba2Ca (PO4) 2, and (d) lower d-spac- 
ing values of Ba2Ca (PO4)2, respectively. 

At concentrat ions of Ca greater than Cat.5 larger 
d-spacing values and line intensit ies of a-Ca3(PO4)2 
began to appear in increasing amounts  in the x - r ay  
diffraction data, the rate of increase of the emission 
band width began to level off, and the peak of the 
weak emission curve began to shift from 500 nm for 
Bat.~Cal 5 to 554 nm, 560 nm, and 530 nm for the  next  
three Ba-Ca compositions unt i l  finally the emission 
peak position of 488 n m  for ~-Ca3(PO4)2:Eu +2 was 
obtained. 

Emission results of samples fired at 1000~ were 
similar to those obtained at 1200~ except for slightly 
reduced emission intensi t ies  which were due to de- 
creased reactivity. This was confirmed by  the x - r ay  
data which showed x - ray  diffraction lines of reduced 
intensi ty  and sharpness. Here again as was the case in 
the 1200~ firing, a-Ca3(PO4)2 was found to be the 
only phase present  in the compositions from Bao.~sCa2.75 
to Bal.0Ca2.0. This was quite surpris ing since the 1000~ 
firing tempera ture  was considerably lower than  the 
normal  ~ to a t ransi t ion tempera ture  of 1180~ as 
determined by differential  thermal  analysis in our lab-  
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Fig. 2. Spectral energy distribution of the emission 
Ba3(PO4)2:Eu + 2 and Ba2Ca(PO4)2:Eu +2. 2537A excitotion. 
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Fig. 3. Variation of emission peak intensity and emission bond 
half-height width with changing cation in Ba-Ca orthophospbate 
compositions. 
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oratory. Apparent ly ,  the subst i tut ion of the larger Ba 
ion for Ca up to the compositions of BalCa2 tended to 
stabilize the ~ ra ther  than  the B-form of Ca3(PO4)2 
even at as low a tempera ture  as 1000~ 

Ba-Sr  orthophosphates.--Ba-Sr orthophosphate com- 
positions were fired at 1000 ~ and  1200~ and  substi-  
tut ions of Ba for Sr were made in 0.5 mole increments.  
X- ray  diffraction data indicated that  there was a 
complete solid solution formed between Ba3(PO~)2: 
Eu + 2 and a-Sr~ (PO~) 2: Eu + 2. Because of this complete 
solid solution and the intense brightness of the end-  
member  phosphors, the in termediate  Ba-Sr  composi- 
tions were also qui te  bright. The emission curve of 
Baa(PO4)2:Eu +2 was shown in Fig. 2 and that  of 
a-Sr3 (PO4)2:Eu +2 in Fig. 1. Table I gives the emission 
properties of a-Sra(PO~)2:Eu +2 and Baa(PO~)2:Eu +2. 

Figure  4 shows the var iat ion of emission peak in-  
tensi ty and the shifting of the emission peak with 
changing composition for the 1000~ firing. The change 
in in tensi ty  for compositions between the  two end mem-  
bers was almost a straight l ine which was as expected 
because of the complete solid solution between the Sr 
and Ba orthophosphates. As Sr was subst i tuted for Ba, 
there was a slight shifting of the emission band  toward 
the longer wavelengths before it began  to shift toward 
the 407 n m  peak of the a-Sr~(PO4)2:Eu +2 phosphor. 

Because Ba was not one of the cations which sta- 
bilized the B-form of Sr~ (PO0  2, there were no results  
to be reported on B-Sr~(PO~)~-Baz(PO~)2 composi- 
tions. 

Pyrophosphates 
Ca-Sr pyrophosphates.--There are three polymor-  

phic forms of Ca2P207, a, ~, and ~ (7), and two poly-  
morphic forms of Sr~P2OT, ~ and ~ ( i0) .  The 7-form 
of Ca2P20~ was not studied, because it  was only stable 
at low tempera tures  (320~176 The t ransi t ion tem-  
pera ture  from fl-Ca2P207 to ( ~ - C a 2 P 2 0 7  w a s  at 1140~ 
and Ca-St  compositions were fired at two different 
temperatures  of 1050~ and 1250~ in  order to study 
the effect of fl-Ca~P~OT:EU+~-a-Sr2P207:Eu+U, and 
a-Ca2P2OT: Eu + ~-a-Sr2P2OT: Eu +2 compositions. 

A weak blue emission at 424 n m  was obtained with 
~-Ca2PeO~:Eu +~, while strong emission peaks at 419 
and 422 n m  were obtained with a-Ca2P2Or:Eu +2 and 
~-Sr~O~OT:Eu +u, respectively. B-Sr2P20~:Eu +2 was 
dead to 2537A excitation. Table III  lists the emission 
properties of these phosphors along with those of the 
various Ca-Sr  compositions fired at 1050 ~ and 1250~ 
The emission properties of a s tandard CaWO~:Pb 
phosphor were also included for reference. 

Sr was subst i tuted for Ca in Ca2P2OT:Eu +2 in  0.25 
mole increments  and samples were fired at 1050 ~ and 
1250~ as ment ioned previously. Longer firing times 
of 8-12 h r  were needed for these part icular  composi- 
tions since the normal  firing times of 2-4 hr  produced 
nonequi l ib r ium conditions and erroneous results in 
emission intensit ies and emission peak positions. 

For the 1050~ firing, x - r ay  diffraction data showed 
only the presence of either B-Ca2P~OT, and /o r  
a-Sr2P20? in all compositions. The Ca=P20~ and 
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Fig. 4. Variation of emission peak intensity and emission peak 
position with changing cation in Bo-Sr orthophosphate compositions. 

Table Ill. Emission properties of Co-Sr pyrophosphate compositions 

P e a k  B a n d  w i d t h  P e a k  h e i g h t  
pos i t i on ,  a t  ~/~ h e i g h t ,  in t ens i ty  as  % 

Composition nm nm of Zn~SiO~:Mn 

I 0 5 0 ~  F i r i n g  
~-Ca.zP2OT:Eu +~ 424 39 7 
Caz.~sSro.~P20~:Eu +~ 420 43 44 
Ca1.~oSro.~oP~O~:Eu § 420 46 57 
CaI.~Sro.~sP~C~ :Eu +~ 430 45 60 
Caz.oSrz.oP~C~:Eu+~ 430 43 70 
Cao.7~Srz. ~P~O~:Eu+~ 431 40 V2 
Cao.,~oSr~. ~oP~O~ :Eu +~ 429 38 82 
Cao.~Srz .~P~O~:Eu § 426 35 119 
a-Sr~P~O~:Eu *~ 422 32 149 

1250~ Firing 
~- Ca*~P.~O~ :Eu +~ 419 30 86 
Ca~.~Sro.~P~O~:Eu +~ 423 40 V0 
Ca~.~Sro.~oP~O~:Eu +~ 431 48 "/9 
Ca~.~Sro.~P~O~:Eu +~ 439 43 94 
Caz.oSrz.0P~O~ :Eu+~ 440 39 110 
Cao.~Srz.~P~O~:Eu +~ 438 37 123 
Cao.~oSr~.~oP~O~ : E u  +'~ 434 35 145 
Cao.~Sr~.~P~O~ :Eu +~ 430 35 162 
~-Sr~P~O~:Eu+~ 422 30 156 
C a W O ~ : P b  ( R e f e r e n c e )  446 124 39 

Cal.75Sr0.sP207 compositions were fl-Ca2P207 with the 
in tens i ty  and sharpness of the fl-Ca2P207 diffraction 
lines being drastically reduced in the la t ter  composi- 
tion. In the Cal.sSr0.~, Cal.~sSr0.75, and the Cat.0Srl.o 
compositions, a-Sr2P207 was present, bu t  with diffrac- 
t ion lines of great ly reduced intensi ty  and sharpness. 
The remain ing  compositions, Ca0.75Srl.2~ through 
Sr2P207 were also a-Sr2P~O7 but  with moderately 
strong diffraction lines of increasing sharpness as the 
concentrat ion of Sr was increased. 

Table III  lists the emission properties of the 1050~ 
fired compositions. The most intense phosphor of the 
group was the unsubs t i tu ted  ~-Sr2P~O7: Eu +2 phosphor, 
and it appeared that  with increasing Ca substi tut ion 
the good phosphor was simply being diluted with the 
poor B-Ca2P2OT:Eu +2 phosphor resul t ing in steadily 
decreasing emission intensities. No impor tant  changes 
occurred in the emission peak positions and widths at 
half  height as the Ca-Sr  compositions were varied. 

At the 1250~ firing tempera ture  x - r ay  diffraction 
data showed that  a-Ca2P207 was formed and that  it 
was present  in the compositions from CaaP207 to 
CalSrlP2OT. In  the Cal.75Sro.25 and the Cal.sSrt.sSr0.5 
compositions, the a-Ca2P207 had higher d-spacing 
values. In the Cal.~sSro.v5 and the  Cal.oSrl.0 composi- 
tions mixtures  of decreasing amounts  of a-Ca2P207 
and increasing amounts  of a-Sr2P207 were found, while 
in the Ca0.75Srl.25 through the  Sr2P207 compositions 
only a-Sr2P207 was found with lower d-spacing values 
in  the  former composition. 

The emission properties of the 1250~ fired Ca-Sr 
compositions are also given in  Table III. All  of these 
phosphors were moderately  intense, but  again as in  the 
1050~ firing the brightest phosphors were in the 
Sr- r ich  compositions. There was, however, a slightly 
larger change in the emission peak positions from 
about 420 for the end members  to 440 n m  for the 
CalSrl  composition, as compared to the 1050~ firing 
tempera ture  where the peak position change was from 
about 422 n m  for the end members  to 431 n m  for the 
Ca0.75Srl.2~ composition. The widths at half-height  for 
the 1250~ tempera ture  were about the same as those 
obtained at the 1050 ~ C firing temperature .  

Ba-Sr  pyrophosphates.--There are two polymorphic 
forms of Ba2P2OT, a and 8 (11), and two forms of 
Sr~P207, ~ and ~ (10). The a and 5-Ba2P2OT:Eu +~ and 
B-Sr2P2OT:Eu +2 compositions resulted in v i r tua l ly  
dead phosphors. As reported previously, a-Sr2P207: 
Eu +2 was a very bright  phosphor whose emission 
properties were given in Table III. 

Sr was subst i tuted for Ba in Ba2P20~:Eu +~ in 0.25 
mole increments  and samples were fired at 1000 ~ and  
1200~ X - r a y  diffraction data of the 1000~C fired sam- 
ples showed: (a) 5-Ba~P207 and ~-SreP207 for the end 
members;  (b) solid solution of ~-Sr2P207 in  5-Ba~,PeO7 
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Fig. 5. Variation of emission peek intensity with changing cation 
in Ba-Sr pyrophosphote compositions fired at 1000 ~ and 1200~ 

in the Ba~.7~Sro..,~ and BaL~Sro.~ compositions; (c) solid 
solution of 5-Ba~P2Ov in a-Sr~P207 in the Bao.v~Sr~.2~, 
Bao.~Srl.~, and Bao.25SrLT~ compositions; and (d) mix-  
tures  of 5-Ba.~P~O7 and a-Sr~P207 in the Bat.2sSro.v~ 
and BalSrl  compositions. 

Figure 5 shows the variat ion of emission peak in-  
tensi ty of the Ba-Sr  pyrophosphate compositions at 
the two firing temperatures  of 1000 ~ and 1200~ At 
1000~ there was no substant ia l  luminescence unt i l  the 
area of the BatSr~ composition was reached. At this 
point fur ther  subst i tut ion of Sr for Ba led to a rapid 
increase in emission in tensi ty  which reached a maxi -  
mum at Bao.~Sri.5 before decreasing slightly at the 
Bao.2~Sr~.75, and the a-Sr2P207:Eu +2 phosphor com- 
positions. 

The shape of the emission in tensi ty  curve for the 
1200~ fired samples was quite similar to the 1000~ 
fired samples except at the pure a-Sr2P207: Eu +2 com- 
position. Here the in tensi ty  of the 1200~ sample was 
increased substant ia l ly  over that of the 1000~ fired 
sample and this increased intensi ty  was considerably 
out of line with the intensit ies from the remaining  
1200~ fired compositions. A repeat test with new sam- 
ples gave the same results. 

A possible explanat ion for this i r regular i ty  is that  
the emission in tensi ty  of the unsubst i tu ted  a-Sr2P207: 
Eu +2 phosphor is instr insical ly higher at 1200~ but  
when  Ba is substi tuted for Sr, a substant ial  decrease 
occurs in the general  level of emission intensi ty  of the 
Ba-conta in ing  samples causing a discontinui ty in the 
intensi ty  curve between these samples and the 
a-Sr2P207: Eu + 2 composition. 

This effect did not occur at 1000~ probably be- 
cause of the de,:reased react ivi ty between the Ba and 
Sr ions at this lower firing temperature.  Indeed, x - r ay  
diffraction data of the 1200~ samples did show sharper 
lines and better  crystall inity,  although the compounds 
present  in the various compositions were identical to 
the compounds l~resent in the same compositions at the 
1000 ~ firing temperature.  

No shifts in emission band positions or changes in 
band widths were observed at either firing tempera-  
ture. The luminescence observed for all samples was 
due entirely to the emission of the br ight  --Sr~P2Ov: 
Eu +2 phosphor, which was simply being diluted by the 
nonluminescent  5 - B a 2 P 2 O T :  E u  + 2 phase. 

Ba-Ca pyrophosphates.--The end-member  phosphors 
of the Ba-Ca pyrophosphate composition series, a and 
5-Ba2P2Ov:Eu +2 and a and ~-Ca2P2Ov:Eu +2 were dis-  
cussed previously, and the emission properties of the 
lat ter  two phosphors were given in Table III. 

Increasing amounts  of Ba in 0.25 mole increments  
were substi tuted for Ca in Ca2P2OT:Eu +2 and the 
compositions fired at two different temperatures,  i000 ~ 
and I120~ Bright phosphors with emission peaks in  
the 430-450 n m  spectral region were found in the 

Ca-rich half of the composition join. In  these high 
emission in tensi ty  compositions ~-Ca2P~OT with higher 
d-spacing values was found by x - r ay  diffraction to be 
either the predominant  or only  phase present  at both 
firing temperatures.  

For the 1000~ firing a-Ca2P207 with higher d-values 
was found in the range of compositions from Bao.25CaL75 
to Bao.7~Cal.2~ while mixtures  of a-Ca~P2Ov and pre-  
dominant ly  ~-Ba2P207 were found in composition 
range from Bal.oCa~.o to Ba~.~Cao.~. 5-Ba2P207 was 
found for the pure Ba end member  and the BaLvsCao.2~ 
composition, while ;~-Ca2P2Oz was found for the pure  
Ca end member.  

For the 1120~ firing tempera ture  a-Ca2P207 with 
higher d-values  was found in  the composition range 
from Ba0.25Cat.75 to Bal.0CaLo and was also the pre-  
dominant  phase in the Bal.2~Cao.v5 composition. 
~-Ca2P2Ov and 5-Ba2P207 were  found for the end 
members,  and mixtures  of a-Ca2P207 and predomi-  
nan t ly  5-Ba2P2Ov in the remain ing  compositions, 
Ba1.v~Cao.25 and Ba~.sCao.5. 

It appears that  the part ial  subst i tut ion of Ba for Ca 
in Ca2P~O7 leads to the stabilization of ~-Ca2PeOv at 
temperatures  where one would normal ly  expect 
~-Ca2P207 (~ to a t ransi t ion tempera ture  approxi-  
mately  I140~ (7). 

Table IV lists the emission properties of the Ba-Ca 
pyrophosphate compositions fired at the two different 
temperatures.  Also included for comparison are the 
emission properties of unsubs t i tu ted  a-Ca2P2Ov:Eu +'2 
prepared by firing at 1200~ and a reference phosphor, 
CaWO~:Pb. The last column in this table lists the in-  
tensities of the Ba-stabil ized a-Ca2P2OT:Eu +2 phos- 
phors, which even though fairly intense, are only about 
two-thirds  of the intensi ty  of the unstabil ized 
,-Ca2P20~:Eu +2 phosphor obtained from a 1200~ 
firing. 

Also in Table IV are the data for changes of emis- 
sion peak positions and changes in band widths at half-  
height for varying compositions at the two firing tem-  
peratures. For the compositions fired at 1000~ there 
was a shifting of the emission peak from 424 nm for 
fl-Ca2P2OT:Eu +2 to 460 nm for the Ba~.25Cao.75 com- 
position as Ba was subst i tuted for Ca. There was also 
a substant ial  increase in the band width at half-  
height changing from 40 nm for ~-Ca2P2Ov:Eu +~ to 97 
nm for the Ba~.2~Cao.7~ composition. Peak positions 
and widths at half-height  of compositions with a 
greater Ba concentrat ion of 1.25 could not be measured 
because of low emission intensity.  

The changes that  occurred in the emission peak posi- 
tions and the emission band widths at half-height  for 
the 1120~ fired compositions were considerably less 
than those that were fired at 1000~ Emission peaks 
shifted only over a range from 428 nm for fl-Ca2P2OT: 
Eu +2 to 447 nm for both the Bao.~Ca~.~ and Ba0.wCa~.2~ 
compositions, and the band widths at half-height  
ranged from 40 nm for fl-Ca2P2Ov:Eu +2 to 61 n m  for 

Table IV. Emission properties of Ba-Ca pyrophosphate compositions 

P e a k  B a n d  w i d t h  P e a k  h e i g h t  
pos i t ion ,  1/2 he igh t ,  i n t e n s i t y  as % 

C o m p o s i t i o n  n m  n m  of  Zn2SiO4:Mn 

IO00~ Firing 

fl-Ca~P~OT:Eu +~ 424 40 8 
Bao._~sCal.7~P2Ov:Eu§ 429 51 63 
Bao.~Cal.sP~O7 :Eu +~ 443 54 64 
Bao. v~Cal, mP_~O~ :Eu +~ 445 55 46 
Baz.oCal.oP~O~:Eu +s 456 94 16 
Baz.~Cao.7~P207 :Eu vz 460 97 5 

1120~ F i r i n g  
fl-Ca~P20~:Eu +~ 424 40 13 
Bao.~Cal.~P.2OT:Eu +~ 440 56 47 
Bao.sCal. 5P~O~ :Eu+~ 447 52 63 
Bao.~Ca1.~P~O~:Eu+~ 447 52 58 
Bal.oCal.oP~OT:Eu~ 440 52 38 
Bal.  ~Cao. 7~P2OT:Eu +~ 439 54 22 
Bal,sCao.sP~OT:Eu +~ 438 61 5 
a-Ca~P20~:Eu+2 (1200~ 419 30 97 
CaWO~Pb (Reference)  446 124 39 
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Baz 5Ca0.5 wi th  the  ma jo r i t y  of the  composit ions h a w  
ing a wid th  at ha l f -he igh t  be tween  52 and 56 nm. 

Summary 
Bright  Eu +2 ac t iva ted  phosphors  exist  in the  Ba-Ca,  

Ba-Sr ,  and  Ca-Sr  or thophosphate  and pyrophospha te  
compositions. In  the  or thophosphate  composit ions the  
br ightes t  phosphors  were  Baa(PO4) 2:Eu+2 and 
~-Sr3 (PO4)2: Eu +2, and var ious  composit ion mix tures  
of the  two. a-  and /~-Ca3(PO4)2:Eu +2, and /~-Sr3 
(PO4)e:Eu +2 resul ted  in e i ther  low in tens i ty  or dead 

phosphors,  as did the  ma jo r i t y  of the  phosphors  tha t  
were  obta ined  f rom composi t ion mix tu re s  of these poor 
phosphors  wi th  the  two br igh t  phosphors.  

The subst i tut ion of smal l  amounts  of Ba in Ca3 (PO4) 
had  a t endency  to s tabi l ize ~-Ca3(PO4)2 ra the r  than  
~-Ca3 (PO4)~ even at  t empera tu re s  cons iderab ly  be low 
the  normal  ~ to ~ t rans i t ion  t e m p e r a t u r e  of 1180~ A 
new compound wi th  the  fo rmula  Ba2Ca(PO4)2 was 
also discovered in the  Ba3 (POO 2-Ca3 (PO4)2 system. 

In the  pyrophospha te  composi t ions the  b r igh tes t  
phosphors  were  ~-Ca2P2OT:EU +2 and a-Sr2P2OT:Eu +2. 
Weak  or dead phosphors  were  obta ined  wi th  ~ and 
5-Ba2P207: Eu +2, ~-Ca2P2OT: Eu +~, and ~-Sr2P207: Eu +2. 
Mixtures  of a-Ca2P207:Eu +2 and a-Sr2P2OT:EU +2 re -  
sul ted in b r igh t  phosphors ,  whi le  composi t ion mix -  
tures  of e i ther  of these two br igh t  phosphors  wi th  any  
of the weak  or dead  pyrophospha te  phosphors  re -  
sul ted in phosphor  composi t ions wi th  reduced  in tens i -  
ties caused by  the di lut ion of the  good phosphors  by  
the poor phosphors.  

The br ightes t  phosphors  found in the  present  study,  
~-Sr3 (PO~) 2: Eu +2, Ba3 (PO4) 2: Eu+2, ~SraP207:  Eu +~, 
and a-Ca2P2OT:Eu +2 were  al l  f rom 200 to 400% more  
intense than  the CaWO4:Pb reference  phosphor.  Many  

of the  pa r t i a l l y  subs t i tu ted  phosphors  were  also con- 
s iderab ly  more  in tense  than  CaWO4: Pb, but,  in almost  
eve ry  case, less intense than  the unsubs t i tu ted  ma te -  
rials. 
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Preparation and Properties of Bulk In,_,GaxAs Alloys 
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ABSTRACT 

Single  crys ta ls  of In l -xGaxAs  have  been grown b y  Czochralski  techniques  
for 0.0 ~ x ~ 0.2 and 0.8 ~ x ~ 1.0. Po lycrys ta l l ine  s ing le-phase  In1-zGaxAs 
mate r i a l  has also been pul led  for 0.2 < x < 0.8. Two Czoehralski  techniques 
were  employed:  (i) the  sealed sys tem or G re mme lma ie r  technique,  and (ii) 
the  l iquid encapsulat ion technique.  Mass spect rographic  da ta  have  been cor-  
re la ted  wi th  al loy la t t ice  p a r a m e t e r  de te rmina t ions  on the as -grown ma te r i a l  
to y ie ld  informat ion on the solidus curve  of the  I n A s - G a A s  system. Hal l  
measurements  were  m~de and impur i t y  analyses  were  per formed  using the 
spa rk  source mass spectrometer .  

Since Wool ley  and Smi th  (1) in i t i a l ly  demons t ra ted  
tha t  cont inuous solid solut ion occurs in t he  I n A s - G a A s  
system, a number  of inves t igators  have  p repa red  
homogeneous,  s ing le -phase  I n l - x G a z A s  alloys th rough-  
out the  ent i re  range  of composit ion using d i rec t ional  
f reezing techniques (2-4),  zone- level ing  techniques 
(5 ,6) ,  and v a p o r - g r o w t h  techniques (7-10). These 
ma te r i a l  invest igat ions  have  been genera ted  by  the  
a t t rac t ive  thermoelec t r ic  proper t ies  of the  I n A s - G a A s  
alloys and by  the i r  l igh t -emi t t ing  capabil i t ies.  Of 
the  above studies, only the  vapor  ep i tax ia l  exper i -  
ments  have produced  s ing le -c rys ta l  al loys th rough-  
out the  ent i re  composi t ion range.  Diodes fabr ica ted  
f rom these  ep i tax ia l  layers  have  exhib i ted  coherent  
l ight  emission f rom 0.84~ for GaAs to 3.1~ for InAs. 

Bulk  single crys ta ls  of In l -xGaxAs  are  des i rable  
for many  applicat ions.  The work  repor ted  here in  

Key words: semiconductor, alloys, indium-gallium arsenide, crys- 
tal growth, Czochralski method, phase diagram, electrical proper- 
ties. 

involves  the  growth  of such single crys ta ls  b y  
Czochralski  pul l ing  from the  melt .  When  growing 
volat i le  mate r ia l s  from the  mel t  at  h igh t empera -  
tures, the Czochralski  technique has  severa l  advan-  
tages (and d isadvantages)  when  compared  wi th  di-  
rect ional  f reezing and zone leveling. The most 
impor tan t  advan tage  is the  direct  th ree -d imens iona l  
observat ion  of the  g rowth  process. One can therefore  
observe if the  growing m a t e r i a l  is a single c rys ta l  or 
is polycrys ta l l ine ,  and can then  de te rmine  whe the r  to 
continue growth  or to reseed and begin again. Visual  
observat ion is ex t r eme ly  difficult to achieve in d i rec-  
t ional  freezing and zone- leve l ing  processes when  vola-  
t i le  ma te r i a l s  at h igh t e mpe ra tu r e s  a re  involved.  

Crystal Growth 
The growth  of Inz-xGaxAs crysta ls  f rom the  mel t  

r equ i red  the  use of special  g rowth  techniques in o rder  
to contain the vola t i le  arsenic in the  melts.  Two tech-  
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Fig. 1. Diagram of apparatus used for pulling crystals by the 
Czochralski technique [after Gremmelmaier (11)]. 

niques were used in this study: (i) Czochralski growth 
by main ta in ing  a part ial  pressure of arsenic through-  
out the growing chamber  (Gremmelmaier  technique) ,  
and (ii) Czochralski growth by covering the melt  with 
a t ransparen t  l iquid (liquid encapsulat ion) .  

Sealed sys tem. - - In  order to main ta in  a part ial  pres-  
sure of arsenic throughout  the growing chamber,  adap- 
tations were made on the sealed a l l -quar tz  pul l ing 
apparatus used by Gremmelmaier  (11). Figure 1 is a 
diagram of this system. Quartz was used as the grow- 
ing chamber  due to the reaction of the volatile arsenic 
with most other materials.  Since the growing chamber  
is completely sealed, rotat ion and pul l ing were ac- 
complished by magnetic coupling through the quartz 
tube. The entire growing chamber  was enclosed in a 
resis tance-heated furnace in order to hold an excess 
amount  of arsenic in the vapor state and thus establish 
the required part ial  pressure. In  order to grow from a 
stoichiometric melt, the part ial  pressure of arsenic 
had to be varied when  growing different compositions 
of the alloy by changing the amount  of the excess ar-  
senic in the system. The part ial  pressures of arsenic 
over the InAs and GaAs melts were 0.2 and 1.0 arm, 
respectively. The part ial  pressures were calculated by 
using a two- to-one  ratio for the As4 to As2 molecules. 
It was assumed that  the part ial  pressures of arsenic 
necessary to main ta in  approximately stoichiometric 
melts for the alloys would vary  l inear ly  over this 
0.2-1.0 atm range, i.e., a melt  containing 50 m/o  (mole 
per cent) InAs and 50 m/o  GaAs would need a pres- 
sure of 0.6 atm. 

The ind ium-ga l l ium alloy was melted by rf  coupling 
(450 kc) and then was allowed to react with the 
arsenic at high temperature.  Invar iably,  quartz cru-  
cibles were used. During the ini t ial  experiments,  the 
rf was allowed to couple directly to the melts. How- 
ever, direct coupling was found to yield unwan ted  
thermal  fluctuations in  the melt  (as evidenced by 
polycrystal l ine boules containing very  small  grains, 
less than  100~ in the largest d imension) .  Therefore, a 
graphite susceptor was placed around the quartz cru-  
cible. By allowing the rf to couple to the graphite 
susceptor, improved thermal  stabil i ty was at ta ined in 
the melt. All  boules reported herein which were grown 
using the Gremmelmaier  technique were pulled from 
melts heated indirect ly via a graphite susceptor. In  
order to minimize contaminat ion problems from the 
graphite (Grade UT-6, Ultra  Carbon Corporation),  the 
susceptor was baked out for several  hours under  

vacuum at high temperatures,  typical ly 1000~ and 
sealed in quartz. The tempera ture  sensing device was 
a sapphire rod which t ransmit ted  the radiant  energy 
from the base of the crucible to a thermopile.  The 
growth temperatures  ranged from 938~ for InAs to 
1238~ for GaAs. 

Liquid encapsulation.--The al ternat ive  to establish- 
ing a par t ia l  pressure of arsenic over the melt  to main-  
tain stoichiometry is to contain the arsenic using the 
liquid encapsulat ion technique (12-14). By covering 
the melt  with l iquid boric oxide (B20~) and ma in -  
ta ining on the outer surface of the liquid an iner t  gas 
pressure, which was greater  than  the vapor pressure 
of the arsenic at the melt  surface, volati l ization was 
suppressed. Boric oxide was chosen in this s tudy  be- 
cause it was less dense than the melts, was optically 
t ransparent ,  and was v i r tua l ly  nonreact ive wi th  the 
melt  constituents. The hygroscopic na tu re  of the boric 
oxide necessitated vacuum heat  t rea t ing (10 -4 Torr) 
at approximately 1000~ for 24 hr. If the heat  t rea t -  
ment  was not performed, numerous  gas bubbles  existed 
on the melt  surface while t ry ing  to pull. 

A schematic diagram of the liquid encapsulat ion 
growth apparatus is shown in Fig. 2. The quartz tube 
is sealed at both ends by O-r ing  flanges so that  a 
vacuum or a positive pressure may be main ta ined  in 
the growth chamber.  The pul l  rod and the crucible 
may both be rotated. Heat ing was by resistance 
furnace (rf coupling is also possible with this tech- 
n ique) ,  and the tempera ture  was sensed by a thermo-  
couple. The thermocouple was placed near  the heater 
e lement  so as to obtain as high a sensi t ivi ty as pos- 
sible. The tempera ture  near  the element  was con- 
trolled to wi th in  •176 The seed was lowered 
through the boric oxide to the melt  surface and the 
crystal was pulled slowly through the 8203. Often 
the boric oxide was so viscous that  a thin layer  re- 
mained on the crystal as it was pulled out of the B203. 
This was actually desirable, since if the  boric oxide 
were permit ted to flow off the crystal too rapidly, 
the crystal would still be in a relat ively hot zone 
and would lose a substant ia l  amount  of arsenic from 
the crystal surface by vaporization. This arsenic 
would then cause a problem with visibil i ty as it de- 
posited on the cooler sections of the quartz tube. The 
thin layer  of 8203 remain ing  on the crystal was not 
a problem, since it was easily removed by dissolution 
in hot water. 

l P,,~k P,,ll 

Seal 

I 

~uartz Tube 
Tube 
Seal 

~tary Seal 

Fig. 2. Diagram of apparatus used for pulling crystals under 
B203 glass. 
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The l iquid  encapsula t ion  technique  offers severa l  
advantages  over  the  G r e m m e l m a i e r  technique.  Firs t ,  
the  boric oxide glass provides  t he rma l  insulat ion at 
the  surface, minimizing gaseous convect ion currents ,  
and y ie ld ing  g rea te r  t he rma l  s tab i l i ty  at  the  mel t  
surface. Second, the  l iquid  encapsula t ion al lows pu l l -  
ing and ro ta t ing  by  di rec t  mechanica l  means,  t he reby  
ensur ing less v ib ra t ion  in the  system. Third,  the  
boric oxide  layer  tends to a l low the es tabl i shment  
of be t te r  t he rma l  grad ien ts  across the  mel t  surface 
(as judged  by  the re la t ive  ease of obta in ing a nea r ly  
flat g rowth  in te r face) .  

General.--Single crys ta ls  of In l -=GazAs  were  p re -  
pared  for 0 . 0 - - ~ x ~ 0 . 2  and 0 . 8 ~ x ~ 1 . 0  using both 
the  Gremmelma ie r  and l iquid encapsula t ion  tech-  
niques. Al l  of the  single crys ta ls  were  grown in the  
{111} direction.  The crys ta ls  were  typ ica l ly  10-30g in 
weight  and were  5-10 m m  in d iameter .  The mel ts  used 
ranged in size f rom 100 to 300g. Polycrys ta l l ine ,  s ingle-  
phase ma te r i a l  was also produced  for  0.2 < x < 0.8. For  
crys ta ls  grown using the Gremmelma ie r  technique  
pu l l ing  ra tes  were  va r ied  f rom 1 c m / h r  to as low as 
1 m m / h r .  Crysta ls  grown using the l iquid encapsula-  
t ion technique were  pu l l ed  at ra tes  of 1-3 m m / h r .  In  
both techniques,  seeding requ i red  undercu t t ing  of the  
seed d iamete r  to 1-2 m m  for a l ength  of up  to 3 cm 
in order  to reduce crys ta l  strains.  This is especia l ly  
impor tan t  in growing the alloys, since s trains  due to 
ini t ia l  la t t ice  mismatch  be tween  the seed and the  first 
por t ion of the  al loy to be grown a re  quite impor tant .  

Phase Diagram 
The phase  d iag ram of the  I n A s - G a A s  sys tem has 

been repor ted  b y  severa l  inves t iga tors  (6, 15, 16). 
Agreemen t  is lacking be tween  the  inves t igators  and, 
therefore ,  in order  to have  control  of the  composi t ion 
of each c rys ta l  grown,  the  I n A s - G a A s  phase d i ag ram 
was inves t iga ted  in this  study.  

The composit ions of the  f i r s t - to- f reeze  por t ions  of 
severa l  In l -=GaxAs  ingots grown in this  s tudy  were  
de te rmined  using spark-source  mass  spect rographic  
analyses.  The es t imated  accuracy of these composit ions 
is ___10% of the  values  given. The la t t ice  parameters ,  ao, 
f rom these f i r s t - to- f reeze  sections were  de te rmined  
from x - r a y  powder  photographs  using the  sin~ e ex-  
t rapola t ion  technique.  The accuracy  of these p a r a m -  
eters  is es t imated  to be • The resul t ing da ta  
a r e  l is ted in Table  I. Corre la t ion  of the  mass  spec t ro-  
graphic  da ta  wi th  the  la t t ice  pa rame te r s  indicates  tha t  
Vegard ' s  l aw is fol lowed in this  system, a fact  which 
has been prev ious ly  shown by  severa l  inves t igators  
(1, 6, 7). Therefore,  the  final composi t ion of each first-  
to- f reeze  por t ion was de te rmined  under  the assump-  
tion tha t  Vegard 's  l aw holds in the  I n A s - G a A s  system 
throughout  the  ent i re  range  of composit ion.  

Once the composit ion of the f i rs t - to- f reeze  por t ion 
of each crys ta l  had  been de termined,  the  solidus points 
of this  sys tem were  then  plot ted  using the l iquidus  
curve given by  Van Hook and Lenke r  (16). The r e -  

Table I. Composition and lattice parameters of first-to-freeze 
portion of Inl-xGaxAs boules 

x in  F i r s t - t o -  L a t t i c e  x i n  
Mole  f reeze  sect ion,  P a r a m -  F i r s t - t o - f r e e z e  

f r a c t i o n  m o l e  f r a c t i o n  e te r  (A) sect ion,  m o l e  
S a m p l e  of G a A s  ( f rom m a s s  of  f i r s t - to -  f r a c t i o n  ( f rom 

No. in  m e l t  spec t rome te r )  f reeze  sec t ion  V e g a r d l i n e )  

119 I n A s  6.057 - -  
6 0.003 0.0040 ~ 0.0004 6.056 0.004 

17 0.004 0.0074 • 0.0008 6.055 0.0075 
8 0.005 0.0090 + 0.0009 6.054 0.010 

I10 0.012 0.037 ~ 0.004 6.045 0.034 
133 - -  0.042 -- 0.004 6.043 0.040 
129 0.016 0.049 • 0.005 6.037 0.050 
126 6.018 0.062 • 0.006 6.035 9.056 
124 0.036 0.11 -~ 0.01 6.012 0.110 
132 0.094 0.31 • 0.03 5.926 0.320 
131 0.105 0.35 ----- 0.04 5.900 0.385 
139 0.350 - -  5.710 0.850 
138 0.490 - -  5.688 0.905 

19 0.773 ~ 6.665 0.960 
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Fig. 3. Phase diagram of the Inl-xGaxAs system 

sul t ing phase d iag ram is shown in Fig. 3. Also shown 
a r e  the  solidus da ta  of Van Hook and L e n k e r  (16), 
Wool ley  and Smi th  (15), and Hockings e ta l .  (6). Our  
solidus da ta  a re  seen to be  in good ag reemen t  wi th  
those of Wool ley  and Smi th  (15) and Hockings e t a l .  
(6) who also used Vegard ' s  law for composi t ion de te r -  
minations.  Since we have used the  l iquidus  curve of 
Van Hook and Lenke r  (16) in p lot t ing the  solidus, the  
good agreement  be tween  our  solidus and tha t  of 
Wool ley  and Smi th  (15) (who used an annea l -quench-  
x - r a y  technique to obta in  these  solidus values)  and 
Hockings e t a l .  (6) suggests tha t  this  l iquidus  is es-  
sen t ia l ly  correct.  However ,  the  solidus curve of Van 
Hook and Lenke r  (16) is be l ieved to be incorrect  for 
t empera tu re s  of less than  1025~ due to nonequ i l ib ra -  
t ion of the i r  a l loy samples  at  the  r e l a t ive ly  low tem~ 
pera tures .  S t r ingfe l low and Greene  (17) have  ca lcu-  
la ted  the  pseudobinary  phase d iagram of the  InAs-  
GaAs sys tem and the i r  ca lcula ted  solidus curve is in 
reasonable  agreement  wi th  tha t  shown here  of Wool ley  
and Smi th  (15), Hockings e t a l .  (6), and the present  
paper .  

Characterization 
As prev ious ly  ment ioned,  x - r a y  powder  pa t t e rns  

were  used to de te rmine  the la t t ice  p a r a m e t e r  of each 
In l -xGaxAs  ingot grown, and these  pa rame te r s  were  
compared  wi th  the  Vegard  l ine to de te rmine  the com- 
posi t ions of these  ingots. X - r a y  Laue  pa t t e rns  were  
made  to y ie ld  a qua l i t a t ive  indicat ion of c rys ta l  pe r -  
fection and to ver i fy  the  s ing le -c rys ta l  na tu re  of sev-  
era l  of the ingots. Most of the  powder  photographs  
and Laue  photographs  had  sharp  l i r e s  and  spots, r e -  
spectively,  which indicate  that  the  mate r i a l s  are  r e l a -  
t ive ly  free of s t ra ins  and composi t ional  inhomogene-  
ities. 

Elec t r ica l  measurements  were  made  using conven-  
t ional  d-c  potent iometr ic  techniques  to de te rmine  Ha l l  
coefficients and resist ivit ies.  The Hal l  inabi l i t ies  and 
car r ie r  concentra t ions  were  then  ca lcula ted  using the  
equations ~ = R~ and n ~ 1~Re. The s t andard  Hal l  
sample  was a b r i d g e - t y p e  r ec t angu la r  pa ra l l e lop iped  
wi th  dimensions of ~1  m m  thickness,  ~1  m m  width,  
and ~1 cm length. These samples  were  a lways  t aken  
f rom the a rea  of the  boule jus t  be low the  "crown" 
and were  a l l  r ep resen ta t ive  of the  " f i r s t - to-grow" 
section of the  ingot. The sample  was u l t rasonica l ly  cut  
so as to have severa l  arms to which the  electr ical  
contacts  were  at tached.  The resul t ing  da ta  a re  shown 
in Table II, and the e lect ron mobil i t ies  at  300 ~ and 
77~ of our best  I n l -xGaxAs  samples  a re  p lot ted  vs. 
composit ion in Fig.  4. Also p lo t ted  in Fig.  4 a re  elec-  
t ron  mobi l i ty  da ta  at  300~ t aken  f rom Conrad e t a l .  
(9) which  were  measured  on v a p o r - e p i t a x i a l l y  de -  
posi ted I n A s - G a A s  al loys on GaAs substrates .  The  
da ta  of Conrad et aL (9) indicate  a m in imum in elec-  
t ron  mobi l i ty  near  the  mid range  of composit ion,  which  
was suspected to be due to a l loy scat tering.  However ,  
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Table II. Electrical properties of InAs-GoAs boules Table III. Typical impurity analysis of InAs-GaAs 
(parts per million atomic) 

3O0~ 77~ 
xt 

Mole  f r a c t i o n  cm~ cm e D e t e c t i o n  C o n c e n t r a t i o n  
E lemen t*  l imi t**  in  c rys t a l  Bou le  G a A s  ( f rom n • 10t6, ~ - -  n • 10~e,  ~ - -  

No. V e g a r d ' s  l aw)  cm -a V-sec c m  -~ V-sec 

L i  0.03 5.0 
119 I n A s  2.3 25,700 2.1 48,300 C 0.3 5.0 

8"* 0.010 1.2 17,400 0.95 19,000 N 0.3 1.0 
110 0.034 1.6 18,900 1.6 24,600 O 0.3 5.0 
133"* 0.040 2.5 20,000 2.4 35,000 F a,3 0.4 
1~.4 0.110 3.7 17,800 3.6 29,400 2,1 0.1 0.2 
132 0,320 6.2 12,300 6.2 17,500 Si  0.3 0.5 
131 0.385 3.2 14,900 -- S 0.3 2.0 
115"* ~0.015 12 18,500 12"- 2~,500 C1 0.3 2.0 

19" 0,960 120 3,100 120 3,200 K 0.05 2.0 
Ca 0,3 0.5 

* S a m p l e  d o p e d  w i t h  t e l l u r i u m .  
** P u l l e d  u n d e r  B20~. The  BeOa in  bou le  No. 115 was  n o t  as w e l l -  

pu r i f i ed  as t h a t  u sed  for  b o u l e s  8 and  133. 

our room temperature  (and also 77~ data do not 
indicate a m in imum in the mobil i ty  curve. Also, the 
electron mobilit ies of our InAs-GaAs samples increase 
from 300 ~ to 77~ in contrast to the results reported 
by Conrad et al. (9) This implies that  scattering from 
an unknown  charged center (which was apparent ly  
seen in the vapor epitaxial  material)  is not present  in 
mel t -g rown material .  

Several  of the Inl -xGaxAs crystals were analyzed for 
impurit ies using the spark-source mass spectrometer. 
An impur i ty  analysis which is typical  for crystals con- 
ta ining 0.05-0.10 mole fraction GaAs is given in Table 
III. Silicon and sulfur  are the most impor tant  of the 
major  electrically active impurities.  Analyses of the 
elemental  arsenic show both of these impuri t ies  in 
quanti t ies of such a magni tude  as to account for their 
concentrat ion in the Inl-xGaxAs after consideration of 
the appropriate dis t r ibut ion coefficients. Both the sili- 
con and sulfur  can be removed from the arsenic by 
several purification steps, and in our laboratory such 
purification has yielded GaAs crystals having  Si and 
S levels of an order of magni tude  lower than those 
given in Table III  for the alloys. In  fact, GaAs crystals 
have been grown from quartz crucibles with carrier  
concentrat ions as low as 2 x 1015 cm -3 and room tem- 
perature inabili t ies of 8600 cm 2 V -1 see -1. These re-  
sults indicate the quartz crucible and chamber  do not 
significantly add silicon to the melt. However, care 
must  be taken not to allow the melt  tempera ture  to 
exceed 1260~ At 1300~ silicon pickup from the cru-  
cible can exceed 1 ppm. No difference was seen in the 
levels of electrically active impuri t ies  in crystals 
grown by the two techniques, i.e., they typical ly con- 
tained approximately 1 ppm of such impurities.  

Conclusion 
Single crystal In l -xGaxAs alloys have been pulled 

from the melt  using both the Gremmelmaier  and liq- 
uid encapsulat ion techniques. Al though only poly-  
crystal l ine materials  were prepared for 0.2 ~ x ~0.8, 

5q i ! , , 

rq Conrad, et al 9- 300~ 

>o 4 : �9 Present Work - 300~ 

~" ' ~ �9 Present Work - 77" K E 
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Fig. 4. Electron mobilities of Inl-~GaxAs alloys at 300~ and 
77~ 

�9 E l e m e n t s  n o t  l i s t e d  were  n o t  de t ec t ed  and  h a d  c o n c e n t r a t i o n s  
of less t h a n  0.5 ppma .  

�9 * The  de t ec t i on  l i m i t  is no t  t he  u l t i m a t e  l i m i t  of  t he  a p p a r a t u s ,  
b u t  r a t h e r  is  p e c u l i a r  to  the  specif ic  e x p o s u r e  t i m e  u s e d  fo r  t h i s  
sample .  

it is believed that single crystals can be pul led from 
the melt  throughout  the ent i re  composition range if 
greater mechanical  and the rmal  stabili ty is provided, 
slower growth rates are employed, and higher quali ty 
seeds are generated, i.e., single-crystal  seeds with com- 
positions matching that  of the crystals to be grown. 
The solidus for the InAs-GaAs system was determined 
and our results are in agreement  with Woolley and 
Smith (15) and Hockings et al. (6). The electron 
mobilit ies of the InAs-GaAs crystals did not show a 
m i n i m u m  with respect to composition and increased 
on cooling from 300 ~ to 77~ 
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Argon Content in (111) Silicon for 
Sputtering Energies below 200 eV 

J. Comas and E. A. Wolicki 
Naval Research Laboratory, Washington, D. C. 20390 

A technique for detecting implanted argon in 
silicon by the neu t ron  activation of argon has been 
described and data have been given in the 200 to 
2200 eV bombard ing  range (1). These data showed 
that the argon content  rises very sharply from around 
225 eV and appears to approach a plateau around 
2200 eV. We have been able to extend the low energy 
implanta t ion data well  below 200 eV by improving 
the shielding and the counting system for the radio- 
active argon. In  addition absolute cal ibrat ion of the 
counting system has been obtained from standard 
Ar-Si  samples. In  this communicat ion we present  
data on argon implanted in (111) Si below 200 eV 
for bombarding  currents  of 1 and 2 mA and from 50 
to 2200 eV at 1 mA. The low energy, high beam in-  
tensity, range is of special interest  in sput ter ing ex- 
periments  and the argon t rapping presented go much 
lower in energy than  most studies. The bombarding  
argon energies as stated do not include corrections 
due to the plasma potential;  this would increase the 
argon bombarding energies by about 5.0 eV. 

The targets used were th in  (111) Si wafers about 
25 mm in diameter. The bombarded surface area, de- 
fined by a graphite guard ring, was 3.14 cm 2. Prior  
to being bombarded, the wafers were chemically 
etched in a modified CP4 solution and r insed wi th  
ethyl alcohol. The etching produced a shiny smooth 
surface and reduced the sample thickness to about 
0.060 in. Thin  Si samples were used in  order to min i -  
mize the interference from the Si 31 beta activity pro- 
duced by the neu t ron  irradiation,  which introduces 
counting errors, as well  as being a considerable 
health hazard. 

The bombarding  apparatus for the bombardment  
at 200 eV and above is similar to that  previously de- 
scribed (1). An  argon ion beam is d rawn through a 
screen placed at the edge of a thermionical ly  sus- 
tained, magnet ical ly  confined, arc discharge. Argon 
ions that  pass through the screen are fur ther  acceler- 
ated between the screen and the  target  by applying 
a negative potential  on the target  with respect to the 
screen. For bombardments  below 200 eV the screen is 
removed and the target  is placed in its position 
mounted on a graphite holder (2). The target  is 
biased negat ively with respect to the arc discharge 
and bombarded normal ly  with argon ions d rawn from 
the arc. In  this position the target  acts like a large 
Langmui r  probe placed in a plasma, and low energy, 
high intensity,  bombarding  beams can be readily ob- 
tained. The bombarding  times of 10 rain were long 
enough to produce an equi l ibr ium condit ion be tween 
the incident  argon beam and the t rapped argon being 
released as the Si surface is sputtered away. The ac- 
curacy of the bombard ing  current  measurement  is 
3.5%. 

After  argon bombardment  the targets were re-  
moved from the sput ter ing apparatus and placed in 
NRL's nuclear  reactor for activation. A l i th ium-  
drifted germanium detector was used to obtain the 

Key  words:  ion implantat ion,  act ivat ion analysis, ion-atom colli- 
sions, surface interactions,  ion t rapping.  

gamma ray spectrum of the radioactive Ar  41 and Si 81 
produced (1.293 and 1.265 MeV, respectively) .  A 
small  Ar background, due to the activation of na tura l  
argon in  the air by the reactor, was el iminated by 
shielding of the detection system. A graded shield 
made of ~/s in. plates of lucite, lead, and a luminum 
[a luminum plate against the Ge (Li) detector] greatly 
reduced the "cooling" time. The procedure more than  
doubled the n u m b e r  of events from Ar 40 recorded in 
the gamma ray spectrum. 

Absolute cal ibrat ion of the counting efficiency was 
accomplished by using Si samples which were bom- 
barded at 3.0 MeV with a known number  of argon 
ions, and which were otherwise similar  to the samples 
used for the sput ter ing runs. It  is reasonable to assume 
that  all the Ar ions at this energy are trapped, since 
the sticking probabi l i ty  approaches un i ty  for energies 
above 20 KeY (3). Less than  10-~ % of the implanted 
argon in a Si wafer  undergoes t ransmuta t ion  for each 
1 hr exposure in the reactor. The prepared S i -Ar  cali- 
bra t ion s tandard was then activated and counted under  
the same conditions as the low energy argon sputtered 
targets; in this way a cal ibrat ion for the system was 
obtained which required no fur ther  corrections. 

The NRL Van de Graaff accelerator was used to pro- 
duce the 3.0 MeV beam of Ar ~~ ions. The beam was 
magnet ical ly  analyzed before str iking the target  and, 
to insure uni form irradiat ion over the bombarded area, 
the beam spot was scanned electrostatically. Tests were 
made for the presence of a neu t ra l  beam component  
which would contr ibute  to the implanted Ar  content, 
bu t  not be measured as par t  of the in tegrated beam 
charge. The neut ra l  component  was obtained by com- 
par ing the coloration produced in LiF by  a given dose 
of 3.0 MeV Ar 4~ ions (4), to the coloration produced 
when the charged beam was removed from the target 
by a deflecting voltage. Three permanent  magnets  were 
also placed along the beam transport  tube  be tween the 
deflecting plates and the target  in order to remove any 
particles which were ionized after passing through the 
deflecting plates. The neut ra l  beam component  ob- 
ta ined from the coloration measurements  was found 
to be less t han  3% of the total  charge delivered to the 
target. 

The number  of incident  3.0 MeV Ar  ions was ob- 
ta ined from the total  electrical charge which was col- 
lected in a Faraday cup a r rangement  and integrated 
dur ing bombardment .  A negat ively biased guard r ing 
was placed at the entrance of the chamber  to suppress 
secondary electrons. The beam size (as measured on a 
quartz plate) was about 1.6 cm 2 and the bombarding 
beam current  was 1.5 ~A. For each of three samples, 
9.59 x 1015 argon ions were implanted;  a fourth sample 
was bombarded wi th  ~.64 x 1016 argon ions as a test  
for saturat ion and none was observed. The (111), 
(110), and (100) orientat ions were used in different 
bombardments  to test for any orientat ion dependence 
which might  occur; as would be expected in the MeV 
range, no orientat ion dependence was observed in the 
argon content. The argon content  in a 3.0 MeV Ar  
implanted Si sample was also examined as a function 
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of temperature.  The sample was heated in vacuum for 
15 min  in 100~ steps. No significant change in the 
argon content  was observed unt i l  near  mel t ing tem- 
peratures were reached. This is consistent with the 
observations of Kel ly  and Brown (5) on the release 
of 40 KeV Xe + ions injected into A1, Ta203, and A1203. 

The argon content in each Si target  was obtained 
by considering the ini t ial  argon activity, in tegrat ing 
the argon signal, and using the counter  efficiency as 
measured from the 3.0 MeV Ar-S i  standards. Results 
of a series of bombardments  from 12 to 200 eV for a 
bombarding  beam of 2 mA and from 50 to 200 eV for 
a 1 mA beam are shown in Fig. 1. The argon content  
rises very  sharply from approximately  7.6 x 10 TM A r /  
cm 2 at 12 eVto approximately  1.1 x 1016Ar/cm 2 at 85 eV 
for the 2 mA curve: The same sharp ini t ia l  increase is 
seen in the 1 mA case. Above 85 eV the rise is not 
as drastic and at 200 eV the amount  retained is approxi-  
mately 2.15 x 10 TM A r / c m  2. In  Fig. 2 the argon content  
for a 1 mA beam is shown for a series of bombard-  
ments  from 50 to 2200 eV; data in the 50-200 eV 
range was taken from Fig. 1. Above 800 eV there is a 
gradual  increase in the argon content  to about 7.0 x 
1016 Ar cm2. It  appears from the above results that  the 
threshold for the t rapping of argon in Si is in the same 
range as the threshold for sputtering, a round 20 eV, as 
estimated by extrapolat ion of Ar-Si  yield curve of 
Wolsky and Zdaunk (6). 

The above curves resemble the rapid rise in the 
W(100) sticking probabi l i ty  vs. ion energy curves of 
Ne, Ar, Kr, and Xe of Kornelsen and Sinha (7). The 
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sticking probabi l i ty  of Ar  goes from about 1.5 x 10 -3 
at 100 eV to about 0.41 at 1 KeV. They obtained de- 
sorption spectra from W (100) bombarded with Ne, Ar, 
Kr, and Xe from 40 eV to 5 KeV. The desorption spec- 
t ra  at low energies shows the influence that  the surface 
has in the t rapping process. The Ne desorption spec- 
t rum at 40 eV for a dose of 1.5 x 1018 ions/cm2 showed 
no detectable desorption. Ne was the lowest energy 
spectrum presented and had a Ne detection limit of 
~3  x 1010 a toms/cm ~. Distinct Ne desorption peaks 
were observed, however, from the 60 eV bombardment .  

Our results cannot  be compared directly since the 
doses in our bombardments  are considerably higher 
(1.9 x 10 TM ions/era ~ for the 2 mA case), and the argon 
is detected in situ. We, however,  observe significant 
t rapping for the 2 mA bombardmen t  below 60 eV. The 
difference in  the argon content  between the 1 and 2 
mA curves is believed due to the t rapping of argon at  
sites on or near  the surface which are created dur ing 
the bombardment ,  as well  as bombarding  argon-  
trapped argon collisions on the surface. 

Manuscript  submit ted Feb. 9, 1970; revised m a n u -  
script received May 1, 1970. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Negative Surface Charge in Ge MOS Structures 
T. O. Sedgwick* and S. Krongelb 

/BM Thomas J. Watson Research Center, Y o r k t o w n  Heights, New Y o r k  10598 

It has been reported (1, 2) previously that  Ge sur-  
faces covered with deposited SiO2 films and subjected 
to hydrogen anneal ing exhibit  a midgap surface ac- 
ceptor state, and either a second acceptor state near  
the valence band or fixed negative charge in the oxide. 
This second negative charge center was observed to 6x1012 
appear prominent ly  only after hydrogen anneal ing at 
800~ although it could be removed simply by iner t  
gas annealing.  Such formation and removal  conditions 4 
are somewhat  different from those for the hydrogen-  
induced midgap acceptor state. We have recent ly  found 
that  negative oxide charge also appeared in A1-SiO2- 2 
Ge MOS devices, bu t  not in Au-SiO2-Ge MOS struc-  
tures, when  they were annealed  with the metal  in  
place. This note presents this data and indicates that  C 
the negative charge is due to exposure of the surface 
to atomic hydrogen. It  also shows that  the negat ive  ~E -2 
charge appears in high density on Ge <110> surfaces ,~ 
and only in moderate density on Ge < I I I >  surfaces, o l  ~ , 
Si samples do not show any negative surface charge 
formation when subjected to equivalent  processing. 

Experimental 
Samples were prepared by coating 1 to 10 ohm-cm 

p- type  Ge or Si wafers wi th  300-2000_~ pyrolytic  SlOe 
(3). 

Final premetallization annealing.--All  samples were 
then annealed in 10% He-90% N2 at 800~ for 17 min, 
henceforth referred to simply as He annealing.  Some 
of these samples had a final anneal  in air at 230~ for 
about 17 hr  or for shorter t imes in dry  O2 at 420~ 
henceforth referred to as O2 annealing.  A few Ge 
<110> samples received a final annea l  in  dry  N~. at 
650~ for 5-60 min. Final ly,  approximately  5000A A1 
or Au field plate dots about 30 mil  in  diameter  were 
evaporated (metall ization) onto the oxide (the sam- 
ples were not in ten t ional ly  heated dur ing  evaporat ion 
and their  tempera ture  probably  did not exceed 75~ 
for more than  a few minutes) .  The fixed charge den-  
sity, Qrc, of these MOS devices was determined by 
capacitance-voltage measurements  and the results are 
shown in  Fig. 1. 

Post metallization annealing.--After  the  above-men-  
tioned anneal ing  steps and ini t ial  measurements ,  some 
of the same samples were then  annealed with the A1 
or Au dots in place for about 17 hr  in  air at 230~ The 
fixed charge densi ty Qfc was remeasured and the 
results are shown in  Fig. 2. 

It  was necessary to use a var iat ion (1,2) of the 
usual  MOS measurements  technique to measure Qfe 
in the Ge samples. In  this method, capacitance voltage 
curves are determined at 150 kHz and at 77~ The 
advantage of this technique is that  the midgap surface 
acceptor states introduced by hydrogen anneal ing  can-  
not follow the a-c measur ing  signal, and do not there-  
fore introduce excess capacitance 1 which would cause 
an error in the Qf~ determination.  Qrc is determined 
simply by measur ing  the voltage shift at the flat band 
point. The inabi l i ty  of this  technique to dist inguish 
between surface states lying very  close to the valence 
band and fixed oxide charges has been discussed pre-  
viously (1). The silicon samples were measured at 150 

* Electrochemical Society Active Member. 
Key words: annealing MOS structures, electrode effects annealing 

MOS structures, semiconductor orientation MOS structures. Si vs. 
Ge MOS structures. 

z This excess capacitance in the case of some Ge samples is so 
large that at room temperature the normal MOS capacitance "dip" 
is not seen at all. 

-E  

-E 

-IC 

Ge Si 
<111> < I I 0 >  I < I I I>  [ < I I0>  

RNAL PREMETALLIZAT ON ANNEAL 
.2 02 I . ,  02 

,A 

Ik, 

-I - O - I  

Fig. 1. Effect of final premetallization annealing ambient on 
fixed charge density showing dependence on semiconductor material 
and orientation. Each point represents one device. 

Ge 
<111> F <1 i 0 >  

FINAL PREMETAI_LJZATtON ANNEAL 
" 2 1  oz N2 I oz 

POST METAL.UZATION ANNEAl_ 

! w w 

4 x iOl~ ~ ~ ~ ~ ~ ~ ~ 

C 

gl= 
- I  

-I 

-8  

-I0 
Fig. 2. Changes in fixed charge density caused by post-metalliza- 

tion annealing as a function of Ge crystal orientation and pre- 
metallization annealing ambient. Lines ( , ) connect data points 
for the same device. 

1199 



1200 J. Electrochem. Boc.: S O L I D  S T A T E  S C I E N C E  S e p t e m b e r  1970 

kHz and room tempera ture  2 and exhibited the normal  
MOS capacitance "dip." 

Results 
Figure 1 shows the effect of the final premetal l iza-  

t ion anneal ing  ambient  on Qfc for <110> and ~111~  
oriented Ge and Si surfaces. Large negative Qfr values 
only occur on Ge ~110~  surfaces exposed to H2. 
Ge ~111~  surfaces subject to H2 anneal ing show a 
small  tendency toward negative Qfc values. Note that  
Ge <110~  samples subjected to the usual  hydrogen 
anneal, but  then finally annealed in dry N2 show the 
usual  positive Qfc found for 02 annealed samples. Si 
samples show a shift of opposite sign in Qfc after 
hydrogen annealing.  

Figure  2 shows the effect of post-metal l izat ion an-  
nealing, and the dependence of this effect on the last 
premetal l izat ion anneal ing ambient  for the two Ge 
orientations. The lines connect before and after results 
on the same device. Al l  samples show some negative 
shift of Qfc on anneal ing  with A1 dots. The largest 
shifts are observed on samples which have received 
H2 t rea tment  as their final premetal l izat ion anneal ing 
with Ge ~110> surfaces showing shifts of 5 x 10 TM and 
Ge ~111> surfaces exhibi t ing the slightly smaller  
change of 3 x 10 TM, 02 annealed samples show the 
smallest negative Qfc shift (approximately 1 x 1012), 
and this shift has saturated and does not increase on 
fur ther  post-metal l izat ion annealing.  The increase in 
negative Qfc for the H2 annealed samples, on the other 
hand, was found not  to be saturated after the 17 hr 
postometallization anneal .  Thus on fur ther  pos t -meta l -  
lization anneal ing there is fur ther  significant increase 
in the negat ive fixed charge. For example, an addi-  
t ional l l - d a y  anneal  (not shown in Fig. 2) at 230~ 
increased the negative Qfc of two samples by an addi- 
t ional 3.5-4.5 x 1012/cm 2. 

In  nei ther  Fig. 1 nor 2 was there a correlation be- 
tween measured Qfc and oxide thickness in the range 
300-2000A, although an at tempt was made to find such 
a correlation. 

Samples provided wi th  Au dots and subjected to the 
same anneal ing  cycles as indicated in  Fig. 2 showed 
very small  shifts in Qfc. In  one case, samples provided 
with Au dots showed no increase in negative charge, 
and in a second case Au dot samples showed a factor 
of ten smaller  increase in  negative charge than  the 
control sample which was an identical ly treated 
A1-SiO2-Ge MOS device. 

Discussion 
The appearance in Fig. 1 of a large but  variable  

negative Qfc on Ge ~110> and to a lesser extent  on 
Ge ~111> surfaces correlates clearly with hydrogen 
exposure. Since we observe the same pat tern  of oc- 
currence in Fig. 2 for samples annealed with A1 (but  
not  Au!) dots in place, we hypothesize that  this effect 
is also due to hydrogen which has presumably  been 
produced by the reaction of A1 with residual  water  or 
hydroxyl  groups in the SiO2 layer. There are two addi-  
t ional  pieces of evidence which lend support to this 
same hypothesis. First, it has been shown that  SiO2 
films on Ge which contain water  have an abnormal ly  
high dielectric constant. Annea l ing  such films wi th  A1 
dots reduces the dieletric constant, an effect which is 
a t t r ibuted to the removal  of water  by reaction with 
A1 (4). Second, in the Si p lanar  t ransistor  technology, 
a similar anneal ing is believed to produce atomic hy-  

S i n c e  t h e  p - t y p e  Si samples  w e r e  m e a s u r e d  a t  r o o m  t e m p e r -  
a t u r e ,  t h e  c h a r g e  d e n s i t y  r e s u l t s  m a y  be  i n ' e r r o r  b y  i n d i c a t i n g  a 
too  l a r g e  n e g a t i v e  (or t oo  s m a l l  p o s i t i v e )  o x i d e  c h a r g e .  T h i s  does  
n o t  i n f l u e n c e  o u r  conc lus ions ,  h o w e v e r .  

drogen which diffuses through the oxide and elimi- 
nates fast surface states at the Si interface (5). 

A p- type electrical effect due to hydrogen exposure 
was noted by Heiland and Handler  (6) who observed a 
strong increase in  the p- type  surface conductivi ty on 
clean ~111~  Ge after exposure to atomic hydrogen 
which could be removed readi ly by vacuum anneal -  
ing at 550~ for 1/2 hr. Molecular hydrogen seems 
to have no effect electrically on clean surfaces at 
room tempera ture  (7), and it is essential ly com- 
pletely desorbed above 280~ (7, 8). Therefore, it is 
suggested that  atomic hydrogen is the active species 
which is physically t rapped at the interface by the 
oxide layer. The trace of atomic hydrogen present  at 
equi l ibr ium in hydrogen gas at 800~ (9) could ac- 
count for the results of Fig. 1, and the reduction of 
hydroxyl  or water  at 230~ by A1 to yield atomic 
hydrogen could account for the results of Fig. 2. The 
fact that the negative Qfc is very rapidly removed 
by an inert  gas anneal  at 650~ suggests that  the hy-  
drogen is loosely bound near  the Ge surface and 
readily out-diffuses through the SiO2 layer, although 
much more slowly than  would occur from a Ge sur-  
face not covered with a deposited oxide layer. 

It does not seem possible to postulate a convincing 
s tructural  model for the interact ion of atomic hydro-  
gen with Ge surfaces. We note, however, tha t  a simi- 
lar  p- type shift in Ge surface potent ial  has been 
observed by Gerischer et al. (10) and Memming and 
Neumann  (11). They observe a p- type  surface po- 
tent ial  shift from capacitance voltage measurements  
after the surface has been reduced by  cathodic po- 
larization in aqueous solution. They postulate that  
the reduced surface is covered with -~GeH groups. 

We have also not been able to satisfactorily ex-  
plain why only Ge ~110~  surfaces show a marked 
negative surface charge effect, while Ge ~111~  sur-  
faces show a smaller effect. Neither can we offer the 
reason why Si ~111~  and ~110~  surfaces exposed to 
the same reducing t reatments  show no effect whatso- 
ever. 

Manuscript  submit ted Feb. 26, 1970; revised m a n u -  
script received May 20, 1970. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
J O U R N A L .  

REFERENCES 
1. T. O. Sedgwick, J. Appl. Phys., 39, 5066 (1968). 
2. T. O. Sedgwick and J. A. Aboaf, IEEE Trans. on 

Electron Devices, ED-15, 1015 (1968). 
3. E. L. Jordan, This Journal, 108, 487 (1961). 
4. T. O. Sedgwick and S. Krongelb,  To be published. 
5. P. Balk, Paper  No. 111 presented at the Buffalo 

Meeting of the Society, Oct. 10, 1965; B. E. Deal, 
E. L. MacKanna, and T. L. Castro, This Journal, 
116, 997 (1969). 

6. G. Heiland and P. Handler,  J. Appl. Phys., 30, 446 
(1959). 

7. A. H. Boonstra, "Some Investigations on Ger-  
man ium and Silicon Surfaces," thesis presented 
at Technische Hogeschool, Eindhoven, Nether-  
lands, June  27, 1967, p. 48. 

8. K. Tamura  and Boudart,  Advan. Catalysis, 9, 699 
(1957). 

9. T. Moeller, "Inorganic Chemistry," p. 399, John 
Wiley & Sons, Inc., New York (1952). 

10. H. Gerischer, M. Hoffman-Perez,  and W. Mindt, 
Bet. Bunsenges. Physik. Chem., 69, 130 (1965); 
H. Gerischer, A. Mauerer, and W. Mindt, SurJace 
Sci., 4, 431 (1966). 

11. R. Memming and G. Neumann,  Phys. Letters, 24A, 
19 (1967); R. Memming and G. Neumann,  Sur- 
face Sci., 10, 1 (1968). 



On the Origin of Diamagnetism in MgO and CdO 
T. Mookherj i  

Physical Sciences Research Laboratories, Teledyne Brown Engineering, Huntsville, Alabama 35807 

The solid state properties of semiconductors have 
been the subject of many  studies from both experi-  
mental  and theoretical  points of view. Group II-  
Group VI semiconductors have been studied by 
many  workers because of their  interest ing properties 
and some, for example ZnO, have space applications as 
thermal  control coating pigment.  The magnetic sus- 
ceptibili ty of some of these has recent ly been measured 
(1, 2). 

The present invest igat ion includes the accurate 
measurement  of the diamagnetic susceptibil i ty of 
MgO and CdO and a description of the type  of bond-  
ing in these substances by a theoretical calculation of 
the susceptibility. This is part  of a program to find 
other materials  sui table for space application which 
will  supplement  ZnO. 

The susceptibil i ty at room tempera ture  is mea-  
sured with a quar tz-microbalance (3) by the method 
of Mookherji  (4), the sensi t ivi ty and accuracy of 
which are already established. The chemicals used 
were Matheson Coleman & Bell 's Reagent grade 
which meets the ACS specifications. The substances, 
in the form of powder, were packed in small  glass 
ampoules for measurement .  The susceptibil i ty of the 
ampoules was predetermined and taken into account 
in the calculation. This was necessary since diamag-  
netic susceptibil i ty of CdO and MgO is very small. 
Two types of cal ibrat ion standards were used: freshly 
prepared triclinic single crystal  of CuSO4 �9 5H~O, 
whose susceptibility, • along the c-axis is accurately 
known (3), is used where the total susceptibil i ty of 
the system is paramagnetic;  and very pure carbon 
tetrachloride (4), where  the total  susceptibil i ty is dia- 
magnetic. The measured susceptibil i ty values are 
shown in Table II. 

There is some difference between our measured 
values and that  reported in the l i terature (5, 6) where 
the measurements  were made using Gouy method. The 
microbalance technique employed for the present  
measurements  is free from the sources of errors en-  
countered with Gouy method and has much higher 
sensit ivity and accuracy. Moreover, ref. (5, 6) used 
KC1 as s tandard substance. The measured values 
given in (5, 6) are always less than  that  measured 
by the author  and given in (2). This difference is prob-  
ably due to the increased sensit ivi ty and accuracy of 
the present  method. 

In  a semiconductor, the total magnetic susceptibili ty 
is the net effect of the susceptibil i ty due to the lattice, 
XL, the free charge carrier  susceptibility, xr and the 
susceptibil i ty of the impur i ty  atoms xl and is expressed 
as 

X : X L - i - Z c - b X i  

The lattice susceptibili ty can be expressed as 

x = x t +  x2 

Key w o r d s :  d i a m a g n e t i s m ,  m e t a l  o x i d e ,  c o v a l e n t  b o n d ,  par t ia l  
i o n i c  c h a r a c t e r .  

Table I. Values of the ionic susceptibilities calculated 

V a l e n c e  e l e c -  
I n n e r  e l e c t r o n  t r o n  c o n t r i -  

I o n  c o n t r i b u t i o n  to  X1 b u t i o n  to  X~ X1 • 10 6 X2 • 10 ~ XL • 10~ 

Mg Is 2, 2s ~, 2pc 3s I.~ --2.88 --9.58 --12.46 
0 Is 2, 2s2 2p 4-~ -- 1.45 -- 5.25 -- 6.70 
Cd Is~, 2s~, 2p  e, 3s  2, Ss ~ .~  - - 3 3 . 4 6  - - 9 . 5 0  - -43 .06  

3po, 3dlO, 4~, 4 p  o, 
4dlo 

0 I s  ~, 2 s  ~ 2P 4'~5 - - 1 . 4 5  - - 5 . 4 8  - - 6 . 9 3  

where xl is the susceptibil i ty of the inner  electrons 
of the lattice atoms and x2, the susceptibili ty due to 
the valence electrons of the lattice atoms. 

There are different methods to calculate each of 
these susceptibilities separately. At present,  we 
only consider XL as it contributes most to the diamag-  
netic susceptibility. 

Calculations were first made by assuming that  both 
inner  and valence electrons obey the Langev in  equa-  
t ion 

Ne 2 

x = 6mc2 r~ 

where the symbols have their  usual  meaning.  The 
values of ri ~ were  calculated by the method of Slater 
(7), as modified by Angus (8). This calculation was 
carried out for the electronic structures A + + B - -  and 
A - - B  + +, where  A is the meta l  atom and B is the non-  
metal  atom. The susceptibility values thus obtained 
are found to be very different from the exper imental  
values. 

Since the exper imental  susceptibilities could not be 
accounted for by the above method, the method of co- 
valent  bonding with part ial  ionic character was tried, 
with the inner  electron susceptibility, xl, calculated as 
before, since this method gives fair ly good results for 
some I I -VI  compounds. 

Following Paul ing  (9), the amount  of ionic charac- 
ter, I, can be found from the electronegativit ies of the 
metal  and the nonmeta l  atoms, XA and xm respectively, 
using the equation 

I = 1 -- exp [ - - I ~  ( X  A - -  XB)] 

This gives an ionic character of 73% for MgO and 55% 
for CdO corresponding to an effective charge of ___0.27 
and ___0.45, respectively. As a result, the effective n u m -  
ber of valence electrons on Mg, O, Cd, and O will  be 
1.73, 4.27, 1.55, and 4.45, respectively 

The valence electron susceptibility, z2, is calculated 
using the Langevin  equation, but  te t rahedral  radii of 
Paul ing (9) are used instead of calculating by the 
Angus method (8), as the calculation of ri 2 by the 
Angus method gives a high value for the calculated 
susceptibility. Table  TI shows the comparison between 
exper imental  and calculated susceptibilities, and Table 
I gives the values of the ionic susceptibilities calcu- 
lated. The susceptibilities are in  cgs emu. 

From the agreement  between exper imental  and cal- 
culated susceptibil i ty for the covalent model with par-  
tial ionic character, it is felt that  this method can well  
be applied in the case of MgO and CdO. 
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Table II. Comparison between experimental and 
calculated susceptibilities 

XM • 10 e XM • 106 c a l c u l a t e d  
e x p e r i -  

S u b s t a n c e  m e n t a l  A + + B  - -  A - - B + +  I n t e r m e d i a t e  

M g O  - -18 .23  - -37 .58  - - 2 0 . 8 5  - -19 .10  
CdO --48.74 --68.16 --52.23 --49.93 
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Liquidus Isotherms in the Ga-ln-As System 
M. B. Panish 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

Recent ly  severa l  t empera tu re -compos i t ion  points  on 
the l iquidus  surface of the  GaxIn l -xAs  p r i m a r y  phase 
field of the  G a - I n - A s  system were  de te rmined  in this  
labora tory .  They were  obta ined  by  a s imple  technique 
in which dissolut ion of crysta ls  of the  solid phase was 
observed v i sua l ly  and which  has been descr ibed else-  
where  for s tudies of t he  I I - V I - B i  systems (1), the  
I n - P  sys tem (2) and the G a - I n - P  sys tem (3). The 
expe r imen ta l  da ta  for two cuts along constant  Ga con-  
cen t ra t ion  l ines [25 and 55 a /o  (a tom per  cent)  Ga] 
in the  t e r n a r y  sys tem are  presented  in Table  I and  
Fig. 1 and 2. 

Somewhat  more  difficulty is encountered  in using 
the observa t iona l  technique  for  this  sys tem than  was 
encountered  wi th  any  of the  other  systems ment ioned,  
p r i m a r i l y  because the  prec ip i ta ted  solid appears  to 
r emain  under  the  surface of the  liquid. This accounts 
for t he  g rea te r  scat ter  in these da ta  than  in those ob-  
ta ined  for the  other  systems. The expe r imen ta l  da ta  
could only be checked against  one o ther  expe r imen ta l  
de te rmina t ion  of the  l iquidus  t empe ra tu r e  in this  t e r -  
nary ,  tha t  is the  G a A s - I n A s  pseudob ina ry  da ta  of Van 
Hook and Lenke r  (4). The intersect ion of the i r  da ta  
for that  pseudob ina ry  and the da ta  obta ined  here  at 
the  highest  expe r imen ta l  t e m p e r a t u r e  is shown in Fig. 
2. The agreement  of the  two expe r imen ta l  points  is 
wi th in  2~ a l though the  precis ion of the  da ta  ob-  
ta ined  here  appears  to be closer to ___10~ 

Recent ly  S t r ingfe l low and Greene  (5) have  used a 
quas ichemical  model  for  the  l iquid and for the  solid 
solutions, a long wi th  phase  and the rmodynamic  da ta  
for the  Ga-As,  In-As ,  G a A s - I n A s  (pseudobinary) ,  and 
G a - I n  systems to calcula te  a t e r n a r y  phase  d iag ram 
for the  G a - I n - A s  system. In Fig. I and  2 curves  
for the  l iquidus  t empera tu re s  which  were  obta ined  b y  
picking points  f rom isotherms in the i r  t e r n a r y  phase  
d iag ram are  shown. 

The expe r imen ta l  curves  of Fig. 1 and 2, have  been 
used wi th  the  ] iquidus curve p lo t ted  by  Thurmond 

Key words: G a - I n - A s  s y s t e m ;  p h a s e  d i a g r a m  G a - I n - A s .  

Table I. Liquidus temperatures in the Ga-ln-As system 

A t o m  p e r  c e n t  
Ga In A s  rLlq.ldus ' K  

25,0 73.0 2.0 972 
25.0 70.0 5.0 1048 
25.0 62.5 12.5 1128 
25.0 59,0 16.0 1181 
25.0 55.0 20.0 1220 
25,0 45.0 30.0 1320 
25.0 35.0 40.0 1372 
25,0 25.0 50.0 1407 
55.0 43.5 1.5 975 
55.0 41.8 3,2 1059 
55.0 40.0 5.0 1091 
55.0 35.0 10.0 1173 
55.0 25.0 20,0 1296 
55.0 10.0 35.0 1442 

t500 

t400 

1300 

1200 

F 
1100 

1000 

7 /Y 

f /  - -  "OUASICHEMICAL" Ref 5 
x THIS WORK 

0 Ref. 6 

soo r 2'0 ~'o ~'o 
ATOM % As 

Fig. !. Liquidus temperatures along the 55 a/o gallium cut of 
the Go-In-As system. 
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Fig. 2. Liquidus temperatures along the 25 a/o gallium cut of 
the Go-In-As system. 

(6) for Ga-As,  the  da ta  of Hal l  (7) and Kos te r  
and Thomas (8) for In-As,  and the  da ta  of Van Hook 
and L e n k e r  (4) for  the  G a A s - I n A s  pseudob ina ry  to 
plot  exper imen ta l  l iquidus  i so therms  in the  G a - I n - A s  
t e r n a r y  phase d i ag ram of Fig. 3. Since expe r imen ta l  
da ta  were  obta ined only along two cuts in this  
t e rnary ,  the  expe r imen ta l  i so therms thus  ob ta ined  are  
shown pa r t i a l l y  as dashed curves.  Also p lo t ted  is the  
1200~ quasichemical  curve of S t r ingfe l low and 
Greene.  The shapes of these  i so therms are  s imi lar  to 
those which have  prev ious ly  been  descr ibed for o ther  
I I I -V  systems such as Ga-A1-As  (9),  Ga-A1-P  (10) 
and G a - I n - P  (3). Such iso therms are  character is t ic  of 
t e r n a r y  sytems in which  the re  is only  one high mel t ing  
I I I - V  b ina ry  compound for each I I I - V  b i n a r y  wi th  a 
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Fig. 3. Liquidus isotherms in the Ga-ln-As ternary system 

complete or extensive series of soIid solutions between 
the two b inary  compounds. 

It is interest ing and instruct ive to compare the iso- 
therms obtained exper imenta l ly  with those computed 
with the quasiehemical model  and simply on the basis 
that  the entire system is ideal. This lat ter  assumption 
leads to the relat ion (9) 

KInAs (XGa -- XGa 2 -- XGaXIn) 

-~- KGaAs(Zln -- XIn 2 -- XGaXIn) -- KInAsKGaAs = O [1] 

where the X's are the atom fractions of Ga and In  in 
the l iquid at the l iquidus composition and the K's are 
the ideal equi l ibr ium constants 

K m  v = X m X v  [2] 

for the l iquidus of the binary.  An "ideal" 1200~ 
isotherm has been calculated with K(1200~ GaAs) 
= 0.067 from Thurmond ' s  l iquidus for Ga-As (6) and 
K(1200~ InAs) = 0.242 from a smooth curve drawn 
through the l iquidus data of Hall  (7) and Koster and 
Thoma (8) for In-As.  This isotherm is plotted in 

Fig. 3 and can be seen to approximate the exper imental  
data at least as well  as the quasichemical  isotherm. 

Conclusion 
The liquidus temperatures  along two cuts in the 

Ga - In -As  t e rnary  system have been used with phase 
data for the boundary  b inary  systems to plot the posi- 
tions of the l iquidus isotherms in tha t  system. Iso- 
therms of 1200 ~ which were estimated on the basis of 
a quasichemical model and on the assumption of total 
ideali ty are shown to be in fair agreement  with the 
exper imental  curve. This degree of agreement  be-  
tween the positions of isotherms calculated on the basis 
of these two different assumptions about  the thermo-  
dynamic properties of the l iquid and the solid em- 
phasizes that  in the I I I -V systems the shapes of the 
isotherms are pr imar i ly  de termined by  the  differences 
in the free energies of formation of the b inary  com- 
pounds (3, 9, 1O). A n y  model which includes this dif- 
ference as a major  contr ibutor  to the behavior  of the 
system will  yield isotherms in fair agreement  with 
the t rue isotherms. This does not, however, imply that  
the model selected is a t rue  description of the system, 
but  merely  that  the shapes of the l iquidus isotherms 
are insensit ive to the model. 

M~nuscript  submit ted  Dec. 19, 1969, 
A ny  discussion of this paper  wil l  appear in a Dis- 

cussion Section to be published in the June  1971 
JOURNAL. 
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Testing Batteries for Vehicular Applications 
I. Test Facility 

B. Agruss* 
E~ectrochemistry Department, Research Laboratories, GeneraZ Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

A versatile facility was required to test a var ie ty  of batteries applicable 
to vehicular  propulsion. Such a facility was designed and buil t  to characterize 
all types of batteries in the 1-10 kW range. It  was bui l t  around a motor-  
generator set and load bank. The unique  features of this test facili ty are 
that it can be operated either manua l ly  or automatical ly  at constant  power, 
current, or voltage whether  charging or discharging a test battery.  

Battery capacity is determined today almost exclu-  
sively by varying constant  current  discharges. Vehicle 
loads, however, are expressed as constant  power re-  
quirements.  The abil i ty of batteries to fulfill these re-  
quirements  cannot be determined directly from the 
usual  ba t te ry  tests at constant  current  or voltage. What  
has been required is a versatile test facili ty to test a 
variety of batteries applicable to vehicular  propulsion. 
It  had to supply, directly, bat tery characteristics at 
constant power as well as at constant  current  and 
voltage. 

Early power plants may  be hybr id  ba t te ry  systems 
consisting of an energy ba t te ry  and a power bat tery 
connected together through some type of charging 
device whereby the power bat tery  is charged at idle or 
cruise speeds by  the energy battery. Each ba t te ry  
operates under  different conditions and needs different 
characteristics. The energy bat tery  provides energy 
and power for range at cruise speeds and for charging 
the power battery.  It  must  have a good energy density 
but not necessarily a good power density. The power 
battery must  provide the bursts of power required 
for acceleration and other short-durat ion,  h igh-power  
requirements.  So it must  have a good power den-  
sity but  not necessarily a good energy density. Con- 
stant power and constant  current  tests wil l  charac- 
terize the energy battery.  However, for the power bat -  
tery these tests must  be augmented by  a test which 
will show the abi l i ty  of this bat tery  to give repeated 
acceleration power pulses. The test facility, too, must  
reveal how the two batteries interact  when operated in 
a hybr id  mode. 

For both types of batteries, it is impor tant  to know 
the charge acceptance at vary ing  depths of discharge. 
These data will  show the power and energy require-  
ments  for recharging both types of batteries. 

A versatile bat tery  test facility was bui l t  from avail-  
able items to perform all of the enumerated  special 
tests plus the usual ba t te ry  tests. Data are provided to 
characterize all types of batteries in the 1-10 kW 
range. The facility was bui l t  around a motor-generator  
set and a load bank. The unique feature  is that  the 
motor-generator  set can be operated manua l ly  or auto-  
matical ly at constant  power, current ,  or voltage 

* Electrochemical Society Active Member .  
Key words :  ba t t e ry  tests,  lead-ac id  bat ter ies ,  storage batteries, 

vehicular application tests. 

whether  charging or discharging a test battery.  Re- 
peated acceleration power pulses can be obtained also, 
manua l ly  or automatically.  

Description of Facility 

An over-al l  view of the test facili ty is shown in Fig. 
1. All  areas are self-explained. The relationship among 
the several parts of the facility is shown in the block 
diagram of Fig. l ( a )  which also lists the figure n u m -  
bers where detailed schematics for each part  may  be 
found. 

Load bank.--The load bank  shown in Fig. 2 con- 
sisted of u in. stainless steel tubes clamped at vary ing  
lengths to give varying  resistances. The tubes were 
water-cooled in terna l ly  to remove heat. Currents  of 
100-500A could be carried by these pipes by using one 
or more in parallel. This was done by means of con- 
tactors actuated by pushbuttons,  as shown in Fig. 3. 
F ine  adjus tment  was made by having the motor-  
generator  set buck or aid the ba t te ry  current .  

Fig. 1. Battery test facility 
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Fig. 3. Relay and switch schematic 

Dual battery operation.--Early exper imental  electric 
power plants  may be dual  bat tery  systems consisting of 
an  energy ba t te ry  and power battery.  The energy bat -  
te ry  charges the power bat tery  dur ing low-power  
periods when  no power is required from the power 
battery.  The energy battery,  at exhaustion, is charged 
with the motor-generator  set. Voltage limits, depend-  
ing on bat tery  type and characteristics, govern the 
charge-discharge operation. 

F igure  4 shows the means by  which this operation is 
accomplished. Adjustable  cams on the servomotor shaft 
of two Texas Ins t rumen t  Servo-r i ters  actuate micro-  
switches which open and close solenoids No. 1 and 2 at 
the proper voltage levels. Stations No. 6 and 7 in Fig. 3 
show how the microswitches are connected to actuate 
the solenoids. 

Normally, solenoid No. 2 is closed since the upper  cam 
on T.I. 43696 is set to make contact on N.O. at ba t te ry  
open circuit and lower voltages. This causes the power 

Fig. 4. Dual battery instrumentation schematic 

bat tery  to be charged at a rate de termined by  the 
conditioner. The lower cam on 43696 is set to open 
N.C. and close N.O. when  the ba t te ry  reaches maxi -  
mum charge voltage. This opens solenoid No. 2 and 
charging stops. 

When power is called for at the load, the voltage of 
the energy bat tery  falls. At the set voltage, the upper  
cam on T.I. 44453 closes N.O. and opens N.C. This 
causes solenoid No. 1 to close and also energizes Kr,  
whose normal ly  closed contacts open, opening solenoid 
No. 2. Now both batteries are supplying power to the 
load. When the load demand drops, the energy bat tery 
voltage will  rise. Now the lower cam on T.I. 44453 wil l  
open at N.C., de-energize solenoid No. 1, and allow T.I. 
43696 to take over. The power bat tery  voltage wil l  be 
low, so solenoid No. 2 will close. Now the power bat tery  
is being charged by the energy battery.  The power 
condit ioner limits the high charge current  to a dis- 
charged bat tery  and by a voltage sensor reduces the 
charge current  to the end of charge rate at the end of 
charge voltage. 

Voltage dividers are used, as shown, to l imit  the 
signals to the Servo-riters.  The reversing relay (K13) 
at tached to the 50 mV shunt  shown in  Fig. 4 is ac- 
tuated in unison with solenoids No. 1 and 2 through 
relay KI~ in Fig. 3. 

Power  measurement and recording.--A novel  means 
was used to measure and record power without  resort-  
ing to expensive electronic mult ipl iers  or d-c wat t -  
meters. A 100 ohm re t ransmi t t ing  slide wire was at-  
tached to the shaft of the servomotor being actuated 
by the current  shunt  signal in each of the Servo-ri ters.  
This slide wire formed one leg of a voltage divider 
system which was placed across the ba t te ry  as shown 
in Fig. 4. A three-posi t ion switch changed resistors so 
that  ba t te ry  voltages from 0-5, 5-50, and 50-100V 
would yield reasonable signals, yet  l imit  the drain  on 
the ba t te ry  to 1 mA. 

The position of the wiper on the slide wire is directly 
proport ional  to the current .  The drop across the slide 
wire is directly proport ional  to the ba t te ry  voltage. 
Hence, the voltage signal from wiper to one end of the 
slide wire is directly proport ional  to the product of 
current  and voltage or power. This signal can be read 
with a high impedance mil l ivol tmeter  or recorded as 
shown. The channel  numbers  in Fig. 4 refer to channels  
in the four-channel  recorder shown in Fig. 1 labeled 
"Power Readout." Any one signal can be used to con- 
trol  the motor-genera tor  set at constant  power as is 
described later. 

Non Linear Systems monitor.--A Non Linear  Sys- 
tems 20-point scanner,  digital  vol tmeter  and pr in ter  
was used to moni tor  individual  cell voltages. The 
period between pr in t -outs  could be varied from 5 to 
30 min. The event  marker  on the Servo-r i ters  would 
show just  when  the readings were being taken. Each 
t imer  was wired to start the other when  its t ime ran  
out and thereby actuate the scanner  advance and start  
relays. P r in t -ou t  would continue indefinitely at the 
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Fig. 5. Print frequencytimer for NLS system electrical schematic 

des i red  in te rva ls  unt i l  the  a -c  l ine switch was opened 
(Fig. 5). 

Genera to r  output controL--Figure 6 is a schematic  
of the  d-c  genera tor  output  control  panel .  The upper  
half  of the  figure re la tes  to manua l  control  only. The 
coupled exci te r  furnishes  field current ,  the  magni tude  
of which  is cont ro l led  by  the field rheos ta t  and the  
series resistor.  This mode is used for  gross tes t ing or  
where  pulses are  desired.  

The bot tom half  of Fig. 6 re la tes  to automat ic  control  
a t  constant  voltage,  current ,  or power.  In  this mode, 
the  field cu r ren t  is suppl ied  by  a Sorenson 150V, 5A 
power  supply  wi th  remote  control  tabs. The electronic 
control  presents  a control led  va ry ing  resis tance to the  
remote  control  tabs  of the  power  supply,  thus con-  
t ro l l ing  the field current .  The electronic control  can 
sense e i ther  th ree  levels (5, 50, 100V) of ba t t e ry  vo l t -  
age f rom the  vol tage dividers ,  cu r ren t  f rom the shunt  
signal,  or  power  f rom the  re t r ansmi t t ing  s l ide -wi re  
signal  descr ibed previously .  Each mode of opera t ion  is 
selected by  the s ix-posi t ion  selector  switch and the 
two-pos i t ion  sensor switch. To reverse  the  genera to r  
output,  the  field cur ren t  is reversed.  The four -po le  
doub le - th row switch shown reverses  both the  field 
cur ren t  and the shunt  s ignal  to the  sensor so it can 
opera te  proper ly .  The  ba t t e ry  vol tage does not reverse  
on charge or discharge;  hence, no revers ing  switch is 
necessary.  

Electronic motor-generator controL--The hear t  of 
the  genera tor  control  system is the  electronic cont ro l le r  
d i ag rammed  in Fig. 7. This is a s imple feedback loop 
which compares  an input  vol tage  to an in t e rna l ly  
genera ted  one, and applies  the  difference to make  a 
t rans is tor  more  or less conducting. In  para l l e l  wi th  the  
base and emi t t e r  of the t rans is tor  is a res is tor  which  
is the  r emote  control  for the  field power  supply.  A 
mi l l ivo l t  s ignal  p ropor t iona l  to voltage,  current ,  or 
power  is appl ied  at  t e rmina l s  1 and 2 of the  shunt  

~atrery rower 115V AC 
Voltage STgnal 

Fig. 6. D-C generator output control 
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Fig. 7. Current control-motor generator 

input.  This s ignal  vol tage  is bucked  b y  an in te rva l  
vol tage whose magni tude  is va r i ed  by  the cu r r en t -  
ad jus t  potent iometer .  The e r ror  signal  is appl ied  to 
opera t iona l  ampli f ier  P45AU, which controls  the  con- 
ductance of t rans i s tor  2N3054. 

Across te rmina ls  1 and 2 of WK-5-31SL is a 3K 
resistor.  The same te rmina l s  are  connected to the  re -  
mote  control  tabs  of the  power  supply.  The specifica- 
tions for  r emote  cont ro l  a re  20 ohms/V;  hence, 3000 
ohms wil l  b r ing  the  power  supp ly  to 150V, and  300 
ohms to 15V. Thus, by  va ry ing  the  resistance,  the  
vol tage  of the power  supply  can be varied.  By va ry ing  
the conductance of the  t rans i s to r  in para l l e l  wi th  the  
3K resistor,  the resistance,  seen by  the power  supply,  
is varied.  

To accomplish constant  genera to r  output ,  the  cur -  
r en t - ad ju s t  po ten t iomete r  is ad jus ted  unt i l  the  des i red  
voltage,  current ,  or  power  is obtained.  If  the  input  
signal  decreases,  the e r ror  s ignal  decreases,  reduc ing  
the conductance of the t ransis tor ,  which  then  increases 
the  field current ;  this, in turn,  increases the  genera tor  
output ,  so tha t  the  e r ror  s ignal  is brought  up to its 
or iginal  level. The opposi te  occurs if the  input  s ignal  
i nc reases - - the  genera to r  ou tput  decreases to b r ing  the  
s ignal  back  to i ts fo rmer  level.  Hence, constant  gen-  
e ra tor  output  is achieved for  e i ther  voltage,  current ,  or  
power.  

A big advantage  of this control  is tha t  i t  can be p ro-  
g rammed  for an infinite va r i e ty  of chargerd i scharge  
profiles. By having a number  of c u r r e n t - a d j u s t  po-  
ten t iometers  connected to app rop r i a t e ly  p rog rammed  
switches, the output  of the  genera tor  can be p ro -  
g rammed  to a va r i e ty  of profiles. Each po ten t iomete r  
can be inf ini tely ad jus ted  to any charge or d ischarge  
leve l  desired.  This al lows excel len t  versat i l i ty .  

Conclusions 
1. A versa t i le  ba t t e ry  test  fac i l i ty  was const ructed 

f rom a mo to r -gene ra to r  set and load bank.  
2. The fac i l i ty  has the  capab i l i ty  to p rov ide  h i ther to  

unava i lab le  ba t t e ry  da ta  for  veh icu la r  appl icat ions.  
3. Besides the  s tandard  constant  cu r ren t  ba t t e ry  

tests, constant  power  and accelera t ion pulse tests  can 
be pe r fo rmed  also. 

4. By appropr i a t e  p rogramming ,  an infinite va r i e ty  
of charge  and discharge profiles a re  avai lable .  

Manuscr ip t  submi t ted  Dec. 22, 1969; rev ised  m a n u -  
scr ipt  received ca. May  11, 1970. This was p resen ted  
in par t  as Pape r  42 at  the  Det ro i t  Meeting,  Oct. 5-9, 
1969. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1971 
JOURNAL. 



Testing Batteries for Vehicular Applications 
il. Tests on Some Commercially Available Energy Batteries 

B. Agruss* 
Electrochemistry Department,  Research Laboratories, General Motors Corporation, Warren,  Michigan 48090 

ABSTRACT 

Using a versatile test facility previously described (1), a number  of com- 
mercial ly available Pb-acid  batteries were tested. Typical test results are pre-  
sented, especially those most meaningfu l  to vehicular  applications. It is shown 
that  at varying power discharges the energy capabilities are additive. By this 
means, performance, range, and capabil i ty of batteries under  varying  duty 
cycles can be ascertained. Power  density vs. energy densi ty  curves are ob-  
tained almost by inspection from constant  power discharges. Vol tage-current  
characteristics, both for charge and discharge, at varying capacity levels are 
presented. It is shown that  Pb-ac id  batteries can be charged rapidly to 80-85% 
of their  capacity before ba t te ry  voltage rises rapidly. 

The abi l i ty  of batteries to fulfill vehicular  requi re-  
ments  cannot be determined directly from the usual 
bat tery tests at constant  current  or voltage. Vehicle 
loads are expressed as constant power requirements;  
hence bat tery  characteristics at constant  power as well  
as constant  current  and voltage are needed. 

Ear ly  power plants  may be hybr id  systems consist- 
ing of an energy bat tery  and a power bat tery con- 
nected together through some type of charging device 
whereby the power ba t te ry  is charged at idle or cruise 
speeds by the energy battery. The energy bat tery 
provides power for range at cruise speeds and for 
charging the power battery.  It  must  have good energy 
density but  not necessarily a good power density. The 
power ba t te ry  must  provide the bursts of power re-  
quired for acceleration and other short-durat ion,  high-  
power requirements.  So it must  have a good power 
density but  not necessarily a good energy density. 

This paper  concerns itself with energy batteries. 
Constant  power and constant  current  tests characterize 
the energy battery.  Also, it is impor tant  to know the 
charge acceptance at vary ing  depths of discharge. 
These data show the power and energy requirements  
for recharging the batteries. 

Bat tery data are shown which were obtained on sev- 
eral commercial ly available Pb-acid  batteries which 
may be generalized as energy batteries. Power bat tery 
data will  be reported at a later  date in another paper. 

Battery Tests 
Two diesel batteries were connected in series for 

check-out tests on the previously described test facility 
(1). These batteries had 205 A-hr,  20 hr  capacity, and 
could deliver up to 5 kW so that sufficient power and 
capacity were available. After  the check-out  tests, 
several commercial ly available S.L.I. batteries were 
characterized as energy batteries. Between each ca- 
pacity test, the batteries were ful ly  charged to con- 
stant  voltage and specific gravi ty at the finishing rate. 
All  bat tery  tests were carried out at ambient  t empera-  
ture. 

In  the following discussion, each kind of test is listed 
separately. The data obtained for each respective test 
are shown. Useful informat ion derived from these data 
are described. 

Constant current tests.--Figure 1 shows the results 
of the usual  constant current  discharges obtained dur -  
ing check-out  on the diesel batteries. These discharges 
give the capacity of the bat tery  at different current  
drains. These data may be replotted to give capacity 
vs. current  as shown in Fig. 2 for the S.L.I. batteries. 
The first capacity on each curve at the lowest current  
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was taken at the nomina l  5 hr  rate. In  some S.L.I. 
applications, a voltage vs. cur rent  curve wi th  t ime as a 
parameter  might  be helpful. These curves do not read-  
ily yield power output  results except by an i terative 
process. For S.L.I. use these capacities are sufficient, 
but  for vehicular  applications they do not suffice. 

Constant power tests . --Of much more practical 
value are the constant  power discharges. Bat tery  volt-  
age is the l imit ing factor in vehicle operation. A min i -  
mum cut-off voltage is normal ly  specified. Hence, 
voltage vs. ampere-hours  or t ime is plotted as shown in 
Fig. 3 and 4 for the diesel batteries. It has been found 
(as shown later) that  voltage vs. t ime curves are more 
useful; hence the S.L.I. ba t te ry  data have all been 
plotted that  way in Fig. 5-7 inclusive. All  of these 
curves have somewhat the same shape as the constant  
current  curves, but  the slopes are much steeper since 
both voltage and current  are changing. 

The usefulness comes in directly obtaining range at 
any road load (power level) .  For  instance, in Fig. 5, if 

o 

I ' I I I 
26 - -  x .~  AMP - -  

0 I 0  " 

�9  " 

~.250 " 

~5(]0 " 

AMP. HRS 

Fig. 1. 200 Ampere-hour diesel battery, constant current dis- 
charge. 
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Fig. 2. S.L.I. batteries, ampere-hour capacity v s .  current drain. 
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Fig. 3. 200 Ampere-hour diesel battery, constant power discharge 
vs. ampere-hours. 
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Fig. 6. 39 Pound battery (plastic case), constant power dis- 
charge. 
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Fig. 4. 200 Ampere-hour diesel battery, constant power discharge 
vs. time. 
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Fig. 7. 32.5 Pound battery (rubber case), constant power dis- 
charge. 
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Fig. 5. 56 Pound battery (plastic case), constant power dis- 
charge. 
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Fig. 8. 200 Ampere-hour diesel battery 

the 400W level meant  30 mph, then the vehicle could 
travel  42.5 miles before recharge. This is a simple cal- 
culat ion b y  inspection ra ther  than a t ime-consuming 
i terative process. 

A description of several duty cycles fur ther  shows 
this usefulness. Also, the principle of addit ivi ty of 
ampere-hours  or t ime is described, and how this p r in-  
ciple can be used to construct duty  cycles. In  Fig. 8 is 
shown a duty cycle of 1000W for 1 hr, followed by 
3000W for 30 min, then 1000W again to the 21V cutoff. 
The versat i l i ty of this facility allows a rapid change 
from one power level to another. Thus, any duty cycle 
can be applied to the battery. The addit ivi ty principle 
can be i l lustrated now. Comparing Fig. 3 and 8, it is 
seen that, wi thin  exper imental  error, the two 1000W 
portions of Fig. 8 coincide with the 1000W curve of 
Fig. 3, both at the low and high ampere-hour  ends; 
i.e., from 0 to 45 A-h r  and from 100 to 150 A-hr.  The 
3000W portion of Fig. 8 between 45 and 100 A-h r  
coincides with the same portion of Fig. 3. The same 
coincidence was noted for voltage vs. t ime constant  
power discharge curves. 

The coincidence of all of these profiles i l lustrates the 
principle of additivity. The capacity removed at any 
power level in ampere-hours  or t ime may  be added to 
that  removed at a different power level to determine 
total amount  consumed and amount  remain ing  before 
the bat tery cutoff voltage is reached. 

Plots of projected duty  cycles show at what  portion 
of the cycle the ba t te ry  reaches cutoff voltage and 
limits performance. Incidental ly,  Fig, 8 shows also the 
abil i ty of a Pb-ac id  bat tery  to supply useful energy at 
decreasing power levels. 

To use the principle of addit ivi ty more effectively, 
the data of Fig. 5, 6, and 7 were replotted as capacity 
vs. t ime in Fig. 9, 10, and 11, respectively. Now it is 
possible to determine bat tery  capability, performance,  
and range. First,. all of the l imit ing points were con- 
nected, as shown, with a dotted line. Capacities beyond 
this l ine are not a t ta inable  because cutoff voltage is 
reached at this line. Assume that  the constant  power 
curves represent  road loads at specified vehicle speeds. 
Now assume a duty  cycle specifying t ime at various 
vehicle speeds. It is very  easy to ascertain the abil i ty of 
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Fig. 9. 56 Pound battery (plastic case), constant power discharge 
capacity vs. discharge time. 
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Fig. 12. Energy density vs. power density, wariaus Pb-acid bat- 
teries. 
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Fig. 10. 39 Pound battery (plastic case), constant power discharge 
capacity vs. discharge time. 
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Fig. 11. 32.5 Pound battery (rubber case), constant power dis- 
charge capacity vs. discharge time. 

any bat tery  to perform that cycle. For  instance, sup- 
pose a duty cycle of 30 rain at 230W, 10 rain at 1400W, 
10 min  at 630W, and finally 15 min  at 400W were im-  
posed upon the ba t te ry  in Fig. 9. After  30 min  at 230W, 
9 A-h r  were consumed. This is equivalent  to 5 min  at 
1400W. An addit ional  10 min  brings the t ime of dis- 
charge to 15 rain where  a total  of 32 A-hr  have been 
consumed. This is equal to 35 rain discharge at 630W. 
An  addit ional 10 min  at 630W (45 min)  brings the 
ampere-hours  consumed to 42. Now this is equivalent  
to 73 min  discharge at 400W. The l imit  at 400W is 85 
rain. This means the bat tery  can deliver only 12 min  at 
400W instead of the 15 min  assumed. Bat tery  voltage at 
each point, if desired, can be obtained from Fig. 5 at 
the appropriate power and t ime of discharge intersec-  
tions. It is also seen that  only ,a max imum of 12 min  
can be obtained at 1400W after 30 min  at 230W. Thus, 
performance l imits are obtained.  A summat ion  of the 
products of vehicle speed and time at that  speed gives 
the vehicle range. Performance at power levels other 
than those portrayed may be interpolated between the 
appropriate power curves. 

The curves in Fig. 9, 10, and 11 are very  close to 
straight lines. The 10-20% change in voltage and cur-  
rent  is not seen on this small  scale. An expanded scale 
would emphasize the curvature.  It  just  so happens 
that, for these batteries, these curves can be approxi-  
mated  by straight lines. However,  for other types of 
batteries, the curvature  is pronounced enough so that  
the data cannot be approximated easily by straight 
lines. 

Energy density-power density:--A very useful  appli-  
cation of Fig. 4-7 inclusive is in the construction of 
energy densi ty vs. power density curves. The t ime to 
cutoff voltage for any  constant  power discharge mul t i -  
plied by the power gives the  wat t -hour  capacity at 
that  power level. This va lue  divided by the ba t te ry  
weight gives the energy density. The power divided by 
the weight gives the power density. Thus, each con- 
stant  power discharge yields one point  for the energy 
density vs. power density curve. The curves in  Fig. 12 
were made this way. This is a fast, easy method to 
construct these much valued curves. Constant  current  
discharges do not  yield such data readily. 

The two plastic-case batteries show almost identical  
energy and power densities in spite of their  large 
difference in  ampere-hour  capacity. This shows that  
the gain in  capacity was due to the gain in  weight  
which was largely active mater ia l  and lead support ing 
structure. A larger  plastic container  contr ibutes very 
little extra  weight. 

The plastic case batteries show a 10-20% gain in 
energy density over the rubber-case  bat tery  at the 
low power levels. At the high power levels, there was 
very l i t t le difference in energy density between the 
differently contained batteries. 

The rugged construction of the diesel bat teries shows 
up in their  low energy and power densities. 

Voltage-current characteristics.wThe test facility 
lends itself to fast, easy determinat ions  of voltage- 
current  characteristics. The electronic generator  con- 
trol  makes it easy to pass smoothly from charge to dis- 
charge, or vice versa, through open circuit (V at zero 
I).  The current  ad jus tment  control can be manipula ted  
so that the generator  voltage exceeds, equals, or is less 
than  the ba t te ry  voltage. Thus, the bat tery  is charged, 
at open circuit, or discharged, respectively. 

Vol tage-current  curves obtained in this m a n n e r  are 
shown in Fig. 13 through 16, inclusive, for vary ing  
states of charge. Note the smooth passage through open 
circuit. At high current  drains, the voltage readings 
had to be taken ins tant ly  since the reading would 
change rapidly  with time. At low drains, the voltage 
would remain stable for % to 1 rain. 

All  the S.L.I. batteries had about the same discharge 
characteristics. At the 25% capacity level, the slope 
wi th  increasing cur ren t  was somewhat  greater for the 
lower capacity batteries. 

It is interest ing to note that, except for a fully 
charged battery,  the bat tery  wil l  accept a charge eas- 
ily; tha t  is, the voltage does not rise abrupt ly  wi th  an 
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Fig. 13. 200 Ampere-hour diesel batteries, charge discharge, 
voltage vs. current. 
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Fig. 14. 56 Pound battery (plastic case), charge discharge, volt- 
age vs. current. 
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Fig. 15. 39 Pound battery (plastic case), charge dischorge, volt- 
age vs. current. 

increase in current.  The rapid rise in charge voltage 
for a ful ly  charged ba t te ry  shows poor charge ac- 
ceptance, as expected, and the onslaught of gas evolu-  
tion. There is no rapid rise in charge voltage even at 
75% capacity. Fur ther  data, which wil l  be reported at a 
la ter  date, seem to indicate that  the rapid rise begins 
about 80-85 capacity. 

Except for the ful ly charged battery,  the charge and 
discharge curves are near ly  projections of one another. 
The slight rise in slope for the charge portion may be 
due to the higher specific gravi ty  acid wi th in  the pores 
of the plates. There is a greater slope for the r ubbe r -  

! I 
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14 

i l i  
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> -  I0 

I-:= 
AMPS DISCHARGE 

Fig. 16. 32.5 Pound battery (rubber case), charge discharge, volt- 
age vs. current. 

cased battery. This can be caused by differences in 
call design and active mater ia l  make-up,  especially 
negative plate expander.  

Commen t s . - -The  data contained herein cover a good 
range of S.L.I. batteries. Although curves for only one 
bat tery  would be sufficient to explain all the tests and 
describe the principles involved, much more confidence 
is obtained if more than one size bat tery  follows the 
same trend, especially with lead-acid batteries. There 
is an added advantage in  including all the data. The 
performance of any other bat tery  as an energy bat tery  
may be ascertained by judicious interpolat ion or ex- 
t rapolat ion of the data herein. 

Future w o r k . - - I t  is p lanned  to repeat these tests at 
--18~ (0~ and 71~ (160~ and find the effect 
of tempera ture  on duty  cycle capacities. 

In  forthcoming reports, other types of batteries will  
be characterized; acceleration power pulses wil l  be in -  
cluded. 

Conclusions 
1. It  was found that  a few power profiles, a voltage- 

current  test, the usual  constant  current  tests, plus 
charging data with s tate-of-charge as a parameter,  
provided our data needs for vehicular  applications. 

2. During any  varying  power discharge, the pr in-  
ciple of addit ivi ty was followed; i.e., the capacity re-  
moved at any power level expressed in ampere-hours  
or t ime may be added to that  removed at a different 
power level to determine total amount  consumed and 
amount  remain ing  before the bat tery  cutoff voltage is 
reached. 

3. By applying the addi t ivi ty  principle, the abil i ty of 
batteries to perform vary ing  duty cycles can be ob- 
tained rapidly, and the range is easily calculated. 

4. Constant  power capacity discharges readi ly yield 
energy densi ty-power  density relationships. 
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Surface Chromium on Chromate Treated Tin Plate 
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ABSTRACT 

The surface chromium composit ion of t in plate  t rea ted cathodical ly in 
sodium dichromate  solution was analyzed by three  methods:  (a) alkali  s t r ip-  
ping, (b) acid stripping, and (c) t rea tment  wi th  bromine methanol  solution. 
It is suggested that  the surface chromium insoluble in alkali  is anhydrous 
chromic oxide, while  that  soluble in alkali  is hydra ted  chromic oxide. The 
potent ial  t ime curves f rom galvanostat ic  anodic t rea tment  of t in plate cannot 
be in terpre ted  in the simplistic manner  commonly  accepted for t in - f r ee  steels 
with a ch romium-chromium oxide coating. 

By far the largest  percentage of commercia l  t in plate 
is given a cathodic t r ea tment  in d ichromate  solution 
with  current  densities in the region of 25-35 A / f t  2 and 
t rea tment  t imes of the order  of 1 sec. The concentra-  
tion of the  solution is about 3% sodium dichromate.  
Tradit ionally,  acid str ipping or alkali  plus acid strip- 
ping (1, 2) has been used to r emove  and estimate the 
quant i ty  of surface chromium2 deposited on the  t in 
plate during the chromate  t reatment .  Such procedures  
give total  surface chromium concentration. 

A coulometric  method for the est imation of surface 
ch romium on passivated tin plate was proposed by 
Bri t ton (3). The sample is made  the anode of a cell 
with sodium phosphate solution as the electrolyte.  The 
potential  difference be tween  the sample and a re fe r -  
ence electrode is moni tored as a function of t ime for 
a galvanostatic t reatment .  According to Britton, during 
the potent ia l  arrest  shown on the potent ia l  t ime curves, 
Cr :l+ is oxidized to Cr 6+ wi th  about 56% current  effi- 
ciency. 

A coulometr ic  method basically the same as that  
suggested by Bri t ton for t in  plate is general ly  em-  
ployed for the determinat ion of metal l ic  chromium 
on TFS ( t in- f ree  steels wi th  a ch romium-chromium 
oxide coating) (4, 5). Al though Bri t ton recommended  
a neut ra l  phosphate solution for t in plate, sodium hy-  
droxide solutions are genera l ly  used for TFS. How-  
ever,  curves may  be obtained for passivated tin plate  
using ei ther  solution with  no ve ry  significant differ- 
ence in results. The question, therefore,  arises as to 
whe ther  or not such curves f rom tin plate samples 
can be used to demonst ra te  and est imate surface me-  
tallic chromium concentrations. 

This question is central  to a d isagreement  which has 
recent ly  arisen concerning the detai led chemical  na-  
ture  of the surface chromium on commercia l  CDC 
(cathodic dichromate)  tin plate. Much of the  work  
involved is unpublished;  however ,  the suggestion has 
been made (6, 7) that  metal l ic  chromium is present  on 
the surface of commercia l  CDC tin plate, and that  this 
concentrat ion can be est imated f rom potent ial  t ime 
curves. 

F rom Bri t ton 's  work  it was a l ready evident  that  the 
quant i ty  of charge passed during the potential  arrest  
f rom "as- rece ived"  t in  plate was too large for the 
potent ial  arrest  to be in terpre ted  in terms of 100% 
current  efficiency for the react ion Cr ~+ --> Cr 6+. Since 
not all the  surface chromium could .be metal l ic  chro-  
m i u m  this is also t rue  for the react ion Cr 0 ~ Cr 6+ . 
Bri t ton cited the work  of Shah and Davies (8) indi-  
cating oxidation of tin at these potentials.  However ,  
it has been suggested that  the smal ler  quant i ty  of 
charge passed during the potent ia l  arrest  obtained 
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during galvanostatic,  anodic t rea tment  of CDC tin 
plate which  had been previous ly  t rea ted  in hot  KOH 
(8.5M KOH at 180~ for 2 rain) is ent i re ly  used for 
the oxidation of metal l ic  chromium. This suggestion 
was associated wi th  the contention that  the surface 
chromium which is insoluble in hot alkali  is metal l ic  
chromium (6). According to Rocquet  and Aubrun  (7), 
the potent ial  arrest  f rom pla te  previously t reated in 
hot 1N NaOH cannot be in terpre ted  in te rms  of 100% 
current  efficiency for the react ion Cr 0 -~ Cr6+. How-  
ever, these workers  claim that  the potent ia l  arrest  
f rom plate  previously  t rea ted  in a NaOH-H202 solu- 
tion can be so interpreted.  

The present work  was under taken  to fur ther  the 
knowledge of the chemical  composition of the surface 
chromium on commercia l  CDC t i n  plate. We sought 
first a chemical  method which would  inform us as to 
whe the r  or not metal l ic  chromium was one of the 
Constituents on the surface of CDC tin plate. The 
method adopted was to t rea t  samples wi th  bromine 
methanol  solutions. Chromic oxides are insoluble in 
these solutions, whereas  ch romium t r ioxide  and me-  
tallic chromium are soluble. By  analyzing the in-  
soluble residue f rom at tack by bromine methanol  on 
samples previously subjected to one of the str ipping 
methods,  as wel l  as samples in the as- received condi- 
tion, it was possible to de termine  whe the r  or not the 
surface chromium is soluble in bromine methanol.  

Methods 
Details of each of the methods used are g iven below. 

Most of the  results were  obtained using disks of 8 in. 2 
surface area. 

Alkali stripping.--The sample was placed in 20 cc of 
8.5M (48%) KOH at 180~ for 2 rain. The sample was 
removed  and r insed into the solution. Twenty  cubic 
cent imeters  of 10% sulfuric acid and 10 cc of 85.5% 
phosphoric acid were  added. One to two drops of satu- 
ra ted potassium permangana te  were  added and the 
solution boiled for 5 rain. Ten cubic cent imeters  of 38% 
HC1 were  then added to reduce  the excess pe r man-  
ganate and obtain again a colorless solution. Diphenyl -  
carbazide reagent  (9) was added, the solution was 
brought  to 100 cc, and the chromium content  de ter -  
mined  colorimetrical ly.  The solutions have  a pH lower  
than the prefer red  range for use wi th  this reagent.  
Nevertheless,  meaningfu l  and consistent results were  
obtained. In la ter  work, the method has been modi-  
fied to give solution of higher  pH with  no difference 
in results. 

Acid + alkali stripping.--The method used was a 
modification of that  described by Hil l  (1). The sample 
was placed in 25 cc of sodium hydroxide-sod ium phos- 
phate  solution (40g NaOH + 50g Na3PO4/li ter) .  The 
solution was heated and al lowed to boil for  2 min. 
The sample was removed and r insed into the solution. 
This procedure  was repeated in 25 cc of 1:3 sulfuric 
acid, the solution being al lowed to boil for 1~  min. 
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The alkali and acid solutions were mixed. Potassium 
permanganate  was added and the procedure given 
above for calorimetric determinat ion of chromium was 
followed. 

Bromine methanol attack.--The sample was placed 
in a solution of 12 cc of b romine  and 25 cc of methanol.  
After  all reaction had ceased, the solution was filtered 
using a Millipore suction filtering apparatus and a Gel- 
man Metricel filter of pore size 0.45~ supported by a 
Wha tman  No. 42 filter paper. The residue was rinsed 
free of all bromine, then ignited and fused with borate 
and carbonate in a p la t inum crucible. The fusion was 
dissolved in 30 cc of 13% H2SO4. The solution was 
brought  to 50 cc and the chromium content  determined 
by atomic absorption. An al ternat ive procedure some- 
times used was to add 30 cc of the alkal i -phosphate 
solution to the sulfuric acid solution of the fusion, 
followed by 10 cc of phosphoric acid. This was fol- 
lowed by oxidation with permanganate  and calori- 
metric determinat ion of ch romium)  

Coulometry.--The procedure used closely followed 
Bri t ton 's  work. Samples were subjected to anodic gat-  
vanostatic t rea tment  at a current  densi ty  of 25/~A/cm 2 
in a solution of 7.5 g / l i ter  disodium phosphate buf-  
fered to a pH of 7.4 with phosphoric acid. A saturated 
calomel electrode was used as the reference electrode 
and the variat ion of sample potent ia l  with t ime was 
recorded. 

Results 
In one set of experiments,  samples were first stripped 

according to the acid plus alkali  method and then sub- 
jected to bromine methanol  attack. In  other cases the 
samples were subjected to attack by bromine methanol  
in the "as-received" condition. Tables I - I I I  show the 
results of these experiments.  

Figure 1 shows the results of two experiments  in 
which di f ferent  sized samples (the sample weight be-  
ing proport ional  to surface area) were subjected to 
complete attack by bromine  methanol.  The results are 
used in Table II. It is apparent  that  for three different 
lots of commercial  CDC t in plate the sum of the sur-  
face chromium removed by the alkali  plus acid str ip- 
ping plus the remain ing  chromium insoluble in  bro-  
mine  methanol  was equal to the total  chromium in-  
soluble in bromine  methanol  for the "as-received" 
samples. This means that  all, or very near ly  all, the 
surface chromium removed by the alkali  plus acid 
str ipping was insoluble in bromine methanol.  The 
chromium, insoluble in bromine  methanol,  that  was 
found for samples that  had previously been treated by 
the alkali  plus acid s tr ipping is contr ibuted by the 
base steel. 

E x t r a  spec ia l  p r e c a u t i o n s  to  m i n i m i z e  h y d r o l y s i s  r e a c t i o n s  d u e  
to  the  p re sence  of  w a t e r  d u r i n g  the  b r o m i n e  m e t h a n o l  a t t a c k  on  
samples  w e r e  no t  neces sa ry  s ince  we  w e r e  i n t e r e s t e d  on ly  in  t he  
c h r o m i u m  c o n t e n t  of the  res idue .  H o w e v e r ,  s a m p l e s  w h i c h  w e r e  
s t r i p p e d  in  ac id  or a l k a l i  a n d  t h e n  w e r e  s u b j e c t e d  to  b r o m i n e  
m e t h a n o l  a t t a c k  were  r i n s e d  f ree  of  w a t e r  w i t h  m e t h a n o l  p r i o r  to 
the  l a t t e r  t r e a t m e n t .  

Table I. Bromine methanol analysis of tin plate samples-- 
plate lot 1 

All samples had a surface area of 8 in. 2 
The results are given in #g/sample 

Cr in  residue 
Cr i n  res i -  f r o m  Br~-MeOH 

S ur f ace  Cr due f rom treatment  of  
r e m o v e d  by  subsequent  samples  

a l k a l i  + acid  Br2-MeOH AS 
stripping treatment  Total  rece ived Baked  

23.5 10.5 34.0 40.0 31.5 
19.5 13.0 32.5 38.5 42.5 
23.5 13.0 36.5 38.5 42.5 
22.0 10.0 32.0 37.0 36.5 
20.0 9.0 29.0 30.0 40.5 
22.5 10.5 33.0 28.5 36.5 
20.0 10.0 30.0 30.0 34.5 
18.5 13.0 31.5 38.5 34.5 

AVE = 21.2 11.1 32.3 35.1 37.3 
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Table I1. Bromine methanol analysis of tin plate samples~ 
plate lot 2 

All samples had a surface area of 8 in. 2 
Results are given in ~g/sample 

Cr  i n  res i -  Cr  in  r e s i d u e  
Su r f ace  Cr due  f r o m  f r o m  Br~MeOH 

r e m o v e d  by  s u b s e q u e n t  t r e a t m e n t  of  
a l k a l i  + ac id  Br2MeOH " a s - r e c e i v e d "  

s t r i p p i n g  t r e a t m e n t  To ta l  samples  

58 
24.5 32.0 56.5 f r o m  g r a p h s  
36.0 27.5 63,5 in  Fig .  1. 15 
30.5 30.0 60.5 s am p le s  
30.0 27.5 57.5 
31.5 25.0 56.0 
27.5 21.5 49.0 

A v g  = 30.0 27.3 57.2 

Table III. Bromine methanol analysis of tin plate samples-- 
plate lot 3 

All samples had a surface area of 8 in. 2 
Results are given in #g/sample 

Cr in  res i -  Cr  in  r e s i due  
Sur face  Cr due  f r o m  f r o m  Br2MeOH 

r e m o v e d  by s u b s e q u e n t  t r e a t m e n t  of 
a l k a l i  + ac id  Br~MeOH " a s - r e c e i v e d "  

s t r i p p i n g  t r e a t m e n t  To ta l  s amp le s  

34.0 82.5 116.5 II0.0 
30.5 82.0 112.5 113.0 
31.5 80.5 112.0 117.0 
36.5 83.0 119.5 111.5 
29.0 82.0 111.0 110.0 
34.0 83.0 i17.0 119.5 
31.0 86.0 117.0 119,0 
33.0 78.0 111.0 118.0 

Avg = 32.4 82,1 114.6 114.8 

Tables IV and V show the results of similar ex- 
per iments  in which the samples were first stripped in 
hot concentrated KOH and then subjected to bromine 
methanol  attack. The consistency of the data in Tables 
iV and V with those in Tables I and II should be noted. 

The total is the same whether  the sample is first 
t reated by the KOH method or by the alkali  plus acid 
method. The surface chromium removed by each 
method is insoluble in bromine  methanol,  but  more 
is removed by the alkali  plus acid str ipping method 
than by the KOH method. 

Figure 2 shows the results of a series of exper iments  
in which sample disks of 8 in. 2 area of lot 2 plate 
were subjected to bromine  methanol  at tack to differ- 
ent weight losses, the reaction not being allowed to 
go to completion. The weight loss was plotted against 
the quant i ty  of chromium found in the insoluble 
residue from that  weight loss. The results confirm 
by extrapolation to zero weight  loss that  about 32 #g/8 

Plate Lot 2 

50 �9 

d 4O 

30~- 
! 

o 

lO 

0 I I I I I f 
0.5 1.0 1.5 2.0 2,5 3.0 3,5 4.0 4.5 

SAMPLE WEIGHT - gins. 

Fig. 1. Cr in residue from bromine methanol attack in tin plate 
samples as a function of sample weight (includes Cr203 in steel 
base). 



Vol. 117, No. 9 S U R F A C E  C H R O M I U M  O N  T I N  P L A T E  1213 

Table IV. Bromine methanol analysis of tin plate samples-- 
plate lot 1 

All samples had a surface area of 8 in. 2 
The results are given in ~g/sample 

Cr  in  r e s i d u e  
S u r f a c e C r  f r o m  s u b s e q u e n t  

r e m o v e d  b y  B r ~ - M e O H  
K O H  t r e a t m e n t  T o t a l  

Table VI. Surface chromium remaining after anodic treatment-- 
plate lot 1 

Alkali + acid stripping method 
All samples had a surface area of 8 in. 2 

Results are given in/~g/samples 

A s - r e c e i v e d  S a m p l e s  p r e v i o u s l y  
s a m p l e s  g i v e n  a n o d i c  t r e a t m e n t  

S e t  1 Se t  2 

5.5 30.0 35,5 
9.5 32.0 41.5 

11.0 27.0 33.0 
4.0 32.0 36.0 
8.5 27.5 36,0 
7.0 28.0 35.0 
2.5 32.5 35.0 
8.0 25.0 33.0 

A v g  = 7,0 29.3 36.3 

Table V. Bromine methanol analysis of tin plate samples-- 
plate lot 2 

All samples had a surface area of 8 in. 2 
The results are given in p~g/sample 

Cr in residue 
Surface Cr from subsequent 
removed by Br2MeOH 

K O H  t r e a t m e n t  T o t a l  

15.0 44.0 59.0 
16.0 45,0 61.0 
8.5 44.0 53.5 

13.5 41.0 54.5 
14.0 46.5 60.5 
13.5 45.5 59.0 

A v g  ---- 13.6 44.3 57.9 

in. 2 of chromium insoluble in b romine  methanol  are 
on the surface of this plate. Also shown in  Fig. 2 are 
the results of similar experiments  for a sample size of 
18 in.2 surface area. The low chromium values as- 
sociated with the lower weight  loss arise from the fact 
that, since the surface chromium measured is insoluble 
in the medium, it must  be released by  undercut t ing.  
The base steel has a lower concentrat ion of chromium 
insoluble in bromine methanol  than the surface, so 
preferent ial  at tack of the base produces results below 
the l inear  relat ionship.  The lat ter  represents complete 
release of the surface chromium plus an amount  pro- 
port ional  to the extent  of at tack on the base steel. 

The results in Table VI show that  about half  the 
surface chromium remains  on the surface of the CDC 
t in plate after the anodic t rea tment  in phosphate solo- 
tions. This is in agreement  with Bri t ton 's  (3) observa-  
tion. Table VII shows that  this surface chromium is 
insoluble in  bromine  methanol  solutions after the 
anodic t reatment .  

Figure 3 shows a typical  potent ial  t ime curve for a 
sample that  had been previously t reated in  hot con- 

100 
�9 Surface Area 8 sq.in. Plate Lot 2 

90 o Surface Area 18 sq,in. 
o 

B0 

7G ~ o o 
o ~ 60 0% 

:::t 50 
~ 

4C o e e 

3C "- ' ------- ;--  " 
"o 

2G 
i Surface Chromium Removed From Plate Lot 2 

10 by Alkali + Acid Stripping = 30/Jg/8 sq.in. 

I I I I I I I I I I I 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1,3 

WEIGHT LOSS -grms. 

Fig. 2. Cr in residue from bromine methanol attack as q 
function of weight loss. 

21.5 11.5 10.0 
20.5 12.0 10.0 
24.0 8.5 7.0 
19.5 12.0 12.0 
21.5 
20.5 Avg = 11,0 9.8 
23.0 
21,5 

A v g  = 21.5 

Table VII. Surface chromium remaining after anodic treatment-- 
plate lot 1 

Cr in residue from Br2MeOH treatment 
All samples had a surface area of 8 in. 2 

Results are given in #g/sample 

S a m p l e s  p r e v i -  
S a m p l e s  p r e v i -  o u s l y  t r e a t e d  b y  

A s - r e c e i v e d  ous ly  g i v e n  a l k a l i  + a c i d  
s a m p l e s  a n o d i e  t r e a t m e n t  s t r i p p i n g  

40.0 20.0 10.5 
33.5 28.0 13.0 
38.5 20.5 13.0 
37.0 21.0 10.0 
30.0 31.5 9.0 
28,5 20.0 10.5 
30.0 22,5 10.0 
38.5 28.0 13.0 

A v g  = 35,1 23.9 I I . I  

Table VII I .  Potential arrest interpreted in terms of CrO-~Cr 6§ 

Results are calculated to a Cr ~ concentration in terms of 
#g Cr~ in. 2 

D e f i n i t i o n  of  
p o t e n t i a l  A s - r e c e i v e d  B a k e d  

P r e t r e a t m e n t  a r r e s t *  s a m p l e s  s a m p l e s  

8.5M K O H  a t  180~ f o r  2 m i n  A B  4.8 12.3 
8.5M K O H  a t  180~ f o r  2 m i n  A C  6.8 16.3 
8.5M K O H  a t  180~ f o r  2 r a i n  D C  12.0 20.2 
I N  N a O H  w i t h  0 .3% H202 a t  A B  16.7 - -  

141~ fo r  1 m i n  
1N N a O H  w i t h  5% H20~ a t  A B  14.0 - -  

141~ f o r  1 m i n  

* As d e s i g n a t e d  on c u r v e  in  F ig .  3, 

centrated KOH (curve b). For comparison, a curve from 
"as-received" plate is also shown (curve a).  The n u -  
merical  results obtained by  in terpre t ing the potential  
arrests, as measured by AB, AC, and PC, from KOH- 
treated samples in  terms of the oxidation of Cr ~ to 
Cr 6+ are shown in Table VIII. The sample area used 

I Electrolyte: Sodium Phosphate Buffered to pH = 7.4 
~ "  Current Density: 25 }~A/cm 2 

i ! As Received / S a m p l e  Treated / Sample Baked Then/ 
/ i n  8.5 M KOH / Treated in 8.5 M / 

/ at 180~ . /  KOH at 180~ / 

i ~ 
D / B 

I I 
4 Min. TIME 

Fi 9. 3. Anodic treatment of CDC tin plote (potential-time curves) 
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to obtain the curve  was 2.2 cm 2, and each side of the 
plate was run  separately.  The results g iven in Table 
VIII  have been calculated for 4 in. 2 of both sides 
and thus are comparable  wi th  the results of the chemi-  
cal analyses. Also shown in Fig. 3 is a typical  potent ial  
t ime curve  (curve c) for plate which had been baked 
(15 min at 350~ and then t rea ted  in KOH prior  to 
anodic polarization. Numer ica l  results obtained from 
such curves are also shown in Table VIII. Fol lowing 
the suggestion of Rocquet  and Aubrun  (7), potential  
t ime curves were  also obtained f rom plate which had 
been t reated in NaOH-H202 solutions, and results  f rom 
such exper iments  are also included in Table VIII. 

Discussion 
Chemical anaIysis.--Despite the l imitations on ac- 

curacy that  are apparent,  for example  in Fig. 1, the 
results c lear ly  indicate that  all, or ve ry  near ly  all, the 
surface chromium removed  by the alkali  plus acid 
strip is insoluble in bromine methanol.  Thus, it had 
been demonstra ted that  the surface chromium on these 
commercial  CDC samples that  is alkali  insoluble and 
acid soluble is insoluble in bromine  methanol,  and, 
therefore,  is not metal l ic  chromium. 4 Since metal l ic  
chromium is soluble in hot sulfuric acid, it is evi-  
dent that  there  is no appreciable quant i ty  of sur-  
face metal l ic  chromium on these plates. The l i tera-  
ture (10) indicates that  the solubil i ty in acid of an-  
hydrous chromic oxide is dependent  on the the rmal  
history of the chromic oxide. It is possible for anhy-  
drous chromic oxide to have a slight solubili ty in acid. 
Thus, we have found that  af ter  t r ea tment  of samples 
of commeric ia l  anhydrous chromic oxide in sulfuric 
acid, chromium could be detected in the solution in 
concentrat ions considerably grea ter  than the concen- 
trat ions occurr ing in our analyses. Af te r  t r ea tment  of 
the anhydrous chromic oxide wi th  25 cc of hot 8.5M 
KOH, not even microquant i t ies  of chromium could be 
found in the solution. This suggests that  the alkali  
insoluble surface chromium on commercia l  CDC tin 
plate may be anhydrous chromic oxide, which is, of 
course, insoluble in bromine  methanol  solutions. 

The alkali  soluble port ion of the surface chromium 
is indicated by our results also to be insoluble in 
bromine methanol  and is, therefore,  not a simple hexa-  
va lent  chromium compound. The suggestion here  is 
that  the alkali  soluble surface chromium is a hydra ted  
chromic oxide. Concentrated solutions of caustic are 
used to remove  and est imate the hydra ted  chromic 
oxide on the surface of TFS mater ia ls  (4, 5). 

It is, of course, possible that, ra ther  than anhydrous 
and hydrated chromic oxide, there  may  be two forms 
of hydra ted  oxide with  different degrees of hydration,  
one soluble the other  insoluble in alkali. 

It  wil l  be noted that  there  is a large percentage of 
var ia t ion in the quant i ty  of chromium found in the 
alkali  s tr ipping solutions from different samples of the 
same plate. This has been genera l ly  found to be t rue 
in our work. This may  represent  the l imit  of repro-  
ducibi l i ty in these experiments ,  and it may  be due to 
a cer ta in  amount  of undercut t ing  through etching of 
the tin. However ,  it may reflect genuine variat ions in 
the surface concentrat ion of alkali  soluble chromium 
oxide. 

Al though we have concluded that  there  is no meta l -  
lic chromium on the commercia l  CDC plates we have  
examined,  we cannot say that  metal l ic  chromium is 
not deposited during the CDC process. It  may be that  
the CDC process does deposit metal l ic  chromium but 
that  the chromium is subsequent ly oxidized, resul t ing 
in a product  which has no surface metal l ic  chromium. 

E x p e r i m e n t s  u s i n g  m e t a l l i c  c h r o m i u m  h a v e  s h o w n  t h a t  u n d e r  
the  e x p e r i m e n t a l  c o n d i t i o n s  a b o u t  200 m g  of c h r o m i u m  d i s s o l v e  in  
t h e  b r o m i n e  m e t h a n o l  so lu t ion  in  20 rain,  t he  sho r t e s t  t i m e  em -  
p loyed .  F o r  the  p la te  w i t h  the  h i g h e s t  c o n t e n t  of m e t a l l i c  c h r o m i u m  
i n  the  base,  t he  q u a n t i t y  of m e t a l l i c  c h r o m i u m  pe r  8-sq.- in.  s a m p l e  
was  a b o u t  1.6 rag. Thus ,  su r f ace  m e t a l l i c  c h r o m i u m  in  c o n c e n t r a -  
t i ons  e q u i v a l e n t  to  t he  t o t a l  su r face  c h r o m i u m  c o n c e n t r a t i o n  on  
CDC t i n  p la te  w o u l d  s t i l l  l e ave  t he  q u a n t i t y  of m e t a l l i c  c h r o m i u m  
w e l l  w i t h i n  the  p r a c t i c a l  s o l u b i l i t y  l imi t .  

Potential-time curves.--It is realized that,  if t rea t -  
ment  in hot concentrated KOH removed  surface chro- 
mic oxide leaving behind metal l ic  chromium, some, if 
not all, of this metal l ic  chromium would oxidize when  
the samples were  re -exposed  to the atmosphere.  Thus, 
when  subsequent ly subjected to anodic t rea tment  as 
in the work  to which reference  has been made, the 
sample would have  some surface chromium oxide. 
However ,  this oxide is not necessari ly involved in any 
electrolytic react ion dur ing the galvanostat ic  anodic 
t reatment .  For  example,  in the case of TFS mate -  
rials it is claimed (4) that  the same charge is passed 
during the potent ial  arrest  whe ther  or not the chromic 
oxide is first r emoved  by t rea tment  in hot KOH. A less 
ambiguous consideration is that  we have  already 
shown that  the alkali  insoluble and acid soluble surface 
chromium is not metal l ic  chromium. Nevertheless,  in 
view of the various in terpreta t ions  that  have  been ap- 
plied to the potent ial  t ime curves f rom anodic t rea t -  
merit of t in plate, we felt  it of interest  to examine  
these curves briefly. 

It may  be noted that the original  suggestion that  
the curves f rom KOH- t r ea t ed  samples could be used 
to est imate surface metal l ic  chromium on CDC tin 
plate defined the potent ial  arrest  as port ion DC of the 
curve  (Fig. 3). The results so obtained, Table  VIII, are 
inconsistent wi th  the results of the chemical  analyses 
discussed above. The accuracy of the results reported 
in Table II is not sufficient to ru le  out wi th  cer ta in ty  
the possibility of 5 ~g of metal l ic  chromium per  8 
in. 2 indicated in the  first line of Table VIII. However ,  
our results show this possibility as unlikely,  and the 
larger  numbers  obtained f rom baked plate show that  
the potential  arrest  is not correct ly  in terpre ted  in 
terms of 100 % current  efficiency for the  react ion Cr 0 -~ 
Cr 6+. An increase in surface metal l ic  chromium on 
baking is hardly  a reasonable in terpre ta t ion  and, in 
any case, the data in Table I show that  there  is no loss 
of chromic oxide on baking. Quite clearly, it cannot be 
assumed a priori that  the potent ial  arrest, however  
measured, from samples previous ly  t rea ted  in KOH is 
due only to the oxidation of metal l ic  chromium. A pos- 
sible explanat ion of the larger  potent ial  arrest  f rom 
the baked plate is an increase in the amount  of 
chromic oxide not removed by the KOH treatment .  
However ,  we have not been able to confirm this ex-  
perimental ly.  

The large concentrat ions of surface metal l ic  chro-  
mium calculated f rom the curves from samples t reated 
in NaOH-H202 solution are, of course, inconsistent 
wi th  the results of the chemical  analyses discussed 
above. Thus, also in this case, we conclude that  the 
potent ial  arrest  cannot be in terpre ted  only in terms of 
the oxidation of metal l ic  chromium. 

Conclusions 
1. The surface chromium on the commercia l  CDC 

tin plate was insoluble in bromine methanol.  It was 
re ta ined on the surface not as metal l ic  chromium but 
as a chromic oxide, probably a mix ture  of hydra ted  
and anhydrous chromic oxide or possibly a mix ture  
of two different hydra ted  forms. 

2. The potent ia l  t ime curves f rom anodic t rea tment  
of CDC tin plate cannot be in terpre ted  in the simple 
manner  employed in the case of TFS materials,  even 
if the plate be first t rea ted in hot concentrated KOH. 

3. Anodic polarizat ion of samples previous ly  t reated 
in NaOH-H202 solution does not yield potent ial  ar-  
rests that  may be in te rpre ted  ent i re ly  in terms of the 
oxidation of Cr 0 to Cr 6 +. 
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Improvements in the Etching of Hard Aluminum 
Electrolytic Capacitor Foil 

M. S. Hunter* 

Alcoa Research Laboratories, Aluminum Company of America, New Kensington, Pennsylvania 15068 

ABSTRACT 

Improved procedures are described for etching hard electrolytic capacitor 
foil for low and intermediate  voltage applications. For low voltage formation 
(0-100V), high capacitance was obtained by etching at high current  density 
in  a solution containing a high NaC1 concentrat ion and 10 g/ l i ter  Na2SO4. 
For intermediate  voltage formation (100-250V), opt imum etching conditions 
consisted of a lower current  density and NaC1 concentrat ion,  along wi th  the 
sulfate addition. In  both applications, the combinat ion of hard foil and the  sul-  
fate addition in the etch bath were par t icular ly  advantageous. 

The cont inuing demand for a luminum electrolytic 
capacitors has been for uni ts  of greater capacity and 
smaller size. This demand can be met  by improving 
etching techniques, with special a luminum foils, and 
through the selection of opt imum combinations of foil 
and etch process for specific applications. 

The abil i ty of hard-rol led  a luminum foil to produce 
capacitor anodes of greater capacitance was discovered 
over 30 years ago (1), but  no use was made of this 
discovery for almost 25 years. In  1962, it was stated 
that, since dislocations act as preferred sites for etch 
attack, the large number  of dislocations in a work-  
hardened foil should lead to a finer etch (2). Such 
an etch would be expected to have a greater surface 
area and, hence, higher capacitance. Short ly thereafter,  
it was shown that this actually was the case, al though 
this fact did not appear in the l i terature  for several 
years (3). 

Two of the most significant advancements  in elec- 
trolytic etching technology have been: (a) the dis- 
covery that etching current  density has a profound 
effect on capacitance with both high and low formation 
voltages (2-3), and (b) the discovery that  the addition 
of sodium sulfate to the electrolytic etching bath in -  
creases greatly the capacitance of annealed  foil at low 
formation voltages (4-6). Present  work describes addi- 
t ional improvements  in eIectrolytic etching technology 
in  sodium chloride solutions, which can be used to 
obtain considerably higher capacitance at both low and 
intermediate  formation voltages. 

Low Voltage Formation 
In experiments  involving low voltage formation 

(0-100V), 0.003-0.0035 in. thick foils of 99.99, 99.93, and 
99.88% a luminum in both the annealed (0) and hard 
(H19) tempers were used. In evaluat ing the effect of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
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NaC1 concentration,  a current  density of O.99A/cm 2 
(6.4 A/in .  2) 1 was employed because high current  den-  
sity has proven to be advantageous in etching foil for 
low voltage applications. NaC1 concentrat ions from 80 
to 310 g/ l i ter  were evaluated since this is the range 
over which rela t ively high current  densities can be 
obtained conveniently.  Format ion  was in an aqueous 
solution containing 30 g/ l i ter  tartaric acid and adjusted 
to pH 5.5 with NH4OH. Measurement  was at 60 Hz in a 
solution having a resistance of 30 ohms, using 3 in. x 
1V2 in. samples centered between stainless steel cath- 
odes 1 in. apart. 

NaC1 concentrat ion affected capacitance with all 
puri t ies and both tempers of foil, as shown by the data 
for 30V formation in Table I. Capacitance increased 
progressively with NaCI concentrat ion throughout  the 
range. The effect was more pronounced with hard foil 
than with annealed foil. With annealed  foil, the im-  
provement  over the concentrat ion range was greatest 
with highest pur i ty  foil. With hard foil, however, the 
improvement  was greatest with lowest pur i ty  foil. 

1 A l l  a reas  are p r o j e c t e d  area;  e.g., 2 in.  • 2 in.  s a m p l e  ha s  4 in.'-' 
area.  

Table t Effect of temper and HaCI concentration 1 on 
30V capacitance 2 

NaC1 concen t r a t i on ,  g / l i t e r  

P u r i t y  T e m p e r  80 120 200 310 

99.99 A n n e a l e d  40.0 43.1 44.0 49,9 
99.99 H a r d  59.3 62.0 68,0 72.8 
99.93 A n n e a l e d  40.1 41.8 41.3 45.4 
99.93 H a r d  52.1 56.9 64.7 68.8 
99.88 A n n e a l e d  40.7 41.3 42,7 44.4 
99,88 H a r d  43.2 50.0 53.1 65.0 

6.4 A/in.~;  7.2 A-m in / i n .~ ;  s o l u t i o n  a t  90~ 
U m f d / i n . 2  af ter  r o o m - t e m p e r a t u r e  f o r m a t i o n  i n  3% a m m o n i u m  

t a r t r a t e  s o l u t i o n  a t  p H  5.5, 
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Table II. Effect of temper and sulfate 1 on 30V capacitance 2 

September  1970 

P e r  c e n t  
Without 1O g / l i t e r  i m p r o v e m e n t  

P u r i t y  T e m p e r  s u l f a t e  Na2SO4 f r o m  s u l f a t e  

99.99 A n n e a l e d  44.0 52.0 + 18 
99.99 H a r d  68.0 102.2 + 50 
99.93 A n n e a l e d  41.3 51.8 + 25 
99.93 H a r d  64.7 96.6 + 49 
99.88 A n n e a l e d  42.7 51.4 + 20 
99.88 H a r d  53.1 84.6 + 59 

P e r  c e n t  d i f f e r e n c e - - h a r d  v s .  a n n e a l e d  

P u r i t y  Without sulfate 10 g / l i ter  Na=SO~ 

99.99 + 54 + 97 
99.93 + 57 + 86 
99.88 + 24 + 65 

z 200 g / l i t e r  C .P .  NaC1 a t  9O~ 6.4 A / i n .  ~ f o r  7.2 A-min/ in . ' - ' .  
~ m f d / i n . 2  a f t e r  r o o m - t e m p e r a t u r e  f o r m a t i o n  i n  3% a m m o n i u m  

tartrate solution a t  p H  5.5. 

In evaluat ing the effect of sulfate, the same etching 
cur ren t  densi ty was used, along with various com- 
binations of NaCI and sodium sulfate concentrations. 
It was found that the max imum benefit from the sul-  
fate addition was achieved at a concentrat ion of about 
10 g/li ter.  With this sulfate content, best consistency 
of etch and highest capacitance were obtained with 
NaC1 concentrat ions in the range of 200-230 g/l i ter .  
Data for the 200 g/ l i ter  solution are listed in Table II. 

The data in this table show the beneficial effect of 
sulfate with annealed foil that has been described 
previously in patents (4-6). They also show that  the 
beneficial effect of sulfate is considerably greater with 
hard foil, which increased 4.8-5.3 mfd /cm 2 (31-34 
mfd/in.2),  than  with annealed foil, which gained 1.24- 
1.55 mfd /cm 2 (8-10 mfd/in.2).  In  addition, the combined 
effect of temper  and sulfate is decidedly synergistic. 
For example, with 99.99 foil, the improvement  in ca- 
pacitance of annealed foil from the sulfate addition is 
1.24 mfd /cm 2 (8.0 mfd/in.2).  The improvement  from 
annealed to hard foil, without sulfate in the etch, is 
3.7 mfd /cm 2 (24 mfd/in.2).  On the simple assumption 
that effects would be additive, it might be expected 
that the combinat ion would increase capacitance by 
about 5 mfd /cm 2 (32 mfd/in.2).  The actual improve-  
ment,  however, was 9 mfd /cm 2 (58.2 mfd/in.2),  80% 
greater than expected. This improvement  is par t icu-  
lar ly impressive because the increase in capacitance 
with the hard foil-sulfate combinat ion is over 130% 
with the two higher purit ies of foil and almost 100% 
with the lowest pur i ty  foil. 

Electron microscope examinat ions revealed the 
changes in etch configuration associated with changes 
in NaC1 concentrat ion and the addit ion of sulfate to 
the etch bath. These observations supported the pr in-  
ciples stated previously (2) that  capacitance is deter-  
mined not only by the surface area developed dur ing 
etching, but  also by the degree of smoothing dur ing 
formation which results from the consumption of a lu-  
m i n u m  to form the oxide dielectric film. For this rea-  
son, relat ively coarse etches are best for high voltage 
formation because the surface area is retained better  
during formation. On the other hand, in low voltage 
applications, advantage can be taken of finer etches, 
which develop greater surface area, because so little 
metal  is consumed dur ing formation. 

Electron microscope examinat ions were made using 
plast ic-carbon replicas. These showed that hard foil 
developed a much finer etch configuration under  all 
etching conditions. Increasing NaC1 concentrat ion and 
adding sulfate to the etch bath also produced a finer 
etch. Thus, the opt imum combinat ion for low voltage 
formation was hard foil, high current  density, high 
NaC1 concentration, and sulfate addition in the etch 
bath. 

The effects of temper  and sulfate addition on the 
etch configurations of 1199 foil are shown in Fig. 1 and 
2. In  these micrographs, the etch facets are the (100) 

Fig. 1. Etch configurations developed by etching 1199 foil at 
4.8 A/in. 2 in 200 g/liter NaCI solution (X6000). Top--annealed 
foil, 45.8 mfd/in. 2 at 30V formation. Bottom--hard foil, 82.4 mfd/ 
in. 9 at 30V formation. 

planes of the a luminum lattice. In  annealed samples, 
these form a regular  array because the fields shown 
are within single grains. With hard-rol led  foil, the 
etch facets are arrayed more i r regular ly  because of 
the highly f ragmented s t ructure  of the foil. Sulfate 
addit ion (Fig. 2) brought about fur ther  ref inement of 
the general  etch configuration and, in addition, devel-  
oped addit ional smaller  steps and facets superimposed 
on the larger facets. 

In  the lower micrograph of Fig. 2, a very fine speck- 
ling of the metal  surface is apparent.  This configuration 
has been noted with sulfa te-bear ing etches and has 
tended to be more prevalent  with hard foil and with 
high NaC1 concentrations. 

I n te rmed ia te  V o l t a g e  Formation 
The investigation of the potentiali t ies of hard foil for 

use in the intermediate  forming voltage range (100- 
250V) was concerned pr imar i ly  with defining opt imum 
etching conditions. Foils of 99.99, 99.93, and 99.88% 
m i n i m u m  purity,  in the 0 and H19 tempers, were used. 
Basing the choice of etch parameters  on the principles 
defined previously, and the known  effect of the possible 
etch variables, samples were etched at cur rent  densi-  
ties from 0.25 to 0.75 A/cme (1.6-4.8 A/in.2),  in solutions 
containing from 40 to 240 g / l i te r  NaC1, both with and 
without  an addition of 10 g/ l i ter  Na2SO4. Format ion 
was in an aqueous solution containing 1 g/ l i ter  
NH4H2PO4 operated at 90~ Measurement  was the 
same as for low voltage formation except that  a mea-  
suring solution having a resistance of 1440 ohms was 
used. 

It  was found, as had been expected, that  opt imum 
conditions for in termediate  voltage formation were 
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Fig. 2. Etch configurations developed by etching 1199 foil at 
4.8 A/in. 2 in solution of 200 g/liter NaCI -{- 10 g/IJter Na2SO4 
(X6000). Top--annealed foil, 56.7 mfd/in. 2 at 30V formation. 
Bottom--hard foil, 114.2 mfd/in. 2 at 30V formation. 

Fig. 3. Etch configurations developed by etching 1199 foil under 
conditions optimum for intermediate voltage formation (X6000). 
Top--annealed foil, 4.71 told/in. 2 at 165V formation. Bottom-- 
hard foil, 7.89 mfd/in. 2 at 165V formation. 

different  f rom those for e i ther  h igh-vol tage  or  low-  
vol tage applications.  Wi thout  sulfate  addit ion,  mod-  
e ra te ly  high NaC1 concentra t ions  (160-240 g / l i t e r )  and 
cur ren t  dens i ty  (~3.2 A/in.~) were  opt imum. Under  
these conditions,  ha rd  foil  of all  pur i t ies  showed some 
advantage  over  annea led  foil  at 125V format ion  (Table  
I I I ) .  As fo rmat ion  vol tage  was increased,  however ,  
this advan tage  decreased rapid ly ,  pa r t i cu l a r ly  wi th  
lowest  pu r i ty  foil. 

Wi th  sulfate  addi t ion to the etch solution, the  e tch-  
refining effect of the  sulfate  had to be offset somewhat  
for  m a x i m u m  capacitance.  This was done by reducing 

NaC1 concentra t ion to about  80 g / l i te r .  Wi th  this modi -  
fication, the combinat ion  of hard  foil  and sulfate  add i -  
t ion produced g rea t ly  increased capaci tance as shown 
by  the values  in Table  III. At  these  capaci tance levels,  
ha rd  foil  showed an advan tage  over  annealed  foil  wi th  
al l  pur i t ies  and at al l  forming voltages.  

A fur ther  increase  in we t -ce l l  capaci tance was ob-  
ta ined  by  hydra t ing  the etched samples  p r io r  to fo rma-  
tion as shown by  the  da ta  in Table  IV. These h igher  
values  could be ut i l ized only if the  a l p h a - a l u m i n a -  
monohydra te  formed dur ing  hydra t ion  had no adverse  
effect on other  capaci tor  character is t ics .  

Table Ill. Effect of temper and sulfate on capacitance at intermediate formation voltages 1 

No su l f a t e  i n  e t c h ~ - - m f d / i n .  ~ S u l f a t e  i n  e teha-- -mfd/ ln .  ~ 

P u r i t y  T e m p e r  125V 165V 2O0V 260V 125V 165V 20OV 260V 

99.99 A n n e a l e d  6.13 4.13 3. O0 2.03 6.71 4.58 3.42 2.34 
99.99 H a r d  7.64 4.71 3.27 2.09 13.20 8.09 6.47 3.56 
99.93 A n n e a l e d  5.76 3.87 2.67 1.80 6.60 4.44 3.27 2.22 
99.93 H a r d  6.89 4.02 2.73 1.64 11.60 8.98 4.69 2.98 
99.88 A n n e a l e d  6.67 3.76 2.67 1.78 6.31 4.42 3.16 2.20 
99.88 H a r d  6.69 3.73 2.47 1.46 11.29 6.67 4.56 2.84 

Pe r  cen t  d i f fe rence- - -ha rd  v s .  a n n e a l e d  

No su l f a t e  in  e t ch  ~ S u l f a t e  i n  etch3 

P u r i t y  125V 165V 200V 250V 125V 185V 200V 250V 

99.99 + 25 + 14 § 9 + 3 + 97 + 73 + 60 + 52 
99.93 + 20 + 4 § 2 -- 9 + 76 + 57 + 43 + 34 
99.88 § 18 - -  1 -- 7 -- 18 + 79 + 61 + 44 § 29 

F o r m e d  w i t h o u t  h y d r a t i o n .  F o r m a t i o n  in  1 g a i t e r  NH~H2PO4 so lu t i on  a t  90~ 
E t c h e d  a t  3.2 A/ in .2  fo r  7.2 A - m i n / i n . ~  in  9O~ so lu t ions ;  99.99 i n  160 g / l i t e r ,  o the r s  in  240 g / l i t e r .  

3 E t c h e d  as a b o v e  b u t  in  s o l u t i o n  of  60 g / l i t e r  NaC1 + 10 g / l i t e r  Na2SO~. 
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Table IV. Effect of hydration I on capacitance of hard foil etched in sulfate-bearing solution 2 
and formed at intermediate voltages 

S e p t e m b e r  I970 

W i t h o u t  h y d r a t i o n - - m f d / i n .  ~ W i t h  h y d r a t i o n - - m f d / i n .  ~ 

P u r i t y  T e m p e r  125V 165V 2OOV 250V 12SV 165V 20OV 250V 

99.99 A n n e a l e d  6.71 4.58 3.42 2.34 
99.99 H a r d  14.27 8.50 5.53 3.56 
99.93 A n n e a l e d  6.60 4.44 3.27 2.22 
99.93 H a r d  12.91 7.60 5.00 3.07 
99.88 A n n e a l e d  6.31 4.42 3.16 2.20 
99.88 H a r d  12.47 7.20 4.73 2.89 

Purity T e m p e r  

8.56 6.20 5.16 3.56 
16.48 10.18 7.58 5.24 
8.22 6.00 4.58 3.44 

15.62 9.35 6.84 4.47 
7.87 5.89 4.73 3.40 

16.27 8.82 6.31 4.42 

Per  cen t  improvement with hydration 

125V 165V 2OOV 250V 

99.99 A n n e a l e d  
99.99 Hard 
99.93 A n n e a l e d  
99.93 H a r d  
99.88 A n n e a l e d  
99.88 Hard 

+28  +35  +51  +52  
+ 15 + 20 + 37 + 47 
+25  +35  + 4 0  + 6 5  
+21  + 2 3  +37  + 4 5  
+25  +33  +50  + 5 4  
+ 30 + 22 + 33 + 53 

1 Ten  m i n u t e s  in  b o i l i n g  d i s t i l l e d  water .  
E t c h e d  a t  *3.2 A / i n 9  fo r  7.2 A - m i n / i n 9  in  80 g / l i t e r  NaCI  + 1O 

3 F o r m a t i o n  in  1 g / l i t e r  NH4H2PO~ so lu t i on  a t  90~ 

Electron microscope examinat ions were made to 
show the character of the roughness found opt imum 
for in termediate  voltage formation. The roughness of 
annealed and hard foil samples etched under  conditions 
opt imum for hard foil are shown in Fig. 3. The dif- 
ference in general  roughening between the two tem- 
pers is apparent,  al though the basic facet size is some- 
what  larger than that found opt imum for low voltage 
formation. The larger facet size results from lower 
NaC1 concentrat ion used. Superimposed on general  
roughness is the finer faceted pattern,  apparent ly  gen-  
erated by sulfate addition. 

Summary and Conclusion 
For low voltage formation, hard foil develops maxi -  

mum capacitance with high NaC1 concentration,  high 
etching current  density, and a sulfate addition to the 
etch. For intermediate  forming voltages, opt imum con- 

g / l i t e r  N a ~ O 4  a t  90~ 

ditions involve lower current  density and somewhat 
lower NaC1 concentration. With proper etch param-  
eters, hard foil is superior to annealed foil up to 250V 
formation. 

Manuscript  submit ted March 30, 1970; revised m a n u -  
script received ca. May 26, 1970. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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ABSTRACT 

Electron microscopy and electron microprobe analysis have shown that  
discrete i ron-r ich impur i ty  sites in a luminum foil cause the formation of 
voids 2-40~ in diameter  in the porous part  of a duplex porous-barr ier  anodic 
film used as the insulat ing element  in a voltage-sensit ive switch. It  is postu- 
lated that  the existence of these voids allows the counterelectrode mater ia l  to 
penetrate  the porous layer and contact the  under ly ing  barr ier  layer. Since 
the cross-sectional area penetrated is very small, the probabi l i ty  of direct 
contact to imperfections in the barr ier  layer  is much lower than would be 
the case with a simple meta l -bar r i e r  oxide-metal  system. As a result, b reak-  
down strength of a device made with the duplex oxide is more un i formly  
reproducible than  that  of the la t ter  and is also more near ly  characteristic of 
bu lk  a luminum oxide. 

A single-shot, voltage-sensit ive switch with ex- 
t remely reproducible breakdown characteristics can 
be prepared on an a luminum substrate by anodizing 
the a luminum sequential ly  in a porous film forming 
electrolyte and in a barr ier  film forming solution and 
then applying an appropriate counterelectrode. This 
device is designed to short-circuit  when a pulse voltage 
of a predetermined magni tude  is applied across the 
electrodes. Prior to closure the characteristics of the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
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strength. 

device are those of a low-leakage, low-capacitance 
capacitor, while after breakdown it behaves as a low- 
resistance conductor. The devices used for this study 
were designed to close at low voltages (5-15V), but  
higher closure voltages can be achieved by increasing 
the thickness of the barr ier  portion of the porous film 
formed by the duplex anodization. Closure t ime for 
the device is dependent  on the height of the voltage 
pulse applied, but  can easily be controlled to wi th in  
a few microseconds. 

Although it has been recognized that  films contain-  
ing porous a luminum oxide of the type which is 
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formed in chromic acid anodizing electrolytes give 
more reproducible results for this switching app l ica -  
t ion than do films of the pure, compact barr ier  type 
oxide which is used in electrolytic capacitors (1, 2), the 
reasons for the different behavior  have not been elu-  
cidated. In  this communicat ion we describe our a t '  
tempts to establish the mechanism of operation of 
switches utilizing porous oxide by  means of optical 
and electron microscopical examinat ion of the system 
before and after b reakdown had occurred. 

Experimental 
A l u m i n u m  foil for the base electrode was  either 

99.88, 99.99, 99.999, or 99.9999% pure and was electro- 
polished in a perchloric acid-acetic anhydr ide  solution 
prior to anodization. Specimens were carefully washed 
in  distilled water  after polishing. In  the few experi-  
ments  where evaporated substrates were used, the 
source mater ia l  was 99.999% aluminum.  

Anodizat ion in aqueous 1.5% chromic acid was car-  
ried out at constant  cur ren t  at 38~ for a predeter-  
mined length of time. Under  the exper imental  condi-  
tions used, anodization in chromic acid solution is 
known to produce a porous type Of a luminum oxide 
with a layer  of compact bar r ie r  oxide at the base of 
the pores. At the current  densities used here ( ~  0.5 
mA/cm2),  the barr ier  layer reaches a l imit ing thickness 
in  less than 10 rain, as evidenced by the constancy of 
the cell voltage beyond that  time. The porous layer, 
however, continues to grow. 

Following the anodization in chromic acid, all  speci- 
mens were anodized at a constant  voltage which was 
slightly higher than the te rminal  voltage in the CrO3 
solution in 0.1% aqueous ammonium dihydrogen phos- 
phate solution (ADP) at 85~ This second anodiza- 
t ion has been shown to improve the uni formi ty  of 
closure voltage (2), presumably  by healing imperfec-  
tions in the compact portion of the original  film formed 
in CrO3. Some increase in the thickness of the compact 
layer also occurs dur ing this step, bu t  the amount  
of oxide formed is very  small  compared to that  formed 
dur ing the first anodization. 

The usual  counterelectrode mater ia l  was a relat ively 
heavy coating of silver paste which was dried at 125~ 
after application, but, for purposes of reveal ing the 
appearance of the film after  breakdown, in some cases 
a th in  silver paste was applied to the oxide to form a 
re la t ively t ransparen t  counterelectrode. 

Observations 
Figure 1 shows low magnification appearances of 

a luminum foil of three different purities after electro- 
polishing and anodization in chromic acid solution. 
Anodization in ADP did not noticeably change the 
appearance of the foil. The spots which appear on all 
specimens, which will  hereafter  be referred to as de- 
fects, are most obviously prominent  on the lowest 
pur i ty  foil; 99.9999% foil showed no evidence of the 
presence of defects. In  no case was it possible to see 
defects of this type when samples had been electro- 
polished but  had not been anodized in chromic acid. I t  
was fur ther  observed that  variat ions in the density of 
sites occurred from one manufac turer ' s  product  to the 
next  even with metal  foil specimens which had the 
same over-al l  purity.  

Electron microprobe examinat ion of the defect sites 
showed that  a concentrat ion of metall ic impuri t ies  
occurs at these locations. The roughly circular sites, 
which are about 2-40~ in diameter, have, as may be 
seen in Fig. 2, a central  core which is 1-2~ across which 
appears to contain the bu lk  of the impuri ty.  In  the 
case of 99.88 and 99.99% metal, the impur i ty  was pr i -  
mar i ly  iron in  amounts  of 0.5 and 0.1%, respectively, 
in the volume of mater ia l  analyzed by the micro- 
probe; a small  amount  of nickel was also present.  In  
the 99.999% foil about 0.05% chromium was found. At 
high magnification in the optical microscope, it  was 
easily determined that  the central  region was lower by 
several microns than  the sur rounding  site area and 
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Fig. 1. Appearance of aluminum foil of three different purities 
after electropolishing and anodizing in chromic acid solution. 

Fig. 2. High magnification view of defect site on 99.99% 
aluminum. 

that  the whole site was somewhat lower than  the rest 
of the foil surface. 

Switches made using thin silver electrodes were 
closed by applying the appropriate  pulse voltage in 
order to observe the appearance of specific breakdown 
locations; Fig. 3 shows one such specimen. From the 
s imilar i ty  of appearance of the specimen which had 
been broken down to that  seen in Fig. 2, it seems 
obvious that  breakdown is localized at the impur i ty  
sites. 

Oxide films were then isolated from anodized foil by 
the use of an aqueous mercuric chloride solution which 
amalgamates with the a luminum and allows the film 
to float free. Pieces of film were rinsed and then 
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Fig. 3. Defect sites where breakdown has occurred. Black material 
is thin silver counterelectrode. 

picked up on copper screens for examinat ion  in the 
electron microscope. Figure  4 contains a selection of 
transmission micrographs of areas of oxide which 
(presumably)  were  located above defect sites in the 
metal.  The darker  areas are thicker  than the l ighter  
and indicate the presence of porous A120~, whi le  the 
l ighter  areas, as can be seen par t icular ly  in Fig. 4 (b),  
have  a s t ructure  more  typical  of ba r r i e r - type  oxide. 
In several  cases, the thin-f i lm area has apparent ly  
separated f rom the th icker  film and left  a hole in the 
specimen. 

When the anodization t ime in chromic acid is grea t ly  
increased, the sites have a sl ightly different appearance 
as is shown in Fig. 5. It  appears that  the porous oxide 
on both sides of the annular  void has begun to grow 
across the barr ier  oxide region. It seems possible that  
these growths might  u l t imate ly  form a bridge across 
the thin-f i lm area when  the film is grown to still 
grea ter  thickness, but this was not verified direct ly  due 
to the fact that  the electron beam could not penet ra te  
a film much thicker  than that  of Fig. 5. 

Correlation of Physical Structure with 
Electrical Characteristics 

Typical  r amp- type  closure data (applied voltage was 
increased at 0.1 V/sec unti l  b reakdown occurred) for 
films formed on two different pur i ty  substrates are 
plotted in Fig. 6 as a function of anodization t ime in 
chromic acid (which is roughly proport ional  to the 
total  film thickness).  For  both purities, a p la teau is 
observed for short anodization t imes and a sharply 
increasing slope thereafter .  On the pla teau region of 
the curves closure vol tage is ve ry  reproducible,  while  
beyond that  region breakdown is erratic. 

Since the breakdown vol tage in the plateau region is 
roughly the same as the ADP anodization voltage, and 
since it can be demonstra ted that  the porous layer  
continues to grow throughout  the pla teau regions of 
these curves, it is apparent  that  the porous port ion of 
the film does not contr ibute to the breakdown vol tage 
unti l  it has grown beyond a crit ical  thickness, which 
thickness is larger  for lower pur i ty  aluminum. Effec- 
tively, anything less than the cri t ical  thickness of 
porous oxide is shor ted-out  by the defect sites so that  
it makes no contr ibution to the closure voltage. The 
more  sites that  are present,  or perhaps  the larger  or 
deeper they are, as is probably the case wi th  99.88% 
metal,  the thicker  the layer  of oxide which can be 
affected, and the longer the plateau region of the curve. 

F rom the appearance of the film over  the impur i ty  
sites and the known structure of porous oxide films on 
aluminum, we deduce the cross-sectional s t ructure  of 
the sites shown in Fig. 7 and the fol lowing explanat ion 
for device performance.  The nonhomogenei ty  of the 

Fig. 4a 

Fig. 4b 

Fig. 4c 

Fig. 4 (a), (b), (c). Transmission electron micrographs of oxide 
films formed by anedization of electropolished ?9.99% aluminum 
foil for 5 rain in chromic acid solution. 

i ron impuri t ies  appears to be due to the low solubil i ty 
of iron in aluminum, which causes segregation of an 
i ron-r ich  phase at specific sites. F rom the transmission 
photographs it appears that  porous oxide does not 
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Fig. 5. Transmission electron microgroph of oxide film formed by 
anodization of electropolished 99.99% aluminum for 15 min in 
chromic acid solution. 
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Fig. 6. Closure voltage as a function of anodization time in 
chromic acid solution. 

POROUS OXIDE'~ 

OF IMPURFI-IES 
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Fig. 7. Proposed cross-sectional structure of defect site 

form over an annu la r ly  shaped region on top of these 
discrete iron locations in the original foil. However, 
barr ier  oxide apparent ly  does form in the annula r  re- 
gion, as can be seen in Fig. 4(b) ,  where the th inner  
barr ier  oxide has broken and rolled back on itself. The 
barr ier  layer  has the typical "orange peel" appearance 
which has often been observed on electropolished alu-  
m inum and on thin dielectric A12Oz films (3, 4). The 
reasons for the formation of porous oxide over the 

very  center  of the site but  not around its periphery 
are not  known, but  may indicate that i ron is absent 
from the most central  region. Unfortunately,  the diam- 
eter of the electron beam in the microprobe was too 
large to tell  precisely whether  the impur i ty  was lo- 
cated in the exact center of the site or in the annula r  
ring, so that a complete correlation was not possible. 

Because of the presence of these annu la r ly  shaped 
voids in the porous layer it is possible for the counter-  
electrode mater ia l  to penetrate  through to the barr ier  
film at a considerable number  of locations, par t icu-  
lar ly  when  a l iquid or semiliquid vehicle is used for 
application of the counterelectrode. Since the total 
insulator  thickness is then less at these points than at 
the sur rounding  locations, the switch is most l ikely to 
break down at the defect sites. In  fact, electron micro- 
probe analysis of devices made from 99.99% a luminum 
showed that  i ron was present  at every shorted area in  
a closed switch. This explains why the closure voltage 
on the plateau sections in Fig. 6 is characteristic of the 
barr ier  layer alone ra ther  than of the barr ier -porous  
combination. The fact that  closure voltage rises 
sharply as anodization t ime is fur ther  increased is 
taken as evidence that counterelectrode penetrat ion 
of the voids becomes less l ikely either because of 
"bridging" ment ioned above or to the increased ver t i -  
cal height of the void. The former could perhaps come 
about as a result  of the complete consumption of the 
iron impur i ty  by the anodic oxidation. 

The total area of contact to the barr ier  layer is 
ra ther  small; in 99.99% aluminum,  the approximately  
600 si tes/cm 2 occupy only  an estimated 0.05% of the 
geometric surface area of the specimen. Hence, most 
of the barr ier  layer is covered by porous oxide, and 
other types of defects, such as those caused by  surface 
contaminat ion or roughness (5, 6), which are present 
in much larger numbers  and which are known to give 
rise to low-voltage breakdown of dielectric films (7) 
are, for the most part, insulated from the counter-  
electrode. (Conceiving of the porous layer and the 
barr ier  layer as two distinct entities, the result  is not  
unl ike  the improved insulat ion resistance achieved 
when two layers of paper are utilized in a paper 
capacitor, for the probabi l i ty  of a defect in one layer 
being exactly aligned with one in the second layer is 
ext remely  small.) It  is this insulat ion of defects having  
low breakdown strengths which is thought to account 
for the more uni form breakdown behavior  of the 
duplex film, as compared to that  of a barr ier  oxide film 
of the type used in  capacitors. 

As might  be predicted, switches prepared on evap- 
orated a luminum substrates had considerably higher 
breakdown voltages than foil-based devices. This is 
presumably  due either to the fact that the evaporation 
near ly  total ly separates the iron and other high mel t -  
ing point impuri t ies  from the a luminum,  or to the 
homogenization of impuri t ies  which would be expected 
to occur during the process of deposition. Since the 
evaporated substrates have no discrete impur i ty  sites, 
the porous part  of the duplex insulator  makes a posi- 
tive contr ibut ion to the breakdown strength regardless 
of its thickness, and plots of closure voltage v s .  anodi-  
zation t ime (or total film thickness) do not exhibit  the 
plateau region of Fig. 6. 
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Mounting Specimens in Teflon for Electrochemical Studies 
Z.  N a g y *  and J. M c H a r d y *  

The Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

Electrochemical studies f requent ly  involve the use 
of strong acids or alkalies which attack most mount ing  
materials (epoxy resins, waxes, etc.) (1) to some 
extent  and result  in contaminat ion of the test solution. 
In  our experience, only Teflon has proved ful ly satis- 
factory as a mount ing  material.  Three techniques have 
been described for mount ing  specimens with Teflon 
(2-4), but  each one has certain shortcomings. The 
method described here has proved sufficiently versati le 
for mount ing  both brittle, i r regular  crystals of so- 
called "sodium tungsten  bronze" (5) and wires of 
pure zinc. 

1. Sodium tungsten bronze.--Crystals of the nonstoi-  
ehiometric compound Na~WO~ (where 0.4 < x < 1) are 
prepared by electrolytic deposition from a Na~WO4 + 
WO3 melt  onto a gold wire. A short length of the wire 
is left projecting from the crystal for making electrical 
contact. The crystal  is placed in a clean metallographic 
mount ing  mold (the use of Teflon eliminates the need 
for mold lubricants)  as shown in Fig. 1. The mold is 
part ial ly filled with a pre-establ ished amount  of mold-  
ing powder (Teflon 8 granular  TFE resin) and pressed 
at about 5000 psi (compression ratio 3: 1) to form a �89 
in. diameter,  3/4 in. long pellet. At this point, the com- 
pact has sufficient mechanical  s trength to be handled 
easily. The tip of the gold wire is exposed by cut t ing 

* Electrochemical  Soc ie ty  Student  Member.  
Key words:  Teflon, spec imen mounting.  
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Fig. 1. Assembly for pressing Teflon 

away a few mil l imeters  of Teflon, then the compact 
is sintered in a s tream of pure ni t rogen for 2 hr at 
380~ Between 280 ~ and 380~ the w a r m - u p  and 
cool-down rates are controlled at 50~ TFE Teflon 
undergoes large dimensional  changes in this range and 
rapid heating or cooling can result  in cracking. Slow 
cooling also produces a high degree of crys ta l l in i ty  in 
the finished piece, a characteristic needed for good 
creep resistance and low gas permeabi l i ty  (6). Below 
280~ the rates are not critical. 

A wire is soldered to the gold contact, and the speci- 
men is mounted in the Teflon and glass assembly i l-  
lustrated in Fig. 2. The Teflon part  of the assembly is 
a "Straight Union Reducer" (Fluorocarbon Incorp-  
orated).  

2. Zinc wire electrode.--A somewhat different ap- 
proach is used in this case. A pellet of Teflon is pressed 
as before, then a hole, about 3% under  size, is dril led 
in the center, and the zinc wire (1/32 in. diam) is 
forced into the hole. The compacted pellet has the re-  

Copper wire 

Gloss tube 

" Fluorocarbon Inc. 
Stroight Union 
Reducer" 

1 
I 

3 

Copper w i r e -  - $  
Gold wi re 

Tef Ion - -  

Tungsten bronze 
crystot 

Fig. 2. Electrode assembly for tungsten bronze specimens 
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Table !. Comparison of four Teflon specimen mounts 

~Iount  Compression gasket  Hot-pressed FEP Shrink-fit  tubing Sintered TFE 
Source Stern & Makrides (2) Mannan (3) Alwit t  & Vijh (4) Present  work  
Specimen re-  Drilled and tapped rod No limitation Simple shape No limitation 

qui rements  
Versati l i ty L imi ted  to machinable  Unsuitable for reac t ive  mater ia ls  Good bu t  not  wel l  sufted Good 

mater ia ls  for repeated  polishing 
Convenience Good Poor, requi r ing  s imultaneous ap-  Good Good, but  requires  

plication of hea t  and pressure care dur ing  sin- 
ter ing 

quired mechanical  s trength to allow these operations 
with only occasional failure. The pellet is sintered 
under  the same conditions as described in case 1 and 
then machined to fit the glass part  of a "Lab-Crest  
Solv-Seal  Joint"  (Fischer & Porter  Company).  The 
electrical contact to the zinc wire is made by spot 
welding a p la t inum foil to it, which in tu rn  is spot 
welded to copper wire. (Spot welding the zinc to cop- 
per was found to be difficult.) The full  assembly is 
shown in Fig. 3. The working face of the assembly is 
mechanical ly polished before each test. 

' -  Copper  wire 

F & P  
5 m m  
j o i n t  

V i ton  
" O'L r i n g  

r * .  

Pla t i num foit 

. .  T e f l o n  

.-/,. 

ZiLc wire 
Fig. 3. Electrode assembly for zinc wire specimens 

Each of the four types of Teflon mount  fulfills the 
pr imary  requi rement  of a clean, leakproof electrode. 
The differences among them lie in such considerations 
as convenience and versati l i ty (cf. Table I).  The pres- 
ent technique was developed for applications requir ing 
greater versat i l i ty  than the three  earlier methods could 
provide. 
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The Sulfur Cathode in Liquid Ammonia 
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ABSTRACT 

Electrochemical studies of sulfur-H2S solutions in acid l iquid ammonia 
electrolytes on silver and p la t inum surfaces over the tempera ture  range of 
+20 ~ to --50~ show that  sulfur  is a useful cathode for low- tempera ture  
fuel cells and batteries. The max imum theoretical coulombic efficiency of two 
electrons per sulfur  atom can be obtained. The potentiostatic reduction of 
the sulfur  species in stirred solutions shows that even at subzero tempera-  
tures the reactions achieve rates l imited only by mass transport.  The re- 
action on p la t inum apparent ly  involves physical adsorption of the reacting 
sulfur  species, while the reaction on silver involves chemical bonding of the 
sulfur species and formation of AgeS. Insoluble, electronically conducting 
Ag2S should prove useful as a rechargeable cathode in batteries and fuel 
cells. 

Solutions of e lemental  sulfur in liquid ammonia  have 
been proposed for use as cathodes in low-tempera ture  
batteries (1-3). The actual species present when  sulfur  
is dissolved in ammonia  is still in question, especially 
since recent work has refuted the existence of $4N4 
to any  appreciable extent  (4-8). The high solubili ty of 
sulfur  in ammonia  (5, 7) makes this inexpensive ele- 
ment  at tract ive for use as the oxidant  in tow-tem-  
perature fuel cells and batteries using liquid ammonia  
electrolytes. A fuel cell consisting of l iquid l i th ium 
ammoniate  as the fuel and sulfur as the oxidant  gives 
a theoretical energy density comparable to that  of the 
H~/02 fuel cell and, furthermore, shows promise of 
operation at subzero temperatures. Studies on the liq- 
uid lithium anode are in progress; results presented 
here are restricted to electrochemical investigations of 
sulfur solutions in liquid ammonia.  

Experimental 
The chemicals used include Matheson N.F. sublimed 

powder sulfur, Baker reagent  NH4NO3 and LiNO3, and 
Matheson anhydrous ammonia  (99.99%), each used 
~ i t hou t  fur ther  purification. 

Potentiostatic measurements  were made in liquid 
ammonia  solutions stirred by a stream of ammonia  gas. 
The current  between the working and counterelec- 
trodes was recorded vs. t ime and usual ly  appeared to 
be fairly constant  after several minutes.  Measurements  
were made in the direction of both increasing and de- 
creasing potentials, and the average value is reported. 

Solution preparation,  electrochemical cells, reference 
electrodes, tempera ture  control, and electronic equip- 
ment  is described elsewhere (9-10). 

" Electrochemical  Society Active Member.  
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Key  words:  ammonia ,  cathode, elec~rocatalysts, plat inum, polysul- 

tides, silver, silver sulfide, reduction,  sulfur. 

Results 

Rate of solution.--Although sulfur  is soluble in am- 
monia solutions in excess of 30% by weight (10M), the 
rate of solution is often slow; for example, in at-  
tempt ing to prepare a 0.1M sulfur  solution in concen- 
t ra ted NH3-LiNO3 a dichroic b lue-red  solution formed 
which changed gradual ly  to a yellow solution, but  
some of the sulfur remained undissolved even after 
ten days. During potentiostatic reduction, the color of 
this solution changed to a deep brownish red, and the 
excess sulfur dissolved. When H2S is present  even in 
low concentrations, however, the rate  of solution of 
sulfur  in ammonia  is very rapid. 

Electrocatalysts.--The electrochemical oxidation or 
reduction reactions of the sulfur-H2S solution in acid 
l iquid ammonia  depend markedly  on the na tu re  of the 
metal  electrode used. The p la t inum metals tested (Pt, 
Pd, Ir, Rh) along with Re, Au, W, Mo, and V show a 
large (over 0.3V) difference in the potentials at which 
significant electrode oxidation and reduction of the 
sulfur  solution occur. For Ag, Hg, Cu, Pb, and Sn the 
oxidation reactions of the sulfur-H~S solution are ob- 
served at potentials considerably more negative than 
for the Pt  metals, and the reduct ion occurs at poten-  
tials close to those of oxidation. Results for Co and Ni 
are in termediate  to those for Ag and Pt. For Fe, a 
large oxidation peak is observed, but  no subsequent  
reduction peak could be detected. 

The metals Ti, Zr, Hf, Th, Nb, Ta, A1, Ga, and In  
are completely inert  toward any electrochemical re- 
action of the sulfur  solution. 

The results for the various metals are summarized 
in Table I by listing the metal  at the potent ial  (to the 
nearest  0.1V) where the oxidation and reduction cur-  
rents  due to sulfur  or H~S at ta in a value of 2 mA/cm 2 
when the sweep rate is 125 mV/sec. Oxidation is repre-  
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Table I. Sulfur reactivity on various metals in NH3-NH4NO3 
at 20~ from cyclic voltammetric experiments 

I n a c t i v e :  Ti,  Zr ,  Hf, Th,  Nb,  Ta, 
AI, Ga,  I n  

O x i d a t i o n  

Cu  A g  
Sn  P b  Fe  I-Ig Co Ni  

2OO 

V 
Mo 
W 
Re 
R h  
Ir  
P d  
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A u  
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The  p o t e n t i a l  w h e r e  the  c u r r e n t  de ns i t y  for  t he  s u l f u r  r eac t ion  
is 2 m A / c m  2 at  a sweep  ra te  of 125 m V / s e c  (0,02M S + tt~S). 
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Fig. 2. Effect of potential sweep rate on cyclic voltammograms 
for O.IM sul fur ,  H2S so lu t ion  in N H 3 - N H 4 N 0 3  a t  1 5 ~  us ing  s i lver 
wire electrode with geometrical area ~ 0.3 cm ~. 

sented above and reduct ion below the center  horizontal  
line. 

Cyclic vo[tammetric expeviments.--Figures 1-3 show 
cyclic vo l tammograms  of sulfur-H2S solutions in acid 
l iquid ammonia.  Figure  1 shows a typical  cyclic vol t -  
ammetr ic  trace for sulfur on a p la t inum electrode with  
the dashed line indicating the  background current  of 
the NH3-NH4NO3 solution alone. 

Figure  2 shows the effect of the potent ia l  sweep rate 
on the oxidation and reduct ion peaks when  a silver 
electrode is used. Making repeated sweeps with  no 
wait  t ime between successive sweeps gave very  re-  
producible  results. The anodic and cathodic peak cur-  
rents  are proport ional  to the square root of the sweep 
rate. The displacement  of the peak potentials wi th  in-  
creasing scan rates suggests uncompensated iR effects 
(11, 12) due to the large currents  obtained. From Fig. 
2, this effect is about 1.5 V/A,  suggesting that  the un-  
compensated resistance be tween  the reference  and 
working electrodes is a reasonable value  of about 1.5 
ohms. Figure  3 shows the sulfur reactions on the s i lver  
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Fig. 1. Cyclic voltammogram for 0.1M sulfur, H2S solution in 
NH~-NH4NO3 at 15~ using platinum wire electrode with geomet- 
rical area z 0.3 cm 2. Potential sweep began at 0.0V and swept 
first in the anodic direction. Sweep rate = 100 mV/sec. 
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POTENTIAL  vs P b / P b ( N O ~ }  2 ,v  

Fig. 3. Cyclic voltammograms for 0. IM sulfur, H2S solution in 
NH,~-IM NH4NO~ a t - - 5 0 ~  on the silver wire electrode as a 
function of the anodic potential sweep limit. 

electrode at --50~ as a funct ion of the anodic sweep 
range l imit  during continuous potential  sweeps. 

Constant current experiments.--Typical curves for 
the constant current  reduct ion of sulfur in s t i rred acid 
ammonia  solutions at 15~ on silver and p la t inum 
electrodes are shown in Fig. 4. A sharp inflection in 
potent ial  is observed when 2 electrons are consumed in 
the reaction per atom of sulfur  ini t ial ly present.  A 
similar  study at --10~ on si lver also gave near ly  2 
electrons per sulfur atom. Constant current  studies on 
nickel show evidence for sulfur reduct ion but gave no 
clear inflection, whi le  tan ta lum showed complete  inac- 
t ivi ty toward any sulfur reduction. 

Potentiostatic experiments.--Potentiostatic studies 
of the electrochemical  reduct ion of sulfur solutions 
on si lver and p la t inum surfaces in st irred acid l iquid 
ammonia  solutions at 15 ~ and --35~ are presented in 
Fig. 5-6. The residual current  shown is the current  ob- 
ta ined before sulfur and H2S were  added and results 
main ly  from the reduct ion of NH4 + to hydrogen gas. 
The rest potential  in the 0.1M sulfur, H2S solution was 
--0.15V with the  si lver electrode and 0.0V for the 
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Fig. 4. 'Constant current reduction of sulfur, H2S solutions in 
stirred NH3-NH4NO3 on platinum and silver electrodes of about 
50 cm 2 geometrical area. I = 1.00 mA; T = 15~ 
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Fig. 5. Potentiostatic reduction of O.1M sulfur, H2S solutions in 
NHs-NH4N03 on silver and plotinum electrodes. T ~ 15~ 

pla t inum electrode, both potentials  measured  at 15~ 
against a Pb / sa tu ra t ed  Pb(NO~)2 reference electrode. 
The reaction rate  for the reduct ion of sulfur appears to 
be faster  on silver than on p la t inum since wi th  the 
silver electrode there  is a sharper  increase in reduc-  
tion current  density wi th  overvol tage  (Fig. 5). The 
reduct ion of sulfur on si lver achieves mass t ransport  
l imitat ion since a l imit ing current  is reached which is 
marked ly  dependent  on the ra te  of stirring. Stopping 
the st i rr ing action causes the current  to fall suddenly;  
recovery  is quick when  st irr ing is resumed. The re-  
duction current  for the sulfur react ion on p la t inum at 
high overvol tage  is also affected by the rate  of stirring. 
Note that  the l imit ing current  at tained on si lver is 
higher at --35~ (Fig. 6) than at +15~ probably re-  
sult ing f rom the lower  viscosity of the less concen- 
t ra ted 1M NH4NO3 solution. 

Neutral solutions.--Thus far the results have  all 
been for acid (NH4NO3) ammonia  solutions to which 
H2S was added to accelerate  the  rate of solution of the 
sulfur. The results are quite different for sulfur dis- 
solved in neut ra l  (LiNO3) ammonia  solutions where  
no H2S is used. Cyclic vo l tammetr ic  exper iments  on 
the sulfur dissolved in neut ra l  l iquid ammonia  showed 
no evidence for any electrochemical  oxidation or re-  
duction of sulfur on silver or p la t inum electrodes. Con- 

IO-IL 0 Ag, O.IM S § 
�9 Ag, RESIDUAL CURRENT 
&Pt, O. IM S§ 

-= �9 Pt~ RESIDUAL CURRENT 
T = -55"~ 

10-I - - - ~  0 

} 
~ io-3 ~ 
N 

I0" -0.8 -0.7 -0.6 -0.5 -OA -0.3 -0.2 
POTENTIAL vs Pb/Pb' (NO3)?_,V 

Fig. 6. Potentiostatic reduction of O.1M sulfur, H2S solutions in 
NH3-1M NH4N03 at - - 3 5 ~  on silver and platinum electrodes. 

stant current  exper iments  in st irred neut ra l  ammonia  
solutions on si lver and p la t inum electrodes showed 
similar  negat ive results. Unl ike  the behavior  shown in 
Fig. 4, when  reduct ion begins, the potent ial  quickly 
drops to about --2.3V, indicating that  the sulfur re -  
mains unreacted,  and l i thium ions are being reduced. 
Addit ion of Li2S produced no change in these ex-  
periments,  but the addition of H2S quickly  rendered  
the sulfur reducible. Similarly,  potentiostat ic mea-  
surements  showed very  l i t t le  reduct ion of sulfur unti l  
H2S is added to the  solution. 

These ve ry  different effects of Li2S and H2S on the 
sulfur solution in neut ra l  ammonia  supports the find- 
ings of Nelson and Lagowski  (8) that  H2S in ammonia  
forms a hydrogen-bonded  species, [SHNH~]- ,  but pro-  
duces no f ree  sulfide ions, while  sulfide ions added to 
ammonia  do not undergo ammonolysis  to H S - .  Ap-  
parently,  the species [SHNt t3 ] -  is necessary to render  
the dissolved sulfur e lectrochemical ly  active. The re -  
active forms of sulfur probably  are polysulfides since 
solutions of sulfur and H2S in l iquid ammonia  have  
been shown to produce polysulfides, and the compound 
(NK4) 2S5 has been isolated (5, 1B). 

Discussion 
In evaluat ing the sulfur cathode for fuel  cell or bat-  

tery  use in l iquid ammonia  electrolytes,  the constant 
current  studies are a measure  of the coulombic effi- 
ciency. The constant cur ren t  studies of sulfur reduc-  
tion on pla t inum and si lver (Fig. 4) show that, wi thin  
exper imenta l  error, the m a x i m u m  theoret ical  coulom- 
bic efficiency of two electrons per sulfur atom can be 
obtained on these two metals. This indicates that  there  
are no de t r imenta l  side reactions or decomposition of 
the reactant  dur ing the 40-hr t ime span of the exper i -  
ments. Similar  studies on si lver at --10~ gave ap- 
p rox imate ly  the same results as obtained at +15~ 
showing that  this high coulombic efficiency does not 
decrease appreciably with  decreasing tempera ture .  

The potentiostatic investigations in the stirred solu- 
tions are a measure  of the dynamic performance  of the 
sulfur cathode in a flowing electrolyte  feed fuel  cell. 
F igures  5 and 6 indicate that  the dynamic performance  
of the sulfur cathode is at least as good on si lver as 
on platinum. The rest potent ial  of the sulfur cathode 
is more  negat ive  on si lver than on plat inum, but a 
l imit ing current  is reached at considerably lower over -  
voltages on the silver electrode. The dynamic per form-  
ance of the sulfur cathode at --35~ (Fig. 6) indicates 
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satisfactory low- t empera tu re  operations, especially o.I 
considering that  the reactions achieve rates l imited 
only by mass transport,  and that  much higher  sulfur > 0 
concentrations are feasible. Using the expression (14) 

-0.1 
iL -~ n F D S - 1 C  [1] o 

Z 
-0.2 

for the l imit ing current  dsnsity, i L ,  where  D is the 
diffusion coefficient, 5 is the thickness of the diffusion ~ -0.5 
layer,  C is the bulk concentrat ion of reactant,  and n ~- 
and F are the usual e lectrochemical  quantities,  we ~ -0.4 
calculate f rom the results on si lver (Fig. 5 and 6) 
that  DS-1 = 10 -3 cm sec -1. Since 6 is usual ly about C- -0.5 
10-~ cm in stirred systems, the diffusion coefficient of z 
the react ing sulfur species is roughly  10 -6 cm 2 sec -1, ~_ -0.6 - 
a reasonable va lue  (10), indicating that  the reaction o o. 
is indeed l imited by mass transport.  -0.7 

A probable general  reaction mechanism for the sul-  
fur reactions in ammonia  is -0.8~ 

q-2ye~ 
x M  q- y S  ~ M . . . .  Sy ~ x M  q- y S  = [2] 

- - 2 y e -  

where  M represents  the electrode meta l  and S and S= 
are l ikely part  of a polysulfide ion, Sz =. The M ~ . . .  Sy 
bond may range from simple electrode absorption to an 
actual  metal l ic  sulfide compound. Both AgeS and PtS, 
l ike most sulfides of the electrode metals  tested, are 
black compounds which are insoluble in l iquid am-  
monia, and therefore  readi ly  detectable if formed in 
significant amounts. During the electrochemical  studies 
on pla t inum of the sulfur-H2S solutions in l iquid am-  
monia, the p la t inum electrodes mainta in  a bright, 
metal l ic  luster  indicating very  l i t t le bui ld-up of any 
metal l ic  sulfide compounds. However ,  when a si lver 
electrode remains  at open circuit  in the sulfur-H.zS 
solution, or during electrochemical  oxidation of the 
solution on silver, the si lver electrode becomes black, 
indicating formation of Ag2S from the chemical  re-  
action 

2Ag Jr- S ~ Ag2S [3] 

or f rom the electrochemical  react ion 

2Ag q- S = ~ Ag2S -F 2e -  [4] 

Constant current  coulometry  exper iments  show that  
the electrochemical  oxidat ion of ammonia-HuS solu- 
tions on silver produces insoluble products which can 
be quant i ta t ive ly  reduced. An  acid ammonia  solution 
saturated with  H.~S was oxidized on silver for 1800 
sec at 0.500 mA, turning the electrode black. The solu- 
tion was then stirred for 30 min to al low any soluble 
sulfur products  to dissolve, then the electrode was 
t ransferred to a separate compar tment  wi th  fresh elec- 
trolyte. Reduct ion at the same current,  0.500 mA, pro-  
duced a gradual  fading of the black color wi th  a sharp 
inflection in potential  af ter  1815 sec, i n d i c a t i n g  that  
the silver had been oxidized to insoluble Ag.>S and 
then was quant i ta t ive ly  reduced. Figure  7 shows the 
results of this test and resul ts  for a si lver control  elec- 
trode in a s imilar  solution showing that  the reduct ion 
is not observed wi thout  first forming si lver sulfide. 
Similar  tests on plat inum showed oxidation of the am-  
monia-H.2S solution at about 0.0V with the electrode Ages 

H g S  
remaining bright. Reduction in a separate compar t -  Pts~ 
ment  showed only hydrogen evolution, indicating that  cus 

IrS~ 
no insoluble p la t inum sulfide compounds were  formed PtS 
on the p la t inum electrode during oxidation of the NiS 

C o S  
ammonia-H2S solution. These exper iments  suggest that  Fes_- 
in react ion [2], M~ Sy represents  chemical  bonding cu:,s 

. . . .  S n S  
with formation of a metal l ic  sulfide compound on sil- PbS 
ver  while  the bonding on pla t inum is of a different Fes 
nature.  Mos~ 

The very  different peak potentials and peak cur-  
rents observed in the cyclic vol tammetr ic  exper iments  
on pla t inum and silver (Fig. 1 and 2) reflect the dif- 
ferent  nature  of the sulfur reactions on these two 
surfaces. On the silver electrode, format ion of the elec- 
t ronical ly conducting Ag2S great ly  increases the 

O Ag TEST ELECTRODE 

�9 Ag CONTROL ELECTRODE 
( NO OXIDATION ) 

CURRENT = 0.500 rnA 

) ~ _ _ _ ~ R E D U C T I O %  

OPEN CIRCUIT i III |~ | 

I 
I 
i ~._. R E D U C T I O N  

I I I i I I I I I I I 
20 40 60 80 I00 

T I M E ,  m m  
120 

Fig. 7. Constant current coulometry experiments on silver in 
NH3-NH4NO3 solutions containing H2S using constant currents of 
0.500 mA. Electrode area = 2 cm 2, T ~ 15~ 

effective electrode area, resul t ing in higher  currents.  
The peak currents  on the si lver electrode in sulfur-  
H2S solutions are quite insensit ive to the bulk sulfur 
concentration; also the number  of coulombs involved 
in the reaction peaks (Fig. 2) are independent  of the 
potential  sweep rate, indicating that  we are essentially 
observing reaction [4] involving insoluble Ag2S. The 
reversibi l i ty  of this react ion suggests use of Ag2S as 
a rechargeable  cathode in l iquid ammonia  batteries or 
fuel cells. F igure  3 indicates that  reaction [4] occurs 
readi ly  even at --50~ indicat ing good per formance  
of the Ag2S cathode at subzero temperatures .  

Table II gives the f ree  energy of formation, _~Gfl, 
for several  metall ic sulfides along with the calculated 
standard electrode potent ial  for the react ion MxSy q- 
2 y e -  ~ x M  q- yS = in aqueous solutions. The var ia t ion  
in the standard potentials f rom that  for silver, 
E~176 reflects solely the differences in aGf o for 
the metal l ic  sulfide, hence the var ia t ion should be the 
same in liquid ammonia  solutions for the above reac-  
tion. The difference in the potentials in Table I at 
which electrochemical  oxidation of the sulfur-H2S 
solution in ammonia is observed may reflect such 
thermodynamic  effects when the Mz �9 �9 �9 Sy bond in- 
volves chemical  bonding. Comparing Tables I and II 
indicates that the sulfur reactions on Hg, Fe, Cu, Pb, 
and Sn probably involve chemical  bonding as found 
for si lver since, as the rmodynamica l ly  expected, the 
reactions are observed at potentials negat ive to the re-  
action on silver. The sulfur oxidation reactions on Pt, 
Ir, Mo, Ni, and Co are observed at potentials consider- 
ably more positive than thermodynamically expected, 

Table II. Thermodynamic data a 

C o m p o u n d  AG~ ~ k c a l / m o l e  b E ~ V o E ~ - -  E~ V 

- -9 .72 ,  a - -0 .66  0.00 
-- 11.4, b l a c k  -- 0 .69 -- 0 .03 
- -23 .8  - - 0 . 7 0  - - 0 . 0 4  
- -  1 2 . 8  - -  O. 7 2  - -  0 . 0 6  

- -33 .0*  - -0 .80  - - 0 . 1 4  
-- 18.2 -- 0 .84  -- 0 .18 
-- 19.0 - - 0 . 8 6  - -0 .20  
--  1 9 . 8 "  --  0 . 8 7  - -  0 . 2 1  
- - 3 9 . 9  - - 0 . 8 8  - -0 .22  
- - 2 0 . 6 ,  a - - 0 . 8 9  - - 0 . 2 3  
- - 2 3 . 5  - - 0 . 9 5  - - 0 . 2 9  
- -  2 3 . 6  - -  0 . 9 6  - -  0 . 3 0  

- - 2 4 . 0  - - 0 . 9 7  - - 0 . 3 1  
--  5 4 . 0  --  1 .03  --  0 . 3 7  

a S e e  U S N B S  T e c h .  N o t e s  2 7 0 - 3  ( J a n . ,  1 9 6 8 )  a n d  2 7 0 - 4  ( M a y ,  
1 9 6 9 ) .  

b G i b b s  f r e e  e n e r g y  o f  f o r m a t i o n  f o r  t h e  m e t a l l i c  s u l f i d e  c o m -  
p o u n d .  

c S t a n d a r d  e l e c t r o d e  p o t e n t i a l  a t  2 5 ~  f o r  t h e  r e a c t i o n  M x S ~  + 
2 y e -  ~ x M  + y S  = i n  a q u e o u s  s o l u t i o n .  F o r  S = ( a q ) ,  A G t  ~ = 2 0 . 5  
k c a l / m o l e  f r o m  t h e  a b o v e  r e f e r e n c e .  

* A H f  ~ ( A G / ~  i s  n o t  g i v e n ) .  
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indicating that  metal l ic  compounds are not involved 
in these reactions. Much weaker  Mx . . . Sy bonds are 
apparent ly  formed on these metals. F rom the differ- 
ence in rest  potentials for the Ag and Pt  electrodes in 
su l fur -ammonia  solutions (0.15V), it is est imated that  
AGs ~ = --3 kca l /mole  for the Pt . . . S bond formed in 
the electrochemical  reaction. This small  value suggests 
that  weak, adsorption bonding of the sulfur species 
to the p la t inum surface is involved.  

Other  metals which form weak, adsorption bonds 
with the sulfur species would be expected to show 
electrochemical  behavior  similar  to plat inum. The 
metals  inact ive toward the su l fur -ammonia  solution 
apparent ly  do not form ei ther  chemisorpt ion or physi-  
cal adsorption bonds with  the sulfur species. This in-  
act ivi ty may  be due to oxide or ni tr ide films on the 
metal  which persist during the electrochemical  exper i -  
ments. 

Summary 
1. The reduction of sulfur in p la t inum and silver 

electrodes in acid ammonia  solutions yields the max i -  
mum theoret ical  coulombic efficiency of two elec- 
trons per  sulfur atom. 

2. Potentiostat ic measurements  in st irred solutions 
show that  even at subzero tempera tures  the reactions 
achieve rates l imited only by mass transport.  

3. The electrochemical  reactions of sulfur on plat i -  
num and silver are different in nature.  Apparent ly ,  
physical adsorption is involved on platinum, whi le  
chemisorpt ion and AgeS formation occurs on silver. 

4. Electronical ly  conducting Ag2S may  be useful  as 
a rechargeable  cathode in l iquid ammonia  batteries 
and fuel  cells. The oxidation and reduct ion reactions 
involving this compound occur readi ly  even at --50~ 

5. Cyclic vo l tammetr ic  screening of various metals  

I N  L I Q U I D  A M M O N I A  i229 

indicates their  act ivi ty  toward the sulfur  reactions. 
Interpretat ions of these results are given in terms of 
the thermodynamics  of the meta l - su l fur  bond. 

Manuscript  submit ted Nov. 17, 1969; revised manu-  
script received ca. Apri l  15, 1970. This is Paper  59 
which was presented at the Atlant ic  City Meeting of 
the Society, Oct. 4-8, 1970. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Anodic Polarization of Passive Electrodes 

D. A. Vermilyea* 
Surfaces and Reactions Branch, Physical Chemistry Laboratory, 

General Electric Company, Schenectady, New York  12301 

ABSTRACT 

Anodic current  flow at a passive electrode lowers the surface pH and 
increases the corrosion and film dissolution rates. Analyt ical  expressions 
are  obtained to permit  the calculation of the rates of formation of new 
film and soluble species. It is shown that  when equi l ibr ium is achieved 
be tween  the fihn and the solution, as wi th  magnesium, polarization of 
only a few tens of mil l ivol ts  can resul t  in current  densities of the order of 
I A / c m  2. For  metals  forming films which dissolve more sluggishly it is 
often necessary to exceed the  oxygen evolut ion potent ial  before large cur-  
rents can be achieved. Thick anodic films can be formed when the film 
blocks oxygen evolution and when the film dissolution rate  constant is 
small. Buffers suppress the pH change at the surface and may prevent  rapid 
dissolution and corrosion. 

The purpose of this paper  is to discuss the  effects on 
the current  and corrosion rate  of the application of 
anodic currents  to passive metals. Passivi ty is difficult 
to define adequately,  and for this discussion a passive 
meta l  is one covered wi th  an oxide or hydroxide  film 
which substantial ly impedes corrosion. Such a film 
will  often comprise a dense barr ier  layer of a poorly  
crystal l ized mater ia l  next  to the  meta l  and a porous 
layer of a bet ter  crystal l ized product  next  to the solu- 
tion. Applicat ion of an anodic current  will  usual ly  
lower  the pH at the electrode surface, and that  in tu rn  
will  effect the rate  of dissolution of the protect ive 
film. It  is this effect of pH on film dissolution which is 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  co r ros ion ,  f i lms ,  d i s so lu t ion .  

to be considered. Localized at tack is outside the scope 
of this paper. 

The Initial Condition 
Consider a film covered specimen in a near ly  steady 

state, wi th  a barr ier  layer of constant thickness and a 
porous layer  whose thickness is changing slowly. Cor-  
rosion at this specimen produces more  film (which 
could be oxide or hydroxide)  at a ra te  rro according 
to a reaction like 

M -5 zH20--> M(OH)z  -5 z/2 H2 [1] 

where  z is the meta l  valence, and soluble species at a 
rate rso according to 

M -5 zH20 -> M +z -5 z O H -  + z/2 H2 [2] 

the total rate being ro. 
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Application of Current 
U p o n  a p p l i c a t i o n  of a n  e x t e r n a l  c u r r e n t ,  a d d i t i o n a l  

h y d r o x i d e  w i l l  be  f o r m e d  a t  a r a t e  rf  a c c o r d i n g  to 

M + z H 2 0 - >  M ( O H ) z  + zH + + z e  [3] 

a n d  a d d i t i o n a l  m e t a l  ions  a t  a r a t e  rs a c c o r d i n g  to 

M--> M +z + z e  [4] 

I t  m a y  be  n o t e d  t h a t ,  as f a r  as so lub le  spec ies  a r e  c o n -  
c e rned ,  m e t a l  ions  a re  g e n e r a t e d  b y  rs a n d  rso, h y d r o x y l  
ions  a re  g e n e r a t e d  b y  rso, a n d  p r o t o n s  a r e  g e n e r a t e d  
b y  rf. 

F o r  s i m p l i c i t y  i t  w i l l  be  a s s u m e d  t h a t  t h e  s o l u t i o n  
is suf f ic ien t ly  c o n c e n t r a t e d  t h a t  e l e c t r i c a l  t r a n s p o r t  c an  
b e  n e g l e c t e d  a n d  t h e  N e r n s t  a p p r o x i m a t i o n  w i l l  b e  
u s e d  to d e s c r i b e  d i f fus ion  n e a r  t h e  s p e c i m e n .  E q u a -  
t i o n s  for  m a s s  b a l a n c e s  a r e  t h e n  t h e  f o l l o w i n g  

1 0 - 3 D M + z  A C M + z  
nM -{- Z == rso + rs  [5 ]  

5 

10-3DH+ ACH+ 
n i t +  : : z r l  - -  Zr~o [6] 

8 

if  t h e r e  is a n e t  p r o d u c t i o n  of p r o t o n s  in  a n  ac id  so lu -  
t i o n  

10 -3 [DH+ ( C H + ) i  + D o n - C o i l - ]  
?~fl § == Z?'f - -  Zrso 

5 
[7] 

i f  t h e r e  is a n e t  p r o d u c t i o n  of  p r o t o n s  in  a s o l u t i o n  
c o n t a i n i n g  COIl- h y d r o x y l  ions  p e r  l i t e r  

10 -3 D o l l -  ACoH- 
n o l i -  = Zrso - -  z r l  [8] 

if  t h e r e  is a n e t  p r o d u c t i o n  of h y d r o x y l  ions  in  a bas ic  
so lu t ion ;  a n d  

10-3[DoH - ( C o H - ) i  + DH+CH+]  
nOI/--  = ~ Zrso  - -  z r f  

5 
[9] 

if  t h e r e  is a n e t  h y d r o x y l  ion  p r o d u c t i o n  in  a n  ac id  
s o l u t i o n  w i t h  a p r o t o n  c o n c e n t r a t i o n  CH+. In  Eq.  
[ 5 ] - [ 9 ]  t h e  ~ ' s  r e p r e s e n t  r a t e s  of g e n e r a t i o n  or  r e m o v a l  
of t h e  v a r i o u s  species ,  t h e  D 's  r e p r e s e n t  d i f fus ion  co-  
efficients,  5 ( a s s u m e d  t h e  s a m e  fo r  a l l  ions )  is t h e  
t h i c k n e s s  of t h e  N e r n s t  l aye r ,  t h e  AC's r e p r e s e n t  t h e  
c o n c e n t r a t i o n  d i f f e r e n c e  in  m o l e s  p e r  l i t e r  b e t w e e n  t h e  
s u r f a c e  a n d  t h e  b u l k  so lu t ion ,  a n d  t h e  s u b s c r i p t  i i n -  
d i ca t e s  a n  i n t e r f a c e  c o n c e n t r a t i o n .  

T h e  t o t a l  e x t e r n a l  c u r r e n t  dens i ty ,  i, is g i v e n  b y  

i =- ~mjF~t i [10] 
] 

in  w h i c h  t h e  s u m m a t i o n  is o v e r  a l l  species ,  a n d  w h e r e  
mj  is t h e  c h a r g e  on  e a c h  pa r t i c l e .  I t  c a n  r e a d i l y  b e  
ve r i f i ed  t h a t  i = z F ( r f  + r s ) .  E q u a t i o n s  [ 5 ] - [ 1 0 ]  c a n  
n o w  be  u sed  to f ind ou t  h o w  a n  e x t e r n a l  c u r r e n t  w i l l  
i n f l uence  t h e  c o r r o s i o n  of  t h e  m e t a l .  T h e r e  a r e  t w o  
s i t u a t i o n s  of  i n t e r e s t ,  d e p e n d i n g  on  w h e t h e r  or  n o t  
e q u i l i b r i u m  is a c h i e v e d  a t  t h e  f i l m - s o l u t i o n  i n t e r f a c e .  

Case I. Equilibrium at Film-Solution Interface 
F o r  t h i s  case  t h e  e q u i l i b r i u m  c o n d i t i o n s  a r e  g i v e n  b y  

Ks = (M +z) ( O H - )  z [11] 
a n d  

Kw = (H +)  ( O H - )  [12] 

w h e r e  t h e  q u a n t i t i e s  in  b r a c k e t s  r e p r e s e n t  ac t iv i t i es .  
F r o m  Eq. [11] a n d  [12],  a p p r o x i m a t i n g  a c t i v i t i e s  w i t h  
c o n c e n t r a t i o n s  

K s  (CZH + ) i 
(CM+z) i - -  [13] 

g w  z 

E q u a t i o n  [10] c a n  n o w  b e  u s e d  w i t h  Eq.  [13] to f ind 
t h e  c u r r e n t  d e n s i t y  in  s i t u a t i o n s  of i n t e r e s t .  

Two  e x a m p l e s  of t h e  use  of t h e  e q u a t i o n s  w i l l  i l l u s -  
t r a t e  t h e i r  u t i l i t y .  C o n s i d e r  f i rs t  m a g n e s i u m  w i t h  a 
f i lm of Mg(OH)2 ,1  w i t h  z = 2, t) ~ 10 -2  cm, D M g + 2  
10 -5  cm2/sec ,  DOH-- ~ 3 �9 10 -5  cm2/sec ,  D H +  -~  10 -4  
cm2/sec ,  F = 105 cou l / eq . ,  Ks = 10 -11 , Kw = 10 -14 , 
a n d  in  t h e  b u l k  s o l u t i o n  COIl-- = 10 -4  m o l e s / l i t e r .  In  
th i s  e x a m p l e  t h e r e  is a n e t  p r o d u c t i o n  of p r o t o n s  in  a n  
a l k a l i n e  so lu t ion ,  a s s u m e d  to c o n t a i n  a n  excess  of s u p -  
p o r t i n g  e l ec t ro ly t e .  E q u a t i o n s  [5],  [7],  [10], a n d  [13] 
g ive  for  t h e  c u r r e n t  d e n s i t y  

1 0 - 3 F [ D n +  ( C H + ) i  -~ D o r i - C o H - ]  
i =  

5 

10-ZzF Ks 
- ~ - - - D M + z  ( C Z u + ) i  [14] 

6 K w  z 

F o r  a c u r r e n t  d e n s i t y  of  10 -1 A / c m  2 t h e  s u r f a c e  c o n -  
c e n t r a t i o n s  of m a g n e s i u m  ions  a n d  p r o t o n s  a r e  f o u n d  
to b e  0.5M a n d  2.24 x 10-•M ( p H  8.65), r e s p e c t i v e l y ,  
a n d  n e a r l y  a l l  t h e  c u r r e n t  is c a r r i e d  b y  Mg +2. P r e v i -  
ous  s tud ie s  of c o r r o s i o n  of m a g n e s i u m  a n d  of d i s so lu -  
t i o n  of M g ( O H ) 2  (2) h a v e  s h o w n  t h a t  a d i s s o l u t i o n  or  
co r ro s ion  r a t e  of 10 i0 m o l e s / c m  2 sec can  be  e x p e c t e d  
at  a b o u t  p H  9. U s i n g  t h a t  r a t e  for  rso in  Eq. [7] wc  
f ind z r f  - -  2.14 x 10 -10 m o l e s / c m  2 sec, or  if = 2.14 x 
10 -5  A / c m  2. T h u s  a v e r y  s m a l l  f r a c t i o n  of  t h e  a p p l i e d  
c u r r e n t  p r o d u c e s  m o r e  film. 

M a g n e s i u m  does  a c t u a l l y  b e h a v e  in  s o l u t i o n s  w i t h  
p H  > 5 as p r e d i c t e d  b y  t h e s e  e q u a t i o n s .  T h e  h y d r o x i d e  
l a y e r  c o v e r i n g  t h e  s u r f a c e  is p o r o u s  a n d  i t s  g r o w t h  
s lows  t he  r e a c t i o n  o n l y  m o d e r a t e l y  (1) .  P r e s u m a b l y  
t h i s  p o r o u s  fi lm c a n  r e a d i l y  a c c e p t  t h e  a d d i t i o n a l  s m a l l  
a m o u n t  of r e a c t i o n  p r o d u c t  c o r r e s p o n d i n g  to rf w i t h -  
ou t  b l o c k i n g  t h e  r eac t i on .  As  a r e s u l t  of t h i s  f i lm f o r -  
m a t i o n ,  h o w e v e r ,  t h e  p H  is r e d u c e d  a n d  t h e  m a g n e s i u m  
ion  c o n c e n t r a t i o n  b e c o m e s  l a r g e  e n o u g h  to c a r r y  a 
h i g h  c u r r e n t .  T h e  e n d  r e s u l t  of  a n o d i c  c o r r o s i o n  of  
t h i n  m a g n e s i u m  s p e c i m e n s  is a v e r y  porous ,  f rag i le ,  
b u t  c o h e r e n t  h y d r o x i d e  r e p l i c a  of t h e  o r i g i n a l  spec i -  
men ,  w h i c h  s h o w s  t h a t  h y d r o x i d e  is i n d e e d  f o r m e d  b y  
t h e  p a s s a g e  of c u r r e n t .  

As  a s econd  e x a m p l e  c o n s i d e r  b e r y l l i u m ,  w i t h  a 
f i lm of B e ( O H ) 2  h a v i n g  Ks = 10 -26 in  a p H  5 s o l u t i o n  
c o n t a i n i n g  excess  s u p p o r t i n g  e l ec t ro ly t e .  T a k i n g  
D~e+2 = 10 -5 , Eq. [5], [6], [10],  a n d  [13] s h o w  t h a t  
for  i = 10 -1 A / c m  2 Ctt+ = 0.05 m o l e s / l i t e r ,  CBe+2 = 
0.25 m o l e s / l i t e r .  I f  rso is a s s u m e d  to b e  10 -14 m o l e s / c m  2 
sec, a v a l u e  c a l c u l a t e d  f r o m  t h e  s o l u b i l i t y  p r o d u c t  of 
B e ( O H ) 2  a s s u m i n g  t h a t  t h e  s p o n t a n e o u s  r e a c t i o n  is 
d i f fus ion  c o n t r o l l e d  in  t h e  p H  5 so lu t ion ,  t h e n  Eq. [6] 
g ives  z r f  = 5 x 10 -7  m o l e s / c m 2  sec so t h a t  if = 0.05 
A / c m  2 a n d  is = 0.05 A / c m  2. In  t h i s  e x a m p l e  a v e r y  
l a r g e  c h a n g e  in  p H  is r e q u i r e d  to p r o d u c e  a h i g h  c u r -  
r e n t  dens i ty ,  so t h a t  a l a r g e  a m o u n t  of n e w  f i lm m u s t  
be  p r o d u c e d ,  a n d  b o t h  p r o t o n s  a n d  m e t a l  ions  c a r r y  a 
s ign i f i can t  f r a c t i o n  of t h e  c u r r e n t .  T h e  e x p e r i m e n t a l  
s i t u a t i o n  is no t  so w e l l  k n o w n  fo r  b e r y l l i u m  as for  
m a g n e s i u m ,  a n d  in  p a r t i c u l a r  i t  is  n o t  k n o w n  w h e t h e r  
e q u i l i b r i u m  is a c h i e v e d  a t  t h e  s o l u t i o n - f i l m  in t e r f ace .  

D i s c u s s i o n  05 C a s e  / . - - C o n s t a n c y  of  rse  w a s  a s s u m e d  
a n d  in  t h e  e x a m p l e s  g i v e n  t h e  v a l u e s  of rso w e r e  so 
low c o m p a r e d  to o t h e r  r a t e s  t h a t  t h e  a p p r o x i m a t i o n  
is r e a s o n a b l e .  U s u a l l y  anod ic  p o l a r i z a t i o n  w o u l d  d e -  
c r e a s e  t h e  s p o n t a n e o u s  c a t h o d i c  r e a c t i o n  a n d  h e n c e  d e -  
c r ease  rso, a n d  fo r  s o m e  s i t u a t i o n s  a good a p p r o x i m a -  
t i on  m a y  b e  to i g n o r e  rso in  Eq.  [ 5 ] - [ 9 ] .  O n  t h e  o t h e r  
h a n d ,  s t r o n g  a n o d i c  p o l a r i z a t i o n  a n d  a l a r g e  d e c r e a s e  
in  p H  m a y  d e c r e a s e  t h e  b a r r i e r  f i lm t h i c k n e s s  s igni f i -  
c a n t l y  a n d  r e s u l t  i n  a n  e n h a n c e d  c a t h o d i c  r e a c t i o n  a n d  
i n c r e a s e d  rso. 

I t  is poss ib le  t h a t  t h e  s p e c i m e n  m a y  b e c o m e  f i lm 
f r ee  as a r e s u l t  of a n o d i c  p o l a r i z a t i o n .  F o r  e x a m p l e ,  
for  a m e t a l  w h i c h  is r e l a t i v e l y  u n r e a c t i v e  in  a t h e r -  
m o d y n a m i c  s e n s e  t h e  h y d r o l y s i s  of  m e t a l  ions  m a y  
p r o d u c e  a p H  low e n o u g h  to m a k e  t h e  f i lm u n s t a b l e  a t  

1 There  m a y  be a MgO layer  be tween  this film and the metal ,  but 
at long times the Mg(OH)z layer  controls the corrosion behavior .  
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the applied potential.  The present  analysis does not 
apply to such a situation. 

Finally,  the cur ren t -potent ia l  behavior  is of interest.  
If  equi l ibr ium is achieved at the interface, and if the 
solution is ve ry  concentrated so that  no changes in the 
total ion concentrat ion take place in the Nernst  layer,  
then only a resis t ive polarization occurs. In a less 
concentrated solution concentrat ion polarization occurs 
in the Nernst  layer  and some additional polarization 
wil l  be present. Such concentrat ion polarizat ion can be 
calculated from the equation (3) 

E = ,  In 1 + [15] 
z F  z F D  �9 10-3Co 

in which E is the potential  difference and Co is the 
bulk anion concentration. If Co = 1 mole/ l i ter ,  for a 
current  density of 1 A / c m  2 E = 0.023V for a divalent  
anion. It can be seen that  the electrode polarizat ion 
(exclusive of i R  drop) for such anodic corrosion can be 
very  small. 

Case If. Equilibrium Not Achieved at Film-Solution Interface 
If equi l ibr ium is not achieved it is convenient  to use 

the relat ionship 

i = z F ( r f  -~ rs) [16] 

It has been predicted theoret ica l ly  (4) and observed 
exper imenta l ly  (2, 5) that  the relat ionship be tween 
dissolution rate and hydrogen ion concentrat ion for 
oxides and hydroxides  has the form 

rs = k CnH+ [17] 

in which k is the dissolution rate  constant and n has 
values w h i c h  differ marked ly  for various systems and 
range from 0 to 4/3. For  the situation in which Eq. 
[6] is valid, Eq. [6], [16], and [17] give 

{ }] 5 ( z r f  - -  zrso) [18] i----zF rf-{- k 10-3DH+ 

A slight rear rangement ,  the substi tution of values for 
~, DH+ and F, and of if for z F r f  and/so for zFrso gives 

i -~ if ~- z F k ( i f  ~- /so)" [19] 

Three ranges of values of n are of interest:  
(a) n = 0. 
It has been observed (5) that  the rate of dissolution 

of anodic A1203 films in aqueous solutions at 100~ is 
near ly  independent  of pH between pH 1 and pH 10, 
so that  n = 0. 2 Then 

i = i f  -t- z F k  [20] 

In such a situation, if k is small, most of the current  
produces more oxide and the film simply thickens. The 
case n = 0 is of great  practical  impor tance  in anodic 
oxidation, for if n = 0 and k is small  then large cur-  
rents and low pH can be tolerated wi thout  the dis- 
ruption of film formation. 

(b) 0 < n < l .  
Magnesium hydrox ide  dissolves with n ,-, 1/2 at 

pH < 5 (2), and it is expected theoret ical ly  (4) that  
many  oxides and hydroxides would  have n between 
0 and 1. Note that  equi l ibr ium is not achieved for 
Mg(OH)2 at pH < 5, where  a surface react ion controls 
the rate. Figure  1 shows the behavior  of various 
currents  as functions of if for a hypothet ical  mater ia l  
with n = 1/2 and k = 10 -7 (the value of k for Mg(OH)2 
is 10-7), and for which rso ---- 0. The dissolution cur-  
rent, is, increases less rapidly than does if, and the total  
current  may produce most ly ions at low current  den-  
sity and mostly film at high current  density. Having 
most of the applied current  produce ions as in this ex-  
ample at low currents  does not necessari ly mean that  

T h e  r a t e s  in  ref .  (5) a r e  i n i t i a l  r a t e s  a n d  d e c r e a s e  w i t h  t i m e  a t  
p H  4-10  d u e  to the  f o r m a t i o n  of a p o r o u s  A1OOH l a y e r .  T h i s  e x -  
a m p l e  is  t h u s  o n l y  v a l i d  f o r  p H  < 4, F o r  o t h e r  s y s t e m s  t h i s  r e s t r i c -  
t i o n  m a y  n o t  be  p r e s e n t .  
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Fig. 1. Relationship between total current density i, the current 
density of formation of metal ions is, and the current density of 
film formation if, for a hypothetical metal covered with an oxide 
whose rate of dissolution is given by Eq. [17] with k ~ 10 - 7  and 
n ~  1/2. 

there  is a net  film dissolution and eventua l  cleaning 
of the specimen in a real  situation, for the spontaneous 
corrosion rate  may  be high enough to keep the speci- 
men covered with  a film. 

(c) n > 1. 
For n > 1 the dissolution rate increases faster wi th  

total  current  than does the film format ion rate. De-  
pending on the value of k, therefore,  it is possible 
that  film formation could predominate  at low currents  
wi th  most ly dissolution at high currents.  A pract ical  
example  is not known. 

D i s c u s s i o n  o f  Case  / / . - -Absence  of surface equi l ib-  
r ium is probably  the situation exist ing with  many  
metals  forming dense barr ier  films hav ing  low values 
of spontaneous corrosion (ro). Such dense barr ie r  films 
grow by high field ion conduction, and as the film 
thickness increases a considerable potent ial  drop occurs 
in the film. In order  to reach the large currents  needed 
to lower the pH sufficiently to increase the film dis- 
solution rate  it is necessary to raise the potential  to a 
point where some proton producing electrode reaction 
other than film format ion occurs. A common situation 
is that  large currents  are not found until  oxygen evo- 
lut ion occurs in the transpassive region. Rapid corro-  
sion of the  meta l  usual ly accompanies such oxygen 
evolution, possibly because of the enhanced proton 
concentration.  When the film is a good insulator  or 
blocks current  for any reason so that  no oxygen evo-  
lution occurs then application of ve ry  large poten-  
tials and growth  of thick anodic films may  be possible, 
as with A1, Ta, Zr, Nb, etc. 

General  Discussion 
Two major  problems in predict ing results  of anodic 

polarization are that  it is not now possible to predict  
(except f rom experience)  what  will  happen to any 
new film which is produced, and it is not possible to 
predict  when surface equi l ibr ium may be achieved or 
what  values of k and n wil l  be encountered when  equi -  
l ibr ium is not achieved. If the new film is added to the  
dense barrier,  then application of an addit ional  anodic 
potential  may  simply thicken the barr ie r  and the 
current  may  remain  low. It seems genera l ly  t rue that  
metals  yielding films with  low values of k (the dissolu- 
tion rate  constant, Eq. [17]) are also the ones which 
give dense barr ier  films, but  evidence is f ragmentary .  
Fu ture  progress requires  studies of the character  of 
react ion products and of their  react ivi ty.  

The role of anions in these phenomena is important .  
Buffers, for instance, may prevent  any large pH change 
unti l  a cri t ical  film forming current  is reached. If  the 
hydroxyl  ion or a buffer ion is the only anion present, 
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then current  flow may concentrate the ion in the solu- 
t ion near  the specimen so that  little pH change can 
occur despite large polarization. For example, when  
magnes ium is polarized to ~-I.2V on the s tandard hy-  
drogen electrode scale in a 10-2M solution of KOH the 
current is only a few microamperes per square centi- 
meter, while in I0-2M Na2SO4 a current of 0.i A/cm 2 
is reached at a potential of --1.26V (open-circuit po- 
tential --1.39V). The explanation for this fact is the 
following. Most of the large potential  difference in 
the KOH solution is doubtless applied across the film. 
Should any break occur in the film so that a large local 
anodic current  starts to flow the concentrat ion of hy-  
droxyl  ions near  the break  would be increased by the 
current  so that fur ther  precipitat ion of Mg(OH)z 
would occur and the break would be healed. In  the 
Na2SO~ solution, on the other hand, any rupture  of 
the film and accompanying cur ren t  flow concentrates 
sulfate ions which are not effective buffers. The pH 
is then free to fall, and the dissolution rate can be-  
come very  large. 
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ABSTRACT 

The anodic behavior  of zinc, cadmium, and Cd-Zn b inary  alloys has 
been studied in 1M sulfamic acid-formamide solution. The anodic polariza- 
tion curves for the single metals and alloys containing 90, 81.9, and 40% 
Cd are typical  of electropolishing systems. In all cases a-c impedance mea-  
surements  indicate the formation of solid anodic films at the onset of pol- 
ishing. Under  s teady-state  conditions of dissolution (300 coulombs) of the 
alloys the ratios of meta l  dissolved anodically are similar to those in  the 
original alloys. All cur rent  efficiencies were 100 _ 2.5%. All  of the alloys 
are deeply etched under  appropriate conditions and considerable phase 
contrast is found during polishing conditions. Here there is a small amount  
of preferent ia l  dissolution of Cd-rich phases which give rise to phase con- 
trast  while film formation suppresses crystallographic etching. The effects 
of anode shape and method of polarization on polarization data in  sul-  
famic acid-formamide solutions are also discussed. 

The present  work is a cont inuat ion of previous 
studies (1-4) of the anodic dissolution and polishing 
of metals in organic electrolyte solutions. Among the 
organic systems which have been investigated, a solu- 
tion of sulfamic acid in formamide has proved to be a 
highly versati le polishing medium producing good re-  
sults on Cu, Sn, Pb, Zn, Cd, and Ag. It has also been 
shown that Mo, W, and Ti can also be polished at high 
overpotentials.  Zinc and cadmium have both been 
found to polish well  in sulfamic acid-formamide solu- 
tions, dissolving at current  efficiencies close to 100%. 
Most recent ly (4) evidence has been obtained from 
viscosity and a-c impedance measurements  which in-  
dicate that  anodic dissolution of Zn is unde r  diffusion 
control and that polishing occurs by random dissolu- 
t ion through an anodic film with suppression of crys- 
tallographic etching. The present  s tudy is concerned 
with a number  of aspects of the behavior of Zn-Cd 
alloys. In choosing an alloy system for this ini t ial  work 
on dissolution in organic electrolytes the Zn-Cd system 
was selected since both of the single metals were 
known to electropolish and the associated l imit ing cur-  
ren t  densities were similar. Fur thermore  the alloy 
system is a simple eutectic system. 

Key words: anodic dissolution, z inc-cadmium alloys, organic elec- 
trolytes~ electropolishing, electro-etching,  fo rmamide .  

The objectives of the work were: (a) to obtain pre-  
l iminary  data concerning the polarization character-  
istics of a range of Zn-Cd alloys; (b) to confirm and 
extend previous investigations (4) concerning the 
presence of films using a-c impedance techniques;  (c) 
to determine metal  dissolution ratios and current  
efficiencies and to relate the na ture  of the surfaces pro- 
duced to conditions of polarization. Since previous in-  
vestigations (3-4) had shown that  in this par t icular  
system potentiostatic and galvanostatic polarization 
curves were similar, the galvanostatic technique used 
previously (4) was used again. 

Experimental 
Preparation and purification of materials.--Alloys.-- 

The alloys were prepared from 99.9999% pur i ty  zinc 
and cadmium by mel t ing in Pyrex  glass tubes under  
an argon atmosphere. After  the alloys had melted, 
the tubes were vigorously agitated and the contents 
main ta ined  in the mol ten state for some t ime to en-  
sure homogeneity of the liquid. After  cooling the 
alloys were placed in 'Pyrex '  casting tubes with a little 
'Analar '  ZnCt2 to act as a flux. This improved the qual-  
ity of the cast rods by reducing porosity and oxide in -  
clusions. During heating the casting tube was evacu- 
ated and flushed with purified argon twice, and after  
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melt ing of the alloys the tubes were  evacuated to re-  
move residual  gas. Finally,  the al loy was al lowed to 
solidify slowly under  dry argon. Samples  of the cast-  
ings were  removed  for metal lographic  examination.  
Two diameters  of rod (1 and 0.75 cm) were  prepared  
and the larger  rods were  rol led to sheet whi le  the 
smaller  ones were  used as electrodes in galvanostat ic  
polarization studies. 
Solute and solvent.--Microanalytical reagent  grade 
sulfamic acid was supplied by Brit ish Drug Houses 
Ltd., to the fol lowing specification: acidimetr ic  assay 
>99.9% moisture  <0.1%; sulfate <0.05%; nonvola t i le  
mat te r  <0.05%. This mater ia l  was stored in a vacuum 
desiccator before use. Fo rmamide  was purified as de-  
scribed e lsewhere  (1, 3). 

Apparatus and experimental methods.--Electrolyte 
preparation and metering systems.--The electrolyte  
preparat ion and mete r ing  systems used were  as de- 
scribed previously (1, 5, 6). A weighed quant i ty  of sul-  
famic acid was placed in the e lec t ro lyte  vessel, and 
the requi red  vo lume of purified formamide  to give a 1N 
sulfamic acid solution was metered  f rom the burette.  
These operations were  carr ied out under  dry ni t rogen 
flow, and on complet ion the e lect rolyte  vessel was 
sealed, removed,  and shaken at intervals.  Af te r  com- 
plete  dissolution had taken place the solution was 
ready for t ransfer  to the  electrolysis cell. 

Constant current measurements.--Cells of the pa t te rn  
previously described (1) were  used for these measure -  
ments. The alloy anode Fig. 1A was 1.5 x 1.0 cm and 
approximate ly  0.1 cm thick, and the surrounding 
cathode was a Ta cyl inder  of ~.,84 cm 2 surface area. 
For  the  measurement  of anodic cur ren t  efficiencies 
at constant current  densi ty a Wareham Measuring Sys-  
tems Ltd. galvanostat  type C223 capable of de l iver ing 
1A at 80V was used wi th  a copper coulometer  in series. 
In all exper iments  a total  of 300 coulombs was passed. 
The anodes were  gent ly  abraded to 600 grade SiC pa-  
per, pickled l ight ly in 10 v / o  (volume per cent) HNO3 
to remove  surface films, washed with  distil led wate r  
and acetone and finally dried in a s t ream of w a r m  
air, weighed and placed in the cell. Al l  measurements  
were  carr ied out at 25 ~ __ 0.1~ in an a tmosphere  of 
purified and dried nitrogen. 

A.C. impedance measurements.--These measurements  
were  made using the same type of cell but  wi th  a cen-  
t ra l  anode of the type shown in Fig. 1B, all details of 
the method of measurement  and bridge circuit  being 
as previously  described (4). Various cur ren t  densities 
in the range 1-100 m A / c m  2 were  applied using a 120V 
dry ba t te ry  and the corresponding readings of resist-  
ance and capacitance recorded. 

Galvanostatic measurement of polarization curves.-- 
The cell  used for these measurements  was s imilar  to 
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that  described previously  (3) and used for potent io-  
static measurements .  The technique used in the present  
work  was similar  to that  in previous work  (4) all  
potentials  being measured  wi th  respect  to the C d /  
CdC12, KC1 ( sa td ) - fo rmamide  reference electrode. In 
the polishing region it was found that  potent ia l  fluc- 
tuations tended to occur i r regular ly ,  and potential  
readings were  taken at fixed t ime intervals.  The cur-  
rent  was raised in increments  of 5 m A  by means of 
the cal ibrated control, and the potent ial  reading was 
noted 15 sec la ter  and the current  again increased. A 
fresh solution was used for each exper iment .  

Analytical procedures.--The meta l  dissolution ratios 
were  de termined  by atomic absorption spect rophotom- 
e t ry  (7) and over -a l l  current  efficiencies f rom weight  
loss measurements .  There was some random scatter in 
the results of atomic absorption measurements ,  and 
total  meta l  dissolution was found to be more accurately  
represented  by weight  loss measurements .  However ,  
the meta l  dissolution ratios were  considered to be 
sufficiently accurate for the  results  to be meaningful .  

Results 
Anodic polarization curves measured galvanostati- 

cally with respect to the reference electrode.--Excellent 
reproducibi l i ty  was obtained except  in the very  high 
current  density regions whe re  considerable oscillations 
of potent ial  tended to occur. For  each meta l  or alloy 
all of the  points obtained dur ing four separate mea-  
surements  were  plot ted on a large scale, the best l ine 
drawn through the exper imenta l  points, and the resul t -  
ing smoothed lines are  shown in Fig. 2. At  all current  
densities in the etching range  zinc and cadmium had 
lower  overpotent ials  for normal  dissolution than any 
of the alloys. The transi t ion f rom etching to polishing 
was sharp in all cases. The l imit ing current  density 
for zinc was ~--54 m A / c m  2 whi le  that  for cadmium and 
the  alloys was 65-70 m A / c m  ~. Al though the transit ions 
and l imit ing current  densities were  wel l  defined the 
upper  parts of the polishing regions were  much less 
well  defined. However ,  t h e  anodic overpotent ia l  ranges  
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Fig. 1. Electrodes used for polarization measurements: (a) gal- 
vanostatic, (b) a-c impedance. 

0 I0 20 36 40 50 60 70 

RNODIr CURRENT DENSITY CMA/CH 2 ) 

Fig. 2. Galvanostatic polarization curves for Zn, Cd, and three 
alloys at 25~ (a) upper part polishing range (b) ]ower part etch- 
ing range. �9 Zn, ~ alloy 1 (60% Zn), A alloy 2 (18.1% Zn), 
O alloy 3 (10% Zn), [ ]  Cd. 
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Table I. Polishing voltage ranges for Zn, Cd, and binary alloys of 
these elements in sulfamic acid-formamide solutions at 25~ 

G a l v a n o s t a t i c  anod ic  
M a t e r i a l  o v e r p o t e n t i a l ,  V 

Z inc  l l .O 
A l l o y  1 (60% Zn)  8 .0  
A l l o y  2 (18.1% Zn)  6.0 
A l l o y  3 (10% Zn)  5.5 
C a d m i u m  3.0 

at the l imit ing current  density decreased wi th  in-  
creasing cadmium content  of the alloy (Table I) .  

A - C  impedance measuremen t s . - -The  curves for re-  
sistance as a function of current  densi ty are shown in 
Fig. 3, the main feature  in all cases being the sudden 
ex t remely  large increase in resistance (5-150 ohm-  
cm 2) coinciding wi th  the onset of polishing conditions. 
When no net  current  was flowing through the elec-  
trode the resistances, wi th  the except ion of cadmium, 
were  ~ 4  ohm-em 2. On applying a net  current  the ini-  
t ial  resistances all fell  to sl ightly lower  values which 
rose again with  increasing current  density unt i l  the  
l imiting current  densi ty was reached when  the very  
large increase in resistance was observed. Af te r  the 
l imit ing current  density, the resistances for zinc and 
alloy 1 (60% Zn 40% Cd) increased slowly wi th  cur-  
rent  density whereas  mater ia ls  wi th  a cadmium con- 
tent  of >40% the resistance became complete ly  un-  
stable and violent  oscillations of the nul l  detector  made  
it impossible to obtain more than one reading for each 
specimen. The l imit ing current  densities f rom these 
measurements  were  50-60 m A / c m  2 for Zn, alloy 1, and 
alloy 3, 65 m A / c m  2 for alloy 2 (18.1% Zn, 81.9% Cd) 
and 80 m A / c m  2 for cadmium. 

The init ial  capacitance for all specimens was ~10 ~F /  
cm 2 Fig. (4), and ini t ia l ly  there  was a rapid rise to ~100 
t~F/cm 2 with  increasing applied current  density. Fol -  
lowing this there  was a slight increase in capacitance 
with increasing current  density unt i l  the l imit ing cur-  
rent  densi ty was at ta ined when the capacitance fell  
sharply to values ~0.5 t~F/cm 2. Since the bridge 
could not be balanced at current  densities high in the 
polishing region for specimens containing >40% cad- 
mium, curves for such specimens have only one point 
in this region. 

Over -a l l  it is clear f rom these measurements  that  
the anode resistance is ex t remely  high in the polishing 
region and that  under  these conditions the capacitance 
is correspondingly low. 
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Fig. 3. Series resistances of Zn, Cd, and three alloys as a tune- 
tion of current density at 25~ (10 kHz) �9 Zn, V alloy I (60% 
Zn), �9 alloy 2 (18.1% Zn), G alloy 3 (10% Zn), [ ]  Cd. 
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Fig. 4. Series capacitances of Zn, Cd, and three alloys as a func- 
tion of current density at 25~ (10 kHz) �9 Zn, V alloy 1 (60% 
Zn), �9 alloy 2 (18.1% Zn), G alloy 3 (10% Zn), [ ]  Cd. 

Anodic dissolution ratios and dissolution efficiencies 
at constant current  dens i t y . - -A f t e r  each anodic dis- 
solution exper iment  the e lec t ro lyte  was analyzed for 
zinc and cadmium and the proport ions of each meta l  
dissolved was calculated for comparison with  the pro-  
portions present  in the alloy (Table II) .  For  alloy 1 
(60% Zn 40% Cd) there  is some evidence that  at the 
lowest current  densi ty (8 m A / c m  2) the Zn: Cd ratio in 
solution was sl ightly grea ter  than  that  in the alloy 
whereas  at current  densities >70 mA/cm2 the ratio was 
lower. For  alloy 2 (18.1% Zn 18.9% Cd) the dissolu- 
tion ratio was 17 Zn : 83 Cd, i.e., slightly lower  than 
that  in the alloy. In the case of alloy 3 the ratio in solu- 
tion was 11 Zn : 89 Cd and hence a sl ightly h igher  
proport ion of Zn appears in solution than that  nomi-  
nal ly  present  in the alloy (10% Zn 90% Cd).  Overall ,  
however ,  it is clear  that  the  meta l  dissolution ratios 
are similar  in all  cases to the ratios ini t ia l ly  present  
in the alloys. The total  meta l  dissolution efficiencies 
did not vary  significantly wi th  anodic current  density 
or alloy composition since all  were  wi thin  the range 
100 • 2.5%. There  was some indication that  the cur-  
ren t  efficiencies increased sl ightly ( ~ 1 % )  wi th  in-  
creasing cadmium content  of the alloy. 

Observations of  surface ]eatures af ter t rea tment  at 
constant current  dens i t y . - -The  surface features  of all  
three alloys were  recorded as a function of current  
density. 

Alloy  1. (60% Zn 40% Cd) . - -Th i s  alloy has a composi-  
tion midway  between the eutectic composit ion and 
pure zinc and in the as-cast  condition (Fig. 5a) is 
composed of p r imary  dendri tes of Zn-r ich  solid solu- 

Table II. Proportions of zinc and cadmium in solution after anodic 
dissolution of binary alloys of these metals in sulfamic 

acid-formamide solutions at 25~ 

A n o d i c  
c u r r e n t  A l l o y  1 A l l o y  2 A l l o y  3 
dens i ty ,  60% Z n  40% Cd 18.1% Z n  81.9% Cd 10% Z n  90% Cd 
m A / c m  2 P r o p o r t i o n  of  each  e l e m e n t  in  so lu t i on  a f t e r  d i s so lu t ion ,  w / o  

Z n  Cd  Z n  Cd  Z n  Cd  

8 65.6 34.4 18.5 81.5 12.4 87.6 
16 57.0 43.0 16.9 83.1 10.1 89.9 
24 60.1 39.9 17.7 82.3 10.8 89.2 
32 56.1 43.9 18.2 84.8 9.5 90.5 
40 54.5 45.5 16.2 83,8 9.8 90.2 
48 59.5 40.5 18.8 81.2 11.9 88.1 
56 60.1 39.9 18.9 81.1 11.1 88.9 
64 55,7 44.3 15.2 84.8 9.9 90.1 
72 58.7 41,3 18.1 81.9 11.0 89.0 
80 55,3 44.7 15.6 84,4 11.5 88,5 
96 54.2 45,8 15.8 84,2 10.7 89.3 
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Fig. 5. Photomicrographs of specimens of alloy 1 (60% Zn) (a) as-cast structure; (b) as-rolled structure; (c) polished zinc dendrites 
(72 mA/cm2); (d) polished zinc dendrites (72 mA/cm 2) dark ground illumination. 

t ion (dark phase) in a matr ix  of eutectic composed of 
the cadmium-r ich  solid solution (light phase) and the 
zinc-r ich phase. After  rol l ing into strips the dendrit ic 
pa t te rn  was distorted but  still recognizable (Fig. 5b). 

Anodic t rea tment  of sheet specimens of the alloy at 
constant  current  densi ty resulted in two distinct types 
of surface. At current  densities <32 mA/cm2 the speci- 
men  surfaces were dull  mat t  gray and etched. How- 
ever, pits were also present  and these were found to 
correspond in shape, size, and depth (12-20 ~m) to 
areas of zinc-rich phase present in the alloy. At in ter -  
mediate  current  densities (32-56 m A / c m  ~) polishing 
specimens where the local current  density was highest 
was evident  on the lower corners and edges of the 
specimens where the local current  density was highest 
due to rather  poor cur ren t  distribution. Completely 
bright  and reflective surfaces were obtained at cur rent  
densities >56 m A / c m  2. A fine relief pa t te rn  was ap- 
parent  even to the naked eye. Examinat ion  of the 
specimen surface under  oblique i l luminat ion  (Fig. 5c) 
indicated by the shadows produced that  ei ther the 
height of the eutectic phase was lower than  that  of 
the zinc-rich phase or that  a groove was present  at the 
boundary  between the two phases. By changing to 
dark ground i l luminat ion  (Fig. 5d) all l ight directly re-  
flected from the specimen surface was eliminated, and 

at the same t ime scattered light was brought  into focus 
producing an image of all surfaces which were not 
plane and perpendicular  to the optical axis. The light 
areas in Fig. 5d thus represent  the hollows or grooves 
at the edges of the zinc-rich phase. Most of the central  
areas of the dendri tes were polished to a smooth highly 
reflective surface. 

Alloy 2. (18.1% Zn 81.9% Cd) . - -This  alloy was close 
to the eutectic composition (17.4% Zn) and the as-cast 
s t ructure was almost completely eutectic (Fig. 6a), the 
presence of a few small particles of zinc-rich phase 
confirming that  the zinc content  was slightly in ex- 
cess of the true eutectic composition. Rolling of the 
alloy did not change the s tructure significantly. Overall, 
the general  relationship between s t ructure  and current  
density observed with alloy 1 was also observed with 
this alloy. At current  densities --~32 m A / c m  2 there was 
poor definition of grain boundaries  and in this case no 
etch pits were observed. The first signs of polishing 
were observed on the lower corners and edges of speci- 
mens exposed at 32 m A / c m  2 and increasing the cur-  
rent  densi ty from 32 to 56 m A / c m  2 progressively in-  
creased the area of the specimen which was polished. 
At current  densities >56 mA/cmU the whole specimen 
surface became bright  and polished although relief 
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Fig. 6. Photomicrographs of specimens of alloy 2 (18.1% Zn- 
eutectic) (a) (top) as-cast structure (b) (bottom) polished surface 
(72 mA/cm 2) showing selective removal of one component during 
polishing. 

effects were observed (Fig. 6b), the Zn-r ich  phase 
being proud of the eutectic. This was, however, best 
observed under  dark ground i l lumina t ion  at  relat ively 
high magnifications, and under  normal  direct i l lumina-  
t ion at moderate  current  densities only a low degree 
of relief was observed due to the re la t ively fine struc-  
ture  and uni formi ty  in  the alloy. 

Alloy 3. (10% Zn 90% Cd) . - -The  composition of this 
alloy was in termediate  be tween that  of the eutectic 
and pure cadmium and in the as-cast condition (Fig. 
7a) it consisted of p r imary  dendrites of cadmium-r ich  
phase set in a fine eutectic mixture.  The lens-shaped 
markings  on some of the dendri tes are probably  de- 
formation twins induced dur ing  metal lographic prepa-  
ration. After  roll ing the cadmium-r ich  phase was ir-  
regular ly  shaped. 

Again the over-al l  anodic behavior  of this alloy was 
similar  to tha t  of alloys 1 and 2. Deep etching occurred 
at cur rent  densities up to ~--32 m A / c m  2, and the in-  
dividual  phases could not  be readi ly  distinguished. 
Again the first signs of polishing appear round the bot-  
tom edges and corners of the specimen at 32 m A / c m  2, 
and the area of polished surface increased with in-  
creasing current  density up to 56 m A / c m  2. The surfaces 
resul t ing from anodic t rea tments  at 56-96 m A / c m  2 
were completely polished although slight relief effects 
were observed. The cadmium-r ich  phase was genera l ly  

Fig. 7. Photomicrographs of specimens of alloy 3 (10% Zn): (a) 
(top) as-cast structure; (b) (center) polished surface (72 mA/cm 2) 
showing depression of Cd-rich phase; (c) (bottom) as (b) dark 
ground illumination, showing rounded pits in cadmium phase as 
light spots. 

1-2 ~,m below the general  level of the eutectic as can 
be seen by the shadows in this phase in Fig. 7b. The 
surfaces of the cadmium-r ich  dendrites, al though 
highly reflective, were covered with minu te  pits (0.25- 
1.50 um diameter) ,  and this could best be seen at 
higher magnification under  dark  ground i l luminat ion  
where the pits are seen as light spots on a dark  back- 
ground. (Fig. 7c) 

Additional general observations.---Polished specimens 
after removal  from the solution very rapidly formed 
a dull  gray film on the surface if they were not  washed 
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immedia te ly  after breaking the electrical circuit. These 
films were studied using electron microscopy. Black 
particles with angular  shapes (cf. Fig. 8a) were found 
associated with the fine two-phase mater ia l  of the 
eutectic, the single phase zinc-rich areas being free of 

Fig. 8. Electron micrographs of precipitates on polished specimen: 
(a) (top) presence of particles only on eutectic areas; (b) (center) 
associatien ef particles with rods of dispersed phase; (c) (bottom) 
metallic dendrites. 
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such particles. This close association of the particles 
with the in t imate  mix ture  of phases in the eutectic is 
seen in more detail in Fig. 8b where it is clear that  they 
appear to propagate from the rods of the dispersed 
phase. An extensive study of the particles was made 
using t ransmission electron diffraction, but  diffracto- 
grams of sufficient qual i ty to permit  measurement  and 
calculation of lattice parameters  could not  be obtained. 
The mater ia l  was certainly crystalline, often opaque 
to electrons, and probably metallic. A par t icular ly  in-  
teresting dendrit ic formation is shown in Fig. 8c, and 
despite the lack of direct evidence it seems almost cer- 
ta in  that  crystals of cadmium were deposited on the 
surface by an exchange reaction between zinc in the 
eutectic phase and cadmium ions in solution. 

Dur ing  anodic dissolution of the alloys qual i ta t ively 
similar viscous layers were observed s t reaming from 
the electrode surfaces and these were observed dur ing 
both etching and polishing. Since there was evidence 
of film formation dur ing  polishing some of the polished 
specimens were subjected to electron probe micro- 
analysis for sulfur  in plan, but  the presence of this 
e lement  could not be confirmed. 

Discussion 
The present  work represents one of the first invest i-  

gations of the anodic behavior  of alloys in organic 
electrolyte solutions and as such must  be regarded as 
exploratory and ra ther  general  in nature.  It  must  how- 
ever be pointed out at the outset that  the anodic dis- 
solution ratios and the metal lographic features repre-  
sent long- te rm steady-state conditions and not the 
early stages of dissolution. Caution is therefore neces- 
sary in discussing these features in re la t ion to the 
galvanostatic polarization curves. 

Dissolution of alloy 1 (60%) Zn at 16 m A / c m  2 
wi th in  the etching range resul ted in deep pi t t ing and 
metallographic examinat ions suggested that  this was 
associated with preferent ia l  dissolution of Zn-r ich  
dendrites. Clearly although preferent ia l  dissolution of 
zinc may occur in the early stages cadmium dissolution 
~lso occurs, and only at the lowest current  density 
(8 m A / c m  2) was there significant evidence of prefer-  
ential  dissolution of zinc under  steady-state conditions. 
At 72 m A / c m  2 there was evidence that  the Zn-r ich  
dendrites were raised above the mat r ix  of Cd-rich 
eutectic. There was also some indication (Table II) 
that the solution contained a slightly higher proportion 
of cadmium than the alloy. This is no doubt associated 
with the higher ]imiting current  density for cadmium 
dissolution (Fig. 2 and 3). 

In  the case of alloy 2 it was not possible because 
of the fine eutectic s t ructure  to determine which phase 
was preferent ia l ly  dissolved dur ing  etching and polish- 
ing. Again under  s teady-state  conditions there was 
little preferent ial  dissolution of either meta l  (Table II) .  
With alloy 3 the metallographic evidence suggested 
some slight preferent ia  1 dissolution of cadmium. 

Under  the etching conditions used in the present  
work good metal lographic contrast apparent ly  was 
not obtained. This was most probably  due to excessive 
surface roughening during steady-state  dissolution. A 
much higher degree 'of contrast  was obtained during 
polishing, the difference in height between the phases 
being 4-8 x 10 -5 in. In the polishing region the differ- 
ent iat ion ratio for cadmium (Dcd) as defined by 
Greene, Rudlaw, and Lee (8), is given by (inm cd/ 
ilim Zn)E at any potential  (E) where ilimM are  the ob- 
served l imit ing current  densities for dissolution of Zn 
and Cd. At almost all potentials in the polishing region 
D has values of ,-~1.2. Thus under  steady-state condi-  
tions dur ing polishing there appears to be a difference 
in height --~10 -4 in. and phase contrast  with a dissolu- 
t ion ratio somewhat lower than that  specified as neces- 
sary by Greene, Rudlaw, and Lee. This is not surpris-  
ing as their  cri teria were derived for short- t ime etch- 
ing conditions. It  must  however be made clear that  in 
the present  work crystallographic etching was sup- 
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pressed in the polishing region. It is notewor thy  that 
long- term dissolution (300c) results in a Zn/Cd dis- 
solution ratio the same as the Zn /Cd  weight ratio in  
the alloy over a range of current  densities in both pol- 
ishing and etching regions. Genera l ly  accepted theory 
(9-11) indicates that in the ini t ial  stages of dissolution 
the two consti tuents in the alloy dissolve indepen-  
dent ly  of each other at the current  density appropriate 
to the potential  or overpotent ial  sett ing (heterogeneous 
or homogeneous alloys) as derived from the polariza- 
t ion data for the single constituents.  Then, taking the 
fraction of the alloy surface occupied by each compo- 
nent  to be proport ional  to its volume fraction in the 
alloy and assuming two consti tuents 1 and 2 with 
molecular  weights M1, M~, dissolution valencies ZI, Z2, 
and current  densities of dissolution Q, i2 under  set 
conditions we have 

Weight of 1 dissolved iiMlxl~,_z2 
- [1] 

Weight of 2 dissolved i2M2x2plx! 

where xl, .v2 are weight fractions of 1 and 2 in the alloy 
and pl, p2 are respective specific gravities. 

In the polishing range in the present results the rates 
in Eq. [1] becomes approximately  

Weight of Cd dissolved Xcd 
~ 3  

Weight of Zn dissolved Xzn 

since icd ~ 7/5 iZn (Fig. 2), Zcd ---- Zzn, pCd ~ PZn, and 
Mcd ~ 2Mzn. Thus the ratios of metal  dissolved accord- 
ing to Eq. [1] are a factor of ~3 different from that  
actually observed. 

Several  modifications of the above behavior  have 
been suggested usual ly in connection wi th  the protec- 
t ive properties of components in s trongly passivating 
systems. Thus it has been suggested that modification 
results from the accumulat ion of the less active compo- 
nent  on the surface by re-or ienta t ion  of the lat ter  after 
dissolution of the more active atoms, or a l te rna t ive ly  
by re-precipi ta t ion of less active atoms after p r imary  
dissolution (11). In  the present  results the remarkable  
consistency of the dissolution ratios in etching and 
polishing regions despite a variety of alloy structures 
seems to indicate a more general  explanation.  In  any 
case, on a geometrical basis it can easily be appreciated 
that  there must  be a tendency for less active atoms to 
accumulate on the surface. Thus if the dissolution rates 
of the two components are at all comparable long- term 
dissolution will not result  in over-al l  preferent ial  dis- 
solution of one component,  al though at any  time a cer- 
tain amount  of preferent ia l  dissolution, of the order of 
the grain or particle size, of the more active compo- 
nent  would be expected. Hence in the polishing region 
a ra ther  fine etch of the eutectic is noticed, Fig. 6b, al-  
though it must  be stressed again that crystallographic 
etching is suppressed. This is indeed an at tract ive 
demonstra t ion of the p r imary  importance of the sup- 
pression of crystallographic etching in polishing phe-  
nomena. The larger scale component etching (which, 
of course, would not be suppressed by the polishing 
film) does not prevent  the appearance of a visual ly 
polished surface. 

The results of the a-c impedance measurements  on 
the alloys and cadmium were general ly  similar to those 

previously obtained (4) for zinc. The magni tude  of the 
increase in resistance corresponding to the onset of the 
l imit ing current  and the associated decrease in  capaci- 
tance are again best in terpreted in terms of formation 
of anodic films. Over-a l l  anodic dissolution is con- 
trolled by diffusion processes in solution at higher po- 
tentials, and this may well be t rue at potentials in the 
etching range. Most theoretical t rea tments  of alloy 
dissolution processes (9-12) are based on shor t - te rm 
activation controlled processes, and it is not possible 
to discuss the present  system in  detail un t i l  fur ther  
studies of dissolution as a funct ion of t ime have been 
completed. 

The solutions produced by the anodic dissolution of 
alloys 2 and 3 (Cd-rich) f requent ly  contained a cloudy 
yellow precipitate which was shown to be cadmium 
sulfide. The cathodic reaction in 1M sulfamic acid- 
formamide must  therefore include the reduction of 
sulfamic acid to sulfide ion either directly or by means 
of cathodic hydrogen. Redeposition, p resumably  of Cd, 
the more noble metal,  was also a problem with pol- 
ished specimens unless these were removed from the 
electrolyte while they were  still connected to the 
power supply and washed immediate ly  in pure  form- 
amide. Similar  difficulties have been reported by 
Moulen (13) dur ing  the electropolishing of P b - S n  
alloys in aqueous fluoboric acid. 
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A Rapid Anodic Porosity Test for Ni-Fe 
Electrodeposits on Copper Wire 

W .  O. Freitag* 

UNIVAC, Division of Sperry Rand Corporation, Blue Bell, Pennsylvania 19422 

ABSTRACT 

A 10-min semiquant i ta t ive  polarographic test is described which mea-  
sures the area of copper substrate left exposed by pinholes or defects in 
electrodeposited memory wire. The wire sample is made the anode in an 
electrolytic cell, the Ni-Fe outer film is rendered passive with a con- 
trolled potential  sequence, and the anodic current  due to oxidation of 
exposed copper is recorded as a function of potential.  The height of a 
copper passivation peak is measured, and this height is shown to be pro- 
port ional  to exposed Cu area. The method is useful  in qual i ty  control 
and in following the course of corrosion in envi ronments  when the at-  
tack at local defects is the major  mechanism. 

The occurrence of pinholes or other plat ing defects 
which leave some of the substrate exposed is a famil -  
iar  problem with decorative or protective electro- 
deposits. As a par t  of the development  of plated 
wires for computer  memories, it became necessary to 
measure the porosity of thin magnetic alloy films on 
copper. The test developed for this purpose is de- 
scribed, and we believe that the same general  ap- 
proach might be applicable to other situations. 

The plated wire memory elements consist of a 
substrate of bery l l ium-copper  wire 0.005 in. in di- 
ameter  coated with an electrodeposited film of perm-  
alloy. Wires of this type were prepared first by Long 
(1) and the process was described more recent ly  by 
Sagal (2). The alloy films have an average composition 
near  60% Ni and are general ly  about 8000A in thick-  
ness. Usually, a layer of pure copper is interposed 
between the substrate and the magnet ic  alloy. P in -  
holes or other defects which leave part  of the copper 
substrate exposed affect the magnetic performance of 
the wires. Fur thermore ,  pinholes could provide sites 
for corrosion and so affect the long- te rm stabil i ty and 
rel iabil i ty of the elements. 

Tests for porosity in electrodeposits usual ly  consist 
in render ing  the pores visible by means of some 
chemical reaction which is specific to the substrate 
mater ia l  and leaves the deposit unchanged.  Evaluat ion 
is then carried out by visual  or microscopic examina-  
tion. In  electrography, the test panel  is made anodic 
in  a cell and is held in contact with filter paper which 
is saturated with an appropriate electrolyte so that  
ions from the exposed substrate areas produce a 
colored precipitate. These methods are not easily ap-  
plied to cylinders of small  diameter, such as plated 
memory wire. 

The l i terature  describes methods wherein  anodic 
currents  are measured which represent  metal  dissolu- 
tion from the basis metal  at pores in the deposit 
under  conditions at which the deposit is passive. Ehr -  
hardt  (3) applied this approach to gold on copper by 
measur ing the diffusion l imited anodic current  of 
copper dissolution in 5% H2804 at a potential  at which 
no other electrode reaction was occurring. Khan  re-  
cently reviewed this method (4) and found that  the 
gold layers were not sufficiently passive dur ing this 
t rea tment  and gave background currents  which ren-  
dered the tests inaccurate. Shome and Evans (5) re-  
ported on the use of a corrosion cell for de termining  
porosity of nickel  deposits on iron. They used a large 
auxi l iary  cathode of copper and measured either the 
corrosion current  or the amount  of i ron accumulat ing 
in the electrolyte after a period of time. Clarke and 
Bri t ton (6), dealing with tin, nickel, or copper on 

* Electrochemical  Society Act ive  Member.  
K e y  w o r d s :  pola~ograph, pyrophosphates ,  corrosion, passivity,  

magnet ic  a l l o y s  f o r  computer  memories .  

steel, related the slope of E vs. i curves to the resist-  
ance of electrolyte wi thin  the pores. Their  approach, 
however, depends on certain conditions being valid 
which are difficult to achieve experimental ly,  and 
is not applicable to very  th in  deposits in any event. 

In  the present  work, pores in n ickel - i ron  alloy 
films on copper are detected by measur ing the anodic 
passivation current  peaks from exposed copper areas 
after a prescribed polarization sequence which leaves 
the Ni-Fe areas passive. 

Pinhole Test Sequence 

The wire sample is made the working electrode in 
a polarographic cell using dilute sodium pyrophosphate 
as electrolyte. Figure 1 summarizes the polarization 
sequence and diagrams the currents  observed. 

First, a negative potential, --1.8V vs. SCE, is applied 
to reduce surface oxides and effect a certain degree of 
cathodic cleaning. Then the sample is brought to 
+800 mV whereupon passivating films grow on both 
the permalloy and the copper areas. After  the ob-  
served current  falls to a very  low level, usual ly 0.6 to 
0.8 ~A/cm of sample length ( in :about  4 min)  the cell 
is placed on open circuit. 

The anodic film which formed on copper is soluble 
and dissolves wi thin  2 min  after removing the poten-  
tial (the "reactivation" t ime) ,  while the anodic film 
on the magnetic alloy remains  intact. After  this re- 
act ivation step, the potential  scan is begun at --200 mV 
and run  to about +300 mV at a rate of 200 mV/min .  
An anodic current  peak is observed as the copper 
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Fig. 1. Potential sequence applied to test wire (lower line) and 
typical current response (upper line). Ordinate units are arbitrary 
and not to scale. 
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Fig. 2. Anodic traces of unplated copper and solid permalloy 
wires in the active condition (solid lines) and after polarization as 
in Fig. 1 (dashed lines). The electrolyte is 0.085M Na~P20~ at 
pH ~ 5.2. 

areas repassivate, and the height  of this peak is 
measured.  

Apparatus and Procedure 
Two kinds of electrolyt ic  cells were  used in this 

work. One was a simple "H-ce l l  'u one leg of which 
was a saturated calomel electrode with  a mercu ry  
surface about  1 in. in diameter.  The calomel  cell  was 
used as the counterelect rode under  the assumption that  
up to 400 ~A of cur ren t  (the upper  l imit  of the 
polarograph)  would not polarize it, and that  any 
polarization which might  occur would not al ter  test  
results. Potentials  are not measured more accurately  
than •  inV. The H-cel l  could accommodate  sample 
lengths up to 5 cm. When longer lengths of wire  were  
tested, a th ree-e lec t rode  cell  was used which con- 
sisted of a pla t inum foil counterelect rode and a stan- 
dard calomel  reference  electrode.2 The re la t ive  loca- 
tion of the three  electrodes was not control led since, 
again, cri t ical  vol tage control  was not necessary. A 
Fisher  Elecdropode with recorder  was used with  both 

.cells, but an operat ional  amplifier circuit  was added to 
dr ive  the th ree-e lec t rode  cell. 

Wire samples were  masked top and bot tom wi th  
Scotch Electroplater ' s  Tape (3M Company)  making  
sure that  the immersed  end was complete ly  insulated. 
There  was no evidence that  impuri t ies  from the tape 
in ter fered  in any way with  the test. 

The e lect rolyte  was 0.085M Na4P.~O7 adjusted to a 
pH of 5.2 wi th  H3PO4. The tests were  carr ied out at 
room temperature .  A ve ry  few test runs were  done 
with  the electrolyte  saturated with O2 or swept wi th  
Nf, but no significant differences were  immedia te ly  
apparent,  and v i r tua l ly  all of the work  was done 
under  ambient  conditions. 

Identification of Passivation Current Peaks 
The passivation behavior  of copper  and permal loy  

in this e lectrolyte  are shown in Fig. 2. The solid lines 
are taken from current  voltage traces while  scanning 
0.005 in. d iameter  solid permal loy  wire  3 (1 cm) and 
copper plated bery l l ium-copper  wire  (0.2 cm).  Voltage 
scanning was started at --500 mV (vs.  SCE) at 
+200 mV/min .  The cathodic currents  are not shown. 

The dashed lines in Fig. 2 are traces of scans of the 
same samples run according to the procedure  in Fig. 
1; the permal loy  is passive but the copper was v i r tu -  
al ly unchanged. 

The passivation behavior  for the alloy is similar  to 
that  described for Fe -Ni  alloys by Economy et  al. 
(7) in sulfuric acid solutions. The passivation current  
density for permal loy  in Fig. 2 is on the order of 
1 m A / c m  2, compared to a value less than 25 m A / c m  2 
extrapola ted from Economy's  results, which covered 
a pH range only up to 3.7. The location of the cur ren t  
peak  is about --0.18V (SCE) in pyrophosphate  at 

1 S a r g e n t ,  H - F o r m  Elec t ro lys i s  Vessel ,  S-29401. 
A.  H.  T h o m a s ,  4851-K30.  

3 18,94% Fe,  H a m i l t o n  P rec i s i on  Meta ls ,  L a n c a s t e r ,  P e n n s y l v a n i a .  

pH ---- 5.2 compared to --0.15V (SCE) in H2SO4 at 
pH 2.7, i.e., in fair  agreement  and not much affected 
by pH. 

Figure  3 shows a t race  made on a plated wi re  before 
and after  the alloy deposit was del ibera te ly  nicked 
wi th  a razor blade. The resul t ing scratch was suffi- 
cient to render  that  point on the wire  useless for 
memory  application. The occurrence of the copper 
passivation peak is c lear ly  evident  at +100 mV. In 
practice, the copper peak  occurs at +20 to +120 mV 
(SCE),  with larger  copper areas usually peaking at 
the higher  potentials. This shift is expected to be 
re la ted to the voltage scanning rate. The method used 
to measure  the peak height  is also i l lustrated in Fig. 3. 

The scan is started at a potent ial  such that  l i t t le or 
no cathodic current  flows. Cathodic cur ren t  will, of 
course, reduce some of the nickel  passivation and a 
current  peak due to the repassivat ion of nickel  wil l  
appear. However ,  some nickel  passivation current  can 
be tolerated since the Ni peak usually does not in ter -  
fere  with observat ions of the Cu peak. 

The electrode react ion mechanisms are doubtlessly 
complex. In broad terms, the rate  of format ion of the 
passivating copper pyrophosphate  film is de termined 
by competi t ion be tween a precipi tat ion react ion 

Cu + + + P407 . . . .  --> insoluble salt 

and a dissolution reaction: 

insoluble salt q- P407 . . . .  -~ soluble complex 

The existence of insoluble salts and complex ions in 
the copper pyrophosphate  system at pH 5.2 is well  
known (8-11), but no a t tempt  is made here  to ident i fy 
the species involved.  Above  a pH of about 6, where  
no copper-pyrophosphate  precipi ta te  is found, the 
present  method fails. On the other  hand, below pH 4 
passivi ty is difficult to obtain, direct  a t tack on the 
nickel  is excessive, and samples are rapidly  destroyed. 

Area Calibration of the Copper Peak Current 
In order to val idate  the test sequence, it is necessary 

to prove  that a direct correlat ion exists be tween the 
height  of the copper passivation peak and the area 
of exposed copper. Electrodes of known area were  
prepared by pott ing 1-mil d iameter  copper wires so 
that  only polished cross sections were  exposed to the 
electrolyte.  The peak heights of assemblies containing 
f rom 1 to 25 wires  were  measured.  The results are 
shown in line A, Fig. 4, which has the expected slope 
of 1. S imi lar ly  potted electrodes containing single 
wires of larger  d iameter  yielded curve  B, which has a 
slope of about 0.8. 

Nei ther  of these lines can proper ly  be extrapola ted 
to lower  currents  to provide  a quant i ta t ive  calibration 
curve. The peak current  is at least par t ia l ly  control led 
by diffusional processes whose rate  is maximized  by 
mul t ip le  small-sized copper electrodes which permi t  
essentially th ree-d imens iona l  supply of reactants  to 
the electrode. Large  cross-section electrodes undergo 
a transi t ion f rom three-  to one-dimensional  diffusion 
behavior  with an expected reduced over -a l l  rate  or 
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Fig. 3. Anodic traces of a plated wire before (curve A) and after 
(curve B) scratching the permalloy deposit with a razor blade. 
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Fig. 4. Copper peak current vs.  electrode area correlation curves 
for multiple electrodes comprised of 1 mil diameter sections (curve 
/%) and single electrodes of larger diameters (curve B). 

current .  Pinhole arrays in actual plated wires will  
behave as isolated mult iple  electrodes of various di-  
ameters. The smaller  pinholes will contr ibute dis- 
proport ionately large part ial  currents  to the total 
cur rent  un t i l  other effects predominate,  such as high 
electrolyte resistance in very small  pinholes, fai lure 
of the previously formed anodic film on copper to dis- 
solve in  the allowed two minutes,  or failure of the 
electrolyte to penetra te  very small  pinholes. A true 
cal ibrat ion curve would lie to the left of the ext rap-  
olation of l ine A, Fig. 4, and would be paral lel  to 
line A only if the pinholes have approximately the 
same diameter. 

The repeatabi l i ty  of the measurement  on sanded 
electrodes consisting of a single 1-mil diameter  copper 
wire was sl ightly bet ter  than -*-20%. Eleven measure-  
ments  taken from four different electrodes gave an 
average Icu value of 0.30 ~A, with a s tandard devia-  
tion of 0.05 ~A. Standard  derivations of measurements  
using the larger diameter  s ingle-wire  electrodes are 
indicated by  the error flags in Fig. 4. Most of this error  
arises from real surface area variat ions due to rough-  
ness of the copper cross sections. The peak heights 
found for a 25-mil diameter  copper section were 
consistently lower when the surface was prepared by 
electropolishing than when it was sanded. 

The advantage of this method over Ehrhardt ' s  (3) 
is that  the effects of solution convection, which must  be 
dealt with when measur ing a diffusion l imited anodic 
current,  are minimal.  Copper wire cal ibrat ion samples 
gave essentially the same dis t r ibut ion of peak heights 
when the copper electrode faced downward in the 
electrolyte, or was inver ted to face upward. The peak 
of the copper current  is reached in 15-30 sec, a t ime 
apparent ly  too short for the bui ldup of densi ty gra-  
dients which are sufficient to cause local convection. 
Fur thermore,  any  Ni-Fe  passivity that  is lost between 
the ini t ia l  passivation and the measur ing sweep, is 
quickly re-establ ished dur ing the sweep before the 
copper dissolution potent ial  is reached. Thus the pas- 
sivation peak for copper stands out unambiguously.  

The repeatabi l i ty  of measurements  on plated wire 
samples could not be determined because of the cumu-  
lat ive destructive effects described below. It is be- 
lieved that  except for the occurrence of gross defects, 
most acceptable wire deposits are characterized by 
microfissures which are re la t ively un i formly  distr ib-  
uted. A l l - i n -a l l  the method yields useful  data over 
a range of five orders of magnitude.  Acceptable plated 
wires display copper peaks of 0.03-0.005 ~A or less per 
cent imeter  of wire length, while poorly plated wires 
ranged from 0.1 to 1 ~A. Variat ion of the thickness of 
the permalloy deposit from 3000 to 10,000A, plated 
under  "acceptable" conditions, had little or no effect 
on the observed defect area. Badly corroded wires 
have been observed with currents  up to 400 ~A, or 
about 50% exposed substrate area. 

Effect of Repeated Scanning 
Some of the charge passed dur ing  the  ini t ial  passi- 

vat ion step represents active dissolution of nickel and 
iron. Thus, there exists the possibility tha t  high results 
would be obtained if the passivation stage removes 
some of the magnetic  alloy. Exist ing pinholes could 
be enlarged or th in ly  plated areas could be stripped 
and a pinhole generated. 

To estimate the magni tude  of this source of error, 
the cumulat ive effect of #epeated pinhole test cycles 
was examined. Figure 5, l ine A, shows that  when pas- 
sivation is carried out as in Fig. l, there is indeed a 
slow increase in  the measured copper peak height, 
but  that this levels off after about 8-10 test cycles. 
The increase in copper peak height from the first to 
the second scan of a given sample was usual ly  found 
to be about 20 to 30%. It is estimated, therefore, that  
the true copper height would lie about 20-30% below 
that measured by the first scan. The test is clearly 
par t ia l ly  destructive, but  the error is no greater than  
other uncertainties.  

Line B in Fig. 5 shows the effect of using a passiva- 
tion technique which permit ted much greater  anodic 
currents  to flow. Instead of polarizing at a constant  
+800 mV, passivation was done by scanning from 
--200 to +800 mV at 200 mV/min .  This provided 
greater oppor tuni ty  for active dissolution of nickel, 
and the more rapid sample destruction is evident  in  
curve B. The passivation of a normal  wire requires 
passage of about 6 x 10 -4 to 30 x 10 -4 coulombs/cm 
length. If all of this charge represents dissolution, 
distr ibuted uniformly,  a layer  of magnetic  alloy 50- 
250A is lost. As a check, a portion of electrolyte that  
has been used to test a total of 90 cm of wires was 
analyzed by atomic absorption and found to contain 
Ni in an amount  equivalent  to the dissolution of 20 
• 20 A/cm of wire. The dissolution is almost surely 
not uniform, and pinhole en largement  has not been 
preventable.  

Dissolution is even more serious when  impurit ies 
are present  which prevent  the passivation of the Ni- 
Fe. Such impuri t ies  are provided, for example, by 
tarnish  layers which form under  certain conditions 
dur ing  corrosion tests in su l fur -conta in ing  atmos- 
pheres. A dip in 1:1 HC1 was found adequate for 
removing the tarnish  layers, but this operat ion also 
removes up to 300A of alloy. 

Selection of Sample Length 
Production wire batches consisting of 20 to several 

hundred  20-in. long wires, are characterized by apply-  
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Fig.  5. Effect of repeated test cycles on the observed copper peak 
height, Icu. Curve A, procedure as in Fig .  1 ,  c u r v e  B, first passiva- 
tion done by slow scan to +800 mY. 
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ing the test to a 10-cm length f rom each of several  
wires, and copper peak currents  range f rom ~0.005 
to 0.03 ~A/cm. When plat ing defects o ther  than micro-  
fissures occur, they are scattered at r andom along the 
length of the wire. A short sample could obviously 
lead to erroneous interpreta t ions  if it happens to fall  
be tween defects. Too long a sample, on the o ther  hand, 
could cause an inf requent  defect to be averaged over  
too long a length with an equal ly  erroneous under -  
estimation. For  example,  when one 38-cm length was 
tested 1 cm at a time, all sections fell in the range of 
0.01-0.1 ~A except  one wi th  the abnormal ly  high read-  
ing of 0.7 ~A. The same wire taken as a whole showed 
an average current  of 0.04 ~A/cm which would have  
been cons ide red  only slightly outside the "normal"  
range. While the statist ically ideal sample length was 
not determined,  a length of 10 cm was selected as a 
good working compromise  and in general  two such 
lengths were  cut from each product ion wire tested. 

Conclusions 
A porosity test has been worked  out which gives a 

measure  of the  substrate area left exposed by plat ing 
defects or pinholes in Ni -Fe  alloy films plated on 
copper. Even with  the errors discussed above, the test 
is useful  in qual i ty  control  of the plat ing process and 
in fol lowing the course of corrosion reactions. The 
accuracy has proved more than adequate  for measure-  
ments of exposed substrate area ranging from less 
than 0.0004 to 50% and can undoubtedly  be improved 
by optimizing the test conditions. 

The method makes use of the current  peak asso- 
ciated with  a meta l  being anodically passivated dur ing  

a potent ial  scan. The technique might  be adaptable  to 
other  metal  pairs if an electrolyte  can be found in 
which the two passivat ing layers have widely  different 
rates of dissolution. 
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The Approach to Limiting Current 
in a Stagnant Diffusion Cell 

Limin Hsueh and John Newman* 
Inorganic Materials Research Division, Lawrence Radiation Laboratory, 

and Department o] Chemical Engineering, University o5 Cali]ornia, Berkeley, California 94720 

ABSTRACT 

The transient  behavior  of surface concentrat ion and current  density in a 
s tagnant  diffusion cell has been worked  out wi th  consideration of surface 
and concentrat ion overpotent ia ls  and the ohmic resistance of the solution. 
Both theoret ical ly  and exper imenta l ly ,  the current  density is found to over -  
shoot the l imit ing current  density dur ing part  of the transient.  

A stagnant diffusion cell is a capi l lary cell  wi th  an 
electrode at one end of a capi l lary filled with  solution 
and open at the other  end into a container  wi th  solu- 
tion and containing the counterelectrode.  Such a cell is 
commonly  used for diffusivity measurements  (1,2) 
because of its simple exper imenta l  setup and the easy 
measurement  of current  and time. 

Ear ly  analyses (3, 4) showed that, for a constant con- 
centrat ion at the electrode surface, the current  de- 
creases in inverse proport ion to the square root of 
t ime in an unsteady, one-dimensional  diffusion, or 
i ~ / t  is a constant for a given concentrat ion of solution. 
Accordingly,  the  current  would be infinite at zero time. 
Actually,  for a constant applied potential,  the  current  
is finite and remains more  or less constant unti l  the re-  
actant concentrat ion at the  electrode surface ap- 
proaches a value of zero. The t ime requ i red  for this 
depends on the potential  difference applied across the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s ,  mass  t r ans fe r ,  c u r r e n t  d i s t r i b u t i o n ,  copper  su l fa te -  

s u l f u r i c  ac id  sys tem,  po la r i za t ion .  

two electrodes and the propert ies  of the solution itself. 
It may  range from less than 100 sec in a wel l - suppor ted  
solution to several  tens of thousands of seconds in a 
solution of a single electrolyte.  

Davis, Horvath,  and Tobias (2) have included the 
surface overpotent ia l  for l inear  e lectrochemical  ki-  
netics in their  t reatment .  In the present  work, the 
analyses is extended to include the ohmic resistance of 
the solution, as wel l  as nonl inear  e lectrochemical  ki-  
netics. 

This work  was mot ivated  not so much by the ohmic 
and kinetic l imitat ion at short t imes but more  by the 
shape of the logari thmic cu r r en t - t ime  curves obtained 
in the measurement  of integral  diffusion coefficients 
(5), the study of the effect of ionic migrat ion on l imit -  
ing currents  (6), and at tempts  to obtain l imit ing cur-  
rents in cupric sulfate solutions in the absence of sul- 
furic acid (7). Under  certain conditions, the current  
overshoots the l imit ing current.  A similar phenomenon 
was predicted in the analysis of the current  distr i -  
bution on a rotat ing disk electrode (8-10) and on 
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plane electrodes in the walls of a flow channel  (11, 12). 
Exper imenta l  confirmation obtained in the present 
work may thus lend support  to those analyses. The 
similari ty to polarography in a b inary  salt solution 
(13) should also be noted. No overshoot was predicted 
in that  work, but  a recalculat ion for that  system shows 
that there can be an overshoot for large applied po- 
tentials. 

Analysis 
With the assumption of constant  physical properties, 

the equation for unsteady diffusion in a s tagnant  dif- 
fusion cell for a solution without  support ing e l e c t r o l y t e  
or with an excess of support ing electrolyte reduces to 

Oc 02c 
= D  [1] 

Ot Oy 2 

where c = c + / v +  = c - / v -  and 

z + u + D _  -- z - u - D +  
D =  

Z + U +  - -  z-2$- 

for a solution of a single electrolyte, and where  c and 
D represent  the concentrat ion and effective diffusion 
coefficient of the reactant  for a solution with an excess 
of support ing electrolyte. 

Equat ion [1] should be solved with the ini t ial  con- 
dit ion that  the concentrat ion is uniform, c -= c~, 
throughout  the capil lary at t = 0. The concentrat ion at 
the electrode surface can be taken, for the moment,  to 
be an unknown  funct ion of time, c = c o ( t )  at y = 0. 
By taking the Laplace t ransform of Eq. [1] with re-  
spect to t ime and solving the resul t ing ordinary dif- 
ferential  equation, one obtains for the t ransform of 
t h e  concentrat ion 

c + (s) e [2] 
$ 8 

where s is tbe Laplace t ransform variable. The length 
of the capil lary has been taken to be much greater  than 
t h e  thickness of the diffusion layer. Differentiation of 
Eq. [2] with respect to y, setting y equal to zero, and 
inversion by means of the convolution integral  produce 
an equation relat ing the concentrat ion gradient  at the 
surface to the var iat ion of the surface concentrat ion 

Oc - - 1  ~ t  d c o ( t ' )  1 

~-Y y=o X/=--D" o d t '  ~ / t  - -  t'" d t '  [3] 

This equation is useful because the current  densi ty is 
also related to the concentrat ion gradient  at the sur-  
face 

nFD 0c 
i = - -  , [4] 

l--tR @y I~=o 

where tR is the t ransference number  of the reactant  
(tR ~ 0 with an excess of support ing electrolyte).  The 
current  density is fur ther  related to the surface over- 
potential  Ms by  

i__=io (__~)v[ FaZF ) - - e x p { - - - ~ /  } ] [5 ]  k exp~-R-T- ~] ~ CZF 

where io is the exchange current density, eZ and flZ 
are the transfer coefficients, and 7 expresses the con- 
centration dependence of the exchange current density. 

The ohmic drop in a capillary of length L is 

A@ohm = iL/~ [6] 

and the concentration overpotential is (14) 

R T  [ i n  ( c _ ~  tR (1  c - ~ ) ]  [7] Me = - - ~ - -  / + - 

where Z = - - z §  - -  z - )  for reaction of a cation 
from a solution of a single electrolyte, and Z = - - n  for 
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a solution with an excess of support ing electrolyte. For 
the case of metal  deposition from a solution of a single 
electrolyte, the concentrat ion overpotential  expressed 
by Eq. [7] includes an ohmic contr ibut ion due to the 
variat ion of the conductivi ty in the diffusion layer 
(14). Hence, it is appropriate to use the conductivi ty 
of the bu lk  solution in Eq. [6]. The total potential  
difference V* applied be tween the electrode and the 
solution outside the capil lary (as measured by a ref- 
erence electrode of the same kind as the working e l e c -  
t r o d e )  is the sum of the concentrat ion overpotential,  
the surface overpotential  and the ohmic potential  drop 

V* ~- Mc "~- Ms + Ar [8] 

It seems appropriate to define a dimensionless cur- 

rent density I and a dimensionless exchange current 
density J as 

ZFL Z F L  
I = .  i, J = ~ i o  [9] 

RTK| RTK| 

to define a dimensionless applied potent ial  V and total  
overpotential  ~1 as 

ZF ZF 
V= V*, ~ = ~  (Mc-l-~|s) [i0] 

RT RT 

and a dimensionless surface concentration 0 as 

6 : Co~C| [ i i ]  

Then Eq. [5] through [8] can be rewr i t ten  as 

I = V - -  ~ = J [ o ~ - ~ e  ~E - -  O~+I3e-BE] [12] 
where 

E ----- ~ -- ta(1 -- 0) [13] 

and Eq. [3] and [4] can be combined to read 

N L  
I -  ~/x-D o dt' [14] 

where 

If we now define 

where 

do(t ' )  1 

d r '  x/t - t '  

nZF2Dc|  
N ---- -- [15] 

(1 -- tR)RTK| 

a dimensionless t ime ~ by 

T = t / tc  [16] 

tc = N 2 L 2 / ~ D  [17] 

then Eq. [14] can be wr i t ten  as 

1---- y ~  __d~ _ _ 1  d~' [18] 
o dz' ~/~ - -  ~' 

Equations [12], [13], and [18] constitute four equa-  
tions for the determinat ion of the t ime dependence of 
I, 0, and ~, as well as E. They can be solved numer ica l ly  
when the six parameters,  a, r % J, V, and tR are known 
for a given system. One more parameter,  V, could be 
eliminated, but  this might  obscure the physical sig- 
nificance of the results. 

Numerical Calculation Method 
The integral  in Eq. [18] was approximated by a sum 

by an adaptat ion of the method of Acrivos and Cham- 
br~ (15). Since Eq. [18] involves an indefinite integral,  
it is only necessary to solve a non l inear  set of equa-  
tions at each time step. By the na ture  of the problem, 
0 ---- 1 at �9 = 0. For the details of the calculation 
method, one may refer  to ref. (16). 

Theoretical Results 
The dimensionless current  density I is plotted against 

the dimensionless t ime ~ in Fig. 1 with V as a pa ram-  
eter. The values of a, ~, 7, J, and tR are all taken to be 
equal to 0.5. The higher the total applied potential  V, 
the shorter the flat part  of the curve. For high values 
of V, the cur ren t  densi ty overshoots the l imit ing c u r -  
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Fig. i. Decrease of current density in a stagnant diffusion cell 

ren t ,  a p h e n o m e n o n  tha t  has  b e e n  o b s e r v e d  e x p e r i -  
m e n t a l l y  in m a n y  of ou r  c u r v e s  of log c u r r e n t  vs. log 
t ime.  Fo r  a g i v e n  v a l u e  of V, t he  flat p a r t  of the  c u r v e  
pers is ts  l onge r  for  l a r g e r  v a l u e s  of  t he  cha rac t e r i s t i c  
t i m e  tc. A h igh  v a l u e  of tc r e su l t s  f r o m  a h igh  t r a n s -  
f e r ence  n u m b e r  of  t he  r e a c t a n t  and a low c o n d u c t i v i t y  
of  the  solut ion.  

F o r  a c a p i l l a r y  tube  of L ~- 10 cm, some  e s t ima ted  
v a l u e s  of  tc for  copper  su l f a t e  and  su l fu r ic  acid at  25~ 

[CuSO4] [H2SO4] tc 
M M s e c  

0.05 0 3.0 X 10 e 
0.5 0 6.7 X 106 
0.05 1.0 5.6 X 102 

a r e  

In  the  ca lcula t ions ,  Z = 1, tR = t+ = 0.4 for  coppe r  
su l fa te  only.  Z = 2, tl~ = 0 for  t he  so lu t ion  w i t h  su l -  
fur ic  acid  as suppo r t i ng  e lec t ro ly te .  

The  decrease  of su r face  c o n c e n t r a t i o n  e w i t h  t i m e  is 
p lo t t ed  in Fig. 2 w i t h  iden t i ca l  p a r a m e t e r s .  The  h i g h e r  
t h e  app l ied  potent ia l ,  t he  f a s t e r  the  su r f ace  c o n c e n t r a -  
t ion  drops  to zero. The  t i m e  r e q u i r e d  for  t he  sur face  
c o n c e n t r a t i o n  to d rop  to 10 and  1% of t he  b u l k  v a l u e  
is p lo t t ed  in Fig. 3. 

Experimental Results 
F i g u r e  4 shows the  t r a n s i e n t  b e h a v i o r  of the  c u r r e n t  

dens i ty  w i t h  va r ious  a m o u n t s  of suppo r t i ng  e lec t ro ly te .  
These  c u r v e s  h a v e  q u a l i t a t i v e l y  the  same  shape  as t h e  
t h e o r e t i c a l  c u r v e s  in Fig.  1, p a r t i c u l a r l y  w i t h  r e g a r d  to 
t h e  t r ans i en t  ove r shoo t i ng  of  the  l im i t i ng  cur ren t .  

The  sur face  c o n c e n t r a t i o n  was  also m e a s u r e d  op-  
t i ca l ly  for  an  unsuppor t ed ,  0.0385M cupr ic  su l fa te  so lu-  
t ion  at  25~ t h e  resu l t s  a re  s h o w n  in  Fig.  5 for  t w o  
va lues  of t he  app l i ed  po ten t ia l ,  0.80 a n d  0.60V. The  
m e a s u r e d  va r i a t i ons  of t h e  sur face  c o n c e n t r a t i o n  a re  
c o m p a r e d  w i t h  t h e  t h e o r e t i c a l  p red ic t ions  in Fig.  5. 
The  f o l l o w i n g  da ta  w e r e  used  for  t h e  ca lcu la t ions :  

ref. 

C o n d u c t i v i t y  ~ 4.13 X 10 -3  m h o / c m  (17) 
Di f fus iv i ty  D 6.07 • 10 -6  cm2/sec  (18) 
T r a n s f e r e n c e  n u m b e r  tR 0.383 (19) 
K ine t i c  p a r a m e t e r s ,  a, 8, 7 0.5 
Z 1 
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Fig. 2. Decrease of surface concentration in a stagnant diffusion 
cell. 
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Fig. 3. Transient time in a stagnant diffusion cell, showing the 
dimensionless time required for the surface concentration to drop 
to 10 and 1% of the bulk value. 
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Fig. 4. Observed transient behavior in a stagnant diffusion cell 
(5 cm long), showing the effect of concentration of supporting 
electrolyte. 

CuSO4 H2SO4 Applied potential tc/V 2 
M M V sec 

1 0.1003 0.175 0.355 28.5 
2 0.0998 0.100 0.355 71.2 
3 0.0999 0.050 0.355 198 
4 0.1001 0.020 0.350 553 

I I I i t i I I 
1.0 

0 . 8  

,e  ~ 0 6  ': ":~ 

~o 0 . 4  x'L~ x \ ~  

0 . 2  \ \  ~ �9 

0 
i I I i I I i i 
5 I0 15 20 25 30 35 40  

Time (lO 3 sec) 

Fig. 5. Transient behavior of surface concentration of copper 
sulfate (0.0385M) in a stagnant diffusion cell: �9 0.60V; O 
0.80V; dashed lines, io ----- 1.0 mA/cm 2, solid lines, io ~ 0.1 mA/ 
cm2). 

The  l e n g t h  of t h e  cel l  L was  15 cm, t he  a rea  of  the  
e lec t rode  was  0.178 cm 2, and the  ca l cu la t ed  c h a r a c t e r -  
istic t i m e  tc was  5.60 x 106 sec. T h e r e  are  no e x c h a n g e  
c u r r e n t  dens i ty  da ta  a v a i l a b l e  in t he  l i t e r a t u r e  for  an  
u n s u p p o r t e d  CuSO4 solut ion,  a r ea sonab le  e s t ima te  
be ing  tha t  i t  l ies b e t w e e n  0.1 and 1.0 m A / c m  2. T h e  
solid l ines  a re  t h e o r e t i c a l  ca lcu la t ions  at an  e x c h a n g e  
c u r r e n t  dens i ty  of 0.1 m A / c m  2, and  the  dashed  l ines  
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are calculated at 1.0 m A / c m  2. The solid lines represent  
a satisfactory fit to the exper imenta l  results. 

An unexpla ined observation should be recorded here. 
For a solution 0.1M in CuSO4 and 1.375M in H2SO4, 
the current  t ime curves in Fig. 6 were obtained. The 
current  drops suddenly at about 0.3 sec. This phenom- 
enon was fairly reproducible in a wel l -supported elec- 
trolyte. No such step change was observed for solutions 
with little or no support ing electrolyte. 

Before the runs, the electrode was predeposited with 
copper at 0.1V for 1 to 3 min. Values of the parameters  
for the theoretical calculations are a = 0.75, ~ = 0.25, 
7 = 0.5, tR = 0, K~ = 0.4925 mho/cm, Z = 2, L = 7.0 
cm, D = 5.09 x 10 -6 cm2/sec, tc = 740 sec, V* ~ 0.225V, 
and the exchange current  densi ty is est imated to lie 
between 1 and 10 m A / c m  2 for a cathode surface pre-  
pared by electrodeposition (20). 

Before the step change of current  density, the hori-  
zontal part  of the curve was found to fall be tween the 
curves for theoretical predictions of exchange current  
of 1 and 10 m A / c m  2. The charging of the electrode 
double layer should be complete in a t ime of about 0.5 
msec. 

A reviewer suggests the following possible explana-  
tions for the step change of cur ren t  density: (a) 
cuprous ions are ini t ia l ly present  in the solution in 
equi l ibr ium with cupric ions and will  tend to react 
before the cupric ions due to kinetic factors (20); (b) 
crystallographic defects in the deposit may be different 
from those in the substrate metal  and thus lead to a 
change of kinetic parameters  with time; and (c) ad- 
sorption of inhibitors or impuri t ies  may  lead to changes 
of kinetic parameters  al though the effect would not be 
expected to be reproducible. However, calculations 
based on the equi l ibr ium concentrat ion of cuprous ions 
suggest that  the t ransi t ion t ime for their  concentrat ion 
to drop to zero at the electrode surface would be much 
smaller than  the t ime at which the step change in 
current  density occurs. 

Conclusion 
In  this work, the t ransient  behavior  has been worked 

out for a s tagnant  diffusion cell. The resul t ing t ime 
dependence of the surface concentrat ion for an un -  
supported electrolyte agrees with the theoretical pre-  
dictions wi th in  the uncer ta in ty  of the available elec- 
trochemical  kinetic parameters.  The current  density is 
found, exper imenta l ly  and theoretically, to overshoot 
the l imit ing current,  in ha rmony  with predictions for 
the cur ren t  dis t r ibut ion on plane and disk electrodes. 
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LIST OF SYMBOLS 
concentrat ion of species i, mole /cm 3 
surface concentrat ion of reactant, mole /cm ;~ 
diffusion coefficient, cm2/sec 
Faraday 's  constant, 96,500 coul /equiv 
current  density, A / c m  2 
exchange current  density, A /cm 2 
dimensionless current  densi ty 
dimensionless exchange current  density 
length of diffusion cell, cm 
number  of electrons produced when one reac- 
tant  ion or molecule reacts 

N dimensionless parameter  
R universal  gas constant, jou le /mole-deg  
s Laplace t ransform variable, sec-1 
t time, sec 
tc characteristic time, sec 
tR transference number  of reactant  
T temperature,  ~ 
ui mobi l i ty  of species i, cm2-mole/ joule-sec 
V dimensionless applied potential  
V* applied potential,  V 
y distance from electrode, cm 
zi charge number  of species i 
Z - -z+z- / (z+ - - z - )  for unsupported electrolyte 

- - n  with excess support ing electrolyte 
a, ~, 7 electrochemical kinetic parameters  

dimensionless total overpotential  
~c concentrat ion overpotential,  V 
~s surface overpotential,  V 
6 dimensionless surface concentrat ion 
K~ conductivi ty of the bulk  solution, mho /cm 
v+, v -  numbers  of cations and anions produced by dis- 

sociation of one molecule of electrolyte 
dimensionless t ime 

Ar ohmic potential  drop, V - 
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A B S T R A C T  

T h e  i n f l uence  of c u r r e n t  dens i t y ,  f low ra te ,  a n d  e l e c t r o l y t e  c o m p o s i t i o n  o n  
t h e  s t o i c h i o m e t r y  of a n o d i c  c o p p e r  d i s s o l u t i o n  w a s  i n v e s t i g a t e d  u n d e r  c o n d i -  
t i ons  c o m p a r a b l e  to  t h o s e  of e l e c t r o c h e m i c a l  m a c h i n i n g .  W e i g h t  loss m e a -  
s u r e m e n t s ,  x - r a y  d i f f r ac t ion ,  a n d  c h e m i c a l  a n a l y s i s  w e r e  u s e d  fo r  t h e  c h a r -  
a c t e r i z a t i o n  of t h e  d i s s o l u t i o n  r e a c t i o n .  A s h a r p  c h a n g e  in  d i s s o l u t i o n  m e c h a -  
n i s m  c o i n c i d e d  w i t h  t h e  t r a n s i t i o n  f r o m  a c t i v e  to t r a n s p a s s i v e  d i s so lu t ion .  F o r  
a c t i v e  d i s so lu t ion ,  a n  a p p a r e n t  v a l e n c e  of t h e  d i s s o l u t i o n  p roce s s  of t w o  w a s  
f o u n d  in  s u l f a t e  a n d  n i t r a t e  e l ec t ro ly t e s ,  a n d  of one  in  c h l o r i d e  e l ec t ro ly t e s .  
F o r  t r a n s p a s s i v e  d i s so lu t ion ,  m i x e d  v a l e n c e s  l y i n g  b e t w e e n  1 a n d  2 w e r e  f o u n d  
in  a l l  e l ec t ro ly t e s .  T h e  m i x e d  v a l e n c e s  a r e  i n t e r p r e t e d  to r e s u l t  f r o m  t h e  
s i m u l t a n e o u s  p r o d u c t i o n  of  m o n o v a l e n t  a n d  d i v a l e n t  r e a c t i o n  p r o d u c t s ,  some  
of w h i c h  a r e  in  sol id  fo rm.  

A n o d i c  d i s s o l u t i o n  of  m e t a l s  a t  c u r r e n t  d e n s i t i e s  of  
u p  to s e v e r a l  h u n d r e d  a m p e r e s  p e r  s q u a r e  c e n t i m e t e r  
a n d  w i t h  e l e c t r o l y t e  f low ve loc i t i e s  of m a n y  m e t e r s  
p e r  s e c o n d  is b e i n g  c a r r i e d  ou t  on  a t e c h n i c a l  sca le  in  
t h e  p roce s s  of e l e c t r o c h e m i c a l  m a c h i n i n g  ( E C M ) .  In  
a n  a t t e m p t  to  p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  on  t h e  
e l e c t r o c h e m i c a l  p r o c e s s e s  u n d e r  h i g h  c u r r e n t  dens i t i e s ,  
t h e  a n o d i c  d i s s o l u t i o n  of  c o p p e r  is b e i n g  i n v e s t i g a t e d  
(1 -3 ) .  C o p p e r  w a s  c h o s e n  b e c a u s e  i ts  e l e c t r o c h e m i c a l  
p r o p e r t i e s  a r e  r e a s o n a b l y  w e l l  u n d e r s t o o d  ( 4 - 8 ) .  I n  a 
p r e v i o u s  p a p e r  (1) ,  t h e  ro l e  of  m a s s  t r a n s f e r  in  d e t e r -  
m i n i n g  t h e  o c c u r r e n c e  of p a s s i v a t i o n  p h e n o m e n a  d u r -  
i n g  c o p p e r  d i s s o l u t i o n  in  K2SO4 a n d  KNO3 s o l u t i o n s  
h a s  b e e n  r e p o r t e d .  I t  w a s  f o u n d  t h a t  a p p a r e n t  a n o d e  
p o t e n t i a l s  a n d  s u r f a c e  t e x t u r e s  r e s u l t i n g  f r o m  d i s -  
s o l u t i o n  c h a n g e d  d r a s t i c a l l y  w h i l e  go ing  f r o m  a low 
v o l t a g e  ( a c t i v e )  to  a h i g h  v o l t a g e  ( t r a n s p a s s i v e )  m o d e  
of d i s so lu t ion .  8 

I n  t h e  p r e s e n t  s tudy ,  t h e  v a l e n c e  of  t h e  e l e c t r o d e  
r e a c t i o n  a n d  t h e  c o m p o s i t i o n  of r e a c t i o n  p r o d u c t s  of  
c o p p e r  h a v e  b e e n  i n v e s t i g a t e d  in  n i t r a t e ,  su l fa te ,  a n d  
c h l o r i d e  e l ec t ro ly t e s .  W e i g h t  loss m e a s u r e m e n t s  of t h e  
a n o d e ,  x - r a y  d i f f r ac t i on  a n a l y s i s  of sol ids,  a n d  c h e m i c a l  
a n a l y s i s  of  t h e  s o l u t i o n  w e r e  u sed  f o r  t h e  c h a r a c t e r -  
i z a t i o n  of t h e  d i s s o l u t i o n  r eac t i on .  C u r r e n t  d e n s i t i e s  
e m p l o y e d  r a n g e d  f r o m  0.1 to  80 A / c m  2. E x p e r i m e n t s  
w e r e  p e r f o r m e d  u n d e r  f o r c e d  c o n v e c t i o n  c o n d i t i o n s  in  
a f low c h a n n e l  a t  f low r a t e s  f r o m  30-700 c m / s e c ,  as 
we l l  as in  u n s t i r r e d  s o l u t i o n s  u n d e r  f r ee  c o n v e c t i o n  
cond i t i ons .  

Experimental 
Mos t  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u n d e r  f o r c e d  

c o n v e c t i o n  c o n d i t i o n s  in  a n  e x p e r i m e n t a l  f low s y s t e m  
s i m i l a r  to  t h a t  d e s c r i b e d  in  a p r e v i o u s  s t u d y  (1) a n d  
s c h e m a t i c a l l y  s h o w n  in  Fig.  1. T h e  e l e c t r o l y t e  w a s  
p u m p e d  b y  a p o s i t i v e  d i s p l a c e m e n t  pump,4  a n d  t h e  f low 
r a t e  was  m e a s u r e d  w i t h  a r o t a m e t e r . 5  O n e  h a l f  i n c h  
s t a i n l e s s  s t ee l  p ipes  w e r e  u s e d  t h r o u g h o u t  t h e  sys t em.  

A 30 c m  l o n g  r e c t a n g u l a r  f low c h a n n e l  of  1 x 3 m m  
cross  sec t ion ,  c o n s t r u c t e d  of  l a m i n a t e d  p o l y v i n y l  c h l o -  
r ide ,  w a s  p o s i t i o n e d  u p s t r e a m  of  t h e  e x p e r i m e n t a l  
ce l l  to e s t a b l i s h  f u l l y  d e v e l o p e d  v e l o c i t y  p rof i l es  a t  

* EleetrochemicaT 5ociety Active Member. 
1 P r e s e n t  addres s :  Pratt & Whitney Aircraft Corporation, Middle- 

town, Connecticut 06457. 
2 Present address: University of California, School of Engineering 

& Applied Science, Los Angeles, California 90024. 
Key words: anodic metal dissolution, copper anode, passivity. 
a Different definitions for the phenomenon of passivation can be 

found in the literature. The term is used here to describe an abrupt 
increase in measured anode potential with time for certain com- 
binations of flow rate and current density (see e.g., Fig. 3). 

4 Constametric Pumps, Milton Roy Company, Philadelphia, Penn- 
sylvania. Varidrive Motor, U. S. Electrical Motors, Inc., Los An- 
geles, California. 

6 Type 18410, Schutte and Koerting Company, Cornwall Heights, 
Pennsylvania. 

K A B 

Fig. 1. Schematic of flow system: A, supply tank; B, dual piston 
pump; C, accumulator; D, bypass line; E, rotameter; F, entrance 
length of flow channel; G, reference electrodes; H, cathode; I, 
anode; J, capillary for precipitate collection; K, drain tank. 

Fig. 2. Side view of experimental cell with partial cross section- 
ing: A, rectangular flow channel; B, epoxy cell body; C, stainless 
steel side plate; D, copper electrode; E, aluminum cap; F, nylon 
screw; G, stainless steel end flange; H, glass side window; I, bolt 
and nut assembly; J, O-ring seal; K, liquid junction connection to 
backside capillaries; L, aluminum micrometer holder; M, microm- 
eter head; N, aluminum base plate; O, coil spring. 
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the electrodes (1). The electrolysis cell is shown 
schematical ly  in Fig. 2. The cell body (B) was made 
of epoxy resin wi th  the two glass side walls (H) held 
together  by plates (C). The cell  was connected to the 
inlet  and outlet  channel  by end flanges (G).  Optical 
observat ion of the in tere lect rode gap could be per -  
formed through the glass walls. Back-s ide  capil laries 
(K) which enter  the channel  walls next  to the elec- 
trodes were  used for electrode potent ia l  measurements  
and, in some experiments ,  for the sampling of solution 
on the downst ream side of the electrodes. The copper 
electrodes (D) (pur i ty  --~99.9%) had a geometr ical  
surface area of 3 x 3 mm. The electrodes could be ad- 
vanced manual ly  by turn ing  micrometer  head (M). 
The electrode assembly was pushed back against  insert  
(F) by sprint (O). Sil icone rubber  gaskets 6 cast be- 
tween glass wall  and epoxy cell body were  used for 
sealing the cell. 

Measurements  of cell voltage, electrode potentials, 
and current  were  made s imultaneously on a mul t i  
channel  l ight beam oscillograph. 7 Electr ical  power  con- 
nections to the cell were  made  by threaded connections 
screwed into a luminum cap (E). The  current  was re-  
corded by measuring the voltage drop across a shunt. 
Anode and cathode potentials were  measured with  
respect to saturated calomel reference electrodes, 
which were  placed in small  glass containers connected 
to the capil laries by Tygon tubing. The electrolysis 
current  was provided by an electronical ly  controlled 
constant current  supply, s 

Pr ior  to each run, the electrodes were  ground on 600 
grit  emery  paper  and washed with aqueous detergent .  
Fol lowing a dip in concentrated HC1, they were  rinsed 
with  distil led water  and reagent  grade acetone and 
stored in vacuum unti l  use. The electrodes were  
al igned with  the channel  wal l  by using a microscope 
with 20X magnification. During electrolysis, the  1 mm 
electrode gap was approximate ly  main ta ined  by man-  
ual adjus tment  of the micrometer .  

During a typical  exper iment ,  25 mg of copper were  
dissolved, which corresponded to an average depth of 
dissolution of about 0.3 mm. Af ter  each run, the anode 
was removed  from the cell, r insed wi th  water ,  dried 
with acetone, and weighed on an analyt ical  balance. 
The accuracy of the weight  loss de terminat ion  is esti-  
mated at •  The amount  of charge passed during 
the exper iment  was de termined  f rom the oscil lographi-  
cally recorded current  trace. The accuracy of the 
charge measurement  is est imated at ___2-3%. 

From the measurement  of charge and weight  loss, 
an apparent  valence n of the dissolution process was 
calculated according to Eq. [ i]  

ItM 
n = ~ [1] 

~WF 

where  I is the current  passed during t ime t, M is the 
atomic weight  of copper, ~W is the anode weight-loss,  
and F is the Faraday  constant. 

Solid reaction products formed during the anodic 
dissolution of copper were  analyzed by x - r a y  diffrac- 
tion. Init ial  analyses were  made using a 11.46 mm 
Debye-Scher re r  powder  camera mounted  on an x - r a y  
diffraction unit.9 Ni fil tered Cu radiat ion (40 kV, 20 
mA) was used. 

A sample of the anodic react ion product  f rom the 
flow cell was collected by rubbing a glass fiber through 
the precipitate adhering to the wet  surface. Diffraction 
p a t t e r n s  obtained were,  however ,  difficult to analyze 
because of the faintness of the diffraction lines. Also, 
because of the  small  samples, exposure  t imes to the 
x - r ay  beam from 6-12 hr  were  necessary. 

6 Encapsulan t  502 RTV, Dow Corning Corporat ion,  Midland,  Mich-  
igan.  

7 Ser ies  2300, Brush  I n s t r u m e n t  Division,  Cleveland, Ohio. 
s Type C618, Electronic Measu remen t s  Company,  Eatontown,  N. J .  

or Model KS 120-10M, Kepeo Inc., Flushing,  New York.  
9 Norelco X - R a y  Diffract ion Unit ,  Type 12045 wi th  Debye*Scher re r  

Camera  Type  52056-0, Nor th  A m e r i c a n  Phi l ips  Company,  Inc., New 
York,  N. Y. 
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Fig. 3, Cell voltage tronsients meosured in 2N KNO3 nt dif- 
ferent current densities, flow rate 30 cm/sec. 

To provide a la rger  specimen, a continuous sampling 
technique was developed. An x - r ay  diffractometer  10 
using a Ni fil tered Cu radiat ion (40 kV, 14 mA)  could 
then be used. Solution escaping through the (0.014 in. 
diameter)  capi l lary on the downst ream side of the 
anode was collected on a Whatman  No. 41 paper  by 
continuous vacuum filtration. Without  washing, the 
filter paper wi th  adhering precipi tate was dried under  
vacuum, mounted  on a Luci te  sample holder  using 
double-sided adhesive tape, and placed in the dif-  
fractometer .  A pre l iminary  x - r a y  pat tern  of the blank 
showed strong diffraction peaks at low 0 values which 
did, however ,  not in ter fere  wi th  the diffraction peaks 
of possible compounds present  in the precipitate.  

In order to substantiate the apparent  valence deter -  
minat ion carr ied out under  forced convection condi-  
tions, some exper iments  were  per formed in a s tagnant  
electrolyte  which al lowed quant i ta t ive  determinat ion  
of dissolved Cu + and Cu 2+ ions. Since Cu + is unstable  
in aqueous solution unless complex ing  agents are pres-  
ent, only chloride electrolytes were  analyzed this way. 
The electrolysis was carr ied out in an H cell wi th  a 
glass frit  separat ing anode and cathode compar tments  
(2). In contrast  to the h ighly  diluted dissolution prod-  
ucts obtained in the  flow channel, concentrat ions which 
can be determined by simple analyt ical  techniques 
could be obtained in this system. The analyt ical  de te r -  
minat ion of Cu 2+ and Cu + was based on that  given by 
Vogel (9). Cuprous ion was oxidized with  ferric am-~ 
monium sulfate, and the  resul t ing ferrous ion was 
t i t ra ted with  ceric sulfate. The  cupric ion concentra-  
t ion was obtained as the difference be tween  total  cop- 
per concentrat ion and cuprous ion concentration.  The 
total copper concentrat ion was de termined  iodometr i -  
cally after oxidat ion of cuprous ion to cupric ion by 
sodium peroxide.  

Results 
Current-voltage behavior.--Figure 3 i l lustrates the 

transient  cell vol tage behavior  during galvanostat ic  
copper dissolution in 2N KNO3 under  a given flow rate  
(30 cm/sec) .  At low current  densi ty (3.4 A/cm2) ,  the 
dissolution proceeds indefinitely in a low voltage (ac- 
t ive) mode. Above  a crit ical  current  density, which is 
shifted to higher  values by increased flow rates, the 
dissolution process switches to a high vol tage ( t rans-  
passive) mode, af ter  a t ransi t ion t ime with  active dis- 
solution. The length of the t ransi t ion period decreases 
wi th  increasing current  densi ty  and decreasing flow 
rate  (not shown).  Figures  4 and 5 are examples  of 
t ransient  cell vol tage behavior  wi th  K2SO4 and KC1 
solutions. In all cases, dissolution in the t ranspassive 
mode occurs at a cell vol tage which is 10-20V higher  
than  in the act ive mode. Voltage fluctuations are ob- 
served in the transpassive region and, at the higher  
current  densities, a vol tage m a x i m u m  occurs before 
steady state is reached. 

Apparent valence.--Average s teady-s ta te  values of 
the cell vol tage and apparent  va lence  values are 

10 P icke r  X - B a y  Corporat ion,  Wai te  Ma nufa c tu r i ng  Division,  Inc., 
Cleveland,  Ohio. 
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Fig. 4. Cell voltage transients measured in IN  K2SO4 at differ- 
ent current densities, flow rate 50 cm/sec. 
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Fig. 5. Cell voltage transients measured in 2N KCI at different 
current densities, flow rate 50 cm/sec. 

plotted vs. current  density in Fig. 6 to 8. The be-  
havior  in 2N KNOs and IN K2SO4 solutions is ve ry  
similar. With the t ransi t ion f rom act ive to t ranspassive 
dissolution, a sharp drop in apparent  valence occurs. 
The apparent  valence value of n ---- 2 observed in the 
act ive region indicates that  copper is dissolved almost  
exclusively  to divalent  cupric ions. This is consistent 
wi th  expectat ions based on the rmodynamic  considera-  
tions of the revers ib le  potent ia l  of a copper electrode 
in contact wi th  dissolved mona and divalent  copper 
ions (8). In the t ranspassive region, on the other  hand, 
the apparent  valence depends on the va lue  of the ap-  
plied current  density wi th  respect to the current  den-  
sity at which passivation occurs. A l imit ing value of 
n ___ 1.5-1.6 is reached at high current  densities. In 
order  to account for this value  of n, it has to be as- 
sumed ei ther  that  part  of the copper is dissolved to a 
monovalent  form, or that  par t  of the meta l  disinte-  
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Fig. 6. Variation of apparent valence and cell voltage with cur- 
rent density in 2N KNO3 for different flow rates: @, 30 cm/sec; 
A ,  200 cm/sec; [~, 627 cm/sec. 
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Fig. 7. Variation of apparent valence and cell voltage with cur- 
rent density in 1N K2S04 for different flow rates: G ,  50 cm/sec; 
Z~, 200 cm/sec; I~, 686 cm/sec. 
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Fig. 8. Variation of apparent valence and cell voltage with cur- 
rent density in 2N KCI for different flow rates: G ,  50 cm/sec; 
A ,  200 cm/sec; [~, 606 cm/sec. 

grates during the dissolution process. Since pH might  
have an influence in de termining the  react ion path (8), 
addit ional  exper iments  were  per formed in a 2N KNOs 
solution adjusted to pH 1 by the addition of concen-  
t ra ted  nitric acid, and also in a IN H2SO4 solution. 
Voltage readings and apparent  valences obtained in 
both of these electrolytes corresponded wi th in  exper i -  
menta l  accuracy to those of the  ni t ra te  and sulfate 
solutions, respectively.  This indicates that, wi th in  the 
range studied, pH has a negligible influence on ap-  
parent  valence of the dissolution process. As i l lustrated 
by Fig. 8, the behavior  in KC1 solutions was quite 
different f rom that  in KNO3 and K2SO4 solutions. A 
sharp transi t ion be tween active and transpassive dis- 
solution was absent. Instead, periodic fluctuations oc- 
curred (indicated by dotted lines in Fig. 8) in the 
t ransi t ion region. Such oscillations in the copper /  
chlor ide system have  also been reported in the l i te ra-  
ture  for low current  densi ty conditions (6, I0).  Pe r i -  
odic oscillations have also been observed dur ing high 
rate  copper dissolution in sulfate  and chlorate  elec- 
t rolytes  under  cer ta in  conditions (1-3). The  apparent  
valence, in the case of chloride solution, is n = i at  low 
current  densities. A m a x i m u m  of n ---- 1.4 is observed 
at in termedia te  current  densities, and the  apparent  
valence drops to n ~-~ 1.2 in the range of high current  
densities. While it appears that  the observed changes in 
apparent  valence are  re la ted  to the occurrence of 
passivation, the relat ionships are  not  as clear  cut as in 
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Table I. X-ray analysis of anode solid reaction products 

Elec t ro ly t e  C o m p o u n d s  iden t i f i ed  

2N KNOa Cu20,  Cu 
2N KNO~ + HNO~ (pH 1) Cu  
1N K2SO4 Cu~O, Cu  
I N  H2SO4 Cu 

nitrate  and sulfate solutions. For example,  at the 
highest flew rate (606 cm/sec) ,  the m a x i m u m  value  
of n was at tained at much higher  current  density than 
that  corresponding to the act ive-passive transi t ion de- 
r ived f rom cell vol tage measurements .  

Analysis of solid reaction products.--Anode precipi-  
tates were  found during transpassive dissolution only. 
X- r ay  analysis of precipi tates  collected f rom exper i -  
ments  performed in KNO3 and K2SO4 solutions showed 
Cu20 to be the principal  copper compound. Diffraction 
peaks for metal l ic  copper were  also present  in some ex-  
periments.  The metal l ic  copper contents of precipitates 
from acidified solutions was increased at the  expense of 
the cuprous oxide contents (Table I) .  No analysis of 
anodic precipitates in chloride solution was possible 
because precipitates could not be collected in sufficient 
amounts. A typical  diffraction pa t te rn  of anode pre-  
cipitate is given in Fig. 9 together  wi th  pat terns  of 
known samples of Cu20 and Cu. Precipi ta tes  collected 
in the drain tank showed a different composition f rom 
those collected close to the anode. They contained basic 
oxides of complex composition, owing to contact wi th  
the alkal ine solution produced at the cathode. 

Analysis of dissolved reaction products.-- Apparent  
valence determinat ions  in chloride solution were  also 
carried out in a separate cell under  absence of forced 
convection. In these experiments ,  values of apparent  
valence obtained f rom weight  loss measurements  could 
be compared with those obtained by chemical  analysis 
of dissolved react ion products. Calculation of the 
chemical ly determined apparent  valence n* was based 
on Eq. [2] 

Cu-> xCu + + yCu 2+ + n*e [2] 

where  x and y are the fract ional  amounts  of Cu + or 
Cu 2+, respectively.  Since, f rom the mass balance 
x + y = 1 and f rom the charge balance x + 2y = n*, 
one gets Eq. [3] 

n* = 2 - - x =  1 + y [3] 

The results given in Table II i l lustrate  the good 
agreement  be tween  the  valence determined by chemi-  
cal analysis wi th  that  der ived f rom weight  loss mea-  
surements  for a wide range of current  densities. In all  
cases a mass balance could be established wi th in  1-2%. 
Changes in apparent  valence wi th  current  density in 
chloride solutions are therefore  indeed due to different  
ratios of Cu + and Cu 2+ produced. No oxygen evolut ion 
was observed during the experiments .  The exper iments  
also confirmed that  the anodic behavior,  i.e., the oc- 
currence  of act ive and transpassive dissolution, was 
essential ly the same in stagnant as in flowing solutions, 

J 

(c} ~. ~ II 
80 70 60 50 40 50 

2e (deg.) 

Fig. 9. X-ray diffractometer trace of anode precipitate (b) com- 
pared to known samples of Cu20 (a) and Cu (c). Anode precipitate 
obtained at 11.1 A/cm 2 and 50 cm/sec in 1N K2SO4. 

Table II. Chemical analysis of dissolved reaction products in 3N 
KCI solution after passage of 60 coul, anode area 1 cm 2 

C u r r e n t  Va lence  f r o m  dis -  Va lence  f r o m  
dens i ty ,  A / c m  2 s o l v e d  Cu+ and  Cu ++ w e i g h t  loss  

0.05 1.O0 1.00 
O.10 1.19 1.15 
0.13 1.21 1.28 
0.16 1.27 1.31 
0.21 1.28 1.30 
0.26 1.26 1.28 
0.51 1.22 1.20 
0.82 1.19 1.20 
1.0O 1.13 1.10 
1.31 1.14 1,16 
1.58 1.10 1.08 
1.87 1.08 1.06 
1.98 1.07 1.07 

with the exception that  passivation sets in at much 
lower current  densities in the absence of ex terna l  con- 
vection. 

Discussion 
Nitrate and sulfate solutions.--Two dissolution 

modes, active and transpassive, were  found differing 
in overvol tage  and apparent  valence of dissolution. 
The transi t ion be tween active and t ranspassive dis- 
solution depends on mass t ransfer  conditions. Using 
the mass t ransfer  correlat ions for channel  flow dis- 
cussed earl ier  (1), the interfacial  concentrat ion of 
ionic dissolution product  at the onset of t ranspassive 
dissolution was est imated from the passivation current  
density for different  flow rates and electrolytes. (A 
diffusion coefficient of 5 x 10-6 cm2/sec was assumed 
for this calculation.) A comparison of the results  
shown in Table III  wi th  solubil i ty data given in Table 
IV indicates that  the onset of t ranspassive dissolution 
coincides, at least qual i ta t ively,  wi th  the l imit ing 
t ransport  of dissolved react ion products by convect ive 
diffusion. This substantiates the val id i ty  of previous 
results (1) which were  obtained in a different flow 
system, most ly  at h igher  cur ren t  densities and flow 
rates. In addition, it was found here that  passivation 
current  densities in ]N H2804 were  essentially the 
same as in 1N K2SO4. This suggests that  l imitat ions 
in the t ransport  of cupric salt, ra ther  than the forma-  
tion of oxide or hydroxide,  init iates the change to 
t ranspassive dissolution. 

The present  s tudy also demonstrates  that  the t ransi-  
t ion be tween  act ive and t ranspassive dissolution is 
associated with  a drastic change in cur ren t  efficiency 
for the meta l  removal  process, wi th  more  copper being 

Table III. Calculated interfacial concentration of copper salts at 
onset of transpassive dissolution 

P a s s i v a t i o n  In te r fac .  
F l o w  ve loc i t y ,  R e y n o l d s  c u r r e n t  d e n -  cone., 

E l ec t ro ly t e  c m / s e c  n u m b e r  s i ty,  A /cm2  m o l e s / l  

2 N K N C ~  30 510 3.8 4.5 
200 3390 8.5 4.6 
627 10600 31.0 8.5 

1NK~SO~ 50 730 1.5 1.4 
200 2920 4.1 2.2 
686 10000 8.5 2.2 

IN H~SO~ 50 770 3,6 3,4 
200 3090 4.7 2.5 
686 10600 11.8 3.0 

2 N K C I  50 820 0.4 0.8  
200 3270 1.2 1.2 
606 10000 2.5 1.2 

Table IV. Solubilities of copper salts at room temperature 

S o l u b i l i t y ,  
Sa l t  S o l v e n t  moles /1  Refe rence  

C u p r i c  n i t r a t e  H20  7.0 (24) 
C u p r i c  su l fa te  H20 1.4 (24) 

1N tt~SO~ 1.1 (25) 
C u p r o u s  ch lo r ide  2N KC1 1.0 (17), (18) 

3N KC1 1.9 (17), (13) 
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dissolved for a given amount  of charge in the t rans-  
passive region. A mechanism involving the format ion 
of monovalent  copper species at the anode, especial ly 
cuprous oxide, ra ther  than anodic disintegrat ion by 
grain boundary  at tack (11, 12), seems to be the cause 
for the apparent  increase in current  efficiency. The 
above conclusion, a l though it cannot be r igidly proven  
on the grounds of our results, is supported by the fol-  
lowing exper imenta l  observations: (A) Cuprous oxide 
has been found to be the main const i tuent  of anodic 
films. (B) Substant ial  amounts  of metal l ic  copper were  
observed in the x - r ay  pat terns  in acidic solutions only, 
consistent wi th  the fact that  Cu20 disproport ionates 
in these solutions into Cu 2+ and Cu. (C) No grain 
boundary  at tack was observed microscopical ly in the 
t ranspassive region. Instead, the surfaces after t rans-  
passive dissolution had a shiny appearance and were  
almost randomly  pit ted (1, 2). (D) At least in the case 
of chloride solutions, the presence of cuprous ion could 
be verified quanti tat ively.  All  these factors indicate 
that  a dist integrat ion mechanism, which has been pro-  
posed pr imar i ly  for more  react ive  metals  (beryll ium, 
magnesium, cadmium, zinc) at low current  densities 
(13-16), is not l ikely to be of impor tance  in the pres-  

ent anodic dissolution process. 
Measured apparent  valences tended to reach a con- 

stant l imit ing value at high current  densities. No satis- 
factory explanat ion for this phenomenon can be given 
at the present  time. From a pure ly  kinetic point of 
v iew we would expect  a continuous var ia t ion of n with 
current  density. A possible explanat ion of the observed 
constancy of n may, perhaps, be sought in a model  
v iewing the surface as an ensemble of small  surface 
area elements randomly  fluctuating be tween active and 
passive states. Such act ive-pass ive  fluctuations, which 
are most pronounced in chlorate  electrolytes (2, 3), 
are now being studied in this laboratory.  

Chloride solutions.--The dissolution behavior  in 
chloride electrolytes is different because the mono-  
valent  ionic state becomes thermodynamica l ly  more 
favorable  than the divalent  state due to the format ion 
of cuprous ion complexes (17, 18). Thus, dispropor-  
t ionation of Cu +, which usual ly occurs in aqueous 
solutions is avoided. Since a var ie ty  of different com- 
plexes may  be formed, depending on the local chloride 
concentration,  the dissolution process in chloride solu- 
tions is expected to be much more complicated than 
in ni t ra te  and sulfate solutions. For  example,  due to 
the effect of chloride concentrat ion on the solubil i ty 
of cuprous ion, the format ion of precipi tate  layers 
depends not only on the rate  of depar ture  of cations 
f rom the interface, but also on the rate  of ar r ival  
of anions. In addition to the mass t ransport  of the dis- 
solution product,  the mass t ransport  of chloride ion 
may  therefore  become a l imit ing factor, since chloride 
ions are consumed at the anode by complex formation. 
Such a mechanism has, for example,  been repor ted  by 
Landsberg et al. (19) for the dissolution of gold in 
HC1. Dur ing the course of stoichiometric de te rmina-  
tions in stagnant solution, a number  of t ransient  mea-  
surements  were  per formed in 3N KC1 solutions at 
constant current  density. Table V summarizes  the t ran-  
sition times de termined  for the onset of t ranspassive 

Table V. Transition times T for copper dissolution at different 
current densities i in 3N KCI without external convection 

i ,  A / c m 2  r ,  s e c  i~/'~'- 

0.1O 38.90 0.62 
0.16 11.60 0.56 
0.21 9.20 0.69 
0.26 5 .63 0.62 
0.51 1.85 0.70 
0.82 0.65 0.68 
1.00 0.48 0.69 
1.31 0.28 0.69 
1.58 0.20 0.70 
1.87 0.16 0.75 
1,98 0.15 0.77 

behavior.  In spite of that  the geometr ical  a r rangement  
was not ideal to exclude free convection completely,  
the application of Sand's  equat ion is justified because 
of the short t imes involved. From the average mea-  
sured quant i ty  i\/~, a value for hC, the ra te - l imi t ing  
concentrat ion difference, was calculated according to 
Eq. [4] 

2ik/~- 
~C [4] 

nFk/~D 

assuming D ---- 5 x 10 -6 cm2/sec and n ~ 1. The re-  
sulting value of 5C ~ 3.6 mole / l i t e r  is similar  in mag-  
ni tude to the solubili ty of CuC1 in 3N KC1 [1.9 mo le /  
l i ter  (17)]. This indicates that, under  the conditions 
of these experiments ,  passivation may  have been 
caused by a similar precipi tat ion mechanism as in 
ni trate  and sulfate solutions. 

The increase in apparent  valence n on passivation 
(Fig. 8 ) is consistent wi th  the fact that  at higher  anode 
potentials, the react ion Cu ~ Cu 2+ becomes the rmo-  
dynamical ly  possible. No t rue  anode potential  mea-  
surements  were  possible under  the conditions of this 
study; therefore,  a discussion has to remain  quali tat ive.  
The subsequent decrease in n at still h igher  current  
densities may then be explained by assuming forma-  
tion of Cu20, as observed in the case of n i t ra te  and 
sulfate solutions. The oozing of a reddish brown, finely 
dispersed dissolution product  from localized anode 
areas which changed their  positions during electrolysis 
was observed visual ly in stagnant  KC1 solutions in the 
transpassive region (2). This solid might  have  been 
Cu20, but it was not possible to collect the precipi ta te  
due to its chemical  instabil i ty in the chloride elec- 
trolyte.  The format ion of cuprous oxide during cop- 
per dissolution in chloride media has also been re-  
ported in the l i tera ture  (20-23). The format ion of a 
thin cuprous chloride film during transpassive dissolu- 
tion in chloride solution was indicated by the white  
appearance of the surface. 

Summary and Conclusions 
1. The present study has confirmed ear l ier  findings 

(1) obtained under  different exper imenta l  conditions 
that  in ni t ra te  and sulfate electrolytes  the t ransi t ion 
f rom active to t ranspassive dissolution of copper is 
controlled by the mass t ransfer  of dissolved dissolution 
products. 

2. Al though the details of copper dissolution in chlo- 
ride solution are probably  different from those in 
ni t ra te  and sulfate, the gross cur ren t -vo l tage  behavior  
is similar. Ionic mass t ransfer  l imitat ions seem, there-  
fore, to be the dominat ing factor de termining the 
onset of passivat~on in chloride solutions, too. 

3. The apparent  valence of the dissolution process 
undergoes a noticeable change wi th  the t ransi t ion from 
active to transpassive dissolution. In ni trate  and sulfate 
solutions, active dissolution proceeds with  an apparent  
valence of 2. Transpassive dissolution leads to a lower 
apparent  valence, which reaches a l imit ing value of 
1.6 at high current  densities. This drop in apparent  
valence is in terpre ted  to be caused by the anodic pro- 
duction of monovalent  copper species, ra ther  than by 
anodic disintegration. 

4. Act ive  dissolution in chloride solution occurs with 
an apparent  valence of one. This is due to the stabiliza- 
tion of cuprous ion by complex formation.  Upon passi- 
vation the apparent  valence increases, going through 
a m ax im um  of 1.4 wi th  increasing current  density 
before reaching a l imit ing value  of 1.2. This increase 
in apparent  valence on passivation is due to part  of the 
copper being dissolved in d ivalent  form. 

5. No significant oxygen evolut ion occurred during 
copper dissolution under  all the  exper imenta l  condi- 
tions employed. 

6. The formation of solid anodic dissolution products 
during transpassive dissolution has been demonstrated 
in agreement  wi th  ear l ier  optical observations. Ana l -  
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ysis of the precipitates by x - ray  diffraction has shown 
Cu20 to be the main  consti tuent  produced in potassium 
ni t ra te  and sulfate solutions. Metallic copper, resul t ing 
from disproport ionation of Cu20, is found in acidified 
solutions. In  chloride solutions optical observation in-  
dicated the formation of cuprous chloride films. 
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Comparative Activity of (111), (100), (110), 
and Polycrystalline Platinum Electrodes 

in H2-Saturated 1M H S04 under Potentiostatic Control 
Sigmund Schuldiner,* Murray Rosen, *~ and David R. Flinn *l 

Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20390 

ABSTRACT 

Potentiostatic measurements  of the three principle faces of oriented single 
Pt  crystals and polycrystal l ine Pt  showed some interest ing comparisons. True 
areas are based on Pt  atom densities, and under  the electrochemical t rea t -  
ment  used, no changes in these areas were found once the ini t ial  surface 
cleaning was completed. The hydrogen overvoltage was independent  of 
crystal orientat ion or other metal lurgical  factors; however, the passivation of 
the hydrogen oxidation reaction and the oxygen generat ion reactions were 
different for each single crystal or ientat ion with a large difference between 
these faces and a polycrystal l ine bead electrode. Steady-sta te  relations be-  
tween potential  and amounts  of associated H atoms and number  of sites avail-  
able for coverage with O atoms were determined also. These steady-state 
values are general ly less than the comparat ive amounts  found under  t rans ient  
conditions. Oxygen evolution on the Pt  faces was not observed below a po- 
tential  of 1.8V. It appears that  grain boundaries,  stress, and impur i ty  inclu-  
sions may have more effect in determining the catalytic activity for some 
reactions than does the actual atomic density or geometry of Pt  atoms. 

Although there have been numerous  investigations 
of the hydrogen reaction on polycrystal l ine Pt  elec- 
trodes and of the potentiostatic behavior  of Pt  in H2- 
saturated solutions, our knowledge of the effects of the 
geometry of Pt  atoms on such behavior is very limited. 
Using the voltage sweep method, Will  (1) studied the 
relationship between hydrogen adsorption and po- 
tent ial  on single Pt  crystals of (111), (100), and  (110) 
orientations. 

Our approach was to conduct a comparative invest i -  
gation of polycrystal]ine Pt  with Pt  single crystal ori- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 N a t i o n a l  A c a d e m y  of  S c i e n c e s - N a t i o n a l  R e s e a r c h  Counc i l  P o s t -  

doc to ra l  R e s e a r c h  A s s o c i a t e s  a t  N R L .  
K e y  w o r d s :  o v e r v o l t a g e ,  a d s o r p t i o n ,  ca t a ly s i s ,  a t o m  g e o m e t r y ,  

d e r m a s o r p t i o n .  

entations with respect to reactivi ty for s teady-state  
hydrogen generation, hydrogen oxidation, and oxygen 
generat ion reactions. In  addition, s teady-state relations 
between surface coverage with potent ial  were deter-  
mined, both in the presence and absence of derma-  
sorbed oxygen. 

Experimental 
The high-puri ty ,  gas-t ight electrochemical system, 

the exper imental  conditions, and the method of mea-  
surement  were the same as used in ref. (2). Three 
single crystal Pt  electrodes with orientations (111), 
(100), and (110) were in the cell. A fourth Pt  elec- 
trode, polycrystal l ine bead, similar to previous ones 
(2), was substi tuted for one of the single crystal  elec- 
trodes to confirm that  the exper imenta l  conditions 
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used for the single crystal  electrodes duplicated the 
previous work. 

The single crystal  l='t electrodes were  prepared and 
mounted  in the fol lowing way. Three  h igh-pur i ty  
(99.999%, 3 pass electron beam zone refined) single 
crystals were  welded  to Pt  wires and then were  spark 
cut to the three  principle  faces (111), (100), and 
(110). 2 The faces were  then electropolished in a mel t  
consisting of equal  weights  of KC1 and NaC1 at 700~ 
in accordance with  the procedure repor ted  by Broui l le t  
and Epelboin (3). Af t e r  rechecking the orientat ion by 
x - r a y  diffraction, each crystal  was mounted  by placing 
a thin cyl inder  of v i rg in  polyethylene  (this po lye thy l -  
ene gave a wa te r -c l ea r  mel t )  snugly against  the sides 
of each crystal.  A t igh t ly  fitting hea t - shr inkable  TFE 
Teflon tube was then placed over  the polye thylene  
sleeve. Upon heat ing wi th  an electric heat  gun the 
polyethylene  mel ted  and the Teflon tube shrunk. Upon 
cooling the single crystal  is t ight ly  enclosed in a Teflon- 
polyethylene  envelope. Dur ing heat ing some mol ten  
polyethylene  covered part  of the or iented P t  face. This 
polyethylene  was la rge ly  removed by careful ly  cut t ing 
with  a razor around the edge of the squeezed out poly-  
e thylene and careful ly  str ipping the excess poly-  
e thylene from the Pt  surface. Photomicrographs  s 
showed that  t iny particles of polyethylene  remained on 
the surface; however ,  these were  removed  dur ing the 
initial electrolysis as was shown by photomicrographs 
taken af ter  such t rea tment .  (A polye thylene  par t ic le  
is shown in the encircled area on Fig. l a  as a dark 
gray fragment .  Similar  f ragments  are apparent ) .  

The Pt  wi re  connected to the single crystal,  which 
is covered by the Teflon tube, is sealed through a 
glass cap. Upon insert ion of the electrode into the cell, 
the  glass cap, which has a V4 in. s tandard  glass pipe 
connector, is connected to the cell via a Vi ton-A r ing 
and screw clamp which gives a gas- t ight  seal. 

The  init ial  set of th ree  or iented faces was careful ly  
wiped with  a fine soft paper  and then cleaned with  
concentrated nitric acid and rinsed with  t r ip ly  disti l led 
water.  Upon close examinat ion  scratches were  noted 
on these electrodes, and af ter  the e lect rochemical  m e a -  
surements  were  made, photomicrographs showed m a n y  
fine scratches on each crystal  face. These crystal  faces 
were  re-electropol ished,  and after  mount ing  great  care 
was taken not to contact the exposed faces wi th  any-  
thing but nitric acid, t r ip ly  distil led water,  and elec- 
trolyte.  This careful  t r ea tment  avoided scratches on 
the soft exposed Pt  face. Potent iostat ic  measurements  
on each face were  repeated after  another  polishing, 

The orientation, spark cutting, and x-ray diffraction confirma- 
tion of the orientation was done by C. L. Vold, Metallurgy Division, 
Naval Research Laboratory. 

S Photomicrographs of the Pt electrodes were made by A. C. 
Simon, Electrochemistry Branch, Naval Research Laboratory. 

and for the scra tch-f ree  surfaces, the results  were  
essential ly the same. However ,  the scratched surfaces 
showed some impor tant  var ia t ions  which will  be dis-  
cussed. 

The first measurements  on the Pt  bead (mounted in 
glass) were  taken after  the forming of the bead by 
mel t ing the end of a P t  wire  in a H2/O2 flame, clean-  
ing in nitric acid, rinsing, and pre-electrolysis .  To as- 
sure tha t  the electropolishing procedure  itself did not 
cause changes or leave a residue on the single crystal  
surfaces which could affect their  e lectrochemical  prop-  
erties, a second set of potentiostatic measurements  was 
made on the bead after  electropolishing it under  the 
same conditions used for the single crystals. The  elec- 
tropolished Pt  bead, af ter  the usual cleaning t reatment ,  
gave essentially the  same results as were  ini t ia l ly  ob- 
tained before electropolishing. 

Al l  of the Pt  electrodes had mir ror  br ight  surfaces, 
but  as Fig. 1 shows they were  by no means flat surfaces. 
Mechanical  means of f lat tening the surface were  
avoided since it was felt that  scratching or the inclu-  
sion of polishing agents could have  strong effects. It  
seems obvious that  a tomical ly smooth surfaces are not  
feasible at the present  time, and it is felt  that  the  p re -  
dominant  or ientat ion of surface atoms is influenced by 
the under ly ing Pt  atoms of the given orientation. 

True area (4) was calculated on the basis of a one-  
to-one correspondence be tween  each Pt  atom and Oad. 
Since different crystal  orientat ions were  used, i t  was 
necessary to de termine  the number  of Pt  a t . /cm 2 for 
each face and bead. Atom densities for perfect ly  
smooth electrodes of the (111), (100), and (110) ori-  
entations were  calculated to be 1.5 x 1015, 1.31 x 1015, 
and 0.92 x 101~, respectively,  using 3.9231A (5) as the 
latt ice parameter .  The atom density for the bead was 
assumed to be 1.31 x 1015 (2). On this basis and cor- 
rect ing for double layer  charging (36 ~C/cm2), the 
number  of gC/cm 2 for a 1 cm 2 t rue  area electrode for  
each face and bead was calculated. The exper imenta l  
t rue  area of each electrode was then determined,  and 
Table  I shows areas of unscratched electrodes. All  
areas given in this paper  are  so-defined t rue  areas. 

Two types of e lectrochemical  measurements  were  
performed. The first was the type of potentiostatic 
measurement  previously  repor ted  (2) for a bead elec-  
trode and gave the s teady-s ta te  current  densi ty vs. 
potential  re lat ion for each electrode in H2-saturated 
1M H2SO4 under  conditions of ve ry  rapid st i rr ing 
with  H2 gas ( ~  1000 ml  H J m i n ) .  

The second type of measurement  gave anodic charg-  
ing curves taken by applying galvanostat ic  pulses 
(1.2-2 A / c m  2) after  potentiostat ing the electrodes unti l  
steady state was reached. In this case s teady state re-  
fers to no change in the number  of coulombs of charge 

Fig. 1. Comparative photo- 
micrographs of Pt (111) before 
(a, left, IOOX) and after (b, 
right, 135X) electrolysis. 
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Table I. Pt electrode true areas 

POLYCRYSTALLINE PLATINUM ELECTRODES 

Elec t rode  gC/cm~ Area,* cm ~ 

B e a d  420 0.54 • 0.01 
Bead,  e l e c t ropo l i shed  420 0.60 • 0.01 
(111}, f i rs t  e l ec t ropo l i sh  484 0.15 ~ 0.01 
(111), second e l ec t ropo l i sh  484 0.125 • 0.01 
(100), f i rs t  e l e c t r o p o l i s h  420 0.20 -*- 0.01 
(100), second  e l ec t ropo l i sh  420 0.15 • 0.01 
(110), f i rs t  e l ec t ropo l i sh  294 0.048 ~ 0.001 
(ii0), second electropolish 294 0.043 • 0.006 

c u r r e n t  (A) x ~sec to  f o r m  one m o n o l a y e r  of Oad 
* A r e a  

(~C + 36)/cm 2 

requi red  to oxidize sorbed H atoms and /o r  to saturate  
the surface with  Oad. The steady state obtained in the 
first type of measurements  meant  no change in cur-  
rent  densi ty with time. The t imes requi red  in most 
cases to reach coulombic steady state was shorter  than 
the t ime requi red  to reach s teady-s ta te  current  den-  
sities. However ,  under  conditions of ini t ial ly high 
dermasorbed O content  fol lowed by a lowering of po- 
tent ial  to a value tha t  resulted in a large loss of de rma-  
sorbed O, overnight  potentiostat ing was necessary. 
Af te r  steady state was reached, the high-speed switch-  
ing a r rangement  previously reported (6) was used to 
switch f rom potentiostat ic control to a galvanostat ic  
anodic charging pulse. These measurements  were  car-  
ried out under  init ial  electrode conditions of ei ther  
no dermasorbed O (by first taking the  potent ial  to 0V 
for at least 5 min) or ful ly  charged with  dermasorbed 
O (by first taking the potent ial  to 1.SV for at ]east 30 
min) .  Af ter  the init ial  t reatment ,  the  electrode was 
potent iostated to a set value. 

The determinat ion  of the amounts of sorbed H atoms 
oxidized and O atoms formed dur ing galvanostat ic  
anodic charging was done in the fol lowing way. Anodic 
charging curves applied at the H+/H2 equi l ibr ium 
potential  for each electrode were  determined at the 
beginning and end of each set of measurements .  The 
end of the hydrogen region and the length of the linear 
atomic oxygen adsorption, Oad, region were determined 
in the standard way (4) by drawing a straight line 
through the linear Oad region and finding the intercepts 
with straight lines drawn from the slope of the so- 
called double layer region (from about 0.5 to 0.gv) 
and from the linear extrapolation of the 02 generation 
region starting at about 1.75V. Dropping a perpendic- 
ular line from the intercepts at the beginning and end 
of the Oad linear region to the anodic charging curve 
gave potentials that were considered to be the end 
of the H oxidation region and the end of the Oad 
formation region, respectively. The voltages deter- 
mined in this way varied from 0.8 to 0.95V for the end 
of the H oxidation region and varied from 1.65 to 
1.85V for the end of the Oad formation region. The 
specific voltages for a given run were very repro- 
ducible, and the actual values were directly dependent 
on the actual current densities used in the anodic 
charging pulse. The voltages determined in this way 
were used to calculate the number of coulombs, qH and 
qo [after correcting for double layer charging (4)], 
of sorbed H and Oad formation for each anodic charg- 
ing curve for each electrode at the various potential 
settings. This method of determining the H and O re- 
gions differs from the procedure used in earlier work 
(7) where these regions were always determined by 
intercepts from the linearly extended Oad region. Al- 
though the linear extrapolation method is basic in 
determining the area of the Pt electrodes (4) and is a 
reliable technique, under anodic potentiostatic control 
the H associated with the Pt is low at potentials above 
0.3V and the ]ineari ty of the Oad region decreases. 
Therefore,  the difficulty of de termining the length of 
the Oad regions increases. Al though a determinat ion  of 
coverage of Oad is possible by the  method  used in ref. 
(7), we feel that  the present  technique is less subjec-  
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t ive and bet ter  defines the method of de termining  sur-  
face coverage. Later  in the paper  data wil l  be given 
which can be compared wi th  the data given in Fig. 2 
of ref. (7). Such a comparison will  show fai r ly  good 
correspondence for the two methods. Al though our 
measurements  do not assure an absolute relat ion of 
amounts  of H and Oad and potential,  the values ob- 
tained do give a val id comparison of the four  different 
Pt  electrodes. The t empera tu re  was 25 ~ • I~ and all 
measurements  were  made in H2-saturated (1 atm) 1M 
H 2 S O 4 .  

Results and Discussion 
Area determinations.--Will (1) concluded f rom 

his exper imenta l  results that  the areas (roughness fac- 
tors) of his Pt  single crystal  faces increased with  in-  
creased number  of potent ia l  sweeps. Recently,  Biegler  
(8) rev iewed the problem of area increases on poly-  
crystal l ine Pt  and also concluded f rom his own work  
that  there  are significant increases in electrode area 
under repetitive, cyclic treatment that involved fast 
reduction of surface oxide and that smoothening can 
occur under slow reduction of oxide. Our own ex- 
perience with Pt electrodes over a period of many 
years showed that under our experimental conditions 
no significant changes in electrode areas were found 
either in the pre-eleetrolysis treatment or in use of 
polycrystalline electrodes over long periods of time. 
Taking into consideration the findings of Will and 
Biegler, we decided to investigate carefully the prob- 
lem of surface roughening and to determine if recrys- 
tallization or significant changes in surface atom ar- 
rangement occurred. 

We point out that our electrodes were not subjected 
to rapid repetitive, cyclic treatment and that the only 
rapid potential changes experienced by the electrodes 
were during anodic charging and switching. Figure la 
is a photomicrograph (100X) of the (iii) Pt face elec- 
trode. This picture was taken immediately after elee- 
tropolishing and placing the electrode in the Teflon- 
polyethylene mount. The encircled area shows a typi- 
cal remnant of the polyethylene film stripped from the 
surface during electrode mounting. Many other simi- 
larly shaded and appearing particles of polyethylene 
can be observed on the surface. After cleaning the 
electrodes and placing them in the cell, the equilibrium 
hydrogen potential was obtained on each electrode be- 
fore any electrolysis was applied. Upon applying an 
anodic charging pulse to each electrode, it was ob- 
served that the hydrogen regions were very short and 
indistinct and that the oxygen regions were somewhat 
rounded. After applying about i0 pulses, the hydrogen 
region lengthened and the oxygen region became less 
rounded. Each electrode was then potentiostated to 
1.5V for a period of at least 16 hr. After this time the 
anodic charging curves for each face showed a nor- 
mally clean linear oxygen region. Significant in- 
creases in area were observed over a period of several 
days. The largest change was experienced in one run 
with the (Ii0) electrode which underwent a change 
from 0.0264 to 0.047 cm 2 over a period of one week. 
After these inital area changes frequent area deter- 
minations showed that each electrode experienced no 
further significant change. 

Figure Ib is a photomicrograph (135X) of the same 
electrode shown in Fig. la after that electrode (lid 
was in the cell for a period of two months. During that 
time the electrode underwent potentiostatic polariza- 
tion ranging from --0.04 to 2.1V for eight days and was 
subjected to potentiostatie control and anodic charging 
during a period of four more days. Figure Ib shows the 
complete removal of the bits of polyethylene and 
further shows no significant change in the Pt surface. 
The same dendritic areas, pits, terraces, and structure 
are apparent in both photos. 

Our interpretation of the initial area changes and 
shape of the anodic charging curves is that the poly- 
ethylene residue in contact with the electrodes is being 
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r e m o v e d  p r i m a r i l y  by  be ing  s c rubbed  off by  the  fo r -  
m a t i o n  of oxygen .  S o m e  ox ida t ion  of t h e  p o l y e t h y l e n e  
in close con tac t  w i t h  t he  su r face  m a y  occur.  I t  m a y  
t a k e  qu i te  a bit  of t i m e  (poss ib ly  as long as a w e e k )  
to r e m o v e  the  last  t r ace  of p o l y e t h y l e n e .  Once  this  
in i t i a l  c l ean ing  of the  su r face  occurs,  p h o t o m i c r o -  
g raph ic  e v i d e n c e  and e l e c t r o c h e m i c a l  a rea  d e t e r m i n a -  
t ions show tha t  ac tua l  r o u g h e n i n g  or  s t r u c t u r e  changes  
on the  e l ec t rode  su r face  do not  occur  u n d e r  the  con-  
di t ions  of our  e x p e r i m e n t s .  Our  f indings do not  m e a n  
tha t  r o u g h e n i n g  could  not  occur  u n d e r  B ieg l e r ' s  (8) or  
Wi l l ' s  (1) e x p e r i m e n t a l  condi t ions .  H o w e v e r ,  t he r e  is 
a poss ib i l i ty  t ha t  Wi l l ' s  po l i sh ing  of t h e  s ingle  c rys ta l  
faces w i t h  a l u m i n a  p o w d e r  did resu l t  in an  i n c o r p o r a -  
t ion of some a l u m i n a  in t h e  su r face  layer .  The  two  
h u n d r e d  or m o r e  sweeps  r e q u i r e d  to get  a r e p r o -  
duc ib le  su r face  m a y  be r e l a t ed  to t he  r e m o v a l  of some, 
if  no t  all, of t he  a l u m i n a  by  a s c rubb ing  ac t ion  by  
h y d r o g e n  and oxygen .  

Hydrogen overvoltage.--Hydrogen o v e r v o l t a g e  da ta  
a r e  s h o w n  in Fig.  2 and  3. The  i n t e r e s t i n g  f ea tu r e  of 
these  cu rves  is t ha t  t h e r e  is no s ignif icant  d i f fe rence  
b e t w e e n  the  bead  and  (111), (100), and  (110) faces.  
T h e  Tafe l  b s lope is --0.025, and the  io for  t he  equ i -  
l i b r i u m  h y d r o g e n / h y d r o g e n  ion e x c h a n g e  is 1.9 m A /  
cm~. T h e  a s sumed  a tomic  dens i t i es  of t h e  fou r  e l ec -  
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Fig. 2. Dependence of current density on hydrogen overvoltage 
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t rodes  in t e r m s  of a toms p e r  s q u a r e  c e n t i m e t e r  are :  
1.5 x 1015 for  (111), 1.31 x 10 is for  (100), 0.92 x 1015 
for  (110), and 1.31 x 1015 for  t he  p o l y c r y s t a l l i n e  bead.  
Hence ,  s ince the  ca l cu la t ed  t rue  a reas  a re  based  on 
these  n u m b e r s  of P t  a toms p e r  squa re  cen t ime te r ,  one  
can conc lude  tha t  P t  a tom dens i ty  and spac ing  do not  
d e t e r m i n e  the  kinet ics .  I t  m a y  be  a rgued  t h a t  diffusion 
is t he  r a t e - c o n t r o l l i n g  process;  h o w e v e r  t he  t r u e  a reas  
i nc lude  a r o u g h n e s s  factor ,  and  s ince the  g e o m e t r i c  
a rea  is the  i m p o r t a n t  cons ide ra t i on  in diffusion, it 
w o u l d  be  necessa ry  to show tha t  t he  roughness  fac to r  
for  a l l  t he  e l ec t rodes  a r e  essen t ia l ly  t he  same.  The  
m e t h o d  w e  used  to m o u n t  t he  s ingle  c rys ta l s  lef t  an  
u n e v e n  r i m  of p o l y e t h y l e n e  a r o u n d  the  edge  of t h e  
e lec t rode  so tha t  accu ra t e  d e t e r m i n a t i o n  of t h e  geo-  
m e t r i c  a rea  was  difficult.  H o w e v e r ,  s eve r a l  d e t e r m i n a -  
t ions of g e o m e t r i c  a rea  by use  of a Bausch  and L o m b  
M e a s u r i n g  Magni f ie r  s h o w e d  d i f fe rences  in roughness  
factor .  Fo r  example ,  for  t he  (110) face t h e  roughness  
f ac to r  a f t e r  t h e  first  e l ec t ropo l i sh ing  was  2.1, w h e r e a s  
a f te r  the  second e l ec t ropo l i sh ing  i t  was  1.4. H o w e v e r ,  
t he  h y d r o g e n  o v e r v o ] t a g e  resul ts ,  based  on t r u e  area,  
w e r e  essen t ia l ly  the  same.  

The  da ta  in Fig. 3 sa t i s f ac to r i ly  c o m p a r e s  w i t h  da ta  
p r e v i o u s l y  ob ta ined  [(9) Fig.  4], h o w e v e r ,  t he  Fig. 3 
d a t a  are  on a m o r e  e x p a n d e d  po ten t i a l  scale. This  e x -  
pans ion  c l ea r ly  i l lus t r a t e s  t h a t  for  ~ > 0.5 m V  the  e x -  
p e r i m e n t a l  da ta  po in t s  do no t  fit on  an  e x t r a p o l a t e d  
l inea r  c u r v e  f r o m  - -6  m V  t h r o u g h  zero. This  dev i a t i on  
shows  tha t  the  a m o u n t  of adso rbed  H w h i c h  is in r ap id  
e q u i l i b r i u m  w i t h  H + and  H2 d i sso lved  in so lu t ion  is 
v e r y  small .  

Potentiostatic anodic current density vs. voltage re- 
lations.--Figures 4-6 show the  po ten t ios t a t i c  anodic  
c u r r e n t  dens i ty  vs. v o l t a g e  re la t ions  for  t h e  (111), 
(100), and (110) faces. F i g u r e s  7 and 8 c o m p a r e  t he  

t h r ee  c rys ta l  faces w i t h  p r e v i o u s  resu l t s  (2) for  a 
p o l y c r y s t a l l i n e  bead  e l e c t r o d e  fo r  t he  i nc r ea s ing  and 
dec r ea s ing  po t en t i a l  sequences ,  r e spec t ive ly .  The  
f o r m e r  bead  e l ec t rode  resu l t s  w e r e  checked  w i t h  a n e w  
bead  e lec t rode ,  bo th  b e f o r e  and  a f t e r  t he  same  e]ec-  
t ropo l i sh ing  used on the  s ingle  c rys ta l  faces. The  p res -  
en t  resu l t s  conf i rmed  the  p r e v i o u s l y  r e p o r t e d  va lues  
and f u r t h e r  d e m o n s t r a t e d  tha t  effects  due  to e l ec t ro -  
po l i sh ing  and d i f fe rences  in so lu t ion  compos i t i on  w e r e  
negl ig ib le .  In  addi t ion,  Fig.  9 and  10 c o m p a r e  t h r e e  
l i gh t ly  sc ra t ched  (by  r u b b i n g  w i t h  soft  t i s sue  pape r )  
p r inc ip l e  faces  and a P t  bead  e lec t rode .  
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The data in Fig. 4-10 show that the l imit ing H2 oxi-  
dation reaction is esssential ly independent  of crystal 
orientation. Smal l  differences are noticeable for the 
bead and the (100) face which had about 10% lower 
l imit ing current densities than the (111) and (110) 
faces (see Fig. 7 and 8). Smal l  differences can also be 
seen for the l ight ly  scratched faces (Fig. 9 and 10). 
These differences are just about within  the l imits of 
the experimental  error (about 10%), and even though 
these differences were consistent after two electro- 
polishings, they are too uncertain to be considered 
significant. The fact that the scratched electrodes which 
would, of course, have higher roughness factors than 
the smooth electrodes gave virtual ly  the  same l imiting 
current densit ies further demonstrates that the l imit ing 
current density is not primarily diffusion-controlled. 
This conclusion holds because the data in Fig. 4-10 are 
plotted on the basis of true area (4) which  means that 
if the data were plotted on the basis of geometric area, 
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Fig. 8. Comparative potentiostatic relations for decreasing poten- 
tial sequence. Curves are lines shown in Fig. 4-6. 

there would be significant differences between the 
scratched and unscratched Pt faces. 

The real ly  significant differences in the three princi-  
ple faces and the bead are in the passive (decreased 
rate of H2 oxidation) region and the transpassive (oxy-  
gen evolution)  region. Figure 7 shows that the onset of 
pass ivi ty  and the shape of the  passive region is very 
much dependent on the orientation. For example,  the 
potential  at which  passivity commences  increases in 
the order (100), bead, (110) and (111), whereas for 
the decreasing potential  sequence, Fig. 8, the activation 
(increased rate of H2 oxidation) of each electrode 
has little dependence on orientation. The differences 
for the scratched electrodes (Fig. 9 and 10) are sig- 
nif icantly less. 

The differences in behavior shown in the shapes of 
the passive regions and the Tafel slopes of the oxygen 
generation region are at the same time remarkable 
and unexpl icable  on the basis of Pt atom geometry. 
Figure 4 shows that for the (111) face at potentials 
between 1.4 and 1.9V the current density,  for both 
the increasing and decreasing potential  sequences, is 
cyclic (at about 20-min intervals)  over one order of 
magnitude. At and below 1.4V, dermasorbed oxygen 
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(decreasing potential  sequence data) reduces the rate  
of hydrogen oxidation unti l  0.7V where  the derma-  
sorbed oxygen is removed. The Tafel  slope of the oxy-  
gen evolution reaction is 0.180 for the increasing po- 
tentiaI sequence and 0.095V for decreasing potentials. 
The Tafel  slope for both the increasing and decreasing 
potential  sequence for the bead was 0.13 (2). 

The (100) face, Fig. 5, shows no cyclic behavior  at 
potentials above 1.4V, but  the differences in the  rates 
of oxidation be tween 1.4 to about 1.7V is small. Derma-  
sorbed oxygen appears to only have a significant effect 
f rom 1.4 to 0.8V. For  this electrode, the 02 evolut ion 
Tafel  b value is 0.100 for both the increasing and de-  
creasing potential  sequence. 

For  the (110) face, Fig. 6, there  is a great  deal of 
overlap and scatter of points from 1.4 to 1.9V for the 
increasing and decreasing potent ial  sequence. Below 
1.4V the separation due to dermasorbed oxygen is ap- 
parent  down to 0.75V. The 02 evolut ion Tafel  b value 
for both the increasing and decreasing potential  se- 
quence is 0.105. 

Figures  7 and 8 show that  the  passivat ion of the 
or iented single crystals are all significantly less than 
that  of the bead, but there  is no order  as far as Pt  
atom densities are concerned. Al l  that  one can say is 
that  the presence of grain boundaries  or stress in the 
beads or differences in impuri t ies  in the bead and the 
single crystals great ly  enhance passivation. Figures 9 
and 10 for the scratched oriented crystals also show 
enhanced act ivi ty  over  the bead. In this case the (110) 
scratched face is the least passivated of all the  elec-  
trodes investigated. For  this electrode the change in 
act ivi ty  above 0.7V was small  for both the increasing 
and decreasing potent ial  sequences. In fact, the pres- 
ence of dermasorbed oxygen (Fig. 10) has only a minor  
effect on the act ivi ty  of this electrode. 

Another  interest ing observat ion that  was made dur-  
ing the course of the potentiostatic measurements  on 
the unscratched faces was the potential  at which 
visible oxygen evolut ion occurred. Each of the faces 
was mir ror  br ight  so that  under  bright  i l lumination,  
if gas evolut ion occurred, the formation of ex t remely  
small  bubbles would be obvious. On the three  oriented 
faces it was noticed that  bubbles  of oxygen were  not 
observed unless the electrodes were  potentiostated at 
1.8V or above. Figures 4 to 8 showed that  at potentials 
f rom 1.4 to 1.SV, the current  densities for each crystal  
face did not va ry  greatly, and at potentials down to 
0.7V the current  densities genera l ly  increased. In addi- 
tion, Fig. 7 shows that  at the three  faces the current  
densities varied considerably at, and immedia te ly  be- 
low, 1.8V. If the net react ion were  an electrochemical  
generat ion of O2, the potential  at which this react ion 
occurs should be detected easily, especially since mea-  
surements  at potentials  above 0.7V took anywhere  
f rom an hour to hours to reach steady state. The fact 
that no oxygen bubbles were  evident  below 1.8V 
shows that  the net  react ion below this value  was not 
the formation of O2. 

This conclusion means that  there  must have been 
some interact ion of molecular  hydrogen  with wha teve r  
cur ren t -consuming react ion occurred. The following 
possibilities are apparent :  

H2-> 2H + + 2e [I] 
2H20 -~ Pt ->  4H + + Pt  -- 02 + 4e [IIa] 

Pt  -- 02 + 2H2 ~ Pt  + 2H20 [IIb] 
H20 + Pt--> 2H + + Pt  -- O + 2e [I l ia]  

Pt  -- O + H2 --> Pt  + HgO [IIIb] 
H20 + P t -*  H + + P t - -  OH + e [IVa] 
2Pt -- OH + H2--> 2H20 + 2Pt [IVb] 

Other  oxygenated species can be visualized also. 
The important  conclusion that  one can der ive  f rom 

the observation that  O2 bubbles are not formed unti l  
a potential  of 1.8V is reached is that  for the oriented 
single crystals, and as was previously concluded for 
a heterogenous Pt  electrode (2, 7, 10), H2 in solution 
reacts wi th  oxygen or oxygenated  products of wa te r  
in the passive region. Only when the rate  of oxygen 
generat ion (1.8V) exceeds the rate of the interact ion 
of H2 with the oxygenated species is the net reaction 
the formation of Oz. This conclusion does not, of 
course, mean that  oxygenated products of wa te r  may 
not exist on the surface of Pt  (or O be dermasorbed in 
Pt)  in the passive region below 1.8V, but it does imply 
that  below 1.8V saturat ion of the surface with  oxy-  
genated species of wa te r  is infeasible. In addition, sup- 
port  is given to the previously  reported conclusion 
f rom this laboratory (2, 7, 10) that  the cause of the 
initiation of passivation at 0.7V on a Pt  bead is not 
due to surface coverage with oxygen  or an oxygenated  
product of water,  but ra ther  by anion adsorption. As 
the potential  is increased above the value  where  passi- 
vation is initiated, the amount  of oxygen or oxy-  
genated products of water  is increased, but  sulfate 
ions also play an important  role. In summary,  the fact 
that  a high voltage of 1.8 is requi red  before visible 02 
evolution occurs is strong evidence that  under  s teady- 
state conditions, the net accumulat ion of water  oxida-  
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tion products on the Pt surface is s trongly restr icted 
both by the interact ion with  H2 and by the presence of 
sulfate ions. 

Relation between potential and amount of associated 
H atoms.~Figure 11 shows the relationships obtained 
for the dependence be tween the amount  of hydrogen,  
qH, oxidized by a high current  density anodic pulse 
and the potentiostated s teady-state  potent ial  for all 
electrodes. Figure  12 compares the four electrodes on a 
normalized scale, qH/qtt,E=9. Since on the normalized 
scale, the qH of each electrode is compared to its qH at 
the H+/H.~ equil ibrium, the amount  of coulombs is re-  
lated to the number  of Pt  atoms per square cent imeter  
for each electrode since the ratio qn/qo was about the 
same for all three faces. Thus the atom densities for 
the three faces and for the bead are normalized, and 
the curves in Fig. 12 show the fract ion of the number  
of the equi l ibr ium associated H atoms at each potential.  
On the normalized scale, the differences be tween  the 
four electrodes are small. Only at potentials of 0.1V 
and below does there  appear to be a significant differ- 
ence be tween the (111) and (100) compared to the 
(110) and bead. However ,  Fig. 11 shows that  on the 
defined (4) t rue  area scale, there  are considerable 
differences in the amounts of H associated wi th  each 
electrode. It is interest ing that  Fig. 11 shows that  
under  s teady-s ta te  conditions small  amounts of hy-  
drogen are associated wt ih  Pt  at potentials above 
0.35V. 

The dashed line for the bead data in Fig. 11 is the 
qH vs. E relat ion for a single anodic charging curve  
from the H +/He equil ibrium. This dashed curve  shows 
that  t ransient  and potentiostatic H content  do not have 
the same dependence on po ten t i a l  The s teady-sta te  
amount  of H associated with Pt  at any potent ial  above 

0V is always less than the high current  density t ran-  
sient values. 

Will  (1), using a cyclic vol tametr ic  technique, ob- 
tained a normalized qH/qH,E--O separat ion be tween the 
three faces in the order (100) > (111) > (110). Our 
comparat ive  data (Fig. 12) gives (100) ~ (111) 
(110) = bead. 

Relation between potential and amount of 0 atoms 
formed by anodic charging.--A series of anodic charg-  
ing curves typical  for any of the electrodes is repre-  
sented in Fig. 13 by a (100) electrode. Figure  14 gives 
the qo vs. potent ial  data for all electrodes and Fig. 15 
gives the normalized qo/qo,~=o data for all electrodes. 
As brought  out in the exper imenta l  section of this 
paper, qo is the number  of coulombs per square  centi-  
meter  of oxygen atoms formed on the electrode sur-  
face with a high current  density galvanostat ic  pulse 
under  the given potentiostatic conditions. 

All  of the open symbols signify that  the electrode 
was taken to open circuit  (zero volt) for at least 5 min 
before the given potential  was applied. The closed 
symbols signify that  the electrode was taken  to 1.SV 
for at least 30 min. Thus, for the open symbols, the 
initial electrode condition was the equi l ibr ium hydro-  
gen electrode free of dermasorbed oxygen, whereas  

.~. 50C ~ ~ _  ~\\ BEAD 
\ \ \ \  20C 

~ .  I00 

~) 0.1 0.2 0.3 0,4 0 0.1 0.2 0.3 0.4 
~. ,  Ls 300 

' ~  2oo~ [] 

E(V vs. NHE) 
Fig. 11. Steady-state amounts of H atoms, qH, a.ssociated with 

each Pt electrode at given potentials. See text for meaning of 
dashed line. 
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Fig. 12. Normalized (qH/qH, E=O) steady-state amounts of H 
atoms associated with each Pt electrode at given potentials. 

Fig. 13. Anodic charging curves for Pt (100) from set potentio- 
stated values, i = 1.824 A/cm ~ 
a, 0.3V "1 potentiostated for d, 0.9V ]Starting at H+/H2 
b, 0.5V ~5 min at each e, 1.1V ~equilibrium followed 
c, 0.TV Jpotentlal f, 1.3V Jby potentiostating for 
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Fig. 14. Amounts of O atoms, qo, formed on each Pt electrode 
when an anodic galvanostatic pulse is applied at given steady-state 
potentials. Open symbols are values for initial potentiostating at 
0V. Closed symbols are values for initial potentiostating at 1.8V. 
See text for meaning of dashed line. 
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Fig. 15. Normalized (qo/qo, E=O) amounts of O atoms formed 
on each Pt electrode when an anodic galvanostatic pulse is applied 
at given steady-state potentials. Open symbols are values for initial 
potentiostating at 0V. Closed symbols are values for initial po- 
tentiostating at 1.8V. 

for the closed symbols the initial electrode condition 
was saturat ion with  dermasorbed oxygen. 

The data in Fig. 14 and 15 show that  for all of the 
oriented faces, there  is a re la t ive ly  small  decrease in 
the amount  of O atoms requ i red  to form a monolayer  
wi th  the anodic charging pulse f rom zero to 0.9V. On 
the other hand, the data for the bead is similar  to 
previously reported data (7) and shows a significant 
decrease in the required amount  of O to form a mono-  
layer  at 0.4V, fol lowed by a plateau to 0.9V and then a 
sharp drop similar to the oriented faces. The hysteresis 
(closed symbols) is bel ieved to be caused by derma-  
sorbed oxygen. The data in Fig. 14 and 15 show that  
dermasorbed oxygen is v i r tua l ly  complete ly  removed 
at a potential  of 0.SV. About  16 hr  of potentiostat ing 
at 0.8V (af ter  saturat ing the electrode at 1.8V with  O) 
was required before the s teady-s ta te  qo was found for 
all electrodes. This qo at 0.8V, as were  closed symbol 
values at lower potentials, corresponded to the open 
symbol, ini t ia l ly  dermasorbed O-f ree  cases. 

The dashed line for the bead in Fig. 14 shows the 
l inear qo vs. E relation for a single anodic charging 
curve  beginning at the H+/H2 equil ibrium. The 
amount  of Oad which can be formed by an anodic pulse 
starting at a given E above 0.5V is always less than the 
O~r formed under  high current  density t ransient  con- 
ditions start ing at zero. The rapid decrease in the de- 
posited quant i ty  of Oad at E above 0.9V supports the 
conclusion that  sulfate ion adsorption does decrease 
the number  of sites available for Oad. 

Because under  s teady-state  potentiostatie conditions 
H2 will  react  wi th  oxygen and/or  oxygenated wate r  
species, the large decreases in the amounts  of O re-  
quired to form a monolayer  under  galvanostat ie  charg-  
ing are bel ieved to be due to anion (sulfate ion) ad- 
sorption (2, 7). Fur ther ,  f rom kinetic considerations 

(2), it is felt that  anion adsorption not only initiates 
passivation, but is the major  cause of the rapid de- 
crease in the ra te  of H2 oxidation up to at least 1.2V. 
The data in Fig. 7 and 8 correspond sufficiently wel l  
with the sharp drop at 0.9V to show a real  re lat ion be- 
tween increased surface coverage and decreased ra te  
of He oxidation. The most pronounced difference in the 
four electrodes is the comparison of the bead to the 
three  oriented faces. Both the drop in qo at 0.4V and 
the much lower min imum current  densities shown in 
Fig. 7 and 8 indicate that such differences as grain 
boundaries, stress, or differences in impuri t ies  in the 
Pt play an important  role both in anion adsorption and 
passivation. The differences in the three faces are 
too small  to be highly significant, but several  t rends 
are apparent.  There  is a sharper  decrease in qo at po- 
tentials in excess of 0.4V for the  (110) face (Fig. 15), 
and at potentials from 0.7 to 0.9V, its behavior  is 
in termedia te  to the (111), (100), and the bead. The 
qo for the (100) face drops significantly at 0.1V but 
then changes very  l i t t le unti l  0.gv. 

In summary,  differences in behavior  of the various 
orientat ions are apparent,  but they  are small  and fol- 
low no logical sequence, such as atom density or spac- 
ing. The real ly  significant differences are  those be- 
tween the oriented single crystal  faces and the poly-  
crystal l ine bead. This difference indicates that  factors 
such as grain boundaries,  stress, and possible var ia -  
tions in impuri t ies  in the Pt  can play an impor tant  
role in some adsorption phenomena and may  influence 
the cata]ytic act ivi ty of some reactions. Another  pos- 
sible var ia t ion may  be differences in the potent ial  of 
zero charge between the bead and single crystal  faces. 

The open-circui t  ra te  of react ion of a rapidly gener-  
ated monolayer  of P t -O  formed by an anodic ga lvano-  
static charging pulse wi th  H2 in solution (11) was 
determined in the hope that  single crystals, which 
would be in an essential ly ideally annealed state, 
would differ significantly from a bead electrode which 
would contain strains. The rates of the Pt  -- Oad + H2 
reaction for all four electrodes var ied  from about 1 to 5 
mA/cme.  These differences were  random and were  
independent  of or ientat ion or polycrystal l ini ty.  Ac-  
tually, previous work  (11) wi th  bead electrodes gave 
rates which ranged both lower or higher  than  these 
values, so that no part icular  re la t ion be tween  the met -  
allurgical  state or single crystal  orientat ion of Pt  and 
the rate  of the react ion of Pt  -- O q- H2 was obtained. 

Conclusions 
Figure  16 shows photomicrographs at magnification 

of 325X of (111), (100), and (110) faces af ter  pro-  
longed electrochemical  measurements .  These photomi-  
crographs show no par t icular  meta l lurg ica l  changes 
on the electrode surface as compared to those taken 
before electrochemical  t r ea tment  (see Fig. 1 also). The 
present study has shown that  there  are areas of marked  
differences in e lectrochemical  behavior  of single crystal  
orientat ion as compared with  a polycrystal l ine elec- 
trode, and that  for some reactions (i.e., hydrogen over -  
voltages below 0.TV) the effects of meta l lurg ica l  fac- 

Fig. 16. Photomicrographs of 
(a) (left) Pt (111), (b) (center) 
Pt (100), and (c) (right) Pt 
(110) after electrolysis (325X). 
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tors are minor.  Changes in electrode area or in char-  
acter of the electrode surfaces were not found. Un-  
doubtedly an improved technique for polishing the 
electrode to give orientat ions that  approach atomic 
smoothness would be desirable as would observations 
of surface atomic a r rangement  by such techniques as 
LEED. It is apparent  that grain boundaries,  stress, 
and impur i ty  inclusions in the electrode may  be of 
much more importance in de termining  catalytic ac- 
t iv i ty  for some reactions than is the actual  atomic den-  
sity or geometry of plat inum. 

Surface defects on oriented single crystals caused 
by scratching had marked effects on the passivation of 
Pt electrodes for hydrogen oxidation start ing at about 
0.7V. Comparisons with a polycrystal l ine bead showed 
large differences which were most l ikely caused by 
grain boundaries,  stress, and possibly metallic im- 
purities. It is believed that  the passivity behavior  is 
due to anion (sulfate ion) adsorption and that the var i -  
ous defects somehow influence this factor. 

The pr imary  conclusion that this investigation has 
led to is that  there is no simple correlation between 
atomic geometry and electrode behavior.  Invest igat ions 
of other more complex electrochemical reactions and 
better  definition and control of metal lurgical  factors 

are required before generalizations concerning atomic 
geometry should be made. 

Manuscript  submit ted Nov. 25, 1969; revised m a n u -  
script received May 20, 1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Electrochemical Oxidation of Guanine at the 
Pyrolytic Graphite Electrode 

Glenn Dryhurst and Gerald F. Pace 1 
Department of Chemistry, The University of Oklahoma, Norman, Oklahoma 73069 

ABSTRACT 

The electrochemical oxidation of guanine at the pyrolytic graphite elec- 
trode was investigated by l inear  and cyclic scan vol tammetry  between pH 
0-12.5 and by controlled electrode potential  electrolysis in aqueous 1M acetic 
acid solution. Guanine  is oxidized by an ini t ial  2e/2H + potent ial  determining 
attack at the - - N ( 7 )  ~ C ( 8 ) - -  double bond followed by a fur ther  2e/2H + 
oxidation of the - -C(4 )  ~ C ( 5 ) - -  double bond to give 2-amino-6,8-dioxy- 
purine-4,5-diol  which, being unstable,  undergoes fur ther  reaction by two 
routes: (a) fur ther  electrochemical oxidation to parabanic  acid, guanidine, 
and carbon dioxide; and (b) hydrolysis to oxalyl  guanidine  and carbon di- 
oxide. The exact na ture  of in termediate  species in the electro-oxidation of 
guanine  and uric acid were more thoroughly established by extensive use 
of fast sweep cyclic vol tammetry.  In part icular  it appears that  in ammonia  
buffers at moderately  high pH, the in termediate  is a 4,5-diamine rather  
than  a 4,5-diol. 

Guanine  (2-amino-6-oxypur ine)  is one of the two 
principal  purines found in nucleic acids and as such 
is involved in m a n y  biological processes. Previous 
work has indicated a similari ty between the hetero-  
geneous electrochemical and enzymatic oxidation of 
na tura l ly  occurring purines such as adenine  or uric 
acid (1, 2), al though this parallel ism does not appear 
to extend to purines with exocyclic sulfur atoms (3, 
4). Nevertheless, the observed electrochemistry of 
these lat ter  compounds might aid in in terpre t ing  the 
very incompletely understood biological oxidation. 
Fast scan cyclic vol tammetry  of several nonsul fur -  
containing purines has indicated that  a general  mech-  
anism might  be operative involving formation of a 
common ul t imate p r imary  electrochemical product  
which has been postulated to be a d icarbonium ion or 
a 4,5-diol (5). However, recent  results on some methyl -  
ated xanthines  (6) which will  be published shortly 
indicates that  if the N-7 position is methylated,  then 

i Present  address: Continental  Oil Company,  Ponca City, Okla- 
homa. 

Key  words:  guanine,  electro-oxidation,  2-amino-6-oxypur ine ,  bio- 
e lectrochemistry ,  pyrolyt ic  graphite.  

no intermediate  comparable to those observed for 
other purines can be detected or is much smaller than 
for other compounds. Faradaic n values also support 
this idea. In  view of these lat ter  findings and the im-  
portance of guanine  in biological systems, it was felt 
that the electrochemical oxidation mechanism for this 
compound should be elucidated in detail  ra ther  than 
arbi t rar i ly  assuming that  its oxidation proceeded by 
a route essentially identical to uric acid. A fur ther  
reason for s tudying guanine  was that  if parabanic 
acid was an electrochemical product, then as a result  
of the effective label ing of the pyr imidine  r ing by the 
2-amino group, it should be possible to assign cor- 
rectly the r ing origin of this acid which was not 
possible with adenine  and uric acid. 

Many of the biological and chemical reactions of 
purines are presented in the reviews of Lister (7) and 
Robins (8). Little, however, appears to be known of 
the mechanism of biological oxidation of guanine. 
Generally,  biological oxidation processes are charac- 
terized only in terms of the major  or most easily de~ 
tected products. In  m a n y  animals  guanine  is converted 
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to uric acid and al lantoin (9) al though in xanthinur ic  
man, guanine ingested as yeast RNA or as 3"-guanylic 
acid appears to be conver ted p r imar i ly  to xanth ine  
(10). Guanine is oxidized only slowly in the presence 
of ve ry  large excesses of xanth ine  oxidase to uric 
acid. Wyngaarden  (11) has suggested that  this process 
might  be brought  about by traces of guanase present  
in the xanth ine  oxidase. In rat  liver, guanine is con- 
ver ted  to hypoxanth ine  (12). Photodynamic  inact iva-  
tion of DNA on irradiat ion with  visible light in the 
presence of the dye lumichrome is due to breakdown 
of guanine (13). Using t racer  techniques, the photo-  
dynamic degradat ion of guanine involved format ion 
pr imar i ly  of guanidine and parabanic acid. Urea has 
also been detected as a photo-oxidat ion  product  (14). 
Chemical  oxidation of guanine by MnO2 in aqueous 
suspension at 100 ~ gave guanidine and urea (15). 

The study reported here of the electrochemical  
oxidation of guanine at controlled electrode potential  
at the pyrolyt ic  graphite electrode (PGE) indicates 
a mechanism whereby  guanine is oxidized in a p r imary  
4e process to give an unstable compound which has 
been character ized as 2-amino-6, 8-dioxypurine-4,  5- 
diol or -4, 5-diamine in ammonia containing back-  
grounds [equivalent  to the dicarbonium ion in te rme-  
diate postulated for uric acid and adenine (1)].  The 
subsequent  chemical  or e lectrochemical  reactions of 
this p r imary  product decides the final nature  of the 
over -a l l  reaction. Again, it appears as if the initial 
sites of electrochemical  and biological oxidation are 
similar, but the normal  biological deaminat ion reac-  
tion at C-2 does not occur under  e lectrochemical  
conditions. 

Experimental 
Chemicals.--Chemicals were  obtained f rom the 

sources listed; guanine (Nutr i t ional  Biochemicals) ;  
parabanic acid, guanidine sulfate, 4-chloro-meta  cresol 
(Eas tman) ;  guanidine hydrochlor ide (Matheson);  2, 
3-butanedione monoxime (Fisher) .  Buffer solutions 
were  prepared from reagent  grade chemicals. 

Argon (Linde) used for deoxygenat ing purposes 
was equi l ibrated with  water ;  no other  purification 
was necessary. 

Apparatus.--Polarograms and vo l tammograms were  
recorded on a Sargent  Model XVI Polarograph using 
a wa te r - j acke ted  th ree -compar tmen t  cell mainta ined 
at 25 ~ • 0.1~ and containing a saturated calomel 
reference  electrode (SCE) and a pla t inum gauze 
counterelectrode in saturated potassium chloride solu- 
tion. All potentials are re fer red  to the SCE at 25~ 
The dropping mercury  electrode had normal  m and t 
values. The preparat ion of the various pyrolyt ic  graph-  
ite electrodes was described earl ier  (1). Appara tus  
for cyclic vol tammetry ,  controlled potential  e lect roly-  
sis, coulometry,  and lyophylizat ion are described 
elsewhere (3, 5). Ul t raviole t  absorption spectra were  
recorded on a Perkin  E lmer -Hi tach i  Model 124 
Spectrophotometer ;  inf rared spectra were  recorded 
on a Beckman IR8 spectrophotometer .  

VoItammetric procedure.--Because of the low solu- 
bi l i ty of guanine, saturated solutions in appropr ia te  
buffers were  prepared,  the excess of guanine removed 
by filtration, and the concentrat ion computed by 
measurement  of the u.v. absorbance. A port ion of these 
solutions was then placed in the polarographic cell 
and deaerated with  argon for about 10 min. Once in 
position, the 4 mm diameter  PGE was al lowed to stand 
for about 30 sec wi thout  applied potential ;  the  s tar t ing 
potent ial  was then applied for 5 sec (usually 0.00V) 
and the vol tammetr ic  scan commenced. 

The PGE was resurfaced before every  run by polish- 
ing on a 600 grade silicon carbide paper disk mounted 
on a motor  dr iven rotat ing disk. The electrode was 
washed thoroughly with  a je t  of distil led water ;  the 
surface was then very  gent ly  touched onto a clean 
paper tissue to remove  excess of water.  

Cou~ometry.--A measured  volume of background 
solution was electrolyzed at the appropriate  potent ial  

in the working electrode compar tment  unti l  the  t i t ra-  
tion coulometer  (16) gave a small  constant t i t ra t ion 
rate. Then, between 0.1 to 0.2 mmole  of guanine was 
introduced. The electrolysis was then continued until  
all of the suspended guanine had disappeared and the 
current  had decayed to the background level. Comple-  
tion of the electrolysis was always confirmed by the 
disappearance of the characteris t ic  guanine u.v. ab- 
sorption peak. 

Macroscale electrolysis.--The same apparatus was 
used for macroscale electrolysis as for coulometry  ex-  
cept that  be tween 1 and 2 mmoles  of guanine was 
suspended in 200 ml of 1M HOAc. Electrolysis was con- 
tinued unti l  no suspended guanine remained  and the 
characterist ic u.v. absorption of guanine had disap- 
peared. At completion of the electrolysis, the solution 
in the working electrode compar tment  was shell frozen 
onto the walls of a 1 l i ter  flask and lyophil ized which 
resulted in a white  fluffy powder.  

Thin layer chromatography.--With the exception of 
urea, which was spotted as a solution (1 m g / m l ) ,  all 
reference compounds and the lyophilized electrolysis 
product were  applied to thin layer  sheets as ve ry  small 
crystals and were dissolved by repeated addition of 
water. Two different solvent systems were employed, 
n-butanol, acetic acid, water (120-30-50) and n-pro- 
panol, water (70-30). Two thin layer supports were 
employed, silica gel with fluorescent indicator (East- 
man Chromogram 6060) and alumina (Eastman 
Chromogram 6062). 

Parabanic acid was identified as a major product as 
a spot on the fluorescing silica gel plate having an r s 
value in butanol, acetic acid, water  solvent  of 0.83, 
and 0.70 in propanol, water  both being identical  wi th  
authentic  parabanic acid. 

Urea was detected as a v e r y  minor  product  using 
butanol, acetic acid, water  as solvent, and the silica gel 
adsorbent with Ehrl ich 's  reagent  (r s ---- 6.68). Allantoin 
was not detected under  the same conditions. 

Ammonia  was tested for on silica gel in the same 
solvent with Nessler 's  reagent  but was not detected. 

Guanidine was identified in the product  on an 
alumina plate using propanol, water  as solvent wi th  
sodium nitroprusside reagent  (17) (rf of 0.43), and on 
silica gel in butanol, acetic acid, wa te r  wi th  the same 
reagent  (rf = 0.63). 

Ion exchange isolation and identification of guani- 
dine.--Thin layer  chromatography  indicated that  
guanidine was a product  of electro-oxidat ion.  Since all 
other  products or potent ia l  products except  urea, which 
was only a ve ry  minor  product, were  acidic or could 
be hydrolyzed to salts in strong base, isolation of 
guanidine was at tempted.  

One hundred mil l igrams of lyophylized electrolysis 
product was dissolved in 30 ml water  and passed 
through a Dowex X-8 ion exchange column (hydroxide  
form) and washed with 150 ml water.  The effluent was 
neutral ized wi th  hydrochloric  acid and lyophylized. 
The infrared spectrum of the product  was essential ly 
identical  to authentic guanidine hydroch]oride. 

Ion exchange isolation and identification of parabanic 
acid.--One hundred mil l igrams of lyophylized elec- 
trolysis product was dissolved in 30 ml water  and 
passed through a column of Dowex 50W-X8 ion ex-  
change resin (strongly acid form) and washed with  150 
ml of water.  The product was lyophylized. The infrared 
spectrum of the product  was essentially identical  to 
that  of authentic parabanic acid. 

Parabanic  acid was fur ther  confirmed by the polaro-  
graphic behavior  of the product in 1M acetic acid 
(E1/2 = --0.68V) and ammonia  buffer pH 9 (E1/2 = 
--1.06V) and f rom the  fact that  in the lat ter  solution 
it rapidly decomposed to oxaluric  acid (E1/2 = 
-- 1.60V) (18). 

Determination of parabanic acid.--At complet ion of 
the electrolysis, parabanic acid was de te rmined  by 
t ransfer r ing  about 20 ml of the electrolysis solution to 
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a polarographic cell, and after  deaerat ion a polarogram 
was run  be tween 0 and --1.4V. The height  of the wave  
at ca. --0.TV was compared wi th  a cal ibrat ion curve 
prepared f rom authent ic  parabanic acid. 

Determination of guanidine and guanidyI residues.-- 
Guinidine or guanidyl  residue was determined by 
modification of the procedure described by Staron et al. 
(19). In our hands the sensit ivi ty of this procedure  was 
about five to ten t imes lower than claimed. In order to 
overcome this low sensitivity, the solution produced on 
electrolysis of 0.1-0.2 mmole  guanine was lyophylized 
and the resul t ing solid product dissolved in 10.0 ml 
water.  To 2.0 ml  of this la t ter  solution was added 2.0 ml 
of a 10% solution of 4-chloro-meta  cresol in 95% etha-  
nol. Af te r  agitating, 2.0 ml of N sodium hydroxide  was 
added followed by 1.0 ml  of freshly prepared sodium 
hypobromite  solution (1 ml Br2 in 99 ml N NaOH).  
The absorbance of the yel low color which developed 
was measured  at 440 m~ in a 1.0 cm stoppered quartz  
cell. Calibration curves were  prepared with  guanidine 
sulfate solutions which contained between 0.2 and 2 
mg guanidine in the init ial  2.0 ml al iquot of solution. 

Determination of oxa~yl guanidine.--Oxalyl guani-  
dine, allantoin, or any other  similar  species capable of 
being quant i ta t ive ly  hydrolyzed to glyoxylic acid by 
sequential  base then acid hydrolysis responds quant i -  
ta t ive ly  to the method of Young and Conway (20). 
The exper imenta l  procedure  is described e lsewhere  
(1) except  that  under  the present  conditions, a 3.0 ml  
al iquot of the electrolysis solution diluted to 5.0 ml 
wi th  1M HOAc was employed. 

Results and Discussion 
Voltammetry.--Guanine shows a single we l l - fo rmed  

anodic vol tammetr ic  peak at the s tat ionary PGE be- 
tween pH 0 and 12.5. Above pH 11 there  was some in- 
dication of a small  second wave  close to background 
discharge. Because these lat ter  waves appeared only 
occasionally at ve ry  high pH, they  were  not examined  
further .  The peak potential,  Ep, for the main guanine 
wave  shifts l inearly more  negat ive wi th  increasing pH 

Ep = 1.115 -- 0.065 pH 

at 3.33 mV sec -1 scan rate. The shift of peak potential  
of 65 mV per pH unit  is in fa i r ly  close agreement  wi th  
that  expected for a process where  the ra te-contro l l ing  
step involves an identical  number  of protons and elec- 
trons. Considering the guanine peak observed over  the 
whole  pH range study, an average  current  density of 
3.72 ~A �9 mmole  -1 mm -1 was obtained. However ,  be- 
tween pH 2.3-10 guanine is r a ther  insoluble so that  the 
data in these regions corresponds to that  observed for 
essentially saturated solutions, and in these regions 
the current  densi ty was much more  variable,  no doubt 
reflecting contributions of adsorbed guanine to the total 
current.  Below pH 2 where  guanine is somewhat  more 
soluble and solutions wel l  below the saturat ion l imit  
were  employed, the mean  current  density was 2.72 
~A �9 mmole  -1 mm -2. This la t ter  figure is in good 
agreement  wi th  that  expected for involvement  of 4e 
per guanine molecule. In 2M H2SO4 guanine shows 
l inear ip-C curves be tween 0.005-1.0 mM which indi-  
cates that  the e lectrochemical  reactions are probably 
diffusion controlled. 

Coulometry.--At pH 2.3, coulometry  at a potent ial  
corresponding to the crest of the guanine oxidation 
peak gave faradaic n values ranging f rom 4.2 to 4.7e. 
At complet ion of the electrolysis, the characterist ic u.v. 
absorption spectra of guanine (~. max  = 275 m~) had 
disappeared. 

Preparative electrolysis.--Exhaustive electrolysis of 
guanine at fixed anodic potent ial  al lowed the prepara-  
tion of sufficiently large amounts of products to permit  
their  isolation, identification, characterization,  and 
quant i ta t ive  determinat ion.  Severa l  isolation and de- 
tection approaches were  employed including lyophy-  
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l ization (freeze drying) ,  ion exchange, thin layer 
chromatography,  polarography,  u.v. and IR spectro- 
photometry,  and other physical  measurements .  These 
revealed the presence of guanidine and parabanic acid 
as major  products along wi th  a slight t race of urea. 
Nei ther  al lantoin nor ammonia  was detected. A species 
was detected, however ,  which when subjected to a se- 
quent ia l  base then acid hydrolysis  gave rise to g lyoxy-  
lic acid; the lat ter  compound is readi ly  detected and 
quant i ta t ive ly  determined by format ion of its con- 
densation product wi th  phenylhydraz ine  which is 
oxidized by fer r icyanide  to the characterist ic red 
chromophore  (20). 

Quant i ta t ive  analysis ( typical)  of a solution after 
complete electrolysis of 0.22 mmole  of guanine in 200 
ml of 1M HoAc revealed that  1 mole of guanine 
yielded 0.35 mole parabanic acid (polarography) ,  0.90 
mole of guanidyl  residue [procedure of Staron et al. 
(19) ] and 0.55 mole of a species which could be hydro-  
lyzed to glyoxylic  acid [Young and Conway procedure 
(20) ]. It was noted that  the value of the measured n 
value in excess of 4.0 was numer ica l ly  twice the moles 
of parabanic acid produced per  mole of guanine. 

Cyclic voltammetry.--The invo lvement  of about 4e 
per molecule of guanine in the  oxidation suggested a 
mechanism similar  to that  observed for adenine (1), 
i.e., init ial  oxidation at C-8 fol lowed by fur ther  oxida-  
tion of the C ( 4 ) - C ( 5 )  double bond. In order to gain 
more  detail  into these processes, cyclic vol tammetry ,  at 
fast scan rates, was employed. 

Scanning f rom 0.0V at a clean electrode toward posi- 
t ive potent ial  only a single anodic peak (peak Ia) is 
observed for guanine. Once having scanned this peak 
and then sweeping toward negat ive potential,  however ,  
at least two cathodic peaks are observed. The first 
(peak Ic) always occurs at potentials more posit ive 
than zero, the second (peak IIc) occurs at much more 
negat ive  potential.  On the second sweep toward posi- 
t ive potential  a new anodic peak (peak IIa) appears 
before the peak Ia and forms an almost revers ible  cou- 
ple with peak Ic. 

F igure  1A shows a vo l t ammogram for these first 
and second cycles. In order to detect peaks Ic and IIa, 
it is necessary to employ high sweep rates, i.e., > 
300 mV sec -1 (5), indicating that  the product  of the 
main oxidation peak Ia is ve ry  unstable. Ear l ier  re -  
ports of the e lect ro-oxidat ion of uric acid (2) and 
adenine (1) postulated that  the p r imary  e lect rochemi-  

Fig. 1. Cyclic voltammogram of saturated solution of guanine in 
Macllvaine buffer pH 6 at PGE. Scan rate 8.8 Vsec -1. A, First scan 
at a clean electrode, sweep started at 0.0V and run toward nega- 
tive potential; scan pattern, 0.0V ~ --1.1V ~ ~1.05 -~ --1.1V. 
B, Second scan. Scan pattern: 0.0V ~ --1.1V ~ ~1.05V ~ 0.0V. 
Calibration marks on current axis indicate zero current for the 
appropriate voltammogram. Current above the calibration mark is 
anodic ( - - ) .  Current sensitivity 200 ~A per div. 
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cal product was a dicarbonium ion formed by removal  
of two ~ electrons from the - - C ( 4 )  ~ C ( 5 ) - - d o u b l e  
bond. However, since the peak potential  for uric acid 
oxidation was shown to be pH dependent,  although 
only two pH values were examined (2), and involved 
direct attack at the 4,5 position unl ike  adenine and 
guanine  which must  involve attack elsewhere in the 
molecule before the 4,5 bond is oxidized (vide infra), 
then protons must  be involved in the energy (i.e., 
potential)  controll ing process. This led to the sugges- 
t ion that  the in termediate  in uric acid oxidation was in 
fact 2,6,8-trioxypurine-4,5-diol (5). We have confirmed 
that uric acid is oxidized in a pH dependent  process 
and that the cathodic peak due to reduction of the un-  
stable 4,5-diol is also pH dependent.  At a scan rate of 
8.8 Vsec -1 the pr imary  uric acid oxidation peak fol- 
lowed the relat ion 

(Ep) : 0.83 -- 0.071 pH 

between pH 1 and 12.5. The reversible cathodic peak 
followed the relat ion 

(Ep)red ~ 0.68 -- 0.061 pH 

although it was only observed dist inctly between pH 1 
and 8. 

All of the peaks observed for guanine are pH de- 
pendent  at 8.8 Vsec -1 being described by the relations: 
Ep ~-~ 1.20-0.077 pH for peak Ia; ED ~ 0.72-0.059 pH for 
peak Ic; Ep : --0.54-0.026 pH for peak IIc, and Ep : 
0.9-0.077 pH for peak IIa. A peak of similar appearance 
and pH dependence to peak IIa was also observed for 
uric acid. Actual ly  one or occasionally two addit ional 
cathodic peaks were also observed at many  pH values. 
These usual ly occurred at more positive potential  than 
peak IIc except occasionally at high pH. An example is 
shown in Fig. 1B where a clear peak at --0.6V is ob- 
served before peak IIc at --0.75V. These addit ional 
peaks were most clearly observed at pH 2.3 (acetate), 
3.0 (MacI1vaine), 4.0 (MacI1vaine), 4.9 (MacIlvaine),  
and 6.0 (MacI1vaine). 

In ammonia  background pH 9.1 the cyclic vol tam- 
met ry  of guanine  was considerably different to that 
observed at all lower and higher pH values (Fig. 2). 
Thus, after scanning peak Ia the pr imary  oxidation 
peak, a peak corresponding to peak Ic at positive po- 
tent ia l  did not appear (from the pH dependence of 
peak Ic it should have occurred at +0.19V). Instead, a 
new peak at --0.55V appeared followed by three more 
negative peaks one of which corresponded to peak IIc. 
Then on the second anodic sweep a new anodic peak at 
--0.52V appeared forming a reversible couple with the 
cathodic peak at --0.55V. In  addition, however, a peak 
corresponding to peak IIa also appeared (E~, ~ 0.13V) 

Fig. 2. Cyclic voltammogram of a saturated solution of guanine 
in ammonia-ammonlum chloride buffer pH 9.1 at PGE. Scan rate 
10 Vsec -1 .  First scan started at 0.0V and swept toward negative 
potential. 

although under  no conditions did the reversible 
IIa -- Ic couple appear. Uric acid showed similar  be- 
havior, namely  after scanning the pr imary  oxidation 
peak; no reversible cathodic peak was observed but  a 
new reversible couple at ( E p ) c a t h o d i c  ~ --0.55V and 
(Ep) anodic = - -  0.52V appeared. 

M e c h a n i s m  
The characteristic uv absorption spectrum of guanine  

()~n~ax ~ 275 m~ in 1M HOAc) is due to the - - C ( 4 )  
C(5) -- C(6) ~ 0 chromophore (21, 22). In  view of the 
disappearance of this spectrum and consideration of 
the adenine and uric acid mechanisms it is l ikely that 
the --C (4) ~ C (5) - -double  bond is oxidized. 

Removal of 4e from guanine  along with the ob- 
served pH dependence of the anodic peak suggests that  
the process proceeds by two sequential  two-electron,  
two-proton oxidations. Enzymes such as xanth ine  
oxidase, always preferent ia l ly  at tack an --N----CH-- 
double bond. In  guanine  only the - - N ( 7 ) : C ( 8 ) H - -  
bond of this type is available. Theoretical calculation 
of the nucleophilic localization energy of this same 
bond predicts that it will  be preferent ia l ly  oxidized 
(23). Accordingly it appears that  the - - N  (7) : C  ( 8 ) -  
bond is that  which would be ini t ia l ly attacked electro- 
chemically. It is observed exper imenta l ly  (1-5, 24) and 
predicted theoretically, from the energies of the high- 
est occupied molecular  orbitals (23), that  the ease of 
electron removal  from purines increases with the n u m -  
ber of r ing subst i tuted oxygen groups in the molecule. 
Accordingly, once the init ial  potential  controll ing oxi- 
dation at - - N ( 7 ) ~ C ( 8 ) - -  has occurred, fur ther  oxida- 
tion should take place; since the u.v. spectrum of gua- 
nine is lost, it must  take place at the - - C ( 4 ) : C ( 5 ) - -  
double bond. 

Fast sweep cyclic vo l tammetry  clearly allows ob- 
servation of the reduction of the unstable  product 
(peak Ic) of the pr imary  electrochemical reaction 
(peak Ia) and re-oxidat ion in tu rn  of the product (peak 

IIa) of this secondary reduction at a less positive 
potential  than required for the init ial  oxidation of 
guanine. These lat ter  redox processes are essentially 
reversible and are pH dependent  to an extent  indica- 
tive of the involvement  of an identical  n u m b e r  of 
protons a nd  electrons. The reversible couple occurs at 
potentials very similar to those observed for the uric 
acid oxidat ion-reduct ion couple. Accordingly, the elec- 
t rochemistry of the cyclic vo l tammetry  of guanine 
(I, Fig. 3) can be interpreted as an ini t ial  two-electron,  

two-proton ra te -de te rmin ing  oxidation to 2-amino-6,8- 
dioxypurine (II, Fig. 3) followed by a fur ther  rapid 
two-electron, two-proton oxidation to 2-amino-6,8- 
dioxypurine-4,5-diol  (some of which is even fur ther  
electrochemically oxidized to parabanic  acid and 
guanidine III) (Fig. 3) which corresponds to peak Ia. 
Provided a fast enough sweep rate is employed, reduc- 
tion of III to II can be observed and corresponds to 
peak Ic, and on the next  anodic sweep, peak IIa is 
observed which corresponds to oxidation of II back to 
III. 

The cathodic peak (peak IIc) observed for both 
guanine  and uric acid is probably  due to reduction of 
a product of part ial  fur ther  oxidation of III, namely,  
parabanic acid (V, Fig. 3) (25). Authent ic  parabanic  
acid shows a similar pH dependence to peak IIc 
although the peak potential  for its reduction general ly 
occurred at somewhat more negative potential.  A 
possible explanat ion of this effect is that the parabanic  
acid produced by breakdown of in termediate  III (Fig. 
3) is situated very close to the electrode surface and is 
reduced under  pH conditions which are quite appre-  
ciably lower than those extant  in the bu lk  solution 
owing to the l iberat ion of protons as a result  of reac- 
tion I --> II, the result  being therefore a shift in the 
peak to more positive potential.  The peak observed at 
more negative potential  than IIc at high pH is no doubt 
due to oxaluric acid which is known to the hy-  
drolysis product of parabanic  acid at high pH and 
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Fig. 3. Proposed pathways for electrochemical oxidation of 
guanine in moderately acidic solution. The molar quantities refer 
to the amount involved per mole of guanine. Compounds listed are 
as follows: I, guanine; II, 2-amino-6,8-dioxypurine; III, 2-amino- 
6,8-dioxypurine-4,5-diol; IV, oxalyl guanidine; V, parabanic acid; 
VI, guanidine. 

which is e lec t rochemical ly  reducib le  at more  negat ive  
potent ia l  (26). 

The na ture  of the processes giving rise to o ther  
cathodic peaks at  var ious  pH values  is difficult to 
assign. I t  is possible tha t  in te rmedia tes  such as the  so 
called "Behrend Compound" pos tu la ted  for uric acid 
oxidat ion (2) might  exist  at cer ta in  pH values and be 
electroactive.  However ,  sa tura ted  solutions of guanine  
were  employed  at most pH values  for cyclic vo l t am-  
met ry ;  the presence of adsorpt ion  or capaci t ive  peaks  
is also l ikely.  The revers ib le  redox  couple observed 
for guanine  and uric acid in ammonia  buffer at pH 9 
is not observed at any  other  pH in the absence of 
ammonia  and hence must  be specifically associated 
with  this l a t te r  species. The l ike ly  exp lana t ion  of the 
effect is shown in Fig. 4, namely,  that  the  p r i m a r y  po-  
ten t ia l  control l ing step is ident ica l  to that  at  o ther  pH 
values, i.e., two-e lec t ron ,  two-p ro ton  oxidat ion  of the 
- - N  (7) = C  ( 8 ) - - b o n d  to give 2 -amino-6 ,8 -d ioxypur ine  
(II, Fig. 4). However ,  in the  presence of ammonia  
two-elec t ron,  two-p ro ton  oxidat ion resul ts  in fo rma-  
tion of 2 -amino-6 ,8-d ioxypur ine-4 ,5 -d iamine  (III,  Fig. 
4). I t  would  then seem that  i t  is this l a t t e r  species 
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Fig. 4. Proposed primary electrochemical pathways for electro- 
chemical oxidation of guanine in ammonia buffer pH 9.1. Com- 
pounds listed are as follows: I, guanine; II, 2-amino-6,8-dioxypurine; 
III, 2-amino-6,8-dioxypurine-4,5-diamine. 

which forms the revers ib le  redox  couple at  ca. --0.5V. 
The explana t ion  of the anodic peak  at  0.15V, which  is 
the  poten t ia l  expected  for the  normal  peak  IIa is 
difficult to decide. A possible cause is decomposi t ion of 
the 4,5-diamine (III,  Fig. 4) to an e lec t roact ive  species 
capable  of being oxidized in this  potent ia l  region. The 
most negat ive  cathodic peak  (Ep ~ --1.4V) most p rob-  
ab ly  is due to oxalur ic  acid. In mode ra t e ly  acid solu-  
tion, i t  is clear  that  the p r i m a r y  4,5-diol product  ( the 
most usual  product)  is uns table  and under  condit ions 
of constant  potent ia l  oxidat ion  decomposes by  two 
routes, the  first by  fu r the r  e l ec t ro -ox ida t ion  to p a r a -  
banic acid, guanidine,  and carbon dioxide.  Solut ion 
analysis  supports  this v iew since the  faradaic  n va lue  
and paraban ic  acid produced are  in agreement  wi th  
theory,  i.e., 0.35 mole  pa raban ic  acid pe r  mole  of gua-  
nine wi th  an n va lue  of 4.7e. In  addition, the  to ta l  gua-  
n idy l  res idue  found per  mole  of in i t ia l  guanine ac-  
counts for 0.9 mole, whi le  oxa ly l  guanid ine  (IV, Fig. 3) 
de te rmined  by  hydrolys is  to g lyoxyl ic  acid accounts 
for only 0.55 mole, which therefore  by  difference indi-  
cates that  0.35 mole of free guanidine  (VI, Fig. 3) is 
produced.  This l a t t e r  figure is in accord wi th  the  0.35 
mole of pa raban ic  acid detected.  These da ta  fur ther  
suppor t  the view that  the  parabanic  acid is der ived  
exclus ive ly  from the imidazole  r ing of guanine.  

The ma te r i a l  ba lance  achieved accounts for only  
90% of the  ini t ia l  guanine.  No doubt  addi t ional  hy -  
drolysis  of the above products  accounts for the  r ema in -  
ing 10%. 

Conclusions 
Guanine  is e lec t rochemical ly  oxidized by  a mech-  

anism ve ry  s imilar  to that  observed for o ther  na tu ra l ly  
occurr ing pur ines  such as uric acid and adenine.  The 
evidence put  fo rward  supports  the view tha t  the locus 
of ini t ia l  e lect ron r emova l  is the  same for enzymic 
and e lect rochemical  processes and is in accord wi th  
theore t ica l  molecular  orb i ta l  predict ions.  Unlike most 
enzyme react ions where  the 2-amino group of guanine 
is removed,  this group remains  intact  under  e lect ro-  
chemical  conditions,  and fu r the r  e lec t rochemical  reac-  
t ion is centered at the - - C  (4) = C  (5 ) - -bond .  

It is pa r t i cu l a r ly  s t r ik ing tha t  the  photodynamic  deg-  
rada t ion  of guanine and indeed DNA appears  to be 
ident ical  to the  e lec t rochemical  degradat ion.  
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Technical Notes 

Effect of Sb20  on the Microstructure of the 

Pb02 Electrode 

A. C. Simon* and S. M. Caulder .1 

Naval Research Laboratory, Washington, D. C. 20390 

and E. J. Ritchie* 

Eagle-Picher Industries, Incorporated, Joplin, Missouri 64801 

Unusual  properties have been a t t r ibuted  to ba t te ry  
plates which contain l ead-an t imony  grids. The sup- 
position is that  an t imony  dissolves from the grid and 
then reacts in some m a n n e r  with the active material .  

In  a comparison of lead-calcium vs. l e ad -amlmony  
grids (1), it was reported that the presence of ant i -  
mony  increased the amount  of a-PbO2 dur ing forma-  
tion, helped to retain the active mater ia l  and 
capacity dur ing cycle tests, and modified the crystal  
s t ructure  of the PbO2. Electron micrographs indicated 
that, in plates containing an t imony in the grid metal, 
the PbO2 mater ia l  was in the form of complex 
clusters of prismatic crystals. In  plates containing 
lead-calcium grids, however, the PbO2 particles were 
nondescript  globules. It  was suggested that  the pris-  
matic morphology was required to main ta in  ~ firm 
texture  in the active mater ia l  of the PbOe/PbSO4 
electrode. It has also been suggested (2) that  ant i -  
mony may act as an inhibi tor  of PbO2 crystal  growth, 
the assumption here being that increasing growth size 
decreased surface area and s t ructural  s t rength of the 
active material .  

In  the present  invest igat ion another  phenomenon 
has been noted which is directly a t t r ibutable  to the 
an t imony  oxide and which offers a clue for a t ta in ing 
greater s t rength in the active mater ia l  without  the 
necessity of using l ead-an t imony  grid alloys. A n u m -  
ber of cells were prepared in  which various oxides or 
oxide blends had been used in the preparat ion of the 
plates. Duplicate cells were prepared from each of 
these paste compositions, one with plates containing 
grids of lead and the other containing grids of lead- 
ant imony.  Optical microscopy was used to determine 
the microstructure  of the cured plates, formed plates, 
and plates that had received a number  of cycles. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
i I n t e r n a t i o n a l  L e a d - Z i n c  Resea rch  O r g a n i z a t i o n  Resea rch  Asso-  

c ia te  a t  the  N a v a l  Resea rch  L a b o r a t o r y .  
K e y  w o r d s :  a n t i m o n y  tr ioxide~ Sb208, mic roscopy ,  l ead  d i o x i d e  

e lec t rode .  

In  the preparat ion of the plates for microscopic 
examination,  use was made of a polyester resin for 
impregnation.  After this hardened, the plates were 
cut and the cross section was polished. 

Usually, such polished sections, par t icular ly  of 
cured plates, are quite stable. It was noticed, however, 
that  in samples taken from two of the cured plates, 
the polished surface had been etched by the atmo- 
sphere, after a considerable t ime on the shelf. The 
remainder  of the cured plate sections were then  re-  
examined and none was found with a similar etch 
pattern.  

The etch pa t te rn  was qui te  distinct and suggested 
that long, needlelike crystals had been present in 
the polished surface that were completely invisible 
unt i l  the etching took place (Fig. 1). When polarized 
light was used to examine the specimen at the same 
location, it was found that  crystals were present  at 
the areas where  an etch pa t te rn  was seen. These 
crystals were colorless, t ransparent ,  and indist inct  
and blended into the sur rounding  material,  so that  
their outl ine was b lur red  (Fig. 2). Nevertheless, they 
could be seen sufficiently well  to determine that  they 
usual ly  coincided with the etched portions of the 
surface and that  they were actual ly acicular ra ther  
than  cross sections through tabular  crystals. 

Because they had given no indication of their  
presence in the polished surface when  examined by 
vertical  i l luminat ion  (unpolarized light) before the 
etching had occurred, these crystals had been com- 
pletely overlooked in the original  examination.  This 
invis ibi l i ty  in the polished section also indicated that  
the crystals consisted of mater ia l  different from the 
usual  consti tuents found in the uncured  plate which 
indicate their  presence by differences either in re-  
flectivity or in the amount  of relief polishing. 

The acicular crystals, showing atmospheric etching, 
were found only in cured plates to which 0.10% of 
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Fig. 1. Distinct etch pattern suggesting the presence of long, 
needlelike crystals. 

Fig. 2. Colorless, transparent, indistinct crystals found at areas 
where an etch pattern was seen. 

Sb203 had been in ten t ional ly  added to the paste 
dur ing mixing. Two batches had contained this added 
Sb2Oa and both were otherwise identical  except for a 
difference in the paste density. In  the one case this 
was 64 g/in.~ and in the other, 69 g/in.  3. Both of these 
formulat ions had been pasted on lead grids, and both 
showed similar  crystals and surface etching. 

The same paste formulation,  without  the added 
Sb2Oa, did not show any  indicat ion of such crystals as 
have been described, even when pasted on lead-an t i -  
mony alloy grids. All  indications were that  this 
crystal type appeared only when  Sb203 was a con-  
s t i tuent  of the paste mix. 

The most interest ing point, however, was that  
needles with very  similar  acicular shapes were also 
found in the formed plate (Fig. 3). These were com- 
posed of PbO2 and were easily seen in the polished 

Fig. 3. Acicularly shaped needles found in the formed plate 

sections and in size and shape suggested a relationship 
with those in the cured but  unformed plate. These 
areas of PbO2 wi th  acicular external  form were 
found only in  the formed plates to which Sb203 had 
been added in the original mixing. 

The lack of these needlelike crystals of PbO2 in 
the formed plates with l ead-an t imony  grids indicates 
that  the amount  of an t imony  that  can be obtained 
from the grid is insufficient for the formation of such 
crystals. This is par t icular ly  t rue because the type of 
crystal  responsible for the acicular PbO2 crystals in  
the formed plate was first formed in the cured plate. 
Under  cur ing conditions the electrolytic action neces- 
sary for solution and t ranspor t  of the an t imony is 
missing. 

In  the samples examined which contained 0.10% 
Sb203, the n u m b e r  of needlel ike PbO2 groups formed 
seemed insufficient to bind the plate active mater ia l  
together, either by in tergrowth at contacts (such as 
seems to have occurred at several points in Fig. 3) or 
by the formation of an in ter locking structure. 

It  would seem advisable to investigate this 
phenomenon fur ther  by using various amounts  of 
Sb20~ in  the paste and combining this wi th  capacity 
and life-cycle tests to see if this type of s t ructure can 
be improved and whether  it proves to be beneficial. 
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The l i th ium-cupr ic  fluoride ba t te ry  system which 
has an excellent theoretical energy density has been 
studied by various investigators (1). Severe per-  
formance l imitat ions were encountered in regard to 
discharge rates. Such l imitat ions appeared to depend 
on the electrolyte, e.g., they were significantly greater  
in propylene carbonate electrolytes than  in those 
based on methyl  formate. 

It appears that  the performance of the cathode 
general ly  is the factor l imit ing the performance of 
l i th ium-cupr ic  fluoride batteries under  study. Factors 
possibly l imit ing cathode performance include (a) 
in terna l  conductance of the cathode material ,  if reduc-  
t ion occurs in situ; (b) dissolution rate of the electro- 
active material,  if reduct ion of dissolved copper 
species occurs; (c) formation of complexed copper 
species causing changes in discharge potentials and /or  
loss by diffusion and migrat ion;  (d) blocking of dis- 
charge sites by reaction products, par t icular ly  insolu-  
ble l i th ium fluoride; and (e) mass t ransport  in the 
electrolyte. Mass t ransport  l imitat ions are being 
scrutinized in this note. It  is shown below that, in 
certain cases, mass t ranspor t  in the electrolyte alone 
may  account for the observed performance limitations. 
It should not be implied, however, that  the factors 
l imit ing the performance of prototype cells in actual  
discharge tests have been identified. 

The l i th ium-cupr ic  fluoride cell, e.g., with a LiC104 
electrolyte, is somewhat unique inasmuch as the cation 
of the electrolyte is being precipitated at the cathode 
dur ing cell discharge, according to 

CuF2 ~- 2Li + -t- 2e ---- Cu -{- 2LiF [1]1 

Li thium fluoride has general ly  a very low solubil i ty 
in aprotic solvents and solutions; some solubili ty 
values obtained in our laboratory are given in Table 
I .  Because of this very  low solubil i ty of LiF, and 
since l i th ium is the only cation present  (disregarding 
copper), practically all fluoride ions potent ial ly 
formed at the cathode are readi ly precipitated. This 
causes a depletion of the electrolyte at the cathode. 
Under  l imit ing conditions, this depletion will  be 
complete, and mass t ransport  cannot  be increased by 
higher electric fields (higher IR-drops) .  A similar 
effect, incidentally,  can occur also in aqueous systems, 
e.g., when insoluble hydroxide forms at the anode; in 
such "conventional" cases, this effect is, however, 
much less critical because of higher diffusion coeffi- 
cients and because a higher amount  of electrolyte 
solute (as reservoir) can be tolerated without  
severely jeopardizing the energy density of the cell. 

In the following, a l i th ium-cupr ic  fluoride cell with 
a 1M LiC104 in propylene carbonate (PC) electrolyte 
shaI1 be considered as an example. At a discharge 
under  mass t ransport  limitations, an electrolyte con- 
centrat ion profile, shown schematically in Fig. 1, will 
eventual ly  result. The electrolyte concentrat ion at 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  l i t h i u m  cel ls ,  c o p p e r  f l u o r i d e  c a t h o d e ,  m a s s  t r a n s -  

p o r t ,  n o n a q u e o u s  b a t t e r y .  
1 A c c o r d i n g  to  s o l u b i l i t y  s t ud i e s ,  t h e  r e a c t i o n  2LiC10~ + CuF2 = 

2 L i F  + Cu(C1OD~ m a y  o c c u r  on  o p e n  c i r c u i t ,  a l t h o u g h  s u c h  s t u d i e s  
h a v e  i n d i c a t e d  t h a t  i t  m a y  p r o g r e s s  v e r y  s lowly .  I t  is  no t  c e r t a i n  
h o w  f a r  s u c h  a r e a c t i o n  w o u l d  e x t e n d ,  i .e. ,  i f  CufC1ODe w o u l d  
f o r m  in s i g n i f i c a n t  a m o u n t s  b e y o n d  the  s o l u b i l i t y  of  t h i s  c o m p o u n d  
in  an  a c t u a l  e l e c t r o d e .  S u c h  a p roce s s  w o u l d  cause  a d e p l e t i o n  of 
t h e  e l e c t r o l y t e ,  h u t ,  o v e r a l l ,  a n  excess  of CuF._, w o u l d  h a v e  to r e -  
m a i n  b e c a u s e  i n  a D r a c t i c a l  s y s t e m  a s t o i c h i o m e t r i c  a m o u n t  of  
CIO~- c o u l d  n o t  b e  p e r m i t t e d  w i t h o u t  j e o p a r d i z i n g  t h e  h i g h - e n e r g y  
d e n s i t y  f e a t u r e  o~ t h e  cell .  A f t e r  an  i n i t i a l  d i s c h a r g e  of Cu(ClO~)_~, 
t he  l i m i t i n g  c o n d i t i o n s  w o u l d  t h e r e f o r e  o c c u r  as  d i scussed .  

Table I. Solubility of LIF 

S o l u b i l i t y  of L i F ,  
S o l v e n t / s o l u t i o n  T e m p ,  ~ m o l e s / l i t e r  

P r o p y l e n e  c a r b o n a t e  25;  60 < 5  x I 0  -~ 
1M LiCIO~/PC 25 1 x 10 -4 
D i m e t h y l  f o r m a m i d e  25 3 X 10 -~ 
D i m e t h y l  f o r m a m i d e  60 5 • 10 -5 
A c e t o n i t r i l e  25 2 • 10 -~ 
M e t h y l  f o r m a t e  25 3 x 10 -~ 

Table II. Calculation of limiting current 

L i  p r e c i p i t a t e d  as  L i F  a t  c a t h o d e :  

Li+ t r a n s p o r t e d  by  m i g r a t i o n :  

Li+ t r a n s p o r t e d  by ( l i n e a r )  d i f fu s ion :  

Li+ t r a n s p o r t e d  by  c o n v e c t i o n :  

i l  
JLi,c + ~Li,m Jc JLl,d : 0 = -- -~ - -  -- 

F 

Y ACL! 
ii = - D - -  

t_.d 

i 
JLl,c ~ -- - -  

F 

i �9 t+ 
JLhm = 

F 

dCL~ 
JLi,d = -- D -  

dy 

Z e r o  

i l  - t+ ~CLI 
D - -  

F Ay 

the anode will correspond to a saturated LiC104 solu- 
t ion and wil l  be practically zero at the cathode. 

The diffusion l imit ing current  for such a case is 
calculated for a simplified, l inear  model where:  (a) 
no separator is present;  (b) the distance between 
anode and cathode is d -- 1 mm;  (c) convection is 
negligible; (e) the diffusion coefficient, D, is Constant 
throughout  the cell; and (f) the solubil i ty of LiC104 
at the anode is 2.1 moles/l i ter ,  the solubil i ty of LiF at 
the cathode is negligible, and a l inear  concentrat ion 
profile for LiC104 forms between anode and cathode. 
The concentrat ion gradient  for the l i th ium ion can 
then be represented by 

deLl AC --2.1 • 10-3 
moles cm -4 [2] 

dy d 0.1 

Li th ium ions are t ransported by migrat ion and dif- 
fusion (convection neglected).  At s teady-state  l imi t -  
ing conditions, the amount  of l i th ium ions reaching 
the cathode equals the amount  of l i th ium ions precip- 
itated at the cathode. The l imit ing current ,  il, can be 
calculated as shown in Table II. 

F " / ~ C L i  
il = -- D -  [3] 

t - ' d  

SEPARATOR 

ANODE CATHODE 

C = CSATURATE D _ _ _ _ ~ ~ _ _  

C-O ------ 
ANODE CATHODE 

(A) WITH SEPARATOR (8) SEPARATOR NOT CONSlOEREO 

Fig. I. Schematic electrolyte concentration profile 
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Selecting the value of D = 2.6 X 10 -6 cm 2 sec -1 
de termined  as the integral  diffusion coefficient for a 
1M LiC104/PC solution at 25~ in this laboratory  (2), 
and a value  of t -  ~ 0.75 based on t ransference and 
conductance measurements  (3), a value of 

il = 7 X 10 -3 Acm -2 

results for d ---- 0.1 cm and 5C --~ -- 2.1 moles / l i ter .  
By assuming a simple cell model, some factors have 

not been considered: 

1. Convection has been neglected. It was found ex-  
per imenta l ly  by Boehm and Ibl  (4.) for an aqueous 
system that  convection was negligible at e lectrode 
distances smaller  than about 0.4 to 0.6 ram. Because 
the distances be tween walls in the presence of a 
separator should be assumed to be smal ler  than 0.5 
mm, and, in addition, the viscosity of the propylene 
carbonate electrolyte  is higher  than the viscosity of 
aqueous solutions, disregard of convection effects is 
indeed appropriate.  

2. The diffusion coefficient in the separator mater ia l  
is lower than in the electrolyte, and somewhat  lower  
values for l imit ing currents  should result  if the pres-  
ence of separators is considered. 

3. Increases in cell t empera tures  during discharge 
cause higher  diffusion rates and hence higher  l imit ing 
currents;  a t empera tu re  increase f rom 25 ~ to 70~ 
might  be expected to approximate ly  quadruple  the 
l imit ing current  in analogy to aqueous solutions (5). 

4. A reservoir  of electrolyte may  be contained in 
the cathode. However ,  such excessive amounts of 
electrolyte  solution or solute depress the total  cell 
energy density. 

5. A layer  of saturated LiC104 solution may  build 
up at the anode if sufficient LiC104 is avai lable  and 
hence increase the concentrat ion gradient  by reducing 
the distance between saturated solution and cathode. 

6. Higher  currents  wil l  be obtained in the transi t ion 
period before diffusion l imitat ion will  be reached. 
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Conclusions 
Limitat ions to low or modera te  discharge rates can 

be predicted for cer ta in  l i th ium cells because of 
t ransport  l imitat ions in the electrolytes. It  a p p e a r s  
essential to consider such factors. 

Limitat ions by mass t ransport  as d i s c u s s e d  may be 
reduced by: 

1. Use of electrolytes with higher  diffusion co- 
efficients; 

2. Use of an electrolyte  or a cathode mater ia l  which 
does not form insoluble cathode discharge products; 

3. Use of excess electrolyte solute as ion reservoir  
at the cathode; 

4. Proper  choice of separator to minimize  separator 
action as diffusion barrier;  

5. Reduction of the electrode spacing. 
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Rapid Determination of Electronic Conductivity 
Limits of Solid Electrolytes 
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Solid oxide- ion conductive electrolytes have found 
many  applications for the determinat ion of oxygen ac- 
tivities at e levated temperatures .  However ,  at low oxy-  
gen activities and high temperatures ,  such as for ex-  
ample in the determinat ion of dissolved oxygen in 
l iquid steel (1), the onset of electronic conduct ivi ty  
causes a reduct ion in cell emf f rom that  calculated 
from the simple Nernst  equation. 

Schmalzr ied (2, 3) has t reated the emf relationships 
for solid e lectrolyte  cells in which the e lect rolyte  
shows mixed  ionic and electronic conductivity.  F r e e  
electrons may be generated by the react ion 

Oo --~ Of(g) + 2Vo'" + 4 e -  [1] 

where  Oo is an oxygen atom in a regular  oxygen site, 
Vo" is a doubly ionized oxygen vacancy, and e -  is an 
excess electron. For  heavi ly  doped mater ia ls  such as 
(ZrOf)0.9(Y203)0.1 or (ZrO2)~.ss(CaO)o.12, Oo and Vo'" 
are approximate ly  constant, and hence the electronic 
conductivi ty at a given tempera tu re  wil l  va ry  with  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  o x i d e  ion  c o n d u c t o r ,  o x y g e n  p u m p ,  c o u l o m e t r i c  

t i t r a t i on .  

oxygen pressure according to 

~e = ~e~ -1/4 [2] 

The resul t ing cell emf for a cell wi th  oxygen pressures 
P~ and P~ is then given by 

RT Pe  1/4 + P21/4 

E . . . .  In [3] 
F Pe  1/4 _~ Pll/4 

where  P0 is the oxygen pressure at which the electronic 
conductivi ty becomes equal  to the ionic conductivity,  
i.e., the ionic t ransport  number  t~ = 0.5. Equat ions 
s imilar  to [2] and [3] are avai lable  for mater ia ls  show- 
ing hole conduct ivi ty  and for mater ia ls  showing both 
electron and hole conductivity.  The cur ren t  analysis is 
l imited to mater ia ls  showing only ionic and electron 
conductivity.  Values of Pc- have been de termined  f rom 

resistance measurements  as a function of Po2 (4), f rom 
emf measurements  on cells wi th  known oxygen act ivi-  
ties (5, 6), f rom polarization measurements  be tween a 
revers ible  and a nonrevers ible  electrode (4), and by 
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coulometric  t i t rat ion procedures  (7). Resistance mea-  
surements  result  in l imited precision values of P| 

since ex t reme exper imenta l  difficulty exists in fixing 
the very  low Po2 values which are  required.  At  high 
temperatures ,  errors due to changes in surface and gas 
conduction and to contact resistances can readi ly  occur. 
Methods involving emf  measurements  all  requi re  qui te  
impervious electrolyte  specimens and mount ings  since 
otherwise the result ing lower emf values are due to 
gas permeabil i ty ,  but  may  be in te rpre ted  as being due 
to electronic conductivity.  

A new technique similar  to the coulometric  t i t ra t ion 
method (7) or the oxygen pumping  approach of Yuan 
and KrSger  (8) is proposed. Such a method  can be 
used with  both porous and dense samples, and P~  

values, over  a wide range of tempera tures  are deter -  
mined in a single run. An  emf  cell is made up, f rom the 
sample of the electrolyte  to be tested, wi th  a P t - a i r  
e lectrode on one side and a l iquid meta l  e lectrode on 
the other side (see Fig. 1 for typical  geometries) .  Fine 
si lver (99.95%~ Ag) was used in our measurements  
since the t empera tu re  range of interest  was 1000 ~ 
1650~ but other  metals  can be used at lower t em-  
peratures.  Contact to the l iquid si lver was made via an 
i r idium wire. 

Oxygen is pumped from the meta l  side of the cell by 
passing a d-c current  in the appropr ia te  direction, and 
the cell becomes polarized to an extent  de termined  by 
the  ra te  of oxygen remova l  wi th  the current  and by  
the leak rate  of oxygen l~ack into the system through 
the sample or its mount ing  or f rom the argon cover 
gas. The current  is increased unt i l  it exceeds the total  
leak rate. The oxygen level  in the meta l  is then  re -  
duced to an ex t remely  low level. Fu r the r  increases in 
current  rapidly  increase the proport ion of the elec- 
tronic current  through the sample. Under  these con- 
ditions P2 > >  Pc > >  P1 and hence Eq. [3] may  be 

simplified to 
RT P2 

E,~ ~ In - [4] 
4F P~ 

where  P2 ----- 0.21 atm. Em is obtained by momenta r i ly  
in t e r rup t ing  the current  and measur ing the cell emf  
wi thout  IR drop and correct ing for the I r -P t  the rmal  
emf. The open-ci rcui t  emf decays at a rate  de termined  
by the total  leak rate of oxygen back into the silver. 

Pi Ir Pi 
P~ 

I 

I 

i 
Air tkir 

Fig. 1. Cell geometries for tube, 

~0~ 

I r  

hir  

rod, and disk shaped samples 

1600% 1400~ 1200~ 
~26 t I ~ ~ I 

-22 

~ -20 - - -  & A 

-18 " A 

-16 �9 

-14 

Fig. 2. Values of log P e determined from resistance measure- 

ments ( A )  and by the present polarization technique ( G ) .  

i.e., the sum of molecular  oxygen flow ( through pores) 
and O - -  flow (balanced by electronic flow). 

Results obtained for a h igh-pur i ty  7 m / o  Y203 sta- 
bilized zirconia mater ia l  p repared  by coprecipitation, 
calcining, pressing, and sinter ing (9) are shown in 
Fig. 2. The sample consisted of a 1/s in. d iameter  1 in. 
long cyl inder  mounted  in an a lumina tube  using 
Ceramabond 503 a lumina cement.  The polarizing cur-  
rent  was in ter rupted  for 0.5 msec at 50 msec intervals  
and the emf was measured  by a t rack-s tore  circuit  syn-  
chronized with the in terrupt ions  and displayed on a 
DVM. Pe  values calculated f rom 2 te rmina l  resistance 

measurements  in air and in H2/H20 atmospheres  at 
1592 Hz are shown for comparison. The resistance mea-  
surements  were  reproducible  to •  in the va lue  of log 
P ,  calculated while  the polarizat ion measurements  

were  general ly  reproducible  to • in log Po. 

Manuscript  submit ted Apri l  13, 1970; revised manu-  
script received June  25, 1970. 

Any discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be publ ished in the  J u n e  1971 
JOURNAL. 
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Evidence for a Complex Chloromolybdate Ion 
in a Molten Salt Medium from Transference Experiments 

Vernon A. Lamb 

National Bureau oJ Standards, Washington, D. C. 20234 

Considerable indirect evidence exists for the pres-  
ence of anionic chloro complexes of molybdenum in 
molten alkali  chloride media, based main ly  on emf 
measurements  (1-4). It was thought  that  experiments  
that  would provide direct evidence for the existence 
or absence of such complexes would be worthwhile.  
A transference technique was chosen for this purpose. 
The molten system was a solution of I~MoC16 in  
KC1-LiC1 eutectic. 

If, at a part icular  temperature,  the equil ibria  be- 
tween Mo (III)  ions and chloride ions lie p redominant ly  
in the direction of negat ive Mo-containing species, 
Mo should be electrically t ransported from the cathode 
compar tment  to the anode compar tment  of a t rans-  
ference cell. A b lank  exper iment  (no current)  run  
under  similar  conditions should give the amount  of 
t ranspor t  by diffusion. A positive difference between 
Mo in  the anode compartment  resul t ing from elec- 
trolysis and from diffusion would indicate the presence 
in the molten system of a preponderance of negat ively  
charged complex ions. On the other hand, if no elec- 
trical t ransport  to the anode compar tment  were found, 
it would indicate that  either the t ransference n u m b e r  
of the complex is zero, or that  it is dissociated to such 
a degree that  neut ra l  MoCI~ or positive chlorocom- 
plexes of Mo(III)  predominate.  In  the lat ter  case, 
electrical t ransport  of molybdenum into the cathode 
compar tment  could be detected by electrolysis of a 
cell in which the molybdenum salt was ini t ia l ly  pres- 
ent only in the anode compartment .  

Experimental 
Pre l iminary  experiments  showed that  it was neces- 

sary to pass a large n u m b e r  of coulombs through a cell 
to produce t ransport  of sufficient mo lybdenum to 
permit  its measurement  with reasonable accuracy. The 
cell shown in Fig. 1 was, therefore, designed to per-  
mit  a large coulomb flow. Silver chloride is used in 
cathode compartment  D. This a r rangement  prevents  
deposition of molybdenum from cathode compar tment  
E that  would occur if compar tment  D were absent  
and the cathode were placed directly in compar tment  
E. The diaphram, C, between the two sections of the 
anode compartment  prevented large amounts  of nickel 
from enter ing compartment  B-C. The n u m b e r  of cou- 
lombs that  could be passed was l imited by  the amount  
of silver ion in the cathode compartment  and the 
mass of nickel anode in contact with the eutectic melt  
in the anode compartment.  These had capacities of 

K e y  w o r d s :  h e x a c h l o r o m o l y b d a t e  c o m p l e x  ion,  m o l t e n  sal t ,  t r a n s -  
f e r e n c e  n u m b e r s .  

ag 3ocm ....... N~ 

G ,G G G 

Fig. 1. Design of Vycor transference cell. A, B, C, porous quartz 
diaphrams; D, LiCI-KCI eutectic ~ AgCI, 25% by wt; E, K3MoCI6 

LiCI-KCI eutectic; F, LiCI-KCI eutectic; G, caps to reduce 
evaporation of salt. 

about 7000 coulombs, whereas 2600 was the largest 
amount  passed (Table I).  

The quartz disks shown in Fig. 1 were 1.5 mm thick 
and had a nomina l  pore diameter  of ~15 ~m. As ob- 
ta ined from the manufac ture r  they had pore volumes 
ranging  from 33 to 45%. Under  a pressure differential 
of approximately 1 atm, the flow of water  through 
these disks was 10-15 ml /min .  To reduce the porosity 
of the disks and, hence, the interdiffusion rate between 
the contents of the cell compartments,  the disks were 
par t ia l ly  plugged with silica by t rea t ing successiveIy 
with ethyl silicate and hydrochloric acid, followed by 
baking at 800~ (5). Disks so treated to give a water  
flow under  suction of about 0.5 m l / h r  were used by 
Lunden  (6), who estimated their  effective total  pore 
cross section to be about 0.3 to 0.4%. In  our experience, 
disks this t ight ly plugged were ext remely  difficult 
to impregnate  with molten salt, passed only a very 
small  current  at several hundred  volts, and showed 
evidence of conductance by arcing. Most of the runs 
were therefore made with cells containing disks 
plugged to a flow under  1 atm pressure of 3-10 ml/hr .  
Such disks were estimated to have a pore cross section 
of about 3%. They permit ted passage of currents  of the 
order of 100 mA at cell potentials in the range of 
5-10V, and interdiffusion was adequately reduced, as 
shown by the data in Table I. 

Preparation of salts.--Potassium and l i th ium chlor- 
ides were purified by the method of Maricle and 
Hume (7). Potassium chloromolybdate was prepared 
by the method of Senderoff and Brenner  (8) and 
purified by heat ing in vacuum at 150~ for 3~ hr, 
followed by successive washes in water, HCl-methyl  
alcohol, methyl  alcohol, and ethyl ether, followed by 
vacuum removal  of the ether. Analysis  gave Mo, 
19.95%; C1, 49.6%. Theoretical: Mo, 23.1%; C1, 51.2%. 

Table I. Summary of experiments on transport of molybdenum 

D i s k  f low I n i t i a l  Mo  f o u n d  in  
C u r r e n t ,  a t  1 a r m ,  l o c a t i o n  o p p o s i t e  corn-  

E x p .  No. T e m p ,  ~ m A  T i m e ,  h r  C o u l o m b s  m l / h r  of  K~MoCI~ p a r t m e n t ,  m g  t.~ocz68- 

P a r t  A. C o n t r o l  e x p e r i m e n t  
16B 720 N o n e  53 N o n e  12 ~ 0.55 

P a r t  B .  T r a n s p o r t  e x p e r i m e n t s  
5 800 80 1.8 520 42 C a t h o d e  2.1 0,012 

14 S00 23 5 410 2.2 C a t h o d e  1.S 0,011 
8 800 140 4 2,000 3.5 C a t h o d e  4.9 0.0074 

lS  800 180 4 2,600 10 C a t h o d e  5.3 0.0062 
12 800 1O0 2.8 1,0O0 4.0 A n o d e  0.9 

A r i t h m e t i c  m e a n  0.009 
S t a n d a r d  d e v i a t i o n  0,0028 

1269 
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The found analysis is approximately accounted for if 
the preparat ion contained 12% of excess KC1. A eutec- 
tic mix ture  of LiC1 and KC1 plus potassium chloro- 
molybdate was prepared that contained LiC1, 40%; 
KC1, 47%~ K3MoC16, 13% by weight (57, 41, and 2 m/o, 
respectively) of the consti tuent salts. On melt ing the 
molybdenum sa]t-eutectic mixture,  a small  amount  of 
black precipitate formed, which was probably a molyb-  
denum oxide or a higher valent chloride. It was 
separated by settling, freezing, and mechanical  re -  
moval. Transfer  and mixing operations were done in 
a dry-box. 

Procedure.--The cells described above were filled in 
a dry-box and stoppered dur ing t ransfer  to the fur -  
nace tube. They were exposed to air only briefly 
while inser t ing the electrodes, capping the openings, 
and placing in the furnace tube. The Vycor furnace 
tube, 6 cm OD, was then sealed, evacuated, filled with 
argon, and heated in a horizontal tube furnace. When 
the salt had melted, several successive evacuations and 
pressurizations were usual ly required to cause filling 
of the disk pores, indicated by good electrical conduc- 
tivity. Coulombs passed were measured by integrat ing 
the cu r ren t - t ime  curve recorded on a str ip-chart .  

After electrolysis was completed, the cell was al-  
lowed to cool in the furnace and was then removed. 
To recover the salt from the segment B-C (Fig. 1), 
the cell was broken at the respective disks and the 
salt dissolved in water  in a beaker. Molybdenum in 
the portion of salt from segment B-C was determined 
spectrophotometrically by the thiocyanate method. 
Separate experiments  with known mixtures  showed 
that  nickel from the anode compartment  did not in ter -  
fere. The accuracy of the molybdenum determinat ions  
is judged to be within ~ 3%. 

Results.--The results are summarized in Table I. 
The control experiment,  16B, shows that  the amount  
of molybdenum transferred by diffusion to the ad- 
jacent  section of the cell that ini t ia l ly contained no 
molybdenum salt is negligible (0.01 mg/h r ) .  The 
amounts  of molybdenum found in the anode com- 
partments,  B-C, in experiments  5, 8, 14, and 15 defi- 
ni te ly  indicate t ransport  of molybdenum by a negative 
molybdenum-containing complex ion. 

The data in the last l ine of Table I, experiment  12, 
show that  there was no significant t ransport  of a 
molybdenum-conta in ing  ion from the anode to the 
cathode compartment. This result  reinforces the evi-  
dence of experiment  No. 5, 8, 14, and 15 and indicates 
that  any positive chloro complexes of Mo(II I ) ,  if 
present, are in rapid equi l ibr ium with the predominant  
negative complexes. (The small amount  of molybde-  
num found in the cathode compartment  in this ex- 
per iment  is ascribed to diffusion and to trace con- 

taminat ion  from the adjacent  Mo-containing com- 
par tment ,  which is difficult to avoid completely when 
the frozen salt is salvaged for analysis.) 

The values for the t ransference number  in the last 
column of Table I were calculated from 

(96500) (mass of Mo transferred) 
t_ : [I] 

(coulombs) (Equivalent  wt. of Mo) 

The undissociated hexachloro complex ion is assumed 
for calculating the tabula ted  transference numbers ;  
hence, the equivalent  weight of molybdenum is 1/3 
of its molecular weight. 

Conclusions 
With the apparatus and procedure described, direct 

evidence for the existence of an anionic chloromolyb- 
denum complex at 800~ has been obtained. Its 
t ransference number  of approximately 1% in the KC1- 
LiC1 solvent has been determined with an accuracy 
of about +_30%. This value of the t ransference number  
of the complex shows that alkali  and free chloride 
ions carry most of the current ,  and its magni tude  is 
reasonable in view of the mol fraction of molybdenum 
in the melt  (2%). 
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The Electrodeposition of Nickel from Heavy Water 
F. E. Ammermann, S. Ghosh, J. A. Larson, and C. R. Lewis 

Research Office, Product Planning and Development, Chrysler Corporation, Detroit, Michigan 48231 

Since no information was available concerning the 
effect of subst i tut ing deuter ium for hydrogen in elec- 
t roplat ing solutions, a short experiment  was under -  
taken to determine the effects of this substi tution. 
Nickel was deposited from baths identical  except for 
the presence of hydrogen in one and deuter ium in the 
other, and the resul t ing deposits were subjected to 
metallographic and x - r ay  diffraction examination.  

Procedure 
For the electrodeposition experiment,  two solutions 

were made, each containing 2.4g of nickel chloride 
Key words: deuterium, electroplating, stresses, nickel. 

(NiCI2) and 13.9g of nickel sulfate (NiSO4) as des- 
sicated salts. One was dissolved in 100 ml normal  water  
and t h e  other in a like amount  of heavy water. One 
drop of hydrochloric acid was added to each solution 
to suppress hydrolysis and each was allowed to stand 
for 24 hr. Anodes were prepared from rolled elec- 
trolytic nickel. Cathodes, 1 in. 2 were cut from polished 
brass sheet. The anodes were bagged in filter paper. 

Electrolysis was performed in glass jars  at room 
temperature.  The electrodes were spaced 1 in. apart. 
The systems were connected in series and current  
supplied from a rectifier at the equivalent  density of 
30 A/f t  2 at the cathode. Each jar  contained one cathode 
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and anode arranged so that  the opposed surfaces car-  
ried the principal  amount  of current  and the backs 
were shielded. It was recognized that  the conditions 
of high pH, low temperature,  and lack of buffer 
(usually boric acid) would yield a burned  and bri t t le  

plate, but  it was felt that  the unfavorable  circum- 
stances were more likely to emphasize any significant 
differences in deposition. 

At the onset of deposition it was noted that  hydro-  
gen evolution was much reduced in the deuter ium 
oxide solution. The cathodes were periodically ex- 
amined in order to note significant al terat ions in 
appearance. As expected, the deposits were cracked 
and burned  but  that  from the deuter ium oxide much 
less so. Deposition was stopped when a sufficient 
thickness of nickel had been deposited to permit  fur -  
ther  examination.  The total  plat ing t ime was 2.5 hr  
dur ing which the current  was kept constant  by  periodic 
adjustment.  ~ isua l  inspection showed the deuter ium 
plate to be relat ively smooth and metallic, whereas 
the normal  system had produced the expected scaled 
and discolored surface. Somewhat unexpected was the 
appearance of the anodes. The anode from normal  
water appeared uni formly  pitted but  the heavy water  
anode was distinguished by large widely spaced holes 
in the surface. 

Metallurgical Results 
Both anodes and cathodes were given a detailed 

metal lurgical  examination.  Because the deposits, es- 
pecially from the normal  water, were curled and 
fragmented,  superficial hardness measurements  were 
not taken. Figures 1 and 2 show the microscopic aspects 

of the anode dissolution. Since both the anodes and 
plat ing conditions were the same, any differences must  
be a t t r ibuted to the presence of the heavy water  in 
the electrolyte. The in te rna l  cavity s tructure and the 
na ture  of localized, uniform, t r i -axia l  dissolution, i r -  
respective of grain orientation, appears to be the same 
in both cases. Therefore, the difference lies in the 
behavior of the anode surface layer in the presence 
of the two electrolytes. In the heavy water  solution, 
the surface characteristics of the anode appear to 
present no problem for dissolution (Fig. 4), whereas 
in the normal  water  solution, the surface layer appears 
to be passivated (Fig. 3) to a high degree. The im-  
proved anode uti l ization in the heavy water  cell is 
apparent.  

Figures 5 and 6 show cross sections of the deposits 
from heavy and normal  water, respectively. The fol- 
lowing observations can be made: 

1. Both systems produced a deposit almost similar 
in appearance except for depth, uniformity,  and 
tenaci ty  with the substrate. 

2. Both deposits are difficult to etch, basically 
columnar  in na ture  and similar in microstructure ex-  
cept for the grain size difference. 

3. The deposit from the heavy water  system shows 
more ducti l i ty and better  metal lurgical  bond with the 
substrate than  the deposit from normal  water. 

4. In both systems, the s t ructural  cont inui ty  is 
broken by in te rmi t ten t  plating, indicat ing perhaps 
the effect of oxidation. Electron microscopic invest iga-  

Fig. 1. Anode appearance after plating, sequence in normal water 

Fig. 3. Microstructure of anode surface dissolution 
(normal H20) (100X). 

pattern 

Fig. 4. Microstructure of anode surface in pit area (heavy water). 
Fig. 2. Anode appearance after plating sequence in heavy water (100X). 
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Table I. X-ray results 

E f f e c t i v e  
P l a t i n g  p a r t i c l e  s ize  M i c r o s t r a i n  
so lu t i on  De~0o, A ~E2~oa > 1/~'m0 <E~ooA > 1/-'.~o 

H~O 190 14.3 x 10-~ 3.5 • 10 -~ 

D~O 140 V e r y  s m a l l  V e r y  smal l  

Fig. 5. Microstructure of plate from heavy water 

Fig. 6. Microstructure of plate from normal water 

t ion of the structure of both the anode and the plat ing 
is being pursued and may reveal  fur ther  information.  

X-Ray Results 
Since distinct differences in grain size and stress 

levels were apparent  in the two deposits, Four ier  
analysis of the x - r ay  diffraction peak shapes was 
under taken  to make these differences more quant i ta -  
tive. The analysis was performed on the (200) and 
(400) lines using copper radiation. Since the Rachinger 
(1) technique for doublet  separation depends heavily 
on the tails of the diffraction lines, an interfer ing 
l ine from the brass substrate (which was evident in 
the tail  of one diffraction l ine) ,  made doublet separa-  
tion difficuIt. Therefore, a computer  program based 
on the unresolved doublet  was used (2). The correction 
for ins t rumenta l  broadening was made with the 
method devised by Stokes (3), using annealed nickel 
powder as the ins t rumenta l  standard. The separation 
of the broadening into microstrain and particle size 
terms was accomplished uti l izing the Warren  and 
Averbach technique (4). The results of this analysis 
are shown in Table I. 

The values of De and microstrain shown in Table I 
are in order -of -magni tude  agreement  with those given 

by Hinton (5) for electrodeposited silver. The general  
conclusion from the results shown is that the observed 
physical difference between the two plates can be at-  
t r ibuted  pr imar i ly  to microstrains. In  in terpre t ing  
these microstrain differences, one must  keep in mind 
that, since the Fourier  analysis was carried out cen-  
tered on the mid-poin t  of the annealed peak, the 
microstrain values obtained must  be corrected for any 
macrostrain which may be present,  i.e., the observed 
values are actually equal to [ ~ E L 2 ~ -  ~EL~2] 1/2. 
However, due to the poor adherence of the plates, it 
can probably be assumed, in this case, that  any  macro- 
strains have been relieved. It  should also be noted that  
it is apparent ly  possible for hardness (or ducti l i ty) 
differences to be accounted for by twin faults (5), and 
these were not evaluated in this case. However, it is 
felt that the large differences in microstrains are the 
pr imary  cause of the ducti l i ty var iat ion between the 
two plates, and twin  fault  variat ions are probably 
small. 

It is apparent  that visual, structural ,  and physical 
differences do exist in nickel  deposited from normal  
and heavy water  under  the conditions described. The 
major  effects are a lower stress level and smaller  grain 
size in the nickel deposits and a more uniform removal  
of the anode surface from the heavy water  solution. It 
is l ikely that these differences would diminish under  
conditions conducive to a more normal  deposit such as 
higher temperatures,  although the effects on anode dis- 
solution should not depend strongly on this par t icular  
plat ing condition. The anode effect may represent  a 
combinat ion of D20 as a solvent and the changes re la-  
tive to H20 dur ing a plating cycle. 

There are certain difficulties inherent  in plat ing ex- 
per iments  using deuter ium oxide that arise from the 
necessity of excluding normal  hydrogen and the fairly 
high cost of deuter ium oxide. However, the interest ing 
results achieved in a simple exper iment  suggest that  
fur ther  investigation of deuter ium oxide in both the 
deposition and etching of metals would be fruitful.  
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ABSTRACT 

The effect of the variables,  tempera ture ,  and pressure, on the kinetics of 
the reaction of fluorine wi th  silver were  studied. The t empera tu re  range of 
the invest igation was from 25 ~ to 300~ and the react ion was measured at 
fluorine pressures of 50-600 Torr. The react ion was found to be pressure de- 
pendent.  Three react ion products are identified: s i lver  subfluoride, si lver 
monofluoride, and si lver difluoride. No simple rate law could describe the data 
over  the  entire t ime in terval  of the reaction. 

The major i ty  of the  kinetic studies on heterogenous 
systems that  have appeared in the l i tera ture  in general  
discuss me ta l -oxygen  systems. There  have  been some 
kinetic studies reported on metaI-f luorine systems (1- 
15); however,  the major i ty  of the research on meta l -  
fluorine systems has been compatabi l i ty  studies. In the 
present invest igation the fluorination of si lver was 
studied by exposing si lver coupons to fluorine gas and 
following the react ion by the pressure drop method. 
The effect of both t empera tu re  and pressure on the 
rate  of react ion are presented. 

Experimental 
The system used to study the fluorination of si lver is 

shown in Fig. 1. Fluorine is brought  f rom the tank 
through copper tubing into the system which is P y r e x  
throughout  except  for the reaction furnace which is 
made of quartz.  A cold t rap using a methy lcyc lohexane  
slush (--116~ was used to remove  any hydrogen 
fluoride impur i ty  f rom the  fluorine. The fluorine is 
analyzed by react ion with mercury  in the still (1). 
Analysis of the fluorine indicated 99.83% fluorine plus 
0.17% HF before purification and 100% fluorine after  
purification. Enough purified fluorine for one run is 
stored in the storage bulb. The mercu ry  manometers  in 
the system indicate the pressures in the storage and 
react ion sections of the apparatus. A layer  of fluoro- 
carbon oil is floated on top of the mercury  to prevent  it 
f rom react ing with  the fluorine. All  readings are cor-  
rected for density differences be tween the oil and the 
mercury.  The meta l  samples are silver plates 1.27 x 
15.24 x 0.012 cm. Spectrographic analysis gave a pur i ty  
of 99.999%. 

A plate  is inserted into the cold react ion furnace 
under  flowing argon and is positioned upright  in the 
center  of the furnace. The end plug is put  in place and 
the argon pumped  out. The furnace is tu rned  on and 
the react ion section brought  up to the appropriate  
tempera ture .  Tempera tu re  profiles have  been run with  
an ins t rumented  metal  sample, and the results show 
that  the  t empera tu re  var ia t ion across the sample is not 
more  than I~ Meanwhi le  the  storage section is filled 
with  fluorine. The general  exper imenta l  method  used 
to de termine  the rate  of fluorine consumption by si lver  
was to measure  the pressure decrease in a vessel of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  k i n e t i c s  of  f l uo r ina t i on  of  s i l ve r ,  f l u o r i n a t i o n  of  s i l -  

ve r .  

known volume containing the silver sample. In order 
to mainta in  approximate ly  constant fluorine pressure, 
the pressure was al lowed to drop only about 2 Torr  
and then more  fluorine is introduced to re turn  the 
pressure to its init ial  value. Pressures are recorded 
automat ical ly  by the pressure t ransducer  and record-  
ing system. The perfect  gas law was used to calculate 
the amount  of fluorine consumed from the incrementa l  
pressure drop, the vessel volume,  and the temperature .  
F rom the cal ibrated volume of the system, pressure 
changes on the t ime trace can be conver ted to mil l i -  
l i ters of fluorine consumed at STP. Af ter  approx i -  
mate ly  a 4-1~r exposure t ime the heaters  were  tu rned  
off, the system was al lowed to cool to 25~ and then 
the fluorine was pumped out of the system through the 
two soda l ime scrubbers. The system is then brought  
up to atmospheric pressure with argon. A dry box is 
connected to the  end of the furnace and the  sample 
is pulled into it under  flowing argon to prepare  it for 
chemical  and ins t rumenta l  analysis. 

Results and Discussion 
The fluorine consumption by the si lver samples was 

measured at several  tempera tures  and pressures. The 
react ion was fol lowed as a function of t ime and is 
repor ted  as mil l i l i ters  of fluorine consumed at STP per 
square cent imeter  of si lver surface based on the geo- 
metr ical  area of the s i lver  surface. 

THERMOCOUPLE 
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TRANSDUCER i 

RECORDING SYSTEM -'~-~ 

H9 MANOMETER 

I ARGON 

[2 V-SODA UME / hill 
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VACUUM l ]  
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Fig. 1. Fluorination apparatus 
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The effect of t empera tu re  on the react ion at a con- 
stant fluorine pressure of 50 and 200 Torr  is shown in 
Fig. 2 and 3, respectively.  The effect of pressure on 
the reaction at a constant t empera tu re  of 100 ~ and 
200~ is shown on Fig. 4 and 5. Note that  at both 
tempera tures  there  is a pressure reversal .  This ob- 
served reversa l  in pressure dependency is not unique 
to this system but has been observed in other  fluorina- 
tion studies where  mult iple  products are formed (16). 

Data were  not obtained at t = 0, the ini t ial  contact 
t ime of fluorine with the silver, because it takes a 
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Fig. 2. Temperature effect at 50 Torr F2 pressure 

1.4 
1.2f  I Indicates transition t i m e  ~ . , . / "  

E ~ 1.0 

E .4 100 ~ C i 

0 20 40 60 80 100 120 140 160 180 200 220 240 
Time, rain 

Fig. 3. Temperature effect at 200 Torr F2 pressure 

�9 8 | 300 torr-, 

i i I Indicatestransitiontime 4 5 0 t o r r _ \ , , ,  '-' I ~ 200torr .__ E ~ .6 6 n n t n r r _ \ \  

~ . 4  

50 torr 
""3- I I i I I I I I I 

0 20 40 60 80 i00 120 140 160 180 200 
Time, min 

Fig. 4. Pressure effect at 100~ 

1.6 

1.4 

o~ 1-2 
E ~ = ~-i, 0 
E 

.8 

i~ .6 
.4 
.2 

I Indicates transition time 
200 torr-, 

I I [ i I I I I I I I I 
2{1 40 60 80 iO0 120 140 160 180 200 220 240 

Time, min 
Fig. 5. Pressure effect at 200~ 

finite period of t ime to pressurize the apparatus  wi th  
fluorine. 

No simple rate  law wil l  describe the s i lver-f luorine 
reaction over  the ent ire  t ime in te rva l  studied. A l inear  
ra te  law is applicable at short times, but  as the  t ime 
in terva l  increases the data points deviate  f rom a 
straight line as i l lustrated in Fig. 6. The data at the 
longer  t ime intervals  can best be described by a para-  
bolic rate  law as shown in Fig. 7. 

Severa l  products are  formed when si lver is reacted 
with fluorine at the tempera tures  and pressures 
studied. The products were  identified by x - r ay  diffrac- 
t ion and by chemical  and physical  analysis as the 
subfluoride Ag2F, the monofluoride AgF, and the di- 
fluoride AgF2. Where  more than one fluoride appeared 
the films were  layered with the fluoride richest in sil- 
ver  adjacent  to the meta l  and the one richest  in 
fluorine at the gas-fluoride surface. The monofluoride 
was found as the middle  layer.  The re la t ive  amounts  of 
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each product in the film, obtained from cross-section 
microscopy are shown in Fig. 8 for two pressures as a 
function of temperature.  The amount  of Ag2F is shown 
by the circular symbols. As the tempera ture  increases 
the amount  of AgzF decreases. At 25~ only Ag2F is 
formed at both pressures. The amount  of AgF, shown 
by the square symbols, seems to increase to a maxi -  
mum amount  and then decrease as the tempera ture  in-  
creases. The amount  of AgF~ is shown by the diamond 
symbols. No AgF2 is formed at 50 Torr regardless of 
the tempera ture  while at 200 Torr  the amount  in- 
creases as the tempera ture  is increased. Not only tem- 
perature but  pressure also affects the products formed. 
At 25~ and all pressures studied the only product 
formed was the subfluoride Ag2F. As the tempera ture  

IxlO -2 
O 50 torr 

~ ~  O 200 torr 

E 

"~ Activation ener- 
-~ E :- \ \gy : 5.2 kcal/mole 

_ Activation \ 
, energy : 6.5 \ \ 

kcal/mole ~ ~  

txm-4 I I I '-'k I I 
.0 2.4 2,8 3. Z 3.6 4.0 

lIT ~ K x 10" 3 

Fig. 9. Effect of temperature on rate constant in the boundary 
controlled region. 

ixl0 -2 
8 
6 
4 

IxlO-3 
8 
6 

4 

Z 
E v 

~ ixi0-4 
8 
6 

4 

Ixl0-5 
8 
6 

Fig. 10. Effect of 
controlled region. 

\ ,,O,kca,,mo,e 

I I I I 
2.0 2.4 2.8 3.2 3.6 

I/T ~ K xlO -3 
temperature on rote constant in the diffusion 

F L U O R I N A T I O N  O F  A g  1275 

is increased, one or more reactions are possible includ-  
ing the decomposition of the subfluoride. 

At 300~ the product melted even though the t em-  
perature was well  below the reported mel t ing points of 
the monofluoride (435~ and the difluoride (690~ 
This could be due to the formation of a known low 
melt ing eutectic AgF'AgF2 (17). 

Reaction rate constants are plotted against 1/T on 
Fig. 9 and 10. The data on Fig. 9 show a pressure 
effect. Brown and Crabtree (1) observed a pressure 
effect on the activation energy, but could offer no 
explanation. 

The reaction of silver and fluorine is a complex 
reaction and the applicabil i ty of different rate laws is 
difficult to explain in the absence of definitive solid- 
state data. 

S u m m a r y  
The exper imental  results presented in this paper 

point-to the fact that the reaction between fluorine and 
silver is a complex reaction, and the kinetics are not  
simple. In a s tudy of this type it is the over-al l  rate 
that  is determined, and no at tempt  was made to deter-  
mine  individual  specific rates. 

Manuscript  submit ted Feb. 9, 1970; revised m a n u -  
script received ca. June  15, 1970. This was Paper  408 
presented at the Montreal  Meeting of the Society, 
Oct. 6-11, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
J O U R N A L .  
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ABSTRACT 

At  least three separate effects occur during sealing (a) gross water  adsorp- 
tion by the bulk and surface of the porous layer,  probably also accompanied 
by anion toss (as in the case of H2SO4-anodized films), (b) an oxide t ransi t ion 
near  the barr ier -porous  layer  interface, which results  in a net decrease in 
the amount  of barr ier  layer and a net  increase in the amount  of porous layer  
cross-linking, and (c) a seemingly th in - layer  effect that  takes place wi th  
aging and may  be localized in the pore base region of the porous layer. A two-  
step current  density program was used to prepare  7.4-7.6 ~m (0.3 mil)  anodic 
films on alloy 1100, using a 1.7M H2SO4 electrolyte  at 25~ These coatings 
were  then sealed for from 10 to 65 min, at tempera tures  f rom 65 ~ to 95~ in 
weak]y buffered sealing baths whose pH was adjusted wi th in  the region of 
5.0 to 6.5. Corresponding films were  also left  in the unsealed condition. Data 
for these films were  obtained using 1 kHz impedance measurement  of coating 
permeabil i ty ,  effluent gas detection (EGD technique) of par t ia l  water  contents, 
and infrared determinations of coating structures. For these 7.4-7.6 ~m (0.3 
mil) coatings, the greatest benefit was derived with the following sealing 
conditions: sealing pH range, 6.15 _+ 0.15; seal time, 30 min, but not more 
than 40; sealing temperature, 95~ or higher, as might be achieved 
by pressurized steam sealing. 

References (1) and (2) describe the "inner seal" 
effect and point out its potential  importance in the 
over -a l l  mechanism of sealing. This involves a struc- 
tural  t ransi t ion that  appears to take place, as a re-  
sult of sealing, near  the interfacial  region between the 
secondary phase bar r ie r  layer  and the anodic oxide 
porous layer. It seemingly is an hydrat ion effect that  
has the nature  of a s t ructural  hydra te  rearrangement ,  
the net result  being a forming together  (or agglomer-  
ation) of oxide at the base of the individual  a lumina 
fibrils that  comprise the porous layer. This is apart  
f rom surface hydrat ion changes and anion loss that  
occur e lsewhere in the porous layer oxide. 

Ear l ier  work  dealt  with the  "effect" itself, and not 
with factors introduced by changes in sealing variables. 
Only one set of sealing conditions was employed for 
this: pH 6.0 boiling water ,  wi th  a seal t ime of 10 min. 
Now we seek to de te rmine  the vary ing  results that  are 
brought  about by employing different sealing t empera -  
tures, seal times, and pH values. 

This sealing effect was l imited to only thin films 
(~2  ~,m) when convent ional  anodizing conditions were  
employed (2) : 1.3 A / d m  2, 1.TM H2SO4 and 25~ How-  
ever, the same effect could be achieved with  three-fo ld  
thicker  films (7.4 ~m) when  the proper  oxide transi t ion 
s t ructure  was obtained with  a two-s tep  anodizing cur-  
rent  density program (2) in this same electrolyte.  An 
init ial  current  density of 1.3 A / d m  2 was used to de-  
velop a nea r -op t imum oxide structure.  This s t ructure  
was then "frozen" by a higher  current  density (3.5 
A / d m  2) that  al lowed the film to thicken normal ly  
while never theless  mainta in ing the oxide s t ructure  
characterist ic of the th inner  ,--2 ~m film. In this man-  
ner, at least for ~7  ~m (0.3 mil)  films, the inner seal 
effect could be realized independent  of actual film 
thickness. 

However ,  this sealing transition, or inner  seal effect, 
is undoubtedly sensit ive to changes in sealing var i -  
ables, al though in this regard it should be no different 
f rom films prepared by more  common practice. High-  
t empera tu re  sealing conditions may rapidly  create sur-  
face blockage that  could close off otherwise react ive 
sites, or the effect that  we describe could be a slow re-  
action and re la t ive ly  independent  of surface effects: 
dependent  only on temperature ,  in a nondehydra t ing  
environment .  Addi t ional  boiling wate r  seal t imes might  
be required,  beyond the 15-min t ime period normal ly  
employed wi th  ~7  ~m films, in order  to realize the 

Key words: anodic aluminas, sealing. 

complet ion of a slow reaction. There is, too, the po- 
tent ial  effect of sealing pH, which may  also be a factor 
if the mechanism of this t ransi t ion involves hydrogen 
or hydroxyl  ion f rom the sealing medium. 

Experimental 
Sample preparation.--Alloy AS32 (alloy 1100 clad 

with  1100: 99.2% A1) sheet coupons were  cleaned and 
chemical ly brightened,  then anodized in 1.7M H 2 8 0 4  
at 25~ The init ial  current  density of 1.3 A / d m  2 was 
mainta ined for the first 4.84 x 102 coulombs/dm 2 of 
current  quant i ty  (6.25 min at 1.3 A/dm2),  then the 
current  density was immedia te ly  raised to 3.46 A / d m  2 
and maintained at that  level  for the balance of the 
anodizing period. The total current  quant i ty  expended 
was 13.9 x 102 cou lombs /dm 2, equivalent  to a 7.4 ~m 
film thickness. 

The various seals were  prepared  f rom distil led water  
containing 5 x 10-6M acetic acid as a buffering addit ive 
and were  adjusted to the desired pH with sodium hy-  
droxide. The pH value was measured at the t empera -  
ture selected for operat ion of the  seal. Four  pH values 
were  employed: 5.0, 5.5, 6.0, and 6.5. Sealing t empera -  
tures were  65 ~ 75 ~ 85 ~ and 95~ Sealing t imes ranged 
from (a) unsealed, to (b) 10, 20, 30, 50, and 65 min. 
Impedance and EGD values were  de termined  immedi -  
ately, and the same coupons were  then r e - examined  
periodically over  storage periods of up to 100 days, 
stored in a clean environment ,  at ambient  room hu-  
midity. Infrared data were  obtained af ter  an approxi-  
mate  30-day storage period fol lowing sample prepara-  
tion. 

Test methods.--Effluent gas detection (EGD) data 
were  obtained as before (3). The anodized sample was 
placed in a leak- t igh t  chamber  wi th in  the oven of a 
gas chromatograph,  then continuously purged with 
hel ium which passed on to a the rmal  conduct ivi ty  de- 
tector. The chamber  was heated f rom ambient  t em-  
pera ture  to 350~ at a rate sl ightly less than 10~ 
(3). As volat i le  materials,  in this case, water ,  are 
evolved from the sample, the wa te r -bea r ing  hel ium 
effluent is carr ied on to the detector  which then pro-  
vides a continuous plot of evolved wate r  vs. t empera -  
ture. The result  is exact ly  the same as a the rmo-  
balance operated in differential  mode, but  provides 
far more sensitivity. 

Impedance values were  measured  with a 1 kHz im- 
pedance bridge (Twin City Testing Corporation's  
Z-Scope) ,  using a 3.5 w / o  NaC1 media. The data re-  
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por ted  are  average  values  t aken  f rom mul t ip le  r e a d -  
ings wi th  each anodized coupon. In f r a red  spect ra  were  
obta ined wi th in  the  4000-35 cm -1 ranges  of the Beck-  
man  IR-7 and IR-11 spect rophotometers ,  according to 
procedures  a l r eady  descr ibed (4).  

Results and Discussion 
Effluent gas detection ( E G D ) . ~ A  l imi ta t ion  of this  

technique is its fa i lure  to a l low for bak ing  t e m p e r a -  
tures  above 350~ which  is usua l ly  insufficient to 
a l low complete  dehydra t ion  of most  types  of anodic 
coatings. Nevertheless ,  it  has been shown (1-3) tha t  
the  pa r t i a l  wa te r  content,  measured  by  the l o w e r - t e m -  
pe ra tu re  EGD method,  has value.  This f ract ion of the  
films' to ta l  w a t e r  content  appa ren t ly  corresponds  
d i rec t ly  wi th  tha t  por t ion  of the  oxide tha t  is a l te red  
by  the ba r r i e r  l ayer  seal ing t ransi t ion;  EGD da ta  are  
seemingly  a re l iab le  indica tor  for the  degree of com- 
plet ion of t h e  inner  seal effect. The  pa r t i a l  w a t e r  mea -  
sured by  the EGD technique is independen t  of to ta l  
porous l aye r  oxide  thickness  and is independent  of 
total  wa te r  content,  wi th  ne i ther  of these two factors  
d i rec t ly  influencing the  inner  seal  effect. The EGD da ta  
provide  isola ted da ta  pe r ta in ing  only  to the  inner  seal 
effect i tself  and, when  coupled wi th  da ta  sensi t ive to 
o ther  changes wi th in  the  coat ing s t ructure ,  should p ro-  
vide  a c learer  p ic ture  of over -a l l  seal ing mechanisms.  

The EGD technique  proved  not to be sensi t ive to 
effects re la ted  to the aging of sealed coatings (Fig. 1), 
and these sealed films were  the re fore  stored, for con- 
venience, p r io r  to EGD measurement .  Unsealed films 
are, however ,  affected by  aging (Fig. 1), and sub-  
sequent  coatings we re  tes ted  immed ia t e ly  af te r  a i r  
drying.  F igures  2 th rough  5 show these EGD data  
p lot ted  vs. seal ing t ime,  and including the  effects of 
different  seal ing pH and tempera tures .  These curves  
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Fig. 5. Partial water content (EGD) of coatings sealed at pH 

axe symmet r i ca l  except  for the  l o w - p H  seal da ta  
(Fig. 2, pH 5.0) which show wha t  might  be regarded  
as a so lubi l i ty  effect, wi th  pro longed seal  t imes, that  
becomes more  pronounced as seal ing t empe ra tu r e  is 
increased toward  boiling. This would  indicate  that,  
except  for pH 5.0 seals, the  appa ren t  so lubi l i ty  effects 
did not  pene t r a t e  down to tha t  por t ion of the  oxide  
tha t  is responsible  for the  EGD data,  the  b a r r i e r -  
porous layer  interface.  
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Figures 3-5 show (with seals at pH 5.5 or higher) 
a plateau or max i mum endpoint  in the sealing reaction. 
Beyond this point, fur ther  sealing times had no effect. 
This max imum value (63 ~g H20/cm~) represents the 
apparent  completion of the sealing reaction, at least so 
far as the inner  seal is concerned. 

Earl ier  (4) the inner  seal effect was proposed, to be 
a s t ructural  conversion of pre-exis t ing a luminum hy-  
droxide. It was proposed that the secondary phase 
barr ier  layer hydroxide converted into a lower poly-  
mer  form of hydroxide that was incorporated into 
the porous layer at the base of its individual  a lumina  
fibrils. If such was the case here, there should be a 
plateau or max imum endpoint  in the sealing reaction, 
since all oxide (secondary phase barr ier  layer)  avail-  
able for this t ransi t ion would have been converted. 
If the EGD technique is sensitive only to the quan-  
t i ty of this t ransformed oxide and not to other sealing 
reactions such as gross water  content, then these data 
should show (as is seen in the data, Fig. 3-5) a maxi -  
mum value that remains  unchanged by fur ther  sealing. 

With freshly anodized unsealed films, the 1 kHz a-c 
impedance correlates with the p r imary  phase barr ier  
layer thickness, giving the following relationship: 
14.2 A/kohm/cm~ impedance. This places the average 
pr imary  phase barr ier  layer thickness for these coat- 
ings at 180A. Similarly,  using earlier IR  data (2, 5), 
and the current  IR  data to be discussed later, the aver-  
age unsealed (initial) secondary phase barr ier  layer 
thickness may be calculated as 1.12 x 104A. Using den-  
sities of 2.7 and 2.4 g /cm 3 for these oxides, respec- 
tively, complete dehydrat ion to the monohydrate  
should release, at most, a quant i ty  of water  cor- 
responding to 23% of the init ial  oxide weight. This 
would be 63 ~g H20/cm2, exactly the value of the 
plateau (endpoint)  region shown in Fig. 3-5. Assuming, 
still speculatively, an ini t ial  t r ihydrate  composition for 
the unsealed secondary phase barr ier  layer, and assum- 
ing that the plateau max imum value corresponds to an 
endpoint  in the depolymerization reaction for this 
oxide, as one result  of sealing, then the following in ter -  
pretat ion can be made: 

(A) Ini t ia l ly  and before sealing, the EGD technique 
detects only a small  fraction of the t r ihydra te  water  
that is actual ly present in this oxide sublayer:  about 
10%. 

(B) After  a short but  inadequate  seal time, some 
of this t r ihydrate  has undergone the depolymerizat ion 
transformation.  While  its composition remains  un -  
changed, the partial  t ransformat ion increases the per-  
centage of water  dr iven off from this oxide by the 
tempera ture - l imi ted  EGD technique. 

(C) Correspondingly more water  is detectable via 
EGD as more of the oxide is converted by fur ther  seal- 
ing. Eventual ly,  sealing consumes all of the oxide that  
is available for t ransformation.  Beyond this point, the 
EGD data show no fur ther  increase in apparent  water  
content  as a result  of fur ther  sealing. A m a x i m u m -  
value plateau has been reached. 

(D) While the ini t ia l  EGD data show only about 
10% of theoretical water content  for unsealed samples, 
this percentage increases as the degree of sealing be-  
comes complete. Samples that have reached the maxi -  
mum value plateau region should release (via EGD) 
an amount  of water  corresponding to 2 moles of water  
for each mole of sublayer  oxide. 

This does not mean  that  this part icular  water  has 
been gained as a result  of sealing. It may already have 
been present  but  needed the impetus of sealing to 
t ransform the oxide s tructure into one that dehydrates 
more readily: into an oxide that  dehydrates under  the 
low- tempera ture  conditions (to 350~ of the EGD 
technique. 

Similar plots (unpublished) of water  released vs. 
sealing pH for varying  seal times at 95~ show a maxi -  
m u m  value that  appears to lie near  pH 6.0. The 10-min 
seal data show this more clearly, since data in the 

plateau region mask out the effect of pH. The t rans-  
formation, once complete, is unal tered by changes in 
seal pH (except for what  might  be solubil i ty effects 
near pH 5.0). While sealing is ordinari ly  carried out in 
the pH range of 5.5 to 6.5 (6), there may be more 
advantage to sealing near pH 6.0. This is consistent 
with Bogoyavlenskii  and Belov (7) and may also be 
seen with impedance data to be discussed shortly. 

An at tempt at kinetic data, using Van ' t  Hoff's 
differential method, provides another  tool for the in-  
terpretat ion of these data. Ordinari ly,  such data are 
obtained by measur ing the decrease in reactant  con- 
centrat ion as a function of time, with vary ing  ini t ial  
reactant  concentrations. Where cl and c2 denote two 
different ini t ial  concentrat ions and where n denotes the 
apparent  order of the reaction with k being the rate 
constant, or specific reaction rate, then 

- - d c l / d t  = kcl n 
and 

--dc2/d~; = kc2 n 
and 

log ( - - d c l / d t )  -- log ( - - d c 2 / d t )  
n ~  

log Cl -- log c2 

A plot of log ( - - d c l / d t )  vs. log c, will  be l inear  and 
the slope will be the apparent  order of reaction, n, if 
the reaction proceeds without  complication. Extraneous 
features in the reaction will, on the other hand, yield 
a curved plot to indicate that the reaction proceeds 
without a simple order. 

Sealing eventual ly  produced the same m a x i m u m -  
value plateau (end point) in the EGD data: 63.4 ~g 
H20/cm 2, a value which remained unchanged with 
fur ther  seal times. Unsealed samples, prepared in  an 
identical fashion, also gave a constant EGD value of 
8.54 ~g H20/cm 2. Therefore we assumed that  the 
amount  of a lumina being transformed, on sealing, was 
equivalent  to the difference between these two values, 
or 54.9 ~g H20/cm 2. This value serves as "init ial  re-  
actant" for the Van' t  Hoff concentrat ion term "c". 
After, for example, a 10-min seal at pH 5.5, the EGD 
technique detected 22.8 ~g H20/cm 2 indicating a "re- 
actant" concentrat ion equivalent  to 40.6 ~g H20/cm 2 
remaining.  Then one point on the plot would be rep-  
resented by log ( - - d c l / d t )  = log (54.9-40.6/10), with 
log cl : log (54.9). Similar  calculations led to the 
values that are plotted in Fig. 6 through 8; calculations 
were prevented for the pH 5.0 data, because of what  
appear as solubili ty effects (Fig. 2) in this low pH 
seal. 
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Fig. 6. Kinetic data For coatings sealed at pH 5.5, with tie line 
notation giving seal temperature: ~ The apparent reaction order 
was, at 65~ 1.7; at 75~ 1.4; at 85~ 1.5 end, at 95~ 1.0. 
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Fig. 7. Kinetic data for coatings sealed at pH 6.0, with tie line 
notation giving seal temperature: ~ The apparent reaction order 
was, at 65~ 2.0; at 75~ 1.8; at 85~ 1.2 and, at 95~ 1.2. 
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Fig. 8. Kinetic data for coatings sealed at pH 6.5, with tie line 
notation giving seal temperature: ~ The apparent reaction order 
was, at 65~ 1.3; at 75~ 1.7; at 85~ 1.5 and, at 95~ 1.5. 

The appa ren t  o rder  of the  seal ing reac t ion  was gen-  
e ra l ly  greates t  (as high as n ----- 2) for the  low t em-  
pe ra tu re  (65~ seals. The reac t ion  order  approached  
uni ty  as the  seal t empe ra tu r e  increased.  This could be 
in te rp re ted  in at least  two different  manners  
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Fig. 9. Infrared absorbance (amount) of barrier layer for coatings 
sealed at pH 6.5; tie line notation gives seal temperature: ~ 

hydra t ion  reac t ion  (via EGD technique)  has  some 
complicat ing feature.  This would  t end  to favor  seal ing 
react ion '  (a) ,  which  employs  a depolymer iza t ion  reac-  
t ion on seal ing ra ther  than  s imple wa te r  sorption. 
T h a t p o r t i o n  of the  h y d r a t e d  a lumina  which  is detected 
by  the l ow - t e mpe ra tu r e  EGD technique then  appears  
to be h y d r a t e d  before  sealing, and releases  p ro -  
gress ively  more  wa te r  (on baking  v ia  EGD) as its 
s t ruc tura l  c ross - l ink ing  is p rogress ive ly  lowered  by  
sealing. Eventual ly ,  seal ing lowers  this  cross- l inking 
to a m in imum value  that  (wi th  the  EGD technique)  
releases a s toichiometr ic  amount  of water ,  as did  the  
minera logica l  t r i hydra t e s  gibbsi te  and bayer i t e  (8). 
Fur the r ,  the da ta  show tha t  a f te r  this  poin t  seal ing 
produces  no fu r the r  change in the  amount  of wa te r  
re leased  (wi th  EGD baking)  by  the coating. Such be-  
havior  is consistent  wi th  ear l ie r  IR data  (1, 2, 4) which 
served  as the  basis for descr ibing this same sealing 
effect. When  this, the  inner  seal  effect, is complete,  
the  apparen t  o rde r  of the  reac t ion  is near  unity.  

Intermediate and fax infrared analyses.--Ordinarily, 
IR da ta  show much  be t t e r  precis ion than  was obta ined 
here. Since this poor in te r re la t ionsh ip  shows only for 
sealed coatings, and not for unsealed samples,  it  seems 
l ike ly  tha t  these  samples  should have been analyzed 
immed ia t e ly  af ter  prepara t ion .  As i t  was, they  were  
s tored at  r andom for app rox ima te ly  30 days  pr ior  to 
analysis.  In  any event,  the  observable  t rends  are  st i l l  
valid,  but  wha t  might  be poor s t ruc tu ra l  r ep roduc i -  
b i l i ty  (for sealed samples)  makes  quant i t a t ive  in te r -  
p re ta t ion  difficult. 

F igure  9 shows the amount  of ba r r i e r  l ayer  p lot ted  
vs. sealing time. These da ta  include each of the vari~ 
ous seal ing t empera tu re s  at  pH 6.5 and are  r ep re sen ta -  
t ive of the ent i re  group. Ini t ia l ly ,  each coat ing (un-  
sealed)  had the same amount  of ba r r i e r  layer :  to ta l  
amount  of ba r r i e r  l ayer  being comprised  of both  p r i -  
m a r y  and secondary  ba r r i e r  l ayer  phases. Af t e r  seal -  
ing, the  amount  of ba r r i e r  l ayer  decreased due to the  
secondary  b a r r i e r - t o - p o r o u s  l aye r  conversion. At  pH 

~in i t i a l ly  ~ seal ing [ l o w  ) ~ k  
(a) A1203 �9 3H20~high po lymer  ~ > A12Oa �9 3 H 2 0 ~ p o l y m e r  

Lweight  J ~ weight  
EGD 

A1,208 �9 , + 2tt2Ot 

~E GD J 
�9 =.1 0 ~initially ~,S~ ea]i~g 

) A1203 �9 3H20 ~ (b) ~12 3 "~anhydrous ! ~ A 

However ,  as seen in Fig. 6-8, the  plots  of log ( - -dc /  
dr) vs. log c are more  nea r ly  l inear  only  for the  95~ 
seal ing conditions. This implies  the  poss ibi l i ty  that ,  at  
least  at lower  seal ing tempera tures ,  the  EGD d e h y d r a -  
t ion react ion proceeds wi th  complexi ty :  that  the  de-  

5.0 the  ex ten t  of this  conversion was less at  65~ than  
at 75~ the 85~ and 95~ da ta  show app rox ima te ly  
equal  conversion and at about  the  same rates.  S imi la r  
da ta  obta ined at pH 6.5 (Fig. 9) show a be t t e r  differ-  
ent iat ion be tween  85~ and 95~ data:  the  95~ seal 
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causing the greater degree of t ransformation.  At  a 
given temperature,  the pH 6.5 seal gave a greater de- 
gree of barr ier - to-porous  t ransformat ion than did the 
pH 5.0 seal. 

Figure 10 shows the amount  of porous layer  cross- 
l inking plotted vs. sealing t ime for each sealing tem-  
pera ture  and at pH 6.5. Before being sealed, each coat- 
ing had about the same amount  of porous layer cross- 
l inking. After  sealing, this amount  varied greatly de- 
pending on seal time, pH, and temperature.  However, 
just  as the amount  of barr ier  layer always decreased 
on sealing, due to the secondary barr ier - to-porous  
layer t ransformation,  the amount  of porous layer 
cross- l inking always increased on sealing. 

Figure 10 also shows the general ly adverse effects 
of too prolonged a sealing time, al though this decrease 
in cross-l inking was usual ly  more pronounced for the 
95~ seals. These data show that  max imum sealing 
benefit is obtained near  a sealing t ime of 30 min. Seal- 
ing at a lower tempera ture  tended to retard the ap- 
parent ly  det r imenta l  effect due to oversealing, but  
lower temperatures  also gave lesser amounts  of porous 
layer  cross-linking. These porous layer data are, of 
course, not specific for changes that  occur near  the 
barr ier -porous  interface, but  would include cross- l ink-  
ing changes in the bu lk  of the porous layer  as well. 
While these data show the advantages of 95~ and 30- 
min  sealing conditions (as did the EGD data) there is 
still reason to suggest that still higher seal tempera-  
tures would fur ther  accelerate the sealing process, 
perhaps a pressurized steam seal at 150~ with con- 
densate pH controlled. 

I m p e d a n c e . - - F i g u r e  11 shows the ini t ial  impedance 
values plotted vs. sealing t ime and temperature  at a 
sealing pH of 5.5. These values were obtained im- 
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Fig. 10. Amount of porous layer cross-linking (IR) for coatings 
sealed at pH 6.5; tie line notation gives seal temperature: ~ 

50 

mediately after a i r -d ry ing  the coatings and before 
any  storage period. At  95~ (and regardless of seal 
pH) the impedance increased almost l inear ly  with seal 
times of up to 30 min. After  35 min, the ra te  of im-  
pedance change lessened to form a plateau beyond 
which the impedance change (with fur ther  seal t ime) 
was comparat ively slight. This point  (,*-38 kohms/cm 2 
impedance) would correspond to the total  imperme-  
abil i ty of this oxide and would reflect changes taking 
place both in the barr ier  layer  region of the film and 
elsewhere in the porous layer, and also at the oxide 
surface (9, 10). 

At progressively lower sealing temperatures,  there 
appeared to be an ini t ia l  period dur ing which min imal  
impedance change took place. Afterward,  the im-  
pedance increased quickly. The time span of this 
init ial  period was greatest at low temperatures  but 
showed no obvious dependence on pH. This is seem- 
ingly indicative of a t empera tu re -dependen t  reaction 
rate, consistent with the " inner  seal effect" mechanism 
described earlier. A plot of log impedance vs. sealing 
tempera ture  is essentially l inear  for most of these data. 

Figure 12 shows the effect of sealing pH on im-  
pedance levels. For each sealing t ime period, the im- 
pedance increased as the seal pH increased toward 
pH 6.0, then decreased beyond that. Extrapolat ion 
would seem to indicate that  opt imum results (highest 
impedance) were obtained at pH 6.15 _ 0.15. 

Aging also alters (increases) the 1 kHz a-c impe-  
dance of sealed films but, as seen in Fig. 13, aging pro- 
duces little change in unsealed films. The same figure 
also shows data for marg ina l ly  sealed films: films 
sealed at pH 5.0 and 65~ also showing only a minor  
increase in impedance with aging. In  contrast, films 
sealed at the same pH (pH 5.0) but  at 95~ and for 
30 min, showed a pronounced change in impedance 
value on aging. Figure  14 shows other such data for 
these sealing temperatures  at pH 6.0 with 30-min 
sealing time. 

Genera l ly  and exclusive of unsealed and margina l ly  
sealed films, impedance values increased most rapidly  
dur ing the first 5 days of aging. The impedance in-  
crease, with aging, then lessened but  cont inued unt i l  
the film had aged ~30 days. Afterward,  comparat ively 
little or no fur ther  change in impedance took place. 
There are also the following addit ional  observations 
that  may  be made for the generalized effect of aging 
on sealed films. 

1. Aging prior to exposure has no recognized, or at 
least reproducible, effect on the results of outdoor ser- 
vice testing of sealed films. 

2. Similarly,  aging does not alter the results of 
aggressive laboratory-accelerated corrosion tests: pi t-  
t ing corrosion tests such as CASS, or acid solubili ty 
tests such as Kape (sulfurous acid solubil i ty).  
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Fig. 11. Initial impedance values for coatings sealed at pH 53, 
with the tie line notation giving seal temperature: ~ 
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3. Aging (with sealed films only, not the case with 
unsealed films) does not al ter  the EGD test results, 
which would detect changes related to the barr ier  layer 
sealing transition, or inner  seal effect. 

4. Aging does alter (increase) the results of tests 
that are surface sensitive. The FACT test (dielectric 
breakdown in an acidic copper-containing electrolyte) 
is one such example (9). 

5. While  aging doubles the impedance value of 
sealed films, this effect may be v i r tua l ly  el iminated 
(and the impedance restored to approximately  the 
ini t ial  value) by a brief  exposure to a mildly  aggres- 
sive env i ronment  (10). A few seconds in boil ing dis- 
tilled water, or immersion in room tempera ture  di lute 
acid, wil l  suffice. 

It seems reasonable, therefore, to suggest that  aging 
is a short-ordered effect that  is of l i t t le consequence, 
when the anodic film is placed in a mi ld ly  aggressive 
env i ronment  where it is rapidly degraded. The effect 
of aging might  be speculated to be equivalent  to the 
formation of a th in  film, from agglomerate particles. 
If such a filmlike th in  layer  were at the outer surface 
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Fig. 15. Illustration of proposed sealing effects: 1st sealing ef- 

fect [according to Wood et al. (11, 12)]: A pore closure mech- 
anism that probably does not alter gross pore (large central pore) 
diameter to point of closure. Pores that are affected are micro- 
pore channels or permeable sites that tie within the fiber itseff. 
2nd sealing effect: An oxide transition, from barrier into porous 
layer oxide that results in a relatively impermeable gel formation 
at the base of the porous layer. 3rd sealing effect: A short-ordered 
thin film effect of glazing at the surface of the porous coating gel 
layer. 

of the anodic coating, however, impedance values 
would l ikely have been increased far more than  was 
observed; no more than  a twofold increase was found 
on aging. By contrast, a th in  oil layer  at the outer 
coating suface raises impedance beyond the range of 
our ins t rument .  Thus, instead of a surface condition, 
it seems reasonable to suggest that  the aging effect 
might  represent  a coalescence of fibrils at the base of 
the porous layer,  equivalent  to a film at the surface 
of any agglomerate particles created by the inner  seal 
effect. 

A summary  i l lustrat ion of these sealing effects is 
shown in Fig. 15. 
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Side Reactions during the Anodization of Aluminum 
in a Glycol Borate Electrolyte 

Robert W. Santway and Robert S. Alwitt* 
Sprague Electric Company, Research and Development Laboratories, North Adams, Massachusetts 01247 

ABSTRACT 

A study of the anodization of aluminum in a glycol borate electrolyte at 
voltages sufficiently high for side reactions to occur, but below the sparking 
voltage, showed that the formation of barrier oxide was accompanied by 
solvent oxidation, aluminum dissolution, and production of a thick oxide that 
grew in cracks of the barrier film. Surprisingly, the presence of the crack net- 
work has little effect on electrical properties. It is believed that side reactions 
initiate at flaws in the barrier oxide. 

In suitable electrolytes, anodic oxide films can be 
grown on metals  such as a luminum or tan ta lum at 
100% current  efficiency. For  an anodization at con- 
stant current  a film thickness is finally reached, char -  
acteristic of each system, above which  current  is 
consumed in other anodic reactions and the ra te  of 
film growth decreases. Continued passage of current  
may u l t imate ly  result  in sparking (scintillation) over  
the anode surface. 

Some observations on the sparking process have 
been presented recent ly  (1), but it is still not a wel l  
understood phenomenon.  Lit t le  informat ion appears 
to have been published on the processes preceding 
sparking (2). This region is of practical  importance 
to the operation of electrolytic capacitors since the 
onset of side reactions limits the max imum voltage of 
these devices. In this paper  we repor t  our observations 
of the secondary reactions that  occur at an a luminum 
anode in a glycol borate  electrolyte.  The nature  of the 
reactions and their  effect on surface morphology and 
electr ical  characterist ics are  considered. 

This type of e lectrolyte  was chosen for several  rea-  
sons. It is typical  of systems used in electrolytic 
capacitors. Oxide can be formed at 100% current  
efficiency and contains li t t le incorporated mat te r  
f rom the electrolyte  (3). For some electrolyte com- 
positions there  is a wide voltage range in which side 
reactions can be studied prior  to the onset of sparking. 
A disadvantage of using this e lectrolyte  is that  the 
chemical  species in solution are not welI  defined. 
Borates react  wi th  glycol to produce coordination 
compounds, esters, and water  (4). 

Experimental 
Anodizations were  per formed in an electrolyte  of 

17.2 w / o  (weight  per  cent) ammonium pentaborate  
(NH4B5Os.4H20) in e thylene glycol (17% APB-EG)~ 
High-pur i ty  (99.97%) a luminum foil and wire  were  
used as anodes. These were  prepared by chemical  
polishing in a HNOa-HaP04 mixture  (15 ml  of 70% 
HNO3, 85 ml  of 85% H3PO4) for 2 rain at 85~ 
followed by a 10-min etch in 1M NaOH at room tem-  
perature.  Anodizat ion was at room tempera tu re  at 
constant cur ren t  densities in the range 0.1-I.2 m A / c m  ~. 

Series capacitance and RC of anodized foils were  
measured at several  f requencies  using a convent ional  
resistance ratio arm bridge with an a-c signal less than 
100 mV. Measurements  were  against plat inized elec-  
trodes in ei ther  aqueous 0.8M H3BO~ with  sufficient 
NH4OH added to give a resis t ivi ty of about 225 ohm- 
cm, or aqueous ammonium formate  wi th  a resist ivi ty 
of 10 ohm-cm (ca. 2N). 

In some exper iments  gas generated at the anode was 
collected and analyzed in a dual column, p rogrammed 

* Electrochemical  Society Active Member.  
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capacitors. 

t empera ture  gas chromatograph,  using a molecular  
s ieve column. Aluminum in solution was measured  
using a previously established photometr ic  procedure 
(5). 

Results and Discussion 
Description of side reactions.--A typical  vol tage-  

t ime recorder  t race is shown in Fig. 1. The voltage at 
which dV/dt started to decrease was l i t t le affected by 
current  density. For  example,  in one exper iment  it 
was about 247V at 1.0 m A / c m  2 and increased to 260V 
when the current  densi ty was dropped to 0.10 
m A / c m  ~. Weight  measurements  showed that  during 
the initial vol tage rise all the  charge can be accounted 
for by production of an anodic Al_~O3 film. In the re-  
gion of reduced dV/dt  the fol lowing events were  ob- 
served: 

1. Sharp  decreases in vol tage accompanied by 
equal ly  rapid return.  The f requency and intensi ty of 
these excursions increased as the vol tage increased. 

2. Gas bubbles were  evolved at points on the anode 
surface. 

3. Weight  measurements  showed that  anodic oxide 
was produced at less than 100% e~ciency .  

4. The anode surface appeared blemished. At  low 
magnification it was seen that  the oxide had cracked, 
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Fig. 1. Typical voltage-time trace for anodization in 17% APB- 
EG at 1.24 mA/cm 2. 
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and in the cracks had grown a new solid m a n y  times 
thicker than  the barr ier  film. 

5. Analysis of the electrolyte showed the presence 
of dissolved a luminum.  

6. The solution tu rned  yellow and eventual ly  
sparking took place at about 450V. 

These observations will  now be described in  more 
detail. 

Gas evolution.--In a typical experiment,  a cur ren t  
density of 0.33 mA/cm 2 applied overnight  resulted in 
the produCtion of a volume of gas equivalent  to 0.013 
ml/coulomb. Gas collection was halted prior to the 
onset of sparking. Analysis  of the gaseous products 
from two experiments  gave an average composition of 
40% CO, 10% CO2, and 50% H2. The carbon monoxide 
and carbon dioxide must  have been the products of 
glycol oxidation. The hydrogen did not come from 
the cathode compar tment  but  was a t rue  anode 
product. Since it could not be produced electrochemi- 
cally at the anode, the hydrogen most l ikely was the 
result  of some subsequent  chemical reactions at the 
anode. 

Cracks and new oxide growth.--Cracks in the oxide 
started at apparent ly  random points on the surface 
and then spread in  a ne twork  pattern.  In  Fig. 2a and 
2b an early and a later  state of crack development  
are illustrated. Examinat ion  of a number  of specimens 
showed that in  general  crack ini t ia t ion is not as- 
sociated with grain boundaries of the substrate metal  
(6). Even after prolonged anodization the cracks 
never  covered more than  a few per cent of the sur-  
face. 

The cracks were filled with a white  solid m a n y  
times thicker than the surrounding barr ier  oxide film. 
In  the metal  substrate was found a pat tern  of deep 
grooves identical to that  of the cracks, suggesting 
that the new phase extended below, as well  as above, 
the level of the original barr ier  film. The cracks were 
bounded by what  appeared to be small  t ight cylinders 
of curled barr ier  film. The light outl ine of the empty 
cracks in Fig. 2c is believed to be an optical effect of 
this curled film. 

No positive identification of the new solid mater ia l  
could be made. It was white, t ranslucent ,  and gave no 
x - r ay  diffraction pattern. It  was not  soluble in some 
common organic solvents and heat ing for 2 hr at 900~ 
produced no change in appearance. We believe it to be 
an a luminum oxide. Perhaps it is similar to the 
mater ia l  observed on a luminum after prolonged ex-  
posure to this 17% APB-EG electrolyte at high t em-  
perature  (5). 

An impor tant  observation was that  during anodiza- 
t ion gas bubbles  were produced only at the tips of 
cracks. This indicates that the new oxide mater ia l  
was not a good electronic conductor, and that it ma in -  
tained int imate  contact with barr ier  film along the 
length of the cracks. It suggests that the secondary 
reactions took place only at the growing tip of a 
crack, a potential ly complex region in which four 
phases could be in contact, viz., metal,  barr ier  film, 
new oxide, and electrolyte. 

Some of these observations are similar to those 
made by Vermilyea on the field crystal l ization of 
amorphous anodic Ta205 films (7). In  that  case, under  
the influence of a strong electric field, crystal l ine 
Ta205 nucleated at the metal / f i lm interface, broke 
through the barr ier  film, and spread over the surface 
as i r regular  polygons unt i l  the amorphous film was 
completely replaced. 

Dissolved aluminum.--During anodization up to about 
250V no significant amount  of a luminum was detected 
in solution. Coincident with a decreased dV/dt  and 
the onset of gas evolution, the a luminum concentra-  
tion began to increase un i formly  with time. For a 
specimen that  was anodized at 1.24 mA/cm 2, dis- 
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Fig. 2. Micrographs of AI foil anodized in 17% APB-EG at 0.27 
mA/cm u to 320V. (a) Early state of crack development; (b) later 
state; (c) transmitted light through isolated oxide. Dark back- 
ground is harrier film, white network is new oxide. Outlined pat- 
tern on right resulted from loss of new oxide during handling. 

solved a luminum accounted for 10% of the charge 
passed following the onset of secondary reactions. 

Distribution of aluminum oxidation reactions.--The 
amount  of charge consumed in each of the a luminum 
oxidation processes (barr ier  film formation, new 
oxide growth, and metal  dissolution) was estimated 
from measurements  made on specimens anodized at 
1.24 m A / c m  2. A typical vol tage- t ime curve is shown 
in Fig. 1. The charge passed dur ing the ini t ia l  period 
of 100% barr ier  film production and the sample 
weight at the end of this period were measured.  After 
fur ther  anodization the specimens were again weighed 
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and finally the weight  was obtained af ter  s t r ipping 
oxide in H3PO4-CrOa solution. Oxide str ipping was 
done in two stages, an init ial  room tempera tu re  im-  
mersion fol lowed by one at 85~ The new oxide was 
removed much more rapidly  than the barr ie r  film and 
the two mater ia ls  could be easily dist inguished at 
room tempera tu re  dur ing a series of successive 
str ipping measurements .  The remaining barr ie r  film 
was removed  at 85~ The weight  of a luminum con- 
sumed in all oxidation reactions was determined as 
the difference be tween  the specimen weight  af ter  
s tr ipping and the weight  of base meta l  at the onset of 
side reactions. This la t ter  figure was obtained by 
subtract ing from the specimen weight  at that  point 
the calculated weight  of anodic oxide produced at 
100% efficiency. 

The results are listed in Table I. The charge con- 
sumed in a luminum dissolution was taken as the dif-  
ference be tween  that  calculated for meta l  consump-  
tion and that  used in oxide formation. For  the pur-  
pose of calculat ing charge consumption the thick oxide 
was assumed to be A1203. 

It appears that  these measurements  were  made in a 
region where  the barr ier  film cont inued to thicken at 
a steady though reduced rate. This is indicated by the 
constant fract ion of charge used for film formation. 
The weight  of the new oxide was only about 4% of 
the total  bar r ie r  film weight.  The fract ion of the sur-  
face covered by this mater ia l  would  be even smaller.  

Other react ions . - -The details of the glycol oxidation 
reactions resul t ing in CO and CO2 production are not 
known, but the m a x i m u m  charge consumed in these 
reactions was est imated by assuming that  no more 
than three  electrons were  t ransfer red  per  mole of CO 
and five electrons per  mole of CO.~. From the volume 
and composition of gas collected it was calculated 
that  these reactions could account for up to 9% of the 
charge passed in the region of low dV/dt .  Since total  
meta l  oxidat ion accounted for less than 30% of the 
charge, clearly other  anodic reactions took place. 

In a recent  s tudy in our labora tory  (8), Vijh found 
that  in acidic aqueous solution the major  products of 
glycol oxidation at a smooth Pt  electrode were  
glyoxal  and oxalic acid. The gaseous product ac- 
counted for only 1-2% of the total  charge passed and 
was composed of roughly  equal  volumes of CO and H2 
with  a slight amount  of CO.~. The s imilar i ty  in the 
compositions of the gas phases produced at the 
smooth Pt  and the oxidized a luminum electrodes and 
the fact that  in both cases the gaseous products ac- 
counted for only a small part  of the total  charge, 
suggested that  at the a luminum electrode the re-  
mainder  of the charge might  be accounted for by 
production of glyoxal  and oxalic acid. However ,  any 
glyoxal  produced in the  glycol borate  electrolyte  
would be complexed by borate  (9) and hence escape 
detection, and no test for carboxyla tes  was found 
that  was sufficiently sensit ive in this solution. Thus, 
we were  unable  to ver i fy  the reactions that  consumed 
more than half  the charge passed during side reactions. 

Ef]ect of side reactions on electrical propert ies . - -  
It was expected that  the heterogeneous nature  of the 

Table I. Aluminum oxidation reactions during period of 
side reactions 

Weights ,*  /~g/cm ~ 
Pe r  cent  of charge  

To ta l  
Charge,*  B a r r i e r  N e w  A1 con-  B a r r i e r  N e w  A1 
coul /cm~ ox ide  ox ide  s u m e d  ox ide  ox ide  diss.7 To ta l  

1.69 45.7 4.2 37.3 16.3 1.5 7.4 25.2 
2.02 56.1 5.8 51.8 15.7 1.6 10.1 27.4 
2.51 73.2 6.2 69.6 16.6 1.4 11.7 29.7 

* M e a s u r e d  f r o m  onse t  of s ide reac t ions .  
By  dif ference.  

cracked oxide film would have  a significant effect on 
dielectric properties.  Young has suggested that  the 
presence of fissures can be demonst ra ted  by a depen-  
dence of impedance on measur ing electrolyte  resis t iv-  
i ty (10). To invest igate  this, foil specimens were  
anodized in the 17% A P B - E G  electrolyte  at 1.0 
m A / c m  2 to several  voltages up to 400V. At the higher  
voltages cracks had developed to a considerable 
extent.  The series capacitance and resistance were  
measured at several  f requencies  in electrolytes wi th  
resist ivit ies of 230 and 10 ohm-cm.  

The f requency  dependence of reciprocal  capacitance 
and series resistance for a 400V specimen are shown 
in Fig. 3 and 4. The f requency  dependence of 1/C 
was unaffected by electrolyte  resistivity.  Al though a 
higher  resistance was obtained in the low resist ivi ty 
solution at low frequencies,  the increase was small  
and no greater  than was encountered with  normal  
barr ier  films. Thus, at these ambient  conditions there  
appeared to be no significant e lect rolyte  penetra t ion 
through the  cracked areas. 
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Fig. 3. Frequency dependence of series capacitance of 400V films 
formed in two electrolytes and measured in two solutions. Triangles 
= 17% APB-EG anodization; circles = 39% APB-EG anodlzation. 
Open symbols ~ 230 ohm-cm measuring solution; filled symbols 
10 ohm-cm measuring solution. 
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Fig. 4. Frequency dependence of series resistance of 400V films 
formed in two electrolytes and measured in two solutions. Same 
symbols as Fig. 3. 
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The presence of the new thick oxide wi th in  the 
cracks could make  the film behave like a two-phase  
dielectric which might  have different propert ies  than 
a normal  bar r ie r  film. To examine  this, use was made 
of another  glycol borate electrolyte.  A solution of 
39% APB in e thylene glycol wil l  support  anodization 
at 100% current  efficiency up to 450V. Specimens 
were  anodized in this electrolyte  at 1.0 m A / c m  2 to 
400V, forming barr ier  films free of cracks. The f re-  
quency dependence of these samples is also shown 
in Fig. 3 and 4. 

A comparison of the results obtained with  the 
cracked and crack-f ree  oxides shows that  the capaci-  
tance level  of the films is about the same but the 
cracked film exhibits a s l ightly greater  f requency 
dependence of capacitance and a much greater  f re -  
quency dependence of series resistance. At the lowest 
measur ing f requency the resistance of the film formed 
in 17% solution was more than twice that  of the film 
formed in 39% electrolyte.  

The effect of the crack ne twork  on leakage current  
was examined by comparing results  obtained wi th  
films formed in the two electrolytes. Foils were  
anodized to 400V at 0.28 m A / c m  2 in both of the A P B -  
EG electrolytes. The samples anodized in the 17% 
solution have  wel l -deve loped  cracks whereas  those 
processed in the 39% solution were  free of cracks. 
Leakage currents were  measured in the 39% electro-  
lyte  at several  voltages up to 350V. At all voltages, 
the leakage current  decreased slightly wi th  t ime for 
both sets of samples, and the current  was somewhat  
lower  for the cracked oxide. For  example,  af ter  3 hr  
at 350V the leakage current  was 1.8 ~A/cm 2 for the 
uniform film and 0.7 ~A/cm 2 for the cracked oxide. 

F rom the a-c and d-c propert ies  it can be inferred 
that  the oxide in the cracks is in sufficiently int imate  
contact with the barr ier  film to prevent  electrolyte  
paths through the film. Also, the new oxide is an in- 
ferior  dielectric, though a re la t ive ly  good insulator. 

Some details of anodization with side react ions. -  
An impor tant  observation was that  when foils wi th  
uniform, thick (e.g., 400V) films formed in the 39% 
A P B - E G  electrolyte  were  anodically polarized in the 
17% solution, side reactions took place at voltages as 
low as 250V. Af ter  such t rea tment  the appearance of 
thick films was the same as that  of films grown in the 
17% electrolyte  (compare Fig. 5 wi th  Fig. 2). Thus, 
side reactions in a par t icular  e lectrolyte  started at a 
voltage that  was independent  of film thickness. This 
is not an unusual  observation,  since many  workers  in 
this field have observed that  anodization electrolytes 

appear  to have  a l imit ing voltage, as measured by 
leakage current ,  gassing, etc., that  is not ve ry  de-  
pendent  on barr ie r  oxide thickness. 

The ra te  of the side reactions seemed to depend on 
film thickness and cur ren t  densi ty  of formation. Foils 
were  anodized in the 39% A P B - E G  electrolyte  to three 
film thicknesses at each of three  current  densities. 
Reciprocal  capacitance was the  measure  of film th ick-  
ness. These specimens then were  polarized anodically 
in the 17% electrolyte  for 3 min at 350V. This was 
sufficient for new oxide growth  to start  at a number  
of points on the surface. The density of growth spots 
seen at 150X was taken as a measure  of the extent  of 
side reactions. The results are listed in Table II. 
Samples wi th  the  smallest  ini t ial  film thickness had 
the greatest  spot density. Moreover,  the current  
density of film format ion affected the extent  of side 
reactions, wi th  films formed at the lowest  current  
density exhibi t ing the smallest  amount  of growth of 
new oxide. It should be noted that  the initial films 
were  all  formed at 100% cur ren t  efficiency, and bridge 
measurements  showed no differences in dielectr ic  
propert ies among these samples other  than  those ex-  
pected on the basis of film thickness. 

The  films formed in 39% A P B - E G  could be uni-  
formly thinned in H3PO4-CrO3 str ipping solution at 
85~ as de termined  f rom the correlat ion be tween  
capacitance increase and weight  loss. The films on 
some 400V specimens were  th inned to approximate  
the thickness (weight  basis) of 350 and 300V films. 
When these were  immersed  in 17% A P B - E G  elec-  
t ro ly te  for 3 min at 350V the spot densi ty  was an 
order  of magni tude  grea ter  than  for comparable  un-  
th inned samples. The results  are shown in Table III. 
It appears that  chemical  th inning  exposed many  
points for subsequent  side reactions. 

Behavior of cracked oxides.--Some exper iments  were  
done using foil that  was first anodized to produce a 
uniform film and then  the  oxide was cracked by 
bending the specimen. On re-anodiz ing such samples, 
th ree  observations were  made. First, any thick oxide 
growth was seen only wi th in  these cracks or in cracks 
that  had obviously init iated at these induced cracks. 
Second, when re-anodizat ion was done at constant  
current,  thick oxide was observed only when  the 
current  density was re la t ive ly  high. At low cur ren t  
densities the cracks appeared to be healed wi th  
normal  barr ier  film, al though voltage fluctuations ac- 
companying this process indicated the  possibil i ty of 
other  side reactions. For  example,  a 200V cracked 
film re-anodized to 200V in 17% A P B - E G  had thick 
oxide growth in the cracks when  the C.D. was 280 
~A/cm 2 (based on total area) but exhibi ted no signs 
of the  new oxide when  the  C.D. was 28 ~A/cm 2. This 
example  also i l lustrates the third impor tant  observa-  
tion. There was evidence of side reactions on these 
flexed specimens at voltages much lower  than 
encountered during normal  anodizations. In the above 
case, vol tage fluctuations were  observed at 75V when  

Fig. 5. Micrographs of AI foil anodized to 400V at 0.27 mA/cm 2 
in 39% APG-EG and then held at 0.27 mA/cm 2 in 17% APB-EG 
for 140 mln. Final voltage was about 300V. 

Table II. Growth spot density as related to anodization current 
density and film thickness 

T h i c k n e s s  
C u r r e n t  dens i ty ,  

u A / c m  ~ Volts  /~Fd -x S p o t s / c m  ~ 

2.8 400 3.769 35 
2.8 350 3.296 91 (1000)* 
2,3 300 2.793 245 (5000)* 

28 420 3.790 45 
28 365 3.269 261 
28 310 2.785 332 

230 440 3.669 96 
280 385 3.300 327 
280 325 2.838 833 

* Thinned in HaPO4-CrO3 so lu t ion .  
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the C.D. was 280 ~A/cm'-' and at 120V when the C.D. 
was 28 ~A/cm 2. 

From these observations we infer that  the growth 
of the thick oxide occurs preferent ia l ly  in cracks and 
is promoted by high current  density. Fur thermore ,  
under  normal  anodizing conditions cracks must  not 
develop unt i l  high voltages are reached, for example, 
250V in 17% APB-EG and 450V in 39% APB-EG. 1 

Conclusions 
It is l ikely that  the sites for the ini t ia t ion of side 

reactions are flaws in  the barr ier  oxide film similar  
to those found in anodic Ta205 films (11). Al though 
direct evidence for this is lacking, it does seem signifi- 
cant that slight chemical th inn ing  of the oxide re-  
sulted in an order of magni tude  increase in sub-  
sequent growth centers (Table II) .  This corresponds 
to Vermilyea 's  observat ion that flaws in  Ta205 films 
were preferent ia l  sites for chemical dissolution (11). 

It would be expected that  reactions at a cracked 
flaw would be like those a t  a crack produced by flex- 
ing in that  the resul t ing high local current  density 
would result  in production of thick oxide rather  than 
barr ier  film. This more voluminous oxide would cause 
a strain in the sur rounding  barr ier  film sufficient to 
crack the film and side reactions would then occur in 
this region. The cycle would continue unt i l  the crack 
reached a point  where the growth of new oxide 
sealed off the tip of the crack before the strain in the 
sur rounding  barr ie r  film produced fur ther  extension. 
It is believed that  the immediate  cause of the forma-  
tion of thick oxide rather  than  bar r ie r  film is the oc- 
currence of the glycol oxidation reaction. This paral lel  
reaction might  change the local electrolyte composi- 
t ion so that  normal  barr ier  film could not be produced. 

The high degree of reproducibi l i ty  of the voltage at 
which side reactions start  is apparent ly  a characteris-  
tic of the ini t ia l  film fracture process. From the ex- 
periments  with flexed specimens it is evident  that  
side reactions can occur over a wide range of lower 
voltages if cracks are present. It is surpris ing that  the 
critical voltage for side reactions was independent  of 
average film thickness in these experiments.  It is re -  
ported that flaw thickness increases less rapidly with 
formation voltage than  does the average thickness 
(11). Perhaps some flaws reach a l imit ing thickness 
which is main ta ined  as the formation voltage in-  
creases. 

1 F u r t h e r  s u p p o r t  fo r  t h i s  c a m e  f r o m  an  a n o d i z a t i o n  in  t h e  39% 
so lu t i on  w h i c h  w a s  f o l l o w e d  w i t h  an  osc i l l o scope  se t  a t  a s w e e p  
r a t e  of  50 /~see/cm a n d  a s e n s i t i v i t y  of 20  V / c m .  No  d i s c o n t i n u i t i e s  
in  t h e  v o l t a g e  t r a c e  w e r e  o b s e r v e d  u p  to  350V,  a t  w h i c h  p o i n t  t h e  
a n o d i z a t i o n  w a s  s t opped .  

Reactions at flaws may play a role in all  a l uminum 
anodizations when the eventual  decrease in current  
efficiency occurs. Other features of the present  case, 
such as the development  of a crack network,  are 
probably specific to the par t icular  system. For ex- 
ample, one can picture a side reaction in which no 
product is formed that affects the composition of the 
growing oxide. In that  case bar r ie r  film formation and 
side reaction would proceed in paral lel  at the cracked 
flaw unt i l  film growth stifled the side reaction. The 
net effect would be growth of bar r ie r  oxide at reduced 
current  efficiency. 

Apparen t ly  the presence of the thick oxide ne twork  
might not be objectionable in  an electrolytic capacitor 
since it only affects the series resistance. It is the 
growth process which is undesirable  in a device 
since it would give rise to high leakage currents  and 
inabi l i ty  to support a steady voltage. Moreover, the gas 
generated at both anode and cathode dur ing  side reac- 
tions would contr ibute  to other  failure modes (12). 
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ABSTRACT 

The influence of several mater ia l  and processing parameters  on the di- 
electric strength of thermal ly  grown SiO,, films on silicon has been assessed. 
This was accomplished by statistically analyzing the breakdown character-  
istics of a large number  of MOS capacitor structures, which had been fabri-  
cated in various ways. Although the results of this invest igat ion are only 
qualitative,  they clearly demonstrate  that the effective breakdown strength of 
these films is strongly dependent  on: SiO2 purity,  s t ructural  perfection and 
thickness; the presence of a passivating phosphosilicate glass layer; the pres- 
ence and reactivi ty of the metal  electrode; and, the durat ion of the post- 
metal l izat ion heat t reatment .  The morphology of certain micron-size defects 
which develop in the MOS structure dur ing anneal ing is described in  some de- 
tail, since these faults are apparent ly  responsible for oxide shorting in some 
instances. 

Since the oxide layer under  the gate electrode in 
MOSFET's is subjected to very large electric fields 
(up to 2 MV-cm-1) ,  its dielectric s trength has an 
important  bearing on the rel iabi l i ty  of these devices. 
Although interest  in electrical b reakdown phenomena  
in such films has increased in recent  years, along with 
the rapid development  of MOSFET technology, the 
effect of various process and mater ia l  variables on 
the effective dielectric s t rength of thermal ly  grown 
SiO~ films has not yet been well  characterized. This ~-s 
due to the extreme sensit ivi ty of this proper ty  to 
changes in oxide composition and structure, which are, 
in turn,  quite dependent  on device fabricat ion pro-  
cedures. An addit ional uncer ta in ty  is introduced by 
the dependence of the breakdown characteristics on 
the part icular  testing technique employed. 

The dielectric s t rength of thermal ly  grown SiO2 has 
been reported by Deal (1) to increase with the 
density of the insulat ing film, going from 4.8 to 5.5 
MV-cm -1 as the density was raised from 2.04 to 2.22 
g-cm -3. Breakdown strength values of 4 to 6 
MV-cm -1 for 2000A thick SiO2 films on silicon were 
found by Ainger (2), who also observed that  lower 
values were encountered on oxide films grown on 
more heavily doped, p - type  silicon. A more thorough 
invest igat ion of breakdown phenomena in A1-SiO2-Si 
structures has been made by Kle in  (3,4), who found 
that a succession of breakdown events could be 
ini t iated at low fields ( <  2 MV-cm -1) when the ap- 
plied voltage was slowly increased. These events 
produced visible spark discharges which created in-  
dividual  macroscopic holes in the capacitor, due to 
localized evaporat ion of oxide and metal. Such events 
were labeled "single-hole" or "self-healing" because 
the test capacitor was still operational after they oc- 
curred. When the applied field reached the 5 to 9 
MV-cm -1 range, the dielectric fai lure was accom- 
panied by arcing or by propagation of single-hole 
events to adjacent sites. This resulted in pe rmanen t  
destruction of the capacitor. Consequently,  Klein 's  
data indicate that  the effective breakdown s t rength of 
SiO2 films does not  have a well-defined value bu t  in -  
creases as the weak spots in  the oxide are e l iminated 
by cont inued testing, un t i l  the ul t imate  value ( in the 
range, 5 to 10 MV-cm -1) is reached. It should be 
noted that  this range of u l t imate  s t rength values is 
appreciably higher than  those observed in earlier 
studies where unspecified measurement  and test ing 
techniques were employed (1, 2). 

K e y  w o r d s :  d i e l e c t r i c s ,  d i e l e c t r i c  s t r e n g t h ,  ICIOSFET d e v i c e s ,  
m o r p h o l o g y  o f  SiO2, 

In  a different approach, Fritzsche (5) examined the 
statistical dis t r ibut ion of breakdown s t rength values of 
a large n u m b e r  of A1-SiO,~-Si capacitors. Here, t h e  
breakdown field was taken as the value at which the 
first b reakdown event  occurred in a capacitor, self- 
heal ing or otherwise. His results are typica l ly  shown 
in Fig. 1, where the fraction (~N/N)  of capacitors 
tested, which break down in a small  in terva l  of field, 
is shown as a function of the corresponding field. 
Maxima were observed which consistently fell into 
three ranges: 0-0.6, 1-3, and 7-9 MV-cm -1. According 
to Fritzsche: the peak labeled "primary" represents 
the intr insic (or electronic) breakdown strength of 
the oxide; the "secondary" one is a t t r ibutable  to the 
presence of small, randomly  distributed, crystallized 
regions (s t ructura l ly  similar to quartz, too minute  to 
be detected by convent ional  techniques but  large 
enough to cause breakdown by serving as flaws in the 
otherwise amorphous dielectric);  and the "tert iary" 
to the effect of gross s t ructural  defects such as pin-  
holes. Note that  the p r imary  s t rength corresponds to 
the ul t imate  dielectric s t rength values reported by 
Klein  and his co-workers (3, 4). Fritzsche's in-  
terpretat ion was supported by the following observa- 
tions: (i) the tempera ture  dependences of the pr imary  
and secondary peak positions are similar  to those of 
amorphous silica and crystal l ine quartz, respectively; 
(ii) as-grown anodic SiO2 is amorphous and fails to 
exhibit  a secondary- type p e a k  unt i l  it has been sub-  
jected to heat t rea tment  probably  capable of inducing 
recrystal l ization;  (iii) the ter t iary  fai lure mode is 
promoted by mechanical ly  damaging the oxide; and 
(iv) the  expected random na ture  of oxide defects can 
be inferred by the increase in secondary and ter t iary  
breakdown with the electrode area (5). 

50  / I I I I 

( 
~ 20 ~- SECONDARY 

q 
o l l F '  " I 1 / 

0 2 4 6 8 I0 
BREAKDOWN FIELD, MVOLTS-cm - I~  

Fig. 1. Typical breakdown strength distribution curve for AI-Si02- 
Si (after Fritzsche). 
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Fritzsche found that  the p r imary  mode of break-  
down in SiO2 was electronic in  nature,  thus exhibi t ing 
no dependence on the dura t ion  of the applied field. In  
contrast, Worthing (6) found that  when a constant, 
positive voltage was applied to the metal  for the t ime 
required to cause breakdown,  the breakdown field of 
SiO2 films on n-type,  degenerate Si was proport ional  
to (time) -I/4. This part icular  t ime dependence has 
been f requent ly  observed for bulk insulators where it 
is known as Peek's law (7). This has the effect of 
lowering the dielectric s t rength of the 8iO2 film from 
6.7 MV-cm-1 for fast stressing rates to approximately 
3 MV-cm-1  for a testing voltage applied at an in-  
finitely slow rate. However, no time dependence was 
observed by Worthing when the metal  was negat ively  
biased. 

The present investigation was undertaken to as- 
certain the influences of various processing and ma- 
terial parameters on the dielectric strength of oxide 
films and to resolve the apparent differences in the 
findings of some of the above investigations. An 
attempt was made to separate the effects of these 
variables, in view of the fact that they were found to 
interact frequently to alter the breakdown character- 
istics. Since the breakdown behavior is also affected 
by measurement technique, this separation was 
facilitated by employing a standardized testing 
procedure. The statistical approach (5) was then 
utilized to evaluate the dependence of the dielectric 
strength of the thermally grown oxide on SiO2 purity 
and thickness, phosphosilicate glassing, electrode 
metal reactivity, and post-metallization heat treat- 
ment. Although most of the results of this investiga- 
tion are of a semiquantitative nature, many of these 
will be seen to be quite relevant both to the develop- 
ment of MOSFET technology and to the understand- 
ing of the mechanism of oxide breakdown. 

Experimental Procedure and Results 
Specimen preparat~on.--Various types of oxide films 

were prepared in the following ways on Mon- 
santo chemical ly-mechanical ly  polished, < 1 0 0 > -  and 
< l l l > - o r i e n t e d  silicon substrates of 2 to 10 ohm-cm 
resistivity. 

"Regular" SiO2 preparation.--The as-received sub-  
strates were cleaned in transistor  grade reagents ac- 
cording to the following sequence: boiling tr ichloro- 
ethylene, boiling isopropyl alcohol, de-ionized (DI) 
water, boil ing nitr ic acid, DI water, dilute hydro-  
fluoric acid, DI water, and blown dry in N2. Therm-  
ally grown SiO2 films of so-called "regular" qual i ty 
were formed with the desired thicknesses (in the 
200-2000A range) at l l00~ in a single-walled,  high-  
pur i ty  silica tube in a resis tance-heated furnace. As 
will be seen later, SiO2 films prepared in this m a n n e r  
under  normal ly  clean laboratory conditions have quite 
reproducible dielectric breakdown characteristics and, 
as such, provided a convenient  reference mater ia l  for 
this investigation;  hence, they have been designated 
to be of "regular" quality.  The mobile cation (presum- 
ably Na + ions) concentrat ion of such films, as estab- 
lished by measur ing the f lat-band voltage shift upon 
b ias - tempera ture  stressing (8), was typical ly ~ 2 • 
101~ Na + ions-cm-2.  It should be emphasized that  this 
concentrat ion (assuming the mobile species is Na + 
ions) represents only a fraction of the total sodium 
content  of the oxide (9). 

"Ultraclean'" SiO2 preparation.--Ultra-pure SiO2 films 
were prepared also by using extremely clean condi-  
tions. The silicon substrates were vapor-etched first 
in a very pure and dry HC1-H2 ambient,  followed by 
an in situ oxidation at l l00~ in dry O2. Heating was 
accomplished using a silicon carbide-coated graphite 
susceptor placed inside a water-cooled, fused silica 
jacket. The mobile cation concentrat ions of these films 

was established to be ~ 2 x 101~ cm-2;  i.e., about an 
order of magni tude  less than  that  of "regular" SIO2. 

Phosphosilicate grass preparation.--Other specimens 
were prepared by alloying the surface of "regular" 
SiO2 with P205 to form phosphosilicate glass ( P S G ) -  
SiO2 layered structures.  These glass films were 
typically thin and rela t ively low in phosphorus con- 
tent  [e.g., 125A thick with 4 m/o  (mole per cent) 
P~O5](10). Since these th in  PSG-SiOz composite 
layers are par t icular ly  effective for prevent ing  thres-  
hold drifts in MOSFET devices (11-13), such struc- 
tures are termed "stabilized" in this paper. 

Metallization and ,annealing.--Sixty-four metal  elec- 
trodes of a given area (in the range 0.05-1.3 mm 2) 
were deposited through metal  masks onto each wafer. 
The high pur i ty  metals (99.999-}-% aluminum,  for 
example) were evaporated, using an electron gun heat 
source. Finally,  the completed structures were heated 
for 5 min  at 500~ in a ni t rogen ambient  in order to 
anneal  out the E-gun  induced radiat ion damage at the 
oxide-semiconductor interface. Any departures  from 
the above preparat ion procedures will  be detailed 
when  necessary. 

General testing procedure.--In order to select ap- 
propriate breakdown testing conditions, the following 
series of measurements  were carried out on A1-S~O2 
(1000A, regu la r ) -S i  structures. Large numbers  of 
capacitors ( typically 100 to 200 samples) were tested 
by applying a voltage, which was made to increase 
l inear ly  with time, to each electrode unt i l  breakdown 
(self-healing or otherwise) occurred. In this tech- 
nique, the development  of breakdown causes the ap- 
pearance of an abrupt  departure from l inear i ty  in an 
otherwise smooth voltage vs. t ime trace. The break-  
down field is evaluated at this point which corre- 
sponds to a current  density on the order of approxi-  
mately 10 -6 A-cm -2. The resul tant  breakdown dis- 
t r ibut ions were then displayed as bar  graphs, wherein  
those fractions (hN/N) of capacitors fail ing in a 
small  in terval  (0.5 MV-cm -1) of field are plotted 
against the corresponding breakdown fields. 

Electrode area.--Typical breakdown distr ibutions for 
regular  SiO2 films are shown in Fig. 2, where  it may 
be seen that the secondary fai lure mode increases with 
electrode area (F).  As shown in the Appendix, the 
oxide defect concentrat ion can be estimated from this 
areal dependence. When this is done, a value of ,~10 
defects-cm-2 is obtained, which is significantly lower 
than the estimated value (~-80 cm -2) (5) for the 
SiO2 film shown in Fig. 1. In  view of their  bet ter  per-  
fection, it is not surprising that  the films in Fig. 2 do 
not show a ter t iary  peak. In  general, the 0.5 mm 2 
electrode seems to provide a useful  reference distri-  
but ion for fur ther  work because the secondary failure 
mode is significant with this area although most of 
the breakdown is still intrinsic. 

Field application rate.--Both the intrinsic s trength 
and the mode of breakdown of 1000A, regular  SiO2 
films are unaffected by decreasing the rate of field 
application over the range from 1 to 0.01 MV-cm -1-  
sec -I .  Only for films with much higher defect con- ,oof ,, 
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Fig. 2. Area dependence of the breakdown strength distribution 
for regular oxide in AI-1000~ SiO2-Si structures. 
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centrat ions (>90 defects-cm 2) was a significant shift 
of the p r imary  peak toward lower field values ob- 
served to occur wi th  decreasing ramp speed. We 
believe that this effect of defect concentrat ion on the 
rate dependence of breakdown strength may account 
for the discrepancy between the findings of Fritzsche 
(5) and Worthing (6). However, the relat ionship be- 
tween the extent  of this shift and the ramp speed (or 
biasing time) was not established in the present in-  
vestigation because this would have required the 
preparat ion of oxide films wi th  reproducibly high 
defect densities. Since the specimens to be tested were 
of a lower defect density, it was feasible to use the 
highest ramp speed tested (i.e., 1 M V - c m - L s e c - D  
in order to minimize the measur ing time. 

Temperature.--A l imited amount  of test ing indicated 
that  the statistical distr ibutions of breakdown 
strengths were re la t ively insensit ive to changes in 
the testing temperature,  in the 25~176 range, for 
regular  oxide and for phosphosilicate glass-SiO2 
composite layers. Hence, all subsequent  measurements  
were done at room temperature.  

Polarity.--In order to avoid loss of field across a 
depletion region in  the semiconductor, b reakdown 
measurements  in this investigation were carried out 
with a field polar i ty  such that an accumulated silicon 
surface was always maintained.1 This was accom- 
plished by biasing the metal  positively for n - type  and 
negat ively for p- type substrates. When breakdown 
data were taken  under  this polari ty restriction, the 
distr ibution curves for the A1-SiO2 (1000A, regu la r ) -  
Si s tructures showed no significant dependence on 
the dura t ion of the applied field. 

Effects oi material and processing parameters on 
oxide breakdown.--Type of oxide film.--In contrast 
with that  observed for regular  oxide films, the break-  
down dis tr ibut ion curves for u l t raclean SiO2 exhibited 
no measurable  areal dependence (cf. Fig. 2 and 3a). 
Although the intr insic strengths of both grades of 
SiO~ are the same (i.e., 6 to 9 M V - c m - D ,  the higher 
puri ty  films exhibited no noticeable defect-related 
breakdowns. It is important  to note that  when HC1 
vapor-etched Si substrates are thermal ly  oxidized in 
a resistance-heated,  fused silica tube, the resul tant  
breakdown properties are general ly  quite similar  to 
those of regular  oxide. These results suggest that the 
lower impur i ty  (most l ikely sodium) concentrat ions 
that are typically at tained in the oxidation step of the 
ul traclean processing procedure lead to superior SiO2 
breakdown characteristics. To unders tand  this im-  
pur i ty  effect, it may be instruct ive to note that the 
s tructure of thermal ly  grown SiO2 is apparent ly  quite 
similar to that  of fused silica. That is, it is comprised 
of SiO4 te t rahedra (with Si +4 ions in their centers) 

1 N u m e r o u s  c o m p a r a t i v e  tes t s  h a v e  s h o w n  t h a t  in f la ted  v a l u e s  of  
d i e l ec t r i c  s t r e n g t h  are o b t a i n e d  w h e n  S i  su r f aces  are d e p l e t e d  d u r -  
i n g  b r e a k d o w n  m e a s u r e m e n t  s ince p a r t  of  t he  p o t e n t i a l  d rop  occurs  
in  the  s emiconduc to r .  

IOO i i i i i i i i 
F=13mm 2 F=I.3 mrn 2 

d 
o ~ 5 0  

I I p s IF " j --  
5 I0 0 5 I0 

(a) "ULTRACLEAN" SiO 2 (b) PHOSPHOSILICATE GLASS ON SiO 2 

BREAKDOWN FIELD, MVOLTS-cm -I 

Fig. 3. Dielectric strength distributions for: (a) AI-SiO2 (1000.&, 
ultra-clean)-Si; and (b) AI-PSG (125/~,, 4% P20.5)-SIO~ (900,&, 
regular)-Si structures. Note absence of defect-related breakdown 
in both oxides. 
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which are l inked together ,at the corners or oxygen 
sites to form a three-d imensional  network essentially 
devoid of long-range order. Although phase t rans-  
formations are very sluggish in this oxide, they are 
greatly accelerated by the addit ion of small  quanti t ies  
of network modifiers, such as sodium (14). For ex- 
ample, sodium contaminat ion has been reported (15) 
to result  in the formation of locally crystallized re-  
gions in thermal ly  grown SiO2 films, thereby causing 
defect-related breakdown. Depending on the magni-  
tude of this phase t ransformation,  it should first ap- 
pear as an increase in secondary breakdown [in 
accord with Fritzsche's model (5)] and eventual ly  as 
a rise in the incidence of ter t iary  oxide failures. It 
will  also be seen that  shorting can develop as a re-  
sult of a solid state reaction between the metal  elec- 
trode and the oxide dur ing  post-metal l izat ion an-  
nealing. 

In  the case of PSG-stabi l ized specimens, the glass 
addit ion was found to v i r tua l ly  el iminate  defect-type 
breakdown in regular  SiO2, and to raise its p r imary  
strength to 9-12 MV-cm -~ (cf. Fig. 2 and 3b). The 
first improvement  may be accounted for by  the fact 
that the phosphosilicate layer is l iquid at its tempera-  
ture of formation (10, 16), and therefore would form 
a continuous film over the under ly ing  SiO2. The sec- 
ond beneficial effect can be largely a t t r ibuted to the 
higher dielectric s trength of the PSG itself (17). 

Oxide thickness.--For regular  and stabilized films 
prepared with various total  oxide thicknesses (in the 
200-880A range),  the likelihood of defect-related 
breakdown was found to increase appreciably wi th  
decreasing insulator  thickness (see Fig. 4). The addi- 
t ion of a PSG layer  is again seen to substant ia l ly  re-  
duce the frequency of defect-related breakdowns. 

A quant i ta t ive  de terminat ion  of the oxide defect 
density (p, cm -2) was carried out for the data in Fig. 
4. The predicted proport ional i ty between In P (P 
being the fraction of p r imary  breakdowns) and F was 
obtained for several thicknesses (Fig. 5). The ap- 
parent  depar ture  from l inear i ty  for the 200A, regular  
SiO2 at the largest electrode area may be due to the 
use of too small  a sampling. Defect densities of the 
films were estimated from the slopes and are listed in 
Table I. It may  be seen that  the density of defects of 
regular  SiO~ increases by a factor of approximately 
sixty as the thickness is reduced from 630 to 200A. 

The enhancement  of the intr insic s trength by PSG 
is again evident  in Fig. 6. The rise in dielectric 
strength, on going from 880 to 410A, can be at t r ibuted 
to the relat ive increase in the PSG-to-SiO2 thickness 
ratio. However, the p r imary  breakdown strength for 
both oxides decreases significantly for th inne r  
( <  400A) films and shows a marked dependence on 
area, in contrast  to the thicker oxides. Thus, the 
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Fig. 4. Dependence of breakdown mode for regular and phos- 
phosilicate glassed oxides on thickness. Note that the PSG addi- 
tion is relatively most beneficial for the thinnest films. 
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mechanism responsible for p r imary- type  breakdown 
is apparent ly  no longer electronic in  na ture  for these 
highly defected, very th in  films. This change is con- 
sistent with the development  of field-induced thermal  
instabili t ies at weak spots (3,4) and may  well  give 
rise to a t ime-dependence  of the s t rength (6). 

Impurities introduced after formation of SiO2.~Pro-  
tracted, post-metal l izat ion anneal ing t reatments  (viz., 
on the order of 30 min  at 500~ can promote ex- 
tensive, te r t iary- type  breakdown (18) (see Fig. 7). 
The catalytic effect of certain cationic impuri t ies  in 
accelerating the devitrification of SiO2 (14, 15), prob-  

Table I. Dependence of defect density on oxide thickness 
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Fig. 7. Combined effects of electrode metal reactivity and post- 
metollization annealing on the development of electrode shorts in 
metal-1000~ Si02-Si structures, where the purity of the oxide is 
varied. 

ably accounts for most of this behavior since it is most 
severe for films grown with a high sodium content  
and when highly reactive metal  electrodes are used. 
In  fact, electrical shorts (i.e., ter t iary  breakdown)  
were rarely observed in oxide areas that  were not 
covered by metals, or when  noble metal  electrodes 
such as gold were used, even after m a n y  hours of 
heat ing at 500~ Mechanical stresses, arising from 
steps in  the oxide thickness or from differences in  the 
thermal  expansion coefficients of the components on 
the MOS structure,  may  also contr ibute  to oxide 
deterioration. Protracted anneal ing  at 500~ also re-  
sults in  the growth of gross s t ructural  defects, under  
the edge of the metal  electrode (18), which are prob-  
ably responsible for the shorting. This par t icular  type 
of ter t iary  failure mode wil l  be described later.  

The role of the metal  electrode on the development 
of ter t iary  breakdown in stabilized film was evaluated 
by depositing 0.5 mm 2 dots of several metals on PSG 
(125A, 4 m/o  P2Os)-SiO2(900A, r egu la r ) -S i  sub-  
strates, followed by determinat ions  of the statistical 
breakdown distr ibutions in both the unannea led  and 
annealed (100 min  at 500~ in N~) conditions. From 
the results in Fig. 8, it is apparent  that Mg, Ti, and Ni 
markedly  promote oxide failure,  while A1 and  Au 
have essential ly no effect for PSG-stabi l ized struc-  
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Fig. 8. Combined effects of electrode metal reactivity and post- 
metallization annealing on the breakdown strength distributions in 
PSG-stabilized, 1000~ oxide films. 
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tures. A comparison of the results for a l u m i n u m  
electrodes on regular  and PSG-stabi l ized SiO2 in-  
dicates that the PSG layer has the effect of re tarding 
the development of electrical shorts due to extended 
anneal ing treatments .  This re tardat ion effect of the 
glass is more pronounced for structures with mag-  
nesium electrodes (cf. Fig. 7 and 8). 

It is we l l -known that  impur i ty  ions can be in t ro-  
duced into the oxide in ways other than  by electrode- 
oxide interactions. Thus, it is impor tant  to evaluate 
the possible effects of this type of contaminat ion on 
breakdown. It was found in this investigation, for 
example, that when sodium (in concentrat ions of 
approximately  5 x 10 TM cm -2) was added after oxide 
formation (by boil ing the oxidized wafers in 
NaC1-H20 solutions prior to a luminizat ion) ,  relat ively 
little addit ional deterioration was observed relat ive 
to the untreated,  regular  SiO2 control  material ,  for 
heating times up to approximately 50 min  at 500~ 
Therefore, it would appear that Na + ions which are 
introduced after SiO2 formation, do not have much of 
an effect on crystall izing the oxide dur ing subsequent  
post-metal l izat ion anneal ing at the~e temperatures.  

In order to investigate the effect of localized damage 
in the insulator  and at the insulator-semiconductor  
interface on ter t iary breakdown, ul t raclean SiO2 films 
were irradiated with various O + dosages (using a 
constant  beam energy of 75 keV). After  deposition of 
0.5 mm 2 A1 dots, the capacitors were annealed for 
various times at 300~ in iN'2 and tested in the usual  
way. Although the unannea led  specimens exhibited 
the usual  pr imary  s trength and essentially no indica- 
t ion of oxide deterioration, extensive shorting ap- 
peared after a very modest anneal  of 20 rain at t em-  
peratures as low as 300~ (see Fig. 9). Oxide fai lure 
was markedly  increased by a small rise in the O + 
dosage and by a reduction in the oxide thickness. As 
in the earlier cases, oxide deterioration is in t imate ly  
related to the presence and react ivi ty of the metal  
electrode. That is, electrical shorts were not observed 
in areas not  covered by metal  dur ing heat ing [as 
subsequent ly  established by using a removable  
mercury  probe (19)] or when deposited gold elec- 
trodes are used. The network damage, due to im- 
plantation,  apparent ly  accelerates the metal-oxide 
reaction, thereby promoting shorting (18). 

Glassing ~of Na +-contaminated SiO2.--Since sodium 
can be introduced inadver ten t ly  into SiO2 dur ing 
MOSFET processing before the PSG protective layer  
is added, it is very impor tant  to know what  such con- 
taminat ion  can do to the dielectric s trength of the 
resul t ing layered oxide. This is of part icular  concern 
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because the glassing is carried out at temperatures,  
(800~176 where the promotion of crystal l izat ion 
by sodium is at a ma x i mum (14). Therefore, the 
breakdown distr ibutions were determined for oxide 
films prepared by: (i) growing 1000A SiO2 films of 
regular  quality, (ii) immers ing these oxidized sub-  
strates for 15 min  in boiling NaC1-H20 solutions to 
incorporate Na + ions in the oxide (8), (iii) diffusing 
P20~ into the outer SiO2 surfaces (at 800~176 to 
form phosphosilicate films, (iv) depositing 0.5 m m  2 
a luminum dots, (v) anneal ing  at 500~ (N2) for 
various times, and (vi) breakdown testing. The severe 
deteriorat ion of oxide qual i ty  due to Na + contamina-  
t ion is quite apparent  in the results shown in  Fig. 10. 
Exper iments  on regular  SiOe films, subjected to the 
sa l t -water  and subsequent  h igh- tempera ture  t reat -  
ment  (30 rain at 1000~ in 02) before aluminization, 
indicated that  this oxide exhibited much more 
deteriorat ion than the glassed ones. It ma y  be con- 
cluded that even the addit ion of a PSG layer cannot  
prevent  the formation of oxide faults at high tem-  
peratures when appreciable sodium concentrat ions 
are present  in the SiO2. 

Morphology of annealing-induced defects.--The gross 
s t ructural  features of large defects, produced by ex- 
tended anneal ing of A1-SiO2-Si structures (see sec- 
tion on Impuri t ies  introduced after formation of SiO2), 
are described below. It may be seen that these defects 
are quite massive, relative to the thickness of the 
insulat ing film. As such, they are probably main ly  
responsible for most of the ter t iary  breakdowns,  even 
for the case where the capacitors have been subjected 
to a normal  post-metal l izat ion heat t rea tment  (e.g., 
5 min  at 500~ 

Metallographic examinat ion of shorted capacitors 
reveals the presence of well-defined, oriented defects 
on the periphery of the a luminum.  Although part ial ly 
covered by metal, their  shapes are clearly rec tangular  
and t r iangular  for < 1 0 0 > -  and < l l l > - o r i e n t e d  
silicon, respectively, while their  sides coincide with 
the (110) family  of directions in  the substrate. 
Evidently,  the heating required to produce such 
defects decreases with a lowering of oxide perfection. 
Thus, they are readi ly visible at 500X magnification 
after an hour of anneal ing 1000A, regular  SiO2 
capacitors at 500~ and ion- implanted  oxide at 300~ 
While becoming larger and more numerous  with an-  
neal ing time, they only develop under  or in close 
proximity  to reactive metal  electrodes. The defects do 
not appear in regions away from the a luminum,  for 
example, or in gold-deposited capacitors. 

Convent ional  collodion replicas were made of the 
oxide surface for examinat ion by electron microscopy, 
after removing the a luminum in a dilute HC1 etchant. 
For specimens previously subjected to severe annea l -  
ing t rea tments  for a luminized structures (e.g., -~ 2 
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Fig. 11. Electron microscope rep- 
licas (at 9000X) of gross defects, 
developed in AI-Si02-Si structures 
during protracted annealing, as 
they appear after the aluminum 
is etched off. (a) and (b) show the 
faceted pits developed in < 1 0 0 ~ -  
and <111>-oriented Si, respec- 
tively, where pit sizes can be com- 
pared with that of �89 latexsphere 
visible in (a). A typical, irregular- 
ly shaped raised area in the sub- 
strate is shown in (c). 

hr at 500~ the metallized oxide region was readily 
discernible, since considerable surface roughening 
had occurred as a result  of a solid state reaction be-  
tween the SiO~ and A1. Electron micrographs of the 
replicas show that these defects are faceted pits, 1-10~ 
on a side and extending 1-2~ into the silicon (see Fig. 
l l a  and b). With the a luminum removed, it was ap- 
parent  that the pits are preferent ia l ly  located along 
the per imeter  of the metallized region, ra ther  than  in 
the center. Based on crystallographic c o n s i d e r a t i o n s ,  
it is evident  that the facet faces are ( l l l )  planes. 

Black films line the (111) faces of the pits. Since 
this mater ial  adheres to the collodion, it was possible 
to identify it as 7-A1203, using electron diffraction 
and microprobe analyses. Electron microprobe meas- 
urements,  on specimens still covered with a luminum 
(i.e., unetched) ,  indicated that  the faceted pits are 
filled with metallic a luminum,  while the adjacent  
electrode region is depleted of metal. Finally,  large 
i r regular ly  shaped plateaus (approximately half a 
micron high) were f requent ly  observed to occur in 
the substrate, adjacent  to the pits (see Fig. l l c ) .  
Thus, the growth of pits and plateaus in close 
proximity  and the presence of "y-A1203 in the pits 
suggests that a rapid t ransfer  of mass occurs dur ing  
annealing.  It appears that  silicon atoms can diffuse 
away from the receding faceted planes to form raised 
areas in the substrate covered by a luminum, while 
a luminum can penetrate  the re la t ively thin oxide 
barr ier  to fill the "y-A1203 lined pits in the silicon. It 
is expected that large flaws in the oxide layer  would 
also result  from the development  of the plateau re- 
gions. One effect of this mass rea r rangement  is the 
appearance of extensive shorting in MOS structures 
subjected to severe post-metal l izat ion heat treatments.  
As such, it constitutes another  mode of ter t iary  
failure, in addition to the presence of pinholes which 
develop dur ing  oxide growth. 

S u m m a r y  
Electrical b r e a k d o w n  characteristics of SiO~ films 

thermal ly  grown on silicon have been found to depend 
strongly on oxide preparat ion and various subsequent  
t reatments:  

1. While a lowering of the concentrat ion of mobile 
impurit ies reduces the occurrence of defect-related 
breakdowns, it does not change the magni tude  of the 
intrinsic breakdown strength of SiO2. Appropriate  
phosphosilicate glassing, on the other hand, not only 
effectively obliterates oxide defects but also raises the 
intrinsic s trength of the composite films. 

2. Under identical SiO2 growth conditions, reduction 
of film thickness is accompanied by an increase in the 
density of oxide faults. Excessively high defect density 
in the oxide gives rise to a t ime dependence of the 
breakdown characteristics and can therefore lower 
the magni tude  of the pr imary  breakdown strength 
under  cer ta in  test ing conditions. The addit ion of a 

PSG layer  removes this dependence by e l iminat ing 
the effect of oxide weak spots on breakdown. The 
amount  of glassing required for this purpose is greater 
for SiO2 films which have ini t ia l ly  a higher defect 
density. 

3. Sodium contaminat ion can result  in severe oxide 
deterioration, especially during film growth at t em-  
peratures in the 1000~176 range. In  contrast  to 
this, sodium contaminat ion after SiO2 growth has 
much less of an adverse effect on the dielectric prop- 
erties. 

4. Protracted anneal ing of MOS structures (e .g . ,  
30 rain at 500~ can cause oxide deteriorat ion by 
promoting a solid state reaction be tween certain 
electrode metals and SiO2. This effect is more pro- 
nounced for oxides having a higher defect concentra-  
tion. When a luminum is used, micron-size s t ructural  
defects develop, concurrent ly  with increased defect- 
related breakdown. These results suggest that another  
mechanism for oxide short ing can be operative, in 
addit ion to the breakdown which can be at t r ibuted to 
pinholes produced dur ing oxide growth. This newer  
mode involves a rapid redis t r ibut ion of massive 
quanti t ies  (relative to the dielectric thickness) of 
a luminum and silicon dur ing the anneal ing  process. 

5. Lattice defects created by ion implanta t ion  have 
vi r tual ly  no effect on the breakdown strength prior to 
annealing.  Deteriorat ion of implanted oxide dur ing  
annea l ing  at 300~ may be at t r ibuted to either an 
accelerated inject ion of electrode metal  ions into the 
film, or by local crystall ization facilitated by the 
presence of lattice defects. 

The above observations are consistent with 
Fritzsche's breakdown model (5) which implies that 
processing steps promoting local crystal l ization of the 
oxide will  result  in an increase in defect-related 
breakdown, while glassing has an opposite and 
beneficial effect. Furthermore,  the s t ructural  mis-  
match between the crystallites and the oxide matrix,  
which provides rapid diffusion paths, may  also ac- 
count for the observed annea l ing  fai lure mode in 
A1-SiO2-Si structures. 

APPENDIX 
The defects are assumed to be randomly distr ibuted 

and have a size roughly comparable to the film 
thickness (therefore, much smaller  than  the elec- 
trode area, F).  The total area (A) of the film may  be 
subdivided into N cells of an area a, which is just  
large enough to accommodate a defect if it happens to 
be there. It follows that  the probabi l i ty  (p) of ran-  
domly selecting an occupied cell is equal to 
n / N  = p �9 a, where n is the total  number  of occupied 
cells. Conversely, the probabil i ty  (q) of picking an 
unoccupied cell is equal to ( l -p ) .  

When an electrode is deposited, the number  of cells 
covered by metal  is n" = F l a .  Consequently, the prob- 
abil i ty (P) for the electrode to not cover a defect is 
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P = q~' = (1 - -  p) F/a [1] 

Since n < <N, it can be shown that  

lnP---- - -F  �9 p [2] 

A fraction P, of the total film area, will  consequently 
exhibit  p r imary- type  breakdown. Equat ion [2], which 
was also used by Fritzsche, was derived here to give 
the reader a bet ter  appreciation of the significance of 
the results that  can be determined by its application. 
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ZnS:Mn,Cu,CI Films 
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ABSTRACT 

The d-c characteristics ( luminance-vol tage-cur ren t )  of electroluminescent  
films of ZnS:Mn,Cu,C1 prepared by two different methods were investigated 
dur ing the  operating life of the films. For the devices investigated a shift in 
the characteristics and an increase in the efficiency with operation t ime was 
observed. It is suggested that  the terms forming and aging do not describe 
the t ime-dependent  changes in the characteristics, but  ra ther  reflect practical 
aspects of the properties of the films. 

Electroluminescence (radiat ive emission on applica- 
t ion of an electric field) in activated ZnS has been re-  
cently reviewed in general  (1, 2) and for the case of 
thin film devices (3). The usual  configuration for in-  
vestigating the electroluminescence of thin films of 
ZnS resembles a capacitor in that  it consists of a film 
of ZnS sandwiched between two paral lel  electrodes, of 
which one is t ransparent  to permit  the observation of 
the emitted light. 

Under  operation ZnS:Mn,Cu,  C1 films undergo t ime-  
dependent  changes in the observed characteristics 
which are commonly referred to as forming and aging. 
Forming (4, 5) describes the observation that, on first 
applying a voltage to a film of this composition, a large 
current  flows but  no emission occurs. With the subse- 
quent  gradual  decrease in current  electroluminescence 
commences and increases in luminance,  The dura t ion of 
this process depends on the fabricat ing method and is 
typical ly a few seconds to as much as an hour  (6, 7). 
One of the reasons that  electroluminescent  devices 
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have not been more successfully applied is the aging 
effect or deteriorat ion of emission on operation (8). 
The longest half- l i fe  (t ime to half ini t ial  luminance)  
for a ZnS th in  film was reported to be just  over a 
thousand hours (9) under  a-c excitation. The d-c half-  
life of thin films is considerably shorter than that  ob- 
tained under  a-c conditions, and in some instances the 
devices are unstable  (10). 

In  common terminology forming and aging are used 
to designate apparent ly  distinct periods in the operat-  
ing life of ZnS:Mn,Cu,C1 films. This paper  describes 
the results of an investigation to determine whether  a 
significant change in the d-c device characteristics c a n  

be associated wi th  forming and aging, and whether  
these two phenomena are affected by the method of 
prepar ing the devices. 

Experimental 
The devices investigated consisted of a layer of 

phosphor sandwiched between two electrodes in a 
capacitor arrangement ,  and supported by a glass sub-  
strate. The phosphor used as source mater ia l  for these 
experiments  was ZnS:Mn,Cu,  C1 with the following. 
impur i ty  concentrat ions determined by  activation 



1294 J. Electrochem. Soc.: SOLID STATE SCIENCE October 1970 

analysis: Cu 1.6%, Mn 0.2%, and C1 less than 0.1%. It 
was not possible to establish the corresponding con- 
centrat ions in the films. A tin oxide layer  on the sub-  
strate consti tuted the t ransparent  electrode, and a 
mat r ix  of 1 mm square a luminum electrodes on the 
phosphor film completed the ar ray  of devices. All  
evaporat ions of materials  other  than metals  were  per-  
formed in an Edwards High Vacuum Ltd. Model 12EX 
coating unit. The equipment  had been modified to ac- 
commodate  the special requi rements  for the produc-  
tion of uniform thin films. In pre -evapora t ion  pump-  
down the pressure observed on the dry air cal ibrated 
ionization gauge was approximate ly  1 X 10 -5 Torr. A 
range of phosphor film thicknesses be tween 0.2 and 
2.0~ was investigated. In te r fe rometr ic  measurements  
were  used to determine  the thickness of the films and 
also to cal ibrate the crystal  monitor  used for rate  
control. 

Two methods were  employed for the preparat ion of 
phosphor films. A procedure that  gives good control 
over  the impur i ty  incorporat ion and satisfactory re-  
crystal l ization is based on diffusing the impuri t ies  f rom 
a re la t ive ly  large bulk of powder  of desired impur i ty  
content  into the film, previously deposited, contiguous 
to the powder  under  equi l ibr ium conditions (11). The 
substrate with the evaporated ZnS film is embedded in 
the act ivated powder  and the combination is heated in 
a double crucible (12) to approximate ly  750~ for a 
brief period. Using diffusion-act ivat ion re la t ive ly  good 
films can be made, a l though only certain types of glass 
substrate and tin oxide layer  survive  this t reatment .  

The a l ternate  method, deposit ion-activation,  is based 
on the crystall ization and act ivator  incorporat ion dur-  
ing the deposition of the film (13). The source material ,  
sintered pressed pellets of phosphor, was deposited 
onto a heated substrate. A very  efficient method of sub-  
strate heating consisted of using the tin oxide layer  on 
the substrate (subsequent ly  used as t ransparent  elec- 
trode) as a resist ive heater  (14). In pre l iminary  ex-  
per iments  it was found that  the characterist ics of de- 
vices prepared by deposi t ion-act ivat ion were  pr i -  
mar i ly  sensit ive to the substrate t empera tu re  and the 
deposition rate. With increasing substrate temperature ,  
the condensation rate  decreased as in Fig. 1. A series of 
films were  deposited under  similar  conditions, but  the 
deposition ra te  was var ied  over  a range from 5 to 45 
A/sec  by varying the source temperature .  For deposi- 
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t ion rates in excess of 10 A/sec  the breakdown field of 
the film decreased and reduced the at tainable lumi-  
nance of the device (Fig. 2). For  deposition rates less 
than 5 A/sec,  presumably as a consequence of the 
residual gas at the vacuum prevai l ing during evapora-  
tion, the max imum at tainable luminance  also de- 
creased. The propert ies of the deposited film depend on 
the constitution of the vapor  f rom which it condenses. 
For  the given vacuum envi ronment  and boat design an 
opt imum substrate t empera tu re  of approximate ly  
240~ and deposition ra te  of 5 A/sec  were  used in the 
preparat ion of films on which change in characterist ics 
measurements  were  made. 

The three variables  that  describe the operat ion of an 
electroluminescent  film are the voltage (V) applied to 
the tin oxide and a luminum terminals,  the cur ren t  (I) 
through the device, and the luminance (L).  The elec- 
trodes were  connected in series wi th  a large resistor to 
a stabilized vol tage supply. The voltage across the film 
was monitored wi th  a Kei th ley  601 electrometer .  A 
small  series resistor was used to record the current.  
Reproducible  luminance results were  obtained with  a 
Spectra  Pr i tchard  photometer .  The characterist ic 
curves, L-V-I ,  were  recorded with  a Honeywel l  550 
recorder.  

Observations 
Both deposi t ion-act ivated (80 films) and diffusion- 

act ivated (44 films) films were  investigated. Although,  
under  d-c operat ing conditions, diffusion-activated 
films general ly  showed a higher  luminance (max imum 
observed 240 fL) than deposi t ion-act ivated films (max-  
imum observed 50 fL) the change in characterist ics on 
operat ing was qual i ta t ive ly  similar, and consequent ly  
only representa t ive  results for deposi t ion-act ivated 
films are presented. 

In pre l iminary  exper iments  it was observed that, for 
the devices investigated, emission was most effective 
when the a luminum electrode was made positive. In 
order to invest igate  the change o n operation in d-c 
characterist ics this polar i ty  (a luminum positive) was 
therefore  used. F rom first tu rn-on  to the final b reak-  
down of the device the current  was mainta ined con- 
stant at 1 mA. 

The voltage across the device and the luminance 
were  cont inual ly  moni tored as a function of time. The  
voltage and luminance his tory for film 5-31 is des- 
cribed in Fig. 3. For  constant current  the vol tage in- 
creases continuously. The actual  trace, f rom which 
this graph is constructed, shows that  as the break-  
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Fig. 3. Time-dependence of voltage and luminance for constant 
current for film 5-31.1, Luminance; 2, voltage. 

down vol tage is approached the device becomes very  
noisy and final destruct ive b reak-down is preceded 
by numerous  voltage spikes to low resistance values. 
Near  b reak-down the luminance reaches a max im um  
value and decreases again. This decrease can be ex-  
plained by the observation that  near  b reak-down in- 
dividual  portions of the device extinguished. Con- 
sequent ly  the photometer ,  in tegrat ing over  a large 
portion of the device, records a decreasing luminance.  

In order to de te rmine  the change of the device char-  
acteristics as a result  of operation, the V - L - I  charac-  
teristics were  plotted periodically. In ear l ier  exper i -  
ments it had been established that  in ter rupt ing  the 
current  through a device did not resul t  in a re laxa-  
tion to a lower vol tage on turning the current  back on. 
It could be assumed, therefore,  that  the characterist ics 
at any point in t ime described the degree of change in 
the device. To ensure that  the measurements  of the 
V-L- I  curves did not affect the device significantly 
the current  was l imited to a range less than 1 mA. 

The var ia t ion of vol tage wi th  current  is shown in 
Fig. 4. It appears that  the device was ini t ia l ly  linear,  
but  wi th  operation became increasingly nonl inear  and 
asymmetrical .  Measurable emission star ted as the de- 
vice became nonl inear  and was macroscopical ly uni-  
form over  the entire electrode area. 

Electroluminescent  devices are often described by 
their  L -V  curve. The in terpre ta t ion of the e lect rolu-  
minescence mechanism is also often based on this 
relationship. For the film al ready described the L-V 
graph at various points during its operat ing l ife is 
given in Fig. 5. It  is noticed that  the curves are paral le l  
and progress ively  displaced to higher  voltage values. 

The L-I  characterist ics are shown in Fig. 6. It is ob- 
served that  emission efficiency (in f L / m A )  increases 
both with  t ime of operat ion and, for small values of 
current,  wi th  current.  For  large currents  near  b reak-  
down, as for example  curve  4, the efficiency decreases 
presumably  as act ive areas of the device are el iminated.  

In order to de termine  to what  extent  the change that  
had occurred during operat ion was irreversible,  
several  films were  operated under  conditions where  
the vol tage polari ty was regula r ly  reversed.  At  no 
point could the previous characterist ics be regained.  
Al though a minor  degree of recovery  occurred, a 
permanent  change had been established that  modi-  
fied the device characteristics.  
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Fig. 4. For film 5-31, voltage variation with current after operat- 
ing device for the following period: 1, start; 2, 72 min; 3, 117 min; 
4, 133 rain; 5, 141 rain; 6, 157 min. Solid line: aluminum electrode 
positive; dashed line: aluminum electrode negative. 
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Fig. 5. For film 5-31, luminance variation with voltage after 
operating device for following period: 1, 117 rain; 2, 133 min; 3, 
141 min; 4, 157 min. 

To establish whe ther  the t ime-dependen t  effects 
observed could be associated wi th  the  format ion of 
an oxide be tween  the film and the a luminum elec- 
t rode (15) the measurements  were  repeated  on a 
mat r ix  of devices which included a SiO layer  be tween 
the film and the opaque electrodes, for which a num-  
ber  of different metals  were  used. For  this case it was 
observed that  emission commenced on first applying 
a vol tage to the device, but  that  the same shift in 
characterist ics occurred as wi th  devices that  did not  
have  an oxide layer,  and that  in the presence of the 
oxide layer  metals  other than a luminum also led to 
electroluminescence.  

Discussion 
The terms forming and aging, as applied to thin 

films of ZnS:Mn,Cu,C1, are commonly  used to refer  
to apparent ly  identifiable distinct processes. Thus, the 
v i rg in  device on first application of a vol tage under -  
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goes forming, whereupon electroluminescence is possi- 
ble. Once emission has been achieved, the film is sub- 
ject to aging, or decrease in luminance  on constant  
voltage operation. The observations reported in this 
paper suggest that forming and aging are two labels 
that  are convenient  but  a rb i t ra ry  in the description of 
the t ime-dependent  behavior of the devices under  op- 
eration, since they reflect practical aspects of the 
devices ra ther  than any distinct phase of device 
change. 

For every device investigated electroluminescence 
was associated with nonl inear  I-V characteristics. The 
ini t ial  l inear  I-V curve, not observed in the experi-  
ments  with an additional oxide layer, is probably  
caused by parasitic conductive paths which must  be 
el iminated for electroluminescence to occur. 

Two possible explanations for the shift in device 
characteristics suggest themselves: the growth of an 
oxide layer at the a luminum electrode, and a change 
in the bulk  of the film. The observation that, in the 
presence of a SiO layer, the shift in device characteris-  
tics occurred with metals other than a luminum would 
indicate that  the formation of an a luminum oxide layer  
probably serves to el iminate parasitic conductive paths, 
but  that changes in the film bulk cause the observed 
shift. 

The na ture  of the change in the ZnS:Mn,Cu,C1 
films has not been conclusively demonstrated. In  the 

fabrication of certain types of rectifiers and t ransis-  
tors an electronically active region is created by a 
"forming" process that  involves substant ia l  ionic cur-  
rent  (16). It is proposed that, in view of the concentra-  
tion of copper in the films greatly in excess of the 
solubil i ty (17), copper ions diffuse to captur ing bound-  
aries creating electronically active phases of CuxS (18, 
]9) and leading to an electroluminescence mechanism 
described by Vlasenko and Gergell  (20). The con- 
stancy of slope of the shifted I -V curves and the in -  
creasing efficiency with operation of the devices 
support this interpretat ion.  
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Luminescence of Pr Activated 

Lyuji Ozawa* and Philip M. Jaffe* 

Zenith Radio Corporation, Chicago, Illinois 60639 

ABSTRACT 

The luminescent  properties of the green emit t ing Y202S:Pr +3 have been 
studied. The emission lines in the visible region are assigned to the t ransi t ions 
from ~P0 to 3Hj and to 3F2 of pr+3; the main  green emission lines around 514 
nm are at t r ibuted to the t ransi t ion 3P0 --> 3H 4. There was a small  shift, about 
160 cm -1, of the emission lines to higher energy with an increase in host 
cation radius (Y to Gd to La).  The two broad excitation bands in  Y202S: Pr  +~, 
centered at 255 and 290 nm, are due, respectively, to host excitat ion and to 
excitation associated with an interact ion of activator and host. The opt imum 
activator concentrat ion of Y202S:Pr +3 phosphor is at about 1 x 10 _2 mole 
Pr202S per mole of phosphor. Quadrupole-quadrupole  interact ion is involved 
in the concentrat ion quenching of the green emission. 

Y(Gd and La)20~S:Pr+~ phospors I emit a green 
emission under  cathode-ray or ul traviolet  excitation 
(1, 2). The energy levels of P r  +3 in PrC13 (3, 4), in 
LaBr3 (5, 6), in YC18 (7), in other crystals (8, 9), 
and in the vapor state (10) have been studied in 
detail from their  absorption and fluorescent spectra. 
However, it is somewhat  difficult to assign the elec- 
tronic t ransi t ions wi thin  the Pr  +3 (4f 2) configuration 
which are responsible for the emission and excitation 
lines in Y(Gd and La)202S because there is some 
discrepancy, about 400 to 1800 cm -1, between the 
positions of the observed emission and excitation 
lines of Y(Gd  and La)202S:Pr  phosphors and the 
positions of the lines reported in ref. (3) - (10) .  

In  this paper, the assignment of the emission and 
excitation lines of Y202S:Pr phosphor is made by 
comparison with the energy levels of P r  +3 in YCI~. 
The small  shift of the Pr  +3 emission lines with a 
change in  host cation radius, the origin of the two 
broad excitation bands, the opt imum activator con- 
centration, and the concentrat ion quenching mech- 
anism of the P r  +a emission in Y202S are also re- 
ported. 

Experimental 
The ra re  earths used~ were y t t r i um oxide 6N, 

gadolinium oxide and l an thanum oxide 5N, and 
praseodymium oxide 3N. The rare earth oxide as 
host component  and praseodymium oxide were dis- 
solved in hot nitr ic acid and precipitated with oxalic 
acid. The precipitate was dried, then heated in air at 
900~ for 2 hr  to convert  to the oxide, using a lumina  
crucibles. This mixed oxide (1 mole) plus sulfur  (3 
moles) and sodium carbonate as flux (1 mole) were 
mixed in  a mortar  and then fired at l l00~ for 2 hr 
in air. After  firing, the samples were washed with 
hot deionized water  several  times. By this t reatment ,  
residual  sulfur  and sodium compounds were removed 
from the phosphors. The samples obtained were con- 
firmed as the oxysulfide by  x - r ay  diffraction analysis. 

The emission, excitation, diffuse reflectance spectra, 
and cathodoluminescence data were obtained with the 
equipment  described elsewhere (I1).  No correction 
of the emission spectra was made for the spectral re-  
sponse of the monochromator  and lohotomuItiplier. 
The concentrat ion dependence of the in tensi ty  of 
selected lines was determined from the recorded 
emission spectra by  measur ing  their  amplitudes. 

* Electrochemical  Society Act ive  Member .  
K e y  words :  mul t ipo la r  interact ion,  concent ra t ion  dependence ,  

exci ta t ion spectra,  t ransi t ion,  emiss ion l ine shift. 
1The  Pr+S was  subst i tu ted  for  a port ion of the ra re  ear th  host  

cation in all p repara t ions  as for  example  (Yl-~Pr~)2OeS. However ,  
the convent ional  phosphor  notat ion will genera l ly  be used, i .e.,  
Y.~O~_,S:Pr. Unless indicated o therwise ,  P r  is a lways  t r ivalent .  

Obta ined f rom Lindsey  Division,  Amer i can  Potash  and Chemical  
Corporation. 

Results and Discussion 
Assignment o~ lines of Pr+3.--The emission and 

excitation spectra of Y202S:Pr phosphor were similar 
to the spectra of Gd202S:Pr and of La202S:Pr phos- 
phors. For  this reason, the spectrum of the Y202S:Pr 
phosphor is pr imar i ly  discussed in this paper. The 
small  differences between the emission spectra of 
the Y(Gd and La)202S:Pr  phosphors will  be dis- 
cussed in the section on Effect of host cation radius on 
the emission line wavelength.  

The emission spectrum of Y20~S: Pr  phosphor under  
254 nm radiat ion from a low-pressure mercury  lamp 
is shown in Fig. 1. No change of the emission spectrum 
was observed under  excitation by other wavelengths 
or by cathode rays. In Fig. 1, the weak emission lines 
at wavelengths longer than 540 nm are also shown 
with higher  magnification (about  10 t imes).  The 
emission spectrum consists of lines ranging from 
about  470 to 700 rim. The main  group, which con- 
sisted of many  lines, peaks at about 514 nm, so that  
the emission color of the phosphor appears green. The 
Y202S:Pr emission spectrum is due to the t ransi t ions 
between the energy levels of the 4f 2 configuration of 
Pr+3. 

The position of the lines and bands in the excitation 
spectrum of the 514 nm emission was coincident with 
the position of the lines and bands in the excitation 
spectrum of the 670 nm emission. Since the direct 
excitation spectrum of the 670 nm emission clarified 
to a greater  extent  the distinctions between the ex- 
citation lines, a study of the excitation spect rum of 
the 670 nm emission was made. 

t -  
O 

E 
o 

/ 
400 5 O0 600 700 

wavelength in nm 

Fig. 1. Emission spectrum of Y202S:Pr +3 phosphor. Above 540 
nm the highly magnified spectrum is also shown. 
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Fig. 2, Detail excitation and emission spectra of Y202S:Pr +3 
phosphor. The lines are assigned as the transition between ground 
level 3H4 and excited levels. 

The exci tat ion spectrum of the 670 nm emission con- 
sisted of two broad and strong bands centered at 
about 255 and 290 nm, respectively,  and of several  
weak lines at wave leng th  longer than 450 nm. The 
broad excitat ion bands are described in more  de- 
tail  below. The direct (line) excitat ion spectrum is 
shown in Fig. 2. Figure  2 also gives the green emission 
spectrum of Y202S:Pr  obtained with  290 nm exci ta-  
tion. The emission lines coincided in position with the 
excitat ion lines for the 670 nm emission. The direct  
excitat ion spectrum of u  was classified into 
three  groups: 463, 486.5, and 503 nm. These exci ta-  
t ion lines may  be a t t r ibutable  to direct  transit ions 
f rom the 3H 4 ground level  to the exci ted levels of the 
Pr  +3 ion. However ,  as shown in Table I the positions 
of the lines were  about 1800 cm-1  lower  in energy 
f rom those for the f ree  ion (12). The large differ- 
ences of the energy  level  positions be tween free Pr  +3 
and Pr  +3 in Y2028 is due to the fact that  the position 
of the J levels of Pr  +3 in crystals depends on bonding 
character  of Pr  +3 wi th  the nearest  neighbor anions 
and that  the separat ion decreases in energy with  an 
increase in covalent  bonding (5, 9). Ionic character  of 
bonding increases wi th  an increase in e lectronega-  
t iv i ty  of the elements. 

The Pr  +3 energy levels which par t ic ipate  in the 
direct exci tat ion and emission lines of Y202S:Pr  
phosphor are comparable  to the energy levels of Pr  +3 
in YC13 which may have a l i t t le more ionic bonding 
than Y202S. By assuming that  the position of the 
energy  levels of 3px pr+a  in Y202S is about 400 cm -z  

Table I. 3pj and 116 excited energy levels of free Pr +3 and 
Pr +3 in yttrium compounds 

E n e r g y  F r e e  ion* YCh* Y20~S 
l eve l s  era-1 n m  cm-Z n m  cm -z n m  

~Po 21,390 466 20,214 495 lg ,460t  514 
19,880 503 

~Pz 22,007 455 20,831 480 20,400 490 
20,580 486 

] ~  22,211 450 21,076 474 

~P2 23,161 431 21,867 457 21,320 469 

* F r o m  ref.  (7). 
f F l u o r e s c e n t  m a i n  l ine.  

lower  than the corresponding position of  the  energy 
levels of Pr  +3 in YC13 (7) because of more covalent  
bonding than in the  chloride, the  groups of the direct 
excitat ion lines of Y202S:Pr, 463, 486.5, and 503 nm, 
can be a t t r ibutable  to the transit ions f rom the Pr  +~ 
ground level  3H4 to the exci ted levels 3P2, 6P1, and 
~Po, respectively.  The strong exci tat ion lines at 486.5 
and 490 nm in Fig. 2 may be due to transit ions to the 
sublevels of 7 1  which is split by the  crystal  field. 
There  may be a line around 480 nm which corresponds 
to the t ransi t ion 3H4 --> 116 but it is too weak to verify.  
The weak excitat ion lines at wavelengths  longer than 
503 nm in Fig. 2 are  a t t r ibutable  to the transitions 
f rom the zI~  ground level, which is split into many  
levels  by the Stark  effect, to the 3Po which is not 
split. 

In the emission spectrum of Y202S:Pr  shown in 
Fig. 1, there  are  no emission lines originat ing from 
the levels above 3Po because there  is no change of the 
emission spectrum of Y202S:Pr  under  di rect  exci ta-  
t ion of the 3Po, 3p], or 3P2 levels, i.e., with  503, 486.5, 
and 463 nm radiation, respectively.  The emission lines 
of the Y202S:Pr spectrum consisted of four  main 
lines, 514, 548, 640, and 670 nm. These were  a t t r ibut -  
able to the transitions f rom 3P0 to ~H4, 3H5, 3H6, and 
3F2, respectively.  

The t ransi t ion between 3P0 and 3H4 is an electric 
dipole t ransi t ion (3, 13) and this t ransi t ion is al lowed 
when a Pr +3 ion occupies a latt ice site lacking a 
center  of symmetry.  The crystal  s t ructure  of  Y(Gd  
and La)202S crystals belongs to the D3a space group 
and the rare  ear th  cation site symmet ry  is C3v(3m) 
(14). The rare  earth ion is coordinated with  seven 
anions; four oxygens and three  sulfurs, having dif-  
ferent  bonding lengths;  2.23 and 2.90A. The Pr  +3 ions 
are expected to occupy the cat ion sites in Y ( G d  and 
La)202S crystals, so that  electric dipole t ransi t ion 
which give rise strong emission is allowed. 

Effect  of host cation radius on the emission line 
wave leng th . - - I t  was observed that  the positions of 
the emission lines of Pr  +3 in Y, Gd, and La oxysulfide 
phosphors did change wi th  wavelength  with  a change 
in host cation. Since these oxysulfides all have the 
La203 structure,  the change in l ine position must  be 
due to a change in the crystal  field caused by the 
change in host cation. Figure  3 gives the relat ionship 
between the wavelength  (in cm -1) of several  emis- 
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sion lines and the latt ice constants as de te rmined  by 
x - r ay  analysis vs. the  cation radius (15) of the host 
crystal.  The wavelengths  of the emission lines of Pr  +3 
in (Lao.sGd0.5)sO2S and its lat t ice constant are also 
plotted in Fig. 3. 

All  of  the emission lines in the visible region 
shifted l inear ly  to higher  energies when  the  ionic 
radius of the rare  ear th  cation increased, Fig. 3. The 
slope of the curves for 513.7 and 669.7 nm emission 
lines coincided with  each other  because the emit t ing 
level  of  al l  of these lines was the Pr  +~ 8P0 level. Be-  
cause of their  weak intensity, it was difficult to s tudy 
the  emission lines due to o ther  emit t ing levels. F rom 
the slope of Fig. 3, the emission line shifted about 90 
cm -1 when the cation radius changed by 0.1A. The 
l inear  shift in spectral  lines of P r  +a in rare  ear th  
(Gd to La) tr ichlorides wi th  cation radius have been 
reported by McLaughlin and Conway (16) and by 
Dieke (7). However ,  the shift in the rare  ear th  t r i -  
chlorides, about 50 cm-Z per 0.1A change in radius 
is smaller  than the shift observed in the  rare  ear th  
oxysulfides. 

The shift of emission with  a change in host cat ion 
can be explained in the fol lowing way:  Since the 
ionic radius of Pr  +3 is 1.01A and of La +~ is 1.06A, 
Pr  +~ ions substi tute for La +3 in La202S crystal  wi th  
l i t t le latt ice distortion. On the other  hand, in Gd202S 
and Y202S crystals, the  Pr  +3 ions would be incorpo- 
rated with  a per turbat ion  because of the smaller  
radius of Gd +3 (0.99A) and of y+8 (0.88A). The dis-  
tortion of the Pr  +~ center  increases wi th  a decrease 
in lattice constant. This distortion results in the  
lower ing of the excited level  ~P0 of the Pr  +~ ions. 

The shift of the wave leng th  position of the emission 
lines of Eu +3 in Y ( G d  and La)202S with cation 
radius was also observed. However ,  the shift was hai l  
of that  of  Pr  +~. The small  shift may  be caused by the 
small  difference in ionic radius between Eu +3 (0.95A) 
and y+3 and Gd +3. 

Excitation spectrum.--As already described in the 
section Assignment  of lines of Pr  +3, the exci tat ion 
spectrum of Pr  +3 in Y202S crystals consisted of two 
strong broad bands centered at about 255 and 290 
nm, respectively,  and of many  we~k lines which were  
due to the direct excitat ion of the Pr  +3 excited levels. 
These direct  excitat ion lines were  already described 
in the above ment ioned section. This section dis- 
cusses the origin of the broad exci tat ion bands. 

For  this study, samples of (Yl-xPrx)202S were  
prepared in which x var ied from 10-5 to 10-L 

The broad exci tat ion spectra obtained with  rep-  
resentat ive samples are shown in Fig. 4. The re la t ive  
number  of quanta of each curve are comparable  to 
each other. The 290 nm band increased with in-  
creasing praseodymium concentration, whereas  the 
255 nm band stayed re la t ive ly  constant. The above 
results are more easily seen in the concentrat ion 
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Fig. 4. Broad excitation spectra of Y202S:Pr +3 phosphors having 
various activator concentrations. 
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Fig. 5. Concentration dependence curves of u +3 phosphor 
under cathode-ray (CR), 255, 290, and 460 nm excitation. 

dependence curves of the emission intensi ty of 
Y202S:Pr  phosphors under  various excitat ion modes, 
as shown in Fig. 5. 

Since the emission intensi ty under  255 nm exci ta-  
tion was mainta ined at about constant level, the  in-  
dication is that  the amount  of the energy  absorbed by 
this excitat ion was independent  of the act ivator  con- 
centrat ion and that  a constant port ion of the absorbed 
energy was t ransfer red  to the Pr  +3 act ivator  ions. 
Therefore,  it could be inferred that  the 255 nm ex-  
citation band was due to the host excitation. 

The emission intensi ty under  290 and 460 nm ex-  
citation increased l inearly and with  the  same slope 
with  an increase in praseodymium concentrat ion when 
the praseodymium concentrat ion was below about 
1 x 10 -3 mole Pr202S per  mole of phosphor, Fig. 5. 
The 460 nm excitat ion is the direct P r  +3 (4f 2) ex-  
citation. Reflectance spectra of Y20~S: P r  wi th  various 
praseodymium concentrat ion are shown in Fig. 6. 
When the praseodymium concentrat ion increased, the 
reflectance at 290 nm decreased. From the above re-  
sults, it was inferred that  the 290 nm broad exci ta-  
t ion band was due to the exci tat ion associated with 
the Pr  +3. 

Severa l  lines superimposed on the broad exci tat ion 
bands of Gd20~S:Pr  phosphors were  observed at room 
temperature .  The recorded uncorrected excitat ion 
spectrum of Gd202S:Pr  (1 x 10 -3 mole Pr202S) phos- 
phor to give the  514 nm emission is given in Fig. 7. 
There are  lines at 314, 307, 303, 282, 278, and 275 rim. 
These lines could be identified as the direct transit ions 
from the ground level  sS7/2 to the exci ted levels 6pj 
and 6Ij of Gd +~ (17). The quant i ta t ive  data on the 
energy t ransfer  efficiency in mixed  (Y, Gd)202S:Pr  
phosphors as a funct ion of gadol inium concentrat ions 
were  not obtained because of strong broad excitat ion 

100 

?_. 

u 

5o 

L -  

0.05 

0 ! I 

250 300 350 

wavelength in nm 

Fig. 6. Reflectance spectra in u.v. region of Y~O~S:Pr +3 phosphor 
having various activator concentrations. 
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Fig. 7. Recorded excitation spectrum (uncorrected) of the green 
emission of Gd202S:Pr +3 phosphor. Lines superimposed on the 
brood bands are believed due to absorption by paired gadolinium 
ions. 

bands. However ,  there  was evidence of the energy 
t ransfer  f rom t r iva lent  gadol inium to P r  +3 resul t ing 
in Pr  +3 emission for the samples containing above 
0.01 mole gadolinium, but  there  was no evidence of 
energy t ransfer  below 0.005 mole gadolinium. This 
result  is s imilar  to that  obtained wi th  mixed  
(Y, Gd)20~ phosphors act ivated with  the rare  earths 
where  the energy t ransfer  involved  pairs of t r iva len t  
gadolinium ions (17). Therefore,  it is deduced that  
the energy t ransfer  f rom gadolinium to Pr  +3 emission 
in Gd202S:Pr  may  occur in a similar  way. 

Concentrat ion  dependence . - -As  al ready shown in 
Fig. 5, the op t imum praseodymium concentrat ion 
marked ly  changed with  a change in the excit ing 
modes: 0.25 m / o  (mole per cent)  under  cathode rays, 
0.3 m / o  under  255 nm, 0.5 m / o  under  290 nm, and 
1.0 m / o  under  460 nm. 

Since the weighted number  of nearest  neighbor 
cation sites of Y202S crystal  is twelve,  the op t imum 
act ivator  concentrat ion should be at 0.08 mole, if the 
concentrat ion quenching is due to a decrease in the 
concentrat ion of the isolated single act ivator  ions (18). 
If  so, an electrostatic mul t ipo lar  interact ion is in-  
volved in the concentrat ion quenching (19). 

When electrostatic mul t ipolar  interactions are in-  
volved in concentrat ion quenching, the observed 
emission intensi ty Iob as a function of the act ivator  
concentrat ion is given by the fol lowing expression 
(2O) 

I o b - ~ K I o [ 1 - - e x p ( - - ~ C ) ] [ l + #  (C) 0/3]-1 [1] 

where  Io is intensi ty of the excit ing light, a effective 
absorption coefficient for the excit ing light, C act ivator  
concentration, ~ a constant for each interact ion in a 
given structure,  e is 6, 8, or 10 for dipole-dipole,  
d ipole-quadrupole ,  quadrupole -quadrupole  in terac-  
tion, respectively,  and K is a constant. This expression 
indicates that  the  op t imum act ivator  concentra t ion is 
not only a function of  the luminescent  centers but  also 
of the absorption coefficient for excitin~ radiation. The 
exper imenta l  results agree qua l i ta t ive ly  wi th  the 
results predicted by expression [1]. Since it is difficult 
to de termine  the a value  of powder  phosphors, no 
quant i ta t ive  analysis could be done. For  the exci t ing 
radiat ion used here, Fig. 5, the absorption coefficient 
decreased with  exci t ing wavelengths .  For  a weak  
absorbing excit ing radiation, Eq. [1] becomes 

I o b / C  = A [1 +/~ (C)e/~] -1 [2] 

The value  of 8 for the green emission of P r  +3 
(514 nm) in Y202S was 10.5 as indicated in 
Fig. 8. Therefore,  quadrupo le -quadrupo le  interact ion 
(e = 10) was involved  in the concentrat ion quenching 
of the green emission of YeO2S:Pr phosphor. This 
result  agrees closely wi th  the  resul t  which quad-  
rupole-quadrupole  interact ion p redominan t ly  in-  

,6' ~~, 
~ " 0 . 5  

io-3 10 -2 161 

Pr concentration 

Fig. 8. Relative emission intensity from 3P0 (514 nm) and from 
ID2 (~I /~m) per one Pr +3 ion (Iob/C') of Y202S:Pr +3 phosphor. 
0 values for 514 nm emission is 10.5 and for the I /~m emission is 
8. Concentration is mole Pr202S per mole phosphor. 

volved in the  concentrat ion quenching of  Pr  +3 
emission in LaFa (21). When the interact ion of Pr  +3 
ions wi th  each other  increases as the praseodymium 
concentra t ion increases, the exci ted electrons in the 
zP0 level  of one P r  +a ion re lax  to 1D2. This re laxat ion  
energy 8Po --> 1D2, 3800 cm -1, is s imul taneously  t rans-  
fer red  to other  Pr  +3 ions by the t ransi t ion ZH4 --> 8H6, 
4100 cm - I .  Because the ground level  ~H4 of Pr  +3 in 
Y202S crystal  is split into many  levels (max imum of 
2J + 1) wi th  energy  difference of 450 cm -1, the  
energy difference of 300 cm -1 is inconsequent ia l  and 
the energy t ransfer  f rom 3Po --> 1D2 to 8H4 --> 8H6 
occurs readily. 

When a mul t ipolar  interact ion is involved  in 
emission quenching, the decay t ime of the emission 
should vary  according to the in tensi ty  of the  mul t i -  
polar  interaction. Since the decay t ime of the green 
emission of Y202S:Pr  was v e r y  fast, several  micro-  
seconds, the change of the l i fe t ime due to mul t ipolar  
interact ion could not be detected in this study. 

The opt imum act ivator  concentrat ion of the emis-  
sion f rom the lowest emit t ing levels  of Eu +a and of 
Tb +3 in Y202S is 0.08 mole fract ion (20). However ,  
the opt imum act ivator  concentra t ion for the emission 
line f rom the lowest emit t ing level  of Pr  +3, 1De, 
about 1 ~m, was about 1 x 10 -2 mole  fraction. The 
slope of the (lob/C) curve  was 8/3 as shown in Fig. 8. 
Thus d ipole-quadrupole  interact ion was involved in 
the concentrat ion quenching of the Pr +~ 1D~ emission 
line. The t ransi t ion responsible for this interact ion is 

1D2 -> IG 4 (6700 .cm-Z); 8H4 --> 3F 4 (6600 cm -1) 

Under  ca thode- ray  excitation, all of the exci tat ion 
modes are involved  in the exci tat ion process. How-  
ever, the  host exci tat ion may  be dominant  among 
these exci tat ion modes. If so, then the concentrat ion 
dependence curve  for ca thode- ray  exci tat ion of the 
phosphors which have a host exci tat ion band should 
be similar  to the  concentra t ion  dependence curve  
under  bost excitation. As shown in Fi~. 5, the con- 
centrat ion dependence curves obtained by cathode-  
ray exci tat ion are indeed ve ry  s imi lar  to the concen- 
t rat ion dependence curve  obtained by 255 nm host 
excitation. 

The green emission of Y202S:Pr  phosphor under  
ca thode- ray  exci tat ion had good response to high 
current ,  i.e., did not saturate  at re la t ive ly  low current  
densities l ike sulfide phosphors. Since the  l i fe t ime of 
the electrons remain ing  in the exci ted level  8P0 is 
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very  short, the saturat ion of the excited electrons in 
3P0 does not occur unt i l  very  high beam current  ex- 
citation. Therefore, the green emission of Y202S:Pr 
may be used as the green component  in project ion- 
type color TV picture tubes. 

Conclusion 
Y202S:Pr phosphors emit ~a green fluorescence 

under  excitation by short u.v. and by cathode rays. 
The energy level assignment  of the P r  +3 lines was 
made by the reference to the t ransi t ions wi thin  Pr  +~ 
in YC13. In  Y202S:Pr, all of the emission lines in the 
visible region are a t t r ibuted  to the t ransi t ions from 
3P0. The green emission lines around 514 nm are due to 
the transi t ions from 3P0 to the ground level 3H4 which 
is split into many  levels with energy difference of 
about 450 cm -1. 

All  of the emission lines of Pr  +~ in Y(Gd  and 
La)~O2S shifted l inear ly  to higher energy when the 
ionic radius of the rare  earth host cation increased. 
This change was related to the distort ion of the 
lattice caused by the change in size of the host 
cation. 

The excitat ion spectrum consisted of two broad 
bands centered at 255 and 290 nm and of weak lines 
located around 480 nm. The la t ter  is due to the 
direct excitation of P r  +~. It  is inferred that  the 255 
nm excitation band is due to host excitation and that  
the 290 nm excitation band is due to the excitation 
associated with an interact ion of act ivator  and host. 
The energy t ransfer  from a pair  of gadolinium ions 
to Pr  +3 was observed. The opt imum Pr  +a concentra-  
tion in Y202S:Pr is around 1 x 10 -2 mole Pr202S per 
mole of phosphor. Quadrupole-quadrupole  interact ion 
is involved in the concentrat ion quenching of the 
green emission. The concentrat ion dependence curve 
under  ca thode-ray excitation is almost identical to 
that obtained by host excitation indicat ing that  the 
two process are similar. 
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Calculation of the Ga-ln-P Ternary Phase Diagram 
Using the Quasi-Chemical Equilibrium Model 

G. B. Stringfellow 
t tewlett-Packard Company, Palo Alto, California 94304 

ABSTRACT 

The G a - I n - P  sol id- l iquid-vapor  equi l ibr ium phase diagram has been cal- 
culated based on the quasi-chemical  equi l ibr ium solution model. The calcu- 
lated phase diagram, both isothermal l iquidus and iso-(solid concentrat ion) 
lines, and P2 and P4 vapor pressure curves, is found to be in agreement with 
recently published exper imental  data. 

The thermodynamic  properties of the I I I -V b inary  
system In-As, Ga-As, and In -Sb  have been calculated 
using the quasi-chemical  equi l ibr ium (QCE) t reat -  
ment  of the lattice solution model (1-2). A method of 
calculating a general  I I I -V te rnary  phase diagram was 
also presented in ref. (2) and applied to the calcu- 
lation of the In -As -Sb  and Ga- In -As  systems. Be- 
cause of the lack of exper imental  data, the accuracy 

Key words: gal l ium-indium-phosphorus system, calculated phase 
diagram. 

of the calculated te rnary  phase diagrams could not be 
adequately tested. The Ge-S i -Sn  and Ge-S i -Pb  phase 
diagrams, calculated using the QCE treatment ,  were 
found to be in excellent agreement  with experimental  
phase diagram data (3). 

Recently, exper imental  phase diagram data has been 
obtained for the system G a - I n - P  (4-5). It is the pur -  
pose of this paper to compare the calculated phase 
diagram with the exper imental  data for the system 
G a - I n - P  and thus test the accuracy of the QCE cal- 
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culation and present  the entire G a - I n - P  sol id-l iquid-  
vapor equi l ibr ium phase diagram. 

Calcu la t ion  of G a - l n - P  Phase D iagram 
The calculation is based on the quasi-chemical  equi-  

l ibr ium (QCE) model. The major  assumptions on 
which this model is based are: 

1. Each atom has Z nearest  neighbors. 
2. Nearest neighbors interact  pairwise with the 

tempera ture  and composition independent  interact ion 
parameter,  12, defined as 

~-AB -~-Z[HAB -- 1/2 (HAA "~- HBB)] 

where Hij is the energy of an i - j ,neares t  neighbor pair. 
3. Only the configurational free energy of mixing is 

considered, i.e., the vibrat ional  free energy of mixing 
is neglected. 

4. The distr ibution of cons t i tuen t  atoms is calculated 
using a mass act ion-l ike expression 

NiiNjj/(Nij) 2 : 1/4 exp (21%ij/ZRT) 

where i and j each represent  either A, B, or C. 
The equi l ibr ium equations for the ( te rnary  l iqu id) -  

(b inary  solid) equi l ibr ium may  be wr i t ten  

( 47ATcNANc ) 
ln(TAcX) = In 7s'i'ATs'l'c + aSFAc(TFAc -- T) /RT  

[ la]  
/ 47BTcNBNc 

ln~BC(1 -- X) In ( 
- -  , y s . l - B T S . 1 .  C / 

-~- ASFBc(TFBc -- T) /RT  [ lb]  

N A + N B + N c =  1 [lc] 

The activity coefficients, 7U, in the t e rnary  liquid 
phase cannot be expressed analyt ical ly  but  are com- 
puted numer ica l ly  in terms of tempera ture  and com- 
position using the QCE model. The activity coefficients 
in the solid phase may be wr i t ten  

( f l--  l + 2 X  ) z/2 
7AC = X(;~ + 1) 

( ~ + l - - 2 X  ) z/2 

where 
= [1 + 4X(1 -- X ) ( n  2 -- 1)] I/2 

X = NAc/(NAc -{- NBc) and n ---- exp (12Ac-sc/ZRT) 

For the zinc blende lattice, where  AC-BC interactions 
are considered, the appropriate value of Z is 12. 

Using the activity coefficients calculated from the 
QCE model, Eq. [ la-c]  can be solved numer ica l ly  with 
NA and Nc given to yield NB, X, and T. A detailed de- 
scription of the calculation is given in ref. (2). 

The equi l ibr ium P2 and P4 pressures over the l iq-  
uidus surface were calculated from the following 
equi l ibr ium equations 

PP4 = P~ 
Pp42/Pp4 = Kp (T) 

where P~ the P4 pressure over pure liquid phos- 
phorus, and Kp (T) may be calculated from data avail- 
able in the JANAF Tables (6). 

The parameters used in the calculation are listed in 
Table I. The In-Ga interaction parameter was deter- 
mined by Macur, Edwards, and Wahlbeck (7). The 
In-P and Ga-P interaction parameters were obtained 
by making a least squares fit of the calculated binary 
phase diagrams to the experimental data (8-10) (see 
Fig. i). The entropy (ii) and temperature (11-14) 
of fusion for InP and GaP were extracted from the 
literature. The only parameter not available from 
binary  data is the InP<s)-GaP<s) interact ion parameter.  
It was obtained by constraining the solid in equil ib-  
r ium with a l iquid composed of 35% Ga, 50% In, 15% 
P, to be 97.2% GaP, as per Panish 's  data (4). It was 

Table I. Parameters used in the QCE calculation of the 
Ga-ln-P phase diagram 

Parameter Value used in the calculation 

TFGap 1746~ (11-13) 
TFInp 1333~ (i0) 
ASFGav 16.25 eu* (10) 
~SFl,a, 14.7 eu* (10) 
,QGa-P - -  3500 cal /mole 
~I,~-P 0 caUmole 
~ln-Ga 1066 cal /mole  (6) 
~InP-Gal' 4000 cal /mole  

* ~s F was calculated from the value of AHF given by Sirota (10) 
and the values of T~" used in the calculation; AS F = AHF/Tr. 

found that the l iquid composition in equi l ibr ium with 
a given solid near  pure GaP is the variable most sensi- 
tive to the I n P - G a P  interact ion parameter.  

The calculated results are presented in Fig. 2-5. In  
Fig. 2, the calculated isothermal l iquidus lines are 
presented for comparison with points obtained from 
interpolat ing between Panish 's  data points. No points 
from the extrapolat ion of his data are included since 
they are subject to large errors. The agreement  be-  
tween calculated and exper imental  l iquidus composi- 
tions is within 2 a/o (atomic per cent) .  Low tempera-  
ture  liquidus isotherms in  the In- r ich  corner of the 
phase diagram are the most useful for crystal  growth 
information. This area of the phase diagram is ex- 
panded in Fig. 3. In  Fig. 4, calculated iso-(solid com- 
position) lines are plotted along with the exper imental  
data. Each line represents the locus of l iquid com- 
positions in equi l ibr ium with a given solid composi- 
tion. Each data point  is labeled with the mole frac- 
tion GaP in the solid in equi l ibr ium with that  par-  
t icular l iquid composition. 

The agreement  between calculated and exper imental  
l iquid composition in equi l ibr ium with a part icular  
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Fig. 1. Ga-P and In-P temperature-composition phase diagrams. 
Ideal solution calculation --GAP, 

QCE calculation, ,flGa-P = --3500, 9,Zn-e ---- 0; 
QCE calculation with temperature dependent interaction param- 
eters ~Ga-e ~ 4650 - -  5.85T, D, In-p ~ 8220 - -  7.57T; �9 Panish 
(8) InP; A Hall (9) InP, GaP; [ ]  Rubenstein (10) GaP. 
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Fig. 3. Liquldus isotherms in the expanded In-rich corner of the 
ternary Ga-ln-P phase diagram. 
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solid composition is general ly  good. There  is a sys- 
tematic  deviat ion f rom Panish 's  data at the low GaP 
concentrations, even though the agreement  wi th  Fos-  
ter 's  data is excellent.  It  should be pointed out that  
Panish 's  method of de termining the solid composition 
in equi l ibr ium with  a given liquid by slowly cooling 
to 20 ~ below the l iquidus t empera tu re  leads to errors, 
especially when the mole fract ion of GaP in the solid is 
low; because the equi l ibr ium solid composition changes 
on cooling. For  example,  cooling f rom l l00~ by 20~ 
changes the equi l ibr ium solid composit ion on the 
pseudobinary f rom 30 to 14% GaP. If error  bars were  
extended f rom each of Panish 's  data points to the l iq- 
uidus 20 ~ below the original  liquidus, Panish 's  data 
would be in agreement  wi th  the calculated results. 

Calculated P2 and P4 pressures in equi l ibr ium with  
the l iquid composit ion on the l iquidus surface are 
plotted in Fig. 5. The calculated curves are compared 
with data f rom the interpolat ion of Panish's  data (4), 
and the data of Johnson (15) for pure  GaP. The agree-  
ment  is excel lent  for pure InP and GaP; and even 
though the agreement  is good wi th in  the G a - I n - P  ter-  
nary system, the calculated curves are systematical ly  
higher  than the exper imenta l  data. The curves for 750 ~ , 
800 ~ and 850~ where  there  is no exper imenta l  pres-  
sure data are included because this informat ion is 
useful  for crystal  growth exper iments  in this t em-  
pera ture  range. 

Discussion 
To determine  the  usefulness of the QCE calculation, 

it is necessary to compare  the calculated results  wi th  
exper imenta l  results and wi th  the results calculated 
using other  model  solutions. Panish compared his ex-  
per imenta l  results wi th  l iquidus curves calculated for 
an ideal solution and for a solution with  "VGa = ~n  -~ 1 
and vp determined f rom exper imenta l  results. Nei ther  
method  gives satisfactory results. To fur ther  compare  
the QCE and ideal solution calculations, the ideal Ga-P  
]iquidus curve  is included in Fig. 1. The iso-(solid 
concentrat ion) curves calculated for ideal solid and 
liquid solutions are  compared wi th  exper imenta l  data 

.^2 

p 

oe_ I 

.i2. 

I Go 

Fig. 4. Ga-ln-P iso-(solid concentration) curves calculated using 
QCE model, D, In-P = 0, D, Ca-P = --3500. Each curve and point is 
labeled with XGaP. (~ Panish (4); /k Foster (5). 

0 .2 .4 .6 ,8 1.0 

Fig. 5. /)2 and P4 vapor pressures in equilibrium with the Go-In-P 
liquidus surface. - . . . . . . .  P2; P4; A Panish (4) P2; 
�9 Panish (4) P4; <~ Johnson (15) P4; V Johnson (15) P2. 
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Fig. 6. Ga-ln-P iso-(solid concentration) curves calculated using 
ideal solution model. Each curve and point is labeled with Xca. .  
Q Panish (4); A Foster (5). 

in Fig. 6. These comparisons clearly show the QCE 
calculation to be a dramatic improvement  over the 
ideal calculation, but  there is a systematic deviation 
from the exper imental  results for liquidus, iso-(solid 
concentrat ion) and vapor pressure curves. This devia-  
tion can be seen in the In-P,  Ga-P, In-As,  Ga-As, and 
In-Sb  b inary  l iquidus curves (2), so it is not ent i rely 
due to the inadequacy of the QCE model in describing 
the solid solution, where one would expect the largest 
deviations from any simple model. 

There are two approaches which might  be taken in 
a t tempting to improve the phase diagram calculation: 
(i) use the same model and allow the interact ion 
parameters  to be an arb i t ra ry  funct ion of T and /or  X; 
(ii) use a more sophisticated model which contains the 
elements necessary to bet ter  describe the real soIution. 
The first approach is simply bending the model to fit 
the b inary  data, since ~ is constant for the simple QCE 
model. The second approach involves t rying to deter-  
mine  the physical processes which might  make the 
interatomic interact ions change with tempera ture  or 
composition and bui lding them into the model solution. 

Guggenheim (1) suggested that a could be taken as 
a l inear  funct ion of T, L (T), to improve the agreement  
between calculated properties of the QCE solution and 
exper imental  data. An at tempt was made to improve 
the calculation of the G a - I n - P  phase diagram using 
this procedure. By calculating f~ for each exper imental  
point on the l iquidus and determining the L ( T )  which 
best fit the data, the I n - P  and Ga-P  interact ion param-  
eters were determined to be 

~Qin-P = 8220 -- 7.57T and (~Ga-v = 4650 -- 5.85T 

The respective b inary  phas diagrams calculated using 
these interact ion parameters  are plotted in Fig. 1. As 
expected, allowing ~2 = L ( T )  improves the fit to the 
exper imental  data. 

The G a - I n - P  phase diagram was calculated using 
these new temperature  dependent  interact ion param-  
eters, all other parameters  remain ing  the same as for 
the regular  QCE calculation. The isothermal l iquidus 
curves are compared with the regular  QCE results and 
the exper imental  results in Fig. 2. The iso-(solid con- 
centrat ion) curves are the same as those presented in 
Fig. 4. The phase diagram calculated using tempera-  
ture  dependent,  interact ion parameters  is in substan-  
t ia l ly  worse agreement  with the exper imental  data. 
This result  i l lustrates the danger of bending the 
model to fit the b inary  results. The t e rnary  calculation 
is more than an extrapolat ion of b inary  data. It is 
based on finding a self-consistent solution model which 
contains the elements necessary to describe the b inary  
systems and then calculating the t e rna ry  using the 

same conceptual basis. The appropriate  method of im-  
proving the calculation is to use a more sophisticated 
model which includes the physical processes which 
make the interatomic interactions tempera ture  and 
composition dependent.  

Kleppa (16) classfied many  b inary  metal  systems ac- 
cording to whether  they had symmetric  AHM VS. Z 
curves, characteristics of ideal, regular,  and QCE solu- 
tions. He found that only systems from the same group 
of the periodic table had symmetr ical  AHM VS. X 
curves. This is consistent with the results of Str ing-  
fellow and Greene (3) where the Ge-Si, Ge-Sn,  Ge-Pb, 
Si-Sn, and S i -Pb  systems were found to behave as QCE 
solutions. It would be expected that I I I -V systems 
could be better  described using a more sophisticated 
model giving the more general  asymmetr ical  AHM VS. X 
curves. 

One approach to improving the model would be to 
retain the lattice model but  improve the QCE as- 
sumptions: (i) nearest  neighbors interact  pairwise, 
(ii) only configurational free energy of mixing is im-  
portant,  i.e., vibra t ional  free energy of mixing  is ne-  
glected. The surrounded atom model (17) is similar 
to the QCE model except the basic ent i ty  is an atom 
with all its nearest  neighbors, ra ther  than atom pairs. 
This is an example of bui lding into the model the 
physical processes which make the interatomic in ter-  
actions change with composition. It improves the QCE 
approximations above and gives the more general  
osymmetric -~HM vs. X ,  but  involves 12 interact ion pa-  
rameters  for the b inary  system and 84 for the te rnary  
system. Approximat ions  can be made to reduce the 
number  of parameters,  but a calculation of the te rnary  
phase diagram based on the surrounded atom approach 
is still not practical. 

Other, more sophisticated models such as cell models, 
hard sphere models, and conformal solution theory 
have been developed for nonpolar  spherical molecules 
and sophisticated models have been developed for ionic 
solutions. Work is needed in  the construction of more 
sophisticated models applicable to metall ic solutions. 
One problem is that  the basic interactions in metall ic 
systems are not well  understood. Only recent ly has 
progress been made in unders tand ing  the in termolecu-  
lar potentials in l iquid metals (18-20). Celi models us- 
ing intermolecular  potentials may  be useful  in  better  
describing the thermodynamic  properties of l iquid 
metals, in part icular  in I I I -V systems. 

Thus, the QCE model appears to be the best, pres- 
ent ly  available, practical basis for the calculation of 
I I I -V te rnary  phase diagrams. 
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Phase Diagram of the Zn-Cd-Te Ternary System 
Jacques Steininger, Alan J. Strauss,* and Robert F. Brebrick* 

Lincoln Laboratory, Massachusetts Institute oJ Technology, Lexington, Massachusetts 02173 

ABSTRACT 

The te rnary  Zn-Cd-Te  liquidus surface and the pseudobinary CdTe-ZnTe 
solidus curve have been determined by thermal  analysis of cooling and heating 
curves, respectively, of homogenized liquid and solid alloy samples. The b inary  
Cd-Te and Zn-Te  liquidus arrest temperatures  are in good agreement  with 
most of the previously published data and confirm the presence of well-  
defined inflections on the meta l - r ich  and Te-r ich sides of both l iquidus curves. 
The b inary  interchange energy parameters  calculated along each l iquidus 
curve for the regular  and quasi-chemical  approximation solution models give 
essentially similar values for dilute solutions. Near equiatomic composition 
however, they show values respectively in excess of 200 kcal /mole  and less 
than  40 kcal/mole.  The pseudobinary  CdTe-ZnTe liquidus and solidus curves 
exhibit  monotonic and subl inear  increases in tempera ture  with increasing 
ZnTe content. The gap between the two curves remains  less than 0.16 mole 
fraction and shows excellent agreement  with the values calculated from the 
ideal l iquidus-solidus thermodynamic  relationship. The te rnary  l iquidus tem- 
peratures form a smooth surface with a nar row ridge near  the pseudobinary 
CdTe-ZnTe composition l ine and practically degenerate t e rnary  eutectic and 
boundary  lines. 

The I I -VI  compounds CdTe and ZnTe form a com- 
plete series of solid solutions with cubic zincblende 
structure and with band gaps varying  from 1.5 to 2.3 
eV at room temperature.  The alloys containing up to 
85 m/o  (mole per cent) ZnTe can be made both n -  
and p-type, and efficient visible electroluminescence 
at 77~ has been obtained wi th  ZnxCdl-xTe diodes 
prepared by diffusion of Zn and P into Al-doped CdTe 
single crystals (1). The samples prepared by this 
method however showed evidence of s train which 
became more severe with increasing x. Recently, alloy 
crystals have been grown directly from the l iquid 
phase by the Br idgman and slow cooling techniques 
(2), but  details on their  crystallographic and optical 
qual i ty  were not reported. 

Because of interest  in the growth of alloy crystals 
from the melt  and from Te-r ich solutions (3), we 
have investigated the phase diagram of the t e rna ry  
Zn-Cd-Te  system by thermal  analysis of homogenized 
l iquid and solid alloy samples. Par t icular  a t tent ion 
was paid to the CdTe-ZnTe subsystem, which was 
assumed to be pseudobinary,  and to the Te-r ich re-  
gion of the t e rnary  l iquidus surface. The b inary  Cd-Te 
and Zn-Te  liquidus curves were also re- invest igated 
because of discrepancies in the published data. Finally,  
the meta l - r ich  region of the t e rna ry  l iquidus surface 
was selectively surveyed in order to present  the first 
comprehensive set of data for thermodynamic  analysis 
of t e rna ry  mixed I I -VI  systems. 

Experimental 
Thermal  analyses were conducted in a vertical  

p l a t i num-wound  resistance furnace by slow cooling of 
homogenized liquid samples and slow heat ing of 

* Electrochemical  Society Act ive  Member .  
Key  words:  t e rna ry  phase diagram,  the rmal  analysis, zinc, cad- 

mium,  tel lurium, alloy crystal  growth,  quasi-chemical  in terchange 
energy,  l iquidus-solidus thermodynamics .  

homogenized solid samples at temperatures  up to 
1265~ A 10-15g charge of an accurately weighed 
mix ture  of 6-9's pur i ty  elements was placed in a 1 by 
10 cm silica ampoule with a 2.5 cm re -en t r an t  thermo- 
couple well. The free space inside the ampoule was 
less than  5 cm 3, and the loss by evaporat ion of the 
most volatile component was estimated to be less 
than 0.1% by weight over the exper imental  range of 
temperatures.  A similar  ampoule  containing about 
8g of silicon was used as a reference. The ampoules 
~vere sealed under  forepump vacuum (10-3 Torr)  and 
placed in two symmetr ical  cavities dril led in a 5 by 
12'.5 cm nickel  cyl inder fitted with a nickel lid. A 
P t - P t  13% Rh thermocouple was inserted in each 
ampoule, and the two were connected for s imulta-  
neous recording of the sample temperature  and of the 
tempera ture  difference between sample and reference 
as a funct ion of time. To increase the sensit ivi ty of 
the tempera ture  readings, the emf from the sample 
thermocouple was part ial ly balanced out with a 
mil l ivolt  potentiometer.  The outputs from the two 
channels  were then amplified by d-c microvolt  ampli-  
fiers and recorded on a two-pen  recorder with 1 and 
0.1 mV full  scale deflection, respectively. Calibration 
with a gold sample (melt ing point 1063.0~ gave 
mel t ing and freezing arrests of 1063.0 ~ _+ 0.1~ and 
showed that no correction of the sample tempera ture  
readings was necessary. 

The samples were slowly heated to react ion tem-  
perature,  melted, and then  equil ibrated for at least 
16 hr at 50~ above the estimated l iquidus tempera-  
ture. Because of apparent ly  slow kinetics of dissolu- 
t ion of CdTe and ZnTe in l iquid Te, shorter equi l ibra-  
t ion times produced erratic results which may ex- 
pla in  some of the discrepancies observed in previously 
published data. Par t icular  care was taken to approxi-  
mate equi l ibr ium conditions at the onset of freezing. 
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C d ' Zn This was achieved by cooling melts that  were only 
slightly superheated (20~176 above the l iquidus 
temperature)  at sufficiently low rates (1~ ~ C/rain)  
to avoid appreciable supercooling. Under  these condi-  
tions, there was usual ly  no evidence of supercooling 
and the cooling curve showed a break that  could be 
reproduced to wi th in  _ I~ (Table I).  When super-  
cooling could not be prevented,  the l iquidus arrest 
t empera ture  was taken to be the max imum in the 
recalescence curve. No attempts were made to obtain 
l iquidus data from heat ing curves because the end of 
mel t ing for noncongruent ly  melt ing compositions is 
poorly defined and can be erroneously interpreted.  

Solidus arrests for the pseudobinary CdTe-ZnTe 
system were obtained from slow heat ing curves 
(1~ ~ C/min)  of samples that had been melted as 
indicated above, resolidified and homogenized by an-  
neal ing for at least 16 hr  at about 20~ below the 
solidus temperature.  X - r a y  powder analysis of 
samples annealed in this way  showed no evidence of 
inhomogenei ty  and gave lattice parameters  in agree- 
ment  with published values. The tempera ture  of each 
thermal  arrest  was obtained from the intersection of 
the near ly  straight lines below and above the solidus 
break on the sample temperature  recording. More 
prolonged anneal ing  (up to 10 days) resulted in 
sharper breaks but  did not cause any substant ial  dis- 
placement of the intersections. The reproducibi l i ty  of 
the solidus arrests was about -+- 3~ (Table I).  

Because of the large thermal  effects in this system, 
differential thermal  recording was used only to con- 
firm the arrests observed on the sample tempera ture  
recording. The over-al l  accuracy of both l iquidus and 
solidus temperatures  is estimated to vary  from within  
• I~ near  the compounds to wi thin  a few degrees at 
higher dilution in excess elements or in the middle of 
the pseudobinary composition range. 

Table I. Experimental thermal analysis data 

C o m p o s i t i o n  

System Zn Cd Te 

1306 

L i q u i d u s  ( c o o l i n g  c u r v e s )  
C d T e - Z n T e  

Zn-Te 

0 . I 0  
0 . 1 7 5  
0 . 2 0  
0 , 2 5  
0 . 3 0  
0 . 4 0  

0 .7 0  
0 .6 0  
0 . 4 0  
0 .3 0  
0 . 2 0  
0 . 1 0  

C u t  A :  ( Z n o . ~ o C d o : o ) l - x T e x  0 .3 2  
0 . 2 4  
0 . 1 6  

C u t  B :  ( Z n o , ~ o C d o . ~ o h - x T e x  0 . 4 5  
0 . 3 5  
0.20 
0 . 1 5  
0 . 1 0  
0 .0 5  

C u t  C: ( Z n o . ~ C d o . s o ) l o = T e z  

C d - T e  

S o l i d u s  ( h e a t i n g  c u r v e s )  
C d T c - Z n T e  

0 . 1 8  
0 . 1 4  
0 . 0 8  
0 . 0 6  
0 . 0 4  

0 . 1 0  
0.20 
0.25 
0.30 
0.40 

A r r e s t  
S u p e r -  t e m -  

c o o n  p e r -  R e p r o -  
i n g ,  a t u r e ,  d u c i b i l -  
~  ~  i t y ,  ~  

0 . 4 0  0 . 5 0  0 1 1 2 1 . 6  "4-0.6 
0 . 3 2 5  0 .5 0  0 1 1 4 4 . 5  - -  
0 . 3 0  0 . 5 0  2 .4  1 1 5 6 . 6  - -  
0 . 2 5  0 . 5 0  0 1176 .1  •  
0 . 2 0  0 . 5 0  0 1198 .1  - -  
0 . 1 0  0 . 5 0  0 1 2 4 4 . 9  ~ 0 . 2  

0 0 . 3 0  4 .5  1 2 1 5 . 5  - -  
0 0 . 4 0  0 1 2 2 6 . 2  - -  
0 0 . 6 0  0 1 1 6 4 . 7  •  
0 0 . 7 0  0 1 0 6 0 . 5  - -  
0 0 . 8 0  0 9 6 7 . 7  ~ 0 . 3  
0 0.90 0 869.5 - -  

0 . 0 8  0 ,6 0  O 1 1 2 4 . 8  •  
0 . 0 6  0 . 7 0  0 1 0 2 7 . 7  - -  
0 . 0 4  0 ,8 0  0 .5  9 2 7 . 4  - -  

0 . 4 5  0 . 1 0  O 1 0 4 3 . 5  + -0 .3  
0 . 3 5  0 , 3 0  0 1 1 1 1 . 7  + -0 .1  
0 . 2 0  0 . 6 0  0 1 0 5 2 . 5  "+-0.7 
0 . 1 5  0 . 7 0  0 9 5 9 . 2  ~ -0 .1  
O.lO 0.80 0 8 7 0 . 5  - -  
0 . 0 5  0 , 9 0  2 .7  7 7 0 . 7  - -  

0 . 7 2  0 . 1 0  0 9 6 9 . 8  ~ 0 . 1  
0 . 5 6  0 . 3 0  0 1 0 4 5 . 5  + - 0 . 7  
0.32 0,60 0 992.8 "-FO.8 
0 . 2 4  0 . 7 0  2 .7  9 0 2 . 0  
0 . 1 6  0 , 8 0  O 8 1 9 . 4  - -  

0 . 9 0  0 . 1 0  0 8 8 8 . 7  + -0 .8  
0 . 7 0  0 , 3 0  0 9 8 3 , 0  •  
0 . 5 0  0 , 5 0  0 1 0 9 2 . 0  +----0.2 
0.45 0.55 0 1027.3 +-0.6 
0 . 4 0  0.60 0 9 6 7 . 4  - -  
0 . 3 0  0 . 7 0  0 8 7 9 . 2  - -  
0 . 2 0  0 . 8 0  0 .7  7 9 8 . 4  •  
0 . 1 0  0 . 9 0  0 .1  6 8 3 . 6  + -2 .0  

0 . 4 0  0 . 5 0  - -  1 1 1 2 . 0  N 
0 .3 0  0 . 5 0  - -  1 1 3 0 . 0  
0 . 2 5  0 . 5 0  - -  1 1 5 3 . 5  "4-3.5 
0 . 2 0  0 . 5 0  - -  1 1 6 4 . 7  •  
0 . 1 0  0 . 5 0  - -  1 2 1 8 . 0  - -  

Te 
Fig. 1. Zn-Cd-Te ternary system 

Results 
The liquidus and solidus arrest temperatures,  the 

amount  of supercooling observed on the cooling 
curves, and the reproducibi l i ty  of repeat runs are 
listed in Table I for the following subsystems (Fig. 1) : 
Cd-Te b inary  l iquidus; Zn-Te  b inary  l iquidus; CdTe- 
ZnTe pseudobinary l iquidus and solidus; l iquidus 
isopleths at constant  Zn /Cd  ratios of 4.0, 1.0, and 0.25 
(Cuts A, B, C); and liquidus isopleths at constant  Te 
concentrations of 0.10, 0.30, 0.60, 0.70, 0.80, and 0.90. 

Binary Cd-Te system (Fig. 2) . - -The  Cd-Te b inary  
l iquidus curve has been previously investigated by 
de Nobel (4) by visual observation of ini t ia l  freezing, 
and by Lorenz (5) and Kulwicki  (6) by DTA in 
sealed quartz ampoules. Their  data show general ly  
good agreement  on the Cd-r ich side, with the ex- 
ception of the h igh- tempera ture  data of de Nobel 
which is significantly lower, probably  because of 
supercooling. On the Te-r ich side, they also show good 
agreement  except for the values of Kulwicki  which 
are significantly higher in the 50 to 80 a/o (atomic per 
cent) Te region. Our arrest temperatures  are listed in 
Table I and shown in  Fig. 2 together with the values 
of Lorenz and Kulwicki.  Melting and freezing arrests 
of 1092.0 ~ __ 0.2~ were observed for CdTe in good 
agreement  with the previously reported values of 
1090 ~ +_ 2~ (de Nobel),  1092 ~ ~ 3~ (Lorenz),  and 
1091 ~ _+ 2~ (Kulwicki) .  Our l iquidus arrests are in 
best agreement  with the data of Lorenz, on both sides 
of the l iquidus curve. Substant ia l  supercooling, which 
might have explained the differences between the 
results of Lorenz and of Kulwicki  on the Te-r ich 
side, was not in evidence on our cooling curves 
(Table I).  It  is therefore suspected that  the high 
temperatures  observed by Kulwicki  in both b inary  
systems (see below) may have been caused by i n -  
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complete homogenizat ion of the Te-r ich  l iquid 
samples. 

Binary Zn-Te system (Fig. 3) . - -The  Zn-Te  liquidus 
curve was investigated almost 60 years ago by 
Kobayashi  (7) in an open system and more recent ly 
by Carides and Fischer (8) by thermal  analysis in a 
high pressure autoclave and by Kulwicki  (6) by DTA 
in sealed quartz ampoules. The data of the two more 
recent invest igat ions are in general ly  good agreement  
except in the region between 50 and 80 a/o Te where 
the values of Kulwicki  are almost 100~ above those 
of Carides and Fischer. Our arrest  temperatures  are 
listed in Table I and  shown in Fig. 3 together with 
the data of Carides and Fischer and of Kulwicki.  No 
at tempt was made to redetermine the mel t ing point  
of ZnTe because of its relat ively high temperature,  
and we adopted the value of Kulwicki  (1290 ~ __ 2~ 
which is in agreement  with that  of Carides and 
Fischer (1295 ~ • 20~ On the Zn-r ich  side, our 
l iquidus temperatures  are in  good agreement  wi th  the 
previously reported exper imenta l  curves, showing an 
almost horizontal  inflection near  1210~ From theo- 
retical calculations of the activities in a regular  as- 
sociated solution model (see Discussion), Jordan (9) 
has recent ly suggested a miscibil i ty gap in the liquid 
phase between 9 and  35 a/o Te. However, careful 
analysis of several  of our cooling curves at 30 and 40 
a/o Te did not reveal  the monotectic arrest which he 
predicted near  1213~ On the Te-r ich side, our 
l iquidus temperatures  are in termediate  between the 
low values of Carides and Fischer (probably due to 
supercooling) and the higher values of Kulwicki.  
Contrary to Kulwicki 's  diagram, our l iquidus curve 
shows a well-defined inflection (near  1025~ and 70 
a/o Te) which is comparable to that observed in the 
Cd-Te system in the same composition range. 

Because of the discrepancies observed on the Te- 
rich side in both b inary  systems, two addit ional  points 
were de termined on the ZnTe-Te liquidus curve by 
slow cooling of large l iquid samples (about 150g) in 
another, previously described (10), DTA apparatus.  
The arrest  temperatures  of 1070 ~ and 1030~ for com- 
positions of 70 and 72.5 a/o Te are in good agreement  
with the rest of our  data (Fig. 3) and confirm the 
inflection on the l iquidus curve. 

Pseudobinary CdTe-ZnTe system (Fig. 4).--No 
previous invest igat ion of the pseudobinary l iquidus 
and solidus curves has been reported. X- r ay  diffrac- 
tion data (11) show that  the Zn= Cdl-.~cTe alloys form 
a complete series of solid solutions and that  the lattice 
parameter  varies l inear ly  wi th  composition in  agree- 
men t  with Vegard's law. 

Our l iquidus and solidus arrest temperatures  are 
listed in Table I and shown in Fig. 4. Both tempera-  
tures show a monotonic and subl inear  var iat ion with 
composition from the mel t ing  point of CdTe (1092~ 
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to that of ZnTe (1290~ This type of variat ion sug- 
gests small  and near ly  comparable positive deviations 
from ideali ty in  the l iquid and solid phases (see Dis- 
cussion) and is s imilar ly observed in several other 
II-VI pseudobinary systems, such as HgTe-HgSe (12), 
ZnTe-ZnSe (13), and CdTe-CdSe (14). Of part icular  
interest  are the slow increase in  l iquidus tempera tures  
and the relat ively nar row gap between l iquidus and 
solidus curves (less than 0.16 mole fraction).  These 
are both favorable for the growth of alloy crystals 
from the melt  in s tandard quartz ampoules  up to 
relat ively high values of Zn content. 

Ternary liquidus surface (Fig. 5-8).--No previous 
s tudy of the t e rna ry  l iquidus surface has been re- 
ported. 

The Te-r ich t e rna ry  l iquidus isopleths for constant  
Zn /Cd  ratios (Fig. 5) show the same type of var ia-  
t ion as the l imit ing CdTe-Te and ZnTe-Te b inary  
l iquidus curves, with an inflection near  70 a/o Te and 
a marked increase in tempera ture  near  the equiatomic 
composition. On the metal - r ich side, there is a gradual  
t ransi t ion from the smooth Cd-CdTe l iquidus curve to 
the ini t ia l ly  steep and then almost flat Zn-ZnTe  curve. 
The inflections on both sides of the isopleths suggest 
a tendency for separation into different l iquid phases. 
Such separations actually occur on the Se-r ich side of 
other II-VI systems such as Hg-Se (10), Cd-Se (15), 
and probably  Zn-Se (16). However, no monotectic 
arrests have been observed in the Zn-Cd-Te  system. 

Like the pseudobinary CdTe-ZnTe l iquidus curve, 
the constant-Te isopleths exhibit  slow, monotonic 
increases in tempera ture  from the Cd-Te liquidus to 
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the Zn-Te liquidus, both on the Te-rich side (Fig. 6) 
and on the metal-r ich side (Fig. 7). 

The projections of the ternary liquidus isotherms 
on the composition plane (Fig. 8) have been con- 
structed by interpolation along the various liquidus 
curves. They vary smoothly between the binary 
Cd-Te and Zn-Te liquidus curves but show sharp 
peaks along the pseudobinary CdTe-ZnTe composition 
line which correspond to the marked increase in 
temperature as the composition approaches 50 a/o 
Te. The binary Cd-Zn system (17) shows a eutectic 
at 26.5 a/o Zn and 266~ The binary Cd-Te and 

Zn-Te systems however show almost completely 
degenerate eutectics or peritectics, the thermal arrests 
being very close to the melting points of the pure 
elements (6). As a consequence, the ternary  eutectic 
and boundary lines are also expected to be degenerate 
(Fig. 8). 

D i s c u s s i o n  
Liquidus surface.---Solution models of increasing 

complexity have been called upon to interpret  the 
thermodynamic properties of I I I -V and II-VI binary 
and ternary systems. The relat ively moderate devia- 
tions from ideali ty in the I I I -V systems led early 
investigators (18-20) to use expressions derived by 
Wagner (21) and Vieland (22) for a regular solution 
model with an interchange energy parameter  varying 
l inearly with temperature.  Recently however, String- 
fellow and Greene (23) have shown that  the first- 
order quasi-chemical approximation of Guggenheim 
(24) with a temperature independent interchange 
energy parameter  leads to satisfactory representation 
of the liquidus temperatures and of the activities in 
the I I I -V systems In-Sb, Ga-As, In-As, and the 
corresponding mixed te rnary  systems. 

In the II-VI systems, the larger  differences in elec- 
tronegativity between metal and chalcogen atoms 
produce more ionic and stronger interactions be- 
tween unlike atoms, as evidenced by the marked in- 
crease in temperature in the Zn-Cd-Te liquidus sur- 
face near the pseudobinary CdTe-ZnTe composition 
line (Fig. 8). As a result, the interchange energy param- 
eter calculated along the liquidus curve from 
Vieland's regular solution expression exhibits a steep 
minimum (in excess of 200 kcal/mole) near the equi- 
atomic composition (Fig. 9) instead of the approxi-  
mately linear temperature dependence found in the 
III-V systems. This led Jordan (9) to propose the 
Regular Associated Solution model which postulates 
the existence of stable CdTe or ZnTe complexes in 
the liquid phase and effectively shows an interchange 
energy parameter  that becomes very large at equi- 
atomic composition. 

This effect apparent ly stems from the failure of the 
regular solution model to account for the nonrandom 
distribution of atoms in the liquid phase. The quasi- 
chemical approximation, on the contrary, postulates a 
nonrandom distribution of pairs of atoms weighted 
exponentially in terms of the energy of interchange 
between pairs of unlike atoms and the corresponding 
pairs of like atoms (24). 

Values of the quasi-chemical interchange energy 
parameter  have been calculated in this study for ex- 
perimental  points along the Cd-Te and Zn-Te liquidus 
curves. A computer half- interval  search method (25) 
was used to solve the liquidus equation derived by 
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Stringfellow and Greene (23) from the general  l iq- 
uidus equation of Vieland (22) and the quasi-chemical  
act ivi ty coefficients of Guggenheim (24). (The values 
of Kulwicki  (6) were used for the entropies of fusion 
of CdTe and ZnTe.) The var iat ion of the interchange 
energy parameter  for the Cd-Te system is shown in 
Fig. 9 for a coordination n u m b e r  of 4. Unlike the I I I -V 
systems investigated by Stringfellow and Greene, the 
I I -VI  systems show significant variations of the 
quasi-chemical  parameter  along the l iquidus curve. 
The m i n i m u m  near  equiatomic composition however 
is much shallower than  in the regular  solution model 
and remains  less than  30 and 35 kcal /mole  on the Cd- 
rich and the Te-r ich sides, respectively. 

Both the regular  and the quasi-chemical  models are 
based on the assumption that the energy of the solu- 
tion is a funct ion solely of the number  of pairs of un -  
like atoms and they fail to differentiate between meta l -  
rich and chalcogen-rich solutions. The phase diagrams 
of the I I -VI  systems are highly unsymmetr ical ,  because 
of the difference in energy of meta l -meta l  and chalco- 
gen-chalcogen bonds, and they cannot  be adequately 
represented by either of these two models, unless they 
are arb i t rar i ly  separated into metal - r ich and chalco- 
gen-r ich subsystems (6, 9). The more recent Non- 
Random Two-Liquid  solution model of Renon (26) 
takes account of the differences in bond energy of 
the solvent atoms and offers the possibility of repre-  
sent ing unsymmetr ica l  phase diagrams with a single 
consistent set of parameters.  P re l imina ry  results in-  
dicate that  it gives a bet ter  representat ion of the Ga-As 
t iquidus curve and thermodynamic  funct ions than  the 
quasi-chemical  model. Good fits to the Cd-Te and 
Zn-Te  l iquidus curves are also obtained, but  some 
questions remain  concerning the values of the temper-  
ature dependent  bond energy parameters  in these two 
systems. 

Pseudobinary liquidus-solidus gap.-- A general  ex- 
pression for the thermodynamic  relationship between 
l iquidus and solidus equi l ibr ium compositions has re-  
cently been derived (27) for non- idea l  but  homoge- 
neous and monotonic alloy systems (i.e., systems 
showing complete l iquid and solid mutua l  miscibil i ty 
and monotonic variat ions of the l iquidus and solidus 
curves).  For  a system of two components A and B 
with mel t ing temperatures  TA ~ TB, the molar  frac- 
tions of A and B in the liquid and solid phases, X~A, 
X1B and XSA, XsB, in equi l ibr ium at the in termediate  
tempera ture  T such that  TA ~ T ~ Ts, are related by 

( ) RT In XsA -- In XIA = hHA 1 
XsB X1B TA 

T 

where R is the ideal gas constant, AHA and AHB are 
the enthalpies of fusion of A and B, and D represents 
the difference between the par t ia l  excess free energies 
of mixing  in the solid and  l iquid phases 

(gAGSe,m aAGle,m 
D = - -  [2] 

OXSA OX1A 

If the l iquid and solid solutions are ideal, the excess 
free energies of mix ing  are zero and D ---- 0. The ideal 
form cf Eq. [1] with D ---- 0 has also been found to fit 
the exper imenta l  data for a large n u m b e r  of b inary  
and pseudobinary alloy systems (metallic, semicon- 
ducting, and ionic) in which the l iquidus and solidus 
curves vary  monotonical ly  with composition (27). Al-  
though the l iquid and solid phases in these systems are 
general ly  not ideal solutions, the ideal l iquidus-solidus 
expression is applicable because the difference between 
the part ial  excess free energies of mixing  is small  

enough to be neglected. The ideal expression can 
therefore be used to calculate one of the boundaries  
of the two-phase field when  the other one and the 
enthalpies of fusion of the pure components are 
known. The solidus curve for the pseudobinary  CdTe- 
ZnTe system in Fig. 4 has been calculated from our 
exper imental  l iquidus data and from the enthalpies 
of fusion determined by Kulwicki  (6). It  shows ex- 
cellent agreement  with the solidus data (the root 
mean  square of the difference between calculated and 
exper imental  temperatures  for five points is 3.8~ 
therefore confirming that  the deviations from ideality 
in the two pseudobinary phases are small  and near ly  
equal. 
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Growth Characteristics of Rutile Film 
by Chemical Vapor Deposition 

R. N. Ghoshtagore and A. J. Noreika 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Thin film ruti le  has been grown by the chemical  vapor deposition react ion 
of TIC14 and 02 on silicon and a va r ie ty  of oxide substrates over  a range of 
tempera tures  (673~176 and reactant  part ial  pressures (pwicl4 --~ 2.9 x 10 -2 
to 9.28 X 10 -1 Torr, Po2 ~ 2.5 x 10 -1 to 760 Torr) .  At high oxygen par t ia l  pres-  
sures between 990 ~ to l l00~ the films have been found to contain the rut i le  
modification of TiO2 almost exclusively.  Polycrysta l l ine  deposits on silicon, 
fused quartz, and amorphous silica ( thermal ly  grown or chemical ly  vapor  
deposited) substrates displayed some prefer red  growth orientat ion (fiber tex-  
ture) .  Epi taxial  films were  obtained on (001)-, ( 1 1 0 ) - a n d  ( l l l ) - r u t i l e ,  (100)- 
MgO, and (0001)-sapphire substrates at e levated temperatures .  

The process of chemical  vapor  deposition (CVD) has 
recent ly  at t racted considerable at tention as a method 
of depositing thin films of refractory  mater ia ls  on a 
var ie ty  of substrates (1). However ,  ve ry  few data are 
avai lable on the nucleat ion and growth behavior  in 
CVD systems. One such CVD process of potent ial  im-  
portance is the growth of thin film ceramic oxides on 
semiconductors for use as insulators or dielectrics. 

Among the simple oxides, t i tanium dioxide in rut i le  
modification is known to have  one of the highest di- 
electr ic  constants (90 • and 180 I1 c-axis)  (2). Both 
physical and chemical  deposition techniques have been 
reported for the preparat ion of t i tanium dioxide films. 
The former  include the evaporat ion of t i tanium fol- 
lowed by oxidation, react ive  sput ter ing of t i tanium in 
oxygen, and rf sputter ing of t i tanium dioxide (3). The 
pyrolysis of t i tan ium alcoholates (e.g., te t ra isopropyl  
t i tanate)  (4), hydrolysis  of t i tan ium te t rachlor ide  (5), 
and anodization of t i tanium films (6) are examples  of 
chemical  deposition of t i tan ium dioxide. In this study, 
a new chemical  vapor  deposition process to form TiO2 
has been explored on a var ie ty  of substrates. Where  
practical, the growth characteristics, i.e., crystal  size 
and orientation, have been observed. Some re levant  
kinetic data regard ing  the format ion of TiO2 films on 
silicon have been repor ted  e lsewhere  (7). 

Experimental Technique 
The exper iments  utilize the chemical  react ion be- 

tween t i tanium te t rachlor ide  and oxygen on a heated 
substrate in a convent ional  horizontal  quartz tube 
"silicon epi taxial"  reactor  at atmospheric pressure (8). 
Purified t i tan ium te t rachlor ide  (prepared by mul t ip le  
disti l lation of 99.995% pure  mater ia l )  in thermosta t -  
held quartz bottles is used as a t i tan ium source bub- 
bler  through which a carr ier  gas of u l t rapure  argon 
or uI t rapure  oxygen  (Matheson) is passed at a con- 
t rol led rate. This gas (saturated with  TIC14 vapor)  is 
then mixed  with additional u l t rapure  oxygen and /o r  
argon through a set of cal ibrated flowmeters,  l iquid 
traps, and filters and the mix tu re  reacted on a quartz  
encapsulated high pur i ty  graphite susceptor heated by 
rf induction. The over -a l l  react ion can be described by 

TiC14(g) ~ O2(g) ~ TiO2(ruti le)  (s) ~ 2C12(g) [1] 

Free  energy changes (AF) for this reaction, calculated 
f rom known thermochemical  data (9), are --33.0, 
--30.3, --27.7, and --25.2 kca l /mole  at 700 ~ 900 ~ 1100 ~ 
and 1300~ respectively.  

Single crystal  silicon wafers  (15-20 mils thick) of 
(111), (100), and (110) orientations, obtained f rom 

K ey  words:  rutile,  film, epitaxy,  nucleation,  deposition, or ienta-  
tion, growth,  dielectric. 

Texas Instruments,  were  lapped, polished in Linde B, 
and then chemical ly etched in 15:5:3 HNO~:HAc:HF 
to a mir ror  finish by the supplier. Substrates  for TiO2 
deposition were  prepared by scribing 5 mm squares 
out of these wafers. The substrates were  then de- 
greased by boiling in t r ichloroethylene  and acetone 
and chemical ly polished in 15:5:3 HNO~:HAc:HF to 
remove  about 5-10~ of surface layer. The substrates 
were  then blown dry  in dry nitrogen, mounted  on the 
susceptor and baked for 20-30 min in u l t rapure  hydro-  
gen at 1175~176 to r emove  any res idual  oxide 
film (10). 

The reactor a tmosphere  is then flushed with  u l t ra-  
pure argon and the substrate t empera tu re  is adjusted, 
the t empera tu re  being moni tored with an optical 
pyromete r  [corrected for absorption by the quartz 
tube wall,  reactor  atmosphere,  and substrate emissiv-  
i ty (11)] and /o r  an infrared radiat ion pyrometer .  Ti-  
tanium te t rachlor ide  vapor  in the carr ier  gas is then 
passed into the reactor  (af ter  prolonged purging to 
vent ) ,  argon flow is discontinued, and mainl ine  u l t ra -  
pure  oxygen is introduced at a p rede te rmined  flow 
rate. The deposits and substrates are then  pushed off 
the susceptor at regular  t ime intervals  wi th  a quartz 
push rod, and the deposition rate  is de te rmined  from 
an average  of 16 to 18 samples run  for 8 to 9 differ- 
ent  t ime periods. F i lm thicknesses were  determined 
by reference to an el l ipsometr ical ly  cal ibra ted color 
chart  (12). The t empera tu re  of t i tan ium te t rachlor ide  
was maintained at 298 ~ _ 0.5~ and that  of the sub- 
strates to ___ 5~ 

Similar  exper iments  were  per formed using fused 
quartz and single crystal  MgO, A120~, and TiO2 (rut i le)  
substrates, an exception to the previously described 
exper imenta l  procedure  when using these substrates 
being the omission of the hydrogen anneal. The re-  
ported data on the fused quartz,  MgO, and A120~ sub- 
strates were  de termined  f rom the change in weight  
(to microgram accuracy) of several  substrates of 
known surface area before and after  depositing a 4000- 
6000A thick rut i le  film. The theoret ical  density of 
4.26 g / c m  ~ (for bulk  ruti le)  was used for thickness 
computat ion of the rut i le  film. Determinat ions  of crys-  
tal l i te  size and film orientat ion were  made f rom t rans-  
mission electron microscopy (TEM) and reflective 
electron diffraction (RED) studies, respectively.  The 
Si substrates were  par t icular ly  wel l  suited for the 
TEM study since they  lend themselves  to a wel l -  
established chemical  j e t -e tch ing  technique (13). In 
this technique, selected areas of the substrates are 
dissolved in a chemical  j e t -e tch  solution, the remainder  
being re ta ined as support  for the TiO2 membranes  
which span the etched areas. 
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Results and Discussion 
Nucleation density and deposition ra te .~Figure  1 

shows Arrhenius  plots re la t ing the deposition rate of 
TiO., to substrate tempera ture  at three constant  par t ia l  
pressures of t i t an ium tetrachloride. Within  the range 
of exper imenta l  error the  rates are seen to be inde-  
pendent  of both substrate composition and substrate 
orientation. Consequently, it can be inferred that the 
mechanism of TiO2 film formation is identical  on al1 
the substrates studied and is that  which has been 
elucidated by kinetic studies in the case of single 
crystal silicon substrates (7). Nucleation in the vapor 
phase by gas phase reaction becomes predominant  
a round 1125~ in all cases, above which tempera ture  
the rates decline. The effects of vapor phase reaction 
and consequent reduction of the effective vapor pres-  
sure of the ra te - l imi t ing  reactant  TIC14 are also evi- 
dent in Fig. 2, a plot of the number  of embryo crys- 
tallites, i.e., those formed dur ing the first minute  of 
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deposition, as a funct ion of temperature.  At  tempera-  
tures less than  1125~ the count increases with tem- 
perature;  above 1125~ the crystal l i te  density de- 
creases. 

The t rend of the data, i.e., the exponent ia l  rise as a 
funct ion of increasing substrate temperature,  in both 
sets of curves (Fig. 1 and 2) below 1125~ is pre-  
sumably  due to two complementary  effects, (i) an in -  
crease of the rate of reaction of component  gases as 
the thermal  energy supplied to the substrata  is in-  
creased, i.e., the exponent ial  dependence of the surface 
reaction rate constant  with tempera ture  (7), and (ii) 
an almost negligible vapor pressure of the solid reac- 
t ion product (TiO2) in the tempera ture  range of 
interest  (9). The lat ter  effect is equivalent  to an "ideal" 
complete condensat ion of impinging product atoms or 
molecules as envisioned in physical vapor deposition 
systems. Coupling of the above two effects produces 
an effective supersaturat ion which also increases with 
tempera ture  exponential ly.  Deposition rate and nu -  
cleation density, both strongly related to supersatura-  
tion, assume a similar tempera ture  dependence. How- 
ever, the activation energies of deposition and nuclea-  
tion are quite different in magni tude  because of the 
difference in  the physicochemical processes involved 
in each phenomenon.  

It  is well  known that  when  a solid surface catalyzes 
a hetereogeneous gas reaction, the energy of the reac-  
tion is decreased by the adsorption of one or more 
of the reactants.  If Et{ and  Es are the energies for un -  
catalyzed and catalyzed reactions, respectively, and 
Ei A is that for the adsorption and /or  desorption of the 
ith reaction species on the catalyst, then  

EH -- ~.~ Ei A -~ Es [2] 
t 

where n is the number  of species involved in  the 
reaction. 

EH can be calculated from the available thermody-  
namic data (9) and is ,~ 1.25 eV whereas Es can be 
obtained from Fig. 1 and is N 0.8 eV. Since only the 
adsorption of atomic oxygen is involved in our CVD 

n 

mechanism (7), ~ 

0.80 eV = 0.45 eV. 
Now, if aEo is the 

action 

EAatomic oxygen = Eo A ~ 1.25 -- 

enthalpy of activation for the re-  

1 
-- 02 .~- 0 [3]  
2 

and K is the equi l ibr ium constant, then 

Po --~Eo 
K = - -  = E x p . ~  [4] 

Po21/2 kT 
or 

- -  AEo 
Po = Po21/2 Exp - -  [5] 

kT 

where Po and Po2 are the part ial  pressures of atomic 
and molecular oxygen, respectively. 

Since TiO2 is formed by the adsorption of atomic 
oxygen (charged or uncharged) (7) on the substrata, 
the saturat ion nucleat ion densi ty of TiO2 (Ns) is pro-  
portional to the density of adsorbed oxygen which, in 
tu rn  is, proport ional  to the gas phase concentrat ion of 
atomic oxygen produced by  the reaction represented 
by Eq. [3]. Using Eq. [5], we obtain 

Eo A 
Ns.= ClPo adsorbed ~ C1C2Po Exp 

k T  
--dEe + Eo A --AEo + Eo A 

C1C~P021/2 Exp -~ C exp 
kT  kT  

= C Exp -- 2.14 e V / k T  [6] 
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where C,, C2, and C are constants, and Eo A ~ 0.45 eV 
and • ---- 2.58 eV (14). The excellent agreement  of 
the calculated activation energy of saturat ion nuclea-  
tion density (Eq. [6]) with the exper imental  data 
(Fig. 2) also seems to validate earlier conclusions on 
the mechanism of the surface nucleation. Fur thermore,  
the other possible mechanism of surface nucleat ion by 
the collection of the nuclei  formed in  the vapor phase 
seems to be ruled out by the exper imental  facts that 
(i) the nuclei  do not have spherical morphology (see 
later) ,  and (ii) the saturat ion nucleat ion density does 
not remain constant  above 1125~ when the gas phase 
reaction has overtaken the surface reaction. 

When vapor phase reaction becomes predominant  
(above 1125~ Fig. 1 and 2), the model described still 
applies although the curve appears to assume a posi- 
tive slope. As the gas phase temperature  is raised along 
with that of the substrates, nucleat ion in the vapor 
phase is enhanced, and the effective pressure of the 
ra te - l imi t ing  reactant  gas (TIC14) seen by the sub- 
strate diminishes. Since the rate of surface reaction 
and the supersaturat ion are also functions of this pres-  
sure, both deposition rate and nucleat ion density de- 
crease. The data above 1125~ in both Fig. 1 and 2, 
represent  a sum of two competing physicochemical 
processes. Thus, above 1125~ the nucleat ion density 
(Ns) can be described by Eq. [6] modified by an addi-  
t ional factor for the amount  of unreacted TIC14 present. 
A similar  ad jus tment  can be made to describe the 
deposition rate above 1125~ 

Orientation behavior . - -Some variat ions were ob- 
served in the crystallographic orientations adopted by 
TiO2 films, on the several  types of substrates used. On 
oriented Si wafers, for example, crystal or ientat ion 
wi th in  the films was found to be independent  of sub-  
strate orientation. These data obtained from RED ob- 
servations are presented as functions of the substrate 
tempera ture  (630~176 and orientat ion in Fig. 3. 
All  Si substrates were of the low-index type, i.e., 
(100), (110), and (111). Figure 3 indicates that with a 
change of substrate temperature,  different crystal 
orientations are produced in the films. At temperatures  
below 630~ the crystallites are oriented at random. 
A strong {l l0}-or ientat ion occurs between 630 ~ and 
730~ This is succeeded by a {101}-orientation be-  
tween 730 ~ and 990K, then by a {301}-orientation be-  
tween 990 ~ and 1125~ and finally, by a strong {100} 
orientat ion at higher temperatures,  at least to 1320~ 
Deposition of TiO2 on fused quartz substrates over a 
tempera ture  range of 990~176 produced films hav-  
ing orientations similar to those for TiO2 on St. 

This s imilari ty prompted additional experiments  in 
which oxides of Si were del iberately formed on 
oriented Si surfaces. The oxide layers were either 
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Fig. 3. Schematic representation of preferred ruffle crystalllte 
orientation in thin films (as a function of substrate material, tem- 
perature, and orientation) grown at PO2 ~ 760 Torr and pTiC]4 = 
0.058 to 0.232. Symbols f and e stand for fiber and epitaxial hab- 
its, respectively. 

thermal ly  grown or chemically vapor deposited (by 
the reaction of Sill4 and O2). When TiO2 films were 
subsequent ly  deposited, orientat ions were the same as 
those deposited on both the hydrogen annealed Si and 
the silica surfaces. In  another  experiment,  in situ 
gaseous etching of Si substrates with HC1 was per-  
formed prior to TiO2 deposition. After  1-2 #m of the 
substrate surface had been removed, the reaction com- 
ponents were introduced, and films were deposited. 
Orientations altered slightly in this case, the onset of 
{100}-orientation occurred at a tempera ture  of 1000~ 
and the {301}-orientation was eliminated. 

The evidence suggests that  the observed TiO2 orien- 
tations represent  equi l ibr ium orientations on both 
neut ra l  and neutral ized surfaces; the single crystal  Si 
substrates being neutral ized by exposure to oxygen. 
Moreover, the presence of neutral ized surfaces is v i r -  
tual]y inevitable since the adsorption of oxygen at the 
surface is a pr ime requi rement  in the reaction se- 
quence. The cause of slight modification in the results 
for films etched in si tu by HC1 is, as yet, not  well 
established. Since the etch was intended to remove 
the na tura l  surface oxide, as was the hydrogen anneal,  
one assumes that the predeposition t reatments  of the 
substrate did not produce equivalent  results and that 
the {301}-orientation, where it occurs, may be art i-  
ficially stabilized. 

Efforts to detect the presence of SiO2 between sub- 
strate and film included infrared absorption measure-  
ments. Known thicknesses of SiO2 in especially pre-  
pared Si-SiO2-TiO2 structures served as standards. 
Since infrared absorption was not observed for either 
the exper imental  films or for the standards in which 
SiO2 thickness was less than 200A, oxide films, if pres- 
ent, had not exceeded the absorption thickness limit. 

Since oxygen neutral ized surfaces may well  be the 
rule on metallic and semiconductor single crystal  sub-  
strates, single crystal oxide substrates appear to offer 
the most l ikely surfaces for the epitaxial growth of 
rutile. Deposits on cleaved and polished surfaces of 
rutile, MgO, and sapphire, in fact, showed varying 
degrees of epitaxy, Fig. 3, at temperatures  between 
990 ~ and 1205~ 

Figure 3 also indicates that the best orientat ion 
match between the film and substrate occurs for 
(110)-oriented rut i le  substrates. Good epitaxial  a l ign-  
men t  is also evident  on the ( l l l ) - o r i e n t e d  substrates 
at temperatures  greater than  l l00~ Films deposited 
on (001)-oriented substrates showed a moderate de- 
gree of epitaxy at temperatures  near  1200~ orienta-  
tions of deposits prepared at lower temperatures  
ranged from a {301}-fiber texture  at 990~ to a badly 
twinned (001)-epitaxial  layer near  l l00~ The de- 
gree of twinn ing  was greatly reduced and often com- 
pletely el iminated in all homoepitaxial  growth ex-  
periments,  i.e., on (110), (100), and ( l l l ) - o r i e n t e d  
rut i le  substrates, by in situ etching of the substrates 
in gaseous chlorine at 1320~ 1000-1500A of a sub- 
strate was so removed. 

Films prepared on (100)-oriented MgO and (0001)- 
oriented sapphire substrates in a tempera ture  range  of 
1100~176 also exhibited strong epitaxial behavior. 
Some of their representat ive RED patterns are shown 
in Fig. 4. The orientat ion relationships between rut i le  
films and substrates (where TiO2 represents the rut i le  
film and A1203 represents the sapphire substrate) were 
(l10)WiO2 I] (100)MgO, [001]WiO2 II [011]Mgo and 
(100)  TiO2 [I (0001)  A1203, [010] WiO2 II [110]A]203, 
[011]*TiO2 IJ [110]A1203- ([ ]* = R.L. vector).  Inspec- 
t ion of the orientat ion relat ionship observed for rut i le  
films on (100)-oriented MgO substrates indicates that  
a continuous oxygen sublattice exists across the  sub-  
strate-fi lm interface with t i t an ium atoms occupying 
unoccupied octahedral sites of MgO lattice. Since the 
respective oxygen ion densities for observed crystal-  
lographic planes are MgO(100) _-- 1.13 x 1015/cm 2 and 
ruti le (110) = 1.04 x 1015/cm 2, some interracial  dis- 
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Fig. 5. Typical transmission electron micrograph of rutile film 
grown on silicon. Po2 ~ 760 Torr, pTiel 4 ~--- 0.116 Torr, T 
1100~ t ~ 1500~.. 

1 0 -  4 1 0  - 1  

Time, rnJn 
,0 0 

i r I i 

101 
, i I 

Fig. 4. Reflection electron diffraction (RED) patterns of epitaxial 
rutile films on (a) (110) futile, (b) (100) MgO, and (c) (0001) 
sapphire. Corresponding RED patterns of substrates are shown on 
the bottom half of each photograph. Substrate temperature 
1100~ po 2 ~ 760 Torr, pTic14 ~ 0.232 Torr. 

tort ion is expected. A somewhat  s imilar  a l ignment  
occurs on (0001)-oriented sapphire crystals where  the 
oxygen-fi l led substrate surface becomes common to 
both substrate and film. In this case, the respect ive 
oxygen ion densities are sapphire (0001) ~ 5.12 x 
1014/cm 2 and rut i le  (100) = 7.37 x 1014/cm2. In de- 
posits on to single crystal  rut i le  surfaces (homoepi-  
t axy) ,  the oxygen- t i t an ium stacking becomes that  of 
the substrate. 

Growth behavior.--The growth behavior  of TiO2 
films was most convenient ly  observed by transmission 
electron microscopy (TEM) of films deposited on Si 
substrates. The major i ty  of films so invest igated had 
mean thicknesses be tween 230 and 1500A, were  de- 
posited in a fixed set of reactant  par t ia l  pressures 
( P T i c I 4  ~ 0.116 Torr,  Po2 --~ 760 Tor r ) ,  and at one of 
three  predetermiffed temperatures ,  990 ~ 1100 ~ or 
1205~ All  films on silicon showed a platelet  morphol -  
ogy as shown in Fig. 5. The data obtained f rom such 
micrographs are given in Fig. 6 where  the average 
platelet  dimension is plotted both as functions of film 
thickness and equivalent  growth time. The average 
platelet  size was observed f rom the electron micro-  
graphs by l inear analysis (error  ~ _+ 10%). Since 
average values did not change with  anneal ing at the 
growth tempera tures  in oxygen (Po2 ---- 760 Torr)  ( the 
anneal ing period was at least ten times the period of 
the deposit ion),  they were  considered to represent  
equi l ibr ium dimensions. F rom the data in Fig. 6, de- 
posits prepared between 990 ~ and 1205~ show lateral  
extension of individual  grains at almost a constant rate  
unti l  a film thickness be tween  700 and 1000A are 
reached. At these thicknesses, fur ther  la teral  growth 
ceases. The ul t imate  la teral  dimensions reflect the dif-  

I0 -'5 / ~OGCK ~ , I / / /  111~< 

10-6 
,o z ,o 3 lo 4 

Film Thickness, 

Fig. 6. Average lateral size of rutile crystallites in the thin films 
grown on (111) silicon single crystal substrates as functions of 
film thicknesses and growth times at 990 ~ 1100 ~ and 120S~ 
PTiC14 ~ 0.116 Torr, P02 ~ 760 Tort .  

ferences in nucleat ion densities observed earlier,  i.e., 
deposits where  nucleation density was greatest  show 
crystall i tes of smallest  la teral  dimension and vice 
versa. Approximate  dimensions (maximum)  are 14703k 
( l l 00~  2700A (1205~ and 3300A (990~ The 
data f rom films deposited at 1205~ indicate that at 
this t empera ture  the rate  of lateral  extension is i r -  
regular  in the thickness range 700-900A. These growth 
results are regarded as uncer ta in  at present  and are 
indicated by a dashed line in Fig. 6. The size i r regu-  
larities are l ikely related to the appearance of another  
TiO2 phase during deposition [electron diffraction re-  
veals the presence of TiO2 (anatase) in deposits pre-  
pared above 1125~ The observed two-component  
mul t i layered  film is l ikely  to produce crystall i tes of 
various dimensions, the averaging of which could 
cause the observed discrepancy. The mechanism for 
formation of the second phase may well occur via a 
homogeneous reaction between TiCl4 and 02; such a 
reaction has been reported in a similar CVD reaction 
(4) although no structural data of the reaction product 
is available. 

Effects of partial pressure ratio.--The effects of the 
var ia t ion of par t ia l  pressure ratio Po2/PTic14 o n  the 
deposition rate of TiO2 film is shown in Fig. 7 at two 
substrate  temperatures .  The slope of 1/2 is due to the 
fact that  atomic oxygen is a reactant  species at both 
these tempera tures ;  this has been discussed in detail  
e lsewhere  (7). The pressure ratio at which TiO2 
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Fig. 7. TiO2 thin film deposition rate as a function of the re- 
actant partial pressure ratio (PTiC~4 ~ 0.058 to 0.232 Torr, PO2 
0.25 to 25 T0rr) at two substrate temperatures. 

(rutile) formation is p rominent  is 8.62; below this 
ratio an unidentified reaction product is formed which 
is stable to the extent  of complete resistance to 
fur ther  oxidation in pure oxygen (760 Torr) at tem- 
peratures up to 1320~ and at anneal ing durat ions of 
up to 8 hr. Thermodynamic  calculations, using free 
energy change values from the JANAF thermochem- 
ical tables (9) and assuming equil ibrium, i.e. 

2pc12 = PTiC14 and Po2/PTiCl4 : 1/4 Kp [7] 

predict that the m i n i m u m  Po2/PTic14 ratio for rut i le  
formation is 7.7 x 10 -7 at l l00~ This is orders of 
magni tude  lower than the exper imental  value of 8.62 
and is in the right direction for a reaction sequence 
controlled by the surface adsorption kinetics of atomic 
oxygen produced in the gas phase. 

Refract ive  index  data . - -The refract ive indices (no) 
and thicknesses of TiO2 films on silicon were 
determined by ellipsometric methods (12). For films 
in the thickness range of 200-1500A the average value 
of nD was 2.83 __+ 0.03. A few films th inner  than  
500A had a refractive index 5-8% lower than this 
average value. Such data are not uncommon in thin 
films, viz., indices of refraction of the oxides (Al.~O3, 
Ta205, Nb,~O~) are less in th in  film form than in the 
bulk (15). The average refractve index of TiO2 films 
(2.83 • 0.03) produced for the present  studies ]s 
greater than that obtained by a similar CVD process 
( n D :  2.0) using te t rabuty l  t i tanate  and tetraiso- 
propyl t i tanate  (16) and compares favorably with 
the single crystal no values (17) (2.909 for the extra-  
ordinary  ray and 2.613 for the ordinary  ray) .  No 
reproducible behavior of change in nn  as a funct ion of 
film thickness and /or  deposition tempera ture  could 
be detected. 

S u m m a r y  and Conclusions 
The present study on the s tructure of chemically 

vapor deposited TiOz thin films on a variety of sub- 
strates has shown that (a) the crystallographic 
modihcation of TiO2 produced by the reaction of 
TIC14 (g) and O.~(g) on all substrates studied is pre-  
dominately  rut i le  at and above a PO2:PTiC14 ratio of 
8.62; (b) the film is always polycrystal l ine on single 
crystal silicon between 0.001 to 30 ohm-cm, p- or 
n - type  and low-index orientations and silica (amor-  
phous or fused quartz) substrates and exhibits a 
par t icular  fiber texture  which is a function of only 
the tempera ture  of deposition; (c) at temperatures  

below l l00~ growth on (001) and (111) rut i le  
substrates generates polycrystal l ine films and at 
relat ively high deposition temperatures  (>  l l00~  
epitaxial  films were produced on single crystal rutile, 
MgO and sapphire substrates; (d) in situ HC1 etching 
of single crystal substrates produces preferred 
crystal l ine orientat ion at lower temperatures  (in the 
case of silicon) and better  qual i ty epitaxial  films 
(little or no twinning)  on ruti le substrates; (e) under  
a fixed set of exper imenta l  conditions comparable 
growth rates were obtained on all substrates; (f) 
between 990 ~ and 1205~ the rut i le  crystall i tes grew 
lateral ly (on silicon) at about the same rate up to a 
film thickness of about 700A; and (g) the densi ty of 
TiO2 nuclei (on silicon) increased exponent ia l ly  with 
increasing tempera ture  up to about 1125~ with an 
activation energy of 2.18 eV. 

The energetics of the rut i le  crystalli te formation 
process (on silicon) has been analyzed to support an 
earlier conclusion that the kinetics of the reaction 
TiC14(g) -k Oe(g) -* TiO2 (ruti le) -F Cl~(g) (on the 
silicon surface) involve adsorbed atomic oxygen and 
TIC14 molecular  species (in the gas phase). Also, the 
epitaxial  ruti le thin film grown on low-index MgO, 
rutile, and sapphire substrates have easily under -  
s tandable f i lm-substrate structural  relationships. 
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When a substrate is immersed in a l iquid and heated 
to a tempera ture  much higher than the boiling point of 
the liquid, a sheath of vapor forms, separating th e  
l iquid from the substrate.  This process is generally 
called "fihn boiling." If the liquid thermal ly  decom- 
poses or otherwise reacts to produce a substance which 
is nonvolat i le  at the temperature  of the substrate, plat-  
ing of this substance onto the substrate may occur. 
Basically, such a process is s imply vapor deposition, 
at the high vapor concentrat ion limit. 

Recently Nieberlein (1) has used the fi lm-boiling 
method to deposit polycrystal l ine silicon carbide onto 
tungsten  filaments from mixtures  of t r imethylchloro-  
silane and cyclohexane at temperatures  of ~900~ 
Deposition rates of up to 100 ~m/min  were obtained. 
X- ray  investigations (2) have not yet unraveled the  
crystal s t ructure of the deposits. However, an extensive 
t ransi t ion layer of tungsten  carbide was identified. 

This report  presents the ini t ial  results of our at-  
tempts to adapt the f i lm-boil ing technique to the pro- 
duction of materials  for electronics applications, par-  
t icular ly silicon carbide. Graphite  and single-crystal  
silicon substrates were used in an at tempt to el iminate 
t ransi t ion layers. Several  l iquid systems were inves-  
tigated. 

Experiments and Results 
Th e  deposition system (Fig. 1) consisted of a pair  of 

copper electrodes, with adjustable spacing, immersed 
in the liquid under  study. The deposition cell was 
cooled with chilled acetone (~0~ to minimize 
evaporation. The substrates were clamped b e t w e e n  th e  
electrodes by t ightening the Teflon spacers and heated 
with a variable  autotransformer.  A cur ren t - l imi t ing  
resistor was required when using silicon substrates. 
This consisted of a coil of resistance wire wound on a 
spiral-grooved ceramic core (total resistance, 15 ohm).  
Several  in termediate  taps were provided for lower 
resistances. 

Tempera ture  was monitored with an optical pyrom- 
eter. Sight-path effects introduced an uncer ta in ty  of 
_~50~ The boiling, l iquid sheath did not i n t e r f e r e  
with the tempera ture  measurements  dur ing the early 
stages of deposition. However, the solutions eventual ly  
became turbid, making  tempera ture  measurements  un -  
reliable toward the  end  of deposition. 

Graphite  substrates, nomina l ly  2 • 0.3 • 0.1 cm, 
were cut from disks of spectroscopic grade graphite 
(National Carbon, Grade CCH), l ightly sanded with 

fine emery paper, r insed with acetone and wiped dry. 
Silicon substrates, nominal ly  2 • 0.3 • 0.05 cm, w e r e  
obtained by scribing and fractur ing from 0.2 to 0.5 
ohm-cm, (111), p- type silicon wafers. These were de- 
greased in tr ichloroethylene and etched in HF-HNO3 
before use. Solutions for deposition were prepared 
from reagent grade materials without  fur ther  purifica- 
tion. They were used only once because of the turbidi ty  
produced dur ing  deposition. 

Graphite substrates.--Deposition from pure t r i -  
methylchlorosi lane at ~1100~ produced thick, ad-  
herent  layers of po]ycrysta]line mater ia l  which w e r e  

* Elect rochemical  Society Act ive  Member .  
K e y  words :  silicon, silicon carbide,  vapor  deposition, f i lm-boil ing.  

identified by x - r ay  diffraction as the 6H polytype of 
a-silicon carbide. Deposition rates were ~350 ~m/min  
for runs  of up to 11/2 min duration. Knoop microhard-  
ness values averaged 2200. No electrical evaluations 
have yet been made on these deposits, other than to 
note that  they appeared to be n - type  by thermal  probe 
and to have relat ively high resistivity. 

Dilution of the t r imethylchlorosi lane with cyclo- 
hexane d e c r e a s e d  the  rate of deposition, but otherwise 
had no apparent  effects on the gross characteristics of 
the deposits. Dilution with methanol,  however, pro- 
duced a rather  dramatic effect. For mixtures  with less 
than ~65 v/o  (volume per cent) methanol,  the de- 
posits resembled those from pure tr imethylchlorosilane.  
For mixtures  with higher methanol  concentrations, a 
black, lustrous deposit was obtained. Fracture  surfaces 
of this mater ia l  appeared glassy (see Fig. 2). Pro-  
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Fig. 1. Film-boiling cell 

Fig. 2. Fracture surface showing a 230 ~m-thick layer of glassy 
material deposited from a solution of 10 v/o trimethylchlorosilane 
in methanol, onto a graphite substrate. 
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longed etching in HF-HNO3 (4 days in a 50-50 mix-  
ture) revealed that some areas of the deposits were not 
single-phase. X- ray  diffraction indicated the mater ia l  
was indeed noncrystal l ine.  Knoop microhardness 
values averaged 1800. The chemical composition has 
not yet been determined. However, the mater ia l  was 
observed to form a liquid phase when heated in an 
inert  atmosphere to 1700~ Microscopic examinat ion 
of the surface after this t rea tment  revealed that por- 
tions of the layer  had been t ransformed into a colorless 
glassy mater ial  which we suspect is silica. 

The preparat ion of a similar, black, glassy substance 
by the decomposition of methy]t r imethoxysi lane vapor 
on a hot tungsten  fi lament was reported by Hough and 
Early (3). They reported the composition to be 
~Si3~C~O40. 

Silicon substrates.--Deposition from pure t r imethyl -  
chlorosilane at ~950~ produced thick, polycrvstal-  
line layers shown by x - ray  diffraction to be silicon. 
Deposition rates were 200 ~m/min  for runs  of up to 11/2 
min duration. The deposits appeared to have relat ively 
high resistivity. Thermal  probing indicated n - type  con- 
duction. 

Dilution with cyclohexane not only decreased the 
deposition rate but  mater ia l ly  improved the physical 
quali ty of the deposit. Figure 3 shows a 94 ~m thick 
layer deposited in 41/2 rain from a mix ture  containing 
20 v/o tr imethylchlorosi lane.  Back reflection x - ray  dif- 
fraction indicates that  some areas of the deposit are 
(111) single crystal. Thermal  probing showed the de- 
posit to be n-type.  The electrical characteristics of the 
p -n  junct ion  have not yet been investigated. No de- 
posits could be obtained using tr imethylchlorosi lane 
and methanol  mixtures  because the conductivi ty of 
such solutions was higher than that  of the substrate.  

Discussion 
The deposition of silicon onto silicon substrates from 

trimethylchlorosilane,  both with and without cyclo- 

hexane, was an unexpected result  in view of the results 
obtained using tungs ten  and graphite substrates. The 
influence of deposition tempera ture  on the composition 
of the deposit, however, has yet to be determined.  The 
results reported here were for a relat ively low deposi- 
t ion temperature,  and the formation of silicon carbide 
at higher temperatures  cannot  be ruled out. Different 
results might also be obtained by using a different 
silane or an organic di luent  or both. Nevertheless, the 
effect of the substrate on the course of the reactions 
occurring is vividly illustrated. 

The suitabil i ty of mater ial  prepared by fi lm-boil ing 
for device fabrication has yet to be demonstrated. The 
ra ther  unsophisticated technique used here can cer- 
ta in ly  be improved upon. By using highly purified 
liquids and inert  electrodes (e.g., graphite) ,  the pur i ty  
of the deposits should be substant ia l ly  improved. Ac- 
tually,  this technique should be inheren t ly  cleaner 
than  solution epitaxy, since the container  for the l i -  
quids is not heated. Should it prove to be detr imental ,  
the turbidi ty  of the liquids, produced during deposition, 
might  be el iminated by using a liquid flow system in 
which the liquids are cont inuously pumped from the 
deposition chamber through a filter, thence back to 
the chamber. Dopants might also be thus introduced. 

There are several characteristics of the f i lm-boil ing 
technique that may limit its usefulness for epitaxial  
deposition. For example, there is a very large tempera-  
ture gradient along the substrate  major  axis. This 
might be reduced, however, by using very long, thin 
substrates. High resist ivi ty substrates obviously could 
not be used. The inabi l i ty  to vapor etch might  also be a 
disadvantage. However, some degree of etching might 
be obtained by heating the substrate to a relat ively 
low tempera ture  if the l iquid easily decomposes to 
produce vapors of an etchant, e.g., HC1. The tendency  
to deposit thick polycrystal l ine layers from concen- 
t ra ted solutions, although undesi rable  for epitaxy, may 
have applications to the technology of integrated cir- 
cuit fabrication using dielectric isolation. 
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Fig. 3. Fracture surface showing a 94 #m-thick layer of silicon 
deposited from a solution of 20 v/o trlmethylchlorosilane in cyclo- 
hexane, onto a single crystal silicon substrate. 
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Gallium Diethyl Chloride: A New Substance in the 
Preparation of Epitaxial Gallium Arsenide 
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Manasevit  et al. (1, 2) and Rai -Choudhury  (3) have 
reported on the use of a lkyl -ga l l ium compounds and 
arsine in the preparat ion of gall ium arsenide epitaxial  
layers. However, these compounds are distinguished by 

K e y  w o r d s :  m a t e r i a l s ,  p r e p a r a t i o n ,  g a s  e p i t a x y ,  o r g a n i c  G a  source ,  
a r s ine .  

a high reactivi ty (4) [Ga(CH3)3 ignites with O2 even 
at --76~ and a mix ture  of its vapor with air explodes 
at room temperature;  Ga (C~Hj),~ ignites in air and ex- 
plodes in O2.] The use of t r i a lkv l -ga l l ium to~ether 
with highly toxic arsine (threshold l imit  value 0.05 
ppm) is extremely hazardous in case of any  leakage. 
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Fig. 1. Growth rate of (100) GaAs layers vs. 104/T 

The react ion be tween Ga(CH~)~ and Pyrex  has also 
been reported (2). This causes difficulties during dis- 
t i l lat ion for purification purposes. In a technical  appli-  
cation it would be impor tant  to have a Ga-compound 
which is safer to handle even in large quantities. 

Therefore,  the comparable  low react ive gal l ium 
diethyl  chloride (GDC) has been used as the Ga source. 
This substance hydrolyzes slowly even in 0.1N NaOH. 
Al though 1 mole of HC1 is generated per  mole GaAs, 
this should not have a negat ive  influence on the layer  
qual i ty because, in the Cl- t ranspor t  system, layers of 
highest pur i ty  can also be produced (5, 6). In addition, 
gas-phase etching occurs in the react ion mix ture  just  
before growing the crystal  by increasing the t empera -  
ture  to 750~ which may be very  helpful  in prepar-  
ing an absolutely clean surface. 

GDC was obtained commercia l ly  and is used wi thout  
fur ther  purification. The arsine (puri ty  99.5%) con- 
centrat ion was 5.5% in h igh-pur i ty  H2. Semi- insula t ing  
Cr doped GaAs wafers of (111) ("B" face),  (110) and 
(100) orientat ion were  etched in 10% B r J C H 3 O H  and 
washed in methyl  alcohol just  before use. 

The exper iments  were  per formed in a ver t ical  rf  
heated f low-type reactor  designed to permit  evacuation. 
Quartz, Pyrex,  Teflon, and stainless steel have been 
used in constructing the system. This kind of CVD 
apparatus has also been used successfully in the prep-  
arat ion of e lemental  semiconductors such as Si and 
Ge (7, 9) and has many  advantages.  A thermocouple  
NiCr/Ni ,  cal ibrated at the  freezing point of A1, was 
embedded in the graphi te  susceptor in close proximi ty  
to the GaAs wafer.  1 The susceptor was coated with 
pyrolyt ic  carbon. A bubble- type  vaporizer  inserted 
into an oil bath at about 60~ contained the l iquid 
gal l ium source. Three special bubblers  containing H20, 
Br /H20,  and 30% NaOH, are used downst ream to 
destroy the waste products, especially ASH3. 

Before deposition takes place the wafers  are heated 
to 900~ for 1 min to remove  surface contaminations. 
In the ear ly  stage of the invest igat ion the grown layers 
often showed holes; this could be prevented  by this 
anneal ing step. Then the t empera tu re  is lowered to the 
growth t empera tu re  and the AsH3-stream (0.7 1/hr) is 
started. After  As deposits at the reactor  walls the H2 
(3.5 1/hr) is bubbled through the GDC, and GaAs is 
formed on the substrate. The GaAs wafers  were  heated 
to growth t empera tu re  (450~176 and after depo- 
sition cooled to room tempera tu re  in Pd-diffused H2. 
It is recommended that  the wafers  not be cooled in the 
react ion mixture,  since GaAs is formed down to 450~ 
(Fig. 1). Below growth t empera tu re  of 500~ the 
layers are of high resist ivi ty and have rough surfaces. 
Single crystal l ini ty  as de termined by reflection x - r ay  
Laue pat tern  was obtained as low as 450~ At 750~ 
gas-phase etching takes place, as observed by weight  
changes of the wafers before and after  the process. The 
nature of this reaction is not known so far. We bel ieve 
that  1 C1 from the GDC transports  1 Ga as GaC1 from 
the surface and the other  part  of the GDC is evaporated 
as a alkyl  subcompound Ga (alkyl)1 or 2 from the sur-  
face. However ,  no visible amount  of metal l ic  Ga could 

l.J 

1 The  in f luence  of the  r f  was  p r e v e n t e d  b y  a capac i to r  s h u n t e d  to 
the  t h e r m o c o u p l e .  
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Fig. 2. Growth rate of (100) GaAs layers vs. (total flow rate) -V2 

at constant GDC and AsH3 flux. 

be detected at the substrate or anywhere  in the reac-  
tion chamber  (by react ion 3 GaR1 -> GaR3 fl- 2 Ga).  

Mirror  smooth layers of epi taxial  GaAs on (100), 
(110), (111)-surfaces were  obtained, but  the reported 
data are measured on layers wi th  (100)-orientation.  
Layer  thickness was determined by two methods:  first 
by etching (10); second by the weight  gain of the 
wafers. Growth rate was evaluated  as function of sub- 
strate t empera tu re  (Fig. 1) and gas stream~velocity at 
constant GDC and AsH3 input values. Since the reaction 
is near ly  independent  of the temperature ,  we assume 
a mass t ransport  phenomenon to be the ra te-cont ro l l ing  
step. This is supported by Fig. 2 which shows the 
growth rate increasing with  the reciprocal  square root 
of the gas s tream velocity. 

The electrical  propert ies  of the layers were  assessed 
using the van der Pauw method (11). For  this purpose 
contacts of Sn / In  (48/52) were  alloyed at about 250~ 
in a H2, Ar, HC1 (80/15/5) atmosphere.  The ratio of the 
two van der Pauw resistivit ies R v R 2  was constant 
wi th in  3% f rom 70 ~ to 300~ The Hall  coefficient 
RH and the resist ivi ty p were  measured in this t emper -  
ature range. The mobil i ty  was calculated f rom the 
ratio RH/p. The magnet ic  field was 4 kG. Plots of carr ier  
concentrations as a function of reciprocal  t empera tu re  
are shown in Fig. 3. The mobil i ty  plots vs. t empera tu re  
are shown in Fig. 4. The correlat ion be tween deposition 
temperature ,  layer  thickness, the measured carr ier  
concentration, and mobil i ty are shown in Table I. The 

/0 ~ 

lore tO3/T ('K-D 
; 8 ;o;3h;6;8 o 

Fig. 3. Carrier concentration vs. 103/T 
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Fig. 4. Mobility vs. temperature 

samples seem to have an impur i ty  with an ionization 
energy of about 8 meV, calculated under  the assump- 
tion of one single donor term, par t ly  compensated by 
acceptor terms�9 The impur i ty  has not yet been identi-  
fied. No carbon could be detected in the reaction 
chamber  or on the layers either by microanalyt ical  
methods or by x - ray  investigations. 

The results, listed in Table I, show that  GDC is a 
suitable substance for the preparat ion of epitaxial  
GaAs layers�9 However, better  results should be ob- 
tained when purer  start ing materials  are used. 
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Table I. Characteristics of typical GaAs layers grown by the 
GDC/AsH3 CVD process 

Resis -  
T h i c k -  Mob i l i t y ,  t i v i t y  

S a m p l e  hess,  Depos. cm~/vs. Car r i e r  conc. (rS00~ 
No. #~n t emp ,  ~ ~00~ ~ 7 0 ~  n~OOOK, cm -3 o h m - c m  

f 47 5-6 635 3750 8500 
f 70 5-8 631 3850 9500 
f 78 5,5 550 4800 16000 
f 93 2-3 631 4200 9800 
f 98 7.5 575 4850 16500 
f 99 II.6 675 5050 18000 

1.5 10 TM 
7.5 10 TM 

3.5 1015 
1.5 10 TM 
6.4 1015 
4.2 10 is 

0.12 
0.18 
0.33 
0.10 
0.20 
0.30 
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Development of a Controlled Porosity Silver Electrode 
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ABSTRACT 

Silver electrodes which require no support ing grid and have a porosity 
graded structure were fabricated by combining silver powder of uniform 
mesh size with a plasticizer and pore forming additives. The proportions of 
these materials  are selected to give a uniform doughlike mixture  which is 
rolled and then sintered. Porosity control is achieved by controlled decomposi- 
tion of the plasticizer a n d  pore forming additives. Mult i layered graded porosity 
electrodes are assembled by a combinat ion of s intering and compaction. Per -  
formance data based on cycling tests and coulombic efficiencies demonstrated 
that  these electrodes are comparable to conventional  silver electrodes and the 
absence of the grid is not a limiting factor. 

Silver electrodes for electrochemical cells can be 
produced by various methods either from silver or 
silver oxide powders. Junger  (1), Morrison (2), and 
Jirsa (3) have produced silver electrodes by various 
methods of pasting a silver grid. Moulton and Enters 
(4) describe producing a sintered porous silver mass 
by thermal ly  decomposing a dried s i lver(I)  oxide 
pasted grid. More recently, electrodes have been pre-  
pared by application of s i lver( I I )  oxide paste to a 
silver grid using methylcellulose or sodium carboxy- 
methylcellulose as binders (5). Wi lburn  (6) and Wil-  
burn  et al. (7, 8) have described methods for producing 
electrodes by dry compaction of s i lver(II)  oxide to 
silver grids. Addit ional  methods for producing porous 
silver electrodes pr imar i ly  for use in fuel cells have 
been described by Schroeder  et al. (9) and Niedrach 
and Alford (10). 

Even though several methods are available for pro- 
ducing silver electrodes, they are normal ly  prepared 
from silver powder which has been compacted on a 
silver grid, sintered, and electroformed (6). In these 
processes little regard is given to available electrode 
porosity, a known control factor of bat tery  electrode 
performance, other than pressing sintered silver pow- 
der to various densities. Experience has shown that  
this practice is used to increase the A - h r / g  capacity 
ra ther  than controll ing porosity. 

Since these electrodes may be rather  dense, they 
must  be kept relat ively thin;  otherwise the interior  
active mater ia l  becomes electrolyte-starved dur ing 
cycling because of restricted electrolyte flow. Produc-  
tion of an electrode with controlled porosity wouId 
make all portions of the electrode equally accessible 
to electrolyte and enables the use of relat ively thick 
electrodes for high efficiency, pr imar i ly  at low dis- 
charge rates. At high discharge rates, the zinc electrode 
is the l imit ing electrode rather  than the silver elec- 
trode, so the silver electrode can be made thin. How- 
ever, porosity control provides an addit ional advan-  
tage in controll ing the over-al l  performance of the cell. 
Since a controlled porosity sintered silver electrode 
would oxidize uni formly  dur ing charge, a silver grid 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words ,  s i l ve r  e lec t rodes ,  p o r o u s  e lec t rodes ,  s i n t e r ed  elec-  

t rodes ,  gridless, porosity graded. 

would not be required since a continuous ne twork  
of silver during discharge should remain throughout  
the electrode, and act as a more efficient conductor 
than the conventional  silver grid. Presumably  the 
process of hot roll ing a mix ture  of polyethylene and 
silver powder followed by heating to bu rn  out the 
polyethylene (11) may well be used to control porosity. 
No data to this effect have been published. 

This paper describes the fabrication and electro- 
chemical behavior of sintered silver electrodes of 
uniform pore size, produced by sinter ing a rolled sheet 
of uni formly  mixed wet silver and binder  powders. 
High efficiency thick electrodes were produced by 
sintering electrode mater ia l  of 60% and 78% accessible 
porosities into a porosity-graded layered structure. 
It is expected that the electrochemical behavior of 
these porosity layered electrodes may possess good 
performance in comparison to conventional  pressed 
and sintered gr id-containing silver electrodes. 

The work of Bogenschutz et al. (12) interrela t ing 
porosity and sinter ing temperature  showed that, over 
the porosity range 57-65%, the capacity varied 20%. 
These results were used in de termining our opt imum 
sinter ing temperature  for gridless silver electrodes. 

Elect'rode Processing Procedure 
The first processing step for producing porosity 

controlled silver electrodes consists of rolling a doughy 
silver powder-methyl cellulose mixture into a con- 
tinuous sheet. The mixture is composed of 93 parts 
--325 mesh silver powder (44~ diam) blended with 7 
parts methyl cellulose. The components are mechan- 
ically shear mixed with i0 ml of 10% aerosol and 
approximately 35 ml of alcohol per 100g until "dough" 
consistency is achieved. After suitable mixing, the 
material is rolled to the desired thickness and al- 
lowed to air dry. Any scrap, prior to sintering, can be 
reprocessed with the appropriate liquid addition. The 
dry material is sintered in air by placing it into a 
788oC furnace for 15 min. Sinter ing produces a porous 
s tructure by burn ing  out the plasticizer and creates 
sufficient s trength by joining adjacent  silver particles. 

The sintered sheet (0.05 cm thick) was cut into 3.8 
cm squares, and a 0.32 cm wide silver strip current  
collector was attached to one edge. Several  methods 
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for at taching the current  collector were  tried, but the 
most successful method was to first position the silver 
strip with a single spot weld along the edge of the 
square electrode. Then the electrode assembly was 
placed in a furnace at 780~ for 3 min. While in the 
furnace, the current  collector section of the electrode 
was rol led at a pressure of about 0.07 g / m  ~. This roll ing 
process assured contact of the strip to the silver elec- 
trode over  the entire col lector-electrode contact area. 

In comparing the s t ructure  of gridless electrodes 
wi th  convent ional  pressed and sintered electrodes, it 
was apparent  that  the exper imenta l  process produces 
an evenly distributed, uniform pore size. Many of the 
silver particles of convent ional  electrodes are mas-  
sively sintered together  in the press and sinter tech-  
nique resul t ing in poor contact between portions of 
the support ing grid and adjoining silver. This lack of 
contact indicates that  the sintered silver s t ructure 
may be the pr imary  current  conductor instead of the 
grid. In the case of the gridless electrode, the in ter -  
connected silver ne twork  which remains after oxida-  
tion of the silver should provide efficient current  
conduction because of its uniform distribution. 

Porosity Control 
Avai lable  porosity can be increased by blending 

pore- forming agents wi th  the silver powder  and 
methocel.  Ground charcoal and wood flour were  chosen 
as porosity controllers, since burn-out  during sintering 
forms gases which produce interconnect ing pores upon 
leaving the silver mass and minimizes residual con- 
taminants.  These addit ives were  used to increase the 
accessible porosity from nominal  68-80% as seen in 
Fig. 1. Porosi ty was determined by comparison of the 
bulk density with the t rue density where:  

pBulk 
Total porosity =: 1 

pTrue 

The relat ionship be tween the amount  of pore agent 
and per cent void volume is not l inear since, as po- 
rosity increases, the si lver s t ructure par t ia l ly  collapses 
during sintering. Therefore,  80% was determined to 
be the practical  upper porosity limit. Chemical  analy-  
sis shows that  --100 ~-140 mesh ground charcoal was 
complete ly  removed during sintering. With the other 
porosity controllers, a trace of carbonaceous mater ia l  
remained. Photomicrographs showed that  the wood 
particles contain a grea ter  volume per mesh size, he- 
cause they are fibrous, while  the charcoal is particulate.  
Therefore,  it seems reasonable to assume that  wood 
flour would result  in less surface area per unit vo lume 
in comparison to an equal  volume of charcoal because 
of the difference in part icle shape and over -a l l  size. 

Avai lable  porosity can be decreased from the nomi-  
nal 68% by adding addit ional  s i lver  to the basic batch 
mix. For  example,  an ex t ra  50 parts silver decrease 
porosity to 60%. Larger  additions were  not evaluated,  
since producing a dense electrode with  l i t t le in tercon-  
nection be tween pores was not desirable. 

Porosity Layered Electrode Fabrication 
In prepar ing porosity gradient  electrodes, the sin- 

tered mater ia l  of 0.05 cm thickness and of 60% and 

80- 

o .  

o o  

?0- 

j": . ,o,-  

- 20U MESH 
WOOD FLOUR 

- 325 MESH 
CHARCOAL 

- 100 § 140 
CHARCOAL 

' 

G ADOITIVE 

Fig. 1. Porosity effect of additives per lOOg Ag-methocel 

78% accessible porosity was cut into 3.8 cm squares 
and th ree- layered  assemblies of 60-60-60%, 60-78-60%, 
78-60-78%, and 78-78-78% porosity were  made. These 
layered structures are designated as DDD, DPD, PDP, 
and PPP, respectively,  where  D ~ 6 0 %  porosity and 
P z 7 8 %  porosity. 

Mater ia l  using --100 -~ 140 mesh charcoal pore agent 
was used to produce these porosities, since it was com- 
pletely removed during sintering. Fur thermore ,  pre-  
l iminary  testing indicated higher  capacity than with  
--100 +140 mesh wood flour or --325 mesh charcoal  
as pore- forming agents. 

A 0.33 x 0.02 cm silver lead was positioned along 
the edge of an outside layer. Spot welding at a single 
point maintained a l ignment  of the silver layers and 
lead. Each assembly was placed in a 788~ furnace 
for 3 rain and hand rolled with  a ceramic rol ler  at a 
pressure not exceeding 0.07 g / m  2. The electrodes were  
immediate ly  removed  f rom the furnace to p reven t  
densification. It was found that  the roll ing operat ion 
is necessary and sufficient to create sintered bonding 
between the layers. 

Testing Procedure 
Charge-discharge testing was done in open-top 5 x 

6.2 x 1.8 cm cells so cycling characterist ics of the 
electrodes could be observed. The si lver electrode 
under test was placed between two nickel  counterelec-  
trodes (3.8 x 3.8 cm) in approximate ly  40 cc of 40% 
KOH. An Hg /HgO reference electrode which had a 
Luggin capil lary probe was placed between the nickel  
and silver electrodes. During discharge, Ag/AgO,  
A g O J / H g / H g O  potential  was monitored to determine  
electrode discharge stabil i ty and capacity. This po- 
tential  varied with  distance between reference and 
si lver  electrode due to IR drop and nonuni form cur-  
rent  distribution, but an a t tempt  was made to mini-  
mize the var ia t ion by mainta in ing this distance 
constant. The use of nickel counterelectrodes prevented  
problems of zinc dendrites and corrosion that  are 
associated with  s i lver-zinc cells. Fur thermore ,  the 
si lver electrode performance  here is much more  favor -  
able than would be expected in cells wi th  separators 
and zinc anodes. 

Exper imenta l  s ingle- layer  electrodes with 70% 
porous s t ructure  and a convent ional  s i lver  electrode 
which was also 70% porous were  charged and dis- 
charged at currents  based on the silver weight.  Po-  
rosity layered electrodes were  cycled in two groups, 
one at charge and discharge currents  de termined  by 
70% conversion of si lver weight  to si lver oxides, and 
another  at a charge of 0.021 A / c m  2 for 8 hr, fol lowed 
by a l ternate  discharges at 2.21 A / c m  2 and 0.038 A/cm2 
to the hydrogen evolution potential. An example  of 
the calculations based on the 70% conversion are 
included in the section t i t led Calculations. 

Exper imental  Results 
Charge~discharge of grid and gridless electrode.-  

Discharge curves for 0.05 cm sheet si lver electrodes 
(3.50g, 70% accessible porosity) were  measured in 40% 
KOH at the 5 hr, 1 hr, and 1/2 hr rate for a conven- 
tional grid structure and for a gridless structure. The 
discharge curves are shown in Fig. 2. Comparing the 
discharge curves at the 5 hr rate for the grid and 
grid]ess silver electrodes, the discharge times agree 
within 2.5%. At the 1 hr rate a difference of 1.3 min 
was observed, while  at the 1/2 hr  rate  the convent ional  
grid electrode discharged about 10% longer than the 
gridless electrode, but  at a lower voltage level. Voltage 
decay of the convent ional  grid electrode is more  rapid 
at each of the rates. 

Considering vol tage levels of the discharge curves, 
the voltage (vs. Hg/HgO)  is lower for the grid elec- 
t rode at the V2 hr and 1 hr  rate, but is near ly  identical 
at the 5 hr  rate. This voltage difference may  be d u e  
to lower resist ivi ty of the gridless electrode, but  there  
are not sufficient data to de termine  the var ia t ion 
exactly. Analysis of the two electrodes showed that  
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Fig. 2..Silver electrode discharge 

the grid electrode contained 17.4% free silver, whereas 
the gridless electrode contained 14.1% silver. This 
slight difference in silver content  is not sufficient to 
produce the observed vol tage variations. 

A characterist ic of si lver electrode discharge curves 
is the two-s tep  voltage pattern.  This two-step pat tern 
results f rom the discharge of the divalent  oxide to 
the monovalent  oxide and then the monovalent  oxide 
to the metal.  Genera l ly  this two-step phenomenon 
is undesirable,  e i ther  in bat tery  charging or in its 
application as a power  source. The presence or ab- 
sence of this two-s tep  discharge has been found to be 
dependent  on the physical and electrochemical  prop-  
erties of s i lver  electrodes. 

Comparing discharge curves for the convent ional  
and gridless electrodes, it is noted that  at all discharge 
rates a two-s tep  discharge occurred. At the ~/2 hr and 
1 hr  r.ate, the discharge t ime at the divalent  oxide 
potential  was less for the convent ional  electrode struc- 
ture and near ly  identical  at the 5 hr  rate. 

Fu r the r  evidence of the improved electrochemical  
behavior  of these electrodes is that, af ter  extended 
cycling, the cells mainta ined their  per formance  at a 
high level. The cells were  cycled over  100 times in an 
open-cel l  configuration wi thout  any significant de- 
crease in performance.  It is expected that  cell life 
could be increased considerably by using a closed cell 
in which the electrodes maintain  their  physical shape 
due to t ight packing. 

Dur.ing the test period no evidence of unusual charge 
acceptance, discharge behavior,  or physical deter iora-  
tion was noticed on visual examinat ion of the elec- 
trodes. Af te r  cycling, both electrode structures, con-  
vent ional  and gridless, are quite brittle. With severe 
deformation, the gridless electrode fractures  quite  
easily, breaking up into several  small  parts. The grid 
electrode is also bri t t le  af ter  cycling, but on deforma-  
tion the electrode is held together  by the grid. This 
should not be a problem in application since, in the 
cell assembly, the electrodes are t ight ly  packed and 
breakage will  be minimal.  

On the basis of the exper imenta l  observations, the 
gridless electrode performs as wel l  or bet ter  than the 
conventional  electrode, indicating that  the silver elec- 
trode is not l imited by the absence of a support ing 
in ternal  grid. Fur thermore ,  comparing the vol tage 
levels, discharge times, and capacities for the two 
structures, the gridless electrode is superior to the 
conventional  electrode. 

Electrochemical behavior of layered silver electrodes 
with constant current charge/discharge.--Four elec- 
trodes of graded porosity construction were  tested. 
The 60% porous mater ia l  is designated by D and the 
78% by P. Four  combinations of these abbreviat ions 
are used to refer  to the different electrode structures. 
The data on physical propert ies are summarized in 
Table I. 

These electrodes were  charged for 8 hr  at 0.21 
A / c m  2 and then discharged at two different currents,  
a l ternate ly  at 0.021 A/cm2 and 0.038 A / c m  2. At this low 
rate of charge, the four different s tructures showed 
essential ly the same charge rate  on the basis of the 

Table I. Physical dimensions of graded porosity electrodes 

P o r o s i t y  W e i g h t ,  T h i c k n e s s ,  
l aye r ,  % E l e c t r o d e  g c m  

60-60-60 DDD 7.87 0.152 
60-78-60 DPD 6.48 0.147 
78-60-78 P D P  5.27 0.142 
78-78-78 P P P  4.14 0.142 

amount  of si lver present. It is expected that  at h igh-  
rate  charging the more porous electrodes would have 
improved  charge acceptance when  compared with  the 
dense structures. 

The average A - h r / g  capacity of four discharges was 
used as the basis for de termining the average  dis- 
charge curves of Fig. 3 and 4. Since the discharge t ime 
is proport ional  to the electrode weight  and the weights  
of the various assemblies were  different, a nondimen-  
sional t ime scale was chosen to al low direct  comparison 
of the discharges. The t ime scale is t/tthcot'etical, wherc  
ttheol.ctical is the t ime for discharge assuming 100% ut i l -  
ization of the silver. In addition, the coulombic effi- 
ciency was found to be independent  of the discharge 
rate. 

From Fig. 3, at a discharge current  of I00 m A / c m  2, 
the voltage levels and discharge t imes are similar  for 
the mixed porous structures wi th  PDP having the 
longest discharge t ime and DPD discharging at a 
higher  voltage. The monoporous structures, DDD and 
PPP, have near ly  identical discharge curves, indicat-  
ing that  the porosity or layered s t ructure  is not a con- 
t rol l ing factor at this discharge current .  

Figure  4 shows the discharges of these graded elec- 
trode structures at a current  density of 20 m A / c m  2. 
The discharge times and vol tage levels are similar for 

O = 60 % POROUS, P----" 78 % POROUS 
.............. PDP----0.360 AH/G 

DPD--O.345 
. . . . .  PPP-O.316 
- - . .  ODD--O.294 

0 . 4 ~  

o 0 .2  

= o~ ', '  ;~' 

~ - 0 .2  

.o..1, 
0 0.4 0.0 

t / t  theoretical 

Fig, 3. 100 mA/cm 2 discharge 
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t 
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~ . . . . .  PPP--- 0 .310 
0 .4  : . ~ .  - - - -  DDD--  0 .29D 

0.2 ~" 

~ 0 

- 0 . 2  
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Fig. 4.20 mA/cm '~ discharge 
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Table tl. Charge-discharge rate based on electrode weight 

P o r o s i t y  W e i g h t ,  T h i c k n e s s ,  C h a r g e ,  A D i s c h a r g e ,  A 
l aye r ,  % E l e c t r o d e  g cm 5 h r  25 h r  1/2 h r  5 h r  

{;0-60-60 D D D  8.32 0.154 0.582 0.116 5.82 0,582 
60 -78-60  D P D  6.92 0,149 0.484 0.097 4.84 0.484 
78-60-78  P D P  5.39 0.142 0.377 0.075 3.77 0,377 
78-78-78  P P P  4.15 0,142 0.290 0.058 2.90 0.290 

the mult iporous layered electrodes, PDP and DPD, 
and, as at the high rate, the DDD and PPP  show 
near ly  identical behavior. Discharge t ime at the di- 
valent  oxide potential  is longest for the DPD structure 
and decreases in the order PPP, DDD, and PDP. How- 
ever, no significant differences in the discharge curves 
are noted at this low rate which could be at t r ibuted 
to variations in the layered structure. 

Electrochemical behavior of layered silver electrodes 
with charge discharge rate determined by electrode 
weight.--These electrodes were discharged al ternate ly  
at the 1/2 hr and 5 hr rates for eight cycles, with the 
charging done in two steps: charge at a 5 hr rate unt i l  
oxygen evolution occurs, followed by charging at a 
25 hr rate unt i l  oxygen evolution again occurs. The 
exper imental  data for these electrodes are given in 
Table II. 

The average ampere -hour /g ram capacity of four dis- 
charges was used for determining the average 1/e hr 
and 5 hr rate discharge curves of Fig. 5 and 6. The 
coulombic efficiency was found to depend directly on 
the electrode weight. 

From Fig. 5, at the 1/z hr discharge rate, the porous 
outside layers appear to control the discharge, since 
PPP and PDP both show higher discharge efficiency 
than electrodes with dense outer layers. Fur thermore,  
the PPP electrode appears most efficient. This was 
expected, since a more porous electrode outperforms a 

0----60% POROUS, P - - T S %  POROUS 
. . . . . . .  PPP-- 0,325 AH/G 
............. PDP----O.30O 
m . .  ODD" 0,290 

DpD--0,280 
0.4" .~ 

! i 

0 . 2 - ~  i i  0- 

- 0.2. 
z! z. 

-0.4 I, 
0 20 4'0 

MINUTES 
Fig. 5. One half hour rate discharge 
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Fig. 6. Five hour rate discharge 

dense electrode structure at relat ively high rates be-  
cause of the lower effective current  density on the 
porous structure and accessibility of the active mater ial  
for reaction. It appears that  highly porous gridless 
electrodes have an optimal pore size for the �89 hr rate 
discharge, as evidenced by the similari ty of the dis- 
charge vol tage-t ime relationship and the efficiency 
data. However, the DDD structure shows a significant 
voltage drop at this discharge rate, indicating that only 
the surface layer is discharged and the discharge proc- 
ess is probably mass t ransport  limited. 

Discharge curves at the 5 hr rate are shown in Fig. 6. 
Here the discharge is at a low enough current  density 
so that  the dense inside layer is also discharging and 
becomes the control layer. This is evidenced by PDP 
and DDD electrodes outperforming the electrodes with 
porous centers. However, the electrodes with porous 
outside layers outperform the electrodes with dense 
outside layers, regardless of center layer porosity. 
Even at low rates the porous layers control the dis- 
charge, especially at the divalent  oxide potential. 

The divalent  oxide potential  is markedly  evident  at 
the 5 hr rate, especially for the DPD structure where 
about one third the discharge time is at the higher 
potential. The other structures also discharge at this 
higher potential, but  for much shorter times. Probably,  
explanations for the presence of the divalent  oxide 
potential  are weak metal  contact between the layered 
structures, decreased conductivity, nonuni form current  
distr ibution due to the porous structure, and poor con- 
tact between the s i lver- to-s i lver  bonds due to the 
semiconductor AgO in the electrode. 

Since discharge t ime at the divalent  oxide potential  
is greatest for the DPD structure and decreases in the 
order PPP, PDP, and DDD, it appears that the center 
porous layer may be a control l ing factor. However, 
the manner  in which the porous layers control the 
divalent  potential  for these electrodes has not been 
thoroughly investigated in this work, and will  be con- 
sidered in future  studies. 

Conclusions 
The gridiess electrode has been shown to have physi-  

cal and electrochemical properties exceeding, or as 
good as, those of the convent ional  grid s tructured 
silver electrode. The manufac tur ing  process is simple 
and economical. Considerable savings will be realized 
on the total amount  of silver used by e l iminat ion of 
the grid. Fur thermore,  the process permits  controll ing 
the porosity of the silver electrode which is not realiz- 
able with the conventional  silver electrode. 

Comparing the electrochemical performance of the 
(0.05 cm thick) gridless and grid electrodes, the grid- 
less electrode's performance was not l imited by the 
absence of a conducting grid, as evidenced by the dis- 
charge data. 

On extending the controlled porosity layer concept, 
to a mult iporosi ty structure,  the mixed porosity com- 
binations performed significantly better than the 
monoporosity combinations. In fact the PDP structure 
was superior in three of the four tests, with the DPD 
closely approximating it. It also appears that, in the 
conventional  Ag-Zn battery, several thin electrodes 
could be replaced by a single thick graded structure, 
if the separator and anode space requirements ,  as well  
as the discharge rate, are considered. 

Although it has been demonstrated that  the layered 
structure is feasible, no at tempt has been made to de- 
termine the opt imum pore size of the layered struc- 
ture. This will be considered in fur ther  investigations 
of gridless electrodes. Fur ther  testing of these elec- 
trodes at higher rates is also under  investigation, since 
the high discharge rate performance was not thor-  
oughly studied. 

CALCULATIONS 
70?6 Conversion 

As an example of charge/discharge cycling with 
currents  determined by silver weight, consider the 
following example for a silver electrode weighing 2.8g. 
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From Faraday 's  law it can be shown that  1.0g of 
silver will  theoretically require 0.5 A-hr  to be pro- 
duced from AgO. Therefore: 

2.8g Ag ~ 1.4 A-hr  theoretical 

Actual  conversion based on AgO is 70% since some 
Ag + and Ag ~ remain dur ing  charging to Ag + +. There-  
fore 

1.4 X 70% ~ 0.98 A-hr  

is actually expected to force discharge 1.0g of fully 
charged silver. Testing commences by charging at a 
5 hr rate unt i l  oxygen evolution. The charging current  
is decreased to 25 hr rate unt i l  oxygen evolution once 
again occurs. 

Currents  would be 

0.98 A-h r  
= 0.196A~5 hr rate charge 

5 hr 

0.98 A-h r  
--= 0.039A--25 hr rate charge 

25hr  

Testing continues by discharging at a 1 hr rate unt i l  
hydrogen evolution 

0.98 A-h r  
0.98A discharge 

1 hr  

Note that the discharge time is such that, in 1 hr, 
70% efficiency based on Ag ++ would be achieved. 
Theoretically, the longest discharge would be 

1.4 A-h r  
• 60 ~ 85.8 rain at the 1 hr rate 

0.98A 

Manuscript  submit ted Nov. 3, 1969; revised m a n u -  
script received ca. May 1, 1970. This was Paper  26 
presented at the Detroit Meeting of the Society, Oct. 
5-9, 1969. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1971 JOURNAL. 
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Study of Lithium-Lead Alloys as 
Grid Material for Lead-Acid Batteries 

G. W. Moo, T. L. Wilson,* and J. G. Larson 
Gould Incorporated, Research Division, Minneapolis, Minnesota 55414 

ABSTRACT 

Li th ium-lead alloys with low contents of l i th ium were investigated for 
lead-acid bat tery grids. The metal lographical  alloy structures, mechanical  
properties, anodic corrosion resistance, cell performance, and castability were 
determined. Exper imenta l  data are in terpreted and compared with the well-  
known an t imony- lead  and calcium-lead bat tery  grid alloys. A useful  l i th ium-  
lead alloy range is presented. The potential  electrochemical superiori ty and 
economical feasibility are discussed. 

Although the positive grid does not participate di-  
rect ly in pr imary  discharge/charge processes, it is this 
member  that often limits bat tery life and utility. A 
suitable positive grid must:  (a) have sufficient me-  
chanical s trength to support its own weight and that  
of the active material ,  (b) conduct electrical cur rent  
evenly and efficiently, (c) provide a low impedance 
electrical contact between grid and active material ,  
(d) be relat ively resistant  to anodic corrosion, and 
(e) be easily formed. 

Ant imony- lead  alloys in the range of 4.5-12 w/o  
(weight per cent) Sb are generally used as bat tery  
grids in lead-acid batteries; the presence of ant imony,  
however, enhances self-discharge (1). In addition, sti- 
bine gas evolution excludes use of these alloys in con- 
fined areas. 

Over 30 years ago, the advantages of using alloying 
elements electronegative to lead were outlined, and the 
properties of a 0.1 w/o  Ca alloy were discussed (2, 3). 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r ,  
K e y  w o r d s ;  b a t t e r y  g r id ,  l i t h i u m - l e a d ,  l e a d - a c i d  b a t t e r y .  

Although similar compositions still serve as alloys for 
storage bat tery  grids, poor cycling characteristics have 
limited their use in many  applications. In  addition, 
corrosive attack under  anodic conditions can be selec- 
tive, causing problems in dimensional  s tabil i ty (4). 

Chemically, l i th ium resembles calcium in the free 
state, whereas it resembles an t imony metal lurgical ly 
(5). Li th ium-lead binaries were thus selected for study 
as possible grid alloys with the expectation that  they 
would possess some of the bet ter  properties of both the 
calcium- and an t imony- lead  alloys. The possibility of 
using alloys containing l i thium as grid alloy has not 
gone without previous investigation (6). Earlier in-  
vestigators, however, were probably concerned with 
alloys too rich in l i thium. 

This paper presents exper imental  results that  are 
believed to have a bearing on the applicabil i ty of 
l i th ium-lead as a positive grid alloy. The mechanical  
strength, resistance to anodic corrosion, cell perform- 
ance, and castabili ty are compared with similar data for 
calcium- and an t imony- lead  alloys. A usable alloy 



1324 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  O c t o b e r  1970 

range is outl ined and the characterist ics of the l i thium 
alloys are compared with  grid alloys used at present.  

Procedure  
The alloys re fe r red  to in this paper  were  prepared  

f rom Tadanac lead of 99.998% pur i ty  (principal  im-  
purit ies were  copper, silver, antimony, and bismuth) 
and 99.94% l i thium (Na 0.007-0.01%, Ca 0.02-0.05%, 
Fe 0.001-0.01%, Si 0.006-0.01%). Alloys were  prepared 
ei ther by adding l i thium direct ly to a mel t  held at 
650~ or by adding a concentrated master  alloy to 
lead in iron crucibles. The combination of react iv i ty  of 
l i th ium in the melt,  stirring, and a nominal  holding 
t ime af ter  the mel t  had stabilized appeared adequate  
to insure homogenei ty  of the alloy. F lame spectroscopy 
of nitric acid solutions of samples systematical ly se- 
lected during casting gave no indication that segrega-  
tion had occurred. 

All  mel t ing and casting was done under  an inert  
a tmosphere  of argon. Except  where  noted, the mel t  
t empera ture  pr ior  to pouring was mainta ined at 700~ 
and the mold t empera tu re  350~ The molds were  
coated with a layer  of a s i l icate-cork dust s lurry as 
s tandard practice. The alloy compositions re fer red  to 
la ter  represent  the chemical  analyses of gates taken 
f rom the castings and are genera l ly  the average of sev-  
eral  such samples. Cast 1/4 in. by 5 in. rods were  used 
as the anodes for corrosion studies. Tensile specimens 
were  cast to the shape prescribed for sheet lead 
samples, i.e. providing a gauge area of 2 x 1/2 x 1/s in. 
The castabil i ty data were  obtained using the method  
described in the l i te ra ture  (7). 

Briefly, castabil i ty was determined by pouring the 
lead alloy into an inver ted  t ree - type  mold cavi ty  at 
controlled melt  and mold temperatures ,  and cast sam- 
ples were  compared. Casting was scored by assigning 
points to each portion of the inver ted  t ree mold. The 
more difficult areas to fill were  given higher  values 
than the easier to fill areas. The highest  possible index 
score was arb i t rar i ly  set at 100. 

The metal lographic  techniques of sample preparat ion 
have been presented in detail  in an earl ier  paper (8). 
Briefly, these comprised mount ing the sample in a 
l ow- t empera tu re  sett ing plastic, polishing through suc- 
cessively finer lubricated abrasives to a final 0.1~ 
a lumina slurry, and etching in a dilute citric ac id-am-  
monium molybdate  solution. 

Al loy rods were  corroded separate ly  at constant 
potential  (the potential  being higher  than the solvent 
decomposition voltage) or at constant current  in 1.115 
sp gr sulfuric acid at room temperature .  Pure  lead 
sheet cathodes with a surface area of 170 cm~ were  
concentr ical ly arranged at a distance of 3 cm f rom the 
anode (surface area of 17 cml) .  Current  and voltage 
were  recorded throughout  the experiments,  and weight  
losses due to corrosion were  determined by str ipping 
the corrosion product f rom the surface of the corroded 
rods in a hot alkaline manni to l  solution. Duplicate  
alloy rods were  corroded so one exper iment  could be 
in ter rupted  to metal lographical ly  observe the progress 
and the morphology of the anodic corrosion. 

Bat tery  grids were  cast under  inert  a tmosphere  using 
opt imum mold and mel t  temperatures .  Grids were  hand 
pasted in a manner  s imulat ing commercial  practice 
and formed accordingly. Cells constructed from these 
grids were  discharged in deep cycle tests. Historically, 
cycle life tests have  been proven indicat ive of a grid 
alloy's capability. Al though pure, calcium-,  and dis-  
pers ion-s t rengthened- lead  satisfy many  of the requi re -  
ments of grid alloys, they are characterized by an in- 
abil i ty to maintain  cyclic capacity (9-12). L i th ium- lead  
alloys were  therefore  submit ted to a comparison wi th  
commercial  alloys in cycle life ~ests. 

F ive-pla te ,  minia ture  cells were  constructed with  
pas te :gr id  weights resembl ing industr ial  conditions. 
Theoret ical  capacities were  approximate ly  3 A - h r  so 
that  at 35% efficiency a reasonable charge :d ischarge  
cycle could be maintained daily with a 16 hr  over -  
charge. Cells were  discharged at a theoret ical  4 hr  rate  

(thus taking 1 hr  at 25% efficiency) and charged back 
at a theoret ical  20 hr  rate  (normal ly  taking 6 hr) .  A 
par t icular ly  deep cycle (1.1V cutoff) was used to ac- 
celerate  fa i lu re - -as  much paste as possible was used 
in each cycle wi thout  del iberate  sulfation. It was com- 
monly  observed that  nonant imony cells fel l  to one 
third their  capacity under  this test regime. 

A 16 hr, 2.2V float cycle (64 hr  on weekends)  was 
incorporated into the test procedure.  Earl ier  results  had 
indicated that  grain boundary corrosion was severe in 
two-phase,  l i th ium-lead  alloys. Despite the fact that  
cells normal ly  spent 520 hr  on overcharge  compared 
to 20 on discharge, tests were  invar iably  terminated  
because of paste, not grid, failures. 

Exper imenta l  Results 
Anodic corrosion.--Under conditions of exceeding the 

PbOl/PbSO4 potential,  the net effect of making dilute 
additions of l i thium to lead is to reduce the anodic 
corrosion rate, as shown in Fig. 1. Corrosion was car-  
ried out at 82 m A / c m  2 constant current  density for a 
period of 4 weeks in 1.115 s~ gr sulfuric acid. 

Two composi t ion-dependent  types of corrosion mor-  
phology were  found, and these areas are noted in 
Fig. 1. For  dilute alloys ( l i thium content  less than 0.02 
w/o )  attack was genera l ly  uniform, mainta ining much 
the same characterist ics as pure lead. For  l i thium con- 
tents between 0.02-0.03 w / o  lithium, penetrat ion was 
concentrated at grain boundaries. Examples  of these 
morphologies are i l lustrated in Fig. 2. 

The critical composition dist inguishing these classes 
of alloys, based on anodic corrosion, essentially defines 
and restricts the max imum alloying addition that  may  
be made to obtain a usable binary. Grids containing 
greater  amounts of l i th ium would be expected to 
"grow" during service, and this penetra t ion type of 
at tack may  lead to p remature  grid fracture.  

In the accelerated corrosion tests of this study, the 
kinetics of corrosion appeared to be chemical ly  con- 
trolled since the depth of grain boundary penetrat ion 
exceeded the grain size in alloys containing more  than 

- •  1.3- 
J- 
f 1.o- 

O 0.5- 

1.115sp gr H 2 SO 4 

82 nlA/cm 2 

~ intergranular 
Uniform a t t ack  ~ intergran.ular s corrosion 

corrosion , 
, I I 

0 0.01 0.02 0.03 

Wt % Li 

Fig. 1. Anodic corrosion of Li-Pb 

Fig. 2. Corrosion of Li-Pb alloys 
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0.03 w/o Li. This undoubtedly  is a consequence of the 
dissolution of the LiPb intermetal l ic  compound. Such 
chemical  at tack leads both to increasing the area ex- 
posed to corrosion and to locally increasing the alloy 
temperature.  The lat ter  factor could lead to cata- 
strophic failure because it accelerates the rate of 
anodic attack and favors the kinetics of precipitat ion 
result ing in increased rate of precipitation. 

On anodic corrosion, the deceptiveness of weight 
loss data cannot  be overemphasized in in terpret ing 
corroded microstructures.  The corrosion of l i th ium-  
lead alloys is a classic example of the necessity of 
microscopically s tudying the morphology of corrosion 
attack. The tendency for grain boundary  attack in-  
creases with increasing l i thium content, but  cata-  
strophic dissolution does not occur unt i l  alloy composi- 
tions in excess of 0.03 w/o  Li are reached. Apparent ly ,  
once started, the process of grain boundary  consump- 
tion is one that propagates itself on a localized basis. 

X- r ay  diffraction analyses of the oxide films stripped 
or brushed from the surface of the anodically corroded 
rods indicated that  the corrosion products resul t ing 
from the conditions referred to above were largely 
~PbO2. Both free lead and ~PbO2 patterns were ob- 
served but  only in minor  quantities. In a 0.03 w/o Li- 
Pb alloy, these phases were observed to constitute 
5% free lead and 3% ~PbO2 of the total oxide film. The 
elemental  lead is thought to result  from complete grain 
boundary  dissolution, thus mechanical ly freeing in-  
dividual  grains. The beta lead dioxide is also ten ta-  
t ively associated with the corrosion of the al loy-rich 
boundary  layer. This lat ter  conclusion was reached 
largely on the basis of a 3% shift in lattice parameter  
of the beta phase. The lattice parameter,  ao, for beta 
lead dioxide formed on l i th ium-lead  differs from the 
value for beta lead dioxide formed from pure lead. It 
would appear from this lat ter  observation that  selec- 
tive par t i t ioning of l i th ium occurs between the oxides. 

Chemical analysis of corroded rods proved that  there 
was a slight decrease in l i th ium content. However, no 
l i thium was found either in the cell electrolyte or the 
cell sludge. The other possible place where l i th ium 
could concentrate is in the adherent  oxide layer. As the 
l i th ium contents were extremely low, x - ray  diffraction 
did not detect its definite presence. 

Comparisons of type of anodic attack were made 
with pure lead and representat ive calcium and ant i -  
mony  alloys. Corrosion was carried out at constant  po- 
tent ial  (2.8V) to get an indication of the alloy per-  
formance during overcharge conditions. Li th ium-lead  
appeared to be very  similar to pure lead both in degree 
of attack and corrosion morphology. Typical results of 
observed weight losses are reproduced in Table I and 
the general  features of corrosion morphology are 
shown in Fig. 3. 

Alloys corroded anodically above the decomposition 
potential  of the electrolyte i l lustrate decisively the 
tendency for preferent ial  grain boundary  attack of the 
alloys. Even the cast 99.998% pure  lead demonstrated 
a tendency toward preferent ia l  grain boundary  pene-  
tration, presumably  due to the segregation of ~ elements 
to the boundary  area. Westbrook and Aust have docu- 
mented  the propensi ty of solutes to segregate to grain 
boundaries  in dilute lead alloys (13). 

Mechanical strength and metallography.--Photo- 
micrographs of cast s tructures of compositions ranging 

Table I. Anodic corrosion of lead alloys at constant voltage 

2 . 8 V  
1.115 I-I2SO4 

4 weeks  t o t a l  t i m e  
A l l o y  compo-  Cor ros ion  w e i g h t  
s i t i on  (w/o)  loss (mg/cm~} 

4.5 S b - P b  135.4 
0.07 C a - P b  49.5 
0.01 L i - P b  46.8 
0.02 L i - P b  48.0 
0.03 L i - P b  63.1 
P u r e  P b  61.1 

Fig. 3. Anodic corrosion of grid alloys 

from 0.Ol to 0.10 w/o  Li are reproduced in Fig. 4. These 
figures reflect directly on the corrosion performance 
noted previously and the mechanical  s t rength results 
presented in this section. As might  be expected from 
the broad two-phase liquid plus solid field, the effects 
of coring in the l i th ium-lead  system are quite evident. 
The first interdendri t ic  type intermetal l ic  compound is 
observed in alloys containing less than 0.04 w/o  Li. In  
the 0.10 w/o  alloy, the intermetal l ic  is continuous and 
defines the grain size. 

The kinetics of precipitat ion are reasonably rapid. 
At room temperature,  the alpha solid solution grain 
boundaries of alloys containing 0.02 w/o  Li are dec- 
orated with the intermetal l ic  precipitates. Complete 
coverage ostensibly occurs in 0.04 w/o  Li alloys. This 
heterogeneous precipitate morphology strongly affects 
the chemical react ivi ty of alloys in this system, as 
ment ioned previously in corrosion studies. 

The other effect that  l i th ium has on the as-cast struc- 
ture is a marked reduct ion in pr imary  grain size. The 
0.01 w/o Li alloy has a grain size approximately one 
fourth that of pure lead cast under  identical conditions, 
and increasing the l i th ium content  from 0.01 to 0.05 
w/o  reduces the grain size fur ther  by a factor of two. 
This observation of a decrease in grain size wi thin  the 
solid solution is in agreement  with that  reported by 
Greenwood (14). Although this grain size reduct ion 
has only a secondary effect on the chemical behavior 
of the alloys, it does contr ibute  to its s t rength charac- 
teristics. 

Tensile results are in general  accord with an age- 
hardening  system in which precipitat ion occurs from a 
supersaturated solution. Figure 5 shows a rapid in-  
crease in s trength for alloys of less than 0.02 w/o Li 
and then a more gradual, l inear  increase for r icher 
alloys. The rapid increase is pr imar i ly  associated with 
solid solution strengthening,  with the remain ing  25% 
contr ibut ion from grain refinement. The l inear portion 
of the s trength increase is a consequence of the dis- 
persion hardening influence of the intermetall ic.  

Tensile strength, yield strength, and per cent elonga- 
tion varied only slightly with aging time for composi- 
tions up to 0.015 w/o  Li. For compositions up to 0.025 
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Fig. 4. Li-Pb microstructures 

w/o, changes were noted largely in yield strength, 
whereas ul t imate s t rength and elongation were rela-  
t ively stable. An embri t t lement  associated with pre-  
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cipitation from the supersaturated solid solution 
existed above 0.025 w/o Li, however. The instabi l i ty  
was the type where both the ul t imate  s trength and 
elongation decreased, while the yield s trength in -  
creased. In other age-hardening systems where this 
occurs, embrittlement is associated with overaging at 
grain boundaries, frequently with solute depleted re- 
gions (15). 

Aging at room temperature apparently imparts a 
ripening process to the precipitate. Samples tested 
after a period of 4 weeks lost the dispersion hardening 
contribution to their tensile strength, whereas the 
ultimate tensile strength levels out to a value of about 
5000 psi. The instability that exists in the richer alloys 
correlates qualitatively with the corrosion results. The 
corrosion as well  as s t rength results indicate that  
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Fig. 6. Castability of dilute Li-Pb 

r ipening must  proceed to a greater  extent  at grain 
boundaries. The aging data are included in Fig. 5. 

For comparison, tensile strengths of calcium and 
an t imony alloys are reproduced in Table II for two 
aging conditions that  simulate conditions met during 
stripping, pasting, and use. Relat ively dilute l i th ium 
alloys are comparable with the other two alloys. 

Casting behavior of lithium-lead.--Inasmuch as the 
general  grid fabrication process is one of casting, the 
casting behavior of any grid alloy is of pr imary  con- 
cern. Both castabili ty and the shr ink associated with 
solidification were determined for s tandard casting 
practice for the alloys of concern. Castabili ty data are 
i l lustrated in Fig. 6 and Table III. The in terna l  shr ink 
of alloy rods was determined by roll ing samples into 
sheets and determining the change in density before 
and after rolling. The porosities (i.e., per cent change 
in density values) for pure lead, 0.03 w/o Li-Pb,  0.07 
w/o  Ca-Pb, and 4.5 w/o Sb-Pb  rods were 0.20, 0.08, 
1.16, and 0.00%, respectively. 

These casting parameters  show ant imony- lead  is 
superior to the other alloys with which it was com- 
pared, since it solidifies with an eutectic phase pres- 
ent in the lead-rich matrix.  Li th ium-lead  is a rea-  
sonably castable alloy in the useful grid composition 
range. Since the castabili ty test essentially describes 
the abil i ty to fill 1/16 in. diameter  capillaries under  
various conditions (7), it is apparent  that this may be 
done with little in terna l  porosity with l i th ium alloys 
in the solid solution range. Grids of various shapes, 
and as thin as 0.06 in., are cast freely with l i thium-lead.  

Cell Performance.--Under the test regime used in 
this study, it was observed that nonan t imony  cells lost 
capacity from cycle to cycle. An t imony  cells, on the 
other hand, regained and main ta ined  their capacity 
after an ini t ial  loss. Both observations are in substan-  
tial agreement  with earlier studies. The data gathered 
for the standards (7.0 ant imony- ,  0.07 calcium-, and 
unal loyed- lead)  are reproduced in Fig. 7. 

For comparison, the data for the l i th ium alloys are 
shown in Fig. 8. It appears that the performance of 
l i th ium-lead is composi t ion- independent  in the range 
studied and most similar to pure lead. 

Table II. Ultimate tensile strength of lead alloys 

Al loy  compo-  A g e d  1 week  
s i t ion  (w/o} As-cas t ,  ps i  ( room t emp)  psi  

4.5 S b - P b  5100 5400 
0.07 C a - P b  4200 5300 
0 . 0 1 L i - P b  3300 3100 
0.02 L i - P b  4700 4250 
0.03 L i - P b  5700 5000 

Table Ill. Castability index of lead alloys 

Mel t  Mold  4.5% 0.07% 0.01% 0.02% 0.03% 
ternp, ~ ternp,  ~  S b - P b  Ca-Pb  L i - P b  L i - P b  L i - P b  

700 325 56 8 7 28 23 
700 425 80 27 39 31 33 
800 400 04 40 74 67 71 
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Fig. 7. Cyclic characteristics of grid alloys 
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Fig. 8. Cyclic characteristics of Li-Pb at[oys 

Discussion 
The useful composition range for l i th ium-lead b inary  

alloys as bat tery grids is l imited by anodic corrosion to 
l i th ium contents of less than 0.03 w/o. Li th ium-lead 
b inary  alloys with l i thium content higher than 0.03 
w/o do not withstand high rate anodic corrosion. Below 
0.03 w/o, the grid s trength will be 4000-4500 psi and 
castabil i ty is midway between commercial an t imony-  
lead and calcium-lead alloys. Total casting porosity 
should, however, be less than that  general ly obtained 
in the lat ter  type grids. Under  deep cycling, perform- 
ance is similar to that obtained in pure lead grids. 

If a general  comparison is made with present  alloys, 
it becomes immediately evident  that l i th ium-lead 
alloys present  the possibility for construction of low 
self-discharge grids at low mater ia l  cost, due to the 
low alloy content. Balancing these merits  are problems 
like the difficulty in main ta in ing  l i thium within  the 
melt  at high temperatures.  

Positive grid elements of the three main  classes of 
lead-acid batteries are constructed of part icular  alloys 
because of performance requirements,  h review of 
these three classes is useful to place l i th ium-lead in 
perspective and to assess the merits  of l i th ium-lead 
grids. 

Automotive grids require f requent  h igh-ra te  dis- 
charges, in which only a portion of the capacity is used, 
and reasonable life on overcharge. Strength and ease of 
casting are impor tant  because it is desirable to have 
the grids made as thin as possible (usually of 0.060 in. 
thickness).  Li thium-lead,  even with its pure lead type 
cycle behavior, might  satisfy these requirements ,  but  
the castabili ty of a hypoeutectic definitely surpasses 
that of a single-phase alloy. Competit ion with 4.5% 
ant imony alloys would be enhanced if a different 
method of casting l i th ium-lead grids other than gravity 
casting is developed. On the other hand, if the indust ry  
is considering a maintenance-f ree ,  quasi-sealed, stor- 
age battery, then an alloy of the l i th ium-lead type 
would be a necessity. 

Grids of industr ia l  batteries where a long cycle 
(8 hr discharge rate) is desired are made of even richer 
an t imony  alloys (7.5-12 w/o) .  The chief requi rement  
in the class is the cycle life and this parameter  for 
L i -Pb  appears to be an area open for improvement.  In  
this respect, additives to the grid, paste, or electrolyte 
might be considered to obtain a flatter capacity:cycle 



1328 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  October  1970 

number  curve. This general  problem is something the 
whole lead-acid indus t ry  is considering due to the 
mount ing  price of antimony.  

Final ly,  industr ia l  s tandby cells utilize calcium-lead 
or pure lead grids because of low self-discharge re-  
quirements.  L i -Pb  alloys should perform adequately in 
this respect because they possess many  of the prop- 
erties necessary for this use. In addition, good welding 
and casting properties of l i th ium-lead should be a 
definite advantage. 

Manuscript  submitted Nov. 3, 1969; revised m a n u -  
script received ca. June  19, 1970. This was Paper  38 
presented at the Detroit Meeting of the Society, Oct. 
5-9, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL.  
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The Effect of Several Electrode and Electrolyte 
Additives on the Corrosion and Polarization 

Behavior of the Alkaline Zinc Electrode 
F. Mansfeld *,1 and S. Gilman* 

NASA~Electronics Research Center, Cambridge, Massachusetts 02139 

ABSTRACT 

The corrosion behavior of zinc in 6N KOH at 25~ was investigated through 
measurement  of the rate of hydrogen evolution (WH2) at the corrosion poten-  
tial. Anodic and cathodic potentiostatic polarization curves as a funct ion of 
alloying and additions to the electrolyte were obtained. It was found that  
the corrosion and polarization behavior of 99.999% zinc can be explained 
by mixed-potent ia l  theory assuming that the reactions were Zn + 4 O H -  ~-- 
Zn(OH)42-  + 2e-  and H20 + e -  ,~ l/2H2 + OH- .  Good agreement  between 
theoretical curves obtained by computer solution of the kinetic equations 
corresponding to the above reactions and actual polarization measurements  
was obtained in the absence and presence of zincate. Theoretical and experi-  
mental  corrosion rates also agreed well. Binary  Zn-Pb  alloys [0.2-1.0 w/o 
(weight per cent) ]  and Zn-A1 alloys (0.2-0.8 w/o)  made up from h igh-pur i ty  
metals had rH2-values which were lower than  those for zinc, while rH2-values 
of commercial zinc alloys were much higher than those of zinc, most l ikely 
due to the presence of low overvoltage impuri t ies  such as Cu, Ni, or Fe. 
Addit ion of 10-3M copper, tin, or lead ions to the electrolyte also influenced 
rH2, which in the presence of metal  ions noble to zinc is no longer equivalent  
to the corrosion rate. The strong increase of rti2 in the presence of Cu ions 
is explained by the low hydrogen overvoltage of Cu, while the decrease of 
r~2 in the presence of Pb ions is explained by the high hydrogen overvoltage 
of Pb. Anions such as CI-  or B r -  do not affect rH2. In the presence of thiourea, 
rH2 increases steadily, while $2-  leads to severe corrosion. 

The rate of hydrogen evolution on zinc in slightly 
acid and in concentrated alkaline solutions has been 
measured on zinc sheets, rods, powders, and on bat tery  
electrodes. Correlation of the few data obtained unt i l  
now is very difficult. Dirkse and Timmer  (1) found 
a decrease of the rate of hydrogen evolution (rH2) on 
zinc wire (99.999%) in 20-45% KOH with increasing 
concentrat ion of KOH, saturat ion of the electrolyte 
with ZnO, or amalgamat ion of the wire. Oxley and 
Humphrey  (2) observed that  As, Co, and Cu ions in-  
creased rH2 on zinc r ibbon (99.99%) in 30% KOH at 
60~ in measurements  which extended over several 
days, while Sn, Cd, and Pb ions decreased rn2, Pb  hav-  

* Electrochemical  Society Act ive  Member .  
1 Presen t  address :  Science Center,  Nor th  Amer i can  Rockwel l  Cor- 

poration,  Thousand Oaks,  California 91360. 
Key  words :  hydrogen  evolution,  electrode kinet ics ,  zinc and zinc 

alloys, a lkal ine  batteries.  

ing the most pronounced effect. The effect of Pb was 
also observed at a practical zinc electrode, although 
to a somewhat smaller  extent. Additions of zincate 
also lowered rH2 as observed in (1). The effect of addi-  
tions of metal  ions to the electrolyte has been also 
studied by Era et al. (3) on zinc sheets (99.99%) in  a 
solution of 25% NH4C1 ~- 10% ZnC12 + HC1 at pH = 5, 
50 ~ Additions of Pb decreased rH2, while Fe, Cu, Ni, 
As, and Sb increased rH2 in tests which were conducted 
for 14 days. Krug and Borchers (4) found that  alloying 
with Fe (up to 310 ppm) increased rH2 in a solution of 
1% NH4C1 -}- 0.12% HC1 (pH ~ 2) at 45~ alloying 
with Pb up to 1% reduced this increase. Zinc alloys 
with small additions were studied earlier by  Vondracek 
and Izak-Krizko (5) who found that, in 0.5N H2SO4, 
additions of Cd, As, Sn, Sb, Fe, and Cu increase rH2, 
while additions of A1, Pb, and Hg decrease rH2. 
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It is difficult to arrive at mechanistic interpretat ions 
or even to derive general  trends, based on the experi-  
ments  cited above, since the data are scanty for the 
considerable number  of exper imental  parameters  be-  
ing varied. The present study of the effect of Pb  and 
other metal  ions on corrosion and hydrogen evolution 
on zinc was made as a logical sequel to the authors '  
(6) previous studies of the effect of Pb ions on Zn dis- 
solution and deposition. The topic is of addit ional  in-  
terest from a theoretical s tandpoint  since it was re-  
ported in (2) that current-vol tage  curves in 30% KOH 
at room temperature  exhibited a higher hydrogen 
overvoltage on zinc than on all other metals studied 
in (2). The authors point out that  the overvoltage 
characteristics of the metal  added to the electrolyte 
alone cannot explain the observed behavior.  

The corrosion potential  of zinc in a solution of KOH 
is a mixed potential, the part ial  oxidation reaction be-  
ing 

Zn + 4 O H -  = Zn(OH)42-  + 2e-  [1] 

while the part ial  reduction mechanism is 

H.,O + e -  -~ '/zH2 + O H -  [2] 

The relat ionship between current  and potential  for 
reaction [1] can be expressed as (7) 
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If the ion of a metal  which is more noble than  zinc 
( e . g . ,  Cu, Pb, Sn) is added to the electrolyte, an addi- 
t ional  reduction process wil l  occur and the corrosion 
current  will  increase, if the hydrogen overvoltage 
stays constant  

icorr = izn ~ = iH(qgcorr) -~ iMered(q b . . . .  ) [6]  

w h e r e  iH (~bcorr) and /Me red (r are the respective hy-  
drogen and metal  reduction currents  at Ceorr. In  this 
case a measurement  of the rate of hydrogen evolution 
cannot give the exact value of the corrosion C.D., a fact 
which has been overlooked in previous work (2-5). 
Figure 2 shows this relationship for the same condi- 
tions as in Fig. 1 with the current -vol tage  curve for 
metal  ions other than  zinc added. It is assumed that  
Crev Me of these metal  ions is sufficiently noble to Cre~ 
of zinc; the reduction process is therefore completely 
under  diffusion control. For the values of iH assumed, 
iMered(~bcorr) is  larger than iH ( r  and 

icorr ~- iMe red (~bcorr) [7]  

For this case, corrosion potent ia l  and current  are al-  
most independent  of the parameters  of hydrogen evo- 
lution. Polarization curves in the anodic region are 
independent  of iH~ and izn ~ as long a s  izn  ~ :> 10 -z 
A /cm 2. 

xp~ naznF n ( 1 --  ~zn) F 

izn_____iz o_e t---R-~-~Xczn } - - e x p  { .... R T  

izn~ exp •162 
I + iz,~ L Ra; 

hCzn} 
[3] 

where iz,, o is the exchange C.D. for reaction [1], h~zn 
the deviation from the reversible potential  qbre v Of re-  
action [1] and izn L is the l imit ing C.D. for zinc dep- 
osition. The other symbols have their  usual  meaning.  
The form of Eq. [3] results from the fact that  there is 
a l imiting diffusion C.D. for metal  deposition, but  not  
for metal  dissolution under  ordinary corrosion con- 
ditions (7). If it is assumed that  the concentrat ion of 
zincate in the electrolyte is small  (corroding zinc speci- 
men in pure KOH) with a value of Czn(om42- ~ 10-SM, 
one obtains 

i zn  L = 2 F D C / 5  = 1.4 • 10-6 A/cm2 [4] 

by assuming a value for the diffusion coefficient D of 
7 x 10 -6 cm2/sec (7) and a value of 5 = 10-2 cm (un-  
stirred solutions).  

Theoretical polarization curves according to Eq. [3] 
have been calculated using an IBM ?094 computer  for 
values of izn ~ from 10 -1 to 10 -6 A /cm 2 using n ~- 2, 

---- 0.5, and T = 298~ (Fig. 1). Czn rev was calculated 
(8) as --532 mV with respect to a hydrogen electrode 
in the same solution, 2 pH = 14 and CZn(OH)42- ~--- 10-SM. 

The hydrogen-evolut ion  reaction [2] can be ex-  
pressed by the simple relat ionship 

$ H = i n o [ e x p  { (1--#H)FRT r 1 6 2  

[5] 

Plots of r v s .  log i m assuming values of iH~ from 10-10 
to 10 - s  A /cm 2 and ~n = 0.5 are also given in Fig. 1. 
Their intersection with the anodic par t  of the zinc 
curves gives the corrosion potentials and currents.  It 
is evident  that  for the range of iH o values under  con- 
sideration here, the value of izn o would have to be de- 
creased drastically by  additives to the electrode or 
electrolyte (to <,~10-5 A /cm a) f rom the l i tera ture  
value of 0.1 A/cm2 (9) before there is an effect on the 
corrosion potential  and corrosion current  density. Sig- 
nificant effects on both these quanti t ies will, however, 
always be produced by variat ions in i~i o. 

All potentials cited in this paper  are based on this electrode, 

In  the present  work the effect of addition of ions, 
neut ra l  molecules, or metal  cations to the electrolyte 
and alloying of small  amounts  of metals to zinc has 
been investigated and an at tempt  has been made to ex- 
plain the results obtained by the mechanism outl ined 
below. 

E x p e r i m e n t a l  
Zinc rod used for studies of hydrogen evolution was 

of 99.999% purity.  3 Alloys of Zn - P b  and Zn-A1 were 
made by Ventron Electronics Corporation from 
Zn(99.999%), Pb(99.99%), and A1(99.98%). The con- 
tent  of Pb or A1 was increased step-wise from 0.2 to 
1.0 w/o. The commercial alloys Zamak 3, 5, and 7, and 
zinc alloy "955" were donated by  Belmont  Smelt ing 
and Refining Works, Incorporated, Brooklyn, New 
York. A typical analysis is given in Table I. 

Solutions of 6N KOH were prepared using AR grade 
KOH pellets and t r iple-dis t i l led water  (quartz  still).  

The effect of puri ty and temperature is reported in (18). 

- ? f  I ~n 10-6 ~0-5 jC;4 

o.o  
- 0  5 t - -  ~ - -  " Zn 

" " I "'~', '\ ',, \ ' \  
I \ . \  " \ .  \ - \  

_L i l l ] 

16 7 ~o -~  io "5 io - 4  io  -3 io -~ ,d ~ ~z~ ,o ~ 
Fig. 1. Theoretical Tafel plots for the zinc dissolution-deposition 

and hydrogen evolution processes as a function of the exchange 
current density: ~ Eq. [3 ] ,  - - - - - -  Eq. [6]  (assuming ~zn  
= / ~  = O.S, n = 2, ~ b Z n r e v  = - -0 .532V,  i Z n  L ~ 10 - 6  A / c m  2, 
T = 298~ 
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Fig. 2. Theoretical Tafel plots tar reactions at a zinc electrode 
in the presence of added reducible metal ions: ~ Zn dissolu- 
tion-deposition (Eq. [3] ,  assuming izn ~ ~ 10 - 3  A/cm2); . . . .  
hydrogen evolution (Eq. [6] ) ;  x - x -  deposition current, /Me L, for 
added metal ions; Over-all reaction. 
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T h e  r a t e  of  h y d r o g e n  e v o l u t i o n  (rH2) w a s  m e a s u r e d  in  
cel ls  as p r o p o s e d  in  (3)  or  (10) in  a w a t e r - t h e r m o s t a t  
a t  25~ L e a d  was  a d d e d  to t h e  e l e c t r o l y t e  as t h e  ace -  
ta te ,  t i n  a n d  c o p p e r  as ch lo r ides .  These ,  a n d  a l l  o t h e r  
add i t i ve s ,  w e r e  of A R  g r a d e  p u r i t y .  

Z inc  e l e c t r o d e s  ( zone  r e f ined )  w e r e  d e g r e a s e d  in  
b e n z e n e  for  5 m i n  a t  80~ a n d  t h e n  e t c h e d  for  2 m i n  in  
10% HC104. S a m p l e s  of P b  a n d  S n  w e r e  e t c h e d  in  5% 
HNOa. T h e  e l e c t r o d e s  w e r e  t h e n  w a s h e d  w i t h  d i s t i l l ed  
H 2 0  a n d  i m m e d i a t e l y  i m m e r s e d  in  t h e  e l e c t r o l y t e .  P o l -  
i s h i n g  w i t h  e m e r y  p a p e r  w a s  avo ided ,  s ince  t h i s  led  to 
i r r e g u l a r  b e h a v i o r  in  some  cases.  

P o l a r i z a t i o n  c u r v e s  w e r e  c a r r i e d  ou t  in  d e a e r a t e d  
6N K O H  at  r o o m  t e m p e r a t u r e  (24 ~ _ I~  u s i n g  z inc  
rod  c o u n t e r e l e c t r o d e s  a n d  a h y d r o g e n  e l e c t r o d e  in  
t h e  s a m e  s o l u t i o n  as r e f e r e n c e  e l ec t rode .  W h e n  po -  
l a r i z a t i o n  c u r v e s  o n  P b  o r  S n  w e r e  m e a s u r e d ,  P t  
c o u n t e r e l e c t r o d e s  w e r e  used,  s ince  i t  w as  o b s e r v e d  
t h a t  s m a l l  a m o u n t s  of z i n c a t e  p r o d u c e d  w h i l e  t h e  
w o r k i n g  e l e c t r o d e  w a s  c a t h o d e  d i f fused  f r o m  t h e  c o u n -  
t e r e l e c t r o d e s  to  t h e  P b  or  S n  e l e c t r o d e  a n d  w e r e  r e -  
d u c e d  or  o x i d i z e d  d u r i n g  p o t e n t i a l  s w e e p s  f r o m  t h e  
r e s t  p o t e n t i a l  of P b  or  S n  to H2 e v o l u t i o n  a n d  back .  

P o t e n t i o s t a t i c  p o l a r i z a t i o n  c u r v e s  w e r e  o b t a i n e d  u s -  
ing  a T a c u s s e l  p o t e n t i o s t a t  a n d  f u n c t i o n  g e n e r a t o r .  
V a l u e s  of c u r r e n t  w e r e  r e c o r d e d  on  a M o s e l e y  s t r i p  
c h a r t  or  X - Y  r e c o r d e r  a n d  t h e  p o t e n t i a l  w as  m o n i t o r e d  
on  a K e i t h l e y  e l e c t r o m e t e r .  R u n s  w e r e  u s u a l l y  s t a r t e d  
a t  a p o t e n t i a l  of  - -900 m V .  T he  p o t e n t i a l  w as  t h e n  i n -  
c r e a s e d  s t e p - w i s e  in  t h e  n o b l e  d i r e c t i o n  a n d  t h e  c u r -  
r e n t  r e c o r d e d  a f t e r  1 m i n  a t  e a c h  po t en t i a l .  To o b t a i n  
a q u i c k  s u r v e y  of t h e  p o l a r i z a t i o n  b e h a v i o r  of z inc  or  
t h e  z inc  a l loys ,  cycl ic  v o l t a m m e t r y  w a s  c a r r i e d  ou t  
b e t w e e n  --1.5 a n d  + 3 . 0 V  a t  s w e e p  s p e e d s  of  4.5-45 
m V / s e c .  W h e n  t h e  effect  of s u c h  a d d i t i v e s  to  t h e  e lec -  
t r o l y t e  as Sn,  Pb ,  Sn,  a n d  Cu ions  w a s  s tud ied ,  r u n s  
w e r e  s t a r t e d  a t  t h e  c o r r o s i o n  p o t e n t i a l  a n d  t h e  p o t e n -  
t i a l  w a s  i n c r e a s e d  s t e p - w i s e  to m o r e  c a t h o d i c  va lues .  

Results 
Corros ion  t e s t s . - - T h e  effect  of m e t a l  ions  in  t h e  e l ec -  

t r o l y t e  on  rH2 is s h o w n  in  Fig.  3. W h i l e  a d d i t i o n s  of 

Table I. Typical analyses of Asarco die casting alloys 

Z a m a k  3 Z a m a k  5 Z a m a k  7 "955"*  

M g  0 .03-0 .04% 0 .03-0 .04% 0 .010-0 .020% 
P b  0.002 0.002 0.002 
Cd ~ 0 . 0 0 1  ~ 0 . 0 0 1  ~ 0 . 0 0 1  
S n  n .d .  n .d .  n .d .  
Zee 0,0Ol 0.001 0.001 
A1 4.0 4.0 4,0 
C u  ~ 0 . 0 1  1.0 ~ 0 . 0 1  
N i  - -  - -  0.007 
Z n  B a l a n c e  B a l a n c e  B a l a n c e  

5,5 

* No e x a c t  a n a l y s i s  fo r  t h e  a l l o y  " 9 5 5 "  w a s  o b t a i n e d .  
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Fig. 3. Effect of 10 -aM of CuCl2, SnCI2, or PbAC on hydrogen 
evolution from zinc; 6N KOH, 25~ 
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Fig. 4. Effect of 10-3M of KCI, KBr, tetraethylammonium-CIO4, 
thiaurea and EDTA on hydrogen evolution from zinc; 6N KOH, 
25~ 

10-3M Cu m a r k e d l y  i n c r e a s e  rH2, a d d i t i o n s  of  10 -3M 
P b  d e c r e a s e  r~{ 2. T h e  effect  of 1 0 - 3 M  S n  is t h e  s a m e  as 
o b s e r v e d  in 0.5N H2SO4 (5) fo r  a Z n - l %  S n  al loy.  
T h e  c u r v e s  of h y d r o g e n  e v o l u t i o n  vs.  t i m e  fo r  p u r e  
Z n - P b  a n d  Zn-A1  a l loys  w e r e  s i m i l a r  in  a p p e a r a n c e  to 
t h o s e  of zinc. T h e  rH2 v a l u e s  a r e  s u m m a r i z e d  in  T a b l e  
II, w h i c h  also c o n t a i n s  t h e  v a l u e s  for  t h e  c o m m e r c i a l  
d ie  c a s t i n g  a l loys .  T h e  r a t e  of h y d r o g e n  e v o l u t i o n  w a s  
l o w e r  for  t he  Z n - P b  a l loys  t h a n  for  z inc;  i t  w a s  also 
l o w e r  fo r  t he  Zn-A1  a l loys  e x c e p t  for  t h e  a l loy  w i t h  
t h e  h i g h e s t  A1 c o n t e n t .  T h e  c o m m e r c i a l  z inc  a l loys  
h a v e  m u c h  h i g h e r  WH2 va lues ,  e s p e c i a l l y  t h e  a l l oy  c o n -  
t a i n i n g  1% Cu. A d d i t i o n s  4 of KC1 a p p a r e n t l y  do no t  
c h a n g e  rH2 (Fig.  4) ,  w h i l e  t h e  B r -  ions  i n c r e a s e  rH2 in  
t h e  i n i t i a l  s t age  of t h e  e x p e r i m e n t s .  T e t r a e t h y l a m m o -  
n i u m - p e r c h l o r a t e  i n c r e a s e s  a n d  E D T A  l o w e r s  rH2, 

i T h e  c o n c e n t r a t i o n  of  a d d i t i o n s  w a s  10-~M. 

I ml H2 ] 
- -  of zinc and zinc alloys Table II. Corrosion rates rH2 cm 2 day 

"rH~ TH 2 7~H2 rPi 2 
S p e c i m e n  (5 h r )  (29 h r )  (53 h r )  (200 h r )  

Z i n c  99.999% f (t) 0.065 0 .050  0.050 

Z n - P b - a l l o y s  
0.2 w / o  f (t) 0,011 0.011 0.011 
0,4 w / o  ~ (t) 0 .009 0.009 0.009 
0.6 w / o  f (t) 0.067 0.023 0.023 
0.8 w / o  t (t) 0 .026 0.013 0.013 
1.0 w / o  f (t) 0.010 0.010 0.010 

Z n - A l - a l l o y s  
0,2 w / o  f (t) 0 .026 0,026 0,026 
0,4 w / o  f (t) 0.009 0.009 0.012 
0.6 w / o  f (t) 0.009 0.009 0.012 
0.8 w / o  f (t) 0.042 0.042 0.042 
1.0 w / o  s (t) 0 .29 0.29 0.29 

" 9 5 5 "  6,5 3.4 3,4 - -  

Z a m a k  3 8.9 5.0 7.0 - -  

Z a m a k  5 17.6 11.0 11.0 - -  

Z a m a k  7 7.2 3.4 2.3 - -  
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whi l e  rH2 increases  s t ead i ly  in t he  p r e s e n c e  ol  tn iourea .  
The  S - -  ion had  a ca tas t roph ic  effect  on the  zinc: 
a f t e r  s eve ra l  hours  rH2 inc reased  g rea t ly ,  t h e  s p e c i m e n  
was  fu l l  of holes  and deep  pits,  w h i l e  a w h i t e  depos i t  
( p r o b a b l y  ZnS)  cove red  the  b o t t o m  of t he  tes t  cell.  

P o l a r i z a t i o n  c u r v e s . - - I n  orde r  to ob ta in  a b e t t e r  
u n d e r s t a n d i n g  of  t h e  effect  of  add i t ives  on t h e  r a t e  of  
h y d r o g e n  evo lu t ion  and  cor ros ion  of zinc, po la r i za t ion  
cu rves  h a v e  been  r eco rded  for  pu re  zinc (w i th  or  w i t h -  
out  add i t ions  to the  e l ec t ro ly t e )  and  for  zinc al loys.  
F i g u r e  5 shows a po la r i za t ion  c u r v e  fo r  zinc in 6N 
KOH,  25~ in the  r eg ion  of  h y d r o g e n  evo lu t ion  and 
ac t ive  dissolut ion.  I n c l u d e d  fo r  compa r i son  is a t h e o -  
r e t i ca l  c u r v e  us ing  Eq. [3] and  [5] for  iH~ = 10-~ 
A / c m  2 and izn o : 10-1 A / c m  2, izn L : 10-6 A / c m  2, 
cZnrev  ~ --532 mV, a = # ---- 0.5. T h e  a g r e e m e n t  is 
v e r y  good cons ide r ing  tha t  o n l y  a p p r o x i m a t e  va lues  
w e r e  chosen  for  these  pa rame te r s .  T h e  cor ros ion  po -  
t en t i a l  ob ta ined  in th is  m e a s u r e m e n t  was  --505 mV,  
wh ich  agrees  w e l l  w i t h  cor ros ion  po ten t i a l s  e x t r a p o -  
la ted  f r o m  m e a s u r e m e n t s  of B a r t e l t  and  L a n d s b e r g  
(11). T h e  cor ros ion  C.D. ob ta ined  by  e x t r a p o l a t i o n  
f r o m  the  anodic  Tafe l  l ine  to the  cor ros ion  po ten t i a l  
was  found  to be 7 ~ A / c m e  co r r e spond ing  to a cor ros ion  
r a t e  of 20 mdd,  c o m p a r e d  to a t h e o r e t i c a l  v a l u e  of 
13 ~A/cm2 ob ta ined  by  the  same  ex t r apo la t ion ,  i.e. 38 
todd. The  in i t i a l  r a t e  of H~ evo lu t ion  in cor ros ion  tes ts  
at 25~ was  0.065 m l / c m  2 day  w h i c h  cor responds  to 
10 todd. The  sa t i s f ac to ry  a g r e e m e n t  of two  i n d e p e n -  
den t  m e a s u r e m e n t s  (10 and 20 m d d )  w i t h  t heo re t i c a l  
v a l u e  (38 todd)  shows  tha t  the  cor ros ion  b e h a v i o r  of 
zinc in 6N K O H  in the  absence  of add i t ives  can  be  v e r y  
w e l l  e x p l a i n e d  by  the  m e c h a n i s m s  in Eq.  [3] and  [5]. 

Po l a r i za t i on  cu rves  in the  ac t ive  and  pass ive  r eg ion  
for  zinc and the  c o m m e r c i a l  d i e - ca s t i ng  a l loys  w e r e  
r a t h e r  s imi la r  e x c e p t  for  a l o w e r i n g  of o x y g e n  o v e r -  
vo l t age  p r o d u c e d  by  the  a l l oyed  impur i t i es .  C u r v e s  
fo r  t he  p u r e  Z n - P b  and Zn-A1 al loys  w e r e  v e r y  s imi la r  
to those  of p u r e  zinc. 

F i g u r e  6 shows the  effect  of add i t ion  of ZnO to t he  
e l e c t r o l y t e  on the  shape  of  t h e  po la r i za t ion  curves .  A 
p lo t  of the  l imi t ing  C.D. for  zinc depos i t ion  in the  con-  
cen t r a t i on  r a n g e  of 10-3M to 0.25M ZnO vs. concen-  
t r a t ion  gave  a v a l u e  of D / 8  = 2.9 x 10 -4  cm/sec .  This  
v a l u e  just i f ies  the  v a l u e  for  izn L of  10 -6  A / c m  2 used 
for  t he  t heo re t i ca l  c u r v e s  in Fig. 1, w h e r e  it  was  as-  
sumed  tha t  a " p u r e "  so lu t ion  of K O H  conta ins  about  
10-hM of z incate  (based on po la r i za t ion  cu rves  
m e a s u r e d  in K O H  e q u i l i b r a t e d  w i t h  Zn)  due  to 
t he  cor ros ion  of zinc. H i g h e r  a m o u n t s  of ZnO de-  
crease  t he  cr i t ica l  C.D. for  pass iva t ion  of zinc and lead  
to pass iva t ion  at a m o r e  ac t ive  potent ia l .  Theo re t i c a l  
cor ros ion  ra tes  as a f unc t i on  of  ZnO concen t ra t ion ,  
h a v e  been  ca lcu la ted  us ing  va lues  of iZn a based  on the  
e x p e r i m e n t a l  va lue  of D / 5  = 2.9 x 10 -4  cm/sec ,  v a l u e s  
of CZnrev f r o m  Ref. (8) and a s suming  no effect  of 
z incate  addi t ions  on iH~ w h i c h  was  aga in  t a k e n  as 10 -9  
A / c m  2. Tab le  I I I  shows  theo re t i ca l  and  e x p e r i m e n t a l  

-~ t d b H ~'H EORETICAL 

,v, I- 
~ ~ MEASURED O , 5 L  . . . . .  ~ ME I . . . .  ,r . . . .  

-O.6 

O.7 

I I I / ~ 1  I _ 
- 0 .  ]7-  } 6 6  / 0 5  lO 4 10 .3 i0-•  iO I A/cm "Z 1 0 0  

Fig. 5. Theoretical and measured polarization curves on zinc in 
6N KOH, 25~ 
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Fig. 7. Polarization curves for zinc in the presence of 10-3M of 
ZnO, CuCI2, SnCI2, or PbAC; 6N KOH, 25~ 

values for the corrosion potential and corrosion rates. 
Agreement is fair except at high ZnO concentration. 

The effect of additions of 10-3M Cu, Sn, Pb, or Zn 
to the electrolyte on the polarization behavior of zinc 
in 6N KOH is shown in Fig. 7. Copper decreases hy- 
drogen overvoltage markedly, Sn seems to have no 
effect compared to a solution containing equal amounts 
of zineate, while Pb increases overvoltage for hydrogen 
evolution markedly. The limiting C.D. for deposition_ of 
all these metals on zinc is near the value for Pb of 
3 x 10 -4 A/cm 2 which was used in Fig. 2. A comparison 
of Fig. 7 and Fig. 2 shows good agreement of theoretical 
and measured polarization curves in the regions of the 
limiting C.D. and hydrogen evolution. According to 
these curves, the exchange C.D. for the hydrogen evo- 
lution reaction on zinc in the presence of 10-3M Cu 
would be between I0 -s and 10-7 A/cm 2, and between 
10 -xl and 10 -I~ A/cm 2 in the presence of 10-3M Pb. 
Measurements of polarization curves on pure Sn or Pb 
in deaerated 6N KOH (Fig. 8) are not easy to interpret 
since Tafel behavior was not found, which is partly 
due to hydride formation observed at more negative 
potentials for both metals. In general it seems that the 
overvoltage for hydrogen evolution is somewhat higher 
for Pb than for Sn and that both metals have a higher 
hydrogen overvoltage than zinc, contrary to what was 
observed by Oxley and Humphrey (2). 

Table III. Corrosion potentials and rates of hydrogen evolution as a 
function of ZnO additions to 6N KOH, 25~ 

[ Z n O ]  (~expt  l c o r r  • t h ' c o r r  ~ 'H2expt  ] ~'H2t h'  
( m o l e / l i t e r )  ( m V )  ( m V )  ( t o d d )  ( t o d d )  

0 - - 4 9 7  - - 4 9 7  8 3 8  
0 .0625  -- 445 -- 419  - -  9 
0 .125 - - 4 4 6  - -410  1,8 7 
0,25 - -436  -- 401 0.8 6 
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Fig. 8. Polarization curves for tin (AR) and lead (99.999%) in 
6N KOH, 25~ 

Discussion 
The good agreement  be tween  exper imenta l  and 

theoret ical  corrosion rates (Table III) and polarizat ion 
curves (Fig. 5) confirms our assumption that  the cor-  
rosion behavior  of zinc in KOH can be readi ly  ex-  
plained by mixed  potent ial  theory;  zinc meta l  is oxi-  
dized to the zincate ion, while  water  is reduced to 
hydrogen gas. It  is not necessary to consider the rate 
of dissolution of interfacial  ZnO or Zn(OH)2 as ra te  
control l ing as done by Rfietschi (16) and par t ly  by 
Dirkse and T immer  (1). The format ion of ZnO or 
Zn(OH)2 in 6N KOH at the rest potent ial  seems un-  
likely, since the revers ible  potential  for these reactions 
is more noble than the observed corrosion potent ial  
of zinc. An over -a l l  react ion similar to the one assumed 
by Dirkse and Timmer  (1) 

Zn + 2H20 ~- H2 ~ Zn(OH)2  [8] 

wi th  a revers ible  potential  of ~brev ~ --439 mV (12) is 
not consistent wi th  a corrosion potent ial  of r 
--497 mV in 6N KOH, 25~ 

The effect of addition of the meta l  cations Cu, Sn, 
or Pb on hydrogen evolut ion rates and polarizat ion 
behavior  can be explained only on a qual i ta t ive  basis 
since a third process (reduct ion of the meta l  ions) is 
added to the process of zincate format ion and water  
reduction. In this case a measurement  of rH2 no longer 
gives the exact value of corrosion rates (Eq. [6]). It  
seems, however ,  still possible to explain the changes 
of rn2 (Fig. 3) by assuming that  the large increase of 
rH2 upon additions of Cu results f rom a lowering of 
hydrogen overvol tage  on the surface of the  test speci- 
men, while the decrease of rH2 upon additions of Pb 
results  mainly  from an increase of hydrogen overvol t -  
age. The high ra te  of hydrogen evolut ion of the com- 
merc ia l  alloys (Table II) must  resul t  f r o m . l o w  over -  
voltage impuri t ies  5 and, characterist ical ly,  the alloy 
containing 1% Cu (Zamak 5) has the highest  corrosion 
rate. 

The effect of zincate (Table III) can be explained 
by mixed  potential  theory  by considering the decrease 
in rH2 and the shift of the polarizat ion curve of zinc in 
the noble direction as zincate is added to the  electrolyte  
(r  becomes more  noble) .  The fact that  exper i -  
menta l  corrosion rates are lower and exper imenta l  cor- 
rosion potentials more  act ive  than the theoret ical  
values based on constant hydrogen overvol tage  could 
be explained using the suggestion by Dirkse and Tim-  
mer  (1) that  dissolved zincate lowers the act ivi ty of 
wa te r  according to 

ZnO -F- H20 -~- 2 O H -  ~ Zn(OH)42-  [9] 

which thereby  increases the hydrogen overvol tage  
slightly. Evidence for this can be found in Fig. 6 where  

A l t h o u g h  t h e  t y p i c a l  a n a l y s i s  ( T a b l e  I)  s h o w s  a F e  c o n t e n t  of  
on ly  0 .001%,  i t  is pos s ib l e  t h a t  t h e  a l loys  c o n t a i n  m o r e  F e  if  p r e -  
p a r e d  in  F e  c o n t a i n e r s ,  a p o s s i b i l i t y  d i s c u s s e d  by  D r o t s c h m a n n  (13). 

increasing amounts  of zincate increase hydrogen over -  
vol tage at the most negat ive potentials.  

F rom Eq. [3] it follows that  for i~ ~ 1O -~ A / c m  2, 
variat ions in the value  of i~ caused by additions to the 
electrolyte  or the electrode would not influence the 
polarization curve for zinc oxidation. It is for these 
reasons not expected that  anions which, through ad- 
sorption, affect the dissolution of other  metals, as for 
example  of Fe in H2SO4 (14), would have  a s imilar  
effect for zinc in KOH. An effect of anions is unl ikely 
also in view of the fact that  the point of zero charge 
for zinc is approximate ly  at ~-0.16V vs. hydrogen 
electrode at pH = 14 (15) and therefore  noble to the 
corrosion potent ial  of zinc by about 0.7V. In fact, as 
can be seen f rom Fig. 4, addit ion of KC1 had no effect 
of rH2, while the effect of KBr  is small. The small  in-  
crease in rH2 in the presence of t e t r ae thy lammonium 
ions is presumably  due to the effect of specific adsorp- 
tion on the kinetics of hydrogen evolut ion (16). The 
t remendous effect of the S 2- ion also observed by 
Merkulov  and F lerov  (17) might  resul t  f rom format ion 
of ZnS, while  the effect of th iourea (Fig. 4) which pro-  
duced a constant ly increasing corrosion ra te  might  
result  f rom complex format ion be tween the sulfur 
group and the zinc. 

Conclusions 
1. The polarization and corrosion behavior  of zinc 

with and wi thout  additions of zincate is accounted for 
by mixed  potential  theory. In the presence of meta l  
cations which are more noble than zinc and which 
therefore  plate out on zinc at the rest potential ,  the 
rate  of hydrogen evolut ion can increase or decrease, 
depending on the re la t ive  values of hydrogen over-  
vol tage of zinc and the meta l  deposit on zinc. 

2. The low corrosion rates of Zn-Pb  alloys suggest 
that  the ra te  of hydrogen evolut ion of zinc can be 
lowered if the impur i ty  level  of the electrode i s c a r e -  
ful ly  controlled. This and the beneficial effect of lead 
additions to the electrolyte  on growth morphology re-  
por ted by the authors (6) expla in  the beneficial action 
of lead in zinc batteries. 

3. The expected absence of an effect of inorganic 
anions on gassing rates has been confirmed exper i -  
mental ly.  

4. Compounds containing sulfur and especially the 
S = ion must be avoided since they  increase hydrogen 
evolut ion rates to ve ry  high values. 
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Anodic Discharge of Chloride Ions 
on Pt-lr Alloy Electrodes 

G. Faita and G. Fiori 
Laboratory o~ Electrochemistry and Metallurgy, University of Milan, Milan, Italy 

and A. Nidola 
Oronzio De Nora-Impianti Elettrochimici, Milan, Italy 

ABSTRACT 

The behavior  of Ti-suppor ted P t - I r  alloys in the electrolysis of NaC1 has 
been examined as a function of Ir content, NaC1 concentration, and electrolysis 
time. Shor t - t ime  exper iments  show that  an i r id ium content  as low as 0.5% 
is sufficient to e l iminate  almost completely  the passivation effects (in 1M and 
saturated NaCl solution).  Long- run  exper iments  make clear that  the min imum 
percentage of 5/10% Ir is necessary in order to have low potentials af ter  
thousands of hours; in such a case, however,  complicat ing factors such as 
mechanical  stabil i ty and chemical  corrosion should be taken into account. 

It is known that  Pt  electrodes undergo strong passi- 
r a t ion  (1) when  used as anodes in brine electrolysis. 
A previous work  (1) showed that  P t - I r  electrodes 
(30% Ir) do not passivate under  similar  exper imenta l  
conditions. The aim of the present  paper is to deal 
wi th  the behavior  of P t - I r  electrodes as function of 
Ir  content, NaC1 concentration, and electrolysis time. 

Experimental Methods 
The measurements  were  carr ied out by means of a 

rotat ing disk electrode (2); this equipment  allows the 
CI., bubbles to be quickly removed from the surface. 
Consequently,  currents  and potentials are highly 
stable and thei r  value can be read with  sufficient 
precision and accuracy. 

Pt, P t - I r  alloys, and Ir coatings were  obtained by 
a new thermal  method (3): the t i tan ium matrices 
were  turned into a cyl indrical  shape (10 m m  diam- 
eter)  and were  degreased, ground, and painted wi th  
a mix ture  containing (NH4)2PtC16 and (NH4)2IrC16 in 
the suitable ratio (see below).  The paint ing was 
fol lowed by decomposition at 500~ in air;  the 
sequence, paint ing and decomposition, was repeated 
five times. Anneal ing  at 550~ (2 hr)  and air quench-  
ing completed the thermal  t reatment .  

In the case of 30% Ir  alloy, the fol lowing amount  
of mix ture  was applied to each square cent imeter :  

(NH4) 2 PtC16 6.4 mg 
(NH4) 2 IrC16 2.8 mg 
NH4C1 1-4 mg 
HCONH2 0.2-0.5 ml 
Polyrad  l l l 0 / A  0.1-0.3 ml  

(Hercules) 

The same amount  of mix tu re  was used in the prepara-  
tion of the other  alloys, the only difference being in 
the ratio of Pt  and Ir  salts. 

Key  words :  chlorine e lec t rochemis t ry ,  chlorine P t / I r  electrodes, 
anode chlorine evolution.  

Electrochemical  measurements  were  carr ied out 
both in potentiostatic and galvanostatic conditions; 
electrode potentials were  read by means of a 610B 
Kei th ley  e lec t rometer  and were  freed f rom ohmic 
drop contributions. These were  de termined  by the 
usual current  in terrupt ion technique, using a Tek-  
t ronix rood. 531A oscilloscope and a t rans is tor -dr iven  
mercu ry  relay. Typical  rise t imes were  in the  1.5-2~,s 
range. Before each experiment ,  the electrodes were  
brought  to a reproducible  state of  act ivi ty  by polar-  
izing for 10 sec a l te rna t ive ly  at 1.7V (NHE) and at 
--0.4V (NHE) for ten times. In addition, before each 
measurement  the electrodes w e r e  held at --0.4V (NHE) 
for 3 sec: this t r ea tmen t  appeared to remove  all 
oxides f rom the electrode surface. During each ex-  
periment,  n i t rogen containing 1% chlorine was 
bubbled through the NaC1 solutions whose pH was 
held to a value  of 3. 

Results 
Potentiostatic measurements.--In 0.1M NaC1 (Fig. 

1), all electrodes fol low the Tafel  law (slope: 0.03V/ 
decade of current )  up to 40 mA/cm2; at h igher  cur-  
rent  densities, Pt  and P t - I r  0.5% show a kind of 
l imit ing current  which can be a t t r ibuted to a passi- 
vat ion process (see discussion below).  

Ir, P t - I r  4%, P t - I r  2% show quite smaller  devia-  
tions f rom the Tafel  s traight  line at current  densities 
above 90 m A / c m  2. 

In 1M and saturated NaC1 solution, the electrode 
behavior  is qual i ta t ive ly  similar  to that  in 0.1M NaCI: 
again, the electrodes follow Tafel  law with  a slope of 
0.03V/decade of current .  Pt shows clearly a beginning 
of passivation (see discussion below) at 140 m A / c m  2 
in 1M NaC1 and 300 m A / c m  2 in saturated NaC1 solu- 
tion. 

It must  be ment ioned that  the potentiostatic meas-  
u remen t  current  values were  always read after 15 
s e e .  
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Fig. 1. Polarization curves in 0.1M NaCI, pH = 3, CI2 1%,  T = 
30~ rotation speed = 2800 rpm. � 9  Ti/Pt; e ,  Ti/Pt-lr (0.5%); 
A ,  Ti/Pt-lr  (2%);  & ,  Ti/Pt-tr (4%);  m, Ti/Ir.  

Galvanostatic measurements.--Figure 4 shows the 
behavior  in galvanostatic conditions (current  density: 
8 m A / c m  u) in 0.1M NaCI: the increase in potent ial  
difference with  respect to the value after  15 sec ( ~ )  
has been plotted against time. This difference is t ime 
dependent  and increases as Ir content  decreases. 

The P t - I r  alloys (5, 10, 20, and 30%) were  also 
tested under  more drastic conditions: 1 A / c m  2 (con- 
stant current  densi ty) ,  70~ 310 g/1 NaC1. In this 
case, the coatings were  deposited on the Ti ne twork  
by the previously described procedure and the elec- 
trodes were  used as anodes in pilot brine cells. 

F rom Fig. 5 it can be seen that  P t - I r  20% and 30% 
display a potent ial  as low as 1.6V (NHE) af ter  8000 
hr  of electrolysis, whereas  the potent ial  of the P t - I r  
5% and 10% is higher than 2V (NHE) after  1000 and 
7000 hr, respectively.  

Pt  electrodes show a sufficiently low potential,  
about 1.5V (NHE),  dur ing the first few hours of 
electrolysis. Af te r  this time, quick passivation takes 
place; i.e., the electrode potent ial  jumps to values of 
about 2.5-3.0V (NHE) in the space of a few minutes. 

Discussion 
The  different behavior  be tween Pt  and Ir electrodes 

can be explained by the different propert ies  of chemi-  
sorbed oxygen. 

The chemisorbed oxygen on Pt  is character ized by 
some degree of i r revers ibi l i ty :  capacitance measure-  
ments (4), for instance, show that  the "oxide" amount  
is near ly  constant when  the electrode potent ia l  is 
decreased f rom 1.4V (NHE) to 0.9V (NHE).  A 
similar conclusion can be drawn from the analysis of 
the cur ren t /po ten t ia l  curves obtained when a periodic 
t r iangular  voltage is applied potentiostat ical ly to the 
electrode (4). 

In addition, it has been found (5) that  the building 
up of the "oxide" layer  on Pt starts at more anodic 
potentials in solutions containing halide ions; more-  
over, the amount  of chemisorbed oxygen decreases 
when hal ide ion concentrat ion increases. In the short-  
t ime exper iments  (5), the oxygen chemisorpt ion dis- 
appears almost completely  when chloride ion con- 
centrat ion is higher  than 0.01M. 

More likely, under  these conditions oxygen adsorp- 
tion has been considerably slowed down rather  than 
complete ly  prevented.  Now from Fig. 1 to 3 it can be 
concluded that  C1- ions are discharged at a Pt  elec- 
t rode at low potentials only when the surface is free 
f rom chemisorbed oxygen,  whose format ion rate  is 
inverse ly  proport ional  to C1- concentrat ion and elec- 
t rode potential. Clear]y, the amount  of chemisorbed 
oxygen is proport ional  to the electrolysis t ime;  this 
means that  under  potentiostatic conditions the current  
values decrease with time, whereas  under  galvano-  
static conditions the electrode potentials increase wi th  
electrolysis t ime (see Fig. 4). 
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Fig. 2. Polarization curves in 1M NaCI, pH = 3, CI2 1%,  T = 
30~ rotation speed = 2800 rpm. O ,  Ti/Pt; O, Ti/Pt-lr (0.5%); 
,/k, Ti/Pt-lr (2%);  & ,  Ti/Pt-lr (4%).  
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3. Polarization curves in saturated NaCI, pH = 3, CI2 1%, 
T = 30~ rotation speed = 2800 rpm. O ,  Ti/Pt; O; Ti/Pt-lr 
(0.5%); A ,  Ti/Pt-lr (2%);  17, Ti/Pt-lr  (10%); V ,  Ti/Pt-lr  (20%); 
V ,  Ti/Pt-lr (30%). 
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Fig. 4. Potential difference (with respect to the value after 15 
sec) against time. Constant current density = 8 mA/em 2. 0.1M 
NaCI, pH = 3, CI2 = 1 % ; ' T  = 30~ rotation speed ~ 2800 
rpm. O ,  Ti/Pt; O, Ti/Pt-lr (0.5%); A ,  Ti/Pt-lr (2%);  & ,  Ti/Pt- 
Ir (4%);  m, Ti/Ir. 

.04 

> 

-" 03 

Ir, on the contrary,  shows a near ly  revers ible  be- 
havior  with respect  to the formation and remova l  of 
the chemisorbed oxygen (4). The breaking of the  I r -O 
bond is characterized by an absence of significant 
energy barr ier ;  an i r revers ible  passivation of the 
surface due to an "oxide" layer  cannot take place (see 
Fig. 4). 

As regards P t - I r  alloys, the potentiostatic measure-  
merits (shor t - t ime exper iments)  in 1M and saturated 
NaC1 solutions show that  ve ry  low percentages (0.5%) 
of Ir are  quite effective in decreasing the passivation 
effect (see Fig. 2 and 3). Long- run  exper iments  (Fig. 
5) show clearly that  a m in im um  content  of 5-10% in 
Ir is necessary in order to assure a l i fet ime of thou-  
sands of hours. In such a case, however ,  a number  of 
phenomena must  be taken into account, especially: 

(i) mechanical  stabil i ty re la ted to gas evolution in 
the pores of the coating 

(ii) chemical  corrosion which can be brought  about 
in the pores by the acidity due to some oxygen 
evolution. 
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Fig. 5. Electrode potential as a function of electrolysis time. 
Constant current density ~ 1 A/cm 2. NaCI = 310 g/I, pH ~ 3, 
T = 70~ X ,  Ti/Pt-lr (5%); I-I, Ti/Pt-lr (10%); ~ ,  Ti/Pt-lr 
(20%). V ,  Ti/Pt-lr (30%). 

It should be remembered that  the lowest pH value 
where Pt  is stable in the presence of the chlorine and 
chlorides is about 2. However, it is apparent  that  
mechanical  s tabil i ty and chemical corrosion are 

Pt-I r  ALLOY ELECTRODES 1335 

negligible in shor t - t ime experiments  where the 
catalytic properties of the electrode surface are pre-  
dominant .  

As regards the kinetics, it must  be pointed out that  
all the electrodes show a Tafel b-coefficient equal to 
0.03 V/decade of current ;  according to this low value, 
the electrode mechanism could be the following one 

C1- ~ Clads + e 
2Clads "-~ Cl2 

The second step being rate determining.  

Manuscript  submit ted March 9, 1970; revised m a n u -  
script received June  3, 1970. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Polarization Cell for Potentiostatic Crevice 
Corrosion -Testing 

E. A. Lizlovs* 

Climax Molybdenum Company of Michigan, Research Laboratory, Ann Arbor, Michigan 48106 

Several electrochemical methods, including potentio-  
static techniques, have been proposed in recent years 
for the investigation of crevice corrosion (1-6). In 
general, two major  problems are involved in designing 
a suitable electrode for crevice corrosion studies: e l im- 
ination of unwanted  crevices while main ta in ing  a well-  
defined exposed electrode area, and introduct ion of a 
reproducible crevice. Considering that  fissures involved 
in crevice corrosion of stainless steels are of the order 
of 10 -3 in. or less, both of these problems are quite 
formidable. The present invest igat ion was prompted 
by the observations of crevice attack dur ing potentio-  
dynamic polarization experiments  with stainless steels 
in hydrochloric acid (7). It was envisioned at that t ime 
that, if an appropriate working electrode could be 
designed, the potentiostatic polarization current  in the 
passive state could be utilized to measure the progress 
of crevice corrosion. In  addition, if reproducible crev- 
ices could be introduced in electrode design, the rela-  
tive resistance to crevice corrosion of a series of alloys 
could be determined by comparing the polarization 
current  at some selected potential.  

Exper imental  
Crevice corrosion celL--The polarization cell for the  

crevice corrosion studies consisted of a 5 in. long, 31/2 
in. diameter glass tubing  mounted between two rec- 
tangular  polycarbonate blocks. The essential parts of 
the cell are shown in Fig. 1. The cell was equipped 

* Electrochemical  Society Act ive  Member.  
K ey  words:  crevice corrosion, potentiostatic,  testing, stainless 

steel, molybdenum,  chloride. 

with two 10/30 and two 24/40 s tandard taper ground 
glass necks to accommodate the electrolytic bridge 
from the reference electrode, inlet  and outlet tubes 
for purging gas, and auxi l iary  p la t inum electrode, 
which was separated from the bu lk  of the solution by a 
fri t ted glass disk. The glass tube was mounted  to poly- 
carbonate blocks by placing the tube on the blocks in 
a proper position and applying silicone rubber  (G.E. 
RTV-12 adhesive) around it and allowing the adhesive 

P :  1~ ~ ' ~ I - - i l - - ' - -  I 
I " i ' ~ ' ~ = o ' I  ~ ~ ~-'~" 

Fig. 1. Cross section through polycarbonate end-blocks and plastic 
bolts of crevice corrosion cell: A--Teflon bolt V2-20 thd; B--PVC 
bolt with hexagonal head, ~ -14  thd; C--1~ in. diameter glass rod 
with 4 mm diameter glass bead at the end; D--Teflon gasket, 
in. thick by 0.810 in. OD; E--3 �89 in. OD glass tubing; F--silicone 
rubber mount; G--stainless steel working electrode; H--copper disk 
with copper lead wire. 
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Table ]. Compositions of alloys studied 

October  1970 

C o m p o s i t i o n .  % 
A l l o y  C C r  N i  M o  M n  S i  P N 

T y p e  3 0 4  0 . 0 6 3  18 .55  10 .48  - -  1 .72  0 .43  0 . 0 2 6  0 . 0 1 3  - -  
T y p e  3 1 6  0 . 0 5 9  1 7 . 2 0  13 .27  2 .83  1 .20 0 .32  0 . 0 1 9  O.Ol l  
1 7 %  C r  0 , 0 0 3  17 .08  - -  0 .03  - -  0 .05  0 . 0 0 9  ~ 0 . 0 0 6 5  
1 7 %  C r - 3 %  M o  0 . 0 0 3  16 .68  - -  2 . 9 9  - -  0 .06  0 . 0 0 7  - -  0 . 0 0 4 8  
2 5 %  C r  0 .002  2 5 . 6 6  0 .13  9 .002  - -  ~ 0 . 0 2  ~ ~ 0 . 0 1  a ~ 0 . 0 0 2  ~ 0 . 0 1  a 
2 5 %  C r - 3 . 5 %  M o  0 .002  2 5 . 5 8  0 .13  3 .49  - -  ~ 0 . 0 2  ~ ~ 0 ~ 0 1  ~ ~O,O01  ~ 0 . 0 1  ~ 

a N o t  a n a l y z e d  b u t  a s s u m e d  t o  b e  a p p r o x i m a t e l y  a t  i n d i c a t e d  l e v e l s .  S e e  R e f .  (9 ) .  

to solidify for a day. One of the end-blocks served as a 
working electrode holder. The design of the electrode 
holder was a modified version of the electrode holder 
described by France  (8). The working electrode, which 
was a disk approximate ly  3/4 in. in diameter,  was 
pressed against a Teflon washer  by a PVC 1 bolt. Elec-  
tr ical  contact to the sample was established by a cop- 
per  back-up disk and copper wire  extending through 
the PVC bolt. The opposite end-block contained a 
threaded 1/2 in. d iameter  hole, concentric wi th  the 
working electrode opening. This opening was fitted 
with a Teflon bolt wi th  inserted glass rod wi th  a 
smooth, approximate ly  4 mm diameter,  glass bead at 
the end. A var iable  crevice was produced by advancing 
the bolt through the threaded hole unti l  the bead was 
pressed against the surface of the working electrode. 
If the same glass bead is employed for all experiments ,  
it can be assumed that  crevices of equal  geometr ies  
are produced. The crevice can be applied or removed  
as desired at any stage of the exper iment  by simply 
manipula t ing  the Teflon bolt. 

Materials.--Commercial stainless steels, Types 304 
and 316, and h igh-pur i ty  labora tory  alloys, 17% Cr, 
17% Cr-3% Mo, 25% Cr and 25% Cr-3.5% Mo, were  
selected for the evaluat ion of the performance  of the 
crevice corrosion cell and feasibil i ty of the potent io-  
static method for crevice corrosion tests. Chemical  
compositions of the steels are given in Table I. 

Procedures.--All exper iments  were  per formed in 
N2-saturated IN NaCI at room tempera tu re  (24 ~ __+ 
I~ The working electrode was first polarized for 
10 rain at --1.00V (SCE),  then the potentiostat  was 
switched off for 10 min, and then switched on again. 
The potent ial  of the working electrode was then care-  
ful ly changed from --1.00 to --0.20V, and the electrode 
was passivated at this potential  for 2 hr. Timing was 
started f rom the moment  the polarizat ion current  fell 
down to 5 ~A. Af ter  a 2 hr passivation, the potent ial  
was scanned f rom --0.20 to 0.00V at the rate of 0.15 
mV/sec,  and then the glass bead was pressed to the 
surface. The electrode with  the "crevice applied" was 
kept at 0.00V for 1-3 hr, and then the crevice was 
removed. Polarizat ion current  and potent ial  were  re-  
corded continuously throughout  the above operations 
by a two-pen  strip chart  recorder.  

Af ter  the experiment ,  the electrode was removed  
from the assembly and inspected for corrosion damage. 
Only those exper iments  were  considered acceptable 
in which corrosion occurred under  the glass bead and 
no place  else. 

Results and Discussion 
A noticeable polarization current  rise, indicating the 

onset of crevice corrosion, usual ly s tar ted almost im-  
media te ly  af ter  the glass bead was pressed against the 
electrode surface. No crit ical  potential  for crevice cor-  
rosion was found and the at tack could be ini t iated at 
potentials as low as --0.20V. Polarizat ion current  as a 
function of t ime for various stainless steel electrodes is 
shown in Fig. 2. Since the electrode area for samples 
was the same (1.26 cm 2) and the same glass bead was 
applied to the surface, the polarization current  itself 
r a ther  than current  density may be used to compare 
the re la t ive  rates of crevice corrosion. Polarizat ion cur-  
r en t - t ime  curves at 0.00V in the presence of a crevice 

1 P o l y v i n y l  c h l o r i d e .  

were  for the most part  quite  i r regular  and indicated a 
complex corrosion process. Comparison of the behavior  
of various grades of stainless steels and evaluat ion of 
the re la t ive  resistance to crevice corrosion, however ,  
were  possible. Type 304 and h igh-pur i ty  25% Cr stain- 
less steels showed about the same re la t ive  resistance 
to crevice corrosion and both mater ia ls  repassivated 
immedia te ly  upon removal  of the crevice. The high- 
puri ty 17% Cr alloy showed the highest polarization 
current  of all mater ia ls  over  a 1 hr  period and it did 
not repassivate immedia te ly  after  remova l  of the 
crevice. Instead, the 17% Cr alloy continued to corrode 
at almost the same rate for at least 1 min after  remova l  
of the crevice, af ter  which t ime the exper iment  was in- 
terrupted.  Examinat ion  of the electrode showed that  
corrosion was localized under  the glass bead. Ap-  
parently,  for the 17% Cr alloy, a stable pit could be 
formed at 0 volt  at the site of the crevice damage. Both 
Type 316 stainless steel and 17% Cr-3% Mo steel re -  
passivated while  the bead was still applied to the 
surface. The 17% Cr-3% Mo alloy repassivated within  
30 min of the init iat ion of crevice corrosion, while 
Type 316 repassivated 90 min  after  crevice was applied. 
Apparen t ly  the potent ial  of 0.00V was not sufficiently 
oxidizing to sustain corrosion under the bead for 
these alloys. Type 316 steel also showed higher  polari-  
zation current  than the 17% Cr-3% Mo alloy. No 
crevice corrosion could be ini t iated for the 25% Cr-  
3.5% Mo alloy ei ther  at 0 volt  or at -{-0.80V. This alloy 
was also tested for crevice corrosion in 1N hydrochloric  
acid at room temperature .  In this exper iment ,  the 
electrode was first activated, then al lowed to corrode 
for about 7 min, then the potentiostat  wi th  potential  
set at ~0.80V was switched on. Immedia te ly  after the 
potential  was applied to the electrode, the glass bead 
was brought  against  the electrode surface. The polar i -  
zation behavior  under  these drastic conditions is shown 
in Fig. 3. The electrode complete ly  passivated and no 
effect of the presence of a crevice on the electrode 
surface was discernible on the polarization current -  
t ime curve. 

The results of the two successive applications of the 
crevice to two different points of the same 17% Cr-3% 
Mo alloy are shown in Fig. 4, which i l lustrates the 
kind of reproducibi l i ty  expected in the operat ion of 
the crevice corrosion cell. Both curves were  quite  

T 
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Fig. 2. Voriotions in polorizotion currents with time at 0.00V 
(SCE) in 1N NoCI at 24 ~ _ 1~ ~ ,  crevice applied to the 
electrode surfoce; ~, , crevice removed from electrode surface. 
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Fig. 3, Variation in polarization current with time at 0.80V for 
25% Cr-3.5% Mo in I N  HCI (24 ~ + 1~ ~ , crevice applied to 
the electrode surface;$ , crevice removed from electrode surface. 
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Fig. 4. Two successive polarization current-time curves at 0.00V 
(SCE) for 17% Cr-3% Mo alloy in 1N NaCI (24 ~ ~ 1~ 8 ,  
crevice applied to the electrode surface; ~ ,  crevice removed from 
electrode surface. 

i r regular  and, in both, repassivation occurred before 
the removal  of the crevice. In the first curve, re-  
passivation occurred in about 25 min  and in the second 
in about 50 rain. Maximum current  reached for both 
was about the same. 

On the basis of the above observations, it can be 
concluded that  the relat ive order of the resistance to 
crevice corrosion is 17% Cr (least resistant)  <T304 ---- 
25% Cr <T316 <17% Cr-3% Mo<<25% Cr-3.5% Mo 
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( immune  to crevice corrosion at room tempera ture  in 
1N C1-) .  In  previous qual i tat ive work, wi th  25% Cr 
alloys in acidified 10% Fe C13 solution with crevice 
applied by means of a rubber  band and Teflon disk, it 
was found that  25% Cr alloy did suffer crevice attack, 
while the 25% Cr-3.5% Mo alloy was immune  to 
crevice as well  as pi t t ing corrosion. EarIier potentio-  
static experiments  in 1N HC1 also indicated that  25% 
Cr-3.5% Mo alloy should be immune  to crevice cor-  
rosion, while 25% Cr alloy would suffer crevice corro- 
sion under  the same conditions (9). Thus, these pre-  
vious results with 25% Cr alloys are in agreement  
with the results from this investigation. Fur thermore,  
all  other stainless steels investigated here are known 
to suffer crevice corrosion in chloride media. 

Conclus ion 
The crevice corrosion cell described in this paper 

makes it possible to obtain potentiostatic measure-  
ments  with simple and easily prepared electrodes. 
Since the same crevice geometry is employed in every 
experiment,  a relat ive resistance to crevice corrosion 
for a series of alloys can be deduced from comparison 
of polarization cur ren t - t ime  curves at a given poten-  
tial. Fur thermore ,  the ini t ia t ion and progress of the 
crevice attack can also be convenient ly  observed. Since 
the crevice can be applied or removed at will, m a n y  
experiments  which would not be possible with a fixed 
crevice can be performed. 

Manuscript  submit ted Apri l  1, 1970; revised m a n u -  
script received ca. J u n e  15, 1970. 

A ny  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
J O U R N A L .  
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ABSTRACT 

The formation process of positive lead-acid electrodes was studied using 
electron microscopy, and these results were correlated with those of x - ray  
diffraction and chemical analysis. Both the surface and the interior  reactions 
taking place dur ing active mater ia l  formation were examined. The study 
showed the conversion of PbSO4 crystals to fi-PbO2 and the subsequent  growth 
of ~-PbO2 crystals to fully formed crystals. In  addition, the crystal habits of 
3PbO.PbSO4.HfO, PbSO4, and ~-PbO2 in lead-acid electrodes were charac- 
terized. 

Even though a number  of years have elapsed since 
Plant~ presented his first storage bat tery to the French 
Academy of Sciences in 1860, the physical and chemical 
reactions taking pIace dur ing electrode processing are 
still not ful ly understood. The l i terature  abounds wi th  
publications on electrical and chemical studies of the 
system, and in recent years the more sophisticated 
techniques have been used to investigate these proc- 
esses. X- r ay  diffraction, optical and electron micros- 
copy, and electron microprobe analysis are now being 
used to study not only the physiochemical reactions 
taking place dur ing electrode processing but also the 
reactions taking place dur ing electrode cycling. 

However, the work reported here is l imited to a 
study of the formation process, that is, the anodization 
of fully cured electrodes to convert  the electrode's 
active mater ia l  from a mixture  of 3PbO.PbSO4.H20, 
PbO, and Pb  to PbOf. 

Simon and Jones (1) used optical microscopy to 
great advantage in s tudying the formation process. 
Pierson (2) combined optical microscopy with x - r ay  
diffraction and chemical analysis Jn his formation 
studies. An electron probe was used by Chiku and 
Naka]ima (3) to study the formation process. Fu l ly  
formed active mater ia l  was studied using electron 
microscopy by Burbank  and Ritchie (4, 5). To our 
knowledge, only Buskirk, Boyd, and Smith (6) used 
electron microscopy to s tudy the active mater ia l  dur -  
ing the different stages of formation. However, no 
correlation was made between the electron micros- 
copy data and x - r ay  diffraction, optical microscopy, 
and chemical analysis. 

This paper describes a study of both the surface and 
interior  active material ,  examined in situ on Pb grids 
at various stages of formation. The electron microscopy 
data is closely correlated with x - r ay  diffraction data 
and with previous formation studies in our laboratory 
using optical microscopy and chemical analysis. 

* Electrochemical  Society Act ive  Member .  
K e y  words :  electrode mic ros t ruc tu re ,  e lectron microscopy,  lead 

a c i d  electron microscopy,  and lead acid format ion.  

Experimental 
Ful ly  cured electrodes using Pb-5.75% Sb grids were 

formed at the rate of 160 A - h r / l b  of active mater ial  
for 1, 3, 7, 9, 11, 15, and 20 hr. The formation current  
was selected so that at 20 hr  the electrodes received 
a ful l  160 A - h r / l b  and were thus considered fully 
formed. The forming electrolyte was 1.060 sp gr H2SO4. 
After  the desired formation time the electrodes were 
washed for 15 hr in distilled I-I20 and then dried at 
60~ in a mechanical ly pumped vacuum oven. Both the 
surface and the interior of the electrodes were ex- 
amined. Single stage carbon replicas preshadowed 
with p la t inum-carbon  pellets (7) were made of the 
surfaces of the different samples. The replicas were 
released using 25-50% HC1. The surface was also ex- 
amined by x - r ay  diffraction. 

The interiors of the sample electrodes were ex- 
amined after scraping the surface parallel  to the face 
of the electrode. A 11~ in. square was cut from the 
sample electrode. The surface was scraped with a 
clean razor blade unt i l  approximately one-half  of the 
active mater ia l  was removed. Pr ior  to replication, the 
scraped surface was analyzed by x - r a y  diffraction. 
The carbon replicas of the surface and interior  
(scraped surface) were then examined in an RCA 
EMU-3G electron microscope. In  addition, the active 
material,  after it was removed from the Pb grid, of 
all seven formed samples was examined by x - ray  
diffraction. To characterize ful ly the crystal habits of 
the different compounds in lead-acid electrodes, plates 
consisting of only PbSO4, 3PbO-PbSO4-H20, tetragonal  
and orthorhombic phases of PbO, and the ~ and 
phases of PbO2 (confirmed by  x - r ay  diffraction) were 
examined by electron microscopy. The crystal habits 
of PbSO4, 3PbO.PbSO4.H20, and fi-PbO2 were defi- 
ni te ly  characterized. Both fi-PbO2 and PbSO4 have an 
equant  crystal  habit. Beta-PbO2 usual ly exhibits a 
dipyramidal  crystal form while PbSO4 exhibits a com- 
binat ion of crystal forms with the prismatic and domal 
forms being more prevalent.  3PbO.PbSO4.H~O, as it 
appears in cured electrodes, is columnar  in crystal  
habit. 
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Orthorhombic-PbO appeared as equidimensional  
grains and was difficult to distinguish from free Pb 
particles. Tet ragonal -PbO has several crystal habits, 
one similar to or thorhombic-PbO and another  tabular.  
Alpha-PbOe was par t icular ly  hard to characterize in 
that  it is difficult to produce a pure s tandard and it 
seems to crystallize in a var ie ty  of crystal habits. 

Observations 
Surface examination.--A typical electron micrograph 

of the surface of a ful ly  cured, unformed,  positive 
electrode used in this study is shown in Fig. 1. The 
long columnar  crystals are 3PbO.PbSO4.H20, and the 
i r regular  grains are te tragonal  or or thorhombic-PbO. 
X- ray  diffraction indicates 3PbO.PbSO4-H20 and 
orthorhombic and te t ragonal-PbO to be present  on the 
surface. No free Pb was detected by x - r ay  diffraction 
on the surface of the cured electrode. 

The surface of an electrode formed for 1 hr is shown 
in Fig. 2. Both the large well-developed crystals and 
the smaller  crystals are PbSO4. No effect of the anodi-  
zation process was noted at this time. X- ray  diffrac- 

tion did detect a little tetragonal  and orthorhombic-  
PbO. No 3PbO.PbSO4.H20 or PbO2 was detected by  
x - r a y  diffraction. 

Active mater ia l  areas near  grid members  were con- 
verted to ~-PbO2 after 5 hr of formation. The ~-PbO2 
crystals are ini t ia l ly  rounded agglomerate crystal 
growths as shown in areas A of Fig. 3b. Beta-PbO2 
crystals next  to the grid members,  see Fig. 3a, are 
bet ter  formed since the formation reaction is ini t iated 
at the grid active mater ia l  interface and then pro- 
gresses toward the center  of the active mater ial  pellets. 
The central  portion of the active mater ia l  pellets are 
still composed of unal tered  PbSO4 crystals as shown 
in Fig. 2. 

After  9 hr of formation the ~-PbO2 crystals which 
make up the formed aggregates have become larger 
and their dipyramidal  crystal form can be observed 
(Fig. 4). In addition, much more/~-PbO2 is present  on 
the electrode surface. 

At the end of 11 hr  of formation the ~-PbO2 crystals 
have continued their  development. At this state of 
formation the central  portions of the pellet surface 

Fig. 1. Surface of a fully cured positive lead-acid electrode. 
Shows elongated 3PbO'PbSO4-H~O crystals and irregular grains of 
PbO. 

Fig. 2. Positive electrode formed for 1 hr showing electrode 
surface covered with large and small PbS04 crystals. 

Fig. 3, Electrode surface after 5 hr of formation: (a, top) active 
material next to a grid member; small crystals are ~-Pb02; (b, 
bottom) active material further away from a grid member. Well 
developed crystals are PbS04. The initial appearance of ~-Pb02 
occurs as rounded crystal agglomerates and appear in areas A of 
the electron micrograph. 
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Fig. 4. Electrode surface after 9 hr of formation showing the 
development of the initial rounded crystal agglomerates of fl-PbO~ 
into larger well-defined crystal groups. 

begin to form and appear similar to the areas shown 
in Fig. 3. These reactions cont inue throughout  the re-  
mainder  of the electrochemical formation. An electron 
micrograph of a fully formed surface observed in the 
central  pellet area is shown in Fig. 5. The wel l -de-  
veloped dipyramidal  #-PbO2 crystals are typical  for a 
ful ly formed electrode. X- r ay  diffraction showed that 
the surface of the ful ly formed electrode consists of 
fl-PbO2 with trace amounts  of the te tragonal  and 
orthorhombic-PbO. 

Interior examination.--The inter ior  of the above 
electrodes were examined as above in order to de- 
te rmine  if the same general  sequence of formation 
reactions occurred in the interior  as on the surface. 
X- ray  diffraction examinat ion of the ful ly cured active 
mater ial  indicated it is composed of main ly  3PbO. 
PbSO4.H20 plus minor  amounts  of Pb and ortho- 
rhombic and tetragonal  PbO. 

The interior  active mater ia l  after 1 hr of formation 
(Fig. 6) is still essentially the same as for a fully 
cured electrode (unformed) .  It consists of 3PbO- 
PbSO4-H20, tetragonal  and orthorhombic-PbO, PbSO4, 
and Pb. 

Fig. 6. Interior active material of a 1-hr formed electrode. 
Compounds present are 3PbO.PbSO4"H20, PbS04, orthorhombic 
and tetragonaI-PbO, and free Pb. 

After 5 hr of formation, only a small  amount  of 
3PbO.PbSO4.H20 remains (Fig. 7). The inter ior  is 
pr imar i ly  composed of PbSO4, ~-PbO.2,, and te t ragonal-  
PbO. A small amount  of a-PbO2 was also detected by 
x - ray  diffraction. 

The interior of an 11 hr formed electrode no longer 
contains any  3PbO.PbSO4.H20 (Fig. 8). It  is pr imari ly  
composed of ~-PbO~, te tragonal-PbO, a-PbO2, and 
PbSO4. Figure 8 shows agglomerates of ~-PbO2 form- 
ing at the expense of large PbSO4 crystals. 

The reaction sequences are very similar  to those 
observed on the electrode surfaces for the remainder  
of the formation time. X- ray  diffraction shows that  
the fully formed interior active mater ial  is composed 
of a- and t~-PbO2 plus some tetragonal-PbO. Chemical 
analysis indicates the total (surface and interior)  fully 
formed active mater ia l  contains 81% PbO2, 17% PbO, 
wi th  the remaining  2% being Pb and PbSO4. 

An electron micrograph of a typical  ful ly  formed 
inter ior  is shown in Fig. 9. The overgrowths on the 

Fig. 5. Surface of a fully formed (20 hr) positive electrode. Shows 
well developed fl-Pb02 dipyramidal crystals. 

Fig. 7. Electrode interier after S hr of formation. Large PbS04 
crystals (A), agglomerate crystalline mass of ~-Pb02 (B), and a 
small amount of tetragonaI-PbO which is indistinguishable are 
shown. 
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Fig. 8. Interior of positive electrode after 11 hr of formation 
showing large PbS04 crystals being converted to crystalline aggre- 
gates of fl-Pb02. 

faces of the ~-PbO2 crystals in Fig. 9 were observed on 
crystals both on the surface and in the inter ior  of the 
fully formed electrode. Once the ~-PbO2 crystals reach 
a definite size, growth of an individual  crystal slows 
considerably or even ceases, and any fur ther  formation 
occurs as new crystals developing on the faces (pre- 
sumably where imperfections are present)  of the ful ly 
matured  crystals. This phenomenon was na tura l ly  
more prevalent  in active mater ial  nearer  grid members.  

The sequence of reactions observed in the inter ior  
of the electrodes is very similar to those observed on 
the electrode surfaces. The main  differences are (i) 
the presence of more PbSO4 on the surface, especially 
during the init ial  formation period, and (ii) no ~- 
PbO2 was detected on the surfaces of the different 
formed electrodes. Crystals believed to be ~-PbO2 
were observed in the active mater ia l  interior near  the 
grid members  as shown in Fig. 10. However, these 

Fig. 9. Interior of a fully formed (2.0 hr) positive electrode show- 
ing well-developed fl-PbO2 dipyramidal crystals. 

Fig. 10. Interior of active material after 15 hr of formation 
showing undeveloped crystalline masses (A) and large well-devel- 
oped crystals believed to be ~-PbO2 (B). Active material area is 
very near a grid member. These and similar areas were observed 
in both 15- and 20-hr formed electrodes. 

crystals could not be definitely characterized as ~- 
PbO2 with a s tandard as was done with the other lead 
compounds. 

C o n c l u d i n g  Remarks  
This study established that  the ini t ial  reactions tak-  

ing place during formation are essentially chemical. 
These chemical reactions consist main ly  of convert ing 
3PbO.PbSO4.H20 and or thorhombic-PbO to PbSO4. 
Tet ragonal-PbO is not as easily converted to PbSO~. 
Second, the resul t ing PbSO4 and PbO are then electro- 
chemically converted to PbO2. The interior  and surface 
reactions are essential ly the same. The one major  dif- 
ference is the absence of ~-PbO2 forming on the elec- 
trode's surface. Also, ~-PbO2 preferent ia l ly  forms in 
the interior near  the grid members  and assumes a 
variety of crystal  habits. 

The crystal habits of 3PbO.PbSO4.H20, PbSO4, and 
~-PbO2 in positive lead-acid electrodes were definitely 
established, and electron micrographs were obtained 
showing the conversion of PbSO4 crystals to PbO2 
crystals and the subsequent ial  growth of ~-PbO2 crys- 
tals to their full  size as found in a ful ly  formed elec- 
trode. 

Manuscript  submit ted May 19, 1970; revised m a n u -  
script received ca. July  22, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Secticn to be published in the June  1971 
JOURNAL. 
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A B S T R A C T  

h o m e  e l e c t r o c h e m i c a l  p r o p e r t i e s  of p o l y c r y s t a l l i n e  t i n  o x i d e  in  t h e  f o r m  
of t h i n  f i lms h a v e  b e e n  e x a m i n e d .  F o r  a v a r i e t y  of a n t i m o n y - d o p e d  s p e c i m e n s  
t h e  c a r r i e r  c o n c e n t r a t i o n  h a s  b e e n  d e t e r m i n e d  f r o m  t h e  space  c h a r g e  c a p a c i t y  
a n d  c o m p a r e d  w i t h  d o n o r  c o n c e n t r a t i o n s .  D i s p a r i t i e s  b e t w e e n  t h e  t w o  v a l u e s  
h a v e  b e e n  found ,  a n d  e x p l a n a t i o n s  h a v e  b e e n  s o u g h t  in  t e r m s  of  s t r u c t u r a l  
de f ec t s  as w e l l  as c h l o r i d e  i m p u r i t y  a n d  n o n s t o i c h i o m e t r y .  A n a l y s e s  fo r  t h e  
l a s t  t w o  h a v e  b e e n  m a d e .  T h e  k i n e t i c s  of s e v e r a l  r e a c t i o n s  a t  h i g h l y  d o p e d  
s p e c i m e n s  (5.9 x 1020 c a r r i e r s / c c )  i n d i c a t e  t h a t  t h e  space  c h a r g e  r e g i o n  is 
c o m p l e t e l y  t r a n s p a r e n t  to e l e c t r o n s  d u e  to  t u n n e l i n g .  W i t h  a se r i e s  of  s a m p l e s  
of d i m i n i s h i n g  c a r r i e r  c o n c e n t r a t i o n  t h e  i n c r e a s i n g  l i m i t a t i o n  of  t h e  t u n n e l -  
i ng  p r oce s s  is d e m o n s t r a t e d  u n t i l  i t  b e c o m e s  t h e  p r i n c i p a l  c u r r e n t  c o n t r o l l i n g  
f a c t o r  a t  a b o u t  3 x I019 c a r r i e r s / c c .  

P o l y c r y s t a l l i n e  t i n  d iox ide ,  d e p o s i t e d  as a t h i n  con -  
d u c t i n g  l a y e r  on  g lass  o r  q u a r t z ,  h a s  r e c e n t l y  c o m e  
in to  s o m e  u se  as  a n  e l e c t r o d e  m a t e r i a l  w i t h  u n i q u e  
p r o p e r t i e s .  A m o n g  t h e s e  a r e  t r a n s p a r e n c y ,  r e s i s t a n c e  
to  o x i d a t i o n ,  a n d  t h e  a b s e n c e  of  a d s o r p t i o n  b y  o r g a n i c  
s u r f a c t a n t s .  2 E x t e n s i v e  u s e  of t h e  f i rs t  p r o p e r t y ,  fo r  
e x a m p l e ,  h a s  b e e n  m a d e  b y  K u w a n a  a n d  c o - w o r k e r s  
(1) ,  a n d  also b y  o t h e r s  (2) .  T h e  p r e s e n t  i n v e s t i g a t i o n  
is p a r t  of a se r i e s  a i m e d  a t  c h a r a c t e r i z i n g  t h e  e l e c t r o d e  
s u r f a c e  (3, 4) .  T h e  l a t t e r  r e f e r e n c e  c o n t a i n s  a f a i r l y  
c o m p r e h e n s i v e  l i s t  of r e f e r e n c e s  d e a l i n g  w i t h  t h e  e l ec -  
t r o n i c  p r o p e r t i e s  of t i n  ox ide .  A r e c e n t  p a p e r  b y  o t h e r s  
on  t h e  e l e c t r o d e  p r o p e r t i e s  h a s  a lso  a p p e a r e d  (5) .  

T i n  o x i d e  is a s e m i c o n d u c t i n g  m a t e r i a l  of l a r g e  
b a n d - g a p  (3.7 e V ) .  I t s  i n t r i n s i c  r e s i s t i v i t y  is v e r y  
h i g h  b u t  m a y  b e  d e c r e a s e d  e n o r m o u s l y  b y  t h e  i n t r o -  
d u c t i o n  of  a p p r o p r i a t e  d o p i n g  agen t s .  M i n i m u m  v a l u e s  
d o w n  to  a b o u t  2.5 x 10 -4  o h m  c m  a r e  r e a c h e d  w i t h  
a f e w  p e r  c e n t  a n t i m o n y .  F u r t h e r  i n c r e a s e  in  t h e  a n -  
t i m o n y  c o n c e n t r a t i o n  causes  t h e  r e s i s t a n c e  to  ge t  
l a r g e r  aga in ,  p r o b a b l y  c a u s e d  b y  i n c r e a s i n g  l a t t i c e  d i s -  
o r d e r  (6, 7) .  

Experimental 
T w o  t y p e s  of e l e c t r o d e  h a v e  b e e n  u s e d  in  t h e  s tudy .  

T h e  f i rs t  was  a c o m m e r c i a l l y  a v a i l a b l e  t i n  o x i d e  c o a t e d  
g lass  ( h e r e  d e s i g n a t e d  IRR) . a  T h i s  w a s  a n a l y z e d  4 to  
c o n t a i n  2.5 m / o  ( m o l e  p e r  c e n t )  Sb.  Also  i n c l u d e d  
u n d e r  t h i s  h e a d i n g  a r e  s o m e  spec i a l  s a m p l e s  m a d e  b y  
t h e  s a m e  m a n u f a c t u r e r  to  t h e  a u t h o r ' s  spec i f i ca t ions  
a n d  c o n t a i n i n g  v a r y i n g  p e r c e n t a g e s  of a n t i m o n y  ( T a b l e  
I ) .  T h e  s e c o n d  t y p e  w a s  p r e p a r e d  in  t h e  l a b o r a t o r y  
b y  h y d r o l y s i s  of  a n  a t o m i z e d  s o l u t i o n  of ac id i f ied  
SnC14 c o n t a i n i n g  v a r i o u s  p e r c e n t a g e s  of SbC13 o n  a 
h o t  s u b s t r a t e  w h i c h  w a s  v a r i o u s l y  P y r e x ,  qua r t z ,  or  
p o l i s h e d  p l a t i n u m .  I n  b o t h  cases  t h e  t h i c k n e s s  r a n g e d  
u p  to  a b o u t  1 ~m. T h e  m o u n t i n g  t e c h n i q u e  h a s  b e e n  
d e s c r i b e d  (3 ) .  E l e c t r i c a l  c o n t a c t  w a s  m a d e  v ia  a f lat  
s i l v e r  r i n g  of  a b o u t  � 8 9  d i a m e t e r  w h i c h  p r e s s e d  
a g a i n s t  t h e  s u r f a c e  c o n c e n t r i c  w i t h  t h e  e x p o s e d  w o r k -  
i ng  a r e a  of 5 /32 - in .  d i a m e t e r  (0.1236 cm2) .  T h i s  e n -  
s u r e d  t h a t  fo r  t i n  o x i d e  l a y e r s  o n  n o n c o n d u c t i n g  b a s e s  
t h e  s e r i e s  r e s i s t a n c e  w a s  as l ow  as pos s ib l e  to  f a c i l i t a t e  
c a p a c i t a n c e  m e a s u r e m e n t s  u p  to 20 kHz.  S u c h  a c o n -  
t a c t  a lso m i n i m i z e s  c a p a c i t a n c e  d i s p e r s i o n  d u e  to  t h e  
d i s t r i b u t e d  r e s i s t a n c e  of  t h e  t h i n  f i lm ( A p p e n d i x ) .  
C a p a c i t a n c e  m e a s u r e m e n t s  w e r e  m a d e  w i t h  b a s e  e l ec -  

* Electrochemical Society Active Member. 
1 Present address: Fresno State College, Department of Chemistry, 

Fresno, California 93721. 
2 The measured capacity is unaffected for example by the addi- 

tion of 0.01% Triton X-100. 
3 "Infra-Red Reflecting" from Coming Glass Works, Corning, New 

York. 
By emission spectroscopy. 
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Table h Carrier concentrations 

Donor conc .  
Sb content, m/o Carrier equiv, to 

Spray Analysis* conc./cm s carriers, m/o 
Res i s t iv i ty ,  

ohm cm 

3"* 13 2.97 • 10"~ " 10.7 
3** 5.4 1.39 • 10 m 5.0 
0.8** 1.7 4.83 • 10 ~~ 1.74 
0.3** 0.6 3.49 • 102~ 1.26 
0.1"* 0.2 2.6~ X 10 ~~ 0.95 
Sample IRR 2.5 5.9~ • 102o 2.13 

1.32 x I0-~ 
1.62 • I0 -~ 
1.23 • I0 ~ 
9.7 X I0 -4 
2.09 x I0-~ 
9.2 X 10 -4 

* By emission spectroscopy. 
** Special samples made by Coming. 

At 19 kHz corrected for "transmission sheet" dispersion. 

t r o l y t e  o n l y  u n d e r  c o n d i t i o n s  of  cycl ic  l i n e a r  p o t e n t i a l  
s can  a t  a r a t e  of 0,5 V / m i n .  U s i n g  a p h a s e  s e n s i t i v e  
de t ec to r ,  Fig.  1, a n d  w i t h  a P t  c o u n t e r e l e c t r o d e  of 
a b o u t  24 c m  2 a rea ,  t h e  r e c i p r o c a l  c a p a c i t a n c e  w a s  
r e c o r d e d  d i r e c t l y .  No c h a n g e  in  c a p a c i t a n c e  o r  b a c k -  
g r o u n d  c u r r e n t  w a s  p r o d u c e d  b y  d e a e r a t i o n  of  t h e  
e l e c t r o l y t e  or  s h i e l d i n g  f r o m  d a y l i g h t .  W i t h  e l e c t r o a c -  
t i v e  spec ies  p r e s e n t  l i n e a r  s w e e p  v o l t a m m o g r a m s  a t  
t h e  s t a t i o n a r y  e l e c t r o d e  w e r e  r e c o r d e d  u s i n g  a c o n -  
v e n t i o n a l  t h r e e - e l e c t r o d e  sy s t em.  T h i c k n e s s  of  t h e  
c o n d u c t i n g  l a y e r  w a s  d e t e r m i n e d  f r o m  t h e  v a r i a t i o n  
of t h e  i n t e r f e r e n c e  m a x i m a  a n d  m i n i m a  as  a f u n c t i o n  
of w a v e l e n g t h  fo r  a r e f l ec ted  l i g h t  b e a m  a t  45 ~ i nc i -  

e C 

-~ ,,, I ~- 

O-360'phase shift 
Fig. 1. Diagram of circuit for the automatic recording of capaci- 

tance and resistance: A, signal generator; B, capacitor, variable 
50-1000 pf; C, choke, 300H; D, linear sweep voltage source; E, 
standard resistance and capacitance decade boxes; F, tin oxide 
electrode; G, counterelectrode; H, saturated calomel electrode 
(SCE); I, 250 /~f capacitor; J, amplifier; K, square wave generator; 
/ ,  phase sensitive detector; M, filter; N, recorder. 
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dence. Conduct ivi ty was determined by a four-point  
probe method. Reproducible results for the capacity 
and l inear sweep base current  were found only after 
specimens had been polished. Polishing was effected 
with 0.3 and 0.05 ~m a lumina  abrasives and also with 
a polishing compound made of powdered t in  oxide)  
The electrodes were then boiled in water  or cleaned 
in steam before use, and allowed to dry  in air or 
heated in an air oven. 

Results 
Variation of capacity wi th  various p a r a m e t e r s . -  

Measurements  made in the first minutes  after contact 
with the electrolyte are about 5% lower than the 
values finally reached after several hours when  equi-  
l ibr ium is attained. This may be associated with the 
slow adsorption of ions causing a shift in the flat band 
potential. A positive shift is indicated suggesting that  
a slow chemisorption of H + ions to the oxide ions of 
the lattice is the dominant  factor. This is in accordance 
with the observation that the surface after contact 
with acid electrolyte is completely wetted whereas the 
ini t ia l ly prepared surface after polishing and boiling 
in  water  is strongly hydrophobic. Measurements  of the 
contact angle in fact show large changes dur ing  the 
first hour of contact. This phenomenon together with 
an account of the adsorption of halide ions is discussed 
in ref. (4). The measurements  of capacitance were 
made after several hours contact, and data were taken 
from the recorded graph after two or three cycles of 
the scanning voltage. Only a small difference ( ~ 1 % )  
is noted in the capacitance values for the cathodic and 
anodic sweeps; likewise the difference between the 
first and successive cycles is less than 1% suggesting 
that  the value recorded was at equil ibrium. The back- 
ground current  varies between specimens but is gen- 
eral ly  between 0.1 and 0.05 ~A for the area used 
(0.124 cm2) in 1M acid. Such values are observed 
within  the cathodic and anodic limits set by the de- 
composition of the electrolyte. The potential  of H + 
reduction is near  the reversible value especially after 
prolonged contact with the electrolyte. Oxidation, how- 
ever, occurs with a large overvoltage which depends 
on the doping level; e.g., for IRR this takes place at 
about  ~ 2 V  vs. SCE in 1M H2SO4. 

In  the absence of surface states the capacity of a 
semiconductor-electrolyte system may be subdivided 
into three series capacitances due to the semiconductor 
space charge, the compact double layer, and the dif- 
fuse double layer. The last two would be expected to 
be large in 1M electrolyte especially at the positive 
potentials used (up to W2.0V vs. SCE) so that  the 
measured capacitance should closely approximate to 
the space charge value. The exper imental  justification 
for this is based on the application of the Mott-Schottky 
relat ionship (8, 9) valid for high carrier concentra-  
tions. 

C 2 qKeCD F 

where C ----- space charge capacitance 
q ---- electronic charge 
K ----dielectric constant  (mean  value 12.7) 

(10) 
e -~ permi t t iv i ty  of vacuum 
CD ---- carrier  concentrat ion 
V = potential  with respect to the flat band 

potential  VB (zero charge potential)  

It  is implicit  in the use of this relat ionship that  the 
surface potential  should remain  constant  while  the 
potent ial  of the bulk  of the semiconductor is varied, 
thus approximating to the one sided step junct ion  
concept (9). Because of the adsorption of ions the 
surface potent ia l  differs from the bulk value even in  

All products  of Beuhler ,  Ltd.,  Evanston,  Illinois. 

concentrated electrolytes. For this difference to re- 
main  constant  the net  adsorbed charge must  increase 
negatively as the electrode is posit ively changed. If 
these charges are not matched, the 1/C ~ graph can 
be curved or have a slope other than that  determined 
solely by the carrier concentration. Electrode rough-  
ness can also cause curva ture  of the characteristic 
since the effective area decreases as the depletion 
layer extends into the bulk of the electrode wi th  in-  
creasing applied voltage: These considerations are 
par t icular ly  re levant  for highly doped specimehs where 
the depletion layer (9) is only a few tens of angstroms 
thick, e.g., for IRR containing 5.9 x 102o carr iers /cm 8 
the thickness is 16.9A at 1.0V vs. SCE). 

E~ect  of donor concentration and frequency.---Satis- 
factory l inear  graphs of 1/C 2 vs. applied potent ial  have 
been obtained for samples containing up to 13% an-  
t imony; an example is shown in Fig. 2. 

Table I shows a comparison of computed carrier  
concentrations based on capacitance measurements  (at 
20 kHz except where noted) with the an t imony con- 
centrat ions of a series of samples coated on glass. 

At low concentrat ions the carrier values are higher 
than those due to the an t imony alone probably be- 
cause of other carrier mechanisms, e.g., oxygen defi- 
ciency and residual chloride. The two values agree at 
about 1.7% Sb which is not far from the value where 
the conductivi ty is a maximum. Samples containing 
more than this percentage are not iceably blue colored 
(the 13% sample is almost opaque).  This behavior, to- 
gether with the sharp increase in resistance, has been 
interpreted as being due to increasing lattice disorder 
(6, 7) causing scattering of the carriers. Such disorder 
could also involve appreciable segregation of the an-  
t imony in its stable oxidized form (86205) which 
would not then donate carriers. This accounts for the 
fall off in apparent  carrier  concentrat ion with per-  
centage of ant imony.  In  addition, the finite value of 
the solution-side capacitance would cause the mea-  
sured value to be lower than  the t rue space charge 
capacitance causing the carrier  concentrat ion to appear 
lower. 

These results are for polished samples in 2N H2SO4. 
Other strong acids give similar results. The effect of 
polishing is to reduce the measured capacity, possibly 
by reducing the surface area, and to el iminate surface 
states of the type described previously (3). Such sur-  
face states show up in the impedance characteristic as 
peaks in the capacity and resistance, par t icular ly  at 

3 B A 

2 

[ cm~/2 
/ r  F ] 

xlO' 

1 

+ 1.5 1 .5 0 

Fig. 2. 1 /C  2 vs. voltage, tin-oxide electrode, IRR in 2M HCf: 
A, 20 kHz; B, 10 kHz; C, 1 kHz; D, 50 Hz. 
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low frequencies.  Surface  states can also be produced 
by  adsorbed  impur i t i es  f rom the  e lectrolyte .  For  ex-  
ample,  some samples  of KC1 e lec t ro ly te  at  pH 2 gave 
a pa r t i cu l a r ly  m a r k e d  enhancement  in capaci tance at 
--0.4V which pers is ted up to 20 kHz indica t ing  very  
fast states. Peaks  in the  l inear  sweep vo l t ammograms  
were  also present .  The behavior  was f inal ly t raced  
by spectroscopic analysis  of the  KC1 as being due to 
m o lybdenum impur i ty .  In  a separa te  expe r imen t  wi th  
"pure"  NaCI at pH 2 as l i t t le  as 2 x 10-eM molybda te  
produced a fourfold  increase  in capacitance.  This sur-  
face p rope r ty  could not be removed  even wi th  boil ing 
HC1. Surface  s tates  of some sort  a re  p robab ly  re-  
sponsible for the  f requency  dispers ion observed even 
for pol ished specimens. Under  the  most  favorable  con- 
ditions, high doping and s t rong acid electrolytes ,  the 
capaci ty  tends  to a constant  value  wi th  f requency  at 
about  20 kHz whereas  the  va lue  at 50 Hz is about  15% 
higher.  The series res is tance also tends to a constant  
va lue  at  10-20 kHz being much h igher  at  lower  f re-  
quencies. Such dispers ion is not  p red ic ted  for a pure ly  
space-charge  capaci tance  under  deple t ion  condit ions 
a l though it would  occur under  so-cal led " invers ion" 
condit ions (8) where  the  minor i ty  car r ie rs  (holes) 
become p redominan t  in the  space charge  region.  This 
might  occur if the  appl ied  potent ia l  wi th  respect  to 
the  flat band value  approaches  the  band gap (3.7V); 
however ,  it  is not r e l evan t  in the  present  instance. 

F r equency  dispersion increases as the  doping level  
diminishes.  In  such cases, as the  potent ia l  increases 
posi t ively,  ma rked  f requency  dispers ion is st i l l  p resent  
at 20 kHz and the 1/C 2 values  are  not  l inear  wi th  
voltage.  The slope increases as the  potent ia l  increases 
posi t ively.  This is not to be exp la ined  b y  the ionizat ion 
of deep donors wi th  increas ing vol tage  which would  
cause a decrease in slope (8). Fo r  such samples  the  
slope of the  first pa r t  of the graph is used where  the  
dispers ion is small .  Ex t rapo la t ion  of this  pa r t  of the 
g raph  also provides  an intercept ,  (VB), in the  region 
of those for the  h igh ly  doped samples,  and this  would  
not be expected to change much wi th  doping level.  The 
less h ighly  doped specimens have a h igher  resis tance 
tending  to cause " t ransmiss ion sheet  dispersion" (Ap-  
pend ix ) .  Some samples  were  made  by  put t ing  the test  
l ayer  on top of a more  h igh ly  doped layer ,  but  because 
of the  poss ibi l i ty  of contamina t ion  a series of samples  
was made  by  deposi t ion on a pol ished p l a t inum disk at 
app rox ima te ly  700~176 The l aye r  does not  adhere  
so tenaciously  as it  does to glass or quar tz  and m a y  
be scra tched off. However ,  it  is qui te  coherent  enough 
to wi ths tand  pol ishing and can be examined  e lec t ro-  
chemical ly  provided  the  potent ia l  excursion on the  
cathodic side stops shor t  of the  hydrogen  evolut ion 
region (NOV). Extens ion  into this  range  causes the  
l aye r  to be l i f ted off in patches  possibly  due to the  
evolut ion of gas undernea th .  

Table  II  shows the var ia t ion  of car r ie r  concentra t ion 
wi th  the  spray  concentra t ion of donor. These  resul ts  
a re  for  1N H~SO4 at 20 kHz. The var ia t ion  of appa ren t  
donor  concentra t ion wi th  spray  concentra t ion bears  a 
s imi lar  re la t ionship  to the  var ia t ion  of the  analyzed  
an t imony  concentra t ion in the  case of  the  glass samples  
(Table  I ) .  Thus for the  glass samples,  the  rat io  
Sb ( a n a l y z e d ) / S b  ( spray)  is about  2 over  the  range  
whi le  the  rat io  Donor equ iv . /Sb  ( spray)  for the  p l a t i -  
num varies  be tween  3 and 5. Direc t  de te rmina t ion  of 

Table III. Variation of properties of IRR 

Table II. Variation of carrier concentration 

D o n o r  conc. 
S p r a y  C a r r i e r  e q u i v ,  to 

Sb, m / o  eonc. /cm~ carr ie rs ,  m / o  

2.5 3.47 • 1021 12.5 
1.0 1.19 • 10~ 4.3 
0.25 2.5~ • 10~ 0.91 
0.08 7.02 x 10 l~ 0.25 
0 3.2 • 10 ~ 0.11 
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PH -- 0.2 1.95 4.2 6.9 9 12 
Ca r r i e r  conc 5.84 5.81 5.21 5.24 5.09 5.09 • 10 '-~ 
(10 kHz) 
VB (vs. SCE) --0.25 --0.45 --0.61 --0.95 --1.42 --1.52 

ant imony has not  ye t  been accomplished due to diffi- 
cu l ty  in removing  the film in a form sui tab le  for  emis-  
sion spect rographic  analysis .  Because of the above it 
is be l ieved tha t  the  ac tual  values  approach  the donor  
equivalents  much more  closely than  in the  case of the  
samples  on glass. The much higher  t empera tu re s  oper -  
a t ive  dur ing  the p repa ra t ion  on p l a t inum (800 ~ ) com- 
pa red  with  tha t  for glass (~600 ~ should favor  lower  
chlor ide  retent ion,  less oxygen  deficiency, and less 
la t t ice  disorder.  Fu r the r  s tudies are  under  w a y  to test  
these conclusions. The grea te r  concentra t ion in the  
layer  compared  to the  sp ray  is qua l i t a t ive ly  the  same 
as indica ted  in one of the patents  dea l ing  with  the  
ma te r i a l  (7).  Wi th  no doping, the  ca r r i e r  concentra t ion  
drops to about  3 x 10 TM which, being far  above the  
in t r ins ic  level,  m a y  be due to res idual  chlor ide  or  to 
oxide vacancies. Possible  oxide deficiency (nonstoi-  
ch iomet ry)  was looked for in samples  of IRR. The 
technique,  which  has been descr ibed (4), was to dis-  
solve 6 the  layer  in a mol ten  bead  of LiC1KC1 eutectic 
at  450 ~ in a s t ream of d r y  tIC1 causing the  S n ( I V )  
component  to volat i l ize  and leaving the  Sn ( I I )  behind.  
The la t te r  was de te rmined  b y  anodic s t r ipping  f rom a 
s ta t ionary  m e r c u r y  drop. The S n ( I I )  was found to 
va ry  be tween  0.02 and 0.3 m / o  SnO for a series of 
samples  of IRR. Analys is  for chlor ide was conducted 
on specimens p repa red  b y  hydro lys i s  on an e lec t r ica l ly  
hea ted  gold wi re  and was de te rmined  b y  spark  source 
mass  spec t romet ry  to be in the  region of 0.1 to 0.2%. 

Egect of p H . - - T h e  var ia t ion  of the  proper t ies  of IRR 
in 2M C1- wi th  pH is shown in Table  III.  

F requency  dispers ion increases wi th  increase in pH, 
and the  apparen t  ca r r i e r  concentra t ion at  10 kHz de-  
creases. Surface states due to adsorbed impur i t ies  
could be responsible;  s l ight  peaks  in the  capaci ty  
curves  are observed.  Displacement  of adsorbed  chlor ide  
wi th  hyd roxy l  could also affect the var ia t ion  of net  
adsorbed anions wi th  appl ied  potent ia l  thus  causing 
changes in the  1/C 2 slope as discussed above. These 
factors make  the ex t rapola t ion  of high p H  values  v e r y  
uncer ta in .  At  low pH values  the  t rend  is not  far  f rom 
60 M v / p H  unit  which is the  va lue  observed for  ZnO 
(11) and genera l ly  expected for oxide electrodes (12, 
13). 

Reaction kZnet~cs at the t~n oxide etcctrode.--Reac- 
tion at highly doped specimens ( IRR) . - -The t ech-  
niques of ch ronopoten t iomet ry  and l inear  sweep vol -  
t a m m e t r y  were  used to examine  the  kinet ics  of  a 
number  of reactions.  

Studies  of the  b romine -b romide  couple showed 
h ighly  i r revers ib le  behavior  at  the  IRR electrodes,  
whereas  this  couple is revers ib le  on p la t inum elec-  
trodes.  Chronopotent iometr ic  and l inear  sweep tests  
for adsorpt ion  or o ther  complicat ions  ind ica ted  s imple  
diffusion contro l led  i r revers ib le  charge  t r ans fe r  k i -  
netics (4). 

The kinet ics  of severa l  o ther  couples were  s tudied 
to de te rmine  if the  slow charge  t rans fe r  rates  could 
be a t t r ibu ted  to deple t ion  effects t ak ing  place at  
potent ia ls  fa r  r emoved  f rom the f l a t -band  poten t ia l  
of t in  oxide. Rate  constants  were  measured  using chro-  
nopoten t iomet ry  (14) or l inear  sweep vo l t ammet ry  
(15, 16); the  resul ts  are  given in Table  IV. 

Compar ing  these seven systems, t h e r e  seems to be  
no corre la t ion be tween  the  equi l ib r ium potent ia ls  of 

9 The  m a t e r i a l  is i m p e r v i o u s  to  m o s t  n o r m a l  r e a g e n t s  such  as 
s t r o n g  ac ids  o r  o x i d i z i n g  agents .  I t  can ,  h o w e v e r ,  be  b r o u g h t  i n to  
s o l u t i o n  b y  e l ec t ro ly t i c  r e d u c t i o n  or  w i t h  ac id  c h r o m o u s  c h l o r i d e  
so lu t ion .  
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Table IV. Comparison of charge transfer rate constants for tin oxide and platinum electrodes 

Ere r ms ] Ep Est imated 
S u b s t a n c e  M e d i u m  v s .  SCE Ep/2 Ep,return a r ia  ksh, c m / s e c  

* I0  m M  Ce4+ I M  H2SO4 / P t  1.20 0.905 1.805 1.330 0.26 1.4 x I0-~ 
/SnO~ 1.20 0 .460 0.756 - -  0.16 2.2 • 10 -~ 

"12.5 m M  Cu~+ (-~Cu+) 1M HC1 / P t  0 .205 0.174 0.255 0 . 2 9 1  - -  1.4 x 10 4 
/SnO~ 0.205 0.008 0.141 0.410 0.36 1.8 • 10 -4 

* 10 ~ H B r  1M HC104 / P t  0.92 0.946 0.903 0.887 reversible  
/SnOs 0.92 2.276 2.084 0 .319 1-0.25 1.2 X 10 -s 

*9.56 m M  Fe~+ 1M H2SO4 / P t  0.435 0.363 0.460 0.600 - -  4 x 1 0 ~  
/SnO~ 0.435 0.063 0.174 1.290 0.43 6.3 • 10-" 

"10.7 m M  F e ( o - p h e n ) . ~ +  1M H~SO4 / P t  0 .870 0.900 0.840 0.840 reversible  
/ S n O 3  0 .870 0.917 0.825 0.825 r e v e r s i b l e  

**KsFe (CN) s 1M KC1 in  ~ 0.289 r e v e r s i b l e  
p H  4.5 bu r .  /SnO~ 0.289 reversible  

* ' 1 . 2 4  m M  b r o m i n e  2 M  H B r  / P t  0.689 reversible  
/ S n O 2  0.689 0 .44 6.6 • 10-" 

* L i n e a r  s w e e p  v o l t a m m e t r y .  
** C h r o n o p o t e n t i o m e t r y ,  

the couples and their  reversibi l i ty  on t in oxide. I ron 
(II) o -phenanthro l ine  is very  near ly  reversible at 
+0.87V vs. SCE, whereas HBr at 0.92V is highly i r-  
reversible on t in  oxide. The reversibi l i ty  of ferr icy-  
anide at 0.289V has been demonstrated at concentra-  
tions as high as 0.2M and current  densities up to 6.61 
m A / c m  2 (4). On the other hand, Fe ( I I I )  at 0.435V 
and chlorocomplexes of C u ( I I ) / C u ( I )  at 0.205V show 
10 to 100 times faster rates on p la t inum than  on t in  
oxide. 

Since semiconductor depletion effects do not  ac- 
count for the i r revers ibi l i ty  of some couples on the 
highly doped IRR t in  oxide, the explanat ion for the 
slow charge t ransfer  kinetics observed may  lie in in-  
terferences caused by the oxide na tu re  of the surface. 
It may be significant that  the couples which are re-  
versible on t in  oxide have bu lky  l igands which may  
prevent  a surface interference effect. 

Variation oi reaction rate wi th  doping leveL--The  
specimens prepared on p la t inum and described in 
Table II were used with two redox couples, the 
Fe (CN) 64-/Fe (CN) 6 ~- and the Fe (o-phen):~ + / 
Fe(o-phen)32+ systems where o-phen represents 1, 
10, o-phenanthrol ine .  Both were chosen for their  sub-  
stantial  reversibi l i ty  on highly doped specimens. L inear  
sweep vol tammograms are shown in Fig. 3 and 4. In  

150 

tO0 

pA 

so 

volts vs SCE 
-8 .6 .4 

Fig. 3. Linear sweep voltammograms with tin oxide on platinum 
1N Na2SO4, 0.1N H2SO4, 10 mM KaFe(CN)6, 10 mM IQFe(CN)6. 
Area = 0.124 cm2; sweep rate = 2 V/rain. A, 2.52 x 1026 car- 
riers/cm~; B, 7.02 x 10 TM carriers/cm3; C, 3.2 x 1019 carriers/cm 3. 

the case of Fe (CN) 6S-/Fe (CN) 64- a t ransi t ion to ap- 
parent ly  i rreversible behavior  is observed as the donor 
concentrat ion is lowered. The effect is more marked 
for the second redox system which has a reversible 
potential  of 0.87V. The ini t ia l ly symmetric  drop in 
rate constant  is due to the diminishing densi ty of states 
of the semiconductor according to the theory of Dogo- 
nadze and Chizmadzev (17, 18). At lower carr ier  con- 
centrat ions asymmetry  in the current  characteristic is 
introduced because of l imitat ion of the tunne l ing  proc- 
ess through the depletion layer. For the lowest carr ier  
concentrat ion the anodic peak is suppressed completely 
and dependence on sweep rate is e l iminated though 
there is a small  difference in the current  as the poten-  
tial scan is reversed. This represents the condit ion 
when tunne l ing  becomes current  l imiting. The cor-  
responding potential  diagram is shown in Fig. 5 where 
for simplification the var ia t ion of potential  in the 
double layer  is left out. Eo is the reversible  potential  
of the couple which is considered to be a sufficiently 
large source of electrons that  concentrat ion polariza- 
tion does not occur. The tunne l ing  probabi l i ty  into the 
bu lk  of the semiconductor is governed by the shape of 
the energy barr ier  which in principle should follow 
the quadratic relat ionship (9). 

10 

volts vs SCE 
+ 1~6 1.4 1;2 1 

�9 's .4 

Fig. 4. Linear sweep voltammograms with tin oxide on platinum 
1N Na2SO4, 1 mM Fe 3+,  1 mM Fe 2+,  33 mM 1, 10 o-phenanthro- 
line; pH 2.5; area = 0.124 cm 2 sweep rate = 2 V/rain. A, 3.47 x 
102 1 carriers/cm3; B, 1.19 x 1021 carriers/cm3; C, 2.52 x 102o 
carriers/cm3; D, 7.02 x 1019 carriers/cm 3, E, 3.2 x 10 TM carriers/cm 3. 
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Elect rode Solution I _ .... VB 
V - -  -Eo 

Fig. 5. Potential energy diagram at tin-oxide solution interface 

•/2qCDV qCDX2 [1] 
@ = x v  ~ 2K, 

where @ ----- potential  in the space charge region and 
x = distance from the surface. The val idi ty  of the 
band model at such high fields as are necessary to 
promote tunne l ing  is, however, suspect so that  it  is rea-  
sonable for ease of t rea tment  to consider a l inear  bar -  
rier. As V becomes increasingly greater  than  Eo -- Vs 
the l inear  approximation becomes more satisfactory 
because tunne l ing  occurs across the gap AB or AB' 
(Fig. 5). In  this region also, only the current  in  the 
direction A-~ B, B' need be considered. Under  these 
conditions the anodic current  is given by  (19, 20) 

[ 4~(8n~*) 1/2 ] 
i = I exp -- �9 (q[Eo -- VB]) */~ l [2] 

3h 

where m* is the effective mass, h = Planck 's  constant,  
(Eo -- VB) is the value (in volts) by which the poten-  
t ial  bar r ie r  height exceeds the total energy of elec- 
trons incident on the barrier ,  ~ is the gap AB, and I is 
a factor depending on the rate and energy of electron 
collision at the barrier.  Assuming I to be constant  for 
a given reagent  concentration, and expanding 1 (from 
Eq. [1]) in the form 

~/ K____t_ _ ,  -- VB 
2qCDV (E~ Vs) [ l + l /4E~ V " " ]  l y 

one obtains 

Log i = Log / 1 4 ~ ( 8 m * K ~ )  1/2 
2.803 3h 2CD 

( E o - - V s )  aje \ / V  1 + 1 / 4  

The second order term is to some extent  compensated 
for by the fact that  the actual barr ier  slope is curved 
rather  than  flat eausing the current  to be larger  than  
indicated in Eq. [2]. Consequently,  by e l iminat ing the 
second order term and put t ing CD = 3.2 x 1019 carr iers /  
cm 3 and VB -= --0.1V (for 1N SO4 =) one obtains 

( m * ) 1 / 2  1 
Log i ----- Log I -- 9.23 - -~--_ A/v 

Figure 6 shows a graph of Log i vs. 1/A/V which gives 
a mean  slope of 6.73 thus indicat ing a mass ratio of 
approximately 0.54. A range of values for this ratio 
for the bu lk  semiconductor has been given varying  
between 0.15 (6, 21) to 0.3 (10). It  is not  clear whether  
such bulk  values are re levant  to the present  s i tuat ion 
so that considering the drastic approximations applied, 
the exper imental  results can be considered reasonable. 

For  undoped specimens with approximately 3 x 10 TM 

carr ier /era s it is concluded that  t unne l ing  probabi l i ty  
is the principal  current  l imit ing factor. The carrier  
concentrat ion and conductivi ty can be fur ther  reduced 
by prolonged heating, e.g., at 800 ~ for 12 hr and also by  
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Fig. 6. Lo91oi vs. 1 /A /V .  Area = 0.124 cm2; sweep rate = 2V/ 
rain; 3.2 x 10 TM carrier/era 3. 

the addition of indium (5). Under  these conditions it 
is expected that  two other cur ren t  generat ing mech- 
anisms would become dominant .  These are the space 
charge generat ion current  which is proport ional  to the 
depletion layer  thickness and the diffusion current  
which is independent  of this thickness (9, 22). These 
currents  depend on the characteristics of the semicon- 
ductor material ,  e.g., number  of defects, electron-hole 
pair  generation, diffusion lifetime of carriers, etc., and 
are strongly influenced by tempera ture  and i l lumina-  
tion. These currents  can become significant on ly  when 
tunne l ing  becomes negligible which happens as the 
carrier density drops still fur ther  below the lowest 
value encountered in the present  study. It  is suggested 
that the more highly resistive specimens investigated 
in reference (5) are operat ing in the non tunne l ing  re-  
gion since the currents  reach l imit ing values as the 
voltage increases. 
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APPENDIX 

The finite resistance of the thin layer causes the po- 
tential to vary over the area that is exposed to the 
electrolyte. The equivalent  circuit for the electrode 
only is a finite, two-dimensional ,  t ransmission line or 
t ransmission "sheet" with dis tr ibuted resistance and 
capacitance. If the exposed area is circular and contact 
is made via a concentric ring, the dis tr ibut ion of po- 
tent ial  follows a solution of the equation 

10v Ov 02v ~ pC = 0 
Or 2 r Or Ot 

where v = voltage at distance r from the center  
p = resist ivi ty per  square 
C = capacitance per un i t  area 

The solution of an equivalent  problem (in heat con- 
duction) with periodic boundary  conditions, has been 
given (23). The result  here is to cause f requency dis- 
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pers ion in the  measured  impedance.  The measured  ca-  
pacity,  C*, can be expressed in the form 

1 -~--i[ l+--P2~u2C2a4p4w4C4a8-- ] 

C* C 26.3 210.32.5 + - - -  

where  ~ is the  angular  f requency and a is the rad ius  
of the  area  exposed to the  solution. The correct ion is 
negl igible  at  20 kHz for samples  of op t imum conduc-  
t iv i ty  (--10 ohms per  square)  but  increases r ap id ly  
wi th  decreas ing conduct ivi ty .  
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Stainless Steels in Boiling Magnesium Chloride 
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ABSTRACT 

Electrochemical polarization measurements have been made on AISI Type 
304 and USS 18-18-2 stainless steels in magnesium chloride boiling at 150~ 
Little difference in the cathodic Tafel constant was noted; the observed values 
being equal to that expected from a charge transfer rate-determining step. 
Steady-state corrosion currents increased in the order Type 304 > USS 18-18-2 
for the unstressed and the stressed condition. Analysis of corrosion potential vs. 
time and cyclic polarization data indicates the presence of a film on the cor- 
roding surface, which affects the corrosion kinetics. The presence of two 
mixed potentials during cyclic polarization does not support the noble metal 
enrichment concept of crack propagation, but rather, the film rupture model. 

The mechanism of stress corrosion cracking (SCC) 
in austeni t ic  s tainless steels exposed to ch lo r ide -con-  
ta ining media  has been the subject  of many  publ ica -  
tions (1-6) and has recen t ly  received an excel lent  
rev iew (7). I t  appears  that  two ma jo r  theories have 
been proposed for crack propagat ion,  both  involving 
plast ic  deformat ion  at  the c rack  t ip and the subse-  
quent  influence on the anodic dissolut ion kinetics.  

]?he mechanochemical  model  proposed b y  Hoar  and 
Hines (8) outl ines the  concept  of s t ress-  (or s t r a in - )  
assisted anodic dissolution of the  f i lm-free  meta l  at the  
t ip of the  crack. 

The film rup tu re  model  suggested by  Champion  (9) 
and Logan (10) invokes the  repe t i t ive  rup tu re  of a 
passive film at  the  crack  t ip due to plast ic  de fo rma-  
tion, a l lowing localized anodic dissolution to t ake  
place. This l a t t e r  model  has been cri t icized because  it 
is not  considered l ike ly  for passive films to form on 
austeni t ic  s tainless steels in magnes ium chlor ide  solu-  
tions (8, 11). To overcome this cri t icism, the  concept 
of noble  meta l  enr ichment  has been proposed by  
Latanis ion and S taeh le  (12), who suggest the  fo rma-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  e lec trochemica l  polarization,  s t r e s s  c o r r o s i o n ,  s c a n -  

n i n g  m i c r o s c o p y ,  a n o d i c  d i s s o l u t i o n  k i n e t i c s ,  f i lm r u p t u r e .  

t ion of a n icke l - r ich  film at  the c rack  t ip which is 
subsequent ly  rup tu red  per iod ica l ly  b y  dislocat ion 
movement  resul t ing from plast ic  flow. 

The present  work  was conducted  on both a res is tant  
and a suscept ible  austeni t ic  s tainless  s teel  to see if the  
different  cracking behavior  could be expla ined  in 
te rms of e lect rochemical  parameters ,  and also to see 
if informat ion  could be gained to suppor t  e i ther  of the  
above mechanis t ic  theories.  

Materials and Experimental Work 
The composit ion of the  al loys s tudied are  shown in 

Table  I, and some pe r t i nen t  mechanica l  p roper t ies  
de t e rmined  at 150~ appear  in Table II. Tests were  
conducted on wires  having  a d iamete r  of 0.102 cm. The  

Table I. Chemical composition of test materials 

W e i g h t  p e r  c e n t  
M a t e r i a l  C lVln P S S i  Cu  N i  Cr  M o  

T y p e 3 0 4  0.042 1.23 0.028 0.013 0.39 0.21 9,07 18.4 0.16 
s t a i n l e s s  s tee l  
USS 18-18-2 0.061 1,5 0.007 0.009 1.90 0.03 18.0 18.4 0,01 
stainless steel  
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Table II. Mechanical properties of the test materials at 150~ 

0.2% Offset  U l t i m a t e  
yie ld  s t r e n g t h  t ens i l e  s t r e n g t h  

ks i  ks i  

Type  304 33 67 
s ta in less  s tee l  
U S S  18-18-2 33 73 
s t a in le s s  s tee l  

wires were heat- t reated at 1000~ in argon for 15 min  
and water-quenched.  The annealed wires were abraded 
through 600-grit silicon carbide paper, degreased in a 
detergent  in an ultrasonic cleaner, washed and dried 
in  hot air. The corrodent was aqueous magnes ium 
chloride boiling at 150~ prepared from reagent  grade 
chemical and distilled water  (6.3 megohm cm, at 25~ 

Potentiostatic and potent iodynamic polarization mea-  
surements  were conducted by using the apparatus and 
procedure described elsewhere (13, 14). All  potentials  
were measured against a saturated calomel electrode 
at 25~ connected to the corrodent through a ground-  
glass stopper filled with solid MgC12. No at tempt was 
made to correct for junction,  thermal  diffusion, or IR 
potentials. 

The wires were mounted  in a glass cell similar to 
that described elsewhere (11), such that  stress was 
applied by uniaxia l  dead weight loading. The steady- 
state corrosion current,  Icorr, was determined by ex- 
t rapolat ing the l inear  activation controlled region of 
the polarization curve to s teady-state  corrosion poten-  
tial, Er 

Reaction films formed on the alloys after 200 hr 
(3~, A1203 polished unstressed coupons 2.54 cm by 2.54 

cm by  0.127 cm) in boiling MgC12 Were stripped by 
t reat ing the specimens with 10% iodine /methanol  
solution similar to that  described previously (15). 

Results and Discussion 
A summary  of the electrochemical parameters  of 

the alloys determined potentiostatically in boiling 
MgC12 is given in  Table III. Al l  unstressed polariza- 
tion measurements  were made after the specimens had 
reached a steady-state Ecorr. In the case of the stressed 
experiments,  the stress was applied to the wire at 
s teady-state Ecorr, and the runs were commenced after 
5 min  of application of stress on Type 304 stainless 
steel and 1 hr on 18-18-2 stainless steel. The polariza- 
t ion parameters  for the test alloys were very similar 
in the unstressed state. No rel iable anodic data could 
be obtained due to the interference of pronounced 
pit t ing at potentials only 25 mV noble to Ecorr. 

With the application of stress (90% of the 150~ 
yield s t rength) ,  a marked  increase in I~o~ was ob- 
served on Type 304 stainless steel while  Icorr increased 
only slightly on 18-18-2 stainless steel. The application 
of stress also shifted Ecorr of both steels in the active 
direction. While Ecorr on 18-18-2 stainless steel re-  
turned to the unstressed Eeorr in 30 to 40 rain, the Ecorr 

Table III. Summary of potentiostatic electrochemical parameters 
in boiling MgCI2 

Eeorr~ Zr 
M a t e r i a l  C o n d i t i o n  ~c, V ~a, V Vsc~ /~A/em ~ 

Type  304 U n s t r e s s e d  -- O. 162 0.069 -- 0.360"* 260 
s ta in less  s tee l  
U S S  18-18-2 U n s t r e s s e d  --0.170 0.062 --0.312"* 210 
Type  304 S t r e s sed  to --0.100 N.D.* --0.4209 900 
s ta in less  s tee l  90% of y i e l d  
U S S  18-18-2 S t r e s sed  to  --0.175 N.D. --0.312t  310 

90% of y i e l d  

* N.D. = n o t  d e t e r m i n e d .  
** S t e a d y - s t a t e  v a l u e  (see Fig .  1). 

Va lue  a t t a i n e d  w i t h i n  5 ra in  a f t e r  a p p l y i n g  the  load  to  Type  
304 s t a in le s s  s tee l  spec imen .  I n  t h e  ease of  U S S  18-18-2 s t a in l e s s  
s teel ,  t h e  l oad  was  a p p l i e d  a f t e r  1 h r  a t  the  u n s t r e s s e d  s t e a d y - s t a t e  
Ecorr. 

on Type 304 stainless steel only shifted to slightly 
more noble values with time. 

Potentiostatic anodic polarization on stressed Type 
304 specimens produced early cracking or fai lure due 
to pi t t ing through the wire in approximately  5 to 15 
min. On the basis of the data shown in  Table III, it is 
not apparent  why the silicon steel is superior to Type 
304 stainless steel. It  is possible, however, that the 
effect of stress on the E e o r r  reflects the tendency of 
surface films to rupture  (in a m a n n e r  similar  to the 
scratching exper iment) ,  and in this light the films 
formed on USS 18-18-2 stainless steel may be more 
resistant  to fracture. 

The unstressed potential  v s .  t ime behavior  of the 
two steels was recorded and is shown in Fig. 1. The 
character of the t ransient  was similar to that  reported 
by Hoar and Hines (16) for Type 304 stainless steel. 
They suggest that  the shift in the noble direction was 
due to the formation of a protective film. Other 
workers  (12), however, have described this type of 
t rans ien t  to be the result  of noble component  enr ich-  
men t  on the corroding surface. When an unstressed 
specimen of Type 304 stainless steel was equil ibrated 
to s teady-state  Ecorr and scratched with a diamond 
stylus, the Ecorr immediate ly  decreased from --0.360 
VscE to--0.415 VSCE. This behavior  was taken as con- 
firmation that  the establ ishment  of the noble Ecorr was 
the result  of a surface reaction between the metal  and 
the corrodent. Unfor tunately ,  both of the above hy-  
potheses for the shape of the t rans ient  could be in -  
voked to explain the scratching experiment.  

The time required for the potent ial  to reach steady 
state (less than 5 mV shift in 15 rain),  was markedly  
different for the two test materials.  Type 304 stainless 
steel achieved steady state after 2 to 10 min, compared 
with 50 to 100 min  for USS 18-18-2. The shape of the 
potent ia l - t ime t rans ient  observed in these experiments  
was reminiscent  of that observed by other workers 
when  studying the active to passive t ransi t ion of 
stainless steels in aerated acidic media (17, 18). The 
s imilar i ty  in these t ransients  suggested that  an ana-  
logous passivation process was occurring in boiling 
MgCI~ but  not  necessarily by the same species as with 
steels in dilute acid. 

The polarization behavior  of the two materials 
under  potent iodynamic conditions is of interest. Typical 
cyclic polarization curves are shown in Fig. 2, where 
an unstressed specimen of USS 18-18-2 stainless steel 
was polarized from the s teady-state  corrosion potential  
to- -0 .800V at a rate of 15 volts per hour  in boil ing 
MgC12. At - -0 .800V the sweep was reversed and con- 
t inued to --0.200V, after which it was reversed again 
to --0.800V. It is clear from Fig. 2 that two steady-state 
mixed potentials exist at points A and B, similar to 
those reported on other mater ia ls  in  di lute  acid (19, 
20). The results for Type 304 stainless steel (Fig. 3) 
were practically the same. 
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Fig. 1. Potential41me transients in boiling magnesium chloride 
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Fig. 2. Cyclic polarization curve for unstressed USS 18-18-2 
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Fig. 3. Cyclic polarization curve for unstressed AISI Type 304 
stainless steel in acidified No2SO~. (Sweep speed 15 V/hr.) 

To explain this behavior  we suggest that Ecorr at 
point  A in Fig. 2 is the result  of a reaction film cov- 
ered surface after the specimen has come to steady 
state (see Fig. 1). When polarized in the active direc- 
tion, hydrogen- ion  reduct ion occurs and normal  Tafel 
behavior is obtained down to --0.800V, dur ing which 
process the film on the surface is reduced. Reversal  of 
the sweep results in i t ia l ly  in hydrogen- ion  reduct ion 
at the same rate  as wi th  the active-going sweep. How- 
ever, since the surface is now film-free, a new mixed 
potent ial  is developed at B. Electrochemical oxidation 
of this surface results in anodic dissolution along BC 
and is not significantly affected by pi t t ing because of 
the ra ther  rapid sweep rate. Polarization in the cathodic 
direction from C results in the dissolution curve AC, 
which is similar to that  obtained by anodic polariza- 
t ion of a s teady-state  surface from A. 

If the above in terpre ta t ion is correct, it should be 
possible to duplicate the cyclic response (Fig. 2) with 
a steel in  an unambiguous  state of stable passivity. In  
an at tempt to demonstrate  this behavior,  a Type 304 
stainless steel electrode was exposed to an oxygen-  
saturated solution of 1M Na2SO4, (where the pH was 
adjusted to 2.0 with H2SO4). Cyclic polarization of this 
electrode produced a similar type of curve to that  in 
Fig. 2, as shown in Fig. 3. An active mixed potential  
was observed because the kinetics for the re-passiva-  
t ion of the surface following cathodic reduct ion are 
slower than the speed of the sweep. These data lend 
strong support  to the theory of film formation and 
passivat ion-type electrode kinetic behavior  of aus ten-  
itic alloys in boil ing MgC12. 

Al though the theory of noble metal  enr ichment  
could account for the phenomenon observed in both 
the unstressed potent ia l - t ime behavior  and the scratch 
experiment,  it cannot in our opinion be reconciled with 

Fig. 4. Scanning electron micrographs of austenitic stainless steels 
exposed for 200 hr unstressed to boiling magnesium chloride 
(150~ X 1000. (Left) AISI Type 304 stainless steel. (Right) USS 
18-18-2 stainJess steel. 

the presence of a new mixed potent ial  following cath- 
odic reduction. 

Attempts  to strip films off corroded surfaces were 
successful. Fi lms of var iable  thickness were lifted 
from both steels after 200 hr  exposure to boil ing MgCI~. 
Bulk electron diffraction studies produced an un iden t i -  
fied pattern, with diffuse Debye rings. It is worthy of 
note, however, that the pat terns  from both Type 304 
and USS-18-18-2 stainless steel appeared to be ident i-  
cal. Small  inclusions were observed in the films which 
gave diffraction pat terns of a chromium nitr ide struc- 
ture, which is isomorphous with NiO. 

Emission spectrographic analysis of film residues 
indicated that  the composition was the same for both 
steels, with magnes ium as a major  component.  Scan- 
ning electron micrographs were obtained on corroded 
surfaces (after 3 hr at s teady-sta te  Ecorr, as in Fig. 1) 
of two alloys and are shown in  Fig. 4~ A wide var ia-  
t ion in surface s tructure was observed at 2000X. The 
Type 304 stainless steel sample evidenced pronounced 
spalling of the surface film while USS 18-18-2 stain- 
less steel showed a ra ther  featureless nonporous film. 

Conclusions 
The following conclusions can be drawn from the 

data presented: 
1. The values of the cathodic Tafel constant  for 

Types 304 and USS 18-18-2 stainless steel in boil ing 
MgCle are equal to that  which would be expected for 
a charge t ransfer  controlled discharge process. 

2. No systematic relationship between electrochemi- 
cal polarization parameters  (stressed or unstressed) 
and the stress corrosion cracking behavior  of the above 
two materials  was observed. 

3. Analysis of potent ia l - t ime data and cyclic polari-  
zation curves has indicated the presence of a stable 
film on the metal  surface, which can be reduced by 
cathodic hydrogen evolution. 

4. The presence of two mixed potentials on a cyclic 
polarization plot cannot be rationalized on the basis of 
noble metal  enrichment,  but  it can be explained by a 
passive type of behavior  ent i re ly  analogous to that  
observed on Type 304 stainless steel in sodium sulfate 
solutions at room temperature.  

Manuscript  submit ted Jan. 12, 1970; revised manu-  
script received ca. June  25, 1970. This was Paper  63A 
presented at the Detroit  Meeting, October 5-9, 1969. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL, 
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Preparation of 2,3,4,5-Tetraphenyl-l,6-Hexanedioic Acid 
S. Wawzonek, * A. R. Zigman, and G. R. Hansen 

Department of Chemistry, University of Iowa, Iowa City, Iowa 52240 

ABSTRACT 

2,3 ,4 ,5-Tetraphenyl- l ,6-hexanedioic  acid has been p repa red  e lec t rochemi-  
cal ly  by  the reduct ive  d imer iza t ion  of a -pheny lc innamic  acid and ~ -pheny l -  
e innamoni t r i le .  The l a t t e r  gave a mix tu re  of l -amino-2 ,3 ,4 ,5- te t raphenyl -5-  
cyano - l - cyc lopen t ene  and 2 ,3 ,4 ,5- te t raphenyl- l ,6-hexanedini t r i le .  Both the  
cyclopentene der iva t ive  and the d in i t r i le  we re  conver ted  chemical ly  to the  
desired acid. Chemical  methods  based on condensat ion react ions  of benzi l  
were  not successful for the p repara t ion  of this  acid. 

2 ,3 ,4 ,5-Tetraphenyl- l ,6-hexanedioic  acid (V) was 
requ i red  as a s tar t ing mate r i a l  for the p repa ra t ion  of 
5 ,11-diphenyl-6,12-diketochrysene.  This p a p e r  de-  
scribes e lec t rochemical  and chemical  studies of the  
p repara t ion  of this  acid. 

Experimental 1 
2,3,4,5-Tetraphenyl-1,6-hexanedioic acid ( V ) . - - T h e  

e lec t rochemical  reduc t ive  d imer iza t ion  of ~-phenylc in-  
namic  acid (22.4g) in d ime thy l fo rmamide  (190 ml)  
containing 28% sulfuric  acid (72 ml)  was car r ied  out  
a t  a m e r c u r y  cathode us ing the direct ions given for  
c innamic acid (1). The resul t ing  solut ion was poured  
into water ,  and the oi ly l ayer  was separa ted  and t aken  
up in benzene.  Ext rac t ion  wi th  sodium hydrox ide  fol-  
lowed by  acidification of the  a lka l ine  solution gave an 
oil which  solidified. T rea tmen t  wi th  benzene and 
chloroform gave 5.2g of a whi te  solid mel t ing  at  275 ~ 
290~ Two crysta l l izat ions  f rom ethanol  gave the de-  
s ired acid (0:Tg); mp 306~176 The IR spec t rum 
showed absorpt iohs  at 3.5-3.8 (OH) and  5.84, 6.04~ 
(COOH). 

Anal. Calcd. for C~0H2604: C, 79.91; H, 5.81; Found:  
79.67; H, 5.81. 

Electrolytic reduction of ~-phenylcinna~onitrile.--A 
solut ion of a -pheny lc innamoni t r i l e  (20.5g) in d ime th -  
y l fo rmamide  (300 ml)  conta ining 150 ml of a 57% 
solution of t e t r a e t h y l a m m o n i u m  p- to luenesu l fona te  in 
wa te r  was reduced  at  a me rcu ry  cathode (68 cm2). The 
p l a t inum anode was  p laced  in a porous cup in a s imi-  
la r  solut ion wi thout  the  nitri le.  The solution dur ing  
the e lectrolysis  was  kep t  neu t r a l  by  the  addi t ion  of 
acetic acid. Af ter  the  passage of a cur ren t  of 1A for 3 
h r  the  whi te  solid (13.8g) fo rmed  was f i l tered and 
could be separa ted  into two compounds wi th  hot  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
K e y  w o r d s :  h y d r o d i m e r i z a t i o n ;  1 -amino-2 ,3 ,4 ,5 - t e t r apheny l -5 -ey -  

a n o - l - e y c l o p e n t e n e ;  2 , 3 , 4 , 5 - t e t r a p h e n y l - l , 6 - h e x a n e d i n i t r i l e .  
1 M e l t i n g  p o i n t s  are no t  corrected.  I n f r a r e d  spec t ra  we re  d e t e r -  

m i n e d  as n u ] o l  m u l l s  on  a P e r k i n - E l m e r  In f racord .  N M R  spec t r a  
we re  d e t e r m i n e d  on a V a r i a n  A60 S p e c t r o m e t e r .  

benzene. The soluble f ract ion (75%) was the  cyano-  
amine  (I)  and  the insoluble  par t  was 2,3,4,5-diphenyl- 
1 ,6-hexanedini t r i le  (25%).  Addi t ion of wa te r  to the  
f i l t rate gave an addi t ional  2.2g of the  cyanoamine  ( I ) .  
This compound,  2 ,3 ,4 ,5 - te t raphenyl -5-cyano- l -amino-  
1-cyclopentene ( I ) ,  mel ted  at 219~176 af te r  one re -  
c rys ta l l iza t ion  f rom a mix tu r e  of benzene and ethanol ;  
IR: 3.03 (NH~), 4.54 (CN) and 6.15~ ( C = C ) ;  NMR 
(CD3CN) 57.5 (s C6H~); 7-7.48 (m 3C6H5), 5.04 (d 1 H J  
= 10 Hz),  4.02 (s 2 H) and 3.54 (d 1 H J = 10 Hz) .  
In the  presence of D20 the b road  singlet  at 4.02 dis-  
appeared.  

Anal .  Calcd. for  C30H24N2: C, 87.37; H, 5.86; N, 6.79. 
Found:  C, 87.70; H, 5.83; N, 6.57. 

2 ,3 ,4 ,5-Tet raphenyl - l ,6 -hexanedin i t r i le  af ter  r ec rys -  
ta l l iza t ion f rom a la rge  vo lume of benzene mel ted  
wi th  subl imat ion  at 348~176 TGA indica ted  tha t  
the  subl imat ion s ta r ted  at 240~ IR 4.53~ (CN);  mass 
spec t ra l  analysis  gave a peak  at  412. 

Anal. Calcd. for C30H~N2: C, 87.37; H, 5.86; N, 6.79. 
Found:  C, 87.75; H, 5.85; N, 6.66. 

2,3,4,5-Tetraphenyl-2-cyanocyclopentanone (II) . - -A 
solution of the cyanoamine (I) (l.2g) in dioxane (50 
ml) was refluxed with 6N hydrochloric acid (15 ml) 
for I hr and poured into water. The cyanoketone 
(lAg) melted at 178~176 after two crystallizations 
from ethanol. On solidification this compound would 
occasionally remelt at 190~176 The IR and NMR 
spectra, however, were the same as those for the 178 ~ 
181~ compound; IR: 4.45 (CN) and 5.74~(CO); NMR 
(CDCI3): 87.04-7.25 (m 4C6H5); 3.92-4.21 (m 3 H) .  

Anal. Calcd. for  C~0H23NO: C, 87.14; H, 5.61; N, 3.39. 
Found:  C, 87.30; H, 5.73; N, 3.28. 

2,3,4,5-Tetrapheny l-5-cyanopentanoic acid ( HI ) . --  
The cyanoketone  ( I I )  ( l g )  was ref luxed wi th  po tas -  
s ium hydrox ide  ( lg )  in methanol  (40 ml)  for 15 hr. 
The resul t ing  solut ion when poured  into wa te r  and 
acidified gave a solid (1.0g) which was recrys ta l l ized  
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from benzene; yield, 0.35g; mp 235~176 A second 
recrystal l ization from benzene gave a sample mel t ing 
at 236~176 IR: 3.5-3.9 (OH), 4.43 (CN) and 5.8~ 
(COOH). The more soluble fraction obtained in this 
reaction was not investigated further.  

Anal. Calcd. for C~0H2502N: C, 83.53; H, 5.80; N, 3.25. 
Found:  C, 83.34; H, 5.94; N, 3.31. 

2,3,4,5-Tetraphenyladipamic acid (IV).--The nitr i le  
acid (III) (0.4g) was refluxed with 10 ml  of 50% sul- 
furic acid in acetic acid (28 ml) for 28 hr and the 
resul t ing solution was poured into water. The solid 
(0.32g) obtained, when recrystallized from a large 
volume of benzene, mel ted at 292~176 IR: 2.8-3.0 
(NH2), 3.5-9 (OH);  5.83 (COOH) and 6.01~ (CONH2). 

Anal. Calcd. for C30H2703N: C, 80.18; H, 6.01; N, 3.12. 
Found:  C, 79.97; H, 6.14; N, 3.19. 

2,3,4,5-Tetraphenyl-l,6-hexanedioic acid (V) . - -The  
amide acid (0.5g) in 10 ml of acetic acid containing 1 
ml  of concentrated hydrochloric acid was treated at 
100~ with excess 20% sodium nitr i te  solution. The 
white solid (0.4g) on recrystal l ization from ethanol 
and water  melted at 304~176 and gave an identical  
ir spectrum to that  of the acid obtained by the d imer-  
ization of a -phenylc innamic  acid. 

Hydrolysis of 2,3,4,5-tetraphenyl-l,6-hexanedinitrile. 
- - T h e  dinitr i le (2.75g) was refluxed wi th  25 ml  of 50% 
sulfuric acid in acetic acid (250 ml) unt i l  all the solid 
mater ia l  had dissolved. This process required 11 days. 
The resul t ing solution was poured into water,  and the 
white solid (3.0g) was filtered. Extractions with alkali  
gave a mixture  of acids containing nitrogen. Deamina-  
t ion of a port ion (0.8g) in acetic acid (10 mI) conta in-  
ing concentrated hydrochloric acid (1 ml) at 100 ~ with 
2 ml  of 20% sodium ni t r i te  gave 0.42g of an isomeric 
2,3,4,5-tetraphenylhexanedioic acid. Recrystall ization 
from benzene gave a sample mel t ing at 291~176 A 
mixture  with the acid prepared from the cyanoketone 
method melted at 265~176 IR: 3.5-4 (OH) and 5.88~ 
(COOH). 

Anal. Calcd. for Cz0H2604: C, 79.91; H, 5.81. Found:  
C, 79.70; H, 5.94. 

Cyclization o] 2,3,4,5-tetraphenyl- l ,6-hexanedinitrile. 
- - T h e  dini tr i le  (0.65g) was refluxed in benzene (150 
ml) and absolute ethanol (50 ml) with sodium meth-  
oxide (0.3g) for 22 hr. Removal  of the solvent gave a 
solid which was treated with water,  filtered, and dried. 
The resul t ing solid was t reated with cold benzene, and 
the insoluble s tar t ing mater ia l  was separated; yield, 
0.38g. The filtrate was t reated with ethanol and on 
concentrat ion gave a white  crystal l ine solid (0.21g) 
mel t ing at-239~176 IR: 2.9 (NH2), 4.45 (CN) and 
6.10~ (C ~ C);  NMR (CDCl:~) 56.6-7.6 (m 4C6H5), 4.63 
(d 1H J = 8 Hz), 3.95 (d 1H J : 8 Hz) and 3.8 (broad 
s 2H). In  the presence of D20 the broad singlet at 3.8 
disappeared. The NMR spectrum in CD3CN in which the 
compound is much less soluble gave a similar coupling 
constant  for the two doublets. A mixture  with isomer I 
mel ted at 199~176 

Anal. Calcd. for Cs0HzlN2: C, 87.37; H, 5.86; N, 6.79. 
Found:  C, 86.99; H, 5.59; N, 6.45. 

Reaction of benzil with benzyl cyanide.--A solution 
of benzil  (15.7g) and benzyl  cyanide (17.5g) in ethanol 
(250 ml) was treated at reflux with a solution of po- 
tassium hydroxide (3g) in ethanol  (15 ml) .  The solu- 
t ion became purple and was refiuxed for 30 min. Re- 
moval  of the solvent was followed by acidification and 
extraction with ether. The ether layer  after t r ea tment  
with dilute alkali  and acid gave an orange oil (28g). 
Addit ion of alcohol gave crystals of a -pheny lc innamo-  
ni t r i le  (4.0g); mp 85~176 Identification was made 
by comparison with an authentic sample (2). 

Reaction o~ benzil with ethyl alpha-bromophenylace- 
tate.--A stirred refluxing mix ture  of zinc dust (6.8g) 
in dry benzene (100 ml) was t reated with a solution 

of benzil  (11.56g) and ethyl ~-bromophenylacetate  
(25.0g) in benzene (100 ml) .  After  approximately  40 
ml of this solution was added, reaction occurred, and 
the addit ion was completed dropwise wi th  fur ther  
heating. The resul t ing solution was refluxed an addi-  
t ional 12 hr, cooled, and treated with ice-cold 10% 
sulfuric acid. The benzene layer  gave 16g of the mono-  
adduct. Recrystall ization from ethanol  gave a sample 
melt ing at 121~176 IR: 2.87 (OH), 5.80 (COOC2H5) 
and 5.91~ (CO). 

Anal. Calcd. for C24H~204: C, 77.00; H, 5.92. Found:  
C, 76.51; H, 5.78. 

Results 
2,3,4,5-Tetraphenyl-l ,6-hexanedioic acid (V) was 

prepared directly by the electrochemical reductive 
dimerization of a -phenylc innamic  acid using the pro- 
cedure for dimerizing cinnamic acid (1). The amount  
of benzene soluble by-products  formed was larger than 
that obtained with cinnamic acid. In  view of the com- 
plexity reported for these products (1), the by-prod-  
ucts were not studied further.  

The low yield of acid obtained suggested a s tudy of 
the electrochemical hydrodimerizat ion of a -phenylc in-  
namoni t r i le  as a source of this acid. This reduct ion 
actual ly behaved differently than  expected and gave a 
mix ture  of 1-amino-2,3 ,4 ,5- te t raphenyl-5-cyano- l -cy-  
c lopentene(I )  and 2,3,4,5- tetraphenyl- l ,6-hexanedini-  
trile. The structure of the former was based on IR and 
NMR spectra and its chemical behavior. 

The NMR spectrum showed two doublets centered at 
53.54 and 5.04 ppm for the 3- and 4-hydrogens and a 
broad singlet at 54.02 in tegra t ing  for two hydrogens 
which disappeared in the presence of deuter ium oxide. 
This spectrum favors the designation of I exclusively 
as the enamine  form. The presence of the imine isomer 
would be expected to shift the hydrogen absorptions to 
the same region shown by the ketone II. 

The large spli t t ing constant  of 10 Hz indicates that  
the 3- and 4-hydrogens are cis and that the configura- 
tion is meso for this portion of the compound. 

Hydrolysis with acid gave the ke toni t r i le ( I I )  which 
could be cleaved with alkali  to the cyano acid (III) .  
This acid (III) when  hydrolyzed with sulfuric acid 
gave the amide acid (IV) which was resistant  to fur-  
ther  hydrolysis with acid or alkali. Deaminat ion  with 
ni t rous acid gave the same acid (V) as is obtained by 
the dimerization of a -phenylc innamic  acid. 

C6H5 
C6Hs ~---~ C6H5 C6Hs ~ - ~ 6 H ~  ] 

--> C~HsCHCHCOOH 

C6H~CHCHCN ~/ cN 
Ii I 

NH~ O C~Hs 

I II III 

C6H5 C6H5 
I I 

C6H~CHCHCOOH CsH~CHCHCOOH 

C6HsCHCHCONH2 CsHsCHCHCOOH 
I I 

C6H5 C6H5 
IV V 

A similar  cyclization has been observed in the elec- 
trochemical  reductive dimerization of benzalacetophe- 
none in d imethyl formamide in the presence of carbon 
dioxide (3) and ethyl c innamate  in aqueous d imethyl-  
formamide (4). 

The structure of 2,3,4,5- tetraphenyl- l ,6-hexanedini-  
tri le was based on its ir spectrum, mass spectral data, 
and chemical conversion to an isomeric 2,3,4,5-tetra- 
phenylhexandioic  acid (V) and an isomeric 1-amino- 
2 ,3 ,4 ,5- te t raphenyl-5-cyano-l-cyclopentene (I).  The last 
compound gave an n m r  spectrum which showed two 
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doublets  centered  at  54.63 and 3.95 ppm for the  3 and 
4-hydrogens  and a b road  singlet  at 53.8 for the  two 
hydrogens  of the amino group. A coupl ing constant  of 
8 Hz indicates  tha t  the  3- and 4 -hydrogens  are  trans 
and that  the  configuration is dl for  this  por t ion  of the  
molecule.  Such an ass ignment  is based on the  Karp lus  
rule  (5).  

The cyclopentene  der iva t ive  I no doubt  is fo rmed  
from the  anion of the expected hyd rod imer  (VI) by  a 
Ziegler  condensat ion even though the  e lec t ro ly te  was 
kep t  at  the  neu t ra l  point  wi th  acetic acid dur ing  the 
electrolysis.  

C~H~ 
C C6H5 / \'CN 

C6HsCH--C- -CN C6HsCH 
I - -  --> I C - - - - N -  - ~  I 

C6HsCH--CHCN C6H5CH / 
I \ 

C 6 H 5  CHC6H5 

This anomaly  m a y  be caused by  the  t e t r a e t h y l a m -  
monium ions adsorbed on the  e lec t rode  surface. Such 
an env i ronment  would  be more  anhydrous  than  that  
of the  bu lk  of  the  solut ion and less suscept ible  to the  
addi t ion of acid. 

The h igher  rat io  of meso/dl suggests tha t  in the  
d imer iza t ion  of the  anion rad ica l  d i rec t ly  at  the  sur -  
face of the  electrode,  steric factors and repuls ion of 
the  nega t ive  charges  would  favor  form A and would  
lead to the  format ion  of the  meso i somer  which cyclizes 
to the  cyc lopentane  der iva t ive  I. 

h r  

A r  

A B C 
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The second method  of forming  the  d imer  is by  
d imer iza t ion  of the  radica l  fo rmed b y  pro tonat ion  of 
the  anion radical .  Such a d imer iza t ion  would  be gov-  
e rned  only by  the  steric effects of the  groups involved 
and could give forms B and C. This type  of addi t ion  
would  be expected  to p redomina te  in the  bu lk  of the  
solution and to give the  d l - i somer  of the  dinitr i le .  

S imi la r  factors may  be involved in the  high rat io  of 
meso/dl pinacols observed  in the  reduct ion  of benzal -  
dehyde  in the  presence of t e t r a a l k y l a m m o n i u m  and 
iodide ions (6). 

Chemica l  methods  leading  to the  synthesis  of 2,3,4,5- 
t e t r apheny l - l , 6 -hexaned io i c  ac id(V)  based on the con-  
densat ion react ions of benzi l  were  not  successful. The 
Refo rma t sky  react ion wi th  e thyl  a -b romopheny lace -  
tare gave only the  monoadduct ,  e thyl  2 ,3-d iphenyl -3-  
benzoy l -3 -hydroxyprop iona te .  

The a lka l ine  condensat ion of phenylace ton i t r i l e  wi th  
benzil  gave a -phenylc innamoni t r i l e .  

Manuscr ip t  submi t ted  Feb.  26, 1970; rev ised  m a n u -  
script  received ca. Ju ly  13, 1970. This was Pape r  136 
presented  at the  New York  Meeting of the  Society, 
May  4-9, 1969. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1971 
JOUI~NAL. 
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The Electrochemical Oxidation of N,N-Dimethylaniline 
Rodney Hand and R. F. Nelson* 

Department ol Chemistry, Sacramento State College, Sacramento, California 95819 

ABSTRACT 

The e lec t rochemical  oxidat ion  of N ,N-d imethy lan i l ine  (DMA) has been in-  
ves t iga ted  in nonaqueous med ia  in some detail .  The products  formed were  
found to depend  on DMA concentra t ion and the t ime of electrolysis.  A t  low 
concentrat ions  (10-SM), the  main  product  formed is N,N,N ' ,N ' - t e t ramethy l -  
benzidine.  At  in te rmedia te  concentrat ions  (10-2M) the ma jo r  product  is 4,4'- 
me thy leneb i s  (N ,N-d ime thy lan i l ine ) ,  and at  h igher  concentrat ions,  especial ly  
at longer  e lectrolysis  times, the dye crys ta l  violet  and its leuco form were  
p roduced  in la rge  amounts.  The mechanism to form these products  depends  
on the lab i l i ty  of the  me thy l  groups on the amine  ni t rogen;  when o ther  N,N- 
d ia lky lan i l ines  were  e lect rolyzed under  s imi lar  conditions,  only the corre-  
sponding t e t r aa lky lbenz id ines  could be isolated. 

The oxida t ion  of N ,N-d imethy lan i l ine  (DMA),  by  
both chemical  and e lec t rochemical  means,  has com- 
m a n d e d  a good dea l  of a t ten t ion  for  a number  of years .  
The amine  exhibi ts  a mul t i tude  of reactions,  as evi-  
denced by  the large  number  of products  genera ted  
under  va ry ing  conditions.  The products  formed seems 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  o rgan ic  e l ec t rochemis t ry ,  mechan i sm ,  eou lome t ry ,  

cycl ic  vo l t ammet ry .  

to depend upon a bewi lder ing  series of var iables :  the  
solvent  medium,  the  oxidizing agent,  t empera tu re ,  and 
concentra t ion of reactants ,  for  example ,  (1-9) and 
references  therein.  In  addition, e lect rochemical  ox ida-  
t ion under  p rope r  condit ions can lead to subst i tut ion 
in e i ther  the  aromat ic  r ing  (10-12) or on the  N - m e t h y l  
groups (13, 14). Thus, upon oxidat ion  one can expect  
the cat ion radica l  to decompose b y  one or  more  of 
severa l  pa thways .  
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As part  of a study involving the anodic oxidation 
pathways of aromatic amines, the electrochemistry of 
DMA was investigated in some detail. Previous work 
in  both aqueous and nonaqueous media had shown 
N,N,N' ,N'- te t ramethylbenzidine (TMB) to be the pri-  
mary  electrolysis product. However, upon inspection of 
cyclic vol tammograms in acetonitrile, it was apparent  
that  indeed TMB was being formed by  oxidation of 
DMA at plat inum, bu t  the amount  formed was not at 
all equivalent  to the quant i ty  of DMA present,  i.e., it 
appeared that other unidentified products were form-  
ing. Various electrochemical and spectroscopic tech- 
niques were employed and it was found that other 
products were formed, the identit ies and amounts  of 
which depended marked ly  upon solution conditions. 
In  addition, several other N,N-dialkylani l ines  were 
studied electrochemically and their behavior  corre- 
lated with that  of DMA. 

Experimental Procedures 
The electrochemical and spectroscopic ins t rumenta -  

t ion and techniques were as previously described (15). 
The NMR spectra were recorded in CDC13 using a 
Pe rk in -E lmer  R-20 spectrometer. 

The N,N-dimethylani l ine  was obtained commercial ly 
and purified according to a s tandard procedure (16). 
N,N-Diethylanil ine,  N,N-di -n-bu ty lan i l ine ,  N,N-di- 
sec-butylani l ine,  and N,N-di -n-decylan i l ine  were all 
obtained commercial ly and were not fur ther  purified. 
The te t ramethylbenzidine  and te t raethylbenzidine  were 
prepared by methyla t ion and ethylation, respectively, 
of benzidine using t r ia lkyl  phosphates and were pur i -  
fied by  column chromatography and recrystallization. 
N,N,N',N' -Tetramethyl-2 ,2 ' -  d iaminobiphenyl  (o-oTMB) 
and  N , N , N ' N ' - t e t r a m e t h y l - 2 , 4 ' - d i a m i n o b i p h e n y l  
(o-pTMB) were prepared by  catalytic hydrogenat ion 
of the dinitro compounds (17). The diamino com- 
pounds were then methylated and purified by chroma- 
tography and recrystallization. 4,4'-Methylenebis 
(N,N-dimethylani l ine)  (MBDMA) and 4,4',4"-methyI- 
idynetr is  (N,N-dimethylani l ine)  (LCV) were ob- 
tained commercially and purified by recrystallization. 
N-p -Dimethy laminobenzy l -N-methy lan i l ine  was pre-  
pared by a benzoyl peroxide oxidation of DMA (1). 

The purification of acetonitri le and the preparat ion 
and purification of t e t rae thy lammonium perchlorate 
(TEAP) have also been previously described (15). 
Benzonitr i le  was obtained commercial ly and used with 
no fur ther  purification. 

Constant  potent ial  mass electrolyses were carried 
out using a Wenking 61RH potentiostat. A two-com- 
par tment  cell with a fine fri t  was used for electrolyses. 
A p la t inum gauze electrode was used as the working 
electrode, and an SCE was used as the reference 
electrode. All  oxidation potentials were set about I00 
mV anodic of the pr imary  oxidation waves of the 
dialkylani l ines  as determined from cyclic vol tammo- 
grams. The electrolyses were carried to vir tual  com- 
pletion, i.e., to a point  where  the cur ren t  was less than  
1% of the value at in i t ia t ion of the electrolysis. In  
addition, after exhaust ive oxidation the solutions were 
electrolyzed at --0.6V in order to convert  any species 
in the oxidized state to the neut ra l  form and to reduce 
protons generated by the various coupling reactions 
involved. It was found that  if these protons were not 
electrolyzed before product  isolation appreciable 
amounts  of start ing mater ia l  and electrolysis products 
were lost dur ing work-up.  

Constant  current  mass electrolyses were carried out 
using the Wenking  potentiostat  modified according to 
procedures set forth in the operation manua l  (18). The 
constant  current  electrolyses were stopped after pro- 
ceeding for calculated t ime intervals  corresponding to 
one-half,  one, one and one-half,  and two electron 
n-va lues  for DMA. 

Products were isolated by evaporat ion of the solvent 
from the electrolysis mix ture  and extract ion wi th  di-  
chloromethane. The TEAP taken up was precipitated 

out by the addition of ether. The superna tant  was 
taken to dryness and chromatographed on Woelm 
neut ra l  a lumina  with benzene,  then  dichloromethane 
and, if necessary, ethanol;  the products were then  re-  
crystallized from benzene-ethanol .  Thin  layer  chroma- 
tography experiments  were carried out on "Baker-  
flex" a luminum oxide grade 1B T.L.C. paper using 
mixtures  of benzene and petroleum ether as solvents 
(the per cent composition was not critical).  The 
chromatograms were developed with iodine. 

Results and Discussion 
When the possible products that could form by oxi- 

dation of DMA were considered, the most l ikely pros- 
pects seemed to be the isomeric benzidines, TMB, 
o-pTMB, and o-oTMB. This was based on intui t ion as 
well as t r i t ium tracer exper iments  r un  on DMA sug- 
gesting some sort of ortho-coupling (6) tak ing  place. 
Consequently,  the electrochemical properties of the 
previously ment ioned benzidines were studied, and 
their  cyclic vol tammograms matched up wi th  the DMA 
system, as shown in  Fig. 1. One can see that  a fertile 
imaginat ion could find any of the benzidines in the 
DMA cyclic upon careful inspection. Consequently,  re- 
course was taken to other means  of identification of 
products. Attempts were made to detect the benzidines 
using in situ electrolysis in a Cary 14 uv-vis ible  spec- 
trometer,  but  the TMB band was so broad and intense 
that it swamped out any o-pTMB or o-oTMB (both 
of which had weak bands in this region) that  might  
be present. Results with th in - l ayer  chromatography 
were somewhat more successful. Using benzene-  
petroleum ether as a solvent medium, solutions from 
electrolysis of 10-3M DMA were spotted along with 
authentic samples of the three isomeric benzidines. 

Me2N~ NMe2 ~ / 

N l ~ e  2 

_ , - ,,~ ,!, . . . .  o,, ' d o  E, ,ohs ~ 81~E ~ 
Fig. I. Cyclic voltammograms of DMA and the isomeric benzi- 

dines in acetonitrile/O.IM TEAP. 
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TMB was definitely identified and another  spot from 
the electrolysis solution matched up wi th  either the 
o-pTMB or the o-oTMB. Since there is considerably 
less steric h indrance  to ortho-para-coupling, it is be-  
lieved that  the other product formed in dilute solution 
is o-pTMB, in minor  amounts.  

Thus, in the region of mil l i formal  concentrat ion,  the 
reaction mechanism seems to be re la t ively uncompli -  
cated; DMA is oxidized to the cation radical;  these 
then couple in one or more of several r ing coupling 
fashions. As would be anticipated, the least sterically 
hindered pathway, para-para-coupling, predominates.  
One problem was finally solved after considerable 
consternation: on cyclic vol tammograms it seemed 
that much less than quant i ta t ive  amounts  of TMB were 
forming from the oxidation of DMA. In  addition, the 
electrochemical data gave an n -va lue  of about one as 
opposed to the two electrons that  would be expected 
for this classical ECE system (TMB is more easily 
oxidized than DMA). This is due to the fact that  ap- 
preciable amounts  of the DMA are protonated by 
protons released in the coupling reaction to form TMB. 
Since DMA is a moderately  strong base, the degree of 
protonation, estimated at 40-50% when  compared wi th  
aliphatic amines (19), is appreciable. This factor must  
be considered when  one is working on the electro- 
chemistry of organic bases in nonaqueous media. 

As the concentrat ion of DMA is increased from 
10 -3 to ]0-1M, the composition of the electrolysis 
products obtained changes markedly.  At intermediate  
concentrat ions (10 -8 to 10-2M), relat ively little TMB 
is obtained, and instead, another  product  resulted in 
fair ly high yields (30-40%). This product  eluded iden-  
tification for some t ime unt i l  heed was paid to work 
that cited the formation of MBDMA from DMA via 
various chemical oxidation pathways (1 ,2) ;  small  
amounts  had also been isolated from electrochemical 
oxidations in aqueous media (4). Once the product 
was acknowledged, identification was straightforward. 
Normally, cyclic vol tammograms are not a rel iable  
match ing-up  tool for suspected electrolysis products, 
but  in this case the cyclic of the electrolysis product 
was found to be very similar  to that  of an authentic  
sample of MBDMA, as shown in  Fig. 2. The electrolysis 
product was verified by  mel t ing point, its IR spectrum 
and its NMR spectrum, in each case compared with 
an authentic sample of MBDMA. 

Since the MBDMA contains a methylene  group in-  
serted between two DMA segments, the question of 
the origin of the methylene  group seemed pert inent .  
In the normal  electrolysis situations, a methylene  group 

E,  ~olt~ ~s S C E  

Fig. 2. Curve A, cyclic voltammogram of the product isolated 
from an electrolysis of 10-2M DMA in acetonitrile/O.1M TEAP; 
curve B, cyclic voltammogram of an authentic sample of MBDMA 
in acetonitrile/0.1M TEAP. 

could conceivably be abstracted from either the sol- 
ven t  (CH~CN) or the ethyl groups of the support ing 
electrolyte, TEAP. Accordingly, a mass electrolysis of 
a 10-2M solution of DMA in benzoni t r i le  using 0.1M 
sodium perchlorate as support ing electrolyte was con- 
ducted. In this system, the only source of methyl  groups 
would be from the DMA. Similar  results were obtained 
compared to the ace toni t r i le /TEAP experiments  (how- 
ever, product  yields were much lower due to problems 
in work-up  from benzoni tr i le) ,  so it seems safe to con- 
clude that the electrochemical oxidation pa thway in-  
volves abstraction of a methyl  group from the di- 
methylamino portion of DMA to form the MBDMA. In 
addition, chemical oxidations of DMA to MBDMA 
have been carried out in solvents such as benzene and 
carbon tetrachloride using benzoyl peroxide as oxidant  
(1, 20). 

The most plausible mechanism for formation of 
MBDMA from DMA has been proposed as the reaction 
pa thway followed in  the benzoyl peroxide oxidation 
and gamma radiolysis of DMA (21, 22). This involves 
init ial  formation of a DMA cation radical, not an un -  
reasonable assumption. It should be pointed out that  
no direct evidence for the existence of DMA cation 
radical  was found in the present  work or in  any pre-  
vious studies. However, based on other studies on 
aromatic amines in general  and substi tuted DMA's in 
particular,  it seems safe to assume that  the DMA cation 
radical  is the first in termediate  formed (I) .  This radi-  
cal can then attack a parent  DMA molecule, the para- 
r ing position of the cation at tacking one of the methyl  
groups of the parent  to form a subst i tuted benzyl  
amine, N-p -d ime thy laminobenzy l -N-methy lan i l i ne  
(II). This species is then protonated to form (III) .  This 
then breaks up to give (IV) and N-methylani l ine .  A 
molecule of DMA then reacts with (IV) to form 
MBDMA. Attack of (I) on MBDMA could then lead 
to a molecule of leuco crystal violet, LCV. Since LCV 
is more easily oxidized than DMA, formation of crystal 
violet dye from LCV ensues. In  addit ion to all this, 
there is a paral lel  reaction pathway,  the one classically 
cited, whereby  TMB is formed by coupling of two 
DMA radicals. The over-al l  reaction pa thway is shown 
in Fig. 3. Due to the coupling reactions occurring in 
these systems, protons are generated in substant ia l  
amounts;  protonat ion of DMA and the various products 
certainly occurs, but  this has not been shown for the 
sake of clarity. 

Several  a l ternat ive  paths to this general  mechanism 
are possible and should be mentioned,  al though they 
are difficult or impossible to verify. Reaction [3] in  
Fig. 3 may  go by  the pa thway shown below 1 rather  
than by attack of (I) on the methyl  group of a parent  
DMA molecule. The over-al l  result  is identical in both 
cases, i.e., formation of ( I I ) ,  but  this a l ternat ive  mech-  
anism is cer ta inly a possibility. 

+ 
H3C. ~CH 3 H3CN..CB 2" H3C~CH 3 

H3C, ~ CH 2 
H3C CH2"Ie- 

DMA 

These mechanistic steps are consistent wi th  the fact 
that  MBDMA and crystal violet are formed only at in -  
termediate  and high DMA concentrations, where par -  
ent  DMA molecules are avai lable to act as bases to- 
ward DMA cation radicals. Deprotonat ion of the cation 
radical (I) has also been suggested from the results of 
chemical oxidation studies (23). This work is par t icu-  
lar ly per t inent  since the oxidizing agents employed, 
chloranil  and copper( I I ) ,  are one-electron types and 
hence might  furnish  data more applicable to reactions 
of the DMA cation radical. In  fact, the product  dis- 
t r ibut ion obtained in this s tudy was markedly  similar 
to that  from the present  electrochemical work. 

1 T h i s  a l t e r n a t i v e  m e c h a n i s m  w a s  s u g g e s t e d  b y  a r e f e r e e .  
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,e_ 

DMA 
(1) 

_ ~  + le-le- TMB 
C2] 2 (1) -- i- Me2N NMe 2 + 2H ~ . ~  DICATION 

H3C x ~CH 3 

C3) F~L.~,.j~ + 2.+ 

, ~  ( I I )  

[4] ( I f )  + H+~ LO] �9 + (IV) 
v 
(I l l}  NMA CH 2 

C5] (IV) + ~ Me2N CH 2 Me 2 + 

MBDMA 

MBDMA+ (1) 

LCV 

C7] 

+ e2 

_ ~ Y . ~ - ~  + H + LCV 2e- Me2R NMe2 

CRYSTAL VIOLET 

Fig. 3. Proposed reaction pathways for the anodic oxidation of 
N,N-dimethylaniline in acetonitrile. 

Reaction [6] in Fig. 3 is also somewhat less than 
certain. It would seem just  as l ikely that  the formation 
of leuco crystal violet might  occur via reaction between 
oxidized MBDMA and parent  DMA, ra ther  than  by the 
opposite radica l -parent  route; this is so because the 
oxidation potentials of DMA and MBDMA are almost 
identical. Thus, it was not possible to carry  out studies 
where  one would be electrolyzed in the presence of the 
other to induce formation of leuco crystal  violet. Again, 
the pathways are different, bu t  the end product is 
identical; verification of the correct pa thway must  
await  more sensitive studies in order to differentiate. 

Repeated at tempts were made to isolate the sub- 
sti tuted benzyl  amine intermediate  by te rminat ing  
electrolyses well  short of the calculated end point and 
at tempting recovery by chemical means. These at-  
tempts were s ingular ly  unsuccessful probably due to 
the fact that  this in termediate  is quite unstable;  the ap- 
plication of even moderate heat induces its conver-  
sion to MBDMA in the presence of any  excess DMA. 

It was felt that  detection of N-methylan i l ine  (NMA) 
in the electrolysis mixtures  was essential to ver i fying 
the proposed mechanism, but  this task was hampered 
by the fact that NMA is oxidized at about the same po- 
tentials  as DMA, leading to u n k n o w n  products. How- 
ever, visible absorption spectra of electrolysis solutions 
of DMA and NMA show a common peak at about 550 
m~ that  cannot be ascribed to any  of the DMA oxida- 
tion products previously mentioned.  Likewise, a com- 
mon spot is obtained on th in - layer  chromatograms of 
the two solutions. Fur the r  work now under  way on 
the oxidation of NMA may  clarify this aspect of the 
work. 

At higher DMA concentrat ions (10-1M and higher) ,  
less MBDMA is found; as shown in the reaction scheme 
the next  highest analog, leuco crystal violet, is formed 
in small  amounts  and a goodly port ion of the yield 
is in the form of the dye crystal violet. This is an in-  

tensely colored dye and its presence was confirmed 
by comparison of the visible absorption spectra of a 
DMA electrolysis solution and an authentic sample of 
the dye; the match-up  is striking. The gradual  forma-  
t ion of the dye can be seen in the visible absorption 
spectra shown in Fig. 4. These spectra were recorded 
after various times of electrolysis of a 0.2M solution of 
DMA in acetonitrile. Note that  even at this concentra- 
tion it appears that  TMB is formed initially.  However,  
as the electrolysis proceeds the concentrat ion of crys- 
tal  violet increases and the TMB fades away in com- 
parison. At the end of the electroIysis the only species 
giving rise to an absorption band  in  the visible region 
of the spectrum is the crystal violet dye. I t  is felt that  
parallel  reaction pathways are operative to produce 
TMB and the other electrolysis products; fair ly ex- 
tensive studies on the electrochemical oxidation of 
TMB alone and in the presence of DMA, though com- 
plicated, have not shown evidence for formation of 
MBDMA or crystal violet (24). At first, the concept of 
crystal violet being formed from the oxidation of DMA 
is implausible at best, but  again recourse to the l i tera-  
ture shows that  it is not unheard  of. In  fact, chemical 
oxidation of DMA by chloranil  and copper(II)  leads 
to appreciable yields of crystal  violet (23, 25) (see 
above).  

In  order to verify that  all  the products cited are 
formed concurrently,  a constant  current  electrolysis of 
a 1M DMA solution in MeCN was run  and te rminated  
well  before completion (n ~ 0.5). The major  products 
formed were MBDMA and LCV; small  amounts  of 
TMB and crystal violet were also detected. It  would 
seem, then, that  the formation of the various products 
depends markedly  on DMA concentration. This is cer- 
ta inly  true, but  another  var iable  was also found to 
be important,  namely  current  density (or electrolysis 
durat ion) .  At low current  densities (or long electrol- 
ysis t imes),  more of the crystal  violet and its leuco 
form were produced from DMA. This was confirmed 
with a series of constant  current  electrolyses at vary-  
ing current  densities, and it was found that  solutions 
containing intermediate  concentrat ions of DMA (10 -2 
to 10-1M) yielded progressively larger amounts  of the 

........ T 
V CRYSTAL VrOLET 

s-A 

.~o s~o ~o'o 7o0 800 
WAVELENGTH, in milli~icrens 

Fig. 4. Visible absorption spectra recorded during electrolysis of 
a DMA solution (0.2M) in acetonitrile/0.1M TEAP. Concentrations 
are not comparable (samples were diluted to various extents) from 
one curve to the next. Curve A, early in the electrolysis; curve B, 
middle electrolysis; curve C, late in the electrolysis. 
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dye with decreasing current  density. This is reasonable 
in view of the deprotonation mechanism ment ioned 
above. At low cur ren t  densities, the ratio of parent  
DMA to cation radical is greater and deprotonat ion is 
more l ikely to occur. 

Several  other N,N-dialkylani l ines  were briefly in-  
vestigated to determine whether  the bu lk  and abstract-  
abil i ty of the alkyl group would have an effect on the 
course of the electrochemical oxidation pathway. The 
electrochemical properties of DMA and these other 
N,N-dialkylani l ines  are shown in Table I. Over-all ,  the 
properties do not vary  a great deal with the na ture  of 
the alkyl group; most of the var iat ion can be ascribed 
to differences in diffusion coefficients. Electrochemical 
data for N,N-dimethyl-p-anis id ine ,  a model one-elec- 
tron, reversible system, are included for purposes of 
comparison. The n -va lue  data obtained at varying con- 
centrat ions confirm the relat ively uncomplicated be-  
havior at low concentrations, i.e., formation of benzi-  
dines, and the complex na tu re  of the electrode process 
at higher concentrations, especially for DMA. At low 
concentrations, one would anticipate a ratio of reverse 
to forward current  of 0.5 if only benzidine formation 
were taking place, analogous to the t r iphenylamine-  
te t raphenylbenzidine  system (26). This is general ly 
observed for all the dialkylani l ines at low concentra-  
tions and for all but  DMA at in termediate  and higher 
concentrations. The very low value for DMA at 10-1M 
is due to the fact that  the major  product formed by 
mult iple  electrochemical and chemical steps, crystal 
violet, is not re- reduced after the ini t ial  oxidation. 

When exhaustive electrolyses were carried out on 
10-1M solutions of the ethyl and n -bu ty l  derivatives, 
only the para-para-benzidines corresponding to the di-  
a lkylani l ines  were isolated, with some difficulty and 
in only moderate yields of 40-50%. The fact that  the 
ethyl and n -bu t y l  analogs of MBDMA and crystal 
violet were not detected is fur ther  evidence to confirm 
the origin of the central  carbon of MBDMA and crys- 
tal  violet as coming from DMA itself and not the sol- 
vent  or support ing electrolyte. No other products could 
be isolated and identified in these systems, although 
the rather  low yield of benzidines indicates fur ther  
complications. This may be due, in fact, to fol low-up 
reactions involving the benzidine dications. These sys- 
tems, previously thought  to consist only of reversible 
electron t ransfer  steps, have been found to contain 
chemical complications as yet undefined (24). 

From the foregoing data, it would seem that  the 
products formed in the anodic oxidations of N,N-di-  
a lkylani l ines  depend on a number  of factors, namely,  
concentration, length of electrolysis (or current  den-  
sity), and the na ture  of the alkyl groups attached to 
the amine nitrogen. The concentrat ion dependence 

Table I. Electrochemical properties of N,N-dialkylanilines 

NR~ 
El,12 a i p / v l / ~ C  b i t l lg /Cv n - v a l u e @  t r e y / i f o r . t  

R=CI-I3 0.72 35.0 57.0 1.1, 1.0, 1.2 0,50, 0.34, 0.05 
CeH~ 0.70 34.0 54.0 1.1, 1.1, 1.4 0.50, 0.47, 0.37 

n-C4H9 0.69 32.5 49.6 1,2, 1.2, 1.4 0.48, 0.40, 0.35 
sec-C4H, 0.70 33.5 51.0 1.1, 1.2 0.54, 0.48 
n-CloI-I~l 0.69 29.0 43.0 1.0, 1.1 0.47, 0.42 

NMe2 
~ M  0.52 36.0 56.0 1.O, 1.0 1.0, 0.98 

e e 

a H a l f - p e a k  p o t e n t i a l s  m e a s u r e d  a t  a scan  ra te  of 21.0 V / r a i n ;  in  
vo l t s  vs.  SCE. The re  is  a m a r k e d  anod ic  s h i f t  w i t h  i n c r e a s i n g  scan  
ra te .  

b P e a k  c u r r e n t  da ta ;  v a l u e s  s t a t ed  are  a v e r a g e s  f r o m  s eve ra l  d i f -  
f e r e n t  scan  r a t e s  r a n g i n g  f r o m  3.0 to  60.0 V/ ra in .  

e C h r o n o a m p e r o m e t r y  da t a ;  v a l u e s  s t a t ed  are  a v e r a g e  v a l u e s  
t a k e n  f r o m  c u r r e n t - t i m e  c u r v e s  f r o m  0.5 to 8.0 sec. 

Va lues  s t a t ed  are fo r  c o n c e n t r a t i o n s  of 10 ~,  10 -8 and  10-1M, 
r e spec t i ve ly .  

e One -e l ec t ron  m o d e l  c o m p o u n d ;  da ta  are p r e s e n t e d  fo r  p u r p o s e s  
of compar i son .  

t Ra t io  of r eve r s e  to  f o r w a r d  i n t e g r a t e d  c u r r e n t s  t a k e n  f r o m  
cou lome t r i c  n - v a l u e  d e t e r m i n a t i o n s  shown.  The  o x i d a t i o n  p o t e n t i a l  
was  set  a t  +0.90V;  r e - r e d u c t i o n  wa s  ef fee ted  a t  0.00V; t h u s  P r o t o n  
r e d u c t i o n  is no t  i n c l u d e d  in  irev.. 

most l ikely stems from the relat ive concentrat ions of 
parent  amine and radical cation near  the electrode 
surface, the area in which the homogeneous chemical 
reactions take place. At low bulk  concentrat ions of 
parent  amine, the ratio of radical  to paren t  near  the 
electrode surface is high, hence radical-radical  
coupling occurs to form the benzidines. At  higher bulk  
concentrat ions there is more parent  amine  near  the 
electrode surface, and so the rather  complicated series 
of homogeneous chemical reactions leading ul t imately  
to crystal  violet dye ensues. However, even at high 
DMA concentrations benzidine formation still occurs 
as a parallel  reaction pathway. 

It  was not unexpected that  the anodic oxidation 
pathways of the other N,N-dialkylanil ines,  as opposed 
to DMA, would be less complicated. In  the former spe- 
cies, the a lpha-carbon of the dialkylamino groups is 
much less susceptible to attack by incoming radicals; 
therefore, it is not surprising that  benzidine forma- 
tion predominates even at higher concentrations. 
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Preparation of N-Alkylacetamides by the 
Anodic Oxidation of Carboxylic Acid Salts 

D. L. Muck* and E. R. Wilson 
The Procter & Gamble Company, Miami Valley Laboratories, Cincinnati, Ohio 45239 

ABSTRACT 

The possibility of preparing N-alkylacetamides by the electrolytic oxida- 
tion of carboxylate  ions at a carbon anode in the presence of acetonitri le has 
been investigated. A yield of subst i tuted acetamide of about 50% was ob- 
tained with potassium valerate, but  it gradual ly  dropped to zero in favor of 
the Kolbe coupled product  in going from potassium octanoate to Dotassium 
laurate. An explanat ion of this effect involving specific or ientat ion of the ad- 
sorbed long chain carboxylates on the electrode surface is included. Products 
derived from intermediate  carbonium ions were found, and a mechanism for 
their formation is proposed. 

After  a period of t ime when lit t le work was done 
on the Kolbe electrosynthesis, the last few years have 
seen a definite surge of interest  in the reaction. Most 
of this recent work has been directed toward the 
elucidation of the mode of electron t ransfer  taking 
place at the electrode surface, but one very  impor tant  
feature which may have definite synthetic implications 
is the re la t ively recent discovery that  carbonium ions 
are sometimes formed in the reaction (1-14). The im-  
portant  variables affecting carbonium ion formation 
are apparent ly  the na ture  of the anode mater ial  and 
the structure of the carboxylate salt employed. In the 
case of an oxidation run  under  normal  Kolbe conditions 
where p la t inum anodes are employed, carbonium ions 
are apparent ly  formed only when the radical ini t ia l ly 
generated in the reaction has an electron impact ion- 
ization potential  (I.P.) of less than 8 eV (3). However, 
Koehl (6) has shown that  the use of a carbon anode 
promotes carbonium ion formation even with carbox- 
ylates derived from simple straight chain fa t ty  acids, 
where the I.P. may be 8-10 eV. We have been very 
interested in this development,  since it ideally presents  
a way to functionalize the alkyl chains derived from 
fatty acids. 

In  addition to the more common nucleophiles known 
to react with carbonium ions, acetonitri le has been 
shown to give n i t r i l ium salts (7, 15) which can then  
react with water  to give N-subst i tuted acetamides. A 
precedent  for 

O 
CHaCN + H20 If 

R + ~ R--N-~C--CHs > RNHCCHs [1] 

the t rapping of anodically generated carbonium ions 
with acetonitrile had previously been set by Eberson 
(7), so we also used acetonitri le and employed carbon 
anodes to promote carbonium ion formation. Dur ing  
the period of our work, the results of a similar s tudy 
were published by Kornprobst  and co-workers (12). In  
this case, however, the oxidations were carried out at 
p la t inum anodes, so that  products derived from car- 
bonium ions were isolated in yields of more than 20 % 
only when branched chain carboxylates were employed 
(where the I.P. of the a lkyl  radical was less than  8 
eV). In  our work we have found that  butyl  cations 
react with acetonitri le and water  to give two unex-  
pected products, an N-acylvalerylamide and an N- 
buty lva lery lamide  in addit ion to the desired acetamide 
and other by-products.  This work confirms and comple- 
ments  the results of Kornprobst  and co-workers. We 
have also uncovered an in t r iguing phenomenon involv-  
ing a gross variat ion in reaction products: longer chain 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  Kolbe eleetrosynthesis ,  n -a lky lace tamides ,  carbon 

anodes, ca rbonium ions. 

fat ty acid carboxylates give decreasing amounts  of car- 
bonium ions as the chain length increases, thereby 
yielding larger quanti t ies  of normal  Kolbe coupled 
products. Explanat ions for this var iat ion are discussed. 

Experimental 
Materials.--The acetonitri le employed was Mathe-  

son, Coleman, and Bell spectral grade. The carboxylic 
acids, the isomeric heptyl  alcohols, and docosane used 
were all obtained commercial ly and were used wi th-  
out fur ther  purification. 

Apparatus.--A d-c power supply capable of produc- 
ing 5A current  and potentials of up to 220V was em- 
ployed. The electrolysis cell consisted of a resin pot 
with 3 ground glass joints in the lid through which 
the electrode leads and a cooling coil were sealed. The 
system was flushed with He before each reaction. The 
gases evolved dur ing the reaction were passed through 
the tube  of Drierite, a tared tube of Ascarite, and 
finally through a trap cooled in liq N2. The electrodes 
were carbon rods 1 in. in diam and 2 in. long (A 
7.0 in.2; 45.7 cmf). Infrared spectra were obtained with 
a Pe rk in -E lmer  Infracord spectrophotometer, while 
the NMR spectra were obtained on Varian T-60 and 
HA-100 spectrometers. Gas chromatographic separa- 
tions were made on an F&M Model 700 equipped with 
a 6 f t x  0.25 in. column packed with 10% Apiezon L 
on 60-80 mesh Chromosorb W, acid washed and di- 
methyldichlorosi lane treated. Mass spectra were ob- 
ta ined with an Atlas CH-4 ins t rument .  

General electrolysis procedure.--A description of the 
oxidation of potassium valerate is given as being typi-  
cal. Potassium valerate (140.0g, 0.10 mole) was dis- 
solved in 22 cc of water  and diluted with 200 cc of 
acetonitrile. A d-c voltage of about 20V was applied 
unt i l  a current  of 2.0A flowed. The applied voltage 
was then held constant  and the electrolysis was con- 
t inued for a period equal to three times the half- l i fe  of 
the reaction (the half- l i fe  of each reaction was taken 
as the t ime required for the current  to drop to 50% of 
its original  value) .  The reaction solution was then re-  
moved from the cell, the cell was r insed with a l i t t le 
water, and the r inse was combined with the bu lk  solu- 
tion. The result ing solution was analyzed for octane 
and buty l  alcohol by GLC, and then refluxed under  a 
condenser connected to a Iiq N2 trap to collect any 
remaining  volatile hydrocarbons. The solvents were 
then removed from the reaction solution on a rotary  
evaporator, about 75 cc of water  were added, and this 
solution was extracted with ether. The ether extracts 
were combined, dried over MgSO4, and concentrated 
on a rotary evaporator to give about 5g of organic 
products. The aqueous layer was acidified with 6N 
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HC1, ext rac ted  continuously overnight  wi th  ether, and 
the resul t ing ether  layer  was dried over  MgSO4 before 
evaporat ion on a ro ta ry  evaporator  to give 0.5-3g of 
unreacted valeric  acid. The volat i le  hydrocarbons col-  
lected in both liq N~ traps were  w a r m e d  to dry ice- 
acetone t empera tu re  before being weighed, and were  
then analyzed by NMR and mass spectrometry.  They 
were  found to be essentially the same mix tu re  of 
butenes and methyl  cyclopropane as previous ly  re -  
ported. The l iquid organic products were  isolated and 
purified by prepara t ive  scale GLC. The identit ies of 
the products were  established by comparison of GLC 
retent ion times, IR spectra and NMR spectra wi th  those 
obtained on samples prepared  by independent  methods. 

Preparation of N-alkylaceta~nides.--Samples of the 
various N-a lkylace tamides  needed for comparison pur -  
poses were  prepared by adding an ether  solution of 
acetyl chloride drop-wise  to an equimolar  quant i ty  of 
the appropriate  amine in e ther  at room tempera ture .  
The resul t ing ether  solution was filtered and the sol- 
vent  removed  from the fil trate on a ro tary  evaporator .  
The crude acetamides were  then purified by p repara -  
t ive scale GLC. 

N-(sec-butyl)-N-acetylvalerylamide.--To 4.8g (0.03 
mole) of N - ( s e c - b u t y l ) v a l e r y l a m i d e  which was pre-  
pared by react ing va le ry l  chloride wi th  sec-butyl  amine 
were  added 100 ml of e ther  and 4.8g (0.06 mole) of 
pyridine. A solution of 2.4g (0.03 mole) of acetyl 
chloride in 20 ml  of e ther  was added drop-wise,  and 
the resul t ing solution was refluxed for 2 hr. More acetyl  
chloride (1.2g; 0.015 mole)  was then added and the 
mix tu re  was refluxed for 2 hr  more. About 5 ml  of 
ethanol  were  added, and the resul t ing solution was 
washed twice with  dil HC1, 3 t imes with  satd. NaHCO~, 
and finally once with  wa te r  before drying over  anhyd 
MgSO4. The solvents were  removed  with  a ro ta ry  
evaporator  to give 1.0g (17%) of a c lear  oil w i th  no 
N-H infrared absorption. Purification by prepara t ive  
scale GLC gave a colorless liquid. 

Anal  Calc for CllH21NO~: C, 66.33; H, 10.55; N, 7.04. 
Found: C, 66.50; H, 10.85; N, 7.32. 

Stability of N-(sec-butyl)-N-acetylvalerylamide to 
reaction conditions.--The conditions for the e lect roly-  
sis of potassium valera te  as described above were  re-  
peated, except  that  15% wa te r  in acetonitr i le  was used 
as the solvent, and 2.0g of N - ( s e c - b u t y l ) - N - a c e t y l -  
va le ry lamide  were  added. The electrolyt ic  oxidation 
of the va le ra te  was then carr ied out as before, and the  
products were  isolated. Octane (0.1g; 0.0009 mole) and 
N-sec-buty l  acetamide (1.8g; 0.016 mole) were  ob- 
tained along with 4.8g of the above substi tuted va le ry l  
amide. Subtract ing out the amount  of this la t ter  ma te -  
r ial  that  was added to the init ial  reaction solution 
(2.0g), a yield of 2.8g (0.014 mole) was obtained, 
which is ve ry  close to the average of 2.4g obtained in 
three  normal  reactions. 

Electrolysis of potassium octanoate in wate r . - -Oc ta -  
noic acid (14.4g; 0.10 mole)  and 5.6g (0.10 mole)  of 
potassium hydroxide  were  dissolved in 200 ml of wa te r  
and electrolyzed according to the general  procedure  
described before. The aqueous solution obtained was 
then ext rac ted  three t imes with  ether, and the com- 
bined extracts  were  dried over  anhydrous magnes ium 
sulfate. The solvent was then  removed  on a ro ta ry  
evapora tor  to give 0.8g of heptyl  alcohols. This m i x -  
ture  was analyzed on capi l lary  column GLC using 
known samples of the various isomeric heptyl  alcohols 
as standards. The fol lowing amounts  of each were  
found: 1-heptanol,  18.5%; 2-heptanol,  43.8%; 3-hep-  
tanol, 37.7%. 

Results 
Since long-chain  compounds are often difficult to 

work with, potassium valera te  was employed ini t ial ly 

as the start ing material .  In every  case, cont rary  to 
normal  Kolbe react ion conditions, the valer ic  acid was 
completely  neutral ized,  since it has previously  been 
shown that  high carboxyla te  concentrat ions favor  car-  
bonium ion format ion (14). For  anodes, we ini t ial ly 
a t tempted to use the types of carbon used before by 
Koehl  (6), but  the acetonitr i le  dissolved the organic 
binders they contained and eroded the electrodes badly. 
A shift was then made to regular  amorphous hard car-  
bon rods, the apparent  densi ty of which var ied  in the 
range of 1.42-1.53 g/ml ,  and these anodes seemed to 
serve very  well.  A cyl indrical  perfora ted copper ca th-  
ode was used, and the init ial  reactions were  run  in a 
10% water  in acetonitr i le  solvent mixture .  We did ob- 
tain the desired acetamide 2 in a 26% yield, but we 
also isolated the unexpected products 3 and 4 as wel l  
as isomeric butenes and methy l  cyclopropane arising 
f rom loss of a proton from the in termedia te  butyl  
cation. 

--H~_.----~" C4Hs products 
C ~ I s + ~  

+ 

"~"-~ C4HgN~CCHs 

0 0 CHs 

If 
C4HgNHCCH3 

[2] 

o 
ii I ~1 

C4HgCNCHC~H5 q- C4HgCNHCHC2H5 

CCI~ CHs 
]l 
O 

3 4 

In an effort to maximize  the yield of the desired 
acetamide 2, a s tudy of the var ia t ion of products wi th  
an increase in the amount  of water  employed was 
made. Concentrat ions of wa te r  below 10% were  not 
used because the s tar t ing mater ia l  was not completely  
soluble. At least  four  runs were  made for each set of 
conditions, and the average values of these are shown 
in Table I. The yields for each run were  general ly  
wi thin  5% of the average value, but they  sometimes 
var ied as much as 15% from the average. 

Since it was conceivable that  products 2 or 4 could 
have resulted f rom a degradat ion of 3, a sample of 3 
prepared  by an independent  synthesis was added to a 
normal  electrolytic reaction to check its stabil i ty to 
react ion conditions. The amount  of 3 obtained f rom 
this react ion was greater  than normal  by essentially 
the amount  added to the reaction, and the quanti t ies  of 
other  products isolated were  wi th in  thei r  normal  
ranges. Therefore,  3 is stable to the react ion conditions 
and could not be a source of ~ or 4. 

In order  to invest igate  the possible variat ions in the 
product distr ibution with changes in the type of carbon 
used for the anode, normal  graphi te  as wel l  as pyrolytic 
graphite anodes were  also used. The characterist ics of 

Table I. Product distribution as a function of the water 
concentration 

Yields are based on mole per cent of the organic products. 

Per cent water 10 15 20 25 30 35 40 

o cI-Iz 
H r 

CI-IaCNHCHC2H5 26 50 50 40 26 31 26 
0 ci~ 
Ir I 

CHz (CH2) ~CNCHC2I-I5 35 23 15 12 2 0 0 
I 
CCHs 
g 

o 
N 

CI~ (CH~) ~CNHCHC~I-I~ 8 8 Ii 8 6 S 0 
I 
cI~ 

C~H8 Products 21 13 23 39 23 44 26 
CsHB I0 6 1 I 0 0 0 
C4HgOH 0 0 0 0 43 22 48 
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these mater ia ls  are shown in Table II, and the data on 
the product trends observed in a 15% wate r  in acetoni-  
t r i le  solvent mix ture  are listed in Table III. The yields 
obtained on a p la t inum anode are included in Table 
III  for the sake of comparison. 

From Table I, one can see that  the best yields of 
N-sec -bu ty l  aeetamide were  obtained in 15-20% wate r  
in acetonitr i le  solvent mixtures.  Therefore,  the potas-  
sium salts of octanoic and lauric acids were  electrolyzed 
under  these conditions to ver i fy  that s imilar  results 
could be obtained with  longer  chain fat ty  acids. Sur-  
pr is ingly however ,  the results differed with  these salts. 
As the length of the carbon chain at tached to the 
carboxy group increased, the amount  of normal  Kolbe 
coupled product  increased marked ly  to the point at 
which only docosane, C22H4~, was formed in the oxida-  
tion of potassium laurate.  A summary  of the data ob- 
tained f rom the oxidation of these salts is shown in 
Table IV. 

Kornprobst  and co-workers  (12) observed a number  
of alkyl group rear rangements  in thei r  work. With 
potassium valera te  we found the same isomerization of 
the C4H9 chain to give sec-butyl  derivatives.  In order  
to s tudy the alkyl  rear rangements  in longer  chain salts, 
we analyzed the alcohols obtained f rom the oxidat ion 
of potassium octanoate in a 50% wate r  in acetonitr i le  
solvent  mix tu re  by capi l lary  column gas chromato-  
graphic comparison with  known samples of the isomeric 
heptyl  alcohols. The results showed 18.5% 1-heptanol, 
43.8% 2-heptanol,  and 37.7% 3-heptanol  wi th  no 4- 
heptanol  found. 

Discussion 
Oxidation of valeric acid.--The products  obtained 

f rom the oxidation of potassium valera te  were  gen-  
eral ly those expected. It  has previously been estab- 
lished that  side reactions of the butyl  cation give iso- 

Table II. Carbon used for anodes 

A p p a r e n t  
d e n s i t y  

F o r m  of ca rbon  M a n u f a c t u r e r  Type  (g /ml )  

U n m a c h i n e d  a m o r -  
p h o u s  ca rbon  G r e a t  L a k e s  Carbon  BC 1.42-1.53 

G r a p h i t e  Poco G r a p h i t e  A X Z  1.50-1.60 
G r a p h i t e  Poco G r a p h i t e  A X Z - 5 Q  1.80-1.88 
P y r o l y t i c  g r a p h i t e  G e n e r a l  E lec t r i c  EC 2.20-2.23 

Table III. Product distribution as a function of the anode 

Yie lds  are based  on m o l e  pe r  cen t  of t he  organic products. 

Amor- Pyro- 
p h o u s  lyr ic  A X Z  A X F - S Q  P l a t i -  
ca rbon  g r a p h i t e  g r a p h i t e  g r a p h i t e  n u m  

O C I ~  
W i 

CH~CNHCHC~q~ 50 29 49 46 l g  
O CHs 
W i 

C I~ ( C I4-~ ) 3CN CH C21-I5 23 3 10 18 0 
] 
CCHs 
11 
O 

O 
W 

CH~ (CH~) sCNHCHC~-5  8 12 10 8 6 
I 

CHs 
C~Hs P r o d u c t s  13 56 31 28 42 
CsHls 6 0 0 O 33 
CJIgOH 0 0 0 0 0 

Table IV. Kolbe product distribution as a function of chain length 

Yie lds  are  based  on a m o u n t  of s t a r t i n g  ac id  u sed  up.  

A c i d  P r o d u c t  Y i e l d  

C~HgCC~H C~'IIs 10 
CTH~CO2H Ca4I-I~o 58 
CnH~CO~-I C,~I~6 69 

meric butenes as wel l  as some methylcyclopropane (6). 
The fact that  butyl  alcohol was observed in these reac-  
tions is not unusual  because its formation f rom a car-  
bonium ion generated in the presence of water  would 
ce r ta in ly  be predicted, but it does seem unreasonable 
that  the amount  of water  would  have to be greater  
than 25% for this react ion to take place. One can 
just i fy the result  by assuming that  adsorption of car-  
boxylate  ions and /o r  acetonitr i le  on the anode surface 
prevents  the water  f rom reaching the react ive  car-  
bonium ion generated on that  surface} 

While the above products were  general ly  expected, 
the formation of the N-acyl  amide 3 and the va lery l  
amide 4 was somewhat  unusual.  In order to explain the 
format ion of these products,  the fol lowing is presented 
as a reasonable mechanism which is consistent wi th  
the observed results. The basic concept was substan- 
t iated by the report  of Kornprobst  and co-workers  
(12), who also explained the formation of the N-acy l  
amide 3 by rea r rangement  of 5. The rea r rangement  of 
5 to the products 3 and 4 is postulated in our mech-  
anisms as proceeding via a 4 -membered  ring transi t ion 
state which may  or may not be a concerted process. 
The hypothet ical  in termedia te  6 is shown to i l lustrate  
the rea r rangement  more clearly. A similar  rea r range-  
ment  involving a 1,3-acyl migra t ion  from carbon to 
ni t rogen has been repor ted  by Curt in and Richman 
(16). 

+ S.M. 
CHsCH2CHN~---CCHs 

I 
CHs 

O 
W 

OC(CHDsCHs 
i 

> CHsCH~CHN=C--CHs 
I CH~ 5 

o_// 
I 

CHs (CHg) sC--O 

CHsCH~CHN--C--CHs 
I + 
CHs 

,6 ~H~0 [3] 

o 1 CH. (CHg)3C O Cm (CHg).C-- 

'i CHsCHgVHN--~--CH3 l CHsCHgCHN--C--CHs 

CHs 

0 
II 

CHs(CHe)sC O 
+ II 

CHsCH2CHNH| C--CH~ 
T I 
CHs OH 

4 

The trends in the variation of these products as the 
concentration of water changes are generally consist- 

IA referee has suggested that the anode potential in these reac- 
tions may he high enough that water is being oxidized, thereby 
depleting its concentration at the electrode suHace. This could ex- 
plain the high concentration of water required to form alcohol from 
the butyl cation. We cannot rule out this possibility but tend to dis- 
count it for the following reasons. Numerous electrochemical 
s tud i e s  in  t he  pas t  h a v e  d e m o n s t r a t e d  t h a t  the  e l ec t ro lys i s  of  w a t e r  
ceases in  the  K o l b e  e l e c t r o s y n t h e s i s  w h e n  the  p o t e n t i a l  becomes  
anod ic  e n o u g h  to ox id ize  ca rboxy l a t e  ions.  In  add i t i on ,  one w o u l d  
n o t  e x p e c t  the  c u r r e n t  to  decrease  i n  v a l u e  w i t h  t i m e  as  i t  does  
in  these  r e a c t i o n s  i f  w a t e r  w e r e  b e i n g  e l ec t ro lyzed  because  t h e  
a m o u n t  of  w a t e r  is  so g r e a t  t h a t  i t s  c o n c e n t r a t i o n  w o u l d  r e m a i n  
e s sen t i a l l y  cons t an t  d u r i n g  t he  t i m e  span  i n v o l v e d .  
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ent with the scheme above. The yield of N- (sec -  
butyl)acetamide,  2, increases sharply as the per cent 
of water  changes from 10 to 15%, indicat ing that  the 
concentrat ion of water  is such that  it can effectively 
compete with the s tar t ing mater ia l  for reaction with 
the n i t r i l ium cation. The large molar excess of water  
required for this to happen may be the result  of the 
carboxylate anion adsorbing on the positively polar-  
ized anode. The yield of subst i tuted acetamide then  
begins to decrease with increasing water  concentrat ion 
due to increased side reactions of the butyl  cation, 
ini t ia l ly  to form olefins and later  to react directly 
wi th  the water  to form alcohol. The drop in the amount  
of the N-acyl  amide 3 formed with an increase in the 
amount  of water  present  would be predicted. The 
over-a l l  yield of N- ( sec -bu ty l )  valeryl  amide formed 
was never  high and, therefore, the small  changes ob- 
served are not significant. The Kolbe product in this 
case is octane, and while about 10% was formed in the 
10% water  in acetonitri le solvent system, general ly  
negligible quanti t ies  were observed in the solutions 
with greater  amounts  of water  present. 

Although the data obtained in the above studies in-  
volving varying  water  concentrat ions were reproduci-  
ble only to about ~_ 15%, there seems to be no obvious 
explanation.  Each exper iment  was conducted with a 
new carbon anode, and whi le  a th i rd  electrode for 
main ta in ing  a controlled potent ial  at the electrode 
surface was not employed, each reaction was ini t iated 
at a potential  necessary to generate an initial  current  
of 2A. The applied potential  was then held constant  
throughout  the reaction and the current  allowed to de- 
crease as the star t ing mater ia l  was depleted. An at-  
tempt was made to use a third electrode for moni tor-  
ing the potential  near  the surface of a rotat ing carbon 
rod, bu t  the potentials observed were so high (3.5-5V 
vs SCE) that  it was apparent  that  uncompensated IR  
drop was making  the measurement  meaningless.  A fac- 
tor which might  have caused the inconsistency in the 
yields of products would be variat ion in the extent  of 
reaction of the s tar t ing material .  Most of the reactions 
were cont inued for a period of t ime equivalent  to three 
half- l ives of the reaction (as measured by the current  
drop).  However, vary ing  amounts  of unreacted valeric 
acid were recovered from these reactions. When a 
series of oxidations was run  to a degree of complete- 
ness where  essentially equal amounts  of valeric acid 
remained, a similar  t rend in product distr ibution was 
obtained. Since an accurate measure of the net poten-  
tial at the electrode surface was not attainable,  the 
nonreproducibi l i ty  in yields observed may simply be 
due to a var iat ion in the potential  obtained at the sur-  
face of the anode. It has been suggested (13) that  the 
potentials required for the oxidation of carboxylate  
ions and for the oxidation of alkyl  radicals are signifi- 
cant ly  different to allow two distinct waves. Assuming 
that  the oxidation of an alkyl radical to a carbonium 
ion takes place at a more anodic potent ial  than  the 
oxidation of a carboxylate ion, it is possible that  some 
of the reactions described herein might  have been car-  
ried out at potentials slightly more cathodic than  tha t  
required for efficient oxidation of the alkyl radicals to 
carbonium ions. This would lead to differing rates of 
formation of carbonium ions, a n d  thereby varying  
yields of products from these ions. 

The results obtained from the electrolysis of potas- 
s ium valerate  at a n u m b e r  of different anodes (Table 
III)  indicate that  similar processes are tak ing  place at 
amorphous carbon and normal  graphite anodes. This 
agrees with the work of Koehl reported earlier (6). 
However, of the other carbons studied, pyrolytic 
graphite behaved atypically. This is not unreasonable  
since the surface s t ructure  of pyrolytic graphite is es- 
sent ia l ly  voidless due to the layered platelet  s t ructure 
it possesses. 

When p la t inum anodes were employed, much larger 
quanti t ies of the normal  Kolbe dimer were obtained, 
as would be expected. However, the amount  of prod- 
ucts derived from the bu ty l  cation are higher than  
would be predicted. The N-(sec -bu ty l )ace tamide  
formed in a 19% yield represents carbonium ion which 
has reacted with acetonitrile, while the 42% yield of 
C4Hs products indicates the amount  of carbonium ion 
which lost a proton. Since the electron impact  ioniza- 
t ion potent ial  of the  n - b u t y l  radical is higher  (8.64 eV) 
than the 8 eV limit suggested as being the max imum 
value for promoting carbonium ion formation,  this 
combined yield of 61% of ion is unreasonably  high. 

Oxidat ion  of  octanoic and lauric ac ids . - -The  obser- 
Vation that  the yield of Kolbe coupled products in-  
creased with increasing chain length in the fat ty acids 
studied was not anticipated. The yield of dimer ob- 
ta ined under  normal  Kolbe reaction conditions is gen- 
erally constant  as the chain length increases, except 
for propionic and butyric  acids which give unusual ly  
low yields (17). 

In  considering an explanat ion of the phenomenon 
observed in this work, the most logical proposal to 
make is that  at tractive forces between the long chain 
alkyl radicals are keeping them from reaching the 
electrode surface where  they would undergo fur ther  
oxidation. A reasonable scheme based on this premise 
can be proposed if two assumptions are made. First, 
assume that  as the carboxylate anions approach the 
electrode surface they will  assume an orientat ion de- 
pendent  on the chain length of the molecule involved. 
Short chain carboxylates (possibly up through C6) 
will  be adsorbed on the surface in a more. or less 
random fashion. However, as the alkyl chains become 
longer, they wil l  tend to adsorb in an orientat ion per-  
pendicular  to the electrode surface, with a subsequent  
stacking or layering effect becoming pronounced as 
more and more ions are adsorbed. This stacking effect 

~ -O~CCH2CH2R 

- O2CCH2CH2R 
+ RCH2CH2COe- ~ [4] 

- O2CCH~CH2R 

-O2CCH2CH2R 

would be predicted to be enhanced by the Van der 
Waals attraction of the hydrophobic alkyl chains for 
each other, since they would constantly be searching 
for a more organic environment than the polar solvent 
surrounding them. Now also assume that the radicals 
generated in this reaction are separated from the elec- 
trode surface at the instant of formation by the width 
of the leaving COs molecule (about 6A), as has been 
previously postulated by Eberson (3, I0). The over-all 
net effect predicted then would be that the radicals 
would be generated in layers perpendicular to the 
electrode surface, and about 6A away from the surface. 
Whether or not the intermolecular attractions these 
radicals experience would be enough noticeably to 
slow their migration through such a short distance is 
debatable, but it is certain that the stacked orientation 
described would be predicted to increase significantly 
the probability of radial coupling. 

- O 2 C C H 2 C H 2 R  1. - - e  .CH~CH2R CH2CH~R 

> ~ CH2CH~R [5] - O~CCH2CH2R 2. --CO2 -CH~CH~R 

- O~CCH2CH2R . CH2CH2R CH2CH~R 

Since both the processes of radical-radical coupling 
and migration through a few angstroms of solution 
would be expected to be very fast, it would not take 
much of an effect to noticeably favor one or the other 
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of these processes. The s imple  slowing of the  ra te  of 
migra t ion  of long chain a lky l  radicals  due  to the in-  
crease in molecu la r  weight  might  even be enough of 
a factor  to cause the  observed change in reaction.  

The assumpt ion made  above tha t  the  radicals  formed 
in the  Kolbe  reaction are  separa ted  f rom the electrode 
surface by  the  wid th  of a molecule  of carbon dioxide  
deserves  fu r the r  discussion. Eberson made  this p ro -  
posal  8fter  obta ining evidence tha t  the  radicals  gen-  
e ra ted  under  s imi lar  condit ions did  not  react  s te reo-  
specifically as one would  predic t  for reac t ion  of an 
adsorbed  radical .  I t  now appears  tha t  the  "long chain 
effect" observed in this  work  supports  Eberson 's  pos tu-  
lat ion.  If  the  radicals  were  genera ted  in an adsorbed  
state and were  never  r ea l ly  "free," the  only obvious 
w a y  one could expla in  the  observed increase  in cou- 
p l ing  with increas ing chain length  would be by  assum-  
ing that  there  exis ted enough difference in the  ioniza-  
t ion potent ia ls  of the a lky l  radicals  to cause p re fe ren -  
t ia l  oxidat ion of those wi th  shor ter  chain lengths.  
However ,  this a rgument  is unreasonable  since the  
ionizat ion potent ia ls  that  have been measured  for a lky l  
radicals  decrease wi th  increasing chain length,  which  
would  indicate  tha t  the  long chain radicals  would  be 
more  easi ly oxidized to carbonium ions. 

Acknowledgments 
The authors  are  deeply  gra tefu l  to Drs. D. W. Leedy,  

J. P. Haberman ,  W. F. Erman,  and L. Ben jamin  for 
helpful  discussions, to Mr. L. H. Sickman,  Jr.,  for his 
technical  assistance, and to Mrs. R. Sch]ensker  and 
Mrs. L. Walsh for secre ta r ia l  help in p repa r ing  the  
manuscr ipt .  

Manuscr ip t  submi t ted  Apr i l  10, 1970; revised m a n u -  
scr ipt  received ca. J u l y  14, 1970. This was Paper  129 
presented  at the  New York  Meet ing of the Society,  
M a y  4-9, 1969. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1971 
JOURNAL. 

REFERENCES 
1. H. J. Dauben and M. A. Muhs, Private communica- 

tion in C. Wall ing,  "Free  Radicals  in Solution," 
p. 58I, John Wiley & Sons, New York (1957). 

2. E. J. Corey, N. L. Bauld,  R. T. LaLonde,  J. Casa-  
nova, Jr., and E. T. Kaiser ,  J. Am. Chem. Soc., 82, 
2645 (1960). 

3. L. Eberson, Acta. Chem. Scand., 17, 1196 (1983). 
4. J. A. Waters ,  J. Org. Chem., 29, 428 (1964). 
5. W. A. Bonner  and F. D. Mango, ibid., 29, 430 

(1964). 
6. W. J Koeh], Jr. ,  J. Am. Chem. Soc., 86, 4686 (1964). 
7. L. Eberson and K. Nyberg,  Acta. Chem. Scand., 

18, 1567 (1964). 
8. J. S. Dehn, "Anodic Oxidat ions  of Medium Ring 

Cycloa lkanecarboxyl ic  Acids," Thesis, Louis iana  
Sta te  Univ., 1966. 

9. B. E. Conway and A. K. Uijh, Electrochim. Acta, 
12, 102 (1967). 

10. L. Eberson,  ibid., 12, 1473 (1967). 
11. L. Rand and C. S. Rao, J. Org. Chem., 33, 2704 

(1968). 
12. J. M. Kornprobst ,  A. Laurent ,  and E. L a u r e n t -  

Dieuzeide, Bull. Soc. Chim. France, 1968, 3657. 
13. P. H. Reichenbacher ,  3//. D. Morris,  and P. S. Skel], 

J. Am. Chem. Soc., 90, 3432 (1968). 
14. L. Eberson. in "Chemis t ry  of Carboxyl ic  Acids  and 

Esters," S. Patai ,  Editor,  Chap. 6, John  Wi ley  & 
Sons, London (1969). 

15. (a) J. J. Ri t te r  and P. P. Minieri ,  J. Am. Chem. 
Soc., 70, 4045 (1948). 

(b) H. Meerwin,  P. Laasch, R. Mersch, and J. 
Spille.  Ber., 89, 209 (1956). 

(c) L. L. Mi l le r  and A. K. Hoffmann, J. Am. Chem. 
Soc., 89, 593 (1967). 

16. D. Y. Curt in  avd J. E. Richman,  Tetrahedron 
Letters, 3081 (1969). 

17. B. C. L. Weedon,  in "Advances  in Organic Chem-  
is t ry."  R. A. Raphael ,  E. C. Taylor ,  and H. 
Wynberg ,  Editors,  Vol. 1, p. 5, Interscience,  New 
York (1960). 

Polarography in Acetone of Tris(Dithioacetylacetonato)-Complexes 

of Iron(Ill), Ruthenium(Ill), Osmium(Ill), and Rhodium(Ill) 
A. M. Bond, G. A. Heath, and R. L. Martin 

Department of Inorganic Chemistry, University of Melbourne, ParkvilIe, 3052, Australia 

ABSTRACT 

Polarographic studies have been carried out in acetone on the dithio (acetyl- 
acetonato)-complexes [M(SacSac)s] (SacSac- ~ CH3"CS-CH.CS.CH3-) 
where M ~ Fe(IIl) ,  Ru(III), Os(III), (all dJ, low-spin) and Rh(III) (d 6, 
low-spin). The iron and osmium complexes are reversibly reduced at the ]:)ME, 
whereas the ruthenium complex undergoes a quasi-reversible reduction. For 
the d 5 systems the electrode reaction is believed to be [Mm(SacSac)3] -~ e -  

[MI~(SacSac)3] - However reduction of [Rh(SacSac)3] is highly ir- 
reversible and may involve adsorption or compound formation at the mercury 
surface. Millicoulometric studies indicate the electrode reaction is Rh (III) + 
2e- -~ Rh(1). The half-wave potentials (Fe, --0.21; Ru, ~-0.04; Os, --0.05; Rh, 
1.05V vs. Ag/AgCl) accord with the known chemistry and spectroscopic prop- 
erties of the complexes. The development of polarographic techniques for use 
in acetone is described in detail. 

Recently,  considerable  a t tent ion has been d i rec ted  to 
t rans i t ion  meta l  der iva t ives  of the  su l fu r -con ta in ing  
l igand d i th ioace ty lace tone  (1-17). Complexes  of al l  
the  group VII I  t rans i t ion  meta ls  have  been cha rac t e r -  

Key w o r d s :  !oolarogra!ohy. tris(dithioacetylacetonato)_complexes, 
acetone. 

ized a l though the  pa ren t  l igand has not ye t  been iso-  
la ted  in the  monomer ic  state.  X - r a y  s t ruc tu ra l  in -  
vest igat ions confirm tha t  t he  coordinated  d i th ioace ty l -  
acetonato anion is p l ana r  and attached to the  me ta l  
by  both  sulfur  a toms as in ( I ) .  Tab le  I summar izes  
the  compounds [M(SacSac)~]  (I)  p r e sen t l y  known.  
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Studies by various workers have employed the tech- 
niques of infrared,  electronic, e.s.r., p.m.r., and mass 
spectroscopy. Magnetic susceptibili ty and magnetic  
anisotropy measurements  have also been performed. 
However, unt i l  recent ly no electrochemical studies had 
been reported. 

The polarographic method is capable of fu rn i sh ing  
considerable thermodynamic  and s t ructural  informa-  
t ion on such compounds. It  is also an effective means 
of ident ifying new species which are related to the 
known compounds by oxidation or reduction. In  this 
way fur ther  synthetic and chemical investigations may 
be suggested. 

Examinat ion  of Table  I reveals that  the complexes 
[Co(SacSac)~] and [Co (SacSac) 2] provide the only 
instance where dithioacetylacetone derivatives have 
been characterized for two oxidation states of the one 
t ransi t ion metal.  

The reduction of [Fe(SacSac)a] with sodium di- 
thionite was reported to yield "auto-oxidizable" 
[Fe(SacSac)2],  but  no fur ther  characterization was 
described (3). At tempts  to repeat this work have 
been unsuccessful (18). A more recent  report  of 
[Fe(SacSac)2] (12), based on a sulfur analysis only, 
has been questioned (14) and, in our hands, the pub-  
lished method rel iably yields [Fe(SacSac)8] with the 
expected analyt ical  and physical properties (15). In  
these circumstances, we thought  it worthwhile  to make 
a detailed polarographic investigation of the redox 
behavior of [Fe (SacSac) a]. 

The compounds [Fe (SacSac) 8], [Ru (SacSac) 3J, and 
[Os(SacSac)3] were thus chosen as a representa t ive  
group for the ini t ial  polarographic studies of dithio- 
acetylacetone complexes. Each of these low-spin de 5 
chelates was found to undergo a ready one-electron 
reduction which might  be regarded as completing the 
metal  de subshell. A convenient  comparison was pro- 
vided by  the polarographic behavior  of the low-spin 
de 6 complex [Rh(SacSac)8],  in which the metal  de sub- 
shell is ful ly occupied. These results, which have been 
briefly reported elsewhere (15), are now discussed 
in detail. 

Recently, polarographic data for the analogous co- 
ba l t ( I I )  and n icke l ( I I )  complexes were described in 
a note by Ouchi et  al. (19). However, nei ther  the com- 
pounds, the solvent system, nor  the reference electrode 
are common to the studies described herein. 

The dithioacetylacetone complexes are insoluble in 
water. Acetone was chosen as a suitable solvent since 

Table I. Dithioacetylacetone complexes 

Sp in  S t r u c t u r e  
[M(SacSac)~]  state,  S (by x-raY7 Refe rences  

[Ni(SacSac)2]  0 P l a n a r  2,17 (1), (2), (47, (9), (12), (19) 
[Pd  (SacSac).2] 0 - -  (1), (12) 
[Pt  (SacSac) el 0 - -  (1), (12) 
[Co(SacSac)2]  1/2 P l a n a r  ~,9 (17, (2), (97, (12), (13), 

(16), (19) 
[Co (SacSaeTa] 0 - -  ( I0) ,  (1I) 
[Rh (SacSac)a] 0 O c t a h e d r a l  ~ (10), (11) 
[Ir  (SacSac)z] 0 - -  (107, (11) 
[Fe(SacSac)~ l  1/2 Oetahedra114 (3), (14), (15) 
[Ru(SaeSae)~] 1/2 - -  (157 
l o s  (SacSac)a] 1/2 - -  (15) 

pre l iminary  investigations showed that  a stable Ag/  
AgC1 reference electrode could be main ta ined  in  this 
solvent. Fur thermore,  acetone was known not to in ter -  
act chemically with the compounds and  was commer-  
cially available in sufficient purity.  Polarographic 
techniques, suitable for use in acetone, have been de- 
veloped and are described here. These techniques in -  
clude conventional  and rapid polarography with a 
dropping mercury  electrode (DME), inverse polarog- 
raphy with a hanging drop mercury  electrode 
(HDME), and the mill icoulometric determinat ion of n 
values with a DME. 

So far as the present  authors are aware, acetone 
has been used only occasionally as an electrolytic sol- 
vent  (20), and rare ly  for polarography (21). One 
of the problems ~onfronting its use is the  need for a 
suitable reference electrode system. Aqueous calomel 
electrodes have been used (20), but  are undesi rable  
in otherwise nonaqueous media, par t icular ly  if j unc -  
t ion potentials are to be minimized. A satisfactory 
Hg/Hg2C12, LiC1 (acetone) system has been reported 
(22), but the Ag/AgC1/LiCl(acetone)  electrodes de- 
scribed here commend themselves for stabil i ty and 
ease of construction. 

Acetone is a versati le solvent for both organic and 
complex inorganic compounds; the development  of this 
simple reference system may  encourage its much wider  
use as a polarographic medium. 

Experimental 
P o ~ a r o g r a p h y . - - C o n v e n t i o n a l  d-c polarographic s tud-  

ies were carried out in B.D.H. Analar  grade acetone 
with t e t r ae thy l -ammonium perchlorate (0.1 mole /  
liter) as the support ing electrolyte. A Metrohm 
Polarecord, E 261, was used in conjunct ion with a 
Metrohm IR compensator, E 446, and a three-electrode 
system. The two reference electrodes were identical 
Metrohm Ag/AgC1 EA 425 electrodes filled with a 
solution of LiC1 in acetone (0.1 mole / l i te r ) .  The glass 
capil lary dropping mercury  electrode (DME) had the 
following characteristics in acetone/0.1M EtdNC104 (at 
open circuit and a mercury  column height of 40 cm):  
flow rate of mercury,  m = 3.25 mg sec-1; drop time, 
t ~ 2.70 sec; m2/~t  1/6 ~ 2.58. In  the rapid polaro- 
graphic method, the short controlled drop times were 
achieved with a Metrohm Polarographie Stand, E 354. 
Hanging mercury  drops used in this work were 0.52 
mm in diameter  with a surface area of 1.38 + (}.04 m m  '2 
and were produced by a Metrohm BM 5-03 hanging 
drop mercury  electrode (HDME). 

P re l iminary  experiments  showed that  acetone/0.1M 
LiC104 gave a polarographically useful  potent ia l  range 
of +0.8 to --1.6V at the DME vs.  Ag/AgC1, whereas 
for acetone/0.1M EtdNC104 the useful range was +0.8 
to at least --2.0V. The lat ter  support ing electrolyte was 
preferred because of the wider  potent ial  range. The 
reference electrodes were fitted wi th  geometrically 
identical salt bridges containing acetone/0.1M EtdNC104 
to minimize LiC1 leakage into the test solution. Poten-  
tials measured re la t ive  to a Ag/AgCl(ace tone)  refer-  
ence electrode are qual i ta t ively similar to those mea-  
sured relat ive to Ag/AgCl (wa te r ) .  In  acetone, LiC104 
and Co(C104)2 reduction and Hg oxidation all occur 
at potentials about 0.4V more positive than  the corre- 
sponding processes in  water.  

The very high resistance of acetone, even with a 
carrier electrolyte, makes compensation of the large 
ohmic potential  (IR drop) essential. The three-elec-  
trode system provides a convenient  means for achiev- 
ing this. For opt imum compensation, the measur ing 
reference electrode should be positioned in the field 
shadow of the mercury  electrode and the working 
reference electrode, i.e., the three electrodes must  be 
in one plane. Identical  Ag/AgC1 electrodes were  thus 
employed and were symmetr ica l ly  disposed in the test 
solution in relat ion to the mercury  electrode. With 
only one reference electrode in circuit (i .e. ,  no IR com- 
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pensat ion) ,  the ohmic potential  drop rendered any  
polarographic wave unobservable  (c.f. Fig. 4). 

The rel iabi l i ty  of the three-electrode system and the 
stabili ty of the nonaqueous reference electrodes were 
checked throughout  this work by f requent  recording 
of the polarogram of [Rh(SacSac)3] in acetone solu- 
t ion (among other tests). As reported below, this sys- 
tem has a well-defined wave with E1/2 -~ --1.05V vs.  
Ag/AgC1. Over three months  duration, the reproduci-  
bi l i ty of this value was better  than  • mV. Trans-  
position of the functions of the two Ag/AgC1 electrodes 
was regular ly  confirmed not to alter the polarogram 
in any respect. 

Test solutions were degassed with argon which was 
previously passed through two acetone-filled wash 
bottles and a spray-trap.  Twenty  minutes  was suffi- 
cient for effective deoxygenation. All  solutions were 
thermostated in a water- jacketed  cell at 20.0 ~ • 0.1~ 
unless otherwise stated. 

M i l l i c o u l o m e t r y . - - T h e  number  of electrons involved 
in the reduct ion of [Rh(SacSac)~] was determined by  
coulometric studies involving control led-potent ial  re-  
duction at the DME. The decrease in concentrat ion due 
to reduction was convenient ly  measured by the change 
in the polarographic diffusion current.  The coulometric 
determinat ion of n values with the DME employed a 
considerably smaller volume of solution than  that  used 
in convent ional  polarography. The small  volume limits 
the t ime necessary for the reduct ion of the compound 
at controlled potential  to cause a significant decrease 
in concentration. The polarographic cell was modified 
as in Fig. 1 and enabled volumes between 0.5 and 3 ml  
to be used. For [Rh (SacSac)3], electrolysis times were 
between 30 min  and 1 hr. 

Each test solution was prepared by dissolving the 
compound in degassed acetone/0.1M Et4NC104 in a 
5-ml standard flask fitted with a rubber  seal. By means 
of a micrometer  syringe an accurately known volume 
was t ransferred directly to the inner  coulometry cell, 
the whole apparatus having been previously flushed 
with argon. Throughout  the electrolysis, the whole 
vessel was thermostated at 0~ to minimize  evapora-  
tion, and acetone-saturated argon was gently bubbled  
through the acetone in the outer "moat". Blank runs, 
where no electrolysis occurred, showed that  the c o n -  
centrat ion of the test solution did not alter measur -  
ably over 90 min. 

Fig. 1. /vlillecoulometry apparatus: a, three-electrode planar ar- 
ray, viewed slde-on; b, inner cell; c, test solution; d, argon inlet; 
e, acetone moat; f, rubber seal, with argon outlet. 

M a t e r i a l s . - - T e t r a e t h y l - a m m o n i u m  perchlorate was 
prepared by admixture  of aqueous solutions of Et4NI 
and NaClO4. The precipitated product was recrystal-  
lized three times from 95% alcohol and dried under  
vacuum. The pure compound was stored over silica gel 
unt i l  use. Solutions in dilute ni t r ic  acid gave no pre-  
cipitate with silver nitrate.  

The dithioacetylacetonato chelates [Fe(SacSac)8] 
(14,15), [Ru(SacSac)3] (15), [Os(SacSac)3] (15), 
and [Rh(SacSac)3] (10) were prepared and purified 
as described elsewhere. The concentrat ion of each 
compound in solution was checked spectrophotometri-  
cally by reference to the known optical spectrum (15). 

Results and Discussion 
[Fe (SacSac) 2], [Ru (SacSac) 3], [Os (SacSac) 2 ] . -  

These complexes form a useful  group for comparison 
since the first, second, and third row transi t ion metals  
are all represented, and in each case the central  metal  
atom formally has oxidation state III  and d electron 
configuration de 5. The complexes each exhibit  one ex- 
t remely well-defined polarographic reduction wave at  
a potential  near  zero volt vs. Ag/AgC1. Figure 2 shows 
a typical [Os(SacSac)3] polarogram. Polarograms of 
the other complexes have a similar appearance. 

For each complex, graphical plots of diffusion cur-  
rent,  id, VS. concentrat ion are linear, and pass through 
the origin. Plots of ia vs.  the square root of the mer -  
cury column height, h, are linear. The waves are there-  
fore diffusion controlled. 

Plots of Ed.e, VS. log i / ( i a -  i)  are l inear  for 
[Fe(SacSac)3] and [Os(SacSac)3]. In  each case the 
slope of this plot is 60 • 2 mV, indicating that  the 
electrode reaction is a reversible one-electron step. 
For [Ru(SacSac)3],  the log plot (Fig. 3) is slightly 
curved and the electrode react ion is quasi-reversible.  
The l imit ing slope, determined from potentials at the 
foot of the wave, is 62 mV in accord with a quasi-  
reversible one-electron reduction (23). 

For the iron and osmium systems, the (E1/4 - -  E3/4) 
values are independent  of DME drop-t ime and equal 
to 58 • 2 mV, providing fur ther  evidence for the re- 
versible na ture  of the electrode reactions. In  the case 
of [Ru(SacSac)3],  (E1/4 - -  E3/4) values increase 
slightly with decreasing drop- t ime (Table II) .  The 
lat ter  feature is consistent with the electrode possess- 
ing a high but  not complete degree of reversibility, 
and confirms the quasi-reversible  assignment. 

The El~2 values for each complex (Fe, --0.21; Ru, 
-t-0.04; Os, --0.05V vs.  Ag/AgC1/0.1M LiC1) are inde-  
pendent  of drop-t ime;  typical  results for [Ru(SacSac)8] 
are included in Table  II. 

In general, reversible  ha l f -wave  potentials El/2 r, 
ra ther  than  measured E1/2 values, have real  thermo-  
dynamic significance as they are closely related to E ~ 
values. For  the reversible iron and osmium electrode 
reactions, ~'1/2 r ~ E1/2. For the quasi-reversible  
[Ru(SacSac)2] electrode process, ElI2 ~ may  be calcu- 

-o'.z -0;2 -o'., o .o.1 .0.2 
E ~  (volts vs. Ag/AgCI) 

Fig. 2. [Os(SacSar pelarogram (in acetone/0.| M Et4NCIO4) 
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Fig. 3. Logarithmic analysis of [Ru(SacSac)3] polarogram 

a. 
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-1.5 -1,4 -1.3 -1-2 -14 -1.0 -0"g -0.8 -0.7 
EDM E (volts VS. Ag/AgCI) 

Fig. 4. [Rh(SacSac)~] polarogram (in acetone/O.1M Et4NCI04): 
a, IR compensated, 3-electrode system; b, uncompensated, 2-elec- 
trode system. 

lated (23) from the l imit ing slope of the logari thmic 
analysis shown in Fig. 4 and is found to be -~0.055V 
vs.  Ag/AgC1. Comparison of the El~2 r values shows that  
the s tandard  free energy required for reduct ion of the 
complexes decreases in the order Fe ~ Os ~ Ru. 

When a reversible electrode process is observed, it 
is implied that  the charge t ransfer  kinetics are rapid 
compared to the t ime scale of the polarographic experi-  
ment. It general ly follows that  the oxidized and re-  

Table II. Variation of El~2 and (E1/4 - -  E3/4) with drop-time for 
[P,a(SacSac)3] 

D r o p - t i m e ,  E1/2, (E~/~ - -  E ~ / , ) ,  
t ,  s e c  V v s .  A g / A g C 1  m V  

4 . 2 1  + 0 . 0 4 0  72 
3 . 6 7  + 0 . 0 4 4  7 4  
3 . 1 0  + 0 . 0 4 2  76  
2 . 7 0  + 0 . 0 4 0  78  
2 . 1 5  + 0 . 0 3 8  8 0  
1 ,62  + 0 . 0 4 2  8 0  

duced forms have the same molecular  s t ructure and 
differ only in their  electronic populations. Therefore, 
in the present  systems, the suggested electrode reaction 
l S  

[M(SacSac)3] + e -  ,~ [MII (SacSac)s ] -  

The reduced form, [MII(SacSac)s] - should have es- 
sent ial ly the same six-coordinate s tructure as the 
original [M (SacSac) 3] species. If the reduct ion did 
involve gross s t ructural  change, such as the loss of a 
b identa te  ligand, then this step would be unl ikely  to 
occur rapidly in terms of the polarographic t ime scale 
and a nonrevers ible  electrode process should result. 
The kinetic iner tness  of low spin d ~ and d ~ systems is 
well known. That  rapid, reversible, and complete lig- 
and dissociation does not occur is indeed clear from the 
absence of subsequent  polarographic steps which would 
be anticipated for the free divalent  metal  ions. The 
slight departure  of the Ru m --> Ru n wave from re-  
versibil i ty might result from a minor  s t ructural  modi-  
fication dur ing the reduction;  however, it is not  clear 
why [Ru(SacSac)~] should behave differently from its 
congeners. 

Several  interest ing features of the polarography of 
these complexes are apparent.  First, all  three com- 
pounds are reduced around 0V vs.  Ag/AgC1, i.e., re- 
duction of the complexed metal  ion to the divalent  
oxidation state is relat ively easy. However no fur ther  
reduction occurs in the useful  potent ial  range. The 
ready one-electron reduct ion corresponds to comple- 
tion of the stabilized metal  de subshell  so that  the re-  
duced species [M n ( S a c S a c ) 3 ] -  would be isoelectronic 
with the neut ra l  Co(II I ) ,  Rh( I I I ) ,  and I r ( I I I )  com- 
plexes. Fur ther  reduction would require  electrons to 
be placed in the much higher energy d~ level. 

Second, these compounds are typified by rather  low- 
f requency l igand- to-meta l  electronic charge t ransfer  
t ransi t ions as well  as ready one-electron reduction 
waves (15). Both these properties are no doubt associ- 
ated with the vacancy in the metal  dr subsheI1. The 
readier  reduct ion of [Ru(SacSac)3] than  either its 
first or third row congener, while unexpected in 
itself, correlates nicely with the observation that  
[Ru(SacSac)3] has the lowest f requency l igand- to-  
metal  charge t ransfer  absorption. 

Final ly,  crystal l ine derivatives of the postulated 
[M II (SacSac)3]-  complex anions are now being sought. 
The polarography suggests that  the t r iva lent  com- 
plexes should react  readi ly wi th  moderately  strong 
reducing agents. Sodium dithionite has been re-  
ported to reduce [Fe(SacSac)~] to a species having 
no e.s.r, signal (3), however the suggested product, 
neu t ra l  [Fe~I(SacSac)z], is now questioned. I t  is, of 
course, possible that chemical reduction takes a differ- 
ent route from the polarographic electrode process, or 
that  the complex anions are only stable dur ing the 
l i fe- t ime of the polarographic experiment.  

[Rh(SacSac)3] . - -This  complex shows one well-  
defined reduction wave at the DME with El~2--~ 

1.05V vs .  Ag/AgC1 (Fig. 4). 
The graph of id vs .  concentrat ion is l inear,  and the 

dependence of is on h is almost l inear  (Fig. 5). The 
electrode process therefore possesses a high degree of 
diffusion control. Table III  shows that, as the drop- 
t ime increases, El/2 remains constant  but  (Ez/4 - -  E3/4) 
values increase markedly.  Plots of E d . e .  V S .  log i / i s  - -  i 
also vary greatly wi th  drop-t ime.  Such behavior indi -  
cates that  the electrode reaction is highly irreversible.  

In this case the number  of electrons involved in the 
reduction, n, cannot  be evaluated by the logari thmic 
analyzi~ of the polarographic wave. 

The current-vol tage  curve obtained with an HDME 
in unst i r red solution (Fig. 6) was almost identical to 
the convent ional  d-c polarogram. A potent ia l  at half -  
wave height, Ep/2, of --1.00V vs .  Ag/AgC1 and a 
(Ep/4 - -  E3p/4) value of 80 mV were observed using a 

potential  scan rate of 1 V/min.  Such current-vol tage  
curves were only obtained as the first scan on a new 
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Fig. 5. Dependence of id on ~/h-for [Rh(SacSac)3] (concentra- 
tion ~ 6.5 x 10-5M). 
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Fig. 6. [Rh(SacSac)3] current-voltage curve at the HDME (in 
acetone/O.1M Et4NCI04). 

mercury  drop. Repeated scans using the same drop 
produced diminishing currents  un t i l  no reduct ion was 
observable. When a fixed potential  more negative than  
that required for reduct ion was maintained,  the 
cathodic current  decayed to zero within a few minutes.  
After  such electrolysis at --1.45V vs. Ag/AgC1, inverse 
scanning in the positive direction revealed no anodic 
wave. The mercury  drop was not affected by mere 
immersion, but  became obviously tarnished dur ing 
electrolysis. 

Apparent ly,  at sufficiently negative potentials, a re-  
duced species or decomposition product becomes ad-  
sorbed on the HDME. The adsorbed substance event -  
ua l ly  covers the entire surface of the drop prevent ing  
fur ther  reduction. Since inverse scans do not strip this 
species from the drop it must  be t ight ly bound. Pos-  

Table III. Variation of El/2 and ( E l / 4 -  E3/4) with drop-time for 
[Rh(SacSac)3] 

D r o p - t i m e ,  E1/2, (E1/4 -- E3 /D,  
t ,  s e c  V vs .  A g / A g C 1  r n V  

3 . 4 1  - -  1 . 0 4 8  7 2  
2 . 0 3  - -  1 . 0 5 0  8 4  
1 . 6 8  - -  1 . 0 5 2  8 8  
1 . 3 6  - -  1 . 0 5 6  9 6  
1 . 1 3  - - 1 . 0 5 2  1 0 4  
0 . 3 2  a - -  1 . 0 5 0  1 2 0  

a D r o p - t i m e  o f  0 . 3 2  s e c  b y  r a p i d  p o l a r o g r a p h i c  m e t h o d .  

sibly mercury  compound formation rather  than  ad- 
sorption occurs at the drop surface. 

The interact ion of [Rh(SacSac)3] with the HDME 
indicated that  coulometric evaluat ion of n would re- 
quire  a cont inual ly  renewing  mercury  surface. A mil le-  
coulometric method at the DME was resorted to in the 
apparatus described above. A controlled potent ial  of 
--1.45V vs. Ag/AgC1 was employed, and the charge 
consumed by the electrode process was calculated by 
graphical integrat ion of the cur ren t - t ime  curves. Four  
independent  determinat ions gave n values of 2.27, 2.09, 
2.18, and 2.05. 

The suggested electrode process is therefore Rh (III) 
-t- 2e-  -* Rh( I ) .  The electrode reaction is undoubtedly  
more complicated for [Rh (SacSac)~] than  for the pre-  
vious complexes. It shows substant ial  diffusion control, 
irreversibil i ty,  and evidence for compound formation 
or adsorption at the mercury  surface. A feasible prod- 
uct of the two-electron reduction of [Rh(SacSac)3] 
would be [Rh (SacSac)2]- ,  isoelectronic with the well-  
characterized planar  d s complex, [Pd(SacSac)2].  How- 
ever, the reduction product is not identified by these 
electrochemical studies. 

It seems that, for [Rh(SacSac)3],  the completely 
filled metal  dr subshell  is associated with two proper-  
ties; the highly negative E1/2 value and the absence of 
low energy l igand- to-meta l  charge transfer.  In  com- 
parison, one-electron reduct ion of the d 5 systems, 
[Fe(SacSac)3],  etc., occurs re la t ively easily to give 
complex anions isoelectronic with [Rh(SacSac)3];  not 
surprisingly,  no fur ther  reduction is observed. 

Reduction of [Rh(SacSac)3] has been at tempted 
using zinc amalgam, sodium borohydride, and other 
strong chemical reductants  without success. This is 
unders tandable  in view of the polarographic data. 

In  conclusion, it appears that  the polarographic 
results for the present complexes are consistent with 
their known chemical and spectroscopic properties. 
The existence of new stable entities has been indi-  
cated. Polarographic studies on other dithioacetylace- 
tonato derivatives have been equal ly informative,  and 
will be reported shortly. 

Manuscript  submit ted May 25, 1970; revised m a n u -  
script received Ju ly  8, 1970. 

A ny  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1971 
J O U R N A L .  
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Oxygen Adsorption on Gold and the 
Ce(III)/Ce(IV) Reaction 

R. A. Bonewitz *l and G. M. Schmid* 

Depar tment  05 Chemis try ,  Universi ty  of Florida, Gainesville,  Florida 32601 

ABSTRACT 

In 1N HC10~ and in 2N H2SO4, "oxygen"  uptake on Au electrodes begins at 
1.25V vs. NHE. Using a roughness factor of 1.4, monolayer  coverage (600 
~coul /cm 2) is reached at 1.45V; a second monolayer  is completed at 1.75V. 
Oxygen,  once adsorbed, is r emoved  at approximate ly  1.3V. Thus, the kinetic 
parameters  of the C e ( I I I ) / C e ( I V )  reaction in IN HC104 and in 2N H2SO4 
can be obtained at oxygen coverages e ~ 1.5-2.0 and 0 = 0.7-2.0, respectively.  
Apparent  exchange current  densities, io a, were  obtained from low overvol tage  
data (~10 mV).  The charge t ransfer  coefficient, ~ ---- 0.65 -+ 0.06, was deter-  
mined f rom the slope of plots of log io a vs. equi l ibr ium potential.  It is inde-  
pendent  of oxygen coverage in the range indicated. The apparent  rate constant, 
ko a, was calculated f rom io a and ~ to be ko a ~ 3 x 10 -4 cm/sec in the range 
1 --~ e ~ 2 (1.5 ~ e ~ 2.0 in HC104). Extrapola t ion  of the data to e = 0 yields 
ko a ~ 12 x 10-4 cm/sec.  This change in ko a can be in terpre ted  as a change in 
the potent ial  across the inner  double layer  which appears as a change in r 
:~r = 7.9 mV. It appears that  up to e = 1, oxygen adsorbs uni formly  and is an 
excel lent  electronic conductor which simply serves as an extension of the  elec- 
t rode surface. The constancy of ko a at 1 ~ e = 2 indicates no changes in the 
over-a l l  s t ructure of the interface in this region. 

The influence of noble meta l  surface "oxides" on 
redox reactions has been known for some time. Davis 
(1) noted an increase in the standard rate constant of 
the vanadium ( I V ) - v a n a d i u m ( V )  reaction on pla t inum 
electrodes in the presence of surface oxides fol lowed 
by a decrease in the rate  constant as the oxygen cov- 
erage increased. A similar  effect was shown for the 
oxidation of oxalic acid and the reduct ion of iron (III) .  
Baker  and MacNevin (2) found that  heavy pla t inum 
oxides decreased the electrolysis currents  for i ron( I I )  
and arsenic (III) by approximate ly  an order  of magni -  
tude. Greef  and Aulich (3) have shown that  the re-  
duction of ce r ium(IV)  is inhibited more  by p la t inum 
oxides in perchloric than in sulfuric acid. 

Anson (4, 5) has explained the increased revers i -  
bil i ty of the iron ( I I ) - i ron  (III) react ion and the iodate 
and vanadium (V) reduct ion by an increase in electrode 
surface area due to plat inizat ion upon oxide reduction. 
Mtiller, on the other hand, pointed out that  the pla t i -  
num oxides themselves  can have a twofold effect. At 
low oxide coverage they exhibi t  a catalytic effect on 
the reduct ion of such molecules as hydrogen peroxide 
(6, 7), thiosulfate (8, 9), iodate (8), hypochlorate  (10), 
nitrous acid and hydroxy lamine  (8). Here the oxide 
effects a catalyt ic heterogeneous dissociative adsorp-  
tion breaking or weakening  the X-O or X - O H  bond 
(X represents  the  main  port ion of the molecule)  al-  
lowing reduct ion to proceed more  readi ly  at more  
anodic potentials than might  ordinar i ly  be found. As 
the oxide coverage increases, however ,  the electro-  
chemical  charge t ransfer  is inhibited and the reduct ion 
current  decreases. On the other  hand, reduct ion of 
such species as cobal t ( I I I )  (8, 11) and oxygen (6, 7) 
is inhibited only. Thus the presence of surface oxides 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  add re s s :  A lcoa  Resea rch  Labora to r i e s ,  N e w  K e n s i n g t o n ,  

P e n n s y l v a n i a .  
K e y  w o r d s :  o x y g e n  coverage ,  gold ,  k ine t i c s  of r e d o x  reac t ion .  

may have a var ie ty  of effects on the react ion of an 
electroact ive species. 

Except  for the work  of Davis (1) no at tempts  have 
been made to de termine  quant i ta t ive ly  the influence 
of oxides on the standard rate constant of an electro-  
chemical  reaction. The present  work  was under taken 
in v iew of the theoret ical  interest  a t tached to the 
effect of adsorbed layers on reaction kinetics. The 
system cer ium ( I I I ) - c e r i um  ( IV) -go ld  was chosen be- 
cause the cer ium (III)  -cer ium (IV) react ion is a re la-  
t ive ly  simple one and because gold is iner t  in acidic 
solution. In addition, oxygen shows considerable hys-  
teresis in its adsorption on gold (12, 13) and the k i -  
netics of a redox reaction can be studied for a var ie ty  
of oxygen coverages for any given equi l ibr ium poten-  
tial of the par t icular  electrochemical  reaction. 

Experimental Procedure 
The a l l -Pyrex  cell was of s tandard design wi th  the 

reference electrode compar tment  separated f rom the 
main cell by two ground glass stopcocks to prevent  
chloride contaminat ion of the test solution. It initially 
contained a cylindrical  p la t inum gauze polarizing elec- 
t rode (Engelhard Industries)  of approximate ly  100 cm2 
apparent  area. Use of this electrode apparent ly  caused 
pla t inum plat ing at the test electrode. The gauze was 
therefore  plated with  gold f rom a cyanide bath pre-  
pared according to Rosebury (14). In measurements  
where  rapid st i rr ing was impor tant  the gauze was 
removed and replaced by a gold foil electrode. The 
reference electrode was a saturated calomel electrode. 
All  potentials are repor ted  wi th  respect to the normal  
hydrogen electrode. 

The test electrode was a gold disk 0.071 cm 2 in ap- 
parent  (geometric)  area. It was made by pressure 
sealing a gold rod (Engelhard Industries,  F ine  Gold) 
into a Teflon mount  according to Bre i te r  (15). The 
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test e lectrode was prepared  by gr inding with  No. 1 to 
No. 4/0 emery  paper  and then polishing the surface 
wi th  600 gri t  a lumina (Buehler) .  Excess a lumina was 
removed by polishing the electrode on a clean cloth 
using copious amounts  of water.  The electrode was 
cleaned with  warm chromosulfur ic  cleaning solution 
and rinsed thoroughly wi th  t r ip ly  dist i l led wate r  be- 
fore being placed in the cell. Before  use all test elec-  
trodes were  e lect rochemical ly  "aged" by holding the 
potential  a l te rna te ly  at 1.65 and --0.25V for 10 rain 
each. The cycle was repeated three  t imes to br ing the 
electrode to a reproducible  state. 

All  solutions were  prepared  f rom water  first dis- 
t i l led f rom alkaline permangana te  and then twice more  
in a Heraeus  quartz  still. The support ing electrolyte  
was 1N perchloric  or 2N sulfuric acid prepared f rom 
Baker  reagent  grade 70% perchloric  or concentrated 
sulfuric acid. Ul t rah igh-pur i ty  perchloric  acid (E. 
Merck Suprapur ) ,  ac id-washed charcoal, and acid 
t reated with  H~O2 according to Visscher and Devana-  
than (16) did not affect the results and were  therefore  
not used. 

Cer ium sulfate solutions were  prepared from G. F. 
Smith  reagent  grade cerous and ceric sulfate wi thout  
fur ther  purification. The 0.1N stock solutions were  
standardized wi th  ferrous ammonium sulfate using 
Ferro in  as an indicator  (17). Cerous solutions were  
first oxidized with  ammonium persulfate.  When ceric 
sulfate solutions were  first oxidized and then s tandard-  
ized, their  normal i ty  was increased by 7.5%, indicat-  
ing the presence of cerous ions. Test solutions were  
prepared  volumet r ica l ly  f rom the standardized stock 
solutions taking the amount  of cerous ion in the ceric 
sulfate into account. Solutions were  made with  ei ther  
the cerous or ceric concentrat ion constant at O.01N, 
varying the other  be tween  0.01 and 0.0008N. 

Solutions were  prepared,  also, using cerous sulfate 
which had previously been recrystal l ized three t imes 
from tr iply distil led water .  These solutions were  elec- 
t rolyzed between gold electrodes to obtain the correct  
ceric concentrat ions for the desired equi l ibr ium po- 
tential.  In all cases the cerous concentrat ion was 0.01N. 
The concentrat ions were  checked by the Brucine  
method  (18). 

Cer ium perchlorate  solutions were  prepared using 
G. F. Smith  reagent  grade cerous perchlora te  salt and 
ceric perchlora te  solution. Because perchlorates  in ter -  
fere  with the oxidat ion of cerous to ceric ion with  
ammonium persulfate  (17), s i lver ( I I )  oxide was used 
as the oxidant  (19). When the ceric perchlora te  solu- 
tions were  first oxidized and then  standardized, the 
normal i ty  increased by 3.5%, again indicating the 
presence of cerous ion. Because of the high equi l ibr ium 
potentials, Ee, in perchlora te  solutions (see below) and 
the danger  of i r revers ible  oxidat ion of the gold at 
potentials  above 1.75V, only test solutions containing 
0.01N cerous and from 0.001 to 0.0001N ceric ion were  
used. 

The solutions were  purged of oxygen with  a constant 
s t ream of he l ium (99.99% pure) .  This gas was purified 
by passing it through a 12 cm column of Linde 5A 
molecular  sieve pellets held at --78~ All  gas lines 
were  made of P y r e x  glass and 5/16-in. Teflon tubing 
connected wi th  Teflon Swageloks.  

The charge necessary to r emove  adsorbed oxygen 
was de termined  by constant cur ren t  cathodic s t r ip-  
l~ing. The potent ial  f rom which s t r ipping was init iated 
was set wi th  a Wenking 61TRS potentiostat  al lowing 
the potentiostat  to buck the cur ren t  from a Hewle t t  
Packard  881A power  supply. After  wai t ing 10 min  for 
the oxygen coverage to come to s teady state, the po- 
tentiostat  was removed from the circuit  wi th  a West-  
ern Electr ic  mercury  wet ted  re lay  (total  switching 
t ime 1 msec) ,  and the potent ia l  t ime curve  was ob- 
served on a Tekt ronix  549 storage oscilloscope. The 
constant current  f rom the power  supply was measured 
wi th  a Kei th ley  602 electrometer .  The current  densi ty 
was usual ly  1.27 m A / c m  2 refer red  to the geometr ic  

area. Going in the anodic direct ion the electrode was 
first held at potentials less than 0.5V where  the surface 
was free of adsorbed oxygen. The potent ia l  was then 
set to a value in the range of 1.25 to 1.75V. Af ter  10 min 
at this potential,  the constant cathodic current  was 
applied and the charge due to adsorbed oxygen was 
obtained from the po ten t ia l - t ime  curve. Going in the 
cathodic direction the  potent ial  was raised f rom a value  
less than 0.5V to be tween  1.40 and 1.75V. The potent ial  
was held there  for 10 rain and was then lowered to 
the desired va lue  ~1.25V for another  10 rain. The 
electrode was then stripped, and the charge obtained 
as before. 

In order to de termine  the influence of cer ium in solu- 
tion on the charge due to the adsorbed oxygen on gold, 
a l inear cathodic potent ial  sweep of 50 mV/sec  was 
applied, and the current  was recorded as a function of 
t ime with  a Beckman Electroscan 30. The area under  
the reduction peak represents  the charge necessary for 
removal  of the adsorbed oxygen. 

The apparent  exchange current,  io a, for the ce- 
r i u m ( I I I ) - c e r i u m ( I V )  react ion was obtained at var i -  
ous equi l ibr ium potentials be tween  1.35 and 1.50V and 
electrode coverages wi th  adsorbed oxygen between 

= 0.7 and 2. First,  the electrode was set for 10 min 
at the anodic potential  giving the  desired electrode 
coverage with a Wenking 61TRS potentiostat .  The 
potential  was then lowered to about 15 mV above E~ 
as est imated f rom the Nernst  equation, and the cur-  
rent  was measured at 5 mV intervals  over  a range of 
30 mV through Ee. These potentials  could be set to 
wi th in  0.1 mV using a Kei th ley  660 guarded differen- 
tial vol tmeter .  The current  was determined by placing 
a standard resistor ( •  across the recorder  output  
of the potentiostat  and measur ing  the potent ial  drop 
across it wi th  a Kei th ley  602 electrometer .  The ap- 
parent  exchange current  was then calculated from the 
slope of the po ten t ia l -cur ren t  curve taking into ac- 
count the proper  correction for mass transfer.  

Results and Discussion 

Cathodic stripping.--In pre l iminary  work  in 1N per-  
chloric acid on etched disk electrodes, two types of 
str ipping curves were  found, one with arrests at 1.25V 
and at 0.75V, and one with  only one arrest  at 1.25V 
(20). Severa l  aspects of the  electrodes wi th  an arrest  
of 0.75V were  observed: (A) the total charge on the 
electrode surface was the same whe the r  one or two ar-  
rests were  present;  (B) the length of the  second ar-  
rest was not dependent  on the  st i rr ing rate, indicating 
that  it was not due to bulk solution impuri ty;  and (C) 
electrodes wi th  an arrest  at 0.75V showed higher  H~ 
evolut ion currents  (order of magni tude)  at --0.25V 
than did freshly prepared  electrodes. The arrest  at 
0.75V appeared only on electrodes that  were  not re-  
polished over  a period of several  weeks;  then if they 
were  polished, the arrest  disappeared. 

Because the tendency of p la t inum to dissolve under  
mild anodic conditions has been recent ly  recognized 
(21-24), contaminat ion of the test electrode wi th  
p la t inum from the auxi l ia ry  electrode seemed possible. 
Therefore,  an electrode with  only one potent ia l  arrest  
(at 1.25V) was cathodized in a 2% solution of pla t i -  
num chloride in 2N HC1 for 10 sec at 10 -~ A / c m  2. Af ter  
potentiostat ing for 10 rain at 1.65V and at --0.25V 
each several  times, the arrest  at 0.75V became apparent.  
Simultaneously,  the H2 evolut ion current  increased 
f rom 10 to 200 m A / c m  2 at --0.25V. This is in agree-  
ment  with Bre i te r  (25), who demonst ra ted  that  as 
gold is made  r icher  in p la t inum the act ivi ty  of the 
electrode towards the Volmer  react ion increases. Thus 
it appears that  the arrest  at 0.75V found in this labora-  
tory (13,20) and by other  workers  (26) is due to 
p la t inum deposition on the  test electrode. Af te r  the 
auxi l ia ry  electrode was goldplated, the arrest  at 0.75V 
was never  detected and I-I2 evolut ion currents  always 
stayed below 10 m A / c m  2 at --0.25V. The adsorbed 
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oxygen is removed during cathodic str ipping wi th  1.27 
m A / c m  2 during a single arrest  at 1.25V. 

Charge-potent ia l  curves for a f reshly mounted  and 
polished gold electrode (never  used in the presence of 
plat inum) are shown in Fig. 1. The charge due to oxy-  
gen adsorption differed f rom electrode to electrode by 
--+20%. Any  one electrode could be reproduced to -+5%. 
Each point shown was done in tr ipl icate in 1N per-  
chloric and in 2N sulfuric acid. There  were  no differ- 
ences in the two media, and the resul ts  were  computed 
together.  

The charge values found here agree wel l  wi th  the 
results of other  work. For  example,  at 1.65V they are 
wi thin  10% of the data shown by Lai t inen and Chao 
(12), Vet ter  and Berndt  (27), and Schmid and O'Brien 
(13), and wi th in  25% of those of B rummer  and Ma- 
krides (26). The values  of Wil l  and Knor r  (28) are 
some 35% higher. The hysteresis be tween the charge 
found on electrodes cathodically pre t rea ted  and those 
which were  anodically pre t rea ted  has previously  been 
noted by Schmid (13) and by Lai t inen and Chao (12). 
A break at 1.45V in the curve coming from cathodic 
potentials is apparent  in Fig. 1 at 600 ~coulombs/cm 2. 
Hickl ing (29) has calculated the charge equivalent  of 
a monolayer  of divalent  oxygen adsorbed on gold and 
found it to be about 450 ~coulombs/cm 2. B r u m m e r  and 
Makrides (26) considered the break  at 1.45V to be the 
point at which a monolayer  of divalent  oxygen atoms 
are  adsorbed on the surface. Adopt ing  this in te rpre ta -  
t ion leads to the conclusion that  the electrodes used 
here had a roughness factor of about 1.4, a reasonable 
value  for mechanical ly  polished electrodes. B rum m er  
and Makrides (26) found only 400 ~coulombs/cm 2 for 
monolayer  coverage. However ,  they were  using elec- 
tropolished electrodes which might  be expected to have 
a roughness factor ve ry  close to 1.0. 

Various values have  been given for the potent ial  at 
which oxygen adsorption on gold goes to zero. The 
cathodic str ipping data presented here  show that  this 
potent ial  is 1.25V, i.e., adsorption at this point is less 
than about 25 ;~coulombs/cm 2, the smallest  charge that  
could be clear ly  measured  in the present  work. B rum-  
mer  and Makrides (26) concluded that  the surface was 
essentially free of oxygen below 1.3V and Huq (30) 
found it free below 1.2V. Lai t inen and Chao (12) find 
oxygen adsorption at potentials as low as 0.65V. How-  
ever, if one l inear ly  extrapolates  the major  port ion of 
their  charge curves to zero charge, one finds a value 
of 1.25V. This is also the actual potential  of the arrest  
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POTENTIAL (V vs. NHE) 

Fig. 1. Charge vs. potential for oxygen adsorption, Au in I N  
HCI04 and in 2N H2SO4. 

in thei r  str ipping curves. The electrodes used by Lai t i -  
nen and Chao were  heated to 300~ It has been noted 
by Clark, Dickenson, and Mair (31) that  the potential  
arrest  on annealed electrodes is fol lowed by a region 
of slope much less steep than one usual ly  associates 
with double layer  charging. They suggest that  this is 
due to impuri t ies  in the gold accumulated on the sur-  
face during heating. Apparent ly ,  Lai t inen and Chao 
mistook this for oxygen adsorption. Thus, it appears 
that  significant oxygen adsorption is absent at poten-  
tials below 1.20 to 1.30V. 

The c e r i u m ( I I I ) - c e r i u m ( I V )  react ion.- -The cer ium 
redox couple shows different apparent  s tandard po- 
tentials  in solutions containing various electrolytes.  
Thus, in 2N sulfuric acid a formal  potent ial  of 1.44V is 
found (32). Here, cer ium (IV) is complexed to 
C e ( S O 0  ++, Ce(SO4)2, and Ce(SO4)~ =, wi th  stabili ty 
constants of 3500, 200, and 20, respect ively (32, 33). 
Therefore,  v i r tua l ly  all the ce r ium(IV)  is in the form 
of Ce(SO4)~= and the act ivi ty of the free cerium (IV) 
ion is considerably less than its formal  concentration. 
Also, about half  of the total  ce r ium(I I I )  in solution 
undergoes complexat ion to Co(SO4) + (32, 34). On the 
other  hand, in IN perchloric acid the formal  potential  
is about 1.70V (32). This higher  va lue  is due to the fact 
that  nei ther  ce r ium(IV)  nor ce r ium(I I I )  forms com- 
plexes with the perchlora te  ion. Instead ce r ium(IV)  
hydrolyzes to Ce(OH)+~  which dimerizes to CeOCe +6, 
the stabil i ty constant being 5.2 and 6.5, respect ively  
(32, 35). Cer ium (III)  apparent ly  does not undergo any 
reaction in perchloric acid (32). This difference in the 
formal  potentials be tween  a sulfuric acid and a per-  
chloric acid solution makes reaction kinetic studies 
possible in various regions of oxygen coverage and was 
used to advantage  in this study. 

Effect of cer ium ion on electrode coverage. - -Resul ts  
from potential  sweep measurements  showed an 11% 
reduct ion in the charge associated with  the oxygen 
reduct ion peak in cer ium-conta in ing  solutions as com- 
pared to b lank acid solutions. This is wi th in  the error  
limits of the exper imenta l  procedure  used in view of 
a 5% reproducibi l i ty  in the charge on the electrode 
(stripping curve  measurements ) ,  a 5% reproducibi l i ty  
in peak area measurements ,  and a 5% reproducibi l i ty  
of the Electroscan. It appears, then, that  the oxygen 
coverage of the gold electrode is de termined only by 
the potential  p re t rea tment  of the electrode and is in-  
dependent  of the cer ium concentrat ion in solution. 
Greef  and Aulich (3) obtained an identical  result  on 
platinum. They concluded also that  cer ium had essen- 
t ial ly no effect on oxygen adsorbed on thei r  electrodes. 

The apparent exchange c u r r e n t - - T h e  polarizat ion 
resistance, Rp, was obtained as the slope of the po-  
ten t ia l -cur ren t  curves at zero overvoltage.  It is 
thought  to be composed of a charge t ransfer  resistance, 
Rt, and a diffusion resistance, Rd, according to 

Rp = Rt -5 Ra 

J 

where  ~j and idj are the stoichiometric factor and dif-  
fusion l imit ing current  of species j. F rom this the 
apparent  exchange current ,  io a, was found as a function 
of oxygen coverage of the electrode by appropriate  
selection of the initial anodic potential  of the elec- 
trode. As can be seen in Fig. 1, the coverage ini t ia l ly  
set at potentials >l .30V is re ta ined down to 1.30V and, 
therefore,  for a given Ee in the range f rom 1.75 to 
1.40V various init ial  coverages could be chosen. All  
values for io a were  averaged from three  separate deter-  
minations. 

The results of these exper iments  are  shown in Fig. 
2-4. All  values are given in terms of the  t rue  area by 
using the roughness factor of 1.4 previously  obtained. 
The reproducibi l i ty  of io a in all sulfate solutions was 
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Fig. 2. Apparent exchange current, io a, vs. coverage, Au in 2N 
H2SO4with 0.01N Ce(lll) and A:  1 x 10 -2,  [Z: 5 x 10 -s,  and O :  
1 x 10 -'s N Ce(IV) sulfate (recrystallized). 
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Fig. 3. Apparent exchange current, io% vs. coverage, Au in 2N 
H2504 with 0.01N Ce(lll) and A:  1 x 10 -2,  i--I: 5 x 10 -3,  and O :  
1 x 10-SN Ce (IV) sulfate. 

better  than ___6%. Agreement  be tween  recrystal l ized 
and unrecrystal l ized salts was good. A slight depres-  
sion which appears in the io a for unrecrysta l l ized salts 
(Fig. 3) at 0 ~ 1.2 is not significant and is probably 
due to the adsorption of impurities.  The io a with 
ce r ium(IV)  = 0.01N is smaller  by a factor of 0.8 in 
unrecrystal l ized salts as compared with  the recrysta l -  
lized ones. This is possibly due to the greater  amounts  
of impurit ies introduced in unrecrystal l ized solutions. 
In perchlora te  solutions, due to the large Ee poten-  
tials, the io a could be obtained only for coverages of 

z 1.5 to 2.0. The re la t ive  standard deviat ion there  
was less than •  

T h e  charge  t r a n s f e r  c o e f f i c i e n t . - - T h e  anodic charge 
t ransfer  coefficient, ~, was obtained using the ex-  
pressions (36) 

(O log ioa/OEe) cr = ~ F / 2 . 3 R T  
and 

(a log ioa/OEe)co = --  (1 - -  a ) F / 2 . 3 R T  

where  co and c,. are the concentrat ions of the oxidized 
and the reduced species, respectively�9 Thus, a is ob- 
tained from the slope of plots of log (io a) vs .  Ee, 
keeping ei ther cr or Co and the coverage with  adsorbed 
oxygen constant. One such plot is shown in Fig. 5 
for e -- 1.3, the coverage set at 1.55V. The slope was 
determined by a ]east squares analysis (37), assuming 
Ee to be known precisely. At  a 70% confidence level  

: 0.65 • 0.06 for all values of e be tween 0.7 and 2 in 
both sulfuric and perchloric acid. 

Values of a for the cer ium ( I I I ) - ce r ium (IV) react ion 
have  been reported by other  authors. Galus and Adams 
(38) de termined a to be 0.79 and 0.72 on p la t inum and 
carbon paste electrodes, respect ively.  Vet ter  (39) de- 
termined ~ to be 0.75 on plat inum. The charge t ransfer  
coefficient found here  is somewhat  less but  not  signifi- 
cantly so. This indicates that  the mechanism of the 
cerium reaction is essentially independent  of the elec- 
trode material .  

The constancy of ~ with oxygen coverage found here 
is in agreement  wi th  the results obtained on other 
systems. Davis (1) found no change in ~ with  the ex-  
tent  of oxygen coverage of a p la t inum electrode for 
ei ther the v a n a d i u m ( I V ) - v a n a d i u m ( V )  or arse- 
n i c ( I I I ) - a r s en i c (V)  couples. This same phenomenon 
has also been found wi th  adsorption of organic species. 
Aramata  and Delahay (40) found that  a for the 
z inc(I I )  discharge on a zinc amalgam electrode was 
not affected by coverage with  n -amyl  alcohol. Biegler  

I O -  

_ 

A 

t .  

c~ 6 - 
E 

m 

x 

. 1  

2 - 

0 I 
1.0 2 .0  

F R A C T I O N A L  COVERAGE 0 

Fig. 4. Apparent exchange current, io a, vs. coverage, Au in 1N 
HCI04 with 0.01N Ce(lll) and A :  1 x 10 -3  , [~: 3 x 10 - 4  , and 
O : 1 x 10 -4  N Ce(IV) perchlorate. 
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Fig. 5. Plot of log io a vs. equilibrium potential, Au in 2N H2504 
with Ce(III)/Ce(IV) sulfate, oxygen coverage ~ ~ 1.3. 



Vol. 117, No. 11 OXYGEN ADSORPTION ON GOLD 

a n d  L a i t i n e n  (41) c o n c l u d e d  t h a t  fo r  t h e  d i s c h a r g e  of 
c a d m i u m ( I I ) ,  a p o s s i b l y  d e c r e a s e d  s l i g h t l y  on  m e r -  
cury ,  b u t  t h i s  c o n c l u s i o n  is no t  a t  a l l  c e r t a in .  O n  t h e  
o t h e r  h a n d ,  Mfi l le r  (10) f o u n d  t h a t  for  h y p o c h l o r a t e  
r e d u c t i o n  on  p l a t i n u m  ~ d e c r e a s e s  w i t h  cove rage .  

T h e  s t a n d a r d  ra t e  c o n s t a n t . - - F r o m  t h e  d a t a  fo r  io a 
a n d  a, t h e  s t a n d a r d  r a t e  c o n s t a n t ,  ko a, w a s  c a l c u l a t e d  
u s i n g  t h e  e q u a t i o n  (36) 

io a = n F k o a C r ( l - a )  Co a 

w i t h  ~ = 0.65. T h e  c o n c e n t r a t i o n s  cr a n d  co w e r e  t a k e n  
as t h e i r  b u l k  v a l u e s  s ince  t h e  d i f f u s i o n - l i m i t i n g  c u r -  
r e n t s  ( no t  s h o w n )  a r e  t h e  s a m e  in  b o t h  s u l f u r i c  a n d  
p e r c h l o r i c  ac id  a n d  a p p r o x i m a t e l y  of t h e  m a g n i t u d e  
e x p e c t e d  f r o m  t h e  a n a l y t i c a l  c o n c e n t r a t i o n  of ce-  
r i u m ( I I I )  a n d  c e r i u m ( I V )  in  so lu t ion .  Thus ,  e v e n  
t h o u g h  t h e  e q u i l i b r i u m  p o t e n t i a l  is d e p e n d e n t  o n  t h e  
a c t i v i t y  of f r ee  c e r i u m ,  a l l  t h e  c e r i u m  is a v a i l a b l e  
w h e n  n e e d e d  for  r e a c t i o n .  Th i s  m e a n s  t h a t  t h e r e  is no  
l i m i t i n g  c h e m i c a l  r e a c t i o n  s tep  a n d  k i n e t i c  p a r a m e t e r s  
m a y  be  c a l c u l a t e d  o n  t h e  bas i s  of  b u l k  c o n c e n t r a t i o n s .  

V a l u e s  of ko a vs .  o x y g e n  c o v e r a g e  a r e  g i v e n  in  
Fig. 6. E a c h  p o i n t  o n  t h i s  c u r v e  w a s  a v e r a g e d  f r o m  five 
v a l u e s  in  s u l f a t e s  a n d  f o u r  v a l u e s  i n  r e c r y s t a l l i z e d  
s u l f a t e s  a n d  p e r c h l o r a t e s  c o r r e s p o n d i n g  to  t h e  d i f f e r -  
en t  c e r i u m  ( I I I )  - c e r i u m  ( IV)  r a t i o s  o b t a i n e d  for  e a c h  
cove rage .  T h e  r e l a t i v e  s t a n d a r d  d e v i a t i o n  w a s  ___7% in  
u n r e c r y s t a l l i z e d  s u l f a t e s  a n d  +--17% in  r e c r y s t a l l i z e d  
s u l f a t e s  a n d  p e r c h l o r a t e s .  

I t  is s e e n  t h a t  in  s u l f a t e s  ko a is a p p r o x i m a t e l y  c o n -  
s t a n t  a t  4 x 10 -4  c m / s e c  a b o v e  ~ = 1.0, i.e., a b o v e  
m o n o l a y e r  c o v e r a g e  w i t h  oxygen .  Th i s  c a n  be  c o m -  
p a r e d  to ko a ---- 3.7 x 10 -4  c m / s e c  (38) a n d  4.8 x 10 -4  
c m / s e c  (39) f o u n d  o n  p l a t i n u m  a n d  ko a --~ 3.8 x 10 -4  
c m / s e c  (38) on  c a r b o n  p a s t e  e l ec t rodes .  T h e  s i m i l a r i t y  
b e t w e e n  ko a f o u n d  on  d i f f e r e n t  e l e c t r o d e  s u r f a c e s  i n -  
d i ca t e s  t h a t  t h e  e n e r g y  of a c t i v a t i o n  is e s s e n t i a l l y  i n -  
d e p e n d e n t  of t h e  e l e c t r o d e  s u r f a c e  for  t h e  c e r i u m  ( I I I ) -  
c e r i u m  ( IV)  r eac t i on .  In  p e r c h l o r a t e s  ko a a p p e a r s  to  de -  
c r ease  f r o m  ~ = 1.5 to  2.0. H o w e v e r ,  t h i s  is s t i l l  w i t h i n  
e x p e r i m e n t a l  e r r o r  a n d  m a y  no t  b e  s ign i f ican t .  F u r t h e r ,  
t he  p o i n t  a t  1.5 is b a s e d  o n  l i m i t e d  d a t a  so t h a t  s p e c u -  
l a t i o n  s eems  t e n t a t i v e .  

T h e  p r e s e n c e  of a d s o r b e d  o x y g e n  c a n  h a v e  s e v e r a l  
effects  on  a n  e l e c t r o c h e m i c a l  r e a c t i o n .  ( i )  I t  c a n  cause  
a c h a n g e  in  ~*c, t h e  p o t e n t i a l  d r o p  ac ross  t h e  c o m p a c t  
d o u b l e  l aye r ,  a n d  s ince  t h e  e l e c t r o d e  p o t e n t i a l  is k e p t  
c o n s t a n t ,  t h i s  w i l l  r e s u l t  i n  a c h a n g e  in  r t h e  p o t e n -  
t i a l  d r o p  ac ross  t h e  d i f fuse  d o u b l e  l aye r .  Th i s  c h a n g e s  
t h e  e l ec t r i c  f ield a n d  w o u l d  d i r e c t l y  af fec t  ko a b u t  n o t  
~. ( i i )  A l t e r n a t i v e l y ,  t h e  p r e s e n c e  of a d s o r b e d  o x y g e n  

I0 

8 

A 
U 
o) 

} 6  

"o 

~ O  

2 

0 I I 
O 1.0 2.0 

FRACTIONAL COVERAGE e 

Fig. 6. Standard rate constant for the Ce(l l l ) /Ce( IV)  reaction 
on Au as a function of coverage with oxygen. @: Recrystallized 
sulfates, Ce(lll) = 0.01N, Q :  sulfates, Ce(lll) = 0.01N, A :  
sulfates, Ce(IV) ~ 0.01N, D :  perchlorates, Ce(lll) ~ 0.01N. 
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cou ld  r e s u l t  in  a c h a n g e  in  t h e  pos i t i on  of  t h e  effec-  
t i ve  p l a n e  a t  w h i c h  t h e  r e a c t i o n  occurs ,  l e a v i n g  t h e  
e l ec t r i c  field u n c h a n g e d .  Th i s  w o u l d  l e ad  to a c h a n g e  
in  t h e  f r a c t i o n  of ACe e f fec t ive  on  t h e  a c t i v a t i o n  e n e r g y  
a n d  w o u l d  t h u s  c h a n g e  a. ( i i i )  I t  cou ld  c a u s e  a c h a n g e  
in  b o t h  ~r a n d  t h e  e f fec t ive  p l a n e  of  t h e  r eac t i on .  
Th i s  w o u l d  c a u s e  a c h a n g e  in  b o t h  a a n d  ko a. F i n a l l y ,  
( i v )  a c h a n g e  in  t h e  r e a c t i o n  m e c h a n i s m  m a y  l ead  to 
a c h a n g e  in  a a n d  ko a. 

T h e  r e s u l t s  p r e s e n t e d  h e r e  i n d i c a t e  t h a t  = is i n d e -  
p e n d e n t  of cove rage ,  a n d  poss ib i l i t i e s  ii ,  i i i ,  a n d  i v  
can  t h e r e f o r e  b e  d i s c a r d e d .  T h i s  m e a n s ,  as  a f i rs t  o r d e r  
a p p r o x i m a t i o n ,  t h a t  t h e r e  is no  c h a n g e  in  t h e  r e a c t i o n  
m e c h a n i s m  a n d  t h a t  t h e  p l a n e  of t h e  r e a c t i o n  is n o t  
a f fec ted  b y  t h e  a d s o r b e d  oxygen ,  a t  l e a s t  no t  w i t h  
r e s p e c t  to  t h e  p o t e n t i a l  ac ross  t h e  c o m p a c t  d o u b l e  
l aye r .  B e c a u s e  ko a does  dec rease ,  h o w e v e r ,  t h e r e  m u s t  
be  a c h a n g e  in  Ar w i t h  a c o n c o m i t a n t  c h a n g e  in  ~b2. 

Th i s  c h a n g e  in  r c a n  b e  e s t i m a t e d  f r o m  t h e  fo l l ow-  
ing  c o n s i d e r a t i o n .  A s s u m i n g  t h a t  t h e r e  is a n  a p p a r e n t  
s t a n d a r d  r a t e  c o n s t a n t  fo r  o x y g e n  c o v e r e d  sur faces ,  ko a, 
a n d  one  fo r  b a r e  su r faces ,  ko a', t h e n  t h e  l a t t e r  c a n  b e  
o b t a i n e d  to a f i rs t  o r d e r  a p p r o x i m a t i o n  b y  l i n e a r  e x -  
t r a p o l a t i o n  to ~ ---- 0 of  t h e  p lo t  in  Fig.  6. Thus ,  
k o  a" ~ 12 x 10 -4  c m / s e c .  T h e n ,  w r i t i n g  

ko a = ko t exp  [ - -  (Zr + a ) F / R T  r (36) 
a n d  

k S  = ko t exp  [ - -  (zr  + ~) F / R T  r 

w h e r e  ko t is t h e  t r u e  s t a n d a r d  r a t e  c o n s t a n t  a n d  
z,- is t h e  c h a r g e  of t h e  r e d u c e d  species ,  one  o b t a i n s  
~r = r  r = 7.9 m V  as t h e  d i f f e r e n c e  in  Ar b e -  
t w e e n  a b a r e  s u r f a c e  a n d  a n  o x y g e n - c o v e r e d  s u r f a c e  
a t  a n y  g i v e n  p o t e n t i a l  E. 

T h i s  s m a l l  c h a n g e  in  Ar i n d i c a t e s  t h a t  t h e  a d s o r b e d  
o x y g e n  is a good e l e c t r o n i c  c o n d u c t o r  w h i c h  c o n -  
t r i b u t e s  o n l y  l i t t l e  to  t h e  p o t e n t i a l  d r o p  in  t h e  c o m p a c t  
d o u b l e  l ayer .  T h e  a d s o r b e d  o x y g e n  t h e n  ac ts  s i m p l y  
as a n  e x t e n s i o n  of t h e  e l e c t r o d e  su r face ,  a n d  t h e  d o u b l e  
l a y e r  f o r m s  ou t s ide  t h e  a d s o r b e d  o x y g e n  a t o m s  as 
usua l .  Thus ,  t h e  o v e r - a l l  p o t e n t i a l  d r o p  e f fec t ive  on  
t h e  e l e c t r o c h e m i c a l  r e a c t i o n  is t h e  s a m e  as be fo re ,  less 
a s m a l l  p o t e n t i a l  d r o p  of a f e w  m i l l i v o l t s  in  t h e  a d -  
s o r b e d  o x y g e n  layers .  

T h e  g r a d u a l  d e c r e a s e  in  ko a u p  to  u ---- 1.1 i n d i c a t e s  a 
u n i f o r m  a d s o r p t i o n  of o x y g e n  o v e r  t h e  go ld  su r face .  
Th i s  occurs  p o s s i b l y  b y  a c o n t i n u o u s  t r a n s i t i o n  w i t h  
i n c r e a s i n g  p o t e n t i a l  f r o m  a d s o r b e d  w a t e r  to  a d s o r b e d  
oxygen ,  w i t h  l i t t l e  d i f f e r ence  in  t h e  e l e c t r o n  

H O-- H0+ 
x J 1  - - e  

Au O~ --> A u - - - O  --H+ ) 

H H 
0-- - - e  

Au O \  --> Au---O ". --H+ " Au = 0 

"fl  H0+ 

exchange through adsorbed water, adsorbed hydroxyl 
radical and/or adsorbed oxygen. 

The constancy of ko a at higher coverages where 
e > 1 indicates that once a monolayer is formed fur- 
ther adsorption has little effect on the reaction rate. 
This argues that there is little change in the over-all 
structure of the interface in this range. 

Conclusion 
T h e  a d s o r p t i o n  of o x y g e n  o n  go ld  e l e c t r o d e s  in  IN  

p e r c h l o r i c  ac id  a n d  in  2N s u l f u r i c  ac id  w a s  m e a s u r e d  
as a f u n c t i o n  of p o t e n t i a l  a n d  p o t e n t i a l - p r e h i s t o r y  
u s i n g  c o n s t a n t  c u r r e n t  c a t h o d i c  s t r i p p i n g .  C o m i n g  
f r o m  p o t e n t i a l s  < I . 2 0 V ,  o x y g e n  u p t a k e  b e g i n s  a t  1.25V. 
A s l i g h t  in f l ec t ion  in  t h e  c h a r g e - p o t e n t i a l  c u r v e  a t  
600 ~ c o u l o m b s / c m  2 (1.45V) is t h o u g h t  to  i n d i c a t e  
m o n o l a y e r  c o v e r a g e  a n d  c o r r e s p o n d s  to  a n  e l e c t r o d e  
r o u g h n e s s  f a c t o r  of  1.4. A c o v e r a g e  of 0 ---- 2 is r e a c h e d  
a t  1.75V. C o m i n g  f r o m  p o t e n t i a l s  ~--1.35V t h e  c o v e r -  
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age with adsorbed oxygen is essentially independent  
of potential  down to 1.35V. The electrode is free of 
adsorbed oxygen at -~ 1.20V. Potent ia l  arrests found 
in cathodic stripping curves below 1.20V are probably 
due to p la t inum deposition on the gold electrode, either 
from solution or from the interior  of the electrode. 

The kinetic parameters  of the C e ( I I I ) / C e ( I V )  re-  
action on gold in 1N perchloric acid and in 2N sulfuric 
acid were obtained at coverages 0----1.5-2.0 and ~-~ 
0.7-2.0, respectively. Apparen t  exchange current  den-  
sities, io ~, were calculated from potentiostatic low over-  
voltage data. The anodic charge t ransfer  coefficient, a, 
was determined,  at constant coverage, from the slope 
of plots of log io a vs. the equi l ibr ium potential  at 
constant Ce(II I )  or Ce(IV) concentration. At the 70% 
confidence level a z 0.65 __+ 0.06. Apparen t  s tandard 
rate constants, ko a, were calculated from io a and a to 
k,,a ~ 4 x 10-~ cm/sec, independent  of coverage 1--~ 
L 2. Extrapolat ion of the data to 0 ~ 0 yields ko a" ~ 12 
x 10 -4 cm/sec. 

The slight change in ko a in going from 8 ~ 0 to 
z 1 (at constant potential)  is considered to be due 

to a change in the potential  drop across the inner  
double layer  caused by the adsorbed oxygen accom- 
panied by a corresponding change in the potential  
across the diffuse double layer, ~2. The lat ter  can be 
calculated to 7.9 mV. Once monolayer  coverage has 
been reached, fur ther  adsorption to 0----2 does not 
change the potential  drop across the double layer. 

It seems that  the adsorbed oxygen on gold in acidic 
solution, as far as the C e ( I I I ) / C e ( I V )  reaction is con- 
cerned, is an excellent electronic conductor, contr ibutes  
only little to the potential  drop across the inner  double 
layer, and simply serves as an extension of the elec- 
trode surface. There is l i t t le discernible change at 
1 ~ 0 ~ 2 and this suggests no change in the over-al l  
s t ructure of the interface in this region. 
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Correction 
In the paper "Oxygen Reduction on Oxide-Free 

P la t inum in 85% Orthophosphoric Acid: Tempera ture  

and Impur i ty  Dependence" by A. J. Appleby which 
appeared on pp. 328-335 in the March 1970 JOURNAL, 
Vol. 117, No. 3, on p. 333, Eq. [1] should read 

if . . . . .  d = F (O*) [H + ] exp -- 
h 
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ABSTRACT 

Oxygen reduct ion on oxide-free pal ladium and silver surfaces has been 
studied as a function of tempera ture  in purified 85% orthophosphoric acid. In  
each case, oxygen reduction is first order, and available evidence suggests 
that  on both metals the reaction 

02 + H~O + + e -  --> (O2H) 

is the ra te -de te rmin ing  step. Exper imenta l  activation energies, extrapolated 
to the reversible oxygen electrode potential,  are 22.4 ___ 2.0 kcal on pal ladium 
and about 26 kcal on silver. Act ivi ty of the pal ladium electrode is only 
slightly ( <  one decade) less than on p la t inum under  the same conditions, 
whereas silver is even less active than gold. On palladium, as with plat inum, 
the extrapolated activation energy includes a heat of adsorption term corre- 
sponding to the effect of Temkin- type  equi l ibr ium adsorption of - - O  species 
derived from water  oxidation, which are present  on the electrode under  the 
exper imental  conditions. This term may be el iminated by considering activa- 
tion energies extrapolated to potentials at which - - O  adsorption is small, where 
an activation energy difference between silver and pal ladium on the order of 
9.8 kcal occurs. This suggests that the in termediate  (O2H) is relat ively strongly 
adsorbed on pal ladium and only weakly on silver, and accounts for the  rate 
difference on the two metals. 

Rest potentials of the metals are corrosion mixed potentials and the metal  
dissolution reaction is fast in both cases so anodic processes are under  Nernst-  
tan control. Pa l lad ium passivates at potentials greater than 900 mV HRE. 
No passivation of silver was observed. 

Studies on oxygen reduction on silver and pal ladium 
electrodes in acid solution have been reported rela-  
t ively in f requent ly  in the l i terature.  

On silver, Krasi l 'shchikov (1,2) reported a pH- 
independent  mechanism in neut ra l  and acid solutions 
down to pH 2, and suggested that  under  these condi- 
tions the reaction 

O~ + e -  ~ O~-  

is ra te-determining.  Akopyan (3) reported the effect 
of temperature  on the electrode reaction and Nikul in  
(4) showed the specific effect of single crystal faces on 
oxygen reduction. Bianchi et al. (5,6) have shown 
that silver electrodes give Tafel slopes for oxygen re-  
duction of 2 R T / F  in 0.5M H2SO4 at overvoltages even 
higher than those for gold (7) under  similar conditions. 
Again, pH-dependence was shown to be small (5) at 
least in the neut ra l  pH range thus confirming Kra -  
sil 'shchikov's mechanism (1, 2). 

Palous and Buvet  (8) also examined oxygen reduc-  
tion on silver over a wide pH range. Their results 
show an H + dependence for the reaction in the pH 
range 0-2, with no pH dependence at higher pH. Hy-  
drogen peroxide has been detected as a reaction prod-  
uct (1-3, 5). 

In  contrast with acid solution the amount  of work 
reported on silver oxygen electrodes in alkaline solu- 
t ion is considerable and has been reviewed (9, 10). 

Oxygen reduct ion on pal ladium electrodes was re-  
ported by Sawyer  et al. (11, 12) to resemble that  on 
p la t inum in acid solution. In oxygen-satura ted 2N 
H2SO4 solution Hoare (13, 14) reported rest potentials 
of pal ladium electrodes of about 870 mV HRE and po- 
tentiostatic TafeI plots of slope 102 mV/decade  (14) for 
oxygen reduction on electrodes that  had been anodized, 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  oxygen  reduct ion,  corrosion, pal ladium,  silver.  

then reduced. Damjanovic et al. (15-17) indicated that 
Tafel behavior of oxide-free pal ladium and p la t inum 
in dilute HClO4 was almost identical, a l though palla-  
dium electrodes were about 50 mV less active than 
corresponding p la t inum electrodes. This and other con- 
siderations, for instance, - - O  adsorption character (18), 
suggest s imilar i ty  of r a te -de te rmin ing  step, which is 
supported by r ing-disk  electrode exper iments  using the 
two metals (19). 

In  this paper, oxygen reduct ion on and corrosion 
behavior of phase-oxide-free pal ladium and silver 
electrodes are studied in 85% orthophosphoric acid 
as a function of temperature.  

Experimental Techniques 
The present  series of experiments  was conducted in 

an all-silica cell (20) using the same galvanostatic 
technique as in previous work (21). Temperatures  
were main ta ined  to _ 0.2~ by means of an oil bath 
or a refr igerated bath, as appropriate. 

The electrodes used were pal ladium and silver foils 
of 99.99% purity,  with areas of approximately 1 cm 2. 
The pal ladium foils were welded to gold wires and 
were hung in the cell in Teflon sliding seals as des- 
cribed in  previous exper iments  (20). The silver foils 
were similarly suspended in a separate series of ex- 
periments,  al though in this instance silver wires were 
used. 

A gold counterelectrode was used in all experiments  
to avoid the possibility of contaminat ion of working 
electrodes with electroactive deposits (as is the case if 
p la t inum is used).  For the same reason, the electrolyte 
(85% orthophosphoric acid) was not given pre-e lec-  
trolytic purification t rea tment  before being used in the 
cell. Cleaning of the solution was done by refluxing 
several times with 5% hydrogen peroxide, followed 
by disti l lation of the excess water. 
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Oxygen or oxygen-ni t rogen mixtures  were supplied 
to the cell via presaturators  from a capil lary flowmeter 
gas mixing system and a purification train.  

A dual isothermal bubbl ing  hydrogen-85% phos- 
phoric acid reference electrode was used, to which all 
potentials throughout  this paper are referred (HRE 
potentials) .  

Results 
Palladium electrodes.--Oxygen reduction data.--The 

pal ladium foil electrodes were degreased with organic 
solvents and washed with concentrated HC1, conduc- 
t ivi ty  water, and the electrolyte itself before use. They 
were then potentiostated for a short t ime in oxygen- 
saturated electrolyte at 22.0~ at 350 mV I-IRE to re-  
duce any residual  oxide. After  this preparation,  elec- 
trodes took up rest potentials in the range 895-898 mV; 
these rest potentials fell by about 10 mV after 1-2 hr, 
thereafter  remaining  constant. A descending cathodic 
galvanostatic s teady-state  Tafel plot was then made 
on each electrode, al lowing sufficient t ime (5-15 min)  
between points for a final potential  to be set up at 
each applied current  density that  varied by less than 
1 mV/min .  This polarization study was followed by a 
similar ascending plot. These have been shown in Fig. 1 
as "initial" Tafel plots. Results were very reproducible,  
and Tafel lines could be accurately retraced forward 
and backward. 

Cathodic Tafel plots were also obtained by means 
of the pulsing technique used in previous work (21). 
Before each point  was taken, the electrode was given 
a series of anodic and cathodic galvanostatic pulses to 
ensure that a surface in a reproducibly clean condition 
was present. Potentials were read after 2 rain at each 
current  density. 

Pulses for pal ladium were restricted to +850-+200  
mV HRE. At the high potential, some dissolution starts 
to occur. Below about +200 mV pal ladium starts to 
occlude large quanti t ies of hydrogen. The plot for the 
pal ladium surface in this clean condit ion is shown in 
Fig. 1. The electrode is only slightly less active than 
p la t inum under  the same conditions and has a similar 
Tafel slope ( ,~RT/F).  

Corrosion behavior.~Corrosion behavior  was tested by 
means of a steady-state anodic plot (Fig. 1). A Tafel 
plot was obtained with the low slope of RT/2F in the 
anodic direction. The slope led into what was appar-  
ent ly a diffusion current  at about i = 3.5 x 10-6 A/cm 2. 
Corrosion currents  were estimated by extrapolat ion of 
anodic and cathodic Tafel plots to their  point of in ter -  
section (represented by dashed lines in Fig. 1). 

The electrolyte in the cell was replaced after each 
series of anodic polarization studies on the electrode. 

Temperature dependence.--Results were repeated at 
52.0 ~ 76.0 ~ and --3.0~ Although the freezing point  
of 85% orthophosphoric acid is normal ly  quoted as 
being 21.1~ it may be supercooled to a very viscous 
l iquid at well  below 0~ (22). Results obtained are 
shown in Fig. 2-4. In the anodic polarization experi-  
ments, no passivation was observed at 76.0~ whereas 
at the other temperatures  studied the onset of passi- 
vat ion occurred at a potent ial  of about  900-930 inV. 
At --3.0~ no definite corrosion behavior was seen in 
the anodic plot, and anodic currents  above 4.0 x 10-s 
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Fig. 2. Cathodic reduction of oxygen on palladium and anodic 
production of Pd + + at 52.1~ 
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A/cm 2 resulted in  passivation. Under  these conditions, 
pal ladium exhibits a behavior  like that  of plat inum. 

Tafel slopes and 1/a values for the oxygen reduction 
reaction together with values of the exchange current  
obtained by extrapolat ion of the Tale1 l ine to the 
reversible potential  at each tempera ture  are given in 
Table I. Similarly,  data for the anodic dissolution re- 
action are given in Table II. The corrosion current  
and the corrosion potential  are in each case obtained 
from the intersection of the extrapolated anodic and 
cathodic Tafel plots. 

Order of reaction in oxygen reduction.--A series of 
experiments  was carried out on the same pal ladium 
foil electrode using oxygen par t ia l  pressures of 1.0, 
0.26, 0.080, and 0.025 arm at 22.0~ 

The pulsing procedure ment ioned previously was 
used before each point  to ensure that  a reproducible 

Table I. Oxygen reduction on palladium 

Slope, 
Temp,  ~ mV/decade  1/a io, A/cm~ 

i ooo ........ ........ ........ . . . . . .  1 
90C 

J < 
I--- 0 INITIAL PLOT, DESCENDING~: 
Z 8 0 0  h INITIAL PLOT, ASCENDI 

[3 PLOTON CLEAN SURFACE 
�9 ANODIC PLOT 

7 0 0  I i I L l } l l l  I I I ]  I I I I l l  
- 8  -7 -6  - -5 -4  

IOglO i, A/sq cm 

Fig. 1. Cathodic reduction of oxygen on palladium and anodic 
production of Pd + + at 22.0~ 

--3.0 58 1.08 3.0 • 10 -75 
22.0 63 1.08 1.9 • i04-~ 
52.1 68 1.06 3.5 • i0 "-'m 
76.0 71 1.04 2.2 X 10 -~t 

Table II. Palladium corrosion data 

Anodic slope, icorr, ~corr, 
Temp,  ~ mV/decade  l /~ A / c m  2 rnV/[-IRE 

--3.0 ~ - -  1.7 • 10 4 905 
22.0 31 0.53 1.7 x 10 4. 888 
52.1 82 0.50 1.6 • i0  -'~ 849 
76,0  35  0 .51  6 .3  • 10 4 8 3 0  
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surface was present.  Results obtained are shown in 
Fig. 5, which also includes an anodic plot obtained at 
0.025 atm oxygen par t ia l  pressure. 

Inspection of the data indicates that  oxygen reduc-  
tion approximates  to first order  at constant potent ial  
(Fig. 9). 

Activation energy for oxygen reduction on palladi- 
um. - -F igu re  6 shows an Arrhenius  plot of extrapola ted 
i0 values on oxide-f ree  palladium, corrected to 1 atm 
oxygen part ial  pressure. Act ivat ion energy at the re -  
versible potent ial  is 22.4 ___ 2.0 kcal, close t o  the 
values previously reported on oxide- f ree  rhodium 
(22.0 kcal) and p la t inum (22.9 kcal) .  

Silver electrodes.--Silver foil electrodes were  de- 
greased, welded to si lver wires, and mechanical ly  
polished using graded alumina powders. They were  
then washed in di lute nitric acid and l ight ly etched 
in a dilute hydrogen pe rox ide -ammonium hydroxide  
solution. P re l iminary  exper iments  established that  
electrodes prepared in this way  gave high results when 
cathodical ly polarized, wi th  nons t i r r ing-dependent  
reduct ion currents  that  were  in excess of the l imit ing 
current  for the oxygen reduct ion in the electrolyte. 
These high currents  were  apparent ly  due to the re-  
duction of passivating silver oxides and oxygen dis- 
solved in the silver foil; such electrodes exhibi ted rest 
potentials 100-200 mV higher  than the eventual  cor- 
rosion potentials. The electrodes showed a l imit ing 
behavior  after  cathodic polarization for 5-8 hr  at 2.0 
#A/cm 2, af ter  which consistent cathodic oxygen re-  
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Fig. 5. Oxygen electrode on palladium at 22~ in 85% erthe- 
phosphoric acid; effect of oxygen partial pressure. 

-9  I 

qO 

_ ~ - I I  

9 
E 

._~ 
-13 

-14 

-15 I 
2,4 

I ' I ' I ~ I ' I ' I 

J i I i ] , I , I , J I 
2.6 2,8 3,0 3,2 5,4 3.6 &8  

I /T=K x I03 

Fig. 6. Arrhenius plot for io oxygen reduction on palladium in 
85% orthophosphoric acid. 

50C 

40( 

3O0 

20C 

I0r 

. ,  I I l l  ~ I , l i l l , ,  I 

>+I04 ' i0 , , , , ,~[  , r , , , , , [ I  i L , , , , , , J  L , i l l l l l l  ~ i 
-e -7 -6 -5 -4 

log~o i, A/sq crn 

Fig. 7. Temperature dependence of cathodic reduction of oxygen 
and anodic production of Ag + on silver in 85% orthophosphoric 
acid. 

II 
-5 

duction Tafel  plots could be obtained. Under  these 
conditions the rest  potential  (corrosion potential)  of 
the silver electrode was 360-365 mV HRE at 22~ An 
al ternat ive  preparat ion procedure, involving heating 
the etched electrode in a s t ream of hydrogen at 330 ~ 
400~ for 5-10 min fol lowed by cooling under  hydro-  
gen, gave electrodes wi th  the same propert ies  as those 
that  have been electrochemical ly  reduced. The oxygen 
electrode and corrosion behavior  reported here refer  
to electrodes that  have been prepared by final t rea t -  
ment  in hydrogen. 

Oxygen reduction data.--Hydrogen-reduced electrodes 
took up rest potentials of 340-345 mV HRE at 104.0~ 
to 362-365 mV HRE at --5.0~ in the oxygen-sa tura ted  
electrolyte.  A galvanostatic descending Tafel  plot was 
started immedia te ly  on immersion. As in the case of 
the exper iments  on pal ladium electrodes, the silver 
e lectrodes  were  left  for sufficient t ime (2-5 min at each 
applied current  density) for stabilization of the po- 
tent ial  to wi th in  1 mV change in 1 rain. These plots 
could be traced forward and backward several  t imes 
with  l i t t le hysteresis. Potentials,  once established at 
any given current  density, were  very  stable and 
showed no tendency to decay. P re l iminary  pulsing of 
the electrode galvanostat ical ly  be tween 50 mV HRE 
and open circuit  caused no changes in the Tafel  plot. 
S i lver  is thus insensit ive to impur i ty  deact ivat ion when  
acting as an oxygen reduct ion surface in acid solution. 
Previous work  has demonstra ted that  gold is also es- 
sential ly unaffected by impur i ty  adsorption (23). 

Tafel  plots on different si lver electrodes were  gen-  
eral ly within 10 mV at the same current  density, the 
differences be tween  individual  electrodes being t em-  
pera ture  independent.  A series of Tafel  plots for a 
typical  hydrogen-reduced  electrode is shown in Fig. 7; 
kinetic data as a function of t empera tu re  are given in 
Table III. 

Corrosion behavior of silver electrodes.--After com- 
plet ion of the oxygen reduct ion tests on the above 
electrode a series of plots was carr ied out to show the 
anodic behavior  of the electrode as a funct ion of t em-  
perature.  Ascending galvanostatic Tafel  plots were  
made at each tempera ture ,  s tar t ing f rom the open- 
circuit  potentials of the electrode, using a freshly pre-  
pared electrolyte  for each plot. At  each applied cur-  
rent  density a stable potent ial  was ve ry  rapidly  at- 
tained (within 30 sec. at the lowest current  densities 

Table III .  Oxygen reduction on silver 

Slope,  
Temp ,  ~ m V / d e c a d e  1/~ to,* A/cm~ 

--5.0 110 2.07 4.5 • 10-1~ 
6.0 118 2.13 5.2 X 10 -16 

22.0 119 2.03 2.4 • 10-1B 
37.0 131 2.13 4.6 x 10 -I4 
52.1 133 2.07 1.9 • I 0 - ~  
76.0 139 2 .04  2.5 • I 0  - ~  

104.0 150 2,01 4.8 • lO-n  

* io v a l u e s  are  a p p r o x i m a t e ,  
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Table IV. Silver corrosion data 

Anodic slope, Ecorr, 
Temp, ~  mV/decade 1/a icorr, A/crnZ mV/HRE 

--5.0 62 1.17 1.35 • l0 s 364 
22.0 62 1.06 8.5 x 10 -s 363 
37.0 65 1.06 2.8 • I0-'~ 358 
52.1 66 1.02 8.1 x I0 -~ 353 
76.0 71 1.04 4.2 X 10 -~ 352 

194.0 72 0.96 2.0 X I 0  ~ 344 

studied, wi thin  a few seconds at 10-~ A/cm2),  and no 
sign of passivation was observed. Normal ly  the elec- 
t ro lyte  was gent ly st irred wi th  oxygen at the rate  of 
20 ml /min ,  and it was noted that  the potentials 
achieved at each current  density were  somewhat  de- 
pendent  on the rate  of stirring, as was the case with 
palladium. Table IV gives data on the corrosion po- 
tent ial  and corrosion current  obtained by extrapolat ion 
of anodic and cathodic Tafel  lines, together  wi th  anodic 
Tafel  slopes and 1/a values as a function of t empera -  
ture. 

Order of reaction for oxygen reduction.--Tafel plots 
were  obtained on a silver electrode at oxygen part ial  
pressures of 1.0, 0.26, 0.080, and 0.025 atm at 22.0~ The 
plots obtained are shown in Fig. 8, which includes an 
anodic plot at the lowest  oxygen par t ia l  pressure  
studied. The l imit ing current  region of the plot at 
0.025 atm merges  wi th  the plot for the hydrogen evolu-  
tion reaction. 

A log pO2-1og i plot at constant potential  is given 
for the Tafel  region of both pal ladium and silver elec- 
trodes in Fig. 9. In both cases the oxygen reaction 
order is close to unity. 

Activation energy for oxygen reduction on s i lver .--Be-  
cause of the difficulty of extrapolat ion over  many  
decades of current  density back to the theoret ical  re -  
versible oxygen potential,  act ivation energy for oxygen 
reduct ion has been est imated by plot t ing the current  
densities at an overpotent ia l  wi thin  the measurement  
range, at ~] = 960 mV (300 mV HRE at 22~ Current  
densities have been corrected to 1 a tm oxygen par t ia l  
pressure. 

An Arrhenius  plot on this basis is shown in Fig. 10. 
Act ivat ion energy is 15.5 __ 0.8 kcal under  these poten-  
tial conditions. Tafel  slopes for the oxygen electrode 
on silver have close to theoret ical  t empera ture  de- 
pendence; the mean slope is 2.07 RT/F.  Consequently,  
assuming the same react ion is still ra te  de termining 
at the revers ible  potential,  we may expect  that  the 
act ivation energy at ~ = 0 to be 15.5 + ~ ~F kcal. 

For  a = 1/2.07 and n = 0.96V, ~ ~]F,~ 10.7. Thus the 
act ivat ion energy at the revers ible  potent ia l  should be 
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about 26.7 kcal on si lver for the pr imary  charge t rans-  
fer  step. This is somewhat  grea ter  than the va lue  p re -  
viously determined (23) on gold electrodes (23.6 kcal) .  

Discussion 
Corrosion of palladium and silver.--Tables II and IV 

indicate that  the anodic log cur ren t -po ten t ia l  plots on 
pal ladium and si lver have  slopes of RT/2F and RT/F,  
respectively.  

Because of the st irr ing dependence of the plots and 
the fact that  the dissolution react ion in si lver has been 
shown by Gerischer and Tischer (24) to have  an ex-  
change current  considerably in excess of the current  
range explored here, it is reasonable to suppose that  
the reactions on both metals  are diffusion controlled. 

In such a case we can wr i te  for the anodic process 

RT 
E = Eo -l- ~In [X z+] 

zF 

where  Eo is the standard potent ial  of the electrode, and 
X z+ is the concentrat ion of the  ion of valence z pro-  
duced in the double layer  by anodic dissolution. 
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If the reaction is under  diffusion control  

X z+ = ~ (ia + i'c) = k (ia + i'c) 
DzF 

where  ia is the imposed anodic current  at potent ial  E, 
and i'c is the current  due to the cathodic process (oxy-  
gen reduction) under  the same conditions. In this ex-  
pression D is the diffusion coefficient of X z+ and 5 is 
the thickness of the Nernst  diffusion layer. The  other 
symbols have their  usual meanings. Thus 

RT 
E -- Eo = - - l n  [k(i~-5 i%)] 

zF 
As 

~F  
i ' c= ic e x p - - - -  ( E - - E o )  

RT 

where  ~ is the t ransfer  coefficient for the oxygen re -  
duction reaction, and ic is the rate  of the oxygen re-  
duction reaction at potent ia l  Eo, we obtain 

1 z F  ~ F  
ia-----~exp~ (E--Eo) --icexp---R~(E--Eo) 

This expression has a similar form to the Butler- 
Volmer equation, and the right-hand term may be dis- 
carded at comparatively small values of E -- Eo, when 

OE/Oln ia = R T / z F  

The exper imenta l  Tafel  slopes are close to R T / F  for 
s i lver  and RT/2F for palladium, indicating dissolution 
as Ag + and Pd ++ ions or complexes wi th  the same 
oxidation number.  The passivation of Pd at about 900 
mV appears to be due to the format ion of a film of 
Pd(OH)2  (25) or PdO. Corrosion of pal ladium under  
these conditions is a result  of its lower  lattice energy 
compared with  that  of platinum. 

Oxygen  reduction reaction.--Palladium.---Palladium 
has a low Tafel  slope for oxygen reduct ion ( - -RT /F)  
and in this respect resembles p la t inum (21, 26) and 
rhodium (27). On all three  ox ide- f ree  metals  oxygen 
reduct ion has been determined to be first order at 
constant potent ial  (21, 26, 27), implying that  the 
stoichiometric number  (v) of the ra te -de te rmin ing  
step is unity. It has been shown previously that  an 
R T / F  Tafel  slope wi th  v = 1 is not explicable if Lang-  
muir ian adsorption of reaction intermediates  is as- 
sumed. In the case of rhodium and p la t inum electrodes 
in the phase -ox ide - f l ee  state, a mechanism has been 
proposed in which the heat  of adsorption of the prod-  
uct of the r a t e -de te rmin ing  step ( - -OfH)  falls as the 
total  coverage of - - O  and - - O H  radicals der ived f rom 
wate r  oxidat ion rises (26). The coverage of m O  and 
- - O H  rises l inear ly  wi th  potent ial  (26) and the exper i -  
menta l  coverage potential  data are explained in terms 
of an isotherm in which adsorbed molecules are con- 
sidered immobile  and in which interact ion effects are 
accounted for in the second vir ial  coefficient (F rumkin  
isotherm or in the  coverage range O.1 < 0 < 0.9, the 
Temkin isotherm).  When such an isotherm operates, 
it effects the heat  of adsorption of all adsorbed species 
on the electrode (28). A similar explanat ion of the 
effect of adsorbed anions on the hydrogen evolut ion 
reaction, which assumes that  the chemical  potent ial  of 
the act ivated complex in the charge- t ransfer  react ion 
depends on the second vir ia l  coefficient for the adsorp- 
tion of the adsorbed anion, was recent ly  provided by 
Parsons (29). 

On this basis it can be shown that  the observed Tafel  
slope and oxygen react ion order, together  wi th  the pH 
dependence at constant ionic strength, are consistent 
wi th  theory  (21, 26, 27). In v iew of the resemblance 
of l inear potent ial-scan oxygen pseudocapacitance data 
on pla t inum (30, 31) and rhodium (32) to that  on 
pal ladium (32) in acid solution, all of which may  be 
accounted for by Temkin  behavior  (31), it is reason-  
able to suppose that  the react ion 

O2 W H30 + -5 e -  -* (O2H)ads 

is also r a t e -de te rmin ing  on palladium. This v iew is 
supported by the similar exper imenta l  act ivat ion en- 
ergies at the revers ible  potent ial  on palladium, 22.4 
kcal (27), and plat inum, 22.9 kcal (21), for the oxygen 
reduct ion reaction. 

Silver.--On silver, - - O  and - - O H  equi l ibr ium coverage 
(from wate r  oxidation) in the potent ial  range where  
exper imenta l  measurements  were  made may  be ex-  
pected to be low because the electrode potent ial  under  
these conditions was ~850 mV lower than the revers-  
ible potent ial  for oxide format ion (33). In alkaline 
solution, si lver and gold electrodes show almost in-  
dist inguishable cyclic vo l tammetr ic  scans (34), so on 
this basis a genera l ly  s imilar  m O  adsorption behavior  
would be expected, wi th  low coverage (Langmuir  
conditions) on both metals. 

Exper imenta l  Tafel  slopes on silver are approxi-  
mate ly  2RT/F,  and again oxygen reduct ion is first 
order. As has been shown for gold and i r idium (23), 
these data are consistent wi th  a p r imary  charge t rans-  
fer under  Langmui r  adsorption conditions. Thus the 
two possible ra te -de te rmin ing  steps on this meta l  are  

Reaction A: O2 -5 H30 + -5 e-  --> (O2H) 

Reaction B: 02 -5 e-  -~ 02- 

Reaction A, involving a superoxide ion, is improbable 
in strongly acid solution, although it has been postu- 
lated by Krasil'shchikov (1,2) to explain his pH- 
independent results for oxygen reduction on silver at 
pH 2. However, rotating electrode results of Palous 
and Buvet (8) show (an/apH)~ > RT/F at pH values 
between 0 and 2 [see also ref. (5)]. On this basis Re- 
action B, shown already to be the rate-determining 
step on gold electrodes, appears to be the most likely 
rate-determining step on silver. Both metals have 
similar Tafel slopes (2RT/F) and similar activation 
energies at the reversible oxygen potential (23.6 kcal 
on gold, 26.2 kcal on silver). 

The cyclic voltammetric data (34) imply similar 
heats of adsorption for oxygenated species on gold and 
silver. As this quantity, to a first approximation, is the 
only factor that determines activation energy differ- 
ences between electrode materials, the similar experi- 
mental heats of activation on gold and silver are thus 
accounted for. 

Conclusions 
The ra te -de te rmin ing  step in oxygen reduct ion on 

pal ladium and si lver in s trongly acid solution is a 
p r imary  charge transfer,  in all probabi l i ty  involving 
a proton 

02 -5 H30 + -5 e -  --> - - O f H  

Although both metals  have similar act ivation ener -  
gies at the revers ible  potential  (22.4 kcal on palladium, 
26.2 kcal on s i lver) ,  the figure on pal ladium includes a 
heat  of adsorption te rm that  depends on the equi l ibr i -  
um coverage of - - O  and - - O H  der ived f rom water  
oxidation adsorbed on the electrode (21, 26). This 
coverage is l inear ly  potent ial  dependen t - - tha t  is, ad- 
sorption follows the Temkin isotherm. For  this reason 
it is more legi t imate  to compare act ivat ion energies on 
the two metals  at potentials where  - - O  coverage is 
low. Under  such conditions there  is a marked  differ- 
ence in act ivat ion energy between pal ladium and sil- 
ver. At a potent ia l  of 750 mV HRE, where  both metals  
can be expected to show low oxygen coverage (Lang-  
muir  conditions of in te rmedia te  adsorpt ion),  the ac- 
t ivat ion energy wil l  be approximate ly  

E1 - -  E2 + (~1 - -  ~2) ,IF 

where  E and ~ are the respect ive revers ible  potential  
act ivat ion energies and t ransfer  coefficients and n is 
the overpotential .  Taking ~] to be --500 mV (-5760 mV 
HRE at 25~ wi th  ~2 = 1.0 (Pd) ,  ~1 ---- 1/2.07 (Ag),  
E s i lver-E pal ladium ,~ 9.8 kcal. 
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Thus, the intrinsic heat of activation for oxygen 
reduction on phase-oxide-free pal ladium (in the ab-  
sence of poisoning effects due to equi l ibr ium - - O  and 
- - O H  coverage) is appreciably lower than on silver, 
which accounts for the much greater rate of the reac- 
t ion on pal ladium electrodes. Pa l lad ium and plat inum, 
both with d -band  vacancy values of about 0.6 (18), 
show similar oxygen reduct ion rates (15), whereas 
gold and silver electrodes, both with filled d-bands,  
give rates some orders of magni tude  lower. The differ- 
ence in rates in acid and alkal ine solution for the lat ter  
two metals is par t icular ly  striking. 
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The Ultraviolet Photovoltaic Effect in Evaporated 

Silver Bromide Conduction Cells 
Joseph I. Masters 

Technical Operations, Incorporated, Burlington, Massachusetts 01803 

ABSTRACT 

Ag/AgBr/Ag cells fabricated by a suitable masking of three overlapping 
evaporations exhibit a photovoltage when one semitransparent silver electrode 
is illuminated with 3650A light and the AgBr electrolyte layer is much thicker 
than an absorption length for this radiation. Below a saturating illumination 
of approximately 1 mW/cm 2, a photocurrent proportional to the intensity of 
illumination flows in an external circuit. In this linear range the quantum 
yield is typically 40%; however, the energy conversion efficiency is only 
about 0.01%. In general, discoloration and gradual cell deterioration were ob- 
served as a result of photovoltaic operation. Conclusions are drawn from a 
comparison, using the same cell, of photoconduction and of dark conduction 
produced by an applied voltage. The former is characterized by a lower 
internal resistance. 

We are concerned with the specific cell Ag /AgBr /Ag  
in which a current  may be passed from one silver 
electrode to the other through an evaporated AgBr 
electrolyte film. The electrochemistry of solid electro- 
lyte cells employing various types of electrodes was 
treated by Wagner  (1, 2), and several authors (3-9) 

Key words: Dember effect, photolysis, solid electrolyte, thin films, 
silver/silver bromide. 

have studied mixed conduction in  cells using electro- 
lytes of compressed AgBr pellets or bulk  AgBr crystals. 
Recently, reproducible min ia tu re  rechargeable bat-  
teries in the form of evaporated A g / A g B r / P t  and 
Ag /AgI /P t  concentrat ion cells were fabricated and 
studied (10). 

On the other hand, photovoltaic activity from an 
AgBr electrolyte in contact with Ag is less well  known. 
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In 1929, Vanselow et al. (11) reported voltages in the 
mil l ivol t  range f rom the i l luminat ion of one electrode 
of an (Ag, A g B r ) / l i q u i d  e l ec t ro ly te / (AgBr ,  Ag) cell. 
Within the last decade, Egger t  (12) invest igated and 
described a photovoltaic  effect caused by the i l lumi-  
nation of an A g / A g B r / A g  sandwich cell in which the 
AgBr layer was grown by brominat ing the surface of 
a bulk si lver substrate ra ther  than  by the evaporat ion 
method employed here. The brominat ion method gave 
poor sample reproducibil i ty.  It was, nevertheless,  pos- 
sible to make  observations of l inear i ty  in response, a 
high quan tum yield, and a strong dependence on the 
wave leng th  of the i l lumination.  By  employing the 
evaporat ion method of deposition, reproducible  cell 
samples can be fabricated more readily, al lowing a 
convenient  configuration for confirmation of earl ier  
findings as well  as a more detailed v iew and fur ther  
study of the photovoltaic effect. The la t ter  includes a 
comparison of the t ransient  and steady photocurrent ,  
bel ieved characterized by both electronic and ionic 
diffusion, wi th  the predominant ly  ionic dark current  
produced by application of a d-c vol tage step. 

Interest  in the AgBr  uv photovoltaic effect stems 
from a general  interest  in quantum detection, as wel l  
as from a paral lel  interest  in evaporated AgBr  as a 
photographic recording surface. The charge separat ion 
process associated with  the effect almost cer ta inly in- 
volves the diffusion and t rapping of photolytic species, 
the basis of photographic sensit ivi ty in AgBr  systems. 
General ly  speaking, successful deposition of reproduci-  
ble si lver halide layers by e v a p o r a t i o n  is a recent  
technology, and measurements  of the type per formed 
in the past using re la t ive ly  thick AgBr  materials  have  
yet  to be made on samples of thin evaporated AgBr  
films and cell structures. 

Cell Fabrication 
Pinhole- f ree  A g / A g B r / A g  over lapping sandwich 

cells were  made by the successful evaporat ion pro-  
cedure reported previously  (10). Even in AgBr  films 
of submicron thicknesses, continuous coatings of a con- 
tiguous domain s t ructure  are readi ly  obtained, as 
shown in the Fig. 1 electron micrograph of a 0.5~ 
film. The sequence of evaporat ions for cell fabricat ion 
is shown in Fig. 2. The Ag and AgBr  evaporat ions are 
best per formed in separate vacuum systems to avoid 
brominat ion of the Ag electrodes by free bromine 
present  when AgBr  is evaporated.  In the  purification 

Fig. 1. Electron micrograph of a 0.5 Fm evaporated AgBr layer 

Fig. 2. Schematic of overlapping configuration 

of AgBr  used in this work, the prevalent  impuri t ies  
are silicon, iron, lead, and copper. Normally,  the con- 
centrat ion of silicon is held to less than 25 ppm, and 
the remaining impuri t ies  to less than  5 ppm. Fur the r  
purification results f rom deposition of the AgBr by 
evaporation.  

A g / A g B r / A g  cells were  made with an AgBr  cover-  
age of 8 m g / c m  2, and as a check on thickness depen-  
dence, two cells were  covered with  3 m g / c m  2 of AgBr. 
Fi lms in this thickness range approach a density equal 
to the bulk densi ty of 6.5, yielding thicknesses esti-  
mated, respectively,  of 13 and 5 ~m. The bot tom Ag 
electrodes were  deposited to an arb i t rar i ly  opaque 
thickness on a glass substrate. The top electrodes were  
deposited to give about 20% transparency at 3200A, the 
approximate  peak of the uv window in silver. 

Af te r  fabrication, the cells' e lectrolyte  resistance 
was measured with  a 1000 Hz a-c bridge and their  
open-circui t  voltage with a h igh- impedance  vacuum-  
tube vol tmeter .  The cells wi th  a 3 m g / c m  2 layer of 
AgBr  had an a-c resistance in the 21-25 ohm range, 
and the a-c resistance of cells wi th  an 8 m g / c m  2 
layer of AgBr  was in the 42-46 ohm range. 1 The non-  
l ineari ty in the dependence of the measured values of 
electrolyte  resistance with  electrolyte  thickness is an 
expected consequence of boundary effects (see fol low- 
ing section).  In general,  measured values of AgBr  thin 
film resist ivi ty at room tempera tu re  are about 3 to 4 
order of magni tude lower than bulk crystal  values be-  
cause the films are s t ructure-sensi t ive  and conduction 
along low resistance domain boundaries predominates.  

Because of the chemical  symmet ry  of the cells, they 
would be expected to have no open-circui t  voltage. 
However ,  this was not the case. Cells produced by the 
method indicated in Fig. 2 had what  appeared to be a 
rarldom distr ibution of open-circui t  vol tage in the 
0.0001 to 0.0005V range, wi th  the top electrode always 
positive. The effect is bel ieved to result  f rom a differ- 
ence in electrode potentials caused by a difference 
in the stress at the two electrodes, in turn  caused by 
the shr inkage of the AgBr  deposit in cooling to its sub- 
strate temperature .  This suggests that  the bottom Ag 
electrode remains under  compression wi th  respect  to 
the top electrode. Support  of this hypothesis is given 
by some related work  on the deformat ion potential  in 
solid-state cells (13). 

In the measurements  repor ted  here, corrections for 
the deformation potent ial  are made as required.  How- 
ever,  measuremeRts are normal ly  under  closed-circui t  
conditions, causing a re laxat ion of the open-circui t  
deformat ion potent ial  to a much lower  value. 

Total  Dark Conductivity 
In an ionic semiconductor such as AgBr, conduction 

at room tempera ture  is predominate ly  by interst i t ial  
Ag + ions and si lver ion vacancies, V - .  In addition, 
there  is a small  electronic contr ibut ion to the con- 
ductivity.  The magni tude  and type of the electronic 
port ion of the total  conduction (electrons or holes) 
depends on the AgBr  sample 's  me ta l / nonme ta l  ratio. 
A si lver excess, established by equil ibrat ion of AgBr  
with an Ag electrode, results in an electronic current  
p redominate ly  by conduction band electrons, and to 
detect it, the  much greater  ionic current  must  be sup- 
pressed by the use of a blocking or inert  mater ia l  such 
as carbon as the posit ive electrode (3). However ,  when 
a d-c voltage below the decomposition vol tage is ap- 
plied to an ideal A g / A g B r / A g  cell, Ag + ion t ransport  
be tween the Ag electrodes is unblocked and ohmic, and 
the electronic contribution to the total  conduct ivi ty  is 
negligible. Nevertheless,  in practice, the reactions that  
take place at the posit ive and negat ive  si lver electrodes 
are not reversible,  and a significant amount  of elec- 
t rode resistance to Ag + ionic flow is encountered,  gen-  
eral ly much larger  than the resistance wi th in  the thin 
electrolyte.  This is especially noticeable if no a t tempt  
is made  to fabricate graded or porous electrodes. 

1 S t a t e d  v a l u e s  o f  c e l l  r e s i s t a n c e ,  c u r r e n t ,  c a p a c i t a n c e ,  e t c . ,  a r e  
f o r  a n  e f f e c t i v e  c e l l  a r e a  o f  1 c m  2. 
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It is significant that  R, the resistance to the ionic 
current  at the electrodes, is caused by a capacitive 
pileup of ionic carriers unable  to exchange charge 
with the electrodes freely. As a first order approxima-  
tion, the polarization lends itself to a paral lel  R, C 
representat ion of the electrode interface impedance 
shown in the circuit analogue insert  of Fig. 3. The 
bu i ld -up  of cell voltage V to the steady state for this 
circuit is given by the exponent ial  funct ion 

V R 
- -  - -  (1 -- exp [--(RL + R)/RLRC]t} [1] 

Vo RL + R 

in which Yo is the applied voltage, R and C are con- 
stants, and where we have safely neglected the 
small contr ibut ion of the electrolyte resistance term 
Re < <  R. 

We may note here that  the s tandard method of de- 
t e rmin ing  Re is suggested by the circuit analogue, 
namely the substi tut ion of d-c by an a-c voltage of 
frequency high enough (>0.1 kHz) to reduce the  elec- 
trode impedance to a re la t ively low value of capacitive 
reactance. The a-c method, in which an impedance 
bridge is usual ly employed (10), yields upper  bound 
values of Re that may include a contr ibut ion from 
electrode resistance that is in effect not capacitively 
shunted. 

From Eq. [1] the t ime constant  of the equivalent  
circuit may be broken down as follows 
when 

RL > >  R, T ~ RC [2a] 
when 

R > >  RL, �9 ~ RLC [2b] 

and for the matching condition 

RE ~ R, �9 = RC/2 [2c] 

In an actual cell a dependence of R and C on cell 
voltage, as well as differences in conduction at the two 
electrodes, is expected. These factors are neglected in 
this simple model. Nevertheless, it is a guide in the 
evaluation of a typical cell's dark current response to 
a d-c voltage step. 

By using an external circuit as shown inserted in 
Fig. 3, typical rise and decay curves of cell voltage 
were recorded for applied voltage steps from 0.003 to 
0.03V. The electrode capacitance C derives from a very 
thin double layer and for cell voltages <0.015V, is in 
the order of I000 #F/cm 2. Therefore, the use of load 
resistances smaller than a matching load was done in 
accord with Eq. [2b] at a sacrifice in accuracy to avoid 
a sluggish transient. Note that even in this low volt- 
age range, the curves do not asymptotically approach 
a true steady state. Rather the room temperature mass 
transfer of silver from the positive to the negative 
electrode appears to cause a continuous increase in 
the value of R, which may be accompanied by some 
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Fig. 3. Transient cell voltage, Ag/AgBr/Ag conduction cell 

i rreversible cell deterioration. Accordingly, cell pa-  
rameters cannot general ly  be considered constant  but 
depend on cell history. 

To compare the dark current ' s  slowly increasing R 
values with the smaller in te rna l  resistance encountered 
when the cell is operated as a photovoltaic element, 
it was necessary to assume the a t ta inment  of a quasi- 
steady dark current  after an arbi t rary  5 min  t ime lapse, 
roughly the t ime allowed in the measurement  of 
quasi-steady photocurrents.  Thus, R is calculated from 
Eq. [1] for t = ~ ,  but  using values of cell voltage ob- 
tained from the curves of Fig. 3, at t ime t = 5 min. 
The uncer ta in ty  of calculated effective in te rna l  re-  
sistance values (Fig. 4) includes variat ions caused by 
hysteresis observed as a resul t  of reversing both the 
order of the measurements  and the polari ty of the ap- 
plied voltage. We note, however, an indicat ion of an 
increase in in terna l  resistance with decreasing values 
of the cell voltage. 

The Photovoltaic Effect 
Theory.--The photovoltaic effect produces a poten- 

tial difference between the electrodes of a symmetric  
Ag /AgBr /Ag  cell. The phenomenon is observed if an 
asymmetry  existis in the density of photolytic species 
as a result  of the absorption of light close to a part ial ly 
t ransparent  electrode. If, for example, a 10 -~ cm thick 
Ag/AgBr /Ag  sandwich cell is i l luminated with 4600A 
light, for which the absorption coefficient is relat ively 
low (~ ~ 102 cm-1) ,  then asymmetry  in  the dis t r ibu-  
tion of photoelectrons and photoholes would be negli-  
gible, with no possibility of a detectable electrode 
potential  difference. In  such a thin cell, a symmet ry  is, 
however, assured by i l luminat ing  with light of wave-  
length below 4000A, where the absorption coefficient 
in AgBr rises sharply with decreasing wavelength.  At 
the wavelength of the convenient  mercury  3650A ]ine, 

is approximately 104 cm -1, corresponding to an ab-  
sorption depth of 1~ in the AgBr electrolyte. 

Clearly, the effect must  depend on certain prop- 
erties well established in AgBr crystals at room tem- 
perature, namely,  a sufficiently small  recombinat ion 
rate for photoelectrons and photoholes allowing their  
migrat ion to t rapping sites. The trapped photoelectrons 
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attract  available interst i t ial  Ag + ions, forming neut ra l  
silver atoms. A photohole can be t rapped and neu t ra l -  
ized by an existing negat ive  silver ion vacancy V - ,  
or al ternatively,  by forcing a lattice Ag + ion into an 
interst i t ial  site. A bound neut ra l  bromine  atom is thus 
formed. 

Because of their  much greater  drift  mobi l i ty  (ap- 
proximately  2 orders greater  than the photohole mo-  
bi l i ty and wi th  a diffusion length roughly  half  the 
thickness of a 13 ~m cell), an appreciable fraction of 
the photoelectrons are t rapped at depth in the AgBr 
layer, a small  fraction possibly reaching the unl ighted 
electrode. This leaves a net  positive space charge near  
the lighted electrode due to the concentrat ion of two 
relat ively immobile  species; the photoholes and the 
excess of interst i t ial  Ag + ions resul t ing from the neu-  
tral izat ion of trapped photoholes. In  the absence of 
appreciable electrode charge t ransfer  leading to an ex-  
ternal  photocurrent,  this electrolyte polarization is ex-  
pected to produce an induced or Dember  effect photo- 
voltage (14), measurable  at the electrodes and with 
the lighted electrode positive. Of interest  here, how- 
ever, is the more complex photovoltaic effect tha t  
supports an external  photocurrent  of electrons from 
unlighted to lighted electrode and depends upon a 
charge t ransfer  at both electrolyte-electrode interfaces. 

The mechanism of negative charging of the unl ighted 
electrode is postulated as follows: We assume that  the 
aforementioned positive space charge prevents  the 
lighted electrode from supplying Ag + ions to the elec- 
t rolyte  to make up for those that  are neutra l ized by 
photoelectrons at t rapping sites. Instead these ions are 
supplied pr imar i ly  by  the unl ighted electrode giving 
this electrode a negative charge. The unl ighted elec- 
trode is thus consumed by the flux of injected Ag + 
ions which numer ica l ly  approaches the external  photo- 
current  flux. A mechanism providing for the numer i -  
cally equal charge t ransfer  required at the lighted 
electrode is, however, less certain, as indicated by  the 
var ie ty  of competit ive reactions listed in  Table I. 

As a result  of the photocurrent ,  the lighted elec- 
trode's silver mass is increased or decreased to the ex- 
tent  of plat ing or brominat ion  as described in reac- 
tions of the type 3a or 3b (Table I) .  The photocurrent 's  
quan tum yield is less than  uni ty  to the extent  of direct 
electron-hole recombinat ion and noncont r ibu tory  re-  
actions of the type 3b. Depar ture  from this opt imum 
conversion would resul t  from the arr ival  of some of 
the photoelectrons at the lighted electrode, the very  
unl ike ly  arr ival  of the much shorter range photoholes 
at the unl ighted electrode, or the lighted electrode 
acting as a donor of Ag + ions to replenish the electro- 
lyte. These activities, assumed suppressed for cell 
thicknesses large compared to the i l luminat ion 's  ab-  
sorption depth, cancel photovoltaic collected charges. 
In  terms of quan tum yield they are, therefore, twice 
as costly as recombinat ion alone. 

We must  also account for a possible brominat ion  
(discoloration) of the lighted electrode. Brominat ion 
would require diffusion of normal ly  bound neu t ra l  
bromine atoms through the lattice toward a boundary.  
Although unl ike ly  in a pure crystal, the outer layer  of 
a thin AgBr film is a dislocation region which can 
support the diffusion of halogen atoms (15). This re-  
lates to experiments  (16, 17) in the vacuum photolysis 
of thin silver halide films indicat ing that  light ab-  
sorbed close to the surface causes appreciable Br2 
evolution from the surface. The positive vacancy left 
by a diffusing neu t ra l  Br atom may be neutral ized by 

Table I. lighted electrode reactions 

1. Charge  t r ans fe r  by  photohole m ig ra t i on :  h + e -~ B r -  
2. Charge  t r ans fe r  by electrons f r o m  ex te rna l  pho tocur ren t  that  

neutra l ize  h and Ag§ in e lectrolyte:  
(a) c + h -~  Br -  ( recombinat ion)  
(b) e + Ag+ .~ Ago (pr int  out) 

3. Results  of Ag* and  Bro gene ra t ed  by  t r apped  photoholes:  
(a) Ag+ + e --~ Ago (charge  t ransfer ,  w i th  plat ing) 
(b) Bro + Ago ~ A g B r  (brominat ion,  no charge  t ransfer )  

a neighboring Ag + lattice ion jumping  to an inters t i -  
t ial  site (leading to reactions 3a or 3b, Table I) ,  or by  
an electron (reaction 2b). Alternat ively,  a V -  va-  
cancy may t rap and thus neutral ize a photohole, this 
neu t ra l  center  then diffusing to the Ag/AgBr  boundary  
(18). Note, the diffusion of bromine  atoms toward the 
nearby  lighted electrode, followed by electrode bromi-  
na t ion  (reaction 3b), is in itself a neu t ra l  process in 
the sense that  it fails to charge the lighted electrode 
positively. However, to the extent  that  interst i t ial  
Ag + ions, generated in the aforementioned production 
of neut ra l  Br atoms, are in t u rn  neutral ized at photo- 
electron t rapping sites or serve to replenish those 
previously so neutralized, brominat ion  represents  a 
loss in the collection of photolytic charges and, from a 
qua n t um yield viewpoint,  is equivalent  to recombina-  
tion. 

Response of p~otovo~taic cel~s.--The photovoltaic 
effect exists as an open-circui t  cell voltage and does 
not require an external  circuit. For  a continuous uv  
i l luminat ion  of the lighted electrode, the open-circui t  
voltage increases, but  various loss phenomena  cause 
the cell voltage to reach a quasi-s teady value. Under  
closed-circuit  conditions continuous uv  i l luminat ion  of 
the lighted electrode is par t ia l ly  converted, as dis- 
cussed above, into a quasi-s teady d-c photocurrent  
with the lighted electrode as the positive electrode. 

The photovoltaic effect in  the Ag /AgBr /Ag  cell is a 
conversion process that  alters, essentially irreversibly,  
the original structure. At best, the unl ighted electrode 
is consumed and reappears as pr in tout  silver at t rap-  
ping sites. This case might  be approached with low 
current  levels (low light intensi ty)  and with small  
values of load resistance. On the other hand, the use 
of large light levels or a large load resistance appears 
to saturate  the mechanism and to in tensi fy  the com- 
petit ive processes of electrode brominat ion.  In  view 
of the dynamic na ture  of the irreversibil i ty,  defining a 
saturat ing radiant  power level is difficult. For the 
cells tested, however, it was found that  i l luminat ion  
exceeding P = 1 m W / c m  2 of 3650A light caused in-  
dications of saturation, and therefore measurements  
were made at lower levels of i l luminat ion.  Here we 
do not make the dist inction between saturat ion in  
terms of nonl inear  response, or intensification of cell 
deterioration, hysteresis effects, electrode discoloration, 
etc. 

A study of the t rans ient  and steady behavior of the 
photocurrent  generated by  photovoltaic cells was car-  
ried out by i l luminat ing  the covering electrode of 
each cell with a spatially uni form light beam from a 
calibrated 3650A source; i.e., radiat ion in  the 3650A 
line from a stable mercury  arc was isolated with suit-  
able filters, and its radiant  power measured with a 
thermopile.  The in tensi ty  was var ied using at tenuators  
tha t  were also calibrated at 3650A. The photocurrent  
generated by a cell was recorded as the voltage com- 
mon to both the cell a nd / i t s  paral le l  load resistor, 
which was varied in the 105 ~ 105 ohm range. Variat ion 
of the load provided data for calculating the effective 
in te rna l  resistance and for s tudying the dependence 
of response t ime on load resistance. The i l luminat ion  
of the cells was in the range from P = 0.03 roW/ 
cm 2 ~ 1.0 m W / c m  2, which allowed an observation of 
l inear i ty  and qua n t um yield. 

Typical response curves for 13 ~m thick cells under  
various loads are shown i n F i g .  5 for cells i l luminated  
with light at an in tens i ty  level of about 0.3 m W / c m  2. 
W h e n  RL ~ R, the cell behaves as a current  source 
and the quasi-steady current  is near ly  independent  of 
the load. The t rans ient  is roughly exponential ,  and the 
rise time, which is the order of 1 sec for RL --~ 105 
ohms, increases with RL. 

The specific origin of the t rans ient  port ion of the 
photocurrent  is uncertain,  because of the  var ia t ion in  
the character of conduction throughout  the  electrolyte. 
However, some insight may be gained by satisfying 
charge conservation conditions. At the onset of i l lumi-  
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Fig. 5. Photovoltaic response of a 13 /~m Ag/AgBr/Ag cell to 
3650~, 0.3 mW/cm ~ illumination. 

nation, if the proximi ty  of photolytic charge genera-  
tion causes charge t ransfer  to one electrode 2 charge 
neut ra l i ty  of the cell is satisfied, not ent i re ly  by an 
equal  and opposite charge on the other  electrode, but  
par t ia l ly  by an excess of charges of opposite sign in 
the electrolyte.  For  example,  if nearby photoholes first 
charge the l ighted electrode posi t ively (reaction 1, 
Table I ) ,  cell neutra l i ty  may  result  f rom a V -  excess 
created by a loss of Ag + interst i t ials  to electron t rap-  
ping sites, and f rom some yet  unneutra l ized sites, 
ra ther  than by a negat ive ly  charged unlighted elec-  
trode. The t ransient  phase of the photocurrent  then 
appears to be due to a sluggishness in the  actual nega-  
t ive charging of the unl ighted electrode by the sug- 
gested electrode reaction Ag ~ ~ Ag + ~- e. This reac-  
t ion describes Ag + inject ion into the AgBr  lat t ice that  
would be enhanced by the arr ival  at this e lectrode of 
the diffusing V -  species. The combination of low ion 
mobil i ty  and electrode impedance, the la t ter  as de- 
scribed previously under  dark conduction, are bel ieved 
responsible for the sluggishness. 

As in the case of dark ionic conduction (Fig. 3), a 
t rue steady photocurrent  is not observed because the 
cells deter iorate  slowly. Once the cell is i l luminated,  
the t ransient  response (as shown in Fig. 5) is fol- 
lowed by a plateau in photocurrent  of several  minutes  
duration, and then a gradual  decay. For  example,  when  
a 13 ~m thick evaporated cell connected to a 1 kohm 
load was i l luminated for a prolonged period by a 3650A 
beam for which P ---- 1 m W / c m  2, the photocurrent  fell  
by 30% in 1 hr. 

Plateau values of the photocurrent  il, i2 . . . . .  obtained 
by using various load resistances RL1, RL2, . . . ,  are in 
approximate  agreement  wi th  the ratio 

il (RL2 § R )  

~2 (RLI § R) 

This formula applies in the case of an emf in series 
with an internal resistance R that is independent of 
the load, as in a battery. From this formula, R is de- 
fined as the effective internal resistance of an 
Ag/AgBr/Ag photovoltaic cell. Not only was the photo- 
voltaic internal resistance found to be approximately 
independent of the load, but it was also nearly inde- 
pendent of P. The estimated over-all accuracy in de- 
termining the photovoltaic internal resistance is -+30%. 

When a dark cell's internal resistance is compared 
to the same cell's internal resistance to a photocurrent 
the latter is, therefore, constant over the applicable 
photovoltaic cell voltage range (see Fig. 4). It is also 

2 F o r  a s h o r t  d u r a t i o n  a f t e r  i l l u m i n a t i o n  (<0 .1  sec) n e a r b y  p h o t o -  
e l ec t rons  m a y  charge  the  l i g h t e d  e lec t rode  n e g a t i v e l y  p r i o r  to  dom-  
i n a n t  p o s i t i v e  cha rg ing .  Th i s  effect, w h i c h  was  n o t  o b s e r v e d  u s i n g  
t h e  s l ew  r e c o r d i n g  t e c h n i q u e s  of t h i s  e x p e r i m e n t ,  has  been  r e p o r t e d  
(11, 12) in  cases w h e r e  p o s i t i v e  ho le  m i g r a t i o n  was  c h e m i c a l l y  sup -  
p re s sed  u s i n g  a h a l o g e n  accep to r  b e t w e e n  e l ec t rode  a nd  e lec t ro ly te .  
The cel l  v o l t a g e  r e s u l t i n g  f r o m  such  c h a r g i n g  s h o u l d  e n d u r e  for  a 
t i m e  ~- ~ RLC~ w h e r e  C~ is  t he  r e l a t i v e l y  sma l l  i n t e r e l e c t r o d e  ca-  
p a c i t a n c e  of the  cell.  

much less than the vo l tage-dependent  in ternal  resis t-  
ance of the dark current.  For  ei ther  type of cell opera-  
tion we recall  that  R > >  Re, so that  the origin of the 
difference in R lies in a comparison of e lectrode re-  
actions. The unl ighted electrode of an A g / A g B r / A g  
photovoltaic cell and the posi t ive electrode of the  same 
cell supporting dark conduction are assumed doner 
electrodes with similar roles, in the sense that  they 
both supply Ag + ions to the electrolyte.  The photo-  
voltaic cell 's lower resistance may  be due in part  to a 
larger  V -  concentrat ion at its doner  electrode due to 
photolysis, or to dissimilari t ies at the acceptor elec- 
trodes of the two cell types. At  the dark conduction 
cell 's acceptor electrode plat ing occurs, react ion 3a, 
Table I; whereas  the reflecting surface of the photo-  
voltaic cell 's l ighted electrode, af ter  prolonged uv  ex-  
posure (cited above) ,  shows discoloration at t r ibuted 
to brominat ion on an area str ict ly confined to the ex-  
posure region with  no evidence of si lver plating. These 
observations indicate that  the electronic t ransport  re-  
actions 1 and /o r  2, Table I, support  the steady photo- 
current  whereas  reaction 3b dominates over  3a and 
causes bromination.  A technique to show the re la t ive  
f requency of occurrence of reactions 1 and 2, which 
would give evidence of photohole diffusion length, does 
not seem possible in this type of experiment .  

Q u a n t u m  y i e l d . - - D e t e r m i n a t i o n  of the quantum 
yield of the photovoltaic effect involves the use of 
the formula  

Q = 3.2 • 103 i / t iP elec t rons /photon 

where  i is the photocurrent  in amperes for a 1 cm 2 
cell, P is the intensity of the incident 3650A i l lumina-  
tion in m W / c m  2, and fl is the fraction of these uv 
photons t ransmit ted by the silver cover ing electrode 
(lighted) to the AgBr  electrolyte.  Values of the quasi-  
s teady current  i were  obtained by measur ing the vol t -  
age across the cell 's load resistance with  a precision 
digital vol tmeter .  The radiat ion intensi ty was mea-  
sured with  a cal ibrated thermopile .  Unfor tunate ly ,  
because of the large uv absorption coefficient in AgBr, 
t was not measured directly. Instead the 3650A trans-  
mission of the par t ia l ly  t ransparent  electrode film was 
measured at a region off the cell  where  it was not 
backed by the AgBr  layer. However ,  as a result  of 
equil ibrat ion with  evaporated AgBr  or cell aging 
caused by photovoltaic operation, this technique 
leaves some doubt as to the transmission of the part  
of the silver film covering the cell surface. Since such 
factors would tend to reduce the effective si lver th ick-  
ness of the covering electrode film, and hence increase 
fi, the calculated values of Q are taken to represent,  at 
best, an upper bound approximat ion of the actual 
quan tum yield. For P < 1 m W / c m  ~, 13 ~m thick cells, 
for which the measured value of t ----- 0.017 --+20%, pro-  
duced calculated values of Q ---- 0.4 ___20%. This is in 
rough agreement  with a similar  de terminat ion  by 
Egger t  (12) for cells containing a 10 ~m thick layer  of 
AgBr  fabricated by brominat ion of an Ag base. The 
photocurrent  measurements  repor ted  here  were  per-  
formed on fresh cells and therefore  represent  a mini-  
m u m  of cell usage. The calculated value of Q decreases 
wi th  prolonged use in proport ion to the decrease in 
photocurrent.  In the case of the th inner  5 ~m cells 
the quantum yield was considerably less, namely,  
Q -- 0.1 to 0.15, presumably  a resul t  of the aforemen-  
t ioned compet i t ive  phenomena  arising f rom the prox-  
imity of the unl ighted electrode. 

The efficiency of convert ing radiant  power  into use- 
ful electrical  power is 

~l = i2RLIOS/P N_ Q2tFRL/104 

where  F = tip is the radiant  power  in m W / c m  2 de- 
l ivered to the electrolyte,  and the condition RL ----- R is 
implied for optimizing ~/. For  the configuration of the 
cells tested, in which fl is the order of 0.01 and hence 
the saturat ion value  of F ~ 10-~ m W / c m  2, the conver-  
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sion efficiency is ve ry  small ,  namley ,  n ~ 0.0001. I t  
would appear  that  n should increase if 6 and P are  in-  
creased. For  instance, the  efficiency of solar  cells does 
not  become large (,] -~ 0.1) unt i l  the  power  input  ap-  
proaches  the  solar constant  (P .=  100 mW/cm2) .  How-  
ever, more  than l ike ly  any increase  in the va lue  of F 
above the  a forement ioned  es t imated  sa tura t ion  l imit  
wil l  br ing  down the  va lue  of Q, and no increase  in 
will  be realized.  Re levant  to this  a rgument  a re  some 
measurements  by  Eggert  (12). Al though  his da ta  are  
wide ly  scat tered,  there  is evidence of a decrease in Q 
as ~ is increased above the  value  of ~ ~_ 0.01 employed  
in this  invest igat ion.  

Manuscr ip t  submi t ted  Dec. 3, 1969; rev ised  m a n u -  
script  received Ju ly  17, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  June  1971 
JOURNAL. 
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ABSTRACT 

S teady - s t a t e  chemical  potent ia l  profiles in a solid e lec t ro ly te  under  open-  
circui t  and ion-b lock ing  conditions,  m a y  be obta ined  by  ba lancing  the s t e a dy -  
state flux at points  inside the  electrolyte .  S t e a dy - s t a t e  oxygen  chemical  po-  
tent ia l  profiles inside a scal ing l aye r  of thor ia  and  inside y t t r i a - d o p e d  thor ia  
specimens under  open-c i rcu i t  and ion-b locking  (d-c  polar iza t ion)  condit ions 
a re  i l lus t ra ted  in special  cases. 

Wagne r  (1) has shown tha t  the  oxida t ion  of meta l s  
m a y  be t rea ted  quan t i t a t ive ly  in cases w h e r e  the  t a r -  
nishing is ra te  l imited by  s t eady-s ta te  t r anspor t  th rough  
the ta rn ish ing  layer .  Many  o ther  p rob lems  m a y  be 
considered which  also conform to this  type  of i r r e v e r -  
sible the rmodynamic  s t eady-s t a t e  t rea tment .  A pa r t i a l  
l is t ing might  include specific diffusion prob lems  and 
t he rma l  conduct ion prob lems  as wel l  as p roblems  in-  
volving charge  conduct ion th rough  mixed  conductors  
wi th  var ious  blocking electrodes.  The impor tan t  fea-  
ture  common to al l  such prob lems  is tha t  quant i t a t ive  
expressions for local in t e rna l  t r anspor t  fluxes m a y  be 
in tegra ted  over  the length  of the  t r anspor t  medium.  
By this in tegra t ion  device, the  s t eady-s ta te  flux m a y  
be wr i t t en  in te rms of the  bounda ry  values  of the  
dr iv ing  force potent ia l ,  i.e., the  l imits  of integrat ion.  
To a r r ive  at expl ic i t  re lat ionships,  however ,  one mus t  
know how the  t r anspor t  p a r a m e t e r  ( the rmal  conduc-  
t ivi ty,  for example)  depends  on the  magni tude  of the 
potent ia l  ( t empe ra tu r e  or  the rmal  energy,  for  ex -  
ample ) .  Here  we are  concerned wi th  the  p rob lem of 
deducing s t eady-s t a t e  profiles for cer ta in  of these  
potent ia ls  inside t r anspor t  media  for which  the  re -  
qui red conduct iv i ty  dependences  are  known functions.  

In  pa r t i cu la r  we are  concerned wi th  deducing the  
s t eady-s ta te  chemical  po ten t ia l  profiles (~x2 or equiva-  
l en t ly  log Px2 vs. x)  ins ide MaXb mixed  conductors  
subjected to selected bounda ry  condit ions a n d / o r  
bounda ry  values  for  log Px2. App ly ing  the  analysis  to 
solid e lect rolytes  al lows in teres t ing  predic t ion  r e g a r d -  
ing the emf genera ted  by  double  e lec t ro ly te  table ts  
p laced in series in galvanic  cell  measurement s  (2-4).  
The same analysis  m a y  also be used to calculate  the  
s t eady-s t a t e  log Px2 vs. x profile tha t  prevai l s  in a 
homogeneous solid e lec t ro ly te  being employed  in a 
typ ica l  solid e lec t ro ly te  galvanic  cell  exper iment .  
Ac tua l ly  the  profile de te rmina t ion  in solid e lec t ro ly tes  
is a special  case of the  profile de te rmina t ion  p rob lem 
for genera l  mixed  conductors.  This more  genera l  p r o b -  
lem is solved be low and then used to discuss the  log 
Pxe profile types  tha t  m a y  occur in ionic and electronic 
conduct ing scal ing layers.  In addi t ion to these open-  

K e y  words:  chemical  potential,  solid electrolytes,  mixed  conduc-  
tors, d-c polarization, scaling, electronic conductivi ty,  hole conduc-  
t ivi ty,  ionic conductivi ty,  ionic t ransference number ,  open circuit  
emf.  

circui t  t ype  problems,  the method  m a y  be used to 
calcula te  the s t eady-s t a t e  log Px2 profiles induced in 
mixed  conductor  specimens subjec ted  to appl ied  emf's  
under  selected ion-b locking  conditions.  In  par t icu lar ,  
log Px2 vs. dis tance  profiles cor responding to the  Hebb-  
Wagner  (5-7) d-c  polar iza t ion  technique  are  ca lcula ted  
and discussed below. 

General Determination of Steady-State Profiles 
Before proceeding to specific cases, we out l ine the  

genera l  fea tures  of the  method  by  consider ing a some-  
wha t  general ized t r anspor t  medium.  We consider  the 
med ium to be capable  of suppor t ing  a flux t ranspor t  
I ,  (where  n may  be mass, charge,  heat,  etc.) .  This flux 
resul ts  local ly f rom a g rad ien t  in some var iab le  V 
(where  V may  be a chemical  potent ial ,  e lect ros ta t ic  
potential ,  t empera tu re ,  etc.) .  The local flux equat ion 
m a y  be wr i t t en  as 

I J A  = J~(x) = - ~ ( x )  ~ V  [i] 

where Jn = I J A  is the • flux or the amount of ~l trans- 
ported per unit time and cross sectional area due'to 
the local gradient ~TV of the potential V. Equation [1] 
is typical of conductive-type transport processes such 
as Fick's law of diffusion, Fourier's law of heat con- 
duction, or Ohm's law of charge conduction. In such 
processes ~7V acts as the driving force for the trans- 
port process and the proportionality parameter r is 
called the conductivity parameter for ~l and very often 
is found to be a function of V. Although more general 
geometries may be readily considered, we limit con- 
sideration to the case of linear conduction geometry 
for s implici ty.  In  this  case ~TV in Eq. [1] m a y  be re -  
p laced  by  dV/dx  so tha t  the  equat ion m a y  be r e a r -  
ranged  and in tegra ted  to give 

s I fV(L)=V" 
-~ndx=~ ,v (o )=v ,  a~(V)dV [2] 

Because we are  consider ing the  s t eady - s t a t e  case, I~ is 
independent  of x and because of the  l inear  geometry,  
A is independent  of x. Equat ion  [2] m a y  be recast  as 

J,L ---- a [3] 

where  I J A  has been replaced  by  J ,  
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f V ( L ) ~ V "  

A = .,v(o)=v' a~(V)dV [4] 

and L is the total specimen thickness measured in the 
direction of transport. Note that A may be evaluated 
explicitly in terms of the end point values V (L) ---- V" 
and V(O) = V' if the functional dependence of ~n(V) 
on V is known. 

Applying these elementary results to the series com- 
posite medium depicted in Fig. 1 yields for med ium L 

x~J~' = ~' [5] 
where 

A' f V ( x Z ) = V 1  
=~v(o)=v' ~n'(V) dV [6] 

and yields for medium R 

(L - xOJ," = ~" [7] 
where 

I'V(L) = V" 

= | ~" (Y) dY [8] A" 
V(xZ) : Vl  

The primes and double primes denote quanti t ies  in the 
left and right  hand medium, respectively. To be con- 
sistent with these s teady-state  expressions, however, 
we must  also invoke the addit ional steady-state rela-  
t ion 

;~' = Z,," [9] 

For the l inear  t ranspor t  geometry being considered, 
this result  is equivalent  to 

J~' = J~" [i0] 

which, together wi th  expressions [5] and [7], yields 

X I A" 
/~ - ~, + ~,-----7 [hi 

where A' and A" may be evaluated from the integrals 
in Eq. [8] and [8], respectively. Wagner used an alter- 
native, equivalent approach to calculate the silver 
chemical potential at the interface between contacting 
Ag2S and Agl specimens (8). 

In cases where the left and right side portions of 
the t ranspor t  medium are the same material ,  Eq. [1t] 
gives a formula for deducing the V vs. x profile. This 
is done by  mere ly  picking values of V in termediate  
between V' and V", evaluat ing the ~' and h" integrals 
from Eq. [6] and [8], and then calculating the x / L  
values to which these selected V values correspond. 
For example, in the analysis of oxide solid electrolyte 
galvanic cell applications or of oxidation processes, 

I MEDIUM t 

f 
MEDIUM R 

(O) = V' 

x = x  t 

v(L) =V" 

x I 
x ~  

Fig. 1. Schematic steady-state potential distance profile inside 
two transport media in series contact 
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V' and V" ma y  be taken to be the end point  log Po2 
values log Po2' and log Po2", respectively. The a '  and 
• expressions are then generated by the  appropriate 
integrat ion of Wagner 's  general  expression (1) for the 
net  flux of mobile ions through any  compact MaX~ 
scaling layer as discussed in more detail  below. 

In  the cases where the composite medium is actual ly 
two different materials,  the log Px~ profiles inside each 
medium may be calculated individual ly  according to 
the procedure outl ined above with both contacting 
surfaces sharing the same ~x2 value, i.e., the interracial  
value, log Px2i It  is apparent  from Eq. [6], [8], and 
[11] that  when  the conductivi ty parameters  of both 
media are V independent ,  the V vs. x profiles reduce 
to two straight l ine segments connected at the point  
V:, xL Much more interest ing and less obvious profiles 
result  when  the conductivities exhibit  a more or less 
complicated funct ional  dependence on the driving force 
variable  V. 

Application to Mixed Conductors under Open-Circuit 
Conditions 

Consider the case of a general  mixed conductor 
specimen pressed between two reversible electrodes 
that establish the nonmeta l  chemical potential  #x2 at 
the left and r ight  hand  faces of the specimen. Accord- 
ing to Wagner 's  scaling rate theory (1), J~ for this case 
may be taken to be the electronic current  Je and the 
driving force var iable  is the electrochemical potential  
for electrons ~ .  Under  various assumptions involving 
local equil ibria among various electronic, ionic, and 
atomic components and assumptions involving vi r tual  
stoichiometry constraints on the l ~ X b  compound, 
Wagner 's  theory allows Vne to be wr i t ten  in terms of 
V~x2 so that  the locat ion- independent  steady-state 
electronic current  density Je  ---- I e / A  may be wri t ten  in 
terms of the al ternat ive dr iving force var iable  #x2 as 
follows 

Je = [1/ (2zxF) ]t~onte~d~x2/cir [12] 

where Zx is the anion's  valence, F is Faraday ' s  con- 
stant, ~ is the total electrical conductivity, and tion and 
te are the ionic and electronic t ransference numbers,  
respectively. Rearranging Eq. [12] and integrat ing 
from x -~ 0 to x I and from x I to L (i.e., over two mixed 
conductors in series contact at x I) yields 

O ~ X 2 I  ~ p r 

A' = [1/ (2zxF)]  ,~x2, tionteed~x2 [13] 

y~ .X~" vv vv~vv 
~ " =  [1/ (2zxF)]  xl  tIon te d#x2 [14] 

These may be used in Eq. [11] to generate  ~x2 vs. x 
profiles in cases where  the funct ional  dependences of 
tion', te', o" and t i J ' ,  re", and  a" on ~x2 are known. For ex-  
ample, one may use Eq. [11], [13], and [14] to calcu- 
late the ~x2 profile prevai l ing inside a scaling layer 
growing on an oxidizing metal.  This is done by lett ing 
x I be any a rb i t ra ry  location inside the scale. In  such 
cases, however, it is more convent ional  to use log Px,, 
instead of ,x~ as the variable V. Then, for the scaling 
layer  example, Px2" i s : t he  Px2 value established by 
equi l ibr ium coexistence between the metal  and the 
MaXb scale mater ia l  and may be calculated from tabu-  
lated data for the s tandard free energy of formation 
hG o of the MaXb compound. Px~", the ambient  Px~ of 
the "X-idizing" atmosphere, must  be determined from 
the specified ambient  conditions. In  this example the 
interface at x I separates two regions of the same mate-  
rial, hence the functional  forms of tion, re, and ~ are 
the same whether  double or single primed. Figure 2 
shows the results of such a log Po~ vs. x / L  profile in-  
side a scaling layer of ThO2 forming on thor ium metal  
in O~ gas at I a tm pressure and at 1000~ The neces- 
sary t ranspor t  parameters  (P , P c '  n and ~r as dis- 

cussed in detail below) were deduced from reported 
conductivity measurements  on ThO2 (9, 10) and also 
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Fig. 2. Log Po2 vs. x/L profile inside a ThO~ scaling layer form- 
ing on Th metal at  1000~ in 1 atm Po.~. 

from as yet unpubl ished measurements  on ThO2 made 
in our laboratory. 

To further  i l lustrate the application of these ideas, 
let us specialize considerations to the class of mixed 
conductors known  as solid electrolytes. For  these ma-  
terials, t ion~  - -  ~ion i s  k n o w n  t o  be invar ian t  over wide 
ranges of log Px~ and may therefore be moved outside 
the integrals of A' and A" in  these ranges. Considering 
the entire medium between x = 0 and L to be com- 
prised of the same solid electrolyte material ,  Eq. [11] 
reduces to 

log Pxet I f l~ Pxz 
- -  tion d log Px2 

PX2' =]log PX2' 
XI  

- - =  [15] 
L 

-- tion d log Px., 
Px2' ~log PX~' 

where we have changed the variable  of integrat ion 
from ~xe to log Px2 through the relationship 

~,x~ = ~x2 ~ + 2.303RT log Px~ [16] 

According to an analysis by Schmalzried (11, 12) the 
integrals appearing in  Eq. [15] may be evaluated by 
employing the formula 

y log Pxs(b) 

log Px2(a) tion d log -Px2 ----- [2.303n/~/w] 

where 

log 

2(Px2/P )l/n Jr 1 -- N/w 

2 (Px2 /P  ) i /n  Jr 1 -Jr- N//W 

Px=(b) 

Px,z(a) 

[17] 

[18 ]  

In  Eq. [17] and [18], P is the Px2 where ~ -~ #ion. 

P is the Px2 where  a =aion,  and O and O denote 

excess electron and positive hole carriers, respectively. 
The empirical parameter  n characterizes Schmalzried's  
presumed dependence of the electronic conductivit ies 

and r on Px2 - I /n  and Px2 +l/n, respectively. Thus 
G 

the parameters  P , P , and n must  be known from in-  

dependent  experiments  if quant i ta t ive  results are to 
be obtained. A computer  program with these pa ram-  
eters and P x l  and Px2" as input  is used to generate 
xZ/L values according to Eq. [15], [17], and [18] for 
an array of Px2 z values between Px2' and Px2". The re-  
sult ing tabulat ion of xZ/L vs. Px2 z values is then 
plotted to provide the desired profiles. All  the profiles 
for open-circui t  conditions, i.e., Fig. 2-5 were generated 
in  this fashion. 

Figures 3-5 show the results of such an application 
for the oxide solid electrolyte YDT (Tho.s5 Yo.15 O1.925)  

~6~0 

~ eo2 = ,r o~ J~rlPo.~ = 10 -10"75 atm 
pc= 10 2 otto Pe= 10 -19 o t t o  

I "7"0 ~ TEMp= 1600~ 0.996 
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-9.e / / / / . /  ~ ~  0.993 
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Fig. 3. Log Po2 vs. x/L profile inside a yttria-doped thoria e lec-  
trolyte fox reversible electrode Po2 values within the electrolytic 
domain at 1600~ 
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Fig. 4. Log P02 vs. x/L profile inside a yttrio-doped thoria elec- 
trolyte for reversible electrode Po2 values spanning the mixed con- 
duction region between the electrolytic and excess electron con- 
duction domains at 1600~ 
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Fig. 5. Log P02 vs. x/L profile inside a yttria-dopad thorla elec- 
trolyte for reversible electrode P02 values located at Pe and Pc, 
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at 1600~ The values of P ,  Pe '  and n at 1600~ were 

determined from an assessment of conductivi ty and 
galvanic cell data involving the electrolyte YDT. The 
values of Po2' and Po~" were chosen so that  three  in ter-  
esting cases could be demonstrated.  Figure  3 shows the 
log Poe vs. x /L  profile for the case where Poe' and 
Po2" both lie wi thin  the electrolytic conduction domain 1 
for YDT. The Po2' and Po2" values for Fig. 4 span a 
mixed conduction region from the electrolytic domain 
down into the domain where excess electron conduc- 
t ion becomes predominant .  Similar ly  the Po2' and Po2" 
values for Fig. 5 were chosen well  outside the domain 
where ionic conduction predominates.  Thus in this 
case Po2' -- P and Po2" = P so that  the ent i re  elec- 

@ �9 

trolytic domain is spanned. In  addition to giving the 
log Po2 vs. x /L  profile, each figure also shows the 
tion vs. x /L  profile. The tion values were determined 

z T h a t  is, the  log  Pos, 1 /T  d o m a i n  w h e r e  t t o n >  0.99 a c c o r d i n g  to  
a r e c e n t  p a p e r  (13j w h i c h  also e l u c i d a t e s  the  de t a i l s  of  e l ec t ron  
ho le  a n d  excess  e l ec t ron  c o n d u c t i o n  d o m a i n  on l og  P x  z, 1/T di -  
ag rams .  
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for these log Po2 profiles by evaluat ing 

tlo~ = [1 -{- P -1/n Po21/n _~_ p +1In Po2-1 /n] - I  [19] 

Note that  the log Pxs profiles show a steep gradient  at 
the region where tion is a maximum, the region having 
predominant ly  ionic conduction. Wagner  long ago (1) 

r = r ~/n pxi-~/*~ [23] 

r is Px2 independent  where as before a = ~'ion at 

Px2 = P and ~ ~ r at Px~ = P �9 Equations [11], 

[20], [21], [22], and [23] may be combined to yield 

X 
m =  

L 

[p  -1/n Px21/n(O) {exp (--2zxFE ( x / L ) / n R T )  -- 1} + P 1/n px2-1/n  {1 -- exp (2zxFE ( x / L ) / n R T ) ]  

[24] 
[P -1 /nPx21/n(O)  {exp ( - - 2 z x F E ( L ) / n R T )  -- 1} + P 1/n px2-1 /n  {1 -- exp ( 2 z x F E ( L ) / n R T } ]  

alluded to this feature of such chemical potential  pro-  
files inside mixed conductors but  reported no quan-  
t i tative calculations. 

This procedure may be readily adapted to the deter-  
minat ion of log Px21 values that  prevail  at the contact-  
ing interface between two different X (or M) ion 
conductors in series. In cases where two different 
oxide solid electrolytes are used in series for galvanic 
cell emf measurements,  it is impor tant  that the log 
Po2 ~ value prevai l ing at their  contacting interface lie 
within the electrolytic domain for both electrolytes at 
all times. Otherwise the measured emf's will  depart  
from the thermodynamic  values by u n k n o w n  amounts.  
However, by applying the above methods one may 
readily calculate the log Poe i values to be sure they do 
fall wi thin  the electrolytic domains. No example pro- 
files for this type problem are offered in the present  
context, however, because others (4, 8) have al ready 
solved this class of problems by an al ternate method. 

Application to Mixed Conductors Subjected to Applied 
EMF's and Ion Blocking Conditions 

Now let us consider the case of a mixed conductor 
between a reversible electrode and an ion-blocking 
electrode which are both capable of t ranspor t ing elec- 
trons with negligible impedance. Let an emf E be ap- 
plied across the mixed conductor, as in d-c polarization 
experiments  (14-17). The si tuation is schematically 
i l lustrated in Fig. 6. 

For i0n-blocking conditions, Wagner  (6, 7) has de- 
rived a general  expression for the s teady-state  current  
due to electrons and holes in ionic crystals. Wagner ' s  
result  is related to the quant i ty  of Eq. 3 by the re la-  
tion 

~,, /~x2(L) 

= Je L = ~ [I(2ZxF)]  ,x~(O~ ~e d;~x2 [20] 

where 

~x2 (L) = zx2 (O) ~ 2zxF E (L) 

= #x2(O) -{- R T l n  [Px2(L) /Px2(O)]  [21] 

and where ce ---- ~ ~- ~ is the sum of the electron 
G 

hole �9 and excess electron @ conductivit ies inside the 
specimen. 

For most ionic compounds capable of p redominan t  
ionic conduction we may assume the following t rans-  
port parameter  dependences 

= a~on P - 1 / n  P x 2 1 / n  [22] 

x = 0  x = L  
ION 

J REVERSIBLE J MIXED CONDUCTOR ELECTRODE ELECTRODE MaX b BLOCKING 

I I I ,I 
E 

e.g.  

FOIL u, Cu20 FOIL 

:I 
E 

Fig. 6. Schematic cell arrangements for Hebb-Wagner d-c polar- 
ization experiments. 

Equation [24] combined with Eq. [21] gives the log 
Px2 profile wi th in  the mixed conductor under  ion- 
blocking conditions. 

Figures 7 and 8 show log Po2 profiles induced in 
YDT under  ion-blocking conditions at 1600~ Figure 
7 shows such a profile for both electrodes having Po2 
values inside the electrolytic domain. The Po2 value at 
the reversible electrode is established by the presence 
of oxygen gas at 10 -6 atm, whereas the effective Po.~ 
at the blocking electrode is established at 10 -l~ atm 
as a result  of the imposed emf E = --0.442V. Figure 8 
shows the effect of increasing the magni tude  of the 
applied voltage. In  this case the reversible electrode is 
presumed to be established at P so that  t h e  applied 

emf of E = --1.951V renders  the effective Po~ at the 
blocking electrode to be P ----- 10 -19 atm at 1600~ 

Interest ingly,  an emf vs. x / L  profile for Ages has 
been obtained by Hebb (5). Unfor tunately ,  his data 
cannot be correlated with Eq. [24] because no effort 
was made to establish the silver chemical potential  
with a reversible electrode in Hebb's experiment.  

A comparison of Fig. 7 and 8 shows that,  under  
blocking conditions at least, a significant region of 
an oxide conductor can be made substant ia l ly  n~type 
by merely  controlling the magni tude  of the applied 
voltage. Theoretical ly reversing the voltage (under  
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x / L ~  

Fig. 7. Log Po2 vs. x/L profile inside a yttria-doped thoria elec- 
trolyte with the reversible electrode Po2 at 10 -6  arm and the ion- 
blocking electrode at 0.442V negative polarity, T ~ 1600~ 
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Fig. 8. Log Po2 vs. x]L profile inside a yttria-do~d thoria elec- 
trolyte with the reversible electrode at P| and the ion-blocking 
electrode at a sufficient negative emf to induce an effective Po 2 
equal to PO at 1600~ 
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blocking conditions) should induce a p- type  region. 
This property could be impor tant  in catalysis engi-  A 
neer ing where  the electronic na ture  of the catalyzing E 
substrate is often vital, al though the above calculations E (L) 
assume that  there is no source of oxygen (the mobile E ( x / L )  
species) other than at the reversible electrode. These F 
calculations do suggest that  some degree of control G 
over the n -  or p- type  na ture  of an oxide lateral  sur-  I ,  Je 
faces may be possible even if a l imited amount  of oxy-  j~ 
gen exchange between the oxide and the ambient  is l 
permitted. L 

n 
APPENDIX 

Px2 The Conductance of a Solid Electrolyte When Subjected to a 
Difference in the Nonmetal Chemical Potential at the Ends p 

under Open-Circuit Condition pC 
With reference to Fig. A-I ,  let us assume the mixed e 

conductor of length L and uniform cross section A, R 
subjected to nonmeta l  chemical potential  ~x2(1) and te 
~x2 (2) at its two ends. tlon 

The conductance is then  given by T 
V 

1/G = [1/A] [1/o-(l)]dl [25] V" 
V I 

where G = total conductance and a(l)  ~ the total x 
conductivi ty at location l. Zx 

We can write Eq. [25J as ~le 
~X2 

Y; 1/(3 = [ l /A]  [tion/o-ion(l)]dl [26] ~x2 o 

In  the case of solid electrolyte O-io n is a constant  and is r 
independent  of I. Therefore ~re 

o/' cri~ 1/G = 1/(Ao-ion) tion(l) dl [27] o-, 

@ 

Since a plot of t i o n  V S .  x / L  can be obtained, as discussed ~e 
earlier, graphical  integrat ion of Eq. [27] is possible, 
yielding the value of G. 

Exper imenta l  de terminat ion of the quant i ty  G under  
open-circui t  condition becomes difficult if an a-c bridge 
or any other ins t rument  is connected across the ends of 
the specimen, because the open-circui t  condition is 
violated. However, the cell assembly i l lustrated in 
Fig. A-2 allows determinat ion of the conductance. 

The total conductance G' of the double cell can be 
determined with an a-c bridge without violating the 
open-circui t  conduction, because the nonmeta l  chem- 
ical potentials at the two ends are identical. The total  
conductance G" is then given by 

{z z } 1/G' = [1/(Ao-ion)] tlon(l) dl -~- tion(l)dl [28] 

The quanti t ies  on the right can be determined as ex- 
plained earlier and thus an exper imental  check may 
be obtained. 

L -- t  
I -  L - i  

.x2(I) I MaXb 1~x2(2) 
Fig. A-1. A mixed conductor MaXb of length L and uniform cross 

section A, subjected to nonmetal chemical potential ~x2 (I) and 
~x2 (2) at its two ends. 

['1 ~ L ~ - L  2 -~  
MoXb I MoX  I 

UX2(1) UX2(2) IJX2(1) 
Fig. A-2. A symmetric double cell with solid electrolyte MaXb to 

determine the conductance when the solid electrolyte is subjected 
to a difference in the nonmetal chemical potential at its two ends. 
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cross-sectional area 
electrical potential  difference 
electrical potential  difference from O to L 
electrical potential  difference from O to x 
Faraday 's  constant 
total electrical conductance 
current  of species n 
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generalized potential  
potential  at location O 
potential  at location L 
potential  at location x I 
distance coordinate inside the specimen 
valence of anion 
electrochemical potential  for electrons 
chemical potent ia l /mole  of nonmeta l  gaseous 
dimer (X2 gas) 
chemical potential  for one mole of X2 gas in 
the standard state 
total electrical conduct ivi ty  
totaI electronic conductivi ty 
ionic conductivi ty 
conductivi ty parameter  for species 
hole conductivi ty 

excess electronic conductivi ty 
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Alkaline Earth Sulfide Phosphors 
Activated by Copper, Silver, and Gold 

Willi Lehmann* 
Westinghouse Research Laboratories, Pit tsburgh, PennsylvfLnia 15235 

ABSTRACT 

Emission spectra of cathodoluminescence of Cu, Ag, and Au in MgS, CaS, 
SrS, and BaS, at room tempera ture  and near  80~ are presented. The spectra 
depend very much on the coactivators used including the alkalies and the 
halides. The observations indicate the luminescence to be caused by centers 
containing both activator and coactivator. 

Copper, silver, and gold are well  known to be most 
effective activators in ZnS- type  phosphors. They are 
probably  incorporated as acceptors and, for charge 
compensation, require  the simultaneous incorporation 
of a donor impuri ty,  e.g., a halide (except F) or a 
t r iva lent  metal  (e.g., A1) as coactivator. Earl ier  
workers have noted already, that  the si tuation is quite 
different in alkaline earth sulfides where not C1, Br, 
or I but  F is the preferred halide and where even 
alkalies are effective coactivators (1, 2). 

Investigations on alkal ine earth sulfide phosphors 
activated by  copper, silver, or gold are surpris ingly 
rare, and the few publications are not always in 
agreement  with each other. Lenard (1) reported 
three different emission bands, at 420, 512, and 600 nm, 
respectively, in CaS:Cu, but  in view of the uncer ta in  
compositions of the materials  of his days, the results 
may be questioned. More recently,  and apparent ly  
working with bet ter  materials,  Sorge (2) reports a 
single emission band in CaS:Cu,F, at 430 nm with 
0.1% Cu and at 480 nm with 1% Cu. Gradual  replace- 
ment  of CaS by SrS and BaS shifts the copper emis- 
sion to lower energies. Other reports on CaS:Cu in-  
clude those by Avinor  et al. (3) (one emission band 
at 460 nm)  and by Wachtel (4) (two bands, at 435 
and 500 nm) .  Reports on silver or gold activated 
alkal ine earth sulfides do not seem to exist. Our in -  
vestigations were made to clarify the reported con- 
tradictions on CaS: Cu and, more generally, to improve 
our knowledge of the entire alkal ine earth sulfide 
phosphor system. 

The compounds MgS, CaS, SrS, and BaS all crystal-  
lize in the cubic NaC1 lattice. Some properties of in-  
terest are summarized in Table I. The optical absorp- 
tion "edge" actually is the spectral position where, in 
a compound as pure as we could make, the optical 
absorption coefficient goes through the value of about 
100 cm -1. These points were determined by simple 
powder reflection measurement  at room temperature;  
they are not  necessarily identical to the t rue band  
gaps of the compounds which may  be (and apparent ly  
are) obscured by various nat ive defects, exciton ab-  
sorptions, etc, and which may be slightly higher than 
the "edges" ment ioned in Table I. The cationic radii 
are those reported by Paul ing  (5), and the next -  
neighbor distances are simply the sums of cationic 

* Electrochemical  Society Act ive  Member .  
Key  words :  m a g n e s i u m  sulfide, calc ium sulfide, s t ron t ium sulfide, 

ba r ium sulfide, a lkal ine  ear ths ,  phosphors,  luminescence,  spectra,  
copper, s i lver,  gold. 

Table I. Some properties of alkaline earth sulfides 

MgS CaS SrS BaS 

Optical abs. edge (eV) ~5 .4  
Cation rad ius  (A) 0.65 
Nex t - n e i g h b o r  dis tance (A) 2.49 
Inters t i t ia l  rad ius  (A) 0.32 

4.8 4.4 3.8 
0.99 1.13 1.35 
2.83 2.97 3.19 
0.61 0.73 0.93 

and anionic radii (with 1.84A for S - - ) .  The in ter -  
stitial radius is the ma x i mum radius of a solid sphere 
which could be placed inters t i t ia l ly  in the lattice with-  
out deformation of the latter. 

Preparation 
Alkal ine  earth sulfides of luminescence grade pur i ty  

do not seem to be commercial ly  available. We pre-  
pared CaS, SrS, and BaS by a method described by 
Sorge (2) and Wachtel (4). The purest  available 
ni t rates  are dissolved in  water  and, for several hours, 
kept boiling in the presence of magnes ium metal  
ribbon. Heavy metal  impuri t ies  either deposit on the 
magnesium or are trapped in small  amounts  of hy-  
droxide which, afterwards, is filtered out. The sulfates 
are then precipitated with H2SO4, briefly washed in 
water  to remove excess acid, dried, and converted to 
the sulfides by firing in an atmosphere of H2 and H2S 
(4). The results are white, nonluminescent  powders 
containing no spectroscopically detectable traces of 
Fe, Mn, Cu, etc. The major  remain ing  impur i ty  is 
silicon (usually about 100 ppm),  probably from the 
quartz containers. Oxygen, due to unavoidable  con- 
tact with atmospheric air, probably is also present but  
cannot be detected spectroscopically. We believe 
silicon to have no effect on the luminescence proper-  
ties of the sulfides, and a possible effect of oxygen is 
minimized by the strongly sulfurizing atmosphere of 
the final firing step and by protection of the phosphors 
from air by an inert  atmosphere (e.g., argon) dur ing 
storage. Only MgS cannot be prepared in this way 
(MgSO4 is soluble in water) .  It was made by firing 
MgCO~ (luminescence grade puri ty)  in argon loaded 
with CS2 (6). The conversion is quant i ta t ive  but  the 
resul t ing MgS has, at best, only the pur i ty  of the 
used MgCO3. 

Desired impuri t ies  were added to the prefired 
pure sulfides before the final firing step. It is con- 
sidered to be an impor tant  point in  these invest iga-  
tions that, whenever  possible, only one activator ele- 
ment  (here Cu, Ag, or Au) and one co-activator ele- 
ment  were tested in any one of the samples, and that  
all other impuri t ies  were kept out as well  as possible. 
Copper and silver were added as sulfides, gold as fine 
metal  powder. Alkali  metals, whose sulfides are too 
inconvenient  to handle, were added as sulfates or 
carbonates. Halides were added as alkal ine earth 
halides (e.g., CaF2 in case of CaS phosphors) or as 
ammonium halides, the lat ter  react quickly with the 
host sulfides with l iberat ion of small  amounts  of NH3 
and H2S. The presence of traces of ammonium in this 
case, or of carbon in case of added carbonates, are not 
harmful  since it was especially ascertained that  both 
have no visible effect on the luminescence of the final 
phosphor. The presence of oxygen from decomposing 
sulfate or carbonate is somewhat more serious, but  
we believe to have reduced the influence to a 
negligibly low level by means of the sulfurizing a tmo- 
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sphere dur ing firing. All  samples were fired in small  
amounts  (a few grams) either in open quartz boats 
in flowing H2S, or in capped quartz tubes containing, 
besides the phosphor, some free sulfur, and sur-  
rounded by argon 1 for one to two hours, MgS and 
CaS at 1200~ SrS at 1000~ and BaS at 800~ 
St ront ium sulfide and especially bar ium sulfide tend 
to form polysulfides if prepared in sulfurizing atmo- 
sphere. They were converted back to single sulfides 
by a brief retiring, at 700~ in pure Ha. 

Measurements 
The emission spectra of luminescence were meas-  

ured on thin powder layers excited in a demountable  
cathode-ray tube by 10 kV electrons at approximately 
1 ~A/cm 2 current  density, either at room tempera ture  
or cooled to near  80~ The luminescence was ob- 
served through a quartz window, with a quartz prism 
monochromator  (Beckman DU) and a photomult ipl ier  
(1P28) in quartz glass. Spot tests showed the mode of 
excitation (electron beam or short wave ultraviolet)  
to have little or no effect on the spectra. All  spectra 
presented here are corrected for monochromator  
t ransmission and photomult ipl ier  response by means 
of a s tandard incandescence lamp supplied by the 
National  Bureau of Standards,  and given in terms of 
quan tum intensi ty  per uni t  energy in terval  as func-  
t ion of the quan tum energy. The l imit  of spectral 
resolution is about 0.02 eV, or better, fair ly indepen-  
dent of the spectral position. All  spectra are normal -  
ized to equal peak height ( =  100 units)  irrespective 
of the emission intensities actual ly observed. 

Experimental  Results 
The influence of the added copper concentrat ion on 

the emission spectra of a series of CaS:Cu,Na (3%) 
phosphors is demonstrated in Fig. 1. The emission in-  
tensi ty increases with the copper concentrat ion up to 
about 0.1% Cu and then decreases again. At low 
copper concentrations, the spectrum consists of two 
structureless bands about 0.28 to 0.30 eV apart. These 

1 T h e  l a t t e r  m e t h o d  is d e s c r i b e d  b y  W a c h t e l  (4). 

two bands disappear at high copper concentrat ions 
(about 0.5% and more) and, instead, a very broad 
and i r regular ly  shaped band with the peak at about 
2.3 to 2.4 appears. We observe similar dependence on 
the activator concentrat ion also wi thin  other alkaline 
earth sulfides activated by copper, silver, or gold. The 
spectra observed at low concentrat ions apparent ly  are 
due to isolated luminescence centers and the broad 
bands, observed at high concentration, to interact ion 
between adjacent centers. The following results are 
limited to materials with low activator concentrations, 
i.e., about 0.1 mole % or less. 

Various co-activators have an influence (repro- 
ducible) on the peak positions and the widths of the 
two emission bands of CaS:Cu and (less quant i ta -  
t ively reproducible) on their  in tensi ty  ratio. Some 
representat ive spectra are shown in Fig. 2. The follow- 
ing observations may especially be mentioned:  

(a) Even CaS: Cu containing only copper (no in ten-  
t ionally added coactivator) is well  luminescent  in two 
separate emission bands. 

(b) The observed peak positions, as function of the 
added coactivator, scatter over a range clearly ex- 
ceeding the unavoidable  uncertaint ies  in phosphor 
reproducibil i ty (about _--4- 0.02 eV) and accuracy of 
measurements.  

(c) The two emission bands resemble, in width and 
separation, very much the two emission bands ob- 
served in ZnS:Cu  phosphors. 

(d) The emission of CaS:Cu with C1 (similar also 
Br) as coactivator is weak. Its emission spectrum re- 
sembles the broad band observed, with other coactiva- 
tors, only at high copper concentrations. 

The influence of the coactivator on the emission 
spectrum is not l imited to CaS:Cu but  almost un i -  
versally observable wi thin  all alkaline earth sulfides 
activated by Cu, Ag, or Au. It is very pronounced 
in some cases (e.g., in SrS:Au,  Fig. 3), weaker  but  
still clearly visible in others (e.g., in BaS:Cu, Fig. 4) 
but near ly  always present. This is demonstrated also 
in Fig. 5 and 6 showing the peak positions of the 
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Fig. 1. Emission spectra of CaS:Cu,Na(3% added) phosphors of 
varied copper concentrations. 
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Fig. 2. Emission spectra of CaS:Cu(0.1%) with different coacti- 
vators (1% added). 
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Fig. 3. Emission spectra of SrS:Au(O.1%) with different coactivo- 
tors (1% added). 
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Fig. 4. Emission spectra of BaS:Cu(O.1%) with different coactiva- 
tors (1% added). 

emission bands of alkal ine earth sulfides activated by 
Cu and by Au as function of the used co-activator. 
The length of each horizontal  bar  indicates approxi-  
mately  the accuracy of the de terminat ion  of the peak 
positions. It is clear that the scatter due to variat ion 
of the coactivator by far exceeds the l imit  of accuracy 
in m a n y  cases. It may especially be stressed here that  
these variat ions are not accidental due to poor re-  
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Fig. 5. Peak positions of alkaline earth sulfide phosphors all 
made with 0.1% of copper and 1% of various coactivators, mea- 
sured at room temperature. 
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Fig. 6. Same as Fig. 5 but Cu replaced by Au (MgS:Au is non- 
luminescent). 

producibil i ty of the materials;  they are well  re-  
producible. 

In  view of these complications it is not surprising 
that  no simple "shift" of an emission spectrum to 
lower energies is observed if, with any activator-  
coactivator pair, the host crystal  is varied from MgS 
to CaS to SrS to BaS. Some spectra demonstra t ing 
this are shown in Fig. 7-9. The closest resemblance to 
a simple spectral shift exists for copper (Fig. 7), but  
deviations appear here also. Any  regular  behavior  is 
missing in cases of silver (Fig. 8) and gold (Fig. 9). 

The following general  remarks  may  be made to the 
efficiencies of copper, silver, and gold in  alkal ine 
earth sulfide phosphors: 

Copper-act ivated alkal ine earth sulfides normal ly  
are efficient phosphors, quan tum efficiencies of photo- 
luminescence of about 50% or more, and energy effi- 
ciencies of cathodoluminescence of 10 to 15%, can 
rout inely  be obtained. Exceptions are only materials 
containing C1, Br, or I which perform very poorly. 

'Silver is an inefficient activator in any  one of the 
alkaline earth sulfides and with any coactivator, effi- 
ciencies of photo- and of cathodo-luminescence rare ly  
come to about 10% and 1%, respectively. Silver does 
enter the lattices, however, and produces emission 
spectra clearly different from those caused by copper 
or gold. 
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Gold-act ivated alkaline earth sulfides containing 
C1, Br, or I as coactivator are about  as efficient in 
photo- and in cathodo-luminescence as Cu-act ivated 
materials  containing halides. The alkalies perform 
somewhat poorer in combinat ion with gold. Gold is 
completely ineffective in MgS, however. All  at tempts 
to make luminescent  MgS:Au phosphors, wi thout  or 
with added coactivators (tested: F, C1,Br,I,Li,Na,K, 
Rb,P) failed; the materials  invar iab ly  were dead. It  

,.•41 Room Temp 
1 0 0 |  ~ / / ~  \ . . . . .  80OK 

/ .C \ 

t F-'-2.18 

/ . \  

I00 1.87 f'~. 

0 I I 
1.5 2.0 2.5 3.0 

Quantum Energy, eV 

Fig. 9. Emission spectra of CaS, SrS, and BoS activated by -gold 
and potassium (1~ added). MgS:Au is nonluminescent. 

may be that  gold is too big (ionic radius = 1.37A) 
to replace the small  Mg 2+ ion (0.65A) in the lattice 
of MgS. 

Discussion 
The Sch6n-Klasens model of luminescence in ZnS-  

type phosphors assumes the emission to be due to an 
electron t ransi t ion from the lower edge of the conduc- 
tion band, or from a level very  close to that  edge, into 
a previously emptied level (caused by Cu +, etc.) not 
too far above the valence band edge. This model  cer- 
ta inly  does not apply to alkal ine earth sulfide phos- 
phors because: 

(a) It  would require  independence of the emission 
spectra on the used coactivator. 

(b ) I t  would require  the emission spectra s imply to 
shift to lower energies, parallel  to the change of the 
width of the band gap, as the host crystal  is varied 
from MgS to CaS to SrS to BaS. 

Both predictions are in strong disagreement  with the 
observations. The emission spectra do very  definitely 
depend on the coactivator, and there is no spectral 
shift over a range corresponding to the change in band 
gap (compare Fig. 5-7 with data in Table I ) . - T h e  
observations can only be understood on the basis of a 
Prener -Wil l iams type of recombinat ion (7, 8) in 
which both, activator and coactivator, are directly 
involved. Shionoya et al. (9) recent ly  presented strong 
evidence that this type of recombinat ion is responsible 
for all the main  emission bands of copper and silver 
in ZnS- type  phosphors. 

No at tempt shall be made here to present  a model 
to explain quant i ta t ive ly  the observed variat ions in 
alkaline earth sulfide phosphors activated by  copper, 
silver, or gold. 
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Liquid-Phase Epitaxy of In Gal_xAs 
G. A. Antypas* 

Central Research Laboratories, Varian Associates, Palo Alto, California 94303 

ABSTRACT 

InxGa1-~As layers grown by l iquid-phase epitaxy were obtained in the 
range of 0.0 < x < 0.23, when grown on the ( l l l  Ga) plane of GaAs. At tempts  
to grow alloys on the ( i f0) ,  ( i l l  As),  (100), and ( i f2  As) planes resulted in  
polycrystal l ine layers. The alloy composition was determined by x - r ay  
fluorescence and the band gap by infrared transmission. The te rnary-phase  
diagram was calculated using Darken 's  quadrat ic  formalism to describe the 
t e rnary  l iquid and assuming the solid solution in equi l ibr ium with the 
liquid to be regular.  It was found that  the exper imental  results were in 
good agreement  with the calculated phase diagrams. A number  of l iquidus 
isotherms were calculated in the tempera ture  range of 700~176 Gal l ium 
arsenide isoconcentration curves are shown for 0.95, 0.90, 0.80, 0.50, and 0.30 
GaAs mole fraction. 

Early exper imental  invest igat ion of the solid solu- 
tions of I I I -V compounds indicated that  systems having 
a column V common element  do not form continuous 
solid solutions, while systems having a common III  ele- 
ment  do. This observation was based on the report  by 
Koster and Thoma (1) on GaSb-InSb,  AlSb-InSb,  and  
GaSb-A1Sb, and the work of Folber th  (2) on the InAs-  
InP  and GaAs-GaP systems. Goryunova  and Fedorova 
(3), however, reported that complete solid solutions 
were obtained in the InSb-GaSb  system, and an almost 
complete solid solution was obtained for the InAs-  
GaAs system when the alloys were annealed at re la-  
t ively high temperatures  for extended periods of time. 
Since then, the InAs-GaAs system has received wide 
at tent ion pr imar i ly  due to its wide direct band  gap 
range. Woolley and Smith (4) have obtained a series 
of alloy compositions by anneal ing compressed pow- 
ders at 900~ X- ray  diffraction studies on these sam- 
ples indicate that  Vegard's law was obeyed. Abrahams 
et al. (5) studied the electrical, thermal,  and optical 
properties of InGaAs alloys prepared either by gradi-  
ent  freezing or zone leveling techniques. Van Hook and 
Lenker  (6), using the techniques described by Sharer 
and Weiser (7), obtained InGaAs alloys across the 
whole composition range. All  of the ment ioned tech- 
niques yielded polycrystal l ine material ;  furthermore,  
the mixed crystals were annealed or grown at tempera-  
tures  close to the mel t ing  point of InAs (942~ 

Liquid-phase epitaxy as reported by Nelson (8) has 
been used previously in growing high-qual i ty  epitaxial  
layers with low native defect densi ty (9). This tech- 
n ique  was used by Antypas  and James (10) in grow- 
ing GaAs~Sb~-z epitaxial  layers on GaAs substrates in 
the range  1.00 > x > 0.75. Olsen et al. (11) reported 
the growth of InGaAs epitaxial  layers on GaAs sub- 
strates in the temperature  range of 750~176 The 
author, however, was unable  to obtain any more in -  
formation on the growth characteristics and /or  prop- 
erties of the grown layers. Recently, Stringfellow and 
Greene (12) reported that  Ewing grew InGaAs epi- 
taxial  layers across the alloy series on (111 As) InAs 
substrates by l iquid-phase epitaxy. Their  results were 
in excellent agreement  with their calculated t e rna ry -  
phase diagram based on the quasi-chemical  theory. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  I I I - V  a l loy  s e m i c o n d u c t o r s ,  I n G a A s  t e r n a r y  p h a s e  

d i a g r a m .  

The present  investigation was oriented toward de- 
veloping InGaAs epitaxial  layers, preferably  on GaAs 
substrates, to be used as high-efficiency, long-wave-  
length threshold semit ransparent  photoemitters. Simi-  
lar investigations in our  laboratory have led to the 
development  of high-efficiency 1.06~ photoemitters 
based on GaAsxSbl-x epitaxial  layers. 

Experimental Procedure 
The epitaxial  layers were grown using the horizontal 

technique ini t ia l ly described by Nelson (8). The In -Ga  
melts are prepared in a carbon boat, over which 
pal ladium-purif ied hydrogen is flowing, inside a quartz 
tube. A preweighed InAs crystal which is the source 
of As is also placed in the boat. The melts  are heated 
to the star t ing growth tempera ture  (sgt) for approxi-  
mately  3 hr. After  the equi l ibr ium amount  of InAs is 
dissolved, any fur ther  dissolution will  result  in the 
growth of a t e rnary  layer of InGaAs on the seed, which 
will  be in equi l ibr ium with the melt. This would pre-  
vent  any  fur ther  dissolution of the substrate. 1 

Following saturation, the undissolved InAs is re-  
moved and reweighed, thus de termining the composi- 
tion of the melt. The saturat ion experiments  are re-  
peated for longer periods of time, and at 750~ (which 
is the tempera ture  of interest  in our investigation) 
weight losses between experiments  of less than 1% 
were observed. This could be accounted for by both 
tempera ture  fluctuations of the furnace and As evapo- 
ration. In any event, the loss of As as a source of 
error in determining the l iquidus composition can be 
neglected at low temperatures.  

Prior  to growth, the substrate was placed at one end 
of the boat and a dendri te  of GaAs was introduced in 
the melt  so that  it would prevent  any etch-back from 
the substrate due to tempera ture  fluctuations in the 
furnace or due to the loss of As from the melt. The 
furnace was then tilted about 10 ~ from the horizontal  
position so that  the melt  would roll  over the substrate, 
at which point  a programmed cooling cycle was ini-  
tiated. At the end of the growth cycle, the furnace was 

1 W e  a t t e m p t e d  to i d e n t i f y  t h i s  t h i n  e p i t a x i a l  l a y e r  on  experi -  
ments  p e r f o r m e d  on t h e  G a A s S b  s y s t e m  b y  m o n i t o r i n g  t h e  p h o t o -  
l u m i n e s c e n c e  s p e c t r a  of  G a A s  s e e d s  t h a t  w e r e  u s e d  in  s a t u r a t i n g  
G a - S b  me l t s .  I n  al l  cases ,  o n l y  G a A s  b a u d  g a p  r a d i a t i o n  w a s  ob -  
s e r v e d .  A p p a r e n t l y  t h e  l a y e r s  p r e s e n t  c a n n o t  be  d e t e c t e d  b y  t h i s  
t e c h n i q u e .  
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Fig. 1. Cross section on cleaved (i10) plane showing an 
Ino.o3Gao.9~As epitaxial layer grown on (100) oriented GaAs sub- 
strate. 

tipped back to the horizontal  position and the melt  was 
removed from the substrate with the aid of a quartz 
hoe. 

Exper imenta l  Results 
During early experiments,  it was observed that  the 

distr ibution coefficient of GaAs when grown from 
In -Ga-As  solutions is greater than unity. Similar  be- 
havior has been observed for GaA1As when grown 
from Ga-A1-As melts (13). Thus, epitaxial  layers of 
InGaAs will  have to be grown from In- r ich  melts. 
Figure 1 shows an epitaxial  layer (sample No. 4-5-B) 
of InGaAs grown on (100) Cr-doped GaAs substrates. 
The sample was cleaved and etched in a H20: H202: HF 
(10: 1: 1) del ineation etch for 10 sec. Details of mel t  
composition, solid composition, and growth tempera-  
tures  are given in Table I. 

A representat ive epitaxial  layer  grown on (100) 
GaAs substrates from melts having higher In  con- 
centrat ion than those from which sample No. 4-5-B 
was prepared is shown in Fig. 2. The layers were poly- 
crystal l ine in nature,  with a very  rough surface which 
is the result  of a great number  of In -Ga  inclusions. 
Fur ther  exper imentat ion showed that  it was impos- 
sible to grow high-qual i ty  InGaAs epitaxial  layers 
having InAs concentrat ions greater than  5% on (100) 
GaAs substrates. 

Growth of InGaAs layers on (110), (111 As), and 
(112 As) GaAs faces exhibited similar characteristics 
to those grown on (100) faces. However, when  grow- 
ing on the (111 Ga) plane, the layers have mir ror -  
smooth surfaces and p lanar  interfaces. Figure 3 repre-  
sents an epitaxial  layer  of InGaAs (1.17 eV band gap) 
grown from In- r ich  melts, the details of which are 
shown in Table I. The (111 Ga) GaAs substrates were 
chemically polished in dilute NaOC1 solutions. Epitaxial  
layers grown on the (112 Ga) p lane  of GaAs were 
of lower qual i ty  and did not have the mir ror -smooth  
surface exhibited by the layers grown on the (111 Ga) 
plane. 

The band gap of the epitaxial  layers grown on GaAs 
substrates was determined by infrared transmission 
corrected for sample thickness. The absorption edge 

Table I. Results and summary of the growth conditions 
of the InGaAs epitaxial layers 

Melt compo- 
sition in a /o  G r o w t h  Band  

Sample  t emp  gap  
No. In Ga As (~ (eV} ~GaAs 

Sub- 
s t ra te  
or ien-  
ta t ion 

4-5-B 55.5 40.5 4.0 740-690 1.35 0.97 (i00) 
9-15-A 61.5 33.5 5.0 740-700 1.30 0.94 (111 Ga) 
9- i6-A 67.0 27,5 5.5 740-700 1.26 0.93 ( I i i  Ga) 
9-17-A 71.0 21.5 7.5 750-720 1.22 0.91 (111 Ga) 
8-28-A 74.0 18.0 8.0 730-700 1.17 0.89 (111 Ga) 
9-29-C 81.0 8.5 10.5 740-690 0.98 0.77 (111 Ga) 

Fig. 2. Cross section of polycrystaliine InGaAs epitaxial layer 
grown on the (100) plane of GaAs substrates. Similar layers have 
been obtained when InGaAs epitaxial layers are grown on the (110), 
(111 As), and (112 As) planes of GaAs from melts resulting in 
XXnAs i~  0.05. 

Fig. 3. Cross section of representative InGaAs epitaxial layers 
grown on the (111 Go) p/one of GaAs. Similar layers were obtained 
in the compositioa range of 0.77 ~ X6aAs ~ i.0. 

was very sharp, and the band  gap was taken as the 10% 
transmission point. Figure 4 shows the band gap var ia-  
t ion as a function of alloy composition. The band gap 
of InGaAs alloys reported by a n u m b e r  of investigators 
is also shown. 

Epitaxial  layers of InGaAs grown on (111 As) InAs 
substrates had mir ror -smooth  surfaces only when 
grown at temperatures  around 650~ At higher tem-  
peratures (~750~ it was observed that  on a n u m -  
ber of occasions the layer  substrate interface was 
completely obli terated and, in general,  the layers ap- 
peared rougher than those grown at lower tempera-  
tures. 

Phase D i a g r a m  C a l c u l a t i o n  
Phase diagram calculations for t e rnary  I I I -V com- 

pounds have been reported by  Stringfellow and Greene 
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Fig. 4. Dependence of the band gap on the composition of InGaAs 
alloys prepared by a variety of techniques. 

(12) who used the quasi-chemical  approach to describe 
both the solid and l iquid solutions, and by Ilegems and 
Pearson (13) who calculated the t e rnary-phase  dia- 
grams of Ga~All-zAs using the regular  solution theory 
to describe the t e rnary  liquid and ideal solution for 
the pseudobinary solid. Antypas and James (10) re-  
cently calculated the t e rnary-phase  diagrams of 
GaAsxSbl-x, using Darken 's  (14) quadratic formalism 
to describe the l iquid and assuming the pseudobinary 
solid to be described by a regular  solution. They found 
it to be in good agreement  with experiment.  Antypas  
(15) has also calculated the t e rnary-phase  diagram 
of GaAsP based on the same theory and found it to be 
in excellent agreement  with available exper imental  
data. 

In  computing the conditions for equi l ibr ium between 
a te rnary  liquid solution A, B, C, (In,Ga,As) and a 
pseudobinary solid solution A C - B C  ( InAs-GaAs) ,  
Str ingfellow and Greene (12) derived the following 
equations: 

In 7AC,.?C = In 4NANc -5 In (TATC/TASTCTc STC) 

-5 A S F A c ( T F A c -  T ) / R T  

In 7BC (1 -- X) = In 4NBNc -5 In (TBTC/TBSTCTcSTC) 

-5 ASFBc(TFBc -- T ) / R T  [1] 

where 7AC and 7Bc are the activity coefficients of A C  
and B C  in the solid solution, x is the mole fraction 
of A C ,  N~ and 7~ (i = A,B ,C)  are the atom fraction and 
activity coefficient of i in the liquid solution, respec- 
tively, 7i swc is the activity coefficient of Ni at the stoi- 
chiometric composition, • is the entropy of fusion 
of AC,  TPAC is the tempera ture  of fusion of AC,  R is 
the universa l  gas constant, and T is the t empera ture  
in ~ 

Under  the restriction 

NA -5 NB -5 Nc = 1 [2] 

Eq. [i] can be solved numerically on a computer to 
yield two sets of curves, one describing the liquidus 
isotherms and the other describing the solidus iso- 
concentration curves of the system. 

In previous investigations, the activity coefficients 
were determined by the quasi-chemical equilibrium 
(12) approach and by considering the ternary liquid as 
a strictly regular solution (13). In the present com- 
munication, however, the determination of the activity 
coefficient in the liquid phase is based on Darken's (16) 
quadratic representation, which for a binary liquid is 

1395 

]n 7A "~- aAcNc 2 

in (7c/7c ~ = aAC(--2Nc -5 Nc 2) [3] 

where A is the solvent and C is the solute, 7c o is the 
activity coefficient of C at infinite dilution, and aAC is 
the interaction parameter of the system. Equation [2] 
reduces to that describing a regular solution if 
In -/c ~ ---- aAC. This formalism has been satisfactorily 
applied by Darken (16) and Turkdogan and Darken 
(17) to a number of liquid metallic solutions for con- 
centration of up to 60%. This formalism is consistent 
with the Gibbs-Duhem equation and satisfies Raoult's 
and Henry 's  laws as the l imit ing cases. The activity 
coefficients for a t e rnary  l iquid based on Darken 's  
quadratic formalism are given by 

In 7A = C~ABNB 2 -5 aAcNc 2 -5 ('aAB + O~AC - -  aBc)NBNc 

In (TB/TB 0) = --2~ABNB + (aBC -- ~AB -- aAc)Nc  

-5 aABNB 2 -5 aAcNc 2 -5 (C~AS -5 aAC - -  asc)NBNc 

In (7c/7c ~ = --2aAcNc -5 (aBC -- aAS -- ~Ac)NB 

+ ,~ABNB 2 + ,~AcNc 2 + (~,S + aAC -- anc)NsNc [4] 

where component A is the solvent and components B 
and C are the solutes, 7B ~ is the activity coefficient of 
component B at infinite dilution, and ai-j are the 
interaction energies of the various binary systems. 
The above formalism is also consistent with the Gibbs- 
Duhem equation, and furthermore it reduced to the 
binary quadratic formalism as one of the solutes in the 
ternary approaches infinite dilution. 

The solid solution in equilibrium with the ter- 
nary liquid was assumed to be regular, i.e. AF zs = 
aAC--BcX(I --X), where aAC--BC is the interaction en- 
ergy and x is the mole fraction of one of the compo- 
nents in the solid. The activity coefficients are thus 
given by 

In 7AC ---- ,~AC--BC(I -- X) 2 

In %'BC = a A C - B C  x 2  [5] 

Subst i tut ing Eq. [4] and [5] in Eq. [1], the t e rnary-  
phase diagram can be calculated numerica l ly  to yield 
the l iquidus and solid dis t r ibut ion curves. 

The parameters  necessary in calculating the t e rna ry -  
phase diagram are the temperatures  T f and entropies 
AS r of fusion of the I I I ,V compounds and the interac-  
tion parameters  O~AB , <~AC, v~BC, and <XAC--BC. T F and ~S F 
for InAs and GaAs can be obtained directly from the 
l i terature and are shown in  Table II. Vieland (18) 
has used regular  solution theory to calculate the l iq- 
uidus of I I I -V compounds. The interact ion parameter  
obtained from such a t r ea tment  is 

~SF(T -- T F) [I -5 R/aS F] In I/4x(l -- x) 
= [6] 

2 ( x -  0.5) 2 

where x is the column V element  in solution. For a 
regular  solution, ~ should be independent  of tempera-  
ture and composition. Thurmond  (19), however, dem- 
onstrated that  for GaAs ~ is a l inear  function of t em-  
perature  given by 

~GaAs---- 9960 -- l l .15T [7] 

(When the interact ion parameter,  ,~, is divided by R T  
so that  it will  be thermodynamical ly  consistent with 
Darken 's  formulation,  it takes the form of 

s a 
,o = - -  [ 8 3  

RT R 

Table II. Parameters used in calculating the ternary-phase diagram 

I n A s  G a A s  I n - G e  I n A s - G a A s  

( c a l / m o l e )  - - 9 . 1 6 0  T + 4 3 0 0  - - 3 . 7  T 1 0 0 0  2 0 0 0  
AS F ( e u )  1 4 . 5 2  [ R e f .  ( 2 4 ) ]  1 6 . 6 4  [ R e f .  (24)  ] - -  
T ~ ( ~  9 4 2  1 2 3 8  - -  - -  
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which is of the form derived by Turkdogan and Darken 
(17), where ~ and ~ have the uni ts  of enthalpy and 
entropy, respectively.) 

In  calculating ~CaAs, Thurmond  assumed a ~SFCaAs 
value of 14.0 eu. Ar thur  (20) pointed out that, when  
a recent ly measured value for ASFGaAs of 16.64 eu is 
used, then  

aGaAs = 5160 -- 9.16T 

Ar thur  has also calculated the activity coefficient of 
As from As vapor pressure measurements ,  and using 
a regular  solution t rea tment  found that  the interact ion 
parameter  is accurately given by 

'~GaAs = --3.7T 

A similar analysis performed on the InAs system 
based on the solubili ty data of Hall  (21) and Liu and 
Peret t i  (22) resulted in an interact ion parameter  
given by 

~znAs = --9.160T + 4300 

The interact ion parameter  for the In -Ga  system was 
calculated to be 1000 cal /mole  by fitting the l iquidus 
curve to a regular  solution model and comparing it to 
available exper imental  data (23). Similarly,  the in ter-  
action parameter  of the InAs-GaAs system was deter-  
mined by fitting the solidus curve to published data 
of the InAs-GaAs pseudobinary.  Calculations per-  
formed are in good agreement  with exper iment  when 
~InAs-CaAs = 2000 cal/mole. In  the t e rnary  phase dia- 
gram calculations, the activity coefficient of Ga at in-  
finite dilution, In 7Ga O, w a s  varied between 0 and --1.8. 
The best fit to the exper imenta l  liquidus, and solidus, 
data for the 750 ~ and 700~ isotherms were obtained 
when In 7Ga O ~ --0.8. 

Figure  5 shows the calculated phase diagram where 
the solid lines represent  the l iquidus isotherms, while 
the dotted lines are the GaAs isoconcentration curves. 
A number  of exper imental  points are also shown. The 
composition of the pseudobinary solid was determined 
by x - ray  fluorescence. The pseudobinary diagram ob- 
ta ined from Fig. 5 is shown in Fig. 6. It is seen that  
the calculated phase diagram is in good agreement  
with available exper imental  data. For  Fig. 7, we re-  
plotted a portion of the te rnary-phase  diagram in 
cartesian coordinates. It shows the calculated solidus 
isotherms for 700 ~ and 800~ along with exper imental  
results. 
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Fig. 6. InAs-GaAs pseudobinary phase diagram 
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Fig. 7. The 700 ~ and 800~ calculated GaAs solidus isotherms. 
Details of experimental points are given in Table I. 

Conclusions 
InGaAs layers have been grown on GaAs substrates. 

It has been observed that, when  growing from In- r ich  
melts, epitaxy of InzGal-xAs layers on GaAs with 
x > 0.05 can be obtained only when  growing on the 
(111 Ga) face. The In -Ga-As  te rnary-phase  diagram 
was calculated using Darken's  quadratic formalism to 
describe the te rnary  l iquid whi le  t reat ing the solid as 
a regular  solution; it was found to be in good agree- 
ment  with experiment.  The calculated pseudobinary 
phase diagram was in excellent agreement  with avail-  
able exper imental  data. The composition of the mixed 
crystals was determined by x - r a y  fluorescence tech- 
niques, and the band gap by  infrared transmission, 
corrected for sample  thickness. The variat ion of the 
band gap was plotted as a funct ion of composition 
along with the data obtained by a number  of invest i -  
gations for InGaAs alloys prepared by a var ie ty  of 
techniques. Stringfellow and Greene (12) reported 
that Ewing obtained alloys of InGaAs grown on InAs 
substrates across the alloy series, from a s tar t ing 
growth tempera ture  of as high as 780~ Our experi-  
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ence is tha t  h igh -qua l i t y  ep i tax ia l  l ayers  on InAs  sub-  
s t ra tes  could be grown only  at  l ower  tempera tures .  
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Silicon Epitaxy from Mixtures of SiH  and HCI 
J. Bloem* 

Semiconductor Development Laboratory, N. V. Philips GloeilampenSabrieken, Nijmegen, Holland 

ABSTRACT 

A n  inves t iga t ion  of the  ep i tax ia l  g rowth  of sil icon f rom SiCl~ in H2 and 
f rom mix tu res  of Sil l4 and HCI in H2 indicates  tha t  the  gas phase  reac t ions  
a re  slow and tha t  equ i l ib r ium be tween  solid and gas occurs at  the  interface.  
Kinet ic  da ta  poin t  to a diffusion control led  react ion rate,  and it is shown 
tha t  thermodiffus ion in the s tagnant  gas l aye r  on the  si l icon surface  r e t a rds  
the  growth  r a t e  of sil icon and enhances the  etching reaction.  

In  the  ep i t ax ia l  g rowth  of sil icon severa l  s tudies of 
the  the rmodynamics  and kinet ics  of the  sys tem have  
been publ ished.  Surveys  are  given in ref. (1) and  (2). 

At  t empera tu re s  over  l l00~ the  reac t ion  is con-  
s idered to be diffusion controlled,  wi th  chemical  equ i -  
l ib r ium occurr ing at  the  sol id-gas  interface.  

Recent ly  Ever s t eyn  et al. (2) in t roduced the concept  
of a s tagnant  gas l aye r  of constant  th ickness  over  the  
subs t ra tes  in a hor izonta l  reactor .  In  the  s tagnan t  
l ayer  a s teep t e m p e r a t u r e  g rad ien t  (~1000~ is 
p resen t  (2), and  i t  is in teres t ing  to examine  w h e t h e r  
gas phase  react ions  occur in this  bounda ry  l aye r  and  
whe the r  the  diffusion of species f rom and to the  g r o w -  
ing in ter face  wi l l  be influenced by  the presence of the  
t empe ra tu r e  gradient .  

In this  inves t iga t ion  ep i t axy  f rom SiCI~ in He and 
f rom mix tu res  of Sill4 and tIC1 in H2 is s tudied be-  
cause, if chemical  equ i l ib r ium is a t t a ined  in the  gas 
phase,  SIC14 in H2 would  be expected to give the  same 
growth  ra te  and the  same t e m p e r a t u r e  dependence  of 
g rowth  rate,  as a m ix tu r e  of Sil l4 -~ 4HC1 in H2. 

The calculat ions of Evers teyn  et al. (2) on the 
growth  r a t e  have been ex tended  fo include the  effect 
of thermodiffusion (3). The resul ts  of the  ex tended  cal-  
cula t ion are  appl ied  here  to the  g rowth  ra te  of Si f rom 
Sill4 and to the  etch ra te  of Si by  HC1. The fo rmer  
react ion is governed by  the  diffusion of Sil l4 t o w a r d  
the  reac t ing  surface, the  la t te r  by  the  diffusion of the  
reac t ion  products  of the  etching react ion,  ma in ly  SiCI~ 
(1, 4) away  from the interface.  

* Electrochemical Society Active Member. 
Key words: silicon, cpitaxy, vapor growth. 

Growth and Etch Rates 
In  a diffusion cont ro l led  reac t ion  involving a s tag-  

nant  l aye r  of constant  thickness,  8 cm, the  growth  ra te  
of sil icon can be ca lcula ted  f rom the  ma te r i a l  ba lance  
at the  interface.  

The flux of ma te r i a l  t oward  the in ter face  in mo le s /  
cm 2 sec, for a given posi t ion on the  susceptor,  is given 
by  (5) 

Jx = --Din | ~  | [1] 
L d y  J 

where  Di is the  diffusion coefficient of the  r a t e - d e t e r -  
min ing  species in cm2/sec, n is the  to ta l  gas dens i ty  
(moles/cmS),  ni is the concentra t ion of the  diffusing 
species (moles/cm3),  and y is the  di rect ion p e rpen -  
d icular  to the  growing interface.  

In  the  A p p e n d i x  the  growth  ra te  of si l icon is ca l -  
cu la ted  for the  case where  the  diffusion of Sil l4 to-  
w a r d  the  surface  is the  r a t e -con t ro l l ing  step. 

At  t empera tu re s  a round  1150~ HC1 etching of 
silicon proceeds via the  reaction. 

Si ~- 2HCI ~ SiCl2 ~- Ha [2] 
For  P I-I2 = 1 

Psic12 
Ksicl2 = - [31 

(PHc1) 2 

The  va lue  of Ksicl2 at  1500~ is nea r ly  u n i t y  (1 ,4) ,  
wh ich  impl ies  tha t  w i th  P~cl = 10-~ the  m a x i m u m  
value  of Psic]2 wi l l  be about  10 -4  atm. Fo r  a diffusion 
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l imited reaction the silicon etch rate wil l  be slow, be-  
cause the diffusion of SiCl~ away from the surface con- 
stitutes the ra te-cont ro l l ing  step in the steady-state  
condition, assuming that  the diffusion coefficients of 
HC1 and SIC12 in hydrogen do not differ markedly.  
The HC1 par t ia l  pressure at the silicon interface wil l  
be near ly  equal to the HC1 part ial  pressure in the ma in  
gas (~10 -2 a tm) .  

Because the growth rate depends on diffusion toward 
the interface and the etch rate depends on diffusion 
away from the interface, the ratio of growth and etch 
rates may give informat ion  regarding second order 
effects in the t ranspor t  processes, i.e., thermodiffusion. 

For a b inary  gas mix ture  in a tempera ture  gradient  a 
concentrat ion gradient  is produced, given by (3, 5, 6) 

~,1 
d - -  

n d l n T  
�9 = K T  - -  [ 4 ]  

dy dy 

where nl  is the concentrat ion of the heavier  molecule 
in  the gas (moles/cm3), KT is the  thermodiffusion 
ratio, and T is the t empera ture  with a gradient  in the 
y-direct ion (~ 

The thermodiffusion ratio can also be expressed as 

n l  R2 
KT = a ~ �9 [5] 

n 

where ~ is the thermodiffusion factor, and n~ is the 
concentrat ion of the second component  in the b inary  
gas mixture.  

Equations [4], [5], and [1] can be combined to give 
the expected growth and etch rates including the 
thermodiffusion effect. In  the  Appendix it is shown 
that  the ratio of growth rate (G) and etch rate (E), 
neglecting thermodiffusion, is given by (13) 

G DsiH4 �9 PSiH~ DSiH4 " PS~H4 

E D s i c l 2  " PsicLo Ds ic12  �9 g s i c l 2  �9 (PHCl )  2 

Including thermodiffusion for the simplified case that  
~1 and a2 are equal the expression [20] in  the Appendix  
becomes 

G DSiH4  " PSiH4 T g  a l  

E Dsicl2 " Ksicl~ (PHcl) ~ Ts ~'~ 

where DsiH4 and Dsicl2 are the diffusion coefficients in 
H~ of Sill4 and SiCI~, respectively (cm2/sec), PsiH4 is 
the part ial  pressure of Sill4 in the ma in  gas (atm),  
PSiCl2 is the equi l ibr ium pressure of SIC12 at the sili- 
con surface (arm).  T~ and Ts are the temperatures  of 
the main  gas and the substrate in ~ and ~1 and a2 
are the thermodiffusion factors of Sill4 and SIC12, re-  
spectively. 

The greater the values of ~ and the smaller the ratio 
Tg/Ts the greater will  be the difference between growth 
and etch rates arising from the diffusion of Sill4 to- 
ward the interface being hampered and the diffusion 
of SIC12 away from the interface being promoted. The 
value of ~ depends on the relat ive molecular  diameters 
and relative masses of solute and solvent. For heavy 
molecules in  a light gas, re lat ively high values of a 
can be expected, up to a value of about  3 for an ex-  
t reme case (6, 7). 

Taking reasonable values for the molecular  d iam-  
eters gives the following results 

a s i n 4 - - H 2  ~ 1 .0 ;  ceSiCl2--H2 ~ 1 .5 ;  aSiCl4--H 2 ---~ 1.7 

Not much is known about the tempera ture  dependence 
of a, but  a slight increase with tempera ture  is to be 
expected (5). 

Apart  from thermodiffusion there are other factors 
that  can cause growth and etch rates to differ from the 
values calculated. Two impor tant  ones are the tem- 
pera ture  dependence of the diffusion coefficients and 
the value of the chemical equi l ibr ium constant, Ksicle. 
For the diffusion coefficients, the value of the expo- 

nent,  m, in the expression for the tempera ture  de- 
pendence D = Do(T/To)  m, theoretically may  vary  
from 1.5 to 2.0 (8); a smaller va lue  of m being ex- 
pected for Sill4 than for SiCI~. Analysis of the l i tera-  
ture  (9, 10) indicates a value of 1.0 __ 2.5 for the equi-  
l ibr ium constant  Ksic12 at 1500~ Moreover SiH~CI~ 
and possibly SiHC13 also occur in concentrat ions that  
increase the etch rate, and an effective value of 
Ksicl~ of 2.5 therefore is not  unreasonable.  

The exper imental  approach involves: (a) est imating 
the magni tude  of the thermodiffusion effect for Sill4, 
(b) selecting the tempera ture  dependence of DsiH4 to 
fit the exper imental  growth rate of silicon, (c) using 
the data of (a) and (b) to estimate reasonable values 
of a and m for SiCI~, (d) obta ining an estimate of the 
magni tude  of Ksicl2 from the closeness of the fit be-  
tween exper imental  and calculated rates, and from the 
ratio of growth and etch rates. 

Experimental 
The convent ional  horizontal  RF heated epitaxial  re- 

actor employed an 80 cm long quartz tube wi th  rec-  
tangular  cross section (10 x 2.5 cm2), in which a SiC 
coated graphite susceptor was placed (10 x 24 x 1.25 
cma). The total hydrogen gas stream was kept at 75 
1 /min giving a s tagnant  layer  thickness over the heated 
susceptor of about 0.30 cm at a mean  gas tempera ture  
of 750~ (2). 

The exhaust  gas left the system via a water-cooled 
heat exchanger; the gas pressure in the system being 
1 atm. Flow rates of Sill4, SIC14, and HC1 were con- 
trolled by calibrated flow meters. Ten silicon substrate 
slices of 38 mm diameter  were placed on the susceptor 
in  two rows. The slices were n- type,  Sb-doped (0.007 
ohm cm) with an orientat ion 3 ~ from the (111) ori- 
entat ion in the direction of the nearest  (110) (11). 
After  slicing, the silicon substrates were lapped, etched 
and polished to a surface finish good enough to allow 
epitaxial  growth, free of stacking faults without  HC1 
etching prior to growth. By giving the susceptor a t i l t  
of 1~ , against the direction of gas flow the  growth 
and etch rates over the length of the susceptor were 
kept constant to wi th in  +--5% excluding the first 4 cm 
of the susceptor. Pr ior  to epitaxial  growth the silicon 
slices were heated in H2 at 1250~ for 15 rain. Growth 
rates were obtained from measurements  of epitaxial  
layer  thickness by  the  infrared interference technique. 
A l inear plot of layer  thickness vs. growth t ime was 
found. In  the thickness determinat ion the ASTM cor- 
rection for the phase shift at the interface between 
epitaxial  layer and substrate was used (12). The tem-  
perature of the substrates were measured with an 
optical pyrometer,  and the values were corrected for 
the emissivity of silicon and absorption of the quartz 
wal l  (13). 

Results and Discussion 
In  Fig. 1 the growth rates from SiI-~ -b 4HC1 in H~, 

SIC14 in H~, and SiHC18 in  H2 are given as a funct ion 
of temperature.  In  the l i tera ture  conflicting data are 
presented on the tempera ture  dependence of the 
growth rate, bu t  the results given here agree wi th  
those of Shepherd (1), Charig (14), and Oldham et al. 
(15). I t  will  be noted that, in order to reach a growth 
rate of 1 ~/min, concentrat ions of about 0.1% for Sill4 
(10 -~ mole SiH4/mole H~), 0.2% for SiHC13, and 0.5% 
for SIC14 were required. In  the h igh- tempera ture  re-  
gion the tempera ture  dependence of the growth rates 
was small  and the influence of concentrat ion was great, 
as expected for a diffusion controlled reaction rate 
(Fig. 1, curves for SIC14 0.1% and 0.5%). At  lower 
temperatures  the tempera ture  dependence was much 
greater, with surface reactions controll ing the rate 
and the concentrat ion dependence being much smaller. 

The difference between the behavior of Sill4 4- 4HC1 
and SIC14 indicates that  equi l ibr ium in  the gas phase 
is not established, the differences in growth rate at the 
higher temperatures  being of the order to be expected 
from the differences in diffusion coefficients of the re-  
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Fig. 1. Temperature dependence of the growth rate of epitaxio[ 
silicon layers from SiCI4, SiHCI3, and a mixture of Sill4 -t- 4HCI 
in H2. The concentrations indicated refer to mole percentages of the 
silicon compound in the gas phase. 

acting silicon compounds. Gas phase reactions are ex-  
pected to be near ly  absent. This, however, does not  ex-  
clude the possibility of equi l ibr ium being reached at 
the solid-gas interface at the higher temperatures.  

The tempera ture  dependences of the reaction rates 
in the low- tempera ture  region indicate that  here the 
reaction rate was controlled by the rate  at which sur-  
face reactions proceed, and not by mass t ransfer  over 
the s tagnant  gas layer. The higher the chlorine content  
of the species the higher the t empera ture  at which 
mass t ransfer  became the dominant  factor. For  silicon 
growth from Sill4 and for etching of silicon by HC1 
the tempera ture  dependence of the reaction rates was 
small  at temperatures  from 1100 ~ to 1300~ (16). This 
indicates that  for both processes surface reactions are 
fast, and it can be assumed that  in  this range of t em-  
peratures equi l ib r ium between solid and gas was 
reached. This  means  that  for Sill+ the surface concen- 
t ra t ion was practically zero and that  for SIC12, the 
main  reaction product in etching, a concentrat ion as 
given by [3] was reached. 

Figure 2 shows the growth rate of silicon at 1150~ 
from mixtures  of SiI-I4 and HC1, the HC1 concentrat ion 
varies up to an HC1/SiI~ ratio greater than  15 where  
etching of the substrates occurs. Growth rates from 
mixtures  with an HC1/SiH4 ratio of 3 and 4, corre- 
sponding to the stoichiometry of SiHCI3 and SIC]4, 
respectively, are only 5-10% smaller  than  those for 
Sill4. The growth rate decreases proport ional ly to 
(PHcl) 2 and can be described byt  

G ----- 0.95 X 103p'stH4 -- 4.27 X 103(PHct)~#/min [6] 

If gas phase reactions are absent, then  Sill4 and HC1 
are diffusing independent ly  through the s tagnant  
layer, t ranspor t  of Sill4 giving silicon growth, t rans-  
port of HC1 leading to the etching of silicon. The net  
result  is the growth rate given in Eq. [6] and shown in 
Fig. 2. The etch rate of silicon deduced from [6] should 
have the same value as etching with HC1 in Ha wi thout  
the presence of SiI-~. In  Fig. 3 the etch rate given by 
[6] is plotted as a funct ion of the par t ia l  pressure of 
HC1, together with the etch rates for pure HC1 in H2 
found by Spakovskis (17) in a comparable reactor. 1 

The fit be tween the two curves is good; for low HC1 
concentrat ions the etch rate is proport ional  to (PHci) 2, 
and for HC1 part ial  pressures greater than 0.1 the  etch 

A n o t h e r  s e t  o f  e x p e r i m e n t s  in  a c o m p a r a b l e  r e a c t o r  g a v e  

G = 0.7 X 10 8 pSJH~ - -  3 X 10 3 (PHCI) 2 ~ / m h l  

F r o m  t h e s e  r e s u l t s  i t  c a n  be  s e e n  t h a t  s m a l l  d i f f e r e n c e s  i n  r e a c t o r  
g e o m e t r y ,  t e m p e r a t u r e  d i s t r i b u t i o n ,  g a s  f low p a t t e r n ,  a n d  b o u n d a r y  
l a y e r  t h i c k n e s s  c a u s e  d i f f e r e n c e s  in  t h e  a b s o l u t e  v a l u e s  of  t h e  
g r o w t h  a n d  e t c h  ra te s ;  t h e  ra t io  b e t w e e n  t h e  v a l u e s  r e m a i n i n g  
a b o u t  t h e  s a m e .  

1399 

R (~ /min) 

t.6-- 

0.0 

0.~ 

0.4 H2: 75 l/rain T= 1130~ ~ , ~  
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0.20 I Expeffrnen~al 

-O,~oF , 2!S l ~ , I s I I I I I I 10 12.S i E 
- - ~  PHCI " tO3(e'tm) 

Fig. 2. Growth rate of silicon from mixtures of Sill4 and HCI, 
the partial pressure of SiH~ is kept constant at 1.10 -3  (arm). 

I+ I 

0.1 
e Spokovskis HCZ 1350~ 

HCZ efch~te from exp. 
with S i l l ,  +HCZ 

1100-1300oC 

10-2 
= p ~  (arm) 

Fig. 3. Etch rate of silicon in HCI + H2 as a function of the 
partial pressure of HCI. The low concentration values are from the 
present work, the high concentration values from Spakovskis (17). 
The curve gives a best fit of the experimental data to lines of 
slope 2:1 or ] :1 (see text). 

rate is proport ional  to PHCl. Here the assumption PIle 
----- 1 in [3] is no longer valid, and the t ranspor t  of HCI 
toward the interface is beg inn ing  to be rate con- 
trolling. 

With Eq. [6], [11], and [12] it is possible to compare 
the exper imental  and the calculated results. 

In t roducing room tempera ture  diffusion coefficients 
of SiH~ and SiCl~ of 0.60 cm2/sec and 0.26 cm2/sec, 
respectively (1), together with 8 ---- 0.3 cm, Ts ----- 
i500~ Tg ---- 750~ To ~ 273~ R ---- 82 ca l /a tm 
degree, and Ksicl2 = 1 the calculated values of growth 
and etch rates are found to be 

G = 2.57 X 103 PSiH4 

(experimental  value G = 0.95 X 103 PsiI-14) [7] 

E = 1.10 • 103(pHcl) 2 

(exper imental  value E ----- 4.2 • 103 PSiH4) [8] 

The calculated growth rate is near ly  a factor of three 
higher than the exper imental  one, and the calculated 
etch rate is more than a factor of 3 lower than  that  
found experimental ly.  

The silicon growth rate  including thermodiffusion 
effects corresponding to the estimated value aSiH4 =- 1 
gives, according to the calculation in  the Appendix  
[18]. 
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DSiH4 " ~S~H4 
J = �9 Tg [9] 

8RTo 2 

This gives a decrease in growth  rate  by a factor 1.43 
compared with  [11]. In the expression for DsiH4 the 
t empera tu re  dependence is taken to be D = D~ (T/To) 2. 
Exper imen ta l  and calculated results  are brought  into 
agreement  if the exponent  is taken  to be 1.6 instead of 
2.0. Fo r  SIN4, ~SiH4 = 1.0 and m = 1.6 a r e  selected, 
and for SIC12 a = 1.5 and m ---- 2 are  thought  to be 
realistic values. 

Int roducing these quanti t ies  in the etch ra te  formula  
[17] gives an increase in etch ra te  by a factor of 1.64. 
To bring the  exper imenta l  and calculated results into 
agreement  an effective value  of Ks~c12 ---- 2.4 has to be 
taken, which is wel l  wi th in  the possible limits. 

In v iew of the accuracies involved it can be said that  
a reasonable fit is obtained and that  the  model  used has 
been shown to yield a qual i ta t ive  and semi-quant i t a t ive  
description of the epi taxial  process. 

Conclusion 
Silicon growth  rates  f rom mix tures  of SiN4 and HC1 

can be in terpre ted  in t e rms  of a mutua l ly  independent  
growth of silicon f rom SiN4 and an etching of silicon 
by HCl. Comparison of growth rates f rom mix tures  of 
SIC14 in H~ and SiI-I~ + 4HC1 in H2 indicates that  gas 
phase reactions are slow, and that  equi l ibr ium be tween  
solid silicon and the gas phase is established. 

Growth  and etch rates calculated on the basis of a 
diffusion control led model  differ somewhat  f rom the 
exper imenta l  results, the growth rates being lower  and 
the etch rates being h igher  than those calculated f rom 
~he model. Three  possibilities to explain the differences 
are discussed: (i) thermodiffusion in the steep t em-  
pera ture  gradient  over  the silicon substrates;  (if) un-  
cer ta in ty  in the t empera tu re  dependence of the dif-  
fusion coefficients giving rise to differences in the cal-  
culated growth  rate  by up to a factor of two; and (iii) 
uncer ta inty  in the chemical  equi l ibr ium constant 
Ksic12 which gives the SIC12 concentrat ion during HC1 
etching of silicon; KSiCl2 at 15OO~ ---- 1.O _.+ 2.5. 

It  is shown that  the growth  and etch rates may  be 
explained by taking account of these three  factors. 

A P P E N D I X  
The mass t ransfer  of silicon in the diffusion con- 

t ro l led  model  is g iven by 

G is the  growth rate  in ~/min,  p is the density of Si in 
g / c m  3, and M is the molecular  weight  of Si. It  wi l l  be  
assumed that  the t empera tu re  dependence of the diffu- 
sion coefficients is given by D = Do(T/To)  2, To ---- 
273~ For  an ideal gas the total  gas densi ty n = p / R T  
moles/cmZ, and in the open tube  reactor  p = 1 atm, 
and thus n = (RT)  -1 and ni /n  = Pi (a tm) .  

Fur thermore ,  in the stagnant  layer  over  the susceptor 
a l inear  t empera tu re  gradient  gives 

aT 
T=Ts--~.y 

8 

where Ts is the surface temperature of silicon, Tg is 
the temperature of the main gas, AT = Ts -- Tg, 5 is the 
thickness of the stagnant layer (cm), and y is the dis- 
tance from the surface (cm). For PSiH4 = 0 at the 
solid-gas interface the growth rate is found to be 

7.2 • I0 6 Dsm4 �9 PSiH4 AT 
G ---- [i1] 

8RTo 2 In ( T J T s )  

The etch rate  of Si by HC1, assumed to depend on the 
t ransport  of SIC12 away f rom the substrate, gives 

7.2 X 10s �9 Dsic12 �9 Psicl2 AT 
E = [12] 

5RTo 2 In (Ts/Tg) 

From [11] and [12] the ratio of growth  and etch rates 
is found to be 

G DSiH4 " PSIH4 
- -  = [13] 
E Dsic12 " PSiCI2 

Thermodiffusion gives an addit ional  concentrat ion 
gradient  in the t empera tu re  gradient  over  the sub- 
strates 

d - -  
n dlnT 

- - = K T  
dy dy 

With KT ~- a n l / n  �9 nu/n, na ~- n and 1 atm total  pres-  
sure, n l / n  = Pl (a tm) ,  this gives for the ex t ra  con- 
centrat ion gradient  

dlnT a Pl dT 
KT 'dy : T -  dy [14] 

Equat ion [14] can be combined wi th  [10] to include 
the effect of thermodiffusion in the calculat ion of 
growth and etch rates. 

( d p,  ~ p ,  dT T dy J = -- Dn \ - - ~ ,  -[- [15] 

with 
D = Do (T/To)  2 and n = (RT)  -2 

Do 
- -  (Tdpl  -5 apldT) / d y  
RTo s 

J 

in the model  

then 

Do 
J =_- 

RTo 2 

aT 
T = T s - - ~ ' y  

8 

dp 

- - {  ( T s - - . - ~ - -  AT " y )  dy 

JRTo ~ 

Do 

integrat ion gives 

S JRTo2dtl 

- - - t -  a P l - -  
Do 

and 

AT ( AT 

- -  a p l  T 

dp 

. y )  av 

= f aT AT 
Ts .... Y 

8 8 

In JRT~ AT . p~ ~ ln  T s - - ~ - y  -}-c 
Do + a 5 8 

for Si growth:  a t y = O ,  p l = 0 ,  T----Ts 

at y -- 5, pl ---- PSiH4, T ---~ T g  

DSiH4 PSiH4 " AT alTgal 

J =- 5RTo 2 Ts al __ Tg al [16] 

for Si etching: at y = 0, Pl = PSiCl2, T = Ts 

at y ---- 8, Pl = 0, T----- Tg 

Dsicl2 "PSiCl2" AT aTsa~ 
J = [17] 

5RTo 2 T s a ~ -  Tga2  

For a > 0 the growth  r a t e  decreases and the etch ra te  
increases. For  SiN4 the value  of a is expected to be 
~SiH4 = 1.0 giving 

DSiH4 " PSIH4 
J = �9 Tg [18] 

6RTo 2 

For etching a = 1 gives 
Dsicl2 " PSiCl2 

J ---- �9 Ts [19] 
5RTo ~ 

For  ~ values grea ter  than 1 and Ts > >  Tg, Eq. [19] ap-  
proximates  to 

Dsic12 " Psic12 
J = - �9 AT �9 a 2 

8RTo ~ 
direct ly  propor t ional  to t he  values  of ~ and the  t e m -  
pera ture  gradient  over  the slices. 
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The ra t io  of g rowth  and etch rates ,  including t h e r m o -  
diffusion, f rom [16] and [17] is found to be 

G DSiH4 " PSiH4 a l  Tg al I T s  c~ - -  Tg ~ 

"E -~ Dsicl~ " Psic12 " a'-~ " Ts  a--'-'~ | \ T s a l  - -  Tg al ) [20] 

Manuscr ip t  submi t ted  Jan.  5, 1970; revised m a n u -  
script  rece ived  May 5, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in  the  June  1971 
JOURNAL. 
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Anisotropy of Macrostep Motion and Pattern 
Edge-Displacements during Growth of 
Epitaxial Silicon on Silicon Near {100} 

C. M. Drum and C. A. Clark 
Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 18103 

ABSTRACT 

For  growth  of ep i tax ia l  silicon by  the SiC14/H2 process onto silicon surfaces 
or iented f rom 0 ~ to 9 ~ off {100}, da ta  a re  r epor ted  on the  l a te ra l  mot ion  of 
fabr ica ted  macros teps  (~500A high) and on the resu l tan t  d i sp lacement  of 
shal low surface depressions bounded  by  the steps. The d isplacements  ranged 
f rom less than  a t en th  of the  l ayer  th ickness  to grea te r  than  twice the  l aye r  
thickness,  depending  on the surface orientat ion.  The depressions m a r k  the  
sites of localized n + diffused regions which become busied layers  a f te r  ep i t axy  
in the  fabr icat ion of in tegra ted  circuits.  S t ep -b roaden ing  was found to be 
anomalous ly  large  for exact  {100} surfaces for g rowth  at 1215~ whereas  al l  
or ientat ions  f rom 0 ~ to 9 ~ off {100} had  s imi lar  s t ep -b roaden ing  at  1240~ 
At  1240~ the d isp lacement  of the  center  of the  depress ion re la t ive  to the  
center  of the  bu r i ed  l aye r  was a m i n i m u m  for  exact  {100} surfaces. Both  ad -  
vancing  and receding s tep-mot ion  was found, and the  s y m m e t r y  of the  s tep-  
mot ion  was  consistent  wi th  the  crys ta l  s y m m e t r y  as p rev ious ly  r epor t ed  for  
surfaces near  (111}. A design graph  is developed re la t ing  the  necessary  to le r -  
ance of subs t ra te  or ienta t ion  near  {100} to the  desired ep i tax ia l  th ickness  and 
a l lowable  a l ignment  er rors  of masks  dur ing  the  fabr ica t ion  of in tegra ted  
circuits.  For  example ,  wi th  an a l lowable  1 ~m disp lacement  and wi th  --~15 ;~m 
ep i tax ia l  thickness,  the surface should be {100} wi th in  10 rain of arc, whereas  
up to 30 min  off {100} is adequa te  for  --~2 ~m disp lacement  wi th  a 7 ~m epi-  
t ax ia l  layer .  

Dur ing  the  fabr ica t ion  of p - n  junct ion  isolated in te -  
gra ted  circuits  wi th  bur ied  layers  of n + mater ia l ,  epi-  
t ax ia l  silicon is grown onto subst ra tes  whose surfaces 
contain an a r r a y  of steps about  500A high. These 
macros teps  m a r k  the posit ions of the  bur ied  layers ,  
whose funct ion is to reduce the  collector  series res is t -  
ance (1, 2). Dur ing  epi taxy,  the  steps m a y  be displaced 
la te ra l ly ,  which can lead  to er rors  in the  a l ignment  of 
subsequent  masking  operat ions.  The reason for  this  is 
tha t  g rowth  at s teps can be anisotropic whereas  vol -  
ume diffusion ( the bur ied  layer )  is isotropic. I t  was 
prev ious ly  r epor ted  tha t  the  exact  subs t ra te  o r ien ta -  
t ion near  {111} has a considerable  influence on the 
d isp lacement  of the  steps (3, 4). Here  we present  new 
data on this effect for  subs t ra tes  or ien ted  up to 9 ~ off 
{100}. One purpose  of this work  was to establ ish to le r -  
ances on the subs t ra te  or ienta t ion  for  the  control  of 
the  displacement .  

Key words: epitaxial silicon, buried layers, step motion, inte- 
grated circuits. 

The motion of steps dur ing  crys ta l  g rowth  has p r e -  
viously been s tudied for a va r i e ty  of systems, wi th  the  
usual  point  of v iew being tha t  l a te ra l  mot ion of steps 
can be a basic pa r t  of the  growth  mechanism.  Theo-  
re t ica l  t r ea tmen t  is given by  Bur ton  et al. (5) and by 
Schwoebel  and  Shipsey  (6).  The p resen t  case i s  some-  
wha t  different  in tha t  we are  deal ing wi th  fabr ica ted  
steps of height  equal  to severa l  hundred  monolayers .  
There  is evidence tha t  spreading  of mono laye r  steps 
does occur dur ing  the growth  of ep i tax ia l  sil icon nea r  
(111}, both for the  cases of ep i t axy  b y  sub l imat ion-  
condensat ion (7) and by  chemical  react ion (8, 9), Fo r  
{100} ep i tax ia l  silicon, s imi lar  observat ions  have  not  
been repor ted.  I t  is genera l ly  bel ieved tha t  the ideal  
{100} surface is r a the r  rough s t ruc tura l ly ,  hence should 
be expected to grow wi thout  the  necessi ty  of s tep-  
motion.  However ,  the  presen t  work  shows tha t  the  
macrosteps  can move considerably,  and  the re la t ion-  
ship be tween  the  motions  of macros teps  and the  mono-  
l ayer  steps is ye t  to be established.  
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Exper imenta l  
The fabricat ion of the steps dur ing  integrated cir-  

cuit  processing was described previously (4). Briefly, 
windows are opened in an oxide on a p- type  substrate 
using s tandard photolithographic techniques. Then n + 
regions are formed by  diffusion, and a subsequent  
thermal  oxidation causes growth of about 1000A of 
SiO2 at the site of the diffusion. Removal  of all the 
SiO2 wi th  HF leaves the silicon surface with an ar ray  
of depressions bounded by steps which mark  the sites 
of the n + regions. Then an epitaxial  layer  is grown, 
with thickness usual ly  greater  than  a micron. The 
a r ray  of steps on the epitaxial  surface wil l  correctly 
ident i fy  the buried n + regions if the displacements of 
the steps dur ing  growth are taken into account. Epi-  
taxial  growth was by the SIC14 + H2 process, with 1 
m/o  (mole per cent) of SIC14. Temperatures  were near  
1200~ (after  correcting for emissivity) as indicated 
in the data. Surface orientat ions were measured wi th  
Laue x - r ay  photographs and with x - r a y  goniometry  
(10). 

Definitions 
Characterization of the s tep-motion involves m a n y  

geometrical variables such as surface orientation, step- 
orientation,  sense of the step, and also growth t em-  
perature.  Cross-sectional drawings for the case of n -  
type and p- type  epitaxial  layers are shown in Fig. 1, 
along with a drawing of the steps and bur ied layers 
as observed by interference contrast  of angle- lapped-  
stained sections. The coordinate system is chosen to be 
symmetrical ,  with origin at the center  of the buried 
layer and wi th  positive directions outward from the 
center. The displacements of the steps relat ive to the 
border of the stain are denoted XR and XL for the 
r ight-  and le f t -hand steps, respectively; the detailed 
crystallographic meaning  of these designations for the 
purposes of this paper is given by Fig. 2. For a deep 
(9 ~m) diffused layer, XR and XL wil l  each measure 
--9 ~m prior to epitaxial  growth. The most important  
quant i ty  is the magni tude  of the displacement of the 
center  of the depression relat ive to the buried layer, 
given by 

Xc = I(XR - -  X,,)/21 [1] 

For a rec tangular  depression Xc can be measured for 
two independent  directions in the plane of the surface. 
Perfectly symmetr ica l  pa t tern-edge motion would give 
Xc = 0 in each case. For  good results on registry of 
the next  mask, Xc should be smaller  than  2.5 ~m. The 
over-al l  measurement  error can be near ly  1 ~m, how- 
ever, since Xc for a slice prior to epi taxy was mea-  
sured to be 0.7 #m. This is due to the fact that  there 
is a finite width to the surface step and some uncer -  
t a in ty  about  the exact position of the edge of the stain. 
So a value of Xc ~ 1 ~m after epitaxy is about  as low 

Fig. 2. Drawing of double-angle-lapped epitaxial layer, to illus- 
trate orientation relationships used in this study. 

as one can expect to measure. The sensi t ivi ty of the 
measurement  (200X photograph, comparator)  is about 
0.5 ~m. 

The relat ionship of the steps to the crystal symmetry  
is important.  We define the symmetr ical  case as that 
in which a mirror  plane of symmetry  in the lattice is 
normal  to the surface and is also paral lel  to the macro-  
steps. This is i l lustrated by Fig. 3. Whatever  crystal 
face is exposed by the left step, the same face wil l  be 
exposed by the r ight  step by symmetry.  This is not 
t rue  for the nonsymmetr ica l  case i l lustrated in Fig. 3. 

Results 
One set of data on XR, XL, and Xc is plotted vs. 

substrate orientat ions from 0 ~ to 9 ~ off (100) toward 

CROSS -SECTION VIEWS 

SURFACE SURFACE 
NORMAL NORMAL 

NORMAL TO ~ t 
f , , ~  ~/PLANE" OF STEF~ RISER ~/V ~ I t ~ / ~  

I I I 1 / /  
I I I PLANES OF / / / 

MIRROR 
I I I SYMMETRY / / / 

SYMMETRICAL CASE .O.-SYMMETR~CAL CASE 

Fig. 1. Drawings of cross-sectlon view and angle-lap view of n- 
type and p-type epitaxial layers with n + buried layers. The sense 
of XR and of XL is negative as shown. 

STEREOGRAPHIC PROJECTIONS 
O01 OOI 

O=SURFACE NORMAL" [IOO3 O= SURFACE NORMAL 
20" OFF [IOO] TO [.O103 �9 = NORMALS TO 

CRYSTALLOGRAPNICALLY 
EQUIVALENT PLANES I~ , Pl NORMALS TO 
AT STEP RISERS NON-EQUIVALENT 

PLANES AT STEP 
RISERS 

Fig. 3. Cross-section views and stereographic projections of the 
symmetrical case and the nonsymmetrical case. 
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a nearest {I10}, in Fig. 4. For each surface with a 
pattern of rectangular depressions, data on the dis- 
placement were recorded for four edges of the depres- 
sions. We have deliberately oriented the surface and 
pattern so that one pair of these edges would always 
be the "symmetrical case" as in Fig. 3. For exact (100) 
surfaces, the other pair of edges would then also be 
the symmetrical case; the geometry is illustrated in 
Fig. 3 by a stereographic projection for surfaces 1 ~ 
9 ~ off (100), and the other pair of edges would be the 
nonsymmetrical case. The distinctions of symmetrical 
and nonsymmetrical are indicated in the data of Fig. 
4. Four situations were studied, growth at 1215 ~ and 
1240~ with and without HCI etching (1% HCI in H~, 
2 min at 1250~ Complete data from one set are 
given in Fig. 4. Data from the other sets show essen- 
tially the same features. In each case there was a 
marked effect of crystal symmetry. Even at 9 ~ of {100}, 
Xc is very small for the symmetrical part but large for 
the nonsymmetrical part as illustrated in Fig. 2. Both 
portions of the patterns were symmetrical on the exact 
{100} and exhibited very small Xc. It should be noted 
that the positive displacements of Fig. 4 correspond to 
receding step-motion, illustrated in Fig. 2. 

Further data were recorded for slices 0% 0.5 ~ and 
1 ~ off {100}, as shown in Fig. 5. Each point is the aver- 
age of several measurements. In spite of the scatter, 
the trend of larger Xc with Iarger misorientation is 
evident. 

Data on the observed step widths are given in Fig. 6. 
The lower temperature (1215~ leads to a broadening 
of steps only on the 0 ~ to 0.5 ~ off {100} surfaces, where- 
as all orientations had similar step-widths after growth 
at 1240~ Larger step-broadening is undesirable since 
it is associated with imprecise definition of the 
bounda ry  of the  surface  depression.  This effect is i l -  
lus t ra ted  in Fig. 7. 

F u r t h e r  informat ion of in teres t  is obta ined by  p lo t -  
t ing Xc vs. ep i tax ia l  thickness;  this  is shown in Fig. 8. 
Taking  Xc to be idea l ly  zero at  zero ep i tax ia l  th ick-  
ness, the  da ta  show tha t  the  d isp lacement  of the  center  
is g rea te r  wi th  increas ing  film thickness,  but  it is st i l l  
less than  2 ~m at 15 ~m th ickness  for  exact  (100) 
surfaces. 

A design graph (Fig. 9) can be constructed, to select 
orientation tolerances when desired values of Xc and 
epitaxial thickness are known, This information can be 
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Fig. 4. Data for displacements on HCI etched, 1240~ 14 /~m 
n-type epitaxial layer. The direction of the misorlentafion is in- 
dicated in Fig. 2. 
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Fig. 6. Data on spread of step widths vs. angular orientation 
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impor tan t  when  la rge  quant i t ies  of m a t e r i a l  are  be-  
ing considered.  Data  wi th  the  greates t  d i sp lacement  
have  been used to construct  Fig.  9, to give the  greates t  
design safety. 

To use the  graph,  one chooses the  ep i tax ia l  th ick-  
ness t and center  d i sp lacement  Xc. Let  t = 15 gm, 
Xc ---- 2.5 gin. F ind  the  point  on the  t ---- 15 gm l ine  
wi th  Xc = 2.5 gin, and note tha t  the  corresponding 
angle  is 10 rain off (100). This means  tha t  surfaces 
(100) __ 10 min  would  be required .  Fo r  another  ex -  
ample,  let  t = 7 ~m. For  Xc = 2.5 ~m, then  the  m a x i -  
m u m  al lowed angular  misor ien ta t ion  is 35 rain. So 
( 1 0 0 )  _ 35 rain would  be adequate.  To make  this  

g raph  reasonab ly  complete,  in te rpo la ted  l ines for 9, 11, 
13 ~m thickness  a re  drawn.  Actua l  da t a  a re  used for  
7 and 15 ~m thicknesses.  I t  m a y  be  a rgued  tha t  a 
l imi ta t ion  of these design da ta  is tha t  only  one type  of 
misor ien ta t ion  f rom {100} was  studied. However ,  the  
region of in te res t  is c lear ly  f rom 0 ~ to 1 ~ off {100}, and  
in th is  region the  dis t inct ion be tween  the var ious  ways  
of misor ien t ing  a surface off {100} is difficult to de te r -  
mine  in pract ice.  

F r o m  the  previous  data,  i t  is p red ic ted  tha t  pa t t e rn  
d i sp lacement  would  he v e r y  smal l  for  th in  ep i tax ia l  
layers .  This has been  confirmed b y  the  da ta  in  Table  ! 
for  p - t y p e  ep i tax ia l  layers  on p - t y p e  subs t ra te  wi th  
n + bur ied  layers .  

Discussion 
The data show that lateral motion of macrosteps can 

range from a negligibly small value up to several 
times the epitaxial layer thickness, depending on the 
orientations of the surface and of the steps. Also, the 
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Fig. 7. Interference contrast photographs of [100] surfaces after 
epitaxy showing: a, sharp steps, growth at 1240~ b, wide steps, 
growth at 1215~ 
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s y m m e t r y  of the  s t ep-mot ion  fol lows the  s y m m e t r y  of 
the  latt ice.  In  addi t ion  to the  advance  of s teps across a 
surface, receding s tep-mot ion  was also observed  whi le  
at  the  same t ime ver t i ca l  g rowth  occurred on e i ther  
side of the  receding  step. Each of the  above  resul ts  for  
{100} was also found prev ious ly  for subs t ra tes  near  
{111}, bu t  wi th  the  opposi te  effect tha t  g rea te r  dis-  
p lacements  occurred nea re r  {111} whereas  g rea te r  dis-  
p lacements  occur f a r the r  f rom {100} according to the  
presen t  data.  

The resul ts  p rovide  informat ion  on the or ienta t ion  
tolerances,  as g iven in Fig. 9. Fur the rmore ,  the  resul ts  
ra ise  some more  fundamen ta l  quest ions about  the  
growth  mechanism. One can ask how these steps would  
move as a funct ion of s tep-height .  Very  smal l  steps 
should approach  the behavior  of monolayer  steps which 
may  be fundamen ta l  to growth.  Ve ry  la rge  steps (25 
~m) have  been s tudied by  Runyan  et al. (11), and  the  
re la t ionships  be tween  behav ior  of these var ious  steps 
should be clarified. Very  smal l  s teps can be fabr ica ted  
by  the  presen t  technique by  reduc ing  the oxide  th ick-  
ness, and 30A steps can be observed opt ica l ly  wi th  
in te r fe rence  cont ras t  (12), so it should be possible  to 
obta in  da ta  on the behavior  of steps cover ing a wide  
range  of heights. 

In format ion  on the  behav ior  of the steps dur ing  
ep i t axy  by  o ther  techniques such as molecular  beam 
(13), evaporat ion,  and si lane decomposi t ion should be 
useful. The receding  mot ion of s teps is appa ren t ly  an 
unexpec ted  etching effect which  m a y  be associated 
wi th  the  inevi table  HC1 by -p roduc t  in the  SiC14/H~ 
system. Other  g rowth  systems should be  he lpfu l  in 
c la r i fy ing  this phenomenon.  

To in te rpre t  the  macros tep  motion, it  is t empt ing  to 
s tar t  wi th  a macroscopic mode l  which assumed tha t  
an apprec iab le  facet  exists  a t  the  s t ep- r i se r  as d rawn  
in Fig. 3, and tha t  the  end resul t  depends  p r i m a r i l y  
on the  growth  ra tes  of the  var ious  exposed c rys ta l lo -  

Table I 

Epitaxial t h i c k -  Xo  ( fo r  t w o  
n e s s  (p~n) O r i e n t a t i o n  d i r e c t i o n s )  (#m)  

4.1 181' Off {111}* ~1 ,  ~ 1  
S.O 23" o f f  (100} ~1 ,  ~ 1  
3.2 19' of f  {100} ~1 ,  ~ 1  
5.6 158' o f f  {111}* 1, 1.5 
2.9 180' of f  (111}* ~1 ,  ~ 1  

at  1240~ * T o w a r d  a n e a r e s t  (110}. 
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graphic planes.  This model  is unsatisfactory, since i t  
does not  exp la in  (a)  w h y  the  d isp lacement  is gene ra l ly  
g rea te r  for  l a rge r  misor ien ta t ion  f rom {10O}, (b) w h y  
the  lower  t empera tu re s  cause s t ep -b roaden ing  at  {100}, 
or  (c) w h y  some receding s tep-mot ion  occurs. This 
model  might  be more  plausible  if  the  da ta  on g rowth  
ra te  vs. or ienta t ion  showed a definite m in imum at 
{100}, bu t  this  was not  the  case wi th  the  presen t  study.  
Bean and Gle im (14) on the  o ther  hand  do r epo r t  a 
lower growth  r a t e  for  (100} as opposed to 1.5 ~ off 
{1O0}; as pointed out  by  Runyan  (15) da ta  f rom var ious  
expe r imen te r s  seldom seem to agree  on the  numer ica l  
values  of the  g rowth  rate.  

An a l t e rna te  model  of g rea te r  complex i ty  would  in-  
volve  a cons idera t ion  of the  atomic s t ruc ture  at the  
steps; the  ra te  a t  which a toms could be a t t ached  to 
the  var ious  s t ructures  would  then  de te rmine  the  r e -  
sul tant  displacement .  Edge effects, e.g., at the  bot tom 
of a step, would  p r o b a b l y  be impor t an t  in this  model,  
whereas  the  s imple r  macroscopic  mode l  would  ignore 
wha t  happens  at  such an edge. E i the r  model  is suffi- 
cient to expla in  the  s y m m e t r y  effect, since in each 
model  the  growth  r a t e  depends  on the c rys ta l  s t ruc-  
ture.  This implies  tha t  a toms are  r ead i ly  suppl ied  to 
al l  possible g rowth  centers  b y  t r anspor t  mechanisms,  
which  m a y  include surface diffusion as suggested by  
the w o r k  of Runyan  et  al. (11). 

Manuscr ip t  submi t t ed  Feb.  2, 1970; rev ised  m a n u -  
script  received ca. J u l y  9, 1970. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cusslon Sect ion to be publ i shed  in the  June  1971 
JOURNAL. 
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Doped Oxides as Diffusion Sources 
II. Phosphorus into Silicon 

M. L. Barry* 
Research and Development Laboratory, 

Fairchild Camera and Instrument Corpora~on, Palo AIto, California 94304 

ABSTRACT 

The diffusion of phosphorus  f rom a deposi ted  doped oxide  into sil icon has 
been found to be consistent  wi th  a prev ious ly  der ived  model  descr ibing doped 
oxides  as diffusion sources. Diffusion coefficients of phosphorus  in both silicon 
and si l icon dioxide  have  been measured  in t e rms  of this  model  over  surface  
concentrat ions  va ry ing  f rom 6 x 1017 to 2 x 1020 a toms /cm 3 at  diffusion t em-  
pe ra tu res  of 1O00 ~ 1100 ~ and 1200~ 

The use of doped oxides which have  been deposi ted 
at low t empera tu res  as diffusion sources adds con- . J 
s iderab le  f lexibi l i ty  to the  processing of semiconductor  
devices. Pe rhaps  the  greates t  advan tage  over  s t andard  
gas-phase  doping techniques  is independent  control  of 
the  surface concentra t ion  over  severa l  orders  of magn i -  
tude.  Other  advantages  include be t t e r  process control,  
adap tab i l i ty  to low defect  processing, and the  ab i l i ty  
to control  the  final oxide thickness independen t ly  of the  
diffusion conditions.  In  addition, i t  is possible to make  
cer ta in  device configurations, such as se l f - a l igned-ga te  
m e t a l - ~ 1 7 6 1 7 6  transistors ,  or complemen-  
t a ry  MOS in tegra ted  circuits,  which  are  ve ry  difficult 
wi th  s t andard  technology. 

In  an ear l ie r  pape r  (1), a model  descr ibing the d i f -  
fusion of a dopan t  into a semiconductor  f rom a doped 
oxide was presented  and shown to descr ibe  reasonab ly  
wel l  the  case of boron diffusing into silicon. The pu r -  
pose of this pape r  is to ex tend  this model  to the  case 
of phosphorus  diffusing into silicon and to repor t  m e a -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: solid-state diffusion, semiconductor processing. 

sured  values  of the  constants  of the  diffusion. I n t e r -  
p re t ing  these constants  in te rms of a tomist ic  descr ip-  
tions of the  diffusion mechanism is not wi th in  the  scope 
of the  present  paper .  

Diffusion f rom deposi ted doped oxides has been r e -  
por ted  fa i r ly  ex tens ive ly  (2-13),  inc luding  severa l  
descr ipt ions of the  diffusion of phosphorus  into silicon. 
However ,  values  of the  appropr ia t e  diffusion coeffi- 
cients have  not  been repor ted  in these papers  over  the  
range  of t e m p e r a t u r e  and concentra t ion covered in the  
presen t  work.  The l i t e ra tu re  t rea t ing  the diffusion 
process i tself  of phosphorus  into sil icon is ve ry  ex-  
tensive and cannot  be r ev iewed  here.  

Theary 
The genera l  one-d imens iona l  case for  diffusion of a 

dopant  f rom a un i fo rmly  doped oxide  of thickness  
Xo --  xB and in i t ia l  concentra t ion  Co into a sil icon 
subs t ra te  is shown in Fig. 1. Inclusion of an undoped  
oxide of thickness  xB, which  acts as a ba r r i e r  to d i f -  
fusion, al lows the measurement  of the  diffusion p a r a m -  
eters  of the  dopant  in the  oxide;  in ac tual  device 
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Fig. 1. Diffusion from a deposited doped oxide through a harrier 
oxide into a semiconductor substrate. 

fabrication, this barr ier  oxide is normal ly  reduced to 
a minimum.  The diffusion equations in each region can 
be wr i t ten  

OCi (X, t) 02Ci (x, t) 
= Di [1] 

Ot Ox 2 

where the subscript i takes the value 1, 2, or 3 de- 
pending on the region. This formulat ion implici t ly 
assumes that  no field-aided diffusion terms are operat-  
ing on ionized dopants and that ion-vacancy interac-  
tions can be ignored. The conditions under  which these 
assumptions appear valid and the corrections to be 
made when they are not are discussed in a later sec- 
1:%on. The solution of Eq. [1] with the appropriate 
boundary  conditions has been described in some detail 
in earl ier  work (1); suffice to say that  when  the thick-  
ness of the doped oxide is much greater than  the dif- 
fusion length of the dopant  in the oxide, the solution 
for the concentrat ion in the silicon reduces to a simple 
form 

[ xB + mkr  ] 
C2 (x, t) = Co k/DI/Dp, erfc [2] 

where t is the diffusion time; m is the segregation co- 
efficient, or the ratio of the concentrat ion of dopant  in 
the silicon to the concentrat ion in the oxide at the sili- 
con-oxide interface; and 

1 
k ---- -- ~/DI/D2 [3] 

m 

Determination of D2.--For the case of no undoped 
barr ie r  oxide (~CB = 0), Eq. [2] reduces to the simple 
case of diffusion from a semi-infinite source into a 
semi-infini te sink, or a complementary-e r ror - func t ion  
diffusion with an equivalent  surface concentrat ion Cs 

Co A/D1/Dp. 
C, = [4] 

( l + k )  

Thus, the surface concentrat ion for this simple case is 
independent  of t ime and depends on the ini t ia l  con- 
centrat ion of dopant in the oxide, the square root of 
the ratio of the diffusion coefficients, and the segrega- 
t ion coefficient. Integrat ion of Eq. [2] also leads to a 
simple expression for the sheet conduct ivi ty  when  XB 
---- 0 and the substrate resist ivi ty is reasonably high 
(greater  than 1 ohm-cm for this work)  

ZlV = 8.15 • 1 0 - s  9C, k/'D2t [5] 

where I/V is the inverse of the V/I commonly mea-  
sured with a 4-point  probe, ~ is the effective mean  
mobil i ty  of carriers, and the constant  includes the 
electron charge, the spreading-current  factor for the 
4-point  probe, and 2/~/=, a constant  of the integration.  
I t  can also be shown for the case of no barr ier  oxide 
that  the junct ion  depth can be wr i t ten  

[cb] 
xj = 2x/Dp.t argerfc "~s [6] 

where Cb is the bulk concentration of the substrate. 
From Eq. [5] and [6], the junction depth and sheet 

conductivity should be linear functions of the square 
root of the diffusion time, and the slopes of the cor- 
responding straight lines are measures of the diffusivity 
of the dopant in silicon 

1.23 X 10 ~ d(I/V) 
"x/D~ = _ [7 ]  

~c, d(Vt) 

d(xj) 

d ( V ~  
~D2 = [8] 

2argerfc [ C ~ ]  

If the surface concentrat ion is greater than  about 1 X 
1019 atoms/cm a, it is possible to measure Cs by a 
p lasma-frequency method; it is then possible to deter-  
mine two independent  values of D2 from sheet con- 
ductivity and junct ion  depth data. For low values of 
Cs, Eq. [7] and [8] can be combined, and self- 
consistent values of D2 and Cs can be calculated. 

Determination o] Dl. - - Inc lus ion  of an undoped  bar-  
rier oxide as shown in Fig. 1 allows the measurement  
of D1, the diffusivity of the dopant  in the oxide. If the 
subscript B refers to a wafer  with a thin, undoped 
oxide of thickness xs, and the subscript N refers to a 
wafer with no such barr ier  oxide, then Eq. [2] can be 
manipula ted  to show for a given Co 

XB 
= t91 

2~/t-argierfc [, -~N(I/V)~ ] 

XB 
~/D1 = [10] 

2X/{ argerfc L (---~)N 

~csVDs 
~/D~ = [11] 

( x j ) N -  (X~)B 

Thus, by measuring the differences in sheet conductiv-  
ities, junct ion depths, and surface concentrat ions be-  
tween wafers diffused with and without  a barr ier  
oxide, it is possible to determine D1 by  three inde-  
pendent  measurements.  

Determination of m . - - I n  theory, the segregation co- 
efficient can be determined from different var iants  of 
Eq. [2] once D1 and D2 are known  and Co, the concen- 
t ra t ion of the dopant in the oxide, is measured (1). 
Numerically,  however, m is calculated as the reciprocal 
of a small  difference between two large exper imenta l ly  
determined numbers,  and for the case of phosphorus 
the resul t ing uncertaint ies  are large enough to render  
its calculation meaningless.  This wil l  be enlarged upon 
in  a later section. 

Exper imenta l  
The substrates used in this s tudy were (111) silicon 

wafers, sliced from Czochralski-grown crystals, lapped 
on both sides, and mechanical ly  and chemically pol- 
ished on one side. The phosphorus doped oxides were 
deposited by oxidation of silane and phosphine at a 
substrate tempera ture  of 400~ and the diffusions 
were performed in dry ni t rogen ambients  at wi th in  
__+2~ of the nomina l  diffusion temperature.  The 
thickness of the doped oxide normal ly  was 0.6/~. The 

Undoped 
Oxide C3,D 1 

IE :lI 

Silicon C?_, D z 
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phosphorus  concentra t ion in the  films was de te rmined  
by a spec t rophotometr ic  analysis  using films deposi ted  
s imul taneous ly  wi th  those used for diffusion (14). 
The sheet  conduct iv i ty  was measured  wi th  a 4-point  
probe,  and junct ion depths  were  measured  using the  
Nomarsky  in te r fe rence  technique af ter  grooving and 
staining. The mean  mobil i t ies  were  ca lcula ted  as a 
funct ion of surface concentra t ion by  numer ica l  in-  
tegra t ion  of I rv in ' s  conduct iv i ty  mob i l i t y  da ta  (15) 
assuming comple te  ionization. The  junct ions  were  
de l inea ted  by  s taining wi th  a n i t r ic -hydrof luor ic  acid 
solution (0.1:50:50 by  volume of 70% HNO~:49% 
H F : H s O ) .  The surface concentra t ion was de te rmined  
f rom the  min imum in the  in f ra red  reflection spec t rum 
(p l a sma- f r equency) ,  using the curves  of Gardne r  
et al. (16) and correc ted  for  shal low junct ions by  the 
method  of Abe  and Nishi (17). El l ipsometr ic  methods  
we re  used to measure  the  th ickness  of the  ba r r i e r  
oxides.  

Results 
Values of the diffusivi ty  of phosphorus  in silicon as 

de te rmined  by  this technique are  shown in Fig. 2 for 
surface concentrat ions  ranging  f rom 6 • 1017 to 2 • 
1020 a toms /cm ~ and t empera tu re s  f rom 1000 ~ to 1200~ 
For  surface concentra t ions  of 1 • 1019 a toms /cm ~ and 
above, where  Cs gene ra l ly  could be measured  inde-  
pendent ly ,  the  values  of ~/Ds measured  by  the sheet  
conduct iv i ty  method  are  shown as closed points,  whi le  
the  values  measured  f rom the  junc t ion  depth  method 
a re  open points.  For  lower  values  of Cs, the  calcula ted 
sel f -consis tent  values  of ~/D2 and Cs are  shown as 
p a r t i a l l y  closed points. These da ta  indicate  tha t  the  
diffusivi ty of phosphorus  in silicon is r e l a t ive ly  inde-  
penden t  of Cs up to values  of about  1 • 1019 atoms/cm~ 
and tha t  it  then  increases wi th  increasing concentrat ion.  

The re l i ab i l i ty  of these values  of ~/D2 has been 
es t imated  by  geomet r ica l ly  combining the s t andard  
devia t ions  or  uncer ta in t ies  of each of the  factors en te r -  
ing into the  calculat ions.  The es t imated accuracy  of 
~/D2 as measured  b y  the sheet  conduct iv i ty  method  in-  
cludes a 20% unce r t a in ty  in the  measu remen t  of Cs, 
a 10% uncer t a in ty  in the  mean  mobi l i ty ,  and  a 1% 
re la t ive  s tandard  devia t ion  in the slope of the  I / V  -- 
~ / t - c u r v e  ( f rom a leas t - squares  fit assuming no un-  
ce r ta in ty  in the diffusion t ime) .  These combine to 
y ie ld  a to ta l  unce r t a in ty  of about  25%; however ,  at  
high surface concentra t ions  (over  1 • 1020) the  un -  
ce r t a in ty  in Cs reduced to about  10%, and the to ta l  
unce r t a in ty  drops to about  15%. In a s imi lar  fashion, 
the  ~/D2 as measured  by  the  junc t ion  depth  method  
has an es t imated  uncer t a in ty  of less than 10%, p r i -  
m a r i l y  because it is r e l a t ive ly  insensi t ive to values  of 
Cs. As Fig. 2 shows, there  is genera l ly  excel lent  ag ree -  
ment  be tween  values  de te rmined  by  the two tech-  
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Fig. 2. Diffusion coefficients of phosphorus in silicon at various 
temperatures and surface concentrations. 
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Fig. 3. Sheet conductivities resulting from diffusion of phosphorus 
into silicon at 1100~ from deposited oxides with different initial 
phosphorus concentrations. 
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Fig. 4. Junction depths resulting from diffusion of phosphorus 
into silicon at 1100~ from deposited oxides with different initial 
phosphorus concentrations. 

niques, and agreement  be tween  dupl ica te  measu re -  
ments  also is good. 

In  the  case of boron diffusing f rom a doped oxide at  
h igh surface concentrat ions  (Cs > 1 • 10 ~~ atoms/cruZ), 
the  sheet  conduct iv i ty  was found to be anomalous ly  
high at  shor t  diffusion t imes  (1).  This behavior  ap-  
pears  to be absent  in the  case of phosphorus,  as ind i -  
cated by  Fig. 3 and 4. The sheet  conduct ivi ty ,  as shown 
in Fig. 3, is a l inear  function of ~ / t  a t  surface con- 
centra t ions  as high as 2 • 1020, 1 and i t  ex t rapola tes  
p rope r ly  back  th rough  the  or igin or to a v e r y  smal l  
in te rcept  on the posi t ive  t ime axis. The junc t ion  dep th  
is also l inear  in ~ / t - o v e r  al l  concentra t ion  ranges  
uti l ized.  In addit ion,  the surface concentra t ion remains  
independen t  of the  diffusion t ime in a l l  these studies, 
as p red ic ted  by  Eq. [4]. The  surface concentra t ions  of 
Rhosphorus in the  silicon for var ious  in i t ia l  concen-  
t ra t ions  of phosphorus  in the  oxide  are  shown in Fig. 
5. 

1 The upper  l imi t  of Cs in these e x p e r i m e n t s  is controlled by  a 
phase change  of the  doped oxide.  At  h igh  phosphorus  concentra-  
tions, the oxide appears  to l iquefy  at the diffusion t empera tu re ,  in-  
c reas ing  ~/D1 to a h i g h  va lue  and  the reby  inc reas ing  Cs, as ind i -  
cated by  Eq. [4 ]  This  phase  change  corresponds qui te  well  to the  
phase  d i a g r a m  for  SiOs-P~O5 proposed by Tien  and H u m m e l  (15). 
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Fig. 5. Surface concentrations of phosphorus in silicon resulting 
from various concentrations of phosphorus in the deposited oxide. 

Concentrat ion profiles for diffusions from two differ- 
ent concentrat ions of doped oxide are shown in Fig. 6. 
These profiles were determined by measur ing the 
sheet conduct ivi ty  gradient  normal  to the wafer sur-  
face using the anodic oxidation technique of Tan-  
n e n b a u m  (19). The deviat ion of the high surface con- 
centrat ion profile from the expected erfc relat ion is 
discussed in a later  section. 

The measurement  of D~, the diffusivity of phos- 
phorus in the oxide, is slightly more complicated than  
in the case of boron. Glasses containing more than  
about 2 X 1021 phosphorus a toms/cm ~ dissolve the 
undoped barr ier  oxide at a finite rate at the diffusion 
temperatures,  and this tends to obscure the diffusion 
process in the oxide. This case can be treated as dif-  
fusion from a moving boundary  (20), bu t  the experi-  
menta l  results do not just i fy the effort. This dissolu- 
t ion does not affect the measurement  of ~/D2, of course, 
where in  no bar r ie r  oxide is used. As a mat ter  of fact, 
the dissolution of the very  th in  na tu ra l ly  occurring 
oxide on the silicon surface insures that  the sheet 
conductivi ty and junc t ion  depth curves for high sur-  
face concentrat ions wil l  pass through the origin ra ther  
than  be shifted along the positive t ime axis, as may  
be the case for boron. 

For phosphorus concentrat ions below about  2 X 102~ 
a toms/cm 3 in the oxide, the dissolution of the bar r ie r  
oxide is negligible, and the diffusion coefficient can 
be measured. Figure 7 shows values of ~/D1 at t emper-  
atures from 1050 ~ to 1200~ Because of the required  
low concentrations,  de terminat ion  of D1 by differences 
in Cs (Eq. [10]) is not possible, but  there is good 
agreement  between the other two techniques. Of these, 
the method using differences in junc t ion  depths (Eq. 
[11]) appears most reliable. The sheet conduct ivi ty  
technique (Eq. [9]) involves est imating the effective 
mean  mobility, and electron mobili t ies change quite 
rapidly with surface concentrat ion in  the region where  
these measurements  are made. In  addition, for much 
of the data the surface concentrat ions are too low to 
be measured directly; in these cases calculation of Cs, 
#, and D1 must  be done by a re i tera t ive  procedure. On 
the other hand, measurement  of D1 by the junc t ion  
depth method can involve taking small  differences be-  
tween two large numbers .  Est imated uncer ta int ies  in 
these measurements  vary  from 10% at 1100~ to about 
25% at 1200~ and must  be combined with the un -  
certainties in ~/D--~, since this quant i ty  enters direct ly 
into the calculation of D1. As a result, values of ~/Dt 
may be good only wi th in  +--30%. Typical data for this 
technique are shown in Fig. 8. 

As ment ioned earlier, values of the segregation co- 
efficient, m, are not  reported here. The equations for 

1200~ 1100 1050 
ol  I I I 
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Fig. 7. Diffusion coefficients of phosphorus in SiO2 
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oxide. 
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calculating m all have the form 

1 
m = [12] 

Co 
- -  N[D2/Dz 

Cs 

Since values of m are expected to be greater  than 
uni ty  (21), the denominator  of Eq. [12] wil l  be less 
than  one. Since the ratios of Co to Cs and ~/D2 to -x/D1 
are typically in the range twenty  to fifty, with sizable 
uncertainties,  small  differences between these ratios 
cannot be considered significant. 

Discussion of Results 
At high surface concentrat ions the diffusivity of 

phosphorus in silicon is not strictly independent  of 
concentration, as has been assumed in this simple 
model. As can be seen from Fig. 2, there is a one-and-  
a-ha l f -  to threefold increase in x/D2 as the surface 
concentrat ion varies f rom below 1 X 10 TM to 2 • 1020 
atoms/cm 3, depending on the diffusion temperature.  
Effects that  have been advanced to account for such 
an increase are the action of the self- induced field on 
the ionized impuri t ies  (22, 23) and an increase in the 
equi l ibr ium lattice vacancy concentrat ion (24-26). The 
first effect should result  in a factor of 2 increase in D2 
as the dopant  concentrat ion becomes large compared to 
the intr insic carrier concentrat ion at the diffusion tem-  
perature.  The vacancy mechanism should result  in D2 
being near ly  proport ional  to the dopant  concentrat ion 
at values well  above the intr insic carrier  concentration. 

Profiles for the low surface concentrat ion diffusions 
agree wi th in  the accuracy of the profiling technique 
with the predicted complementary  error function, as 
shown in Fig. 6. However, a higher surface concentra-  
tion diffusion shows some deviation from the expected 
profile (the kinks in either curve are not significant ex- 
per imenta l ly) .  The non-normal ized  data for this sec- 
ond diffusion are plotted in  Fig. 9 together with curves 
represent ing the expected behavior ment ioned above, 
as interpolated from the curves of Hu and Schmidt 
(25). Curve A is the concentrat ion profile predicted 
for this surface concentrat ion if only field-aided diffu- 
sion terms are taken into account, while curve B shows 
the addit ional  effect of the equi l ibr ium vacancy terms. 
In both cases, the value of the intr insic x/D~ has been 

taken as 0.20 ~ /hr~ ,  the apparent  value of the low-Cs 
asymptote at l l00~ as shown in Fig. 2. As can be 
seen from Fig. 9, agreement  of the data with either 
of these curves is worse than  with the  simple error 
funct ion curve of Fig. 6. The curve that  seems to fit 
the data best is that  for field-aided diffusion using 
0.40 g/hrV=, the value of x/D2 which was actually mea-  
sured for this diffusion assuming a simple erfc relation. 

The proper in terpre ta t ion  of the high surface con- 
centrat ion data is not obvious, and as ment ioned in  
the introduction, it is beyond the scope of this paper 
to discuss mechanisms of diffusion in silicon. The de- 
viations of the concentrat ion profiles from the expected 
values are not large, but  are significant. On the other 
hand, there is excellent  agreement  be tween the values 
of x/D2 measured independent ly  from both sheet con- 
duct ivi ty and junct ion  depth data, and this should not 
be the case for large deviations from the erfc relation. 
The conclusion drawn is that  the low surface concen- 
t ra t ion values of D2 are valid intrinsic diffusivities of 
phosphorus in silicon, while the values at high surface 
concentrat ions are effective diffusivities (averaged over 
some range of concentrat ion) which adequately de- 
scribe the diffusion characteristics. 

A comparison is made in Fig. 10 of some of these 
data wi th  that  reported by other investigators. The 
values of the diffusivity presented here for high sur -  
face concentrat ions are lower in general  than  those 
reported by Mackintosh (27), but  higher than  those 
of Ful ler  and Ditzenberger (28). The apparent  acti-  
vat ion energy is lower for the high surface concentra-  
t ion diffusion than  for the low surface concentrat ion 
(2.6 eV compared to 3.7 eV), as predicted by  the va-  
cancy mechanism, bu t  the difference is larger than  
that  suggested by Hu and Schmidt (25). 

Conclusions 
Diffusion of phosphorus from a deposited doped ox- 

ide source is an attractive technique for fabricat ing 
both emitter  and base junct ions  in silicon transistors 
because of the independent  control of surface concen- 
t rat ion over a wide range. The diffusion appears de- 
scribable by  a simple model, although there are small  
discrepancies in the concentrat ion profiles at surface 
concentrat ions near  1 X 1020 a toms/cm 3. Measurement  
of diffusivities of phosphorus in heavi ly  doped oxides 
is complicated by  the dissolution of the undoped 
barr ier  oxide used in this technique. However, values 
of the diffusivity of phosphorus in l ight ly doped oxides 

~ , , , i . . . .  I , , ' [ are measurable.  
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Fig. 9. Comparison of the concentration profile of phosphorus 
from a high surface concentration diffusion with profiles predicted 
for: curve A, field-aided diffusion only; curve B, field-aided plus 
equilibrium-vacancy diffusion; curve C, best fit by field-aided dif- 
fusion with x/D 2 = 0.40 p./hr t/=. 
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1410 J. Electrochem. Soc.: S O L I D  STATE SCIENCE N o v e m b e r  1970 

Acknowledgment 
The author is indebted to Mrs. J. Bien for her as- 

sistance in the exper imental  par t  of this work, to R. 
Ceynowa for development  of suitable techniques of 
chemical analysis, and to W. H. Shepherd for m a n y  
technical discussions and much adminis t ra t ive  support. 

Manuscript  received Apri l  2, 1970. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 

REFERENCES 
1. M. L. Bar ry  and P. Olofsen, This Journal ,  116, 

854 (1969). 
2. P. F. Schmidt and A. E. Owen, ibid., 111, 682 (1964). 
3. J. Scott and J. Omstead, RCA Rev., 26, 357 (1965). 
4. P. F. Schmidt, T. W. O'Keefe, J. Oroshnik, and 

A. E. Owen, This Journal, 112, 800 (1965). 
5. W. yon Meunch, Solid-State Electron., 9, 619 

(1966). 
6. D. L. Toll iver and D. L. Elgon, Paper  183 presented 

at the Phi ladelphia Meeting of the Society, Oct. 
9-14, 1966. 

7. T. L. Chu and G. A. Gruber,  Electrochem. Technol., 
5, 44 (1967). 

8. D. B. Lee, Solid-State Electron., 10, 623 (1967). 
9. A. E. Owen and P. F. Schmidt, This Journal, 115, 

548 (1968). 
10. B. M. Mecs, Paper  93 presented at the Boston 

Meeting of the Society, May 5-9, 1968. 

11. K. Nagano, S. Iwauchi, and T. Tanaka,  Japan. J. 
Appl. Phys., 7, 1361 (1968). 

12. T. Abe, K. Sato, M. Konaka, and A. Miyazaki, 
Paper  164 presented at the Detroit Meeting of 
the Society, Oct. 5-9, 1969. 

13. F. L. Gittler, Paper  182 presented at the Detroit 
Meeting of the Society, Oct. 5-9, 1969. 

14. AASGP Committee Rept., J. Am. Water Works 
Assoc., 50, 1563 (1958), as modified by B. Yurash 
and R. Ceynowa, Fairchi ld  Research and De- 
velopment  Laboratory. 

15. J. C. Irvin,  Bell System Tech. J., 41, 387 (1962). 
16. E. E. Gardner,  W. Kappallo, and C. R. Gordon, 

Appl. Phys. Letters, 9, 432 (1966). 
17. T. Abe and Y. Nishi, Japan. J. Appl. Phys., 7, 

397 (1968). 
18. T.-Y. Tien and F. A. Hummel,  J. Am. Ceram. Soc., 

45, 422 (1962). 
19. E. Tannenbaum,  Solid-State Electron., 2, 123 

(1961). 
20. C. T. Sah, H. Sello, and D. A. Tremere, J. Phys. 

Chem. Solids, 11, 288 (1959). 
21. A. S. Grove, O. Leistiko, and C. T. Sah, J. Appl. 

Phys., 35, 2695, (1964). 
22. F. M. Smits, Proe. IRE, 46, 1049 (1958). 
23. S. Zaromb, IBM J. Res. Develop., 1, 57 (1957). 
24. M. F. Millea, J. Phys. Chem. Solids. 27, 315 (1966). 
25. S. M. Hu and S. Schmidt, J. Appl. Phys., 39, 

4272 (1968). 
26. S. M. Hu, Phys. Rev., 180, 773 (1969). 
27. I. M. Mackintosh, This Journal, 109, 392 (1962). 
28. C. S. Ful le r  and J. A. Ditzenberger,  J. Appl. Phys., 

27, 544 (1956). 

Electrical Characteristics 
of the 

Silicon Nitride-Gallium Arsenide Interface 
J. E. Foster and J. M. Swartz 

The National Cash Register Company, Dayton, Ohio 45409 
and The Ohio State University, Columbus, Ohio 4321 O, respectively 

ABSTRACT 

The results of an investigation of the electrical characteristics of the sil i-  
con n i t r ide-ga l l ium arsenide interface as determined by  capacitance-voltage 
(C-V) curves is presented and discussed. The Si3N4 was pyrolyt ical ly de- 
posited from Sill4 and NH3 in the range 650~176 on n-  and p-type,  ~111~,  
GaAs. A hysteresis of the C-V curve is noted; the amount  of curve shift is 
shown to be heavily process dependent.  Times involved in curve shift both 
with and without  applied bias are given. Surface state density for the best p 
sample is in  the 10 TM range. 

In  the rapid advance of the semiconductor indus t ry  
over the last two decades, silicon has emerged as the 
most important  material.  Silicon can be purified to a 
very  high degree by re la t ively  simple methods so that  
h igh-pur i ty  mater ial  is readi ly  available at low cost. 
In  the 1960's, the I I I -V compounds have at tracted 
increased attention. Of these materials,  ga l l ium-arsen-  
ide (GaAs) is the most serious competitor to silicon. 
The major  advantages of GaAs over silicon as a t r an -  
sistor mater ia l  are: (a) greater energy gap allowing 
operation at higher temperatures,  (b) high electron 
mobil i ty  giving theoretical ly higher f requency re-  
sponse, and (c) a direct band  gap providing much 
shorter recombinat ion time. The materials  technology 
of GaAs is, however, much more difficult than  silicon. 
Because of the volat i l i ty of arsenic from the com- 
pound, ref inement is much more difficult than for the 
elemental  semiconductors. Only recent ly  have such 
new technologies as l iquid encapsulat ion (1) been de- 
veloped. It  is to be expected that, as research and de- 

Key words: MOS, semiconductor, amorphous, pyrolysis. 

velopment  continue on this impor tant  material ,  high- 
purity,  economical substrates wil l  be achieved. 

In  order to maximize dra in  current,  t ransconduct-  
ance, and operat ing f requency of an insula ted gate 
field effect t ransistor  ( IGFET),  it is desirable to have 
the largest possible value of effective channel  conduct-  
ance (~) and also to use a gate insulator  having a high 
dielectric constant  (2). The value of/~ depends on the 
mobility, ~, of the substrate----~ being typical ly  one 
half that of ~. It  has been widely recognized, therefore, 
that  GaAs with its high electron mobil i ty is potent ia l ly  
a bet ter  substrate mater ia l  for FET's  than  silicon. 

There has recent ly been a great deal of a t tent ion (3- 
35) focused on amorphous silicon ni t r ide (Si3N4) as a 
passivating and masking film par t ly  or ful ly  replacing 
silicon dioxide. Silicon ni t r ide is much more impervi -  
ous to diffusants of all kinds than  silicon dioxide. In  
addition, the use of silicon n i t r ide  as an insulator  in a 
meta l -n i t r ide-semiconductor  (MNS) FET increases the 
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t ransconductance and drain  current  compared to SiO2 
by 50% because of its higher dielectric constant. 

A GaAs FET util izing silicon ni tr ide as the gate in-  
sulator would have considerable advantage over the 
silicon MOS-FET. Before such a GaAs meta l -n i t r ide -  
semiconductor (MNS) FET can be realized, however, 
a great deal  of invest igat ion into the Si~N4-GaAs in te r -  
face must  be made. This paper gives the results of an 
invest igat ion of the SisN~-GaAs interface with par-  
t icular a t tent ion to those properties which would affect 
the achievabil i ty of a GaAs MNS-FET. The SizN4 films 
were pyrolyt ical ly deposited from Sill4 (silane) and 
NH3. Major emphasis was placed on p-mater ia l  since 
an n -channe l  enhancement -mode  device would be de- 
sired to utilize the high electron mobli i ty of GaAs. 

A hysteresis effect in the Si~N4-Si system has been 
reported (18). This effect is also present  in the Si3N4- 
GaAs system as is shown. 

The meta l - insula tor -semiconductor  (MIS) capacitor 
w a s  used as the principal  device for this investigation. 
The theory of MIS capacitors has been presented by 
m a n y  authors (36-37) and hundreds  of articles have 
been wr i t ten  on the metaI- insula tor-semiconductor  
system. An extensive bibl iography has been given by 
Schlegel (38, 39). 

Deposition and Measurement Techniques 
Si3N4 deposition.~The vapor deposition of Si3N4 has 

been accomplished by the ammonolysis of both silicon 
tetrachloride and silane (7). The reaction between 
silane (Sill4) and ammonia  (NH3) has been favored 
recently. Films deposited using Sill4 and NH3 are re- 
ported to be amorphous at deposition temperatures  
below 900~ (9) with deposition possible down to 
650~ (11). The vapor pressure of As over GaAs is 
given for four-a tom and two-a tom molecules of arsenic 
vapor in the range 950~176 by Drowart  and Gold- 
finger (40). Using their  results as a guide, it was an-  
ticipated that  amorphous films of Si3N4 could be de- 
posited at the low end of the SiH4-NH~ tempera ture  
range (e.g., 650~176 wi thout  appreciable loss of 
arsenic from the GaAs surface. 

Semiconductor-grade ni t rogen used as a carrier gas 
was purchased from the Mineweld Company. The Sill4 
diluted with ni trogen (96% N2, 4% Sill4) and the 
u l t rah igh-pur i ty  (99.999%) NH3 was purchased from 
Matheson. 

A schematic of the deposition apparatus used is 
shown in Fig. 1. All  tub ing  was Teflon; flow meters 
were stainless steel. A t w o - w a y ' v a l v e  allowed the 
NH~ and SiI-I4 to be tu rned  from exhaust  to the quartz 
reaction tube to start  deposition. N2 was allowed to 
flow to exhaust as well  as through the quartz tube at 
all times when  depositions were not being made. In 
this manner ,  the system did not have to be pumped 
down or otherwise purged. 

co,L z oU' Tz TU E 

I I ~ I I I I ,'" I'.1 P'~T.C, 
I I  ~ ~ I ~ I j  ./ 1 1  OUTPUT 

I ITWO-WA.Y TO I KW 

4% SiH~L 

Fig. 1. Schematic representat ion of  deposit ion appara tus  

The quartz reaction tube was 30 mm ID. The suscep- 
tor was formed from a graphite cyl inder 1 in. in diam- 
eter and % in. long, The cyl inder  was cut in half  
( lengthwise) to form a 1 in. x % in. horizontal  surface 
upon which the sample was laid. A hollow quartz tube 
served as a handle  for the graphite susceptor. 

A thermocouple rod passed down the hollow quartz 
handle  into the graphite susceptor. The leads from the 
thermocouple connected to a Research Inc., Thermac 
6000 Tempera ture  Controller.  The controller  output, 
by means of an interfacing circuit, controlled the d-c 
plate voltage of 1 kW, 475 kHz Ther-Monic induct ion 
heat ing unit.  

Sample preparation.--The GaAs wafers used in this 
investigation were purchased from Bell and Howell 
Research Laboratories. Both n-  and p- type  wafers were 
0.020 in. thick and <111> oriented. The n - type  mate-  
rial was te l lur ium doped and showed an electron 
mobil i ty of 6600 cm2/V-sec and a carrier  concentrat ion 
of 3.84 - 1016 cm -~ as determined by Hall  measure-  
ments.  Carrier  concentrat ion of the zinc-doped p -mate -  
rial  was 1.4 x 10 I7 cm -3. 

The wafers were hand lapped on an iron plate using 
9~ a luminum oxide in an oil s lurry  to obtain a dull, 
smooth surface, then mounted  on a polishing block 
and polished on a wheel covered with a polishing cloth 
(Buehler Ltd., No. 40-7618). A ~/~% solution of bro-  
mine in methanol  was dripped onto the cloth to effect 
the chemical polishing. This method of polishing GaAs 
was first reported by Sul l ivan and Kolb (41). The 
wafers were polished to a mirror  finish, scribed by a 
diamond scribe, and broken into chips approximately 
�88 in. square. 

F inal  preparat ion included ultrasonic cleaning in 
t r ichloroethylene and acetone, r insing in methanol,  
then r insing in deionized water  having a resist ivity 
greater  than 15 meg and etching for 20 sec in an etch 
consisting of HC1, H202, and H20 in volume ratio 3: 1: 1. 
The chips were again rinsed in the deionized water, 
b lown dry with h igh-pur i ty  N2, and put on the graph-  
ite susceptor in the quartz tube of the rf furnace. N2 
flowed through the tube unt i l  the deposition tempera-  
ture  was reached, at which t ime the Sill4 and NH3 
gases were switched to the tube to begin the deposi- 
tion. The color changes were clearly visible as the 
SisN4 deposited. Near ly  all samples tested had film 
thickness in the 850-1050A range (dark b lue  to blue) .  

After  deposition of the Si3N4, a luminum dots were 
evaporated onto the chip through a metal  mask. The 
dots were nomina l ly  10 and 20 mils in diameter. The 
a luminum was approximately 10,000A thick. 

Since C-V measurements  were to be made on the 
MNS (metal -ni t r ide-semiconductor)  capacitors, a con- 
tact resistance at the substrate (i.e., the back contact) 
of less than 100 ohms was adequate. Ind ium was ap-  
plied to the back of n - type  chips with a soldering iron. 
This gave a contact resistance of less than 10 - s  ohm- 
cm 2. An  alloy of 30% Ag-70% Ga was used on the back 
surface of p- type chips. This alloy could be applied to 
the chips with a soldering iron, and gave a contact 
resistance of 20-50 ohms. 

C-V measuring techniques.--The chips were placed 
on the stage of a micromanipula tor  for making the 
C-V tests. The stage was gold plated and provided the 
electrical contact to the substrate. A 0.010 in. bery l -  
l ium-copper  wire probe made contact to the a luminum 
dot field plate. 

Leads from the probe station were connected to the 
appropriate test ins t rument .  Most measurements  were 
made with a Boonton Electronics Model 75C Capaci- 
tance Bridge which has a f requency range of 5-500 
kHz. Measurements  at higher frequencies were made 
on a modified Boonton Type 250A RX Meter which has 
a f requency range from 0.5 to 250 MHz. 

Experimental Results 
An overview.--Table I gives the results of a pre-  

l iminary  test on several n - type  samples at different 
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Table I. Etch rate, dielectric constant, and 
maximum field strength of Si3N4 

F l o w  ra te  M a x  f ie ld  
of NHa Vol  r a t i o  E t c h  r a t e  s t r e n g t h  
(cc/min) NI-I8 to SiH~ (A/min) er (V/cm) 

18 5:1 300-350 7.9 5 x 10 s 
30 25:1 800-1000 6.3 9 x 106 
60 62.5:1 800-1000 6.2 1.1 x 107 

290 80:1 800-1000 6.1 2.9 • 107 
290 121:1 800-1000 6.15 2.8 X 10 7 

NHs to Sill4 ratios. Deposition temperature was 725~ 
with an N2 carrier flow of 5 fiB/hr. The etch test was 
made in 49% HF acid at room temperature. The rela- 
tive dielectric constant given in the table is the aver- 
age of 3 to 5 samples. 

Thickness was measured by interference fringes and 
by means of a Bausch and Lomb Spectrophotometer 
(Model 505). Only a slight difference is seen in the 
etch rate, dielectric constant, and maximum field 
strength for films deposited with NH3 to Sill4 ratios of 
25 to 1 or greater. The relative dielectric constant ap- 
pears to decrease somewhat and the field strength in- 
creases as the NH3:SiI-I4 ratio increases--both effects 
saturating at high ratios. The film deposited at 5: 1, 
however, shows a distinct difference in all three 
parameters. Other workers (6, 7, 10, 31) have reported 
SisN4 films deposited at 900~176 on silicon to have 
etch rates of 150-300 A/rain in 49% HF. Their results 
also show higher etch rates for lower deposition tem- 
peratures. The etch rates of 800-1000 A/min given here 
for a deposition temperature of 725~ are in good 
agreement with their findings. The relatively low etch 
rate of 300-350 A / m i n  for the 5:1 film suggests that  
this film contains excess silicon. This agrees also with 
the conclusion of Bean et al. (9) that  a 5:1 ratio is 
silicon rich. It is interest ing to note that  Saxena and 
Thal  (26) reported etch rates of 350 A/ ra in  with films 
deposited at 400~ from NH~ and SiI-I4 in a glow dis- 
charge. The ratio of NH~ to Sill4 was not  reported, 
however. The higher dielectric constant  and lower field 
s t rength for the 5:1 film here also would seem to sup- 
port the conclusion that  the film is silicon rich. 

The C-V curves obtained on p-substrates  showed 
two prominent  characteristics, presence of fast surface 
states and a field-induced hysteresis. The presence of 
fast surface states is indicated by the curves of Fig. 2. 
For  this sample, a test f requency of 1.5 MHz was re-  
quired to "freeze out" the fast states, frequencies above 
1.5 meg yielding the same curve. Zaininger  (42) has 
outl ined a method of de termining the effective densi ty 
of surface states which can respond to frequencies up 
to that of the test signal. The in tent  here is to point  
out that  the energy distr ibution and f requency re-  
sponse of these fast states is affected by the NHs: Sill4 
ratio. The NH3 to SiI-I4 ratio for the sample of Fig. 2 
was 25: 1; at higher NH8 to SiI-I4 ratios, the f requency 

response of the fastest states decreased until at a ratio 
of 55:1 the surface states for good samples could not 
follow a 500 kHz signal (Fig. 3). A comparison of Fig. 
2 and 3 shows, moreover, a difference in the energy 
position of those states which could respond to 100 
kHz but not 500 kHz. In Fig. 2, the greatest difference 
between the 100 and 500 kHz curves is in the inversion 
region. In Fig. 3, however, the greatest difference be- 
tween the 100 and 500 kHz curves lies in the accumula- 
tion and depletion regions. This indicates that, where- 
as the fastest states lie near or above midgap (the in- 
version position of the Fermi level) for the sample of 
Fig. 2, they lie in the lower half of the band gap (the 
depletion and accumulation position of the Fermi 
level) for the sample of Fig. 3. A frequency of 500 kHz 
was sufficiently high to freeze out a11 fast states for 
nearly all films deposited at NH8 to Sill4 ratios of 55:1 
or greater. The curves of Fig. 3 are shifted toward 
more negative voltages than the curves of Fig. 2. This 
shift was found to be generally true as the NH3 to 
Sill4 ratio was increased. 

Depositions on n-type substrates were made only at 
700~ with NHs:SiI-~ ratios ranging from 25 to 121 to 
1. These samples also show a very large effect of fast 
surface states. Figure 4 shows a sample for which a 
frequency of 1.5 meg was required to "freeze out" the 
fast states. The fiat band voltage is +20V. As in the 
case of p-type samples, depositions made at high NH3 
to Sill4 ratios (62.5 and above) gave surface states 
that could not respond at 500 kHz. Figure 5 shows 
C-V curves for six representative samples taken at 
1.5 MHz. There is considerable difference in samples 
deposited at the same NHs to Sill4 ratio as for ex- 
amples N30 and N33. N-type samples showed much 
poorer repeatability than p-type samples. Flat band 
voltages for most samples were greater than 22V--car- 

CAPACITANCE (pfd) 
G-43 

~ - - . . . . ~ " - - ~  ,ooo ~ Si3N 4 on 
i 

- ~ . ~  ~ ~ 1.4 X I0 i7 P GaAs -140 
J'~l~ ~ .  NH3:SiH 4=55:1 

I 500 KC I00 Kc -130 

i " ~  -I10 

I / -vFB =-,5.6 

-2o IG I "  12 T ' - - - o 4 
APPLIED VOLTAGE {VOLTS) 

Fig. 3. C-V curves showing fast states in depletion region. 
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Fig. 2. C-V plot showing Fast states 
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Fig, 4. C-V curves for n-sample showing effect of fast surface 
states. 
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Fig. 5. Normalized C-V curves for samples on n-substrates 

responding to field strengths greater  than 2-3 x 106 
V/cm. 

The Fermi  level for the p-substrates  lies very  close 
to the valence band  (within 0.1 eV) so that  at fiat 
band most of the energy gap lies above the Fermi  level. 
For the n-substrates,  the Fermi  level is about 0.125 eV 
below the conduction band, so that  most of the energy 
gap is below the Fermi  level at flat band. For n -  and 
p- type  samples processed in the same manner ,  the 
ionic contaminat ion should be similar. Any significant 
difference in flat band voltage beyond that  due to r 
(difference in metal,  semiconductor work functions) 
should, therefore, reflect the na ture  of the surface 
states. The C-V curves for n-substrates  are shifted to 
the r ight  giving positive flat band voltages in contrast 
to negat ive fiat band voltages for p- type samples. This 
s trongly suggests that  the surface states are negative 
when below the Fermi  level, thus accounting for the 
difference between the curves on p- and n-substrates.  
The positive charge causing the shift of C-V curves 
on p-substrates  must, then, be accounted for by traps 
that  are positive when  empty. 

The hysteresis ef]ect.--Figure 6 shows a C-V plot 
made on an x-y  plotter. The voltage sweep was 5 V/  
sec so that  both curves were swept out in about 15 sec. 
The curve swept from left to r ight  lies some 8V to the 
left of the r e tu rn  sweep. This field-induced hysteresis 
has been reported in  the case of Si3N4 deposited on Si 
(I7, 18) and is also present  for the Si3N4-GaAs system. 

The displacement of the two curves indicates either 
a t ransfer  of charge across the Si~N4-GaAs interface, 
or a movement  of charge wi thin  the Si3N4. The direc- 
t ion of the curve shifting is, however, in the wrong 
direction to be explained by movement  of charge wi th-  
in the Si3N4. It  must  be concluded that  charge moves 
across the semiconductor- insulator  interface and is 
trapped. The direct ion of the curve shifting as well  as 
the recovery times involved can be explained, at least 
in  a quali tat ive way, by  such a t rapping model. Her-  
man  and Warfield (43) have treated the effects of traps 
in the MOS structure. Ross and Wal lmark  (44) have 
dealt with t rapping in the metal-Si3N4, SiO2-silicon 

NORMALIZED CAPACITANCE 
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�9 tO _ 900 ~ Si3N 4 
on 

P TYPE GoAs 
9 ~ E M R =  725=C 

-14 -62 -8 -4 0 4 8 12 t6 20 
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Fig. 6. C-V curves showing hysteresis 
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Fig. 7. Shift of flat band voltage by positive bias 

system. The difficulty in obtaining a quant i ta t ive  model 
lies in the fact that  no method has yet been devised 
to determine both the spatial and energy distr ibution 
of the traps. 

Figure 7 shows the "trap filling" response for two 
p- type  samples having Si3N4 thicknesses of 850A. A 
20V bias was applied and the capacitance at flat band, 
which had previously been determined,  was used as 
an indication of curve shift. The application of the 
bias was in ter rupted  at each test point  for about 10 
sec in order to determine how much the flat band 
voltage (i.e., the voltage required to yield fiat band 
capacitance) had shifted. Whereas sample G-35 
reached equi l ibr ium in about 2 min  with a shift of 
5.7V, G-45 reached a shift of only 3.7V after an hour. 
G-35 was deposited at a Nt-I~:SiH4 ratio of 49:1 at 
725~ whereas G-45 was deposited at a 62:1 ratio at 
700~ It can be concluded that, whereas G-35 has a 
relat ively high density of traps near  the interface 
(i.e., within  the tunne l ing  distance) and /o r  the traps 
have a large electron capture cross section so that  
equi l ibr ium is soon reached, G-45 has a lower density 
of states near  the interface so that when equi l ibr ium is 
finally reached the shift in flat band voltage is less. 

The filling of traps involves electrons crossing the 
semiconductor-ni t r ide interface and being captured by 
traps, which accounts for the r ight-most  curve of Fig. 
6. As the bias voltage sweeps out to +20V traps fill, so 
that  the r e tu rn  path is displaced to the r ight  indicating 
a net  increase of negative charge at the interface. 

The complementary  par t  of the cycle is completed 
as the bias swings negative. The bias is then in a 
direction to raise the energy levels of the t raps causing 
t rapped electrons to t unne l  back to the semiconductors. 
As the bias is swept negative to --20V, traps empty 
as electrons tunne l  back to the semiconductor. The 
subsequent  sweep from left to r ight  is displaced to the 
left, indicating a net  gain of positive charge. 

In addition to the emptying of those traps which at 
fiat band lie above the Fermi  level, it is possible that 
some traps which are below the fiat band Fermi  level 
also empty as they are raised in energy by the nega-  
tive bias. When  the negative bias is released, these 
lat ter  traps must  fill before equi l ibr ium is again 
achieved. 

Establishing an equilibrium condition.--The discus- 
sion above has pointed out the na ture  of the hysteresis 
cycle--fi l l ing of traps with positive bias, emptying of 
traps with negative bias. Before quant i ta t ive  measure-  
ments  could be made on the samples, however, it was 
necessary to establish an equi l ibr ium or reference 
condition. In  particular,  the "zero bias, equi l ibr ium 
capacitance" (ZBEC) would be the value of capaci- 
tance at zero bias when the sample is in  complete 
thermal  equil ibrium. A ny  procedure outl ined for re-  
tu rn ing  the sample to the ZBEC 1 should be repeatable. 
Such a procedure can be d rawn up only after examina-  
tion of the re laxat ion times involved in  re tu rn ing  the 
sample to equil ibrium. 

z The t e rm ZBEC will be used in terchangeably  to denote "zero 
bias equi l ibr ium capaci tance" and "zero bias equi l ibr ium condition." 
The mean ing  should be clear f rom context. 
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Fig. 8. Relaxation after filling of traps by positive bias 

Figure 8 shows relaxat ion curves for two p-samples 
after  removal  of positive bias. The two curves for each 
sample result  from a difference in the ini t ia l  shift be-  
fore relaxation. V'FB represents  the change in flat band  
voltage from its value prior to application of the posi- 
t ive bias. 

I t  is apparent  from the straight l ine plots of Fig. 8 
that  

A V'FB = -- A log t 

with A in the range 0.5-0.7 for t in  minutes.  All  sam- 
ples tested showed similar  relaxat ion curves. There 
was no apparent  correlat ion between the NHB:SiH4 
ratio and the value of A. The relaxat ion of filled traps 
is very slow. For an ini t ial  shift of 6V in flat band 
voltage, and using a value of 0.6 for A, 1010 rain would 
be required for re laxat ion back to equil ibrium. This is 
near ly  20,000 years. 

In  contrast to the extremely long t ime required for 
the traps to empty with no applied bias, they could 
be emptied in  a short t ime by the application of a 
negat ive bias. A typical plot of this reset t ing of V'FB 
as a funct ion of t ime is shown in Fig. 9. Notice that  
V'FB does not r e tu rn  to zero but  goes to negative 
values. In  terms of the C-V plot of Fig. 10, the follow- 
ing sequence has occurred: 

1. Star t ing at "equi l ibr ium" curve A, a positive bias 
is applied which shifts the curve to the position 
marked B as traps fill. 

2. A negative bias is applied which moves the curve 
from B to C, overshooting the equi l ibr ium position A. 

In  going from position B to C, not only have the 
traps that  were filled by application of the positive 
bias been emptied, but  also some traps which are filled 
in the equi l ibr ium condition have been emptied. It is 
to be expected that  these lat ter  traps would fill ex- 
ponentially,  the dominant  process being described by 

dnt 
= A n ( N t - -  nt) 

dt 

where nt is the density of filled traps, Nt is the total 
densi ty of filled traps at equil ibrium, n is the densi ty 
of conduction band electrons, and A is a capture con- 
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Fig. 9. Re-emptying of traps by applicat ion of negative bias 
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Fig. 11. Filling of traps after removal of negative bias 

stant. Figure 11 shows this recovery for three samples. 
The shift in flat band voltage is given by 

V'FB --- Vo e -tlr 

Typical  values for ~ are 5-15 rain for the samples in  
the dark. 

At this point a procedure for establishing a ZBEC 
can be given: 

1. Apply a negative bias for 5 min. A bias of --30V 
for SigN4 films in the 850-I000A range is adequate. 
All  traps above the flat band  Fermi  level will  empty, 
as will  some traps below the fiat band Fermi  level. 

2. Remove all bias for 45 rain to allow traps below 
the Fermi  level to fill. 

E~ects o] NH3:Sill4 ratio on hysteresis . - -A detailed 
investigation was made to determine how the hystere-  
sis varies as the NH3:SiH4 ratio is changed. Over a 
hundred  samples were investigated. The zero bias 
equi l ibr ium capacitance (ZBEC) was carefully estab- 
lished for each sample as outl ined above. Using this 
capacitance as a reference, a positive bias was first 
applied to the sample and the voltage (Vo') required 
to again achieve the reference capacitance was noted. 
This cycle was repeated for a given positive bias un t i l  
no fur ther  voltage shift was obtained. In  this manner ,  
the amount  of shift in  the C-V curve for a given bias 
was found. The flat band  capacitance could have been 
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used as the reference point, but  the ZBEC was more 
convenient  since it could be found directly by mea-  
surement.  

Figure 12 shows the shift in C-V plot, as determined 
by monitor ing the voltage (Vo') required to obtain the 
ZBEC, as a function of bias for seven representat ive 
p- type  samples. F i lm thickness for att samples was 
900A _+ 10%. The samples can be divided into two 
groups, those deposited at NH3:SiH4 ratios above or 
below about 50:1. Samples deposited at ratios below 
50:1 show a re la t ively large amount  of shift at low 
bias with the rate of shift reducing at higher bias. 
Samples deposited at ratios above 60:1 show the re-  
verse effect, i.e., lower shift at low bias and a great 
deal of shift as the bias voltage was increased. A 
ratio of about 55: I gave a near ly  l inear  p lo t - - i n t e r -  
mediate to the two groups. 

The above grouping was independent  of deposition 
tempera ture  over the tempera ture  range 700~176 
It was found, however, that  depositions at 725~ at 
ratios above 60:1 did not give good C-V plots. Litt le 
or no change in capacitance vs. bias was found, al-  
though the films had good physical appearance and 
good field s t rength (>  l0 T V/cm) .  Judging from the 
thickness of the films, the capacitances were always 
low. This indicated that  the samples were so heavily 
inverted that  it was impossible to achieve accumula-  
tion. Reducing the temperature  to 700~ gave good 
curves at high ratios. 

Looking at Fig. 12 in greater detail, it is clear that  
processing has a very pronounced affect on the density 
of traps as a function of distance from the insula tor-  
semiconductor interface. Samples G-25, G-26, G-34, 
and G-35 exhibit  2-3 times as much shift as the other 
samples at a bias of 10V. Since the bias at each value 
was repeatedly applied un t i l  no more shift was ob- 
tained, it must  be concluded that  G-25, G-26, G-34, 
and G-35 have a much greater density of traps wi th in  
the tunne l ing  distance than  do the other samples. This 
is also in agreement  with the discussion relat ing to 
Fig. 7 above where it was concluded that  G-35 had a 
much higher density of traps near  the interface than  
G-45. At higher bias ( >  25V), samples G-26, G-34, 
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and G-35 show a decreasing amount  of sh i f tmindica t -  
ing a decreasing density of traps. 

Samples G-45, G-49, and G-50 show an increasing 
amount  of shift with increasing bias. At high bias, the 
slopes of these curves approach unity.  These samples 
appear to have a high density of traps at greater dis- 
tance from the interface. 

Depositions were  made on p-substrates  from 650 ~ 
to 725~ at NH~: Sill4 ratios ranging from 25:1 to 300: 1. 
Best results were obtained at a NI-I3:SiH4 ratio of 
about 60:1 at 700~ These samples show low hystere-  
sis at fields below 2-3 x 108 V/cm. Higher NI~:SiH4 
ratios (up to at least 121:1) give about the same 
amount  of hysteresis at low fields, but  the C-V curves 
for these samples are increasingly shifted toward nega-  
t ive voltages. Figure  13 shows the improvement  in 
hysteresis at low fields ( <  3 x 108) for one of the best 
p- type  samples (G-45) processed at 700~ at a NH~: 
Sill4 ratio 62:1 over the best sample (G-35) obtained 
at 725~ Both curves were made at 100 kHz on an x - y  
plotter. 

Although the C-V curves for n - type  samples are 
quite different from those for p- type  samples, the 
hysteresis effect is very similar. As for p-samples, the 
C-V curves for n-samples  show the effect of t rap fill- 
ing and emptying. Application of positive bias results 
in a shift of the C-V curve toward more positive 
voltages. The relaxat ion (trap emptying)  with no bias 
applied was again found to be logarithmic with time. 
A relaxat ion rate of 0.5-0.6 V/decade in excellent 
agreement  with that  of p - type  samples was found. 
Again the traps could be emptied by the application of 
negative b ias - -a  field of 2-3 x 108 V/cm for 2-5 min  
being sufficient. 

Figure 14 shows the shift in ZBEC for several n -  
samples. As in the case of p - type  samples, the shapes 
of the curves are quite dependent  on the NH3 to Sill4 
ratio. Samples deposited at low ratio show greatest 
shift at low fields, while samples having higher NH3 
to SiH~ ratios (62.5:1 or greater) show the opposite 
effect. These results are in good agreement  with those 
for p- type  samples. 

Density of surface states.--Because of the hysteresis 
effect in these samples, the concept of surface state 
density does not have its usual  meaning.  In  the normal  

I 
G-45(62.5:1) situation (e.g., grown silicon dioxide on silicon) sur-  

700 ~ face state densi ty is a funct ion of surface potential  bu t  
is not dependent  on the past history of the sample. 

~,.---SLOPE=I The si tuation here is different, however, since the 
shape of the C-V curve is a funct ion of the  direction 

i j>G-44 in which the voltage is varied. Figure 15 shows two 
/(55:1) curves for the p- type  sample (G-45) exhibi t ing the 

700" least amount  of hysteresis at low fields. Curve A was 
G-26 taken by varying the voltage in the negative and posi- 

t ( (25~I t i re  direction star t ing each t ime from zero volts in the 
~ , ~ 7 0 5  C / , _ _ 5 4  equi l ibr ium condition. This was the s tandard pro- 

~'~ ~/'~t~(25:1) o cedure used in taking C-V curves as discussed above. 
5725 Curve B was taken by first adjust ing the bias to 

/ ~ s - 3  §  and then taking data as the voltage was de- 
r (49:1) creased back through zero to negative voltages. The 

725~ dotted curve in Fig. 15 is Curve B shifted next  to 
Curve A. Curve B is somewhat steeper than Curve A. 

I I 1 I I 
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Fig. 12. Effect of NH3 to Sil l4 ratio on amount of curve shift  
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Fig, 13, C-V curves showing hysteresis improvement 
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Fig. 15. C-V curves for best p-type sample 

This is due to the fact that  the traps were first filled 
before taking Curve B. Since the traps empty  very  
slowly unt i l  negative voltages are reached, this curve 
gives the min imum effect of hysteresis as far as deter-  
min ing  surface state density. The fact that  the curve 
is shifted to the r ight  of the equi l ibr ium Curve A does 
not affect surface state density measurements .  Such a 
shift is analogous to that  produced by a non-zero CMS 
(metal-semiconductor  work funct ion difference) and 
has no effect on determinat ion of surface state density. 

Curve C in Fig. 15 is the calculated theoretical C-V 
curve (45) for values of surface potential ,  Cs, ranging 
from 0 to ~-1.1V. This corresponds to the Fermi  level 
going from 0.1V above the valence band  (r = 0) to 
0.2V below the conduction band (r = 1.1). The sur -  
face state density was calculated from Curves B and C 
and is shown in Fig. 16. Nss is the effective densi ty of 
surface states per square cent imeter  per un i t  voltage. 
Nss is in  the 1012-1013 range - -be ing  highest for low 
values of ~s. Values of ~s between 0 and 0.1V corre- 
spond to negative values of the applied voltage. The 
emptying of traps in this region could account for the 
large increase in Nss. The lowest value of Nss is 
1 x 10 TM for @s of 0.4-0.5V. 

Summary 
The predominant  characteristic of the Si~N4-GaAs 

interface is the presence of hysteresis due to the filling 
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and emptying of traps in the SisN4 near  the interface. 
The spatial dis t r ibut ion of these traps from the in ter -  
face is s trongly dependent  on the NHz: Sill4 ratio. The 
amount  of this hysteresis was minimized to less than  
2V for fields below 1.7 x 106 V/cm for the best p- type  
sample. Best results were obtained at a deposition tem-  
pera ture  of 700~ and a NH3:SiI-I4 ratio of 62.5: 1. 

The relaxat ion (emptying)  of filled traps wi th  no 
applied bias is ext remely  slow and logarithmic in  time. 
Recovery times as long as 20,000 years are indicated. 
The refilling of traps to equi l ibr ium after removal  of a 
negative bias is exponent ial  in t ime with t ime constants 
of a few minutes  in the dark. Surface states at the 
interface appear to be negative when below the Fermi  
level and account for the opposite polari ty of flat band  
voltage for n -  and p-samples. 

A method was found for obta in ing repeatable  C-V 
measurements .  This involved the establishing of a zero 
bias equi l ibr ium condit ion--ZBEC. This condition 
could be achieved in a few minutes  by relaxat ion after 
the application of a negative bias. 

Surface state densi ty for the best p-sample  was in  
the 1012-1013 range. Repeatabil i ty on p- type  samples 
was good--apparen t ly  being pr imar i ly  determined by 
repeatabi l i ty  of the processing. Repeatabi l i ty  for n -  
type samples was relat ively poor for reasons not  yet  
determined.  

Some fur ther  reduction in the amount  of hysteresis 
is needed before stable gates can be fabricated from 
GaAs-Si3N4 FET's. 

Manuscript  submit ted Feb. 4, 1970; revised m a n u -  
script received ca. June  22, 1970. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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The Or ientat ion Dependence of Epitaxial  

InAsxP,l_x  on GaAs 

H. A. Allen* 
Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

The or ienta t ion dependence  of the deposi t ion of I nAsxP l -x  ep i tax ia l  layers  
on GaAs using an AsHj,  PHj ,  indium, and HC1 vapor -depos i t ion  sys tem was 
studied. The total  flow ra te  and the ra t io  of Group II I  to to ta l  Group  V com- 
ponents  were  held  constant  whi le  deposits  were  made  s imul taneous ly  on (100), 
(110), ( l l l ) A ,  and ( l l l ) B  substrates.  S imi la r  deposits  were  made  under  the  
same condit ions on spherical ,  s ing le -c rys ta l  GaAs substrates.  Growth  on these  
spheres  exh ib i ted  facets tha t  correspond to slow growth  and h igh-per fec t ion  
orientat ions.  The sphere  surface morphologies  were  s imi lar  to the  p l ana r  sub-  
s t ra tes  over  much of the  composi t ion range.  

Many of the  proper t ies  of the  InAsxPr a l loy sys-  
t em have  been known  for some time. I t  has only been 
more recen t ly  tha t  this  ma te r i a l  has been  grown 
ep i tax ia l ly  by  chemica l -vapor  deposi t ion on InAs (1), 
GaAs, and GaP (2) substrates.  The perfect ion of 
he t e ro -ep i t ax ia l  layers  is, general ly ,  s t rongly  de-  
pendent  on the subs t ra te  or ien ta t ion  and in b ina ry  
a l loy systems, the  p re fe r r ed  or ien ta t ion  can also be 
a funct ion of a l loy  composit ion.  In  o rder  to de te rmine  
which is the  p re fe r red  g rowth  or ienta t ion  for a given 
alloy, a sys temat ic  inves t igat ion under  control led  
growth  condit ions is necessary.  The goal of this  in-  
ves t igat ion is to define the  p re fe r r ed  growth  planes  
of the  InAs~Pr a l loy sys tem on GaAs as a funct ion 
of a l loy composition. 

Materials Preparation 
A n  open- tube  deposi t ion sys tem constructed of 

fused quar tz  was used in these studies (2) (Fig. 1). 
Pur i f ied hydrogen  and h i g h - p u r i t y  AsH~ and PH3 each 
in hydrogen  gas are  mixed  in a mix ing  chamber  pr ior  
to in t roduct ion  to the  reactor.  Anhydrous  HC1 gas 
(purchased  f rom the  Matheson Company)  which  has 
also been mixed  wi th  purif ied hydrogen,  is passed 

* Electrochemical Society Active Member. 
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th rough  the hea ted  indium reservoi r  and t ranspor t s  
the  volat i le  InC1 to the deposi t ion zone (1, 2). In  these 
exper iments  4% AsH3 and 4% PH3 each in hydrogen  
obta ined from the Matheson Company,  were  sources. 
E lementa l  ind ium was s ix-n ines  pure  and was p u r -  
chased f rom Cominco Amer ican  Incorpora ted .  The 
composi t ion of the  deposi ted al loys was control led  by  
the re la t ive  flow ra tes  of the  AsH3 and PHa gases and 
was reproduc ib le  to a s t anda rd  devia t ion  of 1% in 
al loy composition. The flow ra tes  could be va r ied  con- 
t inuously  from 0 to about  250 cc /min  for AsI-I~ and 

+ 

PH 3 
+ 

H 2 

TWO-ZON E 
FURNACE 

In SOURC~//7 /640-70 Ga,~ 
SUBSTRATE 

750"850~ 0~ S 

I / "II /1" 
/ ,~  ~F V' 

I tl i t 
+ H2 EXHAUST H 2 

Fig. 1. Horizontal vapor growth system 
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Fig. 2. Four-slice seed holder 
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PH3 in hydrogen. The total  flow rate was held c o n -  
stant  at 300 cc/min. The Group III  to Group V ratio 
was held constant  at 5:4 wi th  an anhydrous  HC1 flow 
of 14 cc /min  and a total Group V flow of 11.3 cc/min.  1 
The flow rates of AsH3 and PH~ relat ive to the alloy 
composition were determined in earlier studies (1, 2). 

A two-zone resistance furnace provided tempera-  
ture  control of the ind ium reservoir and the GaAs 
substrates. The indium zone was controlled at 800~ 
and the substrate tempera ture  was controlled at a 
tempera ture  between 640 ~ and 700~ the seed tem- 
perature  was increased from 640~ for InP  to 700~ 
for InAs (2). The tempera ture  gradient  in the system 
was gradual  wi thin  the indium reservoir  and the 
seed being separated by 3-4 in. In most runs  the seed 
or seeds were held normal  to the direction of gaseous 
flow by quartz pins through a hole in  the slice (Fig. 
2). All  temperatures  were main ta ined  at • 2~ 
throughout  a given run. 

The GaAs substrates used in this investigation were 
from Czochralski-grown crystals that  had been sawed 
in  the (100), (110), ( l l l ) A ,  and ( l l l ) B  planes and 
polished to about 20 mils in thickness. These sub-  
strates were sawed to wi th in  • 0.5 ~ of the given di- 
rection as evidenced by x - r ay  diffractometer read-  
ings of the slices. The substrates were chemically 
polished with 8 : l : l (H2SO4:H202:H20)  immedia{ely 
prior to use. The GaAs spheres were mechanical ly 
ground from cubes which had been sawed from 
Czochralski-grown crystals. The spheres were be-  
tween 0.063 and 0.125 cm in diameter.  Immedia te ly  
prior to use, the spheres were polished with the non-  
preferent ial  40HCL:4H20~:lH20 etch (3). The dep- 
osition times were 20 min  for all substrates and 2-3 hr  
for the sphere deposits. Layer  thicknesses varied be-  
tween 8 and 20 ~m and were determined by cleave or 
angle l ap -and-s t a in  techniques (2). 

Large Area Deposits 
The regular  substrate deposits are referred to as 

large area as compared to the hypothetical  point  lo- 
cations of each orientat ion on a sphere. 

The (100), (110), ( l l l ) A ,  and ( l l l ) B  substrates 
were suspended normal  to the gas flow in the same 
run  by use of a four-hooked fused silica seed holder 
(Fig. 2). Thus, in each run  a near ly  constant  set of 
growth conditions was maintained.  Very shiny de- 
posits with smooth subst ra te-epi taxy interface could 
be grown reproducibly on the ( l l l ) A  substrates from 
compositions consisting of pure InP  up to about 80% 
InAs. The alloy deposits above 80% were general ly  
polycrystal l ine in na ture  with the f requency of the 
poly layers increasing with the InAs concentrat ion in 
alloy. Figure 3 is photomicrographs of representat ive 
( l l l ) A  deposits. 

The ( l l l ) B  deposits were erratic throughout  the 
composition range and were general ly polycrystal l ine 
in nature.  The (110) deposits were similar  in t rend  
to the ( l l l ) A ,  but the f requency of poly layers was 
much higher above 75% and below 25% InAs. The 
deposits on (100) substrates, below 75% InAs, were 
practically all poly. The highest perfection InAs layers 

1 A s s u m i n g  a I :1  ratio of  i n d i u m  t r a n s p o r t e d  to  H a l  i n t r o d u c e d .  

Fig. 3. Undoped (InAs)x (InP)z-x (I I I)A surfaces 

were grown on this orientation.  Representat ive 
photomicrographs of the ( l l l ) B ,  (110), and (100) 
surfaces are shown respectively in  Fig. 4-6. 

The compositions of the above samples were ob- 
ta ined by electron microprobe analysis and checked 
by x - r ay  diffraction techniques (4). The erysta l l in i ty  
was determined by x - r ay  diffraction and Laue back- 
reflection techniques (5). Single crystals had well-  
defined Laue pat terns  as well  as diffractometer peaks 
sharp enough to enable composition analysis to • 2%. 
Table I gives the results of these measurements .  

Sphere Deposits 
Deposition on a sphere, ideally, makes it possible 

to have all orientations present  at the same time. The 

Fig. 4. (InAs)x ( InP) l -x  (III)B surfaces. 213 X 

Fig. 5. (InAs)= (InP)z-x (110) surfaces. 213X 
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Fig. 8. (InAs)o.5o (InP)o.5o on GaAs sphere 

Fig. 6. (InAs)x ( I n P h - x  (100) surfaces. 213X 

Fig. 7. InP sphere facets 

faster growing planes will  "grow out" leaving only 
the slower growing orientat ions as facets. In  general, 
these facets represent  opt imum growth directions for 
high-perfect ion crystal  growth. This proved to be the 
case with the epitaxial  growth of InP  on a GaAs 
sphere. The only t rue  facet was a ( l l l ) A ,  with the 
(110) and (113) directions exhibi t ing shiny, shingled 
flats. The (100) and ( l l l ) B  area could be located and 
were dull  in appearance. The ( l l l ) A  facet was dis- 
t inguished by  its surface s imilar i ty  with control slices 
included in the run.  Figure  7 is the facets observed 
on the InP  deposited sphere. 

Table I. Mole per cent InAs 

R u n  n u m b e r s  
O r i e n -  
t a t i o n  18 19 12 21 23 24 25 26 27 

( l l l ) A  0 17 25 50 77 80 79 89 93 

(110) 0 17 2"4 52 66 83 82 87 95 

( l l l ) B  0 18 ~ 49 78 85 79 85 

(100) 0 22 3"0 55 80 87 85 84 94 

N o t e :  - -  d e n o t e s  s i n g l e  c r y s t a l l i n i t y .  

Unfortunately ,  the InP  deposited GaAs sphere was 
the only one which lent  itself to such a straight-  
forward explanation.  Five more spheres were de- 
posited with various compositions of the alloy be-  
tween an InAs composition of 20 and 90 m/ o  (mole 
per cent) .  In  all cases the only discernible facet was a 
( l l l ) A  with the ( l l l ) B  direction identifiable by a 
t r iangular  banded area 180 ~ from each ( l l l ) A  facet 
as shown in  the ( l l l ) A  and ( l l l ) B  polar photographs 
in Fig. 8. No other identifiable facets were seen on 
these spheres. 

Discussion 
The composite of the large area and sphere deposits 

indicate that  the ( l l l ) A  direction of GaAs is the best 
plane for high-perfect ion epitaxial  InAsxPcl-x) alloy 
layers in the 0-80% InAs range. There is a pronounced 
orientat ion shift in large-area 85-100% InAs alloys to 
the (100) as the preferred growth. The above results 
were observed as the general  rule through m a n y  dep- 
ositions; it was occasionally possible to grow a high-  
perfection layer  on an or ientat ion which had previ -  
ously given all poly deposits. Though no extensive ex- 
per iments  were conducted, the general  t rends  stated 
in the test were seen on selected deposits with tem-  
pera ture  conditions var ied widely (+_ 75~ on the 
seed and feed and with change in the Group III  to 
Group V ratio between 0.5 and 3.0. 

The fact tha t  there were no identifiable facets on 
the alloy sphere deposits other than  ( l l l ) A  and in 
part icular  no (100) facets for alloy layers of greater 
than 85% InAs, is not well  understood. It  should be 
stressed that  al though one expects agreement,  large- 
area and sphere deposits are very  different. As was 
ment ioned earlier, with a sphere each or ientat ion is 
only a point  on the sphere's surface and therefore, 
only s low-growing orientat ions tend to increase this 
point to a real  geometrical area as growth occurs. 
Thus, it is possible that  a preferred growth direction 
could be fast growing and not produce a facet on a 
sphere. Obviously, this would not  be a problem with 
large-area deposit. 

Manuscript  submit ted Apri l  1, 1970; revised m a n u -  
script received ca. June  22, 1970. 

A ny  discussion of this paper will  be published in a 
Discussion Section to be published in the June  1971 
JOURNAL. 
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Phase Diagram of the CdTe-CdSe Pseudobinary System 
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ABSTRACT 

The liquidus and solidus curves of the CdTe-CdSe pseudobinary system 
have been determined by thermal  analysis of cooling and heat ing curves, re-  
spectively, for homogenized liquid and solid alloy samples. The phase diagram 
has a eutectie point at 1091 ~ • 1~ near  20 m/o  (mole per cent) CdSe. Above 
the eutectic composition both l iquidus and solidus temperatures  increase 
monotonical ly  and subl inear ly  with increasing CdSe content. In  this region 
the exper imental  values of the l iquidus-solidus gap do not exceed i I  m / o  and 
are in excellent agreement  with the ideal thermodynamic  l iquidus-solidus 
relationship. The phase diagram below the solidus has been investigated by 
x - r ay  diffraction measurements  on alloy powders annealed between 770 ~ and 
1050~ and quenched. It consists of two b road  single-phase regions, one of 
alloys with the zinc blende structure of CdTe and the other of alloys with the 
wurtzi te  s t ructure of CdSe, separated by a two-phase region only about 3 m/o  
wide, whose boundaries  shift toward increasing CdSe content  with decreas- 
ing temperature.  For  compositions between 30 and 45 m/o  CdSe, either s t ruc-  
ture  could be obtained at room temperature,  depending on anneal ing  tem-  
pera ture  and rate  of cooling. In  addition, a polytype of u n k n o w n  structure,  
which appears to be a metastable intermediate  in the wurtz i te- to-z ine  blende 
transformation,  was observed in two mel t -g rown furnace-cooled ingots con- 
ta in ing 45-50 m/o  CdSe. 

The I I -VI compounds CdTe and CdSe have the cubic 
zinc blende and hexagonal  wurtzi te  structures, respec- 
tively, when  prepared by solidification of stoichiometric 
melts or nonstoichiometric Cd-Te or Cd-Se solutions. 
[Other methods of preparat ion can be used to obta in  
CdTe with wurtzi te  s t ructure (1) or CdSe with zinc 
blende s t ructure  (2).] The phase diagram of the CdTe- 
CdSe system has not been determined previously but  
x - r ay  diffraction studies (3, 4) on a l imited number  
of samples prepared by solidifying stoichiometric melts 
indicate that  pseudobinary solid solutions are formed 
over the entire composition range. According to these 
studies, undoped alloys containing less than  about 40 
m/o  CdSe have the zinc blende structure, those con- 
ta ining at least 70 m/o  CdSe have the wurtzi te  s truc-  
ture, and those with in termediate  compositions may 
have either structure. 

In  this investigation, the l iquidus and solidus curves 
in the CdTe-CdSe pseudobinary system have been 
determined by thermal  analysis measurements  on 
homogenized liquid and solid alloy samples. The 
cubic-hexagonal  t ransi t ion in the solid phase has been 
studied by  x - ray  diffraction analysis of annealed and 
quenched alloy powders. The x - r ay  data show that  
the cubic and hexagonal  phase fields are separated by 
a two-phase region about 3 m/o  wide, whose bound-  
aries shift toward increasing CdSe content  with de- 
creasing temperature.  Therefore, wi th in  a certain com- 
position range, alloys can be obtained with either cubic 
or hexagonal  structure, as reported earlier (3, 4), de- 
pending on the anneal ing temperature  and rate of 
cooling. In  addition to these two phases, a previously 
unrepor ted polytype of u n k n o w n  structure can also 
be formed as shown by x - ray  diffraction data for two 
mel t -grown,  furnace-cooled ingots containing 45-50 
m/o  CdSe. 

Experimental Procedure 
Alloys for thermal  analysis and x - r ay  diffraction 

studies were prepared from CdTe and CdSe. The CdTe 
was synthesized by fusion of the elements (nominal  
pur i ty  99.9999%) in  forepump-evacuated and sealed 
fused silica ampoules coated with pyrolytic graphite. 
To prepare CdSe, the elements (same nomina l  pur i ty)  
were combined in an open- tube fused silica reactor 
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(5) heated to I050~176 under  hel ium gas at 1 atm. 
The composition of the CdSe was then adjusted by 
subl imation in a dynamic vacuum in order to remove 
the excess of unreacted elements and reduce the vapor 
pressure during subsequent  high tempera ture  annea l -  
ing. 

To prepare each alloy for x - r ay  analysis, a 10g 
mixture  of the two powdered compounds was sealed 
in a fused silica ampoule containing he l iwn gas (pres- 
sure of about 400 Torr  at room tempera ture) ,  annealed 
at 950~ for 21 days or longer, and quenched by  drop- 
ping the ampoule into water. Annea l ing  was cont inued 
unt i l  x - r ay  diffraction measurements  gave no evidence 
of inhomogeneity,  and the measured lattice parameters  
were consistent with the nomina l  compositions. 

Samples for thermal  analysis were either a11oy pow- 
ders annealed in the m a n n e r  described or unannea led  
mixtures  of CdTe and CdSe powders. A sample weigh-  
ing about 10g was sealed in an evacuated fused silica 
ampoule and placed in a DTA apparatus described 
previously (6), together with a similar ampoule con- 
ta in ing about 8g of silicon used as a reference. The 
sample and reference temperatures  were measured 
with Pt-Pt ,  13% Rh thermocouples inserted into re-  
en t ran t  wells in the ampoules. Calibrat ion wi th  a gold 
sample (melt ing point  1063.0~ gave mel t ing and 
freezing arrests of 1063.0~ ~- 0.1~ and showed that  
no correction of the sample tempera ture  readings was 
necessary. Solidus temperatures  were obtained from 
thermal  arrests observed either during ini t ia l  heating 
of the annealed powder samples or during heat ing of 
both types of samples after they had been melted, 
frozen, and then homogenized by anneal ing in the 
DTA apparatus for 16 hr at about 20~ below the 
solidus temperature.  The two types of exper iments  
gave solidus temperatures  which agreed to wi th in  a 
fraction of a degree. The liquidus temperatures  were 
obtained from the thermal  arrests observed when the 
samples were cooled after homogenization in the DTA 
apparatus for 16 hr at about 50~ above the l iquidus 
temperature.  Liquidus temperatures  reproducible to 
~ I ~  were obtained from repeated runs  on the same 
sample. Rates of l~176  were used for both heat-  
ing and cooling. Supercooling was observed dur ing 
most of the cooling runs  but  was l imited to only  a 
few degrees (Table I) .  When supercooling occurred, 
the l iquidus arrest t empera ture  was taken to be the 
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Table I. Thermal analysis data 

C o o l i n g  c u r v e s  
S u p e r -  L i q u i d u s  R e p r o -  H e a t i n g  c u r v e s  

C o m p o s i t i o n  c o o l i n g ,  a r r e s t ,  d u c i b i l i t y ,  S o l i d u s  R e p r o -  
C d T e  C d S e  ~C ~ ~  a r r e s t  d u c i b i l i t y  

1 . 0 0 0  0 0 1 0 9 1 . 8  •  1 0 9 1 . 8  ~--0.2 
0 . 9 0 0  0 . 1 0 0  0 1 0 9 2 . 9  ~ 0 . 1  1 0 8 9 . 6  ~ 0 . 1  
0 . 8 0 0  0 . 2 0 0  3 .3  1 0 9 2 . 3  ~ 0 . 4  1 0 9 1 . 3  - -  
0 . 7 0 0  0 . 3 0 0  5 .0  1 1 0 0 . 0  0 1 0 9 7 . 0  
0 . 6 7 5  0 . 3 2 5  7 .0  1 1 0 1 . 0  •  1 0 9 8 . 5  O 
0 . 6 5 0  0 . 3 5 0  2 .0  1 1 0 8 , 3  + 0 . 4  - -  - -  

0.625 0.375 6 .6  1106.8 ~0.2 1099.8 -----0.2 
0 . 6 0 0  0 . 4 0 0  0 .9  1 1 0 7 . 2  -~0 .2  1 1 0 1 . 5  - -  
0 . 5 5 0  0 . 4 5 0  3 .7  1 1 1 8 . 4  ~ 1 . 0  - -  - -  
0.500 0.500 0.1 1125.8 ---+0.2 1110.5 - -  
0 . 4 5 0  0 . 5 5 0  0 .3  1 1 3 6 . 7  ~ 1 . 0  - -  
0 . 4 0 0  0 . 6 0 0  4 . 0  1 1 4 7 . 3  - - 1  0 1 1 2 5 . 0  - -  
0 . 3 0 0  0 . 7 0 0  0 .2  1 1 6 9 . 5  - - 1 . 0  1 1 4 3 . 5  - -  
0 . 2 0 0  0 . 8 0 0  2 .3  1 1 9 6 . 0  "4-0.5 - -  - -  
0 . 1 0 0  0 . 9 0 0  0 .3  1 2 2 2 . 0  -4-0.5 1 2 0 0 . 5  - -  
0 1 . 0 0  0 1 2 5 2 . 3  + 0 . 2  1 2 5 2 , 3  - -  

maximum in the recalescence curve. Otherwise, both 
l iquidus and solidus arrest temperatures  were obtained 
from the intersection of the practically straight lines 
below and above the break in the sample temperature  
curve. Because of the large thermal  effects in  this 
system, differential tempera ture  recording was used 
only as a confirmation of the arrests observed on the 
sample temperature  curve. The over-al l  accuracy is 
estimated to vary  from wi th in  • l~ near  the te rmina l  
compounds to wi th in  a few degrees in  the middle of 
the composition range. 

To investigate the cubic-hexagonal  t ransi t ion below 
the solidus, pairs of homogenized alloy powders with 
the same composition, in  the range  30-50 m/o  CdSe, 
were preannealed so that  one was ini t ia l ly  cubic and 
the other ini t ia l ly  hexagonal.  Port ions of the samples 
weighing 1-2g were then sealed in  separate fused silica 
ampoules containing hel ium gas, annealed at tempera-  
tures between 770 ~ and 1050~ quenched by dropping 
the ampoules into water, and ground to minus  325 
mesh. The phases present  were determined from x - ray  
diffractometer pat terns  obtained with Cu K~ radiation. 
Anneal ing  was repeated if necessary unt i l  both samples 
were either single-phase cubic, s ingle-phase hexagonal, 
or two-phase. The total  anneal ing times ranged from 
16 hr  at 1050~ to 30 days at 800~ A sample was 
taken to be single-phase cubic if the noncoincident  
(111) hexagonal  l ine in the vicini ty of 26----23 ~ was 
not detected, and single-phase hexagonal  if the non-  
coincident (400) cubic l ine in the vicini ty of 2e = 58 ~ 
was not detected. [Use of these criteria gives a con- 
siderably lower detection limit for the hexagonal  phase 
than for the cubic phase, since the (111) hexagonal  
l ine is 5-10 t imes more intense than  the (400) cubic 
line.] 

X- ray  diffraction pat terns  were also obtained with 
a Debye-Scherrer  camera for all the alloys following 
ini t ial  homogenization and for a n u m b e r  of samples 
after subsequent  annealing.  These pat terns  were used 
to calculate the cubic or hexagonal  lattice parameters  
to an accuracy of • by a least-squares extrapo- 
lat ion method (7). 

In  addition to the alloys prepared by anneal ing mix-  
tures of powdered CdTe and CdSe, a number  of poly- 
crystal l ine alloy ingots each weighing 150g were ob- 
tained by the Br idgman method of crystal growth. 
Stoichiometric melts  containing up to 60 m/o  CdSe, 
which were prepared from the elements in evacuated 
and sealed fused silica ampoules coated with pyrolytic 
graphite, were frozen directionally by lowering the 
ampoules at the rate  of about 1 m m / h r  out of a ver t i -  
cal resis tance-heated furnace. One ingot, containing 
35 m/o  CdSe, was quenched by pul l ing the ampoule 
out of the furnace with part  of the mater ia l  still mol-  
ten. The others were allowed to cool in the furnace 
after the power had been tu rned  off. Port ions of the 
ingots were analyzed with an electron microprobe (8) 
to determine their alloy composition, and a n u m b e r  of 
these and other portions were ground for x - r a y  dif- 

fraction analysis with the diffractometer and /or  Debye- 
Scherrer  camera. 

Results 
The phase diagram determined for the CdTe-CdSe 

system is shown in Fig. 1. The compositions plotted 
are the nomina l  compositions calculated from the 
weights of CdTe and CdSe used to prepare the alloys. 
The thermal  analysis data are listed in Table 
I, which gives the l iquidus and solidus arrest  
temperatures,  the amount  of supercooling observed 
dur ing the l iquidus determinations,  and the reproduci-  
bil i ty when  repeated runs  were made. Melting and 
freezing arrests of 1091.8 ~ _ 0.2~ were obtained for 
CdTe, in good agreement  with the l i terature values of 
1090 ~ _ 2~ [Ref. (9)],  1092 ~ -*- 3~ [Ref. (10)], and 
1091 ~ • 2~ [Ref. (11)]. The l iquidus and solidus tem-  
peratures for 10 and 20 m/o  CdSe do not differ sig- 
nificantly from each other or from the melt ing point  
of CdTe and suggest the presence of a eutectic point  
at 1091 ~ +_ l~ and near  20 m/ o  Cdge. (The separation 
between liquidus and solidus curves in  this region is 
not shown in Fig. 1 because of the small  scale of the 
diagram.) Above 20 m/o  CdSe, both l iquidus and 
solidus temperatures  increase monotonical ly  and sub-  
l inear ly  with increasing CdSe content. The l iquidus-  
solidus gap in this region remains  ra ther  narrow, never  
exceeding 11 m/o. Melting and freezing arrests of 
1252.5 ~ ___ 0.5~ were obtained for CdSe, in fair to good 
agreement  with previously reported values of 1239 ~ 
• 3~ [Ref. (12)], 1250 ~ _ 2~ [Ref. (11)], 1258 ~ • 
3~ [Ref. (13)], 1259 ~ • 4~ [Ref. (14)], and 1264 ~ 
• 10~ [Ref. (15)]. 

The results of the x - r ay  diffractometer measurements  
on annealed and quenched powders are represented by 
circles in Fig. 1--closed circles for single-phase cubic 
samples, open circles for single-phase hexagonal  sam- 
ples, and half-closed circles for two-phase samples. 
(There was no evidence for ordering of the Te and Se 
atoms in either the cubic or hexagonal  structure.)  Over 
the l imited composition range where the relationship 
between structure and tempera ture  has been studied 
in detail, the cubic and hexagonal  phase fields are 
separated by a two-phase region only about 3 m/o  
wide. The boundaries  of this region are well  repre-  
sented by paral lel  straight lines, along which the tem- 
perature decreases with increasing CdSe content. Ac- 
cording to these lines, the two-phase field extends from 
26 to 29 m/o  CdSe at 1000~ and from 46.5 to 49.5 m/o  
CdSe at 800~ The composition range investigated 
was not extended to lower CdSe content  because of 
the difficulty anticipated in  re ta ining the hexagonal  
phase by quenching as the hexagonal-cubic t ransfor-  
mat ion tempera ture  increased. The range  was not ex- 
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tended to higher CdSe content  because the t ime re-  
quired to at ta in  equi l ibr ium in the solid phase became 
inconvenient ly  long as the t ransformat ion tempera ture  
decreased. (Some two-phase samples may  have been 
incorrectly identified as single-phase because the quan-  
t i ty of the minor  phase was too small  to be detected 
by the x - ray  diffraction method used. Errors of this 
kind would tend to make the width of the two-phase 
region shown in Fig. 1 somewhat  less than  the actual  
widtl~) 

As shown in Fig. 1, when extrapolated l inear ly  the 
lower and upper boundaries  of the two-phase field 
intersect the solidus curve at 17 and 20 m/o  CdSe, 
respectively, consistent with a eutectic point  near  20 
m/o  CdSe. Linear  extrapolat ion to lower temperatures  
gives an hexagonal-cubic t ransformat ion tempera ture  
around 250~ for pure CdSe, although such an ex- 
tended extrapolat ion is obviously of l imited signifi- 
cance. Par t ia l  t ransformat ion  from cubic to hexagonal  
CdSe after anneal ing for 10 hr at 130~ has been 
reported (2). 

The cubic (ao) and hexagonal  (ao, Co) lattice pa ram-  
eters measured for annealed single-phase alloy pow- 
ders are listed in Table II, together with the values 
calculated from them for the uni t  cell volume (V) and 
for the c/a ratio of the hexagonal  alloys. (Where 
duplicate results are given for the same composition, 
they were obtained for independent  samples, not  for 
aliquots of the same sample.) The c/a ratios range 
from 1.631 to 1.638, compared with the theoretical value 
of 1.633 for the wurtzi te  structure. For CdTe, the mea-  
sured ao is 6.481A, compared with l i terature values of 
6.480-6.483A [Ref. (3, 16-18)]. [The value of 6.423A 
given by Li twin  (4) is obviously incorrect.] For CdSe, 
ao = 4.301A and Co ----- 7.016A, compared with l i terature  
values of ao from 4.297 to 4.309A, and values of Co from 
7.007 to 7.034A [Ref. (3, 4, 14, 19) ]. Most of the lattice 
parameters  reported previously (3, 4) for the alloys 
with cubic s tructure agree fairly well  with the present  
ones, but  there is greater disagreement among the 
parameters  for the hexagonal  alloys. 

The values of ao for cubic samples, ao and Co for 
hexagonal  samples, and V for all samples are plotted 
against nomina l  alloy composition (expressed in mole 
fraction CdSe, x) in Fig. 2, 3, and 4, respectively. The 
three lattice parameters  vary  l inear ly  with composi- 
tion, according to the following expressions which 
correspond to the straight lines in Fig. 2 and 3: ao 
(cubic) (A) = 6.481-0.411x; ao (hexagonal) (A.) = 
4.580-0.279x; Co (A) = 7.502-0.486x. Except at the 
extremes of the composition range, the values of V fall 
slightly below the straight l ine joining the uni t  cell 
volumes of CdTe and CdSe. For  the region (0.3 ~ x 
0.45) in which both cubic and hexagonal  samples have 
been obtained, the values of V are general ly  somewhat 
lower for cubic samples than  for hexagonal. 

For  the CdTel-zSez ingots which were prepared by 
directional freezing of stoichiometric melts, the results 
of electron microprobe analysis of small  sections close 

Table II. Lattice parameters of CdTel-xSez alloys 

Cu bJe H e x a g o n a l  
x ao(A) V(As) ao(A) co(A) e./ao V(A~) 

0 6.481 68.06 
0.1 6.444 66.90 
0.2 6.398 65.47 
0.25 6.381 64.95 
0.3 6.359 64.26 4.489 7.355 1.638 64.18 
0.35 6,336 63.59 4.484 7.333 1,635 63.84 
0.4 6,316 62,99 4.465 7,310 1,637 63.10 

4.466 7.308 1.636 63.12 
0.44 6.295 62.36 4.456 7.293 1.637 62.70 
0.5 4,442 7.257 1.634 62.00 

4.441 7,262 1.635 62.02 
0.6 4.414 7,206 1.633 60.79 
0.7 4.380 7.169 1,637 59.55 

4.383 7.163 1.634 59.59 
0.8 4.355 7.114 1.634 58.42 

4.354 7.125 1.636 58.49 
0.9 4.328 7.070 1.634 57.34 
1.O 4.301 7.016 1.631 56.20 
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to the tip are qual i tat ively consistent with the l iquidus-  
solidus relationships shown in Fig. 1. If solidification 
of an alloy occurs unde r  equi l ibr ium conditions, the 
first-to-freeze composition is the solidus composition 
corresponding to the ! iquidus composition given by  the 
nominal  ingot composition. For CdTe1-.~Sex ingots with 
nomina l  x up to 0.3, wi th in  the error of the microprobe 
(estimated to be ___3%) the measured compositions 
are the same as the nomina l  ingot compositions, pre-  
sumably because the gap between l iquidus and solidus 
compositions is quite small  in  this region. For 3 ingots 
with nominal  x = 0.4, 0.4, and 0.5, the measured com- 
positions were x ----- 0.41, 0.45, and 0.55, respectively, 
compared with the solidus compositions of x = 0.50, 
0.50, and 0.61 given by  the phase diagram. The mea-  
sured compositions are all less than  the corresponding 
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solidus compositions; these discrepancies are in the 
direction expected if the rate of solidification was too 
high for equi l ibr ium to be established between the 
liquid and solid or if the samples analyzed were too far 
removed from the first-to-freeze region. 

Although the x - r ay  diffractometer measurements  
made on the alloy ingots were not extensive, the data 
are sufficient to show that  the phases present  depend 
on ingot composition, the location of the sample in the 
ingot, and the method of cooling. Thus all samples 
from ingots with x ----- 0.2 are cubic, and all those from 
an ingot with x = 0.6 are hexagonal.  (The cr 
tions quoted in this discussion are nominal ,  and the 
ingots were furnace cooled unless otherwise specified.) 
The first-to-freeze portions of ingots with x = 0.3, 0.4, 
and 0.45 are either ent i re ly  cubic or contain a small 
amount  of the hexagonal  phase in addition to the cubic. 
A sample frozen later in  one of the ingots with x = 0.4 
contains a larger proportion of the hexagonal  phase 
but  is still p r imar i ly  cubic. In  contrast, samples from 
an ingot with x of only 0.35, which had been air 
quenched by removing the growth ampoule from the 
hot furnace, are ent i re ly  hexagonal.  

For two ingots wi th  x = 0.45 and 0.5, the first-to- 
freeze portions are single-phase cubic and hexagonal, 
respectively. However, a number  of other samples 
from these ingots give diffractometer pat terns which 
cannot  be at t r ibuted to these two phases. Par t  of one 
such pat tern  is shown in Fig. 5, together with the same 
angle range (20 ~ ~-~ 2~ ~ 28 ~ from pat terns  for single- 
phase cubic and hexagonal  samples of about the same 
composition. The unusua l  features of the new pat terns 
are: (a) the appearance of new although poorly de- 
fined lines at 25.4 ~ and 42.9~ (b) an increase in the 
relat ive intensi ty  of the l ine at 24.6 ~ which cannot be 
a t t r ibuted to the cubic phase because the characteristic 
cubic line at 58.8 ~ is either weak or absent;  and (c) a 
marked  decrease in the relat ive intensit ies of the lines 
at 26.3 ~ 44.4 ~ and 76.5 ~ which appear in the wurtzi te  
pattern.  We at t r ibute  these features to the presence of 
a polytype, like those observed for ZnS and SiC, whose 
s tructure is intermediate  be tween the zinc blende 
structure (with ent i rely cubic close packing) and the 
wurtzi te  s t ructure (with ent i re ly  hexagonal  close 
packing).  In  the ingot with x = 0.5, the region con- 
ta in ing the polytype is in  the interior,  completely sur-  
rounded by a thin outer shell of the wurtzi te  phase. 
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Fig. 5. X-ray diffraction patterns over the angle range 20 ~ ~-~ 
20 ~ 28 ~ for CdTel -~Sex alloys with x ~ 0.5: (a) cubic, (b) hex- 
agonal, (c) polytype. 

The two regions are easily dist inguished by visual  ob- 
servat ion of a lapped cross section. 

In  addition to the diffractometer pat terns  for ingot 
samples, Debye-Scherrer  pat terns were also obtained 
for a number  of such samples which were powdered 
after they had been analyzed with the electron micro- 
probe. The lattice parameters  and uni t  cell volumes 
measured for s ingle-phase cubic and hexagonal  sam- 
ples, which are plotted in  Fig. 2-4 as a funct ion of the 
measured composition, are the same wi th in  experi-  
menta l  error ( including the error of the  microprobe 
analysis) as those for annealed alloy powders. 

Discussion 
The qual i tat ive features of the CdTe-CdSe phase 

diagram (Fig. 1) reflect the fact that  the crystal struc- 
tures  of CdTe and CdSe are different but  very  closely 
related. Because of their  difference in structure, the 
compounds cannot  form a complete series of solid 
solutions along the solidus curve. Therefore the CdTe- 
CdSe diagram has the eutectic form, ra ther  than  the 
simple lens form of the I I -VI  pseudobinary CdTe-ZnTe 
[Ref. (6)] and HgTe-HgSe [Ref. (20)] diagrams. In  
each of the lat ter  systems, involving two b inary  com- 
pounds with zinc blende s t ructure  which exhibit  com- 
plete mutua l  solid solubility, both l iquidus and solidus 
temperatures  increase monotonical ly  and subl inear ly  
with increasing ZnTe or HgSe content  across the entire 
diagram. Thus the l iquidus and solidus curves in these 
systems resemble  those for the hexagonal  branch of 
the CdTe-CdSe diagram (i.e., the region be tween 
about 20 m/o  CdSe, the eutectic composition, and pure 
CdSe). Over this entire region CdTex-~Se~, alloys wi th  
wurtzi te  s t ructure  are stable along the solidus curve, 
according to a l inear  extrapolat ion of the hexagonal  
phase boundary  from lower temperatures.  

Liquidus-solidus Telationship.--For a b ina ry  alloy sys- 
tem of completely miscible components A and B, by 
expressing the equali ty of the part ial  free energies of 
mixing in the l iquid and solid phases, it has been 
shown (21) that  the l iquidus and solidus compositions 
in equi l ibr ium at tempera ture  T are related by 

R T  ( l n  XAS _ ln XA1 ) 
XB s XB 1 

. . . .  ,~HB 1 - - ~  - - D  [1] -- AHA 1 TA TB 

with 
0AGe,m s 0AGe,m 1 

D ~ m 

OXA s OXA l 
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where Xi 1 and Xi s are the mole fractions of component  
i in the l iquid and solid phases, respectively, Ti and 
• are the tempera ture  and enthalpy of fusion of the 
pure component, and AGe.m s and AGe.m 1 are the excess 
molar  free energies of mixing in the respective phases. 
Equat ion [1] is a general  thermodynamic  expression 
which is applicable to any system. If both l iquid and 
solid solutions are ideal, the excess free energies of 
mixing  are zero and D ---- 0. The ideal form of Eq. [1] 
with D ~ 0 has also been found to fit the exper imental  
data for a large number  of b inary  and pseudobinary 
alloy systems (metallic, semiconducting, and ionic) in 
which the l iquidus and solidus temperatures  vary  
monotonical ly with composition (21). Al though in gen-  
eral the liquid and solid phases in these systems are 
not ideal solutions, the ideal l iquidus-solidus expres- 
sion is applicable because the deviations from ideality 
in the two phases are comparable, and therefore, the 
difference between the par t ia l  excess free energies of 
mixing is small enough to be neglected. (An excellent 
fit to Eq. [1] with D ---- 0 is obtained for the CdTe-ZnTe 
system but  not for the HgTe-HgSe system. We believe 
that  the deviations between exper iment  and calcula- 
t ion in the lat ter  case are probably due to errors in the 
exper imental  de terminat ion of the solidus curve.) 

The ideal form of Eq. [1] can be used to calculate 
one of the boundaries  of the two-phase field when the 
other boundary  and the enthalpies of fusion of the pure 
components are known. In  the present  s tudy this ex- 
pression has been used to calculate the solidus curve 
for the CdTe-CdSe system from the exper imenta l  l iq- 
uidus data and the enthalpies of fusion of CdTe and 
CdSe determined by Kulwicki  (11) (12.0 and 10.5 
kcal/mole,  respectively).  As shown in Fig. 6, the calcu- 
lated curve is in excellent  agreement  with the experi-  
menta l  solidus data for the hexagonal  branch of the 
diagram. (The root mean square of the difference be- 
tween calculated and exper imental  temperatures  for 8 
data points is 2.4~ The agreement  indicates that 
over this composition range  the deviations from ideal-  
i ty are comparable for the l iquid and solid phases, as 
in systems where the l iquidus and solidus tempera-  
tures vary monotonical ly  over the whole range of com- 
position. The agreement  between calculation and ex- 
per iment  for the hexagonal  branch also implies that  
the zinc blende and metastable  wurtzi te structures of 
CdTe do not differ great ly in free energy, since the 
tempera ture  and enthalpy of fusion used in  the calcu- 
lations were measured for CdTe with zinc blende 
structure. 

It should be noted that  calculation of the solidus 
curve from our ini t ia l ly  l imited l iquidus data facili- 
tated the selection of temperatures  close to the solidus 
for anneal ing the frozen alloy samples. Because ho- 
mogenization was accelerated by the increased rates of 
diffusion, the heat ing curves for such samples an-  
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nealed for only 16 hr at these high temperatures  gave 
thermal  arrests almost as sharp as those obtained with 
powder samples annealed at 950~ for 3 weeks or more. 

Sub-solidus phases.--The zinc blende and wurtzi te  
structures have the same pr imary  coordination, with 
each cation surrounded by four neares t -ne ighbor  an-  
ions in te t rahedral  configuration, and vice versa. This 
close s t ructural  relationship, together with the chemi- 
cal s imilari ty between Te and Se, explains the broad 
range of mutua l  solid solubili ty exhibited by CdTe and 
CdSe. Within  the tempera ture  region where the bound-  
aries of the cubic and hexagonal  phases have been de- 
termined, the miscibi l i ty gap at a fixed tempera ture  is 
only about 3 m/o, and its position shifts sufficiently 
with temperature  to permit  formation of solid solutions 
over the whole range of compositions. 

According to the phase diagram of Fig. 1, for any 
composition up to 17 m/o  CdSe the zinc blende struc- 
ture  is stable at all  temperatures  below the solidus 
curve. For any other composition, this s t ructure is 
stable only up to a t ransi t ion tempera ture  which de- 
creases quite rapidly with increasing CdSe content. 
Above this tempera ture  there is an in terva l  of about 
15~ in which no solid solution of this composition is 
stable, and at still higher temperatures  the wurtzi te  
s t ructure is stable. The same sequence of low- tempera-  
ture zinc blende, in termediate  two-phase, and high- 
tempera ture  wurtzi te  regions has recent ly been ob- 
served by Shalimova et al. (19) for fixed compositions 
near  40 m/o  CdSe in the pseudobinary system formed 
by CdSe and ZnSe, which like CdTe has the zinc blende 
structure. According to their  results for anneal ing 
temperatures  between 800 ~ and 1200~ the phase dia- 
gram below the solidus in this system is similar to that  
of the CdTe-CdSe system, since it too consists of cubic 
and hexagonal  phase fields separated by  a nar row two- 
phase region whose boundaries shift toward increasing 
CdSe content  with decreasing temperature.  

For ZnS, the prototype compound for both struc- 
tures, the zinc blende s t ructure  is the low- tempera ture  
form and the wurtzi te  s t ructure the h igh- tempera ture  
form, just  as in the two alloy systems. The fact that 
in all three cases there is a tempera ture  at which the 
two phases have the same free energy is another  re- 
sult of their  close s t ructural  relationship.  In  each case, 
at constant  composition the free energy of the zinc 
blende phase increases more rapidly with increasing 
temperature  than that of the wurtzi te  phase. [For the 
alloys, the tempera ture  of equal free energy lies in the 
region where nei ther  s t ructure is stable with respect 
to the formation of a mix ture  of two phases with dif- 
ferent  compositions. Shal imova et aL (19) claim that 
the zinc blende and wurtz i te  structures are both 
stable for any composition and tempera ture  wi th in  the 
two-phase region of the CdSe-ZnSe system. This is 
thermodynamica l ly  impossible.] 

Although the zinc blende and wurtzi te  s tructures 
have the same pr imary  coordination, t ransformations 
from one to the other require the breaking of nearest-  
neighbor bonds (22). Such reconstructive t ransforma-  
tions involve an appreciable act ivation energy, and 
their  rates therefore depend approximately  exponen-  
t ial ly on temperature.  It  is this strong tempera ture  
dependence which makes it possible to establish equi-  
l ibr ium phase relations for elevated temperatures  by 
means of phase determinat ions  at room tempera ture  on 
samples which have been annealed and quenched. The 
use of this method requires the t ransformat ion rates 
to be high enough at the anneal ing  tempera ture  for 
equi l ibr ium to be achieved in  a convenient  t ime and 
low enough at any  phase boundary  for the h igh- tem-  
perature  phase to be re ta ined by quenching. In  our 
invest igat ion of the CdTe-CdSe system, these condi-  
tions were apparent ly  satisfied for small powder sam- 
ples with compositions between 30 and 44 m/o  CdSe, 
corresponding to t ransi t ion temperatures  between 
about 950 ~ and 800~ at the upper  boundary  of the 
cubic phase field. Within  this range single-phase sam- 
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ples of a given composition were prepared with both 
wurtzi te  and zinc blende structures by anneal ing above 
or below the t ransi t ion temperature,  respectively. No 
at tempt  was made to prepare hexagonal  samples con- 
ta in ing less than 30 m/o  CdSe, because of the difficulty 
anticipated in cooling rapidly enough to prevent  con- 
version to the cubic phase at temperatures  of 1000~ 
and above. Cubic samples containing more than 44 m/o  
CdSe were not prepared because it would have taken 
too long to t ransform them from the hexagonal  phase 
at temperatures  below 800 ~ 

In  the two earlier investigations (3, 4) of the s t ruc-  
ture of CdTe-CdSe alloys, the samples studied were 
prepared by solidification from the melt. Those con- 
ta in ing up to 30 m/o  CdSe were ent i re ly  cubic. 
Stuckes and Farre l l  (3) found that  samples contain-  
ing 40 and 50 m/o  CdSe were cubic with only a trace 
of the hexagonal  phase, and Li twin (4) observed both 
phases for compositions of 36, 50, and 60 m/o  CdSe. 
Only samples containing at least 70 m/o  CdSe were 
ent i re ly  hexagonal. According to the phase diagram 
of Fig. 1, however, alloys containing more than  about 
20 m/o  CdSe crystallize from the melt  in the hex-  
agonal structure. Therefore the presence of the cubic 
phase in samples containing 30-60 m/o  CdSe must  have 
resulted from the part ial  or complete t ransformat ion 
of the hexagonal  phase dur ing cooling, after the tem-  
perature had fallen below the hexagonal- to-cubic  
t ransi t ion temperature.  The cubic phase was not 
formed for compositions exceeding 60 m/o  CdSe be- 
cause of the decrease in  the t ransi t ion tempera ture  
with increasing CdSe content  and the decrease in  
t ransformat ion rate wi th  decreasing temperature.  In  
this range, the cubic phase becomes stable at such 
low temperatures  (less than  about 700~ that  the 
t ransformat ion rate was never  high enough for ap- 
preciable t ransformat ion  to occur at the  cooling rates 
used. Since cooling rates were not discussed in either 
paper, it can be assumed that  they were nei ther  
extremely fast nor ext remely  slow, and that  times of 
the order of hours were probably required to cool to 
room temperature.  This indicates that  the rates of the 
hexagonal- to-cubic  t ransformat ion were much faster 
for solid samples than for the powdered samples 
annealed in our investigation at fixed temperatures,  
which required many  days for complete t ransforma-  
t ion to the cubic phase even at 800~ 

Increased t ransformat ion rates in solid samples were 
also observed for ingots prepared in  our investigation 
by directional  solidification of stoichiometric melts. 
The hexagonal  phase was retained without  t ransforma-  
t ion in a 35 m/o  CdSe ingot which was air quenched 
to room temperature  from above the t ransi t ion tem- 
perature,  while t ransformat ion occurred in furnace-  
cooled ingots containing up to 45 m/o  CdSe. In  one 
such furnace-cooled ingot containing 30 m/o  CdSe, 
cubic s ingle-crystal  regions up  to about 1 cm on a side 
were identified by  sandblasting, which reveals the 
grain boundaries  in these alloys. Thus under  suitable 
exper imental  conditions the t ransformat ion  to the 
cubic phase can occur without  introducing polycrys- 
tal l inity.  This is another  consequence of the close re la-  
t ionship between the zinc blende and wurtzi te  s truc-  
tures. 

This relationship is also reflected by the rather  
close agreement  in uni t  cell volume measured at room 
tempera ture  (Fig. 4) between alloys with the zinc 
b lende  and wurtzi te  structures. The volume difference 
for a given composition does not exceed 0.6% in the 
range (0.3 --~ x --~ 0.45) where both structures have 
been obtained. However, the significance of the com- 
parison is l imited because the wurtzi te  s t ructure  is 
metastable  at room tempera ture  in the overlapping 
range and also for compositions considerably r icher in 
CdSe---quite possibly for CdSe itself. A valid compari-  
son would require  x - r ay  diffraction measurements  
at temperatures  high enough for each s t ructure  to be 

stable over a wide composition range. Such h igh- tem-  
perature  measurements  would also be necessary to 
satisfactorily test the conformity of the CdTe-CdSe 
alloys to Vegard's law. According to the room tem- 
perature  volume data, the alloys with zinc blende 
structure deviate by as much as 0.8% from the straight 
l ine shown in Fig. 4, while  the wurtzi te  alloys gen-  
erally exhibit  smaller deviations. 

As a final result  of the zinc b lende-wur tz i te  rela-  
tionship, we note the formation of a polytype in two 
furnace-cooled ingots with nominal  compositions of 45 
and 50 m/ o  CdSe. A large number  of polytypes with 
structures in termediate  between zinc blende and wur t -  
zite are known  for ZnS and SiC, bu t  to our knowledge 
none has been reported for a t e rnary  alloy. No at tempt 
has been made to identify the polytype by  single- 
crystal  x - r ay  diffraction analysis, but  calculations of 
the powder diffraction pat terns  for the 4H, 6H, 8H, 12H, 
and 15R polytypes of CdTe0.sSe0.5 indicate that  it is 
probably not one of these. 

Apparent ly  the polytype was formed as an in ter -  
mediate  stage in  the hexagonal- to-cubic  t ransforma-  
t ion because the rate of cooling was too slow to permit  
re tent ion of the hexagonal  phase bu t  too fast to per-  
mit  complete t ransformat ion to the cubic phase. (The 
first-to-freeze tip of the ingot containing 45 m/o  CdSe 
was cubic, apparent ly  because it reached the transi t ion 
tempera ture  and t ransformed before the furnace 
was shut off. In  the ingot containing 50 m/o  CdSe, a 
th in  outer shell remained hexagonal  because it cooled 
rapidly enough to prevent  transformation,  but  the 
center was converted to the polytype because it cooled 
more slowly.) Our exper iments  do not  give any evi-  
dence that the polytype is a thermodynamica l ly  stable 
phase ra ther  than a metastable  intermediate,  since it 
was not observed in any os the powdered samples 
which were quenched after annealing.  Polytype for- 
mat ion as an in termediate  step in  the cubic- to-hexag-  
onal t ransformat ion of thin films of ZnS has recently 
been reported (23). 
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Phase Equilibria Relations in the 
Ternary System BaO-SrO-Nb20  

J. R. Carruthers and M. Grasso 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Phase equil ibria in the b inary  system SrO-Nb205 and the Nb20~-rich ~e- 
gion of the t e rnary  system BaO-SrO-Nb205 were investigated by DTA, x - r ay  
diffraction, strip heater, and Curie tempera ture  measurement  techniques. The 
te rnary-phase  fields of three te t ragonal - tungs ten-bronze  type structures have 
been located. Only one of these structures is a t e rnary  compound; it is lo- 
cated along the SrNb2Os-BaNb~O6 b inary  join, extending from 20 to 80 m / o  
BaNb206, and melts congruent ly  near  50% BaNbzO6. The t e rna ry  solubil i ty 
extends from about 4% excess (Ba ~- Sr) to about 1% excess Nb205. This 
phase possesses observable orthorhombic distortion in the BaNbaO6-rich 
region of the solid solution. The implications of the phase diagram for the 
crystal growth of these compounds are briefly discussed. 

The existence of a ferroelectric compound 
Ba~Sr~l-x)Nb206 (BSN) was independent ly  re- 
ported in  1960 by Francombe (1) and Ismailzade (2). 
The structure was found to be closely related to the 
te tragonal  tungsten  bronze structure.  The existence 
regions were found to be 0.30 ~ x ~ 0.80 by F r a n -  
combe and 0.35 ~ x ~ 0.75 by Ismailzade. No indica- 
tion of the extent  of solid solution in the t e rnary  re-  
gion was given. Both workers reported that  the 
te t ragonal  s t ructure was distorted to orthorhombic 
over a part  of the range; however, Francombe found 
the orthorhombic s t ructure  for x <0.45, while Ismail-  
zade found the values x ~ 0.40 corresponded to this 
structure.  Both workers also reported that the Curie 
temperatures  varied from 50~ at the high SrNb2Os 
end of the solution to 200~176 at the high BaNb206 
end. Ismailzade reported that  the paraelectric phase 
was te tragonal  over the entire solid solution range. 

The first large BSN single crystals were grown in 
this system by Bal lman and Brown (3) over a range 
of melt  compositions 0.25 ~ x ~ 0.75. Chemical 
analysis indicated that  the solid compositions were 
quite similar to those of the melt. Also the Curie tem-  
perature  was found to vary  in  a similar m a n n e r  to 
that  found for the ceramic specimens. These crystals 
have been used by Jamieson, Abrahams,  and Bern-  
stein (4) for s t ructure de terminat ion  as well  as 
Glass (5, 6) for investigations of the electrical prop-  
erties with special reference to the pyroelectric detec- 
t ion of infrared radiation. These crystals have also 
been shown to have interest ing electro-optic prop-  
erties (7). 

The crystal s t ructure  was determined by Jamieson 
etal .  (4) for the composition x = 0.27 (grown from 
a melt  with x = 0.25). In agreement  with Ismailzade, 
the s tructure was found to be te tragonal  tungs ten  
bronze and to belong to the space group P4bm. This 

Key  words:  phase equilibria, ba r ium s t ront ium niobate, nonl inear  
optical materials.  

structure  consists of a f ramework of Nb06 octahedra 
sharing corners so that  there are three different types 
of interst i t ial  sites, two of which may  be occupied by 
Ba or Sr ions. There are five formula uni ts  per un i t  
cell so that  the five Ba /Sr  ions can be dis tr ibuted 
on six possible interst i t ial  sites (two A1 sites with 
distorted tetragonal  symmet ry  and four A2 sites 
with distorted tr igonal  symmetry) .  In  addition, 
it was found, for x = 0.27, that  only Sr ions 
were found in the two A1 sites with an occupancy 
factor of 82.2% and Sr and Ba ions in the four A2 
sites with occupancy factors 50.3 and 34.4%, respec- 
tively. As Glass (6) points out, if the A1 site continues 
to be occupied only by  Sr ions as the Sr /Ba  ratio 
changes, then the entropy of distr ibution of the ions 
becomes a m i n i m u m  when x = 0.67. At  this composi- 
tion, only Sr ions occupy the A1 sites and Ba ions 
occupy the A2 sites (for the same occupancy factors).  

The electrical properties of BSN were investigated 
by Glass (6) over the solid-solution range and from 
10~176 His dielectric constant  and electrical con- 
duct ivi ty measurements  showed a behavior at the 
Curie tempera ture  which correlated with the degree 
of randomness in  the Ba/Sr  distribution. Glass also 
measured the field and frequency dependence of the 
dielectric properties and the specific heat and pyro-  
electric coefficients of BSN. 

There have been no phase equil ibria  studies of the 
te rnary  BaO-SrO-Nb205 system or of the SrO-Nb205 
system. The BaO-Nb20~ system was reported by Roth 
and Waring (8). The t e rnary  oxide system SrO- 
NbO2-Nb205 has been reported by  Ridgley and Ward 
(9). These studies showed that  the compounds 
SrNb206 (SN) and BaNbaO6 (BN) existed and 
possessed a complex and an orthorhombic crystal 
structure, respectively. In  addition, the compounds 
3BaO.5Nb205 (B3Ns) and BaO.3Nb20~ (BN~) were 
observed with distorted tungs ten-bronze- type  struc- 
tures. The structures of both SN and BN have been 
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Table I. d-Spacings of compounds in the SrO-Nb205 system 

2500 

(SrO)s (SrO) 
SrO (Nb~Os) 2 (Nb20~) SrNb~O6 

I d(A) I d (A)  I d(A) I 

observed to be quite sensitive to the valence state of 
the Nb. Par t ia l  reduction of the Nb causes SN to 
become cubic perovskite with characteristics of the 
tungs ten  bronzes (8) while in the case of BN, less 
direct evidence suggests that  a hexagonal  phase is 
stabilized which is apparent ly  an in te rmediary  struc- 
ture between orthorhombic BN and the tungs ten-  
bronze type structures. 

The present  invest igat ion was under taken  to com- 
plete the t e rnary  BaO-SrO-Nb2Os phase diagram 
around the tungs ten-bronze  structures in this system. 
We wished to establish the crysta l -growth equil ibria 
and existence regions for these compounds. 

Experimental Procedure 
Specimen preparation.--Specimens were prepared 

from dried Ba(NO~)2 a n d  Sr(NO3)2 (Fisher reagent  
grade) and Nb205 (CIBA optical grade).  Specimens 
were mul t ip ly  ground, pelletized, and sintered in air at 
temperatures  50~ below solidus temperatures.  The 
t e rnary  region along the b inary  join SN-BN possessed 
some strange react ivi ty  problems to be discussed 
later which required the use of a strip heater  to 
obtain completely reacted samples. 

Measurements.--DTA measurements  were made on 
a DuPont  1600 Thermoanalyzer .  X- r ay  diffraction 
measurements  were performed on a Nonius-Guinier  
focusing camera using monochromatic CuK~ radia-  
tion. Curie tempera ture  (Tc) measurements  were  
made on small  ceramic pellets (~.. 2 mm on a side) 
using a General  Radio 1673A capacitance bridge at 1 
kHz with p la t inum electrodes. F i rm electrode pres- 
sure was essential for these measurements .  Silver 
paste electrodes, al though used on most specimen 
surfaces, were found not to be necessary. The Curie  
tempera ture  was reported as the position of the 
capacitance maximum,  although Glass (6) has shown 
that this does not exactly coincide with the actual  
Curie temperature .  Nevertheless we are only  in te r -  
ested in relat ive changes in the position of the peak 
with composition. 

Experimental Results 
SrO-Nb205 system.--The DTA and x - ray  results are 

shown in Fig. 1. In  addition to SN, three new com- 
pounds were observed, $5N2, $12N, and $2N5. The d- 
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Fig. 1. Phase equilibrium diagram for the system SrO-Nb205 

< I  5.50 < I  
<=I 5.02 3 
< I  4.50 1 

1 4.20 1 
I 3.g5 4 
2 3.88 4 
3 3.45 3 
3 3.40 < 1  

lO 3.15 4 
5 3.05 10 

2.88 3 3.00 2 
2.85 5 2.91 2 
2.77 7 2.84 2 
2.16 3 2.80 5 
2.12 1 2.78 2 
2.06 3 2.75 1 
1.97 5 2.59 1 
1.94 2 2.46 1 
1.82 1 2.38 1 
1.805 < I  2.37 1 
1.730 1 2.33 1 
1.735 1 2.24 3 
1.710 1 2.22 3 
1.690 1 2.13 1 
1.670 1 2.08 3 
1.620 4 2.04 1 
1.615 4 

d(A) 

4.80 1 3.00 10 18 
4.15 1 2.83 10 5.3 
2.92 10 2.05 8 4.4 
2.06 5 1.77 3 3.92 
1.66 5 1.655 5 3.89 
1.455 3 1.625 4 3.53 
1.310 2 1.495 3 3.35 

1.405 3 3.22 
1.320 3 3.05 
1.275 3 2.94 

spacings for the compounds SrO, $5N2, S2N, and SN 
are shown in Table I. SrO has a simple cubic s t ruc ,  
ture  while $5N2 has a hexagonal  s t ructure which re-  
sembles its counterpar t  B5N2 in the BaO-Nb205 sys- 
tem (8). The structures of S2N and SN are seen to be 
complex and will  not be considered further.  The 
s t ructure  of $2N5 is of the tungs ten-bronze  type and 
is identical  to that  of BN3. This compound wil l  be 
discussed later  in more detail. 

Liquidus temperatures  in  excess of 1500~ in Fig. 1 
were determined by means of an optical pyrometer  
using SN as a cal ibrat ion and an i r idium strip as the 
heat ing source. This method minimized SrO volatil iza- 
t ion for these compositions and also insured com- 
plet ion of the reaction. Sinter ing temperatures  of 
1400 ~ were insufficient to achieve solid-state reaction 
over this composition range (0-30% Nb205). 

SrNb206-BaNb206 pseudobinary system.--The DTA 
and x - ray  results for the SN-BN b inary  join are 
shown in Fig. 2. The s t ructure  of (BSN)I  is of the 
tetragonal  tungs ten  bronze type and will  be discussed 
later. At room temperature,  compositions greater than  
x = 0.55 (where x -- mole fraction BaNb2Os) showed 
orthorhombic splitt ings in  agreement  with the  work 
of Ismailzade (2). 

It is of some interest  here to ment ion  the reactivi ty 
problem encountered in this system. Attempts  to 
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Fig. 2. P s e u d o b i n a r y  phase  e q u i l i b r i u m  d i a g r a m  for  t h e  system 

SrNb206-BoNb206. 
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produce a s ingle-phase BSN by sintering at 1000~ 
fai led completely,  even wi th  ten regrindings and 
using a reducing ambient  of 15% H2-85% N2 for 6 
hr. As the sintering t empera tu re  was progress ively  sample 
raised by 100~ increments  to 1400~ the single- desig- nation B a O  S r O  Nb205 
phase field opened up start ing wi th  the BN-r ich  end. 
The solvus line, A, in Fig. 2 moved to the left  and was 
located at 35% BN after sintering at 1400~ The Bs~10o 0.05 0,20 163 0.10 0.15 
final location of solvus line A at 20% BN was deter-  167 0.15 0.10 
mined by mel t ing  these specimens on a p la t inum 153 0.20 0.05 150 0.25 - -  

s tr ip  heater,  s lowly freezing under  a microscope, and 
l o o k i n g  for s e c o n d - p h a s e  S N  l ine s  w i t h  t h e  N o n i u s -  149 0.25 0.025 
Guinier  camera. 159 0.05 0.25 

162 0.10 0.20 
The l iquidus shown in Fig. 2 is flat wi th in  exper i -  100 0.15 0.15 

menta l  er ror  over  the composition range 20-60% 152 0.20 O.lO 
148 0.25 0.05 

BN. The location of the l iquidus m a x i m u m  and as- 
sociated congruent ly  mel t ing  composition was deter -  147 0.25 0.075 
mined wi th  the aid of Tc measurements  described 158 0.05 0.30 

161 0 . I0  0.25 later. The solidus lines (shown as dashed lines) were  105 0.15 0.20 
located approximate ly  using the composit ion shifts 
reported by Bal lman and Brown (3) as guidelines and 151 0.20 0.15 146 0.25 0.10 
also the end-points  of the eutectic arrest  lines (which 154 0.30 0.05 
are observable by DTA).  145 0.25 0.125 

BaO-SrO-Nb205 ternary system.--The compositions 
invest igated in the t e rnary  oxide region are shown in 157 0.05 0.35 0.60 

100A 0.10 0.30 0.60 
Table II together  with the x - r ay  and DTA results. 
T h e  r o o m  t e m p e r a t u r e  e x i s t e n c e  r e g i o n s  are  r e p r o -  164 0.15 0.25 0.60 
d u c e d  in  Fig .  3 w h e r e  t h e  c o m p o u n d s  ( B S N ) I ,  101 o.2o 0.20 0.00 
(BSN)H, (BSN)m,  and (BSN)Iv  have  been identified. 144 o.25 0.15 0.00 

102 0.30 0.10 0.60 
Data points have been omit ted for clarity. These 
compounds all have te t ragonal - tungs ten-bronze  type 136 0.175 0.25 0.575 137 0.20 0.225 0.575 
structures and the d-spacings are given in Table III. 138 0.25 0.175 0.575 

139 0.30 0.125 0.575 Compound I and its or thorhombic modification, II, is 140 0.325 0.10 0.575 
the  compound shown in the b inary  join (Fig. 2) and 141 0.35 0.075 0,575 
was the subject  of the introduction of this paper. 150 o.05 0.40 0.55 
Compound III  corresponds to the t e rna ry  solid solu- 

111 0.10 0.35 0.55 
t ion of B3Nb, while  compound IV corresponds to the 
t e rnary  solid-solution range of the isomorphous 132 0.15 0.30 0.55 

133 0.20 0.25 0.55 
S2Ns-BN3 series. Both III and IV show othorhombic 134 0.25 o.2o o.55 
splittings as can be seen in Table III. 135 0.30 0.15 0.55 

103 0.35 0.10 0.55 
The h igh- t empera tu re  phase equil ibria  for these 142 0.375 0.075 0.55 

t e rnary  compounds may  be seen f rom the isopleth 125 0.10 0.38 0.52 
taken at 25% BaO shown in Fig. 4. The DTA data 128 0.15 0.33 0.52 
points are shown as well  as the solid-solution extent  127 0.20 0.28 0.52 128 0.25 0.23 0.52 
of the three bronze structures in this par t icular  sec- 129 0.30 0.18 0.52 

130 0.35 0.13 0.52 
tion. The solidus curves for (BSN)I  are seen to be 131 0.38 0.10 0.52 
quite  steep, especially in comparison to their  behavior  143 0.40 0.08 0.52 
in the b inary  join of Fig. 2. This indicates that  growth 112 0.10 0.42 0.48 
f rom melts  wi th  compositions off the binary SN-BN 113 0.15 0.37 0.48 

114 0.20 0.32 0.48 
join wil l  readi ly  give rise to the usual types of corn- 115 0.25 0.27 0.48 

Nb205 

80~80 
o '~ / _ _ . . _ . _ . . ~ . k ~ / s  N 3 % 

N ~-- '~  ~ i ' ~  = ~ - "  ~ ' ~ " "  B N ~"~ 

S s N 2 ~  r ~ ' ' ~  ~ , ~ B 5  N 2 

SrO v v v v v v v BOO 

Fig. 3. Ternary phase relationships in the room-temperature iso- 
therm of the system BnO-SrO-Nb205. Phases I, II, III, IV hove tet- 
ragonal-tungsten-bronze type structures and the d-spacings shown 
in Table III. 

Table II. Experimental data for compositions in the ternary 
system BaO-SrO-Nb205 

C o m p o s i t i o n  

116 0.30 0.22 0.48 
117 0.35 0.17 0.48 
118 0.40 0.12 0.48 

110 0.10 0.45 0.45 
119 0.15 0.40 0.45 
120 0.20 0.35 0.45 
121 0.25 0.30 0.45 
122 0.30 0.25 0.45 
123 0.35 0.20 0.45 
124 0.40 0.15 0.45 
104 0.45 0.10 0.45 

Phases p r e s e n t  

T e m p e r ~  
a t u r e  

a r r e s t s ,  ~ 

0.75 ( BSN ) zv  + Nb~O5 
0.75 ( B S N ) I v  + Nb205 
0.75 ( B S N ) I v  + Nb~O~ 
0.75 ( B S N h v  
0.75 ( B S N h v  

0.725 (BSN)  iv 

0.70 (BSN)xv  + S N  
0.70 (BSN)IV + SN 
0.70 (BSN),v + SN 
0.70 (BSN),v 
0.70 (BSN),H + (BSN),v 

0.675 (BSN) nx 

0.05 SN + (BSN),v 
0.05 SN + (BSN) Iv 
0.65 SN + (BSN)H, + 

(BSN) iv 
0.65 (BSN)  n I  
0.65 (BSN)  *n 
0.65 (BSN)  n l  

0.625 ( B S N ) n  + ( B S N ) l n  

SN + (BSN) iv 
SN + (BSN)nl + 

(BSN) iv 
SN + (BSN)In + 

(BSN) I 
( B S N ) I  + B S N ) n I  
(BSN)  nx 
(BSN)  In  

( B S N h  + B S N ) n x  
(BSN)x + BSN)nl 
(BSN)n + (BSN)nE 
(BSN)n + (BSN)In 
(BSN)II + (BSN)In 
(BSN)H + (BSN)nl 

SN + (BSNhn + 
(BSN)  IV 

S N  + ( B S N h  + 
(BSN)  Ill  

( B S N h  + ( B S N ) n *  
(BSN), + (BSN)n[ 
(BSN)II + (BSN)III 
(BSN)n + (BSN)III 
(BSN)II + (BSN)xIX 
(BSN)n + (BSN)nI 

(BSN) I 
(BSN), + (BSN)II, 
(BSN), + (BSN)rn 
(BSN), + (BSN) In 
( B S N ) n  
(BSN)  n 
(BSN)  n 
( B S N ) n  + B N  

SN + (BSN), 
(BSN), 
(BSN)  I 
(BSN)  I 
( B S N ) ,  
(BSN) I* 
(BSN)n 

SN + S2N + (BSN)I 
SN + (BSN), 
SN + (BSN)I 
SN + (BSN), 
SN + (BSN), 
SN + (BSN), 
BN + (BSN), 
BN + (BSN)I 

109 0.I0 0 .50 0 .40  (BSN), + S2N 
108 0.20 0 .40 0 . 4 0  (BSN)~ + S2N 
155 0.25 0.35 0.40 (BSN)~ + S ~  
107 0.30 0.30 0.40 (BSN)x  + S ~  

106 0.40 0.20 0.40 ( B S N ) I  + BsN= 
105 0.50 0.10 0.40 ( B S N ) I  + BsN2 

1323 
1323 
1316 
1323 
1323 

1308, 1312 

1320 
1316 
1312 
1312 
1312 

1312 

1320 
1323 

(1312), 1319 
1312, 1335 
1312, 1330 
1305 

1292, 1312, 
1384 

1312, 1402 

1312, 1395 

1312, 1392 
1312, 1411 
1315, 1411 
1307, 1391 

1312, 1442 
1312, 1448 
1312, 1430 
1298, 1425 
1303, 1427 
1296, 1407 

1312, 1442 

1308, 1439 
1321, 1456 
1312,1450 
1312,1456 
1312,1456 
1294,1447 

(1303), 1429 

1400 
1300, 1463 
1312, 1481 

(1384),1474 
(1429), 1470 
(1429), 1405 
1472 
1447 

1447, 1456 
1420, 1468 
1438,1472 
1429, 1465 
1471 
1420, 1465 
1456 

1461 
1442 
1438 
1429 
1420,1452 
1414, 1450 
1361, 1434 
1335, 1384, 

1429 

1344, 1466 
1420,1510 
1420, 1470 
1413, 1420, 

1438 
1384, 1411 
1384, 1406 

positional var iat ions in the grown crystals. Com- 
pounds (BSN)n l  and (BSN) iv  both mel t  per i tect ical ly  
in agreement  wi th  the behavior  observed by Roth 
War ing  (8) in the end members ,  B3N5 and BN3, r e -  
spectively. 

Curie temperature measurements.--The results of 
the capacitance measurements  are shown in Fig. 5 
where  (a) shows the behavior  across the  pseudo- 
b inary  join (48 and 50% Nb20~ isopleths) and (b) 
shows the behavior  along the  25% BaO isopleth. Also 
shown in Fig. 5(a) are the Curie tempera tures  for 
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Table III. X-ray diffraction data for ternary BSN tungsten-bronze 
type structures 

(BSN) I (BSN) II (BSN) III (BSN) zv 
[BSN-4O] [BSN-8O] [BSN-146] [BSN-14"9] 

d(A)  I d (A)  I d (A)  I d(A)  I 

3.95 7 

8.80 2 8.80 2 
6.30 2 6.25 2 

5,60 2 
4.40 1 4.40 1 

3.99 4 3.99 8 3.97 8 
3.95 4 3.93 6 3.92 6 

3.87 1 
3.79 1 

3.70 2 
3.65 2 

3.62 2 
3.53 2 

3.45 7 3.47 7 3.45 7 3.43 7 
3.31 1 3.35 4 3.33 4 3.33 4 
3.20 9 3.25 10 3.22 8 3.21 8 
3.10 1 3.11 1 3,10 1 3.15 1 

3.08 1 3.10 1 
3.00 9 3,02 10 3.90 10 3.00 19 

I 2.95 6 2.94 6 2.93 6 
2.92 7 2.94 3 2.93 3 2.92 6 

2.91 2 
2.90 1 
2.85 1 2.85 1 

2,84 1 
I 2.80 8 2.78 8 2.78 8 

2.78 10 2.79 5 2.77 5 2.77 5 
2.70 1 
2.67 1 

2,59 4 2,60 4 F 2.62 2 2.60 4 
l 2.60 4 

2,51 1 
2.43 2 2.45 2 2.44 2 2,43 3 

2.40 1 
2.30 1 2.30 1 

2.30 1 2.31 1 2.27 1 ~ 2.26 1 
2.25 1 f 

2.12 2 2.13 3 { 22"13.12 3 } 2.13 3 

2.06 1 2.06 1 
1.955 5 ] 1.982 6 1.98 6 1.975 6 

1.960 3 1.95 3 1.955 3 
1.860 1 1,870 1 1.89 1 
1.840 3 l S 5 0  3 1.642 l 3 

l 1.840 3 J 
1.820 3 1.835 3 1.822 2 
1.745 5 1.758 5 1.750 6 1.750 7 
1.730 4 1.740 4 1.730 S 1.735 3 
1.695 2 1.715 2 1.710 2 ~ 1.710 2 

1 1.700 1 
1.662 2 1.675 2 1.670 2 1,670 3 
1.635 4 1.655 4 f 1.645 5 1.645 5 

] 1.635 2 1.635 2 
1.610 3 1.601 3 1.601 1 

1.597 5 1.600 5 1.599 5 1.599 3 

Note: d - s p a c i n g s  of t e t r a g o n a l  b ronzes  in  b a r i u m  s t r o n t i u m  n i o -  
ba te  ( o r t h o r h o m b i c  s p l i t t i n g s  d e n o t e d  by  braces}.  

crystals grown from the melt  compositions (shown on 
the abscissa) as reported by Glass (6). Ceramic 
specimen results are given in  terms of solid composi- 
tion. 

The results of Fig. 5 (a) wil l  be discussed first. The 
relationship between the Curie tempera ture  of 
crystals and ceramics has been used in the b ina ry  
l i th ium niobate (10) and l i th ium tanta la te  (11) sys- 

1500  
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1400 

I -  

n.. 
I.I 
n, 
=E 
la.I 
p- 

1 3 0 0  

I I I I ] J 

25% BOO 

IQUID 

4 0  4 5  5 0  5 5 6 0  6 5  7 0  7 5  

MOLE PERCENT Nb20 5 BN3 

Fig. 4. High-temperature portion of 25% BoO isopleth shown 
as a function of Nb205 concentration. 
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Fig. 5. Curie temperatures as a function of composition (a) along 
the binary join SrNb206-BaNb~06 and (b) along the 25% BaO iso- 
pleth (ceramic specimens). 

tems to locate the congruent ly  mel t ing composition 
and establish l iquidus-sol idus tie lines. It  is not 
strictly possible to use this procedure in t e rnary  sys- 
tems because the t e rnary  tie lines move on three 
dimensional  surfaces. Nevertheless the technique can 
be useful  in pseudobinary  regions such as the SN-BN 
join. A comparison of the slopes of the solidus curves 
of Fig. 2 and 4 suggests that  mel t  compositions on the 
b inary  join freeze along the b inary  join. In  fact the 
low values of Tc measured in the 48.0% Nb205 isopleth 
support  this conclusion. These two observations do not 
agree with the composition shifts reported by Bal lman 
and Brown (3) on the basis of chemical analysis. The 
error in the ceramic Tc measurements  is quite large 
in the region 20-50% BN because of the very broad 
dielectric peaks in this region. This agrees with the 
results of Glass (6) on crystals in this composition 
range. We estimate the uncer ta in ty  in Tc as ___ 8~ at 
50% BN. Thus the location of the congruent ly  melt ing 
composition is 54 ___ 4% BN in the 50% Nb205 isopleth. 

The var iat ion of Tc wi th  Nb205 concentra t ion is 
shown for ceramic specimens in Fig. 5(b)  along the 
25% BaO isopleth. The composition range, 46-52% 
Nb205, represents the solid-solution range of (BSN)z 
traversed by this isopleth at room temperature.  The 
composition range 52-60% Nb205 represents the two- 
phase region (BSN)I  + (BSN)ur, and the change in 
Tc corresponds to the change in composition of (BSN)i  
along this direction in the two-phase  region. An in ter -  
nal  check on the consistency of this data is provided 
by not ing that the composition corresponding to the 
constant  value of Tc = 200~ from Fig. 5(b) on the 
b inary  section [Fig. 5 (a ) ]  is 63% BN. If this point is 
joined by a straight l ine to pure Nb205 on Fig. 3, the 
l ine can be seen to pass through the coordinates (60% 
Nb20~, 25% BaO) at the solid-solution boundary  of 
(BSN)m as would be expected. 

The dielectric properties of (BSN)m and (BSN)lv 
were not studied because the phase diagram indicates 
that  these compounds melt  incongruent ly  and cannot 
be easily prepared as large single crystals. We did 
observe a capacitance peak at 287~ for specimen No. 
150 (compound BN3). However we observed no 
capacitance peak for (BSN)Iu specimens up to 400~ 

Some ment ion  should be made of the early Curie 
tempera ture  work of Francombe (1) where  regions of 
constant  Tc were observed in ceramic specimens 
across the b ina ry  join [phase (BSN)z and (BSN)n] .  
Our observations in Fig. 5(a) show that  Tc varies 
smoothly. However, very small  variat ions in the 
(BaO -I- SrO)/Nb205 ratio cause large shifts in Tc, 
and it may be conceivable that  Francombe 's  specimens 
possessed a variable  ratio due to insufficient reaction 
and consequently scatter in the t ransi t ion tempera-  
ture. It  is also possible that  the disorder of Ba /Sr  ions 
on the A1 and A2 sites may influence Tc in a fashion 
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similar to that  reported by Burns  and O'Kane (12) 
for bar ium sodium niobate. We observed no shift by 
fast air cooling from 1000~ Since our specimens were 
all furnace cooled to 1000~ it remained possible that  
the degree of cation ordering could be influenced by 
the cooling rate through the range 1300~176 
Although Francombe did not report  his preparat ion 
technique in detail, it is probable that his specimens 
were removed from the furnace at 1300~ and air 
cooled to room temperature  in view of the short 
(1 hr) s inter ing times used. A check on several of our 
(BSN)I specimens with x near  0.5 showed that  air 
cooling from the furnace at 1200~ did in  fact decrease 
Tc by 20~176 We were thus satisfied that  the Tc 
measurements  shown in Fig. 5 were made on speci- 
mens properly equil ibrated with respect to both tem- 
perature  and composition. 

The crystal growth of ferroelectric compounds of 
controlled or uniform composition and properties 
requires a knowledge of the h igh- tempera ture  phase 
equil ibria  for the part icular  system. Recent invest iga-  
tions have been unde r t aken  for l i th ium niobate 
(13-15), bar ium sodium niobate (16-18), s t ront ium 
potassium niobate (19), and potassium l i th ium niobate 
(20). These are all systems which exhibit  a wide 
solid-solution range and a congruent ly  mel t ing com- 
position which is substant ia l ly  different from the 
"stoichiometric" composition. In  practical crystal 
growth, we wish to operate as closely to a congruent ly  
mel t ing composition as possible in  order to avoid the 
problems associated with the redis t r ibut ion of an 
excess component  at the growing interface. However 
the desired properties, such as phase matching tem-  
peratures above room temperature,  may be obtainable 
only at noncongruent ly  mel t ing compositions. Con- 
sequently, a system such as bar ium sodium niobate, 
where the congruent ly  mel t ing composition has de- 
sirable properties, is of more practical interest.  In the 
present  system, we can therefore el iminate  compounds 
(BSN)m and (BSN)Iv as being potential  crystal 
growth candidates, since nei ther  melts congruent ly  at 
any  point in the t e rna ry  solid-solution range. How- 
ever the compound BSN [representing (BSN)I and 
(BSN)II], which has been grown as large single 
crystals by Bal lman and Brown (3), can be seen 
from Fig. 2 to melt  congruent ly  near  50% BN. Fu r -  
thermore,  the l iquidus and solidus curves are very 
close together for this compound across the pseudo- 
b inary  SN-BN section. This behavior is reminiscent  
of the SN-rich region of s t ront ium potassium niobate 
(19) and the BN-rich region of ba r ium sodium nio- 
bate (17, 18). Thus it is possible to prepare large 
crystals of reasonable optical perfection at com- 
positions other than  the congruent  composition in 
this compound. This fact allowed Glass (5, 6) to use 
crystal compositions in the SN-rich region where 
there are large pyroelectric effects. 

Summary 
This invest igat ion of the phase equil ibria  in the 

BaO-SrO-Nb205 system shows the existence of three 

te t ragonal - tungs ten-bronze  type s tructures  as well as 
the t e rnary  phase fields. Only one of these structures 
is a t e rnary  compound; it has the formula  
Ba~Sr~l-x~Nb206 and has been estimated to mel t  con- 
gruent ly  near  BaO: SrO:Nb205 = 0.27:0.23: 0.50. This 
phase possesses a large existence region along the 
b inary  SrNb2Os-BaNb206 jo in  and some adjacent 
t e rnary  solubility. This s tructure possesses observable 
orthorhombic distortion in the BaNb206-rich region. 
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Thermodynamics of the Iron-Nickel-Oxygen 
System at 1000~ 

A. D. Dalvi** and W. W. Smeltzer* 
Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The isothermal section of the Fe-Ni-O system at 1000~ has been defined 
by determining the compositions and structures of the equil ibrated solid phases. 
Wustite can coexist with Fe-Ni  alloys containing up to 79.6 a/o (atomic per 
cent) Ni. The three-phase field wust i te-spinel -a l loy consists of wusti te con- 
ta in ing 0.51 a /o  Ni, spinel containing 0.6 a/o Ni, and an alloy containing 79.6 a/o 
Ni. The three-phase field, spinel-nickel  oxide-alloy, consists of nickel ferrite, 
nickel oxide containing 6.5 a/o Fe, and an alloy containing 99.5 a/o Ni. Tie 
lines in the spinel-al loy field were investigated in detail. Wust i te-nickel  oxide 
solid solutions exhibited nonideal  behavior. 

The properties of the Fe-Ni-O system at high 
temperatures  where the i ron-nickel  alloys occur in the 
form of austenitic solid solution have not been in ten-  
sively investigated. Brabers and Birchenall  (1) deter-  
mined the equi l ibr ium compositions of wustite, spinel 
oxide, and alloys containing up to 60 w/o  (weight per  
cent) Ni at 1050~ The latest available results ob- 
tained for temperatures  in the range 70O~176 are 
those reported by Viktorovich and Lisovskii (2) and 
Viktorovich et al. (3) for compositions wi thin  the 
wust i te-al loy phase field including the l imit ing com- 
positions of wusti te  and alloy coexisting with spinel. 
Values for the dissociation pressures of wusti te  con- 
ta ining nickel in solid solution have been reported for 
the tempera ture  of 100O~ by Oriani  (4) and Roeder 
and Smeltzer (5). Accordingly, the purpose of this 
work has been to obtain more complete knowledge of 
this t e rnary  system at 1000~ by invest igat ing the 
nickel-r ich region of the phase diagram. 

Experimental 
Specimens were prepared by two methods. Mixtures 

of powders containing i ron and nickel  (99.99 w/o  pure)  
in given proportions and one or more of the C.P. re-  
agent grade oxides (99.6 w/o  p u r e ) - - n i c k e l  oxide, 
hematite, and nickel fe r r i t e - -were  compressed into 
tablets, 12.5 mm diameter  and 2 mm thick, at a pres- 
sure of 6.5 tons/cm 2 by means of a hydraul ic  press. In 
the second method, alloy plates, 2 x 1 x 0.05 cm of var i -  
ous compositions ranging from 40 to 95% Ni were 
oxidized to desirable degrees in oxygen at 1000~ The 
tablets and oxidized alloy specimens were sealed in 
quartz tubes containing argon [99.99 v/o  (volume per 
cent) pure].  All encapsulated specimens were equil ib-  
rated at 1000 ~ __ 2.5~ and then cooled to room tem-  
perature wi thin  5 min  by means of an air quench. 
Tablets were equil ibrated for 30 days, while  the oxi- 
dized alloy plates were equil ibrated for periods up to 
75 days. The phases in the quenched specimens were 
identified by x - ray  techniques using a diffractometer 
equipped with a copper tube and nickel filter. 

Specimens were mounted  in epoxy cold setting resin, 
polished on silicon carbide papers 200 through 600 grit  
with kerosene as lubricant,  then polished on a wax lap 
impregnated with 30# alumina.  This procedure resulted 
in  best re tent ion of oxide grains and in obtaining a 
flat surface. The final polishing was done on 6 and 1~ 
diamond wheels with napless cloths and kerosene as 
lubricant.  It was necessary to etch the specimens for 
identification of phases by optical microscopy. A 5% 
concentrated hydrochloric acid solution in ethyl alcohol 
was used to preferent ia l ly  etch wust i te  in s tructures 

** Elect rochemical  Society S tudent  Associate Member .  
* Elect rochemical  Society Act ive  Member .  
Key  words :  t he rmodynamics ,  Fe -Ni -O  sys tem,  G i b b s - D u h e m  re-  

lations, phase  composi t ion of wust i te ,  nickel,  fer r i te ,  spinel,  n ickel  
oxide,  i ron-n icke l  alloys. 

containing wustite, spinel, and alloy. A 50% concen- 
trated hydrochloric acid solution in water, which pref-  
erent ial ly  etched spinel, was used as etchant  for struc- 
tures containing nickel ferrite, nickel oxide, and alloy. 

Chemical analyses were carried out by means of a 
CAMECA electron-probe microanalyzer  operating at 
15 key with an x - ray  beam take-off angle of 18 ~ This 
ins t rument  was calibrated according to the method de- 
scribed by Fr i skney  and Haworth (6, 7). Essentially 
the method consisted of successively applying atomic 
number  (8), absorption (9, 10), and fluorescence (11, 
12) corrections to an assumed set of compositions for a 
solid phase and calculating the in tensi ty  ratio for 
each metal  to that  for the pure metal. This procedure 
yielded iron and nickel cal ibrat ion curves for each 
solid. In  all cases, the fluorescence correction was sig- 
nificant. The atomic n u m b e r  correction was significant 
only for the oxides due to the presence of oxygen. 
Standards used to check the cal ibrat ion curves for 
the alloys were alloys of several known compositions. 
The calibration procedure for the wusti te  phase could 
be verified only for pure wustite. For  spinel oxide, 
the calibration procedure was verified for magnet i te  
and nickel ferrite. The homogeneity of each phase in 
a specimen was determined by subject ing different 
areas to point counts. In  addition, x - r a y  and electron 
back-scat ter  pictures were used for phase identification 
and to determine qual i ta t ively the metal  compositions 
in the coexisting phases. 

Results 
The photomicrographs in  Fig. 1 and 2 i l lustrate typi-  

cal oxide-alloy structures of equil ibrated specimens. 
The structures obtained from both compacts and oxi- 
dized alloy plates exhibited an essential feature in 
that  the different phases, which were bonded to one 
another, were sufficiently large for accurate analyses 
by the electron microprobe. At the acceleration voltage 
of 15 key used for these analyses, the diameter  of the 
x - r ay  production zone was only about 2~ and hence 
the mi n i mum size of the particle for accurate analysis 
was about 5~. The mi n i mum size of particles analyzed 
in this investigation was 15~. Identification of the 
phases present  in a specimen by x - r ay  diffraction and 
microscopic observation showed complete agreement. 

Informat ion given by the electron probe micro- 
graphs was very useful. For example, the micrographs 
shown in Fig. 3 were obtained from a specimen con- 
sisting of spinel containing 1.4 w/o Ni and 71 w/o iron, 
and an alloy containing 84 w/o  Ni. In the electron 
back-scat ter  image, the alloy was black and the spinel 
completely white. Also, the x - r ay  intensit ies clearly 
defined the amounts  of i ron and nickel in the different 
phases. 

The compositions for the coexisting oxide and alloy 
phases are recorded in Table I. The mass concentra-  
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Fig. 1. Equilibrium two-phase fields wustite-alloy and the spinel- 
alloy. In both micrographs, the dark phases are the oxide phases 
and the bright phase is the alloy phase: (a) upper micragraph-- 
wustite ~ alloy etched in 5% HCI in ethyl alcohol, 250X; (b) 
lower micregraph--spinel -t- alloy etched in 50% HCI in water, 
320X. 

tions obtained exper imenta l ly  were converted to 
atomic concentrat ions which are also given in Table I. 
Wustite coexisted with alloys containing up to 79.6 
a/o Ni, the max imum nickel solubil i ty in wusti te  being 
0.51 a/o. It  was found that  spinel coexisted with alloys 
containing from 79.6 to 99.5 a/o Ni. The spinel in equi-  
l ibr ium with wusti te  and alloy contained 0.6 a/o Ni, 
while the compositions of the spinel in equi l ibr ium 
with nickel oxide and alloy corresponded to stoichio- 
metric nickel ferrite. The max imum iron solubil i ty in 
nickel  oxide was 6.5 a/o. 

Discussion 
The isothermal section of the phase diagram at 

1000~ constructed from the compositional de termi-  

Fig. 2. Equilibrium three-phase field wustite-spinel-alloy. (a) 
Upper micragraph--microstructure before etching, 200X. (b) Lower 
micrograph--specimen surface after etching in 5% HCI in ethyl 
alcohol, 400X; bright phase--alloy, dark matrix phase--wustite, 
gray precipitates--spinel. 

nations is i l lustrated in Fig. 4. The oxygen solubilities 
in the alloys have been magnified for clari ty and are 
in fact negligibly small  and unknown.  The diagram 
is symmetric  about the spinel-al loy field which is 
bounded by three-phase fields containing wust i te-  
spinel-al loy and nickel oxide-spinel-al loy.  These fields 
are bounded in  t u r n  by two-phase fields containing 
wusti te  and alloy on the i ron-r ich  side and nickel 
oxide and alloy on the nickel-r ich side of the diagram. 
Wustite, which exhibits only a small  nickel solubility, 
is stable over a wide range of alloy composition; on 
the other hand, nickel  oxide exhibits  a relat ively large 
iron solubility but  its stabil i ty is confined to a very 
nar row range of alloy composition. The tie lines in the 
wust i te-al loy and spinel-al loy fields are not  propor-  
t ionately spaced. They fan out from oxide in the i ron-  
rich region and from the alloy in  the nickel-r ich region 
of the diagram. 
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Fig. 3. Electron probe images of sample in the two-phase field 
spinel -5 alloy, IO00X. (a) Upper micrograph--electron back- 
scatter image. The spinel phase appears as bright and the alloy 
phase appea~s as dark. (b) Middle micrograph--Fe-K~ x-ray image 
showing distribution of iron in the two phases. (c) Lower micro- 
graph--Ni-K~ x-ray image showing nickel distribution. 

A termina l  nickel  solubil i ty of 0.51 a/o in  wust i te  
agrees with a reported value (2) and it lies between 
two determinat ions where the nickel  contents were re-  
ported v i r tual ly  absent (1) and 1.3 a/o (5). The iron 
concentrat ion as well  as the total metal  concentrat ion 
in wusti te  decreased with increasing nickel content  of 
the alloy. At  the te rmina l  composition, the total 
amount  of metal  was 46.7 a/o. Since this value is equal  
to the iron concentrat ion in wusti te upon its equi-  
l ibrat ion with magnetite,  it would appear that  there is 
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an isomorphous subst i tut ion of nickel  for i ron in  the 
wusti te  lattice. The nickel composition of 0.6 a/o for 
spinel  $1, shows wide divergence from an earlier de- 
te rminat ion  of 5 a/o (1). Magnetite exhibits an i n -  
v e r s e  spinel s t ructure with ferrous ions occupying 
octahedral sites and ferric ions occupying both octa- 
hedral  and te t rahedral  sites between oxygen ions (13). 
Apparent ly ,  nickel replaces i ron in the divalent  sites 
in the spinel up to the t e r m i n a l  composition corre- 
sponding to nickel  ferrite (14, 15). 

The values reported for the dissociation pressures 
and nickel contents of wusti te are sufficient for ther-  
modynamic evaluat ion of the solution behavior of 
nickel  in wustite. Values reported for the dissociation 
pressures of wusti te  containing nickel  in  solid solution 
are compared to that  for pure  wust i te  in Fig. 5. The 
Gibbs-Duhem relat ionship may be applied to the 
alloy and oxide phases beeause these pressures deter-  
mine  oxygen activities 

No A dln ao A -5 Nsi A dln  aNi A -~ •Fe A dln aFe A ~ 0 [1] 

No w dln  ao w % N~i w din  aNi w -5 NF w dln  aFe w = 0 [2] 

where N is a mole fraction and a is an activity in the 
alloy (A) and wusti te (W) phases. At equil ibrium, 
Eq. [1] and [2] yield the variat ion of oxygen activity 
with respect to nickel activity, for  

dln ao NNi A -- NNi w NFeA/NFe w 
- -  = - -  [3]  
dln aNi NO A -- No TM NFeA/NFe w 

Since the oxygen solubility in the metal is extremely 
small, 0.0003-0.015 w/o (16, 17), we may neglect the 
te rm No A in integrat ing Eq. [3]. Therefore 

_ ;NI'~ i A 
In Po2/P~ = 2 ~ 0 

f NNiA - -  NNi w NFeA/NFe w 

NoWNFeA/NFeW t 
dln (%'NiANNi A) [ 4 ]  

where POo 2 is the dissociation pressure of pure wustite. 
This equation was integrated numer ica l ly  by means 
of a computer since values are available for the mole 
fractions of iron, nickel;  and oxygen in wust i te  as well  
as the activity coefficients of nickel  in the alloy (2, 4, 
18, 19). 

Equat ion [3] may be simply integrated to the follow- 
ing expression if it is addit ionally assumed that  the 
small  concentrat ion of nickel in wusti te  approximates 
to zero and that the mole fractions of i ron and oxygen 
are equal as for stoichiometric wusti te 

log Po2/P~ = 2 log (1/1 - -  NNi A) [5] 

This expression is also obtained by  comparing the dis- 
sociation pressures of pure wusti te  with that  of wusti te 
equil ibrated with the alloy 

FeO TM ~ Fe A -5 %/z O~ [6] 

under  the approximations of uni t  activity for wusti te 
and ideal solution behavior  of i ron in  the alloy. 

Comparison of the values for the dissociation pres-  
sures calculated by means of Eq. [4] and [5] to those 
determined exper imenta l ly  are shown in  Fig. 5. A l -  
though there are large uncer ta int ies  in the  evaluations 
of the alloy compositions in  the case where  dissociation 
pressures were determined for wust i te-a l loy compacts 
(5), both equations serve as a first approximation to 
the exper imenta l  results. The better  fit, however, is 
obtained by Eq. [4] where account has been given to 
the degree of nickel  solubil i ty in wusti te  and to the 
activity coefficients for the alloy components. Equation 
[4] gives the invar ian t  oxygen part ial  pressures in the 
wust i te-spinel-a l loy phase field as 3.26 x 10 -14 atm, a 
value considerably larger than  the dissociation pres-  
sure of pure wustite, P~ 2 ---~ 1.32 x 10 -15 atm. Since 
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Fig. 4. Iron-nickel-oxygen 
phase diagram at 1000~ (a/o). 
W1--Nio.o1Feo.s70 (wustite); S1- 
Nio.04Fe2.o604 (spinel). A1--  
79.6 a/o Ni, 20.4 a/o Fe (alloy). 
F--NiFe204 (ferrite); N1-Feo.13- 
Nio.870 (nickel oxide). A2--99.5 
a/o Ni, 0.5 a/o Fe (alloy). N2- -  
FexNiz-xO where x ~-~ 0.0005 
(nickel oxide). Phase notations: 
W--wustite, N i~Fel - (x§  
M--magnetite, Fe304. H--hema- 
tite, Fe203; N--nickel oxide, 
Fe:~Nil-zO. The dashed line 
across the bottom of the diagram 
represents oxygen solubilites in 
the alloy magnified for clarity. 
Dashed lines in the vicinity of the 
oxygen corner represent undeter- 
mined boundaries of phase fields 
involving oxygen. The insets on 
either side represent correspond- 
ing phase regions on an expanded 
scale. 
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the dissociation pressure of wust i te  containing the 
m a x i m u m  nickel content  is less than that  for wust i te-  
magnet i te  equil ibrium, 1.62 x 10 -1~ arm, it can be in- 
ferred, as was found, that the l imit ing nickel  content  
of wustite,  0.51 a/o, should be less than the corre-  
sponding value for spinel, 0.60 a/o.  

A useful approximat ion to the wust i te  solid solution 
may  be made by assuming that  nickel  dissolves in 
wust i te  as nickel  oxide. The following displacement 
reaction may then be considered 

Fe A ~ NiO w ~ Ni A ~- FeO TM [7] 
where  

aNi  (A) " a F e o  (w)  (TNi  " N N i ) A  " (TFeO " N F e O ) W  
K =  = 

aFe (A) " aNiO (w) (~'fe " NFe)A " (~'NiO " NNiO)W 
[8] 

The value of K is de termined to be 186 at 1000~ f rom 

electromotive force measurements  of Kiukkola  and 
Wagner  (20). Since t h e  values of the act ivi ty  coeffi- 
cients for the alloy components  are  known, the nickel 
oxide content  of wust i te  was calculated for the case 
of oxide ideal solid solution behavior  as a function 
of nickel  content  of the alloy phase. This relat ionship 
and the exper imenta l  relat ionship are shown in Fig. 6. 
The curve through the exper imenta l  points was deter -  
mined by a leas t -squares  analysis using a computer.  
Division of the corresponding values obtained by these 
two relationships yields the act ivi ty  coefficient ratio, 
'YNiO/~'FeO, as  a function of equi l ibr ium alloy com- 
position. The curve represent ing this act ivi ty  coefficient 
ratio is also shown in Fig. 6. It  can be seen that  the 
ratio of the act ivi ty  coefficient remains constant at 3.72 
for the alloy composit ion range of 0-40 a /o  Ni and then 
decreases to a value of 2.33 at the l imit ing al loy c o m -  
positon for stabili ty of wustite.  Consequently,  nickel 
oxide solubil i ty in wust i te  displays a Henry  law be-  

Table I. Electron microprobe analysis of coexisting alloy and oxide phases at 1000~ 

C o m p o s i t i o n  of a l l oy  C o m p o s i t i o n  of  ox ide  p h a s e s  

S a m p l e  w / o  w / o  a /o  a / o  Ox ide  phase  w / o  w / o  a / o  a /o  
No. Ni  U t  Fe U t  Ni  Fe i den t i f i c a t i on  Ni  U f  F e  U t  Ni  F e  

1 60.0 0.5 40,0 0.4 48.8 41,2 W 0.13 0.05 76.0 0,4 0.1 47.7 
2 62.9 0.5 37.1 0.4 61.8 38.2 W 0.13 0.05 75,9 0.4 0.1 47.6 
3* 81.0 0.5 19.6 0.4 79.7 20.3 W 0.84 0.05 75.4 0.4 0.50 53.3 

S 0.91 0.05 71.5 0.4 0.51 42.2 
4* 80.5 0.5 20.1 0.4 79.1 20.9 W 0.85 0.05 75.4 0.4 0.51 53.3 

S 1.08 0.05 71.4 0.4 0.51 42.1 
5* 81.1 0.5 19.3 0.4 80.0 20.0 W 0.85 0.05 75.4 0.4 0.51 53.3 

S 1.10 0.05 71.4 0.4 0.62 42.1 
6 84.0 0.5 16.0 0.4 83.3 16.7 S 1.4 0.1 71.0 0.4 0.79 42.1 
7 86.3 0.5 14.0 0.4 85.3 14.6 S 1.7 02 70.5 0.4 0.96 41.7 
8 88.0 0.5 12.1 0.4 87.4 12.6 S 2.3 0:2 70.1 0.4 1.29 41.4 
9 88.5 0.5 12.2 0.4 87.6 12.4 S 2.7 0.2 69.8 0.4 1.51 41.2 

i 0  93.8 0.6 6.0 0.4 93.6 6.4 S 5.9 0.3 66.5 0.4 3.32 39.8 
11 96.0 0.6 4.5 0.4 95.4 4.8 S 9.0 0.3 63.5 0.4 5.07 37.6 
12 97.5 0.6 3.7 0.3 96.2 3.8 S 11.7 0.3 60.8 0.4 6.60 36.1 
13 98.7 0.6 1.5 0.2 98.4 1.6 S 16.8 0.5 55.6 0.4 9.53 33.1 
14 98.9 0.6 1.2 0.2 98.8 1.2 S 20.0 0.5 52.4 0.4 11.37 31.3 
15"* 99.5 ~ + 0.3 S 25.0 0.5 47.4 0.5 14,26 28.4 

-- 0.7 0.5 0.I  99.5 0.5 N 68.7 0.5 9.8 0.3 43.5 6.5 L 

* T h r e e - p h a s e  f ield w u s t i t e - s p i n e l - a l l o y .  
** T h r e e - p h a s e  f ield n i c k e l  f e r r i t e -n i cke l  ox ide -a l loy .  
t U co r r e sponds  to  t he  u n c e r t a i n t y  i n  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n s .  Phase  symbol s  c o r r e s p o n d  to :  W - - w u s t i t e ;  S - - s p i n e l ;  N - - n i c k e l  

oxide.  
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Fig. 5. Equilibrium oxygen partial pressure in the two-phase field 
wustite-alloy as a function of alloy composition. The solid and 
dashed curves were calculated according to Eq. [4] and [5] ,  re- 
spectively. The data were obtained from Ref. (4) ( e )  and Ref. 
(5) (0). 
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Fig. 6. Solubility of nickel oxide in wustite as a function of 
equilibrium alloy composition. The dashed curve was obtained with 
the assumption of ideality for the wustite-nickel oxide system. The 
data for the experimental curve were obtained from this investiga- 
tion ( e ) ,  and from Ref. (2) (O).  The activity coefficient ratio 
"YNiO/'YFeO for the wustite phase as a function of equilibrium alloy 
composition was obtained from the above two curves on dividing 
calculated values obtained on the assumption of ideality by the 
corresponding experimental values, Eq. [8] .  

havior only to a mole fraction of 0.008. A similar cal- 
culat ion using Eq. [8] yields "YFeO/'YNiO ~-- 4.88 at the 
l imit ing tie l ine of the nickel  oxide-al loy region where 
the alloy composition is 99.5 a/o Ni, the activity co- 
efficients of nickel and iron in the alloy are 1.0 and 
0.78, respectively, and the mole fraction of wust i te  in 
nickel oxide is 0.13. Consequently,  wust i te-nickel  oxide 
solid solutions exhibit  positive deviat ion from ideal 
behavior  at oxygen par t ia l  pressures for equi l ibra t ion 
with Fe-Ni  alloys. 

The iron contents of the nickel  oxide, N2, and the 
alloy, A2, occurring in the spinel-nickel  oxide-oxygen 
and in the spinel-nickel  oxide-al loy regions, respec- 
tively, may  be evaluated from appropriate s tandard 
free energies of formation. The following reactions 
may be considered 
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NiFe204 = Ni -{- 2Fe + 2 02 [9] 

FeO = Fe + �89 02 [10] 

NiO = Ni -I- �89 O2 [11] 

Since the s tandard free energies for these reactions at 
1000~ are 152, 43, and 30 kcal, respectively (21,22), 
we obtain for the equi l ibr ium constants in terms of 
s tandard oxygen activities for the pure  metals and 
oxides 

K 9  --~ (ao ~ 94 '~-- aNi aFe a o  4 -~  7 .65  X 10 -2~ [12] 

El0 = (ao ~ = aFe ao/aFeo = 4.14 • 10 - s  [13] 

Kzz = (ao~ = aNiao/aNio = 7.06 X 10 -8 [14] 

In the three-phase  region sp ine l -oxygen-nickel  oxide, 
ao ~ 1 and aNIo ~--- 1. Therefore, aFeo ~" 10 -3. Accord- 
ingly, the iron content  in nickel  oxide, N2, corresponds 
to approximately  0.05 a/o. In  the three-phase  region 
spinel-nickel  oxide-alloy, NNiO ~-~ 0.9  and aNi ~'~ 1. 
Therefore, aFeo = 0.38 and ao ---- 6.35 x 10 -6. Accord- 
ingly, the mole fraction of i ron in the alloy, Am N f e  = 
aFe/ 'YFe = 0.0047/0.78 --~ 0.006. That is, the nickel- i ron 
alloy existing in equi l ibr ium with spinel and nickel 
oxide contains approximately 0.6 a/o iron. This cal- 
culated value is to be compared to the exper imenta l ly  
determined value of 0.5 a/o. 

Conclusions 
The phase boundaries  of the two-phase  fields 

wusti te-al loy,  spinel-alloy,  and nickel oxide-alloy, and 
the three-phase fields wust i te-spinel -a l loy  and spinel-  
nickel oxide-al loy were de termined at 1000~ Chemi- 
cal analyses indicated that  nickel solubil i ty in wust i te  
was governed by isomorphic replacement  of i ron by 
nickel. It  was inferred that, in the spinel phase ex- 
tending from magnet i te  to stoichiometric n ickel- fer-  
rite, ferrous ions in the octahedral  interst i t ial  sites 
were replaced by divalent  nickel ions. The spinel 
phase in equi l ibr ium with alloys extends from 
Ni0.04Fe2.9604 to NiFe204. The wust i te -sp ine l -a l loy  field 
consists of wusti te  containing 0.51 a/o Ni, spinel con- 
ta in ing 0.60 a/o Ni, and an Fe-Ni  alloy containing 79.6 
a/o Ni. The spinel-nickel  oxide-al loy field consists of 
nickel ferrite, nickel oxide containing 6.5 a/o Fe, and 
an alloy containing 0.5 a/o Fe. The iron content  of 
nickel oxide in  equi l ibr ium with spinel and oxygen 
was calculated to be approximately 0.05 a/o. By means 
of the Gibbs-Duhem relationship, the dissociation 
pressures of wust i te  were related to the compositions 
of the alloy. Solut ion of nickel oxide in  wusti te  was 
Shown to exhibit  positive deviations from ideal solid 
solution behavior. 
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Techn ca]I Notes @ 
Surface Polarity and Etching of Beta-Silicon Carbide 

Robert W. Bartlett* and Malcom Barlow 
Stanford Research Institute, Menlo Park, Cali$ornia 94025 

Beta-sil icon carbide has the zinc blende structure 
and solut ion-grown crystals are in the form of octa- 
hedral  platelets (1). Although the silicon and carbon 
layers al ternate in the stacking sequence, the in ter -  
atomic spacing in the octahedral direction, [111], is 
not uniform. The te rmina t ing  plane for the (111) sur-  
face is ideally composed of silicon atoms, while the 
te rminat ing  plane for the (111) surface is composed of 
carbon atoms. 

If use is made of the anomalous phase shift, differ- 
ences in x - r ay  diffraction intensi ty  are detectable and 
the two opposite sides of noncentrosymmetr ic  crystals 
can be identified (2). This method has been used by 
Warekois and co-workers (3, 4) to identify faces of 
several I I I -V and II -VI compounds, and Brack (5) has 
used it to determine polari ty in a-silicon carbide. 

Polarity Determination 
X-ray  diffraction intensit ies from octahedral plate-  

lets of E-silicon carbide were measured on a Norelco 
diffractometer, using filtered CuKa radiation. The 
s tandard sample holder was replaced by a single- 
crystal goniometer to facilitate orientat ion and mount -  
ing of the crystals, and the x - r ay  beam was collimated 
to about 1 mm diameter. Intensi t ies  of the scattered 
beams were determined by a Geiger counter with 
chart  recorder, each reflection being scanned slowly 
through the Bragg angle. Fil ters l imited the intensities 
to the l inear  counting rate  region of the counter. 

The diffracted intensit ies are proport ional  to 
F(hkl )  ]2. The theoretical ratios of IF(hkl)12/[F(hkl)12, 

calculated from the anomalous dispersion correction, 
a r e  

[ F ( l l l )  12 IF (222)l 2 IF (333)12 
----- 0.94, = 1.00, --  1.06 

IF (111)12 IF(222) 12 ]F (333)12 
Three crystals were examined repeatedly, and the ex-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s i l i con  ca rb ide ,  e t c h i n g ,  s u r f a c e s ,  n o n c e n t r o s y m m e t r i c  

c rys t a l s ,  s e m i c o n d u c t o r s .  

per imenta l  ratios of intensit ies for the (111)/(111) 
reflections were always smaller  than  1, while the 
exper imental  ratios of intensit ies for the (333)/(333) 
reflections were always larger than  1. 

Etching 
Etching studies were made on E-silicon carbide 

platelets grown from solution and on vapor-deposited 
z-sil icon carbide grown epi taxial ly on platelets (6). 
Two etchants were used: (a) a gas mix ture  containing 
6% chlorine and 26% oxygen in argon at 850 ~ to 900~ 
and (b) a fused salt mix ture  of 75% NaOH and 25% 
Na202 at 700~ The polari ty of the crystals was deter-  
mined from the ratio of x - r a y  diffraction intensities. 
Although the rate of attack was different, the same 
surface characteristics were observed with both etch- 
ants. Etch pits developed on the (111) face but  did not 
develop on the (111) face. Except for the etch pits, the 
(111) face remains  smooth. These results correspond 
with the etching of a-sil icon carbide in similar  etch- 
ants (7, 8) where etch pits are observed to form on 
the smooth face, which was identified by Brack (5) 
as the (0001) face te rmina t ing  in  silicon atoms, al-  
though pits do not usual ly  form on the rough (0001-) 
face. Similar  results have been observed for other zinc 
blende and wurtzi te structures among I I I -V and I I -VI  
compounds (3, 4). 

The depth of etch pits is much less t han  the thickness 
of silicon carbide un i formly  removed dur ing  etching. 
Uniform etch rates for the chlor ine-oxygen gas etchant 
were obtained by measur ing step heights between 
etched regions and the regions protected by a ther-  
mal ly  grown oxide film. On solut ion-grown crystals 
the etch rate at 900~ was 0.3 to 0.5 ~M/min. Although 
the etch-pi t t ing characteristics of E-silicon carbide 
grown epitaxially by vapor deposition were essentially 
the same as those of the solut ion-grown platelets, there 
were marked differences in  the uniform etching rates 
under  identical  etching conditions. The chlor ine-oxy-  
gen gas-etching rate of undoped epitaxially grown 
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Fig. I. Solution-grown E-SiC (111) surface etched 
in NaOH-Na202. 

crystals was less than  0,02 #M/rain at 900~ The 
mechanism leading to this difference in rates is not 
known but  may be related to differences in the concen- 
trat ions of specific impuri t ies  present  in amounts  below 
the detection l imits of neu t ron  activation analysis or 
emission spectrography. 

The etch pits on solut ion-grown platelets have a 
marked tendency to cluster in rows as shown in Fig. 1. 
The pits are f requent ly  sufficiently large and closely 
spaced to form a groove often r u n n i n g  the ent i re  length 
of the crystal. The axis of these etch pit rows is al-  
ways a <110> direction. X- r ay  topographic studies (9) 
show that  the etch pits correspond to surface- termi-  
na t ing  partical  dislocations with a <112> Burgers '  
vector that  are associated with closely spaced parallel  
{111} stacking faults. 

These dislocations cont inue in the vapor-deposited 
silicon carbide grown epitaxial ly on solut ion-grown 
substrates. Etch pits on the surface of the epitaxial ly 
grown layer are observed in  exactly the same locations 
as the under ly ing  substrate.  This indicates that  the 
stacking faults are also extending from the substrate 
through the epitaxy layer. This effect is demonstrated 
by the two micrographs of the same crystal  shown in 
Fig. 2. Correspondence between the etch pit pat terns  
in these micrographs is readi ly apparent.  Both surfaces 
shown were given identical NaOH-Na202 etching 
treatments.  The lef thand micrograph was taken after 
lapping off the epitaxial  layer with 1~ diamond paste 
and re-e tching the surface. Note that  a small  section 
of the crystal was broken dur ing  lapping. The epitaxial  
layer was more resistant  to the NaOH-Na202 etchant  
than was the substrate, which is consistent with the 
results observed with the chlor ine-oxygen gas etchant. 

Etch pits that were not extensions from the sub- 
strate were also observed on (111) surfaces of epi- 
taxial ly grown E-silicon carbide. These pits occur in 
short ~110> oriented rows often grouped to form one 
or more sides of an equilateral  triangle, as shown in 
Fig. 3. These rows are usual ly  no longer than  25~. The 
chlor ine-oxygen gas etching also causes a few large 
craters to form in  the (111) epitaxiai  surface, also 
shown in Fig. 3. Al though these craters are oriented in 
conformance with the octahedral morphology of the 
smaller etch pits, they are not observed on similarly 
etched solut ion-grown substrates. On the (111) face of 
epitaxially grown E-silicon carbide the chlor ine-oxy-  
gen gas etch rounds off twinn ing  hillocks that were 
formed dur ing vapor deposition. The nodules that  re-  
sult are fa int ly  visible on the back face of the t rans-  
parent  crystal  shown in Fig. 3. 

Fig. 2. Etch pit rows extending from the substrote through the 
epitaxial layer: (left) Etched boron-doped epitaxial layer; (right) 
after removal of epitaxial layer and re-etching. 

Fig. 3. Epitaxially grown E-SiC (111) surface etched in chlorine- 
oxygen gas mixture. 
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Sputtering of Bismuth-Titanium Two-Phase Cathodes 
R. T. Shoemaker, C. E. Anderson, .1 and G. L. Liedl 

Purdue University, Lafayette, Indiana 47907 

In  recent years there has been an increased interest  
in the development  of sputtered films for electronic 
applications. A wide var ie ty  of elements has been in-  
vestigated in the past with part icular  emphasis on 
single element  films. Recently more emphasis has been 
placed on mult iple  component  films produced by a 
number  of methods such as sputter ing from mult iple 
component cathodes, reactive sputtering, or some post 
reaction process. 

Winters, Raimondi, and Horne (1) have recent ly  
proposed a model for th in  film composition by con- 
sidering only the mechanisms affecting the composi- 
t ion at the substrate. An  influence on the flux of atoms 
leaving the cathode has been i l lustrated by Anderson 
(2). 

It  is also of importance to determine the influence 
of the cathode morphology on the thin film structure 
and properties. This study is concerned with the in-  
fluence of the cathode morphology on the stoichiometry 
of the resul t ing th in  film. The b i smuth- t i t an ium system 
was selected for this s tudy because of the large differ- 
ence in the self-sputter ing rates of b ismuth and t i-  
t an ium (3). 

Theory 
To relate the composition of the  film to the cathode, 

it is assumed that  the number  of each type of atom 
reaching the substrate is a funct ion of the number  of 
atoms of that  type leaving the cathode and the prob- 
abil i ty that these atoms will  reach and adhere to the 
substrate. Therefore, the composition of the film pro- 
duced on the substrate is given by 

Yi = N i P i a i / ~ j N j P j a j  [1] 

where  Ni is the number  of atoms of element  i leaving 
the cathode per  unit  area per second, Pi is the prob- 
abil i ty that  atom i will  reach the substrate, and ai is 
the sticking coefficient. 

The number  of atoms of element  i leaving the 
cathode is a function of the cathode morphology, the 
areal coverage of each phase, the composition of each 
phase, and the sput ter ing rate of each phase. For a 
two-e lement  two-phase cathode where the two phases 
are pure elements, the n u m b e r  of type i atoms leaving 
the cathode is 

Ni ---- xJl  [2] 

where xi is the atom fraction of e lement  i in cathode 
and fi is the function relat ing areal coverage to atom 
fraction and sput ter ing rate to sput ter ing parameters.  

If we assume a probabi l i ty  function which describes 
the probabi l i ty  of each species reaching the substrate  
a s  

Pi = exp [-- d (K l iX i  -- K2i)] [3] 

where d is the interelectrode separation, Xi is the 
atomic fraction, and the constants K1i and K2i are de- 
pendent on the cathode morphology and atomic colli- 
sions. 

Therefore, the form of Eq. [1] for the atom fraction 
composition of the th in  film produced from a two- 
element two-phase cathode is 

[ ]-1 
1 -- xl  exp (Axl  -~ B) [5] Yl ~- 1 -}- xl  

The relationship of the coefficients A and B to the 
various parameters  is dependent  on several u n k n o w n  
factors, such as the cathode morphology, sticking co- 
efficients, relative densities of sputtered molecules in 
the glow discharge, and the energy of the sputtered 
particles. A detailed model to describe the probabil i ty  
funct ion is cur rent ly  in progress. 

Experimental Procedure 
The cathodes were prepared by sintering 100 mesh 

powders of 99.9 w/o  bismuth and t i tan ium powders. 
Eleven disk-shaped cathodes 2 ~  in. in diameter  and 
~/2 in. thick were prepared with compositions vary ing  
from pure t i tan ium to pure b i smuth  at 10 w/o  in ter-  
vals. The powders were mixed by tumbl ing  and com- 
pressed to a pressure of 8000 psi. The green cathodes 
were placed in capsules which were evacuated to 
2 x 10 -2 Torr and were sintered at temperatures  
ranging from 250 ~ to 1000~ depending on composition. 

The sputter ing was carried out in a conventional  
4-in., oil-pumped, l iquid ni t rogen baffled vacuum sys- 
tem. Init ial ly,  the system was evacuated to 5 x 10-6 
Torr. The 99.9% argon sput ter ing gas was then in t ro-  
duced through a calibrated leak valve at a constant  
flow rate of about 100 cc /min  and the total  pressure 
was set at 20~ by throt t l ing the diffusion pump. The 
sputter ing power source was a 5 kV-d-c  source, and 
sputter ing voltages var ied from 2.0 kV to 4.5 kV. The 
sintered cathodes were presputtered for 30 min. The 
substrates used in this study were soft glass microscope 
slides. 

The segregation of the elements in the th in  film were 
analyzed with an ARL-AMX electron probe micro- 
analyzer, and the composition of the film was deter-  
mined from the ratio of the bismuth to t i t an ium char- 
acteristic x - ray  intensit ies calibrated for films less 
than bulk  thickness (4). Some of the films were 
stripped from the substrate and examined in t rans-  
mission with the electron microscope for morphology 
and structure characterization. The thickness of each 
film was measured with a mult iple  beam interferom- 
eter. 

Results 
The sintered cathodes yielded consistent results 

for longer sput ter ing times and after presputtering.  
However, the s inter ing of the cathodes did result  in 
some problems. It  was not possible to get high density 
s inter ing because of the wide discrepancies in mel t ing 
point of the two elements. 

Figures 1 through 3 show the relat ion between the 
composition of the cathode and the resul t ing th in  film 
for 2, 3, and 4 kV sput ter ing potential. These results 
agree favorably with the predicted form as shown by 
the fit of Eq. 5 in Fig. 1 through 3. An at tempt to fit 
the data to the model of Winters,  Raimondi, and Horne 
(1) was unsuccessful. The parameters  A and B ob- 
ta ined by fitting Eq. [5] to the exper imental  data are 

Y l  = 
alxlfl  exp [--  d(kllXl -t- k22)] 

alXlfl exp [--  d(kllXl + k2l)] ~- ~2x212 exp [--  d(k22x2 + k22)] 
[4] 

which can be rewrit ten,  by assuming that  a2f2/alfl is 
equal to one, as 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
P r e s e n t  a d d r e s s :  R a d i a t i o n ,  Inc . ,  M e l b o u r n e ,  F l o r i d a .  

K e y  w o r d s :  s e l e c t e d  s p u t t e r i n g ,  s i n t e r e d  c a t h o d e s .  

given in Table I. It should be noted that  the low 
bismuth and low t i t an ium composition determinat ions  
are inheren t ly  the most inaccurate values, and there-  
fore, the in termediate  compositions were weighted 
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Fig. 2. Experimental and theoretical variation of titanium con- 
centration for films sputtered at 3 kV and 20/~ argon pressure from 
sintered bismuth-titanium cathodes. 

more  than  the low composit ions in fi t t ing the  equation.  
Since the  p robab i l i t y  funct ion is empir ical ,  no pa r t i cu -  
l a r  significance could be appl ied  to the  values  found 
for the  parameters .  However ,  two factors a re  apparent .  
Since b i smuth  has a h igher  spu t te r ing  efficiency than  
t i tanium,  b i smuth  composit ion in the  film should be 
h igher  than  in the  cathode,  especia l ly  for  high b is -  
mu th  cathodes.  This effect contradic ts  the  observed 

Table I. Fitted parameters for equation relating titanium 
composition of sintered cathodes to sputtered film composition 

k V  A B 

2 - - 1 . 7 4  2 . 1 6  
3 - -  3 . 9 4  3 . 5 4  
4 - - 7 . 4 2  5 . 2 4  

excess t i t an ium in the  film for the  high t i t an ium 
cathodes. The observed S - shaped  curves,  especial ly  
for the  h igher  sput te r ing  voltages,  could be the  resul t  
of e i ther  a significant va r i a t ion  in the  s t icking coeffi- 
cient wi th  composit ion or, more  l ikely,  a net  change 
in the  flux leaving  the cathode due to shape changes 
of the  phases  in the  cathode.  

The analysis  of the  e lect ron diffract ion pa t t e rns  
showed that  the  film spu t te red  f rom the  30.2 a /o  
t i t an ium cathode contained at  least  two phases:  a solid 
solut ion of t i t an ium in b i smuth  and an unknown phase 
or phases. The films spu t te red  f rom the  87.8 a /o  t i t an -  
ium cathode contained a solid solut ion of t i t an ium in 
b i smuth  and BiTi2, whi le  a ve ry  thin  film sput te red  
f rom the  same cathode at  the  same pressure  and vo l t -  
age contained a solid solution of b i smuth  in t i t a n i u m  
and BiTi2. This resul t  indicates  a possible change in 
the  sput te r ing  ra tes  of the  two e lements  dur ing  the 
ear l ie r  s t ages  of growth.  A th i rd  film spu t te red  f rom 
the  96.8 a /o  t i t an ium cathode contained a solid solu-  
t ion of b ismuth  in t i tanium.  

The resul ts  of this  s tudy  ve r i fy  a select ive sput te r ing  
in two-phase  cathodes and indicate  e i ther  a composi-  
t ion dependence  on the s t icking coefficients or a mor -  
phology effect in the  cathode.  
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Dielectric Properties of Surface Oxides on Aluminum 
S. H. A.  Begemann 1 and A.  W .  Smith 
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The impedance of bar r ie r  layer  oxides on a luminum 
have  f requent ly  been character ized by an equivalent  
circuit  of ser ies-paral le l  resis tor-capaci tor  combina-  
tions or by re laxat ion processes with a wide spread of 
re laxat ion t imes (1). Work on porous oxides have 
often used simplified models of the oxide itself whi le  
complicat ing the equivalent  circuit  wi th  the introduc-  
tion of pore resistance (2). The present  work  is an 
a t tempt  to study the re laxat ion processes themselves.  
To make measurements  as a function of temperature ,  a 
capacitor is formed by evaporat ing a luminum on top 
of the surface oxide. Measurements  of capacitance and 
dissipation be tween 10 Hz and 200 kHz wil l  be re-  
ported on both barr ier  layer  and porous oxides be- 
tween 100 ~ and 500~ 

Exper imental  
A sample holder  was built  to al low evaporat ion of 

a luminum onto the surface of the oxide and to make 
measurements  of the dielectric properties.  This is 
shown in Fig. 1. The copper sample holder can be 
cooled with  l iquid ni t rogen and heated electrically.  
Contact to the outer electrode was made by affixing a 
wire  with a dot of colloidal si lver paint at the edge of 
the area on which a luminum was evaporated.  An NRC, 
Model 3114 vacuum coater was used for the evapora-  
tion and as a sample chamber.  A General  Radio, Type 
716-C capacitance bridge was used in combination with  
a nul l  detector system consisting of a Hewle t t -Packa rd  
wave  analyzer,  Model 302A, a low noise preamplif ier  
and filter. This al lowed signal ampli tudes of 20 mV to 
be used. The exper iment  has been discussed in detail  
e lsewhere  (3). 

Results 
Barrier layer oxides.wAluminum specimens of 

99.99% purity, were  degreased and etched with 1N 
NaOH for 5 rain and rinsed with  distil led water .  The 
anodizing was carried out in a 3% by weight  am-  
monium ta r t ra te  solution adjusted to pH 7. An a lu-  
minum cathode was used. The voltage was raised in 10 
V steps, and the current  al lowed to decay to a near ly  
constant value  after  each step. 

The inverse capaci tance/anodizing voltage rat io is 
close to that  obtained by McMullen and Pryor  for the 
same anodizing conditions but measured in the elec- 
t ro lyte  solution (4). The f requency dependence of the 
dissipation for samples formed at several  voltages, 
measured in ambient  atmosphere,  is shown in Fig. 2. 
The dissipation factor of these barr ie r  layer  oxides is 
only sl ightly dependent  on atmospheric humidity.  The 
dissipation decreases by at most 20% on application of 
vacuum and heat ing to 200~ The values of the dis- 
sipation factor and its decrease with film thickness are 
similar  to that  repor ted  by VanGeel  and Scholte (5). 

F igure  3 shows the t empera tu re  dependence of the 
dissipation factor for a 100V film measured at 1 kHz. 
Peaks with background subtracted out are shown at 
142 ~ and 245~ At  50 kHz these peaks occurred at 
230 ~ and 287~ 

Porous oxides.--The format ion of porous oxide 
layers was carr ied out on a commercial  alloy, 2024-T3. 
Af te r  degreasing and alkal ine cleaning, they were  
etched in a sulfuric acid, sodium dichromate solution. 
The anodizing was carr ied out at 36~ the vol tage 
reaching 40V in 10 min and held there  for 30 rain. 
The anodizing solution was a 3% by weight  solution of 
chromic acid. 

1Present address: Labora to r ium voor Technische Na tuurkunde ,  
Universi te i tscomplex Paddepoel,  Groningen,  The Netherlands.  

Key  words:  dielectric propert ies,  a luminum oxide, anodic layer.  
dissipation, hydrat ion.  
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Fig. 3. Temperature vs. dissipation for a barrier layer film, 
anodized in a 3% ammonium tartrate solution at IOOV. Measured 
at 1 kHz in vacuum. 

Measurements  made with  a sodium sulfate solution 
counterelectrode gave results, agreeing with  Dekker  
and Urguhar t  (6), that  the solution penetrates  the 
porous layer,  and the measured  capacity depends only 
on the under ly ing barr ier  layer.  Results using the 
evapora ted  a luminum electrode depend on the porous 
layer  as well, and show the sensit ivi ty to humidi ty  
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noted by Jason and Wood (2). This was a t t r ibuted by 
them to adsorption of water  and consequential  con- 
duction down the walls of the pores. 

To study the properties of the oxide layer without  
pore wall  conduction, measurements  must  be made in 
high vacuum. Figure 4 shows typical  results for the 
var ia t ion of dissipation with tempera ture  below room 
temperature.  Similar  results to those of the barr ier  
layer oxide were obtained. In  one case, peaks occurred 
at 140 ~ and 214~ for measurements  at 1 kHz and 
at 235 ~ and 270~ for measurements  at 50 kHz. As 
shown in Fig. 4, part ial  sealing of the oxide wi th  hot 
water  increased the background dissipation with only 
little increase in the dissipation peaks. Although these 
dissipation peaks, as well  as those for the barr ier  layer 
oxides, are small, they occur consistently and the tem- 
perature shift with frequency is appropriate for proc- 
esses with activation energies between 0.1 and 0.5 eV. 

Peaks of a much greater magni tude  were observed 
above room tempera ture  with the porous oxide. Figure 
5 shows the dissipation factor v s .  t empera ture  for 
several frequencies. Two peaks occur, but  only one 
varies in position on the tempera ture  scale with fre= 
quency. The higher tempera ture  peak remains  at about 
405~ 

There is a considerable i rreversible decrease in the 
dissipation due to the first heat ing cycle. The curves 
show no hysteresis on fur ther  heating, however. It  was 
difficult to remove the background from the lower 
tempera ture  peak to determine an activation energy, 
due to overlap with the second peak. The assumption 
was made (to be discussed later) tha t  the second peak 
was a decrease in dissipation at 405~ on a back- 
ground which increased with temperature.  Figure 6 is 
an example of this background removal. 

Figure  7 is an Arrhen ius  plot of the log frequency 
v s .  reciprocal tempera ture  of this dissipation peak. An 
activation energy of 0.76 eV was obtained. 
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Fig. 4. Temperature vs. dissipation for chromic-acid anodized 
films with different sealing treatments. Measured at 1 kHz in 
vacuum. 
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Fig. 5. Temperature vs. dissipation for an unsealed, chromic-acid 
anodized film. Measured in vacuum at different frequencies (500 
Hz omitted for clarity purposes). 
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Fig. 7. Log v vs. 1/Tp'0.103 plot for anodized and partially 
"sealed" films. Tp = peak temperature. 

Discussion 
McMullen and Pryor  measured the dielectric loss for 

a barr ier  layer  film at low temperatures  (4). Their  
data also show a peak at about 230~ which they do 
not discuss. These peaks may be the same as those 
found here. In  addition, they find a large peak just  
below room tempera ture  in ambient  atmosphere which 
disappears under  vacuum. No such peak was found in 
the present work. However, their  apparatus has a thick 
porous anodic film in parallel  with the barr ier  layer 
film as an insulator.  At high humidit ies the pore walls 
would conduct well, and the impedance of this film 
may  become low enough to affect their  measurements .  

The physical ident i ty  of the two species causing the 
two low tempera ture  peaks is not apparent  from the 
data since they are not very sensitive to humid i ty  or 
heat t reatment .  If they are hydroxide groups, then 
they are stable above the 550~ outgassing used here. 
Boehmite is stable above this tempera ture  (7). 

The 0.76 eV dissipation peak at high temperatures  
for the porous oxides seems to correspond to the peak 
for Boehmite for which Mata-Ar jona  and Fripiat  found 
an activation energy of 0.68 eV (7). Porous oxides do 
contain some moisture (8). The 0.76 eV relaxat ion 
peak is therefore assigned to hydroxide ions as was 
proposed for Boehmite (7). 

It  is suggested that  the dissipation peak at 405~ is 
in fact a decrease in dissipation on a r ising back- 
ground curve. This can be due to an order-disorder  
t ransi t ion (9). Such an effect was sought by Wicker-  
shen and Korpi  for Boehmite in dielectric constant  
measurements  (10). Apparen t ly  this effect shows up 
here in the more sensitive dissipation measurements  
and not in the measurements  of dielectric constant. 
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ABSTRACT 

A mechanism is proposed to account for the polarization voltage loss en- 
countered in the electrochemical  oxidation of CO at porous, h igh- tempera ture ,  
sol id-electrolyte  fuel  cell anodes. The mechanism involves the t ransport  of 
gaseous CO and oxygen ions to reaction sites, fol lowed by slow electrochemical  
reaction. The mechanism results in an involved polarization expression, which 
under  certain conditions simplifies to the famil iar  Tafel  form. 

High- t empera tu re  fuel  cells employing ei ther calcia 
or yt t r ia  stabilized zirconia electrolyte  have  received 
considerable at tention as potent ial  power  generators  
using gaseous fuels der ived f rom coal (1, 2). At the 
1000~ operat ing tempera ture  of solid electrolyte fuel 
cells, such coal -der ived gases as wel l  as prospective 
fuels such as reformed hydrocarbons wil l  contain large 
amounts  of CO. Oxidat ion of CO at metal l ic  and mixed  
oxide fuel  cell anodes, however ,  is accompanied by 
large polarization losses (3). The presence of hydrogen 
reduces this loss somewhat,  but it is not clear that  
ei ther the high current  densities which are expected 
f rom such cells or the complete combustion of CO to 
CO2 can be achieved wi thout  incurr ing severe voltage 
losses. For  this reason, it is impor tant  to unders tand 
in a fundamenta l  way the i rreversibi l i t ies  which oc- 
cur at sol id-electrolyte  fuel  cell anodes. The purpose of 
this paper is to propose a possible scheme by which 
this polarization occurs and to der ive  the equations 
which quant i ta t ive ly  re la te  polarization vol tage loss to 
electrode current  density. 

Many such analyses for l iquid electrolyte  fuel  cell 
electrodes have appeared in the l i terature,  and a com- 
plete rev iew of the work  in this area is not presented 
here. The pioneering work  of Will  should be men-  
tioned, however ,  since it was the first to t reat  par -  
t ial ly immersed electrodes and proposed a method for 
t reat ing the e lect rolyte  meniscus which considerably 
clarified the polarization phenomena (4). Will 's  work  
has been rev iewed and general ized by Lightfoot,  who 
included effects of convection as wel l  as concentrat ion 
polarization in his analysis (5). 

Not all l iquid electrolyte  fuel  cell electrodes follow 
the th in-meniscus  model, however ,  and analyses of 
flooded porous fuel  cell electrodes have been made, 
e.g. Brown and Rocket t  (6). 

With a l iquid electrolyte,  it is possible for the 
gaseous species part icipat ing in the electrode react ion 
to reach the electrode reaction site ei ther  through a 
meniscus film or bulk electrolyte  phase, and the re-  
ported polarizat ion studies analyze the various ways 
this t ransport  can occur. In the case of a solid electro-  
lyte, however ,  such t ransport  is impossible and a l ter -  
nate mechanisms must  be responsible for electrode 

Key words: fuel cell, porous electrode, polarization (and/or) over- 
voltage, diffusion, limiting current, Damkohler number. 

polarization. One possibility is for the reactants  (CO 
and oxygen ions) to counterdiffuse to a mutua l ly  ac- 
ceptable location somewhere  on the electrode, and 
there react. In an earl ier  paper,  Zahradnik  analyzed 
this situation for a one-dimensional  electrode (7). In 
this paper, the analysis is extended to cover two-d i -  
mensional  effects. In order to s implify the analysis, 
the concept of a single, rec tangular  pore is introduced. 

A Single Rectangular Pore 
Noble metals, nonnoble metals, conducting oxides, 

and mixtures  of oxides and metals  have been used at 
one t ime or other  as h igh- t empera tu re  fuel  cell anodes 
(3). The physical  s t ructure of all these mater ia ls  has 
been porous, and hence it is reasonable to idealize the 
s t ructure  as a single pore, normal  to the electrolyte  
surface--Fig .  1. In order  to s implify the ensuing 
mathemat ics  and notation, the pore is considered to 
be rec tangular  and of infinite extent  in the direct ion 
normal  to the paper. The distance coordinate y is in-  
troduced, directed normal  to the electrolyte,  wi th  
origin at the e lec t rode-e lec t rolyte  interface and value  
y ~ b at the bulk gas phase boundary.  The distance co- 
ordinate  x is introduced, directed paral le l  to the elec- 
trolyte. Its origin is at the center l ine of the electrode 
and it has the value x = a at the pore wall. 

The electrode is taken to operate isothermally,  and 
the electrochemical  react ion be tween  CO and oxygen 

Bulk Gas Phase 

-~":'~;'~.'::::.'..:: 4".::'.':: E e c t r o d e ~  

../...~.'::::.?;..~i-!!:.~: ~::~'.!:..'.;::::::.'..:!:?:.r ::.: :~, : 

~ b  " ~':":':" "::":':"i:':r ""::?::'" ~ 
i'.. .~.~ 

E lectrolyte 

Fig. 1. Idealized pore structure 
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ions is assumed to occur at the walls of the pore 

CO + O = -~ CO2 + 2e -  [1] 

The rate at which this reaction proceeds per uni t  of 
pore wall  area, in uni ts  of current ,  is symbolized by 
i ( y ) .  

A number  of kinetic expressions have been proposed 
for i ( y )  but  no general ly accepted kinetic description 
is available (8, 9). At the conditions under  which high-  
tempera ture  solid electrolyte fuel cell anodes operate, 
however, it seems likely that  the following, often pro- 
posed, equation is applicable (10) 

( AF~ +a2FV ) 

R T  
i ( y )  ---- 2Fk e [CO] [O =] [2] 

where k ---- Constant, including uni ts  of rate 
~F~ ---- Standard  state free energy of activation 
R = Gas law constant  
T ---- Tempera ture  
a = Fract ion of generated voltage which 

contributes to increasing free energy of 
activation 

Equat ion [2] represents only the forward rate of re-  
action [1]. Under  most conditions of h igh- tempera ture  
fuel ce]I operation, the forward rate  alone is satisfac- 
tory, although provision to include a term for the re-  
verse reaction could be made should electrode opera- 
tion be near  the equi l ibr ium condition of reaction [1]. 

It is assumed that  the oxygen ions diffuse from the 
electrode-electrolyte interface under  the influence only 
of a concentrat ion gradient. That  is, the electrode is 
assumed to be equipotential,  so that no voltage gradi-  
ent is present as an addit ional  dr iving force. Under  
these assumptions, the oxygen ion flow is described by 
the following steady-state conduction equation 

02[0 = ] a2[O = ] 
- -  + - -  = 0 [ 3 ]  

ax 2 Oy 2 

The na ture  of the oxygen ion flow need not be com- 
pletely specified at this time. That  is, the diffusion is 
assumed to be bu lk  diffusion, such as lattice, grain 
boundary,  or short-circuit  diffusion, but  no fur ther  
specification is made. In  any case, Eq. [3] would have 
a similar form (11, 12). Also, the diffusivity of oxygen 
ions has been assumed to be the same in both the x-  
and y-direction.  

The boundary  conditions which apply to Eq. [3] are: 
at 

a[o =] 
x : 0 ,  - - = 0  0 < y < b  [4] 

Ox 

a[o =] 
y = b ,  - - - - - - 0  0 < x < a  [5] 

OY 

y = 0 ,  [O =] = [O=]e 0 < x < a  [6] 

a[o =] 
x = a, -- Do : - - -  K[CO]b [O =] 

Ox 
0 < y < b  [7] 

where K = A convenient  kinetic parameter ,  repre-  
senting the terms premul t ip ly ing  the 
concentrat ions on the r igh t -hand  side of 
Eq. [2] 

Do = ---- Diffusivity of O= 

Equat ion [4] states that  there is no flux across the 
electrode centerl ine;  Eq. [5] s imilarly denies oxygen 
ions admission into the bu lk  gas phase. At the elec- 
t rode-electrolyte interface, the oxygen ions have a 
constant concentration, [O=]e--Eq.  [6]. Equat ion [7] 
equates the diffusive flux of oxygen ions to the flux due 
to chemical reaction. In  this equation, the concentra-  
t ion of CO is taken to be equal to [CO]b, the bulk  gas 
phase composition. This assumption is reasonable in 

the light of the high value of diffusivity CO has at cell 
operating temperatures.  However, if so desired, provi-  
sion could be made to account for small  changes in  CO 
concentrat ion due to changes in current  l eve l - - in  the 
manne r  used by Zahradnik  in his one-dimensional  
analysis (7). This is not done here, however, since its 
effect is small. 

Solution to Electrode Equations 
The solution to the system o~ Eq. [2]-[7] can be 

expressed in terms of a Four ier  series; the result  is 
from Carslaw and Jaeger (13) (p. 168, Eq. [17]) 

[O =] = 2K [O=]e [COJb 

cos a~x eosh a~ (b -- y) 
[a] 

[(an  +-Ym  7 cos cosh  b 

where a~ represents the solution to the following 

K [CO]b [O=]~ 
a.a  tan a n a :  Dra = [9] 

Do = [O=]~ 

The right-hand side of Eq. [9] is the ratio of the 
maximum reaction rate to a characteristic diffusion 
rate of O=. Such a ratio represents an electrode Dam- 
kohler number, and is symbolized as Din. 

The total pore current per unit of length normal to 
the xy-plane, I, is obtained by integrating the oxygen 
ion flux at x ---- a over the entire height of pore wall 

f ~  a [o = ] I = --  Do = d y  
Ox x=a 

f: I = Do = 2 K  [0=]~ [CO]b 

tan  ana cosh an (b -- y) 
an d y  

,=x [(a"~ + Din2) a + Din] cosh anb 

This expression can be wr i t ten  as the ratio of I to 
ID : Do = [O=]e/a,  a characteristic oxygen ion flux 

I ( b )  ~ t a n h a n b  
- -  = 2 Dm 2 [10] 
ID = ann [an2a 2 -~- Dm 2 -}- Din] 

Since it is the current-polar izat ion relat ionship 
which is of most interest  from a fuel-cel l  point  of view, 
Eq. [10] can be modified slightly to indicate how these 
two quanti t ies are related. 

Current-Polarization Relationship 
K is given explicit ly by the following 

AF# 2aFV 

--  -RT R T  
K = 2 F k e  e 

At this point it is convenient  to util ize the fact that, 
on an I R  free basis, electrode voltage, V, is given by the 
following thermodynamic  relat ionship 

•176 R T  { [CO~]b 2"F ~ _ _ ~  V : E t - - ~ l - -  in  [ C - - ~  [O= ] e --~1 

where  
---- Electrode polarization 

AF ~ = Standard  free energy change of reaction [1] 

Hence, it is possible to relate Dm to polarization 

2aFT/ 

R T  
D m =  Dm~ e 

where Dm o denotes the value of Dm at zero polarization. 
Figure 2 is a plot of In ( I / I o )  vs .  In Dm ---- In Dm 0 -5 

2 a F ~ / R T ,  for various aspect ratios. 
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Fig. 2. Current-polarization relationship 

Notice that  for small  values of current  these two 
expressions are equal, suggesting that  

2a1% 
In I/ID = In Dm~ -k (small  I) 

RT 

If Dm 0 ID is denoted as an exchange current,  Io, this 
equation reduces to the famil iar  Tafel  form 

RT 
= I n / / I o  [11] 

2aF 

Archer ,  Elikan, and Zahradnik  have  obtained polar-  
ization data for zirconia-based fuel  cells equipped wi th  
sintered pla t inum anodes operat ing on CO-CO2 mix -  
tures (3). They  repor t  a successful fit of the i r  data 
using Eq. [11]. Al though a consistent value  of a = 1/2 
was obtained over  a range  of compositions, the authors 
were unable  to draw any firm conclusions about t rends 
of the exchange current  wi th  composition. However ,  a 
simple dependency of (Io) on bulk gas phase composi-  
tion may  be obtained 

(Io) cc [CO]bl-~ [CO~]b~ 
Consider 

[CO~]b = (1 -- Yco) Cb 
and 

[CO]b = (Yco) Cb 

where  Cb = Bulk gas phase concentrat ion 
Yco = Mole fraction CO in bulk gas phase 

Then if the value of a is taken to be 1/2, for a constant  
Cb, the proport ional i ty  be tween  (Io) and Yco is given 
by the  fol lowing 

(Io) oc [ Y c o ( 1 -  Yco)] 1/2 [12] 

The data reported by Archer,  Elikan, and Zahradnik  
are plotted in Fig. 3 vs. bulk gas phase percentage of 
CO in the CO q- CO2 mixture.  The relat ionship sug- 
gested by Eq. [12] is also plotted in Fig. 3, wi th  the 
proport ional i ty  constant adjusted to give a best fit to 
the data. The agreement  is quite  reasonable, consider-  
ing the var ie ty  of conditions under  which the data 
were  obtained. Unfor tunately ,  no data were  repor ted  
in the 50% CO range. 

As I increases, the current -polar iza t ion  curve  starts 
to deviate  f rom the l inear  relationship. No other  region 
is encountered where  an equat ion of the Tafel  form is 
a good approximation.  This conclusion is different 
f rom the one based on a one-dimensional  counter  dif-  
fusion (7), where  a second region was observed in 
which an equation of the Tafel  form served as a good 
approximat ion to the exact  equation. 

In order to demonstra te  that  the current -polar iza t ion  
curve  predicted by Eq. [10] does provide  a good fit for 

t .4 1 [ I { 
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Fig. 3. Reported values of exchange current as function of per 
cent CO for sintered platinum electrodes (1). Curve is predicted 
by Eq. [12]. 
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Fig. 4. Experimental data for sintered platinum electrodes (1). 
Curve is predicted from Eq. [10] with (b/a) = 4. 

exper imenta l  data, some of the results  repor ted  by 
Archer,  Elikan, and Zahradnik  (3) are plot ted in Fig. 
4 in the format  prescribed by Eq. [10]. The data were  
obtained at two temperatures ,  940 ~ and 1060~ wi th  
a fuel  of 100% CO and 90% CO plus 10% CO2, re-  
spectively. 

The curve  der ived f rom Eq. [101 which is used to 
correlate  these data is for an aspect ratio (b/a) = 4. 
This ratio is fel t  to be reasonable for the sintered plat i -  
num electrodes used in the experiments .  The sintering 
process causes the p la t inum to coalesce into individual  
particles whose mean diameter  is about one third 
t imes the electrode thickness. If the pores are viewed 
as passages through a mat r ix  of connected particles, 
then an aspect ratio of four to six would  be e x p e c t e d .  

The data reported in Fig. 4 were  obtained with  a 
test cell whose electrode area was 27.6 cm 2. From Fig. 
3, it is noted that  exchange current  densities of about 
0.3 and 0.6 m A / c m  2 can be expected for the 100% CO 
and the 90% CO fuels, respectively.  This would cor- 
respond to Io values of 8 and 16 mA, respectively,  and 
these were  the values used to plot the data. The value  
of ~ was taken to be 1/2. 

For  the 940~ 100% CO data, the correlat ion was 
obtained with  a n  ID value  of 1500 mA. The 1060~ 90% 
CO data was correlated wi th  an ID value  of 1700 mA. 
It can be seen that  only the low current  points are in 
the region of the Tafel  kinetics. 

The l imit ing current,  IL, can be obtained f rom Eq. 
[10] by let t ing Dm become large. The resul t  may  be 
expressed as 
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, im  
I L  = b " D,,~-->~ n = l  

t anh  [ (b/a) anal 

ana[~naa 2 -~ Dm 2 + D,~] 

The first bracketed term shows the l imit ing current  
to be inversely proport ional  to electrode thickness as 
expected. The exact constant  of proport ional i ty de- 
pends on the electrode aspect ratio (b/a) as seen from 
the second term. For (b/a) values larger than  2, this 
last term is relat ively insensit ive to (b/a) however. 

The data shown in Fig. 4 correspond to l imit ing cur-  
rents  of 900 mA at 940~ and 1000 mA at 1060~ While 
these values are quite low on a current  density basis, 
it should be pointed out that the test cell did employ 
a thick electrode and that  other cells have been oper- 
ated with much th inne r  electrodes and consequently 
much higher l imit ing currents.  

Discussion 
The analysis presented here allows a number  of in-  

teresting conclusions to be drawn about solid electro- 
lyte fuel cell anodes. At low current  levels, polariza- 
tion is controlled by slow chemical reaction, and famil-  
iar Tafel behavior is observed. As current  increases, 
the slope of the In I vs. ~ curve decreases continuously,  
and no other characteristic region is noted unt i l  the 
l imit ing current  is reached. 

Since the object of a properly designed electrode is 
to support large current  densities while sustaining only 
small polarization losses, it is clear that  such an elec- 
trode should have large Dm 0. This requi rement  means 
that the kinetics of the electrochemical reaction [1] 
should be fast. The data reported for p la t inum elec- 
trodes indicate that  such is not the case for plat inum. 
However, other materials are suitable as anodes, and 
one criterion in their  selection should be the rate at 
which reaction [1] proceeds on their  surface. 

If an anode mater ia l  of sufficient catalytic level, 
either na tu ra l  or induced by special t reatment ,  can be 
found, the fuel cell behavior  would be characterized by 
large D,~ 0 values. It is interest ing to observe what  
happens to the current  dis t r ibut ion in such cases. The 
net  current  at any electrode position, I ( y ) ,  may be 
obtained directly by differentiating the expression for 
[O=], and is given by the following equation 

co 

l ( y )  = 1 ~ sinh a~b (1 -- y) 
[13] ~4 

I n=l ana[an2a 2 + D m  2 + Dm] 

For small  values of Din, this equation is near ly  l inear  
(Fig. 5). However, as Dm increases, the relationship is 
no longer linear, but dist inctly curved, as shown in  Fig. 
5. At  high values of Din, the current  is generated 
largely near  the electrode-electrolyte interface and 
the distr ibution is dist inctly nonuniform.  Similar  dis- 
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Fig. 5. Current distribution as function of electrode Damkohler 
number for aspect ratio = 1. 

t r ibut ions are found along the meniscus of a l iquid 
electrolyte fuel cell electrode (8). However, in the c a s e  
of solid electrolyte fuel cell anodes, the high current  
densities that  are developed in the vicinity of the e l e c -  
t r o d e - e l e c t r o l y t e  interface wil l  produce large heat 
effects, due to resistance heat ing in the electrode, 
which may in tu rn  lead to rup ture  of the electrode- 
electrolyte contact. A careful analysis will have to be 
made of the local heat effects produced in  electrodes 
capable of support ing high current  densities. 

Manuscript  submit ted Dec. 5, 1969; revised m a n u -  
script received Ju ly  1, 1970. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1971 JOURNAl.. 
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NOMENCLATURE 
English 

a Electrode distance 
b Electrode thickness 
Cb Bulk gas phase molar concentrat ion (g/cm 3) 
Do = Diffusivity of O = (cm2/sec) 
Et Thermodynamic voltage for reaction [1] 
~F~ Activation energy for absolute rate expression 

for reaction [1] (kcal/g mole) 
~F o Standard free energy of reaction [1] (kcal/g 

mole) 
F Faraday Number  (coulomb/g mole equivalent)  
i ( x )  Local rate of reaction [1] (A/cm 2) 
I Operating electrode current  
I (x )  Local electrode current  
ID Characteristic electrode current  (A) 
(Io) Exchange current  

I L Limit ing current  (A) 
k Kinetic parameter  with uni ts  of rate 
K Convenient  kinetic parameter  
R Gas law constant  (kcal/g mole ~ 
T Electrode tempera ture  (~ 
V Electrode potent ial  (V) 
x Distance coordinate parallel  to electrolyte 
y Distance coordinate normal  to electrolyte 
Yco Bulk gas phase CO mole fraction 

Greek 
Parameter  indicating port ion of anode voltage 
which increases activation energy of in termedi-  
ate complex for reaction [1] 

a n Solution to Eq. [9] 
Polarization voltage loss (V) 

Subscripts 
e Electrode-electrolyte interface 
b Bulk gas phase-electrolyte interface 



The Corrosion of Titanium Carbide 
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ABSTRACT 

In 2N H2804, the anodic dissolution of t i tanium carbide begins at about 
0.8V (SHE).  Tr iva lent  t i tanium ions could not be detected in the ni t rogen-  
saturated solution, a l though this does not  ru le  out the  possibility that  Ti (III)  
is formed in the dissolution reaction. However ,  at 0.8V oxidat ion to T i ( IV)  
would readi ly  occur. The results of potentiostatic and galvanostat ic  exper i -  
ments indicate that  the subsequent  passivation of the electrode, which occurs 
be tween 1.2 and 1.7V when it is polarized potentiostatically,  is due to T i ( IV)  
oxide. At potentials above 1.TV, oxidation to T i (VI)  occurs. During the  init ial  
dissolution of the carbide, both CO and CO2 were  detected. 

Al though t i tanium carbide is an impor tant  re-  
f ractory material ,  character ized by its ex t reme hard-  
ness and its re la t ive  inertness, v e r y  l i t t le at tent ion 
has been given to its chemical  properties.  The stabil-  
i ty of the Group IV, V, and VI transi t ion meta l  car-  
bides toward acid and alkali  solutions has been exa-  
mined (1), but, while  a patent  exists (2) for an anode 
incorporat ing t i tanium carbide, there  appear  to have 
been no studies on the anodic behavior  of this ma-  
terial. It was felt  that  one point of interest  in such a 
study would be to de termine  the nature  of products 
arising f rom the bonded carbon. Thus Erv in  et al. (3), 
in describing the use of t i tan ium carbide anodes for 
the extract ion of t i tanium metal  in mol ten  salt elec- 
trolysis, state that  the carbide behaves dur ing elec- 
trolysis as though it were  a meta l  wi th  high carbon 
content. F rom this, one might  expect  dissolution of 
t i tanium, leaving free carbon. On the o ther  hand, 
various at tempts  have  been made to describe the 
bonding in carbides (4-6), and it is more reasonable 
to suppose that  the carbon gives rise to at least one 
gaseous corrosion product. 

It was the aim of the present study to invest igate  
the behavior  of t i tan ium carbide anode in sulfuric 
acid solution, to ident i fy  the dissolution products, and 
to define the l imit  beyond which this mater ia l  cannot 
be regarded as inert. 

Experimental 
Titanium carbide was deposited onto steel disks 

(C, 1.4%; Cr, 1.3%) by chemical vapor  deposition 
f rom a mix ture  of hydrogen, methane,  and t i tanium 
te t rachlor ide  vapor  at high t empera tu re  (7). 

The na ture  of the deposit was confirmed by x - r a y  
diffraction studies. Unfor tuna te ly  this method cannot 
be used to determine  the s toichiometry of the carbide, 
due to the high degree of scatter  in the measured  
latt ice parameter .  Chemical  analyses have been per -  
formed on representa t ive  samples of carbide, in order  
to obtain the stoichiometry. The analysis of metal l ic  
impuri t ies  was per formed by spectrographic and 
atomic absorption methods. Determinat ion  of oxygen 
and ni t rogen was carr ied out by vacuum extract ion 
and chemical  methods, respectively,  and of total  
carbon by oxidat ion to CO2 which was subsequent ly  
determined by coulometric  ti tration. Free  carbon was 
determined by dissolving the sample in HF  and HNO~, 
fi l tering the free carbon on asbestos and burning it to 
CO2 in a tube furnace. 

Compositions va ry  be tween  near ly  stoichiometric 
(TiC o.98) and about TIC0.9. The var ia t ion must  be due 
to exper imenta l  factors which may  be control lable  
( temperature ,  gas composition, etc.) or not (aging of 

the apparatus) .  A systematic s tudy of this problem 
has not yet  been under taken.  Analysis of the impur i -  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  anodic ,  d i s so lu t ion ,  po la r i za t ion .  

ties showed about 4% each of iron and chromium, 
which arise ei ther  by diffusion from the substrate or 
by h igh - t empera tu re  at tack on the reactor  walls by 
the gas stream. The level  of these impuri t ies  is not 
high enough to affect the general  characterist ics of 
the corrosion behavior  of the carbide, but  uncer -  
tainties in the s toichiometry and pur i ty  made  a de-  
tailed kinetic s tudy impossible. 

Anodes . - -Deposi ts  of t i tan ium carbide 10-15 ~m 
thick were  obtained on disks of 2 mm thickness. The 
carbide on one surface was planed away, and the 
steel then dissolved in warm hydrochloric  acid, 
leaving flakes of t i tan ium carbide. 

Cell and ins t rumenta t ion . - -Exper imen t s  were  per -  
formed in a simple cell at room temperature ,  using 
Reagent  Grade acid solutions. A large cyl indrical  
p la t inum counterelect rode was used. The basic in-  
s t rument  for both potentiostatic and galvanostat ic  
exper iments  was a TacusseP type PRT 2000 potent io-  
stat. For  potent ial  scans this was coupled to a dr ive 
unit, type Servovi t  2, and cur ren t -po ten t ia l  curves 
were  obtained direct ly  on a Sefram 2 XY recorder.  

Results 
Potentiostatic measurements . - -F igure  1 shows a 

typical  polarizat ion curve  for TiC in 2N H 2 8 0 4 ,  

obtained at a potent ial  scan ra te  of 10 mV/min .  At  
about 2V, 3 rapid dissolution of the electrode occurs. 
The passivation of TiC at about 1V is a process which, 
at a low rate  of scanning, undergoes react ivat ion 
when the potent ia l  is made progress ively  less positive. 
At a higher  rate  of scan, l i t t le  react ivat ion occurs. 
This is shown in Fig. 2. The pH-dependence  of the 
potent ial  of the peak m a x i m u m  was found to be 
--0.045 • 0.005 m V / p H  unit, the potent ia l  becoming 
more  posit ive as the pH decreases. Al though plots of 
log i vs. E during the init ial  stages of dissolution 
showed a wel l -def ined Tafel  relationship, the slopes 
were  not  sufficiently constant to enable rel iable 
kinetic data to be extracted.  

Galvanostatic m e a s u r e m e n t s . - - W h e n  a t i tanium 
carbide electrode was charged at constant current  in 
the range 2 x 10 -3 to 1 x 10 -2 A cm-2  in 0.1N H2SO4, 
two plateaus in the po ten t ia l - t ime  curve  were  found. 
These occurred at about the same potentials  as those 
at which the two active regions were  found during 
potentiostatic polarization. A typical E / t  curve is 
shown in Fig. 3. The process giving rise to the first 
plateau was assumed to have  finished af ter  a t ime, ~, 
which was arb i t rar i ly  marked  by the intersection of 
two straight lines, ext rapola ted  f rom the region of 
rising potent ia l  and f rom the second plateau, in the 

�9 Tacussel ,  2, rue  Car ry ,  L y o n  3, F r ance ;  R y a b y  Associa tes ,  38 
Wal l  St., Passaic ,  N.J.  07055. 

Se f r am .  74, rue  de  l a  F~d~ra t ion ,  P a r i s  XV,  F rance .  
3 A l l  p o t e n t i a l s  r e p o r t e d  in  t h i s  p a p e r  arc  r e f e r r e d  to t he  s t a n d a r d  

h y d r o g e n  e lec t rode .  
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Fig. 1. Polarization of TiC in 2N H2SO4, 10 mV min-  l 
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Fig. 3. Potential-time curve for a TiC electrode charged at 5 A 

cm - 2  in 0.1N H2SO4. 

Table I. Transition times for galvanostatic charging of TiC 
in 0.1N H2SO4 

i • 10 ~, A cm-~ 10 9 8 7 6 5 4 3 
rz sec 18 23 26 32 41 53 70 107 
7= 18 23 27 33 42 53 68 104 
�9 8 19 23 27 33 42 53 68 104 
~rl/2 43 44 41 40 39 36 33 35 

manner  indicated in Fig. 3. At each current ,  three 
charging curves were obtained, each one after pr ior  
polarization to the point of hydrogen evolution, and 
the mean  value of T recorded. At any one current ,  the 
reproducibi l i ty  in the values of �9 was general ly  excel- 
lent. Typical results are shown in Table I. 

Identification o~ the dissolution products.--From the 
titanium.--Several attempts were made to detect the 
presence of T i ( I I I )  in the solution dur ing  the anodic 
dissolution of t i t an ium carbide. In  a s tandard solu- 
t ion of Ti ( IV)  in  2N H2SO4, containing 5 ppm of Ti 
and saturated with nitrogen, a p la t inum wire elec- 
trode was polarized cathodically to the point  of 
vigorous hydrogen evolution. After  about 5 min, the 
electrode was charged with a constant  anodic current  
of 3 ~A. The E/t  curve showed a plateau at 0.47V due 
to the oxidation of Ti ( I I I )  to Ti ( IV) .  A t i t an ium 
carbide electrode was then charged at 500 ~k  in 2N 
H2SO4 saturated with nitrogen. After  a sufficient t ime 
had elapsed to put  a detectable amount  of t i t an ium 
into solution, a p la t inum wire electrode in the solution 
was charged anodically at 3 #A, and the E/t  curve 
recorded. No plateau corresponding to the oxidation 
of T i ( I I I )  could be found. Thus, while this test was 
not in tended to give a quant i ta t ive  microanalysis  of 
T i ( I I I ) ,  it indicated at least that  the concentrat ion of 
this ion did not bui ld up dur ing the dissolution to a 
level which was comparable to the concentrat ion of 
t i t an ium in the solution, and that therefore this 
t i t an ium is almost cer ta inly in  its te t rava lent  oxidation 
state. 

A similar  a t tempt  to detect the presence of Ti ( I I I )  
as a result  of the dissolution of TiC was made by 
potentiometric t i t ra t ion with a Ce(IV) solution. This 
also gave a negative result. 

From the bonded carbon.--A t i t an ium carbide elec- 
trode was charged galvanostat ical ly at 100 #A for 6 
days, in 5 ml of 2N H2SO4 contained in a tube sealed 
with a silicon rubber  bung. A p la t inum wire was used 
as the cathode. The cell voltage was recorded cont in-  
uously, and was always less than  1.3V. At  the end of 
the charging period, samples of the gas above the 
solution were taken  by direct inject ion of a 1 ml 
syringe. This gas was analyzed with a permanent -gas  
chromatograph, 4 using a silica gel, and a molecular  
sieve, column. The presence of both CO2 and CO was 
confirmed. 

Repeat experiments  were performed on single 
crystals of t i t an ium carbide, and in every case both 
gases were detected. 

Discussion 
The equi l ibr ium potent ia l -pH diagram for the sys- 

tem t i t an ium-H20 shows (8) that  the most stable 
species at pH = 0 and at potentials in the region of 
1V is the te t ravalent  ion TiO 2+. In  fact, at this pH 
the domain of s tabil i ty of this ion extends from about 
zero to about 1.8V. As all at tempts to detect the pre-  
sence of Ti 3.+ dur ing the anodization of t i t an ium 
carbide failed, it is reasonable to suppose that  the 
ini t ial  dissolution produces TiO 2+. The actual mech-  
anism cannot be elucidated at this stage, although 
fur ther  work is in progress with pure single crystals 
of the carbide. 

It  is quite possible that the dissolution actual ly 
produces Ti 3+, but  that  this species is subsequent ly  
oxidized to TiO 2+ at the surface of the corroding 

4 H.  F e i e h t i n g e r ,  S c h a f f h a u s e n ,  S w i t z e r l a n d .  
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electrode. F rom Pourba ix  (8), the  equ i l ib r ium po-  
tent ia l  for the redox  couple Ti3+/TiO ~+ at  p H  = 0 
and at T i O 2 + / T i  ~+  -~ 6 is about  0.46V. Since the  po-  
ten t ia l  of the  t i t an ium carbide  is above 0.SV dur ing 
its dissolution, it  is c lear  tha t  any  Ti 3+ formed would  
be quickly  oxidized to TiO 2+. Thus, whi le  the  present  
work  cannot  dis t inguish whe ther  t i t an ium carbide  
is oxidized d i rec t ly  to T i ( IV)  or whe the r  this  occurs 
through the in t e rmed ia te  fo rmat ion  of T i ( I I I ) ,  the  
net resul t  is c lear ly  an oxidat ion  to the t e t r ava len t  
state. F u r t h e r  exper iments  are  p lanned  to examine  
this quest ion more  fully,  wi th  the aid in pa r t i cu la r  
of a ro ta t ing  r ing -d i sk  electrode,  and it is hoped to 
repor t  these resul ts  in a fur ther  communicat ion.  I t  is 
therefore  proposed here  tha t  the pass ivat ion  ob- 
served be tween about  1.2 and 1.7V is due to a t e t r a -  
va len t  oxide (or hyd ra t ed  oxide)  of t i tanium.  The 
peak  at about  1V in Fig. 1 can thus  be a t t r ibu ted  to 
the sequence 

TiC(s)  --> TiO 2+ (aq) --> TiO2 �9 I-I20 (s) 

F igure  4 shows tha t  the  format ion  of the  oxide is 
k ine t i ca l ly  possible at  potent ia ls  above  0.91V. At  this  
point, the  i / t  curve at constant  potent ia l  first shows a 
g radua l  decay, due to the deple t ion  of active surface 
by the format ion  of solid oxide. 

Dur ing  the second act ive region,  one would  then 
expect  the  oxidat ion  to produce  T i (VI )  ions. The 
potent ia l  at which  this  region begins  is in fact  in good 
agreement  wi th  that  ind ica ted  by  Pourba ix  for  the  
process TiO2 �9 H20 ~ TiO22+. Direct  exper imen ta l  
evidence is given by  the fact that ,  dur ing  the  dissolu-  
t ion of t i t an ium carbide  at  about  2V~ the  solution 
g radua l ly  becomes yel low. It  shows exac t ly  the  same 
absorpt ion  m a x i m u m  (410 nm) as the  ye l low solu- 
t ion formed by the react ion of t i t an ium( IV)  ions 
wi th  hydrogen  peroxide,  which is due to the  ion 
TiO~ +. 

F igure  2 confirms tha t  this oxide is r e l a t ive ly  soluble. 
React iva t ion  on the  reverse  scan occurs only  at  slow 
sweep speeds; at h igher  scan rates,  dissolution of the  
oxide  film is not sufficiently fast to a l low reac t iva -  

i,)~A 
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~' t, min 
! 

o ,? ,-:s 60 
Fig. 4. Current-time curves at various potentials during the dis- 

solution of TiC in 2N H2$04; numbers refer to potential in milli- 
volts. 
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tion. I t  would  appear ,  then,  tha t  pass iva t ion  is not  
due to anhydrous  TiO~ ( ru t i le ) ,  which has  a ve ry  low 
solubil i ty ,  but  r a the r  to the  hyd ra t ed  oxide TiO2 
H20. 

The gaseous corrosion products  being CO~ and CO, 
the ini t ia l  dissolution m a y  proceed according to the  
react ions  

TiC+SH~O----TiO 2+ + CO2-~6H + +8e- 

and TiC+2H20----TiO 2+ +CO +4H + +6e- 

for which dE/dpH is --0.044 and --0.039V, respec- 
tively. This corresponds with the observed pH-depen- 
dence of --0.045 _ 0.005V. 

The potentiostatic experiments therefore indicate 
that the initial corrosion of TiC produces TiO 2 +, and 
that at a certain potential (0.910V in 2N H2SO4) the 
formation of solid oxide (TiO2 �9 H20) begins. At 
about 1.05V, the rate of formation of oxide exceeds 
the rate of its dissolution, and the electrode becomes 
passivated. At about 1.75V, oxidation to TiO22+ 
occurs, and severe corrosion of the TiC follows�9 

This p ic ture  is confirmed by  the  galvanosta t ic  
exper iments .  The charging curve shown in Fig. 3 
contains only two plateaus,  of which the  potent ia l  of 
the first c lear ly  corresponds to the  dissolution of  TiC 
as TiO 2+. In genera l  dur ing  such galvanosta t ic  
charging,  where  the in i t ia l  corrosion product  is 
f ree ly  soluble, the  cur ren t  densi ty,  i, and the t ime, 3, 
r equ i red  for pass ivat ion to occur a re  re la ted  by :  i~ 1/2 
---- constant.  In  the present  case, a l though the t r ans i -  
t ion t imes were  ve ry  long and were  r a the r  a rb i t r a r i l y  
determined,  this re la t ionship  held reasonably  wel l  
above about  6 x 10-3 A cm -2 (see Table  I ) .  

The second p la teau  in Fig. 3 occurs at a potent ia l  
which corresponds  closely to that  found potent io-  
s ta t ica l ly  for the  oxidat ion to T i (V I ) .  The absence 
of an in te rmedia te  p la teau  is fu r the r  evidence tha t  
the net react ion dur ing  the  first act ive region is an 
oxida t ion  to the  t e t r ava len t  s ta te  of t i tanium.  

Manuscr ip t  submi t ted  Apr i l  13, 1970; rev ised  m a n u -  
scr ipt  received Ju ly  15, 1970. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  June  1971 JOURNAL. 
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ABSTRACT 

Thick electrodeposits of 24K gold were prepared from 14 types of plat ing 
solutions in  both new and replenished-used conditions. The deposits were 
examined by x-ray,  scanning electron microscope, gravimetric,  and electrical 
techniques. It was found that  the purity,  microstructure,  and apparent  density 
were functions of the plat ing solution type and age. The crystal lattice con- 
stants were found to be independent  of both type and age. 

Deposit Preparation 
Four teen  types of pla t ing solutions were selected as 

representat ive of modern commercial  plat ing practice. 
They contained 8-15 g/ l i ter  gold and were operated 
at 3 m A / c m  2. The bath components are given in 
Table I. The used baths were taken from various 
production lines. They had all been '%urned over" at 
least 10 times. The amount  of use and degree of con- 
taminat ion  could not be precisely determined for these 
baths. However, a part ial  de terminat ion is given in 
Table III. Before using the old baths, they were 
filtered, analyzed, and regenerated by adjust ing the 
pH, density, and gold concentrat ion to the nomina l  
values. 

Pla t ing was accomplished in a vigorously agitated 
4 liter, cons tant - tempera ture  tank. The anodes were 
p la t inum-pla ted  t i t an ium and had approximately 5 
times the area of the cathodes. During plating, small 
quanti t ies  of gold were periodically added to the bath 
to insure that  the gold concentrat ion never  fell below 
90% of its nominal  value. The cathodes were copper 
plates 2.5 x 5 cm. One side of each cathode was mir ror  
smooth while the other side had a fine mat  finish. Four  
cathodes were used for each bath and the gold was 
deposited on both sides of each cathode. Immedia te ly  
after deposition, the samples were cut and the copper 
etched away with nitr ic acid. The samples were 
ul trasonical ly washed in water, tr ichloroethylene,  
and methanol,  dried, and stored for la ter  examination.  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  U.S.  A r m y ,  let. Bl iss ,  T e x a s .  
c P r e s e n t  a d d r e s s ,  T e x a s  I n s t r u m e n t s ,  Inc . ,  Da l l as ,  T e x a s .  
K e y  w o r d s :  gold,  e l ec t rodepos i t s ,  p u r i t y ,  c r y s t a l  s t r u c t u r e ,  r e s i s -  

t i v i t y ,  d e n s i t y .  

The deposits were very thick (127 ~m) so that  
effects from the bath could be separated from effects 
of the copper substrate. 

The properties investigated were appearance, 
density, purity,  crystal  structure,  and preferred ori-  
entation. In all cases, the samples from the smooth 
side of the copper cathodes had the same character-  
istics as those from the mat  side of the copper. 

Visual Appearance 
The visual appearances of the solution side of the 

deposits are tabulated in Table I. Except for deposits 
from baths 1, 13, and 14, the surfaces were fairly 
similar  in appearance. They differed only in  relat ive 
brightness, smoothness, and fineness of the mat. Bath 
13 produced unique, smooth, uni formly  brown, dull 
surfaces. Bath 14 produced bright, shiny, perfectly 
smooth surfaces. The sparkly, bright  appearance of the 
new hot cyanide deposit is due to its large, individual  
grains, while the dull, orange or brown color seen in 
deposits 8u, l lu ,  and 13 ks caused by many  small, 
individual  grains. Deposits from used baths tended to 
be duller  and smoother than deposits from new baths. 
The addition of brighteners and hardeners  caused the 
baths to produce a finer mat  surface. 

The sides of the deposit adjacent  to the copper 
cathodes were visual replicas of the copper surface 
even when viewed at 30,000X. 

Density 
The density of each sample was determined from 

its weight in air and in diiodomethane. The results, 
corrected for buoyancy of air and fur ther  corrected 

Table I. Gold-plating deposits investigated 

B a t h *  D e n s i t y  D e n s i t y  
No.  Ref .  p H  ~ B a u m ~  V i s u a l  a p p e a r a n c e  g / cm~  

I n  H o t  c y a n i d e ,  p h o s p h a t e ,  c a r b o n a t e  (1) 12 15-30 S p a r k l y  b r i g h t ,  v e r y  c o a r s e  m a t .  19.22 
l u  V e r y  coa r se  m a t .  19.13 
2n Ci t r a t e ,  p h o s p h a t e  in  e q u a l  a m o u n t s  (2) 5.7-6,0 15-25 B r i g h t ,  coa r se  m a t .  19.26 
2u  Dul l ,  smoo th .  19.25 
3n S a m e  as  2 p lus  25 g / l i t e r  p o l y a m i n o  a c i d  c a m -  5.7-6.0 15-25 B r i g h t ,  f ine m a t .  19.27 
3u p l e x  Dul l ,  f ine  m a t .  19.27 
4n  S a m e  as  2 p l u s  10 g / l i t e r  m e t a l l i c  b r i g h t e n e r  5.5-6.0 15-25 F i n e  m a t .  19.26 
4 u  F i n e  m a t .  19.26 
5n S a m e  as  4 p l u s  29 g / l i t e r  p o t a s s i u m  c h r o m i u m  5.5-6.0 15-25 Dul l ,  f ine  m a t .  19.25 
5u s u l f a t e  h a r d e n e r  Dul l ,  smoo th .  19.26 
6n S a m e  as  5 p l u s  25 g / l i t e r  bo r i c  a c i d  i n h i b i t o r  5.5-6.0 15-25 V e r y  f ine m a t .  19.25 
7n C i t r a t e  p l u s  6 g / l i t e r  h y d r a z i n e  s u l f a t e  r e d o x  (3) 4.2-4.5 14-16 F i n e  m a t .  19.26 
7u  a g e n t  F i n e  m a t .  19.25 
Bn P h o s p h a t e  p l u s  6 g / l i t e r  h y d r a z i n e  s u l f a t e  (4) 5.5-6 14-16 F i n e  m a t .  19.27 
8u  Dul l ,  f ine m a t ,  o r a n g e i s h  s ta ins .  19.26 
9n A m m o n i u m  c i t r a t e  p l u s  20 g / l i t e r  p o t a s s i u m  r 4.5 12 V e r y  f i n e m a t .  19.25 
9u c h r o m i u m  s u l f a t e  h a r d e n e r  Dul l ,  v e r y  f ine m a t .  19.27 

10u B o r o c i t r a t e  p l u s  t e t r a e t h y l e n e  p e n t a m i n e  5.0-6.0 20-25 D u l l  m a t .  19.26 
l l u  P h o s p h a t e  6 17-18 Dul l  m a t ,  o r a n g e i s h  s t a ins .  19.27 
12u P h o s p h a t e  9-10 23 Dul l ,  v e r y  f ine  m a t .  19.27 
13n Gold sul f l te  w i t h  e x c e s s  su l f a t e  a n d  sul f i te  (6) 9-10 10-12 V e r y  dull ,  s m o o t h ,  b r o w n i s h .  19.23 
13u Dul l ,  smoo th ,  o r a a g e i s h .  19.25 
14n S a m e  as  13 p lus  15 p p m  a r s e n i c  9-10 10-12 B r i g h t ,  s h i n y ,  v e r y  smoo th .  19.13 
14u B r i g h t ,  sh iny ,  smoo th ,  19.24 

* " n "  a n d  " u "  s i g n i f y  n e w  a n d  u s e d  b a t h s  r e s p e c t i v e l y .  
S o u r c e  of go ld  is K A u ( C n ) 2  f o r  al l  ba th s ,  e x c e p t  13 a n d  14. Al l  u n s p e c i f i e d  ca t ions  a re  p o t a s s i u m .  T h e  c o n d u c t i n g  sa l t s  h a d  c o n c e n t r a t i o n s  

of  a p p r o x i m a t e l y  100 g / l i t e r  as  r e q u i r e d  to  p r ( v i d e  t h e  l o w e r  B a u m $  f o r  n e w  b a t h s  a n d  t h e  h i g h e r  fo r  u s e d  ba ths .  
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to 25~ are shown in column 7 of Table I. Most of 
these densities are wi th in  0.2% of the density of pure 
gold. The exceptions are deposits from baths 1, 13, and 
14. The low density of deposits from bath 1 is a result  
of the large pores wi thin  the deposits. The lower 
density of the deposits from bath 13 are caused by the 
5 ppm sulfur  contained in this deposit and by the 
microscopic voids barely  visible in the photomicro- 
graphs. The arsenic in bath 14 fur ther  reduces the 
deposit density. 

Electrical Resistivlty--Procedure 
Strips approximately 1 mm wide and 25 mm long 

were cut from the deposits and tested for electrical 
resistivity using a s tandard four-contact  technique. 
The measurements  were made at room temperature ,  
298~ and liquid ni trogen temperature,  77~ The 
main  uncer ta in ty  in any individual  resist ivity meas- 
u rement  resulted from geometric uncertainties.  How- 
ever, when the resist ivi ty at room tempera ture  is 
divided by the resist ivi ty of the same sample meas-  
ured at l iquid ni t rogen temperature,  all geometric 
factors cancel and a ratio. R29s/R77, is obtained which 
is a funct ion of the mater ia l  only. This ratio does not 
include the effects of voids, pores, or electrically in-  
active inclusions. It does include the effect of chemical 
pur i ty  and, to a lesser extent, grain size. 

This ratio serves as a sensitive indicator of relat ive 
chemical purity.  However, it yields no informat ion 
as to the concentrat ion or types of impuri t ies  present. 

White and Wood (7) report  R29s/R77 equals 5.0 for 
99.999% pure, vacuum-annea led  gold. The highest 
value obtained in this work was 4.91. The difference 
probably represents a normal  amount  of dissolved 
gases, since most of these deposits are 99.999~ % pure 
on a metallic basis. 

Deposits from new baths without  special additives 
(baths 1, 2, 7, 8) typical ly had a resist ivity ratio of 
about 4.9, while used baths without  special additives 
yield deposits with R29s/R77 in the range of 4.6-4.8. 
This reduction in pur i ty  is typical  of the contamina-  
t ion obtained in normal  industr ia l  usage. 

The high value of R29s/R77 for the deposits from 
bath 4 indicates an extremely low amount  of codepo- 
sition of the brightener.  

The addition of hardeners  reduced R29s/RT7 into the 
4.6 range. However, as the baths were used and the 
special agents were depleted, the value of R298/R77 for 
deposits from these baths approached the value from 
used baths without  special additives. 

Deposits from bath 13 had a lower value of R298/R77 
than  expected. When these deposits were annealed to 
400~ for 8 hr, the value of R29s/R77 increased to about 
4.4 which still indicates a fairly high level of im-  
purities. The exceptionally low resist ivity level for 
deposits from bath 14 is a direct resul t  of the 15 ppm 
arsenic included in  the deposit. 

The high value of the resistance ratio for deposits 
from used baths 3 and 10 indicates a very  high pur i ty  
of deposit. This pur i ty  can be traced to the low level 
of contaminat ion  of these baths and to the effective- 
ness of the chelat ing agent in prevent ing  the deposi- 
t ion of contaminants .  

Crystalline Structure 
The crystal l ine structure of the deposits was ex- 

amined by x - r ay  diffraction techniques, by Berg- 
Barret  X-Ray Topology (8) and by Scanning Elec- 
t ron Microscopy (SEM). Prior  to SEM examination,  
the sample cross sections were etched in a solution of 
2.5% (NH4)2S208 and 2.5% KCN for 5-30 min  at 25~ 
to br ing  out the crystal  structure.  Typical SEM photo- 
micrographs are shown in Fig. 1 through 8. 

Generally,  the surface microstructure  can be 
divided into four categories. The first is that  produced 
by the alkal ine cyanide baths (Fig. 1). These surfaces 
are composed of uniform, very large (60-120 #m) 
grains separated by open grain boundaries  which 
penetra te  deeply into the deposit. The second category 
includes most of the solutions. For this category, non-  
uniform grains of 5-50 ~m are connected by distinct, 
t igh t -gra in  boundaries.  Deposits from baths 4, 5, and 
6, which contain a codepositing metallic br ightener ,  
show more small  (1-5 ~m) grains. In  these first two 
categories, deposit surfaces made from new baths 
tended to contain m a n y  smooth planes, sharp angles, 
and straight lines identifiable with the under ly ing  
crystal  s t ructure  (Fig. 2 and 4). Deposits made from 
used baths exhibited a less-organized structure made 
up of rounded surfaces and curved lines and often 
contained randomly  distr ibuted small  (<1  ~,m) pits 
(Fig. 3 and 5). A notable exception to this is the de- 
posit from bath 3 and to a lesser extent  the deposit 
from bath 10, where the chelating agents have 
caused deposits from used baths to have the surface 
characteristics of new baths. 

The third category of surface microstructure  is 
exhibited by the pure sulfite bath, bath 13, Fig. 7. The 
grains are small  and fair ly  uni form in size 0.2-5 ~,m). 
The grain boundaries are distinct and do not  appear to 

Fig. 1. SEM photomicrographs 
of deposit In from a hot cyanide 
solution. 
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Fig. 2. SEM photomicrographs 
of deposit 2n. The center 2/3 of 
the cross section is removed. The 
lower picture is the copper edge 
of the deposit, while the upper 
picture is the solution edge. Sur- 
faces and sections of deposits 3u, 
7n, lOu, and, to a lesser extent, 
8n, were similar. 

Fig. 3. SEM photomicrographs 
of deposit 2u. 

be t ight ly closed. The fourth category is exhibited by 
bath 14. Surfaces from this bath were completely 
featureless even when viewed at 30,000X. 

The SEM photomicrographs of cross sections ma y  
also be divided into four categories. The first is the 
coarse grain structure with deeply penetra t ing pores 
found in  the hot cyanide bath deposits, Fig. 1. The 
second category includes the major i ty  of the deposits 
and shows grains less t h a n  0.5 ~m in diameter  on the 
substrate side of the deposit and crystalli tes 5-30 ~m 
in  diameter  on the solution side of the deposits. Many 
of these crystallites can be followed for 20-60 ~m 
through the deposit. Those deposits containing 
hardeners  and brighteners,  baths 4, 5, 6, and 9, fall  at 

the lower end of the crystall i te size ranges. Deposits 
from used baths tend to fall in the center  of the range, 
while deposits from new baths which do not  contain 
metallic impuri t ies  and from used baths containing 
chelating agents have crystalli tes in the upper  end 
of the size range. The two anomalous structures in  
this group are from new solution 3 which appeared 
almost amorphous and from new solution 9 which ex- 
hibited a distinct columnar  s t ructure  (Fig. 6). 

The  thi rd  category consists of deposits from the 
non-cyanide  solution, bath 13, which had extremely 
small  grains throughout  the deposit (Fig. 7). 

The last category is from the non-cyanide  solution 
containing arsenic, bath 14. Cross sections of these 
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Fig. 4. SEM photomicrographs 
of deposit 4n. Deposits from 5n 
and 6n were fairly similar. 

Fig. 5. SEM photomicrographs 
of deposit 4u. 

deposits are amorphous in appearance (Fig. 8). The 
deposit from the new bath  also shows a layered 
structure similar to those often found for alloy 
deposits (8). The deposit from a used bath  shows only 
a random porosity. 

The crystal lattice parameters  were determined by 
x - ray  back reflection. Wi th in  the  limits of the equip- 
men t  used, the lattice parameters  were those for pure 
gold. Thus the density variat ions shown in  Table I 
are caused by impurit ies,  pores, inclusions, etc., but  
not by lattice expansion. 

X- ray  l ine broadening was used to determine the 
average crystal size (9). This technique is precise for 
crystall i te sizes under  0.1 ~m, bu t  for larger values 

the accuracy degenerates quickly and only a lower 
l imit  can be placed on the size. The results of the 
l ine-broadening  measurements  are shown in  columns 
3 and 4 of Table II. 

Berg-Barre t t  X-Ray  Topology (10) was used to 
determine the ma x i mum crystall i te size. With the film 
used, crystals larger than 3 ~m were resolved. The 
results are shown in parentheses in columns 3 and 4 
of Table II. Where values are not reported, no in -  
dividual  crystals could be resolved by  this technique. 

The first crystals to nucleate from new baths not 
containing metall ic impuri t ies  (baths 1, 2, 3) grew to 
average sizes greater than 0.1 ~m. However, the first 
crystals to grow from all other baths  were much 
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Fig. 6. SEM photomicrographs 
of deposit 9n. 

Fig. 7. SEM photomicrographs 
of deposit 13n. Deposit 13u was 
similar, but finer grained. 

smaller  in size (about 0.03 ~m). These other  baths, 
wi th  the exception of 7 and 8, all contained metal l ic  
impuri t ies  ei ther because of normal  contaminat ion 
f rom use or because of addit ion of hardeners  and 
brighteners.  It  appeared that  these codepositing 
metal l ic  impuri t ies  facil i tated nucleat ion on the 
copper substrate so that  the average crystal  size was 
smaller. Hydrazine  sulfate (baths 7 and 8) per formed 
the same function al though the mechanism by which 
this occurred was not clear. 

The average crystal l i te  size on the solution side of 
the deposit was a good indication of the abili ty of 
hardeners  and br ighteners  to control  average crystal  

size. New baths 4, 5, 6, and 9, wi th  these additives, 
show average solution side crystal  sizes of about 0.06 
~m, while  new baths wi thout  these addition agents 
produce crystals in excess of 0.1 ~m. As the baths were  
used and replenished,  the effectiveness of the 
br ighteners  and hardeners  in controll ing crystal  size 
was diminished. This was probably caused by a 
fai lure to replenish the baths wi th  these addit ives at 
the same rate they were  consumed. At the  same time, 
all baths picked up impuri t ies  during use. These 
impurities,  unless counteracted with  chelat ing agents 
as in baths 3 and 10, tended to decrease the grain size. 
The net result  was that  baths with and wi thout  the 
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Fig. 8. SEM photomicrographs 
of sections of deposits 14n and 
17u. Surfaces were featureless. 

special additives took on the same character as they 
became contaminated wi th  use. 

Except for baths 1 and 14, the max imum crystalli te 
size obtained by the deposits differed only slightly 
from bath to bath. Bath 14 was the only bath to 
produce resolvable crystals on the copper side of the 
deposit. The used bath 14 produced many  extremely 
large single crystals on the solution side of the 
deposit. These crystals exhibited in te rna l  structure, 
possible parallel  slip planes, and long range order 

Table II. Deposit characteristics 

Cr ys t a l l i t e  ~tm P r e f e r r e d  o r i en t a t i on*  
B a t h  size S o l u t i o n  Copper  S o l u t i o n  
No. R:,~s/RTv copper  s ide s ide s ide  s ide 

In 4.82 >0.I >0.I  (20) (111) r, - - ( I I I )  
lu 4.77 0.05 >0.I  (20) (311), r r, -- (111) 
2n 4.91 >0.1 >0.1 (12) (111) (311), (511) 

2u 4.70 0.03 0.05 (7) (311) (311), (511), 
- (111) 

3n 4.79 >0.i  0.06 (6) ( I i i )  (311), (422) 

3u 4.92 0.03 >0.1 (7) (111), (311) (311), (511) 

4n 4.70 0.06 0.08 (9) (220), (311) (220), (311) 
4u 4.86 0.04 >0.1 (7) (311), r (311), (511) 

5n 4.62 0,03 0.06 (S) r r 
5U 4.69 0.03 >0 . i  (10) (220), (311) (220) (311) 
6n 4.72 0.03 0.06 (9) (111) (311) 

7n 4.91 0.03 >0.1 (10) (111), ~311) (311) 

7u 4.60 0.03 0.08 (15) (311), r r 
Sn 4.87 0.03 >0 . i  (15) (311) (220), (311) 
Bu 4.83 0.04 0.07 (9) (311) (311), (511) 
9n 4.36 0.03 0.05 (11) (111) (111) 
911 4.65 0.03 0.05 (11) (111) (311) 

IOu 4.88 0.03 >0.1 (I0) (111) (311), (511) 

l lu  4.91 0.04 >0.I  (I0) (311) (200) (311), 
(511) 

12U 4.82 0.06 0.06 (i0) (111} (311) 
13n 4.12 0.03 0.06 (6) (220) (220) 

13U 4.14 0.05 >0.I  (8) (111), r r 
14n 2.67 0.05 (8) 0.05 (3) (200) (200), (220) 
14U 3.73 0.06 (10) >0.1 (50) (220) (200) 

* " r "  s ignif ies  a n e a r l y  r a n d o m  o r i en t a t i on .  U n d e r l i n e d  o r i en t a -  
t i ons  are  s t r o n g l y  p r e f e r r e d  o r i en t a t i on ,  D o u b l y  u n d e r l i n e d  o r i e n t a -  
t ions  are v e r y  s t r o n g l y  p re fe r red .  O r i e n t a t i o n s  p r eceded  b y  a 
m i n u s  s ign  are  s i gn i f i can t l y  d i m i n i s h e d .  

between crystals. Since these crystals were not re-  
solved in SEM photomicrographs of either the section 
or the surface, we conclude that  these crystals are 
extremely th in  and oriented paral lel  to the surface. 
Crystal platelets of this type are believed to be major  
contr ibutors  to the smooth, shiny surfaces of these 
deposits. 

X - r a y  diffraction was used to determine the pre-  
ferred or ientat ion of the deposits. For each side of 
each deposit, the x - r ay  intensit ies of the the first 10 
diffraction peaks were measured. These peaks rep-  
resent crystal or ientat ion from (111) to (511). In -  
{ensities for r edundan t  peaks such as (200) and (400) 
were combined. The intensit ies were then normalized 
and compared with NBS data for random deposits 
(11) and with a pure gold powder sample. The re-  
sults are shown in columns 5 and 6 of Table II. A 
major  feature of some diffraction pat terns  was the 
suppression of a part icular  peak intensity.  This is 
shown in Table II by a minus  sign in front  of the as- 
sociated orientation. 

With the exception of the non-cyanide  baths and 
acid phosphate baths, new baths without  hardeners  
or br ighteners  tended to nucleate and grow (111) 
initially. As growth of these deposits continued, the 
(111) orientat ion was suppressed and higher order 
orientations, par t icular ly  the (311), became dominant .  
This is in keeping with the general  concept that  close- 
packed orientations are na tu ra l  for heterogeneous 
nucleat ion but  form the slowest growing crystal  faces. 

The addition of hardeners,  brighteners,  or normal  
operational contaminants  usual ly suppressed the 
ini t ia l  (111) nucleat ion so that  both sides of the 
deposit tended to have a (311) preferred orientat ion 
or to be more near ly  random. However,  two baths, 
6 and 9, which contained hardeners, produced deposits 
wi th  strongly preferred ini t ia l  (111) orientation. In  
addition to hardeners  and brighteners,  bath 6 con- 
ta ined boric acid as a copper conditioner.  New bath  9, 
which contained the hardener  and ammonium ion, 
produced a strong (111) preferred or ientat ion 
throughout  the deposit. The chelating agents in baths 
3 and 10 were effective in controll ing contaminat ions 
so that  deposits from these used baths had or ienta-  
tions typical of deposits from new baths. The acid 
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Table Ilk Metallic constituents in used baths 

Bath  No. l u  2u 3u 4u 7u 9u 10u 14u 

Gold 7.45 6.24 4.61 6.34 8.06 7.20 6.44 10.14 
Silver 0.025 
Nickel  0,21 0 , I I  <0 .0 t  0.019 0.017 0.01 0.052 <0.01 
Copper  0.44 0.01 0.058 0.02 0.015 <0.01 N.D. 0. i0 
Cobalt  N.D. 0.07 N.D. N.D. 0.07 N.D. N.D. N.D. 
I ron 0.19 0.27 <0.01 0.044 0.026 0.08 0.054 N.D. 
Lead  0.014 0.01 0.18 ~0.01 <0.01 <0.01 N.D. 0.01I 
Zinc N.D. N.D. 0.50 N.D. <0.01 0.02 N.D. N.D. 
Chromium 0.14 
Arsenic  0,40 

Values  are in g r a m s  per  l i ter  for  baths  t aken  f r o m  product ion lines. 

phosphate  ba ths  (8 and 11) were  unique in showing a 
s t rong t endency  to (311) nuclea t ion  and growth.  

The observat ions  on p re fe r red  or ienta t ion do not  
corre la te  wi th  the  observat ions  of c rys ta l  size, surface 
appearance,  or gra in  s t ructure,  except  in the  case of 
new ba th  9. The columnar  s t ructure  tha t  runs  th rough  
this deposit  is a direct  resul t  of the s t rong (111) p re -  
fe r red  or ienta t ion  for both  nucleat ion and growth.  

Conclusions 
With the  except ions of the l a rge  gra in  porous 

s t ruc ture  of deposits  f rom the hot cyanide  bath,  the  
ve ry  fine grain,  b rown deposi t  f rom ba th  13, and the 
b r igh t  shiny deposits f rom ba th  14, the  deposits  in-  
ves t iga ted  were  fa i r ly  similar .  Specia l  ha rdeners  and 
br igh teners  added to new baths  decreased the gra in  
size and affected the  or ienta t ion  of the  crys ta ls  and 
the surface appearance.  However ,  as the  ba ths  were  
used and regenera ted ,  the  differences in deposi ts  
t ended  to diminish.  Chelat ing agents were  found to 
be effective in control l ing impur i ty  deposi t ion f rom 
used baths. 

Manuscr ip t  submi t ted  Nov. 5, 1969; revised m a n u -  
script  received J u l y  6, 1970. This was Pape r  151 p re -  

sented at the Detroi t  Meeting of the Society,  Oct. 5-9, 
1969. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1971 
JOURNAL.  
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Electrophoretic Deposition of Luminescent Materials 
P. F. Grosso, R. E. Rutherford, Jr., and D. E. Sargent 

Applied Physics Department, CBS Laboratories, Stamford, Connecticut 06905 

ABSTRACT 

Elect rophoret ic  deposi t ion of luminescent  mate r ia l s  such as 2CaO.MgO. 
2S iO:Ce :L i  has been accomplished by  the  adsorpt ion  of inorganic  cat ions of 
Mg+ +, Ca ++ , Ba++,  S r++ ,  A I + + + ,  Na +, K +, Li + or  NH4 +, f rom ni t ra tes ,  
chlorides,  and bromides,  in polar  l iquids such as i sopropyl  alcohol wi th  a 
cr i t ical  concentra t ion of about  1% H20. An  explanat ion  of the  adsorpt ion  
chargir~g and the pe r t inen t  factors which effect ca taphore t ic  deposi t ion for a 
calcium magnes ium s i l i ca te -magnes ium n i t ra te  system is presented.  Acetone 
has been found to have a beneficial  depolar iz ing effect, whi le  magnes ium salts 
produce a cement ing action on the deposi ted phosphor  layer .  

The e lec t rophoret ic  deposi t ion of powdered  phos-  
phors  to form fluorescent screens offers severa l  ad-  
vantages  over  the  usual  g rav i ta t iona l  sed imenta t ion-  
cementa t ion  processes:  (a) Curved or i r r eg u l a r l y -  
shaped objects  can be coated uni formly;  deposi t ion can 
even be accomplished in an upward  direct ion to p re -  
vent  the  set t l ing out of la rge  phosphor  aggregates  onto 
the  screen. (b) Very  fine par t ic le -s ize  screens can be 
deposi ted quickly  f rom suspensions tha t  flocculate or 
set t le  ve ry  s lowly (due to the  s imilar  charge on each 
par t ic le)  ; in fact, in electrophoresis ,  the  fine par t ic les  
move and are  deposi ted more  r ap id ly  than la rger  par -  
ticles. (c) Definite control  can be exercised over  the  

K e y  words :  electrophoresis ,  deposit ion, luminescen t  mater ia ls ,  
phosphors,  ca thode- ray  screens.  

amount  and charac te r  of the  final par t ic le  cement ing  
agent;  des i rable  cement ing agents  m a y  be genera ted  
s imul taneous ly  wi th  par t ic le  deposi t ion by  combining 
electrolyt ic  wi th  e lec t rophoret ic  effects. (d) Very  
smooth screens of uni form and control led  thickness  
and dens i ty  can be prepared .  

In  these labora tor ies  in the  past, phosphor  suspen-  
sions for  e lect rophoret ic  deposi t ion have been p repa red  
by  s tone-mi l l ing  phosphor  powders  in polar  organic 
l iquids such as alcohols, acetone, etc., for  subs tant ia l  
periods of time. Mil l ing does indeed y ie ld  "charged"  
suspensions, but  usua l ly  also damages  the  phosphor  
( l ight  output  and efficiency are  lower  than the or ig inal  
powder ) .  The mechanism of this  damage is not  com- 
p le te ly  understood,  but  appears  to resul t  f rom severe 
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physical shear, production of many  particles below 
opt imum size for efficient fluorescence, thermal  damage 
caused by high local impact temperatures,  surface 
chemistry such as oxidat ion-reduct ion reactions, loss or 
absorption of various substances (e.g. analysis shows 
that  phosphors milled with flint stones have absorbed 
a luminum) ,  etc. 

During the present study, methods have been sought 
for "charging" phosphor suspensions without  the at-  
t endan t  damage of stone milling. Most a t tent ion has 
been focused on the addition of soluble electrolytes to 
suspensions of various phosphors in  essential ly non-  
aqueous media, but  auxi l iary  means such as stirring, 
classification by sett l ing (e lutr ia t ion) ,  and ultrasonic 
dispersion have also been employed. 

In  the exper imental  work described, calcium mag- 
nes ium silicate (2CaO.MgO.2SiO: Ce:Li)  was used. 

Exper imenta l  Procedure 
In  order to compare the efficacy of various added 

electrolytes and various nonaqueous l iquid suspending 
media for promoting the cataphoretic deposition of 
various phosphors the following test procedure was 
employed. 

The electrophoretic deposition cell consisted of an 
unst i r red vessel of 300 ml capacity, which was provided 
with a stainless steel frame which supported a 1 in. 
diameter  test b lank  in a vertical  position. The test 
b lanks  were either conductive glass or stainless steel. 
These blanks, one of which was used as the cathode in 
each experiment,  were cleaned ul t rasonical ly  with 
acetone and were weighed before each deposition ex- 
periment.  Facing the b lank cathode and separated from 
it by a distance of 5/8-% in. was a row of three 1/4 in. 
carbon rods held in a vertical position. These rods were 
the anode in each experiment.  Any  inert  material,  such 
as plat inum, can be used as an anode. A variable d-c 
power supply capable of providing potentials up to 
500V and currents  up to 250 mA was used to promote 
electrophoretic deposition. 

In typical operation, 250 mg of the phosphor powder 
under  test was added to 250 cc of the fluid suspending 
media in which the electrolyte under  test had pre-  
viously been dissolved. The phosphor was allowed to 
equil ibrate with the l iquid medium by st i rr ing for 5 
rain, and the result ing suspension was then poured into 
the test cell. Sufficient potential  was immediate ly  ap- 
plied to yield a current  of 10 mA and the deposition 
was allowed to proceed at 25~ without  stirring. The 
test cathode b lank was then withdrawn,  dried, and 
weighed. The appearance of the deposited phosphor 
layer  was examined and noted. 

Pertinent Factors 
Cataphoretic deposition is a complex phenomenon 

in which several variables play significant roles. First, 
the liquid suspending medium must  be carefully 
chosen. It must  be a suitable solvent for the added 
electrolytes under  test, but  must  not yield solutions 
having high conductivities. It  is desirable to main ta in  
a high potential  difference between the anode and 
the cathode, but  high current  flow with resu l tan t  
resistance heating is not desirable. Deposition of the 
suspended powder ra ther  than electrolysis of the 
l iquid medium is desired. In  addition, the l iquid me-  
dium should have a low viscosity so that the charged 
particle can migrate  at the max imum rate under  the 
applied field. For  practical reasons, it should be in-  
expensive, water  miscible, and low in toxicity. 

Previous work in these laboratories (1-3) and else- 
where  (4) has shown that  polar l iquids such as the 
Water soluble lower molecular weight alcohols and 
ketones provide good media for electrophoretic de- 
position. In  the present  study, isopropyl alcohol and 
acetone have been used almost exclusively, either 
separately or mixed together and usual ly  with some 
water  added. Water can be used to advantage in elec- 
trophoretic systems, but  is very impor tant  to careful ly 
control the amount  added. This may be i l lustrated by 
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Fig. 1. Effect of magnesium nitrate and water concentrations on 
amount of phosphor deposited. Deposition conditions: carbon anode- 
stainless steel cathode; electrode spacing 5/8 in.; current 10 mA, 
voltage 25-100V; time 5 rain; P16 phosphor concentration in sus- 
pension 1 mg/ml. 

examinat ion of 2CaO.MgO.2SiO: Ce: Li (P16 phosphor) 
deposition curves shown in Fig. 1. In  the experiments  
represented by the curves, increasing amounts  of 
magnesium ni t ra te  Mg (NO3)2"6H20 was added to either 
100% isopropyl alcohol, 99.5% isopropyl alcohol -50.5% 
water, 99% isopropyl alcohol -51% water, 98% iso- 
propyl alcohol +2% water, or 90% isopropyl alcohol 
+10% water. It will  be noted that  the highest mass 
deposition efficiency of phosphor (greater  weight de- 
posited dur ing  the standard 5 min  t ime interval)  oc- 
curred when about 8 mg of the magnesium ni t ra te  
was added to the 1% water  system (250 mg phosphor 
in 250 cc 99% isopropyl alcohol .5 1% water) .  Addit ion 
of more or less magnesium ni t ra te  gave less deposition 
of phosphor. In the experiments  in which water  was 
not added, the m a x i m u m  deposition occurred with 
approximately 22.5 mg of the nitrate.  Addit ion of more 
or less than 1% water  also gave less deposition of 
phosphor than  1% water. Use of 98% isopropyl alco- 
hol -52% water, 90% isopropyl alcohol .510% water  
gave very poor results at all levels of added magnes ium 
nitrate.  The higher water  concentrat ions increased 
the conduct ivi ty  to allow electrolysis to predominate  
over electrophoretic deposition. Lower water  con- 
centrat ion did not allow satisfactory ionization to take 
place. It is then evident that  the amount  of water  
present, as well  as the amount  of electrolyte added, 
is critical. 

In the 1% water  system, addition of the opt imum 
amount  of magnes ium ni t ra te  (8 mg) apparent ly  gives 
good "charging" of the calcium magnes ium silicate 
(P16) phosphor since the weight of deposited phosphor 
is high. Simultaneously,  the conductivi ty of the system 
appears to increase, for without  the phosphor present 
20 mg of magnesium ni t ra te  would be required to give 
the same conductivity.  In  order to explain this phe- 
nomenon,  it may be suggested that the phosphor, 
known to have excess calcium oxide on its surface, 
may undergo the following type of absorpt ion-de-  
sorption reaction: 

2(P16) -- SiO �9 CaO -- OH -F 2Mg ++ ,5 2NO3- 

-> ((P16) -- SiO -- Mg + )2 .5 2C a++ 

-F 2OH-  ,5 2NO3- [1] 

The phosphor thus becomes "charged" and the ionic 
concentrat ion (conductivity) of the suspending me-  
d ium is s imultaneously increased. When less than the 
opt imum magnesium ni t ra te  concentrat ion is added, 
ma x i mum charging is not attained, and the weight 
of phosphor deposition is decreased. If greater than  
the opt imum magnesium ni t ra te  concentrat ion is used, 
the amount  of phosphor deposited also decreases be- 
cause either (a) the increase in conductivi ty causes 
electrolysis instead of electrophoretic deposition or 
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(b) the increasing electrolyte concentrat ion may ac- 
tua l ly  diminish the positive charge on the phosphor 
particles through the increased absorption of negative 
ions (5). This same type of max imum is noted in the 
anhydrous  system but at higher electrolyte concen- 
trations. 

It was also found that  acetone is an effective cathode 
depolarizer, e.g., that  when  present, it largely prevents  
the appearance of gaseous hydrogen, presumably  by 
acting as an acceptor of any electrolytic hydrogen 
generated. 

2H + + CHsCOCI-I3 + 2e--> CH3CHOHCH3 [2] 

Acetone Isopropyl alcohol 

When no hydrogen is evolved, very smooth, compact 
phosphor screens may be deposited. Exper iments  were 
conducted to determine the opt imum combinat ion of 
acetone, water, and alcohol. 

Excellent results were obtained with 25% isopropyl 
alcohol +74% acetone +1% water (by volume) as 
the suspending fluid and electrolyte solvent. Below 
70% acetone concentrat ion yielded coarse phosphor 
screens due to gas evolution dur ing deposition. Above 
80% acetone yielded thin, nonuni form phosphor 
screens of low adherence. 

Choice of Added Electrolyte 
A large n u m b e r  of inorganic compounds were found 

to be capable of "charging" calcium magnes ium sili- 
cate positively so that deposition at the cathode could 
be achieved. The sui tabi l i ty  of these various additives 
was determined by dissolving 1 m g / m l  of the inor-  
ganic compound to be investigated to either 99% 
isopropyl alcohol +1% water  or to 74% acetone +25% 
isopropyl alcohol +1% water (by volume),  and then 
suspending 1 mg /ml  of the phosphor in the above 
fluid and determining whether  favorable rates of 
deposition and good qual i ty screens were obtained. 
With promising candidate additive compounds, the 
concentrat ion was varied unt i l  the max imum deposi- 
t ion rate and screen qual i ty  was established. 

Since cataphoresis ra ther  than electrop]ating was 
desired, pr incipal  at tent ion was given to inorganic 
compounds having anions which cannot be reduced 
in aqueous media. Thus soluble salts of magnesium, 
calcium, barium, strontium, a luminum,  sodium, po- 
tassium, l i thium, and ammonium were evaluated. 
Divalent  magnesium, calcium, and s t ront ium all gave 
positive results. It is interest ing to note that  all of these 
cations form rather  insoluble silicates and it is not 
surpris ing that they are well absorbed on and 
"charge" calcium magnesium silicate (probably due 
to reaction with exposed SiOH or SiO groups).  Be- 
cause of its relat ively high ionic charge, low mass, 
low toxicity, and low solubil i ty in combinat ion with 
a variety of anions, magnes ium was chosen as the 
preferred cation, with a luminum as a close second 
choice. 

Insofar as the preferred anion is concerned, n i t ra te  
and chloride (and to a lesser extent, bromide) ap- 
peared to be preferable to several other anions evalu-  
ated. While the ni trates  and chlorides of magnesium, 
a luminum,  and l i th ium gave good deposition, the sul-  
fates of these and other metals  gave uni formly  poor 
results. It is possible that  the sulfate ion was too well  
removed from solution by the phosphor. When fluo- 
ride, phosphate, formate, acetate, citrate, hydroxide, 
etc., were introduced in the form of acids and bases, 
the results were also not satisfactory. 

P16 phosphor (2CaO-MgO.2SiO:Ce:Li)  appears to 
have a "basic" surface (shown by pH of moist powder 
against pH paper) ,  probably due to the presence of 
MgO and/or  CaO or the corresponding hydroxides. It  
may also be "charged" by the addition of hydrochloric 
acid (presumably by conversion of the oxides and /or  
hydroxides to magnesium and calcium ions to form 
the oppositely charged counter  layer) .  The addition 
of hydrofluoric, phosphoric, sulfuric, formic, acetic, 
and citric acids do not give favorable "charging." The 

failure of hydrofluoric, phosphoric, and sulfuric acids 
may be explained on the basis that  the anions of these 
acids form insoluble calcium salts (the surface is 
coated with an insoluble compound rather  than  con- 
verted to an ionized double layer) ,  but  the failure of 
formic, acetic and citric acids is more difficult to ex- 
plain. Perhaps these acids too well  "sequester" calcium 
and magnesium, i.e., actually remove them from the 
surface of the phosphor, making it impossible for a 
double layer to form. 

The behavior of ni tr ic  acid is anomalous. It should 
yield calcium and magnes ium nitrates  by reaction 
with the surface of the phosphor, and these ni trates  
are known to give favorable depositions. But when  
nitr ic acid was added to a system containing isopropyl 
alcohol, no deposition resulted. Perhaps it is too 
rapidly consumed in oxidizing the easily oxidized 
alcohol. 

Heavier, more easily reduced cations do not  give 
satisfactory results in general. Thus, the ni trates  of 
lead, iron (ferric),  zinc, copper, the chlorides of nickel, 
cobalt, manganese, palladium, and chromium sulfate 
either gave no deposit, very discolored deposits (prob- 
ably containing the respective metals  or lower valence 
compounds),  or poorly adhering deposits. This is to 
be expected in view of the ease of reduction of these 
metall ic ions at a cathode. 

Added Advantage of Magnesium and 
Related Metallic Salts 

When magnesium salts are electrolyzed, hydrogen 
rather  than magnesium is l iberated at the cathode. In 
the system we have been investigating, the hydrogen 
is apparent ly  taken  up by acetone (see above).  Re- 
gardless of the fate of the hydrogen, there is an in-  
crease in hydroxyl  ion concentrat ion (or pH) in the 
vicini ty of the cathode. This results in the formation 
(and deposition) of an interest ing and adherent  form 
of magnesium hydroxide which can apparent ly  act 
as a cementing agent for the s imultaneously cata- 
phoretically deposited phosphor. The cathode reactions 
involved may be represented as follows 

(2CaO �9 MgO �9 2SiO)Mg + + + 2HOH 

+ CH3COCHs + 2e 

(2CaO �9 MgO.  2SiO) -- Mg(OH)2 

+ CH3CHOHCH~ [3] 

That an adherent  magnesium hydroxide film is formed 
under  the conditions employed is also indicated by 
the following: The addition of phenolphthale in  to the 
system with the omission of phosphor gives a very 
adherent,  bright  red film on the cathode when current  
is passed. This is probably a combined film of magne-  
sium hydroxide and the magnesium salt of the 
phthalein (colored, basic form).  Other dyestuff com- 
pounds have also been bonded to the cathode by this 
process, but extensive discussion of these is beyond 
the scope of this paper. 

Conclusions 
An electrophoretic deposition process for the forma-  

t ion of luminescent  phosphor screens has been devel-  
oped which does not employ the use of stone mil l ing to 
disperse and charge phosphor particles. The charging 
of calcium magnesium silicate phosphor particles is 
achieved by the adsorption of nonreducible  inorganic 
cations of Mg ++, Ca ++ , Ba ++, Sn++,  AI+++,  Na +, 
K +, Li +, and NH4 + on the phosphor surface. The 
adsorbed cations cause the phosphor particles to mi-  
grate in a suitable suspending media under  the influ- 
ence of an electric field to the electrode of opposite 
charge. Salts of these cations produce a cement ing 
action between the deposited phosphor layer  and the 
substrate to be coated. 

The resul t ing phosphor coating is tenacious to the 
substrate, uniform, dense, fine grained, and does not 
exhibit  a decrease in luminous  efficiency. 
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Water  concentrat ion is extremely critical with mag- 
nesium ni t ra te  as the charging cation. Above and 
below 1% H20 decreased the phosphor deposition 
efficiency. 

Acetone has been found to be an effective depolariz- 
ing agent, thereby prevent ing gaseous evolution dur -  
ing the deposition. 

Manuscript  submit ted December 10, 1969; revised 
manuscr ipt  received ca. Ju ly  22, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL.  
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Teehnlica] Notes 

in 
Synergistic Effects of Anions 

the Corrosion of Aluminum Alloys 
A. M. McKissick, Jr., A. A. Adams, and R. T. Foley* 

Department of Chemistry, The American University, Washington, D. C. 20016 

A l u m i n u m  and a luminum alloys are susceptible to 
pi t t ing and general  corrosion in chloride solutions and 
the fact that ni t ra te  ion can inhibi t  this corrosion has 
been reported by several investigators. Callendar (1) 
measured the corrosion of A1 and three A1-Cu alloys 
in tap water  to which were added various concentra-  
tions of NaNO3, NaC], and K2Cr2OT. He reported that  
a critical amount  of NaNO3, 0.008% for his tap water, 
was required to achieve passivation of the A1-Cu alloy 
and he directly related the rate of reduction of ni t rate  
to the concentrat ion required to achieve passivation. 
Blanchard and Goucher (2) in their studies of a lumi-  
num corrosion in microbial  cul ture media containing a 
number  of salts, including CaC12 and FeC13, observed 
that  a 12 mM (mill imolar)  concentrat ion of KNO3 pro- 
tected a luminum alloys 2024 and 7075. At a C1- /NO~-  
ratio of 20 there was a slight s t imulat ion of corrosion 
(about  20% increase).  Kassyura and Zaretskii  (3) re- 
cently reported on the anodic behavior  of A-99 a lumi-  
n u m  in 1N and 3N solutions of NaNO3 with various 
chloride additions. They noted that  in a specific concen- 
t rat ion range for NaC1 the region of the passive state 
decreased with increased chloride ion concentration. 
BShni and Uhlig (4) noted that  NaNO3 additions to 
NaC1 solutions moved the pit t ing potential  of 99.99% 
A1 in the noble direction and the relationship between 
chloride activity and inhibi t ing ni t ra te  activity fol- 
lowed the equation 

log (C1-) = 0.65 log (NO3-)  --0.78 

From the review of the l i tera ture  it may be con- 
cluded that  n i t ra te  is an inhibi tor  for a luminum corro- 
sion in chloride solutions, and that  the C1- /NO3-  ratio 
is important.  In  connection with an investigation of 
the chemistry of stress-corrosion cracking of high-  
s trength a luminum alloys we have examined the effect 

* Electrochemical  Society Act ive  Member .  
K e y  words :  inhibi t ion,  chloride, n i t ra te ,  a l u m i n u m  alloy 7075, 

a l u m i n u m  alloy 2024. 

of a number  of anions on a luminum and a luminum 
alloys. Certain effects that  have been observed are felt 
to be sufficiently unusua l  to warran t  a pre l iminary  re- 
port. We note, part icularly,  certain synergistic effects 
that  could not be predicted from a knowledge of the 
behavior  of individual  ions. 

Experimental 
The work reported here consists of immersion tests 

with three a luminum alloys. Alloy 1199-H14 was sup- 
plied by the Reynolds Metals Company and alloys 
2024-T3 and 7075-T6 by the Kaiser A l u m i n u m  Com- 
pany. Samples 38 x 26 x 0.81 mm were cleaned in the 
conventional  manner .  The strip was immersed in NaOH 
solution (5 g/100 ml) at 75~176 for 1 min, r insed 
thoroughly, dipped in NHO3 (1:3) for 1 min  at room 
temperature,  and thoroughly rinsed in  distilled water  
and acetone. Samples were immersed in triplicate in 
solutions of various salt concentrat ions for periods of 
14 days at 22 ~ _+ I~ Following exposures, the corro- 
sion product was removed with a str ipping solution of 
20g of chromic acid and 32.25 ml  of 85% phosphoric 
acid/liter.  The weight loss reported was the difference 
in weight of the sample before the test and that after 
the stripping. The lat ter  was corrected with the weight 
loss of an uncorroded metal  specimen in the str ipping 
solution. 

Results and Discussion 
The weight losses for the three a luminum alloys in 

0.01N NaC1 solutions are given in Table I. The corro- 
sion observed with unal loyed a luminum is of the pi t-  
t ing type, whereas that of the alloys progresses rapidly 
after the first day to a general  attack over the entire 
surface. Also noted here is the inhibi t ing effect of 
NaNO3 in concentrat ions of 0.05N and higher in solu- 
tions of 0.01N NaC1, i.e., a NO3- /C1-  ratio of 5. These 
two effects, corrosion in chloride solution and inhibi -  
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Table I. Weight changes of aluminum alloys after 2 week 
immersion in salt solutions 

W e i g h t  loss 
A l l o y  E l e c t ro ly t e  (mg/crn~) (_+~) * 

1199 0.01N NaC1 0.02 -~_ 0.007 
2024 0.01N NaC1 1.17 _~ 0.21 
7075 0.01N NaCl  1.44 -+ 0.04 
7075 0.01N NaCI/0 .05N NaNO~ 0.01 • 0.01 
2024 0.01N NaC1/0.10N iWaNO:~ 0.14 ~ 0.02 
7075 0.01N LiC1 0.17 • 0.003 
7075 0.01N KCI  0.54 -+- 0,01 

* These  are a v e r a g e  va lues .  A m i n i m u m  of t h r e e  r ep l i ca t e s  we re  
r u n  bu t  mos t  of these  r e p r e s e n t  a v e r a g e s  of a b o u t  12 s a m p le s  r u n  
b y  two  d i f f e ren t  i n v e s t i g a t o r s .  

Table II. Weight changes of aluminum alloys after 2 week 
immersion in salt solutions of various nitrate chloride ratios 

W e i g h t  loss 
A l l o y  E l e c t ro ly t e  ( m g / c m  ~) (• 

2024 0.01N NaC1/0.01N NaNO3 6.80 --+-- 0.8 
7075 0.01N NaC1/0.01N NaNO,~ 10.1 ~_ 0.75 
7075 0.01N NaC1/0.005N NaNOa 8.8 ~ 0.48 
7075 0.01N KC1/0.01N KNOs 0.31 --+ 0.03 
7075 0.01N LiC1/0.01N LiNO~ 0.08 ~_ 0.001 
1199 0.01N NaC1/0,009N NaNO~ 0.07 ~ 0.03 
1199 0.01N 1NaCI/0.003N NaNOs 0.07 ~ 0.03 

t ion at some critical NO3- /C1-  ratio have been re-  
ported previously, at least quali tatively.  

Table II lists typical  results wherein the NO3- /C1-  
ratio is reduced to one and below. Corrosion is in-  
creased by  an order of magni tude  in the sodium salt 
solutions. The effect is graphically represented in Fig. 
1. The max imum effect is exhibited at a NO3- /C1-  
ratio of about 0.7. Tables I and II also indicate that the 
corrosion rate is not independent  of the cation, which 
is contrary to previously reported observations. The 
corrosion rate for the 7075 alloy varies, as follows 

NaC1 > KC1 > LiC1 

8.5 > 3.2 > 1.0 

for corrosion under  the stated conditions. Also, there 
is no synergistic effect with potassium or l i th ium salt 
solutions. 

There is an alloy effect observed here and in other 
measurements  as well. Thus in chloride solution the 
rates are in the following order 

7075>2024>1199 

72 > 59 > 1 

I I I ~ I 

12.0 

Q 
\ 
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4 . 0  
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CONC. of NaNO 3 In O.OIN NoCl 

Fig. 1. Effect of NaNO3 additions to 0.01N NaCI solutions on 
the corrosion of aluminum alloy 7075. 

The synergistic effect was noted with both alloy 
types 7075 and 2024 but  not with 1199. The physical 
appearance of the samples corroded in the n i t ra te-  
chloride solutions is different from those corroded in 
chloride solution, being characterized by large blisters 
suggesting considerable gas evolution during corrosion. 
After  about  1 day's exposure the sample tu rns  black, 
suggestive of a dealuminification type of attack. Con- 
t inual  exposure over a period of weeks produces a 
voluminous corrosion product  often in  the form of 
streamers (probably hydrated a luminum oxide). 
Metallographic cross section reveals considerable 
roughening of the sample. 

At this point we are not  able to offer a good explana-  
tion for these observations. The simple descriptions 
based on oxide films or competit ive adsorption do not 
appear adequate. We have considered the physical 
properties of the salts. For example, the activity co- 
efficients at 0.01M are given (5) as 

NaCl 0.904 

KCI 0.901 

LiC1 0.89 

These values are not significantly different. The radii 
of the ions (6) are in the following order 

Li + 0.60 

Na + 0.95 

K + 1.33 

This rules out any effect dependent  on a t rend in size, 
but not an opt imum size for some adsorption process. 

The accelerating effect may be related to the reduc-  
tion of ni t ra te  to nitri te.  Nitri te ion is not an inhibi tor  
for a luminum but  actually accelerates corrosion. Under  
conditions comparable to those given in Table II alloy 
type 7075 exhibits a weight loss in a 0.01N NaC1 + 
0.01N NaNO2 of 13.3 mg/cm 2. This explanation,  how- 
ever, would not account for the cation effect. 

We are looking for an explanat ion of these effects 
along two lines: The first, potentiostatic exper iments  
to establish the effect of anion ratio on pi t t ing incep- 
tion t ime when the alloy is held in the passive range; 
the second, x - r ay  and metallographic studies of struc- 
tura l  changes in the corrosion product. 

Generally,  it must  be concluded that if these ob- 
servations are borne out by future  experiments  we 
must revise our concept of "anion" effects and include 
cation effects as well. 
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Composite Film Metallizing for Ceramics 1 

E. L. Hollar, F. N. Rebarchik, and D. M. Mattox 

S~ndi~ Laboratories, ALbuquerque, New Mexico 87115 

There are two p r imary  approaches to forming a 
solderable/brazable surface on oxide ceramics: (a) 
react an oxygen active metal  on the surface at high 
temperatures  (act ive-metal  metall izing) ( l ) ,  or (b) 
fuse a glass-metal  composite to the ceramic surface 
(dispersion metall izing) (2). 

In the act ive-metal  metall izing technique, the oxygen 
active metal  reacts with the oxide surface at high 
temperatures  to form an interfacial  complex oxide 
system which may act as the in termediate  bonding 
agent, as has been suggested for the g lass-on-meta l  
system (3-5). Not all of the active metal  is allowed to 
react with the oxide, thus a brazable metal  surface 
remains. In  the dispersion-metal l iz ing technique, the 
glass phase reacts with the ceramic and, by the se- 
lection of the correct coefficients of expansion, pro- 
vides good bonding to the ceramic. The metal  phase 
which is dispersed in the glass then provides the 
brazable surface. Both of these techniques require 
high temperatures  to allow chemical reaction and 
diffusion to take place between the metal l izing layer  
and the ceramic surface. These techniques also allow 
irregular  penetra t ion of the metal l izing into the ce- 
ramic, par t icular ly  in the polycrystal l ine ceramics hav-  
ing a high glass content  in the grain boundaries.  

In  some cases, design restrictions make these metal -  
lizing techniques impractical.  Some of these cases are: 
(a) ceramics which cannot  wi ths tand high tempera-  
tures without  decomposition or distortion, (b) thin 
ceramics where the interracial  region must  be kept  
very th in  and carefully controlled, (c) ceramic applica- 
tions where the i r regular  penetra t ion of the conven-  
t ional  metal l iz ing imposes problems with dielectric 
breakdown, and (d) metall izing techniques which are 
incompatible with other processing. 

The usual  method of obtaining an adherent  coating 
in these cases is to sputter, or vacuum evaporate, an 
oxygen active mater ia l  on the surface and promote 
substrate-coat ing reaction by l imited heat ing (6, 7). 
Without extensive heating the t ransi t ional  interface 
region which is formed is l imited in extent  and the 
stress dis t r ibut ion across the interface, which is neces- 
sary to obtain a good bond (8), is not developed. 

We propose that  a t ransi t ional  interface region, 
conducive to good bonding, may be formed by deposi- 
t ion of an oxygen-act ive metal  in a controlled gaseous 
environment .  In  this technique, the deposition of the 
active metal  is begun in  a par t ia l  pressure of oxygen 
to allow par t ia l  oxidation of the deposited mater ia l  and 
thus form a t ransi t ion oxide and suboxide interracial  
region. By decreasing the part ial  pressure of oxygen 
dur ing the deposition, the composition of the in te r -  
facial region may be "graded" from the substrate ma-  
ter ial  through a metal  oxide-metal  composite region to 
the pure metal. It has previously been noted that  bet ter  
adhesion can be obtained with oxygen active materials  
on glass when there is a poor vacuum (9, 10). Since 

1 This w o r k  is supported by the  U. S. Atomic  Ene rgy  Commission.  
K e y  words :  ce ramic  metal l iz ing,  composi te  films, th in  film me ta l -  

Uzing, sput ter  deposition. 

the oxygen-act ive metals are often difficult to braze, 
a more brazable surface may be formed by the co- 
deposition of some easily brazed mater ia l  dur ing the 
active metal  deposition and then grading to the pure 
brazable metal  by gradual ly  decreasing the deposition 
rate of the active metal.  

This investigation was pr imar i ly  concerned with 
metal l izing fused silica for a h igh- tempera ture  brazing 
operation. Fused silica develops large in te rna l  strains 
when  other chemical species are diffused into the sur-  
face or when  recrystal l ization (devitrification) occurs 
at high temperature.  These strains can crack the fused 
silica. Therefore, metal l izing must  be done at moderate 
tempera ture  with controlled chemical reaction be-  
tween the metal l izing and  the fused silica. In  addition, 
the low thermal  expansion coefficient of fused silica 
compared to most glasses and metals causes high 
stress to be developed in the interracial  region on 
cooling from high temperatures  when  convent ional  
metall izing is used. This problem can be averted by 
using a th in  metal l izing layer  and /or  a ductile metal  
coating. 

The choice of materials  is dictated by the processing 
involved. The oxygen-act ive metal  should be insoluble 
in the braze alloy so that it will  not be "scavenged" 
from the ceramic surface dur ing the brazing operation. 
In  addition, it should not exhibit  grain growth at the 
brazing temperature.  The brazable metal  should be 
re la t ively insoluble in the active metal  to prevent  
excessive diffusion and should not alloy rapidly with 
the braze mater ia l  at the brazing temperature .  

To prevent  scavenging, a refractory mater ia l  was 
used in contact with the silica. Of the four refractory 
metals (niobium, tanta lum,  tungsten, and molybde-  
num)  investigated, n iobium seemed to be the most 
stable under  brazing conditions, and the system nio- 
b ium-s i lver  with a copper-si lver eutectic braze was 
used. The n iob ium and silver were deposited in  a hot 
cathode triode sput ter ing system shown in Fig. 1. The 
relat ive sput ter ing rates were controlled by varying  
the bias on the sput ter ing cathodes. The oxygen con- 
tent in the discharge was controlled using commercial  
argon-oxygen mixtures  and pure argon with valving 
and a variable  leak as shown. The oxygen content  in 
the system was monitored using a differentially 
pumped mass spectrometer. Recorders were used to 
monitor  the cathode current  dur ing deposition. 

The sequence of steps in a typical  metal l izing op- 
erat ion was as follows. The fused quartz  substrate  
was thoroughly cleaned by scrubbing with Alconox 
unt i l  water  would wet the entire surface. After  mul t i -  
ple rinses in  distilled water, the fused silica was 
etched for 1 rain in a 5 v /o  (volume per cent) hydro-  
fluoric acid solution and rinsed again. The final pre-  
cleaning step was air firing at 800~ for 15 rain. The 
cleaned substrate was then placed in the sput ter ing 
chamber and the chamber  evacuated to 1 x 10 -5 Torr. 
The system was then backfilled with an Ar/5% O2 
mixture  to a pressure of approximately  8 x 10-.3 Torr  
while the chamber was cont inuously pumped. A hot 
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Fig. 1. Hot cathode-dual cathode sputtering apparatus showing 
disk niobium cathode and concentric ring-shaped silver cathode. 

cathode discharge was  established,  and the subs t ra te  
was g low-d i scharge  c leaned (11) in the  d ischarge  
plasma.  The sput te r ing  of the  n iobium was begun  by  
apply ing  a negat ive  2 kV bias to the  n iobium spu t t e r -  
ing cathode. Af t e r  a p rede t e rmined  t ime necessary  to 
give about  500A. of oxide,  the gas flow was switched 
to pure  argon. As the  oxygen  in the  sys tem was 
pumped  out, the  film became more  meta l l ic  and the  
deposi t ion was cont inued unt i l  about  1500A of n iobium 
were  deposited.  At  this  point,  the nega t ive  bias on the 
s i lver  spu t t e r ing  cathode was g r adua l l y  increased  to 
codeposit  s i lver  wi th  the  niobium. The bias on the  
n iob ium cathode was then  g radua l ly  decreased unt i l  
pu re  s i lver  was being deposited.  The s i lver  deposi t ion 
was cont inued unt i l  a to ta l  thickness  of about  IO,O00A 

_L[ 

Fig. 2. Schematic of the structure of the composite film metolliz- 
ing showing composition of regions which are graded into each other. 
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Fig. 3. Oxygen partial pressure during formation of the com- 
posite film metallizing. 

Table I 

G a s  c o m p o s i t i o n  T i m e  
O p e r a t i o n  a n d  p r e s s u r e  S p u t t e r i n g  b i a s  (rain) 

1. S p u t t e r  n i o b i u m  A r / 5 %  O2 @ 8 m T o r r  --2 k V  5 
2. S p u t t e r  n i o b i u m  A r / 5 %  02 @ 4 m T o r r  --2 k V  5 
3. S p u t t e r  n i o b i u m  A r / 5 %  02 @ 1 m T o r r  --2 k V  10 
4. S p u t t e r  n i o b i u m  P u r e  A r  @ I m T o r r  --2 kV 30 
5. S p u t t e r  n i o b i u m  -- 1.5 k V  (n iob ium)  

& P u r e  A r  @ 1 m T o r r  5 
S p u t t e r  s i l v e r  --0.5 k V  (s i lver )  

6. S p u t t e r  n i o b i u m  --1.0 kV (n iob ium)  
& P u r e  A r  @ 1 m T o r r  10 

S p u t t e r  s i l v e r  -- 1.0 kV (s i lver )  
7. S p u t t e r  n i o b i u m  --0.5 k V  ( n i o b i u m )  

& P u r e  A r  @ 1 m T o r r  5 
S p u t t e r  s i l v e r  -- 1.5 k V  (s i lver )  

8. S p u t t e r  s i l v e r  P u r e  Sir @ I m T o r r  -- 2 k V  90 

had been deposited. Figure 2 shows the resulting com- 
position of the composite metallized surface. 

The times necessary to deposit the various thick- 
nesses of niobium and silver with a given gas compo- 
sition, discharge conditions, cathode current density, 
and cathode bias were determined by stopping the 
deposition at various stages and measuring the film 
thicknesses with a Talysurf. Table I summarizes the 
sequence of steps and the times involved. Care was 
taken to insure that silver from the previous run was 
cleaned f rom the  niobium cathode.  If  this  is not  done, 
s i lver  wi l l  be deposi ted on the  silica surface and a 
poor bond will  be obtained.  

F igure  3 shows the  oxygen  content  of the  discharge 
in a typica l  meta l l i z ing  operat ion.  Chemical  and ion 
pumping  of oxygen by  the discharge subs tan t ia l ly  
reduced  the oxygen  content  of the  d ischarge  gas in 
the  ini t ia l  phase of the  process. In  order  to have  excess 
oxygen avai lab le  dur ing  the  ini t ia l  n iobium deposit ion,  
h igh gas pressure  was requi red .  The gas p ressure  was 
then  reduced  as the  discharge electrodes were  sa tu-  
r a t ed  and as the  discharge chemical  pumping  de-  
creased. 

The fused sil ica surfaces thus  meta l l ized  were  then  
brazed  wi th  a copper - s i lve r  eutectic braze.  Af te r  being 
subjec ted  to the  braz ing  ope ra t ion  the seals thus 
formed were  vacuum t ight ,  and when  tes ted to fa i lure  
the  jo int  f rac tu red  in the fused silica. 

Where  a low t e m p e r a t u r e - h i g h  s t rengh bond was 
desired,  the  a luminum-s i l ve r  composi te  sys tem was 
used. This sys tem prov ided  surfaces which  may  be 
soft soldered and is useful  for e lec t roding fer roelect r ic  
ma te r i a l s  and in jo in ing  mate r i a l s  having  la rge  differ-  
ences in coefficient of expans ion  such as a lumina  and 
brass.  

Manuscr ip t  submi t t ed  Mar. 31, 1970; rev ised  m a n u -  
script  rece ived  June  29, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1971 
JOUP~1AL.  
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ABSTRACT 

Microscopic investigation of the effect of l ignin and BaSO4 on the negative 
lead electrode showed that  l ignin was able to modify the lead crystal struc- 
ture  produced dur ing the forming operation, in addition to its effect on the 
structure of the PbSO4 crystals formed on discharge. The effect of the l ignin 
was to reduce the size and complexity of the dendrit ic lead crystals in the 
formed plate. The presence of BaSO4 had no appreciable effect on the micro- 
s tructure of the formed plate. 

At low temperatures  and at high discharge rates, 
the capacity of lead-acid batteries of the pasted plate 
type is usual ly  controlled by the negative lead elec- 
trode. This l imit ing action is the result  of increased 
polarization at the negative electrode which seriously 
limits reaction. Of the factors responsible for this 
polarization, the resistive component is the most 
serious in its effect. That is to say that  low tempera-  
ture increases the viscosity of the electrolyte, de- 
creases diffusion, lowers conductivity, and otherwise 
increases the resistance to current  flow and reaction 
at both electrodes. The process at the negative, in 
addition, produces highly resistive and passivating 
films of lead sulfate on the react ing lead electrode. 
Although lead sulfate is also produced on the lead 
dioxide electrode, the passivating effect in this case 
is less severe so that  the reaction at this electrode 
can be faster than at the lead electrode. 

It  has been found that  certain substances, called 
expanders, can decrease the polarization and passiva- 
t ion at the negative electrode. Lamp black, bar ium 
sulfate, and certain l ignin derivatives have been 
found to change but  not ent i re ly  el iminate the 
l imit ing character of the negative electrode. 

Of these additives, ba r ium sulfate and lampblack 
have been used almost as long a t ime as have pasted 
electrodes and there is now no means of determining 
if their  first use was the result  of for tui ty  or deliberate 
planning.  Lignin, however, was deliberately used to 
restore desirable properties a t t r ibuted to products 
leached from wood separators, as this need became 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  e x p a n d e r ,  m i c r o s t r u c t u r e ,  l e ad -ac id ,  b a t t e r y ,  n e g a t i v e  

p la te .  

evident  when the indus t ry  converted from wood to 
synthetic separators. 

The effect of BaSO4 and l ignin derivatives on low- 
temperature,  h igh-ra te  discharge capacity has been 
reported by Will ihnganz (1), Ritchie (2), Zachlin (3), 
Popova and Kabanov  (4), Kasporov, Yampol'skaya, 
and Kabanov (5), Barnes (6), Yampol'skaya, 
Ershova, Astakhov, and Kabanov (7), and Simon (8). 
The effect of organic materials  on the discharge 
characteristics of the lead electrode has also been the 
source of many  patents claiming specific improvement  
by certain materials. 

While there is disagreement as to the exact mech- 
anism, it is general ly  agreed that BaSO4 and an 
organic expander  mater ia l  are most effective when 
used together. Even here the objection has been 
made that  the effectiveness of the BaSO4 may depend 
on unidentified organic impurities. The max imum 
effectiveness of the organic expanders has been re-  
ported to occur after a number  of charge-discharge 
cycles, while the effectiveness of the BaSO4 is im-  
mediately available (3). Since the size of the PbSO4 
crystals has been demonstrated to depend on the size 
o~ the BaSO4 crystals added to the original mix, it is 
general ly agreed that the BaSO4 crystals must  remain 
undissolved in the plate to act as nuclei  when lead 
sulfate is being formed. This is thought to prevent  or 
h inder  the formation of PbSO4 films on the lead 
crystals and thus to reduce passivation. As to the 
funct ion of the organic material ,  there is less general  
agreement  but  such a mater ia l  seems to require elec- 
trolytic oxidation or reduci ion for ma x i mum effective- 
ness and it probably then adsorbs on the growing faces 
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of the PbSO4 crystals, enabl ing a more porous layer  
to be formed. There  seems to be quite  general  agree-  
ment  that  a definite small  amount  of organic mater ia l  
produces expander  action and that  an excess can be 
very  harmful  to the funct ioning of the electrode. This 
would appear to indicate a definite adsorption of a 
monomolecular layer  of some portion of the lignin on 
all or at least the react ive part  of the avai lable sur-  
face. This adsorbed layer  could then produce modifi- 
cation in the crystal l izat ion occurring at certain 
crystal  faces. 

The foregoing work has emphasized the effect of 
expanders  on the PbSO4 crystals formed on discharge 
of the lead electrode and has said nothing about any 
effect on the s t ructure  of the lead crystals grown 
dur ing the charge process. Barnes (6), however ,  had 
suggested, without  exper imenta l  verification, that  
expanders  might  also modify  the lead crystals 
formed during charge, leading to an increased surface 
area. It is, of course, well  known that  various organic 
addit ives have a modifying effect on the growth of 
specific crystals and this has also been demonstra ted 
for certain metal  crystals formed by reduct ion f rom 
solution. There  was therefore  good reason to expect  
the same modification in the case of lead crystals. 

An invest igat ion was initiated, using microscopic 
study and other  avai lable means, to de termine  the 
nature  of the modification produced in the lead sulfate 
crystal l ization films through the use of lignin der iva-  
t ives or bar ium sulfate. Examinat ion  of the negat ive 
electrodes which were  to be used in this invest iga-  
tion, fol lowing their  electrolytic reduction to lead 
from the oxide paste, revealed that the micros t ructure  
of the lead crystals was different in the plates with, 
and in those without,  ligain. BaSO4 on the other  hand, 
had no appreciable effect on the electrolyt ic  formation 
of the negat ive plate. 

Preparation of the Electrodes 
The posit ive PbO~ electrodes used in these exper i -  

ments  were  obtained f rom Globe-Union factory pro-  
duction and they were  of a propr ie tary  formulation.  
The negat ive lead electrodes, on the other  hand, were  
of an exper imenta l  formulat ion and the necessary 
mixing and pasting of these electrodes were  done at 
the Globe-Union Laboratory.  

The negat ive paste was prepared f rom Eagle-P icher  
34U Oxide. Various amounts  of BaSO4 and lignin 
were  added to separate portions of this dry oxide, as 
shown in Table I. These dry mixtures  were  then 
mechanically blended for 1 h r  to insure thorough 
mixing. After  blending, the portions were  individual ly  
placed in a mixer  and dry mixed for 2 min. Fol lowing 
this, 111 ml of water,  at approximate ly  23~ were  
added to 3 lb portions of the oxide during 1 rain of 
mixing, af ter  which the paste was mixed for 4 min 
more. The requi red  amount  of acid, 138 ml  (1.325 sp 
gr., 23~ was then added over  a 5 rain period. The 
paste was then mixed  for 15 rain more. In the case of 
paste without  lignin, it was necessary to increase the 
water  addition to 12l instead of I l l  ml. 

Numbered  and weighed grids f rom factory produc-  
tion were  then hand pasted to contain approximate ly  
the same final weight  of paste. Af ter  pasting, these 
plates were  cured for a min imum of 72 hr. Af te r  
curing, the plates were  joined together  into groups of 
4 positives or 5 negat ives by burned-on  connector 
straps. The cell  groups so produced were  then  formed 

Table I. Negative paste mixes used in this investlgatian 
(relative amounts of lignin and BaS04 used in mix) 

% BaSO~ I % Lignin 

0 0 0.5 1.0 
0.5 0 0.5 1.0 
1,0 o 0.5 1.0 

electrolyt ical ly in 1.050 sp gr acid at 6.6 A/cel l ,  for a 
period of 20 hr. Af te r  formation,  the cells were  dis- 
assembled and the posit ive and negat ive groups 
separated. 

Both the negat ive  and posit ive groups were  then 
washed in a s t ream of water  for 3-4 hr. Without  
fu r the r  preparation,  the positive plates were  then 
dried at 65~ in an oven. 

The negat ive plates, to avoid oxidation, were  
placed in a drying oven at room tempera tu re  which 
was then purged with  ni t rogen by three  t imes d raw-  
ing a vacuum and then releasing it by the introduction 
of nitrogen. After  the third purge, the ni t rogen was 
kept continuously flowing while  the tempera ture  was 
raised to 82~ and mainta ined for 5 hr. The plates 
were  then cooled to 50~ while  still in the ni t rogen 
environment .  

Af ter  fur ther  cooling, the posit ive and negat ive 
groups were  then cut apart  and the individual  plates 
were  analyzed by x - r a y  diffraction, differential  
thermal  analysis, thermogravimetric analysis, and 
microscopy. Only the microscopic examinat ion 
proved of much value in the examinat ion of the 
formed negat ive electrode, which consisted almost 
ent i re ly  of lead. Therefore,  the present paper  deals 
only with the microscopy of the formed lead electrode. 

General and Microscopic Observations of the 
Formed Lead Electrode 

Effectiveness of the lignin in prevention of cracking. 
- - F r o m  the p re l iminary  examinat ion of the formed 
lead electrodes, it was evident  that  extensive cracking 
of the active mater ia l  had occurred only in those 
electrodes that  contained no lignin. Those to which 
l ignin had been added had ei ther no cracks or cracks 
so small  and l imited in extent  as to make difficult 
their  detection without  optical magnification. It was 
also noted that  the electrodes containing no lignin 
cracked to the same extent  whether  or not BaSO4 
was present. 

Apparent variation o] electrode surface texture with 
the amount of lignin present.--Examination of the 
formed lead electrode by low magnification stereo-  
microscopy, before the  plastic impregnation,  indicated 
that  the surface s t ructure  var ied f rom electrode to 
electrode quite noticeably. It  seemed that  the greatest  
porosity and the coarsest surface s tructure was found 
in plates with 1.0% lignin, while plates containing no 
lignin appeared to be less porous and to have  a finer 
structure. The presence or absence of BaSO4 seemed 
to make  no difference. 

The significance of the above observations was 
great ly  reduced, however ,  when cross sections of the 
electrodes were  examined at high magnification. To 
obtain these cross sections, portions of the electrode 
were  impregnated with  a polyester, which, after 
hardening, permi t ted  the sample to be sectioned and 
polished. Examinat ion  at h igher  magnification of this 
cross section revealed that  the electrodes made  f rom 
each of the mixes had a s t ructure  at the surface and 
for a few mils below the surface that  was quite unlike 
that  which existed in the inter ior  of the electrodes 
(Fig. 1 and 2). This same difference was found at 
both plate surfaces. In general, the  lead crystals at or 
near  the surface were  larger  and much fur ther  apart  
than those which were  present  in the interior.  

In addition, there  were  often large voids just below 
the surface (Fig. 2). These voids were  always a small  
distance beneath the surface and they were  covered 
over  wi th  a layer  of surface crystals, so that  it is 
unl ikely  that these voids could have been seen during 
the surface examinat ion that  took place before the 
electrodes were  impregnated with  plastic. Moreover,  
the electrodes containing 1.0% lignin showed no such 
voids as appeared in Fig. 2. However ,  in the actual 
surface of the 1.0% lignin electrodes the particles 
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Fig. 1. Cross-sectional view of negative plate, including surface 
layer. Plate made from paste mix with 1.0% lignin and no BaSO4. 
Bright particles are lead dendritic crystals. Center of plate is be- 
low the lower edge of photograph, while surface of the plate is 
above the center of the photograph. Dark area at top of photo- 
graph is the plastic embedding material. Note different structure 
at, and just below, surface. Magnification 120X. 

Fig. 2. Cross-sectional view of negative plate, including surface 
layer. Plate was made from paste mix with no lignin but 0.5% 
BaSO4. Same relative position as Fig. 1. Note large voids below 
plate surface. Magnification 120X. 

seemed to be larger,  or else had formeci con- 
glomerates, thus suggesting larger particles, than 
those that  were seen in the other electrodes. There-  
fore, it seemed likely that in the earl ier  examinat ion 
the spaces between these large surface particles had 
been mistaken for voids when comparison was made 
with electrodes containing much finer particles. In  
any case, the differences in size of particles in the 
surfaces of the different electrodes, as viewed in cross 
section, were not as obvious as had seemed the case 
when viewed from above the surface with a stereo- 
microscope. 

It  may have been significant that  the plates rep- 
resent ing mixes with 1.0% l ignin had no subsurface 
voids. It  should be noted, however, that there was 
considerable variat ion in the appearance of the surface 
layer, even in the same electrode. It was also t rue  
that the amount  of mater ia l  involved in this phenom- 
enon was small  as compared with the total  area of 
the cross section. There is also considerable evidence 
at hand  to suggest tha t  the difference at the surface 
may be, at least part ial ly,  the result  of the slight sulfa- 
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t ion that  occurs when the plates s tand for a t ime in 
the forming electrolyte before the actual  electrolysis 
begins. In  this case the phenomenon would probably 
be independent  of the type or amount  of expanders 
being used. Similar  differences between the surface 
and interior  of the plate have been noticed in com- 
mercial  plates of many  different manufac turers  and 
have been seen in both positive and negative plates. 

Modification of the crystalline lead structure by the 
presence of lignin.--The most noticeable change in 
crystal l ine s t ructure  in the presence of l ignin  was in 
the central  portion of the plate. The th in  surface layer 
of different s tructure remained unchanged in the 
presence or absence of BaSO4 and lignin, although 
this surface layer  contained less large holes in the 
presence of lignin, as previously mentioned. 

The interior  s t ructure  of plates with l ignin con- 
sisted of smaller and less complex dendrit ic crystals 
than that in l ignin-free  plates. No significant changes 
of s t ructure could be a t t r ibuted to the presence of 
the various amounts  of BaSO4 in any of the electrodes. 
The relat ive amount  of l ignin added may have been 
significant but  the effect of changing the amount  was 
small as compared with its complete absence. There-  
fore, the following description of s t ructure  modifica- 
t ion by l ignin  is confined to a comparison of electrodes 
in which l ignin was present  and in which l ignin was 
absent, without considering the smaller changes pro- 
duced by varying the quant i ty  of lignin. It should also 
be mentioned that  the interior microstructure for any 
given electrode was not ent i re ly  uniform and oc- 
casional areas were observed in both the electrodes 
with and without  l ignin that  did not fit the following 
description. However, the following description rep- 
resents the s t ructure  found in  most areas. 

In the electrodes containing no l ignin (Fig. 3), the 
individual  lead filaments were very long, sometimes 
with a dozen or more pract ical ly parallel  filaments 
extending as a group in straight lines for distances 
in the range of 200-375~. This parallel  fi lament struc- 
ture  seemed to be most extensive in the area of the 
grid bars and to sweep outward from their vicinity. 
Usually, however, no direct contact with the grid 
was found. The crystals were randomly  oriented 
except in the vicini ty of the grid. They did not seem 
to grow into the surface layer, so tha t  a distinct 
boundary  could be marked between the surface and 
the interior. In  contrast  to the very  long, slender lead 
filaments of the interior, the surface particles were 
coarse, nondescript,  and seldom parallel.  

Fig. 3. Formed negative plate cross section, showing the many 
parallel rows of what appear to be needlelike lead filaments. 
Paste mix used in the preparation of this plate contained neither 
lignin nor BaSO4. Magnification 800X. 
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Fig. 4. Cross section of formed negative plate containing 0.5% 
lignin but no BaSO4. Magnification 800X. 

Fig. 6. Same view as Fig. 4, but at the higher magnification of 
1600X. Note relatively simple needles as compared with Fig. 5. 

In  most areas of the  plates containing l ignin (Fig. 
4), on the other hand, paral lel  filaments of lead were 
rare ly  found to exceed 30t, in length and there were 
rarely more than three  or four paral lel  filaments in 
a group. Growth direction was also completely r a n -  
dom. 

Figures 3 and 4 represent  a magnification of 800X, 
about the lowest that  could be used to encompass a 
sufficient area to give an idea of the general  s t ructure 
and yet furnish sufficient detail to enable one to see 
the individual  particles. Figures 5 and 6, taken at 
1600X magnification, give a clearer view of the es- 
sential differences of the electrodes with and without  
lignin. 

At the magnification of Fig. 4, there seems to be an 
almost complete lack of parallel  filaments, but if one 
looks closely at Fig. 6, at the higher magnification 
of 1600X, it is possible to detect very closely spaced 
parallel  filaments. The corresponding photographs of 
the type of s t ructure found in l ignin-f ree  plates (Fig. 
3 and 5) very  clearly show the many  practically 
parallel  filaments of lead that  are present  in l ign in-  
free electrodes. 

Figures 5 and 6 were obtained with an oil immersion 
objective which not only changes the contrast  and 
general  appearance of the lead filaments but  also 
lowers the reflectivity of the polished sample section 
to some extent. This permits  portions of the sample 
which are beneath the sectioning level to be examined 

Fig. 5. Same view as Fig. 3, but at the higher magnification of 
1600X. 

but has the disadvantage that crystal identification by 
means of differing surface reflectivity is made corres- 
pondingly more difficult. 

Examinat ion  of plates at lower magnifications, such 
as those of Fig. 3 and 4, seemed to show a number  of 
very smalt  crystals of reflectivity different f rom that  
of the lead. This is most evident  in Fig. 4. Their  
general  appearance suggested that  they were lead 
sulfate crystals. These crystals seemed to be more 
numerous  in the plates that contained lignin. If true, 
this might  indicate a clue for the reason for the 
s t ructural  differences shown by electrodes containing 
lignin. Unfortunately,  when using oil immersion 
objectives, for the reasons given above, these crystals 
could not be clearly differentiated from the lead so 
that no definite conclusions as to the relat ive amounts  
present in l ignin-f ree  and l ign in-conta in ing  p la tes  
could be drawn. 

It was concluded from the microscopic examinat ion  
that  the complexity of dendrit ic growth of the lead 
crystals, and total crystal size, had been reduced by 
the presence of lignin. 

Possibility of lignin migration during ~orming.--It 
is the usual  practice to add the l ignin  and BaSO4 to 
the original paste mix. This mix is then pasted into 
the grids used for the negative electrodes and is sub-  
sequent ly dried. The negat ive electrode is then im-  
mersed in an acid electrolyte and electrolytically 
formed to sponge lead. It is not definitely known  what  
happens to the l ignin dur ing this process. The BaSO4, 
on the other hand, because of its lack of solubility, is 
believed to remain  in the negative plate. During the 
electrolytic forming, the original  paste of the negative 
electrode, consisting of basic lead sulfates, PbO, 
lignin, and BaSO4, is converted almost ent i re ly  to 
dendrit ic lead crystals. This conversion presumably  
l iberates the l ignin which may either diffuse into the 
surrounding electrolyte and even to the positive elec- 
trode, or immediate ly  deposit on the surfaces of the 
growing lead crystals as they form. 

In  the original  exper imenta l  arrangement ,  each of 
the cells contained a positive electrode consisting of 
four commercial  plates and a negative electrode con- 
sisting of five plates. The three inside negat ive plates 
were laboratory mixes which contained various 
amounts  of BaSO4 and l ignin as shown in  Table I. In  
every case, however, the two outside plates were 
production negatives containing both l ignin  and 
BaSO4. After  the forming, these two outer plates were 
discarded and were not given any examinat ion.  In  
the subsequent  examinat ion of the exper imenta l  
plates, the presence of BaSO4 and l ignin in  the two 
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outer commercial  plates did not seem to have any 
effect on the s tructure of the inner  exper imental  
plates of the same electrode. 

To test the correctness of this observation, however, 
five addit ional cells were prepared and electrolytically 
formed in the same manner  as the earlier cells. These 
addit ional cells contained the following exper imental  
a r rangements  in the negative electrode: 

(a) All five plates were laboratory preparat ions 
containing 0.5% BaSO4 but  no lignin. 

(b) Two laboratory prepared plates containing 
0.5% BaSO4 but no l ignin were sandwiched between 
three production negatives containing l ignin and 
BaSO~ 

(c) All five plates were production negatives con- 
ta in ing BaSO4 and lignin. 

(d) An electrode was assembled from five labora-  
tory prepared plates containing 0.5% BaSO4 but  no 
lignin. Just  prior to formation l ignin  was added to the 
electrolyte. 

(e) An electrode was assembled from five labora-  
tory prepared plates containing 0.5% l ignin and 0.5% 
BaSO~. 

The individual  plates from each of these electrodes 
were examined after the formation and their  s tructure 
was found to confirm the previous conclusions. The 
structure of the l ignin-f ree  plates was the same as 
that of the two plates containing no l ignin which had 
been sandwiched between production negatives. 

The plates which contained no lignin, formed in the 
electrolyte to which l ignin  had been added, may have 
undergone a very slight modification of structure. For 
the most part  the s t ructure  found in this electrode 
was quite similar to that  in the electrodes in which 
all plates were l ignin free, except that there seemed 
to have been a slight reduction in crystal size near  
the surface of the plate. However, the somewhat dif- 
ferent  s t ructure usual ly  found at the surface of the 
plate, as previously noted, made it difficult to be sure. 
It can only be said that, if l ignin added to the elec- 
t rolyte  had any effect on the structure developed 
during electrolytic forming, such an effect was slight. 
It was concluded that l ignin must  remain  in the plate 
and that  it is not released into the electrolyte dur ing  
the formation process. 

Discussion and Conclusions 
Lignin definitely reduced the complexity of the 

s tructure in lead crystals during the original elec- 
trolytic formation that  produced the so-called "sponge 
lead" electrode. Therefore, it is impor tant  to consider 
just  what is the lead crystal structure. Polished 
cross sections of electrodes that contained no l ignin  
showed groups of parallel  lead filaments extending 
for considerable distances unt i l  their  path was in ter -  
rupted by similar groups of paral lel  filaments ex- 
tending in other directions. 

What was seen cannot be filaments, however. The 
possibility would be extremely remote that  such 
smal l -diameter  filaments would extend for any  dis- 
tance parallel  to a randomly selected plane section, 
and for this to occur with the observed frequency 
would be incredible. Despite their  appearance, there-  
fore, the apparent  filaments or needlelike lead struc- 
tures must  have represented some other configura- 
tion. 

The idea of parallel  tabular  crystals or l aminar - l ike  
growths suggests itself immediate ly  but  was rejected 
in favor of an ordered dendrit ic growth for the follow- 
ing reasons: 

(a) Cross sectioning at any angle through a laminar  
structure would always produce apparent ly cont in-  
uous filaments in the surface of the section. This is not 
the actual  case, however. Sections contained areas 
both of the needlelike, parallel, pseudo-filaments and 

areas where small i r regular  particles appeared, 
usual ly roughly circular or ovoid, separated by con- 
siderable and usual ly  un i form distances. These 
particles did not show visible connection with one 
another. That these i r regular  particles were dendrit ic 
extensions of a larger growth could be easily dem- 
onstrated by repeated gr inding and re -examina t ion  
of the same area whereby  it was found that  particles 
remained in approximately the same position although 
the depth of mater ia l  removed by gr inding greatly 
exceeded their  apparent  diameters. That  they were 
interconnected at certain levels was also established 
in this manner .  

(b) Focusing down through the clear plastic made 
possible examinat ion of some subsurface areas. It was 
noted in some cases that  pointed projections could be 
seen below the surface. These appeared to be the 
ends of dendritic type branched structure,  and they 
were most numerous  in areas where the ovoid or 
circular particles were found. When such areas were 
ground down, cross sections of these particles were 
identical with those seen elsewhere and since laminar  
s tructure was never  noted in this m a n n e r  it was as- 
sumed that  the pointed extensions and the sectioned 
i r regular  particles were cross sections through a den-  
dritic crystal near  a growth boundary.  It  was in-  
dicated that the pointed projections seen beneath  the 
surface were the same as those that  had been sec- 
tioned, except that  growth had stopped short of the 
plane of section. 

(c) Disintegration of the plate either by me-  
chanical crushing and grinding, ultrasonic vibration, 
or the vigorous shaking of suspensions did not reveal 
any platelets or foil-l ike structures in the residue. 
Since lead is malleable, some evidence of such struc- 
ture  should have survived the plate disintegration, if 
it indeed existed. On the other hand, short lead 
needles of i r regular  circumference were abundan t  in 
the residue. 

(d) It has been our experience that sectioning of 
mater ial  containing platelets or t abular  crystals gives 
some evidence of their  presence in the polished micro- 
section. The appearance of i r regular  th in  platelets, 
formed by the sectioning of tabular  crystals at angles 
very close to paral lel ing their  surfaces, is one such 
indication. Although it is granted that the psuedo-lead 
filaments seen in the sections of negative plates would 
indicate very th in  laminae, if laminae were indeed 
present, it would seem that there should be at least an 
occasional occurrence of such sectioning paral lel  or 
near ly  paral lel  to their surfaces. This is especially 
t rue since the psuedo-lead filaments occurred in such 
abundance.  Actual ly no such indications were found, 
indicat ing that l aminar  or tabular  forms are not 
present. 

(e) The smallness of the psuedo-lead filaments, the 
closeness of their spacing, and the l imi ted depth to 
which high magnification objectives are able to be 
focused below the surface of the section make it im-  
possible to follow inclined surfaces to a :sufficient 
depth below the surface of cut t ing to obtain much 
information,  but  it was noted that such incl ined sur-  
faces as could be inspected appeared to have very 
i r regular  appearance and that they contained many  
knoblike protrusions and otherwise more near ly  re-  
sembled dendrit ic s t ructure t han  laminar.  

(f)~ Finally,  attempts to ,study the growth of lead 
crystals by electrochemical reduction from other 
solutions and from assorted jells has always resulted 
in a dendrit ic type of growth ra ther  than  a foil-l ike 
or laminar  one, except where a foil-like s tructure may 
eventual ly  develop from a dendrit ic origin, as is to 
be discussed. 

Much has been learned of lead crystal s t ructure 
from a study of lead crystals grown by electrolysis 
from a lead-rich solution, when such crystals were 
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Fig. 7. Simpllfied drawing of branched structure produced during 
growth of lead crystals by electrochemical reduction from solution. 

grown so that  other crystals did not interfere. F igure  
7 gives a greatly simplified sketch of such a crystal. 
The reader is undoubtedly  familiar  with such skeletal 
crystals, commonly referred to as dendrit ic crystals. 
The observed growth of dendrit ic lead crystals, how- 
ever, showed them to be unbel ievably  complex and 
far from the simple form shown in Fig. 7. The p r imary  
stem, while cont inuing to grow in a straight line, 
produced numerous  secondary branches growing at 
right angles to the original  growth direction, as in 
Fig. 7. The process did not stop there, however,  be- 
cause the secondary branches also continued to grow 
and to produce ter t iary  branches, at right angles to 
the growth direction of the secondaries. The process 
even cont inued beyond this point to produce branches 
of an even higher order of branching.  

Each branch of such a dendrit ic crTstal grew first 
into a long, slender needle, much longer in propor-  
t ion to breadth  than shown in  Fig. 7. At a later  stage 
numerous platelets or crystalli tes formed along the 
length of the needle. These platelets obscured the 
simple needlel ike shape first formed and, when  cut, 
formed very unsymmetr ica l  cross sections. This is 
i l lustrated in  Fig. 8, which shows an actual photo- 
graph of a very small  portion of a crystal electro- 
lytically grown from solution. The port ion shown does 
not represent  the original  p r imary  stem but  it was in 
an area where ter t iary  branches grew from a sec- 
ondary. It will  be noted that  te r t iary  branches oc- 
curred at right angles to one another  and at closely 

Fig. 8. Photograph of small portion of branched structure of ac- 
tual lead crystal grown by electrochemical reduction from solution. 
Magnification 640X. 

spaced intervals  along the secondary. Had the process 
not been stopped at this point,  some of the small  
platelets growing from the ter t iary  branches may 
eventual ly  have formed addit ional  branches of higher 
order. It  can be seen that  the combinat ion of closely 
spaced ter t iary  branches and the growth of the small  
platelets into the spaces be tween them produced an 
almost continuous surface, or  foil. In  such a s t ructure  
there are preferred growth directions so that, in 
essence, paral lel  laminae result,  al though with a 
dendrit ic origin and without  smooth and un in t e r -  
rupted surfaces. Such a form of growth produces a 
three-dimensional  grid and when cross sectioned at 
any angle there will be produced in the sectioned 
surface cross sections of dendrit ic branches which wil l  
be ar ranged in parallel  rows. 

This is shown by Fig. 7. If only the quadran t  rep-  
resented by ABC is considered, this can be drawn in 
slightly greater detail, with some secondary and 
ter t iary  branching included, as in Fig. 9. Then 
imagine that  the plane ABCD represents the plane of 
the electrode cross section. It can be seen how the 
highly symmetr ical  branches of the crystal, when 
intersected in this way, can produce paral lel  rows of 
branch cross sectior~s on the surface of the micro- 
scopic specimen. Remember  also that  in  the actual  
crystals the branches are very  closely spaced and 
have overgrowths that not only help to produce cross 
sections of i r regular  shape but  also help to close 
up any space left between members  of the row. This 
helps to give the il lusion that one is viewing a con- 
t inuous filament ra ther  than  a row of cross sections. 
In real crystals the dendrit ic branches were less un i -  
form in diameter,  sometimes bent  because of their 
weight, and perhaps with less un i form spacing of 
branches. Nevertheless, the s tructure in cross sections 
would be produced in the same manne r  as described. 
(Fig. 10). 

This somewhat lengthy description of dendrit ic 
growth is not in tended to imply  that  such dendri t ic  
growth is unique  to lead but  only to i l lustrate how 
the psuedo-lead filaments are produced that  appear 
in the microscopic cross sections and also how these 
psuedo lead filaments may indicate the presence of a 
considerably more complex structure.  Whether  or not 
this explanat ion is correct has no bear ing on the 
real i ty  of the considerably less complex microstruc-  
ture  found in the electrodes containing lignin. What -  
ever the explanat ion of the observed microstructures,  
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Fig. 9. Drawing made to indicate method by which illusion of 
parallel lead filaments is created in surface of sections cut through 
dendritic branched crystals. 
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Fig. 10. Photograph of a portion of the psuedo-filaments of lead, 
indicating the pronounced tendency to be discontinuous even 
though the individual particles maintain pronounced alignment. 
Magnification 1600X. 

that  in the electrodes containing l ignin  was definitely 
less complex than  that  in l ignin-f ree  plates. 

If this explanat ion of the observed microstructure 
is correct, however, the paral lel  filaments as seen in  
a l ignin-f ree  electrode are evidence of a much more 
extensive and complex structure either above or 
below the plane of the cross section made for ex-  
amination.  It should be evident  that random section- 
ing would rare ly  show the full  length of the unde r -  
lying crystal, so that  it would be expected that m a n y  
of the crystals were actual ly larger and more complex 
than the part  seen in the section would indicate. 

In watching the dendrit ic growth of lead crystals 
from solution, it was determined that  the diameter  
was roughly uni form along the entire length of a 
dendrit ic branch except at the growing tip where it 
narrowed to a sharp point. Branch diameter, branch 
spacing, and total crystal complexity varied with the 
concentration, current  density, temperature,  and 
other factors. Considerable var ia t ion in these factors 
is also noted in different areas of the same formed 
electrode. 

Artistic license is taken in Fig. 7 and 9 which show 
the branches taper ing along their  entire length, a 
completely false impression. Since the branches are 
all so uni form in diameter, it would appear that  
added growth to the diameter of the crystal, dur ing 
the init ial  rapid stage of growth, is prevented by a 
sudden depletion of lead ion in the dendrit ic branch 's  
vicinity as a steep concentrat ion gradient develops. 

After the sudden growth of a dendri t ic  branch 
through a given area, an equi l ibr ium condition is 
gradual ly  restored and secondary branching occurs. 
Microscopic examinat ion of dendrit ic crystals grown 
in solution showed that the original growth of a 
branch through the area produced a needlel ike 
cylindrical  s t ructure with practically smooth sides. 
After  a t ime very small  crystalli tes began to form 
on the original  dendri t ic  branches and these con- 
t inued to increase in size (Fig. 8). At more or less 
regular  intervals  along the length of the dendrit ic 
brarwh, some of these crystalli tes were able to out-  
grow the others and ini t iated another  sequence of 
dendritic branching.  This in t u rn  set up new con- 
centrat ion gradients that suppressed the growth of 
the crystalli tes that  remained between those able to 
outstrip the others. 

Very small differences were found in the diameter  
of dendrit ic branches of l ignin-f ree  and l ignin-con-  
raining electrodes. This would indicate that  l ignin 
exerts l i t t le influence in the ini t ial  stages of growth 
during which pr imary  stems are forming. It  is ap-  
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paren t ly  the secondary or higher branching  that  the 
l ignin  suppresses. More likely, it is the formation 
of the small platelets that i,s suppressed, so tha t  higher 
order branching is not possible. It  is assumed, there-  
fore, that l ignin must  deposit at once on the newly  
formed pr imary  stems and  fur ther  lead growth can 
occur only by nucleat ion of new crystals. Presumably,  
the pr imary  dendrit ic stem could be as long in a 
l ign in-conta in ing  plate as in a l ignin-f ree  plate, but  
no extensive branching  would occur. Without  a 
symmetr ical  and extensive secondary branching,  such 
a long pr imary  stem would probably never  be 
detected, as there would be infinitesimal chance of 
sectioning so as to reveal the entire length, or even 
any great portion, of such a long pr imary  stem. 

The sections of l ign in-conta in ing  plates show only 
short psuedo-fi laments and very  li t t le paralleling, so 
that  it can be deduced that the under ly ing  crystals 
are quite simple, close packed, and very  numerous.  

It is doubtful  that the modification in crystal s t ruc-  
ture  brought  about by the l ignin  offers any real  
advantage at the beginning,  al though this cannot be 
definitely ascertained unt i l  all  phases of this investiga- 
t ion are completed. BET measurement  of the surface 
of the l ignin-f ree  and i ign in-conta in ing  electrodes 
showed near ly  the same surface area to be present  in 
the two cases. 

It was noted that  l ignin seemed to reduce the 
cracking that  occurred dur ing the drying of the 
formed negative electrodes. This is puzzling since it 
would seem that  the complex lead structure found in 
the l ignin-f ree  plates would form more interlocking 
and a more coherent plate than would the less 
intr icate  crystals of the l ignin-conta in ing electrode. 

However, perhaps the less complex s t ructure  in 
the l ign in-conta in ing  plate resul ted in more efficient 
packing so that  such a plate was more resistant to the 
surface tension produced by the eyaporat ion of the 
electrolyte. Or perhaps the simpler s t ructure of the 
crystals in the l ignin-conta in ing  plates is more re-  
sistive to compressive forces than are the long, com- 
plex, many-b ranched  crystals of the l ignin-free  
plates. 

In  conclusion, ment ion  should be made of the work 
of Hauel  (9), who studied the change in permeabi l i ty  
of the negative electrode dur ing formation and con- 
cluded that BaSO4 was beneficial to the process. This 
conclusion was based on the observed decrease in 
permeabi l i ty  at the end of formation in  plates con- 
ta in ing BaSO4 but no organic material,  and on the 
assumption that  decreased permeabi l i ty  was the 
result  of the formation of smal ler  crystals and con- 
sequent ly smaller pores. As ment ioned previously, no 
evidence was found in the present invest igat ion that 
BaSO4 changed the lead crystal  s t ructure  in any 
manner ,  nor  could evidence be found to otherwise 
explain the decreased permeabi l i ty  in the presence of 
BaSO4 that was observed by Hauel. 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
J O U R N A L .  
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Oxygen and Hydrogen Peroxide Reduction at a Ferric 
Phthalocyanine-Catalyzed Graphite Electrode 

A. Kozawa,* V. E. Zilionis,* and R. J. Brodd* 
Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland, Ohio 44101 

ABSTRACT 

When deposited on graphite, ferric phthalocyanine has been found to be 
a good catalyst for electrochemical oxygen reduction in near  neut ra l  isotonic 
saline electrolytes (pH 7.22). In  this study, the electrochemical reduction of 
oxygen and hydrogen peroxide at the ferric phthalocyanine-graphi te  electrode 
was investigated over a wide range of pH-values by l inear sweep vol tammetry  
in order to characterize the catalyst system. The results are compared with 
those at platinized p la t inum and graphite electrodes. The activity of the ferric 
phthalocyanine-graphi te  electrode is approximately equal to that  of the platio 
nized p la t inum electrode in 1M KOH. In acid solution, the ferric phthalo-  
cyanine-graphi te  electrode has a fair activity but  becomes inactive once a 
fairly negative potential  is imposed. 

In  the search for a specific catalyst for the oxygen 
cathode of an implantable  fuel cell that could power 
an artificial heart  device, ferric phthalocyanine-cata- 
lyzed graphite was found to be an excellent electrode 
for oxygen reduction in saline solution (1, 2). Metal 
phthalocyanines such as cobalt phthalocyanine (3, 4) 
and ferric phthalocyanine  (5) have been reported to be 
good catalysts for the oxygen cathode of a fuel cell. 
Although the performance of fuel cells or half cells 
having such catalysts on or in the porous cathode have 
been reported, basic electrochemical studies of such a 
catalyst under  relat ively simple conditions have not 
been reported. In  previous studies, 35% KOH or 4.5N 
H.,SO4 solutions were used as electrolytes (3, 5). The 
pH range in the present investigation is l imited to that  
between 1M KOH and 0.5M H2SO4. 

In  this study, in order to establish the electrochemi- 
cal characteristics and capabilities of the ferric 
phthalocyanine-graphi te  electrode, the electrochemical 
reductions of oxygen and hydrogen peroxide were 
investigated at ferric phthalocyanine-graphi te ,  plat i-  
nized plat inum, and graphite electrodes over a wide 
pH range (pH 0.3-13.5). Investigations of the ferric 
phthalocyanine-graphi te  electrode in widely varying  
media should be helpful  in defining impor tant  charac- 
teristics of electrocatalysts, since many  catalysts for 
oxygen cathodes general ly  do not work equally well in 
both alkaline and acid solutions. 

Experimental Procedure 
A pla t inum or pyrolytic graphite rotat ing disk elec- 

trode described previously was used (1). The areas of 
the di~k electrodes were 0.196 and 0.268 cm e for plat i-  
n u m  and graphite electrodes, respectively. The cell 
was a glass vessel having a water  jacket to control the 
temperature.  Both the counterelectrode and the ref- 
erence electrode were saturated calomel electrodes 
(SCE). All  potentials were measured and reported vs. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  o x y g e n  r e d u c t i o n ,  H._,O-,, r e d u c t i o n ,  f e r r i c  p h t h a l o -  

c y a n i n e  g r a p h i t e .  

SCE. All the cur ren t -poten t ia l  (i-E) curves were taken 
start ing at the open-circui t  potential  and sweeping 
toward more negat ive  potentials at a ra te  of 0.1 V/ra in  
at 23 ~ • I~ The i-E curves were recorded with an 
X-Y recorder. 

P la t inum black electrodes were prepared by elec- 
trodepositing p la t inum black on the surface of a 
polished p la t inum disk from a chloroplatinic acid so- 
lut ion containing lead acetate. The surface was com- 
pletely covered with a black deposit. The pyrolytic 
graphite surface was polished in the usual  metal lo-  
graphic manner  using a 0.3~ a lumina  suspended in 
water, with water on microcloth for the final polish. 
Ferric  phthalocyanine catalyst was deposited on the 
polished graphite surface from a concentrated sulfuric 
acid solution by di lut ing the solution with water. By 
this method, approximately 1 ~g/cm 2 of ferric phthalo-  
cyanine  was deposited on the graphite surface. Ferric 
phthalocyanine was determined spectrophotometrically 
from the absorbance of pyridine solutions at 655 m~. 
The platinized p la t inum electrode was kept in distilled 
water  and used repeatedly. However, a fresh ferric 
phthalocyanine-graphi te  electrode was prepared for 
each experiment.  

The following six electrolytes were prepared from 
analyt ical  grade reagents: 

1. 0.5M H2804 
2. 0.05M HaSO4 -4- 0.15M NaC1 (pH 1.55) 
3. 0.15M NaC1 -4- 0.05M sodium-potassium phosphate 

buffer (pH 7.22) 
4. 0.15M NaC1 -t- 0.05M sodium acetate (pH 7.7) 
5. 0.1M KOH -k 0.15M NaC1 (pH 11.58) 
6. 1M KOH. 

The i-E curves were taken in n i t rogen-sa tura ted  so- 
lution, oxygen-satura ted (1 arm) solutions, and in 
n i t rogen-sa tura ted  solutions containing hydrogen per-  
oxide. The hydrogen peroxide solution was prepared 
from 90% hydrogen peroxide (which was a stabilizer- 
free product supplied by FMC Corporation).  The ap- 
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proximate  hydrogen peroxide concentrat ion in the 
n i t rogen-sa tura ted  solution was 0.001M. 

In order  to compare the capabil i ty of the ferr ic  
phthalocyanine-graphi te  electrode with  that of a plat i -  
nized plat inum electrode, the i - E  curves for both 
electrodes were  taken in the same solution. Equiva len t  
measurements  at an uncatalyzed graphi te  electrode 
gave the basic act ivi ty of the substrate mater ia l  since 
the ferr ic phthalocyanine catalyst  may not completely  
cover  the surface of the graphi te  electrode. 

Results 
Figures 1-6 show the i - E  curves taken at plat inized 

platinum, ferr ic phthalocyanine-graphi te ,  and graphite 
electrodes in various oxygen-satura ted ,  acid, neutral ,  
and alkaline solutions. Regardless of the pH value  of 
the solution used in this work, the current  due to oxy-  
gen reduction at a graphite electrode is pract ical ly 
zero up to about --0.3V vs .  SCE. In neut ra l  and alka-  
line electrolytes, the current  at the platinized plat inum 
or ferr ic phthalocyanine-cata lyzed graphi te  electrodes 
becomes diffusion l imited before that  potential.  

In acid solutions (Fig. 1 and 2), the loss in act ivi ty  of 
the ferric phtha locyanine-graphi te  electrodes for oxy-  
gen reduct ion is noted once the electrode is swept 
beyond --0.3V vs .  SCE. The current  is much lower for 
the second i - E  curve  than for the init ial  sweep. In fact, 
the act ivi ty of the catalyzed electrode is reduced to 
that of a plain (uncatalyzed) graphi te  electrode after 
an extended voltage excursion to potentials more 
negat ive than --0.8V as noted in curves 2 and 3 of 
Fig. 2. 

It  should be kept in mind when  examining  the  i - E  
curves that  essentially all the oxygen reaching the 
platinized plat inum electrode surface by diffusion is 
reduced to water  (0,2 + 4H + + 4e -  -> 2H20) by a 
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Fig. 1. Current-potential curves in 0.5M H2504 (oxygen-satu- 
rated). Curve 1, platinized platinum electrode (apparent surface 
area: 0.196 cm2); curve 2, ferric phtholocyanine-graphite electrode 
(apparent surface area: 0.268 cm2), (lst sweep); curve 3, ferric 
phtholocyoaine-grophite electrode (2ad sweep, immediately after 
curve 2); curve 4, ferric phthalacyanlne-grophite electrode (previ- 
ously swept once in N2-saturated H2SO4 from +{-0.4 to - - I .0V);  
curve 5, graphite electrode (apparent surface area: 0.268 cm2). 

four-e lec t ron t ransfer  react ion in the potent ial  range 
more negat ive than +0.4V in 0.5M H2SO4. 

Assuming the pla teau current  at the plat inized plat i -  
num disk electrode is the diffusion-l imit ing current  for 
the oxygen reduct ion react ion (O2 + 4H + + 4 e -  
2H20), the m a x i m u m  current  for the  ferr ic phthalo-  
cyanine-graphi te  electrode can be calculated from the 
ratio of their  surface areas. A current  value  of 300 ~A 
was observed for plat inized pla t inum electrodes. The 
l imit ing current  value  for the ferr ic phtha locyanine-  
graphi te  electrode is calculated to be 400 ~A; that  is, 
0.268 cm2/0.196 cm 2 x 300/~A -~ 400 ~A. 

In neutra l  and alkaline electrolytes (Fig. 3-6), the 
ferric phtha locyanine-graphi te  electrode gives a pla-  
teau current  value  that  is close to the diffusion-l imit ing 
current  as previously  calculated over  a wide potent ial  
range. Also, the electrode maintains its act ivi ty  upon 
repeated sweeps, even when  it has been swept to ve ry  
negat ive potentials. 

i::i o4 o 04 08 6 
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Fig. 3. Current-potentlal curves in 0.15M NaCI +0.05M phos- 
phate buffer (pH 7.22), (oxygen-saturated). Curve 1, platinized 
platinum electrode (apparent surface area: 0.]96 cm2); curve 2, 
ferric phthalocyanine-grophite electrode (apparent surface area: 
0.268 cmg), (arrows show direction of the voltage sweep); curve 3, 
graphite electrode (apparent surface area: 0.268 r 
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Fig. 4. Current-potential curves in 0.15M NoCI + 0,05M sodium 
acetate (pH 7.7), (oxygen-saturated). Curve 1, plotinlzed platinum 
electrode (apparent surface area; 0.196 cm2); curve 2, ferric 
phthalocyanine-graphite electrode (apparent surface area: 0.268 
cm2), (1st sweep); curve 3, ferric phthalocyanine-graphite electrode 
(2nd sweep, immediately after curve 2); curve 4, graphite electrode 
(apparent surface area: 0.268 cm2). 
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Fig. 2. Current-potential curves in O.05M H2S04 + 0.15M NaCI 
(oxygen-saturated). Curve 1, platinized platinum electrode (ap- 
parent surface area: 0.196 cm2); curve 2, ferric phthalocyanine- 
graphite electrode (apparent surface area: 0.268 cm2), (1st sweep); 
curve 3, ferric phtholoeyanine-graphite electrode (2nd sweep, im- 
mediately after curve 2); curve 4, graphite electrode (apparent 
surface area: 0.268 cm2). 
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Fig. 5. Current-potential curves in 0.10M KOH + 0.15M NaCI 
(oxygen-saturated). Curve 1, platinized platinum electrode (appar- 
ent surface area: 0.196 cm2); curve 2, ferric phthalocyanine- 
graphite electrode (apparent surface area 0.268 cm2), (arrows 
show direction of the sweep); curve 3, graphite electrode (apparent 
surface area: 0.268 cm2). 
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Fig. 6. Current-potential curves in ]M KOH (oxygen-saturated). 
Curve 1, platinized platinum electrode (apparent surface area: 
0.]96 cm2); curve 2, ferric phthalocyanine-gmaphite electrode (ap- 
parent surface area: 0.268 cm2); curve 3, graphite electrode (ap- 
parent surface area: 0,268 cm2). 

An anion effect was noted in the two neut ra l  solu- 
tions. It is seen that  the i-E curve at the ferric phthalo-  
cyanine-graphi te  electrode is almost reversible in the 
phosphate-containing solution (curve 2, Fig. 3); that  
is, the direction of the sweep does not influence the 
shape of the curve. In  the acetate-containing solution, 
however, the i-E curve is less reversible and the 
electrode becomes activated (i.e., the i-E curve is 
shifted toward a more positive potential)  when  re-  
peated cyclic sweeps are made (curves 2 and 3, Fig. 4). 

A well-plat inized p la t inum electrode is considered 
to be one of the most active electrodes for cathodic 
oxygen reduction. In neut ra l  and 0.1M KOH + 0.15M 
NaC1 solutions (Fig. 3-5), the half -wave potentials of 
the i-E curves at the ferric phthalocyanine-graphi te  
electrode are fair ly close (100-200 mV) to the value at 
the platinized p la t inum electrode. In 1M KOH solution, 
the hal f -wave potentials of the i-E curves (Fig. 6) 
for the ferric phthalocyanine-graphi te  electrode and 
the platinized p la t inum electrode are essentially ident i -  
cal, and there is little difference between the two 
electrodes in the oxygen reduction capability. 

Discussion 
Deactivation of the ferric phthalocyanine-graphite 

electrode in acid.--Deactivation of the ferric phthalo-  
cyanine-graphi te  electrode is seen clearly in acid so- 
lut ion (curve 2, Fig. 2). Around --0.3V the current  
begins to decrease and passes through a minimum.  
This may be associated with the oxygen reduction 
current  at a plain graphite electrode which increases 
around that  potential, al though the catalyst (ferric 
phthalocyanine)  loses its activity. In  order to correlate 
this behavior with the redox na ture  of the ferric 
phthalocyanine-graphi te  electrode itself, i-E curves 
were taken in n i t rogen-sa tura ted  solution (Fig. 7) 
where the only reactions occurring should be associ- 
ated with redox reactions of the catalyst. The current  
values are very low, but  four peaks can be seen be-  
tween --0.3 and --0.8V. Since there are no peaks in the 
i-E curve (curve 3) taken at a graphite electrode, these 
four peaks may be at t r ibuted to the ferric phthalocya-  
nine catalyst. Although these four peaks are always 
observed on freshly catalyzed electrodes, they are not 
exactly reproducible in shape and relat ive height from 
one electrode to another. The reduction processes that  
are responsible for these reduction currents  are not 
known. It is interest ing to note that the potential  (about 
--0.3V) at which the first peak begins to appear (see 
Fig. 7) corresponds to the point where the current  
decreases in curve 2 of Fig. 2. There may be a correla- 
tion between the reduction of the catalyst and the loss 
of the oxygen reduction activity. This loss of activity 
in the acid solution was not necessarily permanent .  
A ferric phtha locyanine-graphi te  electrode, which was 
deactivated in acid by sweeping to --0.8V, showed 
almost full  activity when operated in oxygen-sa tura ted  
0.1M KOH solution. Therefore, the lo.ss in activity is 
not associated with loss of the catalyst from the elec- 
trode. 
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Fig. 7. Current-potential curves in 0.05M H2~O4 ~- 0.15M NaCI 
(nitrogen-saturated). Curve 1, ferric phthalocyanine-graphite elec- 
trode (apparent surface area: 0.268 cm2); curve 2, ferric phthalo- 
cyanine-g~aphite electrode (2nd sweep); curve 3, graphite elec- 
trode (apparent surface area: 0.268 cm2). 

It is possible that  the change in activity of ferric 
phthalocyanine catalyst may be associated with a 
change in the anion associated with the test. The 
catalyst is deposited in a thin layer, and an ion ex- 
change which was dependent  on the solution compo- 
sition could occur. It is not clear exactly how the 
anion would influence the catalytic activity. 

Hydrogen peroxide reduction.mI-tydrogen peroxide 
is known to be an in termediate  in the cathodic reduc- 
tion of oxygen at various electrodes (6-8) including 
graphite and p la t inum in acid, neutral ,  and alkaline 
solutions. A proposed scheme of oxygen reduction is 
given below. 

chemical 
solution 

L +fe -  ( 2 + 2 e -  
02 > H~O2 > HfO [i] 
J (step I) (step 2) 

+ 4e-  

A study of hydrogen peroxide reduction in n i t rogen-  
saturated solution should yield some useful informa-  
tion on the kinetics of the electrochemical oxygen 
reduction. Suppose an electrode does not reduce hydro-  
gen peroxide electrochemically, although oxygen is 
reduced to water  at the electrode. In such a case, 
oxygen must  be rec~ced either by a direct four-  
electron step or through a step involving chemical 
decompositio n of hydrogen peroxide. 

Figures 8-11 sho~v the results of hydrogen peroxide 
reduction in n i t rogen-sa tura ted  acid, neutral ,  and 
alkaline solutions-. The graphite electrode has little or 
no abil i ty to reduce hydrogen peroxide electrochemi- 
cally over most of the potential  range studied. The 
current  plateau at the platinized p la t inum electrode is 
an exper imental  measure of the total hydrogen per-  
oxide reduction current.  The i-E curves (Fig. 9-11) at 
the ferric phthalocyanine-graphi te  electrode in neut ra l  
and alkal ine hydrogen peroxide solutions contain two 
steps and differ considerably from the i-E curves taken 
in the oxygen-satura ted solutions. In alkal ine and 
neut ra l  solutions, the ferric phthalocyanine-graphi te  
electrode can reduce hydrogen peroxide, but  in  acid 
solution (Fig. 8) the electrode has no activity for 
hydrogen peroxide reduction. This behavior suggests 
that step 2 in Eq. [1] does not proceed at reasonable 
rates at the ferric phthalocyanine-graphi te  electrode 
in acid solution. Catalytic decomposition of hydrogen 
peroxide on ferric phthalocyanine in the absence of 
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appl ied  potent ia ls  has been s tudied by  Cook and 
George since its s t ruc ture  is s imi lar  to hemin  and 
cata lase  (9, 10). According to Cook's study, fer r ic  
ph tha locyan ine  was an outs tanding cata lys t  for  de -  
composing hydrogen  peroxide.  He a t t r ibu ted  the  ac-  
t iv i ty  to its cent ra l  i ron ion. As yet,  the  e lec t rochemical  
oxygen reduct ion mechanism at the  ferr ic  ph tha lo -  
cyan ine -g raph i t e  e lect rode is not known. However ,  a 
speculat ive  exp lana t ion  of the  two reduct ion  steps 
could be given here.  The hydrogen  peroxide  decom- 
posi t ion ra te  should be potent ia l  dependent .  A t  low 
potent ia ls  where  the  ra te  is small,  the  spontaneous 
decomposi t ion of perox ide  could produce  enough dis-  
solved oxygen to give a significant current .  Thus the  
first s tep could be a t t r ibu ted  to reduct ion of oxygen 
produced by  the spontaneous ca ta ly t ic  decomposi t ion 
of peroxide  by  the  catalyst .  The second step could be 
a t t r ibu ted  to direct  reduct ion of the  hydrogen  per -  
oxide molecule  to wa te r  on the electrode.  

In  1M KOH, the  cur ren t  capabi l i ty  of the fer r ic  
ph tha locyan ine -g raph i t e  e lec t rode  remained  fa i r ly  
close to that  of the  plat inized p l a t i num electrode,  as 
shown in Fig. 12. However ,  an indicat ion of a kinet ic  
l imi ta t ion  for the ferr ic  ph tha locyan ine -g raph i t e  elec-  
t rode  is noted at the  h igher  ro ta t iona l  speeds. I t  
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Fig. 8. Current-potential curves in 0.05M H2SO4 4- 0.15M NaCI 
(pH i.55), (nitrogen-saturated) containing about 0.001M HsO~. 
Curve 1, platinized platinum electrode (apparent surface area: 
0.196 cmS); curve 2, ferric phthalocyanine-graphite electrode (ap- 
parent surface area: 0.268 cm2); curve 3, graphite electrode (ap- 
parent surface area: 0.268 cmS). 
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Fig. 9. Current-potential curves in 0.15M NaCI 4- O.05M phos- 

phate buffer (pH 7.22) containing about 0,001M HsOs. Curve !, 
platinized platinum electrode (apparent surface area: 0.196 cmS); 
curve 2, ferric phthalocyanine-graphite electrode (apparent surface 
area: 0.268 cm2); curve 3, graphite electrode (apparent surface 
area: 0.268 cm'2). 
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Fig. 10. Current-potential curves in 0.15M NaCI + 0.05M sodium 
acetate (pH 7.7), (nitrogen-saturated) containing about 0.001M 
HsO2. Curve 1, platinized platinum electrode (apparent surface 
area: 0.196 cm2); curve 2, ferric phthalocyanine-graphite electrode 
(apparent surface area: 0.268 cm2); curve 3, graphite electrode 
(apparent surface area: 0.268 cm2). 

180 i i i i 

' ___Ji 
1 2 0  

~ SO 

I I ~ 
O0 -0 ,4  -0,8 - I .2  - I . (  

POTENTIAL VS. S.C.E., VOLTS 

Fig. 11. Current-potential curves in 0.1M KOH + 0.15M NaCI 
solution (nitrogen-saturated) containing about 0.001M H~O2. Curve 
1, platinized platinum electrode (apparent surface area: 0.196 
cm2); curve 2, ferric phthalocyanine-graphite electrode (apparent 
surface area: 0.268 cm2); curve 3, graphite electrode (apparent 
surface area: 0.268 cmS). 
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should be noted in Fig. 13 tha t  the  g raph i te  elec-  
t rode  i tself  has p rac t i ca l ly  no ac t iv i ty  for oxygen 
reduct ion up to --0.3V vs. SCE in the  saline solution. 
Therefore  the  funct ion of ferr ic  ph tha locyanine  ca ta -  
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Fig. 13. Current-potential curves at rotating platinized platinum, 
ferric phthalucyanine-graphite, and graphite disk electrodes in oxy- 
gen-saturated IM KOH solution at 23~ and at 720 rpm. 

lyst applied on the surface is solely responsible for 
the oxygen reduct ion current  at the ferric phthalo-  
cyanine-graphi te  electrode. 
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Electrode Materials and Catalysts for 
Oxygen Reduction in Isotonic Saline Solution 

A. Kozawa,* V. E. Zilionis,* and R. J. Brodd* 

Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland. Ohio 44101 

ABSTRACT 

The cathode for an implantable  fuel cell that  could power an artificial 
heart  requires both a specific catalyst and an appropriate electrode mater ia l  
for oxygen reduction. In  search of such an electrode structure, various graph-  
ites, carbides, metals, and catalytic agents were evaluated using l inear  sweep 
vol tammetry  for oxygen reduction,  activity in neut ra l  saline solutions. The 
effect of blood additions on electrode performance was also investigated. An 
electrode of pyrolytic graphite  catalyzed with ferric phthalocyanine was found 
to be a good specific electrode structure. Characteristics of this electrode in 
near neut ra l  saline (0.15M NaCI -t- phosphate buffer, pH 7.22) solution were 
studied using the rotat ing disk electrode technique. A kinetic l imitat ion on 
the l imit ing diffusion current  for oxygen reduction was noted at higher ro- 
tat ional  speeds. 

An implantable  fuel cell that  could power an  ar t i -  
ficial heart  requires a specific catalyst  for oxygen 
reduction at the cathode. This means that  the catalyst  
applied on the cathode when used in  a blood s t ream 
should be selective for electrochemical oxygen re-  
duction and should not promote a direct chemical 
reaction between molecular  oxygen and glucose or 
other organic substances coexisting in the blood. 

In order to fabricate such a cathode to be used in 
blood, a good oxygen catalyst as well  as an appropri-  
ate substrate or electrode mater ia l  having good elec- 
trical conduct ivi ty  is necessary. For this purpose, 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  o x y g e n  r e d u c t i o n ,  i so ton ic  sa l ine ,  f e r r i c  p h t h a l o -  

eyanine ,  r o t a t i n g  d i sk  e lec t rode .  

various possible electrode materials  such as graphites, 
carbides, borides, and a large n u m b e r  of metals, 
including zirconium and t i t an ium which are known  
to be corrosion resistant  in  salt solutions (1), have 
been evaluated for oxygen reduction in  an  isotonic 
saline solution. Also, various organic compounds 
were tested as possible catalysts. It was noted in the 
early stage of this work that  blood itself contains a 
substance that  promotes oxygen reduct ion on a 
graphite electrode. Therefore, our a t tent ion focused 
on i ron-conta in ing  porphyr in - type  compounds such 
as catalase, heroin, hemoglobin, and metal  phthalo-  
cyanines. The results of the effect of catalase and 
hemin on the reduction of oxygen have been reported 
elsewhere (2) and are not included in this paper. 
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Although m a n y  papers have been published con- 
cerning the electrochemical reduct ion of oxygen in 
general  (3), these studies were made mostly in  con- 
centrated KOH (pH ~ 16) or H2SO4 (pH ~ 0) elec- 
trolytes. Studies of oxygen reduct ion in neu t ra l  salt 
solutions are very l imited [Delahay (4), Kozawa (5), 
and Lai t inen and Kolthoff (6)].  The effect of blood 
additions on oxygen electrode performance has not 
been previously reported. 

Cobalt phthalocyanines have been reported to be 
good catalysts for an oxygen cathode in  alkal ine 
solution (35% KOH, pH --~ 16) by Jasinski  (7), and 
iron phthalocyanine in acid solution (4.5N H2SO4, 
pH =~ 0) by  Jahnke  and SchSnborn (8). Neither the 
activity nor  the substrate  effect on activity of these 
compounds for oxygen reduction in  neut ra l  salt solu- 
tion has been reported. In  this study, the significance 
of the substrate  effect, par t icular ly  the uniqueness  of 
graphite and carbon as substrates for the phthalo-  
cyanine compound, are demonstrated. 

Experimental Procedure 
E~ectrode materials, chemicals, and bLood.--Most of 

the metals were in  the form of wire or a strip and 
were relat ively pure (at least 99.9%). Most of the 
graphites, carbides, and borides are commercial ly 
available items. General  informat ion on pyrolytic  
graphite was published previously (9), and ZTA and 
other graphites are described in a bul le t in  (10). 
Ferric  phthalocyanine was obtained from Disti l lat ion 
Products Industr ies  (Division of Eastman Kodak 
Company)  and used as received wi thout  purification. 
The pyridine,  used as a solvent for the phthalo-  
cyanines, was Fisher Inf rared  Spectroanalyzed grade. 
Fresh h u m a n  blood was obtained from Parma  Com- 
mun i ty  General  Hospital and stored in a refr igerator  
at 4~ The blood contained e thylenediaminete t ra -  
acetic acid as an anticoagulant.  

Solution.--An isotonic saline solution (0.15M NaC1 ~- 
0.05M phosphate buffer, pH 7.22) was prepared from 
reagent grade chemicals. It  was used without fur ther  
purification. Phosphate buffer was used because it i s  
one of the major  pH buffer systems in  the blood (11). 

Linear sweep voltammetry.--Current-potential 
(i-E) curves were taken in quiescent n i t rogen-  or 
oxygen-satura ted solution with a Controlled Potent ia l  
and Derivat ive Vol tammeter  (Model ORNL-1988A) 
(12). The test electrode was placed in one a rm of a 
polarographic H-cell  filled with isotonic saline solu- 
tion. The electrode surface exposed to the solution 
was about 0.25 cm ~. Paraffin was used to mask off the 
unused portion of the surface. The potential  sweep 
rate was 0.25 V/min.  Usually the i-E curve was first 
taken in a n i t rogen-sa tura ted  solution, then twice 
consecutively in an oxygen-sa tura ted  solution, and 
finally in  the solution to which blood (10% by  
volume) was added. All  potential  measurements  were 
made with respect to a sa turated calomel reference 
electrode (SCE). 

Rotating disk e~ectrode.~The ro ta t ing  disk ap-  
paratus used was described in a previous paper (2). 
The area of the pyrolytic graphite rotat ing disk elec- 
trode was 0.268 cm 2 and that  of the p la t inum electrode 
was 0.196 cm 2. The electrode was press fitted in a 
Teflon holder concentric to the rota t ing shaft. Elec- 
trical connection was established by a spring-loaded 
silver graphite contact in the shaft. Epoxy resin was 
used to seal the imperfections between the Teflon and 
the electrode to prevent  oxygen from diffusing into 
the test cell from the back side of the electrode. This 
also prevented solution from creeping up into the 
joint. 

The rotat ional  speed was varied between 120 and 
1980 rpm. The speed was monitored cont inuously by 
an electronic counter  using a photocell. The voltage 
scanning rate was 0.1 V/rain.  
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Before deposition of the catalyst, the pyrolytic 
graphite rotat ing disk electrode was polished using 
s tandard metal lurgical  techniques. An a lumina  (0.3~) 
suspension in water  was used, always ending with a 
wet polish on the pla in  microcloth. After  deposition 
of the catalyst, the electrode was washed with dis- 
t i l led water  and mounted  on the rotat ing disk ap-  
paratus. Results and Discussion 

Oxygen reduction on graphites, carbides, and others. 
- - A s  noted in Fig. 1 and 2, the shape and the current  
level  of the i-E curve are largely dependent  on the 
electrode material .  Some of the electrode materials  
(for example, pyrolytic graphite) gave a two-step 
i-E curve similar  to the polarogram of dissolved 
oxygen at a dropping mercury  electrode. Among the 
electrode materia}s of this group (Table I) ,  the 
mater ia l  which displayed the highest  oxygen reduct ion 
current  at the most anodic potent ial  was ZTA graphite 
(high density graphite) .  When blood (10% by  
volume) was added to the isotonic saline solution, 
the oxygen reduct ion cur ren t  general ly increased as 
shown in Fig. 3 for the case of the ZTA graphite elec- 
trode. Table I summarizes the results for all  the 
electrode materials  tested of this group. This in-  
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Fig. 1. Current-potential curves taken with various electrodes 
by linear sweep voltammetry in 0.15M NaCI (-I- phosphate buffer, 
pH 7.22) at 24~ The solution was saturated with oxygen (1 arm) 
and the curves were taken in quiescent solution. 
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Fig. 2. Current-potential curves at various metal electrodes in 
0.15M NaCI solution (phosphate buffer, oH 7.22) saturated with 
oxygen gas (1 arm) at 23 ~ +" 1~ The curves were token in 
quiescent solution. The electrode surface exposed to the solution 
was approximately 0.25 cm 2 (not more than 10% deviation). 
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Table I. Comparison of various electrode materials for 
oxygen reduction activity 

Solution* * 
Electrode mater ia l "  condit ion 

Cur ren t  Cur ren t  Cur ren t  
dens i ty  dens i ty  density  

at at at 
-- 0.25V -- 0.5V plateau 
( ~ /  ( ~ /  (~A/ 
cm ~) crn~) cm2) 

I.  Graph i te  (ZTA) O2-saturated 124.0 186.6 
P l u s  blood 123.3 232.9 

2. Graph i t e  (ATJS)  O~-saturated 75.7 176.2 
P lus  blood 71.4 228.5 

3. Graph i t e  (exper .  h igh  ~ - s a t u r a t e d  94.3 203.3 
density)  P lus  blood 33.3 229.7 

4. Graph i te  (AT J)  O2-saturated 43.8 164.4 
P lus  blood 15.4 161.1 

5. Graph i te  (AUC) O ~ s a t u r a t e d  24.3 167.0 
Plus  blood 6.8 207.0 

6. Graphi te  (pyrolytic) C~J-saturated 11.7 88.7 
P lus  blood 6.1 110.4 

7. TiB~-BN O.z-saturated 17.5 20.8 
P lus  blood 16.1 12.7 

8. Ti  carbide O~-saturated 16.4 69.3 
Plus  blood 16.6 76.3 

9. TiB~ C~-saturated 17.3 40.3 
P lus  blood 18.1 44.4 

10. T i I ~  (95%)-TLN (5%) O,~-saturated - -  60.4 
Plus blood - -  64.0 

11. Boron carbide O~-saturated 3.4 17.8 
Plus  blood 2.1 12.1 

172.4 
212.8 

201.6 
219.1 

164.8 
196.5 

148.1 
194.6 

146.2 
228.3 

* Mater ia ls  m a n u f a c t u r e d  by Union Carbide Corp., Carbon Prod-  
ucts Div. 

** In  0.15M NaC1 ( +  phosphate  buffer,  pH 7.22) sa tura ted  wi th  
oxygen  (1 arm),  and  in the  NaCl solution to wh ich  10% (by vol-  
ume) of h u m a n  blood was  added. 

creased activity with blood additions suggests that 
some mater ia l  present  in the blood either acts as a 
catalyst for the electrochemical oxygen reduct ion or 
is itself reduced in  the isotonic saline solution. The 
background current  for n i t rogen-sa tura ted  blood 
(10% by volume) solutions was negligible, that  is, 
essentially the same as that  shown for n i t rogen-  
saturated saline solutions. Therefore, materials  pres-  
ent in the blood act as catalysts and are not reduced 
under  the conditions of the experiments.  

Oxygen  reduction on various me ta l s . - -The  current  
level and the  potent ial  where the oxygen reduct ion 
starts on metal  electrodes are widely distr ibuted over 
the potential  range as shown in Fig. 2. The abil i ty to 
reduce oxygen in  neu t ra l  saline solution appears to 
be highly dependent  on the na ture  of the metal.  Of 
the metals evaluated, the best electrode was plat inum, 
as expected. The poorest one was zirconium, on which 
practically no oxygen reduction took place over a 
wide potential  range. Although all these electrodes 
were polished with silica powder and water  before 
the experiments,  some of the metals, such as zir-  
conium, probably  form a surface oxide film under  
the test conditions which could account for their  poor 
activity. 

The effects of blood additions are shown in Fig. 3, 
4, and 5 for plat inum, graphite, silver, and niobium. 
In the case of ,silver (Fig. 4), the oxygen reduct ion 
was hindered slightly at the beginning port ion of the 
i -E curve and the plateau current  was increased 
somewhat. The behavior of silver with blood additions 
was typical of most of the electrode materials  studied. 
The n iobium electrode (Fig. 5) is an example of a 
metal  which exhibited a large shift in the i -E curve 
when blood was added. In the case of the p la t inum 
electrode (Fig. 3), not only was the oxygen reduct ion 
hindered at the beginning  of the i-E curve, but  also 
the plateau current  was considerably decreased. This 
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Fig. 3. Current-potential curves taken at platinum and ZTA 
graphite electrodes by linear sweep voltammetry in 0.15M NaCI 
(-I- phosphate buffer, pH 7.22) at 24~ The curves were taken 
in quiescent solution. Curve A, in nitrogen-saturated solution 
(platinum electrode); curve B, in oxygen-saturated (! atm) solu- 
tion (ZTA graphite electrode); curve C, in oxygen-saturated 
solution -b 10% blood (by volume), (ZTA graphite electrode); 
curve D, in oxygen-saturated solution -I- 10% blood (by volume), 
(platinum electrode); curve E, in oxygen-saturated (1 atm) solution 
(platinum electrode). 
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Fig, 4. Current-potential  curves taken at a silver electrode (ex- 
posed area: 0,258 cm 2) by linear sweep voltammetry in 0.15M 
NaCI (-J- phosphate buffer, pH 7.29) at 24~ The curves were 
taken in a quiescent solution. Curve A, in nitrogen-saturated solu- 
tion; curve B, in oxygen-saturated (1 atm) solution; curve C, oxy- 
gen-saturated solution -I- 10% blood (by volume). 

effect may  be caused by a direct chemical react ion 
between the dissolved molecular  oxygen and an 
organic substance (for example, glucose) present  in 
the blood at the p la t inum surface and /o r  due to 
strong adsorption of blood component(s)  on the 
electrode surface which would hinder  the  electro- 
chemical oxygen reduction process. In  Fig. 3, the re-  
sults of the ZTA graphite electrode are also shown 
for comparison with the p la t inum electrode perform- 
ance. The oxygen reduct ion activity for the ZTA 
graphite and p la t inum electrodes is almost the same 
in the solution conta in ing blood. 

Search Sot c a ta l y s t s . hA s  noted, some blood com- 
ponents act as a catalyst for oxygen reduct ion in  
saline solution. Since it is general ly  accepted that  
hydrogen peroxide is an in termediate  in the cathodic 
oxygen reduct ion process, a catalyst which decom- 
poses hydrogen peroxide rapidly should be a good 
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Fig. 5. Current-potential curves token at o niobium electrode 
(exposed area: 0.275 cm 2} by linear sweep voltammetry in 0.15M 
NaCI ( +  phosphate buffer, pH 7.22) at 24~ The curves were 
taken in a quiescent solution. Curve A, in nitrogen-saturated solu- 
tion; curve B, in oxygen-saturated solution -I- 10% blood (by vol- 
ume); curve C, in oxygen-saturated (I arm) solution. 

catalyst for the oxygen cathode reaction. Therefore, 
catalase, hemin, hemoglobin, various metal  phthalo-  
cyanines, and metal  porphyrazines were tested by 
dissolving them in the saline solution or by depositing 
them on a pyrolytic graphite substrate. Ferric phtha l -  
ocyanine was the best catalyst of the materials  
tested. The effectiveness of ferric phthalocyanine as a 
catalyst appears to be dependent  on the na ture  of the 
substrate material.  The results for catalase, hemin, 
and various metal  phthalocyanines have been pre-  
sented previously (2). 

Substrate e~ect on the activity of ferric phthalo- 
cyanine catalyst .~In these experiments,  a small  
amount  of a solution of ferric phthalocyanine  in  
pyr idine (50 mg of ferric phthalocyanine in 200 ml of 
pyridine)  was applied to a cleaned nickel or pyrolytic 
graphite .surface. The solvent was evaporated by 
blowing hot air (70~176 across the electrode sur-  
face. The total  amount  of ferric phthalocyanine  on the 
electrode surface was approximately 45 ~g/cm 2. Figure 
6 shows the difference in the activity of the ferric 
phthalocyanine when deposited on a nickel  substrate  
and on a pyrolytic graphite substrate.  In  the case of 
the pyrolytic graphic electrode, the oxygen reduct ion 
activity was enhanced considerably when the ferric 
phthalocyanine was applied; whereas, in the case of 
nickel, the oxygen reduct ion activity was decreased 
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Fig. 6. Current-potential curves at uncatalyzed and ferric phthale- 
cyanine-catolyzed nickel and pyrolytic graphite electrodes in 0.15M 
NaCI solution (0.05M phosphate buffer added, pH 7.22) ot 23~ 
Electrode area: 0.27 -t- 0.0| cm ~. 
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Fig. 7. Current-potential curves at ferric phthalocyanine-cata- 
lyzed and uncatalyzed ZTA graphite electrodes in 0.15M NaCI 
l-i- phosphate buffer, pH 7.22) at 23~ Electrode area: 0.27 + 
0.01 cm 2. 

somewhat when the ferric phthalocyanine  was ap- 
plied. If a s intered porous nickel plaque, such as is 
commonly used in  fuel cells and n icke l -cadmium 
batteries, was used as a substrate, slightly bet ter  
activity was observed with the ferric phthalocyanine 
present  than was observed with the nickel plaque 
substrate  alone. The special s t ructure  of the  carbonyl  
nickel particles or a nickel oxide film on the surface 
may be responsible for this effect. In  any  event, the 
current  increase obtained when ferric phthalocyanine 
was applied to a nickel plaque was far less than  that  
observed with the graphite substrate. The ZTA 
graphite electrode itself had a good activity for 
oxygen reduct ion as previously mentioned. When 
ferric phthalocyanine was applied to a ZTA graphite 
substrate, the oxygen reduct ion activity was fur ther  
enhanced as shown in Fig. 7. This behavior  is very  
similar  to that  noted for pyrolytic graphite. 

Various materials (metals, carbides, borides, etc.) 
were tested as  substrates for the ferric phthalocyanine 
catalyst in the same manne r  as previously described. 
The results are summarized in Table II. Of these 
materials,  the only substrate that  exhibited a sub-  
s tant ial  cur ren t  increase in the i-E curve was graphite. 
This suggests that  the graphite substrate does not 
funct ion merely  as an electronic conductor for the 
electrode, but  is indispensable in  developing the re-  
markable  activity of the ferric phthalocyanine catalyst 
for electrochemical oxygen reduction. It  is well  known 
in the field of catalysis that  the support ing substance 
great ly influences the activity of the catalyst or 
sometimes determines  the specific activity. The 
graphite and carbon substrates in  this case seem to be 
specific ~supports and can be considered par t  of the 
catalyst system, since nei ther  ferric phthalocyanine 
nor graphite (or carbon) alone are catalytically active. 

Current capability of the ferric phthalocyanine- 
graphite electrode.--A comparison of the current  
capabilities of ferric phthlocyanine-catalyzed graphite 
electrodes and p la t inum electrodes is found in  Fig. 8 
and 9. 

In the neu t ra l  NaC1 solution (Fig. 8), the ini t ia l  
oxygen reduct ion activity at the ferric phthalo-  
cyanine-graphi te  electrode was very  good and was 
close to that  of the plat inized p la t inum electrode. It  is 

Table II. Effect of ferric phthalocyonine on the i-E curve 
Compared with that for the uncatalyzed electrode 

Increases  Slight Considerable 
current Essentially decrease decrease 

significantly no effect in cur ren t  in cur ren t  
(Group A) (Group C) (Group D) (Group E) 

Pyrolyt ic  graphi te  Gold P la t inum Tan ta lum 
ZTA graphi te  Molybdenum Nickel TiB2.-BN 

Zirconium Niobium 
TiBa-TiN T i t an ium 

T i C  Silver 
TiB2 Boron carbide 
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Fig. 8. Current-potential curves at rotating platinized platinum, 
ferric phthalocyanine-graphite, and graphite disk electrodes in 
oxygen-saturated 0.15M NoCI (-f- phosphate buffer, oH 7.22) at 
23~ and at 720 rpm. Curve A, platinized platinum; curve B, ferric 
phthalocyanine-grophite; curve C, graphite. 

kinet ic  l imi ta t ion  for  the  fer r ic  ph tha locyan ine -  
ca ta lyzed graphi te  e lect rode at  --0.2V. 
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Fig. 9. C u r r e n t  d e n s i t y  vs ,  ( r p m )  1/= curves  in 0.15M NaCI (-}- 0.05 
phosphate buffer, pH 7.22) for three electrodes at --0.2V vs. SCE. 
Curve A, platinized platinum; curve B, ferric phthalocyan~ne- 
graphite; curve C, graphite. 

also noted in Fig. 9 tha t  the  cur ren t  dens i ty  vs. ( rpm)  ,/2 
re la t ion be tween  120 and 1980 r p m  was not l inear  
at this  electrode.  This behavior  is indica t ive  of  a 
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The Anodic Polarization Behavior of Copper 
H. P. Leckie 

Inland Steel Research Laboratories, Inland Steel Company, East Chicago, Indiana 46312 

ABSTRACT 

The anodic polar iza t ion  character is t ics  of copper  have been s tudied under  
a va r i e ty  of env i ronmenta l  conditions.  In  d i lu te  acid solutions at room t em-  
pera ture ,  copper  m a y  dissolve at  ra tes  l imi ted  by  a d i f fus ion-control led  cur -  
rent;  increas ing the  acid concentra t ion resul ts  in an increased t endency  for 
passivation.  Lower ing  the  t e m p e r a t u r e  promotes  the  es tab l i shment  of passivi ty.  
A pass ivat ion react ion was observed in all  the  a lka l ine  solutions studied. Ga l -  
vanosta t ic  charging  and decay curves  show the exis tence of severa l  po ten t ia l  
p la teaus  which have  been cor re la ted  wi th  p robab le  po t en t i a l -dependen t  sur -  
face reactions.  

The presen t  s tudy was u n d e r t a k e n  in an a t t empt  to 
c lar i fy  the anodic polar iza t ion  character is t ics  of cop- 
per,  over  which  cont roversy  has exis ted  for  some time. 
A var ie ty  of expe r imen t a l  techniques has been  era- 

K e y  words :  oxides,  po ten t ia l  cu r r en t ,  t h e r m o d y n a m i c s ,  kinet ics ,  
dissolut ion.  

ployed in order  to gain some insight  into the  factors 
affecting the ac t ive /pass ive  t rans i t ion  in copper  under  
var ious  env i ronmenta l  conditions.  

Anodic  polar iza t ion  of copper  m a y  resul t  in e i ther  
genera l  dissolution or film formation,  depending  p r i -  
m a r i l y  on the pH of the  e lectrolyte .  Thus Hickl ing and 
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Taylor (1) showed that  copper passivated in  an alka-  1.1 
l ine solution forming oxides of Cu~O and CuO, while 
in  acid solution, copper dissolves to give soluble salts 
and does not develop a passive protective film. Stolica 
and Uhlig (2) and Osterwald and Uhlig (3) have 
studied the effect of al loying elements (nickel and 
nickel plus zinc) on the anodic behavior  of copper in 
sulfuric acid. These authors showed that  the addit ion 
of critical amounts  of alloying elements to copper 
would induce passivity in  acid solutions. Hedges, (4) 
howeveJ:, showed that  unal loyed copper could be passi- 
vated in acid solutions by lowering the temperature.  
At  - - l l ~  copper became passive in concentrated 
nitr ic acid due to the formation of a dark  gray film of 
cupric oxide. I n  a s tudy of anodic t ransients  for the 
system copper/hydrochloric acid, Cooper (5) showed 
the formation of, first solid cuprous chloride followed 
by cuprous oxide. Copper single crystals immersed in 
water  containing oxygen have been shown by  Kruger  
(6) to oxidize first to cuprous and then cupric oxide. 
Fur ther  studies on the electrochemical dissolution of 
copper single crystals have been conducted by Jenkins  
(7). An excellent  four -par t  paper covering the thermo-  
dynamic, kinetic, and electrochemical aspects of the 
corrosion of copper has been wr i t ten  by Ives and Raw-  
son (8). 

In  the present  study, the anodic polarization be-  
havior of copper has been related to pH, temperature,  
galvanostatic current  density, and potent iodynamic 
polarization rate. 

Experimental 
Copper electrodes (total surface area 10 cm 2) were 

cut from sheet and prepared by abrasion on 3/0 emery 
paper followed by a 2-min  immersion in 20% nitr ic 
acid at 25~ Each specimen had a tag to which 
electr ical  connection could be made. 

The all-glass cell used for polarization studies in -  
corporated the following features: (i) provision for the 
central ly  located copper anode between and equidistant  
from two p la t inum cathodes of the same dimensions, 
(if) an inlet  and outlet for ni t rogen agitation, and 
(iii) a fur ther  inlet  to permit  a Luggin capil lary from 
a saturated calomel reference electrode to reach near  
the anode surface. 

Before polarizing, a period of about 15 rain was 
allowed for the specimen to reach a steady open-ci r -  
cuit potential.  In the present  studies, the electrolyte 
was exposed to oxygen in the atmosphere and it was 
noted that  the copper electrodes formed a thin surface 
film dur ing the short t ime required to reach the open- 
circuit potential. All  potentials quoted are with respect 
to the saturated calomel reference electrode (SCE). 
Charging curves were also conducted by first control-  
l ing the potential  at 1.0V active to SCE and subse- 
quent ly  switching to a preset anodic current  density. 
This procedure el iminated the formation of the oxide 
film which spontaneously formed under  open-circui t  
immersion conditions. 

Solutions were prepared from distilled water  made 
acid or alkal ine using sulfuric acid or sodium hydrox-  
ide. Low-tempera ture  passivation studies were con- 1.1 
ducted having the cell enclosed in a freezing mix ture  
of an aqueous calcium chloride solution. This, in turn,  o 
was immersed in a bath  of acetone to which solid t 
carbon dioxide was added from t ime to time. By this ~- 0.7 
method, the tempera ture  at --10~ could be ma in -  u. 
tained wi th in  •176 In  these low- tempera ture  ex- 
periments,  the calomel electrode was connected to the 
cell through a bridge. The rela t ively small  potent ial  o 
deviations due to the rmal  gradients were  neglected. ~ o.a 

i -  

Results z 
Figure  1 shows the anodic polarization curves for ~ 

copper in  1M H2SO4 at 0 ~ and 25~ At  25~ only a 
m a x i m u m  diffusion-controlled current  was observed at 
noble potentials with no decrease in current  densi ty 
usual ly  associated with passivity. At 0~ however, 
there is some evidence of part ial  passivat ion as shown 

0 
Z 

. 0.7 O~ 25~ 

u. 

ut 

o 1 

- 

L --O.1 
10 - I  1 10 10 1'0 3 

CURRENT DENSITY ( m A / c m  2 ) 

Fig. 1. Potentiodynamic anodic polarization of copper in 1M 
H~S04 at 0 ~ and 25~ 

by a reduct ion in the ma x i mum current  densi ty as the 
potent ial  shifts in  the noble direction. As the sulfuric 
acid concentrat ion is increased to 10M, a pronounced 
passivation reaction is observed even at 25~ (Fig. 
2). Lowering the tempera ture  to - - l l ~  fur ther  in -  
creases the tendency for passivation. Figure  2 also 
shows that  a reduct ion in tempera ture  from 25 ~ to 
- - l l ~  lowers the current  densi ty for copper in 10M 
H2SO4 at noble potentials by  a factor of 4. Anodic 
polarization curves for copper in a series of sulfuric 
acid solutions at 25~ ranging from five to ten molar  
are shown in Fig. 3. It  can be seen that  the higher the 
acid concentration,  for a given temperature,  the more 
pronounced is the passivation tendency for copper. 
Between 5 and 6M H2SO4, the anodic polarization 
curves show that  copper undergoes a t rans i t ion  from 
general  active dissolution with diffusion-controlled 
current  densities to behavior  indicative of film forma-  
tion. In  acid solutions there was no visible film forma-  
t ion at the open-circui t  potential. 

m, 1.1 

v m 0 . 7  

0 
Z I 

' l  --11~ 5oc 

o 

~ i J I L --0.1 
10--2 10--1 I 10 IO 2 

CURRENT DENSITY, (mA/cm2~ 

Fig. 2. Potentiodynamic anodic polarization of copper in IOM 
H2S04 at --11 ~ and 25~ 
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--@ .1 
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/ 

Fig. 3. Potentiodynamlc anodic polarization of copper in 5, 6, 9, 
and IOM H2S04 at 25~ 
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Fig. 4. Potentiodynamic anodic polarization of copper in 0.01, 0.1, 
and 1.0M NaOH at 25~ 

10  

Figure 4 shows the potent iodynamic polarization 
curves for copper in 1.0, 0.1, and 0.01M sodium hy-  
droxide solution at 25~ obtained at a polarization 
rate of 400 mV/hr .  Passivation was observed at all 
concentrations. The critical cur rent  densi ty for passiv- 
i ty in sodium hydroxide solution increases with in -  
crease in pH. The passivation potential  shifts in  the 
noble direction with decreasing pH according to the 
relationship Epp ~ EOpp - -  0.086 pH (Fig. 5). 

The anodic polarization curves for copper in the 
same sodium hydroxide solutions, obtained under  gal-  
vanostatic conditions, are shown in Fig. 6. A l inear  
relationship was found between pH and the logari thm 
of the critical current  density for passivity 

l o g  ic r i t  = KpH + K' [1] 
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A similar relat ionship was found for data obtained 
both from potent iodynamic and galvanostatic tech-  
niques. The value of the intercept  changes due to 
differences in the polarization rate. Thus, under  gal-  
vanostatic conditions, the equat ion re la t ing critical 
current  density and pH is of the form 

log icrit = KpH + K" [2] 

The relationships be tween pH and critical cur ren t  
densi ty for passivity for copper, obtained from both 
galvanostatic and potent iodynamic polarization meth-  
ods are shown in Fig. 7. 

Constant  current  charging curves for copper in 1M 
NaOI-I are shown for various cur ren t  densities in  Fig. 
8. Three distinct plateaus were observed at --0.57, 
--0.32, and +0.TV. The exact potential  of the plateaus 
was dependent  on applied current  density. Potent ia l  
values quoted here are the most active observed, 
chosen to minimize overvoltage effects associated with 
higher applied current  densities. Prior  to the applica- 
t ion of anodic charging currents,  specimens were con- 
trolled at a potential  of --1.0V for a period of 5 rain to 
insure complete removal  of all surface films. 

With more extended studies of the potent ia l / t ime 
behavior  of copper in 1M NaOH solution, it was possi- 
ble to dist inguish a fur ther  t ransient  pla teau in the 
region of 0 to +0.15V as shown in Fig. 9. In  these 
experiments,  polarization was started after the speci- 
men had been allowed to stand at open circuit for 
some time. 

Potent ia l  decay curves from the oxygen evolution 
region, either under  open-circui t  or forced current  
decay conditions, show the existence of a plateau at 
+0.52V. This effect was not observed dur ing  anodic 
charging, probably  being obscured by the potential  
plateau for oxygen evolution. Figure  10 shows the 
potential  decay curves for various current  densities 
from the oxygen evolution potential  region to --1.0V. 
The significance of the various plateaus, each denoting 
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Fig. 7. Critical current density for passivity vs. pH for copper in 
NaOH solution. 
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Fig. 6. Galvanostatic anodic polarization of copper in 0.01, 0.1, Fig. 8. Anodic charging curves for copper in 1.0M NaOH solution 
and 1.0M NaOH solution, at 25~ 
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Fig. 9. Anodic charging curve for copper in 1.0M NaOH solution 
at 25~C (10 mA/cm 2) after prolonged exposure at the open-circuit 
potential. 
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Fig. 10. Potential decay curves on cathodic charging for copper 
in 1.0M NaOH solution at 25~ 

a distinct potent ia l -dependent  surface reaction, is dis- 
cussed in the following section. 

Decay curves from the oxygen evolution region after 
prepolarizing to various potentials are shown in Fig. 
11. Prepolarizing to potentials more noble than  --0.3V 
(for a period of 15 min)  resulted in a very pronounced 
plateau at +0.52V, whereas, prepolarizing to more 
active potentials than --0.3V resulted in a rapid decay 
to the Cu20/Cu(OH)2 potential  between --0.3 and 
--0.35V. 

0.8t 

1"4 I I I I I 
i o I _ _ot  

2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0  
TIME,SEC Fig. 11. Potential decoy curves under open-circuit conditions for 

copper in 1.0M N a O H  solution at 25~  after prepolarizing to 
various potentials. 

D iscuss ion  
The anodic polarization behavior  of copper in highly 

concentrated (10M) solutions of sulfuric acid at room 
tempera ture  and below shows an active/passive t rans i -  
t ion characterized by a critical current  density and a 
passivation potential. Lowering the tempera ture  shifts 
the passivation potential  in the active direction and 
reduces the critical current  density. Both of these fac- 
tors are more conducive to the establ ishment  of passiv- 
ity. 

According to Lat imer  (9), the free energy of forma- 
t ion of Cu20 is --34.98 kcal. From thermodynamics  the 
free energy for the following reaction 

2Cu -I- H20 -> Cu20 ~ 2H + -~ 2e [3] 

may be calculated to be --21.71 kcal. The equi l ibr ium 
potential  for the formation of Cu20 according to the 
above reaction is then 0.23V (SCE). 

The passivation potential  for copper in 10M H2SO4 
at 25~ (Fig. 2) occurring at 0.21V, corresponds very 
closely with the above calculated formation potential  
of Cu20, indicat ing that the passivation reaction may 
well  be associated with the formation of Cu20. The 
absence of passivity in more dilute acid solutions 
(1M H~SO4) may be at t r ibuted to the increased solubil- 
i ty of the corrosion products. In  the strongly ionized, 
more dilute acid solutions, the copper reacts to form 
CuSO4. 

Similarly,  the passivation tendency of copper in 
1M H2SO4 at 0~ may be at t r ibuted to the reduced 
solubili ty of the corrosion product film at the lower 
temperature.  The fact that  such films were readily visi- 
ble even at very  low temperatures,  however, indicates 
that  they were porous and offered li t t le protection 
against fur ther  dissolution of the base metal  dur ing 
their ini t ia l  stages of formation. The increased stabil-  
i ty of passivity found in 1M H2804 at low temperatures  
is in agreement  with the observations made by Hedges 
(4) on iron, nickel, cobalt, copper, zinc, and magne-  
sium. 

In  all the alkal ine solutions investigated, an act ive/  
passive t ransi t ion was observed. Al lmand  (i0) mea-  
sured the equi l ibr ium potentials of copper and copper 
oxide in sodium hydroxide solution and reported the 
following values (recalculated with respect to SCE): 
Cu-Cu~O z --0.588V, Cu20-CuO ~ --0.396V, and 
Cu20-Cu (OH) 2 = -- 0.318V. 

It is apparent  from Fig. 4 that  the potent iodynamic 
polarization curves do not show the existence of sev- 
eral  oxides on the metal  surface as only one act ive/  
passive t ransi t ion was observed. Under  galvanostatic 
polarization conditions again only one critical potential  
was observed where  the potential  shifted suddenly in 
the noble direction to the oxygen evolution region. It  
was therefore not possible to follow the polarization 
behavior through the various oxidation states of cop- 
per by observing the po ten t ia l / cur ren t  density re la-  
t ionship uti l izing either potent iodynamic or galvano- 
static polarization techniques. 

The critical cur rent  densi ty for passivity vs. p H  
dependence in alkal ine solutions showed a logarithmic 
relat ionship of the form of Eq. [1]. 

With increasing pH, higher critical current  densities 
were required to induce passivity. It is of interest  to 
note that  in acid to neut ra l  solutions, King and Uhlig 
(11) and Leckie (12) have shown, for Fe-25% Cr and 
various stainless steels, respectively, that  the crit ical 
cur rent  density for passivity decreases with increase in 
pH, but  again following a logarithmic dependence. 

An increase in the passivation index, i t  1/2 (i = 
current ,  t = t ime taken at all potential  steps dur ing 
polarization),  for copper with increase in pH has been 
reported by Shams E1 Din and Abd E1 Wahab (13), 
again showing increased difficulty associated with the 
passivation of copper at high pH values. The difficulty 
in passivation is probably associated with the dissolu- 
t ion of copper hydroxide in s trongly alkal ine solutions 
to form C u O 2 - - .  
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The potent ia l / t ime curves dur ing galvanostatic 
anodic charging of copper, s tart ing at a potential  of 
--1.0V (to insure a film-free surface) showed three 
plateaus at potentials corresponding to --0.57, --0.32, 
and 0.00V. Finally,  in all  cases, the potentials rose 
rapidly to some value more noble than 0.7V at which 
oxygen evolution was observed. The potential  plateau 
close to 0.00V (Fig. 8) was observed only under  care- 
ful ly controlled conditions. With increased current  
densities, the plateaus corresponding to the various 
compound formation potentials were shifted in the 
noble direction, in accordance with the increased over-  
voltage associated with higher current  densities. 

The two most active potential  plateaus occurring at 
--0.57 and --0.32V were pronounced and correspond 
very  closely to the thermodynamical ly  calculated for- 
mat ion potentials of Cu20 and Cu(OH)2 according to 
the following reactions (calculated for pH 14) 

2Cu -5 2 O H -  --> Cu20 -5 H20 -5 2e ESCE ~ --0.57V [4] 

and 

Cu20 -5 2 O H -  -5 H20 
2Cu(OH)2 -5 2eEscE ---- --0.32V [5] 

The work of other authors (13) has fair ly well  es- 
tablished these two reactions as those taking place at 
the two most active plateaus and the present  data is in 
good agreement  with their findings. The existence and 
na ture  of the third plateau at approximately 0.00V, 
however, is the subject of some controversy. Shams E1 
Din and Abd E1 Wahab (13) found this plateau only 
after repeated cycling from anodic to cathodic poten-  
tials and at t r ibute it to the formation of cuprate ion 
according to one of the following reactions 

Cu -5 3 O H -  ~ H C u O  2 -  -5 H20 -5 2e [6] 
o r  

Cu~O -5 4 O H -  -+ 2H CuO2- -5 H20 -5 2e [7] 

Marcovic and Atlic (14) also at t r ibute  this plateau 
to the formation of cuprate ion according to one of the 
following equations 

Cu + 2H20 -+ H CuO2- -5 3H + -5 2e EOscE = 1.02V [8] 

o r  

Cu20 -5 3H20 --> 2H CuO2- -5 4H + 4- 2e E~ : 1.54V 
[9] 

where  the equi l ibr ium potential  of these reactions is 
both a function of pH and H CuO2- activity. Ohse 
(15), on the other hand, a t t r ibuted the potential  of 
--0.01V to the formation of Cu203. Shams E1 Din and 
Abd E1 Wahab contend that the formation of cuprate 
ion at approximately --0.01V is a prerequisi te to the 
formation of Cu2Os at the more noble potential  of 
+0.52V according to the reactions 

2H CuO2- --> Cu203  4- H20 4- 2e [i0] 

2 C U O 2 - -  "-> C u 2 0 3  -5  1/~ 0 2  -5 4 e  [11] 

The potential  plateau found by these authors could 
be determined only by potential  decay curves from the 
oxygen evolution region and, according to their obser- 
vations occurred only after sufficient cuprate had 
formed in the solution by repeated anodic and cathodic 
polarization cycles. 

The potential  decay curves shown in Fig. 10 show a 
distinct pla teau commencing at 0.52V. Various experi-  
ments  were conducted to determine the effect of the 
presence of cuprate ion on the stabili ty of this plateau. 
Possible reactions for the oxidation of copper and cop- 
per compounds to Cu2Os are according to Eq. [1O], [11], 
[12], and [13]. 

2Cu(OH)2 4- 2 OH- --> Cu203 -5 3H20 -5 2e [12] 

2Cu -5 3H20--> Cu203 + 6H + -5 6e [13] 

It is most unlikely, however, that reaction [12] 
would take place in one step. The formation of Cu203 

Table I. Amount of soluble copper found at 
various potentials after times shown 

Soluble copper ,  
Potent ia l ,  mV Time, m i n  m g / 5 0  ml  a l iquo t  

--280 0.25 2.0 
--280 8.0 2.5 
--280 20.0 10.0 
+ 600 24.0 17.0 
+ 620 35.0 17.0 

probably occurs through the oxidation of either cuprate 
ion or copper hydroxide. Results from tests where 
copper was held at various potentials from 0 to --0.3V 
for various times, ins tant ly  polarized to +0.9V and the 
potential  allowed to decay (Fig. 11) show that  even at 
prepolarizing potentials of --0.28V, the potent ial  pla- 
teau at +0.52V remained  quite pronounced on subse- 
quent  decay from the oxygen evolution region. A po- 
tent ial  of --0.28V would not appear to be sufficiently 
noble to sustain the reaction 

Cu + 2H20-~ H CuO~- + 3H + + 2e [8] 

even at pH 14, yet Cu20~ is apparent ly  formed (as 
shown by the decay curves) without  the prior forma- 
tion of cuprate ion. The prepolarizing potential  of 
--0.28V is sufficiently noble to sustain the formation of 
Cu (OH) 2 from the reaction 

Cu~O + 2OH- + H20 

2Cu(OH)., + 2e ESCE ---- --0.32V [5] 

Even though cuprate  ion will  not form directly from 
copper at such an active potential  (--0.28V), it may  be 
possible to form this compound from a direct chemical 
reaction between Cu(OH)2 and hydroxyl  ion at high 
pH values according to the equations 

Cu(OH)2 -5 O H -  -> H CuO2- + H20 [14] 

H CuO2- -5 O H -  -> C u O 2 - -  -5 H20 [15] 

Using neo-cuproine as a complex former, it was 
possible to detect the presence of soluble copper in the 
region of the Cu20/Cu(OH)2 plateau. This would in-  
dicate the presence of cuprate ion ( C u O 2 - - )  in this po- 
tent ial  range, possibly formed according to reactions 
[14] and [15]. Table I shows the soluble copper analy-  
sis figures for 50 ml  aliquots of solution taken at 
various times dur ing the polarization cycles. Imme-  
diately after shifting to the oxygen evolution region, 
the solution showed a sudden increase in soluble cop- 
per. This effect may be accounted for by the copper 
being polarized through the potential  region (plateau 
at ~0.00V) where H CuO2- is considered to form 
directly from copper according to Eq. [5]. 

Cuprate ion may thus be formed dur ing anodic po- 
larization of copper in two ways: first, by the reaction 
of Cu(OH)2 with hydroxyl  ions (Eq. [14] and [15]) and 
second, at more noble potentials by direct formation 
from copper. 

The present study therefore gives rise to the belief 
that the pr imary  reactions accompanying the anodic 
polarization of copper in alkal ine solutions may be 
summarized as follows 

2Cu -5 2 OH- -> Cu20 -5 H20 -5 2e 

Cu20 -5 2OH- -5 H20 -> 2Cu(OH)2 -5 2e 

Cu (OH)2 + OH- -~ H CuO2- + H20 

H CuO2- + OH- -> Cu20-- + H20 

Cu + 3 O H -  --> H CuO2 - + H20 + 2e 

H CuO2- + O H -  ~, C u 2 0 - -  4- H20 

2 C u O ~ - -  --> Cu203 + 1/2 O2 + 4e 

Manuscript  submit ted April  24, 1970; revised m a n u -  
script received Ju ly  24, 1970. 
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Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1971 JOURNAL. 
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Electron Injection into Anodic Tantalum Oxide 
Assisted by Ionic Interface Polarization 

Gerhart P. Klein* and Nils I. Jaeger* 
P. R. Mallory & Co. Inc., Laboratory ~or Physical Science, Burlington, Massachusetts 01803 

ABSTRACT 

The investigation of electronic conduction processes in anodic t an ta lum 
oxide films with electrolytic and Solid contacts is general ly hampered by paral-  
lel ionic conductivi ty at high fields and the uncer ta in  contr ibutions of flaws, 
even in the case of h igh-pur i ty  materials.  We found that  electronic conduc- 
t ivi ty could be induced reproducibly and with homogeneous current  densities 
in the presence of th in  layers of semiconducting oxides, such as Fe208 and 
MnO~ which were deposited by reactive sputtering. Exper iments  were carried 
out with electrolyte contact. The electronic current  was found to follow log 
i prop. V 1/~ in  a wide range of current  densities. A Poole-FrenkeI  mechanism 
is proposed in which the current  is controlled by thermionic emission at the 
TaeOJMeO-interface.  Electronic conductivity increases as a t ime dependent  
activation process lowers the emission barr ier  through ionic interface po- 
larization. The contr ibut ion of flaws to the electronic conductivi ty was in -  
vestigated by means of the anodic pr in t ing  technique. The electronic current  
resul t ing from the activation process was found to be of uni form density 
and unrela ted to any physical flaws in the anodic t an ta lum oxide. 

Oxide films generated electrochemically by anodic 
exidation on valve metals (1), among them tan ta lum 
oxide as the re la t ively best defined, are characterized 
by high insulat ion resistance. Their  resist ivi ty is de- 
pendent  on the substrate metal  and its degree of chemi- 
cal purity.  The resistivity of anodic Ta205 on high-  
pur i ty  Ta has been estimated to exceed 1015 ohm cm 
(2). Any  lower resistivities found exper imenta l ly  must  
be caused by chemical impurit ies or flaws. 

The intr insic conductivi ty of anodic Ta205 is too 10w 
to measure, which means that the current -vol tage  
characteristics of Ta/TasO5-electrodes are usual ly  
those of impure  Ta2Os, after corrections have been 
made for ionic current  contributions.  The dis tr ibut ion 
of electronic conductivi ty (e.c.) due to impuri t ies  is 
mostly nonhomogeneous (3). 

The study of conduction mechanisms in flaws is of 
some practical, but  little theoretical interest, since it 
is hardly  possible to create well-defined exper imental  
conditions. One may  ask, however, whether  leakage 
conduction can be understood in terms of explanations 
such as have been advanced in the l i terature assuming 
the existence of fissures (4), and flaws (5), or whether  
a more fundamenta l  conduction mechanism is at work. 
Some indication of this was given in an earlier paper 
(3) which at tempted to establish some typical  con- 
duction pat terns  for commonly encountered impuri t ies  
and physical flaws in Ta2Os. Aside from the tenta t ive  
conclusion that impurit ies had to be present  in all cases 
where e.c. was observed, we found a behavior  of the 
e.c. which indicated that  certain modifications of the 
Ta2Os/electrolyte-interface were responsible for the 
observed e.c. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  e l ec t ron  injection, anodic t a n t a l u m  oxide ,  ion ic  in t e r -  

face polarization, thin film conduction. 

The anodization of Ta which had been alloyed with 
Fe or Ni, among others, resulted in the fo rmat ion  of 
oxides of the impuri t ies  on top of Ta2Os. This process 
was accompanied by sharply increasing e.c. By dis- 
solving the impur i ty  oxide the cause of e.c. was elimi- 
nated until ,  on fur ther  anodization, it would gradual ly 
return.  

In  the present  investigation we have fur ther  ex- 
plored the conditions under  which anodic Ta205 ex- 
hibits e.c. of sufficient magni tude  to be measured by 
electrochemical techniques. Instead of Ta substrates 
alloyed with metallic impurit ies we used anodic oxide 
films on h igh-pur i ty  substrates and deposited th in  films 
of transi t ion metal  oxides, e.g., Fe20~ and MnO2 by 
means of thermal  decomposition of the respective 
nitrates, or by reactive sputtering. We found on re turn  
of the specimens to the electrochemical cell that re- 
producible, un i formly  distr ibuted e.c. could be devel-  
oped by applying voltage close to the original  forma- 
t ion voltage of the anodic Ta2Os. 

The detailed investigation of this effect revealed an 
electronic conduction mechanism that  is controlled by 
the properties of the contact between the two oxides. 
The properties of the contact are modified under  the 
influence of an applied field that leads to ionic migra-  
tion. 

The exper imental  system, a Ta/Ta2Os/MeO-electrode 
with aqueous electrolyte contact, is shown schematic- 
al ly in Fig. 1. It is in m a n y  ways similar  to me ta l / i n -  
su la tor /meta l  systems which have been studied ex- 
tensively (6,7) and for which models have been 
developed to account for electronic conduction pro- 
cesses. In  our system, one of the metal  electrodes was 
replaced by an electronically conducting metal  oxide 
combined with a redox electrolyte that supplies elec- 
tronic charge to the oxide. Experimental ly,  me ta l / in -  
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Fig. I. Schematic of experimental system: V applied voltage, El 
electrolyte, RE reference electrode, Pt counterelectrode. 

su la to r /meta l  systems are hard to work  with  due to 
the difficulties of prepar ing well-defined thin layers 
of insulators and providing them wi th  electrodes. 
Nonhomogeneous current  distribution, lack of quant i -  
ta t ive reproducibil i ty,  and current  instabili t ies are 
common problems which make  for a scarcity of un-  
ambiguous exper imenta l  results. 

The advantage  of electrolytic contact to insulators, 
such as insulat ing anodic oxides, is due to the control 
of the field distr ibution in the system by ionic proces- 
ses. Addit ional  film growth tends to equalize the field 
in the insulator. Even  though this provides an elec- 
t r ical ly  stable condition, the contact propert ies  can be 
influenced only in a ve ry  l imited way, e.g., through 
the redox potential  of the electrolyte.  

By combining a semiconducting oxide and a redox 
electrolyte,  the advantages of the electrolyte  contact 
are mainta ined while, at the same time, a means of 
influencing the contact propert ies is introduced. The 
contact remains uni form and the effects of air gaps, 
dust, etc., are eliminated. At the same time, the oxide 
l imits the ionic processes without  ent i re ly  blocking 
them, as would be the case wi th  meta l  contact, and 
thus provides some stabilizing effect. In cases where  
the electronic conduct ivi ty  of the system is controlled 
by the contact, this allows one to study the conduction 
mechanism at fields which in case of meta l  contact 
might  lead to early breakdown. 

The avai labi l i ty  of an electrochemical  method for 
the determinat ion of the electronic current  dis tr ibu-  
tion (8, 9) on a micro scale is an addit ional  advantage 
over  meta l  electrodes. A quant i ta t ive  study of conduc- 
tion processes in thin films is impossible without  de- 
tailed informat ion about the density and distr ibution 
of the electronic current.  

Experimental 
Capacitor grade tan ta lum foil was cleaned in the 

usual way. Chemical  polishing (10) in a mix tu re  of 
5 pt H2804, 2 pt  HNO~, and 1.5 pt HF (all reagent  
grade, concentrated)  was fol lowed by dipping in HF, 
rinsing in distil led water ,  and vacuum annealing at 
210O~ for 3 hr  at 10-~-10 -8 mm Hg. Anodic oxide 
films were  formed at room tempera tu re  in dilute 
H2SO4. Format ion  current  density was 1 m A / c m  2 fo l -  
lowed by stabilization at final vol tage for 30 min. F i lm 
thickness was calculated on the basis o f  a thickness 
equivalent  of 16.4 A / V  for format ion at 1 m A / c m  2 to 
voltage. The thickness of stabilized films was deter -  
mined by reforming at this current  density and ex t rap-  
olating the vol tage t ime curve  to zero time. 

React ive sput ter ing of Fe203 and MnO2 was carr ied 
out in a CVC Bendix  D.C. tr iode sput ter ing system. 
The sput ter ing conditions were, typically:  1O00V, 60 
mA, 5% oxygen in argon, 12~ pressure, and a target  
to substrate dist~,~ce of 8 cm. The deposition ra te  was 
approximate ly  12 A/min .  The target  consisted of 9 x 9 
cm metal  disks wi thout  cooling. I ron oxide was sput-  
tered f rom a h igh-pur i ty  (99.99%) iron target,  while  
manganese targets were  prepared  by vapor  deposition 
of manganese on a tan ta lum substrate. The substrate 
holder was water  cooled, and specimens were  held in 
int imate  contact wi th  the substrate support  by means 

of a spring loaded mask. Sput te r  deposition of the 
meta l  oxide on the substrate was preceded by sputter  
cleaning of the target  wi th  pure  argon. No special 
t rea tment  was given to the Ta/Ta205 electrode prior  
to sputtering. Af te r  admission of the sput ter ing gas 
mixture ,  sput ter ing continued onto a shut ter  unti l  a 
s tat ionary sput ter ing condition had been established. 
Af ter  cleaning the sputter ing rate  was high, and oxides 
of low oxidation state were  formed. With increasing 
oxidation of the target  the sput ter ing rate dropped 
and became constant. The oxides sput tered under  this 
condition were  close to Fe203 and MnO2 in composi- 
tion. Electron diffraction exper iments  showed the 
films to be polycrystall ine.  Electron micrographs indi-  
cated that  the films were  continuous. Best results were  
obtained with  oxide films of the order of some hundred 
angstroms, typical ly  200A. 

Reactive sputter ing of oxides can take place by a 
number  of mechanisms (11). The low sput ter ing rates 
prevai l ing after a s tat ionary condition had been es- 
tablished suggest that  the surface of the target  was 
oxidized and that  the oxide itself was being sputtered. 
High energy sputter ing may  lead to the inject ion of 
ions into the anodic oxide. However ,  in our case the 
energies of the sput tered ions were  re!a t ive ly  low and, 
in addition, sputter ing was done at pressures of 1-10~ 
and target  to substrate distances of 5-8 cm, much 
greater  than the mean free path of any sput tered ions. 
This made it l ikely that  deposition of MeO took place 
in the form of neut ra l  molecules by diffusion. 

MnO2 was also deposited by pyrolyt ic  conversion of 
manganese nitrate.  The specimen was coated with a 
dilute solution of Mn(NO3)2 in water  to which a sur-  
face active agent had been added to insure complete  
wet t ing of a la rger  foil area. Af te r  the rmal  conversion 
to MnO2 at about 200~ the foil was careful ly  rubbed 
with  a cotton swab and wate r  to remove  any of the 
voluminous MnO2. Only a thin, f irmly adherent  film 
was left  after this t reatment .  

Af te r  sputter ing or pyrolyt ic  deposition the specimen 
was re turned to the electrolyte  cell shown in Fig. 2a. 
It consisted of a glass container  wi th  mant le  for ther-  
mostating, a magnet ic  stirrer, a p la t inum counter-  
electrode, and a saturated calomel reference  electrode 
(SCR).  All  potentials were  re fe r red  to the hydrogen 
electrode in the e lect rolyte  used. The electrolyte  was 
0.5m standard acetate buffer solution (25~ in which 
the sputtered oxides were  insoluble. 

The electronic circuit  (Fig. 2b) consisted of a Kepco 
Model ABC 200 power supply, a Kei th ley  Model 610C 
elect rometer  and a Hewle t t -Packard  Model 3430A 
digital vol tmeter  to measure  potential,  a n d  a Mosley 
Model 7100B strip char t  recorder  to measure current.  

Anodic printing, a technique used to make  the dis- 
t r ibut ion of the electronic conduct ivi ty  visible, was 
described previously (8). For  high resolution print ing 
the exper iments  were  per formed under  the microscope. 
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Fig. 2. Electrochemical cell and electrical schematic: WE work- 
ing electrode, CE counterelectrode, SCE standard calomel electrode. 
Fig. 2a left, Fig. 2b right. 
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The exper imenta l  details have  been described else- 
where  (9). 

Results 
Anodic activation.--A typical  exper iment  to demon-  

strate the effect of anodic electronic act ivat ion (re-  
ferred to as act ivat ion) was per formed as follows: A 
200A film of Fe203 or MnO2 was sput tered reac t ive ly  
onto a tan ta lum substrate  which previous ly  had been 
anodized at 120V for 30 rain. The specimen was then 
re turned  to the cell  shown in Fig. 2 and constant vo l t -  
age applied. Near  the original  format ion vol tage the 
current  increased sharply  wi th  t ime (Fig. 3a-c) .  For  
comparison the reformat ion  behavior  of a similar  
Ta/Ta20~ electrode wi thout  sput tered oxide on its 
surface is also shown (Fig. 3d). In the la t ter  case the 
observed current  is largely ionic and decays with  time~ 
after  an init ial  overshoot. In the former  case the cur-  
rent  is largely  electronic and cont inual ly  increases 
with time. Figure  3 gives three  examples  of "act ivat ion 
curves" (log iel vs. t ime) .  One for Fe203 deposited by 
sputtering, (a) and two for MnO2 deposited by sput-  
ter ing (b) and thermal  conversion (c) of Mn(NOa)2. 
The ra te  of electronic current  increase wi th  t ime 
("ra te  of act ivat ion")  is considerably lower for MnO2. 
This is a t t r ibuted to its h igher  ionic conduct ivi ty  as 
compared to Fe203. This tends to lead to some addi-  
t ional growth of Ta205 (21) during activation. The 
activation curves show an init ial  overshoot  which is 
similar to the overshoot observed wi th  Ta/Ta205 elec-  
trodes. The current  goes through a min imum followed 
by an exponent ia l  increase of the electronic current  
wi th  t ime to current  densities of 10 2 A/cm2 and 
higher. 

In some instances, act ivat ion curves wi th  one or 
several  plateaus were  observed. This behavior  ap- 
peared to be related to the composit ion of the sput-  
tered oxide. The present  study is concerned only wi th  
the exponent ia l  section of the act ivat ion curve  which 
is regula r ly  observed with  oxides of high oxidation 
state. 

With continuing act ivat ion at constant vol tage the 
rate  of increase of the electronic current  diminished. 

-2 / 

I1 

S 
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2 4 

T I M E -  MIN 

Fig. 3. Current-time characteristic of the activation process for 
three Ta/(23|0.s Ta2Os/MeO electrodes. Anodizatlon of Ta/  
Ta205 at 120V, 25~ 30 min; activation voltage VA. (a) MeO 
sputtered (200,~,) Fe203 film, VA ~ 118V, (c) MeO ~ MnO2 by 
thermal conversion of Mn(NO3)2, VA ~ 118V, 75~ (b) MeO 
sputtered (200.~,) MnOx film, VA ~ 122V; (d) reanodization curve 
of Ta/Ta205 electrode at 118V after activation of the Ta/Ta~O5/ 
Fe203 electrode and subsequent dissolution of the Fe203 film. 
This curve is identical to the reanodization trace of the Ta/Ta205 
electrode before deposition of MeO and activation. 
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This was most  pronounced wi th  thin Ta205 films and 
~r thought  to be due to changes in the  potent ial  dis- 
t r ibut ion as act ivat ion progresses. 

The activation process does not destroy the anodic 
Ta205 film. In part icular ,  no catastrophic breakdown 
or scintillations were  observed during activation. The 
current  increased steadily wi th  t ime wi thout  giving 
any indication of noise due to carr ier  multiplication.  
Af te r  act ivat ion and subsequent  dissolution of the 
sput tered oxide film the Ta/Ta205 electrode could be 
reformed to voltages in excess of the original  forma-  
t ion voltage. Microscopic inspection did not reveal  any 
breakdown or scintil lation patterns. 

The cu r ren t - t ime  curve  of reformat ion  at constant 
vol tage after dissolution of the Fe208 film following 
activation to 10 -~ A / c m  -2 was identical  to the refor-  
mat ion curve  obtained with  the original  Ta/Ta205 
electrode prior to any deposition of Fe203 (Fig. 3d). 
This indicated that  the effect of Fe2Os was t empora ry  
and that no modification of the bulk of Ta205 had 
taken place during activation. 

A direct exper imenta l  dist inction be tween  ionic and 
electronic current  can be made by means of the pr in t -  
ing technique. These and all subsequent  prints were  
obtained whi le  increasing the applied vol tage at a 
constant rate. A typical  series of prints  is shown in 
Fig. 4 for a Ta /Ta2OJFe20~ electrode. The example  
chosen shows both uni form act ivat ion near  the anodi- 
zation vol tage and nonuniform e.c. at lower  voltage. 
The onset of act ivation led to the uniform develop-  
ment  of opacity due to the format ion of the starch- 
iodine complex. At  higher  cur ren t  densi ty levels gas- 
sing of the electrode due to oxygen evolution was 
observed. 

Fig. 4. Series of four anodic prints obtained from a Ta/(2000.~) 
Ta2OJ(200.~) Fe20~ electrode anodized at IOOV, 25~ for 1 hr; 
voltage scan rate 20 V/mini a, at OV; b, at 80V; c, at OOV; and 
d, after 30 sec at 95V. Note: Grain boundaries appear dark be- 
cause they are out of focus. 
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tion process shows some correlat ion with  ionic charge 
displacement.  

The activation behavior  as a function of Ta205 th ick-  
ness is shown in Fig. 7. The Fe203 thickness was 200A 
in all cases. As in Fig. 6, al l  act ivat ion curves were  
measured at fields that  were  de termined  f rom the 
actual vol tage V as measured  against the  reference  
electrode and the thickness d of the par t icular  Ta20.~ 
film. The activation curves of Fig. 7 start  out at about 
the same current  level  if measured  at the same field 
V/d,  but the slopes of the curves increase f rom the 
thinnest  to the thickest  film., The slopes of the  act iva-  
tion curves of the thicker  films approach a constant 
value. For  the 2310A film the  act ivat ion curve  is es- 
sential ly l inear over  two decades of current.  The acti-  
vat ion curves of the thin films, e.g., the 410A film, 
start  out wi th  the lowest  slopes, and the slopes de- 
crease fur ther  wi th  t ime of activation. 

These differences in the rates of act ivation may  be 
related to the nonident i ty  of the applied vol tage and 
the actual potent ial  drop across the Ta205 film. I t  was 
necessary to examine  the distr ibution of the applied 
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Fig. 5. Activation of three Ta/Ta2OJ(200.A) Fe203 electrodes 
( . . . .  ) at constant current (0.5 mA/cm2). For comparison, the 
voltage-time curves of onodization for the same Ta/Ta20.~ elec- 
trodes (- ) are also given. 

Activat ion under  galvanostat ic  conditions is shown 
in Fig. 5 for three  Ta /Ta2OJFe203  electrodes wi th  
different Ta20.5 thicknesses. At  constant current  the 
voltage increases l inear ly  wi th  t ime for Ta/Ta205 elec- 
trodes, while it drops steadily toward  a constant value 
when act ivat ion takes place in the presence of Fe20~. 
An init ial  overshoot is observed in both cases. 

Activat ion as a function of f ield.--The process re -  
sponsible for electronic act ivat ion depends on the ap- 
plied field. F igure  6 shows the increase of the electronic 
current  wi th  t ime for Ta/(1360A) Ta205/(200A) Fe20~ 
electrodes as a function of the applied voltage (field). 
The ra te  of log i increase wi th  t ime (rate of act iva-  
tion) rises sharply wi th  increasing field strength. The 
ionic current  at these fields is de te rmined  by i i o n  = 
A exp BF (1) (F field across Ta205, A, B, empir ical  con- 
stants).  With  typical values for A and B given in the 
l i tera ture  (2) the ionic current  at the highest  fields 
used is est imated to /ion < 10 -6 A / c m  2. The ionic cur -  
rent  is small  but  finite, and it appears that  the act iva-  
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voltage over  the exper imenta l  system shown in Fig. 1 in 
order to de termine  whe ther  the act ivat ion process was 
in fact dependent  on the field in Ta205. The constant 
voltage V does not drop ful ly across Ta20~ but includes 
vol tage drops across interfaces and the bulk  of the 
MeO film. Also, the potential  distr ibution in the elec- 
trostatic condition wi thout  ionic or electronic current  
flow will  be different f rom the distr ibution dur ing 
activation. During this transition, the potent ial  drop 
across Ta205 may  change with  a corresponding effect 
on the rate  of activation. For  example,  the rate  of 
act ivation would be expected to decline as the field 
across Ta205 decreased which, at constant applied vol t -  
age, could be caused by increasing interface polariza-  
tions, increasing vol tage drop across MeO, or by addi-  
t ional growth of Ta205. Conversely,  an increase in the 
rate  of act ivation could be expected to take place if 
an electrostatic potent ial  drop across MeO or other 
parts of the system was shifted to Ta205. 
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Fig. 7. Rate of activation as o function of Ta20~ thickness at the 
same field F' = V / d  .~- 5.2 MV/cm. 

3 Ta205, 

T I M E - M I N  *~' 

Fig. 6. Rate of activation as a function of the electric field F' O 2310 
V/d for Ta/(1360,~)Ta20~/(200.~,) Fe203 electrodes. The Ta /  A 1740 

Ta205 electrode was anodized at 70V, 25~ for 30 min. O ,  5.11 [ ]  1360 
MV/cm; I-/, 5.18 MV/cm; ~ ,  5.22 MV/cm; � 9  5.26 MV/cm; � 9  �9 980 
5.30 MV/cm. �9 410 

Anodization 
V min Applied voltage, Y 

120, 30 120 
90, 30 91 
70, 30 71 
50, 30 51 
20, 30 21.3 
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P o t e n t i a l  d i s t r i b u t i o n  in  the  e x p e r i m e n t a l  s y s t e m . ~  
The vol tage V measured  against a reference electrode 
is made  up of the fol lowing contributions:  V ---- AV 
-~ V4 -~ ~ i j  "~- Z~]ij with ~V vol tage drop across Ta205, 
V4 vol tage drop across MeO, Z~ij sum of Galvani  po- 
tent ia l  differences, ]s s u m  of overvoltages.  Any  ohmic 
potent ial  drop (~n) across MeO is also included in 
this sum. Under  electrostatic conditions (/ion ~ 0, 
i,~ = 0 ) ~ i  j = 0. 

The sum of Galvani  potentials is made up of the 
respective interface Galvani  potent ia l  differences as 
indicated in Fig. 1: ~ i j  ---- ~2 + ~23 + r + 645 + ~56 
+ ~01; wi th  r = r -- ~ ,  ~28 = ~2 -- ~3 etc. The sum 
of overvol tages  is s imilar ly  composed of the respec-  
t ive contributions from the various interfaces affected 
by ionic and electronic current  passage: ~Tlij ----- ~123 
-~ 1134 ~- 1145. 

In a series of exper iments  at constant field in Ta205 
where  only the thickness of the Ta205 film is being 
var ied a correction of the applied voltage is requi red  
which takes into account the potent ia l  distr ibution 
across the system. This correct ion which affects the 
field in Ta205 becomes the more significant the th inner  
the Ta205 film. In the initial phases of the act ivat ion 
process the overvol tage contr ibution is negligible and 
the correction is constant. This appears to be the range 
in which the rate of act ivat ion (log scale) is constant. 
As overvol tages develop in various parts of the system, 
the rate  of act ivation decreases, and this decrease is 
again the more pronounced the th inner  the Ta205. 
Also, addit ional  Ta205 growth may  occur and thus 
lower the field under  constant vol tage conditions. 
Only two factors will  be examined more closely in the 
context  of this paper: first, the importance of a re-  
distr ibution of potent ial  be tween Ta205 and Fe20~; and 
second, an at tempt  to determine  the constant con- 
t r ibut ion to the applied vol tage arising f rom Galvani  
potential  differences. The contr ibution from overvol t -  
ages other than ohmic potential  drop in Fe203 wil l  not 
be considered, and the discussion of the act ivation 
process will  be restr icted to the range in which a l inear  
activation characterist ic is observed. 

P o t e n t i a l  r e d i s t r i b u t i o n  b e t w e e n  Ta205 and  Fe20~.-- 
The exper imenta l  evidence presented so far  suggests 
that  the act ivation process is t ied to the migrat ion of 
ions in Ta205. This is more clearly demonstrated by 
Fig. 8 which shows a comparison of the initial parts  
of an activation curve (e) for a Ta/Ta2Os/Fe20~ elec-  
trode with reanodization curves (a-d)  of Ta/Ta20~ 
electrodes at four constant voltage levels. By varying 
the reanodization voltage one can find a reanodizat ion 
curve (c) which closely matches the initial part  of 
the act ivation curve (e).  The two curves match during 
the init ial  overshoot and begin to separate only af ter  
the current  min imum has been reached. The init ial  
overshoot is caused by ionic polarization processes 
(1, 6) wi th  oxide format ion taking place during the 
overshoot. The ident i ty  of the two curves is assumed 
to signify identical  ionic processes in the Ta~O~ layer  
of both specimens. This congruence is regarded as a 
reference condition for which the field is assumed to 
be equal  in the Ta205 layer  of each electrode. The 
presence of Fe203 in one of the electrodes requires  a 
somewhat  higher  applied vol tage to match the re-  
formation curve  of the Ta/Ta20~ electrode. F rom Fig. 
8, the difference in the applied vol tage was determined 
t o  AVFe203 ~ (0 .5  -+- 0 . 5 ) 7 .  This represents  the initial 
voltage drop across Fe203 before electronic conduction 
sets in. The max imum vol tage that  could be t rans-  
ferred from across Fe203 to across Ta20~ would, there-  
fore, be the order of 1V. This wil l  have  to be compared 
to the max imum ohmic drop across Fe~20~ as a con- 
sequence of the electronic current  in order to de ter -  
mine the significance of potential  redistr ibut ion in the 
act ivation process. 

The resist ivi ty of Fe203 as deposited by react ive 
sputtering is not known, but it can be est imated if it 
is assumed that  the decrease in the rate  of act ivation 
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Fig. 8. Comparison of the initial port of the activation curve for 
a To/(1360~,)Ta205/(200~,)Fe203 electrode (e)with reanodization 
curves for Ta/(1360~)Ta205 electrodes at different voltages V 
(a-d). - - - ,  Ta/To205 (a) 68V, (b) 70V; (e) 70.5V; (d) 72V. , 
Ta/Ta2Os/Fe20~ (e) 70V. 

at high electronic current  densities is caused by the 
ohmic potential  drop. It was found that  r ~ 9 X l07 
ohm cm, which leads to a potent ial  drop ~In ~ 0.9V at 
5 m A / c m  2 for a 200A F~203 film. ~n becomes significant 
at current  densities of the order of m A / c m  2 for thin 
Ta205 films. 

C o n t r i b u t i o n  # o r e  G a l v a n i  p o t e n t i a l  d i f ] e r e n c e s . - - I f  
the rate of act ivat ion (log scale) was in fact a func-  
t ion of the ionic processes in Ta20~, as suggested by 
the exper iments  presented so far, one would then ex-  
pect the slopes of the act ivat ion curves to be identical  
for all Ta205 thicknesses at the same field in Ta205. 
Figure  9 shows activation curves wi th  the same slope 
for the Ta/Ta205/Fe203 electrodes of Fig. 7. The vol t -  
ages V = AV + Z~ij that  had to be used exper imenta l ly  
to obtain equal  slopes are given in Table I. The resul t -  
ing fields F' = V / d  are different for all  Ta205 thick-  
nesses. This is a t t r ibuted to the error  made by not tak-  
ing into account the constant addit ive vol tage arising 
from Zr The later  is found by computing that  value 
of zr that  minimizes the difference be tween the fields. 
The resul t ing field F = (5.06 +_ 0.4) M V / c m  is then 
the t rue field in Ta205 f o r  all thicknesses. The contr i-  
bution to the applied voltage from Galvani  potentials  
was found to be z~ij = (2.35 __ 0.30)V. 

It was concluded f rom these estimates that  the cor-  
rections arising f rom potential  redistr ibut ions between 
Fe203 and Ta205 can become significant for thin Ta20~ 
films. The electrostatic shift appeared to be small  in 
our experiments,  but the effect of the ohmic drop was 
clearly noticeable at the higher  electronic current  
densities. Also, by making allowances for the constant 
contribution f rom interface potential  drops to the vol t -  
age V it was found that  the ra te  of act ivation (log 
scale) at constant field in Ta205 was in fact inde- 
pendent  of the thickness of the tan ta lum oxide. 

Table I. Voltages used experimentally to obtain equal slopes 

dTasos, Voltage Field F',  Z~i j, Field F, 
k V, V MV/ern V MV/cm 

410 23,0 5.61 
980 52.5 5.36 

1360 71.5 5.26 2.35 5.06 
1740 9 0 , O  5.17 • •  
2310 118 5.12 
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Fig. 9. Activation curves for five To/Ta2Os/(200A) Fe203 elec- 
trodes with different Ta20~ thicknesses. Activation voltages were 
selected to yield equal rates of activation. 

Ta205, Anodization, Voltage, V 
,~ V min 

0 2310 120, 30 118 
L~ 1740 90, 30 90 
[ ]  1360 70, 30 71.5 
�9 980 50, 30 52.5 
�9 410 20, 30 23 

The continuing decrease in the ra te  of act ivation ob-  
served in Fig. 7 and 9 which was most pronounced in 
the curves for the thinnest  Ta205 films is a t t r ibuted to 
the effects of overvol tages  developing at the various 
interfaces of the Ta /Ta2OJFe20~ electrode due to the 
electronic current  and to some additional growth of 
Ta2Os. 

Current-field characteristic of the electronic conduc- 
tion process resulting from activation.--The cur ren t -  
field characterist ic of Ta /Ta2OJFe203  electrodes was 
measured after act ivation to different electronic cur-  
rent  levels. The measurements  were  made at decreas- 
ing field. The results for a 1740A Ta205 film are shown 
in Fig. 10 which  gives the act ivation curve  and the 
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Fig. 10. Activation curve (left) and current-field characteristics 
(right) for a Ta/(1740~,) Ta205/(200.&) Fe203 electrode. Current- 
field characteristics were measured after activation to the current 
levels as indicated. Ta205 was anodized at 90V, 25~ for 30 min; 
activation at 89V. 

cur ren t -vo l tage  curves re la ted to the act ivat ion levels 
as indicated by horizontal  lines. The current-f ie ld  
(voltage) characterist ics are l inear over  several  dec- 
ades of electronic current  if log i is plotted vs. F'/2. 

The activation curve  shown in Fig. 10 is character-  
ized by a section in which log i vs. t ime is linear, fol- 
lowed by a plateau, and fur ther  increase wi th  time. 
The par t icular  shape of the act ivat ion curve is bel ieved 
to be due to the composit ion of the sput tered Fe20~ 
layer. It has no significant effect on the i -F character is-  
tic of the electronic current.  

Bulk  vs. interface control .mFor the in terpreta t ion of 
the activation process and the current-f ie ld  character -  
istic of the electronic current  to be meaningful  it was 
important  to de termine  the location of the ra t e - l imi t -  
ing step in the t ransfer  of electrons from the electro-  
lyte  to the tan ta lum substrate. The dependence of 
electronic current  on field would  seem to support  
bulk control. However ,  there  is convincing exper i -  
menta l  evidence that  it is the inject ion of electrons 
into Ta205 which is ra te  limiting. In the case of elec- 
t rolyte  contact to Ta205 the inject ion rate  of carriers 
is ex t remely  small. In the presence of MeO an elec- 
t ronical ly conductive state can be created, which must  
be direct ly  related to a modification of the Ta2OJMeO 
interface since chemical  dissolution of MeO after  the 
active condition had been established removed the 
cause of electronic conductivity.  No indication of any 
modification of the bulk of Ta205 as a consequence of 
the activation process was found. 

This behavior  of specimens with deposited MeO 
films is paral leled by the behavior  of tan ta lum that  
had been alloyed with  iron (3). The observations were  
then in terpre ted  in terms of a compet i t ive  migrat ion of 
tanta lum and impur i ty  ions under  the effect of the field 
whereby  the impur i ty  ions were  faster than tanta lum 
ions. The impur i ty  ion-r ich surface layer  was thought  
to be responsible for the observed e.c. Ta205 layers im- 
media te ly  adjacent  to the ox ide /e lec t ro ly te  interface 
must also have been highly contaminated,  but  could 
not be reached by the hydrochloric  acid. It is signifi- 
cant that  l i t t le e.c. was found in an extended in terval  
of continued formation after dissolution of the surface 
oxide, since it showed that  doping of the Ta205 did not 
seem to lead to e.c. unless surface oxides were  present. 

Current distribution.--The question of current  dis- 
t r ibut ion is of equal  importance for the in terpreta t ion 
of the act ivation effect since it is wel l  known that  high 
flaw densities can be present  in anodic Ta20~ (12). 
What  appeared as uni form e.c. macroscopical ly could, 
therefore,  be due to large numbers  of minute  s t ructural  
flaws. Natural ly ,  assigning the cause for e.c. to flaws 
would only shift the problem to flaws without  solv- 
ing it. In order to establish the distr ibution of e.c. one 
must be able to resolve the current  distr ibution on a 
microscale. Techniques such as area var ia t ion  can de- 
tect only ra ther  coarse heterogenei ty  and cannot re-  
solve conduction due to microscopically small  flaws of 
high density. Scanning a surface with  various kinds 
of probes suffers f rom similar  problems. By contrast, 
anodic print ing in its modified form allowed direct 
observation of the surface of the specimen and, at the 
same time, its e.c. distr ibution as revealed by the 
coloration of the pr int ing electrolyte.  I t  permi t ted  a 
direct correlat ion be tween microscopical ly visible 
flaws and their  contr ibution to the electronic conduc- 
t iv i ty  wi th  a resolution of up to 108 point f laws/cm 2. 

The purpose of the fol lowing exper iments  was to es- 
tablish the distr ibution of electronic conduction under  
the conditions of activation. Macroscopically, the dis- 
t r ibution was found to be homogeneous;  however ,  it 
could not  be decided whether  this homogenei ty  was in 
fact the result  of microscopic heterogenei ty  due to 
flaws in the anodic oxide. 

The following tabulat ion lists common types of 
"heterogeneit ies." 
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I. St ructural  (a) thermal  crystal l ine oxides, n i -  
trides 

(b) "field" crystals 
(c) carbides 
(d) inclusions of foreign phases 
(e) cracks, pores, pinholes, etc. 

II. Chemical (a) metallic impuri t ies  in solid solu- 
t ion 

(b) inclusions from electrolyte 
(c) surface impuri t ies  

High flaw densities are usual ly  due to s t ructural  
flaws and those listed under  I, a-c are the most com- 
mon ones. Methods of generat ing such flaws have been 
described previously (12-14). In  the following high 
resolution anodic pr ints  obtained with specimens con- 
taining various densities of such s t ructural  flaws are 
shown. 

Thermal oxide l~aws.--Thermal crystal l ine oxide forms 
on Ta foil when  heated in air at temperatures  of 300 ~ 
700~ Different amounts  of thermal  oxide were gener-  
ated by heating Ta foil at 500~ in air for 2, 5, 10, and 
30 min. Prepara t ion  for the pr in t ing  exper iment  in-  
cluded anodizing at 80V and sputter ing of a 200A Fe20~ 
film. Pr in ts  for the 5-rain sample are shown in Fig. 
11. The first of the micrographs shows the Ta foil be-  
fore anodization with a typical pat tern  of Ta205 crys- 
tallites. The two anodic prints  at 85 and 90V show in-  
creasing uni form activation which is most clearly seen 
at the grain boundaries. These show up quite s trongly 
in the first prints  because they are out of focus but  
disappear gradual ly  as the opacity of the pr in t ing  
electrolyte increases due to the formation of the starch- 
iodine complex. The pr ints  show homogeneous and 
uniform opacity and none of the typical  dis t r ibu-  
tions of crystalli tes which vary in density from grain 
to grain. Uniform opacity was observed even in cases 
where the anodic Ta205 contained patches of different 
color due to high thermal  oxide concentration. 

"Field"-crystallite l~aws.--"Field" crystals in anodic 
TarO5 were generated by anodizing Ta foil in 2% nitr ic  
acid at 80V, 90~ for 4 hr. The pr ints  of Fig. 12 were 
obtained with a sputtered 200A Fe203 film. Figure 12a 
shows the specimen before application of voltage, b at 

1489 

Fig. 12. Anodic microprints of a Ta/(2280~)Ta205/(200~)Fe20:~ 
electrode. "Field" crystals were generated by anodizing in 2% 
HNO3 at 80V, 90~ for 4 hr; voltage scan rate 20 V/rain. a, 
Specimen with "field" crystals, no voltage applied; b, anodic print 
at 112V; c, anodic print at 117V. 

l12V, and c at llTV. Uniform opacity is observed at 
the highest voltage indicating that  the activation pro- 
ceeded uniformly over the whole surface. At  the lower 
voltage the crystalli tes led to electronic leakage which 
could be dist inguished clearly from the uniform acti- 
vat ion current  that  occurred at the higher voltage 
level. 

Tantalum carbide ftaws.--Carbide flaws were generated 
in anodic Ta205 by evaporation of carbon on Ta foil 
followed by anneal ing in vacuum at 1800~ for 30 rain. 
Anodization was carried out at 120V, 25~ for 30 min. 
The prints of Fig. 13 were obtained after sput ter ing a 
200A Fe203 film on Ta~Os. The center grain in the 
specimen shown in Fig. 13 contained the highest car- 

Fig. l l. Anodic microprints of a Ta/(1560~,)Ta205/(200~,)Fe203 
electrode. Ta foil with thermal oxide by heating in air at 500~ 
for 5 rain. Ta205 anodized at 80V, 25~ for 30 rain; voltage scan 
rate 20 V/rain. a, Ta foil with Ta205 crystallites before anodiza- 
tion; b, anodic print'at 85V; c, anodic print at 90V. 

Fig. 13. Anodic microprints of a Ta/(2310~,)Ta205/(200~,)Fe203 
electrode. Ta foil carburlzed before anodizatlon at 120V, 25~ for 
30 rain; voltage scan rate 20V/rain. a, Anodic print at 80V; b, an- 
odic print at 100V; b, anodic print at 115V. 
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bide concentrat ion which was est imated to be of the 
erder  of l0 s carbide flaws per cm 2. The color of the 
anodic oxide on this grain was substant ial ly different 
f rom that  of the surrounding grains. The print  at 
100V shows discrete electronic leakage sites wi th  a 
density of about 5 x 104/cm 2. The number  of active 
sites remains constant unti l  uniform act ivat ion occurs 
at l15V. Act ivat ion at this vol tage was uni form and 
did not show any var ia t ion f rom grain to grain even 
though the carbide concentrat ion var ied greatly. 

Other types of fiaws.--Impurities, if present  in suffici- 
ent quanti ty,  wil l  precipi ta te  under  favorable  condi- 
tions. Tanta lum used in these investigations was of 
high pur i ty  and e lemental  impuri t ies  were  present in 
parts per mill ion quanti t ies  only after  chemical  polish- 
ing and vacuum annealing. With rapid cooling after  
anneal ing conditions were  unfavorable  for the forma-  
tion of any precipitates. Such mater ia l  is character -  
ized by flaw densities of less than 104/cm 2. Anodic 
prints of less pure Ta/Ta2Os/Fe203 electrodes showed 
the effects of impur i ty  islands with random distr ibution 
and shape. In Fig. 5 electronical ly act ive flaws are 
present in a density of 104-105/cm 2. In highly impure  
mater ia l  the density of discrete act ive flaws may  in- 
crease further .  However ,  high impur i ty  content usual ly 
leads to distr ibuted e.c. 

Pores, cracks, and pinholes have also been cited as 
possible contributors to e.c. A sensitive method to 
detect any of these types of flaws was the deposition 
of MnO2 by means of pyrolyt ic  conversion of Mn(NO3)2 
fol lowed by printing. The liquid penetra ted pores and 
cracks and anodic prints revealed any such flaws at 
low voltage. Since this behavior  was rarely,  if ever, 
observed with  flat h igh-pur i ty  specimens we could 
exclude such flaws from fur ther  consideration. 

Conclusions from printing experiments.--Electronic 
conduction in flaws could be distinguished clearly f rom 
uniform e.c. by means of the high resolution pr int ing 
technique. Uniform e.c. was observed at the same field 
s t rength for all specimens whe ther  they were  of high-  
est pur i ty  with low flaw density, or whe ther  they were  
prepared with  the highest  flaw densities. This was 
shown most s tr ikingly in samples where  different 
grains of widely  varying flaw density exhibi ted identi-  
cal act ivation behavior.  Carbide containing samples 
were  of par t icular  interest  because nonuniform e.c. 
was observed within  those grains wi th  the highest flaw 
densities. However ,  this localized type of e.c. was ob- 
served at significantly lower  fields and was clearly 
dist inguishable from the uniform e.c. at the act ivation 
field strength. 

Electronical ly  active sites were  usual ly  found to be 
present  in much smaller  densities than visible flaws 
and often appeared in pat terns  that  reflected random 
contaminat ion ra ther  than dist inctive distributions 
along grain boundaries  or definite crystal  orientations. 

The density of active sites in some grains wi th  high 
carbide flaw density was higher  than in others wi th  
lower flaw density. But similar grains in other  areas 
had no active sites at all. Therefore,  no direct correla-  
t ion existed be tween carbide flaws and e.c. 

Thermal  oxidation led to vast ly greater  e.c. occa- 
sionally, even though the specimen was thought  to be 
one of high purity. Anodic pr int ing revealed that  
thermal  crystal l ine oxide was not the source of e.c., 
but that  it originated in typical  impur i ty  patterns. This 
was at t r ibuted to the accumulat ion of impuri t ies  at the 
surface during thermal  oxidation. This means that  no 
direct correlat ion existed between thermal  oxide or 
carbide flaws and e.c. under  the conditions of anodic 
activation. This conclusion should be qualified to the 
effect that  the propert ies of flaws may  depend on the 
format ion voltage. For  the purpose of resolving the 
distr ibution of the act ivat ion current  this is of no 
re levance  since act ivation is observed at all Ta205 
thicknesses. 

Typically, e lectronical ly  active flaws appeared in 
anodic prints  at voltages far enough below the level  
of uniform activation to be clear ly  distinguishable. 
Even though a distr ibution in size and intensi ty was 
usually found to exist it is significant to note that  
flaws appeared first at ra ther  distinct vol tage levels. 
Their  number  was, by and large, de te rmined  at this 
level, and no significant increase in number  was ob~ 
served as the vol tage increased further .  The absence 
of a voltage dependent  distr ibut ion of electronical ly 
act ive flaws in these cases al lowed one to exclude the 
possibility that  uni form act ivat ion was the result  of 
many  small flaws of the same kind as the larger  ones 
that  had appeared at the lower  vol tage levels. 

Some kinds of flaws can become sources of e.c. in 
contact wi th  sput tered or pyrolyt ica l ly  deposited MeO. 
"Field"  crystals were  one example,  cracks, pores and 
breakdown sites, another. Their  density was usually 
found to be several  orders of magni tude  smaller  than 
that  of oxide or carbide flaws. Again, they were  found 
to conduct at vol tage levels below those of uniform 
conduction and could, therefore,  be excluded f rom con- 
sideration in the act ivat ion effect. 

Summary of experimental results.--The e.c. of Ta /  
Ta205 electrodes in aqueous electrolytes was found to 
be ex t remely  low in the absence of impurities.  No ob~ 
vious correlat ion be tween physical  flaws as observed 
microscopically and e.c. was observed. The distribu~ 
tion of e.c. depended on the distr ibution of impuri t ies  
present and had to be established exper imental ly .  

With Ta/Ta205/MeO electrodes (MeO -~ Fe203, 
MnO2) e.c. was established in a t ime-dependen t  ac- 
t ivat ion process on polarization in contact wi th  elec- 
t rolyte  to potentials at which ionic migrat ion set in. 

Act ivat ion was observed at all Ta205 thicknesses and 
was characterized by an exponent ia l  increase of the 
electronic current  wi th  t ime at constant field in Ta205. 
In some cases deviations from this behavior  were  found 
and at t r ibuted to the propert ies of MeO. 

The distribution of e.c. due to act ivat ion was found 
to be uniform and homogeneous. Electronical ly  active 
flaw sites were  found to be act ive at fields below 
those required for uniform activation. Therefore,  the 
e.c. observed in the presence of MeO could not be at-  
t r ibuted to flaws. 

The electronical ly active condition persisted after 
act ivation had taken place and current  field charac-  
teristics could be measured at fields below those used 
for activation. The active state slowly reve r t ed  to a 
less act ive state. The rate  was dependent  on the nature  
of MeO. 

The dissolution of MeO removed  the cause of e.c. The 
ra te - l imi t ing  step for electron t ransport  af ter  act iva-  
tion was found to be localized in the Ta2OJMeO inter -  
face. 

The current-f ield characterist ic of the e.c. was found 
to be that of thermionic  emission, i.e., log iel propor-  
t ional F 1/2, over several  decades of current.  

Discussion 
Mechanism of activation.--Any physical model  of 

the exper imenta l  system must  be able to explain the 
dependence of the electronic conduction phenomena  on 
the ionic processes preceding them. Exper imenta l ly ,  
it was found that  the electronic conduct ivi ty  of the 
T a / T a 2 O J M e O  electrode was as low as that  of the 
Ta/Ta205 electrode unt i l  some ionic conduction had 
taken place. It is necessary, therefore,  to first discuss 
the ionic processes which take place in Ta205 with  
electrolyte  and MeO/e lec t ro ly te  contacts. The two 
systems are shown in schematic form in the fol lowing 
figures. 

The behavior  of the Ta/Ta205 electrode (Fig. 14) is 
characterized by ionic migrat ion as fields of the order 
of 108-107 V / c m  are applied (Eq. [1]). Close to 80% 
of the ionic current  is carried by anions (II) ,  the  rest 
by cations (I) (15). Reaction (II) leads to additional 
oxide growth at the Ta/Ta205 interface while  react ion 
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Fig. 14. Schematic of Ta/Ta205 electrode with electrolyte con- 

tact under anodic polarization. D ~ A 4- �9 redox system with D 
electron donor, A acceptor. Arrows indicate migration currents 
under a gradient of the electrochemical potential. Charge signs on 
ions have been omitted. 

(I) leads to growth at the Ta20~ electrolyte interface. 
(The arrows indicate gradients of the electrochemical 
potential  due to the applied field. Double arrows indi-  
cate equil ibrium, broken lines indicate that the reac- 
+tion is s trongly hindered.)  Oxide growth proceeds with 
near ly  theoretical current  efficiency, unless impuri t ies  
are present  in Ta2Os. This means in fact that  the Ta /  
Ta20~ electrode is an insulator  electrode, since the 
electronic current  even at the highest fields experi-  
menta l ly  accessible is small  compared to the ionic 
current.  

The properties of meta l - insula tor  electrodes have 
recent ly been reviewed (16). They are characterized 
by the lack of intrinsic electronic charge carriers in the 
insulator. A steady space charge l imited electronic 
current  is observed only if charge carriers can be in-  
jected at the insulator-electrolyte  interface. An in-  
jecting or "ohmic" contact (17) is formed if the elec- 
trochemical potential  of electrons in the electrolyte 
(Fermi energy) is sufficiently close to the energy of 
one of the band edges of the insulator,  and if "band 
bending" allows electron exchange between energy 
levels in the electrolyte and the surface of the in-  
sulator. This condition is not satisfied for the Ta/Ta~O5 
electrode in aqueous electrolytes as can be concluded 
from the absence of measurable  space charge limited 
current  flow. Also, the absence of measurable  elec- 
tronic current  at high fields is evidence of negligible 
field induced charge inject ion or carrier generat ion in 
the bulk  of the oxide. In Fig. 14 the electronic reaction 
(III) is characterized by the redox system D ---- A 4- e 
in the electrolyte (D donor, A acceptor species), 
blocked electron inject ion and a steep gradient  of the 
electrochemical potential  in the Ta205 which sweeps 
all mobile as well  as most of the t rapped electrons into 
the metal  substrate. The potential  dis t r ibut ion is char-  
acterized by a large drop across Ta2Os and polarization 
at both of its interfaces. The ionic reactions I and II 
determine the magni tude  of these overvoltages. In  
electrochemical terms the Ta2Os/electrolyte-contact is 
a blocking one for electrons because the overvoltage, 
as determined by the ion t ransfer  reaction, is insuffi- 
cient to establish the interface potential  difference re-  
quired for electron injection. Only by increasing the 
overvoltage of the ionic reaction can this condition 
for electron injection be met. 

In  the Ta /Ta2OJMeO electrode (Fig. 15) a second 
oxide film has been inserted between the insulat ing 
TauO5 and the electrolyte. The consequences regarding 
the ionic and electronic reactions wil l  now be dis- 
cussed. MeO ( =  Fe2Oa or MnO2) is a t ransi t ion metal  
oxide which exhibits electronic conductivi ty according 
to its nonstoichiometry and impur i ty  content. Two as- 
sumptions are made regarding its e.c. 

1. Electron equi l ibr ium is established across the 
MoO/electrolyte interface and throughout  MeO. 

2. The electronic conductivi ty of MoO is much larger 
than its ionic conductivity. This means that  the elec- 

To ~ T a  - 

T ~  ~ O q 

�9 4 - + - + -  �9 ~ . . . . . . . . .  �9 ~ - - I - -  e �9 

T a  ~ O �9 . . . . . . . . . .  E l " §  . . . .  E ] ' ~  

e ~ e �9 

~, T a  ~ 0 �9 . . . . . . .  0 ~ O H 2  2H-2-H~+ 

0 ~ 0 �9 . . . . . . .  0 ~ - -  O H 2  2 H + *  

Fig. 15. Schematic of Ta/Ta2Os/MeO electrode with electrolyte 
contact under anodic polarization. MeO ~ Fe203, MnO2. D 
A 4- e, redox system with D electron donor, A acceptor. D xx oxy- 
gen vacancy with positive charge compensated by electrons, E3 ~176 
oxygen vacancy, positively charged. Full line arrows indicate migra- 
tion currents under a gradient of the electrochemical potential; 
broken arrows indicate that the reaction is strongly hindered; 
double arrows indicate equilibrium. Charge signs on ions have been 
omitted. 

t rolyte contact to MeO is "ohmic" and that  a Me/MeO- 
electrode would correctly measure the redox potent ial  
of the electrolyte (18). Electrons will  be in equi l ib-  
r ium across MoO as long as its electronic charge car- 
r ier  concentrat ion is reasonably high and the current  
d rawn remains  low. 

The effect on the migrat ion of ions of a field applied 
across Ta205 will  be the same as in the previous case 
but  in contrast to electrolyte contact to Ta20~, oxygen 
ions wil l  not be readi ly ava i l ab le  at the Ta2Os/MeO 
interface and a metal  excess will  result  at this in ter-  
face. We assume, for the purpose of this discussion, that 
the metal  excess results from oxygen deficiency. This 
assumption would seem to be a reasonable one in view 
of the exper imental  evidence of amphoteric or n - type  
behavior of the oxides involved (19, 20). The reactions 
that  lead to a depletion of oxygen ions on either side 
of the Ta2OJMeO interface are i l lustrated in Fig. 15, 
IV a-c. At first, oxygen vacancies are being created 
on the MeO side as a result  of the migrat ion of oxygen 
ions away from the interface under  the influence of the 
potential  gradient  across Ta205 and their l imited avail-  
abil i ty from the electrolyte due to dominant  electronic 
conductivi ty in MeO. The doubly positive charge of 
oxygen Vacancies is compensated by electrons which 
are freely available from the redox reaction. This 
process creates addit ional electronic energy levels at 
the MeO side of the MeO/Ta20~ interface. 

As the depletion of oxygen ions spreads to the Ta205 
side of the interface, positively charged oxygen vacan-  
cies (IV b) are formed inside Ta20~. Their  positive 
charge wil l  r emain  largely uncompensated as any  elec- 
trons crossing the barr ier  will  be swept across Ta2Oa 
under  the influence of the high applied field. As the 
oxygen depletion increases on both sides, a double 
layer charge builds up which is equivalent  to saying 
that  the overvoltage at the Ta2OJMeO interface in-  
creases. The insert ion of the MoO layer between Ta205 
and the electrolyte thus leads to a l imita t ion of the 
oxygen ion supply required for fur ther  Ta205 growth. 
The consequence of this l imitat ion is increased in ter -  
face polarization. This in tu rn  leads to a reduction of 
the energy barr ier  for electron injection into Ta20~ 
and allows larger electronic currents  to pass from the 
electrolyte to the substrate m e t a l  This is the condition 
that is indicated by  reaction (IVc): The electrons are 
in equi l ibr ium across the electrolyte/MeO interface 
and MoO and follow the electrochemical potential  
gradient  across the MeO/Ta205 interface and Ta2Os. 
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Interaction o f  ionic and electronic processes at the 
Ta. ,OJMeO inter~ace.--No direct exper imenta l  evi-  
dence .for the modification of the Ta2OJMeO interface 
due to ion deplet ion can be given at this time. How-  
ever,  strong support for the contention that  ionic 
migrat ion contributes to the establ ishment  of electronic 
conduct ivi ty  comes f rom the following considerations. 
First,  the act ivat ion process takes place at fields where  
ionic current  (1) is known to flow according to 

i = A exp BF [1] 

where  A, B = empir ical  constants and F == electric 
field. The activation process is t ime dependent,  and the 
ra te  of increase of the electronic conduct ivi ty  is a 
function of the applied field. Second, in cases where  
MeO shows some small  degree of ionic conductivity,  as 
for example  in the case of MnO2, one can detect some 
additional growth of Ta20~ undernea th  MeO (21). 
Third, af ter  act ivation has proceeded to a certain con- 
duct ivi ty  level  one finds this condition to persist in 
the absence of the field for extended periods of time, 
but  wi th  a genera l  tendency to decl ine over  longer  
periods of time. The revers ion to the inact ive condition 
is considerably faster in the case of.MnO2 which shows 
somewhat  higher  ionic conduct ivi ty  than Fe20~. This 
points to the part icipation of ionic migrat ion also in 
the reversion process which proceeds, it is believed,  
under  the dr iving force of a gradient  of the electro-  
chemical  potential  of the depleted ions. 

A quant i ta t ive  correlat ion be tween the ionic current  
and the act ivat ion process as characterized by the in-  
crease in electronic conduct ivi ty  wi l l  now be given. 
The electronic current  (ie~) follows the current-f ie ld  
characterist ic of thermionic  emission (7) 

/el = io.el exp (eft F '/= -- ~o) /kT [2] 
where  

r = energy barr ier  at zero field 
e = electronic charge 
k = Bol tzmann constant 
T = absolute t empera tu re  
# = field lowering coefficient 

At  constant field 

logwiel = D - -  0.43 r [3] 
with 

D = 0.43 (logl0io,el -b e3 FV=/kT) 

The assumption is made that  the ionic polarization at 
the Ta2OJMeO interface leads to a reduct ion of the 
zero field energy barr ier  40, and it is fur ther  assumed 
that  the reduction is proport ional  to the ionic charge 
that  has been displaced. The polarization process can 
be regarded as the charging of the double layer  capaci-  
tance in the interface be tween  Ta205 and MeO by the 
ionic current  as given by Eq. [1] 

d~ = i i o a  dt/C [4] 

= A (exp BF) dt /C [5] 

where  C = capacitance of polarization double layer  
formed in Ta2OJMeO interface, *l = interface over -  
voltage. This leads to an expression for the energy 
barr ier  as a function of t ime (t) 

= ~o -- et d~/dt [6] 

= ~ o  - -  (eAt~C) exp BF [7] 

From [7] and [3] 

logl0iel = D -- 0.43 r  -- (0.43 e A t / C k T )  exp BF 
[a] 

From this equat ion the electronic act ivat ion current  
follows log iel prop exp BF, with B the field constant 
of the ionic current.  B was de te rmined  by plot t ing the 
slope s of the act ivat ion curves (logl0iel vs. t, Fig. 6) 
vs. the applied field. F r o m  [8] 

s = (0.43 e A / C k T )  exp BF 

lo910 s = const. -t- 0.43 BF 

The slope of loglo s vs. F yields the field constant of 
the ionic current.  The  result  that  was obtained for 
three Ta205 film thicknesses is shown in Fig. 16. The 
slope of the l eas t -mean-square  line gives a value of 
B = (4.95 • 0.2) x 10 -8 cm V -1. The close correspon- 
dence of this va lue  with B -= 5.2 x 10 -~ the  value  
given in the l i tera ture  (1) as de termined  f rom studies 
of the ionic current-f ie ld  relationship,  provides con- 
clusive evidence for the interact ion of ionic and elec- 
tronic processes in the act ivat ion effect. 

Electronic leakage current due to impurities in 
Ta/Ta205 electrodes.--The role of impuri t ies  in caus- 
ing electronic leakage in Ta/Ta205 electrodes may  be 
understood similarly in terms of the act ivat ion model. 
The anodization of contaminated Ta may  result  in an 
accumulation of impur i ty  oxide at the Ta205 electrolyte  
in terface  if competi t ive migra t ion  favors this and if 
the resul t ing impur i ty  oxide is not  dissolved by the 
electrolyte.  This has been found to be the case wi th  
Ta contaminated wi th  Fe, for example  (3). The surface 
layer  of impur i ty  oxide wil l  now restrict  the supply 
of oxygen ions and thus lead to a degree of interface 
polarization. This in turn wil l  permi t  the inject ion of 
electrons into Ta205. As long as the impur i ty  oxide is 
sufficiently thin and of low electronic conductivi ty con- 
t inuing anodization under  the impur i ty  oxide wil l  be 
observed. This mechanism would  explain why  elec- 
t ronical ly  aotive sites persist over  wide voltage in ter -  
vals of anodization wi thout  significant changes in their  
re la t ive  intensity. In cases where  increasingly thicker  
impur i ty  oxide films are formed the formation of addi- 
t ional  anodic Ta205 wil l  cease and all current  wil l  
eventual ly  become electronic. Subsequently,  excessive 
current  densities may  destroy the under lying Ta205 
film. 

Impuri t ies  m a y  also a c t  a s  dopants for Ta205 and 
thus lead to discrete or quasi-cont inuous electron con- 
duction levels in the forbidden gap. This would  mean 
that  the barr ier  for e lectron inject ion into Ta205 was 
reduced under  anodization conditions and that  con- 
duction took place in impur i ty  levels. A combinat ion 
of both leakage conduction mechanisms appears pos- 
sible. However ,  in the case of Ta contaminated with 
Fe the exper imenta l  observations s t rongly suggested 
that doping was not a contr ibut ing factor. 

The current-f ield characterist ic of impuri ty  conduc- 
tion wil l  depend on the propert ies  of the impur i ty  
oxide, such as its electronic conductivity,  thickness, 
and solubility in the electrolyte,  among others. In ad- 
dition, the energy level  distr ibution in all phases, i.e., 
Ta2Os, the impur i ty  oxide, and the redox electrolyte  
will  also have a major  influence. 

Mechanism of charge transfer from the electrolyte 
to Ta substrate.--A more detai led discussion of the 
energy levels of electrons in the T a / T a 2 O J M e O  elec- 
t rode in an aqueous redox electrolyte  wi l l  now be 
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Fig. 16. Slope of activation curves (from Fig. 6) vs. the true 
field F = ~ V / d  in To205. 



V o l .  117, N o .  12 E L E C T R O N  I N J E C T I O N  

TO Ta$O 5 M e 0 E L 

F= 0 CB 

F . . . . . . . . . . . . . .  7 
, ', TDB[4,) 'ENERGY +i ,.'"~ ~'~ I 

eV 

VB(2p] 

i VB 

i, DISTANCE 

Fig. 17. Electronic energy diagram for Ta/Ta2Os/MeO electrode 
with redox electrolyte contact. For details see text. CB conduction 
bard; VB valence band; redox eiectro|yte: EA acceptor level, ED 
donor level, oEF, redox Fermi level; V applied voltage; ~V potential 
drop across Ta205. 

given. Figure 17 shows, in schematic form, the elec- 
tronic energy dis tr ibut ion for the system. The Ta elec- 
trode is characterized by  its Fermi  level EF (Ta),  the 
anodic Ta205 by the forbidden energy gap [of the order 
of 4.5 eV (1)].  The contact is nonblocking with Ta 
positive. The amorphous na ture  of anodic Ta205 may 
lead to a dis t r ibut ion of quasi-localized energy levels 
in the forbidden gap (7). 

The electronic energy level diagrams of t ransi t ion 
metal  oxides such as Fe20~ or MnO2 are not known in 
any great detail (22-24). For  the purpose of this dis- 
cussion we assume the two t ransi t ion metal  oxides to 
be characterized by two nar row hands which result  
from crystal  field spli t t ing of the degenerate 3d levels 
of the t ransi t ion metal  cations unde r  the influence of 
the strong electric field set up by the oxygen ions. Two 
wide bands resul t ing from oxygen 2p and cation 4s 
electrons are assumed to be too far from 3d levels to 
affect their  occupancy. The location of the 3d energy 
bands of MeO with respect to the Ta205 band gap is 
not known. It  is assumed that  the 3d band energy 
levels are far removed in energy from the conduction 
levels of Ta2Os. The Ta2OJMeO electrolyte contact is 
nonohmic before activation. 

The redox system is characterized (25) by its Fermi  
level, EF.redox which is equivalent  to the chemical po- 
tential  of the electrons in the electrolyte. Donor (ED) 
(occupied, reduced) and acceptor (EA) (unoccupied, 
oxidized) energy levels show a distr ibution in energy 
due to thermal  fluctuations of the hydrat ion shell of 
each ion. The position of the electrolyte Fermi  level 
depends on the redox potential  and varies, therefore, 
with the kind and concentrat ion of the redox system 
in contact with the Ta /Ta2OJMeO electrode. 

In  Fig. 17 the effect of an electric field across Ta205 
has been illustrated. With zero field the barr ier  is 
rectangular  with height So. Under  a low field the bar-  
rier for electrons is of such magni tude  and shape that 
electron t ransfer  is negl igibly small. As the field in-  
creases the bands in Ta~O~ slope sharply downward 
resul t ing in a t r iangular  barr ier  of reduced height. 
The max imum band bending is obtained when ionic 
migrat ion sets in. At this point the bar r ie r  is still such 
as to prevent  electrons from being injected into Ta2Os. 
As described previously, ionic migrat ion then leads 
to polarization of the Ta2OJMeO interface and the 
generat ion of positively charged centers in Ta205 close 
to this interface. The effect of positive ionic charges on 
the shape of interface barriers has been discussed by 
Schmidl in (26) and Korzo et aL (27). Tunne l l ing  
through and /or  thermionic emission over a barr ier  
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of reduced height as shown in Fig. 17 must  be consid- 
ered as possible charge t ransfer  mechanisms. The ex- 
per imenta l  results presented in  this s tudy strongly 
suggest that  thermionic emission is the dominan t  
mechanism. 

Thermion i c  curren t - f i e ld  characteris t ic  of  the  e lec-  
tronic ac t ivat ion  c u r r e n t . - - T h e  exper imental  results in 
conjunct ion with the model of the activation process 
provide the basis for the in terpre ta t ion of the cur-  
rent  field (voltage) characteristic of the electronic con- 
duction process. The current-f ield characteristic of the 
electronic current  measured after activation to a cer- 
tain current  level (Fig. 10) showed log i to be pro- 
portional to F 1/~. This characteristic is commonly as- 
sociated with thermionic emission (Eq. [2]) which 
may follow one of two mechanisms, which have been 
reviewed extensively (6, 7, 28). 

1. The Schottky effect (S) describes thermionic 
emission over a field-lowered barrier.  The field lower-  
ing coefficient #s is given by 

#~ = (e/4~o+) 1]~ [9] 

Where eo = permit t iv i ty  of vacuum and 
+ = relative dielectric constant. 

2. The Poole-Frenkel  effect (PF) .is the field assisted 
thermal ly  activated release of electrons from traps or, 
more generally, coulombic potential  wells. The cur-  
rent-field characteristic of the Poole-Frenkel  effect 
also follows Eq. [2] with a field lowering coefficient 
which is twice that  of the Schottky effect 

riPE ~- 2fls : (e/~eoe) i/2 [10] 

The Schottky effect is normal ly  considered to be an 
interface effect, while the Poole-Frenkel  effect applies 
to the bulk. The only cri terion for an exper imental  dif- 
ferent iat ion between the two is the field lowering co- 
efficient which gives the slope of the log i vs. F lie 
curve. • contains only fundamenta l  constants, with the 
dielectric constant  the only one somewhat uncertain.  
The slope of the exper imental  log i vs. F 1/2 curve was 
used to calculate the dielectric constant. Our mea-  
surements  for the Ta/TaeOs/Fe203 electrode gave the 
following results:  

e s EBB e ~ W a 2 0 5  (1) + = FezO~ (29) 
1.18 4.7 5.1 ,-~9 

There is general  agreement  in the l i terature  (6, 7) 
that the h igh-f requency dielectric constant  should 
apply to both mechanisms. The above comparison of 
dielectric constants clearly favors the Poole-Frenkel  
mechanism since there is close agreement  between the 
high-frequency dielectric constant  of Ta205 and the 
dielectric constant calculated from the Poole-Frenkel  
field lowering coefficient and the exper imenta l ly  de- 
termined slope of the current -vol tage  curve. 

At first sight it might  be surpris ing that electron 
emission from an interface should follow the Poole- 
Frenke l  mechanism. In  the schematic electronic energy 
diagram (Fig. 17) it has been assumed that  traps are 
generated inside Ta205 and that  electrons may  tunne l  
freely from the MeO electron levels through the na r -  
row energy barr ie r  at the interface to the traps. The 
energy barr ier  of thermionic emission according to 
Poole-Frenkel  would therefore be the barr ier  seen by 
electrons t rapped in a coulombic potent ial  well  as re-  
quired by the theory. The field in Ta205 wil l  assist the 
release of these electrons, and it is believed that  it is 
this step in the electronic conduction process which is 
ra te  limiting. 

Manuscript  received May 22, 1970. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1971 JOURNAL. 
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Mechanism of the Electrochemical Reduction 
of Enolized 1,3-Diketones 
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ABSTRACT 

A mechanism for the  e lect rochemical  reduct ion of 1 ,3 -d ipheny l - l ,3 -p ro -  
panedione (1) and other  enolized 1,3-diketones in aprot ic  solvents  has been 
developed on the basis of cyclic vo l tammet r ic  studies. The ove r -a l l  react ion 
is a 0.5-electron process producing the enolate  anion of the 1,3-diketone and 
the  d imer ic  pinacol.  The centra l  fea ture  of the  mechanism is a one-e lec t ron  
revers ib le  reduct ion to the radica l  anion of the 1,3-diketone fol lowed by  a 
fast, revers ib le  pro ton  t rans fe r  from unreac ted  diketone to the  radical  anion 
forming enolate  and a neu t ra l  radical .  The neu t ra l  radicals  then  undergo 
rap id  coupling reactions.  The e lect rochemical  behavior  of 1,3-diketones exis t -  
ing in the  diketo form is contras ted wi th  the  above scheme. 

Previous  invest igat ions have  charac ter ized  the over -  
al l  e lectrode react ions involved in the e lect rochemical  
reduct ion  of represen ta t ive  enolized 1,3-diketones in 
e thano l -wa te r  (1) and d imethy l su l fox ide  (2).  In the  
present  communicat ion  the resul ts  of de ta i led  studies 
of the mechanism of the  reduct ion  of 1 ,3-d iphenyl - l ,3-  
p ropaned ione  1 (or d ibenzoylmethane,  DBMH) and 
other  enolized 1,3-diketones in d imethy lsu l fox ide  
(DMSO) wil l  be presented.  

The reduct ion  of DBMH in DMSO proceeds by  an 
over -a l l  0.5-electron process (2) wi th  the  s to ichiometry  
given in React ion [1] 

in the  e lec t rochemical  reduct ion  of these compounds.  
The first and most obvious is the  ke to -eno l  t au tomer -  
ism. Those compounds which exis t  in the  d iketo  form 
possess a much different  pa t t e rn  of r eac t iv i ty  (3) than 
the enolized compounds.  The most  impor tan t  difference 
is the  fact that  the  enol p ro ton  in compounds l ike  1 is 
sufficiently acidic that  the  1,3-diketone acts as a proton 
donor  dur ing its reduct ion in aprot ic  solvents  leading 
to the  s to ichiometry  of React ion [1] in which  the 
conjugate  base (enolate  ion 3) of the s tar t ing ma te r i a l  
is one of the  products .  

OH O 
OH 0 I II 
I II C6H~--C--CH2--C--C~H~ 

4 C 6 H s - - C ~ C H - - C - - C 6 H 5  + 2e -> I 
C6H~--C--CHz---C--C6H5 

OH O 
1 2 

0 -  0 

-k 2 C o H s - - C ~ C H - - C - - C 6 H a  

3 

t l l  

Severa l  chemical  p roper t ies  of 1,3-diketones have 
proven  to be ex t r eme ly  impor tan t  de te rmin ing  factors 

1 Presen t  address :  J ackson  Laboratory ,  E. I. du Pont  de Nernours  
and Company,  Wilmington,  De laware  19898. 

K e y  words :  cyclic vol tarnmetry ,  tautornerisrn, d imethylsu l foxide ,  
dirnerization, coulometry.  

Another  impor tan t  p rope r ty  is the t endency  for 1,3- 
diketones  to undergo c leavage react ions  in basic solu-  
tion. This is pa r t i cu l a r ly  impor t an t  dur ing  the reduc-  
tion of d iketo  t au tomers  in aprot ic  solvents (3). Meta l  
ions form a va r i e ty  of complexes  wi th  1,3-diketones 
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and the electrochemical  behavior  of some of these has 
been repor ted  (4,5). An effect of l i thium ions on the 
electrochemical  reduct ion of DBMH was observed in 
the present  investigation, but the general  area of the 
effect of meta l  ions on 1,3-diketone electrochemistry  
remains largely unexplored.  

Cyclopropanediols  are possible two-e lec t ron  reduc-  
tion products of 1,3-diketones. Recently,  such products 
have been isolated af ter  chemical  reduction of several  
cyclic 1,3-diketones (6). Cyclopropanediol  der ivat ives  
are produced in certain e lectrochemical  reductions (7). 
However ,  this par t icular  react ion pa th  appears to be 
unimpor tan t  for the  acyclic compounds discussed in 
this paper. 

Experimental 
Reagents.--Dimethylsulfoxide (J. T. Baker  Reagent,  

0.05% or 30 mM water)  was st irred over  calcium hy-  
dride for at least 12 hr and distil led under  reduced 
pressure just  before use. Te t r a -n -bu ty l ammon ium  
perchlorate  (Matheson) was used as received for po- 
la rography and controlled potential  coulometry.  For 
cyclic vol tammetr ic  studies it was recrystal l ized from 
ethyl  acetate and vacuum dried. L i th ium perchlorate  
(G. F. Smith)  was vacuum dried before use. P repur i -  
fled ni t rogen (Airco) was used for solution deaeration. 

Various 1,3-diketones and other mater ia ls  (Eastman) 
were  used as received:  1,3-diphenyl- l ,3-propanedione,  
1,3-bis (p-f luorophenyl)  - 1,3-propanedione, 1,3-bis (p- 
methoxyphenyl )  - 1,3-propanedione, 1 -phenyl - l ,3 -bu-  
tanedione, isobutyrophenone,  acetophenone. P repa ra -  
tions of t e t r a -n -bu ty l ammon ium dibenzoylmethide  (2), 
2 ,2-d imethyl - l ,3 -d iphenyl - l ,3 -propanedione  (8), 2-t- 
bu ty l - l ,3 -d iphenyl - l ,3 -propaned ione  (3), and 1,4-di- 
benzoyl-2,3-diphenyl-2,3-butanediol  (1) have been de- 
scribed. 

The nmr  spectra of DBMH, 1,3-bis(p-fluoro- 
phenyl)  - 1,3-propanedione, 1,3-bis (p -methoxyphenyl )  - 
1,3-propanedione, and 1-phenyl - l ,3 -butanedione  were  
obtained in d6-DMSO and d-chloroform. In consonance 
wi th  ear l ier  studies (9) these substances were  found to 
exist almost ent i rely in the enol form. These conclu- 
sions were  based on the fact that  the proper  ratios be-  
tween the integrals of the olefinic proton resonance 
and the other resonances were  found. In addition, no 
resonance at t r ibutable  to the methylene  protons of the 
keto form was detected. A broad enol resonance was 
found for each compound in the 15-17 ppm range. The 
nmr  spectra of 2 - t -bu ty l - l , 3 -d ipheny l - l , 3 -p ropane -  
dione indicated that  it was almost completely  in the 
diketo form. Subst i tut ion in the 2-position causes a 
marked  preference for the diketo tau tomer  as, for 
example, wi th  2 -methy l -  1,3-diphenyl- 1,3-propane- 
dione (9c). 

Apparatus and procedure.--Instrumentation, cells, 
electrodes, and procedures for polarography and con- 
trolled potential  coulometry have been described (2). 

Cyclic vol tammetr ic  exper iments  were  carr ied out 
using an ins t rument  based on convent ional  circuits 
(10) and utilizing solid-state operat ional  amplifiers. 

Phi lbr ick SP65A amplifiers were  used for the  current  
follower, vol tage sweep, and control ler  amplifiers. The 
voltage fol lower  was a Phi lbr ick P25AH. Up to and 
including a voltage scan rate of 0.3 V/sec, the direction 
of the scan was changed manually.  For  voltage scan 
rates greater  then 0.3 V/sec,  the t r iangular  wave fo rm 
of a signal genera tor  (Wavetek Model 112) was em-  
ployed in conjunction with  the above instrument.  An  
X - Y  recorder  (Hewlet t  Packard-Moseley  Division, 
Model 2D-2A) was used to record vo l tammograms up 
to 0.3 V/sec and for faster  scan rates an oscilloscope 
(Tektronix Type 564 with two Type 2A63 plug-ins)  
was employed. Oscilloscope traces were  photographed 
(C-12 camera)  using Polaroid Type 107 film. Voltage 
scan rates were  measured using the cal ibrated t ime 
axis of the recorder  or oscilloscope (Type 2B67 
plug- in) .  

The working electrode was a mic robure t t e - type  
hanging mercury  drop electrode (Br inkmann Ins t ru-  
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ments, Inc.).  Necessary precautions in the use of such 
electrodes have been described (11). The size of the 
mercury  drop was de termined  f rom the mass of a 
known number  of drops. 

The cell for cyclic vo l t ammet ry  was the same as that  
described for polarography (2). The t empera tu re  of 
the test solution was mainta ined at 25.0 ~ -+- 0.1~ 
using the cell water  jacket  in conjunct ion with  a pump 
and control led t empera tu re  bath. The microbure t te  
electrode occupied the centra l  inlet  of the cell  and the 
other  inlets were  used for ni t rogen deaeration,  counter  
and reference  electrodes. The reference  electrode was 
e i ther  an aqueous saturated calomel electrode in a 
cracked glass probe (2) or a p la t inum quas i - re ference  
electrode (12) sealed in a Luggin capillary. The tip of 
the capil lary could be positioned within  one drop 
diameter  of the working electrode. The electrolyte  
concentrat ion was increased to 0.2M to minimize re-  
sistance effects. The base line for the measurement  of 
the anodic peak current  was obtained by stopping the 
scan at a convenient  potent ial  past the cathodic peak 
and recording the result ing cur ren t - t ime  curve (13). 
Residual  currents  were  obtained using solutions con- 
taining only electrolyte  and solvent. 

In the cyclic vol tammetr ic  studies of the reduct ion of 
DBMH it was necessary to use re la t ive ly  large con- 
centrat ions (0.5-2.0 mM) in order to obtain a signifi- 
cant amount  of fol lowing chemical  react ion at practical  
scan rates. Consequently,  the peak currents  were  
ra ther  large and the cyclic vo l tammograms were  
sl ightly distorted by uncompensated resistance effects. 
For  example,  wi th  2.00 mM 1 the cathodic peak current  
was 56 ~A at a scan rate  of 5.00 V/sec. The separation 
of peak potentials was 96 mV compared wi th  57 mV 
predicted for a reversible,  one-elect ron process wi th  no 
distortion due to uncompensated resistance. The effect 
also manifests  itself in a diminished cathodic peak 
current.  Corrections have been discussed by Delahay 
(14) and Nicholson (15). The approximate  correction 
due to Delahay (14) was applied to all results. The 
largest correct ion of the cathodic peak current  function 
was 8%. All  corrections were  less than 2% for scan 
rates less than 1.0 V/sec. The efficacy of the correction 
procedure  was demonstra ted in a study of the reduc-  
tion of 2.05 mM acetophenone with  scan rates varying 
f rom 0.050 to 5.00 V/sec  and at tendant  peak potent ial  
separations of 70-123 mV. The corrections var ied f rom 
3 to 14% and the resul t ing current  functions were  
constant with an average  deviat ion of 1.0%. The use of 
this correct ion procedure  assumes that  the s tandard 
ra te  constant of the heterogeneous electron t ransfer  
react ion is large enough to prevent  deviat ion of the 
waves from their  revers ible  shape at the highest  scan 
rates employed. 

Results and Discussion 
Representa t ive  cyclic vo l tammograms of 2.00 mM 

DBMH in dimethylsulfoxide  (DMSO) containing 0.2 
M te t ra -n-bu ty lamrnonium perchlorate  are shown in 
Fig. 1. On the cathodic port ion of the vol tage scan, 
waves  are found having peak potentials of --1.42, 
--1.72, and --2.28V vs. SCE. The first is the main  re-  
duction wave  for DBMH. The la t ter  two correspond 
to those observed for the pinacol 2 (--1.73V) and the 
enolate 3 (--2.27V). On the anodic port ion of the vol t -  
age scan an oxidation wave  occurs at --1.36V. This is 
due to the oxidation of the p r imary  product formed at 
the first cathodic wave. If the anodic scan is ex tended 
to potentials more posit ive than those in Fig. 1, a 
revers ible  couple at --0.05V is detected. This process is 
also found wi th  solutions of the enolate 3. It is prob-  
ably caused by anodic reactions yielding 1,3-diketone 
complexes of mercury.  It  is absent when  a p la t inum 
working electrode is used. 

The cyclic vo l tammograms  in Fig. 1 were  recorded 
at two different scan rates, 0.1(A) and 1.0(B) V/sec. 
The waves  for the pinacol and the enolate show the 
expected dependence on scan rate, i.e., they are smaller  
re la t ive  to the main wave  at faster scan rates. This, of 
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Fig. 1. Cyclic voltammograms of 2.00 mM dibenzoylmethane in 
0.2M tetra-n-butylammonlam perchlorate in DMSO. A. 0.100 V/sec, 
B. 1.00 V/see. 
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Fig. 2. Cyclic voltammogram of 1.01 mM dlbenzoylmethane in 
0.2M tetra-n.batylarnmoniam perchlorate in DMSO, 0. |00 V/sec. 
Circles are theoretical points for a reversible one-electron redaction 
with no following reaction. 

course, indicates that  given less t ime for the fol lowing 
chemical  reactions to occur, less pinacol and enolate 
wi l l  be formed. It was also found that  the pinacol and 
enolate waves were  smaller  re la t ive  to the main  wave  
at lower DBMH concentrations. This dependence of 
the rate  of the fol lowing reactions on concentrat ion 
indicates that  the reactions are of an order higher  
than first. 

The most fundamenta l  process character izing this 
system is associated with the main wave  at --1.42V. 
The other  waves that  have been observed result  f rom 
products of this reaction. Therefore,  exper imenta l  ef- 
forts were  concentrated on the character izat ion of this 
process. 

Before per forming detailed studies of this reaction, it 
was necessary to establish that  Reaction [1] is an 
adequate  stoichiometric description of the process. 
From ear l ier  studies (2) it was known that  controlled 
potential  coulometry  of DBMH at --1.50V yielded an 
average n -va lue  of 0.55. The two products (pinacol 2 
and enolate 3) could be detected in the final e lect roly-  
sis solution by polarography.  The yel low color of 3 
was complete ly  discharged by the addit ion of dilute 
perchloric acid which conver ted it to DBMH which 
could then  be detected by polarography.  The pinacol 
2 has been isolated after  large scale electrolysis of 
DBMH in acetonitr i le  (16), a solvent in which the 
electrochemical  behavior  is very  similar to that  in 
DMSO. 

Finally,  the per cent yield of pinacol 2 was deter -  
mined after controlled potential  electrolysis of 49.9 mg 
of DBMH. A polarographic s tandard addition method 
employing the first polarographic wave  of the pinacol 
was developed. Addit ion of known amounts  of pure 
pinacol resulted in an increase in diffusion cur ren t  
wi th  no change in the wave  shape. The yield of pinacol 
was 107% based on the s toichiometry of Reaction [1]. 
Thus it is concluded that  this react ion is an adequate  
description of the over -a l l  process occurring at the 

first wave. Reactions other  than [1] can consume no 
more than about 10% of the DBMH. 

The first fact which may be obtained f rom the cyclic 
vo l tammogram of the first wave  is the number  of elec- 
trons in the p r imary  electrode reaction. In Fig. 2 an 
exper imenta l  cyclic vo l t ammogram of the first wave  
is presented together  wi th  the theoret ical  (13) curve  
for a revers ible  one-elect ron reaction with  no fol low- 
ing reaction. Excel lent  agreement  is found between 
exper iment  and theory  except,  of course, the  anodic 
peak current  is diminished because of the fol lowing 
chemical  reactions. Thus the pr imary  product  of the 
electrode react ion is probably the radical  anion of 
DBMH. 

There are three major  propert ies of cyclic vo l tam-  
me t ry  which may  be used to characterize a chemical  
reaction following the electrode reaction. These are 
the cathodic peak cur ren t  function, the cathodic peak 
potential, and the  ratio of anodic peak current  to 
cathodic peak current,  ia/ic (13). For the react ion rates 
found in this system, the last is the most sensitive and 
informat ive  measure  of the effect of the fol lowing re-  
action. 

Representat ive  data for three  concentrat ions of 
DBMH and scan rates f rom 0.050 to 5.00 V/sec  are 
summarized in Table I. The  values of ia/ic increase wi th  
increasing scan rate  and approach the l imit ing value 
of 1.00 at scan rates rapid enough to prevent  appre-  
ciable fol lowing reaction. At  a given scan rate  the 
values of ia/ic are re la t ive ly  higher  at lower  concen- 
trat ions of DBMH. 

To gain some qual i ta t ive  informat ion about the na-  
ture  of the reaction, the ia/ic values were  compared 
with  the predictions for a similar  but  considerably 
simpler react ion scheme, viz., a revers ible  electrode 
reaction fol lowed by i r revers ib le  dimerizat ion of the 
product (17). The values of k included in Table I are 
apparent  ra te  constants for dimerizat ion calculated 
from the ia/ir data. The values of k are reasonably in- 
dependent  of scan rate  and concentration, al though the 
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Table I. Cyclic voltammetric data for reduction of dibenzoylmethane a 

Scan 

rate, 0 . 5 1 0 m M  1 .O lmM 
V/see  "i~ / v ~  C*o  ~ i , / i e  k~  i ,  l v ~  C * o  ~ ia/ te k ~ 

2,00 m M  
i~ /v , /~  C* o b i a / i ,  k e 

0.050 1.17 0 . 6 0 2  2.g 1.07 0.570 1.8 1.06 0.478 2.1 
0.075 1.14 0.642 3.0 1.08 0.620 1.8 1.07 0.523 2.1 
0.100 1.21 0.684 3.2 1.13 0.636 2.1 1.10 0.542 2.1 
0.200 1.20 0.956 4.2 1.13 0.706 2.2 1.13 0.620 2.1 
0.500 1.24 0.887 3.0 1.27 0.857 2.1 1.25 0.757 2.3 
{ .00 1.25 0.922 4.0 1.26 0.920 2.0 1.28 0.832 2.5 
1.50 1.26 0.948 - -  1.25 0.933 -- 1.30 0.857 -- 

2.00 -- -- -- 1.27 0.948 -- 1.29 0,894 -- 

5.00 1.26 0.981 - -  1.28 0.980 - -  1,35 0.927 - -  

,, 0.2M t e t r a - n - b u t y l a m m o n i u m  pe rch lo r a t e  in DMSO. T e m p e r a t u r e  25.0 ~ + 0.1~ C u r r e n t  f u n c t i o n s  and  p e a k  current  rat ios  are  a v e r a g e s  
{ typica l ly  2-3 d e t e r m i n a t i o n s ) .  R a d i u s  of h a n g i n g  m e r c u r y  d r o p  e l ec t rode :  r .  = 0,0485 era. 

C a t h o d i c  peak  c u r r e n t  f u n c t i o n  x I0 ~, A-sec ' /~  v -V =~ M-L P e a k  c u r r e n t  has  been c o r r e c t e d  fo r  s p h e r i c i t y  effects  and  s m a l l  di s tor t ions  
caused  b y  u n c o m p e n s a t e d  res i s tance .  S e p a r a t i o n  oJ[ p e a k  p o t e n t i a l s  r a n g e  f r o m  57 m V  at  l o w  c o n c e n t r a t i o n s  and  s low scan  r a t e s  to a b o u t  
100 m V  at  h i g h  c o n c e n t r a t i o n s  a nd  r a p i d  scan rates,  v :  scan  r a t e  (V/see) .  

A p p a r e n t  second  o rde r  d i m e r i z a t i o n  r a t e  c o n s t a n t  • 10 ~ ,  M-~ sec-L S w i t c h i n g  t i m e  p a r a m e t e r ,  a~- (17), w a s  c a l c u l a t e d  f r o m  each v o l -  
t a m m o g r a m .  Typ i ca l  v a l u e s  of aT were  3,0-4.0. 

average apparent  rate constant  for 0.510 mM DBMH 
is significantly larger  than those obtained with the 
higher concentrat ions of DBMH. Thus in terms of in~it 
values, the process under  study bears resemblance to a 
simple dimerization reaction. This resemblance is 
i l lustrated fur ther  in Fig. 3 where addit ional  ia/ic data 
are plotted vs. the logarithm of the scan rate. Theo- 
retical curves for an apparent  dimerization rate con- 
stant  of 2200 M -1 see-1 are shown and  a typical  
(k = 4 sec -1) theoretical curve for a first-order fol- 
lowing reaction (13) is presented for comparison. 

The values of the cathodic peak cur ren t  funct ion are 
also included in Table I. For the dimerization mech- 
anism, the peak cur ren t  function wil l  be almost inde-  
pendent  of scan rate (17), exhibi t ing a slight increase 
at slow scan rates. The exper imental  values show a 
significant decrease at slow scan rates. This reflects the 
fact that  the following chemical reactions consume ad-  
dit ional  s tar t ing mater ia l  (DBMH) leaving less avail-  
able for the electrode reaction. This effect is largest, of 
course, at slow scan rates where the extent  of the 
following reaction is largest. The high scan rate l imit 
is about 0.013 A sec z/2 V -I/9- M-1. This corresponds to 
a diffusion coefficient of 2.7 x 10 -6 cmZ/sec for DBMH. 

A proposed reaction sequence consistent with the 
results just  discussed is presented in Chart I. The cen- 
tral  elements of this scheme are the reversible one-  
electron reduction of DBMH to its radical anion 
DBMH~- and the subsequent  rapid equi l ibr ium reaction 
in which unreacted DBMH transfers  a proton to 
DBMH;- producing a neut ra l  radical (DBMH~) and the 
enolate 3 ( D B M - ) .  Three types of dimerization reaction 
are included: (i) dimerization of neut ra l  radicals char-  

Chart I 

o-H'-o 01H-.o 
+ e -':-" - : - ;  

Ph Ph P h T  Ph 
H H 

(DBMH) (DBMH' - )  

/H . .H. H 
--o'H"o 0 "'0 ~ 0 "0" 0 0 

h-":' , ' l  - -  I , . .  , l  + I ; - - / l  
PhJ"~Ph+H Ph'~Ph PhyPh Ph'~Ph 

D i m e r  2-  D i m e r -  D i m e r  

acterized by rate constant  k~; (ii) coupling of a neut ra l  
radical and an anion radical  giving an anion of the 
pinacol0 This reaction is characterized by rate constant  
k2, It  must  be followed by protonat ion of the pinacol 
anion by DBMH; and (iii) coupling of two radical 
anions characterized by rate constant  k3. Charge in ter -  
action considerations suggest that  k~ is smaller than 
either kl or k2. 

In this scheme the oxygen atom has been chosen as 
the site of protonat ion of the radical anion. Thus the 
pinacol 2 would be produced in the enol form requir ing 
subsequent  tautomerization.  Protonat ion of the radical 
anion at the central  carbon atom cannot be ruled out at 
this point. 

So far no evidence has been found suggesting that 
reactions of radical  species with DBMH to give dimeric 
radicals (18) are impor tant  in this system and such 
reactions have been omitted from the scheme in Chart 
I. 

This reaction sequence is considerably more complex 
than  the simple dimerization mechanism which was 
used in the analysis of the in~it data. It  differs in two 
major  ways: (i) the species which are dimerizing exist 
in an equi l ibr ium mix ture  of two forms, protonated 
and unprotonated;  and (ii) t he  following chemical re-  
actions consume star t ing material .  The lat ter  point is 
consistent with the observed scan rate dependence of 
the cathodic peak current  funct ion discussed above. 

The agreement  of the observed ia/ic data with the  
predictions of the simple dimerization model may sig- 
nify that  the theoretical ia/ic values corresponding to 

i ~ . . . . .  ~ ' ~ - J . . . . .  r ' _ 

,.o F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ 
V y / l , , ,  '+.o.? ejl / 
~176 l//' 
I J / 

v. -15 -I0 -Q5 O0 0.5 1,0 1,5 2.0 
log v 

Fig. 3. Variation of ia/ie with scan rate. Solid curves are those 
predicted for a simple dlmerization reaction (17). Dashed curve 
is a typical (k ~ 4 sec -1 )  predicted carve far a first-order fol- 
lowing reaction (13). The value of the parameter a'r is 3.4 for all 
theoretical curves and experimental data. Dibenzoylmethane con- 
centrations: Curve A and O :  2.00 raM; k ~ 2200 M - 1  sec -1 .  
Curve B and A :  1.01 mM; k = 2200 M -1  sec -1 .  Curve C and 
O: 2.00 mM + 7.96 mM enolate 3, k ----- S$0M - 1  sec - ] .  Scan 
rate in V/sec. 
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the more  complex scheme in Chart  I would differ only 
sl ightly f rom those for simple dimerizat ion (17). The 
larger  values of apparent  rate  constant found at the 
lowest concentrat ion of DBMH studied may  signal the 
breakdown in the s imilar i ty of the two schemes. A few 
double potential  step exper iments  were  carr ied out 
wi th  2.00 mM DBMH and the dispari ty between ex-  
per imenta l  results and theory for a simple dimerizat ion 
(19) was more readi ly  detected. The calculated values 
of apparent  ra te  constant showed l i t t le  dependence on 
switching t ime just as they were  almost independent  
of scan rate  in the cyclic vo l tammetr ic  experiments .  
However ,  the shape of the anodic port ion of the cur-  
r en t - t ime  curve was incorrect,  causing larger  values of 
the apparent  ra te  constant to be obtained from data 
points considerably past the switching point. Thus the 
actual mechanism differs f rom a simple fol lowing di-  
merization.  The apparent  rate  constants computed from 
the cyclic vot tammetr ic  data should be regarded only 
as indications of the re la t ive  rate  of the fol lowing 
reactions. 

The succeeding chemical  equi l ibr ium plays a central  
role in the mechanism given in Chart  I. The rapid 
coupling reactions are thought  to involve  the pro-  
tonated neutral  radical, DBMH~. Any al terat ion in ex-  
per imenta l  conditions which would cause less DBMH~ 
to be formed, should cause a concomitant  decrease in 
the rate  of the fol lowing reactions. One way of effect- 
ing such a decrease would be to increase the concen- 
trat ion of the enolate 3 ( D B M - ) .  This should cause the 
equi l ibr ium to be shifted to the left  resul t ing in less 
DBMH~ being formed and a smaller  over -a l l  rate  of 
the coupling reactions. 

Data for the reduction of 2.00 mM DBMH in the 
presence of various amounts  of the t e t r a - n - b u t y l a m -  
monium enolate salt of DBMH are summarized in 
Table II. It is clear that  the addition of enolate 3 has 
a pronounced effect on the rate  of the fol lowing re-  
actions. Substantial  increases in the values of ia/ie 
were  observed with an enolate concentrat ion of 1.99 
mM and again when the concentrat ion was increased 
to 7.96 mM. The effect appears to be level ing off, how-  
ever, as evidenced by the re la t ive ly  modest increases 
in ia/ic found when the enolate concentrat ion was in- 
creased to 15.0 raM. Apparen t  dimerizat ion rate con- 
stants calculated f rom the data of Table II are roughly  
1000 M - I  sec -L at 1.99 mM enotate and 500 M -1 sec -1 
at 7.96 and 15.0 mM enolate. Addi t ional  data for 7.96 
mM enolate are plotted in Fig. 3 along with  a theo-  
ret ical  curve  for k ~ 550 M - t  s e c - 1  Enolate ion causes 
a substantial  decrease in the rate of the fol lowing re-  
actions in consonance wi th  the scheme in Chart  I. 

The addition of large amounts  of enolate has at 
least one addit ional  effect. The cathodic peak current  
functions are  larger  than the ca. 1.3 x 10 -2 A sec 1/2 
V-U2 M-1 value  (c5. Table I) characterist ic of DBMH 
reduct ion with  negligible fol lowing reactions. For  ex-  
ample, at 0.100 V/sec wi th  2.00 mM DBMH plus 15.0 
mM enolate the cathodic peak current  function was 
1.68 x 10-2. This does not signify a change in the 
over -a l l  react ion scheme because the coulometric 
~ -va lue  for electrolysis of 2.0 mM DBMH in 15 mM 
enolate was still 0.55. The cause of the  increased cur-  

Table II. Effect of enolate on the cyclic voltammetry of 
dibenzoylmethane a 

2.00 2.00 2.00 
mM DBMH mM DBMH mM DBMH 

Scan  ra te ,  2.00 + 1.99 § 7.96 + 15.0 
V / sec  m M  D B M H  m M  D B M -  rnM D B M -  m M  D B M -  

0.050 0.478 0.562 0.661 0.695 
0.100 0,542 0,632 0.731 0.755 
0.200 0.620 0.722 0.826 0.854 
0.500 0.757 0,842 0.942 0.954 
1 2 0  0.832 0.904 0.974 0.995 
5.00 0,927 0.954 1.00 1.00 

a E x p e r i m e n t a l  c o n d i t i o n s  are  the  same  as those  g i v e n  in  Tab le  I. 

rent  functions in the presence of enolate remains  to 
be discovered. 

Fur the r  evidence that  the DBMH radicals are more 
stable when  enolate is present  may  be found in the fact 
that  an electron spin resonance spectrum may  be ob- 
tained during electrolysis of DBMH in 0.1M te t ra -  
n -bu ty l ammonium enolate as support ing electrolyte.  
Unequivocal  identification of this radical  as the radical  
anion of DBMH has not been accomplished. A similar  
spectrum was obtained by reduct ion of DBMH in 
te t rahydrofuran  at --60~ 

The addition of water  has l i t t le effect on the cyclic 
vo l t ammet ry  of DBMH. When a 2.00 mM DBMH solu- 
tion in DMSO was made 300 mM in water,  the ia/ic 
ratio decreased only 2% and the cathodic peak current  
decreased 3% (scan rate:  0.1 V/sec) .  The acidity of 
DBMH is about the same as that  of phenol (20). 
DBMH is apparent ly  much more  effective than water  
in donat ing a proton to DBMH~ in the scheme in Chart  
I causing water  to be re la t ive ly  ineffective in increas-  
ing the rates of the fol lowing reactions, 

The electrochemical  behavior  of DBMH is quite 
similar  when 0.1M l i thium perchlora te  is used as sup- 
port ing electrolyte  in place of t e t r a -n -bu ty l am mon ium 
perchlorate.  The over -a l l  process is still g iven by Re- 
action [1]. The pinacol 2 and the enolate 3 were  de- 
tected in an electrolysis solution. The average n -va lue  
f rom controlled potent ial  coulometry  was 0.51. Jus t  as 
was observed in the absence of l i thium ion, the pinacol 
2 decomposed by an electrolytic autocatalyt ic process 
(2) giving benzil 2 and acetophenone. The la t ter  was 
determined in the electrolysis mix ture  by a polaro-  
graphic standard addition technique and was found to 
be produced in 95% over -a l l  yield f rom DBMH. The 
benzil  was detected as its radical  anion by esr spec- 
troscopy. The somewhat  distorted, broad- l ined spec- 
t rum which was obtained was identical  to that  ob- 
tained during electrolysis of authentic  benzil in 0.1M 
l i thium perchlorate  in DMSO. An exact assignment of 
split t ing constants was not possible. Nevertheless,  it 
was clear that  some interact ion be tween the benzil 
radical anion and a l i thium ion (7Li; I = 3/2) was 
occurring. 

Thus the over -a l l  react ion of DBMH reduct ion in 
l i th ium perchlorate  is the same as it is in t e t r a -n -  
bu ty lammonium perchlora te  (2). The ma jo r  difference 
is that  the rates of the fol lowing reactions are much 
greater  in the presence of l i thium ion. Qual i ta t ive  
evidence for this may  be found in the observat ion that  
the solution remains colorless during the reduct ion of 
DBMH in 0.1M l i th ium perchlora te  in DMSO. When 
the t e t raa lky lammonium salt is used (2), the solution 
develops a light green color during the electrolysis 
presumably  because of a higher  s teady-s ta te  concen- 
trat ion of the DBMH radicals. 

Even very  small amounts of l i thium perchlorate  
have a profound effect on the cyclic vo l t ammet ry  of 
DBMH. For example,  the addition of 2.0 mM l i th ium 
perchlorate  to 2.00 mM DBMH in 0.2M t e t r a - n - b u t y l -  
ammonium perchlorate  completely  obl i terated the 
anodic wave  for the radical  anion at sweep rates less 
than 0.5 V/sec. The va lue  of ia/ic was only 0.534 at 
120 V/sec and 0.815 at 5.00 V/sec  (cf. Table  I) .  These 
ia/ic values signify an approximate ly  ten- fo ld  increase 
in the apparent  dimerizat ion rate  constant. The in- 
creased rates of the fol lowing reactions also affect the 
cathodic peak current  function. At slow scan rates the 
current  function is about 0.8 x 10 -2 A sec 1/2 V -1/2 M - I .  
These low values (cf. Table I) are caused by the fact 
that  the reactions fol lowing charge t ransfer  consume 
DBMH. As the scan rate  is increased and the ia/ic 
values approach 1.00, the current  function increases 
toward the l imit ing value  of 1.3 x 10 -2 characterist ic 
(cf. Table I) of insignificant fol lowing reactions. 

I t  has  been  r e p o r t e d  t h a t  benz i l  e x h i b i t s  o n l y  a s ingle ,  t w o -  
e l ec t ron  w a v e  i~x 0.1M l i t h i u m  pe rch lo r a t e  in  DMF,  w h e r e a s  t he re  
are  two  sepa ra t e  one -e l ec t ron  w a v e s  w h e n  t e t r a - n - b u t y l a m m o n i u m  
iod ide  or t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  is u sed  as s u p p o r t i n g  
e l ec t ro ly te  (21). B y  con t ras t ,  we  f ind  two  c lose ly  spaced  one-e lec -  
t r on  w a v e s  for  benz i l  in  O.IM l i t h i u m  p e r e h l o r a t e  in  DMSO. The  
h a l f - w a v e  p o t e n t i a l s  are  --1.03 and  --1.13V vs ,  S C E ,  
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The effect of l i thium ion may be explained in two 
ways. First  the l i th ium ions may  interact  with the 
enolate 3 forming a stable 1:1 complex. The equi-  
l ibr ium in Chart I would be shifted to the right causing 
relat ively more neut ra l  radicals (DBMH~) to be 
formed and br inging a commensurate  increase in the 
over-al l  dimerization rate. This explanat ion is rea-  
sonable in view of the relat ively stable l i th ium-acety l -  
acetonate complex formed in acetonitri le (4). 

Second, l i th ium ions may interact  with DBMH radi-  
cal anions forming ion pairs which may exhibit  an 
enhanced rate of dimerization since electrostatic repul-  
sion has been reduced. The relat ive importance of these 
two effects cannot  be determined from the present 
data and available theory. 

Other symmetrical,  enolized 1,3-diketones behave 
in a manner  similar to DBMH. Cyclic vol tammograms 
of 2.00 mM 1 ,3-b i s (p-methoxyphenyl ) - l ,3 -propane-  
dione showed ia/ie values of 0.592 and 0.676 at 0.100 and 
0.200 V/sec, respectively. These correspond to an ap- 
parent  dimerization rate constant about 60% of that 
observed for DBMH. On the other hand, 2.00 mM 
1,3-bis(p-f luorophenyl) - l ,3-propanedione gave iJ ic  
values of 0.478 and 0.534 at 0.100 and 0.200 V/sec, 
respectively. These indicate an apparent  rate constant 
about twice that  observed for DBMH. 

These relat ively small  subst i tuent  effects do not ap- 
pear to be related to the abil i ty of e lec t ron-wi thdraw-  
ing substi tuents to lower the unpaired  spin density at 
the coupling site and consequently decrease the rate 
constant. The effect is actually the opposite. Electron-  
wi thdrawing subst i tuents  cause increased apparent  
rate constants. 

The effect may be interpreted in terms of a sub-  
st i tuent effect on the equi l ibr ium constant  of the equi-  
l ibr ium step in Chart I. This equi l ibr ium constant  is 
equal to the ratio K' /K"  where K' is the acidic disso- 
ciation constant  for DBMH (DBMH ~ D B M -  + H + ) ,  
and K" is the acidic dissociation constant  for DBMH[ 
(DBMH~ ~ DBMH-: + H +). The electronic properties 
of the substi tuents suggest that K' and K" should be 
greatest for the difluoro DBMH, less for DBMH, and 
]east for the dimethoxy DBMH. If K'  is more sus- 
ceptible to subst i tuent  effects than K", the equi l ibr ium 
constants for the difluoro and dimethoxy compounds 
would be largest and smallest, respectively, in agree- 
ment  with the observations. Very little is known about 
subst i tuent  effects on radical anion basicity so the 
above a rgument  can be offered only as a suggestion. 

Role of Keto-enol Tautomerism 
We may now compare the electrochemical behavior 

of symmetrical ,  enolized 1,3-diketones as discussed 
above with the behavior of symmetrical  1,3-diketones 
which exist in the diketo form (3). Any of these com- 
pounds may exist as the diketo tautomer,  4, the enol 
tautomer,  5, or a mixture  of the two. 

~ OH 0 
I t l  

R/C \CH~'C'-R ~ * R/C~-,cH/CxR 
4 5 

All of the compounds discussed in the first section are 
almost completely enolized. By subst i tut ion of alkyl 
groups at the 2-position, compounds may be prepared 
which cannot exist in the enol form. An example is 2,2- 
d imethyl - l ,3 -d iphenyl - l ,3 -propanedione ,  6. Other com- 
pounds which conceivably could enolize, show a dis- 
t inct  preference for the diketo form. An example of 
this class is 2 - t -bu ty l - l ,3 -d iphenyl - l ,3 -propanedione ,  
7, which exists almost completely in the diketo form. 
We have not yet found a compound whose diketo and 
enol tautomers can be isolated and studied separately. 

The diketo compounds differ from the enolized com- 
pounds with respect to at least three properties: c o u -  

lometric n-values,  stabili ty of the radical anions, and 
na ture  of the reactions of the radical anions. 

The n-values  obtained by controlled potential  cou- 
lometry differ markedly  for the two kinds of com- 
pounds. As was discussed earlier (2) the n-va lues  for 
reduction of the enolized compounds are all about 0.5 
and the over-al l  reaction is given by [1]. The diketo 
compounds do not possess the relat ively acidic enol 
proton and the rapid protonat ion by start ing mater ia l  
which is a part  of Reaction [1] is no longer possible. 
Consequently the n -va lues  for the diketo compounds 
are about one, or specifically, n ---- 0.99 for 6 and n ----- 
1.1 for 7. 

The relative stabil i ty of the pr imary  product of the 
electrode reaction, the radical anion, also depends on 
tautomerism. The radical anions of all the enolized 
compounds undergo the protonat ion-dimerizat ion re-  
actions discussed earlier and thus their  l ife-t imes are 
relat ively short. The radical anions of the diketo com- 
pounds have longer lives. For example, the electron 
spin resonance spectrum of the radical  anion of 6 is 
readi ly obtained by electrolysis in a cell in the micro- 
wave cavity of the spectrometer (3). Under  similar 
conditions the enolized compounds do not give spectra 
of the pr imary  radical anion, but  ra ther  spectra of 
species formed by subsequent  chemical and electro- 
chemical reactions (2). Cyclic vol tammetr ic  studies of 
6 also indicate an enhanced l i fe- t ime of the radical 
anion. The cathodic peak current  function was 0.013 
A.seclZf.V-lJf ,M -~, the same as that  obtained for 
DBMH at fast scan rates (Table I) .  

The radical anions of diketo compounds are subject 
to decomposition but  the na ture  of the reactions differs 
from those of the radical  anions of the enolized com- 
pounds. The most impor tant  reactions are cleavage 
reactions (3). For example, after the electrolysis of 
6 (n ~ 0.99), no polarographic waves for the radical 
anion can be detected. Instead a wave for a cleavage 
product, isobutyrophenone, is present and its diffusion 
current  indicates that  it has been produced in 80-90% 
yield. Fur ther  evidence of the formation of isobutyro- 
phenone is found in the acquisition of the electron 
spin resonance spectrum of isobutyrophenone radical 
anion on fur ther  electrolysis of the solution. A cleav- 
age product, 3 ,3 -d ime thy l - l -pheny l - l -bu tanone ,  is also 
found after the electrolysis of 7. No evidence has been 
found indicating cleavage reactions dur ing the elec- 
trolysis of enolized 1,3-diketones. Such reactions may 
become impor tant  under  conditions in which the sec- 
ond-order  dimerization reactions are slow, viz., low 
concentrations (c~. Table I) and in the presence of 
added enolate 3 (c]. Table II) .  Another  possible reac- 
t ion of the radical anions of enolized 1,3-diketones is 
a decomposition to hydrogen gas and enolate ion. a Un-  
der the conditions utilized in this study, however, Re- 
action [1] is the major  over-al l  reaction for symmetr i -  
cal, enolized 1,3-diketones. 

One unsymmetrical ,  enolized compound, 1-phenyl-  
1,3-butanedione, was studied. Its behavior  is more 
complex. The coulometric n -va lue  for electrolysis on 
its first wave is 0.75. Some formation of a pinacol is 
indicated by the characteristic cur ren t - t ime  max imum 
obtained dur ing electrolytic autocatalytic decomposi- 
t ion of pinacols and by the acquisition of an electron 
spin resonance spectrum for the radical anion of 
1-phenyl- l ,2-propanedione  (2). Yet the high n -va lue  
and the formation of acetophenone (2) may indicate 
that cleavage reactions are also occurring. Fur ther  
study of unsymmetrical ,  enolized 1,3-diketones is in 
progress. 
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presented  at  the  Los Angeles  Meet ing of the  Society, 
May 10-15, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
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Use of the Potential-Step Method 
to Measure Surface Oxides 

D. E. Icenhower,* H. B. Urbach,* and J. H. Harrison 
Naval Ship Research and Development Laboratory, Annapolis, Maryland 21402 

ABSTRACT 

A new po ten t ia l - s t ep  method was used to de te rmine  oxygen coverage  on 
pla t inum,  gold, and rhodium.  The procedure  was based, in part ,  on the  use 
of an electronic coulometer .  Expe r imen ta l  evaluat ion  of the  coverage and 
its theore t ica l  in te rpre ta t ion  was obtained by  the use of the po ten t ia l - s t ep  
method in conjunct ion wi th  the po ten t ia l - sweep  method.  The  advan tage  of the  
step method  over  the  po ten t ia l - sweep  method  for eva lua t ing  the  degree  of 
coverage is tha t  the  s tep method  gives invar ian t  results  regardless  of whe the r  
the  technique is anodic or cathodic. The pH was found to have profound 
effects on the oxygen coverage. In general ,  changing the  pH al ters  t he  degree  
of coverage by  oxygen-conta in ing  species p robab ly  including carbon dioxide.  
Changes produced b y  pH a l te ra t ion  in the  po ten t i a l - sweep  pa t t e rns  of noble 
meta ls  may  be ascr ibed in par t  to the  adsorpt ion of carbonaceous impur i t ies  
and to the pH-ac t iva t ed  amphoter ic  charac te r  of the surface oxides. The oxy-  
gen coverage on pla t inum,  a l inear  function of potent ia l  above 0.8V, may  be 
expla ined  in te rms of p la t inum oxide dipoles. 

The l i t e ra tu re  indicates  genera l  d i sagreement  wi th  
regard  to expe r imen ta l  techniques and resul ts  ob-  
ta ined by  anodic and cathodic methods  (1-4).  To 
resolve questions re la t ive  to the  mer i t s  of these 
techniques it was decided to measure  the oxide 
coverage by  the po ten t ia l - sweep  method and the 
po ten t ia l - s tep  method (5-9). The po ten t ia l - s t ep  
method employed  in this  s tudy  ut i l ized electronic 
in tegra t ion  of the  cu r ren t  in a w a y  which pe rmi t t ed  
precision measurements  of the  oxide coverage and 
which exhib i ted  no hysteres is  in the resul ts  r ega rd -  
less of the  direct ion of the potent ia l  sweep. 

Experimental 
Electrochemical cell.--A cell consist ing of three  

compar tments  separa ted  by s in tered  glass disks was 
used for  al l  exper iments .  Prepur i f ied  n i t rogen was 

* Electrochemical  Society Active Member.  
Key  words:  potential  step coulometry,  oxide coverage,  electronic 

cur ren t  integration~ p la t inum oxides, gold oxides. 

bubbled  th rough  the ma in  compar tmen t  and the  
countere lec t rode  compar tmen t  in order  to flush out 
dissolved oxygen and hydrogen.  Giner ' s  (9) dynamic  
hydrogen  reference  e lect rode was used to measure  
the  potent ia l  of the  work ing  electrode re la t ive  to the  
revers ib le  hydrogen  e lec t rode  (RHE) in the  same 
solution, and p la t inum wire  was used as the  counter -  
electrode. The ind iv idua l  work ing  electrodes were  
5 cm long, 10-rail wires  of p la t inum and gold, They  
were  sealed in soft glass tubing and had  smal l  glass 
balls on the  ends to e l iminate  edge effects. 

Al l  solut ions were  p repa red  f rom r eagen t -g r ade  
chemicals  and t r ip le -d i s t i l l ed  water .  Acid and caustic 
solutions were  p repa red  f rom sulfuric  acid and 
potassium hydroxide ,  respect ively .  Potass ium sulfa te  
was added to solutions wi th  pH values  of 2.4 and 12.7 
to establish app rox ima te ly  constant  ionic s t rength  for 
all  electrolytes,  which were  p re -e lec t ro lyzed  over -  
night  in a separa te  vessel  pr ior  to use. The pH was 
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measured after pre-electrolysis.  Measurements  were 
carried out at an average of 27~ 

Electronic equipment.bin the sweep method of 
s tudying oxygen adsorption, a Hewle t t -Packard  
Model 3300A, low-frequency funct ion generator  
produced the t r iangular  potent ia l - t ime sequences. The 
funct ion generator  programmed a Wenking  61TR 
potentiostat, which controlled the potential  of the 
working  electrode with respect to the reference elec- 
trode. The apparatus is shown in block form in Fig. 1. 
The d-c potential  level, the potential  span, and rate of 
change of potential  were adjusted easily. The ins tan-  
taneous potent ial  produced by the passage of the cell 
current  through the cal ibrated 1000-ohm resistor, w a s  
recorded directly on the X-Y recorder as cu r ren t -  
potential  plots. By insert ion of the integrator  as 
shown by the dashed lines, charge-potent ia l  ra ther  
than  cur ren t -po ten t ia l  plots were obtained. The in -  
tegrator  consisted of a Phi lbr ick P2 (high common-  
mode rejection ratio) differential operat ional  ampl i -  
fier with a 10K input  resistor and a 5 mfd output  
capacitor, which was short-circuited,  when  desired, 
by a switch to reset the integrator  to zero charge. 

Procedure.--Initially the potential  was fixed at 1.8V 
so that  oxygen was l iberated on the electrode to b u r n  
off oxidizable impurit ies (11). Then the electrode was 
main ta ined  below the visible oxygen-evolut ion po- 
tential  at 1.4V to permit  molecular  oxygen to diffuse 
away from the surface. In  the third step, the potent ial  
was lowered to some empirical  value at which the 
metal  oxide was reduced to provide a clean, meta l  
surface. Next, the potential  of interest  was estab- 
lished. The potential  in the last step was the same 
as that of the third step. The value of the potential  
employed in the thi rd  step was determined from a 
s tudy of the sweep data on the given electrode at 
each pH in order  to insure that  the surface of the 
metal  was indeed free of oxides. The electrode 
potential  in the third step was 0.45V on p la t inum 
and 0.5V on gold. 

The exper imenta l  evaluat ion of the oxide coverage 
was performed as follows. Cur ren t - t ime  curves as-  
sociated with the fast potential  step similar to that in 
Fig. 2 were observed by means of an oscilloscope. 
When the potential  was stepped, the current  first rose 
rapidly to some relat ively high value and then  fell 
asymptotical ly to some nonvanish ing  residual  value. 
This residual  current  is largely unre la ted  to the 
formation of a new state of charge of the surface 
occasioned by the step in potential,  but  it arises from 
the diffusion of oxidizable and reducible impuri t ies  
to the interface. In order to integrate  these cu r ren t -  
t ime plots manual ly ,  and thus obta in  the total  
quant i ty  of electricity associated with the desired re-  
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action, some approximation must  be made to account 
for the presence of the diffusion current .  Typical  plots 
of the integrated current  are shown in Fig. 3. The 
abrupt  rise and fall of the coverage in mil l icoulombs 
at 2.5 and 22 sec is due to potential  steps. The tangent  
to the l inear  sections of the rising curves (between 
2.5 and 22 sec) was extrapolated to zero time. This 
extrapolat ion to the t ime of the step (2.5 sec) yielded 
the coverage in millicoulombs. 

Results 
Platinum.--Potential-sweep measurements  were 

employed to el iminate  uncer ta int ies  with regard to 
the critical potential  region where the oxide layer  is 
reduced without  s imultaneous formation of a hydrogen 
layer. Therefore sweep data were obtained to facilitate 
each s tudy involving the potent ial  steps. Sweep data 
were obtained for the metals at 0.01 and 0.1 Hz at 
sweep speeds corresponding to 320 and 32 mV/sec. 
Some results for these sweep studies at pH values of 
0.3, 2.4, 12.7, and 14 are i l lustrated in  Yig. 4. 

The sweep curves shown in Fig. 4 represent  results 
previously detailed by Breiter  and others (1, 2, 12, 13). 
The referenced papers furnish adequate discussion. 
However it is useful to recall that the oxide reduction 
peak b is flattened in alkal ine solutions. I% is clear 
from the above sweep data that a successful potential-  
step method wil l  require that  the cathodic end of the  
step terminate  in the neighborhood of 0.45V at least in 
acid solution. However in alkal ine solution the fusion 
of the oxide reduct ion wave with the hydrogen-a tom-  
formation wave would suggest that  some error might  
result  due to incomplete reduction. However,  use of 
the 0.45V value in alkal ine solution yielded repro-  
ducible data independent  of step direction indicat ing 
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Fig. 1. Block diagram of the experimental apparatus. WE is the 
working electrode, CE the countere[ectrode, RE is the hydrogen 
reference anode of a dynamic cell. F represents fritted glass wails 
and B bubble offs. 
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Fig. 3. Charge-time curves for oxygen on platinum at a pH value 
of 2.4. Extrapolations are to 2.5 and 22 sec. 

- -  - - i  : ; : : l  ' '  " I 

I 2 :3 4 
TIME, SEG 

Fig. 2. Typical current-time plot obtained in the potential-step 
method. 
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Fig. 4. Effect of pH on the tri(mgular potential sweeps on plati- 

num. Solids lines represent 0.01 Hz. Dashed lines represent 0.1 Hz 
(multiply current scale by 10). 

that oxide reduct ion is complete at 0.45V provided 
sufficient t ime is allowed. 

The t r iangular  potent ial-sweep traces were in te-  
grated by the electronic procedure described above. 
Figure 5 represents the integral  form of the sweep 
curves for two speeds. The dashed curve represents  
data for 0.01 Hz and the solid curve is for 0.1 Hz. The 
thickness of the double- layer  region is greater  in the 
slow sweep because the integral  of the constant  dif- 
fusion current  over a longer period of t ime results in 
a larger n u m b e r  of coulombs. The charge represent-  
ative of oxygen adsorption is apparent ly  independent  
of the sweep t ime according to the figure, i.e., Q(0.1) 
= Q (0.01). However, it must  be noted that  the com- 
parisons are made over different potent ial  limits. The 
relat ively straight l ine in the oxygen zone (a) rep-  
resents the oxygen coverage obtained by the po- 
tent ia l -s tep method (to be discussed). The form of 
these curves is similar to results obtained by Will  and 
Knor r  (2) using manua l  integrat ion of the sweep 
curves. However, the negative character  of the charge 
in the hydrogen region is explicitly indicated by the 
present  technique. The electronic integrat ion used 
here measures the double- layer  charge (zone b) in 
addition to charge associated with oxygen coverage. 
The degree of reversibi l i ty  in the hydrogen region of 
the curves is indicated by the fact that the quant i t ies  
of electricity obtained dur ing  the anodic and cathodic 
sweep (Qa and Qc, respectively) differ only  by the 
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Fig. 5. Oxygen and hydrogen coverage on platinum by integration 
of sweep and step curves. 

charge due to diffusion current  at the end of the 
sweep. Careful manipula t ion  of the potent ial  l imits is 
necessary to obtain isocoulombic (closed) curves 
which in  essence br ing  about the balance of charge 
due to positive and negative diffusion currents.  If the 
potent ial  span is too far to the right, then Qa > Qc 
due to oxygen evolution and /o r  oxidation currents  of 
diffusing impurit ies and the curves shift cont inuously  
upward. Similarly,  if the potential  span lies in  the 
regions too far to the left of the double layer, there is 
a shift downward due to reduct ion currents  such as 
those arising from hydrogen evolution. Figure  6 
i l lustrates the la t ter  case for gold electrodes. 

The results of the potent ial-s tep method on 
p la t inum are shown in Fig. 7. A comparison of the 
results with the sweep method of Wil l  and Knor r  has 
been indicated in  Fig. 5. The step data are in bet ter  
agreement  with the anodic ra ther  than  the cathodic 
sweep data. The charge-potent ia l  curve represent ing 
oxygen coverage is ra ther  l inear  at all  pH values. 
Effects of pH are noticeable at potentials  in the 
"double- layer"  region below 0.SV, where the bend of 
the charge-potent ia l  curve is indicative of sub- 
s tant ial ly  more coverage in  a lkal ine  solutions than in 
acid solutions, as was observed in  the sweep data. 

Gold.- -The results on gold (Fig. 8) show several 
differences from results in plat inum. Hydrogen does 
not electrosorb on gold in the regions of interest  in 
this s tudy (13, 14). Oxygen does not adsorb on the 
electrode surface below a potent ial  of approximately  
1.35V in the acid solution (13, 14). 

The reduction of the gold oxide in acid solution is 
associated with the appearance of a narrow peak near  
1.15-1.20V, but in alkaline solution two shallow peaks 
are observed. The flattened peak at 1.10-1.15V in 
alkaline solution may correspond with the nar row 
peak (1.15-1.20V) in acid solution. Anomalous peaks 
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at other values probably represent  the oxidation and 
reduction of organic adsorbates (see Discussion)�9 

The results of the electronic integrat ion of the t r i -  
angula r -po ten t ia l  sweep curves at 0.01 Hz are i l lus-  
t ra ted in Fig. 6 for gold at a pH of 2.4. Gold forms an 
oxide layer  on its surface above the extended double-  
layer  region at about 1.4V. There is a definite fall-off 
in the rate of oxygen adsorption at about 1.55V cor- 
responding to the fall-off from the first peak in the 
cur ren t -poten t ia l  plot of Fig. 8 (acid pH values).  A 
similar fall-off in the rate of oxygen adsorption has 
been observed by Brummer  and Makrides (14) at 
1,45V using a galvanostatic s t r ipping technique. The 
step method (acid pH) indicates a change of slope 
(Fig. 9) at about 1.55V. The region representat ive  of 
the reduct ion and oxidation of hydrogen on p la t inum 
is absent in the case of gold (13, 14). 

Sweep data on gold (Fig. 8) indicate that  at a pH of 
12.7 there is a broad plateau in the current  vs. po- 
tent ial  curve which may be associated with the 
adsorption of organic species on the surface of the 
gold, s imilar  to that of p la t inum (see Fig. 7). In 
addition, at alkal ine pH values the quant i ty  of charge 
associated with the formation of organic sorbates on 
the gold appears to be greater at low potentials. 

Rhodium.--The potent ial-sweep data for rhodium 
(Fig. 10) show a reduct ion peak at 1.3V in alkal ine 
media. The charge which corresponds to this reduct ion 
peak is approximately  the same as that for the oxida- 
tion peak (see curve for pH of 14). The relat ive 
magni tude  of the oxygen and hydrogen waves in 
alkaline solution far exceeds the 2 to 1 ratio expected 
for monolayer  coverage in alkal ine solution. The 
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Fig. 10. Potential sweeps on rhodium 

normal  metal  reduction waves between 0.25 and 0.35V 
appear unchanged in character  at all  pH values. 

The hydrogen formation peaks in some cases near ly  
fuse with the oxide-reduct ion wave at 0.3V as noted 
by Bold and Brei ter  (1). In  the pH systems corre- 
sponding to 2.4 and 12.7 the double- layer  region loses 
the well-defined character shown in the pH system at 
0.3. Curves obtained at high pH for fast sweeps (not 
i l lustrated) show less oxidation current  relat ive to 
hydrogen than do the curves for the slow sweep. 

The results of the potential-s tep exper iments  on 
rhodium are i l lustrated in Fig. 11. The presence of 
the large, new reduct ion waves in alkal ine media 
noted in the potent ial-sweep experiments  is confirmed 
by the very large wave that appears at approximately 
1.2V. 

Discussion 
The exper imental  results reported here suggest a 

need for fur ther  clarification. An analysis of some 
areas is presented here, including the theory of the 
potent ial-s tep technique,  the na tu re  of the pH effects, 
and the l inear i ty  of the charge-potent ial  curves on 
plat inum. 

Theory of the potential-step method.--Previous re-  
searchers who measured the area under  the cur ren t -  
t ime curves such as that in Fig. 2 have simply ter-  
minated  the zone of in tegrat ion arbi t rar i ly  in the 
region where the curve appeared to be leveling. In  
addition, manua l  extrapolat ion to zero t ime was not 
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Fig. 11. Oxygen coverage on rhodium by the potential-step 

method. 
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performed. This procedure is nei ther  rigorous nor  
satisfactory. In  the typical  integrated cur ren t - t ime  
curves in Fig. 3, the degree of l inear i ty  of the plots 
increases with the length of t ime from the potential  
step. Therefore the precision of the extrapolat ion 
from the "l inear" section increased with time. (In 
this discussion it is assumed that  diffusion currents  
remain  uniform.)  If the extrapolat ion process is re-  
peated for sections of the coulomb-t ime curve which 
are doubled in length ad infinitum, the deviations 
between successive extrapolated values appears to 
decrease geometrically ra ther  than  ar i thmetical ly  so 
that  the coulomb value converges on some meaningfu l  
limit. Therefore this l imit is a function of surface 
area and independent  of t ime in contrast  with meth-  
ods where integrat ion involves measurement  of area 
with a rb i t ra ry  hmits. The quant i ty  of charge, Q, 
obtained by extrapolat ing the s t ra ight- l ine  portion of 
the curve back to zero t ime was found to be inde-  
pendent  of the direction of the step. This fact supports 
the above conclusion that the charge, Q, is also in-  
dependent  of time. At low levels of charging, the 
scatter between values of Q for the forward and 
reverse step was as much as 10%. For large levels of 
charging (large potential  steps) values of Q were 
wi th in  2%. 

It is clear from these results that hysteresis between 
surface charge measurements  for anodic and cathodic 
methods observed elsewhere (3) are not supported 
here. 

The fact that  a numerica l  value close to uni ty  in-  
dependent  of potent ial  and  pH is indeed at ta ined 
must  be a t t r ibuted  to the un ique  abi l i ty  of the po- 
tent ial-s tep method to remove from the data ex- 
t raneous contr ibutions of charge due to residual  dif- 
fusion currents. If the contr ibut ions of the residual  
currents  shown by the dashed extrapolated l ine in 
Fig. 3 are subtracted from the exper imenta l ly  ob- 
served charge-t ime curves, one obtains the corrected 
curve (short dashes), which rapidly approaches a 
horizontal asymptote. It is possible to obtain the 
general  behavior  of this corrected charge-t ime curve 
from the following form of the charge- t ransfer  
limited, cur ren t -poten t ia l  relat ion for the case when 
the transfer  coefficient 15 is 0.5. That  is 

[ \ nF  
i =  2/osinh ~2--~ ~1) [1] 

where i is cur ren t  density, io is exchange cur ren t  
density, n is the n u m b e r  of electrons for the ra te-  
control l ing reaction, F is Faraday 's  constant, R is the 
gas constant, T is the absolute temperature,  and ,1 is 
the polarizing potential. The polarization, ~, is as- 
sumed to be Ef -- E (Q), where Ef is the final potent ial  
at the end of the potential  step and E(Q)  is the po- 
tential  corresponding to the charge, Q, on the surface. 
Now E(Q)  is given by Eo -k Q/C where Eo is the 
s tar t ing potential, and where C is the slope of the 
exper imental  charge-potent ia l  plot of the electrode 
which is assumed to be constant because of the 
l inear i ty  of the charge-potent ial  curves above 0.8V in 
Fig. 7. Replacing ~ by its definition, we obtain 

d---t-- ---- 2iosinh 2 - - ~  Ef -- Eo -- ~- 

An expression involving the quant i ty  of charge on 
the surface in the a rgument  of an exponent ial  func-  
t ion was derived by Feldberg, Enke, and Bricker (3) 
in a similar manner .  However, they ignored the back 
reaction which is contained in the hyperbolic sine 
function. Equat ion [2] was wr i t ten  only for a step 
over a l inear  charge-potent ia l  region which in this 
case requires that  Eo be approximately 0.8V. Thus, 
the equat ion is applicable only to the anodic sweep 
on plat inum. Integrat ion of Eq. [2] yields 

nF( o) 
t anh  "4RT Ef -- Eo -- --~ nFiot 

- -  log - - - - ~  [ 3 ]  
nF CRT 

t anh  �9 (El -- Eo) 
4RT 

Equation [3] behaves like the dashed curve of Fig. 3 
which was obtained by subtract ing the area due to 
the diffusion current  (the t r iangle  formed by the 
extrapolat ion of the coulomb-t ime curve to zero). 
Equat ion [3] has the desirable property tha t  at in-  
finite t ime the charge, Q, is finite, whereas the 
mathematical  results of previous workers (3) predict 
an infinite charge. Their  charge- t ime curves showed 
a logarithmic dependence on the time. A tendency to 
approach infinite charge has in fact been experi-  
menta l ly  observed by Lai t inen  and Enke (16) at 1.35V 
and above. 

However at 1.25V and below, their  results indicate 
that the charge remains fixed after a finite period 
(60 sec) of time. Their  data and the results reported 
herein suggest that  the coverage (charge divided by 
true area) is a function of potential  ra ther  than time 
below 1.25V. Two factors associated with the loga- 
rithmic increase of charge with t ime are probably 
the increase of surface roughness with t ime and for- 
mat ion of multi layers.  Above 1.35V, the charge and 
coverage increase with t ime and the coverage ap- 
proaches infinity, i.e., the pure metal  is consumed. 

One other aspect of the charge-t ime curves of Fig. 3 
is worthy of attention. The rounding of the curves 
after the init ial  jump is indicative of a slow reaction 
probably associated with the final crystal l ization 
steps in oxide formation Which is discussed in more 
detail below. It is clear from the rapid rise of the 
curves that the major i ty  of the charge t ransfer  takes 
place wi thin  a fraction of a second. 

Egects of pH.--Bold and Breiter (1, 12) observed 
a shift of the t r iangular  potential  sweep curves of 
--0.059 V / p H  uni t  in acid regimes. In addition they 
noted changes in the s tructure of the sweep curves 
when the pH was al tered from acid to alkal ine 
character which are similar  to those recorded at c 
in Fig. 4. Gi lman (4) and others have suggested that  
the appearance of such changes in s tructure arise 
from the adsorption of carbon dioxide which is 
general ly present  in alkal ine hydroxides. Radiometric 
data obtained in this laboratory (17) show that  con- 
centrat ions of less than 10 -4 molar carbonate yield 
coverages of the order  of 0.05 which can easily account 
for observed currents.  The adsorption of carbon 
dioxide tends to suppress the magni tude  of the 
current  peaks arising from hydrogen adsorption and 
oxidation (see region a of Fig. 4) below 0.4V. 

In  the formation of adsorbed metal  oxide, 
hydroxide surface species represent  intermediate  
forms between states representat ive of water  adsorp- 
tion and those representat ive of oxygen adsorption. 

The formation of oxides on the surface may be 
analogous to the formation of the bulk  oxides of 
amphoteric metals. In the bu lk  systems elevation of 
the pH normal ly  brings about precipitat ion of the 
hydroxide. As the pH continues to increase, the metal  
hydroxides may lose the elements of water. Also, ad- 
dit ional hydroxide may be adsorbed wi th  dissolution 
of hydroxide precipitates. Both insoluble and soluble 
species may continue to lose elements of water  form- 
ing oxides (amphoteric acids). 

In  some cases, the hydroxide is so unstable  that  on 
precipitation, it immediate ly  decomposes to the 
oxide. For each metal  the hydroxide wil l  exhibit  a 
pH of m a x i m u m  stabil i ty which for many  t ransi t ion 
metals wil l  be quite acid. These hydroxides wil l  ma in-  
ta in  gelatinous structures or solid structures conta in-  
ing large quanti t ies  of water  of hydration.  These 
relat ively soft structures form quite stable or iner t  
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"hard oxides" through loss of water  which may  occur 
not only by dessication but  by change of pH. These 
hard oxides (e.g., silica, alumina,  taconite) display a 
relat ively low chemical reactivi ty compared with the 
soft oxides since their  s tructures permit  considerable 
resonance stabilization. 

Advanced inorganic texts such as Cotton and 
Wilkinson (18) do not ment ion  the existence~ of a 
divalent  p la t inum of the form P t ( I I ) O .  They point  
out that  the divalent  hydrous oxide P t ( I I ) ( O H ) 2  
exists, but  it is unstable  with respect to Pt  and PtO2. 
It cannot be expected that  the divalent  surface oxides 
exhibit  different behavior. In  the format ion of species 
such as PtO2 considerable geometric inversion of 
oxide sites should be anticipated. These inver ted 
species should therefore be part  of the basic s tructure 
of the hard oxide. These species should account for 
the great hysteresis between the oxidation and  reduc-  
t ion waves of p la t inum oxide shown in Fig. 4 and 5. 

Bold and Breiter  have noticed a f lat tening of the 
oxide-reduct ion peak occurring at about 0.8V (see 
peaks at b in Fig. 4) in exper imental  t r i angula r  sweep 
curves at high pH values. In  fact, they noticed this 
change at a pH value even as low as 3. A plausible 
explanat ion for this behavior may be found in the 
fact that the cathodic formation of p la t inum hydroxide 
is acid catalyzed (see s imilar  discussion under  gold 
below). The thermodynamics  of the reduct ion do not 
appear to have changed, since the relat ive position of 
the peaks shifts 0.059 mV per uni t  pH. Only the ki-  
netics are affected. 

Linear i t y  o~ the  charge-po ten t ia l  curves  on plat i -  
n u m . - - A  significant feature of the charge-potent ial  
curves on p la t inum (Fig. 7) is their  l inear i ty  above 
0.SV. It is possible to explain this l inear i ty  by as- 
suming that  mul t i layer  formation of the oxide occurs 
only after a complete monolayer  is formed. It  is con- 
venient  to discuss the charged oxide surface in terms 
of dipoles (19). The charging process is visualized to 
begin with a p la t inum surface on which is adsorbed a 
layer  of water  in roughly equal amounts  of the "up" 
and "down" configuration. This surface state is as- 
sumed to have little or no charge due to cancellation 
of dipole fields. F ina l ly  the p la t inum surface is 
covered by a monatomic layer of p la t inum hydroxide 
and oxide. The positive image of the negative oxide 
species in the p la t inum represents  the positive end of 
dipoles making up the double layer. We note that  the 
surface potent ial  (20) is given by the expression 

x = 4~n~/e [7] 

where n is the number  of dipoles (represented by the 
oxide atom and its positive image) per square cent i -  
meter, ~ is the effective dipole moment  of the in -  
dividual  dipoles, and e is the dielectric constant.  Now 

is 2rq where q is the charge t ransfer  between the 
metal  and the oxide and r is the radius of the oxide 
species. Subst i tu t ing ~ into Eq. [7] there is obtained 

x = 8nrnq/e = 8~rQ/e  [8] 

where Q is the charge per square centimeter.  But  this 
expression represents precisely a l inear  behavior be- 
tween charge and potential  which was observed. Dif- 
ferent iat ion of the potential  with respect to Q yields 
a capacitance per square centimeter  which represents 
the process of placing a monolayer  of oxide dipoles 
with moment,  ~, on the surface 

C = - -  [9] 
8nr 

(In cgs uni ts  this expression represents  the capacity 
per uni t  area of the oxide region in cm-1.)  Using 
1.4A for the radius (21) based on a doubly charged 
oxide species, we obtained a calculated value of 134 
for e which may be compared to the value ca. 80 for 

water. The result  suggests a more highly polarized 
layer in the oxide due to closer stacking of the atoms. 

Effects  of pH  on gold . - -Gold  also exhibits profound 
pH effects. As in the case of plat inum, the p i t  effects 
may be ascribed to various forms of oxide-containing 
species, i.e., hydrous and hard oxide forms. The step- 
potential  data (Fig. 9) are most easily explained in 
terms of the mechanisms described above for plat i-  
num. However, the sweep data (Fig. 8) are much 
more complicated. In  acid solution one would expect 
that  the abundance of hydrogen ions might lead to 
rapid formation of hydroxide species in  the reduction 
wave characterized by the peak occurring at 1.20- 
1.25V. In  alkal ine solution the formation of this 
reduction peak is delayed by a lack of hydrogen ions 
or by reaction of hydroxide ions with the relat ively 
acidic hydroxide species formed by the gold. In  other 
words, the reduction is acid catalyzed. The oxidation 
is base catalyzed. These effects are i l lustrated by the 
following equations 

e -  -k AuO -k H20 ~ AuOH n u O H -  [13] 

Au -k O H -  ~ AuOH q- e -  [14] 

Thus the cathodic formation of gold hydroxide is 
hindered by high pH, whereas the anodic formation 
on gold hydroxide is aided by high p H  in agreemPnt 
with the results. 

Areas of uncer ta in ty  associated with er rant  peaks 
below 0.9V may arise from the presence of organic 
adsorbates. These adsorbates may be similar to the 
reduced carbon dioxide species observed on plat inum. 

Effects  ,of pH on r h o d i u m . - - T h e _ m o s t  unusua l  
feature of the rhodium data is that enormous  quant i -  
ties of charge appear in the  anodic sweep at high pH 
values. There is some evidence of mul t ip le- layer  
formation, even at a pH of 2.4. At pH values of 12.7 
and 14, a new reduction wave characterized by 
symmetry  with the anodic oxidation wave appears. 
The reduction peak for oxidized rhodium at ca. 0.3V 
is found at all pH's. The magni tude  of the oxidation 
and reduction peaks at high pH's may be explained by 
assuming mul t i layer  formation (and some dissolution) 
because the value of 2 characteristic of the mono-  
layer  oxide-hydride charge ratio is far exceeded. The 
different behavior of rhodium at high pH may be 
at t r ibuted to the amphoteric behavior of the rhodium 
oxides in  the manne r  described above. 

Summary 
A potent ial-s tep method which makes use of an 

electronic coulometer  has been described. The method 
indicates the extent  of oxide coverage on noble metal 
surfaces without  evidence of hysteresis between the 
data regardless of whether  anodic or cathodic steps 
are employed. The method el iminates a rb i t ra ry  pro- 
cedures previously employed in  the evaluat ion of the 
total  surface charge. 

The pH profoundly influences the degree of oxide 
coverage on several metals. Coverage arising from 
the adsorption of reduced carbon dioxide increases in 
the double- layer  region with increasing pH at least 
on plat inum. The broadening of the oxide reduct ion 
wave of p la t inum with pH is related to the acid 
catalyzed reduction of the amphoteric oxide. 

The hysteresis observed between anodic and 
cathodic charge obtained by potential  sweep methods 
on p la t inum may be due to the formation of iner t  
"hard" oxides. 

The l inear  relat ionship between potential  and 
charge may arise from uni form oxide bu i ld-up  on 
plat inum. The dielectric constant of the oxide was 
calculated on this basis. 
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Galvanostatic Overpotential Transients and 
Electrocrystallization Processes on 

Copper Single Crystals in Solutions of 
Cupric Sulfate' 

L. H. Jenkins* and R. B. Durham 2 

Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

Overpotential transients have been measured on copper single-crystal sur- 
faces oriented (i00), (II0), (111), or (321) which were undergoing galvano- 
static dissolution or deposition in acidic solutions of C u S O 4 .  In  the current  
dens.lty range below 800 ~A cm -2, it is shown that observed overpotential  
maxima contained both electrocrystallization and charge- t ransfer  components�9 
Deposited mater ial  up to the equivalent  of ~--50 atom layers affected subse- 
quent  anodic overpotent ia l - t ime relationships in a manne r  related quant i ta -  
t ively to the extent  of the deposit. Overvol tage-current  relationships a r e  
shown to be insensit ive to the densities of steps distr ibuted more or less 
evenly over the various surfaces, but  sensitive to orientat ion and to ar range-  
ments  and distr ibutions of steps. 

Mattsson and Bockris (1) used galvanostatic mea-  
surements  to demonstrate  that, at geometric current  
densities > 10 mA cm-2, the Cu2+/Cu+ redox re-  

action was rate de termining for a system of poly-  
crystal l ine copper electrodes in acidic copper sulfate 
solutions. It  was suggested that  at lower current  den-  
sities adion diffusion over the electrode surface be- 
came kinet ical ly critical�9 Bockris and Enyo (2) con- 
firmed these observations and assumed fur ther  that  
the factor defining the limits of surface diffusion con- 

* Electrochemical  Society Act ive  Member .  
Research sponsored by the U.S, Atomic Energy  Commission un-  

der  contract  with Union Carbide Corporation. 
Cooperat ive s tudent  f rom the Univers i ty  of Tennessee. 

Key  words:  electroerystall ization, electrodeposition, copper crys-  
tals, facets, electrode kinetics. 

trol was the number  of dislocations intersect ing elec- 
trode surfaces. Studies of the effects of electrode 
preparat ive  methods on parameters  sensitive to the 
s tructure of electrode surfaces in the Cu/CuSO4 
system were extended by Bockris and Kita  (3). Con- 
firmation that at higher current  densities in this system 
the redox reaction indeed was the slowest process 
was obtained by Brown and Thirsk (4) using another  
exper imental  technique�9 

All  these reports cited concerned systems of poly- 
crystal l ine copper in acidic copper sulfate solutions 
and the vast major i ty  of the data and observations re-  
ported were obtained under  exper imental  conditions 
such that  surface processes were not rate controlling. 
Damjanovic, Setty, and Bockris (5) examined growth 
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forms of copper deposited from such solutions on 
various copper s ingle-crystal  surfaces of specific or ien-  
tat ion and measured cur ren t -po ten t ia l  relationships 
for the growing surfaces as a function of time. At 
deposition times corresponding, on the average, to 

102 and 105 atom layers of copper over the ini t ial  
substrate, the overpotentials measured on the surfaces 
existing at these moments  at various geometric current  
densities indicated the same relationships for electrode 
kinetics previously reported (1-4). However, small  
differences due to orientations and /o r  .growth forms 
were observed and, again, most of the data reported 
were obtained under  conditions such that  surface 
processes could not be considered rate determining.  
Similar  results were obtained by Hayashi et al. (6) 
who also observed effects which were a t t r ibuted to 
the "free acid" content  in both cupric perchlorate and 
cupric sulfate solutions. Recently data have been re-  
ported for single crystal l ine copper electrodes in acid 
cupric perchlorate systems under  exper imental  condi- 
tions such that  surface processes were rate de te rmin-  
ing and ini t ial  surfaces were not altered appreciably 
before data per t inent  to establishing electrode kinetics 
were obtained (7). Also, it was shown that  relat ively 
thin electrodeposits did not behave exactly as the 
substrates support ing them. These la t ter  data and their  
interpretat ions are in sufficient disagreement  with the 
previously suggested models of surface processes on 
copper electrodes (2, 3, 5) to make desirable a similar 
study in copper sulfate solutions at reaction rates 
lower than  were previously examined in detail. 

M a t e r i a l s  and Exper imenta l  M e t h o d s  
The growth, manipulat ion,  surface preparation,  and 

final electropolishing and washing of the copper crys- 
tals used in this work were as previously reported 
(7-9). Solutions 0.20M in CuSO4, pH adjusted to ~ 1 
by addition of H2SO4, were used in all these studies and 
their preparation,  storage, t ransfer  to reaction cells, 
etc., were also in  the m a n n e r  previously described 
(7, I0). The two types of reaction cells used, one for 
obtaining galvanostatic current -potent ia l  data and the 
other permit t ing microscopic observation and photog- 
raphy of reacting surfaces, were the same as those used 
in the Cu/Cu  (C10~) e systems (7). 

Exper imenta l  Results 
Changes in surface structure.--Observations of 

changes in surface structures resul t ing from both 
dissolution and deposition processes on surfaces ori-  
ented (100), (110), (111), and (321) were made and 
photographed. While data were taken in duplicate for 
both anodic and cathodic processes on all orientations 
at 4, 40, and 400 ~A cm -2 original surface area, the 
s t ructural  changes observed did not differ enough 
from those reported for perchlorate systems to war -  
rant  extended comment. However, the following com- 
parisons of observations between the two systems are 
of interest:  

(a) Structures developed on the (100) in the sulfate 
system seemed of about equal size after passage of 
equivalent  charge at the two higher current  densities 
for both deposition and dissolution. This was not 
observed in perchlorate solutions in  which relat ively 
smaller  structures with more sharply defined s ingu-  
larities developed on the (100) at progressively higher 
current  densities. 

(b) The detailed structure a n d  orientations devel-  
oped on (110), (111), and (321) were similar in every 
case in either perchlorate or sulfate systems: Reaction 
on the (111) occurred by the bunching of steps to 
form ledges, the (110) developed sharply defined typi-  
cal r idge-val ley arrangements,  etc. However, it was 
noted in sulfate solutions that the relat ive sizes of 
structures developed on all orientations other than 
(100) decreased with increasing current  density as 
compared with those grown under  comparable cir- 
cumstances in perchlorate. 

Figure  1 i l lustrates the structures obtained on the 
(100) at current  densities of 4 ~A cm -2. At such low 
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Fig. !. Upper and middle photomicrographs illustrate structures 
developed on the (100) due to dissolution and deposition, respec- 
tively, at 4 ~A cm - 2  to the extent of !.7 coulombs cm -2.  The 
lower illustration is of a (111) after deposition at 400 #A cm - 2  
to a total of 1.4 coulombs cm -2.  The reference mark is equivalent 
to 4~ in the upper two photographs and to 20~ in the |ower. 

reaction rates, occasional pits or pyramids would de- 
velop faster than the rest of the surface. However, as 
could best be determined, ini t ial  deposition or dissolu- 
t ion and early growth stages occurred uni formly  over 
the surface. Note that pit edges, preferred growth 
direction, etc., are not near ly  so well  defined in the 
anodic as in the cathodic case. As stated earlier, struc- 
tural  development  of characteristic features at higher 
current  densities occurred completely uni formly  over 
the surface. The figure also il lustrates the ledges 
formed by step aggregation due to deposition at 400 
~A cm -2 on the (111). Large, flat areas can be seen 
clearly separated by relat ively low ledges. 

Current-potential data.--Under galvanostatic con- 
ditions, overpotential  vs. t ime curves exhibited max-  
ima of the type reported for perchlorate solutions. 
Also, as in those solutions, a "deposition anomaly" 
was observed in that  times to formation and absolute 
values of overpotential  maxima were changed if the 
immediate ly  preceding process on the electrode had 
been deposition. These phenomena are discussed later, 
but  it must  be understood that  all overpotential  re-  
lationships discussed as a funct ion of current  density 
are, first of all, values of the observed maxima. 
Secondly, following every cathodic process on surfaces 
on which current  vs. potential  data were being deter-  
mined, an anodic pulse of equal intensi ty  and durat ion 
was applied. This lat ter  pulse was disregarded and 
equi l ibr ium established in the system before the next  
electrode process of interest  was init iated and data 
recorded. 
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Figure 2 i l lustrates the current  vs. potential  re lat ion-  
ships obtained for surfaces of the indicated or ienta-  
tions. The t rea tment  given the copper crystals before 
mount ing  in the cells was exactly that  of those in the 
previously reported perchlorate systems. The crystals 
were never  annealed after growth and the final pre-  
exper imenta l  t rea tment  consisted of the normal  elec- 
tropolish in an acid copper phosphate bath, followed 
by s tandard washing procedures. For  purposes of 
later  discussion, these will be termed "standard" sur-  
faces. Obviously it was impossible to focus on these 
fiat, specular surfaces wi th  the microscope in order to 
obtain meaningfu l  photomicrographs. 

Since one of the authors had previously argued that 
overvoltage vs. t ime and /or  current  values were 
changed drastically by the a r rangement  and dis t r ibu-  
t ion of steps over crystal surfaces (7), current  vs. 
potential  measurements  were also obtained on other 
than  s tandard surfaces. Figure 3 shows such data for 
surfaces produced by anneal ing s tandard surfaces 
under  an H2 atmosphere at 400~ for 4 hr. Following 
annealing,  all surfaces appeared unchanged to the eye 
and, while with the optical microscope examinat ions 
of these "standard annealed"  surfaces showed no ob- 
servable changes on (100) and (110) orientations, 
small  facets were detected on the (111) and (321). 
Facet development  on the (111) is i l lustrated in the 
phase-contrast  photomicrograph shown in Fig. 4. The 
low facet density can be seen and interference fringe 
shift measurements  indicated the average facet to be 

0.1~ high. 
Mechanical polishing always leaves fine scratches 

in the surfaces of soft metals such as copper and these 
scratches afford sites for possible facet development.  
Therefore, mechanical ly polished surfaces, al though 
br ight  and mirror l ike to the eye, were given a s tan-  
dard electropolish and wash t rea tment  in order to 
remove ~ 10~ from the surface in case any impuri t ies  
were introduced by the mechanical  polish. The crys- 
tals then were annealed in an H2 atmosphere at 950~ 
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for 16 hr. Following annealing,  the samples again ap- 
peared bright and fiat to the eye, but  microscopic 
examinat ion  revealed that  all  surfaces contained facets 
whose development  was related to, among other things, 
the mechanical  polish. For purposes of comparison, 
the (111) surface treated in this manne r  is also shown 
in  Fig. 4. The effects of the mechanical  polish are 
evident  in the long, ridged facets. Average structures 
on all orientations were ~ 1~ high, al though differing 
markedly,  of course, in detail from the (111) i l lus- 
trated. The cur ren t -po ten t ia l  relat ionships obtained 
on these "mechanical ly treated" surfaces are i l lus- 
t rated in Fig. 5. 

Finally,  in  order to develop a high degree of faceting 
on all surfaces, s tandard surfaces were vacuum an-  
nealed at 950~ for 24 hr  so that  thermal  facets 
could develop. Following this t reatment ,  all surfaces 
appeared changed to the eye since facets had grown to 
such an extent. The (321) and (110) had a mi lky -p ink  
appearance due to an ext remely  high density of very  
small  facets estimated to extend less than 0.1g in any 
direction and with no preferred orientat ions developed. 
Both the (111) and (100) were completely covered by 
pits which on the (111) were semihexagonal ly shaped. 
Pits on the (100) are i l lustrated in Fig. 4. Pits on the 
(111) were not  quite as well  formed as those on the 
(100) and the former also had a re la t ively smaller  
density of the larger pits observed on the latter. The 
largest pits observed on either surface were less than  
2~ deep. The detail  in  all the i l lustrat ions is due to the 
characteristics of in terference-contras t  photomicrog- 
raphy, and the sides of the deepest pits on the (100) 
i l lustrated in Fig. 4, for example, were only 2 ~ at 
most from horizontal  to the original surface. Current  
vs. potential  relationships obtained for these samples 
are indicated in  Fig. 6. 

Poten t ia l  vs. t i m e  da ta . - - In  general,  the potent ia l -  
t ime relationships observed for s tandard crystal  sur-  
faces in the sulfate solutions reported here were the 
same as those previously observed in perchlorate solu- 
tions (7) where the same type of surface was used 
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Fig. 4. Upper and middle photomicrographs are of (111) surfaces 
which were "standard annealed" and "mechanically treated," re- 
spectively. The lower illustrates pits on a "vacuum-annealed" 
(100). The reference mark is equivalent to 25, 50, and i00~, top to 
bottom. 
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20 
exclusively and where  it was shown that  max ima  
were  established long after  the t ime requi red  to charge ~ to 
the double layer. Also, similar  to the la t ter  systems, 
it was observed that  deposition on a standard surface ~ o 
produced anomalous effects on fol lowing anodic vol t -  
age- t ime relationships which could persist for periods 
up to hours unless all  the deposited mater ia l  was re -  ~ -1o 
moved by an anodic pulse. Not only were  t imes to v 
establ ishment  of succeeding anodic max ima  delayed "' O 
until  the t ime at which the previous deposit had been < -20 
removed,  but  also the absolute values of overvol tage  o~' 
max ima  were  decreased. Since no significant differ- > -30 
ences were  noted in sulfate systems from the wel l -  > 
documented evidence previously  reported, oscilloscope o 
traces of vo l tage- t ime  transients  i l lustrat ing the phe-  -40 
nomena are not shown. However ,  the effect was ob- 
served not only on all s tandard surfaces, but  also on -5o 
standard annealed and mechanica l ly  t reated surfaces 
at current  densities of 50, 150, and 450 ~A cm -2 for 
deposits equivalent  to an average of 50 atom layers. 
The largest  current  densi ty or thickest  deposit at which 
the effect could be obtained on these surfaces was not 
established. However ,  a l though the phenomena were  
observed on all vacuum-annea led  surfaces at 50 and 
150 ~A cm-2,  and for all but  the (321) at 300 ~A 
cm -2, the effect on all such surfaces ceased to be 
quant i ta t ive  at about 150 ~A cm -2. Thus it seems 
established that, also in sulfate solutions, mate r ia l  
ini t ia l ly  deposited did not diffuse rapidly over  the 
surface to kink-s tep sites and become indist inguishable 
f rom the substrate material .  
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Fig. 6. Overvoltage vs. current relationships for "vacuum-an- 
nealed" copper single-crystal surfaces in 0.2M CuSO4 + H2SO4 
(pH ~ 1) at 23~ 

Discussion 

Overpotential maxima and current density relation- 
ships.--Three reactions must  be examined in the sys- 
tems reported here:  a redox reaction 

Cu + ~ C u  2+ +e [i] 

the reaction between adatoms and cuprous ions 
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A ~=~ Cu + + e [ii] 

and the exchange of adatoms with  the meta l  latt ice 

M ~=~ A [iii] 

Previous ly  (7) it was shown that, a l though t ransient  
processes, maxima t reated in the manner  of s teady- 
state phenomena would yield the relat ionship 

RT (~cu2+) 
2,1 ~ In + "1i -'{- ~i i  21- ~ i i i  [ 1 ]  

F (~Cu2+)eq 

where  ~ values are ei ther  the total overvol tage  mea-  
sured, or that  associated with  the react ion appropriate  
to the subscript notation, and other  symbols represent  
their  usual quantities.  Also, it should be noted that  
Vetter 's  (11) definition of crystall ization overvoltage,  
~c, is such that  

RT ( ~ A ) e q  
TIc ~--- - - ] n  - -  ~ ~i i i  [ 2 ]  

F (~A) 

Others (i-6) have shown that, at higher current den- 
sities than those reported here, reaction [i] was the 
rate-controlling process and, further, that 2,1 ~ hi, 
which as Bertocci (12) pointed out required that 
(~cu2+) not depart from the equilibrium value and 
that reaction [ii] occur completely reversibly (~ii ~ 0). 
But, obviously, it is also required that ~Itu = 0, if the 
explanation of the data at higher current densities is 
valid. 

On the basis of the deposition anomaly observed in 
perchlorate systems, which was interpreted to mean 
that deposited atoms did not occupy half crystal posi- 
tions and further possessed adatom-like character, and 
also because of the measured relatively high over- 
voltages, it was assumed that maxima were established 
before reaction [iii] had occurred to a significant ex- 
tent and that ~i ~ 0. The model seemed justified (7) 
since the data could be treated by the expression 

f [oz,. 
w h e r e  {. = c u r r e n t  d e n s i t y  

K = an or ienta t ion-sensi t ive  factor wi th  the 
dimensions of current  density 

a ~ a t ransfer  coefficient which can be or ien-  
tation sensit ive 

z = a factor relat ing the observed overvol tage  
max ima  to the electrocrystal l izat ion over -  
vol tage 

a. = value of overpotent ia l  max ima  

and the remaining terms have  thei r  usual significance. 
In the perchlorate  systems a = 0.50 for orientat ion with  
symmetr ica l  anodic and cathodic cur ren t -po ten t ia l  re -  
lationships and, of course, z had a value  of 2 since the 
assumptions that  ,1i ~ 0, (~/cu2+) = (~2cuz+)eq, and ~ii 
established tha t  2~ = ~hii. 

Under  the exper imenta l  conditions repor ted  here, 
it is only reasonable to assume that  cer ta inly  the cupric 
ion act ivi ty  did not depart  f rom the equi l ibr ium value 
and that  the value of ~)ii remains zero. Therefore,  the 
expression to be considered is 

2~ = ~i -b T]iii [4]  

and the response of the data to t r ea tment  by Eq. [3] 
will  de termine  whe the r  ni --> 0. 

Standard surfaces.--However, since the overvol tages  
measured on standard orientat ions in sulfate solutions 
are much lower  than those for corresponding condi-  
tions in perchlorate  solutions, it would seem unl ikely  
that  in the range of current  densities studied here  the 
si tuation should be real ized in which ~li --> 0. That  
this assumption is valid is i l lustrated by t reat ing the 
overpotent ia l  max ima  data f rom standard surfaces in 
the manner  shown in Fig. 7. (Note that  a value  of 0.5 
is assumed for ~ since the data i l lustrated in Fig. 2 
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Fig. 7. Relationships between functions of overpotential maxima 
and current densities for "standard surface" date shown in Fig. 2. 
All symbols have their usual significance except for z which is 
a factor relating the crystallization overvoltage to the measured 
value. 

have symmetr ic  anodic and cathodic branches and, 
therefore,  in sulfate systems = is not or ientat ion de-  
pendent.)  As opposed to the perchlorate  case, both 
anodic and cathodic data f rom a given orientat ion do 
not fall  on a s traight  line passing through the origin. 
It seems clear that, in sulfate systems, low current  
densi ty overpotent ia l  maxima contain components of 
both ~t and ,lut and that  2~1 v~ ~llu. The max ima  them-  
selves of course reflect the depar tures  f rom equi l ibr ium 
activities of cuprous ions at the interface and adatoms 
on the meta l  surface, again as in the perchlorate  sys- 
tems, and the subsequent  changes in activities of 
these two species in an effort to establish the desired 
s teady-s ta te  conditions. Other  qual i ta t ive  differences 
noted between standard data in the two solutions is 
that, whi le  in both cases higher  max ima  were  estab- 
lished on the (100) than on any other  surface, in 
sulfates the (110) is displaced lower than in perchlor -  
ate wi th  respect to the (111) and (321). Also, the 
asymmet ry  of (111) and (321) cathodic branches seen 
in perchlorate  systems is not found in the sulfate 
where  all s tandard orientations had symmetr ic  anodic 
and cathodic branches. This suggests it would be 
easier to grow more perfect  crystals over  these two 
substrates in sulfate solutions, if the explanat ion ad- 
vanced for the cause of a symmet ry  in perchlorates  is 
correct  (7). 

Overpotential maxima and surface types.--Although 
comparison between cur ren t -potent ia l  curves of a 
single orientat ion f rom different  types of surfaces in 
sulfate systems is difficult due to the manner  in which 
the data are shown, by considerat ion of Fig. 2, 3, 5, 
and 6 the fol lowing relationships can be verified: 

(a) Vacuum-annea led  surfaces of all orientat ions 
yield data considerably different f rom those obtained 
on surfaces prepared in other  ways. 

(b) Only standard annealed surfaces produced re-  
sults which showed a significant a symmet ry  be tween  
anodic and cathodic branches of any one orientation, 
and all orientat ions so t rea ted  yielded cathodic data 
which were  sl ightly lower  than their  anodic counter -  
parts. 

(c) Both anodic and cathodic branches of (321) 
data were  l i t t le affected by any method of surface 
prepara t ion other  than vacuum annealing. 

(d) Anodic data f rom standard, s tandard annealed, 
and mechanica l ly  t reated (111) surfaces differ only 
sl ightly f rom each other. However ,  the cathodic 
branches of these three  surfaces differ significantly, 
par t icular ly  so in the differences of the lat ter  two types 
f rom the first. 

(e) Standard and mechanical ly  t reated (110) sur-  
faces yield almost identical  data. While cathodic data 
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from the standard annealed surface do differ f rom 
the two former,  the anodic port ion of the curve shows 
the highest values observed for any orientat ion t reated 
in this manner.  Indeed, this (110) is the only example  
observed in which any other  than standard t rea tment  
created a significant increase in overpotent ials  over  
the ent ire  current  density range. 

(f) All  other  (100) surfaces produced results mark -  
edly different from those obtained on the standard 
(100). 

Ini t ia l ly  it might  be thought  that  the great  differ- 
ences in cur ren t -potent ia l  charac te r i s t i c s  measured 
on vacuum-annea led  surfaces could be due to changes 
in surface area. However ,  consider the  ex t reme case; 
the dimensions of the pits on the (100) i l lustrated in 
Fig. 4, the most heavi ly  faceted surface of all tested, 
can be shown from simple geometr ic  considerations to 
increase the surface area f rom that  of the original  
(considered to lie in the plane of the page) only by 

0.1%! 
As previously  pointed out (7), s tandard surfaces 

could not be prepared absolutely flat, but  contained 
gentle long-range  undulat ions such that  over  the sur-  
face the orientat ion deviated ~ __+ 0.1 ~ f rom that  
desired. For  purposes of est imation of average mona-  
tomic step densities resul t ing from such slight mis-  
orientations, the low index orientat ions of copper 
which all contain in excess of 1015 atoms cm -2 can be 
considered f rom the standpoint of fcc hard ball  models. 
Again simple geometr ic  relat ionships can be used to 
demonstra te  that  deviations of 0.1 ~ f rom a low index 
plane result  in an average monatomic step density 
of ,-, 105 cm -1 due solely to this slight misorientation.  
Similar  relat ionships show that  the average step den-  
sity arising f rom misorientat ion in the pits i l lustrated 
in Fig. 4 was N 106 c m - k  However ,  the hard sphere 
model  reveals  that  the standard (321) step density 
approaches 107 cm-1 ;  moreover ,  the steps are con- 
t inuously kinked such that  no atom on a step occupies 
a half  latt ice position. Further ,  nei ther  remova l  nor 
addition of mater ia l  at steps can alter this situation if 
the orientat ion is maintained.  Thus it seems an un-  
avoidable conclusion that  the magni tudes  of over -  
potent ial  maxima were  not direct ly related to average 
step densities of the various orientat ions or to the 
meager  changes in surface areas produced by facet 
formation, and that  a barr ier  exists to react ion at 
steps. However ,  large differences related solely to 
orientat ion could be observed. 

The small  differences in anodic data on the (111) 
surfaces prepared by other  than vacuum annealing 
also suggest max ima  were  established before signifi- 
cant react ion at steps had occurred. However ,  the 
cathodic behavior  of other  than standard surfaces indi-  
cates that  deposition occurred over  the facets as wel l  
as on the (111). The ra ther  ex t reme sensit ivi ty of both 
anodic and cathodic processes on the (100) and (110) 
orientat ions to method of surface preparat ion could 
indicate that  facets formed on these orientat ions serve 
as prefer red  sites for support ing the electrode proc- 
esses. These observations agree wi th  the conclusions 
reached for perchlorate  systems that  surface processes 
such as diffusion and /o r  step motion seem to be much 
more difficult over  the (100) and (110) than on the 
(111) and (321). 

The observance of the deposition anomaly on the 
standard (321), as wel l  as on the highly faceted, 
vacuum-annea led  (100), surely must  indicate that  
initial deposition at these low current  densities did 
not occur by the diffusion of adatoms to steps where  
they were  incorporated into the lattice, even on a 
surface with near  m a x i m u m  step density. Some barr ier  
to diffusion and /or  incorporat ion must  be overcome 
before this can occur. It would appear  then that  at-  
tempts to grow more perfect  crystals over  l ike sub- 
strates should be made at h igher  current  densities 
than those repor ted  here, since direct react ion at steps 

(ledges) under  the former  conditions is a we l l -docu-  
mented  phenomenon (13). 

It should be said that  the t e rm "standard" surface 
was selected solely because this method of electrode 
preparat ion is so universa l ly  used. There  is no intent  
to imply  that  only such surfaces yield data useful 
in the study of electrocrystal l izat ion kinetics. However ,  
it does seem significant that  only surfaces prepared in 
this manner  permi t ted  duplication of data f rom one 
exper imenta l  cell to another.  Still, it is qui te  possible 
that  the practical  lower l imit  of ~ 105 steps cm -1 
arising f rom unavoidable,  ve ry  slight misorientat ions 
from close-packed orientat ions on any surface pre-  
pared in this manner  a l ready is too great  to afford a 
t rue  indication of the effects of a few steps spaced 
more or less uni formly over  the surfaces. However ,  a 
lack of correlat ion be tween average step densities and 
the magni tude  of overvol tage  max ima  does seem wel l  
established. Conversely,  it is equal ly  clear that  max ima  
are ex t remely  sensitive to the manner  in which steps 
are arrayed over  surfaces, for, a l though the standard 
(321) had a higher  step density than any o the r - than-  
s tandard surface, all the latter, wi th  but  two minor  
exceptions, exhibi ted lower overvol tages  at comparable  
current  densities. These relationships must  have  re-  
sulted solely f rom the ar rangements  of steps over  the 
surface since surface areas remained essential ly un-  
changed in all systems. It is only reasonable to con- 
clude that, g iven a certain number  of steps on a 
surface, observed overvol tages  decrease as step in ter -  
actions increase to form ledges and /or  facets. Since 
the re la t ive  sizes of maxima decrease wi th  decreasing 
overvol tage  such that  they also form and decay quite 
slowly at overvol tages  _~ 10 mV, it is not surprising 
that  they are ei ther  unobserved or identified as 
"pseudo steady state" on surfaces highly faceted as a 
result  of extensive measurements  at high react ion 
rates. 

The ranges of higher  current  densities and over -  
potentials repor ted  here  correspond to the lowest 
ranges measured by Bockris and Enyo (2) and Bockris 
and Kita  (3), where  charge- t ransfer  was not the ra te -  
determining process. Their  prepara t ive  t rea tments  and 
the extent  of processes necessari ly sustained by their  
electrodes in order to supply the data suggest the 
research was conducted on surfaces resembling more 
the vacuum-annea led  structures than any others in 
this present study. Comparison of data in Fig. 6 wi th  
those i l lustrated in Fig. 2, 3, and 5 indicates then that  
the conclusions of Bockris et al. regarding  surface 
processes such as adion diffusion rates, charge- t ransfer  
rates on various types of surfaces, re la t ive  adion 
concentrations, predominance  of (100) orientations, 
etc., all must  be regarded,  at best, as highly specula- 
t ive because of the uncertaint ies  of the s tructures of 
the electrodes yielding the data. 

Manuscript  submit ted J u l y  1, 1970; revised manu-  
script received ca. Aug. 17, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Reduction of Oxygen on Teflon-Bonded Platinum Electrodes 

W. M. Vogel* and J. T. Lundquist 
Advanced Materials Research and Development Laboratory, 

Pratt & Whitney Aircraft, Middletown, Connecticut 06458 

ABSTRACT 

By using specially prepared Teflon-bonded electrodes, it was possible to 
el iminate the internal  IR drop across the porous electrode and the concentra-  
t ion overvol tage  associated with  diffusion of oxygen in the gas filled pores of 
the electrode structure.  Af te r  this elimination, the apparent  exchange current  
and kinetic parameters  for the reduct ion of oxygen on P t -b lack  in KOH, 
H2SO4, and H3PO4 electrolytes can be de termined  by using Tafel  plots. The 
data indicate that  al though the rate of the t ransfer  react ion is the same in 
the two acids, H~PO4 is the poorer electrolyte  for an acid fuel  cell because of 
the much slower t ransport  of oxygen. The kinetic data differ only modera te ly  
f rom those reported for smooth Pt  surfaces. 

A problem common to the development  of fuel  cell 
electrodes and to the evaluat ion of electrocatalysts  has 
always been the difficulty of separat ing the effects of 
the electrode s t ructure  f rom the intrinsic act ivi ty  of 
the catalyst. In the past this problem has been at tacked 
theoret ical ly by assuming a model. 

Generally,  the theoret ical  approach is in effect a 
method of curve  fitting, employing a large  number  of 
adjustable parameters .  The ra ther  ambiguous results 
obtained exclusively in this way are, not surprisingly,  
usually of li t t le value. To reduce the number  of these 
parameters  we can use kinetic data obtained on smooth 
surfaces of the catalyst. Even if such a surface can be 
prepared,  we  cannot assume that  the catalytic prop-  
erties, re fer red  to unit  t rue  area, are the same for 
pla t inum black as for smooth Pt. In addition, of course, 
it is ex t remely  difficult to e l iminate  impuri t ies  f rom the 
electrolyte  to such an extent  that  they  no longer  in-  
fluence the 02 reduct ion react ion on smooth surfaces. 
As a result  of these difficulties, in many  instances 
nei ther  the intrinsic act ivi ty  of the electrocatalyst  nor 
the s t ructural  details of a given electrode could be 
determined.  There  is, therefore,  a cri t ical  need for 
additional tools with which to study catalyst  blacks and 
porous electrode structures. This paper  describes a new 
approach to this problem. 

The aim was to determine,  for a given pla t inum 
black, the kinetic parameters  of the oxygen reduct ion 
free of ohmic and transport  limitations. We used Teflon 
bonded electrodes (1) for this purpose. For  ve ry  thin 
electrodes of this type the internal  IR drop across the 
electrode and the concentrat ion changes in the gas 
phase should both be negligible. The electrode thick-  
ness should be proport ionate  to the catalyst  loading, L, 
if the Teflon content is constant and if the s t ructure  
does not change. Under  these conditions plots of cur-  
rent  density vs. L should have l inear portions at low 
loadings. Tafel  plots of the initial slopes of these 
curves (dimension cu r r en t /un i t  weight)  are the /R-  
free polarization curves, reflecting t ransfer  polarization 
and concentrat ion overvol tage  associated with  diffu- 
sion of oxygen in the l iquid filled pores of the electrode 
structure. By superimposing the Tafel  plots of elec- 
trodes of different catalyst  content, it is possible to 
cover a ve ry  wide range of current  densities. The ap- 
parent  exchange current  and kinetic parameters  of the 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  c a t h o d e s - - f u e l  cell,  fue l  cel l  ca thodes ,  po rous  elec-  

t rodes ,  o x y g e n  r educ t ion ,  p l a t i n u m  black.  

oxygen reduction can be de termined  f rom these com- 
posite plots. 

Experimental 
It is essential when employing the procedure just  

outl ined that  electrodes be made in such a way that  a 
change in the loading does not produce a qual i ta t ive ly  
different structure.  Ideal ly only the electrode thick-  
ness should vary. The exper imenta l  results indicate 
clearly whether  one is successful in this undertaking.  
However ,  we know of no method which wil l  predict -  
ably produce the desired results. 

It was found that  a number  of different methods 
produce satisfactory electrodes. The kind described 
below were  found to be the easiest to make  and the 
most reliable. 

A layer of Teflon of approximate ly  1 mg/cm2 was 
sprayed on a luminum foil. The spray mix tu re  was 
prepared f rom Teflon 30 (E. I. du Pont  de Nemours) ,  
containing 60 w / o  (weight  per cent) solid and 6 w / o  
Tri ton X-100, by di lut ing approximate ly  1:1 wi th  
distil led water.  This layer was air dried, vacuum dried, 
and subsequent ly sintered to produce a th in  porous 
sheet of TFE. Upon this layer  was sprayed catalyst  
containing P t -b lack  (Engelhard Industries)  and 30 
w / o  TFE. The catalyst  spray mix tu re  was made by first 
barely  wet t ing the dry P t -b lack  with  water ,  adding the 
required amount  of Teflon 30 and fur ther  adding water  
to produce a re la t ive ly  thick soupy consistency of the 
mix. At 30 w / o  TFE content  the m a x i m u m  per form-  
ance at high currents  was obtained, fal l ing off at 
h igher  and lower values. The catalyst  layer  was air 
dried at 60~ and then l ight ly compacted with  a ro l ler  
pressed down by hand. Subsequent ly  the electrode was 
vacuum dried at 150~ for 30 min  and finally sintered 
in air at 250 ~ to 310~ for 5 min. A current  collector 
screen was pressed l ight ly into the catalyst  layer. The 
screen mater ia l  was pure nickel (for exper iments  in 
KOH) or gold plated tan ta lum (for acids). F ina l ly  the 
a luminum foil was dissolved by t rea tment  wi th  the 
respect ive electrolyte  to be used. The electrode was 
washed with distilled water  and dried at 120~ 

The test electrodes were  mounted in a screw cap 
holder, and current  pick up was made via a p la t inum 
ring in contact wi th  the current  collector screen of the 
electrode. The electrode holder  was made of Plexiglas  
(Rohm and Haas) for use in KOH or of Lexan  (Gen-  

eral  Electric Company) for use in the acids. 
The reference was a hydrogen electrode in the same 

medium used in conjunct ion with  a Luggin capillary. 
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The cell was a 500 ml  jacketed glass reaction kettle. 
The tempera ture  was controlled by means of an ex- 
ternal  circulating constant  tempera ture  bath. Reagent 
grade chemicals were used without  fur ther  purification 
and solutions were prepared using singly distilled 
water. The ins t rumenta t ion  consisted of s tandard com- 
mercial ly available equipment.  

Electrode potentials, E*, were measured at constant  
current  against a hydrogen electrode in the same 
medium. The applied current  was established in less 
than  3 #sec and was constant  wi th in  1%. The external  
IR drop between electrode surface and Luggin capil- 
lary was determined by the in ter ruptor  method. 

The electrodes were prepolarized for a few seconds 
at a potential  of approximately 500 mV to remove the 
init ial  oxygen coverage from the p la t inum surface. 
The potentials were measured after about 1 min  and 
were stable for at least 10 to 15 min. 

The specific surface area of the P t -b lack  is being 
determined rout inely  by another  laboratory at Pra t t  
& Whi tney Aircraft  using the hydrogen str ipping and 
the BET methods. Both methods give the same results. 
The part icular  black used by us h a d  a surface of 
(24 __ 2) m2/g. This value was rechecked on finished 
electrodes and found to be the same as for the original 
Pt-black.  

Resu l ts  
Typical exper imenta l  results are presented in Fig. 

1-4 for 85% H3PO4 at 120~ for oxygen (1 atm) and for 
air (1 atm) respectively. Similar  data were measured 
in 30% KOH, 20% H2SO4 and in 50% H~PO4, all at 
70~ and with oxygen and air. The data follow the 
same general  pat tern  as those in Fig. 1-4. 

With in  the ini t ial  approximately l inear  port ion of 
these curves the in terna l  IR loss is very small, cer tainly 
smaller than the reproducibi l i ty  of the results. This 
means that the potent ial  does not change across the- 
thickness of the electrode, and it is physically mean ing-  
ful  to normalize the data by dividing the observed cur-  
rents by the catalyst loading. The resul t ing specific 
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Fig. 3. Performance curves on oxygen; 85% HsP04, 120~ 

current,  im (per mg of catalyst) ,  is proport ional  to the 
t rue current  densi ty at the Pt-e lectrolyte  interphase if 
the concentrat ion overvoltage is negligible, i.e. at low 
currents  and especially on pure oxygen. 

Semilogari thmic plots of specific current  vs. poten-  
tial, obtained from data for several electrodes of differ- 
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ent loadings are presented in Fig. 5 and 6. The curves 
on oxygen (Fig. 5) show l inear  portions of two 
(H~PO~) to four orders of magni tude,  allowing us to 
calculate apparent  exchange currents  referred to un i t  
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Fig. 5. Polarization curves for oxyge,; curve h 30% KOH, 70~ 
curve I1: 20% H2SO4, 70~ curve II1: 50% HsPO4, 70~ ( e )  and 
85% H3PO4, 120 ~ C ( I ) .  
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Fig. 6. Polarization curves for air; curve I: 30% KOH, 70~ 
curve I1: 20% H2SO;, 70~ curve Ilia: 85% H3PO4, 120~ curve 
IIIb: 50% H3PO;, 70~ 

weight of catalyst (io)m and Tafel slopes, b. 
The results are summarized in Table I. Values for 

(io)m and b were also obtained by analyzing the 
oscillographic traces after current  interrupt ion.  For 
this purpose we assumed that  the only process taking 
place after in te r rupt ion  is the charging of the double 
layer, assuming constant  double layer  capacity C*. We 
fur ther  assumed that  the concentrat ion overvoltage 
remains constant. These two assumptions restrict  the 
analysis to potentials below approximately 800-850 mV 
and to re la t ively short times. Under  these conditions, 
the method is that developed by F r u m k i n  (3). This 
method involves plott ing potent ial  E* vs. log (K2 + t) 
according to 

E* = K1 Jr b log (K2 Jr ~) 

K1 --- b log (2.3 kc/b C*) 

K2 - (b C*/2.3 kc) exp [2.3 E* (t = 0 ) /b ]  [1] 

where k is a constant  and c is the concentrat ion of oxy- 
gen at the  meta l - l iqu id  interface. In  Fig. 7 plots of 

Table I. Values for the apparent exchange currents and Tafe{ 
slopes at Po2 -1- PH20 ~ 1 utm obtained from steady state data 

a m p  (a) 
E l e c -  T e m p e r -  (io) m io' E* eq. 

t r o l y t e  a t u r e  b (mY)  ( m A ) / m g )  e m  2 (mV)  (b) 

30% K O H  70~ 50 "4- 5 7 x 10 -5 3 • 10 -lo 1195 
20% H2SO4 70~ 64 ~ 5 9 • 10 -5 4 • 10 -lo 1186 
50% H3PO4 70~  60 ~ 5 8 • 10 -5 3 x 10-1o 1191 
85% I-I~O~ 120~ 60 • 5 11 • 10 -~ 5 x 10-1o 1175 

(a) A p p a r e n t  e x c h a n g e  C.D. r e f e r r e d  to u n i t  t r u e  P t  s u r f a c e  a r e a ;  
c a l c u l a t e d  w i t h  24 m~/g  f o r  spec i f ic  s u r f a c e  a r e a  of t h e  P t  b l a c k .  

(~) E q u i l i b r i u m  p o t e n t i a l  m e a s u r e d  a g a i n s t  t h e  h y d r o g e n  e l e c -  
t r o d e  (p = 1 a t m )  in  t h e  s a m e  m e d i u m .  S t a n d a r d  p o t e n t i a l s  f r o m  
ref .  (2).  
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Fig. 7. Determination of kinetic parameters (io and b) from 

oscillographic E*-t traces after current interruption; curve I (lower 
E* scale): 20% H2SO4 (70~ curve II (upper E* scale): 85% 
H3PO4 (120~ 

log (K2 + t) vs. E* are given for the following two 
cases: 

(I) 20% H2SO4 

Po2 + PH2O ~ 1 atm 
70~ 
L = 4.9 mg P t / cm  2 
i = 300 m A / c m  2 

(II) 85% H3PO4 

Po2 -~ PH20 ~ 1 a tm 
120~ 
L ---- 4.9 mg P t / c m  2 
i = 300 m A / c m  2 

The parameters  of these curves (Fig. 7) are presented 
in Table II. 

The value for the exchange current  in H2SO4 is for 
saturat ion concentrat ion at PH2O + Po2 ~ 1 a tm since 
the concentrat ion overvoltage in this case was negligi-  
ble (see Fig. 5). The value  for (io)m in Table II for 
H~PO4 refers to an u n k n o w n  value for the oxygen con- 
centrat ion which, however, was less than the solu- 
bil i ty at PH2O + Po2 ~ 1 atm. This is shown in  Fig. 5 
where, at the employed current  density (61 m A / m g ) ,  
a deviation from the Tafel line already exists which 
indicates non-negl ig ib le  concentrat ion overvoltage. Be- 
cause of the inheren t  l imitat ions of the t rans ient  
method the data for (io)m in  Table II are considered 
less reliable than those in Table I. 

Table II. Determination of Tafel parameters from oscilloscopic 
E*-t traces after current interruption for Experiments I and II above 

( 
(Volt) 

K1 K~ b - ~ ,  ( ~ f /  
(mV) (msee) (mV) rag) 

kc  (io)~. 
( m A / m g )  ( m A / r a g )  

Table III. Exchange currents and Tafel slopes for oxygen 
reduction on Pt black at P02 + PH20 = 1 atm 

Elec-  T e m p e r -  io' 
t r o l y t e  a t u r e  ( A / c m  ~) b 

30~o KOI-I 70~ 4 x 10 -lo (50 ---~ 5) m V  S t e a d y  s ta te  
30% K O H  70~ ~----10_:to 50 m V  Transient  
20% H2SO~ 70~ 4 (64 ---~ 5) m V  S t e a d y  s ta te  
20% H~SO~ 70~ 0.9 x 10 -1~ 66 m Y  T r a n s i e n t  
50% I~PO~ 70~ 4 x 10- l~ (60 --  5) m V  S t e a d y  s ta te  
85% I-IsPO, 120~ 4 x 10 -1~ (60 -~ 5) m V  S t e a d y  s ta te  
85% I-I~PO4 120~ 4 x 10- z~ (60 +--- 5) mV Steady state 
85% I-I3P04 120~ ~ 57 mV T r a n s i e n t  

Similar  analyses were performed for all  electrolytes. 
The results are compiled in Table III. Values obtained 
from steady state data (Fig. 5) are included for com- 
parison. 

Discussion 
The values for io' and b for H~PO4 are the same at 

70~ and 120~ (Table I) .  This has probably  li t t le 
theoretical  significance because of the different elec- 
t rolyte  concentrat ions which were used at the  two 
temperatures.  For  fuel  cell applications, however, the 
independence of t empera ture  is of real  significance 
since different concentrat ions have to be used to keep 
vapor pressure and cell resistance small. Thus the 
activation polarization cannot  pract ical ly be lowered 
by raising the temperature.  

Somewhat  surprisingly,  in the region of act ivation 
control, phosphoric and sulfuric acid act very  s imilar ly 
as support ing electrolytes. If, as is indicated by the 
large difference in  the values for C* (Table II) ,  the 
double layer is different in  the two acids, it  has ap- 
parent ly  little or no effect on the rate of O2 reduction. 

All  data in Fig. 5 and 6 are pract ical ly free of all  
ohmic polarizations and concentrat ion polarizat ion 
caused by oxygen depletion in the gas phase. The dif-  
ference between the extrapolated Tafel lines and the 
actual polarization curves is therefore caused by the 
diminishing ut i l izat ion of catalyst due to oxygen star-  
vat ion at the interior,  flooded portions of the catalyst 
agglomerates. The current  derived from these interior, 
flooded portions approaches zero for high polarizations. 
It  is in this potent ial  region where the two acids differ. 
The combinat ion of higher concentrat ion overvoltage 
and lower P t  ut i l izat ion makes H3PO4 a much poorer 
electrolyte for fuel cell cathodes, not a higher activa- 
tion polarization. 

The only data for smooth Pt  surfaces which are 
directly comparable with the present  data are those 
of ref. (4). Thus at 116~ and for 85% HaPO4 these 
authors report  to' = 5 x 10-9 A / c m  2 and b = 80 mV 
for what  they consider oxide-free Pt. Their  "active" Pt  
y ie ldedio '  ~ 1.1 x 10 -7 A / c m  2 and b = 125 inV. Be- 
cause of similar prepolarizat ion our data should cor- 
respond to their  oxide free surface. 1 The remain ing  
difference may reflect a genuine difference between a 
black and a smooth surface or it may be due to in-  
complete removal  of impuri t ies  in the exper iments  with 
smooth surfaces. We have no reason to prefer one pos- 
sibil i ty to the other. Even if the difference reflects 
ent i rely the different catalytic activity it is surpr is ing-  
ly small  for what  are supposedly vast ly different 
surfaces. 

At  very low potentials the l inear  range of curves like 
those in Fig. 1-4 is restricted to very  th in  electrodes. 
Such electrodes are difficult to make with the described 
method of spraying the catalyst  on the support ing 
Teflon film. As a result  the present  data are insufficient 
to extend the curves for acids in  Fig. 5 and 6. Rela- 
t ively thin electrodes, al though not assuredly free of 
in te rna l  IR drops at the highest currents,  nevertheless 
show defined l imit ing currents  as can be seen in Fig. 8. 

1 N o t e :  A t  h i g h  p o t e n t i a l s  (~* ~ ,  950 mV) a n  inc rease  in  t he  
p o l a r i z a t i o n  b e g i n s  to  b e c o m e  n o t i c e a b l e  a f t e r  10 to  20 min .  T h i s  
c h a n g e  m a y  be due  to  p o i s o n i n g  by  i m p u r i t i e s  d i f f u s i n g  i n to  t he  
p o r o u s  e lec t rode  f r o m  the  b u l k  e l ec t ro ly t e  or  i t  m a y  be due  to  
p o i s o n i n g  by  t he  i n c r e a s i n g  o x y g e n  coverage .  A t  p r e s e n t  we  can-  
no t  d i s t i n g u i s h  b e t w e e n  these  t w o  poss ib i l i t i es .  

I (H~SO4) 766 _._ 66 3.56 17.2 2.0 • 10 lo 2.2 • 10 4 
I I  (H~POD 760 2.5 57 9.90 6.2 3.3 • 10 ~ 8.8 • 10- 6 
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Fig. 8. Polarization curves for single electrodes. �9 oxygen, 
120~ 85 w/o H3P04, L ~ 4.2 mg Pt/cm2; X air, 70~ 20 w/o 
H2S04, L ~ 2.3 mg Pt/crn2; �9 oxygen, 70~ 20 w/o H2S04, 
L ~ 2.3 mg Pt/cm 2. 

Limit ing currents  on oxygen in H2SO4 were not ob- 
tained because of the very  high current  density. If 
the catalyst loading becomes too high, the current  in-  
creases slowly without  showing a defined l imit ing 
current  before H2 evolution begins at the front  of the 
electrode. 

An interest ing feature of the polarization curves in 
Fig. 5, 6, and 8 is the shape for KOH. The potential  
region where the polarization changes from pure acti- 
vat ion control with perfect uti l ization of the catalyst 
to a l imit ing current  which is obviously controlled by 
a liquid film is much narrower  for KOH than  it is for 
the acids. Although the l imit ing currents  in the acids 
are at least as high as those in KOH, the s tarvat ion 
of O~ begins, in the acids, at much  lower currents  
relat ive to these l imit ing values. As a mat ter  of fact, 
the curves for KOH can be described formally by the 
following equation: 

-- ~a ~ K log [1 -- (i/ilim) ] C2] 
where ~ is the total polarization, ~a is the activation 
polarization (obtained by extrapolat ing the l inear  
portions) and ilim is the observed l imit ing current .  
Equat ion [2], of course, describes the behavior  of a 
smooth electrode. 

No explanat ion can be given for this very  different 
behavior  of the electrode in acid and in base. The 
theoretical models proposed for the operation of gas 
diffusion electrodes usual ly  do not take account of sew 
eral processes which become impor tant  at high current  
densities. Thus the electrolyte concentrat ion in the 
catalyst pores changes with the applied cur ren t  density 
(5). This change is in opposite directions in acid and 
in base and depends on the thickness of the electrode. 
As a result, not only the vapor pressure of the electro- 
lyte changes, but  the oxygen solubil i ty and diffusivity 
become current  dependent.  In  addition, Teflon bonded 
cathodes in KOH tend to exude electrolyte at their  
gas-side: The degree of this pumping  action increases 
reversibly with the applied current  and the gas-side 
of the electrode becomes, except in severe cases, im-  
mediately dry again at open circuit. This behavior 
indicates that  the catholyte wi th in  the catalyst pores 
is under  an overpressure which depends on the cur-  
rent  and is sufficiently large to overcome the capil lary 
forces of the catalyst structure.  Such an overpressure 
would tend to increase the thickness of the l iquid film 
on the porous catalyst  agglomerates which also would 
depend on the applied current  density. 

Manuscript  submit ted November  17, 1969; revised 
manuscr ip t  received ca. May 18, 1970. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 

LIST OF SYMBOLS 
b, Tafel slope, mV 
c, Concentrat ion of oxygen, moles/ l i ter  
C*, Double layer  capacity referred to un i t  weight 

of catalyst, ~f/mg 
E*, Potential  measured against  a hydrogen elec- 

trode (Ptotal -- 1 atm) in the same medium, mV 
E*eq., Equi l ibr ium potential,  mV 
I, Current,  mA 
i, Current  density referred to external  surface 

area of the electrode, m A / c m  2 
i ra ,  Current  referred to un i t  weight of Pt-black,  

m A / m g  
(io)m, Exchange current  referred to uni t  weight of 

Pt-black,  m A / m g  
io',  Exchange current  densi ty referred to un i t  t rue 

surface area of Pt-black,  A /cm 2 
L, Catalyst content, mg P t / c m  2 
p, Pressure, a tm 
t, Time, sec 

Polarization, mV 
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Rotating Ring-Disk Electrodes 
III. Catalytic and ECE Reactions 

Keith B. Prater 1 and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Digital s imulat ion techniques were employed to calculate the r ing and disk 
currents  at the rotat ing r ing-disk  electrode (RRDE) for the cases where the 
intermediate  generated at the disk electrodes undergoes first- or second-order 
processes producing electroactive species: either the original  start ing mater ia l  
(a catalytic reaction) or a new species (an ECE reaction).  Working curves 
which allow the detection of these mechanisms and the determinat ion of ra te  
constants of the homogeneous reactions from cur ren t - ro ta t ion  rate data are 
provided. The determinat ion of the rate constant  of the i r on ( I I ) - hyd r oge n  
peroxide reaction by examinat ion of the reduction of i ron( I I I )  in a hydro-  
chloric acid medium at a carbon paste RRDE is described. 

A digital s imulat ion t rea tment  of the rotat ing r ing-  
disk electrode (RRDE) in  the absence of following 
chemical reactions has been presented previously (1). 
The results of this t rea tment  were in excellent agree- 
ment  with the work of Albery and Bruckenstein  (2). 
This digital s imulat ion technique has also been 
applied to those cases in  which a following first- or 
second-order chemical reaction results in a nonelec-  
troactive product (an EC mechanism) (3). These 
results were in good agreement  with the  approximate 
t reatments  of Albery and Bruckenste in  (4-7) wi th in  
the range of their  approximations.  In  this paper, re-  
sults of the digital s imulat ion of two mechanisms in 
which the products of the following chemical reaction 
are electroactive at the potential  of the disk electrode 
are presented. 

In  the first mechanism, the ECE (electrochemical- 
chemical-electrochemical)  mechanism, species B, 
which is generated at the disk electrode by 

A •  B [1] 

undergoes a homogeneous reaction to yield species D 
which immediate ly  undergoes a fur ther  electrochemi- 
cal reaction at the disk electrode. The homogeneous 
reaction may be either first- or second-order. In  the 
first-order case 

kl 
B > D [2] 

while in  the second-order case 

k2 
B - b C  -> D ~- Y [3] 

In  either case, species D is immediate ly  oxidized or 
reduced at the disk by 

D +__ n2e --> Z [4] 

and species C, Y, and Z are considered to be nonelec-  
troactive at the potentials of the r ing  and disk elec- 
trodes. At the r ing electrode, A is regenerated from B 
by the reaction 

B • ne --> A [5] 

The second mechanism is the so-called catalytic 
mechanism in which one of the products of the 
homogeneous reaction is the ini t ia l  species, A. In  the 
common second-order catalytic mechanism, the in ter -  
mediate, B, reacts with species C, to yield A and Y, 
where  C and Y are nonelectroactive. That  is 

* Electrochemical  Society  Act ive  Member. 
1 P resen t  address :  Un ive r s i t y  of Texas  at E1 Paso, E1 Paso,  Texas  

79999. 
K e y  words :  digi tal  s imulat ion,  electrode reactions,  ro ta t ing  disk 

clectrode.  

k2  
B+C >A+Y [6] 

In the l imit of large concentrat ions of species C, the 
second-order catalytic case simplifies to the first-order 
case given by 

k, 
B ) A [7]  

In  each case, the chemical reaction is ins tantaneously  
followed by the re-oxidat ion or re- reduct ion  of A to B 
as shown in Eq. [1]. As before, the reaction at the 
r ing electrode is given by Eq. [5]. 

Digital Simulation 
The ECE mechanism.--The general  approach to the 

simulations and the notat ion to be used has been 
described in previous communicat ions (1, 3). In  the 
ECE mechanism, the r ing cur ren t -dependen t  param-  
eter, ZR, calculated for a given value of the rate 
parameter  X K T  for a f irst-order reaction or XKTC 
for a second-order reaction, is identical  with that  
calculated for the analogous EC case (3). The dif- 
ference in the collection efficiency curves for the EC 
and ECE mechanisms is a result  of the effect of the 
ECE reaction on the disk current  parameter ,  ZD. 
Although the EC reaction does not change the disk 
current  :rom that  observed in the absence of a follow- 
ing reaction, the ECE reaction gives rise to increased 
disk current.  Thus the collection efficiency working 
curves for the first- and second-order ECE mech- 
anisms can be generated by calculating the ECE disk 
cur ren t  for a specified value of the rate parameter  
and dividing the analogous EC ring cur ren t  by that  
disk current.  

The s imulat ion of the first- and second-order ECE 
disk currents  is quite s imilar  to the previous RRDE 
simulat ion (1, 3) except that  only the K = 1 boxes 
need to be considered and thus radial  convection can 
be ignored. The dimensionless rate  parameters,  X K T  
and XKTC, are identical to those for the EC cases. 
The only ma~or differences be tween the EC and ECE 
calculations are that  in the ECE case, the boundary  
conditions at the disk electrode and the current  
parameter,  ZD, must  take into account the fact that  
both species A and species D are being consumed at 
the disk and that  both are contr ibut ing to the total 
disk current .  Thus in this case the parameter ,  ZD, 
will  be the sum of the currents  due to (i) diffusion 
of A into the disk box (J = 1, K = 1), (ii) diffusion 
of D into the disk box, and (iii) electrolysis of any  D 
generated in the disk box. Since the fractional  con- 
centrat ions of A and D in the disk box are zero, the 
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contr ibut ion to the current  due to diffusion of A and 
D into the disk box will be 

IA ---- DMAFA (2,1) (L/DMA) 1/2 [8] 

IDdif = DMDFD (2,1) (L/DMA) 1/2 [9] 

The contr ibut ion to ZD due to electrolysis of D pro-  
duced in the disk box will  be 

IDelec = FD (1,1) (L/DMA) 1/2/2 [10] 

The factor of 1/2 occurs because the disk box is only 
x / 2  wide. Thus in this case 

ZD = IA + IDdif + IDelec [11] 

The simulated l imit ing disk currents  as functions of 
the appropriate dimensionless rate parameters  for the 
first- and second-order ECE mechanisms are shown in 
Fig. 1. The first-order curve agrees with that  s imu-  
lated by Feldberg et  aL (8). The disk currents  have 
been normalized by the disk current  one would ob- 
serve in the absence of any following reactions. These 
disk currents  were calculated assuming the stoichi- 
ometry given in Eq. [3] and assuming that  the number  
of electrons t ransferred per molecule is the same for 
the A to B reaction and the D to Z reaction. In  those 
cases where n~ ~: n2 or where  the stoichiometry is not 
1 to 1, the disk current  curves can easily be generated 
by mul t ip ly ing  the amount  by which the disk current  
is enhanced by the appropriate factor. Also shown in 
Fig. 1 are the associated r ing currents  from the EC 
calculations for an electrode with IR1 = 83, IR2  : 
94, and IR3 = 159. These, too, have been normalized 
by the r ing cur ren t  in the absence of any following 
reaction. The collection efficiency working curves for 
the first- and second-order ECE mechanisms are 
shown in Fig. 2. As must  be the case, the collection 
efficiency is lower for an ECE curve than  for the 
analogous EC curve. 

T h e  ca ta l y t i c  m e c h a n i s m . - - I n  the case of the cata- 
lytic mechanism, the r ing current  parameters,  ZR,  
are not the same as the corresponding parameters  in 
the EC mechanism, because the homogeneous reaction 
regenerat ing A at the disk is followed by reduction of 
A to B, so that a greater  flux of B to the r ing electrode 
is observed. The simulation, however, is ent i re ly  ana-  
logous to the simulat ion of the EC and ECE cases 
except for the appropriate changes in the boundary  
conditions and current  parameters.  

The simulated l imit ing disk currents  for the catalytic 
mechanism as compared with those in the absence of a 
following reaction are shown in Fig. 3 as functions of 
X K T  and X K T C .  The l imit ing disk currents  for this 

2 , 0 ~  1,0 

�9 a -- 
Id( k~O} J r (k:O) 

I .  5 ~ ~ 0.5 

l,O 0 
o Lo 2.0 3.0 4.0 s o 

(XKTC)(m) 

Fig. 1. Simulated limiting ring and disk currents for the ECE 
mechanism for various values of m ~ C ~ 1 7 6  a. Disk current: 
first-order; b. disk current: m ~ 10.0; c. ring current: m ~ 0.1; 
d. disk current: m ~ 1.0; e. disk current: m ~ 0.1; f. ring current: 
m ~ 1.0; g. ring current: m ~ 10.0; h. ring current: first-order. 
IR1 -~ 83, IR2 ~ 94, IR3 ~ 159. X K T C  ~ k 2 C ~  - 1 / 3  
(0 .51 ) -2 /8 .  
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0 I0 2.0 50 4.0 
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Fig. 2. Simulated collection efficiency vs. ( X K T C )  (m) for the 
ECE mechanism for various values of m. a. 0.1; b, 1.0; c. 10.0; d. 
first-order. IR I  ~ 83, IR2 ~ 94, IR3 ~ 159. X K T C  
k2C~ -1/3 (0.51) -2/3. m ~ C ~ 1 7 6  

I 
3.0 a I0 

id b ir 

idlk:O)ZOl 0 c 050 i-~'(k:O) 

0 I0 20 30 40 5.0 
(XKTC)(m) 

Fig. 3. Simulated limiting ring and disk currents for the catalytic 
mechanism for various values of m. a. Disk current: first-order; b. 
disk current: m ~ 10.0; c, ring current: m ~--- 0.1; d. disk current: 
m = 1.0; e. ring current: m ~ 1.0; f. ring current: m ~ 10.0; g. 
ring current: first order; h. disk current: m ~ 0.1. IR1 ~ 83, IR2 
94, IR3 = .  159. X K T C  ~ k 2 C ~  -213 .  m . ~  

C ~ 1 7 6  A. 

case have been treated by Koutecky and Levich (9), by 
Haber land and Landsberg (10), and by Beran and 
Bruckenstein  (11). The t rea tment  by Koutecky and 
Levich assumed that  the reaction layer thickness was 
very small  compared with the diffusion layer  thick-  
ness, that is, it assumed that  k / ~  was large. Beran and 
Bruckenstein  treated a rather  complex system under  
pseudo-first order conditions. The simulat ion results 
agree very well with the more general  t rea tment  of 
Haber land and Landsberg. This is shown in  Fig. 4 in 
which some of their  data for the Fe+~/H20~ system 
are compared with points calculated from their  data 
in the absence of the following reaction, the rate con- 
s tant  which they calculated, and the s imulat ion re-  
sults. 

While the simulated disk currents  are valid for any 
geometry, the l imit ing r ing currents  which are also 
shown in Fig. 3 were calculated for an electrode with 
IR1 = 83, IR2  = 94, and IR3 = 159. From the r ing and 
disk currents,  one can obtain the collection efficiency 
working curves shown in Fig. 5. 

At this point it is appropriate to compare the s imu- 
lated collection efficiency working curves for the EC, 
ECE, and catalytic mechanisms. In  all useful ranges of 
the rate parameters,  the ECE curves differ signifi- 
cantly from the analogous EC and catalytic curves. 
The collection efficiency found for the ECE mech- 
anism for a given value of X K T C  and m, where m 
COc/COA, is always smaller than that found for the 
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Fig. 4. Comparison of simulated disk current for the catalytic 
mechanism with results of Haberland and Landsberg (10) for the 
Fe+3/H202 system, a. Limiting disk current in the absence of H202; 
b. simulated limiting disk current based on curve a, the homo- 
geneous rate constant (/<2 ~ 145 litels/mole sec) calculated by 
Haberland and Landsberg and for CH202 z 10 CFe+3. (~) Experi- 
mental limiting currents found by Haberland and Landsberg for 
CH20~ ~ 1.6 x 10-2M,  and CFe+3 = 1 x 10-3M in 1M KCI. 
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Fig. S. Simulated collection efficiency vs. XKTC(m)  for the 
catalytic mechanism for various values of m. a. 0.1; b. 1.0; c. 
10.0; d. first-order. IRI -~- 83, IR2 = 94, IR3 - 159. X K T C  = 
k2C~ -2/3.  m = C~176 @ Simulated 
collection efficiency for the EC mechanism, m = 0.1. [ ]  Simulated 
collection efficiency for the EC mechanism, m = 1.0. 

EC or catalytic mechanisms with  the same values of 
X K T C  and m. On the other  hand, the EC and catalytic 
curves are, for most  values of the ra te  parameters ,  
quite similar. In fact, the f i rs t -order  curves for the 
two mechanisms are indist inguishable as are the 
analogous curves for m -- 10.0. The m ---- 1.0 and m 
0.1 curves for the two mechanisms are exper imenta l ly  
indist inguishable for values of ( X K T C . m ) < 0 . 5 .  Thus, 
it is not surprising that  Albery  et al. (6) obtained 
reasonable results when  they  t rea ted  a pseudo-first  
order  catalyt ic system wi th  a theory  developed for 
the EC mechanism. Al though the collection efficiency 
data are insufficient for different iat ing be tween  the 
EC and catalyt ic mechanism, examinat ion  of the 
l imit ing r ing and disk currents  allows the  two 
mechanisms to be easily distinguished. The l imit ing 
disk current  for the EC mechanism is ident ical  to that  
found in the absence of any following reaction, whi le  
the l imit ing disk current,  into, for the catalyt ic mech-  
anism is significantly larger  and ilim/~ 1/2 varies wi th  
~. Thus, it seems advisable to carry  out the RRDE 
exper iment  in a manner  which yields both collection 
efficiency and l imit ing ring and disk current  data. 

Trans ien t  be hav io r . - -The  simulated r ing current  
transients for  the ECE mechanism are identical  
to those for the EC mechanism. For  the first- 
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and second-order  catalytic reactions, the  value  of 
~t (D/v ) l / s (0 .51)  2/~ at which the r ing current  is one-  
half  of the s teady-s ta te  value  is observed to be a func-  
tion of X K T  or X K T C  as in the EC case. Unl ike  the EC 
transients,  however ,  the catalyt ic t ransients  do not 
exhibi t  maxima.  

Results and Discussion 
To test the s imulat ion results for  a second-order  

catalyt ic reaction, the reduct ion of i ron ( I I I )  in the 
presence of hydrogen peroxide  was investigated. This 
reaction, previously  invest igated at a RDE by Haber -  
land and Landsberg (10), was studied by reduct ion of 
ferr ic ion at the disk and analysis for the ferrous ion at 
the ring, that  is 

Fe +3 + e--> Fe +2 disk electrode 

k2 
Fe +2 q- 1/2H202-----> Fe +3 -t- O H -  

Fe +2 -- e ~ Fe  +8 r ing electrode 

The electrode was a carbon paste RRDE wi th  d imen-  
sions rl  = 0.237 cm, r2 = 0.268 cm, and r3 ---- 0.455 cm. 
It was cal ibrated by de termining the l imit ing disk and 
ring currents  in a solution containing 6.4 x 10-~M 
i ron( I I I )  and 2M HCI. Typical  results are shown in 
Fig. 6, curves b and c. The exper imenta l  collection ef-  
ficiency, 0.545 __ 0.003, compares quite wel l  to that  for 
the simulation in the absence of per turbing reactions, 
0.551. A second de terminat ion  of the collection effi- 
ciency, involving oxidation of 5.7 x 10-4M o - d i -  
anisidine in 1M H2SO4 at the disk electrode yielded a 
collection efficiency of 0.548 _+ 0.003. 

The l imit ing disk currents  and corresponding 
l imit ing r ing currents  for the solution which 
was 6.4 x 10-3M in ferr ic  ion and 0.64 x 10-~N in 
hydrogen peroxide were  found to be identical  to those 
obtained in a solution which contained 6.4 x 10-3M 
ferric ion and no hydrogen peroxide.  This indicated 
tha t  at this ratio of the concentrat ion of ferr ic  ion to 
hydrogen peroxide, the rate  of the fe r rous-hydrogen  
peroxide react ion was so slow tha t  its effect on the 
r ing and disk currents  could not be detected. 

When l imit ing ring and disk currents  were  obtained 
for the solution which was 6.4 x 10-3N in both ferric 
ion and hydrogen peroxide,  it was obvious that  the 
react ion was significantly affecting the r ing and disk 
currents.  These currents  along wi th  the collection effi- 
ciencies at various rotat ion rates are  shown in Table I. 
Also shown in Table I are the values of X K T C  corre-  
sponding to the observed collection efficiencies as ob- 
tained f rom the m = 1.0 work ing  curve  in Fig. 5. The 
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Fig. 6. Experimental limiting ring and disk currents for the 
ferrous-hydrogen peroxide reaction as compared with simulated 
values, a. Simulated limiting disk current in the presence of a 
catalytic following reaction, b. Limiting disk current in the ab- 
sence of a following reaction, c. Limiting ring current in the ab- 
sence of a following reaction, d. Simulated limiting ring current 
in the presence of a catalytic following reaction. Q Experimental 
results. 
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Table I. RRDE data for the iron(lll)-hydrogen peroxide system a 

Disk  R i n g  
c u r r e n t  c u r r e n t  

W id ir ( X K T C )  k ~ ( l i t e r /  
tsec -I) (~A) (#A) N K  b X K T C  c • ( w )  mole  sec} 

21.4 177 53 0.300 0.59 12.6 100 
32.6 208 73 0.351 0.40 13.1 104 
43.9 238 91 0.383 0,30~ 13.4 105 
53.6 250 104 0,416 0.23 12.3 98 
62.8 264 114 0.432 0.20 12.6 10O 
91.4 302 136 0.450 0.16 14.6 116 
97.8 297 136 0.458 0.14 13.7 109 

Avg .  k~ = 105-----5 

The so lu t i on  was  6.4 • 10-~N in  bo th  F e ( I I I )  a nd  H202 and  2M 
il l  t tCL  T h e  ca rbon  pas te  R R D E  had  the  d i m e n s i o n s  r l  = 0.237 cm, 
r~ : 0.268 cm, ra = 0.455 cm. The t e m p e r a t u r e  was  23~ 

b N k  = - -  t r / i d .  
v C a l c u l a t e d  u s i n g  s i m u l a t e d  c u r v e s  in  Fig.  5. 

product of the rotation rate and the value of XKTC 

( ~ )  ( X K T C )  = k 2 C ~  1/3 ( 0 . 5 1 )  - 2 / s  

should also be a constant. The values of this product 
and also the value of k2 calculated for each rotat ion 
rate using a value of the diffusion coefficient, DA, of 
5 x 10 -6 cm2/sec and a value of the kinematic  viscos- 
ity, v, of 1 x 10 -2 cm2/sec, are also given in Table I. 

The average value of k2, 105 hters/mole-sec,  com- 
pares favorably with reported values which range 
from k2  = 96 l i ters/mole-sec in a solution containing 
2M chloride ion and 4 x 10-3M hydrogen ion at 35~ 
(12), to k2 ---- 145 obtained in a 1M potassium chloride 
solution (10). This average value of k2, calculated 
using the collection efficiencies, can also be employed 
to compare the predicted values of disk and r ing 
current  to the exper imental  ones. Curves a and d in 
Fig. 6 are the results of simulations of id and ir at 
different values of w employing a k2 of 105 l i ters /mole-  
sec and parameters  from the exper imental  r ing and 
disk currents  in the absence of hydrogen peroxide. 
Also shown in Fig. 6 are the exper imental  values of 
id and ir from Table I, which are in satisfactory 
agreement  with the simulated values. 

Experimental 
The carbon paste RRDE was fabricated from a 

cylinder of Quickmount  (E. H. Sargent  Company, 
Chicago, Illinois) molded onto a precision steel shaft 
(13). A Motormatic E-550 motor and controller  
(Electrocraft Corporation, Hopkins, Minnesota) was 
used as a rotator. A 1/4-in. chuck was mounted  di- 
rectly onto the motor shaft and held the RRDE. A 
dual-potent iostat  similar to that  described by Napp, 
Johnson, and Bruckenstein  (14) was used to control 
the potentials of the disk and ring electrodes indepen-  
dently. 

The s tandard i ron( I I I )  solution was prepared by 
dissolving ferric chloride in 2M HC1. This solution, 
standardized by reducing an aliquot with hydro-  
quinone and determining the ferrous ion spectro- 
photometrical ly as the ferrous 1,10-phenanthroline 
complex, was found to contain 0.064M ferric ion. 

A stock solution of hydrogen peroxide was prepared 
by di lut ing an approximately  30% hydrogen peroxide 
solution with water  to produce about a 5 x 10-8M 
solution. The hydrogen peroxide concentrat ion of this 
solution was determined shortly before the experi-  
ment  by react ing an aliquot of this solution with an 
aliquot of a s tandard solution of ferrous ammonium 
sulfate and determining the  amount  of ferrous ion 
remaining  in solution spectrophotometrically. The 
hydrogen peroxide solution was found to be 5.9 x 
10-SM in hydrogen peroxide, or 1.18 x 10-2N as an 
oxidant  in the fer rous-hydrogen peroxide reaction. 
Test solutions were prepared from these stock solu- 
tions. 

Solutions more concentrated than  6.4 x 10-3N in 
hydrogen peroxide were found to be unstable  with 
respect to decomposition into oxygen and water. Even 
in a solution which was 6.4 x 10-SN in hydrogen 
peroxide, bubbles were observed at the electrode 
surfaces. This required wiping the electrode before 
each measurement  and making  the measurement  as 
rapidly as possible. All  measurements  were carried 
out at 23 ~ _ 0.5~ 
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Technical Notes 

The Effect of Potential and Time on Deposition 
Characteristics of Zinc on a Zinc Single Crystal in KOH 

F. Mansfeld .1 and S. Gilman* 

NASA~Electronics Research Center, Cambridge, Massachusetts 02139 

Employing in situ microscopy, Powers (1) demon-  
strated that the morphology of the zinc electrodeposit 
in alkal ine solutions obtained on the basal plane of a 
zinc single crystal is markedly  different at polariza- 
tions in the ranges of --100 mV and --200 mV vs. 
zinc. Details of early growth of the zinc electrodeposit 
are accessible through the use of the scanning elec- 
t ron microscope (SEM). Although SEM studies have 
been made of zinc electrodeposits (2, 3), these were 
not made under  conditions of potentiostatic control 
and are, therefore, not exactly comparable to the 
results of Powers (1) or to the results obtained by the 
present authors (4, 5) in their studies of the effect of 
additives on the morphology of the electrodeposit. 

The present  studies were performed in a cell similar 
to that of Powers (1) in a solution of 6N KOH con- 
ta ining 20 g/ l i ter  of ZnO. Test samples were obtained 
by cleavage of single crystal rods in a dry  box under  
argon [for details of the exper imental  procedure, see 
ref. (4)].  The growth process at a constant potential  
was followed for a prescribed period of time, employ- 
ing in situ light microscopy. The sample was then 
removed and examined with the SEM. 

Observations of the zinc electrodeposit at --100 
mV polarization with the {n situ light microscope 
revealed epitaxial  growth in the form of hexagonal  
pyramids. Such pyramids grew in size and decreased 
in number  as already observed by Powers (1). After 
approximately 15 min, a new growth feature appeared 
(Fig. 1) at the base of the growth pyramids. These 
new protrusions appear as black dots and have been 
called sponge or moss by various authors. They have 
been observed in the present  exper iment  to be par-  

* Electrochemical  Society Act ive  Member .  
1 Presen t  address :  Science Center ,  Nor th  Amer i can  Rockwel l  Cor- 

potation, Thousand  Oaks,  Calif. 92360, 
K e y  words :  epi taxial  growth ,  dendrit ic  growth ,  nucleat ion,  in  s i tu  

microscopy.  

t icular ly  numerous  along cracks in the crystal  in t ro-  
duced by cleavage. When viewed with the SEM (Fig. 
2), it is apparent  that these protrusions start  to grow 
directly on the surface of the crystal; still visible are 

Fig. 1. Deposit a t - -100mV from 6N KOH + 20 g/liter ZnO 
after 20 min. Nomarski Interference Contrast, 110X. 

Fig. 2. Deposit at --100 mV from 6N KOH + 20 g/liter ZnO 
after 20 rain. SEM, 34 ~ (a) (top) 280X; (b) (bottom) 140X. 
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Fig. 3. Deposit at - -200 mV from 6N KOH -1- 20 g/liter ZnO after 5 min. SEM, 34 ~ (a) (left) 170X; (b) (right) 440X 

Fig. 4. Deposit at - -200 mV from 6N KOH ~- 20 g/liter ZnO after 10 min. SEM, 34 ~ (a) (left) 170X; (b) (right) 440X 

the layers that formed the growth-pyramids.  Fig. 2b 
shows in more detail the s tructure of one of the pro- 
trusions which were already observed in an earlier 
study of the authors (Fig. 8 of ref. 4). They consist of 
m a n y  layers with certain crystallographic orientations. 
It  seems reasonable to conclude that  both types of 
growth occur on different sites, which might  be screw 
dislocations in the case of pyramids, while the pro- 
trusions seem to nucleate at macroscopic defects or 
impur i ty  centers ( including such regions of macro- 
scopic crystal l ine disorder as cracks).  Comparison of 
Fig. 2 of this communicat ion with Fig. 6 of ref. 4 
reveals the dramatic effect produced by the addition 
of lead ions to the solution. The epitaxial  growth and 
discrete crystal l ine protrusions observed here are re-  
placed by microcrystal l ine hillocks with a pipelike 
s tructure in the valleys. 

At --200 mV polarization, observation of the zinc 
electrodeposit with the in s i tu  light microscope again 
reveals ini t ial  pyramidal  epitaxial  growth, the n u m b e r  
of pyramids being higher than  at --100 mV as observed 
in ref. 4. As at --100 mV, protrusions appear in the 
valleys between the growth pyramids,  but  the pro- 
trusions at the more cathodic potential  occur early 
(within minutes)  and develop into classical flat den-  
drites. Features  of the dendritic growth are evident  
in the SEM photographs of Fig. 3 and Fig. 4. Such 
dendrit ic growth is suppressed in the presence of 
additions of lead (4) or t in  (5) ions. 

The effect of t ime on morphology of zinc deposits 
at --200 mV was studied at 5, 10, and 15 min. As can 
be seen better  resolved with the light microscope 
(Fig. 5) (which in tu rn  does not allow good resolution 
of the s tructure of the dendri tes) ,  dendrites are ini t i -  

Fig. 5. Deposit at - -200 mV from 6N KOH ~ 20 g/liter ZnO 
after 5 min. Nomarski Interference Contrast, 110X. 
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ated at the feet of the growth pyramids,  probably at 
the same sites as the protrusions observed at --100 mV. 
Figure 3 shows growth after 5 rain, and Fig. 4, growth 
after 10 min. It is obvious that  the dendrites not only 
grow in size but  also in number .  Often two dendrites 
start at the same site, producing a heart l ike structure. 
Figure 3b shows details of the observed growth includ-  
ing dendrites at the very early stages of growth. After  
10 min of deposition the dendrites already have all fea- 
tures of classical dendrites observed after long plat ing 
t imes- -a  stem consisting of many  plates and side- 
branches as can be seen from Fig. 4b at a higher 
magnification. Examples for deposits after 15 min  are 
shown in Fig. 2 of ref. 5. 

In summary  our results show that  the deposition 
t ime and potential  play an important  role in morphol-  
ogy of zinc deposits on the basal p lane of zinc in 
alkal ine solutions. At --100 mV polarization, only epi- 
taxial  growth is observed for times below approxi-  
mately 15 rain. For longer times a second structure 
appears which grows probably from macroscopic de- 
fects. At --200 mV dendrites can be observed at t imes 
shorter than 5 min, possibly nucleated at the same 
sites as the protrusions formed at --100 mV. The 
dendrites grow in size and number  with time. A com- 
parison with results in the presence of lead ions (4) 
and t in or t e t rae thy lammonium ion (5) shows that  
these additives suppress dendri te  growth, although to 
different extents. 

It will  be noted that  our results do not support  a 
theory concerning the mechanism of dendrit ic electro- 
crystall ization of zinc proposed by Diggle, Despic, 
and Bockris (6). In this model the ini t iat ion of a 
dendri te  is treated in terms of growing pyramids on 
the substrate surface. It is assumed that "the rotat ion 
of the spiral, wi thin  the l inear  diffusion boundary  

sur rounding  the sphere, gives rise to a decrease of the 
effective radius of curvature  of the dendri te  tip" unt i l  
a critical radius is obtained, which is the condition for 
dendri te  ini t iat ion (6). In the present  work, it has 
never  been found that a dendri te  init iated at the top 
of a pyramid;  on the contrary the protrusions at 
--100 mV always start to grow at the foot of pyramids 
after these have stopped to grow fur ther  (Fig. 2b). 
At --200 mV, where classical dendrites are observed, 
these start  to grow almost ins tantaneously  between 
pyramids. It is hard to unders tand  how the heart l ike 
structure as shown in Fig. 3b should grow from the tip 
of a pyramid after this had reached the cr i t ica l - -very  
small--radius .  It seems more likely that  pyramids 
and protrusions or dendrites grow independent ly  and 
from different sites. 
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The Preparation of FeSn2 Coatings by Electrodeposition 
Henry Leidheiser, Jr,* and Jyotin Sachdev 

Center for Surface and Coatings Research, Lehigh University, Bethlehem, Pe~nsylva~da 180~5 

FeSn2 is a very corrosion-resistant mater ial  (1) 
and plays a major  role at the i ron- t in  interface in 
controll ing the corrosion behavior  of commercial elec- 
trolytic t inplate  used in container  applications. Pre-  
vious work has shown that  small  amounts  of FeSn2 
are formed dur ing the electrodeposition of t in  from 
the alkal ine bath on steel substrates (2) and Barry  
and Phill ips (3) have shown that  FeSn2 is also 
formed at the interface dur ing  electrodeposition from 
the acid bath. A method is described herein for the 
formation of FeSn2 coatings on steel and copper sub-  
strates uti l izing electrodeposition of an i ron- t in  alloy 
followed by heat t reatment .  

Izmailov and Kudryavtseva  (4) have developed an 
electroplating bath for depositing i ron- t in  alloys over 
a wide composition range and have studied the effect 
of bath composition, pH, and current  densi ty on the 
composition of the alloy. Exper iments  were carried 
out which confirmed the essential correctness of their  
observations. Electron microprobe analysis indicated 
that the iron and t in were homogeneously distr ibuted 
throughout  the deposit. 

I ron- t in  alloys of the approximate composition 33 
a/o Fe-67 a/o Sn were deposited at 55 _ 5% current  
efficiency under  the following conditions modified 
from those used by Izmailov and Kudryavtseva:  bath 
composition FeC13.6H20 27 g/li ter,  SnCI,~. 2H20 4.0 
g/liter,  Na4P207 �9 10 S20  150 g/l i ter;  pH 8.4; tempera-  

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  coa t ing ,  FeSne, i ron- t in ,  e lec t rodeposi t ion.  

ture, 80~ current  density, 0.5 A/dm2; graphite 
anodes. Deposits were typically 0.0002-0.0005 cm in 
thickness as determined by t ime of deposition. They 
were matte, smooth, and dull  gray in  color. X- r ay  
diffraction analysis indicated the presence of elemental  
iron, elemental  tin, and a small  amount  of FeSn2. 
These results are in accord with the phase diagram 
which indicates that  the stable phases at low tem- 
pera ture  are iron containing a small  amount  of dis- 
solved tin, FeSn, FeSn2, and t in (5). 

Deposits were heated for 24 hr at 150~176 and 
the resul t ing alloy was studied by x - r a y  diffraction. 
A small amount  of residual t in  was present  on samples 
heated at 150~ (residual iron could not be determined 
because of interference from the steel subst ra te) ;  
complete conversion to FeSn2 occurred at 175~ and 
small amounts  of FeSn were detected on samples 
heated at 200~ Presumably  above 175~ interact ion 
between the substrate  and the deposit becomes sig- 
nificant. Diffraction analysis of deposits formed on 
copper substrates confirmed that  the iron was con- 
verted to FeSn2 dur ing heating at 175~ The use of a 
copper substrate complicated the analysis since Cu3Sn 
was also formed and appreciable amounts  of FeSn 
were observed. 

Two forms of FeSn2 are claimed to exist, a te t ra-  
gonal form and a pseudohexagonal form. Gabe (6) 
summarizes the diffraction data reported by a number  
of investigators. Although there are only minor  dif- 
ferences between the diffraction pat terns of these 
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two crystal l ine forms of FeSn2, our data are in better  
accord with the pa t te rn  for the pseudohexagonal 
form. 

The data of F ranken tha l  and Loginow (7) indicate 
that one can expect 0.15 mg/cm 2 of FeSn2 to be 
formed in 24 hr at 175 ~ when t in electrodeposits on 
steel substrates are heated. In  the case of our deposits 
of thickness equivalent  to 3-6 mg/cm 2 there was com- 
plete conversion to FeSn2 at 175~ The higher amount  
of conversion to the alloy is to be expected in our 
experiments  because of the int imate mix ture  of iron 
and t in crystallites in the electrodeposit before heat-  
ing. 

The presence of detectable amounts  of FeSn in 
samples heated at 200~ is interest ing because FeSn 
is not general ly observed after commercial  t inplate  
is heated dur ing manufacture.  
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On the Conductivity of Electrolytes Simulating 
Those Found in AgCI-Mg, Fresh Water-Activated Batteries 

Duane W. Faletti 
Applied Physics Laboratory, University o~f Washington, Seattle, Washington 98105 

Exper imental  determinat ions were made of the elec- 
trolytic conductivi ty of simulated electrolytes (aqueous 
MgC12 solutions) of AgC1-Mg batteries operated in 
fresh water. 

Studies of high-drain,  water-act ivated AgC1-Mg 
alloy batteries have been conducted. The conductivities 
of the effluents from such batteries operated in the 
open sea over the range of concentrat ion (4.5 to 19 % o 
chlorinity) of interest  to the bat tery designer have been 
presented (1). The development  of voltage control 
systems that main ta in  a desired ba t te ry  voltage by 
recycling a port,on of the effluent and adjust ing the 
intake of new electrolytes permits  operation of these 
batteries in both fresh and brackish water. Since fresh 
water  can be thought  of as sea water  with a ehlorini ty 
of zero, the data presented here are not only appli-  
cable to the operation of batteries in fresh water, but, 
by suitable interpolations in chlorini ty with the re-  
sults of Ref. (1), are applicable to operation in brack-  
ish water. The rationale for the use of aqueous MgC12 
solutions as simulated effluents of AgC1-Mg alloy 
batteries when  operated in fresh water  is given in  the 
following section. 

Electrolyte Composition 
In addit ion to the electrochemical reaction 

2AgC1 + Mg-~ MgC12 + 2Ag [1] 

which has the effect of adding magnes ium chloride to 
the electrolyte, secondary reactions between the anode 
and water  occur: 

Mg -~ 2H20-> Mg(OH)2 + H2 [2a] 

A1 + 3H20-~ AI(OH)~ -~ 3/2H2 [2b] 

Zn + 2H20-> Zn(OH)2 + H~ [2c] 

Key words:  electric conductors,  electrolytes, aqueous electrolytes, 
aqueous MgCle solutions, conduct ivi ty of electrolytes, AgC1-Mg bat- 
teries, AgC1, Mg, ba t te ry  electrolytes. 

Mn + 2H20--* Mn(OH)2 + H2 [2d] 

Pb + 2H20-> Pb(OH)2  + H2 [2el 

With pure Mg only reaction [2a] occurs. With AZ61, 
the most common anode material,  reactions [2a] 
through [2d] occur. With AP65, a recently developed 
anode, all five of the reactions occur. 

Since the hydroxides are insoluble, one would ex- 
pect them to be quant i ta t ive ly  precipitated, leaving 
only the MgC12 from reaction [1] in solution. Analyses 
of the effluents from batteries that use either AZ61 
or AP65 showed that this is the case (2). 

The above should be true for any ba t te ry  using Mg 
alloy anodes with consti tuents that  form insoluble 
hydroxides. Therefore, an aqueous MgC12 solution 
closely simulates the effluent from a fresh water -  
activated AgCI-Mg alloy battery. 

Experimental Studies 
The methods we used to determine the electrolytic 

conductivities have been reported (2). The elec- 
trolytes were prepared from a stock solution made 
from analytical  grade MgC12"6H20. Values of the 
MgC12 concentrat ion of the stock solution were cal- 
culated from chloride and magnesium determinations.  
The two methods gave results which agreed to within 
0.57% of each other. The composition given by the 
intr insical ly more precise chloride determinat ion was 
used in formulat ing the electrolytes utilized in this 
study. 

Taking into account uncertaint ies  in cell constant, 
resistance, temperature,  MgC12 concentration, and the 
effects of evaporation, ma x i mum uncertaint ies  in 
electrolytic conductivi ty ranged from • at room 
tempera ture  or below up to +2.2 to --1.5% at 75~ 
where evaporat ion errors were significant. These un-  
certainties are based on an error analysis presented 
in Ref. (1) with a 0.5% ma x i mum uncer ta in ty  in the 
value of MgC12 concentrat ion in the stock solution. 
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Table I. Conductivity of aqueous MgC[2 solutions, (ohm-era) -1 
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T e m p e r -  MgCI2 concen t r a t i on ,  g / l i t e r  
a ture ,  *C 2.5 5.0 10,0 15.0 20.0 40.0 55.0 70.0 

5.0 0.00335 0.00626 0.0118 0 0169 0.0216 0.0388 0.0493 0.0594 
10.0 0.00383 0.00719 0.0134 0.0192 0.0247 0.0441 0.0565 0.0676 
15.0 0.00435 0.00816 0.0152 0.0217 0.0280 0.0498 0.0639 0.0760 
20.0 0.00486 0.00913 0.0170 0.0243 0.0312 0.0557 0.0714 0.0849 
25.0 0.00541 0.01014 0.0189 0.0270 0,0346 0.0617 0.0791 0.0942 
45.0 0.00776 0.01449 0.0270 0.0383 0,0491 0.0875 0.1118 0.1330 
75.0 - -  - -  0.0399 0.0572 0.0732 0.1290 0.1633 0.1935 

Results 
The electrolytic conductivities obtained from this 

s tudy are presented in Table I. They agree to wi thin  
0.5% or bet ter  with the results of Shedlovsky and 
Brown (3), which should be more precise than  those 
of this s tudy since they used a more accurate method 
of formulat ing MgC12 solutions and since they also 
used more accurate techniques for determining con- 
ductivity. 

Kondra t ' ev  and Nikich (4) determined the elec- 
trolytic conduct ivi ty  of MgC12 solutions over a tem-  
perature range of 25~176 (requir ing autoclave- 
type equipment) .  Their  results differed from the 
results of this study by ___2% at 25~ and •  at 35~ 
At both temperatures  the disagreement decreased 
from positive values at 5.0 weight per cent (w/o)  to 
negative values at 2.0 w/o, indicating that a systematic 
error in composition may  have existed in their solu- 
tions. No systematic error in the concentrat ion was 
likely in our s tudy as a single stock solution was used 
to formulate all the electrolytes. 

Kondra t 'ev  and Gorbachev (5) described the cell 
used by Kondra t ' ev  and Nikich but  did not men-  
tion the use of platinized plat inum. They simply 
stated that the electrodes were composed of p la t inum 
wire. Thus, the possibility exists that  a lack of 
platinized p la t inum might  also account for the ob- 
served discrepancies. 

Comparisons were made with the data of Urazov 
and Tavkesheva (6), who used stock solutions whose 
concentrat ion was based on the assumption of satura-  
tion (great care was taken by them to assure satura-  
t ion).  Good agreement  (--1.04%) was observed at 
6 w/o MgC12, but  very poor agreement  (+6.35% and 
+8.14%) was obtained at 2.0 and 4.0 w/o, respectively. 
Since the technique used by Urazov and Tavkesheva 
to determine the electrolytic conductivi ty appeared to 
be reliable, the lack of agreement  is more l ikely due 
to errors in concentration. As stated previously, 
Urazov and Tavkesheva diluted their  saturated solu- 
tions to obta in  solutions of the desired concentration. 
Although they checked the concentrations of their  
saturated solutions by density determinations,  these 

checks could allow significant errors in concentration,  
for example, 6% at 4 w/o. 

Although the above hypotheses on possible errors 
in  the work of Kondra t 'ev  et al. and Urazov et al. 
cannot be substant ia ted because the information 
given in the l i tera ture  is inadequate,  the results pre-  
sented in Table [ are believed to be accurate to wi thin  
the ma x i mum uncerta int ies  given for this study be- 
cause (a) a proven technique was used, the electrolytic 
con'ductivities obtained for sea water  using the same 
method and equipment  agreed to wi th in  0.7% with  
those of Thomas et al. (7), and (b) the agreement  
with Shedlovsky and Brown's  (3) results was ex-  
cellent. 
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On the Relation between Standard Potentials and Activity 
of Interstitial Silver Ions in AgCI and AgBr 

Arnold Hoffman 

Research Laboratories of Polaroid Corporation, Cambridge, Massachusetts 02139 

There have been several  reports (1, 2) indicat ing 
that  interst i t ial  silver ions, Ag+i, are involved in  the 
i-eduction of a silver halide. Awad (3) recent ly 
pointed out that  it is l ikely that the potential  of a 
silver eIectrode varies with the activity of Ag+i in an 
adhering silver bromide crystal in an analogous 

Key  w o r d s :  s i l v e r  ch lor ide ,  s i l v e r  b romide ,  i n t e r s t i t i a l  s i l ve r  ions,  
F r e n k e l  defects .  

manner  to the act ivi ty of silver ions, Ag +, in solution. 
It is the purpose of this note to show that the dif- 

ference in the s tandard potentials between a Ag/AgC1 
electrode and a Ag/AgBr  electrode, AE ~ can be 
ascribed to the difference in activity of Ag+i in the 
respective silver halide crystals. 

The thermodynamic  relations of lattices can be 
found in textbooks of solid-state physics or chemistry. 
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For the sake of clari ty these relations will  be stated 
for the special case of silver halides, e.g., AgC1, AgBr, 
where the defects are main ly  of the cationic Frenkel  
type. 

Using the notat ion of KrSger (4) and Honig et. aL 
(5, 6), a vacant  site is denoted by VZj-D, an in ter -  
stitial ion by JZi-D, and an ion on a normal  lattice site 
by Kj-D,  where J and K denote  chemical species (J 
and K may be the same chemical species), D the 
specific silver halide lattice, V vacancy, i interst i t ial  
and z formal charge. The n u m b e r  of vacancy and 
interst i t ial  ions are related by electroneutral i ty  and 
chemical equi l ibr ium; e.g., for a pure silver halide, 
the total  number  of negative defects is equal  to the 
total number  of positive defects, i.e. 

[V--Ag--D] -~- IX-- i - -D]  ~-- I V + x - - D ]  -{- [Ag+i_D] [1] 

where 

V-Ag-D = silver ion vacancy 

X - i - D  = interst i t ial  halide ion 

V+X-D = halide ion vacancy 

Ag+i-D = interst i t ial  silver ion 

and 
V--Ag--D "~ Ag+i-D ~ AgAg--D [2]  

where 

AgAg--D = silver ion in lattice position (An oc- 
cupied lattice site is considered to have zero formal 
charge.) 

For a pure silver halide 

[ V + x - D ]  = [X--i--D] ~-" 0 [3] 

and Eq. [i] becomes 

[V--Ag--D] = lAg+i--D] [4] 

i.e., the number  of inters t i t ia l  silver ions is equal  to 
the number  of silver ion vacancies. 

The thermodynamics  of ctefects in solids can be 
treated in a manner  analogous to the thermodynamics  
of solutes in solution. The vacancies and interst i t ial  
ions are to be compared to anions and cations, re- 
spectively. The silver halide lattice is to be compared 
to the solvent. On the assumption of ideal behavior, 
chemical potentials ~J--D, can be expressed as func-  
tions of s tandard chemical potentials /~~ c o n c e n -  
t r a t i o n  of lattice sites NL--D, Of interst i t ial  silver ions 
Ni-D, and of vacant  silver sites NV-D (Ni, N v  ~ 
NL, N can be expressed in mole/cm~). 

The silver ion in a normal  lattice position is chosen 
as the reference point for the thermodynamic  scale 
(5, 6). On the assumption of ideal behavior, a silver 
ion in a AgC1 lattice position is at the same thermo-  
dynamic point as a silver ion in a AgBr lattice posi- 
tion. Since this has been chosen as the reference point 
for the thermodynamic  scale, the difference in the 
chemical potential  of silver ions between AgC1 and 
AgBr can be expressed in terms of the respective 
population of defects, i.e., interst i t ials  and vacancies. 

Hence, for a silver halide crystal, with mole frac- 
tions X J -  D = NJ-D/NL--D introduced, we may write 

/~i--D = /z~ DV R T  In [Xi - -D/~]  [5] 

where ~ denotes the number  of available interst i t ial  
sites per silver ion. (For AgBr and AgC1 fl ---- 2.) 

~ v - n  = ~~ + R T  In XV-D [6] 

/XAgAg-- D = ~~ D -~ R T  In XAgAg_ D [7] 
but, 

XAgAg_ D ~ 1 

and 

]~~ D ~ 0 (reference state) 

December 1970 

therefore 
/~AgAg--D ~ 0 [8] 

If equi l ibr ium has been at tained for reaction [2], 
then the difference in the chemical potent ial  of silver 
ions in the product and reactant  states, ~D,  equals 
zero, i.e. 

~P'D = /ZAgAg--D - -  (gi--D + /ZV--D) ~ 0 [9] 

Subst i tut ing [8] into [9] 

-~t~ = -- (m--D -]- ~V--D) ~ 0 (at equi l ibr ium) [10] 

Subst i tut ing [5] and [6] into [10] 

~~ D + RT ln[Xi-D/fl] + /~~ 
-}- RT ] n X v - - D  = O [ii] 

but from Eq. [4] 
Xi-D ---- XV-D [12] 

Substituting [12] into [11] 

(~~ D -~ g~ ---- -- R T  In [ ( X i - - D ) 2 / ~ ]  

= (#~ q- ~~ [13] 

If D represents AgBr, then 

1/2 (#~ ~- /z~ : R T  In (1/Xi--AgBr)  

+ V z R T  l n p  [14] 

For AgC1 (assuming ~~ = ~~ ---= 0, Eq. 
[8] is applicable).  

1/z (~~ + ~~ = RT In (1/Xi-AgCl) 

+ 1/zRT in/3 [15] 

The difference in s tandard chemical potential  of 
silver ions between AgC1 and AgBr is given by 

1/g (/zo i -q- /Z~ 1/2 (/Z~ "~ ]z~ 

= R T  In [Xi-AgBr/Xi-AgCl] [16] 

The electrical work done on a charge, q, when  its 
potential  is el:tanged -~V, is q-~V. In t ransferr ing 
positive charge ( interst i t ial  silver ions) from the 
negative (AgBr) electrode to the positive (AgC1) 
electrode, electrical work is done on the cell. The 
work is equal to + nF..XE~ where n F  is the number  
of charges per mole (n = 1), and AE~ is the potential  
difference between AgC1 and AgBr. Therefore, in the 
cell 

( -- ) A g / A g B r / B r - / / C 1 - / A g C 1 / A g  ( + )  

Eq. [16] becomes 

~E~ = [~/2 (~~ + ~ ~  - Yz O,~ +~~ 

= R T / F  In [Xi--AgBr/Xi-hgC1 ] [17] 

The values of (~~ + ~~ and of (~~ + /z~ 
[as obtained from application of the Bol tzmann dis- 
t r ibut ion law to data of ionic conductivity vs. tem-  
perature (7)] are 1.4 and 1.1 eV, respectively, or 1.4 
and 1.1 vol t - faradays per tool (1 VF ----- 96487 joules 

23061 calories). Subst i tu t ing these values into Eq. 
[17] gives 

AE~ = R T / n F  [n[Xi-AgBr/Xi- -AgC1]  = -~ 150 mV [18] 

This value is in excellent agreement  with the dif- 
ference in the s tandard Gibbs-Stockholm potentials 
between Ag/AgC1 and Ag/AgBr  electrodes: -{- 0.2222V 
and + 0.0713V, (vs.  s tandard hydrogen electrode), 
respectively (8). Thus, the difference in  s tandard 
potentials reflects the differences in equi l ibr ium 
population of interstitials.  It would seem, therefore, 
that the suggestion above, that  the potential  of a silver 
electrode varies with the activity of Ag+i in an 
adhering silver halide crystal in an analogous manne r  
to the activity of silver ions, Ag +, in solution, is 
correct. 
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Rapid Mass Transport to Electrodes 
in Foamed Electrolyte 
leonard Nanis* and Frank McLarnon 1 

School of Chemical Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

Foamed electrolyte,  prepared by adding commer-  
cially available foaming agents to KOH and H2SO4 
solutions has certain potent ial ly a t t ract ive features. 
Gas saturation should proceed rapidly by diffusion 
into the foam bubble walls. The open foam st ructure  
should also permit  ready removal  of reaction products. 
By comparison, the porous electrodes used in conven-  
t ional fuel cells must permi t  the t ransport  and reaction 
of fuel gases as well  as waste products removal  wi thin  
the complex pathways of the pore structure.  Foam may 
be readi ly  produced by the dispersion of fuel  gas in 
zoncentrated electrolytes containing nonelec t rochemi-  
cally act ive foaming agents. Overpo ten t ia l -cur ren t  
density studies have been made with smooth plat inum 
electrodes immersed completely  in the liquid electro-  
lyte  which is st irred by the entry of fuel  gas to pro-  
vide a comparison for similar  measurements  wi th  
electrodes total ly in foam. 

Experimental 
The apparatus consisted of two standard Pyrex  re-  

action kett les (500 cc) joined by a simple inver ted  
U- tube  electrolyte  bridge. The kett le  tops were  fitted 
with rubber  stoppers through which passed the bridge, 
reference and working electrodes, and a gas inlet  (hy-  
drogen, oxygen, hel ium) connected to a s tandard dis- 
persion tube (15-20~ pore size). The anode compar t -  
ment  is shown in Fig. 1. The working plat inum elec- 
trodes were  spot-welded to a Pt  wi re  sealed into a 
glass tube which was ver t ica l ly  movable  to permit  
electrode positioning. A pla t in ized-pla t inum electrode 
in contact wi th  hydrogen saturated anolyte (ei ther 
l iquid or foam) provided a hydrogen reference elec- 
trode (shown schematical ly as the probe in Fig. 1) for 
the anode studies. A silver electrode was used for con- 
venience in the cathode compar tment  and was f re-  
quent ly  checked for stabil i ty against the hydrogen 
reference. For  background studies with hel ium gas, a 
hydrogen reference electrode was separated from the 
anolyte by a fr i t ted glass barrier,  obtained conven-  
iently by the use of a gas dispersion tube. The cell was 
operated in a dr iven mode in a simple constant current  
circuit obtained with  a d-c power  supply with  current  
regulated with a decade resistance box. Electrode over-  
potentials  were  measured with a Hewle t t -Packa rd  
3430A digital vo l tmeter  (107 ohm input impedance) .  

Electrolytes were  prepared with once-dist i l led water  
and technical  grade reagents  wi thout  fur ther  purifica- 
tion. The p re t rea tment  sequence consisted of purging 

* Electrochemical Society Active Member. 
Key words: fuel cell, foam, mass transport, hydrogen, bubbles. 
1Present address: Department of Chemical Engineering, Uni- 

versity of California, Berkeley, California 94720. 

each cell for about 1 hr  wi th  hel ium gas at about 15 
cc /min  through each of the 500 cc compartments .  Mid- 
way  through this purging, the p la t inum electrodes 
were  act ivated with  a current  of about 20 m A / c m  2 re-  
versed once a second for about twen ty  seconds as rec-  
ommended by Petr i i  and Shchigorev (2). The same 
pre t rea tment  sequence was used for H2 and 02 bubbled 
through the anode and cathode compartments ,  and for 
background current  determinat ions  in the presence of 
hel ium stirring. Gas purit ies were:  H2, 99.8%; O2, 
99.5%; He, 99.995. All  gases were  used wi thout  fur ther  
purification. 

In 4N H2SO4, the current  reversal  t rea tment  gave an 
open circuit  cell potential  of 1.0V within  a few minutes 

. \ 
! �9 

Fig. 1. Anode compartment 
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after t reatment ,  declining gradual ly  to about 0.85V 
after  5-10 rain. In KOH (2-6N), the potential  reached 
about 1.0-1.1V within  1-5 rain after activation, chang- 
ing very  l i t t le thereafter .  

Fol lowing hel ium pret reatment ,  a blank test with 
hel ium stirr ing was conducted. Anode and cathode 
overpotent ials  were  recorded for current  density steps 
of 10 ~A/cm 2 up to 100 ~A/cm 2 both in the electrolyte  
wel l -s t i r red  by hel ium bubbles and in the foam above 
the electrolyte.  Af te r  H2 and O2 pret reatment ,  anode 
and cathode overpotent ials  were recorded for 0.1 m A /  
cm" steps to 1.0 m A / c m  '~ for the electrolyte immersed 
completely in the wel l - s t i r red  l iquid electrolyte,  and 
at 0.5 m A / c m  2 intervals  up to 12 m A / c m  2 for the elec- 
trode wi thdrawn completely  into the foam. At each 
current,  steady potentials were  recorded with  the t ime 
for a t ta inment  of steady overpotent ials  usual ly less 
than 30 sec except near  the l imit ing current  density 
where  t imes on the order  of one minute  were  needed. 
For  studies of the anode (square electrode, Fig. 1) 
immersed in liquid, st irr ing was provided by position- 
ing the electrode direct ly  in the ascending stream of 
hydrogen bubbles. 

For a typical run (using 0.2 weight  per cent [w/o]  
Carboxane TW-100, Text i lana Corp., Hawthorne,  
Calif.) in 4N H2SO4 electrolyte  at 22~ the foam 
height  measured from the l iquid-foam interface in- 
creased from 3 cm to 10 cm as the gas flow rate  was 
increased f rom 0.5 cc /min  to 20 cc/min.  As the  tem-  
pera ture  was increased f rom 7 ~ to 65~ the foam level  
(for a flow rate  of 4 cc /min)  decreased from 5 cm to 1 
cm. However ,  the anodic l imit ing current  density re-  
mained at 9 • 0.5 m A / c m  2 over  the t empera tu re  range. 
For  foam height  under  2 cm, the upper  section of the 
2 x 1.4 cm smooth pla t inum electrode was uncovered 
by foam. 

For studies with 0.2 w /o  Actrasol  PSR foamant  
(A. C. Trask Co., Chicago, Ill inois),  the foam level  at 
constant gas flow rate  decreased f rom 5 cm to essen- 
t ially no foam (even at gas flow rates greater  than 100 
cc /min)  as the KOH electrolyte  concentrat ion was in- 
creased from 2 to 6N. 

Results and Discussion 
Various foaming agents were  init ial ly tested in both 

4N H2SO4 and 2N KOH. Oxidizable or reducible  agents, 
as de termined by current  passage in the blank hel ium 
test, were  rejected. Foaming agents chosen for study 
general ly  produced an order of magni tude improve-  
ment  in current  when the electrodes were  wi thdrawn 
from the l iquid electrolyte into the foam. 

In 4N H2SO4, best results were  obtained with  Car-  
boxane TW-100, an alcohol ethoxylate,  which gave a 
near ly  constant foam level  and essentially invar iant  
overpoten t ia l -cur ren t  density response at foamant  con- 
centrat ions ranging f rom 0.02 to 1.0 w/o.  In KOH, the 
agent giving the greatest  current  increase was Actrasol 
PSR, potassium sulfo-ricinoleate,  used at 0.2 w / o  in 
2-6N KOH. Comparison of various foamants is shown 
in Table I. 

The current  dens i ty-overpotent ia l  behavior  for I-t2 
oxidation in l iquid and in foam for Carboxane TW-100 
in 4N H~SO~ is shown in Fig. 2. The lowest  curve, 
designated "in foam" ( t r iangle  points) ,  was obtained 
for foam produced by hel ium bubbling. A near ly  simi- 
lar curve (not shown) was obtained for the he l ium-  
stirred l iquid background anode determination.  Clearly 
defined anode l imit ing current  densities (cL Fig. 2) 
were  obtained for hydrogen oxidat ion in all solutions 
tested and were  used to compute an equivalent  mass 
t ransfer  boundary layer thickness, assuming uni form 
current  density distribution. Hydrogen diffusion and 
solubili ty data (uncorrected f rom 30~ of Ruetschi 
(1) were  used in the expression 

nF~Cb 
J l i m  [1] 

Results are shown in Table I. Clear resolution of 

Table I. Anode mass transport 

B o u n d a r y  l aye r  
t h i c k n e s s  

H= flow $ (1~) 
Elec-  ra te  In  l i q u i d  In  

A d d i t i v e  ~0.2 w / o )  t ro ly t e  (cc /min)  e l e c t ro ly t e  f o a m  

C a r b o x a n e  TW-1001 2N K O H  15.0 - -  9.6 
C a r b o x a n e  TW-100t  4N H._,SOI 4.0 74 2.8 
Ac t ra so l  P S R  = 2N K O H  15.0 48 5.7 
Ac t r a so l  PSR= 3N K O H  15.0 29 2.9 
Ac t raso l  PSRZ 4N KOH 4.0 46 3.3 
Ac t ra so l  P S R  • 5N KOH 100 16 3.1 
A r o m o x  C/12 :~ 4N Ht2SOI 4.0 61 3.5 
A r o m o x  C/12:~ 2N K O H  4.0 61 10.S 
A r o m o x  T/12 '  4N H~SOt 9.0 74 3.9 
A r o m o x  T/124 2N KOH 4.0 86 14.3 
FC--95~ 4N H~SO~ 4.0 74 3.7 
FC--408~ 4N H~SO4 4.0 83 12.1 
BRIJ - -307  4N H.2SO4 4.0 51 4.1 

a 

E 

E 

=Alcohol  e thoxy la t e ,  T e x t i l a n a  Corp.,  H a w t h o r n e ,  Ca l i fo rn ia .  
P o t a s s i u m  su l fo - r i c ino l ea t e ,  A. C. T r a s k  Co., Chicago ,  I l l ino is .  

:~ his  ( 2 - h y d r o x y e t h y l )  cocoamine  oxide ,  A r m o u r ,  Chicago,  I l l inois .  
Dis ( 2 -hyd roxye thy l )  t a l l o w a m i n e  oxide,  A r m o u r ,  Chicago,  I l l i -  

nois. 
An ion i c  f luorocarbon ,  3M Co., St. Pau l ,  Minneso ta .  

'~ A m p h o t e r i c  f luorocarbon ,  3M Co., St. Pau l ,  Minneso ta .  
7 P o l y o x y e t h y l e n e  (4) l a u r y l  e ther ,  A t l a s  C h e m i c a l  Indus t r i e s ,  

W i l m i n g t o n ,  De laware .  

cathodic l imit ing current  densities was not general ly  
obtained, so that  5 values were  not calculated. How- 
ever, cathodic currents  were  always grea ter  in foam 
than in bubble-s t i r red  electrolyte.  An index of the 
foam effect is the ratio of cathodic oxygen reduction 
current  in foam to current  in st irred l iquid at a po- 
tential  of 0.4V with  respect to the hydrogen reference 
electrode of the anode compartment .  The foam-l iquid  
current  ratio ranged from 26 for Actrasol PSR in 4N 
KOH to low values of 3.7 for Aromox  T/12 in 2N KOH 
and 1.6 for BRIJ  30 in 4N H2SO4. At a potential  of 0.1V, 
the foam-l iquid  current  ratio for BRIJ  30 in 4N H2SO4 
increased to 3.4, whi le  the ratio for Aromox T/12 in 2N 
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Fig. 2. Current density vs. anode overpotential. Smooth platinum 

electrode; 0.1 w/o Carboxane TW-100 in 4N H2SO4; T = 23~ 
P = 1 atm; gas flow at 4 cc/min; A,  helium; Q ,  hydrogen. 
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KOH was 5.8. It should be noted that  the foam-l iquid  
current  ratio for Actrasol  PSR in 4N KOH was essen- 
t ia l ly  constant over a wide potential  range (32 at 0.65V, 
30 at 0.1V). Cathode current  density in foam ranged 
f rom 3 m A / c m  2 at 0.65V to 9 m A / c m  2 at 0.1V. Table I 
shows that  boundary layer thickness for the anode im- 
mersed in e lectrolyte  st irred by hydrogen varies be- 
tween  46 and 83t, as the flow rate  varies from 9 to 4 
cc /min  in 500 cc of liquid, i.e., as expected, smaller  5 
was associated with high flow rates. In the foam, the 
equivalent  boundary layer thicknesses are ve ry  much 
less than for the wel l - s t i r red  electrolyte,  wi th  the cal- 
culated values grouped chiefly around 3-4~ with  an 
apparent  second range of 10-14t,. 

The 3-4~ values (Table I) may  be explained in terms 
of a thin film of electrolyte  covering the electrode 
when it is in the foam. Many researchers  (3-8) have 
noted a similar increase in current  when  electrodes 
were  par t ia l ly  wi thdrawn from liquid electrolyte  into 
a gas atmosphere.  For  instance, Will  (5) has deter -  
mined that  for a par t ia l ly  wi thdrawn pla t inum elec- 
trode, the ra te-contro l l ing  step for hydrogen oxidation 
is the diffusion of the gas through a thin electrolyte  
film completely  covering the electrode. Also, Burshtein 
(4) and Mfiller (9) have optically determined the es- 
tabl ishment  of an electrolyte  film thickness on the 
order of several  microns covering an electrode par t ia l ly  
wi thdrawn from solution. Since present e lect rochemi-  
cal determinat ion indicates a mass t ransfer  layer  of a 
few microns in thickness in the foam region, it may be 
considered that  the foam acts to stabilize an electro-  
lyte  film on the electrode. Insufficient data are pres-  
ent ly  available for speculation about the interact ion 
of foamants in electrolytes which produce the 10-14~ 
range of computed layers. 

Will  (5), Bennion and Tobias (7), and Burshtein 
et al. (4) have determined that  most of the current  
on a par t ia l ly  immersed  electrode is passed in a crit ical  
reaction zone, on and near the meniscus. In the foam, 
since the electrode is completely  wi thdrawn from the 
solution, there  can be no convent ional  meniscus, and 
the more uniform film permits  more useful  electrode 
surface to be available for reaction. 

Fur the r  studies of foam conductivity,  current  distri-  
bution and applications of the foam method to elec- 
trode reactions will  be reported shortly. 
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Study of the Lithium Oxide-Nickel Oxide System. 
I. Thermodynamics of Dilute Solid Solutions 

s. Pizzini, R. Morlatti, and V. Wagner 
(pp. 915-920, Vol. 116, No. 7) 

$. Deren and G. It6gl: By measurements  of emf of 
appropriate  solid galvanic cells Pizzini et al. deter -  
mine  in their  work  the thermodynamic  propert ies of 
solid solutions of Li20 in NiP. There are some remarks  
which we would l ike to make in connection with  this 
problem. 

1. In their  work  Pizzini et al. assume the possibility 
of only one mechanism of incorporat ion of l i thium in 
an oxidizing atmosphere 

0.5 Li20 ~ 0.25 02 ~ Li ' s i  -~ Oo -t- h [1] 

As we showed in 19642 the mechanism of l i thium in- 
corporat ion is more complicated. In the region of low 
concentrat ions of l i thium, up to about 0.1 a/o, a n u m -  
ber  of phenomena have been observed which can be 
expla ined only by accepting another  mechanism of 
l i th ium incorporat ion in this concentrat ion region. The 
possible ways of formation of low-concentra t ion  solu- 
tions of Li20 in NiP  have been suggested also. 2,3 Re-  
cent studies on the emf  of the appropriate  solid cells 

1 Ins t i tu te  of Solid State  Chemis t ry ,  School of Mining  and Met-  
al lurgy,  K r ak d w ,  Poland.  

'-' A. Bielanski ,  K. Dyrek ,  Z. Kluz, J.  Sloczynski,  and T. Tohiasz, 
Bull. Acad. Polon. Sci., Set. sci. chim., 12, 657 (1964). 

3. Deren,  J.  Nowotny,  and  J.  Zi61kowski,  Bull. Acad. Polon. ScL, 
Set. sci. chim., 16, 657 (1968). 

Q 
confirmed the different behavior  of the low- and high- 
concentrat ion solutions.4. 5 

2. In our laboratory we carried out the  methodo-  
logical investigations of measurement  of solid gal- 
vanic cells given by the scheme 

P t I N i ,  N i O p u r e l l s o l i d  electrolytellNiOdoped, NilPt  [2] 

wi th  the use of the l ime-zirconia  electrolye/0.85 ZrO~ 
0.15 Cap.6 In contrast  to Pizzini we did not observe 

the drop of the voltage wi th  t ime to values close to 
zero. As may be seen f rom the data listed in our Table 
I, a ve ry  good constancy of the emf value is observed 
during the measurement  carried out for 10 hr at 900~ 

3. The suggestion of the authors ascribing the ob- 
served drop of the voltage (see above) to i r revers ible  
migrat ion of l i thium from the le f t -hand compar tment  
to the r igh t -hand one, when x2 ~ xl, is not clear to us. 
As is known, the zirconia- l ime electrolyte  is defective 
pract ical ly solely in the anion sublattice. It is possible 
that  incorrect  sintering of the electrolyte caused the 
possibility of l i thium migrat ion along the grain bound- 
aries. The reproducibi l i ty  of our results amounted to 
0.02 mV. 4.7 

4. Application by the authors of a-Li2SO4 as the solid 
electrolyte  raises the question whether ,  during heat ing 
of the samples in the course of measurements  con- 
ducted at tempera tures  570~176 the diffusion of 

4 j .  Deren  and G. R6g, Bull. Acad. Polon. Sci., Set .  sci. ehim., 16, 
491 (1968). 

J. Deren  and G. R6g, Bull. Acad. Polon. Sci., Set. sci. ehim., 17, 
327 (1969). 

~K. K iukko la  and C. Wagner ,  This Journal, 104, 308 (1957). 
G. R6g, Thesis,  K r a k 6 w ,  1970. 
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Table I. Dependence of emf of solid galvanic cells given by 
scheme 2 on the time of measurement. Lithium concentration 

e l i  ~ 2.50 a/o 

t, m i n  E M F ,  m V  

15 31,124 
30 31,123 
45 31,135 
60 31,120 
90 31,112 

120 31,126 
150 31,123 
180 31,130 
210 31,141 
240 31,130 
270 31,128 
300 31,116 
330 31,119 
360 31,125 
390 31,121 
420 31,113 
450 31,126 
480 31,124 
510 31,116 
540 31,131 
570 31,122 
600 31,121 

Table II. Activity coefficients of Li20 ( [Li20)  in solid solution 
Li20 in NiO 

fLi20 
CLI, 
a / o  700 ~ 750 ~ 800 ~ 850 ~ 900  ~ 

1 2 3 4 5 6 

0.20 0.016 0.020 0.024 0.028 0.033 
0.24 0.016 0.020 0.024 0.028 0.033 
0.30 0.016 0.020 0.024 0.028 0.033 
0.38 O ~ t 6  0.020 0.024 0.028 0,033 
0.50 0.016 0.020 0.024 0.028 0.033 
0.60 0.017 0.020 0.024 0.029 0.033 
0.80 0.017 0.020 0.024 0.029 0.034 
0.85 0.017 0.020 0.024 0.029 0.034 
1.28 0.017 0.021 0.025 0.029 0.034 
1.40 0.017 0.021 0.025 0.029 0.034 
2.00 0.018 0.021 0.026 0.030 0.035 
2.50 0.018 0.022 0.026 0.031 0.036 
3.40 0.019 0.023 0.027 0.032 0.037 

l i th ium from the electrolyte  to solid solutions of l i th-  
ium in nickel oxide did not take place. If such dif- 
fusion were  possible, the cell  would then become ir-  
reversible.  Rela t ively  poor reproducibi l i ty  of the emf 
measurements ,  5-10 mV, observed in exper iments  in 
which this value was low, up to 80 mV, may imply the 
occurrence of such processes. The studies carr ied out 
by us 5,7 on the solid cell given by the scheme 

PtlNi, NiO110.85ZRO2 + 0.15CaOI INiO, Li20, Ni /P t  [3] 

indicate that  for these tempera tures  incorporat ion of Li  
into the parent  latt ice of NiO occurs re la t ive ly  fast, 
lesul t ing  in the format ion of the appropriate  electro-  
mot ive  force. 

5. It appears f rom the paper  that  the authors regard 
solid solutions of l i th ium oxide in nickel  oxide con- 
taining below 1.5 a /o  Li as ideal solutions. Our studies 
show that  even in this concentrat ion range the solu- 
tions cannot be classified as ideal. However ,  they  be- 
have as the regular  solutions. In the region of concen-  
t ra t ion under  discussion the act ivi ty coefficients depend 
only slightly on the concentrat ion of Li incorporated, 
]t ~ f2. 7 This is i l lustrated by the data of our Table II. 
In our opinion it is due to this fact that  the Nernst  
equation 

R T  al RT  ]1Xl R T  
E = ~ In - -  = In ~-- In X l  [4] 

F a2 F f2x2 F x2 

is obeyed. 

S. Pizzini TM and It. Morlott i :  The work  of both Profes-  
sor Deren and ourselves on the l i thium oxide-nickel  
oxide system was concluded in the same month  and in- 
dependent ly  so we learned only later, unfor tuna te ly  of 
the a l te rna t ive  approach used by the authors in foot-  
note 4. 

7.~ N o w  a t  t h e  I n s t i t u t e  of  E l e c t r o c h e m i s t r y ,  U n i v e r s i t y  of M i l a n o ,  
I t a ly .  

Table I. Effect of lithium diffusion 

Li  p p m  in  the  L i  p p m  in t h e  L i  p p m  in  t h e  
e l e c t r o d e  e l e c t r o l y t e  e l e c t r o d e  

B e f o r e  t h e  e x -  
p e r i m e n t  91 - -  1860 

A f t e r  t h e  e x -  
p e r i m e n t  243 320 1430 

With regard to the first point of Professor Deren 's  
remarks,  about the possibility that  other  defect mecha-  
nisms, different f rom the pure ly  substi tutional one, 
which is described by our Eq. [1] 

0.5 Li20 H- 0.25 02-> LiNi -~- Oo ~ h'  [1] 

could be operat ive in the range of diIute solutions, we 
stress the point that  we carr ied out our measurements  
in a concentrat ion range of dissolved l i thium (XLi > 0.1 
a /o)  where  also according to footnotes 9 and 10 only the 
mechanism described by Eq. [1] is active. The omis- 
sion of comments  about other  mechanism, however ,  
could have raised some misunderstandings about the 
role of other defects, such as nickel vacancies in the 
range of the very  dilute solutions. As to the second 
point, we  would l ike to ment ion  that  the cell used by 
Deren and Rog s,]l,12 is different f rom that  used pre-  
l iminar i ly  by us, since we fitted l ime zirconia (in oxi-  
dizing atmosphere)  with two electrodes which did not 
contain any metal l ic  nickel. Table I, published here, 
which was omit ted in our paper, shows the effect of 
l i thium diffusion in the electrolyte,  after having oper-  
ated the cell for some days at 1000~ Lower  t em-  
pera ture  (900~ and excess nickel  in the reducing 
atmosphere might  wel l  be responsible for the reduced 
react iv i ty  of the system, so that  we do not see any con- 
t radict ion between our results and those of Deren and 
Rog. 

We do not exclude the possibility that  l i thium mi-  
gration could have taken place along grain boundaries,  
but this, in our opinion, has nothing to do wi th  the in- 
correct sintering of the electrolyte.  In all  polycrysta l -  
line materials,  and when  the t empera tu re  is lower or 
of the order of magni tude  of the Tamann temperature ,  
one could never  exclude contributions f rom surface or 
grain boundary migration.  Moreover,  it has been 
demonstrated recent ly  that  protons 13 could diffuse with 
the interst i t ial  mechanism in stabilized zirconia, the 
order of magni tude  of the diffusion coefficient being 
10 -6 cm 2 sec -1 at 900~ 

It seems therefore  not ent i re ly  surprising that  a 
small  size ion such as l i th ium ion is, could diffuse in 
stabilized zirconia. 

As to the other  points, it is our opinion that  it is 
ra ther  difficult to compare direct ly  our results wi th  
those of footnotes 8, 11, 12. Our results, in fact, refer  
to samples wi th  known l i th ium content  and known 
Ni :~+ content (for details see footnotes 14 and 15 as 
well  as the paper  now in discussion) which have been 
never  equi l ibrated with  metal l ic  nickel. Analysis  of 
l i th ium and Ni 3+ content  before and after  each mea-  
surement  permits  the care of the negligible influence 
of the Li2SO4 decomposit ion in oxygen atmosphere on 
the l i thium content in the electrodes and of the negl i-  
gible deviations f rom the 1:1 ratio be tween the l i thium 
added and ent i re ly  dissolved and Ni a+ found. 

Professor Deren's  results, on the contrary,  all re fer  
to samples of known l i th ium content  (but possibly not 
ent i rely dissolved) and of unknown Ni 3+ content, 

s j .  D e r e n  a n d  G. Rbg,  Bul l .  Acad .  Poton.  Sci.  (Engl . )  16, 9, 491 
(1968).  

9 j .  D e r e n  a n d  J .  Z i b l k o w s k i ,  Bul l .  Acad .  Polon .  Sci. (Engl .)  14, 7, 
443, (1966) .  

x0 A. B i e l a n s k i  a n d  J.  D e r e n ,  f r o m  " S y m p o s i u m  on e l e c t r i c  p h e -  
n o m e n a  in  c h e m i s o r p t i o n  a n d  c a t h a l i s i s  on  s e m i c o n d u c t o r s , "  K .  
Hau f f e  a n d  Th.  W o l k e n s t e i n ,  E d i t o r s ,  W. de  G r u y t e r s ,  B e r l i n  (1969).  

l l j .  D e r c n  a n d  G. Rbg,  But t .  Acad .  Poton .  Sci. (Engl .)  17, 6, 327 
(1969) .  
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which is presumably  inadequate  over  the 1:1 ratio, due 
to the presence of metal l ic  nickel. 

In our opinion, so far there  is no exper imenta l  evi-  
dence that  excess nickel  does not influence the 1:1 ratio 
wi thin  the dissolved l i th ium and localized electron 
holes (or Ni~+); one has to t reat  the solutions wi th  
and wi thout  nickel  excess as different solutions. We 
also raise some doubts on the rel iabi l i ty  of the regular  
solution approach used by Professor Deren and col- 
leagues, just  on the basis of the exper imenta l  t empera -  
ture coefficients of concentrat ion cells, calculated with  
the classical Hi ldebrand approach f rom the resul ts  
reported in footnote 12, which largely differ f rom the 
theoret ical  pure ly  configurational values. 

On the Breakdown of Passivity on Stainless Steels 
in Halide Media 

B. E. Wilde and E. Williams, (pp. 1539-1540, Vol. 116, No. 7) 

N. D. Greene TM and W. D. France,  $r.17: The authors 
explanat ion that  slight changes in crit ical  pi t t ing po- 
tentials are "related to the presence of nonionic, non-  
e lectroact ive constituents in the corrodent"  prompts  
this discussion. In our recent  study TM of the critical 
b reakdown potential,  Ec, we noted that  oxygen pro-  
duces effects different f rom other  oxidizers because its 
reduction yields hydroxide.  Oxygen reduct ion can oc- 
cur during anodic polarizat ion in aerated solutions be-  
cause of the noble redox potent ial  of the O f f O H -  
couple. As a result, the pH increases at the meta l -  
e lectrolyte  interface which shifts the breakdown po- 
tent ial  in the noble direction. 19 Thus, our theoret ical  
model  predicts that  Ec should become more noble as 
the O2 content increases. 

Our concept is qual i ta t ively  confirmed by the re-  
sults of Muel ler  and Greener.  20 The exper iments  of 
Wilde and Will iams also can be v iewed as support ing 
this mechanism, that  is, Ec is more noble in oxygenated 
solutions than in deaerated media. However ,  the 
Wilde-Wil l iams data do not exhibi t  a direct correlat ion 
be tween Ec and oxygen levels at low concentrat ions 
where  it appears that  the reported oxygen contents are 
beyond both the accuracy and repeatabi l i ty  of the 
Beckman Model 778 Process Oxygen Analyzer  21 em-  
ployed, The accuracy of this ins t rument  is l imited by 
its polarographic sensing probe to __+1%. At  the lowest  
range, 2.5 ppm, this introduces an error  of ___0.025 ppm. 
Consequently,  we would be interested in learning more 
about the author 's  measurements  of oxygen in solution, 
especially any refinements that  were  used to obtain 
the degree of accuracy reported.  

B. E. Wilde and E. Will iams: We would like to thank 
Drs. Greene and France  for their  interest  in our paper  
and their  comments. In reply, we shall  clarify the 
issues raised in two parts: 1, details regarding the 
analysis of dissolved oxygen, and 2, the effect of oxy-  
gen on the critical pi t t ing potential.  

1. Since we made no statements regarding the ac- 
curacy of our measurements  in our communication,  we 
can only assume that  Drs. Greene and France  are re-  
fer r ing in their  discussion to the sensit ivi ty 22 of the 
oxygen probe measurements .  In this regard in con- 
nection wi th  other  work, one of us (BEW) has de- 
te rmined the limits of sensit ivi ty of an identical  po- 
larographic probe to oxygen in pressurized wate r  

16 I n s t i t u t e  of M a t e r i a l s  Science,  The U n i v e r s i t y  of Connec t i cu t ,  
S tor rs ,  C o n n e c t i c u t  06268. 

17 Research  Labora to r i e s ,  General Motors  Technical Center ,  War -  
ren,  M i c h i g a n  48090. 
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the  N A C E  A n n u a l  Conference ,  Hous ton ,  Texas ,  M a r c h  1969; Corro- 
sion, 26, 1 (1970). 
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"~A. J .  Duncan ,  " Q u a l i t y  C o n t r o l  a n d  I n d u s t r i a l  S t a t i s t i c s , "  p. 
649, R i c h a r d  D. I r w i n  Inc. (1955). 

using an independent  method of analysis 23 modified 
to operate  in the range  of 0.01-0.1 ppm O2. Briefly, we 
exposed a Beckman probe to recirculat ing pure  water  
at 1200 psig, the oxygen content  of which was con- 
trolled in the range 0.01-0.1 ppm O2 by convent ional  
gas sparging techniques.  24 It was found, by using a re-  
corder connected to the Beckman amplifier output, 
that  changes in oxygen concentrat ion in the range 0.025 
to 0.05 ppm and up, could be detected, a l though the 
absolute accuracy was no bet ter  than ___25%. However ,  
in no case was a reading observed where  the  probe 
output  was not qual i ta t ive ly  related to the oxygen 
content  of the water.  That  ks, readings always re-  
flected incrementa l  increases and decreases of oxygen 
in a qual i ta t ive  manner.  As a mat te r  of interest,  the 
above correlat ion was not confined to one probe, but 
was observed on a number  of probes used throughout  
the investigation. 

In v iew of this, we  feel that  the repor ted  oxygen 
contents in our paper are qual i ta t ive ly  correct, e.g., 
more dissolved oxygen resulted after  purging with  hy-  
drogen than that resul t ing f rom argon, etc. We have 
to concede that  the absolute magni tudes  of the oxy-  
gen concentrations may be somewhat  different than 
the reported v a l u e s  at the lowest levels, but we feel 
that  this point is of minor  significance in v iew of the 
over -a l l  objectives of our communication.  

2. The purpose of our communicat ion was to draw 
attention to the fact that  exper imenta l  values of the 
crit ical  pit t ing potent ial  could vary  (in the case of Type 
430 stainless steel in 1N NaCI at 25~ from --0.185 to 
--0.035 VseE, depending on whe ther  hydrogen or oxy-  
gen, respectively,  were  employed to purge the cor-  
rodent. It was also noted that  apparent ly  such nonionic 
and nonelectroact ive  substances as argon and ni t rogen 
could also affect Ec by a significant amount  r a the r  
than a "slight change" as described by Greene and 
France.  

In an a t tempt  to explain this behavior,  we suggested 
that  (a) hydrogen could be oxidized to H + on the 
anode surface, and (b) oxygen could be reduced; these 
reactions may  account for the variat ion in Ec. More re-  
cent studies 25 have shown that  the effect of oxygen is 
due to local pH changes at the meta l / e lec t ro ly te  inter-  
face fol lowing cathodic reduct ion of oxygen, a fact 
which apparent ly  Greene and France  surmized in a 
footnote in their  recent  paper, 26 yet  overlooked in their  
conclusions regarding the correlat ion between elec- 
t rochemical  and chemical  pi t t ing tests. We could not 
and still cannot explain the effect of argon and ni t ro-  
gen. 

While there  may be some uncer ta in ty  about the ab- 
solute magni tude  of dissolved oxygen resul t ing from 
purging with  argon and hydrogen as discussed earlier, 
we feel that  two significant facts emerge  from the 
data: (a) the variat ions in Ec observed in argon and 
ni t rogen purged solutions cannot be explained on the 
oxygen content  of the solution alone and (b) more im- 
por tant ly  we have shown 27 that  the pronounced effect 
of oxygenat ion on Ec is the cause of the repor ted  lack 
of correlat ion be tween electrochemical  and chemical  
accelerated pi t t ing tests on stainless steels. 

Oxidation of C-25 w/o Cr at High Temperatures 
P. K. Kofstad and A. Z. Hed (pp. 1542-1550, Vol. 116, No. 11) 

S. Mrowee and T. Werber28: In their  interest ing pa- 
pers concerning kinetics and mechanism of oxidation of 
Co-Cr alloys, Kofstad and Hed 29-31 consider some gen- 
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which is presumably  inadequate  over  the 1:1 ratio, due 
to the presence of metal l ic  nickel. 

In our opinion, so far there  is no exper imenta l  evi-  
dence that  excess nickel  does not influence the 1:1 ratio 
wi thin  the dissolved l i th ium and localized electron 
holes (or Ni~+); one has to t reat  the solutions wi th  
and wi thout  nickel  excess as different solutions. We 
also raise some doubts on the rel iabi l i ty  of the regular  
solution approach used by Professor Deren and col- 
leagues, just  on the basis of the exper imenta l  t empera -  
ture coefficients of concentrat ion cells, calculated with  
the classical Hi ldebrand approach f rom the resul ts  
reported in footnote 12, which largely differ f rom the 
theoret ical  pure ly  configurational values. 

On the Breakdown of Passivity on Stainless Steels 
in Halide Media 

B. E. Wilde and E. Williams, (pp. 1539-1540, Vol. 116, No. 7) 

N. D. Greene TM and W. D. France,  $r.17: The authors 
explanat ion that  slight changes in crit ical  pi t t ing po- 
tentials are "related to the presence of nonionic, non-  
e lectroact ive constituents in the corrodent"  prompts  
this discussion. In our recent  study TM of the critical 
b reakdown potential,  Ec, we noted that  oxygen pro-  
duces effects different f rom other  oxidizers because its 
reduction yields hydroxide.  Oxygen reduct ion can oc- 
cur during anodic polarizat ion in aerated solutions be-  
cause of the noble redox potent ial  of the O f f O H -  
couple. As a result, the pH increases at the meta l -  
e lectrolyte  interface which shifts the breakdown po- 
tent ial  in the noble direction. 19 Thus, our theoret ical  
model  predicts that  Ec should become more noble as 
the O2 content increases. 

Our concept is qual i ta t ively  confirmed by the re-  
sults of Muel ler  and Greener.  20 The exper iments  of 
Wilde and Will iams also can be v iewed as support ing 
this mechanism, that  is, Ec is more noble in oxygenated 
solutions than in deaerated media. However ,  the 
Wilde-Wil l iams data do not exhibi t  a direct correlat ion 
be tween Ec and oxygen levels at low concentrat ions 
where  it appears that  the reported oxygen contents are 
beyond both the accuracy and repeatabi l i ty  of the 
Beckman Model 778 Process Oxygen Analyzer  21 em-  
ployed, The accuracy of this ins t rument  is l imited by 
its polarographic sensing probe to __+1%. At  the lowest  
range, 2.5 ppm, this introduces an error  of ___0.025 ppm. 
Consequently,  we would be interested in learning more 
about the author 's  measurements  of oxygen in solution, 
especially any refinements that  were  used to obtain 
the degree of accuracy reported.  

B. E. Wilde and E. Will iams: We would like to thank 
Drs. Greene and France  for their  interest  in our paper  
and their  comments. In reply, we shall  clarify the 
issues raised in two parts: 1, details regarding the 
analysis of dissolved oxygen, and 2, the effect of oxy-  
gen on the critical pi t t ing potential.  

1. Since we made no statements regarding the ac- 
curacy of our measurements  in our communication,  we 
can only assume that  Drs. Greene and France  are re-  
fer r ing in their  discussion to the sensit ivi ty 22 of the 
oxygen probe measurements .  In this regard in con- 
nection wi th  other  work, one of us (BEW) has de- 
te rmined the limits of sensit ivi ty of an identical  po- 
larographic probe to oxygen in pressurized wate r  
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using an independent  method of analysis 23 modified 
to operate  in the range  of 0.01-0.1 ppm O2. Briefly, we 
exposed a Beckman probe to recirculat ing pure  water  
at 1200 psig, the oxygen content  of which was con- 
trolled in the range 0.01-0.1 ppm O2 by convent ional  
gas sparging techniques.  24 It was found, by using a re-  
corder connected to the Beckman amplifier output, 
that  changes in oxygen concentrat ion in the range 0.025 
to 0.05 ppm and up, could be detected, a l though the 
absolute accuracy was no bet ter  than ___25%. However ,  
in no case was a reading observed where  the  probe 
output  was not qual i ta t ive ly  related to the oxygen 
content  of the water.  That  ks, readings always re-  
flected incrementa l  increases and decreases of oxygen 
in a qual i ta t ive  manner.  As a mat te r  of interest,  the 
above correlat ion was not confined to one probe, but 
was observed on a number  of probes used throughout  
the investigation. 

In v iew of this, we  feel that  the repor ted  oxygen 
contents in our paper are qual i ta t ive ly  correct, e.g., 
more dissolved oxygen resulted after  purging with  hy-  
drogen than that resul t ing f rom argon, etc. We have 
to concede that  the absolute magni tudes  of the oxy-  
gen concentrations may be somewhat  different than 
the reported v a l u e s  at the lowest levels, but we feel 
that  this point is of minor  significance in v iew of the 
over -a l l  objectives of our communication.  

2. The purpose of our communicat ion was to draw 
attention to the fact that  exper imenta l  values of the 
crit ical  pit t ing potent ial  could vary  (in the case of Type 
430 stainless steel in 1N NaCI at 25~ from --0.185 to 
--0.035 VseE, depending on whe ther  hydrogen or oxy-  
gen, respectively,  were  employed to purge the cor-  
rodent. It was also noted that  apparent ly  such nonionic 
and nonelectroact ive  substances as argon and ni t rogen 
could also affect Ec by a significant amount  r a the r  
than a "slight change" as described by Greene and 
France.  

In an a t tempt  to explain this behavior,  we suggested 
that  (a) hydrogen could be oxidized to H + on the 
anode surface, and (b) oxygen could be reduced; these 
reactions may  account for the variat ion in Ec. More re-  
cent studies 25 have shown that  the effect of oxygen is 
due to local pH changes at the meta l / e lec t ro ly te  inter-  
face fol lowing cathodic reduct ion of oxygen, a fact 
which apparent ly  Greene and France  surmized in a 
footnote in their  recent  paper, 26 yet  overlooked in their  
conclusions regarding the correlat ion between elec- 
t rochemical  and chemical  pi t t ing tests. We could not 
and still cannot explain the effect of argon and ni t ro-  
gen. 

While there  may be some uncer ta in ty  about the ab- 
solute magni tude  of dissolved oxygen resul t ing from 
purging with  argon and hydrogen as discussed earlier, 
we feel that  two significant facts emerge  from the 
data: (a) the variat ions in Ec observed in argon and 
ni t rogen purged solutions cannot be explained on the 
oxygen content  of the solution alone and (b) more im- 
por tant ly  we have shown 27 that  the pronounced effect 
of oxygenat ion on Ec is the cause of the repor ted  lack 
of correlat ion be tween electrochemical  and chemical  
accelerated pi t t ing tests on stainless steels. 

Oxidation of C-25 w/o Cr at High Temperatures 
P. K. Kofstad and A. Z. Hed (pp. 1542-1550, Vol. 116, No. 11) 

S. Mrowee and T. Werber28: In their  interest ing pa- 
pers concerning kinetics and mechanism of oxidation of 
Co-Cr alloys, Kofstad and Hed 29-31 consider some gen- 
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Fig. I. Schematic representation of limiting cases 

eral problems involved in the theory of oxidation of 
metals  and alloys. In par t icular  these authors pay 
much at tention to the mechanism of t ransport  of mat -  
ter  through the scale in the course of oxidation of 
Co-Cr alloys. This problem has been extensively  studied 
also in our laboratories. ~2-41 On the basis of model  
studies carried out on the Ag-Zn-S,  Cu-Zn-S,  Ni -Cr-S ,  
and F e - C r - S  systems we proposed a new model  for 
the mechanism of format ion of double layer, he tero-  
phase scales on binary alloys. The model  pertains to 
the systems in which the oxidation products of the 
alloy components do not form solid solutions, and the 
defect s t ructure of which is confined so!ely to the cat-  
ion sublattice. It was shown that  the heterophase scale 
grown on the alloys of this type (Cu-Zn, Fe-Cr,  Ni-Cr,  
Co-Cr, etc.) is composed as a rule of two layers: the 
outer monophase layer  and the inner heterophase layer. 
The outer  layer is buil t  of the compound of the base 
meta l  wi th  an oxidant, the base meta l  being in the 
alloys of this type the nobler  one. The inner layer on 
the other  hand is buil t  of the heterophase mix tu re  of 
compounds of both alloy components wi th  an oxidant, 
and in the case when  these compounds form the spinel 
phases, the inner scale layer  may  by tr iple  or even 
multiphase. The scales of this type show as a char-  
acteristic feature a complete  or pract ical ly complete 
lack of the plastic flow of the reaction products, 
which is reflected in the characterist ic morphologic 
cross section of the scale. The boundary between the 
two scale layer corresponds, i r respect ive of the re-  
action t ime and the shape and size of the e lement  
under oxidation, to the initial surface of the alloy 
specimen. Another  proof of the lack of the plastic 
flow of the scale is provided by the location of a 
marker ,  which, i r respect ively  of the reaction time, i.e., 
of the scale thickness, is found at the boundary be- 
tween the two scale layers. On the other  hand in the 
case of monophase .scales on pure metals, or on alloys, 
the scale in the region of flat surfaces undergoes con- 
siderable plastic deformation, resul t ing in the shift 
of the marke r  together  wi th  the scale toward the  me-  
tallic core. The two l imit ing cases ment ioned above are 
i l lustrated schematical ly in Fig. 1. 

Lack of plastic flow in the case of the heterophase 
scale on alloys constitutes the main reason for the dif-  
ferent  mechanism of the scale format ion in this case 
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Fig. 2. Schematic representation of outward lattice diffusion of 
the basis metal and of inward diffusion of the oxidant. 

as compared with  the mechanism of format ion of the 
monophase scales. The islets of phase BX formed on 
the core surface made impossible, pract ical ly  from 
the first moments  of the reaction, preservat ion  of the 
full  contact be tween outer  AX layer  and the metal l ic  
core. This leads to dissociative decomposit ion of the 
outer layer, which occurs main ly  along the perpen-  
dicular  to the core grain boundaries  of the scale crys-  
tals. Since dissociation commences in the case under  
discussion pract ical ly instantaneously after  formation 
of the pr imary  outer  layer, the anisotropic decom- 
position results in the instantaneous destruct ion of the 
layer  compactness in its ent i re  cross section. Fur ther  
growth of the scale proceeds then due to the outward 
latt ice diffusion of the basis meta l  A and the inward 
diffusion of the oxidant  as shown schematical ly in 
Fig. 2. As ment ioned above the dissociative model  of 
the mechanism governing formation of the double-  
layer heterophase scales on alloys, is based on the re-  
sults of model  exper iments  carr ied out wi th  the usc 
of radioact ive isotope of sulfur  35S.32-41 Veraci ty  of this 
model  wi th  respect to oxide scales was confirmed in 
exper iments  with the use of the stable isotope of oxy-  
gen 180.42 

Extensive studies by Hed and Kofstad concerning 
morphologic .structure of heterophase scales on Co-Cr 
alloys allow one to suppose that  the mechanism of 
format ion of these scales is in accordance wi th  the dis- 
sociative model  proposed by Brtickman, Mrowec, and 
Werber,  Fig. 2. Such a conclusion is supported par t icu-  
lar ly by the fact that  the boundary  be tween the two 
scale layers corresponds to the ini t ial  surface of the al-  
loy. In contradiction to Hed and Kofstad's suggestions 
we believe that  this fact implies the absence of the 
plastic flow of the  scale. Fur the r  proof for the dissoci- 
at ive mechanism of format ion of the scales under  con- 
sideration is provided by the porosity of both scale 
layers observed by Hed and Kofstad. They indeed 
ascribe the porosity of the outer  layer to the existence 
of the dissociative mechanism; however ,  they  do not 
draw consistent conclusions from this fact. The works 
of Hed and Kofstad contain a number  of exper imenta l  
proofs confirming the dissociative mechanism proposed 
by us. Some of their  facts cannot even be explained 
satisfactorily in terms of the other  theories. In par-  
t icular  these authors have shown the presence in the  
outer  scale layer of micropores situated perpendicular  
to the core, grouped mainly  along grain boundaries 
(Fig. 1429 and Fig. 13a31). A fur ther  exper imenta l  fact 

which has not been explained satisfactorily consists 
of the formation at the corners of the alloy sample  
Co-25% Cr, oxidated at low pressures of oxygen, of 
the heterophase scale, whereas  at the same t ime in the 
region of flat surfaces the monophase scale composed 
of chromic oxide was observed. Such a s tructure of 
the scale results evident ly  from the dissociative 
mechanism. At  the  sample corners namely, plastic 

4J A. Br~ckrnan ,  S. Mrowec ,  and  P. Emer i ch ,  Oxidation of Metals, 
To be pub l i shed .  
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deformations of the  monophase scale are considerably 
hindered owing to geometr ical  r igidi ty  of the sys- 
tem. :~4-~9 Therefore  in this region anisotropic dissocia-. 
tion leads pract ical ly instantaneously to the destruction 
of the compactness of the p r imary  Cr.~Oz-layer and 
consequently to the formation of the heterophase scale. 
In the region of the flat surface on the other  hand, the 
monophase scale is subjected to plastic deformations,  
which ensures its considerably longer contact with the 
metal l ic  core, and thus good compactness of the scale 
during the longer reaction time. 

We would like to conclude that  the resul t s  of the 
studies by Kofstad and Hed may  be readi ly  in ter-  
preted in terms of the dissociative model  of the 
mechanism governing formation of heterophase scales 
Gn binary alloys. 

Solid Ionics--Solid Electrolyte Cells 

T. Takahashi and O. Yamamoto (pp. 1-5, Vol. 117, No. D 

G. Pistoia and B. Scrosati43: The authors repor t  that  
the x - r ay  diffraction pat tern  of RbAg4I~, prepared  ac- 
cording to the method described by Owens and Ar-  
gue, 44 showed latt ice paramete r  identical  with that  re -  
ported in l i terature.  Nevertheless  the authors found a 
RbAg415 specific conduct ivi ty  of 0.170 ohm -1 cm -~, a 
value  which is 0.090 ohm -1 cm -1 less than that  found 
by Oxley and Humphrey.  45 Since this difference in 
conductivity values cannot cer ta inly be included in the 
exper imenta l  errors, do the authors have some ex-  
planation for their  low conduct ivi ty  data? In this re-  
spect it may be useful to report  an observat ion made 
in our laboratory when  measur ing the specific con- 
duct ivi ty  of RbAg415 pellets in function of the com- 
pression pressure. We found that  the conductivi ty 
depends to a certain extent  on the compression pres-  
sure of the electrolyte  pellets. 46 Since Takahashi  and 
Yamamoto report  that  the electrolyte  pellets utilized 
in their  solid s ta te  cells were  compressed at 5 tons /  
cm 2, it seems reasonable to bel ieve that  also the pellets 
for the conduct ivi ty  measurements  were  compressed 
at the same pressure. If this assumption is valid, the 
re la t ive ly  low conduct ivi ty  value found by the authors 
may  find its explanat ion since we have  found that  at 
5 tons/cm" the RbAg415 conduct ivi ty  is of the order 
of 0.178 ohm -1 cm-1.  

For  a cell using a mix tu re  of Te,RbAg4Is,Ag2Te and 
graphi te  as cathode, the authors claim an internal  re -  
sistance of 1 ohm at room temperature .  F rom the cell 
discharge curves, reported in Fig. 8 of the paper, how-  
ever, the internal  resistance results in average to be 
of the order of 15 ohms, a value which seems to be 
more realistic. 

Fur thermore ,  f rom the polarization curve at 25~ of 
Fig. 3 it results that  at 10 m A / c m  2 the anodic polariza-  
tion becomes severe. Nevertheless  flat discharge curves 
at 10 m A / c m  2 are reported in Fig. 9. It  seems very  
difficult to give an explanat ion of this point unless con- 
sidering that the charging process has some depolariz-  
ing effect on the anode. 

In conclusion our opinion is that  the work  of Pro-  
fessors Takahashi  and Yamamoto is interest ing because 
it shows the feasibil i ty of selenium and te l lu r ium as 
cathode mater ia ls  in RbAg415 solid e lectrolyte  cells, 
and therefore  we would appreciate  some comments  on 
the re la t ive ly  low value  of the conduct ivi ty  of the 
electrolyte,  on the discrepancy be tween  the reported 
in ternal  resistance va lue  and the one der ived from 
the discharge curves, and finally, on the discharge 
curves at 10 m A / c m  2. 

T. Takahashi:  The difference be tween  the conduc- 
t iv i ty  values of RbAg415 measured by us and by Oxley  

~3 I s t i t u t o  Chimico ,  U n i v e r s i t ~  d i  Roma,  Rome,  I ta ly .  
~ B. B. O w e n s  and  G:  R. A r g u e ,  Science, 157, 308 (1967). 
4~j. E. Ox ley  and  J.  R. H u m p h r e y ,  A t o m i c s  Int .  F i n a l  Repor t ,  

J u l y  22-Oct.  22, 1968. 
46 S u b m i t t e d  fo r  p u b l i c a t i o n  to  This Journal. 

and Humphrey  seems to be due to the difference of 
the state of the electrode used. We used a silver plate 
as the electrode whi le  Oxley used a mix tu re  of si lver 
powder  and RbAg4Is. This sort of discrepancy in con- 
duct ivi ty  value has been pointed out by Owens and 
Argue 47 comparing their  value  wi th  that  obtained by 
Bradley and Greene. 4s We have obtained a conductivi ty 
value of 0.24 ohm-cm -1 at 25~ using the mix tu re  of 
si lver powder  ond RbAg415 as electrode. This value is 
somewhat  smaller  than that  obtained by Oxley, and 
this is considered to be due to the difference of the 
contact resistance be tween  the electrode and the elec- 
t rolyte  and the difference of the moulding pressure of 
the specimen as pointed out by Professor Scrosati. 

The internal  resistance 1 ohm of the cell A g /  
RbAg~IJTe ,  RbAg4Is, graphite was the value  measured 
by 1,000 Hz a-c bridge, and the internal  resistance ob- 
tainable by Fig. 8 should be higher  than 1 ohm owing 
to the polarizat ion resistance at anode and cathode 
being added. The value  of the resistance measured by 
the in te r rupter  method was 1 ohm. 

In the anode polarization measurement  shown in 
Fig. 3, the si lver plate electrode was used, whi le  in the 
cell shown in Fig. 9, a mix tu re  of si lver powder  and 
RbAg4I,~ was used as the electrode. This is the reason 
why  the appreciable polarization was not found in the 
case of Fig. 9 at the apparent  current  density of 10 
m A / c m  2. 

Galvanostatic Overpotential Transients and 
Electrocrystallization Processes on Copper Single 

Crystals in Solutions of Cupric Perchlorate 

L. H. Jenkins (pp. 630-640, Vol. 117, No. 5) 

R. Pionte l l i ,  B. Rivol ta ,  49 G. Pol i ,  5~ and G. Serra- 
valleS~: The systematic work  on the single crystal  
electrodes carr ied out by Dr. Jenkins,  wi th  the aim of 
throwing some light on the dark mys te ry  of the ki-  
netics and morphology of the electrocrystal l izat ion and 
electrodemoli t ion processes of metals, is ful ly  acknowl-  
edged. No doubt, the use of single crystal  electrodes is 
an indispensable step in v iew of any true progress 
along this route. 

The very  extensive research work  carr ied out here  in 
this field 52 has clearly shown, however ,  the difficulties 
encountered in controlling: (a) the na ture  and density 
of the defects interest ing the electrode surface, and 
(b) the surface states. 

As a mat te r  of fact, the most careful ly  prepared 
surfaces appear to be especially sensitive to the various 
contaminat ion sources, arising not only f rom the prep-  
arat ion and handling of the electrodes, but  f rom traces 
of organic mat te r  on the walls of the measurement  
cells or present  in the  solution. 

The influence of the ensuing contaminat ion may con- 
cern both morphology and kinetic laws (especially 
in the low current  density range) .  It is a predominant  
source of the appearance of t ransient  overvol tage 
max ima  in galvanostat ic  conditions wi th  single crystal  
electrodes and especially wi th  perchlorate  baths. 

Overvol tage  max ima  have been observed by us too 
at the start  of our work:  (a) in the deposition on 
foreign cathodes, 5~ and (b) in anodic and cathodic ex-  
change processes of the ions of the electrode metal.  

A test of credibi l i ty  for the meaning of these phe-  
nomena appeared to us to be the quite regular  obedi- 
ence to the (general ized) Tafel- law.  

We noticed moreover  a conspicuous influence of the 
anion, a point deserving successive comments.  

17 B. B. Owens  and  G. R. Argue ,  Science, 157, 308 (1967). 
4s J. N. B r a d l e y  and  P. D. G r e e n e ,  Trans. Faraday Soc., 63, 424 

(1967). 
~o L a b o r a t o r y  of P h y s i c a l  C h e m i s t r y ,  M i l a n  Po ly t echn i c ,  Mi lan ,  

I ta ly .  
~o U n i v e r s i t y  of Pisa ,  P isa ,  I t a ly .  
~i U n i v e r s i t y  of P a l e r m o ,  Pa l e rmo ,  I ta ly .  
a2 Fo r  an  e x t e n s i v e  l i t e r a t u r e  u n t i l  1965 see R. P i o n t e l l i ,  Electro- 

chim. Metallorum, 1, 5 (1966), 
a~ See in  p a r t i c u l a r  R. P i o n t e l l i  a n d  M. Guerc i ,  CITCE:  C.R. 2 me 

R 6 u n i o n  (Mi lan  1950); M i l a n  1961, p. 149. 
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For (b), however,  the decisive progress in exper i -  
menta l  techniques, successively attained here '~4 have 
led to the systematic disappearance of the max ima  
from our oscillographic recordings, together  wi th  a 
strong reduction of the quasi-s teady overvoltages.  

Among the necessary cares, we recall:  (i) the use of 
only glass-metal  cells, whose form and interior  wal l -  
surface must  allow a very  radical cleaning before use, 
and (ii) the prolonged galvanic prepurification of the 
solution '~'~ in a separate compar tment  of the cell, f rom 
which the solution may  be successively introduced (by 
inert  gas pressure) in the measurement  compartment ,  
where  the electrode has been previously placed, in ac- 
curately controlled surface conditions. 

For the Cu/Cu(C104)2 electrodes, the Jenkins  result  
may be compared with  those obtained here, with the 
techniques above, by G. Poli  and B. Rivol ta .~ 

The bath utilized by Poli and Rivolta  was Cu (CLOD 2 
0.5M ~- HC104 1M [for Jenkins :Cu(C104)2 0.2M; pH 1] 
and the explored c.d. range 2-100 A / m  2 (instead of 
0.01-4 A / m  2 for Jenkins.  

Our exper iments  57 indicate: 

1. d issymmetry  be tween anodic and cathodic over-  
voltages (higher for the last) on all of the studied 
orientations: (111), (110), (100) (in the Jenkins  
exper iments  only for (111)) ; 

2. the anodic quasi-s teady cathodic overvol tages de- 
crease in the order:  (100) > (111) ~ (110) ac- 
cording to both Jenkins  and our exper iments ;  

3. on the cathodic side, at c.d. lower than about 40 
A / m  -~ the overvoltages (in absolute value) de- 
crease in the order (100) ~ (111) ~ (110), while,  
in the c.d. range over  40 A / m  2, the order is (111) 

(100) > (110); while  Jenkins  finds (100) 
(110) ~ (111); 

4. for (100), at 2 A / m  2, the quasi-s teady anodic over -  
voltage lies in the range of 3 mV, while the oscil- 
lographic records of Jenkins  at 1.5 A / m  e , indicate 
overvol tages in the order  of 35 mV. 

Again for (111), at 2 A / m  2, the anodie and cathodic 
quasi-s teady overvol tages  lie in the range of 1.2 and 
1.4 mV, respectively,  as compared with  values in the 
order of 25 mV at 1.5 A/m2 for Jenkins.  

Jenkins  finds moreover  at this c.d. t ransient  maxima:  
for (100) in the order of 50 mV, and for (111) 38 mV 
on the anodic side and --33 mV on the cathodic one. 

In our experiments ,  the above ment ioned cares lead 
to a total  disappearance of the t ransient  maxima,  pre-  
viously found by us also. ~s 

Of course we do not exclude the occurrence of t ransi-  
ent overvol tage  maxima (sometimes strong) in cases 
in which nucleat ion may  assume a kinet ical ly very  
decisive role, for instance on foreign cathodes in the 
absence of alloy formation, or on near ly  ideal surfaces. 
Quite modest  maxima may  be foreseen in various con- 
ditions. One may  thus consider the hypothesis the sur-  
faces invest igated by Jenkins  to be ideally flat. 

On the basis of our results, concerning not only Cu 
but also Ag, Pb, Cd and other single crystal  electrodes, 
however ,  we are forced to consider the in tervent ion 
of contaminat ion sources in a part  at least of these 
results. 

~ R. P ion te l l i ,  G. S e r r ava l l e ,  and  G. Poli ,  Rend. Accad. Lincei, 25, 
431 (1958}; R. P i o n t e l l i  and  G. Pol l .  Rend. Ist. Lomb.,  92{A), 601 
(1958). 

F o l l o w i n g  our  pu r i f i ca t i on  pol icy ,  the  p r o l o n g e d  e lec t ro lys i s  is 
ca r r i ed  ou t  a t  low c u r r e n t - d e n s i t y  w i t h  ca thodes ,  or b o t h  elec-  
t rodes ,  of the  same m e t a l  to be u t i l i z ed  in  the  m e a s u r e m e n t .  The  
e spec ia l ly  good r e su l t s  t h u s  o b t a i n e d  m a y  be c red i t ed  to the  p ro-  
g re s s ive  e l i m i n a t i o n  (by a d s o r p t i o n  and  occlus ion)  at  leas t  of those  
c o n t a m i n a t i o n  sources,  and  also of oxygen ,  in  r e spec t  of w h i c h  the  
m e a s u r e m e n t  e lec t rode  m a y  r e s u l t  speci f ica l ly  sens i t ive .  

~6 Rend. Ist. Lomb. ,  93, 262 (1959). 
~7 In  all  of these  e x p e r i m e n t s  the  e lec t rode  su r faces  e x a m i n e d  by  

e lec t ron  d i f f r ac t ion  gave  v e r y  n e a t  K i k u c h i  l i ne s  w h i l e  the  de t a i l s  
of the  d i f f r a c t o g r a m s  conf i rm the  sur faces  are u s u a l l y  e x e m p t  f r o m  
a n y  d i s t o r t i o n  or c o v e r i n g  f i lms and  are smooth .  

~ The  in f luence  of the  p r epu r i f i e a t i on  is d i f f e ren t  fo r  the  d i f f e ren t  
o r i en ta t ions ,  b e i n g  de f in i t e ly  g r e a t e r  for  (100), t h a t  is, the  o r i en t a -  
t i on  c o r r e s p o n d i n g  to  the  h i g h e s t  ove rvo l t ages ,  a r e s u l t  w h i c h  ap-  
pea rs  to be in  l i ne  w i t h  ou r  g e n e r a l  v i e w s  on the  k ine t i c s  of the  
e lec t rode  processes.  

A special comment  appears to deserve the influence 
exerted, in this field, too, l ike every  one of the electro- 
chemistry of metals 59 by anions. ~~ 

In the usual inorganic-anion series, the perchlorate  
baths utilized by Jenkins  and by Poli and Rivolta, 
among the various investigated, are quite  peculiar.  In 
these baths the highest quas i -permanent  galvanostatic 
overvoltages and transient  maxima are encountered 
as a rule; moreover,  the baths themselves are especial-  
ly sensitive to the prepurification policy. 

The last in this case leads to the strongest (absolute 
and relat ive) reduct ion of these effects. 

One could attempt,  of course, simply correlat ing the 
high quasi-s teady overvol tages  with the high transi-  
ents by admit t ing a direct  inhibi t ive influence of the 
perchlorate  ions themselves.  

This does not explain the influence of the purifica- 
tion policy. On the contrary, the general  phenomenolo-  
gical results and the comparison with the other anions 
(among which chlorides are, in general, at the opposite 
extreme,  as well  known in corrosion),  appear to sug- 
gest a more convincing explanation.  

Due to thei r  want  of selective adsorption on the 
electrode surface, perchlorate  anions are also ~he less 
able to exert  a "compet i t ive  adsorption, TM by which 
the anions may displace from the electrode surfaces 
the contamination sources or other  adsorbed species. 6" 

In our opinion, the differences in the sensit ivity of 
the different baths in respect to the purification policy 
is the most convincing evidence of the importance the 
competi t ive adsorption may  assume in deciding the 
influence of anions in the kinetics of electrode pro-  
cesses (ei ther anodic or cathodic) .  

L. H. Jenkins:  It was an awareness of the pioneering 
work  of Professors Piontelli ,  Poli, Rivolta, and Ser ra -  
valle which aided in the decision of the Surface Studies 
Group at Oak Ridge National  Laboratory  to invest igate 
electrocrystal l ization phenomena as a means of under -  
standing the effects of s t ructure on the react ivi ty  of 
metal  surfaces. Since much of the group effort has 
been concerned with  other  than electrochemical  phe-  
nomena, it might  be useful to call at tention to some 
of this work. Members  of the group were  the first to 
grow metall ic crystals (copper) wi th  a dislocation 
density conclusively proven to be as low as ~ 50 cm -2. 
F rom crystals of such high perfection it was possible 
to obtain Borrmann x - r a y  transmission stereotopo- 
graphs and to demonstra te  a correspondence between 
dislocation images in the topographs and etch pits at 
sites where  dislocations intersected specimen surfaces. ~:~ 
The use of electron microscopy of surface replicas ~4,~'~ 
and in terference and phase-contras t  optical micros- 
copy, 86,6~ as well  as neutron i rradiat ion hardening as 
an aid in handling and manipula t ing samples,6S are 
some of the many techniques rout inely used by the 
group. The group's abili ty to prepare  specifically ori- 
ented surfaces and to characterize them in terms of 
their  s t ructure is well  documented.66,67,69,To Therefore,  

: '~ P ion te l l i ,  CITCE:  C.R. 2 m~ R. (Milan 1950l M i l a n  1951, p. 
185; Z. Elektrochem.,  55, 128 (1951); Corrosion, 9, 115 (1953). 

~ For  Cu, howeve r ,  on the  ca thod ic  side, the  o v e r v o l t a g e s  are a 
l i t t l e  g r ea t e r  in su l fa te  ba th  t h a n  in  pe rch lo ra te ,  a r e su l t  t ha t  m a y  
ind ica t e  an i n h i b i t i v e  in f luence  of the  su l fa te  ion. Th i s  las t  hy-  
po thes i s  f inds suppo r t  in the  s y s t e m a t i c  s t u d y  ca r r i ed  ou t  here  on 
the  in f luence  of a d d i t i o n  of n e u t r a l  sa l ts  i n c l u d i n g  p o t a s s i u m  sul -  
fate. Also the  in f luence  of the  " f r e e "  ac id  in  su l fa te  ba ths  could  
t hus  f ind a pa r t i a l  exp l ana t i on .  

~ R. P i o n t e l l i  and  G. Se r r ava l l e ,  Z. Elektrochem.,  62, 759 (1958); 
R. P ion te l l i ,  Electrochim. Metallorum, 1, 5 (1966). 

~ We cons ide r  th i s  one of the  m a i n  reasons  w h y  ch lo r ides  m a y  
be t hus  e f fec t ive  in  p r e v e n t i n g  and  d e s t r o y i n g  p a s s i v a t i o n  and  
pass iv i ty .  

F. W. Young,  Jr . ,  " C r y s t a l  G r o w t h , "  H. Stef fen  Peiser ,  Edi tor ,  
pp. 789-800, P e r g a m o n  Press ,  New York  (1967). 

~4 L. H. J e n k i n s ,  This Journal, 107, 371 (1960). 
CnL. D. Hule t t ,  Jr .  and  F. W. Young ,  Jr . ,  This Journal, 113, 410 

(1966). 
~ L .  D. Hule t t ,  Jr .  and  F. W. Young ,  Jr . ,  J. Phys. Chem. Solids, 

26, 1287 (1965). 
~T U. Bertocci ,  L. D. Hu le t t ,  Jr. ,  and  L. H. J e n k i n s ,  This Journal, 

110, 1190 (1963). 
~ F .  W. Young ,  Jr .  and  J.  R. Savage ,  J. Appl.  Phys.,  35, 1917 

(1964). 
~gU. Ber tocc i  and  T. S. Noggle ,  Rev.  Sci. Inst., 37, 1750 (1966). 
ro U. Ber tocci ,  C. Ber tocci ,  and  F. W. Young,  Jr . ,  J. Appl.  Phys. ,  

40, 1674 (1969). 
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it does not appear unjustified to conclude that  the 
surfaces discussed here were  except ional ly  wel l  char-  
acterized in terms of the density and nature  of the 
defects intersecting the electrode surface. No comment  
can be made regarding control of "surface states" since 
the meaning of the t e rm used by Piontel l i  et al. is not 
clear in this context. 

As for the exper imenta l  systems, we also have noted 
a pronounced "anion effect." If  nothing else, the ob- 
servations demonstra te  quite  conclusively that  the 
usual model  of adatoms diffusing over  a bare surface 
to monatomic steps is inappropr ia te ly  simplistic. All  
surface processes must  be affected by the water,  anions, 
adatoms, etc., on the electrode surface. However ,  it is 
difficult to say more than that  it is possible impuri t ies  
adsorbed in sufficient quant i ty  at significant sites 
should contribute to the effect. Moreover,  the concept 
of selective or compet i t ive  adsorption in solutions as- 
sumed to contain minute  quanti t ies of unidentified im-  
purit ies is such a general  a rgument  that  it is of l imited 
usefulness. From completely reasonable assumptions 
of values for adsorption coefficients, number  of sites, 
impur i ty  levels in solution, etc., it can be used to 
demonstra te  that (a) no system can be proper ly  pur i -  
fied, or (b) any system is sufficiently pure unless con- 
taining a measurable  quant i ty  of specific inhibitors, or 
(c) any stage between these two extremes is a proper  
description. This concept applied to data obtained in 
"clean" systems at different laboratories does have the 
v i r tue  of supplying a vague, nonspecific means for 
rat ionalizat ion of conflicting results. 

In the work  under  discussion here very  careful  pre-  
cautions were  taken to ensure the cleanliness of all 
components of the system.71 Certain aspects of the 
exper imenta l  results  such as the quant i ta t ive  relat ion-  
ships between the extent  of deposition and t ime- to -  
formation of maxima,  long- l ived aspects of this depo- 
sition anomaly, a symmet ry  of cathodic and anodic 
branches of the (321) and (111) current  vs. potent ial  
relationships, as well  as the near  coincidence of their  
cathodic values, symmet ry  of the two processes on the 
(100) and (110), and other  data and arguments  pre-  
sented in the paper led to the conclusion that  in this 
case max ima  could not result  f rom impuri t ies  adsorbed 
on the crystal  surfaces. As a mat te r  of fact, much of 
the earl ier  stages of invest igat ion not reported in the 
paper were  spent establishing the fact that  use of all 
the cleaning techniques of Piontel l i  et al., did not el imi-  
nate maxima from these systems. In a t tempt ing to 
understand this discrepancy the following observations 
were  made:  

1. Maxima were  ex t remely  sensitive to the presence 
of dissolved oxygen and were  al tered when absolutely 
all oxygen was removed.  This phenomenon could be 
understood on the basis that, by oxidizing the cuprous 
ions to cupric, equi l ibr ium was destroyed in a system 
in which the observed overvol tage was ex t remely  sen- 
sitive to the cuprous ion concentrat ion (see Eq. [8] in 
original  text ) .  Moreover,  it was demonstra ted 72 that  
while  singular orientations of copper crystals reacted 
completely  uni formly over the surface when the sole 
dr iving force for the reaction was an applied externa l  
emf, the same systems undergoing corrosion at re-  
action rates even an order  of magni tude  greater  due 
to the reactions 

VlL. H. J e n k i n s  and  J. O. S t i eg le r ,  This Journal, 109, 467 (1962), 
72 L. H. Jenkins ,  This Journal, 113, 75 (1966). 
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1 
- - O 2  + H20 + 2Cu+ ~:~ 2Cu ++ ~- 2 O H -  [1] 
2 

Cu + + + Cu ~ ~=~ 2Cu + [2] 

were  not uni formly  at tacked over the surface. There-  
fore, it was concluded that  nonuniform attack due to 
corrosion and the concomitant  effects on interfacial  
cuprous ion activities, at the very  least, affected the 
format ion of maxima in oxygen-conta in ing  systems. 
However ,  it was soon established that  the complete 
removal  of dissolved oxygen changed the absolute 
values of observed maxima,  but  did not cause them 
to disappear. 

2. Nevertheless,  after many  measurements  at current  
densities in excess of ,~ 1 m A / c m  -2 had been made on 
any one surface it was observed that  overvol tage  
values decreased markedly.  Ini t ia l ly  this was assumed 
to be due to an a t tendant  increase in surface area. 
However ,  examinat ion of such surfaces by optical and 
surface replicat ion electron microscopy revealed that  
no change in surface area had occurred, but  ra ther  that  
the steps ini t ial ly evenly  distr ibuted over  electro-  
polished surfaces due to even slight (~0.1 ~ misori-  
entations f rom low- index  planes had interacted and 
bunched into ledges and facets. This suggested that  in 
systems ini t ial ly at equi l ibr ium overvol tages  were  
ex t remely  sensitive to the a r rangement  and distr ibu- 
tion of steps over  a surface. Extens ive  investigations 
of various step distributions on different orientat ions 
of copper crystals in solutions of copper sulfate un-  
equivocal ly  confirmed this to be the case. 73 

It is wel l  known and easily demonstra ted that  on an 
electropolished copper surface in ei ther perchlora te  or 
sulfate solutions a current  of 10 m A / c m  -2 flowing for 
as li t t le as 5 sec will  produce a change in surface struc- 
ture sufficient to be easily observable wi th  an optical 
microscope. Therefore,  when  extensive data are ob- 
tained in such systems at current  densities >1 m A / c m  -2 

they are f rom surfaces whose structures are changing 
constantly during the course of observations. Because 
of the deposition anomaly demonstra ted in the paper  
under  discussion, this is par t icular ly  t rue  of surfaces 
on which measurements  have resulted in a net  deposi- 
tion, an observation confirmed by the results of Bock-  
ris and Enyo. 74 Moreover,  as facet and ledge format ion 
increase, the overvol tage  decreases marked ly  even 
though the facet ing is to a degree much too small to 
alter the surface area. 73 Also, it is wel l  known that  
max ima  decrease wi th  the overvol tage  such that  at 

10 mV they are quite small and slow both to form 
< 

and decay. This last fact seems to be acknowledged by 
Piontel l i  et al. who refer  to their  observed overvol tages 
as "quasi-s teady."  

For all these reasons it seems complete ly  justifiable 
to conclude that  the exper imenta l  data of all the many  
researchers discussed here were  obtained from "clean" 
systems. As concluded in the paper under  discussion 
and confirmed by work  cur ren t ly  in press, 73 it seems 
to the author  that  exper imenta l  evidence supports the 
opinion that many  of the differing results obtained in 
various laboratories reflect differences in surface struc- 
tures yielding the data ra ther  than indeterminate  dif-  
ferences in i l l-defined trace impur i ty  levels. 

.~a L. H. J e n k i n s  and  R. B. D u r h a m ,  This Journal, 117, 1506 (1970). 
r~ j .  O'M. Bock r i s  a n d  M. Enyo,  Trans. Faraday Soc., 58, 1187 

(1962). 
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ABSTRACT 

Double salts, formed by the combinat ion of silver iodide with te t raa lkyl -  
ammonium iodide salts, have been found to exhibit  very high ionic mobili t ies 
in the solid state over the temperature  range from I00 ~ down to --50~ In 
the system AgI-d ie thy ld imethy lammonium iodide, the composition dependence 
of the ionic conductivi ty at 22~ passes through a max imum value of 0.06 
( o h m - c m ) - i  at a composition of 87 m/o (mole per cent) AgI. Results are 
presented for a number  of related salts in the silver t e t raa lky lammonium 
iodide class. 

Takahashi and Yamamoto (1-6) have extensively 
investigated the electrolyte Ag3SI and the solid elec- 
trolyte cell Ag/Ag3SI/I2. This system has been of 
especial interest  because the electrolyte has a specific 
electrical conductivi ty of 0.01 (ohm-cm) -1 at 20~ 
orders of magni tude more conductive than most other 
solid electrolytes at ambient  temperatures.  However, 
this electrolyte has the disadvantage of a low decom- 
position emf (7). Another  solid-state bat tery  was re-  
ported by Gutmann,  Hermann,  and Rembaum (8); 
however, no completely dry, h igh-conduct ivi ty  solid 
electrolyte was reported, and the cell discharge reac- 
t ion has recently been re-evaluated  (9). 

The highly conducting group of salts KAg4I~, 
RbAg4Is, and NH4Ag415 was more recently reported to 
have ionic conductivities of 0.2 ( o h m - c m ) - i  at 20~ 
(10, 11). This group of electrolytes suffers from a ther-  
modynamic instabi l i ty  at 20~ with respect to the 
reaction 

2MAg415--> M2AgI3 + 7AgI [1] 

where M = K, Rb, or NH4 (10, 12). The MAg415 elec- 
trolytes can be quenched in at very low temperatures;  
however, at temperatures  near  to or below ambient  
they may decompose, according to Eq. [1], in the pres- 
ence of H20 vapor or upon being ground. 

Because of the number  of silver halide or silver 
halide containing salts that  exist in  structures that 
permit  high Ag + ion mobility, it appeared that new 
high-conduct ivi ty  solid electrolytes would be complex 
salts of the type MX.nAgI  where MX represents an 
unspecified salt and n is the mole ratio of AgI to MX 
in the conducting compound. In  considering other 
iodide salts that might form high-conduct ivi ty  prod- 
ucts with AgI, substi tuted ammonium iodide com- 
pounds were investigated (13). The ini t ial  successful 
experiments  on this group were carried out prior to 
Bradley and Greene's conflicting report  that Me4NI did 
not combine with AgI to form a conductive product  
(10). The present  paper reports the properties of high-  

* Electrochemical  Society Act ive  Member.  
K ey  words:  conductivi ty,  qua te rna ry  a m m o n i u m  iodide, silver 

iodide, solid electrolyte, solid-state electrochemistry,  substi tuted 
a m m o n i u m  iodide, t e t r aa lky lammonium iodide. 

conductivi ty solid electrolytes formed by the combina-  
tion of silver iodide with the t e t raa lky lammonium 
iodides. 

The new set of solid electrolytes has ionic conduc- 
tivities of 0.01-0.06 ( o h m - c m ) - i  at 20~ Furthermore,  
these materials appear to be thermodynamical ly  stable 
at subambient  temperatures,  and as such they repre-  
sent the most conductive stable solid electrolytes 
known at temperatures  below 25~ 

Experimental 
Materials.--The qua te rnary  t e t raa lky lammonium 

iodide salts (QI) were obtained from Eastman Kodak 
or prepared from the ter t iary  amines and the alkyl 
iodide; the silver iodide was supplied by Mall inckrodt 
Chemical. The double salts were prepared by the com- 
binat ion reaction 

QI + n AgI --> QAgnIn+l [2] 

where  n is the mole ratio of AgI to QI. 
The reactants were in t imate ly  mixed, compacted, 

and then annealed in closed Pyrex vessels under  an 
inert  Ar atmosphere at elevated temperatures  ranging 
from 125 ~ to 165~ Multiple compactions and anneals 
were carried out to permit  the system to come to equi-  
l ibrium. 

Alternate ly  the products were prepared by adding a 
small  amount  of H20 to the reactants  to form a paste. 
This material  was vacuum dried at 80~ ground, 
pelletized, and then annealed at 120~ for 8-16 hr  in a 
sealed tube under  an Ar atmosphere. The compaction 
and anneal ing were repeated once. 

Compositions were prepared with n values varying  
from 0 to about 20. The conductivities of these composi- 
tions were determined and from the variat ion in con- 
ductivi ty with composition the approximate stoichiom- 
etry of the conducting phase was determined.  

Resistance measurements.--The method for measur-  
ing the pellet resistance of ~'2 in. diameter  cells 
Ag, RbAg4Is/Sample/Ag, RbAg415 has been described 
elsewhere (11, 14). The tempera ture  dependence of the 
resistance was also determined, following essentially 
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the same procedure as previously reported (11, 14). 
The low-tempera ture  env i ronment  was main ta ined  by -~ 
placing the conductivi ty cells in a Missimer envi ron-  
menta l  chamber that  had been adapted to have a flow- 
ing Ar atmosphere and external  electrical contacts for / 
reading the resistance of samples wi th in  the atmo- 
sphere. The tempera ture  range was from --80 ~ to 
200oC. 

Density.--Densities were determined by pressing -2 
the products into I/2 in. diameter  pellets at pressures of 
45,000 psi. The pellet dimensions were determined 
with a micrometer  and the weight was determined 7 
with an analyt ical  balance. 

Results and  Discussion 
Me4NI-AgI system.--The composition of the te t ra-  

me thy lammonium iodide-silver iodide samples varied ~ -3 
from 0 to 97.5 m/o  AgI. Generally,  the products would 
contain two phases; a single phase product would be 
formed only at compositions corresponding to com- 
pounds stable at the synthesis temperature.  The one 
intermediate  compound reported to form in this system 
is (Me4N)Ag213 at 66 2/3 m/o  AgI (15). The density 
results are reported in Table I, with those for the _~ 
Me2Et2NI and Et4NI systems. 

The specific conductivities for samples of composi- 
tion ranging from 0 to 100 m/o  AgI are reported in 
Table II, column 2. In the composition range from 
(Me4N)I to (Me4N)Ag213 there is no evidence of a 
high-conduct ivi ty  electrolyte having been formed. 
However, between the compounds (Me4N)Ag2Ia and 
AgI, the conductivi ty passes through a max im um at  -570 
87 m/o  as shown by the plot in Fig. 1 of specific con- 
ductivi ty vs. mole per cent AgI. Smyth,  Tompkins, and 
Ross (16) recently reported that silver iodide, co- 
melted with Me4NI, at a mole ratio of 6 to 1 forms a 
solid product with conductivi ty of 0.04 ( o h m - c m ) - l ,  
in good agreement  with the results shown in Fig. 1. 
The position of the max imum indicates that  the 
formula of the conducting compound is close to 
(Me4N)Ag6.TIT.7. However, this method of measure-  
ment  is not precise enough to determine the exact 
formula. An x- ray  s tructure determinat ion has been 
carried out by Geller and Lind who found the com- 
pound stoichiometry to be (Me4N)Ag6.sIT.5 (17). 

Table I. Density of pelletized pMycrystalllne salts QAgnl,  + 1 
at 22~ a 

m / o  D e n s i t y  in  g/co,  w h e r e  QI is 
A g I  Me4I'q~I b Me2Et2NI Et~NI 

0 1.84 (1.83) 1.54 (1.56) 
66.6 3.37 3.07 2.83 
60 4.10 3.89 3.56 
88 4.67 4.47 c 4.27~ 

1O0 5.76 6.76 5.76 

a Chemica l  h a n d b o o k  v a l u e s  in  pa ren theses .  
b The x - r a y  dens i t y  of (Me~N)2Ag12115 is 4.59 g /cc  (17), c o m p a r e d  

to a v a l u e  of 4.55 g /cc  fo r  the  86.5 m / o  A g I  compos i t ion ,  o b t a i n e d  
in  the  p r e s e n t  i n v e s t i g a t i o n .  

c I n t e r p o l a t e d  va lue .  

Table II. Specific conductivity of pelletized polycrystalline salts 
QAgnln+l at 22~ 

m / o  C o n d u c t i v i t y  in  (ohm-cm)  -x, w h e r e  QI is 
A g I  M e ~ / l  Me2Et~NI Et~NI 

0 --10-s 
33.3 ~ 1 0 - s  ~ 1 0 - s  
50 --10-s 
66.7 ~10- s  ~10- s  ~lO-S 
75 6.3 x 10-4 8.0 x I0-~ 6.4 x 10 -4 
80 1.1 • 10-2 6.2 • 10 -a 3.2 • 10 -3 
85 3.4 x 10- ~- 4.0 X ll)-e 1.1 • 10 -2 
86 4.0 • 10-2 5.2 • 10 -2 1.5 • 10 -2 
87 4.1 • 10-2 6.4 • 10 -2 2.0 • 10 -2 
88 4.0 • 10-2 6.3 x 10 -2 2.2 x 10-2 
89 3.4 x 10 -2 5.2 • 10-2 2.1 • I0-~ 
90 2.9 X 10 -m 4.6 X 10 --~ 1.7 X 10 -2 
97 1.7 • 10-3 2.4 • 10-a 

IO0 2.8 x 10 4 2.8 X iO -4 2.8 x I0  -4 
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Fig. 1. Composition dependence of the specific conductivity of 
the binary solid electrolyte systems Me4NI-Agl, Me2Et2NI-Agl, 
and Et4NI-Agl, at 22~ 

In the present investigation some of the init ial  syn-  
theses were carried out at 160~ From both conduc- 
t ivi ty measurements  and powder pa t te rn  analysis of 
the products evidence was obtained for another  high-  
conductivi ty compound forming at a composition near  
80 m/o  AgI. When syntheses were carried out at 120~ 
this compound was not formed; it therefore appears 
to be a h igh- tempera ture  compound, uns table  at tem-  
peratures below 120~ The conductivi ty at 22~ of 
quenched samples of this h igh- tempera ture  phase was 
about 0.01 (ohm-cm) -1. 

The conductivi ty curves of Fig. 1 were not corrected 
for contact resistance. These corrections were obtained 
for the 87 m/o  AgI composition following the proce- 
dure previously described (14). The specific conduc- 
t ivi ty  of the 87 m/o  AgI-Me4NI composition at 22~ is 
4.2 • 0.7 x 10 -2 (ohm-cm) -1. 

Other high-conduct ivi ty  electrolytes have been found 
to be thermodynamical ly  uns table  at and below ambi-  
ent temperatures  (10-12). No thermodynamic  data for 
the (Me~N)2Ag13114 compound have been reported, 
and therefore its stabili ty with respect to decomposi- 
t ion reactions such as 

(Me4N) 2Ag1315 --> 2 (Me4N) Ag213 -b 9 AgI [3] 

is unknown.  However, the conducting compound has 
not exhibited any tendency to decompose during stor- 
age under  ambient  conditions, in contrast to the be-  
havior of the MAg415 group of h igh-conduct ivi ty  elec- 
trolytes (10, 11). In  addition, a sample of the 
(Me4N)2Agl~II.~ compound was prepared out of water  
by refluxing a s lurry of AgI in a solution of Me4NI 
and then cooling the reaction vessel to 0~ The 
solid phase that  was then isolated was predominate ly  
(Me4N)2Ag13115 as evidenced by x - ray  powder analy-  
sis, indicating that  this compound is stable at least 
over the tempera ture  range from 0 ~ to 120~ 

Me2EtaNI-AgI system.--The investigation of the 
d ie thy ld imethylammonium iodide-silver iodide system 
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was carried out, fol lowing the same procedures as just 
described for the t e t r ame thy lammonium iodide-si lver  
iodide system. The results are shown in Tables I and II 
and Fig. 1. This system is analogous to the preceding 
one in that  there  appears to be a nonconducting com- 
pound QAg213, and a conductive compound at a com- 
position near  871/z m / o  AgI. The m a x i m u m  conduct ivi ty  
observed was 6.4 x 10 -2 (ohm-cm) -a. The precise 
formula  of the conducting compound is unknown. The 
conductivi ty results suggest (Me2Et~N)AgTI8 (871/z m / o  
AgI ) ;  however ,  the formula  may  be the same as that  
of the preceding system, (Me2Et2N)2Ag13115 (17). No 
s t ructural  results  have been reported for the high con- 
ducting compound. 

Et4NI-AgI sys tem.~The  t e t rae thyl  ammonium io- 
d ide-s i lver  iodide system was s imilar ly investigated, 
and a max imum in the conductivi ty curve was found 
at 88 m / o  AgI. Results are also shown in Tables I and 
II and Fig. 1. The m a x i m u m  value of 2.2 x 10 -2 (ohm- 
cm) -a was observed at 88 m / o  AgI. 

Conductivity of QAg617 as function of Q.- -The  results 
thus far  repor ted  have shown that  h igh-conduct iv i ty  
electrolytes are formed between AgI  and the te t ra-  
a lky lammonium iodide salts Me4NI, Me2Et2NI, and 
Et4NI. In order to invest igate  the extent  to which other  
t e t raa lky lammonium iodide salts wil l  combine with  
AgI to form conduct ive products a series of different 
QI salts were  combined wi th  AgI in the mole ratio of 
1 to 6. The conduct ivi ty  of these products (which 
would genera l ly  be expected to contain two phases) 
was then determined,  and these results  are given in 
Table III. The conduct ivi ty  of the pure AgI determined 
by the present  procedure  was 3 x 10 -4 ( o h m - c m ) - L  
Conduct ive products were  formed by all the salts f rom 
t e t r ame thy lammonium iodide through buty ld ie thyl -  
me thy lammonium iodide. The most conductive com- 
pound was formed with  the d ie thy ld imethy lammonium 
iodide. As the te t raa lky l  group changed from butyl -  
d ie thy lmethyl  to buty l t r ie thyl  a sharp decrease by a 
factor of 104 was observed in the conductivity.  This 
result  suggests that  these larger  qua te rnary  ammonium 
ions are' forming n e w  nonconduct ive compounds with  
AgI. If no compound formation were  occurring, then 
the dilution effect of a second phase on the conduc- 
t iv i ty  of AgI should result  in a specific conduct ivi ty  of 
about 10-4 ( o h m - c m ) - l ,  as was observed for the very  
large asymmetr ic  hexadecyl t r imethy l  ammonium ion. 

Temperature dependence oy conductivity.--The t em-  
perature  dependence of the resistance was determined 
for samples of Me4NI, Me2Et2NI, and Et4NI combined 
with AgI  in the mole ratio of 1/7. The results of several  
t empera ture  cycles are shown in Fig. 2, where  the con- 
duct ivi ty  curves are compared to those of AgI, Ag3SI, 
and RbAg4I~. The Me4NI and Me2Et2NI compounds re-  
mained conductive down to --50~ with  Arrhenius  
activation energies of 4.0 and 3.6 kcal /mole ,  respect ive-  
ly. The Et4NI compound has an act ivation energy of 

Table III. Electrical conductivity of tetraalkylammonium 
iodide-silver iodide compositions of empirical 

formula QAg617 at 22~ 

T e t r a a l k y l a r n r n o n i u m  ion ~ (ohm-crn),-1 

T e t r a m e t h y l  4 • 10-z 
E t h y l t r i m e t h y l  4 • l04e 
D i e t h y l d i r a e t h y l  6 • 10-2 
T r i m e t h y l i s o p r o p y I  4 x i 0  ~ 
T r i m e t h y l p r o p y l  3 • 1042 
T r i e t h y l m e t h y l  3 X 10-2 
Tetraethyl I x 1O-~ 
D i e t h y l m e t h y l i s o p r o p y l  2 X 1043 
T r i e t h y l p r o p y l  2 • 10 -~ 
B u t y l d i e t h y l m e t h y l  8 X 10-4 
B u t y l t r i e t h y l  6 x 10 -'s 
M e t h y l t r i p r o p y l  3 • l (~s  
T e t r a p r o p y l  3 • 10 ~s 
T r i b u t y l m e t h y l  3 X 10-7 
Butyltripropyl 2 X I0-7 
T r i b u t y l e t h y l  3 • 1047 
T e t r a b u t y l  I • i0-7 
H e x a d e c y l t r i m e t h y l  1 x 10-~ 

-1 

v 

Temperature (~ 
100 0 -50 

AgI I I I 

200 

o 

I 
2 . 0  

j RbAg4I 5 

Q Ag7[ 8 

Ag3S I 

a.  Me2Et2  N+ 

Me4 N+ 

Et4 N+ 

I i 
3.0 4.0 5.0 

Reciprocal Absolute Temperature [10-3(OK) -1] 

Fig. 2. The temperature dependence of the specific conductivity 
of (Me4N)AgTIs, (Me2Et2)NAgTIs, and (Et4N)Ag71s from --50 ~ to 
100~ 

5.7 kca l /mole  at 20~ It gave some indication of t rans-  
forming into a nonconduct ive phase, as the conductivi ty 
dropped to less than 10 -4 at --50~ as shown in Fig. 2. 
Contact resistance contributes to the total resistance 
measured on these cells; the contr ibution was deter-  
mined for samples at 22~ but not at other  t empera -  
tures. This effect could modify  the slopes of the curves 
in Fig. 2. The log conduct ivi ty-reciprocal  t empera ture  
plots for these three  compounds are compared to those 
of other h igh-conduct iv i ty  electrolytes in Fig. 2. 
Below 27~ this new group of electrolytes contains the 
most conductive, thermodynamica l ly  stable solid elec- 
t rolyte  known (12). 

Electronic conductivity.--Measurements of the elec- 
tronic conductivi ty in some of these compounds have 
been carried out by Oxley and Humphrey  (18). Polar i -  
zation cells A g / e l e c t r o l y t e / P t  were  analyzed by their  
cur ren t -vol tage  relationships. Results indicate the 
electronic conductivit ies are less than 1 x 10 -10 (ohm- 
c m ) - i  in these materials.  

Transport number measurements.--The ionic t rans-  
port  numbers  in the electrolyte  compositions Me4N- 
AgTIs and Et4NAgTI8 were  determined by Topol (19). 
The Hit torf  method of correlat ing weight  changes in 
the electrodes of cells of the type  

Ag /QAgr I s /C  

with the t ransport  of current  was used, as previously 
described (12). The result  for both mater ia ls  was that  
Ag + ion carr ied alI of the current .  Thus, it is probable 
that  in this ent ire  class of electrolytes Ag + ion car-  
ries all of the current  as it does in the previously  re-  
ported h igh-conduct iv i ty  electrolyte  class MAg415 
(10, 12). 

Conclusions 
The results indicate that  the formation of conductive 

qua te rnary  ammonium iodide-s i lver  iodide compounds 
is a fair ly general  phenomenon,  including all ions from 
C4Ha2N + to C9H22N +. It  is probable that  under  non- 
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ambient  conditions of pressure and temperature  there 
will  be not only t ransformations from conductive to 
resistive phases (as observed for Et4NAgTI8 at low 
temperatures) ,  but  also some transformations from 
resistive to conductive phases by the compositions con- 
ta ining the larger t e t raa lky lammonium ions. Struc-  
tural  studies have shown that in the RbAg415 crystal 
lattice the Ag + ions (16 per uni t  cell) are distr ibuted 
over a large n u m b e r  of sites (20, 21). Geller reported 
there are 56 iodide te t rahedra  per uni t  cell, which 
share faces to permit  rapid Ag + ion diffusion wi thin  
the immobile lattice of iodide aflions (20). 

Geller and Lind (17) have recently reported the 
crystal s t ructure  of (Me4N)2Ag13II~. The hexagonal 
uni t  cell contains 39 Ag + ions distr ibuted over 123 
te t rahedral  sites. These sites are formed by  iodide 
te trahedra that  again share faces in a m a n n e r  to per-  
mit  Ag + ion diffusion throughout  the anion lattice. 

In  the solid electrolyte group KAg4I~, RbAg4Is, and 
NH4Ag415 the compounds are isomorphous and form 
complete solid solutions (11). A comparison of powder 
photographs of the present  series of te t raa lkylam-  
monium silver iodide electrolytes gives no evidence 
for isomorphous structures. However, the s imilari ty of 
ionic t ransport  suggests there should be similar diffu- 
sion paths in these crystals. S t ructura l  studies of this 
series should prove to be very enl ightening as to the 
detailed processes involved in the Ag + ion transport.  
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Oxidation of an Fe-30% Ni Alloy 
in Oxygen at 700~176 

I. A. Menzies and J. Lubkiewicz' 
Corrosion Laboratories, Department of Chemical Engineering, 

The University of Manchester Institute o] Science and Technology, Manchester 1, England 

ABSTRACT 

The oxidation of an Fe-30% Ni alloy has been studied at 700~176 using 
thermogravimetric, metallographic, and electron probe microanalysis tech- 
niques. At all temperatures, parabolic kinetics was observed and the activation 
energy for the process was 37.8 _+ 5 kcal mole -1. At all temperatures, 
NizFe3-xO4 and Fe203 were present in the external scale and oxidation was 
accompanied by a progressive Ni enrichment of the underlying alloy. In this 
alloy, the Ni enrichment reached values of .~60% even after short periods of 
oxidation at 700~ and Ni concentrations of 75-85% were recorded after longer 
times and at higher temperatures. The Ni concentration in the NizFe3-xO4 
scale layer rapidly attained concentrations corresponding to x > 0.5. There 
was no internal oxidation at 700~ although some was observed at 800~176 
Considerable internal oxidation was observed at 1000~ In this alloy, there 
was relatively uniform precipitation of internal oxide particles with no evi- 
dence of intergranular oxidation. The mechanism of oxidation of the alloy is 
discussed in the light of present knowledge concerning the Fe-Ni-O system. 

It was clear from a detailed review of the l i terature 
(1, 2) that there was considerable disagreement con- 
cerning the growth morphology and composition of 
oxide scales formed on Fe-Ni  alloys containing --~ 30 

1 Present  address:  Ins ty tu t  Meehaniki  Precyzyjnej ,  Warsaw,  Po-  
land. 

Key  words:  oxidation, i ron-nickel  alloys, kinetics, oxide morph-  
ology, electron probe microanalysis.  

w/o (weight per cent) Ni in air and in oxygen. Fu r -  
thermore, there was little informat ion concerning the 
kinetics and scaling of Fe-Ni  alloys in CO2 or C O j C O  
mixtures.  Since that  time, considerable informat ion 
dealing with the behavior of alloys containing -~ 50 
w/o  Ni in CO2 and CO2/CO mixtures  has been given 
(3-6). The present  study is a cont inuat ion of more 
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recent  investigations of the behavior  of an Fe-12% Ni 
alloy in oxygen at a tmospheric  pressure at 700~176 
(7) and deals wi th  scale development  and internal  
oxidation as a function of t ime and temperature .  Since 
complet ion of the present  investigation, additional in-  
format ion concerning the behavior  of Fe-Ni  alloys at 
0.2 atm and 200 Torr  oxygen pressure at 977~176 
has become available (8) and these recent  observations 
are discussed with  the present  results. 

Experimental 
The alloy used was of high pur i ty  and was supplied 

by the Brit ish Iron and Steel  Research Association in 
the fo rm of cold-rol led strips. The  composition of the 
alloy was as follows: Ni, 30.2%; C, 0.006%; S, ~ 0.03%; 
Sb, ~ 0.005%; Bi, ~ 0.005%; Pb, ~ 0.005%; P, 0.001%; 
Si, 0.004%; CW, ~ 0.05%; Nb, ~ 0.05%; Sn, ~ 0.01%; 
Cr, 0.008%; Co, 0.014%; Mo, ( 0 . 0 1 % .  Specimens 0.5- 
0.8 cm x 1.0 cm x 1.6 cm were  cut f rom the sheet and 
a small  suspension hole dri l led in each specimen for 
a fine Pt  suspension wire. 

All  specimens were  abraded on 600 SiC paper  and 
chemical ly  cleaned in an acid mix ture  as previously 
described (3-5). Af te r  water  washing, the specimens 
were  dipped in a mix ture  of 2 parts of H 2 8 0 4  and 1 
par t  HNO3 and again rinsed thoroughly.  The specimens 
were  then al lowed to stand in a solution containing 50 
g / l i t e r  KCN for 1 hr. They were  then washed in water ,  
r insed in acetone, and al lowed to stand in this solvent  
unt i l  required.  

Weight gain determinat ions  were  made continuously 
using a quartz  spring thermobalance as previously de- 
scribed (9). Oxygen containing ~10 ppm hydrocar -  
bons, ~>50 ppm Ar, ~>0.15 g / m  3 H20, 5 ppm CO2 was 
fur ther  purified before use to remove CO2 and to re -  
duce the moisture level  to ~10 ppm. In all runs, the 
chemical ly  etched specimen was suspended in the cool 
par t  of the balance while  the chamber  was evacuated 
and flushed with  purified oxygen for 15-30 min. The 
specimen was then lowered into the hot zone of the 
furnace by means of a winching device, and cathe- 
tometer  readings were  commenced as soon as possible. 
All  exper iments  were  carr ied out in an atmosphere of 
oxygen at atmospheric pressure. At the end of each 
run, the specimen was winched out of the furnace over  
a period of 2-3 rain and cooled in oxygen in the top 
section of the balance. 

All  specimens for metal lographic  examinat ion  and 
electron probe microanalysis  were  vacuum impregna-  
tions mounted  in an Araldi te  resin wi th  powdered cal- 
cite as a hardener  (10). Specimens for electron probe 
microanalysis  were  then given a thin (100-500A) coat- 
ing of carbon to render  them electr ical ly conducting. 
Iron and nickel profiles were  measured using a Cam- 
bridge Mk II Misroscan at several  scanning speeds in 
the range 4-40 ~m/min  and the peak values of Ni en- 
r ichment  were  checked by direct measurement  of 
Bragg angles at these points. An accelerat ing voltage 
of 25 kV was used throughout  and the results were  
corrected for background radiation, paralysis t ime, 
absorption, and fluorescence. The quant i ta t ive  traces 
for Fe and Ni shown in the various figures have  been 
ful ly  corrected at the points indicated and the complete 
curves adjusted accordingly. In al l  cases, several  traces 
were  obtained at various scanning speeds to insure ap-  
propriate  sensi t ivi ty of measurement  and al low e l imi-  
nation of statistical errors. Al l  values of interfacial  
contents of oxides and meta l  wi th  respect  to Ni are ac- 
curate  to wi th in  --+2% of the measured  va lue  and w e r e  
obtained from the corrected line scans. 

Results 
Kinetics of oxidation.--The specimen weight  gains 

are given in Fig. 1 a s  a function of time. The results 
shown are the average of at least five exper imenta l  
runs at each temperature .  The parabolic law was 
obeyed throughout  the ent ire  exposure period and no 
ra te  transit ions were  apparent.  The parabolic rate  con- 
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Fig. 1. Weight gain as a function of time for the oxidation of 
an Fe-30% Ni alloy in oxygen at atmospheric pressure at 700 ~ 
IO00~ 

stants are given in Table I. An  Arrhenius  funct ion was 
plot ted using the method of least mean squares and the 
value  obtained for the act ivat ion energy was 37.8 _ 5 
kcal mole -1. The value  of the rate constant at 900~ 
was lower than expected f rom the over -a l l  pat tern  of 
results at other temperatures .  

Oxide morphology and composition, and Ni redis- 
tribution in the alloy.--To facil i tate comparison with 
other studies (7), the main investigations were  carried 
out at 700 ~ and 900~ In addition, specimens oxidized 
for 46 hr  at 800~ and 3 and 7 hr at 1000~ were  also 
examined.  

Examination oy specimens oxidized at 700~ - 
mens oxidized for 0.25, 3.5, 9.0, and 40 hr  ~vere ex-  
amined. Similar  morphological  features were  found 
throughout  the entire exposure  period and details of 
all major  features are presented col lect ively in Table 
II. The outer scale consisted of a two- l aye r  oxide, the 
layers being of almost the same thickness (Fig. 2). 
Beneath  the externa l  scale in each specimen was a 
Ni-r ich  r im which increased in thickness wi th  t ime of 
exposure, being ~2  ~m thick after  0.25 hr oxidation 
and ~10 ~m thick after  40 hr. No internal  oxidat ion 
was detected wi th in  this rim. Linear  scans for Fe and 
Ni along lines normal  to the meta l -ox ide  interface 
in Fig. 2 yielded the profiles shown in Fig. 3. The 
spinel compositions at the inner  interface in contact 

Table I. Parabolic rate constants for the oxidation of an 
iron-30% nickel alloy in 02 at 700~176 

O x i d a t i o n  r a t e ,  
T e m p ,  ~ C g 'J /cm4/sec 

1000 1.99 • 0.3 x 10 -8 
900 2.7 ~ 0.4 • 10 -9 
800 1.36 -r 0.3 x 10 -9 
700 1.85 __+ 0.2 • 1 0 - ~  

Table II. Major features of specimens of an Fe-30% Ni alloy 
oxidized at 700~ 

N i  c o n t e n t  
of  Ni~Fe3-zO4 
a t  i n t e r f a c e s  

D u r a t i o n  W t  g a i n  S c a l e /  S p i n e l /  N i  c o n c e n t r a t i o n  
of o x i d a -  sca le  t h i c k n e s s  s u b s e a l e  h e m a t i t e  in  e n r i c h e d  
t i o n  (hr )  (mg/cm~)  (~em) (%) % a l l o y  (%) 

0.25 0.39 6 7 ~ 0 . 5  59 
3.5 1.97 13 11 ~ 0 . 5  68 
9.0 2.78 17 8 ~ 0 . 5  69 

40.0 5.1 30 16 ~ 0 . 5  75 
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Table III. Major features of specimens of an Fe-30% Ni alloy 
oxidized at 900~ 

l~i c o n -  Composi-  
Ni  c o n t e n t  o f  c e n t r a -  t ion  of  

NixFes-~O4 t ion  in  i n t e r n a l  
D u r a t i o n  W t  g a i n  I n n e r  O u t e r  e n r i c h e d  oxide  
of o x i d a -  sca le  t h i c k n e s s  i n t e r f a c e  i n t e r f a c e  a l loy  P c ,  N i ,  
t i on  (hr)  ( m g / c m  ~) (~rn) % x % x (%)  % % 

1 8.g 30 14 0.57 < 1  <0 .04  76 
4 5,8 40 13 0.53 < 1  < 0 . 0 4  88 
9 8,8 50 14 0.57 < 1  <0 .04  80 6g 4 

21.5 12,4 80 18 0.74 18 0.74 85 71 1 
46 18.4 90 19 0,78 19 0.78 85 69 3 

Fig. 2. Cross sections of an Fe-30% Ni alloy oxidized at 700~ 
(2% nital etch): (a) top---0.25 hr, (b) bottom--40 hr. 
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Fig. 3. Concentration profiles across an Fe-30% Ni alloy oxi- 
dized at 700~ (a) 0.25 hr, (b) 40 hr. 

E x a m i n a t i o n  of  spec imens  ox id i zed  at  9 0 0 ~  - 
all, the results at 900~ were similar to those at 700~ 
except that  some in te rna l  oxidation occurred. The 
major  features are summarized in Table III. After  all 
exposures, the external  scale consisted of two oxides 
of approximately the same thickness. 

After  0.25 hr  oxidation (0.9 mg/cm2),  a few isolated 
oxide particles were apparent  wi thin  the metal  r im 
beneath the external  scale (Fig. 4). The Ni enr ichment  
behind the external  scale was 65% even at this stage 
(Fig. 5). The Ni concentrat ion in the spinel  layer de- 
creased from ~20% at the scale/alloy interface to <1% 
at the spinel hemat i te  interface and thus the inner  
region of the external  scale corresponded to oxide com- 
positions in the range Ni0.s2Fe2.1sO4 to Ni0.04Fe2.9604. 
The in terna l  oxide particles were too small  to allow 
accurate analysis. After  1 and 4 hr, s imilar  features 
were observed (Table III)  and the in te rna l  oxide par -  
ticles were 1-2 #m diameter  still too small  for accurate 
analysis. 

After 9 hr oxidation, the general  features of the  
specimen were similar but, cont rary  to previous speci- 

with the metal  were as follows: 0.25 hr--Nio.29Fe2.7104; 
9 hr--Ni0.3sFe._,.s704; and 40 hr--Ni0.68Fe2.s404. In  speci- 
mens oxidized up to 9 hr there was a Ni concentrat ion 
gradient  across the spinel phase (cf. Fig. 3a), whereas 
after 40 hr (Fig. 3b) the spinel phase in contact with 
the metal  showed lit t le change in Ni concentrat ion 
over a thickness of ~7  ~m. Thereaf ter  there was a 
concentrat ion gradient  to the hemati te  interface. 

The metal  r im always contained ~--60% Ni but  the 
apparent  rise in Ni concentrat ion with increasing 
amounts  of oxidation may be due to an increase in the 
accuracy of the analyses with increasing thickness of 
the enriched zone. 

Fig. 4. Cress sections of an Fe-30% Ni alloy oxidized at 900~ 
(2% nital etch): (a) top---0.25 hr, (b) bottom--46 hr. (Internal 
oxide particles.) 
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Fig. 5. Concentration profiles across an Fe-30% Ni alloy oxidized 
at 900~ (a) 0.25 hr, (b) 9 hr. 

mens at this temperature ,  the Ni concentrat ion profile 
in the spinel region of the ex te rna l  scale showed l i t t le  
change in Ni concentrat ion in the innermost  15 ~m of 
this layer (Fig. 5b), a l though there  was a gradient  
in the outermost  regions of the layer. In specimens 
oxidized for longer periods (21.5 and 46 hr ) ,  there  was 
l i t t le evidence of concentrat ion gradients anywhere  
across the spinel layer  (Fig. 6). Metal lographic ex-  
aminat ion of cross sections of specimens exposed for 
9-46 hr  indicated that  the size of the in ternal  oxide 
particles increased with  increasing exposure time. The 
particles were  of i r regular  shape, discontinuous, and 
randomly distr ibuted (c]. Fig. 4b). These internal  
oxide particles contained surpris ingly l i t t le Ni having 
compositions corresponding to: 9 hr--Nio.~2Fe2.ssO4; 
21 hr--Ni0.o4Fe2.9604; 46 hr~Ni0.1Fe2.90~. Af ter  9 hr  
exposure, the Ni enr ichment  in the alloy was recorded 
as a single peak (Fig. 5b), whereas  after  long ex-  
posures (Fig. 6) the Ni bui ld-up  was in the form of 
steps ~5  ~m long indicating some stratification of the 
Ni enr ichment  of the alloy. 

Clear ly  Ni concentrat ion gradients were  observed in 
the spinel in the outer  scale. When the Ni bui ld-up 
had attained ~89% in the internal  zone of the alloy, 
uniform Ni profiles were  recorded in the spinel region 
of the externa l  scale. 

E x a m i n a t i o n  o f  s p e c i m e n s  o x i d i z e d  at  800 ~ and  
l O 0 0 ~  ear ly  stages of oxidation were  not in-  
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Fig. 6. Concentration profiles across an Fe-30% Ni alloy oxidized 
at 900~ (a) 21.5 hr, (b) 46 hr. 

vestigated at e i ther  temperature .  The major  results are 
summarized in Table IV. Again, features s imilar  to 
those observed at 700 ~ and 900~ were  evident  at 
800 ~ . The externa l  scale and degree of in ternal  oxi-  
dation were  similar  to those observed in specimens 
oxidized for 9-21.5 hr  at 900~ (c$. Fig. 7). The in- 
ternal  zone contained a number  of small  (1-2 ~m 
diam) particles and the concentrat ion profiles obtained 
were  s imilar  to those in Fig. 6a. Thus, results f rom the 
te rminal  specimen at 800~ were  consistent wi th  those 
obtained at 700 ~ and 900 ~ . 

In general,  the  scale morphology at 1000~ was 
similar to that  at 700~176 (Table IV),  the major  
difference being the pat tern  of internal  oxidat ion at 
1000~ (c[. Fig. 7b,c). Here  the proport ion of oxide 
( - 5 0 % )  in the in ternal  zone was considerably greater  
in specimens exposed at 1000~ than in specimens 
of corresponding weight  gain at 900~ (cf. 3 hr  at 
1000~ and 46 hr  at 900~ The in ternal  zones of 
the specimens oxidized for 3-7 hr  at 1000~ were  
analyzed along lines normal  to the me ta l /ox ide  in ter -  
face. In the 3 hr specimen (Fig. 8), three  different spi- 
nel areas were  analyzed and found to have the fol low- 
ing compositions: (A) Ni0.TsFe2,2204; (B) Ni0.24Fe2.7604; 
(C) Ni0.29Fe2.7104. In the 7 hr  specimen, the internal  
oxide particles had the composit ion Ni0.12Fe2.s804. The 
Ni enr ichment  in the  alloy wi th in  the internal  zone 
was recorded in both specimens as 70-80%. These 

Table IV. Major features of specimens of an Fe-30% Ni alloy oxidized at 800 ~ and 1000~ 

Ni  c o n t e n t  of  
Ni~Fes-~O~ 

D u r a t i o n  W t  ga in  I n n e r  Ou te r  
Temp ,  of ox ida -  scale t h i c k n e s s  i n t e r f ace  in t e r face  

~ tion (hr )  (mg/cm2) (~m) % x % x 

P r o p o r t i o n  
Ni  concen-  of  i n t e r n a l  
t r a t i o n  in  C o m p o s i t i o n  of ox ide  in  
e n r i c h e d  i n t e r n a l  ox ide  t he  zone 
a l l oy  (%) Fe,  % Ni, % (%) 

800 46 10.3 56 12 0,49 < 1 0.04 

1000 3 16.6 70 11 0,45 < 1  0.04 
I000 7 23.6 140 13 0.53 <1 0.04 

85 - -  ~ <5 
65 7 

80 ~53 18 ~50 
79 69 3 ~50 
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Fig. 8. Concentration profiles across an Fe-30% Ni alloy oxidized 
at 1000~ for 3 hr. 

Fig. 7. Cross sections of an Fe-30% Ni alloy oxidized at 800 ~ 
and 1000~ (2% nital etch): (a) top~46 hr at 800~ (b) center-- 
3 hr at 1000~ (c) bottom--7 hr at 1000~ 

concentrat ions may  in  some instances have been low 
due to excitation of i ron from immediate ly  adjoining 
areas of spinel oxide. The nickel concentrat ion profiles 
in the outer spinel phase in both specimens oxidized at 
1000~ were uniform. 

Discussion and  I n t e r p r e t a t i o n  
Satisfactory reproducibi l i ty  in the kinetic studies 

was achieved by careful  a t tent ion to surface prepara-  
tion of the specimens prior to exposure, in agreement  
with previous work (1-5, 7). The observed oxidation 
rates at 900 ~ and 1000~ were close to those reported 
by Foley and Guare (11), whereas those at lower tem- 
peratures  were somewhat higher than  those reported 
previously (11). The activation energy of 37.8 • 5 kcal 
mole -1 is in agreement  with the values of 41.8 kcal 

mole - I  obtained for an Fe-30% Ni alloy in air (11). 
ThinS, although the establ ishment  of the morphological 
pat tern  of oxidation is more impor tant  than  the oxida- 
tion kinetics, the kinetic data and their  reproducibil i ty 
and agreement  with other work in the l i terature give 
confidence that the observed morphological features 
are typical of the system. 

One of the main  features of the oxide scales was 
the absence of FeO in agreement  with recent work 
(7,8) but  contrary to results reported earlier by 
B~nard and Moreau (12, 13). Under  all conditions of 
exposure, the scale consisted of an inner  layer of nickel 
ferri te spinel (NixFes-xO4) and an outer layer  of 
hemati te  (Fe203). It  should be made clear that  the 
structures of the oxides of composition NixFe3-xO4 
have not been examined in detail. It seems most l ikely 
from the evidence available in the l i terature,  however, 
that this is a reasonable assumption (14, 15). Lattice 
parameter  measurements  in  oxides across gradients 
of the type shown in Fig. 3, 5, 6, and 8 would be diffi- 
cult to in terpret  because of the variat ions in Fe :O 
ratio in magnet i te  and in  the Fe :Ni  ratio in  nickel 
ferrite. In  the case of the Fe-30% Ni alloy, nickel 
entered the spinel layer from the commencement  of 
oxidation and rapidly  increased in concentrat ion to 
values of x in NixFe3-xO4 close to or greater than 0.5. 
indeed, at temperatures  >700~ values of x signifi- 
cantly less than 0.5 were not observed even after re la-  
t ively short periods of exposure. This is in  agreement  
with the rapid rise in Ni concentrat ion in  the under -  
lying alloy to >60% at lower temperatures  and >80% 
at higher temperatures.  Thus, from known equil ibria  
in the Fe-Ni-O system (14-17), FeO would not be ex- 
pected to be present, in agreement  with the experi-  
menta l  observations. Oxide growth was regular  and 
the addit ional  oxide phase, NiO containing 10-20% Fe, 
reported (8) for the oxidation of an Fe-35% Ni alloy 
at 1000~ did not appear which suggests t h a t  30% Ni 
is probably closer to the t rue composition l imit  for 
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Type 2 alloys of the Wulf, Carter,  Wal lwork  classifica- 
tion. 

In ternal  oxidation was of quite a different pat tern  
f rom that  observed for an Fe-12% Ni alloy (7) where  
grain boundary precipi tat ion predominated.  In the Fe-  
30% Ni alloy there  appeared to be no preferent ia l  
sites for internal  oxidation (Fig. 7) at 1000~ and at 
all tempera tures  <1000~ the amount  of internal  oxi-  
dation in the 30% Ni alloy was very  much less than 
that  observed after  similar  exposures of an Fe-12% 
Ni alloy (7). Indeed, wi th  the Fe-30% Ni alloy there  
was no in ternal  oxidat ion at 700~ whereas  internal  
oxidat ion of the Fe-12% Ni was considerable. Thus 
the decrease in the amount  of internal  oxidation with 
increasing Ni content  of the alloy corresponds with 
greater  Ni enr ichment  in the alloy behind the oxide 
scale and a rapid enr ichment  of the spinel scale layer  
in Ni to compositions of NixFe3-xO4 where  x --~0.5. 
This is of par t icular  interest  since it has been repor ted  
(18) that  solid solutions of NiFe204 in Fe304 are ideal 
solutions up to Ni concentrat ions corresponding to 
Ni0.sFe2~.~O4, whereas  at h igher  Ni concentrat ions (i.e., 
x ~ 0.5) nonideal  behavior  occurs. Thus the re  may  be 
some changes in diffusion or t ransport  processes which 
take place when Ni concentrat ions exceed the limits 
of ideali ty and this may  be of par t icular  significance 
in relation to the reduct ion in internal  oxidation as 
compared with  the Fe-12% Ni alloy (7), par t icular ly  
at lower tempera tures  (700~176 Initially, p re fer -  
ential  oxidation of iron occurs and in the case of the 
Fe-30% Ni alloy there  is a rapid uni form bui ld-up of 
1'~i in the under lying alloy. There was no evidence of 
grain boundary enr ichment  in nickel  a l though the 
general  increase in nickel  concentrat ion would be ex-  
pected to lead to an increase in the solubili ty of oxygen 
in the under ly ing Ni-enr iched  zone and possibly to 
the presence of oxygen gradients, assuming that  oxy-  
gen becomes available. It seems clear  that  in the case 
of the Fe-30% Ni alloy sytem at 700~176 there  is 
much less oxygen mobil i ty  than in the Fe-12% Ni alloy 
(7). This may  be due to changes in interracial  equi l ib-  
ria between Ni-enr iched meta l  and Ni- r ich  Ni ferr i te  
as compared with  the situations in the Fe-12% Ni 
alloy (7) where  the spinel phase contains much less Ni. 
It has previously  been suggested (7) that  some anion 
diffusion may occur in NixFe3-xO4 where  x < 0.4 and 
that  this may contr ibute  toward providing a supply 
mechanism for oxygen which then goes into solution in 
the alloy and gives in ternal  oxidation. In the present  
work, the observations for the Fe-30% Ni alloy sug- 
gest that at 700~176 when  x > 0.5 such anion dif-  
fusion processes no longer  contr ibute  to in ternal  oxi-  
dation which consequent ly  decreases. The position is 
less clear at 1000~ where  internal  oxidation takes 
place to a considerable extent  in alloys containing 12- 
30% Ni al though there  is some evidence of a change in 
the form of the internal  oxide. Clearly, fur ther  data 
are required to substantiate these views which must  
be regarded as tentat ive.  

Over-al l ,  however ,  despite those possibilities of 
changes in anion diffusion in the spinel phase and their  
possible significance in relat ion to in ternal  oxidation, 
such processes are of l imited significance in relat ion 
to the over -a l l  ra te -cont ro l l ing  process. This is clearly 
the rate  of cation diffusion in the nickel  fer r i te  spinel 
phase. This work  also indicates that  for alloys con- 
taining ~30% Ni the problem of internal  oxidation at 
lower tempera tures  (~700~ is much less severe than 
that  encountered in lower  alloys (~12% Ni) under  
similar  conditions where  the total amounts of oxida-  
tion involved are similar. This is of considerable prac-  
tical significance since the presence of in ternal  oxide 
may be ex t remely  damaging under  service conditions. 
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Ellipsometric Studies of Anodic Oxide Films 
Formed on Tantalum in Dilute Phosphoric Acid 

C. J. Dell'Oca** and L. Young* 
Department oS Electrical Engineering, University of British Columbia, Vancouver 8, British Columbia 

ABSTRACT 

Fur ther  ellipsometric data which confirm the two- layer  na ture  of the 
anodic oxide films grown on tan ta lum in dilute phosphoric acid are reported. 
The two layers are believed to arise, respectively, from growth at the oxide/  
solution interface due to metal  ion t ranspor t  and from growth at the meta l /  
oxide interface due to oxygen ion transport.  The outer layer has a lower 
refractive index and dielectric constant due to phosphate incorporation. The 
effects have been observed in dilute phosphoric acid but  not in the previous 
work in  dilute sulfuric acid and citric acid of comparable concentration since 
phosphate is incorporated relat ively strongly dur ing the growth process. A 
model with a l inear  gradient  of index is shown not to give an adequate repre-  
sentat ion of the optical results. 

One of the most unexpected exper imental  findings 
in the study of the growth of anodic oxide films on 
t an ta lum is that both metal  and oxygen ions are mo- 
bile to comparable extents. The situation as shown by 
the most recent tracer studies of Pringle (1) is es- 
pecially puzzling in that  the results are, as he pointed 
out, quite inconsistent with conventional  models of 
ionic transport.  Thus it was found that  layers of rare 
gas marker  atoms embedded in thin oxide films were 
spread out during subsequent  growth of the films. The 
amount  of spreading was greater the lower the mass of 
the rare gas atoms. However, the position of center of 
the distr ibution with respect to the metal  surface was 
independent  of the mass of the atoms. The amounts  of 
new oxide produced on either side of the marker  layer 
were determined by Pringle  and used to calculate the 
metal  ion t ransport  number  for anodization in 0.2N 
sulfuric acid at various current  densities. It appears 
that the film grows simultaneously at the metal /oxide 
and oxide/solut ion interfaces: thus, tracer studies by 
Randall, Bernard, and Wilkinson (2) showed that the 
outer part  of the film contains a uniform and in some 
cases a quite large amount  of species from the elec- 
trolyte. The effect was par t icular ly  marked with phos- 
phoric acid, and it was shown that the incorporated 
phosphate decreased the permit t iv i ty  and ionic con- 
ductivi ty of the oxide compared to films made in 
dilute sulfuric acid. The oxide produced at the meta l /  
oxide interface was found to be free from incorporated 
electrolyte species, as would be expected if the in-  
corporated species are not mobile wi thin  the film. 
Ellipsometric measurements  already reported (3) and 
fur ther  extended below give a clear confirmation of 
this picture of two homogeneous layers for films made 
in  dilute phosphoric acid. In 0.2N sulfuric acid the 
effect of incorporated sulfate is less and optical 
methods (4-7) have either indicated a homogeneous 
film or have detected a deviation from a uniform oxide 
only in the form of an apparent  very thin outer ab-  
sorbing layer for films made in dilute sulfuric acid 
(5) although marked optical inhomogenei ty  through 
the thickness of the film was found for films made in 
more concentrated acid. Recent ellipsometric mea-  
surements  by Muth (8) on films made in citric acid 
and dilute sulfuric acid have also indicated an optically 
uniform film and have given a permit t iv i ty  close to 
that  found for films made in 0.2N sulfuric acid (4) as 
compared to the lower value found by Klerer  (9) using 
"Talysurf" measurements  for the thickness. 
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Experimental Procedures 
The polycrystal l ine Fansteel  capacitor grade tan ta-  

lum specimens were prepared by abrasion with metal-  
lurgical papers followed by either (a) mechanical  
polishing with a lumina on a polishing wheel followed 
by a 5-sec dip in 48% HF, (b) electropolishing (5), or 
(c) mechanical  polishing followed by electropolishing. 
It is believed that  large-scale deviations from flatness 
should introduce only an averaging error due to the 
range of angles of reflected light accepted by the 
ellipsometer. Small-scale deviations would make the 
metal  behave as though it were "tapered" in density 
but  should disappear due to the smoothing inherent  in 
anodizing. In  practice electropolishing gave 1 or 2% 
higher current  efficiencies for oxide production but  a 
more wavy surface than did mechanical  polishing. 
More careful empirical optimization of procedures is 
needed to obtain a good electropolished surface with 
polycrystal l ine than with single crystal metal.  

Formation procedures and el l ipsometry measure-  
ments were essentially as described in previous papers 
(3, 7). A detailed analysis of ellipsometric errors was 
made (thesis by Dell 'Oca). 

Results and Discussion 
Two layer nature of the films.--The evidence from 

the tracer work is that the t ransport  number  is inde-  
pendent  of total thickness at constant  current  density. 
To the extent  that  one may assume as a first approxi-  
mat ion that the thickness of oxide formed per coulomb 
is the same for the two parts of the film, then the ratio 
of increments  in the thickness of the outer layer to 
increments  in total thickness is equal to the metal  ion 
t ransport  number .  The ellipsometric results were fitted 
on the basis of the ratio of the thickness of the two 
parts being constant  at constant current  density. The 
parameters were ini t ial ly chosen by comparison of 
exper imental  ellipsometric curves with computer 
curves. Later a program was used which adjusted the 
parameters  in t u rn  to minimize the mean  square devi- 
ation of the exper imental  points from the computed 
curve with the ,I, values weighted by a factor of 4.1 

The characteristic feature of the two layer model is 
that, with two layers which are near ly  equal in index 
and thickness, when the thickness of the film has been 
increased so that the phase change of light t ravers ing 
the whole film in -and-ou t  has increased by 2~, the 
exponential  terms in the ell ipsometry equation which 
involve the phase changes in the individual  parts  of 
the film have changed corresponding to an approximate 

change of phase, i.e., have changed sign. After a fur-  

Ell ipsometry g ives  the rat io of the complex  reflect ivi t ies  in p 
and s l ight:  R p / R ~  =- tan@ exp  iA. 
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FiB. 1. Experimental results and calculated curve for in sit. 
ellipsometric measurements on tantalum specimen anodized in 
dilute H3PO4 (Table I, line 7). Successive cycles denoted + O X. 
Wavelength 5461A, angle of incidence 67.5 ~ (also applies to Fig. 
2, 4). 

ther  2= total phase change these terms have near ly  
re turned to their original values. Hence the plot of ,I- 
vs.  ~ tends to re tu rn  close to its original t rack on what  
would be the third cycle for a uniform film. This is 
i l lustrated by calculated and exper imental  data in 
Fig. 1. 

Some numerica l  results  are given in Table I which 
contains the values of the parameters  which gave the 
best fit to each of a set of specimens for both two layer 
and single layer  films. The root mean  square deviation 
in ~ and ,I, is also given and clearly confirms a bet ter  
fit with the two layer model. The qual i tat ive aspect of 
"recycling" on the third cycle (3) is, however, perhaps 
the most conclusive feature. 

With electropolished surfaces a value of 3.3-2.3j for 
the refractive index of the metal  (5-7) gave the best 
fit, but  with mechanical ly polished metal  a lower value 
of absorption index 2.25 was preferred. However, 
the optical properties of the oxide seemed unaffected 
by method used in surface preparat ion of the metal. 
The index of the inner  oxide was found to be 2.22, i.e., 
close to the value at this wavelength found in previous 
work (7) for films made in 0.2N H2SO4. The index of 
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Fig. 2. Computed ellipsometric curve for a linear gradient of 
index modelled by 56 homogeneous layers. Indices at inner and 
outer surface fixed at 2.22 and 1.70, respectively. Metal index 
3.3 - -  2.3/. 

the outer layer depended on both the concentrat ion 
and na ture  of the electrolyte, since these things affect 
the na ture  and amount  of incorporated electrolyte 
species. As in previous work, no evidence for two 
layers was found in 0.2N H2SO4. 

What might  seem an Obvious a l ternat ive  model is 
that involving a continuous monotonic gradient  of in -  
dex through the film ra ther  than two individual ly  
homogeneous layers. Physically this might  correspond 
to the incorporated species cont inuously moving in-  
ward as the film grew, and in this case fixed values of 
index at the interfaces might be expected. The case of 
a l inear  gradient  with fixed end values was computed 
using a stepwise approximation with 56 steps, i.e., 56 
th in  homogeneous layers. This model fair ly unequivo-  
cally does not fit the data since on the third cycle there 
is no tendency to r e tu rn  to the curve traced out on the 
first cycle (Fig. 2.). 

Experimental ly,  there is clearly no reason why the 
measurement  errors should produce the recycling 
effect. 

Table I. Parameters giving best fit to ellipsometry data for oxides grown in various ways using a one or two layer optical model for the 
oxide. For oxides grown in H3PO4 both the double and single layer fit is given. (Single layer is distinguished by absence of values for n2 

and G where G = thickness of outer part divided by total thickness.) The value nm = 3.3 is assumed 

No. of 
G r o w t h  e l l i p s o m e t r y  

cond i t ions*  cyc l e s -po in t s  nz n~ 

Opt ica l  p a r a m e t e r s  RMS d e v i a t i o n s  F i n a l  

t h i c k -  
Arm = n m  -- jkm G A ~P" n e s s ,  A 

1 aDSA 1-13 2.210 3.3-2.25j 0.270 0.140 1410 
1 bDSA <2-29 2.215 3.3-2.29j 0.488 0.155 2143 
1 aDSW > 1-19 2.20 3.3-2.23j 1.790 0.170 1889 
1 a D P A  > 3 - 6 9  2.145 2.22 3.3-2.25j 0.510 0.295 0.089 4468 

2.150 -2.18j 1.08 0.386 4569 
1 b D P A  > 2 - 4 1  2.145 2.215 -2.29j 0.525 0.494 0.138 3278 

2.155 -2.23j 0.834 0.342 3316 
1 cDPA >2-18 2.145 2.225 -2.30j 0.520 0.319 0.122 3259 

2.155 -2.22j 1.630 0.147 3306 
1 aDPW >2-52 2.14 2.20 -2.24j 0.50 1.600 0.286 3683 

2.165 -2.24j  1.980 0.374 3689 
10 c D P A  >2-33  2.140 2.225 -2.30j 0.~65 0.537 0.155 3124 

2,155 -2.23j 0.950 0.367 3166 
10 cDPW > 2 - 2 9  2.145 2.20 -2.31j 0.56 2.500 0.330 2930 

2.155 -2.25j 3.360 0.408 2949 
1 a C P A  < i - 2 1  1.980 2.22 -2.24j 0.65 0.390 0.105 1246 

2.000-0.028j -2.18j 0.990 0.250 1305 

* Code i n d i c a t e s :  c u r r e n t  d e n s i t y  (1 or 10 m A / c m 2 ) ;  s p e c i m e n  p r e p a r a t i o n  (a, b, or c);  g r o w t h  in  0.2N H2SO4 (DS),  0.23N H~PO4 (DP),  or 
85% H~PO~ (CP) ;  m e a s u r e d  in  a i r  (A) or i n  s i t u  (W). 
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Table Ih Comparison of goodness of fit by a single layer and by: 
a two layer model of measurements at three angles of incidence 
on a single film. The index of the metal was taken as 3.3 - -  2.3j 
and the other parameters were varied to obtain the best fit. The 
best values were: single layer; n ~ 2.17; two layers nl ~ 2.15, 
n2 ~ 2.22, G ~ 0.52 ( ~  outer film thickness~total film thickness). 

@ ~ angle of incidence, T ~ thickness 

Experimental Single layer fit Two layer fit 
~ A @ a T (A) @ h T (A) 

75 ~ 50.04 10.6 49.956 10.287 1924.71 49.986 10.435 1894.25 
67.5 ~ 54.71 4.64 54.718 4,575 1924.70 54.786  4.663 1895.3 
60 ~ 60.03 339.98 60.094 339.916 1923.81 60.143 339.876 1895.67 

Measurements  were  also made on each of three  films 
at three angles of incidence to test the '  two layer  
model. As might  be expected the data for each film can 
a priori  be fitted equal ly  wel l  by a single layer  model,  
as i l lustrated for one film in Table II. 

T h e  re la t ive  permi t t iv i ty  of the outer layer  of 
films formed in 0.23N phosphoric acid was determined 
by assuming that  the inner layer  has the same per -  
mi t t iv i ty  as the effective value 27.6 found for films 
formed in 0.2N sulfuric acid under  specified conditions 
(4). This is justified by the model  in which the oxide 
formed at the me ta l /ox ide  interface is not affected by 
the nature  of the electrolyte,  and provided that  the 
effect of the incorporated sulfate in films made in 
dilute sulfuric acid may  be neglected, as is confirmed 
by the in terpre ta t ion of the el l ipsometer  data in which 
the refract ive  index of the inner layer  of films made in 
phosphoric acid was equal  to t h e  effective value for 
films made in di lute sulfuric acid. The value  obtained 
was 25 for formation at  1 m A / m  -2 and 25~ measured 
at the same temperature .  

Metal  ion t ransport  m e m b e r . - - E l l i p s o m e t r y  provides 
a nondestruct ive method of est imating t ransport  num-  
ber. The values obtained for 0.23N phosphoric acid at 
25~ were  0.51 to 0.52 at 1 m A / c m  -2 and 0.56 at 10 
m A / c m  -2. These, as shown in Fig. 3 are in excel lent  
agreement  wi th  the t racer  data of Randal l  et al. (2), as 
might  be expected since both methods use the in-  
corporated electrolyte  species as markers.  It is per-  
haps worth  noting that  the only case for which both 
the method using iner t  gas and that  using the electro-  
lyte species as markers  have been applied is format ion 
at 1 m A / c m  -2 at 25~ in 0.2N sulfuric acid and that  
the results were  in disagreement  [0.256 (1) as com- 
pared to 0.48 (2) ]. 

Sequential Formation in Different Electrolytes 
If a film is formed first in concentrated and then in 

di lute acid it is expected that the oxide produced 
consists of th ree  layers. An inner  layer  which repre -  
sents the inner  undoped port ion of the oxide formed in 
each anodization. A middle  layer  containing a uniform 
high concentrat ion of phosphate typical  of format ion in 
concentrated H3PO4 and an outer  layer  typical  of the 
outer  layer  formed in the di lute acid; this is provided 

G~176 I 
O.JO'F , , , 

0 " 5 0 ~  | 
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Fig. 3. Ratio of thickness of outer layer to total thickness vs. 
current density for film grown in dilute H3PO~ at 25~ X Randall 
et al (2); O present work. 

36~ 
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Fig. 4. Experimental points and computed curve for anodization 
in concentrated followed by dilute phosphoric acid. The computer 
curve is based on the model that the already existing oxide is un- 
changed by further anodization, the oxide produced is determined 
by the electrolyte in use. Cycles denoted ~ X O. 

that  the incorporated species are  immobile.  Knowing 
the thickness of each layer  of the oxide produced in 
the  concentrated acid anodization and assuming that  
the refract ive  index of each port ion of the oxide for 
the two anodizations would be the same as for forma-  
tion ent i re ly  in each electrolyte,  then the e l l ipsometry 
results of the second anodization could only be fitted if 
the separate layers occur in the sequence outlined 
above. Figure  4 shows fitted and observed data for the 
case where  0.23N H3PO4 was the second electrolyte.  In 
curve  fitting, values from Table I of nl ~ 2.14, n2 
1.98, and n~ ---- 2.22 for the index of refract ion of outer, 
middle, and inner layers were  used, and the best fit to 
the data was found by vary ing  G, the ratio of the outer  
layer  to total new oxide produced in the second elec-  
trolyte, where  the ini t ial  oxide now acts as a marke r  
layer. A G of one half  was found which  agrees wel l  
wi th  format ion ent i re ly  in dilute H3PO4 as in Table I. 
Similar  results were  obtained from fitting the prev i -  
ously repor ted  data (3) where  the second electrolyte  
was 0.2N H2804 (except  nl ~ 2.22 was used).  All  for-  
mations were  at 1 m A / c m  2 at 25~ 

It  might  be pointed out that  oxide format ion in con- 
centrated phosphoric acid is supported to about 95V at 
1 m A / c m  2. The range of oxide thickness obtained is not 
sufficient to produce a complete  e l l ipsometry cycle 
(3); however,  a model  of two nonabsorbing layers 
fits these results bet ter  than a single absorbing layer  
(1 aCPA Table I) and much bet ter  than a single non-  
absorbing layer  (not shown).  Fur thermore ,  the fit to 
the results f rom sequential  format ion in different elec- 
t rolytes  was obtained only if the  init ial  oxide formed 
in concentrated acid consisted of two nonabsorbing 
layers. 
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High Field Ionic Conduction in Tantalum Anodic Oxide Films 
with Incorporated Phosphate 

C. J. Dell'Oca** and L. Young* 
Depar tment  of Electrical Engineering, Universi ty  of Brit ish Columbia, Vancouver  8, British Columbia 

ABSTRACT 

The dependence of the ionic current  density J on the mean field E in oxides 
grown on tan ta lum in H3PO4 electrolyte was studied using ell ipsometry to 
estimate the thickness. The field in the outer layer which is believed to grow 
due to metal  ion motion is higher because of phosphate incorporation. The 
field in this layer was estimated by assuming that the field in the inner  
undoped layer was the same as the mean field at the same current  density 
and temperature  in films made in dilute sulfuric acid, which are less affected 
by electrolyte incorporation. The results indicate that  the effect of phosphate 
on the ionic conductivity may be due to its reducing the permit t iv i ty  and 
hence the effective field. It  is pointed out that  electrolyte incorp._.oration gives 
two effects which contr ibute to the nonl inear i ty  of log J vs. E plots. Thus, 
since the metal  ion transport  number  increases with J so does the proport ion 
of the film which contains phosphate and requires a higher field. Also the con- 
centrat ion of phosphate increases with J. The incorporat ion leads to history 
effects which are not removed by subsequent  formation, since the profile 
of phosphate records the sequence of current  densities used. The time depen- 
dence of the field on changing the electrolyte is consistent with the field 
locally determined by the local film material.  

An invest igat ion is reported on the effects of in-  
corporated phosphate (1) on the ionic conduction 
process using the ellipsometer techniques described in 
the preceding paper. 

In  the earlier work on ionic conduction in anodic 
oxide films the current  density J was expected to 
depend on the field E according to J -~ Jo 
e x p ( - - ( W - -  ~ E ) / k T ) .  Exper imenta l  results were at 
one t ime thought to show an anomaly of the type that  
0 log J/OE was independent  of the temperature  (2). 
Later (3) it was claimed that  the steady state J could 
be described by J ~ Jo exp ( - -  ( W  -- ~E Jr ~E2) /kT)  
i.e., the slope of log J vs. E plots varied as expected 
with tempera ture  at constant  E but  was not indepen-  
dent  of E. The earlier anomaly arose because experi-  
menta l ly  a mean slope over a fixed range of J was 
calculated. The rat ionale of this form of expression 
was that the activation energy for sufficiently large 
fields should be detectably nonl inear  in the field. 
Several  mechanisms have since been proposed by 
various authors which must  lead to this type of effect 
with homogeneous oxide, whether  or not they are 
exper imenta l ly  significant. The theory of ionic con- 
duction is based on the idea that the potential  energy 
of the moving ion can be wri t ten as a periodic func-  
t ion of its own position coordinates only, plus a ramp 
due to the applied field. This model gives nonl inear i ty  
as a second order effect as was noted in the above 
paper (2) where  it was supposed to be small. (It de- 
pends on the shape of the potential  energy func-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  P r e s e n t  a d d r e s s :  

F a i r c h i l d  R e s e a r c h  & D e v e l o p m e n t  L a b o r a t o r i e s ,  P a l o  Al to ,  Ca l i -  
f o r n i a .  

K e y  w o r d s :  t a n t a l u m ,  a n o d i c  o x i d e  f i lms,  e l l i p s o m c t r y ,  ion ic  c o n -  
d u c t i o n  a t  h i g h  f ields,  d i e l e c t r i c  f i lms.  

tion.) Random variat ions in activation energy from 
site to site such as are expected in an amorphous 
oxide were shown to be capable of giving this effect 
but not the analogous one in the t rans ient  case where 
the sudden changes in J due to sudden changes in E 
are observed (4). 

Later it was suggested that  electrostriction might 
be responsible (5), but  Dignam (6) and later  Dignam 
and Gibbs (7) showed that, if so, the electrostriction 
must  be much greater than in halide crystals. It is 
cer tainly likely to be greater, and electrostriction 
has been claimed and disputed to dominate the elec- 
tro-optic effect shown by these films (8, 9). Dignam, 
Goad, and Sole (10) have found a similar experi-  
mental  behavior with a luminum.  Dignam (6) and 
Dignam and Gibbs (7) have considered in  some 
detail the question of the effects of the shape of the 
periodic potential  energy function and conclude that 
the curvature  may be accounted for by this. Young 
and Zobel (12), who extended the exper imentai  
result  to niobium, suggested that  an expected model 
for these oxides would be ions moving fairly freely 
down channels with occasional coulombic traps. This 
model corresponds to J : Jo exp ( - -  (W -- -yE 1/2)/kT) 
which represents the data quite well with one less 
parameter.  It is a mistake to suppose (7) tha t  this 
model is incorrect because the quadratic expression 
gives a bet ter  fit. One cannot expect an accurate fit 
for an approximate t rea tment  of a simplified model; 
the point is whether  the fit is accurate enough to 
suggest that the model contains the essential features 
of the real system. Fur ther  theoretical t rea tments  
have been based on the shape of the potential  energy-  
distance relat ion and on dielectric effects treated by 
transi t ion state theory (13, 14). Dreiner  and Tripp (15) 



Vol. 117, No. 12 IONIC CONDUCTION IN Ta OXIDE FILMS 1549 

[cf. Dreiner  (16)] have recent ly confirmed experi-  
menta l ly  the quadratic form for t an ta lum over an ex- 
tended tempera ture  range using a pressure vessel. 

Most of the work has been done on films made in  
dilute solutions of electrolyte which are not s trongly 
taken up by the oxide. It wil l  be shown in the present  
paper that  two effects, due to the incorporat ion of 
electrolyte, lead to curvature  of log J v s . -E -p lo t s  
where E is the average field in the oxide. This has not 
been noted before al though in the first report  of the 
effect (3) it was shown that  the curvature  is larger 
for films made in  more concentrated sulfuric acid 
solutions which were known to be inhomogeneously 
taken up. 

The exper imental  procedures were as described in 
the accompanying paper which also deals with the 
ellipsometric techniques used. 

Results and Discussion 
The constant  field required for a constant  ionic 

current  up to quite large thicknesses suggests that  the 
bu lk  of the oxide is electrically neut ra l  at fields which 
give ionic conduction. The field required for a given 
current  must  then, according to conventional  models, 
be determined by the concentrat ion of the mobile 
species in the electrically neut ra l  oxide. However, 
this concentrat ion could be controlled by  the na ture  
of the bulk oxide or by interface effects, e.g., if space 
charge compensation occurred due to double inject ion 
of positive and negative ions. A part ial  test is provided 
by formation successively in two electrolyte solutions. 
In the case of bulk control, if the existing oxide is 
not modified by the change of electrolyte, then the 
mean field is a funct ion of the thicknesses and char-  
acteristic fields of the various layers. Thus for forma-  
tion in 14.7M phosphoric acid followed by formation 
in 0.23N phosphoric acid, an inner  layer  which is 
essentially pure oxide, a second layer containing a 
high concentrat ion of phosphate and a third, outer 
layer containing a lower concentrat ion of phosphate 
are produced. Ellipsometric data were fitted well  by 
this model as shown in the previous paper. Figure 1 
shows that the computed and observed fields are con- 
sistent with the idea that the field in each individual  
layer is characteristic of that  layer  and independent  
of whatever  other layers were present. In  the 
computation 8.15 x 10 e V/cm and 6.46 x 10e V/cm, re-  
spectively, represent  the fields typical  of formation in 
the first and second electrolyte and the oxide pro- 
duced in the first electrolyte was 552A. 

In  previous work with 0.2N sulfuric acid (3), ex- 
periments  were made in which films were grown 
either completely at a given current  densi ty to a given 
final voltage, or par t ly  at a higher current  density and 
then finally at the same lower current  density to 
the same final voltage. The optical thickness was 
found to be indist inguishable provided a quite small 
m in imum charge was passed at the final cur rent  
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Fig. 1. Average field as function of thickness after changing elec- 
trolyte. The line is calculated on the basis that the field in each 
part of the film is characteristic of the material in that region. 

Table I. Comparison of films made in 0 .23N  H3PO4 at 25~ 

1. a t  10 m A / c m  -2 to 136V f o l l o w e d  by  9.5 ~ A / e m  -~ to  l l S . 8 V  
2. a t  9.5 ~ A J c m  -2 t ~ s ame  f ina l  vo l t age .  

1. 41.60 300.16 
2. 32.75 280.28 

A p p a r e n t  total  
A s s u m e d  r e f r a c t i v e  ind ices  th i ckness ,  A 

Ou te r  I n n e r  F o r m a -  F o r m a -  
f i lm fiIm Meta l  G t ion  1 t i on  2 

2.22 2.22 3.3-2.30j (s ingle  film) a 1989 2077 
2.14 2.21 3 . 3 - 2 , 2 0 ~  0 . 5 0  b 2040 2135 
2,14 2.21 3.3-2.26j 0.51 e 2038 2133 

a As in  the  case of ox ide  g r o w n  in  d i l u t e  H.;SO4. 
and  o As in  t he  case of g r o w t h  a t  10 and  1 m A / c m  ~, r e spec -  

t i ve ly ,  in  H:~PO. 

density. Also the relat ion between J and E was indis-  
t inguishable  wi thin  1% of field values for formation 
at constant  voltage and constant  field, respectively 
(12). On the present  model one should expect the 
distr ibution of incorporated electrolyte to be a func-  
tion of the formation procedures, and, since the in-  
corporated, phosphate is thought  to be immobile, no 
amount  of formation at a final current  density should 
br ing the film into the same state as complete formation 
at this current  density. If this is indeed the case, the 
effect went  undetected in dilute sulfuric acid only be-  
cause it  was too small. In  0.23N phosphoric acid the 
effect was detected as shown in Table I. 

Dependence ,of ionic current density on field.-- 
Figure 2 shows the mean  field in the oxide vs. the 
ionic current  densi ty for growth of films in  0.23N 
phosphoric acid. The data were obtained by first 
growing to 99V at 10 m A / c m - 2  giving about 1400A of 
oxide. A constant  100V was then applied. The thick-  
ness was estimated using ellipsometric measurements  
made during successive in ter rupt ions  of film growth. 
A two layer model with the metal  ion t ranspor t  n u m -  
ber taken as 0.56 was employed as an approximation, 
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Fig. 2. LogloJ vs. E. Left-hand line, Young and Zobel's data for 
0.2N H2SO4; middle line, present data far 0.23N H3PO4; right- 
hand line, field in outer part of film obtained from middle line by 
assuming that the field in the inner part is the same as the mean 
field for formation in 0.2N H2SO4. 
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since most of the film was grown at the high current  
densities for which this t ransport  number  was found. 
The total  ionic cur ren t  density was found by dif- 
ferent ia t ing the thickness- t ime data. Also shown in 
Fig. 2 is a curve which represents the data of Young 
and Zobel (12) for formation in 0.2N H2SO4 with the 
same procedure except that  a uniform film was as- 
sumed. 

In  agreement  with Randal l  et al. (1) the mean  field 
is higher with the phosphoric acid due to the greater 
effects of phosphate compared to sulfate. 

The results at 25~ are described by 

J = J1 exp (q(aE -- [3E2)/kT) 
where q = 5e and 

J 1  = 10 -38.42 A /cm -2, a ~ 10.69A,/~ ~ 6.51 A/10~vcm -1 

as compared to 

10-28.~ZA/cm-~, 6.995A, 3.34 A/107vcm-1 

for 0.2N H2SO4. To obtain the field in the outer layer, 
the field in the layer  near  the metal  was approximated 
by the mean  field for formation in 0.2N sulfuric acid, 
analogous to what  was done in the accompanying 
paper to estimate the permit t ivi ty.  The result  is shown 
in Fig. 2. Changes during the constant  voltage forma-  
t ion in the ratio G of the thickness of the outer film 
to the total  thickness were estimated by assuming 
that the instantaneous t ransport  number  at a given 
J was the same as the steady-state value at this J 
(see preceding paper) .  

Curvature of log J vs. E plot.--Two effects associated 
with electrolyte incorporation cause curvature.  First, 
the metal  ion t ranspor t  number  has been found ex- 
per imenta l ly  to increase with J. Thus the higher J the 
larger the fraction of the film that requires a higher 
field because of phosphate incorporation. Second, 
concentrat ion of incorporated electrolyte is found to 
increase with J. The precise curvature  produced 
depends on the conditions, i.e., constant  voltage or 
constant current  formation. If the assumptions made 
in dissecting the film to evaluate the field in the outer 
layer were correct, then any curvature  in the plot in 
Fig. 2 would be due to this second effect plus any 
curva ture  shown by homogeneous ox ide :  

It is interest ing to note that  the fields in the two 
layers are roughly inversely proport ional  to their  
permittivities.  This is shown in Fig. 3 when log J is 
plotted against ere ~ D/eo(D = electric displace- 
ment ) .  This cont inui ty  of D across the interface be-  
tween the two layers is not the result  of an electro- 
static boundary  condition between dielectrics as as- 
sumed by Dignam (17) and by the reviewers: the 
layers act as conductors not dielectrics and the 
boundary  condition is cont inui ty  of current  density. 
There is no reason why charges should not accumulate 
at the interface to give any  required change in D. 

I t  is p e r h a p s  u s e f u l  to g i v e  some  t r i v i a l  e q u a t i o n s  s h o w i n g  t h a t  
( for  c o n s t a n t  J f o r m a t i o n )  c u r v a t u r e  is i m p l i e d  by  t h e  e m p i r i c a l  
f a c t s  of d e p e n d e n c e  of t r a n s p o r t  n u m b e r ,  a n d  c o n c e n t r a t i o n  of i n -  
c o r p o r a t e d  p h o s p h a t e  on J ,  a n d  o f  t h e  c o n s t a n c y  of D. T h u s ,  e x -  
p e r i m e n t a l l y  (1) a t  c o n s t a n t  t e m p e r a t u r e  G ~ A + B I n ( J / C )  
w h e r e  A, B,  C a n d  f u r t h e r  s i m i l a r  q u a n t i t i e s  b e l o w  a r e  t e m p e r -  
a t u r e  d e p e n d e n t  p a r a m e t e r s .  C l e a r l y ,  t h i s  r e l a t i o n  can  be  v a l i d  
o n l y  o v e r  a l i m i t e d  r a n g e  of  J .  T h e  m e a n  f ie ld  is ~" ~ E i  (1 -- G)  
+ EoG w h e r e  E i  a n d  Eo a r e  t h e  f ie lds  in  t h e  i n n e r  a n d  o u t e r  l a y -  

e rs .  We  a s s u m e  t h a t  t h e  p e r m i t t i v i t y  m a y  a lso  be  t a k e n  as l i n e a r l y  
d e p e n d e n t  on  I n ( J / C )  a n d  t h a t  t h e  e f f e c t  o f  p h o s p h a t e  is  so l e ly  on  
t h e  e f f e c t i v e  f ie ld ,  t .e. ,  J = C e x p  HEI = C e x p  KEo,  w h e r e  K = 

(I -- Z, ] n ( J / C ) ) M .  H e n c e ,  ~ H + I n  + - -  

H + In + In p r o v i d e d  1 / ( 1  -- L 

in  ( J / C ) )  ~ 1 + L in ( J / C ) .  I n  F i g .  3 t h e  d i f f e r e n c e  in  c u r v a t u r e  
b e t w e e n  the  p lo t s  f o r  t he  i n n e r  a n d  o u t e r  l a y e r s ,  on  t h e  a s s u m p -  
t i ons  m a d e ,  is  d u e  to  no  a l l o w a n c e  h a v i n g  b e e n  m a d e  fo r  L Also ,  
i n  th i s  e x p e r i m e n t  t h e  c o n c e n t r a t i o n  of p h o s p h a t e  in  t h e  o u t e r  l a y e r  
w i l l  n o t  h a v e  b e e n  c o n s t a n t ,  s ince  t h e  c u r r e n t  d e n s i t y  a n d  m e a n  
f ie ld  w e r e  d e c r e a s i n g  t h r o u g h o u t  as t h e  t h i c k n e s s  i n c r e a s e d  a t  c o n -  
s t a n t  v o l t a g e .  
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Charges are supposed to exist close to the metal /oxide  
and oxide/solut ion interfaces to adjust  the fields at 
these interfaces with respect to those in the inter ior  
of the film. 

The near -equa l i ty  of D seems to mean  that  an ef- 
fective field should be taken as dr iving the ions in the 
ordinary model. For high er the effective field will be 
essentially proport ional  to er. The long-noted paral le l -  
ism (1, 18) between sr and ionic conductivi ty cannot 
be ascribed to both being due to lattice point defects 
since little change occurs with phosphate doping in 
the audio frequency dielectric dispersion. The dif- 
ference in permit t iv i ty  is par t ly  due to ul t raviolet  
f requency effects (as shown by the change in re-  
fractive index) and most of the rest must  be due to 
infrared polarization processes. 

Both sources of curva ture  are indicated by the 
tracer results (1) to be present  in films made in 
0.2N H2SO4. The question is, therefore, whether  any 
detectable curvature  would be present  in  t ru ly  homo- 
geneous oxide. To resolve this question, experiments  
are needed on films made in very dilute solutions of 
electrolytes which have m i n i m u m  tendency to be 
incorporated. However, some clues are possibly as 
follows. Firs t  the idea of nonl inear  activation energy 
removes the temperature  anomaly in 0 log J/OE for 
both steady-state (3) and t rans ient  experiments  (4). 
Second, the history of current  densities was found 
exper imental ly  to have little effect with 0.2N H2SOa 
on the E for a given J provided a quite small  charge 
was passed at the final J. Finally,  it is surpris ing that 
the curvature  effects should be shown by tantalum, 
a luminum,  and niobium. In  all these considerations a 
basic difficulty is that,  in our opinion, no theory, 
which would be at all convincing in the absence of 
the exper imental  data, explains the comparable order 
of mobil i ty  of metal  and oxygen ions. Possibly some 
momentum t ransfer  process, such as is required (4) 
to explain the t ime development  of J at constant  E 
with films previously made at low J, will  eventua l ly  
explain this, but  such a process is not t aken  account 
of in the ordinary theories of steady-state ionic con- 
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duction. We refer to Pringle 's  (19) and Dignam's  ap- 
proaches to this problem (20). 

Thermal recrystallization.--Another process which 
involves atomic movement  is the thermal  recrystal-  
l ization of the films (21-24). In  this case local elec- 
tric fields and concentrat ion gradients near  the 
crystal l ine nuclei  drive the t ransport  process. It  might  
be expected that  electrolyte incorporat ion effects 
might be seen also in this process al though the facts 
that the inner  layer is thought to be free of electrolyte, 
and that ion movement  occurs more freely in this 
layer, might  equal ly be expected to cancel out the 
effect. Brandon et al. in the discussion of their  paper  
(24) have in fact reported observing electrolyte 
effects on thermal  recrystallization. 

Fi lms of about 500A were made on tan{alum which 
had been chemically polished. The films were detached 
by the cathodic tecbnique (2), mounted  on p la t inum 
grids, and annealed at temperatures  in the range of 
650~176 in groups on a silica support in a silica- 
tube  furnace in an atmosphere of oxygen. They were  
then examined in a Hitachi l l A B  electron microscope 
at 100 kV. The reproducibil i ty as regards the absolute 
amount  of recrystall ization was poor. However, the 
percentage of recrystall ization was consistent ly 
greater for films made in dilute sulfuric acid than  for 
films made in dilute phosphoric acid. The general  
appearance of the recrystallized films was also dif-  
ferent. 
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A Doped Oxide Deposition System for Antimony Diffusion 
F. L.. Gittler* and R. A. Porter 

Bell Telephone Laboratories, Inc., Allentown, Pennsylvania 18103 

ABSTRACT 

A doped oxide diffusion system for ant imony diffusion is described. The 
system has been shown to be feasible for base diffusion in PNP transistors. 
It appears to be superior to present ly used systems for buried layers in in-  
tegrated circuit slices. 

The apparatus consists of a hot plate  which heats a turn table  on which 
slices to be deposited are placed. The associated gas t ra in  is automatic and 
can be programmed to deliver (CH3)3Sb (the an t imony source), Sill4 and 
oxygen, to make the oxide, and nitrogen. The gas reaches the slice through 
an inverted frit ted funnel .  The deposition occurs at the desirably low tempera-  
ture of 315~ and typically takes less th~n 5 min. The layer before the dr ive- in  
diffusion consists of an Sb20~ or mixed SiO2-Sb~O5 layer. This is then capped 
with an SiO2 layer to prevent  Sb evaporat ion from the surface. The dr ive- in  
is accomplished at normal  diffusion temperatures.  

The diffusion coefficient at 1200~ of 8.3 x 10 -13 cm 2 sec -1 was calculated 
using an erfc distribution. A surface concentrat ion of 5 x 10 TM cm -3 was deter-  
mined from published curves (13). The diffusion coefficient is somewhat higher 
than published values, which may  be due to the avai labi l i ty of excess Sb205 
at all t imes dur ing the  diffusion run. 

The system is recommended for silicon device processing and has recent ly 
been shown to be useful  for germanium diffusion. 

Ant imony  diffusions have customari ly been ac- 
complished by use of solid Sb203 in  a two-zone fur -  
nace (1). Some of the surface problems generated by 
use of the solid source were described by  LaRocque 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  Member .  
Key  words:  diffusion in silicon, an t imony  diffusion coefficient,  

si lane oxide  diffusion. 

et al. (2). The surface eroded dur ing  diffusion due to 
high concentrat ion Sb areas. Runyan  has used SbCI~ 
as a diffusion source with some success (1). A l iquid 
source has also been reported (3) which performs 
well. 

The dopant  used in this investigation is (CH.~)3Sb, 
t r imethylst ibine.  It was diluted in ni t rogen and pur -  
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chased from Air  Products and Chemicals Company, 
Allentown, Pennsylvania .  Methods of preparat ion are 
cited in Morgan (4). (CHa)aSb is a colorless liquid, 
boiling point--80.6~ melt ing point--87.6~ 

In the work described here, the source is admit ted 
in the vapor state mixed with nitrogen. The apparatus 
used is an improved modification, described below, of 
the version used by Conser et al. (5). 

The major  advantages of this diffusion system are 
the preservat ion of surface perfection, inexpensive 
deposition apparatus, and a furnace system in which 

December 1970 

a slice. When only (CHa)3Sb or Sill4 was admitted, 
no deposition occurred. In  order to make a run,  the 
hot plate tu rn tab le  was lowered from the reaction 
chamber. Slices were placed on the tu rn tab le  as 
shown, the tu rn tab le  raised to meet the reaction 
chamber, t imers set for desired time, and the start  
but ton  pushed. After  completion of the prescribed 
automatic cycle, the slices were removed by lowering 
the turntable .  Between runs, N2 was usual ly allowed 
to flush to keep the system dry. 

The reactions presumed to occur are 

Sill4 + 2 02 : SiO2 + 2 H20 

2 (CH3)3 Sb + 13 02 = Sb205 + 6 CO2 + 9 H20 

Sill4 + 2(CHa)aSb + 1502---- SiO2 + Sb205 + 6CO2 + l l H 2 0  
[1] 

gas flow pat terns  are inconsequential ,  because only 
the dr ive- in  is accomplished in the high temperature  
furnace. Flow patterns in the deposition apparatus 
may be important ,  when mixed Sb205-SiO2 is de- 
posited. However, this deposition is a low tempera-  
ture, 300 ~ procedure. (CH3)3Sb was chosen for this 
application, because the hydride H~Sb, is unstable  and 
(CH3)aSb was the volati le compound with the highest 
an t imony content  available (6). The most important  
use of the method described here is for "buried layer" 
applications for integrated circuit designs and for 
base layers in PNP transistors. The method works 
equal ly well  for germanium. 

Exper imental  Procedure 
In Fig. 1 is a schematic representat ion of the ex- 

per imenta l  apparatus. The gas flow is controlled 
automatical ly by timers. Enter ing  at the top of the 
reaction chamber are the reactants Sill4 and 
(CHa)aSb. The cylinders containing the gases are 
shown on the left. The silane used was a 3% mixture  
in ni t rogen and the t r imethyls t ib ine  was a 1% mix-  
ture  in nitrogen. These concentrations were not  
checked) The Only other reactant  required, oxygen, 
entered on the left and right of the reaction chamber. 
The temperature  of the hot plate was 360 ~ +__ 0.5~ 
stabilized by the controller. The slice temperature,  
determined by means of a color changing indicator 
was 315~ It can easily be seen that all or any com- 
binat ion of the 3 reactants can be admit ted to the 
reaction chamber. 

The object of this procedure was to deposit the 
dopant  onto the slices located on the turntable.  Sub-  
sequent t rea tment  in a furnace at temperatures  in 
excess of 1200~ resulted in  a diffused silicon layer in  

1 T h e  c o n c e n t r a t i o n  of S i l l ,  w a s  o b t a i n e d  by  m i x i n g  t h e  p u r e  
gases .  T h e  (CHa),~Sb w a s  w e i g h e d  i n  an  a m p o u l e ,  w h i c h  w a s  t h e n  
b r o k e n  in  t h e  n i t r o g e n  c o n t a i n e d  in  t h e  c y l i n d e r .  A l l  r u n s  w e r e  
m a d e  by  use  of a s i ng l e  c y l i n d e r  of  e a c h  of t he  gas  m i x t u r e s .  

HOT PLATE 
VACUUM 

16o: ool I ,A.LE 
s"c"-I%o o J L  

~" / THERMOCOU~/LE 

.-II TABLE I CONTROLLER - T 
[_[' _ _ _ '  RECORDER 1 

Sill4 (CHa)aSb @-SOLENOID VALVE I I 
@ =NEEDLE VALVE I I 

=PRESSURE REGULATOR 
= 1/4" S, STEEL TUSING Cd 

- -  -ELECTRICAL WIRING 
= FLOWMETER 

Fig. 1. Deposition system for antimony oxide 

Exper imental  Results 
Deposition exper iments . - -The purpose of this series 

of experiments  was to find the rate of deposition of 
SiO2 and Sb205 on silicon substrates.  Six runs  were 
made with flow conditions given in Table I. Shown in 
Fig. 2 is a plot of weight gain vs. t ime of deposition 
for pure or mixed oxides on silicon substrates at 
317~ The volume ratios shown are flow rates of 
(CHa),Sb-N2 and SiH4-N2 mixtures.  Note that  to 
obtain the volume ratios 0.3, 0.5, and 1, the flow rate 
of SiH4-N2 was mainta ined constant  and the flow rate 
of (CHa)aSb-N2 varied. The run  at volume-rat io-of-2 
was made at one-half  the Sill4 flow. 

One would expect that  weight gains of runs  2, 3, and 
4 with additional (CH~)3Sb would be larger than for 
pure Sill4. This is not the case as shown by the re- 
sults in Fig. 2. The max imum weight gain per minute  
if complete reaction occurred and alI products de- 
posited on one slice only, is given in Table II. Of 
course, not all reaction products deposit on one slice, 
but  the relative amounts  should be in proportion with 
Table II. 

A plot normalized at volume ratio of 0.3 is shown 
in Fig. 3. It is not  clear how the added (CI~)aSb 
could cause such a decrease in deposition rate. The 
layer deposited with equal volumes of Sill4 and 
(CH3)aSb was analyzed and found to be 95% Sb20~ 
and 5% SIO2. Several  explanations are plausible. The 
addition of (CH.3)3Sb may act as a chain breaker  in 
the oxidation of Sill4 believed by some to be a chain 
reaction. Or the surface, which is required for deposi- 

Table I. Experimental flow conditions 

2 3 
1 F l o w  of F l o w  of 4 

R a t i o  SiH4-N2 (CHa) ~Sb-N~ F I o w  of 
R u n  (CH~)zSb 3% n o m i n a l  1% n o m i n a l  02  

n u m b e r  SiI-14 em a m i n - 1  cmZ r a i n  -~ cruz min,-I  

1 P u r e  SiH~ 250 ~ 100 
2 0.3 250 83 100 
3 0.5 250  125 10O 
4 1 250  25O 100 
5 2 125 250 I00 
6 P u r e  (CI-~)8(Sb) -- 250 100 

Table II. Theoretical weight gain 

C a l c u l a t e d  
C a l c u l a t e d  t o t a l  w e i g h t  

w e i g h t  g a i n  g a i n  d u e  to 
Run d u e  to Sil l4* ( C I ~ ) a S b  + S i H i  

n u m b e r  m g  r a i n  -1 m g  r a i n  -1 

1 20.85 20.85 
2 20.85 31.82 
3 20.85 37.38 
4 20.85 53.91 
5 10.33 43.39 
6 0 33 .06 

* F o r  c o n d i t i o n s  see T a b l e  L 
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o 
0 20 40 60 80 100 

MINUTES 
TIME 

Fig. 2. Weight gain of silicon slices as a function of gas composi- 
tion and time of deposition. 

C A P  

Si 02 ( S b 2 0 5  RESIDUAL)  

1 Si  O z -  Sb205 

Fig. 4. Structure after deposition 

800' 

7 0 O i l  I FOR CONDITIONS 
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Z 
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LU 

500 

4 0 0  

:500 

200 
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0 I I =. , i k. 
0.2 0.4 0.6 0.8 1.0 

PURE SiH4PURE RATIO cc/min.(CH3) 3 Sb in N 2 (CH3)3 Sb 
cc/min.SiH 4 in N 2 

Fig. 3. Calculated and actual increase of antimony deposited 
slices. 

tion of SiO2 and Sb205, catalyzes the Sb205 formation 
but  not the SiO2 formation. Or, even though oxygen 
was in excess, SiO2 molecules did not deposit with the 
same efficiency as Sb205 and, therefore, unreacted 
Sill4 and nondeposited SiO2 left the reaction chamber. 

The molecular  species deposited in the silicon slice 
was determined by microprobe analysis (7). As noted 
above, Sb205 and SiO2 were found, hence Eq. [1] is 
consistent with the analysis. 

Diffusion experiments.--One of the problems with 
Sb205 is its volati l i ty since Sb205 evaporates dur ing 
the diffusion necessary to redis t r ibute  the Sb from 

Fig. 5. Surface of slice after diffusion, when excessive deposition 
times are used. 

the surface into the silicon to avoid the escape of 
Sb205 during drive-in-diffusion,  an "oxide-cap" is 
grown as shown in Fig. 4. Such a structure is produced 
by first admit t ing a mix ture  of (CH3)3Sb, Sill4 and 
oxygen and then only Sill4 and oxygen. If very low 
sheet resistances were desired, pure (CH3)3Sb and O2 
were admitted. The SiO2 cap is directly responsible 
for the success of this method; however, in addition to 
the cap, it was necessary to restrict deposition times 
to less than 3 rain or poor surfaces resulted. An ex- 
ample is shown in Fig. 5. Thin  deposition layers re-  
sulted in no visible surface deteriorat ion during dif- 
fusion. 

A wide range of sheet resistivities can be obtained 
by varying  the t r imethyls t ib ine  to silane ratio. Sheet 
resistivities from 15 to 290 ohm-square  -1 were ob- 
tained by changing the flow ratios from 0.03 to 1.0 and 
dr ive- in  temperatures  from 1200 o to 1284~ as shown 
in Fig. 6. An example of a typical  r un  is given in 
Table III. 

The deposition t ime of 4 min is favorable for mass 
processing. Since only a flat temperature-prof i le-  
furnace is required for d r ive- in  diffusion, a number  
of hot plates can be used to deposit the slices and 
several hundred  slices can then be d r iven- in  at the 
same time. Junct ion  depths can easily be predicted as 
shown in Fig. 7. The junc t ion  depth is a funct ion of 

Reproducibil i ty of the runs  is shown in Table IV. 
Each run  consisted of 4 slices deposited with pure 
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~ X  
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T E M P E R A T U R E  1 0 %  

Fig. 6. Resistivity as a function of stibine ratio and diffusion 
temperature. 

(CH3)aSb+O2, capped with SiO2, and diffused for 2 
hr at the temperatures  indicated. One slice was angle 
lapped in each run  and surface concentrat ions were 
computed using the complementary error function 
profile. The resistivities measured on each of the 4 
slices in each run  were 2% of the average resist ivi ty 
for that run. 

The error function distr ibution was assumed in the 
solution of the diffusion equation, though an infinite 
source may not actually have been available. Rather 
a ra te- l imi t ing step may have to be assumed, because 
the an t imony in the silicon diffuses faster than in the 
oxide. Smits and Miller derived a solution for a ra te-  
l imiting t ransfer  step which they solved for the 
gaseous case (8). In the situation at hand, diffusion 
occurs both into the oxide cap and the silicon. For 

Table III. Example of procedure for Sb diffusion of silicon 
slice with (CH3)3Sb 

N,~ ( C H j ) j S b  SiH~ O,z T e m p e r -  
M i n u t e s  O p e r a t i o n  c c / m i n  c c / m i n  c c / m i n  c c / m i n  a t u r e  

10 F l u s h  7500 N o n e  N o n e  N o n e  362 
1 C o d e p o s i t  7500 250 250 100 360 
3 Cap  7500 N o n e  250 100 360 
5 F l u s h  500 N o n e  N o n e  N o n e  360 

120 D r i v e - i n  2000 N o n e  N o n e  40 1284 

Table IV. Concentration and sheet resistance 

J u n c t i o n  
T e m p ,  ) s  d e p t h  Cs X 10 -19 (13) 

R u n  No.  ~ .q~-~ m i c r o m e t e r  cm -3 

59  1275 17.4 4.86 4.8 
57 1277 15.2 5.60 4.8 
58 1278 14.0 6.18 4.8 
56 1284 12.7 5.89 5.2 

Table V. Diffusion coefficients for Sb diffusion at 1200~ 

I n v e s t i g a t o r  R e f e r e n c e  D • 101~ a t  1200~ 

F u l l e r  a n d  D i t z e n b e r g e r  9 2.5 cm ~ sec  -1 
T h u r s t o n  a n d  T s a i  10 1.5 
R o h a n  et  aL 11 3.8 
P e t r o v  12 1.7" 
G i t t l e r  3 2.4 
T h i s  i n v e s t i g a t i o n  8.3 

* C a l c u l a t e d  f r o m  t h e i r  d a t a ,  

TIME 
MINUTES 

I I I I I 

10 25 50 75 100 

8 ISYMSOL IRAT'OI /~ 

I I'~ I , . /  x 0.6 
7 0 3  x 

I o I 0,15 I ~o /  _'b 
I , Io .o31 

6 I I I . 7  ~,,,g~/ 
/.g' 

:/7 
~ /  TEMP;12750C 

/ i f  cc/min.(CH 3 )3Sb in N 2 
/ / RATIO . . . . .  

1 i / /  cc/min. Sill 4 in N 2 

O0 I I I I I I I I l I 
1 2 3 4 5 6 7 8 9 10 11 

Fig. 7. Junction depth as a function of diffusion time 
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simplicity and since no diffusion constants in the oxide 
were known, a complementary  error funct ion in the 
silicon was assumed. This is a good assumption, since 
diffusion occurred from pure Sb205. 

Since diffusion times are known, it is possible to 
calculate effective diffusion coefficients, which are 
shown in Table V. The higher diffusion coefficient 
found in this work may be due to the more con- 
centrated source used. 

Many device slices have been diffused using the 
doped oxide deposition system and both good surfaces 
and good device yields have been produced. 
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Exposure of Photoresists 
II. Electron and Light Exposure of a Positive Photoresist 

Barret Broyde 

Engineering Research Center, Western Electric Company, Inc., Princeton, New Jersey 08540 

ABSTRACT 

Less energy is required to solubilize AZ-1350 when the exposure is ac- 
complished with kilovolt  electrons than when light is used to expose the 
photoresist. In contrast  to overexposure  wi th  light, overexposure  by electrons 
causes an insoluble cross-l inked product to form. The solubilization reaction 
is enhanced by the addition of small  amounts  of benzotriazole, indazoles, and 
imidazoles, while  the cross-l inking reaction is inhibi ted by these additives. 

Photosensi t ive mater ia ls  called photoresists are used 
during the manufac ture  of semiconductor  devices to 
protect  selected areas of semiconductors and other  
surfaces against chemical  attack. Conventionally,  the 
desired pat tern  in the  photoresist  is obtained by expos- 
ing the photoresis t-coated surface to l ight through a 
mask. However ,  electron beam pat tern  generators,  in 
which a controlled electron beam wri tes  on the  photo-  
resist, offer the advantage of exposing narrow sharp 
lines. Af te r  exposure wi th  ei ther  electrons or light, 
the  pa t te rn  is developed by rinsing the photoresist  with 
a solvent. Negat ive  resists are those that  are insolu- 
bilized on exposure while  positive resists are solu- 
bilized. 

The l ight and electron flux necessary to expose re-  
sists has been repor ted  by several  workers  (1-3). It 
appears that  posit ive resists are less sensitive to both 
light and electrons than are negat ive  resists. In con- 
vent ional  posit ive photoresist  processing this lower  
sensit ivi ty sometimes requires  that  exposure t imes be 
longer than desirable. But, more important ,  the low 
sensit ivi ty usually leads to very  long exposure t imes 
when ei ther project ion photol i thography or wri t ing 
electron beams are  used to pat tern  the resist. 

This work  reports that  members  of the benzotr i -  
~zole, imidazole, and indazole families decrease the 
flux and hence energy requi red  for the light and elec- 
tron exposure of a high resolution posit ive photoresist ,  
AZ-1350J The energy requi red  can be determined f rom 
the flux if the fraction absorbed is known. Previous  
work  at Western Electric has shown how this can be 
calculated for electron exposure (4) while  absorpt ivi ty  
data are repor ted  here  for the exper iments  involving 
l ight exposure. 

Experimental 
Layers  of AZ-1350, 6000A thick, were  prepared by 

spinning techniques. The resist was then baked at 
60~ for 10 rain, al lowed to cool, exposed and then 
dip-developed for 4 min  in the Shipley AZ-Deve loper  
(full  s t rength) .  The thickness of the resist before and 
after  development  was measured by profi lometer  tech-  
niques described previously  (4). Electron exposure 
was carr ied out at 2 x 10 -5 Torr  wi th  an electron beam 
focused to give a 2.5 cm 2 spot. The current  was mea-  
sured with  a Faraday  cup before and after  exposure. 
Light  exposures were  carr ied out wi th  a 150W xenon 
lamp held l m  from the resist. Glass filters al lowed only 

K e y  w o r d s :  p h o t o r e s i s t s ,  e l e c t r o n  b e a m s ,  l i g h t  e x p o s u r e .  
1 A p r o p r i e t a r y  p r o d u c t  of  the  S h i p l e y  C o m p a n y ,  N e w t o n ,  M a s s a -  

c h u s e t t s .  

wavelengths  longer than 3100A. to i r radiate  the resist. 
Chromium-coated  glass plates were  used as the sub- 
strates for the electron exposure experiments ,  while 
quartz  plates were  used to study the l ight exposure. 

When the effects of addit ives were  examined,  the 
addi t ive was dissolved in the photoresist  solution at 
least 16 hr  before use. Occasionally, it was found that  
films of the resist wi th  addit ive required shorter  de- 
ve lopment  times. 

Results and Discussion 

Electron exposure of AZ-1350.--Typical behavior  of 
6000A thick layers of AZ-1350 after exposure to 15 keV 
electrons and development  is given in Fig. 1, curves 
A and B. The electron flux required to expose unsensi-  
tized AZ-1350 depends on the energy of the exposing 
electrons as wel l  as the t ime that  the resist has been 
stored. Typically, 6 #cou]/cm 2 of 15 keV electrons are 
required to expose newly  purchased solutions while the 
same resist 4 months later  requires  about 40 ~coul/cm'-' 
for exposure. The loss of sensi t ivi ty of the resist on 
storage may  arise from the same cause as the loss in 
sensi t ivi ty of the resist  when  it is heated (5). When 
AZ-1350 is overexposed to the extent  that  it has ab- 
sorbed about 20 x 1021 eV/cm ~, it cannot be removed 
by AZ-Developer .  This overexposed spot is also in- 
soluble in acetone and benzene. 

~- 0 . 6 q  

~ 0.5 
u.I 
3,, 
~ 0.4 

z 0.2 

~_ 0.~ 

m 
m 
~: 0.0 w w 

f v w 
I .O 2. O 5 . 0  

LOG F L U X  ( /~ c o u l / c m  2 ) 

Fig. 1. Exposure of AZ-1350 by 15 keV electrons. Curves A and 
B, newly purchased resist; curves C ond D, newly purchased AZ- 
1350 containing 2% benzotriozole. The initial thickness of resist 
was 0.6 ,~m. 
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Varying the electron accelerat ing potent ia l  be tween 
5 and 20 kV changes the flux requi red  to expose newly  
purchased AZ-1350 from 3 to 9 ~coul /cm 2. Using the 
model  previously described (4) to calculate the amount  
of energy t ransferred f rom the beam to thin layers, 
the amount  of absorbed energy requi red  to solubilize 
ful ly newly purchased resist  is 1.5 _ 0.05 x 1021 eV/cm ~. 
The range of 5 keV electrons in AZ-1350 has been mea-  
sured here as 6500 ___ 200A, and this va lue  was used for 
this calculation. 

Harwood and Hunte r  have identified the react ive 
moiety  in AZ-1350 as 3 ,4-dihydroxybenzophenone-4-  
[naphthoquinone-(1,2)  diazide (2) ] sulfonate and 
have found that  it constitutes 23% of the weight  of 
the solids in the photoresist  (6). Since the density of 
dried AZ-1350 films is 0.9, there are 1.6 x 10 TM sensi- 
t izer molecules in a square cent imeter  of film 6000A 
thick. If all the sensitizer molecules have reacted when 
the film is ful ly solubilized, then the G value (number  
of molecules that  react  per 100 eV absorbed) for solu- 
bilization is about 18. This ra ther  high value implies 
that  energy t ransfer  f rom the electron beam to a re-  
act ive site in AZ-1350 is much more  efficient than in 
negat ive  resists. 

The mechanisms of the reactions involved in the re-  
sponse of AZ-1350 to electron radiat ion have  not been 
de termined  yet, but it is l ikely that  a cross- l inking 
reaction of its phenol - formaldehyde  polymer  (6) leads 
to the insoluble product  (see below).  It  is also l ikely 
that  the solubilization react ion is the same one that  
occurs with light; quinone diazide groups are conver ted 
to carboxylic acids (7). Solubil ization arising from ,a 
scission reaction of the phenol - formaldehyde  polymer  
in which indiscr iminate bond breakage occurs and 
soluble low molecu la r -weigh t  compounds resul t  cannot 
be ful ly excluded, but it is not probable because scis- 
sion would have  to predominate  at low exposures and 
cross-l inking at high exposures. 

Exposure of AZ-1350 by light.--Htoo has shown that  
an exposure of 3.6 x 10 TM eV/cm2 is needed for a 
6000A-thick film of the resist wi th  3654A radiat ion 
(1). Since K. H. Cho of this laboratory has shown the 
absorpt ivi ty  of these films to be 0.32 at this wavelength,  
this exposure corresponds to an absorbed energy of 
1.7 x 10 TM eV/cm 2 and a quantum yield of 0.032 for the 
solubilization process. Absorbed light energy therefore  
is only 5% as efficient in causing solubilization as is 
electron energy. The higher  efficiency of solubilization 
during electron exposure is unexpected,  since the 
pr imary  process of electron energy absorption leads 
to a large var ie ty  of exci ted bonds and molecules, 
while during light absorption only the quinone diazide 
groups are excited.2 Overexposure  by wavelengths  
greater  than 3100A does not lead to an insoluble pro-  
duct, but when the resist is exposed to 2537A radia-  
tion it forms an undevelopable  spot. Since the phenol-  
formaldehyde polymer  absorbs radiat ion at this wave-  
length but not at the longer  wavelengths,  it is probably 
undergoing a cross-l inking reaction. 

Sensitization of AZ-1350.--When dilute solutions of 
benzotriazole in AZ-1350 are prepared  and spun to 
films, it is found that  a lower  flux of both electrons 
and light is requi red  to solubilize the resist. Typical  
results for electron exposure  are shown by curve  C 
of Fig. 1 and, for l ight exposure, by Fig. 2. Benzotr i -  
azole also inhibits the cross-l inking that  occurs wi th  
high electron fluxes (curve D, Fig. 1). The edges of 
exposed and developed lines in the photoresist  both 
with  and wi thout  sensitizer were  examined under  an 
optical microscope. The resolution of the microscope is 
about 0.33 gm which is insufficient to distinguish any 
difference in edge gradients. 

2 Htoo  h a s  s h o w n  t h a t  less  t h a n  8.1 • 101~ e V / c m e  of l i g h t  a r e  
n e e d e d  f o r  t h e  e x p o s u r e  of  6000A K T F R  f i lms ,  w h i l e  4.6 • 1016 e V /  
crn~ of  e l e c t r o n  e n e r g y  a r e  n e e d e d ,  so t h a t  l i g h t  e x p o s u r e  of I ~ T F R  
is m o r e  e f f i c i en t  t h a n  e l e c t r o n  e x p o s u r e .  I n  r e f .  {4), :Htoo's w o r k  is  
i n c o r r e c t l y  quo t ed .  
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EXPOSURE TIME ( rain ) 
Fig. 2. Effect of benzotriazole on the exposure of AZ-13S0 by 

light. The initial thickness of resist was 0.6 #m. A 150W xenon 
lamp 100 cm from the sample was used. 

Benzotriazole is not the only efficacious additive. All  
members  of the benzotriazole, imidazole, and indazole 
families that are soluble and that  have a hydrogen 
atom bonded to a ni t rogen atom also decrease the flux 
needed to expose AZ-1350. These addit ives also sensi- 
tize the response of other quinone diazide resists e.g., 
AZ-1350-H (a Shipley product)  and KAR-3 which is 
manufactured  by Eastman Kodak. 

The mechanisms in sensitizing the solubilization 
reaction and in inhibit ing the cross-l inking react ion are 
still being investigated. Since nei ther  the absorption 
spectrum nor the penetrat ion range of electrons of the 
resist change significantly when  low levels of benzotr i -  
azole additives are added to the resist, sensitization of 
the solubilization probably  involves bet ter  energy 
t ransfer  from the site of absorption to the react ion site. 
Benzotr iazole- type addit ives also cause energy  to be 
t ransferred away f rom cross-l inking sites, since 2% 
solutions in KTFR cause an increase in the electron 
energy needed to reach the gel point from 2.5 x 1020 
eV/cm 3 to 11 x 10 e0 eV/cm 3. Benzophenone and hexa-  
phenyldilead, which reduce the electron flux needed to 
reach the gel point of KTFR, also cause a reduct ion in 
the flux that cause overexposure  in AZ-1350. 

Conclusions 
1. Electron exposure is more efficient in solubilizing 

AZ-1350 than is l ight exposure. 
2. Overexposure  by electrons causes a cross-l inking 

reaction which renders  AZ-1350 undevelopable.  
3. Benzotr iazole- type addit ives increase the effi- 

ciency of the solubilization reaction caused by both 
electron and l ight absorption whi le  re tarding the cross- 
l inking reaction caused by electrons. 

A c k n o w l e d g m e n t s  
The author is indebted to Dr. H. H. Loar, M. W. 

Sagal, and W. R. Samaroo of the Western Electric 
Company, Inc., for many  s t imulat ing discussions and 
to Mr. C. A. Adams for his invaluable  technical  assist- 
ance. 

Manuscript  submit ted May 5, 1970; revised manu-  
script received ca. J u l y  20, 1970. This was Paper  250 
presented at the Los Angeles Meeting of the Society, 
May 10-15, 1970. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the J u n e  1971 
J O U R N A L .  

REFERENCES 
1. M. S. Htoo, Photo Sci. Eng., 12, 169 (1968). 
2. R. K. Matta, Electrochem. Technol., 5, 382 (1967). 
3. M. Hatzakis, This Journal, 118, 1033 (1969). 
4. B. Broyde, ibid., 116, 1241 (1969). 
5. H. A. Levine in "Po lymer  Preprints ,"  Am. Chem. 

Soc., 10, 337 (1967). 
6. M. G. Harwood and D. N. Hunter,  DDC, AD846184. 
7. A. Mustafa in "Advances in Photochemist ry ,"  Vol. 

II, p. 113 ff, W. A. Noyes, Jr., G. S. Hammond,  and 
J. hi. Pitts, Jr., Editors, J. Wiley & Sons Inc., 
New York (1964). 



Properties of Cathodochromic Sodalite 
Wil l iam Phillips 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Cathodochromic behavior  of i ron-doped sodalites containing Br, I, or mix -  
tures of halogens has been invest igated in addition to that  of chloride sodalite. 
Ul t raviole t  excitat ion of these materials  produces an optically bleachable 
absorption band whose peak moves f rom 5250 to 6025A as the halogen com- 
position is changed from C1 to I. Electron beam excitat ion produces near ly  
identical absorption, but exposures above a certain threshold produce, in addi- 
tion to optically bleachable absorption, residual absorption that  is insensit ive 
to light. Residual absorption is at a min imum in iodide sodalite. 

Ca thode- ray  tubes utilizing a cathodochromic screen 
mater ia l  instead of a phosphor have a number  of 
valuable  at tr ibutes in display-storage applications. The 
behavior  of tubes of this type made with  sodalite as 
the screen mater ia l  has been described earl ier  (1). In 
this publication we describe in some detail  the prop-  
erties of i ron-doped sodalite materials  that  have been 
synthesized for cathodochromic applications. 

Sodali te is an aluminosil icate compound having the 
ideal formula  Na8A16Si~O24Cle. The basic s t ructural  
unit  consists of a cage formed of A104 and SiO4 te t ra -  
hedra l inked together  by their  oxygen atoms. In the 
center  of this cage is a C1- surrounded by four Na + 
ions. The sodalite cage can, and often does, accommo- 
date a number  of anions other than C1-. B r - ,  I - ,  O H - ,  
and SO42- are f requent ly  occurring substitutions. 
Sodalite usually occurs in na ture  as a blue-colored 
mineral.  A photochromic var ie ty  of sodalite also oc- 
curs and is known as hackmanite.  

The synthesis of sodalite for photochromic studies 
was reported by Medved in 1953 (2) and 1954 (3). He 
used a powder  sintering technique and found that  his 
sodalite had to be reduced, preferably  in a hydrogen 
atmosphere,  before photochromic propert ies  appeared. 
Medved suggested a model  for the switching of soda- 
lite in which electrons were  t ransferred from U-cen-  
ters to F-centers  under  the influence of uv excitation. 
Also in 1954 a paper by Kirk  (4) appeared emphasizing 
the role of sulfur as an act ivator  in sodalite. Fur the r  
work  on sodalite was reported by Radler  and others in 
1962 through 1964 (5). Radler  reported that  the color of 
the switched sodalite could be al tered by substi tut ing 
other  halogens for the chlorine. 

The ESR spectrum of the photochromic color center  
of sodalite was reported in 1967 by Hodgson, Brinen, 
and Will iams (6) and found to be consistent wi th  the 
F-cen te r  model. The photochromic propert ies of this 
mater ia l  were  described in a subsequent paper by the 
same authors (7). They found, in agreement  with 
Kirk, that  photochromic behavior  appeared only when  
sulfur was present in their  materials.  Cathodochromic 
propert ies of sul fur-doped sodalite have been repor ted  
recent ly  by Forres ter  et al. (8). 

In this paper we describe the photochromic and 
cathodochromic behavior  of sodalites containing C1, Br, 
I, and mixtures  of these halides. These materials  differ 
f rom those reported in ref. (6) through (8) in that  
they are act ivated by the presence of iron. Sulfur  
does not appear to play a significant role in thei r  
switching behavior.  

Synthesis and Optical Properties 
Most of the mater ia l  used in the present  research 

was prepared by a hydro thermal  synthesis method at 
the Ai r t ron  Division of Lit ton Industries. The pres-  
sures utilized were  considerably higher  than those re -  
ported in ref. (7) (25,000 psi instead of 4000 psi), and a 
t empera tu re  gradient  was applied to the apparatus to 

Key words: photochromic, dark trace, display, storage. 

encourage t ransport  and crystall ization of the sodalite 
at the top of the vessel. The resul tant  mater ia l  has the 
form of a coarse crystal l ine gravel,  containing wel l -  
formed dodecahedra wi th  faces occasionally as large 
as 5 mm across. In order to induce photochromic prop- 
erties the mater ia l  is crushed, if necessary, to smaller  
than 12 mesh, then annealed in a reducing atmosphere,  
usually hydrogen, for several  hours at 850~176 

Reduced sodalite prepared as described above is 
colorless, but develops a magenta  coloration when ex-  
posed to uv or to electron beam excitation. The color- 
ation is near ly  identical  for the two types of excitation, 
but we find that  l i t t le or no coloration can be induced 
or bleached by optical excitat ion unless the mater ia l  
contains appreciable amounts of iron (see section on 
the Influence of Dopants) .  

The optically induced and electron beam induced 
absorption spectra measured by transmission through 
an i ron-doped chloride sodalite single crystal  are 
shown in Fig. 1. The optical samples used to obtain 
this and the fol lowing figure were  cut from the largest  
avai lable hydro the rmal  crystals. To obtain the cath-  
odochromic spectrum the reduced samples were  alu- 
minized and then colored (on both sides) in a de- 
mountable  electron beam apparatus at approximate ly  
30 kV. The aluminum was removed and the crystals 
measured within about I0 min of coloration. 

When bromine is substituted for the chlorine in 
sodalite the resultant photochromic material develops 
a purple color rather than magenta, because the posi- 
tion of the induced absorption band is moved to a 
longer wavelength (5550A instead of 5250A). The 
shape and intensity of the induced absorption band are 
similar to those of chloride sodalite (see Fig. 2). In 
sodalite synthesized with iodine as the halogen, the 
absorption peak occurs at even longer wavelengths 
(6025A) as shown in Fig. 3. Intermediate positions for 
the peak of the induced absorption band are produced 
in sodalites containing mixtures of halogens. 
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Fig. 2. Unswitehed, uv switched, and electron beam switched 
absorption spectra of a sodalite:Br single crystal. 
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Fig. 3. Unswitched and uv switched absorption spectra of 
sodalite:l powder dispersed in an index-matched liquid. 

The position of the photochromic absorption band in 
sodalite in fact appears to be determined by the lattice 
constant of the mater ia l  as is the case for the F -band  
in alkali  halides (9). F igure  4 shows the position of 
the peak of the induced absorption band as a func-  
tion of lattice constant for the mater ia ls  ment ioned 
above, and also for sodalites having the compositions 
NasAlsSi6024C1Br and NasA16Si6024BrI. The l inewidths  
for the lat ter  mater ia ls  are  about the same as for 
pure  chloride and bromide, i.e., 1000-1100A. The de- 
pendence of wave leng th  on lattice constant found in 
Fig. 4 is much steeper than that  found for alkali  
halides. The results in Fig. 4 are in general  agreement  
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Fig. 4. Position of the peak of the photochromic absorption band 
of sodalite vs. the lattice constant of the material. 
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Fig. 5. Thermal decay of the induced change in reflectance of 
chtoride, bromide, and iodide sodalite powdered samples measured 
at room temperature. R(t=O)/R(t) is the reflectance immediately 
after coloring the sample divided by the reflectance at time t. 

with those reported in ref. (8), except that  the posi- 
tions of the absorption peaks in the present  work  con- 
sistently occur at 80-160A shorter  wavelengths.  This 
may  result  f rom the absence of sulfur f rom the present 
materials.  

The thermal  decay rate  of the mater ia ls  also changes 
wi th  composition. The decay of the optically induced 
reflectance change of powdered chloride, bromide, and 
iodide sodalites was measured,  at the peak of the in- 
duced absorption band, on a spectrophotometer  
equipped with  integrat ing spheres. The results are re -  
produced in Fig. 5 (10). 

The induced absorption coefficient inferred f rom 
Fig. 1 for sodalite:C1 is ~ : 68 cm -1. This value is 
typical of chloride and bromide  sodalite crystals and 
powdered specimens excited to saturat ion with  3650A 
radiation. Iodide sodalite crystals and powders are 
usually found to be less s trongly absorbing when 
optical ly excited, for reasons that  are not c lear ly  un-  
derstood (see Table I) .  Using the Smakula  equation 
and assuming that  the oscillator s t rength of the photo- 
chromic transit ion if f = 0.5 (about the same as for the 
F center  in alkali  hal ides) ,  one can estimate the density 
of color centers in the materials.  These estimates are 
shown in Table I. 

Bleaching of the optical ly induced coloration in 
sodalite is accomplished by irradiat ion with  light 
within the induced absorption band. This is also the 
case for the electron beam induced coloration provided 
that  the degree of coloration is held below a par t icular  
level. If this level  is exceeded in many sodalite speci- 
mens, a portion of the induced coloration is found to 
l inger after optical bleaching is at tempted.  The re-  
sidual coloration of chloride and bromide sodalites 
cannot be removed by optical i r radiat ion nor does it 
show any significant thermal  decay at room tempera -  
ture. It  can, however,  be removed  by heat ing the 
crystal  to 200~176 The extent  to which residual  
coloration occurs varies wi th  the mater ia l  composition. 
It wil l  be discussed in greater  detail  in the fol lowing 
section. 

Elec t ron  B e a m  C o l o r a t i o n  o f  S o d a l i t e  P o w d e r s  
The major  port ion of the study of the cathodochro-  

mic behavior  of sodalite has been performed using 
powdered material .  The procedure has been to prepare  
2 in. square glass slides by sett l ing the powder  from 
aqueous suspension in much the same manner  as phos- 

Table I. Typical optical properties of sodalites 

A b s o r p t i o n  D e n s i t y  of  
A b s o r p t i o n  coeff icient  color  cen t e r s ,  

Sodal i te  t y p e  p e a k ,  A a t  peak ,  c m  -1 cm-a  

C1 5250 70 5 x 1017 
B r  5550 70 5 • 1017 
I 6025 40 3 • 1017 
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phor CRT screens are formed. Ear ly  exper imenta t ion  
established approximate  opt imum powder  parameters  
for these slides. The values used for sodalite usual ly 
fall  in the range 10-37~ for the part icle size and 3-7 
mg/cme for the screen weight.  The slides are alu-  
minized to increase their  whiteness and to render  
them complete ly  opaque. 

Test slides are evaluated by mount ing them in a de- 
mountable  electron beam apparatus and excit ing them 
over  a known area wi th  a measured electron beam 
current.  The accelerat ing voltage is held at 28 • 1 kV, 
and the exposures are typical ly made at current  densi-  
ties ranging from 0.05 to 5 ~A/cm 2 for 1, 2, or 5 sec. The 
slides are i l luminated with  a regulated tungsten light 
source at an angle of 45 ~ . The source intensi ty is ad- 
justed unti l  the diffuse reflected screen luminance,  as 
measured by a spot brightness meter  normal  to the 
slide, reaches a convenient  value, usual ly 1 or 10 ft-L. 
At these i l luminations the contrast  ratio is essentially 
independent  of light level, and the decay rate  of the 
coloration is long compared with  the exposure time. 
Af ter  electron beam exposure the luminance is again 
determined and the contrast  ratio calculated f rom the 
relat ion 
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Fig. 7. Electron beam exposure curve for an iodide sodalite test 
slide. 

reflectivity unswitched luminance  unswitched 
C.R. = 

reflectivity switched luminance switched 

Successively larger  exposures are made, and the slides 
are erased after  each exposure. In this way  a curve  of 
contrast  vs. electron beam exposure is obtained. As the 
exposure is increased one usually reaches a point 
where  residual coloration begins to appear. The con- 
trast ratio measured on a slide after the optically 
erasable portion of the coloration is r emoved  is re -  
ferred to as the residual contrast. A typical  e lectron-  
beam exposure  curve, showing the onset of residual  
coloration, is shown in Fig. 6. (The accumulated 
residual coloration in Fig. 6 and ? is shown as a func-  
tion of the sum of those exposures which exceed the 
residual coloration threshold.) 

The coloration behavior  i l lustrated in Fig. 6 is char-  
acteristic of chloride and of bromide sodalites as well.  
The behavior  of iodide sodalite differs in several  im-  
portant  respects. As shown in Fig. 7, the residual 
coloration in iodide sodalite is much smaller  than in 
chloride and bromide sodalites at any given exposure 
level. Under  continuous exci tat ion at current  densities 
typical of many  CRT applications (3 #A/cml ) ,  the 
residual contrast  ratio of some iodide samples saturates 
between 1.1 and 1.2. The residual  coloration buil t  up 
under  these circumstances can be removed by expo-  
sure to a high intensi ty visible light source (7500 f t-c)  
for a period of about 1 hr. An iodide sodalite CRT of 
this nature  has been in operat ion for many  months. 
Al though it needs occasionally to be fooded  wi th  light 
f rom a slide projector  to remove  residual  images, there  
has been no pe rmanen t  degradat ion of its contrast  
capabili t ies or background screen color. 
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Fig. 6. Electron beam exposure curve for a chloride 
slide. 
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Influence of Dopants 
The role oF iron.--Iron-free sodalite colors in a 

manner  comparable  to i ron-doped sodalite under  elec- 
t ron beam excitation. However ,  residual  coloration 
begins to appear at ve ry  low exposure levels  in the 
i ron-f ree  material .  The results of e lec t ron-beam mea-  
surements  on a number  of sodalite samples, having a 
var ie ty  of iron concentrations, are summarized in Fig. 
8. Except  for the points marked  with an S (see Role of 
Sulfur  below),  the mater ia ls  have sulfur concentra-  
tions less than or about equal  to 0.012 w/o.  

The data points represent  the contrast  ratio at which 
residual coloration first appears during exposure curve  
measurements ,  as a function of the measured or esti-  
mated iron concentrat ion in the sample. The fil led-in 
points represent  mater ia ls  for which iron concentra-  
tions were  de termined  by atomic absorption spectros- 
copy. The open points represent  es t imated iron con- 
centrations based on the nominal  doping and checked 
by emission spectrographic analysis. The est imated 
concentrat ions are usually found to agree wi th  the 
measured  concentrat ions to wi th in  20%. Exceptions 
occur in the low concentrat ion range, where  residual  
iron levels ( typical ly 0.001-0.005 w/o )  become com- 
parable  to or exceed the intent ional  doping. 

The data of Fig. 8 indicate a rapid rise of the residual  
coloration threshold with  increasing iron concentra-  
tion to about 0.03 w/o,  fol lowed by a s lower rise at 
h igher  concentrations. At low concentrat ions the op- 
t ically induced contrast  capabili t ies of the mater ia ls  
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determined by atomic absorption spectroscopy; open points, esti- 
mated iron concentration. 
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are quite  similar  to the results shown in Fig. 8. The 
sodalites prepared for this study containing 0.001 w / o  
or less iron show li t t le or no photochromism. At  iron 
concentrat ions greater  than 0.03 w/o,  however,  the 
optical switching tends to fall  off somewhat  (10, 11), 
whereas  no fall-off is discernible in Fig. 8. The reasons 
for this discrepancy are  not clear. 

It has not been possible to extend this invest igat ion 
to iron concentrat ions higher  than about 0.07 w / o  be-  
cause the solubility of iron, at least under  the syn- 
thesis conditions used unti l  now, appears to saturate 
in this region. It is expected, however ,  that  in future 
work  this solubil i ty l imit  can be raised by charge-  
compensation techniques.  

The Role of Su l]ur . - -The  data of Will iams et al. (7) 
show a strong correlat ion be tween the amount  of 
photochromic coloration of chloride sodalite and the 
amount  of sulfur present  in the material .  These au- 
thors find that  the opt imum concentrat ion of sulfur 
lies be tween  0.3 and 0.6 w/o ,  and the lowest concen- 
trations for a measurable  effect are "less than .014 
percent."  

Most of the i ron-doped sodalite samples studied in 
the present  work  have residual  sulfur concentrat ions 
of about 0.012 w / o  as de termined by mass spectroscopy. 
In spite of this low concentration, it was necessary 
to rule  out the possibility that  some or all of the 
revers ible  switching propert ies of these materials  de- 
r ive  from the presence of sulfur. To determine  if the 
residual sulfur concentrat ion does indeed contr ibute  to 
the switching we evaluated sodalite prepared with  
highly purified start ing materials  and doped with iron 
in the normal  way. In these samples the sulfur con- 
centrat ion was measured to be about 0.0015 w/o,  yet 
they  colored and bleached at least as wel l  as the non-  
purified sodalite, both under  optical and: e lectron-  
beam excitation. 

To extend the tests in the direction of high sulfur 
concentrations, a few samples were  prepared contain-  
ing approximate ly  the opt imum sulfur concentration, 
0.5 w / o  as reported in ref. (7). The performance  of 
these samples under electron beam excitat ion is indi-  
cated in Fig. 8 by the points marked  with  an S. They 
tend to have residual coloration thresholds, lower than 
or about equal  to the materials  containing an equal  
amount  of iron but no added sulfur. 

From the avai lable data it appears that  sulfur does 
not contr ibute to the cathodochromic switching per -  
formance of the i ron-doped sodalite synthesized in 
the present study and that  its presence may in fact be 
de t r imenta l  in materials  wi th  high i r on : concen t r a  - 
tions. 

On the other  hand Forres ter  et al. (8) have syn-  
thesized sodalites act ivated by sulfur and containing 
ve ry  l i t t le  iron, wi th  propert ies  closely resembling 
the present i ron-doped materials  in many  respects. 
It is probable that  both iron and sulfur can play the 
role of activators in sodalite and that  the synthesis 
conditions used in the present  study tend to be favor -  
able for the formation of i ron-act ivated sodalite and 
ra ther  unfavorable  for su l fur -ac t iva ted  sodalite. 

Density Changes and Fused Salt Anneals 
During the reduct ion of sodalite in hydrogen (the 

step that induces cathodochromic behavior)  a con- 
siderable amount  of HC1 and NaC1 is evolved, leading 
to a large change in the density of the material .  These 
changes were  measured by floating batches ( typically 
4-8g) of the mater ia l  in question on mixtures  of 
S- te t rabromoethane  and methanol  (densities 2.96 and 
0.73). As additional methanol  is t i t ra ted into the m i x -  
ture and stirred, some of the floating mater ia l  goes into 
suspension and finally sinks. Histograms such as those 
shown in Fig. 9 and 10 were  plot ted f rom visual  esti-  
mates of the amount  of mater ia l  remaining afloat af ter  
discrete amounts of methanol  are added. 

Some density loss occurs for all types of sodalite, but  
the amount  that  occurs varies f rom one batch to the 
next. It is found that  for given hydrogen reduct ion 
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Fig. 9. Density history of a typical sodalite:Br sample 
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Fig. 10. Density history of a sodalite:Br sample that underwent a 
relatively small density decrease during reduction. 

conditions, the density loss is at a min imum for soda- 
lite batches containing par t icular ly  clear and wel l -  
formed crystal l ine material .  This type of mater ia l  is 
characterized by occurring at the high end of the 
density spectrum of the unreduced sodalite (see Fig. 
9 and 10). It is also found that  this type of mater ia l  
yields cathodochromic screens wi th  the highest re-  
sidual coloration thresholds. The mean densities be- 
fore reduct ion and the m in im um  density losses ob- 
served for chloride, bromide, and iodide sodalites are 
shown in Table II. 

The density data may be used to est imate the num-  
ber of halogen vacancies genera ted  in the reduction 
process. This has been done for two l imit ing cases, one 
in which it is assumed that  all the loss is due to halo- 
gen evolut ion and another  in which it is assumed that  
all the loss is due to sodium halide evolution. The 
results are summarized in the last two columns of 
Table II. In some cases latt ice expansion is responsible 
for a significant portion of the density deficit, but this 
does not al ter  the fact that  at least two orders of 
magni tude  more  halogen vacancies are created than 
actual ly part icipate in the switching process. An i ron-  
doping level  of 0.05 w / o  corresponds to a density of 
1.25 x 1019 iron a toms/cm 3 in chloride sodalite. Thus, 
considerably more  i ron is present  in these materials  
than is required to account for the number  of revers i -  
ble color centers. 

A series of exper iments  was per formed in which 
sodalite samples were  annealed in fused NaC1 or NaC1- 
NaBr  baths. The anneals were  general ly  carr ied out at 
a t empera ture  of 850~176 for 4 hr in a hydrogen 
atmosphere.  It was found that  this t r ea tment  could 
restore a portion of the density loss. This is i l lustrated 
in Fig. 9 for a ra ther  typical  sodalite: Br sample. About  
half  of the lost density of the reduced mater ia l  has 
been replaced in the fused salt anneal. A different 
situation is i l lustrated in Fig. 10. This mater ia l  under -  
went  a re la t ively  small  density decrease during reduc-  
tion, and the fused-sal t  t r ea tment  does not produce 
any significant change in its density. 

Regardless of whe ther  or not the reduced mater ia l  
undergoes an increase in density during the fused-sal t  

Table II. Halogen vacancy density in reduced sodalites 

S o d a l i t e  
t y p e  

Den ,  s i t y  L a t t i c e  V a c a n c y  d e n s i t y ,  c m - 3  
b e f o r e  M i n i m u m  v o l u m e  S o d i u m  

r e d u c t i o n ,  d e n s i t y  e x p a n s i o n ,  H a l o g e n  h a l i d e  
g / c m a  c h a n g e ,  % % l o s t  l o s t  

C1 2 . 2 7  0 . 7 3  N 0  2 .9  X 10  =~p 1 .7  X 10  ~ 
B r  2 .41  1.0 0 . 4 1  1.1 x 10  ~ S .5  x 101~ 
I 2 . 5 5  0 . 5 5  0 . 2 5  3 .7  x 101~ 3 .2  x 101'~ 
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Fig. I I. Electron beam exposure curves for the material of Fig. 
10 before and after fused-salt treatment. 

anneal,  there is usual ly  a large increase in the elec- 
t ron-beam sensit ivi ty of the material.  Figure 11 shows 
a sensit ivi ty curve for a sample of the mater ia l  of Fig. 
10 untreated,  compared to mater ial  that was treated. 
Approximately  six times more electron beam expo- 
sure is required to color the unt rea ted  mater ial  to a 
given contrast  than is needed to color the treated 
material.  Similar results are obtained for most other 
samples, with the exception of those which already 
have high sensitivities (i.e. 1.5 microcoulomb/cm 2 or 
less required to achieve a 2 to 1 contrast ratio).  The 
sensit ivity increase is accompanied by an increase in 
the residual  coloration threshold as shown in Fig. 12. 
The data points in Fig. 12 that are l inked by lines 
represent  the residual  coloration thresholds for the 
same mater ia l  unt rea ted  and fused-salt  t reated 
(marked FS).  In  most cases there is an increase in the 
threshold for the treated material.  These effects appear 
to be most profound for materials  with high iron 
concentrations. 

Conclusions 
Sodalites synthesized with C1, Br, I or mixtures  of 

these halides form a family of photochromic and catho- 
dochromic materials whose properties can be varied 
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Fig. 12. Residual coloration thresholds of samples of sodalite 
materials before and after fused-salt treatment, 
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continuously as a function of composition and doping. 
These materials  are of part icular  interest  because they 
can be used to fabricate display-storage devices having 
uniquely  simple configurations. Therefore, it is of im- 
portance to t ry  to fur ther  improve their contrast capa- 
bilities and other per t inent  properties. 

The photochromic switching of the sodalites involves 
the reversible t ransfer  of an electron from a thermal ly  
stable level which may be provided by iron or sulfur, 
to a halogen vacancy in which it is thermal ly  unstable. 
Optically reversible cathodochromism appears to in-  
volve the same centers, and the cathodochromic elec- 
t ron transfer  process is thought to be closely related 
to the photochromic process (11, 12). From the data 
on the relative densities of halogen vacancies and re-  
versible color centers it appears that the number  of 
thermal ly  stable centers limits the degree of reversible 
switching that occurs. A more serious practical l imita-  
tion of sodalite, however, is the occurrence of residual 
coloration. A detailed unders tanding  of this phe- 
nomenon would be most helpful  to increase the useful-  
ness of the sodalites in cathodochromic display applica- 
tions. 
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Reflection X-Ray Topography of GaAs and 
GaP Cleavage Faces 

G. A. Rozgonyi and S. E. Haszko 
Bell  Telephone Laboratories, Incorporated, Murray Hill, New  Jersey 07974 

ABSTRACT 

X-ray  topography has been applied to cleaved cross sections of GaAs and 
GaP wafers. Exper imental  procedures for cleavage face x - ray  topography are 
described in this paper, and the wide range of use for this method is shown. 
Using this technique a measure of the depth of damage introduced into the 
material  during cutt ing and polishing, as well as during device fabrication, 
e.g., the application of ohmic contacts, is obtained. The relat ive defect density 
in GaP substrates and epitaxial layers can be determined from the topo- 
graphs. Damage introduced at the substrate-epi taxial  layer interface can also 
be readily identified. 

The relat ion between crystal imperfections and the 
performance of semiconductor devices has been well  
established dur ing the last decade (1). Although most 
of this work has been on silicon, there is p lenty  of 
evidence that  defects play an equal ly impor tant  role 
in compound semiconductors as well  (2). One of the 
more powerful  techniques for the analysis of defects in 
semiconductors has been x - ray  topography (XRT) 
(3). Recently several workers have applied XRT tech- 
niques to the study of imperfections in GaAs substrates 
as well as in GaAs and GaAsxPI-x epitaxial  layers 
(4-6). Both the reflection (Berg-Barret t )  and t rans-  
mission (Lang) geometries have been employed to 
study surface and bulk  defects of wafers during proc- 
essing and after epitaxial thin film growth. Attempts  
have been made (6) to analyze selectively the defects 
as a function of depth by adjust ing the diffraction 
conditions such that only the top 5-20~ of the sample 
are active in the diffraction process. There are several  
factors l imit ing the usefulness of this approach. For 
example, in samples with deep surface damage, the 
diffraction contrast  is overpowered by enhanced dif- 
fraction from the deformed surface regions. In  this 
case the depth of damage can only be determined 
after the damaged layer is removed. Also, for studies 
of f i lm-substrate  interfaces, the region of most interest,  
the interface itself, is not explicit ly delineated and may 
actually be deeper than the penetrat ion depth of the 
x-rays,  which is general ly  6-12~ for Cu Kal depending 
on the angle of incidence of the x- rays  with the sur-  
face (6). 

An al ternate approach to the problem of obtaining a 
profile or " in-depth"  analysis is to cleave the wafer. 
Since (100)- and ( l l l ) - o r i e n t e d  samples are used for 
practically all devices, it is easy to obtain cleavage 
faces which expose a cross section normal  to the 
large area growth surface of the wafer. A reflection 
x - r ay  topograph of the cleavage face will, therefore, 
yield the following information:  

(i) a profile of the strain field at the free surface, 
(ii) the distr ibution and density of defects in the 

bulk  and in the layer, and 
(iii) the imperfection density at the f i lm-substrate 

interface. 

Considering the amount  of informat ion obtained 
with a single topograph it is surpris ing how lit t le 
cleavage face topography has been used. Aside from 
a recent report by Schiller (7) and a single XRT in a 
paper by Howard and Dobrott  (6) the technique has 
been neglected. In  the present  report we wish to show 
that  once the sample a l ignment  procedures are opti-  
mized there are many  phenomena associated with th in  
f i lm-substrate  processing steps that can be readi ly ob- 

Key words:  defects, I I I -V compounds,  semiconductor  processing. 

served and studied with cleavage face XRT. This in -  
formation can then be used in conjunct ion with the 
electrical or optical evaluat ion of the mater ia l  to relate 
the effectiveness of a part icular  processing step, or 
type of defect, with the final performance of specific 
devices. 

Equipment and Sample Alignment Procedures 
A Jar re l l -Ash microfocus x - ray  uni t  with a line 

focus and Cu K~I characteristic radiat ion has been 
used. A standard Ja r re l l -Ash  Lang camera was 
adapted for use in the reflection mode to obta in  Berg- 
Barret t  topographs of (110) and (110) cleavage faces 
of GaAs and GaP wafers. Figure 1 shows schematically 
the relat ion between x- ray  source, cleavage face, and 
photographic plate. The x - ray  beam is ~3  cm high 
and 1 mm in cross section when it reaches the sample. 
Since the sample is at a small  angle to the incident  
radiation it is quite easy to image reasonably large 
cleavage faces. In  fact, using this geometry for normal  

SCHEMATIC OF SAMPLE ALIGNMENT FOR 
X-RAY TOPOGRAPHY OF GO AS AND GQP 

CLEAVAGE FACES 

Fig. 1. Schematic of relation between x-ray source, sample 
cleavage face, and photographic plate. 
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Table I. Crystallographic data for alignment of GaAs and 
GaP cleavage faces using Cu K~I radiation 

O r i e n t a t i o n  h k l  
of w a f e r  D i f f r a c t i n g  

Ma te r i a l  su r face  p l a n e s  ~ll0/hk I ~Bhk | ~| 2~Bhk 1 ~roll 

531 44,18 53.71 9.53 107.42 11.0 
G a A s  111 

422 30.0 41.87 11.87 83.74 19.47 

100 333 35.26 45.07 9.81 90.14 Zero  

531 44.18 56,74 12.56 113.48 11.0 
G a P  I I i  

422 30.0 43.82 13.82 87.64 19.47 

100 333 35.26 47,26 12.00 94.52 Zero  

Berg-Barre t t  XRT of plane wafer surfaces, it is pos- 
sible to image 5 x 30 m m  samples without  scanning. 

In order to obtain topographs of max imum resolu- 
tion with min imum distortion it is necessary to place 
the photographic plate close to the sample and also 
have it intercept  the diffracted beam at g0 ~ There-  
fore, the (hkl) diffracting planes are chosen such 
that the angle of incidence, 0i, is small, i.e., less than  
--20 ~ , and the diffracted beam is as close to the 
normal  to the cleavage face as possible, i.e., 2eB --  Oi 
90 ~ 0i is easily calculated as the difference between 
~Bhki and the angle between the (11"0) cleavage face 
and the (hkl) planes. Table I lists the data necessary 
to select a suitable diffraction plane for (100) and 
(111) oriented wafers of GaAs and (111) wafers of 
GaP. It should be ment ioned that it is sometimes 
necessary to tilt or "roll" the sample about the [110] 
axis in order to obtain a zero-layer  reflection. That is, 
for m i n i m u m  distortion of the XRT image, it is neces- 
sary to keep the incident  and diffracted beams and the 
cleavage face normal  in the same plane. For example, 
from Table I it is seen that for a (111) oriented wafer 
of GaP the (422) reflection gives 2~B : 87.64 ~ and 
0i = 13.82 ~ However, referr ing to the (110) stereo- 
graphic projection of Fig. 2 it is found that  the (422), 
or equivalent ly  the (211), does not lie along the l ine 
from (110) to (111). Since the GaP was oriented (111), 
the sample must  be rolled 19.47 ~ toward the (001) 
unt i l  it coincides with the (112) zone. The sample is 
now properly aligned for a zero-layer  (422) topo- 
graph. 

The diffracted beam is ini t ia l ly recorded on dental  
x - ray  film with a 3-5 min exposure to check the 
sample al ignment.  With thin wafers this is quite im-  
por tant  because the samples bend and overlapping 

T~ 

~ 2 

i~FI~.. " ~ . "  j ,io =" .- -.- ...~j, ~,,~ 
_ ~ 2 2 1  

\/ [,,,\ j_,,o 

Fig. 2. Stereographlc projection illustratlng alignment proce- 
dures for {110} cleavage faces. 

Fig. 3. CF-XRT of saw-cut GaAs wafers: (a) Czochralski crystal 
(~6X); (b) Czochralski crystal (~35X); (c) boat-grown crystal 
(~35X). 

spurious images may occur. Ilford nuclear  plates, 
either type G-5, exposure times ~ - 1  hr, or type L-4, 
exposure times of 2-4 hr, are then used depending on 
the resolution required for the sample. The distance 
between x- ray  source and exit slit is ,--42 cm, while 
a power level of 200W was used. 

As examples of cleavage face x - r a y  topography 
(CF-XRT) ,  several topographs from Czochralski and 
boat -grown GaAs substrate wafers are shown in Fig. 
3. The wafers have been cut to ,--0.030 in. on an ID 
saw and then cleaved with a razor blade. Aside from 
localized damage at the impact point of the razor 
blade, marked I in Fig. 3(a) ,  and the cleavage steps in 
the upper  port ion of the sample, marked C in Fig. 
3(a) ,  the cleaving operation does not seriously affect 
the major  port ion of the wafer. The dark region on 
the r igh t -hand  side 1 of the higher magnification CF- 
XRT's in Fig. 3(b)  and 3(c) represents the surface 
damage and associated strain field introduced by the 
sawing operation. The photographs have the same 
contrast as the original plate; therefore, defects show 
up as dark areas. The intense dark areas arise because 
the angular  range of Bragg reflection by a perfect 
crystal  is small  compared to the divergence of the 
incident  beam. Therefore, a distorted, damaged, or 
dislocated region reflects a larger fraction of the inci-  
dent flux in the diffracted beam direction than  does 
the more perfect surrounding material.  

An estimate of the dislocation density can be ob- 
tained by counting the s t ra in fields in the center of the 
crystal, i.e., the number  of dark lines per un i t  area. A 
value of 103-104/cm 2 has been seen in most of the GaAs 
Czochralski crystals, see Fig. 3 (b) ,  while  boat -grown 
mater ia l  is much lower and approaches zero for some 

The  sur face  of i n t e r e s t  is a l w a y s  p r e s e n t e d  as the  r i g h t - h a n d  
edge of  our  C F - X R T ' s  s ince the  l e f t - h a n d  or " l e a d i n g  e d g e "  s ide is 
o f t en  o v e r - e x p o s e d  due  to x - r a y s  w h i c h  e n t e r  the  f r o n t  face of t he  
w a f e r  and  ex i t  f r o m  the  c l eavage  face,  see Fig.  1. There fo re ,  we  
g e n e r a l l y  t r i m  the  l e f t - h a n d  s ide of our  p ic tu res ,  w h e r e  pract ica l .  
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ingots, see Fig. 3(c).  It should be noted that  the saw 
damage and associated strain field in the low disloca- 
tion, boat -grown mater ia l  is substant ia l ly  less than  
that in the Czochralski crystals, and that  both bulk  
imperfections and surface damage can be examined in 
the single CF-XRTo 

Appl icat ions  of C leavage Face X R T  
Polishing damage in GaP substrates.--Figure 4 is a 

composite of 3 CF-XRT of GaP wafers cut from a 
Czochralski crystal grown by the liquid encapsulation 
method. The r igh t -hand  edge of Fig. 4(a)  shows the 
surface of a wafer cut with an ID saw which shows 
greatly enhanced diffraction to a depth of ,~1 rail. 
There is also a gray area extending ,~2 mils deeper, 
which is most l ikely the extent of the elastic s train 
field due to the gross surface damage. In  Fig. 4(b)  
the sample has been mechanical ly polished on both 
sides to a mir ror  finish, ini t ial ly with American Optical 
Type 305 abrasive, followed by 3.0~ and then 0.1~ dia- 
mond paste to remove a total of 3 mils. There is a 
corresponding reduction in the depth of heavy damage 
at the surface, but  the crystal is still obviously highly 
strained. In  order to remove the surface damage and 
associated s t rain field and still main ta in  a flat, highly 
polished surface we had the wafers chemically pol- 
ished. A total of ~1.2 mils was removed from the "B" 
or phosphorous-face. The uniform contrast of the topo- 
graph in Fig. 4(c) shows that the chemical t rea tment  
does in fact remove the saw damage and leave the 
surface strain free. These observations can be related 
to the electroluminescent properties of l iquid phase 
epitaxial layers subsequently grown on chemically and 
mechanical ly polished substrates (8). 

LPE layer--substrate profiIes.--Two examples of 
f i lm-substrate combinations which are well  suited to 
examinat ion by CF-XRT are shown in Fig. 5 and 6. 
The films are GaP and have been deposited by liquid 
phase epitaxy (LPE) onto Czochralski GaP substrates. 
A thin dark l ine can be seen at the f i lm-substrate 
interface in Fig. 5, while a region of gross deformation 
exists at the outer surface of the LPE layer. The strain 
field due to interracial  defects is readily detected and, 
for this film, it is on the order of 5-10~ in width. Note 
that  the f i lm-substrate interface does not act as a 
barr ier  to l ine defects which readily cross over from 
substrate to film. We would, therefore, expect the 
LPE film defect concentrat ion to be comparable to that  
in the substrate. The origin of the large surface damage 
o r " s k i n  effect" is not understood at present. However, 
we. note that  the surface damage is now comparable 
to that in the raw cut wafer shown in Fig. 4(a) .  We 
might  expect that an ohmic contact or the growth of 
another  LPE layer would be severely influenced by 
this type of surface. Application of chemical polishing 

Fig. 4. CF-XRT of GaP wafers (~45X): (a) saw-cut; (b) me- 
chanically polished; (c) chemically polished. 

Fig. 5. CF-XRT of GaP substrate - -  single LPE film profile 
(~90X). 

n-TYP~ ~PFP -TYPE LPE LAYER 
SUBSTRATE~n-TYPE LPE LAYER 

Fig. 6. CF-XRT of GaP substrate - -  double LPE film profile 
(~75X). 

to remove 20# of surface removed the damage and a 
CF-XRT revealed uniform contrast  across the LPE 
layer. 

A "double tipped" layer, i.e., a p- type LPE layer  
on a previously grown n- type  LPE layer, is shown in 
Fig. 6. In  this example we note a large difference in 
the defect concentrat ion in the first layer when com- 
pared to the substrate. Also, the film substrate in ter -  
face is not a distinct l ine as in Fig. 5 but shows up as 
a barr ier  for the defects in the substrate. Unfor tu-  
nately, the p - n  interface is not near ly  as good, and a 
continuous l ine of defects appears. In  addition, a series 
of large strain fields are observed t raversing the width 
of the p- type  layer. A subsequent  powder x - r ay  dif- 
fraction analysis of the outer layer revealed the pres-  
ence of polycrystal l ine Ga203 which is not detected in 
samples free of this part icular  contrast feature. We 
have, therefore, a t t r ibuted these defects to the strain 
field around precipitated inclusions of GaaO3 (9). 

Ohmic contacts to GaAs thin yiIms.--A recurr ing 
problem with the device fabrication of Gunn  and LSA 
oscillators is the qual i ty of ohmic contacts. A popular 
contacting procedure is the evaporation of Ag and /or  
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Fig. 7. CF-XRT of ohmic contacts to GaAs thin films (~60X). 
(a) Sn-Ag; (b) Ag; (c) Au-Ge; (d) (100) wafer surface. 

alloys of Ag with Sn, In, and Ge followed by heating 
to 600~ in forming gas at a pressure of 5 X 10 -a 
Tort. Because of the ra ther  high tempera ture  involved 
and the variety of Ag compounds under  consideration 
it was decided to supplement  the normal  electrical 
measurements  with CF-XRT. Typical results i l lus t ra t -  
ing good and bad alloy contacts and also a new lower 
temperature  vacuum evaporated Au-Ge contact are 
shown in Fig. 7. The contacts are ini t ial ly evaporated 
on the GaAs through a mask with a staggered array of 
0.002 in. diameter holes. A CF-XRT of a poor contact 
is expected to show excessive damage whenever  the 
cleavage face intercepts a contacted region of the 
wafer. A Sn-Ag contact on a 6~ thick epitaxial  GaAs 
layer vapor deposited on a substrate now th inned to 
0.004 in. is shown in Fig. 7(a) .  It  is readily seen that 
the processing damage and associated strain field ex- 
tends up to 20~ below the surface. This is considerably 
deeper than  the 6~ thick epitaxial film. A defective, 
high resistance device resulted from this procedure. 
A CF-XRT from an Ag contact, also heated to 600~ 
is shown in Fig. 7 (b). Once again the location of the 
damaged regions near  a contact is quite evident. How- 
ever, in this case the extent  of damage is substant ia l ly  
reduced, and an ohmic contact was obtained. Finally,  
an Au-Ge  alloy evaporated in vacuum at 250~ onto 
an outgassed GaAs fi lm-substrate combinat ion was 
examined. The result  is a topograph with no evidence 
of a s train gradient  due to the contact, see Fig. 7 (c). A 
normal  Berg-Barre t t  XRT of the array of 0.002 in. 
dots is shown in Fig. 7(d) alongside the CF-XRT in 
order to pinpoint  the location of the contacts. As ex- 
pected the electrical properties of the evaporated Au-  
Ge contact have proven to be consistently bet ter  than 
the Ag alloys (10). 

Discussion and Conclusions 
The examples presented above have been chosen to 

i l lustrate  the range of applicabili ty of cleavage face 
x - r ay  topography to everyday problems in semicon- 
ductor device processing. Obviously many  other ex- 
amples could have been presented, but  these cover the 
range  from cutt ing a substrate wafer to the contacting 
of a layered device. It has been our experience that 
many  attempts at device fabrication involving a series 
of materials preparat ion and device processing steps 
have been unsuccessful because the qual i ty of the ini-  
tial mater ia l  or the effectiveness of a processing step 
is judged pr imar i ly  by the operation of the device it- 
self. We believe that CF-XRT when used in conjunc-  
tion with other metallurgical,  electrical, optical, etc., 
tests offers a means of establishing opt imum semi- 
conductor shaping processes and a meaningful  in-  
process qual i ty control. 

It should be pointed out that  by concentrat ing on a 
profile of a cross section we have sacrificed one of the 
usual  advantages of XRT, i.e., the abil i ty to obtain 
informat ion over the entire surface or bulk  of the 
sample. Therefore, a CF-XRT should be coupled with a 
Lang or Berg-Barre t t  XRT if any doubt exists as to 
the general  applicabili ty of the results. This dual -XRT 
approach was taken in the present  paper, see Fig. 7 (c) 
and 7(d),  in locating the GaAs contacts. Figure 7(d) 

also shows that  the cleavage operation does not affect 
the surface of the sample. In terms of sample prepara-  
tion, cleaving is the only step required. 

The results presented above were obtained from 
cleavage faces normal  to the large area surface of the 
wafer. In the future  we plan to cleave along the (101) 
plane, which leaves an angle of 35 ~ and 45 ~ with the 
(111) and (100) surfaces, respectively, see Fig. 2. In 
this way interfacial  defects, such as misfit dislocations, 
which would appear as a dot or a line in a normal  
cleavage, would be exposed as a cross grid network. 

Another  possible area of improvement  is in reducing 
exposure times by diffracting off more intensely re- 
flecting planes. The use of Cr radiat ion in place of Cu 
and an analysis similar to that in Table I would reveal 
the (311) plane as the most favorable diffracting plane 
for (111) oriented wafers. This should reduce the 
exposure times for L-4 plates to less than  an hour. A 
(311) reflection would also reduce 0roll to zero. 

In  conclusion, it has been shown that  CF-XRT is a 
powerful  technique for examining defects in GaAs and 
GaP substrates and epitaxial layers as a function of 
thickness. As a consequence of this init ial  study several 
results have already been obtained which have aided in 
the improvement  of GaAs and GaP device fabrication. 
Specifically, ohmic contacts to GaAs thin films are now 
made by vacuum evaporation of Ge-Au in place of the 
h igh- tempera ture  Ag and Ag(In,  Sn, Ge) procedures 
previously used. Also, by using a chemical polishing 
procedure it has been possible to improve the electro- 
luminescent  properties of LPE GaP diodes over that 
obtained from mechanical ly polished substrates. In 
addition, a quali tat ive means of est imating the depth 
of damage due to saw cutt ing and evaluat ing the most 
effective polishing technique for its removal  has been 
described. Similarly,  residual surface damage in GaP 
LPE layers has been observed and subsequent ly  re- 
moved by chemical polishing. Other applications to 
problems related to defects introduced by ion implan-  
tat ion and thermal  diffusion are obvious and will be 
pursued in the future. 
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ABSTRACT 

The concentrat ion of carbon in semiconductor silicon and the behavior  of 
carbon in the fusion and crystall ization of silicon have  been studied by the use 
of charged part icle act ivat ion analysis. The solubili ty of carbon in solid sili-  
con has been found to be 3.5 x 10 '7 a t . /cm 3 or sl ightly less at the mel t ing point, 
and the equi l ibr ium distribution coefficient of carbon between solid and liquid 
silicon has been determined to be 0.07 +_ 0.01. Carbon content  over  the above 
solubil i ty value has seldom been observed in silicon single crystals produced 
by modern  industrial  techniques.  The content  appears to depend more  on the 
growth conditions of the single crystal  than on the chemical  purification 
method. The phase diagram of the C-Si  system in the ex t remely  low carbon 
concentrat ion range is given, together  wi th  a discussion of the kinematics  of 
the carbon behavior  in zone melting. Also, a new technique for s tudying the 
evaporat ion of carbon from the silicon mel t  is shown. 

Al though reliable informat ion about the concentra-  
t ion and behavior  of carbon in semiconductor silicon 
has been required,  analyt ical  results reported for car-  
bon vary anomalously according to the analyt ical  
method used (1). We have  proved that  charged par -  
ticle activation analysis by the 12C (~He, a)11C reaction 
is the most sensitive and most re l iable  for this analysis 
(2). Using this method, we have analyzed semicon- 
ductor silicon of various origins and specifications, and 
determined the following two constants: (i) the solu- 
bil i ty of carbon in solid silicon at the melt ing point, 
and (ii) the equi l ibr ium distr ibution coefficient of car-  
bon between solid and l iquid silicon. 

Experimental 
Analytical method.--Details concerning the charged 
part icle act ivat ion analysis for carbon, nitrogen, and 
oxygen in semiconductor  silicon are described in a 
separate paper  (2). This technique has a lower l imit  
of sensit ivi ty for carbon down to 1 x 10 l'3 a t . /cm "~. For  
carbon concentrat ions between 4 x 1016 and 3.5 x 1017 
a t . / cm 3, this method  has given results  which agree 
fair ly wel l  wi th  those of the infrared absorpt iometry 
(3), as will  be shown in a separate paper. (The former  
method gave results smaller  by a factor of 0.7 than the 
latter.) About  160 samples including device-grade  sili- 
con and carbon-doped silicon have been analyzed. Un-  
cer ta inty in the results of the act ivat ion analysis is 
es t imated to be about 10 and 30% for carbon concen-  
trat ions of 2 x 1017 and 5 x 1015 a t . /cm 3, respectively.  
The lowest resul t  obtained for the apparent  carbon 
content  has been 2.0 x 1015 a t . /cm a, indicating that  the 
various possible interferences in this analysis are not 
serious for carbon concentrat ions over  5 x 1015 a t . /cm .~ 
(2). 

When the carbon is precipi ta ted as silicon carbide, 
the act ivat ion analysis involving the chemical  separa-  
tion usually gives lower results because the precipi tate  
is not readi ly  decomposed by the  chemical  t reatment .  
This was found by measur ing the 11C act ivi ty  formed 
in some carbon-doped samples before and after the 
chemical  separation. For  carbon concentrat ions up to 
about 3.5 x 1017 a t . /cm 3, results of the nondestruct ive  
measurement  have always agreed with  those of the 

Key  w o r d s :  c o n c e n t r a t i o n  of  C in  s e m i c o n d u c t o r  Si, s o l u b i l i t y  of 
C in  so l id  Si  a t  i t s  rap, e q u i l i b r i u m  d i s t r i b u t i o n  coeff ic ient  of C be-  
t w e e n  sol id  and  l i q u i d  Si ,  phase  d i a g r a m  of  C-Si  sys tem.  

separation and measurement ,  but for higher concentra-  
tions, the lat ter  has given dist inctly lower results than 
the former. However ,  as wil l  be made clear later, car-  
bon concentrat ions under  about 3.5 x 1017 a t . /cm 3 is 
usually not precipitated.  

Preparation ol carbon-doped silicon.--Commercial 
semiconductor  silicon usually does not contain enough 
carbon for the re l iable  measurement  of its solubili ty 
in solid silicon and its equi l ibr ium distr ibution coeffi- 
cient. Various quanti t ies  of carbon (10, 30, and 100 
ppm) in aqueous suspension (Aquadag)  were  painted 
uni formly on silicon rods (2.5 cm diameter,  30 cm 
length) ,  and mol ten  zones were  passed through them 
(about 7 mm width, 3.5 ram/ra in  t ravel ing  veloci ty) .  
Then, in several  parts of one of the resul tant  rods, 
mol ten  zones (7 m m  width)  were  passed wi th  various 
t ravel ing  velocities to give a sample from which dis- 
t r ibut ion coefficient measurements  were  made. Al l  the 
zone melt ings were  carried out in a vacuum, and the 
above sample was not exposed to air in the intervals  
be tween the zone meltings. Also, Czochralski crystals 
were  pulled f rom pyrolyt ic  graphi te  crucibles. 

Results 
Solubility of carbon in solid silicon at the melting 

point.--When passing molten zones through the car-  
bon-covered silicon rods, silicon carbide powder  ap- 
peared on the surfaces of the melts;  the  larger  the 
quant i ty  of carbon, the sooner the appearance of the 
particles. The resul tant  carbon distr ibution in one of 
the samples is shown in Fig. 1. Carbon concentrat ion 
just  prior  to the appearance of silicon carbide was 
always found to be 3.5 +__ 0.4 x 1017 a t . /cm 3 regardless 
of the quant i ty  of carbon painted on the rod. This is 
explained clearly by the phase rule. When three  con- 
densed phases, e.g., solid silicon, l iquid silicon, and 
silicon carbide, coexist in equi l ibr ium in a two-com-  
ponent system, e.g., silicon and carbon, the composition 
of each phase should be uniquely  determined.  There -  
fore, 3.5 _ 0.4 x 1017 at . /cm 3 is an  observed value for 
the solubil i ty of carbon in solid silicon at its mel t ing 
point. Also, this value is consistent with the following 
exper imenta l  results: (i) Czochralski crystals from 
graphi te  crucibles exhibi t  approximate ly  the same 
carbon content; and (ii) as described in the preceding 
section, when  carbon exceeded this concentration, dif- 
ferent  behavior  was observed in the chemical  t rea t -  

1566 



Vol .  117, No.  12 B E H A V I O R  O F  C A R B O N  I N  S E M I C O N D U C T O R  Si  1567 

__g 

o~ o 
o ~  

2 ~  

o 

SiC Powder "-~ i ;"i"i~,'",r~ 

. / , P  

j l . ~ J I - - -  
/ 

I0 20 

Distance from Top (cm) 

30 

Fig. 1. Carbon distribution after a single zone pass through a 
carbon-painted silicon rod. 

ment. This value, however ,  may be slightly overest i -  
mated, as the sol id-l iquid boundary  could be dendrit ic 
and thus the growing solid phase would  capture  a small  
fraction of the liquid phase. 

Equil ibr ium distribution coe]yicient of  carbon be- 
tween  solid and liquid silicon (Keq) .~The  solubili ty 
of carbon in l iquid silicon has been reported by sev-  
eral  authors (4-6). This value  can be regarded as 
about 35 x 1017 a t . /cm 3, or s l ightly higher, at the me l t -  
ing point of silicon. Thus, Keq, which is the ratio of the 
solubili ty in the solid to that  in the liquid, is calculated 
to be about 0.1, or sl ightly less. 

By another  method, Keq was obtained with more  
certainty.  Carbon distributions in the sample described 
above are shown in Fig. 2. F rom these distributions, 
the effective distr ibution coefficients, Keff, are ob- 
tained in relation to the zone velocities, as shown in 
Fig. 3. By extrapola t ing the curve  in Fig. 3 to zero 
velocity, Keq is obtained as 0.06 or 0.07. This va lue  
may be sl ightly underest imated,  due to the evaporat ion 
of part  of the carbon from the mol ten  silicon in the 
course of the zone pass. This evaporation,  however ,  can 
be regarded as insignificant because no notable amount  
of oxygen was avai lable to form carbon monoxide  (see 
below).  Therefore,  Keq has been determined to be 
0.07 __ 0.01. 
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Fig. 2. Carbon distributions for various zone velocities. Zone 

traveling velocity: A, 0.4 mm/min; B, 0.8 mm/min; C, 1.2 mm/  
min; D, 1.6 mm/min. 

Carbon content  of commercial  semiconductor silicon. 
- - T h e  carbon content  of various kinds of commercia l  
semiconductor  silicon produced by modern  industr ial  
techniques is shown in Table  I, together  wi th  their  
oxygen content  as measured by the charged part icle 
act ivat ion analysis (2). All  values are below the solu- 
bil i ty in solid silicon at the mel t ing point. In general,  
the carbon content  of s ingle-crystal  silicon appears to 
depend more  significantly on the conditions in the 
s ingle-crystal  format ion than on the chemical  purifi-  
cation method. The carbon content  of dis locat ion-free 
samples shows no obvious difference from ordinary 
float-zone silicon. The high carbon and oxygen con- 
tents of the Czochralski crys ta ls  can be explained as 
contaminations f rom the graphi te  heat ing device and 
silica crucible used in the process. 

Change of the  carbon content  in an industrial  proc- 
ess . - -Table II shows the change of the carbon and 
oxygen content in the course of the production of 
s ingle-crysta l  silicon. The polycrys ta l l ine ' s i l icon  used 
as the raw mater ia l  for all the single crystals, was 
produced by the monosi lane process in Komatsu  Elec- 
tronic Metals Company, Japan,  and carbon content was 
very  un i fo rm and constant. 

Single crystals wi th  the lowest carbon and oxygen 
content  were  obtained by float-zone mel t ing  in a 
vacuum. After  mult iple  zone passes, the concentrat ions 
have been found to be reduced, but reach a value  which 
seems to be determined by several  conditions in the 
process. For  example,  in order to reduce the carbon 
content  below about 5 x 1015 at . /cm z, special care 
should be taken to prevent  the back diffusion of vac-  
uum pump oil. Silicon crystals af ter  float-zone melt ing 
in argon have been found to contain vary ing  quanti t ies 
of carbon, a l though the concentrat ions are always 
lower than the polycrystal  content. Probably,  the 
pur i ty  of the argon is a cri t ical  factor in determining 
the carbon content. 

Discuss ion  
Phase diagram of C-Si sy s t em . - -From the informa-  

tion described above, the phase diagram of the C-Si  
system in the ex t remely  low carbon concentrat ion 
range can be drawn (see Fig. 4). The lowering of the 
mel t ing point was calculated by the formula:  ~T = 
RT2mx/AH, which is an in tegrated form of the Clau- 
s ius-Clapeyron equation using Raoult 's  law, and al low- 
ing for a di lute solution l n ( 1 - - x )  ~ - - x  where  x 
is the mole fraction of the solute. R is the gas constant, 
T., is the mel t ing point, x is the mole  fraction of solute, 
and AH is the molar  heat  of fusion. 

Table I. Carbon and oxygen content of commercial 
semiconductor silicon 

C a r b o n  c o n t e n t ,  O x y g e n  c o n t e n t ,  
101~ a t . / e m  s 101~ a t . / c m  3 

P o l y c r y s t a ]  0.20 ~ 0.50 [0.82]* 0.80 ~ 3.0 [0.04]* 
S i n g l e  c r y s t a l  

F Z  in  a r g o n  0.080 ~ 0.35 0.05 ~ 0.20 
F Z  in  v a c u u m  0.030 ~ 0.40 0.010 ~ 0.030 
CZ in  a r g o n  0.30 ~ 3.0 2 .0  ~ 10 
D i s l o c a t i o n - f r e e  F Z  0.40, 0.13, 0.016, 0.30 0.013, 0.019, 0.026, 0.10 
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Fig. 3, Kef f vs.  zone velocity 

* F i g u r e s  in  t h e  b r a c k e t s  a r e  e x c e p t i o n a l  v a l u e s .  

Table II. Change of carbon content in an industrial process 

C a r b o n  c o n t e n t ,  O x y g e n  c o n t e n t ,  
1017 a t . / c m  8 10 iv a t . / c m 3  

C r u d e  > 4 0  10 
P 0 1 y c r y s t a l  0.20 ~ 0.25 0.80 ~ 0.85 
F Z  in  a rgon*  

(S ing l e  pass)  0.15 0.08 
F Z  in  v a c u u m *  

S i n g l e  pas s  0.03 0.03 
T h r e e  pas ses  0.02 0.015 

CZ in  a rgon*  1.0 4 

* M i d d l e  p o r t i o n  of t h e  rod .  
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concentrations. 

The technique described above, i.e., combination of 
charged particle activation analysis with zone melting, 
will  provide useful information concerning the phase 
diagrams of carbon, nitrogen, and oxygen in u l t rapure  
substances. More detailed thermodynamic  discussions 
concerning these impur i ty  elements in semiconductor 
silicon will be forthcoming in a separate paper. 

Kinematical considerations o~ the carbon behavior. 
- - I n  the solidification of the liquid eutectic C-Si mix-  
lure, it is quite na tura l  for carbon to behave differ- 
ent ly  from the one component of an ordinary b inary  
alloy due to the phenomena:  (i) usual ly silicon car- 
bide will  not precipitate immediate ly  when  the liquid 
phase has become supersaturated;  and (ii) silicon 
carbide appearing on the solid-liquid boundary  can be 
removed to the l iquid-gas surface, leaving only the 
solid silicon rather  than the solid eutectic mixture.  

In order for the carbon to precipitate, many  carbon 
atoms must  condense. The probabil i ty  of their  en-  
counter, however, should be quite small because of 
their low concentration. This is especially true in the 
float-zone mel t ing process where none of the nucleat ion 
centers, such as foreign substances, imperfections in 
the solid phase, and special spots on container walls, 
are readi ly available. Therefore, the liquid, and also 
the solid phases are l ikely to become supersaturated. 

We have actual ly observed phenomenon (ii). In  gen- 
eral, the van der Waals'  at tract ion between the surface 
of a solid phase and the surrounding liquid phase is 
much smaller when the solid is only slightly soluble 
in the l iquid as compared to the highly soluble condi- 
tions. The silicon carbide powder, therefore, can be 
positioned on the l iquid-gas surface with more sta- 
bi l i ty in free energy than  on the solid-l iquid boundary.  
Turbulence  in the mol ten zone caused by the radio- 
frequency heating carries the silicon carbide powder 
to the more stable position. 

According to whether  the removal  of the silicon car- 
bide and the supersaturat ion of t h e  l iquid phase take 
place or not, varying types of the resul tant  carbon 
dis tr ibut ion are possible after a single zone pass of 
a silicon rod with a relat ively high original carbon 
content. This is shown in Fig. 5. The original carbon 
content  is about 15 x 1017 at . /cm 3, and the liquid phase 
has become saturated at Location B. The carbon level 
at C, I, and D should be equal to the original carbon 
content. Practically, distr ibutions corresponding to the 
part ial  removal  of the silicon carbide probably occur 
more f requent ly  than those in Fig. 5. 

From these kinematic considerations, carbon con- 
tents of silicon single crystals exceeding the solubili ty 
in the solid at the mel t ing point can be explained. 
Such high carbon concentrat ions were sometimes 
found in old silicon crystals, but  ra re ly  in modern  
products. This is probably due main ly  to the difference 
in the carbon content  of the raw polycrystals. It  is 
na tura l  that  silicon carbide precipitates when silicon 
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Fig. 5. Various possible carbon distributions after a single zone 

pass. ABCID, no supersaturation of the liquid phase and no re- 
moval of the silicon carbide; ABKE, no supersaturation but com- 
plete removal; ABGJF, supersaturation throughout; ABGHID, super- 
saturation up to G and then no removal; ABGJKE, supersaturation 
up to J and then complete removal. 

containing over 3.5 x 10 t7 at . /cm 3 of carbon is kept 
at l l00~ (7). 

Evaporation of carbon.--A paral lel  can be found be- 
tween the carbon and oxygen concentrat ions in Table 
I and Table II. This suggests the evaporation of carbon 
as carbon oxide from the mol ten silicon. In  order 
to obtain proof of this evaporation, the following new 
radiochemical technique has been devised: (i) bom- 
bard semiconductor silicon of known carbon and oxy- 
gen content with SHe particles accelerated over 40 MeV 
energy to produce 1~C in the silicon by the reaction of 
the matr ix  itself (2); (ii) fuse the bombarded silicon 
by radio-frequency heating, and analyze the evolved 
gas for {he IIC by radio gas chromatography; and (iii) 
measure the 11C remaining  in the silicon. The evapora-  
tion of the carbon has thus been proved, al though data 
are still being acquired in this study. 

Future problem.--Effects of the carbon on the semi- 
conductor properties still remain  obscure, although a 
correlation between the lattice parameter  and the 
carbon concentrat ion has been reported (8). At the 
present, any remarkable  effect on the electronic prop- 
erties has not been documented. In  more elaborate and 
elegant uses of the semiconductor, however, it is pos- 
sible for the carbon to play some role. This will  be 
the topic of future study. 

A c k n o w l e d g m e n t  
The authors would like to express their thanks  to the 

Cyclotron Group of the Ins t i tu te  of Physical  and 
Chemical Research for their  bombardment  services, 
and to Mr. Yoshiyuki Endo, of the Komatsu Electronic 
Metals Company, for his aid in the analyt ical  practice. 

Manuscript  submit ted March 31, 1970; revised m a n u -  
script received ca. Ju ly  21, 1970. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1971 JOURNAL. 

REFERENCES 
1. E. Spenke, "Semiconductor Silicon," R. R. Ha- 

berecht and E. L. Kern,  Editors, p. 1, Electro- 
chemical Society, New York (1969). 

2. T. Nozaki, Y. Yatsurugi, and N. Akiyama, J. Radio- 
anal. Chem., 4, 87 (1970). 

3. R. C. Newman and J. B. Willis, J. Phys. Chem. Solid, 
26, 373 (1964). 

4. R. N. Hall, J. Appl. Phys., 29, 914 (1958). 
5. R. I. Scace and G. A. Slack, J. Chem. Phys., 30, 

1551 (1959). 
6. F. A. Halden, "Silicon Carbide," J. R. O'Connor and 

J. Smiltens, Editors, p. 115, Pergamon, Oxford 
(1960). 

7. R. C. Newman, Proc. Phys. Soc. London, 76, 993 
(1960). 

8. 5. A. Baker, T. N. Tucker, N. E. Moyer, and R. C. 
Buschert, J. Appl. Phys., 39, 4365 (1968). 
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ABSTRACT 

The effect of substrate tempera ture  on the preferred orientation of poly- 
crystal l ine silicon films deposited on thermal ly  grown silicon dioxide has been 
investigated. The films were deposited by the pyrolytic decomposition of silane 
and were examined by x - ray  diffraction and scanning electron microscopy. 
For films grown to a thickness of 16~, the preferred orientat ion first increased 
in the < l l 0 >  direction as deposition tempera ture  was increased to 1000~ 
as deposition temperature  was increased above 1000~ the preferred (l l0} 
orientat ion decreased. The measurement  of preferred orientat ion as a func-  
tion of film thickness indicated that  the strong (110) preferred orientat ion at 
1000~ was due to accelerated {l l0)  growth and not preferred {Ii0} nucleat ion 
orientation. 

The deposition of silicon on oxidized silicon wafers 
is of interest  in microelectronic applications of dielec- 
tric isolation and selected area epitaxy. Silicon may 
be deposited on these surfaces by physical or chemical 
methods. Chemical deposition of silicon from the 
halide onto the oxidized surface has been reported as 
often needing a nucleat ing agent, such as a sodium salt, 
to produce a uniform coating of polycrystal l ine silicon 
(1). Silane has been used to deposit polycrystal l ine 
silicon on silicon dioxide covered silicon wafers, but  
no information was given on the s tructure of the 
films (2). 

Silicon wafers used in microelectronic applications 
are polished single crystals and are usual ly  sliced 
parallel  to a low index crystallographic plane, but  
silicon oxide grown on the single crystal surface is 
amorphous with a short range crystobalite s tructure 
(3, 4). Hence, deposition on oxidized single crystal sili- 
con is deposition on an amorphous substrate. Previous 
papers, where silicon was vacuum evaporated onto 
heated fused quartz substrates, report  that  the de- 
posited film habit  has a strong temperature  dependence. 
Random polycrystal l ine silicon films were reported 
at substrate temperatures  above 550~ and evidence 
of (111) preferred orientat ion above 1000~ was 
shown (5, 6). Mountval la  (7) reports random films in 
the range between 700 ~ and 765~ with a preferred 
{110} orientat ion between 765 ~ and 900~ At 1000~ 
Mountval la  (7) reports a mixed {110} and {111} ori- 
entation. 

The purpose of this paper is to report  the use of 
silane for silicon deposition on oxidized silicon wafers 
and to report  the effect of substrate tempera ture  on the 
preferred orientation of the deposits. 

Experimental 
The wafers were polished 0.005 ohm-cm boron doped 

single crystal silicon orientated wi thin  2 ~ of the {111} 
face. They were then oxidized in a quartz tube  furnace 
at l l00~ by bubbl ing ni t rogen through a heated water  
bath. The final oxide was approximately 1~ thick. 

The deposition apparatus was an induction heated 
silicon horizontal tube epitaxial  reactor (Fig. 1). Pure  
(50 ohm-cm) silane was fed through a flowmeter and 
mixed with sufficient hydrogen to produce a silane 
atmosphere of 0.37% by volume in the 7-cm-diameter  
by 75-cm-long quartz glass reaction chamber. The oxi- 
dized substrates were placed on either a silicon car- 
bide coated graphite susceptor or a quartz envelope 
containing a graphite susceptor. The susceptor was 
placed in the quartz reactor tube at a point midway in 

K e y  words:  microeleetronics,  dielectric insulation, p refer red  ori- 
entation, silane. 

the induction coil and at a small  angle with respect to 
the horizontal. 

The pr imary  control variable for these experiments  
was substrate temperature  which was varied from 
840 ~ to 1265~ (corrected from optical pyrometer  read-  
ings). Silane flow rate was a constant  50 cc /min  which 
produced a deposition rate of 0.8 ~/min. In  a s tandard 
run  the substrate was rapidly brought  to tempera ture  
and then held at tempera ture  for 7 min  before intro-  
ducing the silane gas for a 20-min run.  A hydrogen 
atmosphere was used during both preheat  and cooling 
periods. The preheat  conditions and deposition t ime 
were varied for some runs, as wil l  be described in the 
section "Results." 

The preferred orientat ion was examined using an 
x - r ay  diffractometer. The {111} oriented silicon wafers 
did not produce a diffraction pat tern since they were 
slightly misoriented. To give accurate comparison of 
preferred orientations of the different samples, all 
x - ray  scans were run  at identical settings, except for 
the counts-per-second scale. 

Results 
A total of 18 samples were prepared under  various 

processing conditions. Table I shows sample identifi- 
cation numbers ,  process conditions, and relative x - ray  
intensities. 

Macroscopically flat layers of polycrystal l ine silicon 
were deposited on the oxidized silicon substrates for 
all test temperatures  except 1265~ At a substrate 
tempera ture  of 1265~ the reduct ion and erosion of the 
silicon dioxide was too rapid to hold the deposited sili- 
con. Examinat ion of the wafer  after the r un  showed 
that all oxide had been removed, and random crystal-  
lites had nucleated and grown on the single crystal 
surface (Fig. 2). The remainder  of this paper  will  be 
a discussion of test results for substrate temperatures  
of 840~176 only. 

The texture of the 16~-thick deposits was strongly 
temperature dependent. The absolute x-ray intensity 

Control 
valves J 

Flow 

Doping SiH gas 

i 
~ ~  T o T o T o  R. F. generator 

e ~ ~ ~  ---~a'---4~ust 

Quartz reactor tube~ 

Fig. 1. Simplified block diagram of reactor system 
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Table I. X-roy data 

December 1970 

S a m p l e  
D e p o s i t i o n  

t i m e  

{111} {311} 
1 ( 2 2 0 ) ,  - - %  

c o u n t s  p e r  s e c  T e m p ,  ~  {220} {220} 
% 

{40o} {331} 
- - %  
{220} {220} 

- - %  

A S T I ~ I  
2 - 1  
2 - 8  
2 - 2  
2 - 3  
2 - 1 8  
2 - 9  
2 - 1 0  
2 - 4  
2 - 5  
2 - 1 1  
2 - 6  
2 - 1 9  
2 - 2 0  
2 - 2 1  
2 - 1 7  
2 - 1 4  

2 0  m i n  
2 0  r a i n  
2 0  r a i n  
20  r a i n  
20  m i n  
2 0  m i n  
20  r a i n  
20  m l n  
20  m i n  
20 r a i n  
2 0  r a i n  

1 r a i n  
S r a i n  
5 r a i n  
8 .5  m i n  

2 0  m i n  

2 - 1 5  20  m i n  

2 - 1 3  2 0  m i n  

167  58  13 .5  2 2  
195  8 4 0  11 3 - -  7 .5  
6 9 0  8 4 0  1 - -  - -  1 

1360  8 6 0  _ _  - -  - -  2 
2 6 0 0  9 8 0  ~ - -  3 2 
1950 980 2 - -  - -  1 
1740  9 9 0  - -  - -  1 1 
1900 995 - -  3 - -  

6 2 0  1 0 9 5  ~ 12  10  
300  1 1 6 0  55  " 7  7 13 
250 1168 60 3 4 9 
1 6 0  1 1 7 0  105  I 0  12  16  

0 9 7 5  
150 975 ~ - ~ 8 
145  9 8 0  4 5  - -  2 0  11 
370  9 8 5  17  - -  19 7 .5  

4 0 0 0  1 1 2 5  . . . .  
p r e h e a t  
970  r u n  

110  985 ,  S m i n  80  12 1 1 0  65  
l 1 6 5 , 1 5 m i n  

4 2 5  1150 ,  5 m i n  19  2 3 .5  10  
0 8 5 , 1 5 m i n  

of the {110} crystal planes showed an increase with 
increasing temperature unti l  1000~ and then the {110} 
intensity decreased with further increases in tem- 
perature (Fig. 3). The relative intensities of the other 
low index crystallographic planes increased as the ab- 
solute {110} intensity decreased (Table I) .  That is, 
the films have an increasing preferred {110} orientation 
for deposition temperatures up to 1000~ and even 
though the {110} orientation predominates, it reduces 
in strength at higher temperature to approach the 
surface coverage of {100} orientated crystallites. Even 

Fig. 2. Silicon crystallites on eroded substrate 
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~ 2000 

1500 

~ 1 0 0 0  

X 
5OO 

?o 

' ' J , l , l l l l j l l l l l l l r l  
800 900 I000 I I00  1200 

T~ 

Fig. 3. Intensity of {220} diffraction peak as a function of sub- 
strate temperature. 

in the high-temperature deposits the relative intensi-  
ties of the {111}, {311}, and {331} orientations are 
depressed from the standard ASTM (8) values. It 
should be noted that in an x -ray  diffraction pattern, 
a {400} peak which is 13.5% of the {220} peak implies  
that there are as many  {100} oriented crystallites on 
the wafers as there are crystall ites oriented in the 
{110} direction. 

An example of the x -ray  diffractometer data is 
shown in Fig. 4 where  the diffraction peaks from 
sample 2-3 are compared to the peaks in sample 2-4 
(see Table I).  Both patterns were taken with identical 
machine settings. The upper curve shows a very strong 
{220} peak, and the lower curve shows a weaker {220} 
peak, but the relative (and in this case, the absolute) 
intensities of the {111}, {400}, and {331} peaks have 
increased. The surfaces on samples 2-3 and 2-4 were 
examined by scanning electron microscopy. The sur- 
face of sample 2-4, which  has the more random distri- 
bution of the crystallites, is shown in Fig. 5. Sample 
2-3, which has a strong {110} preferred orientation, is 
similar to Fig. 5 except that the surface appears more 
uniform. 

To test for possible causes of preferred orientation, 
the standard deposition run, as described above, was 
perturbed. The methods of perturbation and the results 
are described below: 

1. Sample 2-9 which was deposited init ial ly at 990~ 
was heat-treated in hydrogen at 1165~ for 30 rain. 
The purpose of this test was to see if a h igh-tempera-  
ture treatment would produce an orientation similar 
to a high-temperature deposition. The x -ray  diffraction 
pattern was not changed by this treatment. 

2. The oxide coated substrate was preheated at 
1"125~ for approximately 8 min before deposition; the 

• 

T = 980eC 

~/(220)Kfi 

(331) (400) (111) 

T = 1095~ 

J r ] 17 1 r I i 
0 75 65 515 45 3r5 2r5 

Degrees 28 

Fig. 4. X-ray diffraction intensity of low index planes for de- 
posits made at 980 ~ and 1095~ 
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Fig. 5. SEM photomicrograph of film deposited at 980~ 

temperature  was then lowered to 970~ for normal  
deposition. This test was made to see if the preferred 
orientat ion was due to the oxide hea t - t rea tment  or to 
the actual  deposition temperature.  This test resulted 
in a stronger {110} preferred orientat ion than would 
normal ly  be obtained at a deposition tempera ture  of 
970~ (see data on sample 2-14 in Table I) .  

3. Two sets of samples were made by depositing each 
at two different temperatures.  That is, on one set of 
samples deposition was started at 985~ and continued 
for 5 min, then deposition was stopped and the tem- 
perature  was raised to 1165~ in the hydrogen atmo- 
sphere, and deposition proceeded for the remaining  15 
min of the 20-rain run. In  another run  the above tem- 
peratures were reversed, except that  the high tem- 
perature  was 1150~ These tests were conducted to 
see if the temperature  of the ini t ial  deposition would 
be controll ing for future  changes in temperature.  The 
data, obtained from the h igh- tempera ture  start, fell 
on the curve of {220} peak vs. substrate tempera ture  
as though the entire r un  was made at 1150~ how- 
ever, the run  started at 970~ had a low intensi ty  
{220} similar to a run  made at 1165~ and a relat ively 
strong {400} peak indicating a {100} preferred orienta-  
t ion (see data on samples 2-15 and 2-13 in Table I).  

4. Data were taken in which deposition t ime was the 
independent  variable, and tempera ture  was held con- 
stant  at approximately 980~ Deposition times of 1, 5, 
and 8.5 min  were used. These data were taken to see 
if the preferred orientat ion was due to nucleat ion 
orientat ion or growth orientation. The x - ray  data for 
the l - ra in  run  gave no dist inguishable diffraction pat-  
tern. The 5-min run  had a combinat ion {110} and {100~ 
preferred orientat ion with the {100) being the stronger 
of the two. Finally,  in the 8.5-min run  the {110) peak 
was clearly showing its strong preferred orientat ion 
(see data on samples 2-19, 2-21, and 2-17 in Table I).  

Discussion 
The preferred orientat ion of th in  silicon films de- 

posited on thermal ly  grown silicon dioxide by the 

pyrolytic decomposition of silane is both tempera ture  
and thickness dependent.  Substrate temperatures  of 
approximately 1000~ produced a very  strong {110} 
preferred orientat ion when the films were grown to a 
thickness of approximately  16~, but  th inne r  films 
(t ~ 4~) tend to have a near  random orientat ion with 
the {100} crystallographic plane predominat ing.  This 
thickness dependence of preferred orientat ion indi-  
cates that the films have a preferred {i00} nucleat ion 
orientation, but  the {110} orientated crystalli tes have 
more favorable growth conditions in the intermediate  
tempera ture  (970~176 range. The strongest {100} 
preferred orientat ion for all samples was produced by 
star t ing deposition at 985~ and then going to 1165~ 
for the major i ty  of the run  (see data for sample 2-15). 
These data not only indicate that  the lower tempera-  
ture produces a greater nucleat ion {100} orientat ion 
than a higher temperature,  but  that the growth {100} 
orientat ion is greater  at the higher temperature.  

However, in a deposit started at a high tempera ture  
(T ~ 1150~ and continued at an intermediate  tem- 
pera ture  (T ~ 980~ the preferred {110) orientation 
was weak as compared to deposits made ent i rely at 
980~ This implies that  the nucleat ion orientat ion 
may be random at high temperatures.  The preferred 
~110} orientat ion that does exist in this sample is due 
to growth orientat ion at the reduced temperature,  but  
there were less {110} oriented nuclei  to start  with due 
to ini t ial  growth at the higher temperature.  

A h igh- tempera ture  (1125~ predeposition treat-  
ment  of the substrate tends to enhance the nucleat ion 
orientat ion of {110} crystal  planes since sample 2-14 
has the strongest {110} or ientat ion of all runs. A post 
deposition hea t - t rea tment  (T ~ 1165~ init ial  r un  at 
T ~ 990~ had no measurable  effect on the crystal-  
lography of the deposits. 

In  summary,  both nucleat ion and growth contr ibu-  
tions to preferred crystallographic or ientat ion of sili- 
con deposits on silicon dioxide appear to be tempera-  
ture dependent.  Temperatures  in the neighborhood of 
1000~ produce a preferred {100} nucleat ion orienta-  
tion but  strongly favor the {110) orientat ion in growth 
kinetics. Substrate  temperatures  in the range of 1150~ 
appear to favor a more random distr ibution of oriented 
nuclei  and favor a {100} growth orientation. 

Manuscript  received April  27, 1970. 
Any discussion of this paper will appear in a Discus- 

sion Section to be published in the June  1971 JOURNAL. 
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ABSTRACT 

The equipment  and  procedures used for the measurement  of high tempera-  
ture heterogeneous reaction equil ibria  are described. The results of these 
measurements  for four reactions of p r imary  importance to the epitaxial  growth 
of GaAs and GaP by the chloride t ransport  process are reported and com- 
pared with l i terature values. 

The epitaxial  growth of I I I -V compounds is based 
upon the departure  from equi l ibr ium of reactions of 
the type 

3GaC1 (g) ~- l /2As4(g) = 2GaAs (s) ~- GaCl3 (g) 

with a similar reaction applying for GaP. Also, in the 
presence of hydrogen the reaction 

GaC13(g) ~- H2(g) = GaCl(g)  -{- 2HCI(g) 

is important .  The crystal  growth rate will  be depen-  
dent  upon the depar ture  of the above reactions from 
equil ibrium, and the equi l ibr ium constants are tem-  
perature  dependent.  The purpose of this work was 
the exper imental  de terminat ion  of the equi l ibr ium 
constants for the above reactions and others per t inent  
to the manufac ture  of GaAs and GaP. 

The results of a l i terature survey of available re-  
action equil ibria data for reactions involved in the 
growth of GaAs and GaP from the vapor by the 
chloride t ransport  process are presented in Table I. 
In all cases the s tandard state is taken as the pure 
mater ial  at one atmosphere pressure. In  the last 
column the references for the data are given as well  
as whether  the equi l ibr ium constant  was obtained by 
direct exper imental  observation or calculated from 
thermochemical  data. Redundant  reactions are in -  
cluded for the convenience of the user. 

1 P r e s e n t  addres s :  D e p a r t m e n t  of C h e m i c a l  E n g i n e e r i n g ,  U n i -  
v e r s i t y  of  V i rg in i a ,  C h a r l o t t e s v i l l e ,  V i r g i n i a  22901. 

K e y  w o r d s :  g a l l i u m  a rsen ide ,  g a l l i u m  phosphide ,  vapor t r a n s p o r t ,  
e p i t a x i a l  g r o w t h ,  r eac t i on  e q u i l i b r i u m .  

The thermochemical  data tabula ted by Fergusson 
and Gabor (1) are used in Table I when available. 
There is a significant discrepancy between their  value 
of the s tandard heat of formation of GaC1 and that  
reported in (2) (--16.2 kcal /mole  vs. --19.0 
kcal /mole) .  The equi l ibr ium constants for reactions 
17-21 involving GaP were obtained by computing the 
chemical potential  of GaP from the vapor pressure 
measurements  of Johnston (3). 

Direct exper imental  observations are available for 
only three of the reactions listed in Table I and in one 
case (reaction 4) the value is not in agreement  with 
that  calculated from thermochemical  data. Also, the 
extreme sensit ivity of the value of the equi l ibr ium 
constant  to the accuracy of the s tandard enthalpy and 
entropy of reaction (at 1000~ an uncer ta in ty  of 5 
kcal  in the enthalpy of reaction changes the equi l ib-  
r ium constant by more than an order of magni tude)  
makes direct measurement  of equi l ibr ium constants 
of interest  advisable. In  this work the equi l ibr ium 
constants for reactions 4, 6, 12, and 20 in  Table I are 
measured as a function of temperature.  

Experimental 
Since the reactions of interest  have a net change 

in the total number  of moles of gaseous species, the 
equi l ibr ium constants can be obtained from closed tube 
pressure- temperature  measurements  similar  to those 
of Silvestri  and Lyons (4) and Zeugel (5). In  this 
method the total pressure in the reactor is measured as 
the reactor is heated to various tempera ture  levels. 

Table I. Gallium arsenide, gallium phosphide reaction equilibria 

Reaction LogloK Temp 
No. Reaction atm. units range,OK Ref. 

1 G a G )  + 1/2Cl~(g) = Ga Cl (g )  6.46 + 3.69 • 10S/T -- 0.47 l n T  300-2000 
2 Ga(1) + 3/2C12(g) = GaCl~(g)  --1.96 + 2.25 • 104/T -- 0.17 i n T  300-2000 
3 GaCl (g )  + Cl~(g) = GaCla(g)  --8.37 + 1.87 • IO~]T + 0.30 l nT  300-2000 
4 GaCl~(g)  + 2Ga(1) = 3GaCl (g )  21.1 -- 1.13 x 1 0 4 / T  -- 1.23 l nT  300-2000 

14.42 -- 1.19 • 104T 893-903 
4.87 -- 4.66 x 10ST 800-1200 

5 1/2H~(g) + 1/2C12(g) = HCI(g)  2.79 + 4.56 • IO~ /T  -- 0.31 i n T  400-2000 
6 GaCl~(g)  + H~(g) = G a C l ( g )  + 13.95 -- 9.58 • 10ST -- 0.92 l n T  400-3000 

2HCI(g)  
7 As~(g) = 2As2(g) 11.8 -- 1.36 • 104T -- 0.43 l n T  400-3000 
8 1/4As4(g) + 3/2H.~(g) = AsHa(g) 3.65 -- 7.52 x l O S / T  --  1.0 l n T  298-2000 

+ 0.6 • 10~T  
9 l /4As4(g )  + 3/2C12(g) = AsC13(g) --6.18 + 1.76 • lO4 /T  + 0.37 l n T  

10 Ga(1) + I/4As4(g) = GaAs(s) --4.62 + 6.15 x 10aT + 0.35 x 300-2000 
10-3T 

11 2GaCI + 1/2As4(g) = 2GaAs(s) + --21.6 + 4.86 x lOS/T + I.I lnT 300-2000 
Cl2(g) 

12 3GaCl (g )  + 1/2As4(g) = 2GaAs(s )  --30.1 + 2.36 • 104T + 1.41nT 300-2000 
+GaCIa(g}  + 0 .7 .  10-3T 

--18.79 + 2.28 X I 0 4 / T  913-1253 
13 G a C l ( g )  + I /4As4(g)  + I /2H2 = --8.04 + 6.99 x 10a/T + 0.22 n T  300-2000 

GaAs ( s )  + HCI(g)  + 0.35 �9 10~T  
14 P4(g) = 2P2(g) 11.5 -- 1.21 x 1 0 1 / T  -- 0.5 n T  298-1500 
15 1/4P4(g) + 3/2H2(g) ~ P I ~ ( g )  4.88 + 1.47 x 10S/T -- 1.2 n T  298-1500 
16 1/4P4(g) + 3/2C12(g) = PCl~(g) --6.21 + 1.79 x IO~/T  + 0.25 n T  298-1500 
17 Ga(1) + 1/2P2(g) = G a P ( s )  --5.36 + 9.41 X IO~ /T  1054-1278 
18 G a ( l )  + 1/4P4(g) = G a P ( s )  --2.46 + 6.385 x 103 /T  -- 0.13 n T  1054-1278 
19 2 G a C l ( g )  + 1/2P4(g) = 2GaP(s )  - 1 8 . 0 0  + 5.39 • 10afT + 0 . 6 8 n T  1054-1278 

+ Cl~(g) 
20 3 G a C l ( g )  + 1/2P4(g) = 2Ga P( s )  - 2 6 . 4 6  + 2.41 x 1 0 4 / T  + 0.98 n T  1054-1278 

+ G a C h ( g )  
21 G a C l ( g )  + I /4P~(g)  + I /2H2(g)  = --6.08 + 7.255 x 10S/T + 0.03 n T  1054-1278 

G a P ( s )  + H C l ( g )  

C a l c u l a t e d  f r o m  data  in  (1, 10, 11, 6) 
Ca lcu l a t ed  f r o m  da ta  in  (1, 10, 11, 8) 
Ca lcu l a t ed  f r o m  da ta  in  (1, 10, 11, 6) 
C a l c u l a t e d  f r o m  da t a  in  (1, 10, 11, 6) 
Exp.  Va lue  (5) 
E x p . V a l u e  (10) 
C a l c u l a t e d  f r o m  da ta  in  (1) 
C a l c u l a t e d  f r o m  Rx.  (3) a n d  (6) 

C a l c u l a t e d  f r o m  da ta  i n  (10, 6) 
C a l c u l a t e d  f r o m  da ta  in  (1, 10, 6) 

C a l c u l a t e d  f r o m  da t a  in  (1, 10, 6) 
C a l c u l a t e d  f r o m  da t a  in  (1, 10, 13) 

C a l c u l a t e d  f r o m  da ta  in  (1) 

C a l c u l a t e d  f r o m  Rx.  

Exp. Va lue  (5) 
C a l c u l a t e d  f r o m  Reac t ions  (12) and  

(6) 
C a l c u l a t e d  f r o m  da t a  i n  (10 a n d  (12) 
C a l c u l a t e d  f r o m  da t a  i n  (10 a n d  (12) 
C a l c u l a t e d  f r o m  da t a  in  (10, 12, 13) 
Exp.  Va lue  (3) 
C a l c u l a t e d  f r o m  Rx.  (14) a n d  (17) 
C a l c u l a t e d  f r o m  Rx, (16) and  (1) 

C a l c u l a t e d  f r o m  Rx.  (19) a n d  (3) 

C a l c u l a t e d  f r o m  Rx.  (18), (6) and  (4) 
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Fig. 1. Closed reactor system 

From atom balances, a knowledge of the init ial  charge 
of reactants, and the temperature  and pressure mea-  
surements,  the part ial  pressure of each species may be 
calculated; hence, the equi l ibr ium constant can be 
obtained at each temperature.  

Equipment.--The exper imental  system selected was a 
batch reactor consisting of a quartz tube placed wi th in  
a furnace capable of reaching approximately 1200~ 
The principal  items of equipment  shown schematically 
in Fig. 1 included: 

1. A reactor pressure sensing system consisting of 
a quartz helix bourdon tube  attached to the reactor 
through a capillary tube, a photocell and a controller. 
The quartz bourdon gauges are manufac tured  by 
Worden Quartz Products, Inc., Houston, Texas. A 
mir ror  attached to the end of the helix rotated when 
the pressure wi th in  the tube changed causing a de- 
flection of a light beam coming from the photocell. 
The reflected light beam was received by a photocell 
assembly coupled to a controller  which operated a 
solenoid valve which restored the mir ror  to the nu l l  
position by adjust ing the argon gas pressure in the en-  
closure about the helix. The pressure in the enclosure 
was then read from a Wallace and Tiernan  absolute 
pressure gauge and cont inuously recorded using a po- 
tent iometric  type pressure transducer.  

Some fur ther  comment  on the quartz bourdon 
gauges is perhaps in order. Since condensed phases 
(GaAs, GaP, Ga) were present dur ing these reac- 
tions even at the highest temperatures,  it is necessary 
that  the pressure measur ing system be capable of being 
heated above the ' temperature  in the reactor to pre-  
vent  deposition. These all quartz gauges can be 
heated to above l l00~ in a corrosive atmosphere. 
They do have some drawbacks. The quartz helix is 
very fragile and quite easily broken from mechanical  
shock. Quartz is subject to weakening and eventual  
breakdown due to devitrification at high tempera-  
tures. This process is hastened by water  vapor and 

basic oxides. Hence it is necessary that  the quartz be 
kept clean and not handled with the hands or fingers 
before placing in  the furnace. To obtain reproducible 
readings it is necessary to anneal  the gauges prior 
to use. For the gauges used in this work approximately 
30 hr at 1070~ were required. 

2. As shown in Fig. 1, a muffle furnace having three 
separately controlled windings was used to main ta in  
a uniform tempera ture  along the reactor with the 
bourdon tube about 20~ higher than  the reactor. 

3. A gas handl ing  system was used for evacuating 
the reactor and charging the gaseous reactants.  Two 
Wallace and T ie rnan  absolute pressure gauges (0-1800 
and 0-800 Torr)  were used for pressure measure-  
ments.  

4. Temperatures  were measured and controlled by 
Type K, Iconel sheathed, thermocouples placed in 
wells at three locations along the length of the reac- 
tor and in  a well in the bourdon gauge. 

5. The reactor, a 24 mm ID quartz tube  approxi-  
mately  7 in. long, was designed to insure separation 
of gaseous and liquid or solid reactants un t i l  the 
reactor had been sealed and the ini t ia l  charge of gas 
determined. This was accomplished by sealing the 
solid or l iquid wi th in  a quartz ampoule with a break-  
away tip. The ampoule was placed at the bottom of a 
vertical tube wi thin  the reactor. An iron rod, encased 
in quartz, was placed on top of the ampoule. At the 
start of the run, this rod was raised by an external  
magnet  and then allowed to drop breaking the tip and 
allowing reaction to begin. 

Procedure.--The determinat ion of an equi l ibr ium 
constant  consisted of the following steps: 

i. An ampoule containing the appropriate solid or 
liquid reagent was placed in the reactor with the 
bourdon assembly attached. 

2. The reactor was evacuated and heated with a 
torch to remove any adsorbed species. After a n u m -  
ber of a l te rna te  fillings and evacuations with argon 
and then with the gaseous reactants, the reactor was 
filled to the desired pressure and sealed with a torch. 

3. The exact gaseous charge was determined by 
observing the pressure in the reactor as a function of 
tempera ture  with the ampoule unbroken.  At these low 
pressures (50-200 Tort)  all the gases of interest  
behave ideally. This determinat ion was carried out 
in a constant  tempera ture  air ba th  operat ing between 
room tempera ture  and approximately  250~ When 
the mater ia l  in the ampoule was nonvolati le,  e.g. 
GaAs, the muffle furnace was used, permi t t ing  higher 
temperatures  to be obtained and a more accurate 
calculation of the molar  density of gas charged. 

4. With the reactor in the furnace, the pressure 
sensing system was nulled at the true pressure in the 
reactor as determined in step 3. The ampoule was 
broken and the total pressure observed at a series of 
temperatures.  The pressure t ransducer  used with a 
recorder was useful for determining when the total 
pressure had become constant  and the reading could 
be taken. Data were taken dur ing  both heating and 
cooling to insure that equi l ibr ium had been at tained in 
the reactor. 

Fur ther  details of the procedure will be given when 
the individual  reactions are discussed. 

Results and Discussion 
Reaction A: 3GaCl(g) § 1/fAs4(g) ~ 2GaAs(s) 

GaC13 (g) . - -The measurement  of the equi l ibr ium con- 
stant  of this reaction follows the method of Zeugel (5). 
It consisted of charging a known amount  of chlorine 
gas (>99.5%) and a sealed ampoule containing an ex- 
cess of GaAs (Monsanto, melt  grown) to the reactor. 
At low temperatures  the chlorine completely reacts 
with GaAs forming chlorides of gall ium and arsenic 
(possibly free arsenic also). Above approximately 
600~ these reactions are complete and the only species 
present are GaCI~, GaC1, As~ (small amounts  of Asf) 
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Fig. 2. Equilibrium constant: 3GaCI -~- 1/2As4 ~ 2 GaAs -t- 
GaCI3. Curve 1, (5); curve 2, (1); curve 3, (2); curve 4, this work 
(two runs). 

and GaAs. A correction for the amount  of arsenic 
present as As2 in equi l ibr ium with  As4 was made using 
the data of Stul l  and Sinke (6) as correlated by Zeugel 
(5). The equi l ibr ium constant for the react ion was then 
calculated from total pressure measurements  as the 
tempera ture  was raised in steps f rom 600~ to about 
1000~ and then lowered. The calculations were  per-  
formed on a CDC 6400 computer.  

The values of the equi l ibr ium constant obtained in 
this work  are presented in Fig. 2. Also shown are a 
correlat ion of the exper imenta l  results of Zeugel (5) 
and two sets of values calculated from thermochemical  
data. As ment ioned earlier, the only difference be tween 
the l i tera ture  curves is due to the use of different 
values for the standard heat  of formation of GaCl (g) .  
The least squares correlat ion of the equi l ibr ium con- 
stants measured in this work  is given in Table II along 
with  information on the uncer ta in ty  of the correlat ing 
equation and the tempera ture  range over  which it 
applies. 

Zeugel 's exper imenta l  values are in good agreement  
wi th  values calculated f rom Fergusson and Gabor 's  
(2) thermochemica l  data while  the results of this 
work  lie be tween the two l i tera ture  curves. Some re-  
cent results obtained in this labora tory  on the growth 
and etching rates of GaAs support the equi l ibr ium con- 
stant reported here  (7). Finally,  as has been previously 
noted, the value of the equi l ibr ium constant calculated 
f rom thermochemica l  data is ve ry  sensitive to small  
changes in the heats and entropies of reaction. For  ex-  
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Fig. 3. Equilibrium constant: 3GaCI + 1/2P4 = 2GaP -I- 
GaCI3. Curve I ,  (1, 3, 6); curve 2, (2); curve 3, this work (four 
runs). 

ample, if Thurmond's  (8) va lue  for the heat  of forma-  
tion of GaAs, which is only 700 cal less than that  of 
Fergusson and Gabor, were  used, the l i tera ture  curve 
would be much closer to the exper imenta l  values ob- 
tained here. 

Reaction B: 3GaCl(g)  ~- V2P4(g) = 2GaP(s)  -~- 
GaCl:~ (g) . - -The  procedure for measur ing equi l ibr ium 
constants for this reaction is analogous to that  for re-  
action A except, of course, excess GaP (Monsanto, mel t  
grown) was placed in the quartz  ampoule. A correction 
for the presence of P2(g) was made using the equi l ib-  
r ium data of Stul l  and Sinke (6) for the dissociation 
of P4(g) to the dimer. It was noted that  chlorine did 
not react very  rapidly  with GaP at room temperature .  
To increase the react ion rate  the t empera tu re  was 
raised to about 1000~ and data taken during cooling 
first and then taken during heating. This also had the 
effect of removing mater ia l  f rom the ampoule and dis- 
t r ibut ing it throughout  the reactor  which reduced mass 
t ransfer  resistance in the reactor  and thereby shortened 
the t ime required to come to equi l ibr ium at a given 
temperature .  

The results of four runs on this system are presented 
in Fig. 3. Similar  to those of GaAs, the equi l ibr ium 
constant data lie be tween the two l i te ra ture  curves 
which again differ only in the value used for ~Hf~ of 
GaCl(g) .  The equi l ibr ium constants measured in this 
work  were  correlated and the resul t ing equation is 
given in Table II. 

Reaction C: GaC13(g) -}- H2(g) ---- GaCl(g)  + 
2 H C l ( g ) . - - T h e  equi l ibr ium of this reaction is of im- 
portance because epi taxial  deposition of GaAs, GaP or 
GaAsxPl -x  occurs in the presence of a high part ial  
pressure of hydrogen. Under  such conditions the part ial  

Table II. Experimental equilibrium constant data 

Log,oKp Var. of s lope  Std.  e r ro r  T e m p e r a t u r e  
Reac t ion  (arm un i t s )  o2 e s t i m a t e  r a n g e  (*K) 

3GaCl (g )  + 1/2As~(g) = 2GaAs( s )  + GaCl~(g)  
3GaCl (g )  + 1/2P~(g) = 2GaP(s )  + GaC13(g) 
GaC13(g) + H~(g) = GaC1 (g) + 2HCI(g)  
GaCl~(g) + 2Ga(1) ~ GaCl~(g) 

2.10 >C 10~/T -- 18.0 4.5 • I0~ 0 . I I  900-1300 
2.20 • 104/T -- 18.6 1.8 x lff ~ 0.21 1000-1250 

--1.00 • 104/T § 8.5 3.6 X 10 ~ 0.14 900-1330 
--1.16 • 104/'s + 14.0 6.2 • 10 ~ 0.11 720-920 
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pressure of GaCI~ is so reduced by reaction C that  the 
deposition reaction is often wr i t ten  as 

2GaCl(g) + 1/2As4(g) + H2(g) = 2GaAs(g) + 2HCI(g) 

The equi l ibr ium constant  for this reaction is simply 
the product of the equi l ibr ium constants of reactions 
A and C. It is not possible to determine the equi l ibr ium 
constant  of the above reaction directly using a closed 
reactor system; hence the equi l ibr ium constant  for re-  
action C was measured and combined with that of re-  
action A to obtain the desired result. 

The reactor was charged with hydrogen gas 
(>99.9%) and GaC13 (Monsanto produced, pur i ty  
,-98%) crystals in a quartz ampoule. The amount  of 
GaC13 charged was determined by an analysis of the 
reactor pressure between 550~ and 750~ where  the 
reaction with hydrogen has not yet begun, but  all of 
the GaCI3 is in the vapor phase�9 The analysis is com- 
plicated by the presence of GaC13 in both monomer  and 
dimer forms in the vapor. The equi l ibr ium constant 
for the dissociation of the dimer as measured by 
Laubengayer  and Schirmer (9) was used in the cal- 
culation of the amount  of GaC13 present�9 

The total pressure measurements  were complicated 
by high temperature  diffusion of hydrogen through the 
th in-wal led  quartz helix of the bourdon gauge and the 
reactor walls themselves. Since in this system no con- 
densed phases exist above about 250~ (a tempera ture  
where the diffusion rate is negligible) ,  the bourdon 
tube was main ta ined  at this temperature  throughout  a 
run. Diffusion through the reactor walls was slower 
but  significant at the higher temperatures  when  the 
hydrogen part ial  pressure is high. To minimize this 
effect a large GaC1JH2 ratio was used so that  at the 
higher temperatures  most of the hydrogen has reacted. 
This, of course, makes the calculation of the hydrogen 
partial  pressure and, therefore, the equi l ibr ium con- 
stant  more uncer ta in  in the high tempera ture  region. 

In a number  of runs  the data were not reproducible 
and log K vs. 1/T plots did not give straight lines. 
These problems were a t t r ibuted to contaminat ion of 
the GaC13. Gal l ium trichloride is strongly hygroscopic 
and easily contaminated if contacted with air. Data 
from such runs  were, of course, disregarded. 

In Fig. 4 are presented data from two runs in which 
the GaCla/H2 ratio was large, the data reproducible 
dur ing heating and cooling and no evidence of contami-  
nat ion was observed. Also shown are the l i terature 
values calculated from the data of Fergusson and 
Gabor (1) and that using the NBS value for AHf~ of 
GaCl(g) .  The data indicate a heat of reaction 15 to 25 
per cent higher than the l i terature values and do not  
agree with either l i terature curve. The observed equi-  
l ibr ium constants were correlated and the result ing 
equation is given in Table II. 

The growth rate studies, ment ioned previously (7) 
as support ing the equi l ibr ium constant values for re-  
action A, actually gave values of the equi l ibr ium con- 
s tant  for the reaction, 

2GaCl(g) + ~As4(g)  + H2(g) -- 2GaAs(s) + 2HCI(g) 

The values obtained were in agreement  with the com- 
bined values of the measured equi l ibr ium constants 
for reactions A and C. Consequently, those studies 
give support to the results obtained here for both re- 
actions A and C. 

Reaction D: GaC13(g) + 2Ga(1) -- 3GaCl(g) . - -As  
well as providing fur ther  thermodynamic  information 
on the chlorides of gallium, the equi l ibr ium of this 
reaction is impor tant  to the epitaxial  growth of GaAs 
in two ways. First, gal l ium is commonly supplied to an 
epitaxial reactor by bubbl ing  HC1 through a gall ium 
contactor held at high temperature.  The reaction of 
interest  is 

2HCI(g) + 2Ga(1) ,-~ 2GaCl(g) + H2(g) 

whose equi l ibr ium constant  is s imply the equi l ibr ium 
constant of reaction D divided by that  of reaction C. 

E Q U I L I B R I A  1575 

[ ]  

i01 

,o o 

E 
O 

e. 

-1 

\ 

�9 o . e  0 . 9  i . o  ~.l L z  

l i T  x 10 3 ( ~  "| 
t 

Fig. 4. Equilibrium constant: GoCI3 + H2 = GoCI + 2HCI. 
Curve 1, (2); curve 2, (1); curve 3, this work (two runs). 

A knowledge of this equi l ibr ium constant provides the 
value of the max imum conversion to GaC1 to be ex- 
pected in the contactor. Second, the disproport ionation 
of GaCl(g)  to free gall ium and GaCl(g)  has been sug- 
gested as a step in the mechanism of the growth of 
GaAs by the chloride t ransport  process. 

The procedure for carrying out the measurement  of 
this equil ibria consists of charging chlorine gas and an 
ampoule containing excess liquid gall ium (99.99%) to 
the reactor. At lower temperatures  the chlorine com- 
pletely reacts forming a mixture  of GaCl~ and GaCl~. 
The GaC12 decomposes above  300~ to Ga(1) and 
GaC13(g). Above approximately 400~ the reaction of 
interest  then occurs. 

The results of the two runs  made are compared with 
the l i terature data in Fig. 5. The data are in excellent 
agreement  with the exper imental  measurements  of 
Zeugel (5) and lie between the l i terature curves using 
different values for aHf~ of GaC1. The values ob- 
ta ined in our work were correlated with the equation 
listed in Table II. 

Thermochemical data.--We had hoped that  the  equi-  
l ibr ium constants of these four reactions would permit  
the calculation of new values of the more uncer ta in  
thermochemical  data, par t icular ly  that  of GaCI. In-  
spection of Fig�9 2-5 suggests that, since the  measured 
values lie between the two l i terature  curves corre- 
sponding to different values of ~Hf~ of GaC1, the 
thermochemical  data of GaC1 may be in error. The only 
other species common to all four reactions is GaCI~; 
however, since it is stable at room temperature,  it 
would be expected that its thermochemical  properties 
would be more easily measured and  therefore more 
reliable. 

The chemical potential  of GaC1 as a funct ion of t em-  
perature was calculated from each of the measured 
equi l ibr ium constants assuming that  the l i terature 
values of the entropies and enthalpies of all other 
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Fig. 5. Equilibrium constant: 2 ~  -s GaCl3 = 3GaCI. Curve I, 
(5); curve 2, (1); curve 3, (2); curve 4, this work (two tuns). 

species were correct. The results, which general ly lay 
between the two l i terature values, varied, at most, by 
4 kcal /mole (out of approximately 80 kcal /mole)  de- 
pending upon which reaction was used. AHf~ for 
GaC1 calculated from these data also varied as much as 
4 kcal /mole with an average value of 17.5 kcal/mole.  
The discrepancy in AHf~ and hence in the chemical 
potential  of GaC1 between the two l i terature  values 
[Ref. (1) and (2)] is 2.8 kcal/mole.  Although the mea-  
sured equi l ibr ium data are reasonably self-consistent, 
they are not accurate enough to settle the discrepancy 
in the l i terature  values. The t rue  value of ~Hf~ of 
GaC1 probably does lie between the l i terature values. 

Equil ibr ium alloy composi t ion. - -The equi l ibr ium 
constants for the reactions depositing pure GaAs and 
GaP may be used to predict the composition of a mixed 
crystal, GaAsl-~Px, in  equi l ibr ium with a vapor of 
given composition. 

Consider the formation of a solid solution of GaP 
and GaAs. The condition of thermodynamic  equil ib-  
r ium of the deposition reactions yields the equations 

PGaca (TAXA) 2 
= KA [1] 

P3GaC1 p1/2As 4 
PGac[3 (7pXp) 2 

KB [2] 
P3GaC1 p1/2p4 

where 7A and  7P are the activity coefficients of GaAs 
and GaP in a solid solution of mole fraction, XA ---- 
1 -- Xp, of GaAs and of mole fraction, Xp, of GaP. KA 
and KB are the equi l ibr ium constants of reactions A 
and B discussed previously. Equation [2] divided by 
[1] yields a relat ion between the phosphorous composi- 
t ion in the solid and that  in  the vapor. 

7PXP __ ( KB ~I/2 ( pP4 )I/4 
7A(1 - -  Xp) \ - ~ A "  "P-~'s4/ [3] 

In the absence of better  information it is reasonable 
to assume that the solid solution is approximately ideal 
(7 : 1). Equat ion [3] can be solved for the mole frac- 

t ion of GaP in the solid. 

(KB/KA) 1/2 (pp4/PAs4) 1/4 
Xp ---- [4] 

1 + (KB/KA) 1/2 (pp4/PAs4) 1/4 

The part ial  pressure ratio, PP4/PAs4, is not simply 
the ratio of phosphorus to arsenic in the feed because 
these species par t ia l ly  dissociate into the dimer forms 
at the temperatures  of interest.  The true ratio of 
tetramers, accounting for the dissociation, is given by 
the equation 

PP4 

PAs 
YPPv + Kp/8  - -  (K2p/64 + YPPv Kp/4) 1/2 

(1 - -  YP)Pv -I- KAs/8 -- (K2As/64 d- (1 - -  yp)PvKns/4)  1/2 

[5]  

where yp is the fraction of group V element  that  is 
phosphorus, Pv is the total pressure of group V ele- 
ments computed as if all were in the te t ramer  form, 
and KAs and Kp are the equi l ibr ium constants for the 
dissociation reactions: As4 ~ 2As2, P4 : 2P2. Equa-  
tions [4] and [5] may then be used to calculate the 
equi l ibr ium alloy composition for a given temperature,  
group V partial  pressure and fraction of group V ele- 
ments  that is phosphorus, provided the temperature  
dependencies of the equi l ibr ium constants are known. 
In Fig. 6 are presented some calculated values of the 
equi l ibr ium alloy composition for typical conditions of 
epitaxial growth of GaAsxPl-~ (T ---- 800 ~ 850~ 1 a tm 
pressure and 0.375 mole per cent group V elements) .  

S u m m a r y  a n d  Conc lus ions  
The equi l ibr ium constants measured in this work are 

listed below. 

1. 3GaCl(g) + V2As4(g) = 2GaAs(s) -{- GaC13(g) 

log10 K (atm -2.5) : 2.10 >< 104/T -- 18.0 

2. 3GaCl(g) -t- 1/2P4(g) ~ 2GaP(s)  + GaCl~(g) 

log10 K (atm -2,5) = 2.20 X 104/T - -  18.6 

3. GaCl:3(g) -t- H2(g) ---- 2HCI(g) -t- GaCl(g)  

log10 K (atm) = --1.00 >< 104/T + 8.5 

4. 2Ga(1) + GaCl~(g) = 3GaCl(g) 

loglo K (atm 2) ---- --1.16 >< 104/T -f- 14.0 
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LIST OF SYMBOLS 
AHf~ Standard  enthalpy of formation at 298~ 

kcal /mole 
KA Equi l ibr ium constant for reaction A, arm units  
P Par t ia l  pressure, arm 
Pv Total pressure of group V elements, atm 
Xp Mole fraction of GaP in the solid 
yp Mole fraction of group V element  in vapor 

that is phosphorus 

GREEK SYMBOLS 
7 Activity coefficient in solid. 
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On the Redistribution of Boron in the Diffused Layer 
during Thermal Oxidation 

J. S. T. Huang and L. C. Welliver 
Solid State Electronics Center, Honeywell, Inc., Plymouth, Minnesota 55427 

ABSTRACT 

This work is concerned with the investigation of the impur i ty  redis t r ibu-  
tion process in a two step p- type  diffusion. A simple theoretical model is 
formulated from which a closed form expression for the impur i ty  profile is 
obtained. The exper imental  results verify the theoretical prediction of the 
profile. From these results, the segregation coefficient of boron at the oxide- 
silicon interface is determined,  and the total  number  of impur i ty  atoms that 
have escaped into the oxide can also be estimated. 

In integrated circuit technology, two step boron 
diffusion involving a deposition step followed by a 
dr ive- in  step is commonly encountered. The dr ive- in  
process is usual ly performed in oxidizing atmosphere, 
resul t ing in redis t r ibut ion of boron wi th in  the semi- 
conductor. This redis tr ibut ion process dur ing thermal  
oxidation was studied by Grove et al. (1) using un i -  
formly doped substrates of semi-infini te extent. Their  
model is therefore not applicable to the case where 
diffused layers are used. For  instance, their  conclusion 
that  the concentrat ion at the interface is independent  
of the oxidation t ime certainly will  not hold t rue for 
the diffused layer. Kato and Nishi (2) studied the re-  
distr ibution of the boron diffused layer  over a l imited 
temperature  range, but  their analysis was so compli-  
cated that  a computer was needed to obtain numer ica l  
results. In this paper, a simple theoretical  model is first 
developed. A closed-form solution is then obtained for 
the impur i ty  profile. The only u n k n o w n  is the segre- 
gation coefficient at the interface which is determined 
by fitting the exper imental  result  to the theoretical 
plots for various values of the segregation coefficient. 

With the mathemat ical  form of the impur i ty  distri-  
but ion available, many  semiconductor properties such 

K e y  words :  semiconduc to r ,  diffusion, oxida t ion .  

as the Hall  coefficient and piezoresistive coefficient of a 
diffused layer can be characterized by effective values 
averaged over the impur i ty  dis t r ibut ion in the layer. 

Theoretical Model 
The boron deposition process gives rise to a comple- 

men ta ry  error function dis tr ibut ion of impurities.  The 
total impur i ty  atoms per uni t  area is given by 

~ /  Dltl 
Q = 2Cs - [1] 

where C.~ is the surface concentrat ion usual ly  l imited 
by the solid solubil i ty of the diffusant; D1 and tl  are 
the diffusion constant  dur ing  the deposition and the 
t ime of deposition, respectively. The subsequent  oxi- 
dation and dr ive- in  wil l  result  in a total  oxide thick-  
ness of xo. The corresponding thickness of silicon 
oxidized is mXo, where m is exper imenta l ly  determined 
to be 0.38 (3). Figure 1 shows the diffusion model. At 
t = 0, the original  Si surface is at y = 0 and the oxide- 
silicon interface as a funct ion of t ime is indicated by 
yo(t).  

The problem can be divided into two parts. First, 
consider that there is no flow of impur i ty  atoms into 
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Fig. I .  Diffusion model  

the oxide from the silicon, and the original  Si surface 
is impermeable.  The oxidat ion wil l  cause an amount  
of impur i ty  contained wi th in  mxo to be absorbed by 
the oxide. The impur i ty  dis t r ibut ion is then given by 
the solution of the diffusion equation 

0C1 02C1 
- - - - D ~  for y > y o  [2] 

Ot Oy 2 

where D is the boron diffusion constant  in silicon dur -  
ing the drive-in.  Since the extent  of junct ion  pene-  
t rat ion of the deposited profile is small  compared to 
that  of the final profile after the dr ive- in,  the total 
impur i ty  dis t r ibut ion may be approximated by a delta 
function. The solution is then 

Q 
C1 (y,t) = e x p  (--y2/4Dt)  for y > Yo [3] 

x/~Dt 

Let x be the distance measured from the oxide-silicon 
interface as shown in Fig. 1, then y = x + mxo. The 
oxide growth is assumed to be parabolic, i.e., Xo ~- ~/-Bt 
where B is the growth rate constant. By the coordinate 

a mathemat ical ly  negative concentrat ion at the oxide- 
silicon interface. The solution of the diffusion equa-  
tion is 

C2(y,t) = A erfc ( 2 ~  ) [7] 

where A is a constant  to be determined.  From [6] and 
[7], and Yo = mN/Bt, the constant  A can be expressed 

a s  

2 --~--Cs(yo, t) exp 2 - V ' D /  [8] 

With reference to the x-coordinate,  [7] and [8] can be 
combined to give 

C2 ( x,t ) ----- - -  exp 
2 

X Cs erfc 2x/D~- + ~2 [9] 

The solutions Cl(x, t )  and C2(x,t) are sketched in Fig. 
1. Since the diffusion equation and its associated 
boundary  conditions are linear, the result ing impur i ty  
dis t r ibut ion is obtained by adding [4] and [9J to give 

C(x,t) = 

( X Cs erfc 2VD-}- + 2  F [10] 

By setting x = 0 in  Eq. [10], the surface concentrat ion 
C~(O,t) is determined from [10]. Final ly,  the expres- 
sion for the concentrat ion profile is given by 

Q exp - + m 

t ransformat ion y = x q- mx /B t  , [3] can be wr i t ten  as k - -  m ~ B -  

Q Y 
- - - -  F [4] Q 

x 
X/:~Dt 

There is a net  flow of impuri t ies  across the sil icon- 
oxide interface because of the segregation coefficient at 
two solid interfaces, the finite diffusion probabil i ty  of 
the dopant in the oxide, and the mass t ransfer  at the 
oxide-ambient  interface. For  simplicity, assume that  
the diffusion constant  of boron in  oxide is negligible 
compared to that  in silicon. Consider a small  t ime in-  
terval  dt dur ing which a layer  of silicon mdxo is con- 
ver ted into oxide of thickness dxo. The amount  of im-  
pur i ty  in the original silicon was Cs (yo,t)mdxo and the 
amount  in the oxide is 

C's (yo,t) dxo --- kCs (yo,t) dxo [5] 

where k is the segregation coefficient. The difference, 
(k - -m)Cs(Yo , t )dxo ,  must  outdiffuse from the semi- 

conductor .  Hence, the  rate of flow is 

dxo 
D ~C2 ---- (k -- m) Cs(Yo,t) �9 

OY y=yo dt 

( k - -  m )  Cs(yo , t )  _ / B 
= 2 V ~ .  [6] 

The conditions for the second part  of the solution are 
C2(y,0) ---- 0 and C2(oo,t) = 0. Init ial ly,  assume zero 
impur i ty  concentrat ion in  the silicon. The subsequent  
outdiffusion of the boron into the oxide wil l  resul t  in 

m B k -- m ~ / ~ B  e x p ( m - - - ~ B  ~2erfc( y ~ _ ~  --~ 
l q -  ,~ v ~  \ 2 D ~  \ 

>< erfc ' 2 ~ / ~  + ~2 [11] 

Equat ion [11] is not as complex as it appears because 
the coefficient of the second term is independent  of x. 
The distance at which the ma x i mum concentrat ion 
occurs is found by differentiat ing [11] to give 

 maxcon  

__. k - - m  

k - - m ~ B e x p ( m _ _ ~ / m ~ 2 e r f c ( m ~ - B  ~ 
I + - - F -  -5-  2 - -  D Y -F 

X 

-- m] [12] 

By setting x ---- 0 in [11] and also subst i tut ing [12] 
into [11], the ratio of m a x i m u m  concentrat ion Cmax 
to surface concentrat ion Cs is found to be independent  
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Fig. 2. Temperature dependences of oxide growth rate and dif- 
fusion constant of boron. 

of the diffusion time and the total impuri ty  Q prior to 
oxidation. However,  the values of Cmax and Cs depend 
critically on the diffusion temperature  and the oxida- 
tion condition (wet or dry) .  Figure 2 shows the oxi- 
dation rate constants in dry  and wet oxygen together 
with the diffusion constant of boron in (100) ori- 
entation. The diffusion constant of boron is taken from 
the measurements of Kur tz  and Yee (4) corrected for 
(100) orientation based on the experimental  results 
of Wills (5 ) J  For cases in which both wet and dry 
cycles are involved, the effective rate constant is given 
by 

Bwtw ~- Bdtd 
B = [13] 

tw -t- td 

where the subscripts w and d indicate wet and dry  
oxidations, respectively. 

The total impuri ty  left in the silicon after oxidation 
can be found by integrating [11] f rom x ---- 0 to x ----- xj 
where xj is the junction depth. Thus 

19 
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Fig. 3. Impurity profiles after oxidation in wet 02 at 1100~ 
for 2 hr. 

(oxygen bubbled through 95~ water) at 1100 ~ 1200 ~ 
and 1250~ for 2, 1, and ~ hr, respectively. 

To obtain the experimental  profile the oxide was 
stripped off each wafer  and the wafer  was then sub- 
jected to successive etching in KOH at 60~ After  
each etch, the weight  loss of the slice was found to 
determine the depth of the etch, and the sheet re- 
sistivities were measured using a four-point  probe. 

The surface concentrations of the diffused layer 
were obtained independently f rom the capacitance- 
voltage characteristics of MOS structures (6). By 
comparing the surface concentration obtained this way  
with the change of resistivities after the first etching 
step, the effective mobility value for the diffused layer  
was obtained f rom which the impuri ty  concentration 
was determined for the subsequent etches. The mobil- 
ity values used in the calculation are listed in Table I 
together with other results discussed later. 

The theoretical profile is given by [11] for which ap- 
propriate values of the diffusion and oxidation rate 
constants corresponding to the oxidation temperature  
are to be found in Fig. 2. The theoretical profiles for 

k - m  I Y  r [ m  i-B-\21 r e ( k - - m )  B { m  
m ~ :  " ~ / D - e x p L - - ~ " 2 - ~ /  D )  j -  - - 2 - -  D erfc ~ 2 ~ / ~ - )  

Q ' = Q  e r f c (  -~- ~V/D~ B- ) - -  - - -  k-~--~n-- l ~ : - - / ~ n - - - ~ B - - \ - ~ - - - ' {  ~n / - - ~ {  "I [14] 

+ T V - 5 - e x p  [ erfc LTV ) 

For a typical oxidation process, the impur i ty  lost to 
the oxide, i.e., (Q - Q ' ) / Q ,  is generally greater than 
60%. 

Experimental Results 
The materials used in this work  were all 2-5 ohm-cm 

(100) n- type  silicon wafers polished on both sides. The 
deposition was accomplished by heating boron ~nitride 
disks and the silicon wafers  together at 925~ The 
sheet resistivity, as measured by a four-point  probe, 
was 80 ohm/[] .  The total impuri ty  concentration was 
determined to be 6.3 x 1014 at . /cm 2. The wafers were 
then divided into three groups subject to wet oxidation 

1 T h e  b o r o n  d i f fu s ion  c o n s t a n t s  p l o t t e d  in  F i g .  2 a r e  in good  a g r e e -  
m e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t  r e c e n t l y  r e p o r t e d  in  a p a p e r  b y  
C h a n  a n d  M a i ,  Proc. IEEE, pp.  588-689,  A p r i l ,  1970. 

different oxidation temperatures are plotted in Fig. 3 
through 5 for two values of the segregation coefficient: 

Table I. Comparison of results 

O x i d a t i o n  temperature 1100~ 1200~ 1250~ 
O x i d a t i o n  t i m e  2 h r  i h r  I/2 h r  
O x i d a t i o n  c o n d i t i o n s  w e t  O~ w e t  0 2  w e t  O2 
D i f f u s i v i t y ,  cm~/sec  3.5 • 10 - ~  1.9 • 10 -12 4.2 • 10-1-" 
G r o w t h  c o n s t a n t ,  cm'-'/see 1.55 • 10 - ~  2.3 x 10 - ~  2.8 • 10 -~  
M o b i l i t y ,  cm'~/V-sec 145 135 I 3 0  
R e s i s t i v i t i e s ,  o h m / E l  

( c a l c u l a t e d )  410 250 210 
R e s i s t i v i t i e s ,  ohm/[ - ]  

(measured) 440 260 200 
I n i t i a l  b o r o n  cnc  Q crn-~ 0.63 • 101~ 0.63 • 10 L~ 0.63 ~< 10 ~ 
Remaining boron, cm -~ 0 . i i  • 1015 0.19 • I0 ~ 0.22 X I0 ~s 
% B o r o n  los t  63% 70% 65% 
S e g r e g a t i o n  coef f ic ien t  9 9 9 
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Fig. 4. Impurity profiles after oxidation in wet 0.2 at 120O~ 
for ! hr. 

k = 3 and k = 9. The exper imenta l  results are also 
shown as points is these figures. It  is seen that  the ex-  
per imenta l  points fit quite  wel l  to the curves wi th  
k ~ 9. Thus it may  be concluded that, for boron, the 
segregation coefficient is approximate ly  9 and is inde- 
pendent  of oxidation tempera tures  and conditions. This 
value  is in general  agreement  wi th  the value of 10 
found by Kato and Nishi (2) for dry oxidation condi- 
tions with diffused layers. It  should be noted that  had 
redistr ibut ion of boron in the oxide been ignored, the 
surface concentrat ion as calculated f rom [3] would be 
about an order  of magni tude  higher  than the actual 
surface concentration. 

The total impur i ty  atoms that  remained in the sili- 
con are calculated f rom [14]. The results are shown in 
Table I indicating that  the amount  of boron lost dur -  
ing oxidation is so large that  it more than compensates 
for the increase of mobilities. 

Discussion of Results 
The scattering of exper imenta l  points is to be ex-  

pected because errors arising f rom measurements  of 
this type are unavoidable.  Some deviat ions of the ex-  
per imenta l  result  f rom the  theoret ical  predict ion can 
also be explained by uncertaint ies  in diffusion and 
rate  constants used in our calculations. It  should be 
pointed out that  there  exist  discrepancies in mobi l i ty  
values reported in the l i terature.  However ,  in our 
work, uncertaint ies  in mobi l i ty  values are mi t iga ted  
because they are measured by the MOS capacitance 
technique. Inspection of the results shown in Fig. 3 
through 5 indicates genera l ly  good agreement  be tween 
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Fig. ,5. Impurity profiles after oxidation in wet 02 at 1250~ 
for 1,/2 hr. 

theory and exper iment  thus val idat ing the diffusion 
model  we proposed. 

This model, together  wi th  Fig. 2, fur thers  the  under -  
standing and control  of the redis tr ibut ion process in 
p- type  diffused layers. For  example,  at low tempera -  
tures the oxidation ra te  is h igher  than the diffusion 
rate result ing in large deplet ion of boron at the in ter-  
face. Silicon surfaces wi th  low boron concentrat ions 
are prone to inversion. For  oxidat ion at 1250~ faster 
diffusion and slower oxidat ion rates have brought  
about a decreased deplet ion of boron and less loss of 
total  boron atoms even though the junct ion is deeper. 
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Technical Notes 
i 

High Resolution Print-Out of the Electronic Conductivity 
Distribution of Anodic Tantalum Oxide 

Gerhart P. Klein* 
P. R. Mallory & Co. Inc., Laboratory/or Physical Science, Burlington, Massachusetts 01803 

The distr ibution of the electronic conductivi ty (e.c.) 
of valve metal  oxides and other th in  film dielectrics 
is f requent ly  nonuni fo rm on a microscale. This ma y  
be due to impurit ies or flaws arising from many  
causes. Exper imental  results, e.g., current -vol tage  
characteristics, cannot  be interpreted meaningful ly  
unless the current  distr ibution is known. In m a n y  
instances it is desirable to identify the sources of e.c., 
especially when arising from heterogeneities on a 
microscale, such as grain boundaries,  inclusions, etc. 

This communicat ion reports on some recent  im- 
provements  in the resolution of the redox pr in t -ou t  
technique which has been described elsewhere (1). 
Originally, the potassium iodide/starch pr in t ing  gel 
was spread on the specimen while hot and filter paper 
was used as a backing material.  The paper with a 
thin film of gel which contained the image of the e.c. 
dis tr ibution was lifted off the specimen after current  
had been passed through the oxide film. The colora- 
t ion on the print  provided a direct replica of the 
electronic charge that had been passed through the 
specimen. In  this form, the p r in t -ou t  technique is 
par t icular ly  well suited for repl icat ing relat ively 
large areas. 

In the study of oxide films, one is f requent ly  in ter -  
ested in de termining whether  or not there is a direct 
correlation of the e.c. with microscopically visible 
surface features. In  this case, the microdistr ibut ion 
o~ the e.c. might provide clues as to its source. In  other 
cases, the in terpre ta t ion  of the electronic cur ren t -  
voltage characteristic of oxide electrodes may depend 
on whether  the current  is t ru ly  homogeneous on a 
microscale or whether  it is in fact heterogeneous but  
only appears uniform due to high flaw density. 

Experimental 
To obtain high resolution, the pr in t ing  experiments  

were performed under  the microscope. This allowed 
one to observe, at the same time, the surface of the 
specimen and the passage of electronic charge as 
reflected in the coloration of the s tarch/potassium 
iodide gel electrolyte. The dis tr ibut ion of the e.c. 
could be followed as a funct ion of t ime and voltage 
without the need to reapply the electrolyte as was 
required in the older technique if in terval  prints  were 
desired. 

In the micro redox pr in t -ou t  technique, the specimen 
was masked with tape and provided with a counter-  
electrode, as shown in Fig. 1. For  masking, pressure-  
sensitive polyester tape with silicone adhesive was 
used. Pressure-sensi t ive a luminum tape served as the 
counterelectrode. Holes punched through both tapes 
exposed circular areas of the specimen. A drop of 
l iquid pr in t ing  gel was applied to the test area and a 
cover glass was pressed on the masking  tape. A th in  

* Electrochemical  Society Act ive  Member.  
Key words: anodic oxide films, tantalum oxide,  electronic leakage 

current,  current distribution, print-out technique,  starch-iodide 
electrolyte, flaw conduction. 

layer of p r in t ing  gel was thus formed in the test area. 
The-edge of the a luminum tape acted as the counter-  
electrode (negative).  The specimen itself was con- 
nected to the positive te rmina l  of a sui table power 
s o u r c e .  

The exper iments  were carried out by  applying 
l inearly increasing voltage to the specimen. In  some 
cases, it was desirable to follow the change in e.c. 
with t ime at constant  applied voltage. 

A LEITZ Ortholux microscope was used with auto- 
matic Orthomat camera and an achromatic objective 
32X/0.60 with a free working distance of 5.7 mm. A 
magnification of 100X on 35 mm film was obtained, 
before additional photographic magnification. Photo- 
graphic reproduction of the pr ints  in black and white 
posed serious problems since the substrate, when  
anodized, provided a colored background which re-  
duced the contrast between it and the coloration of 
the pr in t ing  gel in areas of current  flow. Color prints  
or slides would be more satisfactory in this regard 
than "black and white prints. 

Results and Discussion 
The following examples of microprints  were ob- 

tained with t an ta lum foil. They have been selected to 
i l lustrate the capabil i ty of the micro p r in t -ou t  tech- 
nique to resolve the electronic conductivi ty dis t r ibu-  
tion on a micro scale, to correlate its dis t r ibut ion with 
s t ructural  features of the substrate, and to identify 
sources of leakage current  after introducing defined 
heterogeneities in the anodic oxide film or subjecting 
the specimen to characteristic pretreatments .  

Detection of impurities in substrate.--Tantalum foil 
in the "as-rolled" condition did not show grains either 
before or after chemical polishing. In  the course of 
heat ing in vacuum (e.g., 1 hr at 2100~ and 10-5 mm 
Hg), a grain s tructure was developed with the grain 
boundaries clearly delineated. Surface impurit ies 
were plent i ful  in the "as-rolled" condition; however, 
after  the vacuum-annea l ing  t reatment ,  very few 
electronically active flaws remained. 

The e.c. of flaws is often low which makes detection 
by the pr in t -ou t  technique difficult. Recently (2), it 
was shown that  uni formly distr ibuted e.c. could be 
developed in h igh-pur i ty  Ta205 after depositing thin 
layers of certain metal  oxides, Fe20~ and MnO2 

KI/STARCH GEL COUNTER ELECTRODE 

COVER GLASS ~ ~ /  
�9 . . . .  I 

ii;i~iii~ii~iiiiil 

To l  To205 ELECTRODE 

Fig. 1. Specimen as prepared for micro print-out experiment 
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Fig. 2. Print-out of Ta /Ta:05  specimen pretreated as described 
in text. 

Fig. 3. Print-out of Ta/Ta205 specimen without special pretreat- 
ment. 

among others, on the anodized substrate and re-  
anodizing at a voltage close to the original  anodization 
voltage of the oxide film. In addition, certain kinds 
of flaws in the oxide showed leakage at vol tage levels 
below those at which uni form e.c. was found when 
such addit ional  impur i ty  oxide films were  present. 
This method was employed in some of the examples  
shown here to enhance the e.c. of any flawed areas 
and thus increase the sensit ivi ty and contrast  of the 
micro pr in t -out  technique. 

Figure  2 shows the pr in t -out  of Ta foil that  was 
prepared as follows: Metal lurgical  grade Ta foil af ter  
chemical  polishing and anneal ing in vacuum at 2100~ 
for 1 hr was oxidized for 5 min at 500~ in air, 
anodized at 100V for 1 hr, and sputtered wi th  a 200A 
film of Fe20~ (2). The print  obtained at 90V shows 
randomly  dis tr ibuted leakage sites. The grain 
boundaries stand out because they are out of focus. 
At the grain boundaries, no electronic current  was 
observed in any of the specimens studied. The density 
of electronical ly act ive sites in the specimen of Fig. 2 
was of the  order of 6 x 104/cm 2. 

Chemical  polishing and vacuum heat ing had re -  
moved many  of the impuri t ies  of the rol led stock 
leaving a reasonably clean surface which did not show 
a sufficient density of leakage sites when  evaluated 
by means of the pr in t -out  technique.  

Thermal  oxidation of tan ta lum in air was found to 
bring out sources of e.c. buried below the cleaner  
surface which were  not in evidence after  heat ing in 
vacuum. This is a t t r ibuted to the preferent ia l  oxida-  
tion and diffusion of impuri t ies  to the surface. 
Thermal  oxidat ion caused leakage sites to appear  in a 
pat tern  typical  for random contamination.  The addi-  
t ional  deposition of Fe203 served to ampl i fy  the in-  
tensi ty of the electronic current  at such impur i ty  
sites. 

The pr in t -ou t  shown in Fig. 3 was obtained wi th  
tanta lum foil as used above, however  wi thout  chemi-  
cal polishing or vacuum heating. The surface was 
sufficiently contaminated to yield a high densi ty of 
electronical ly active sites. In this case, addit ional  
thermal  oxidation and Fe20~ deposition would have 
increased their  density beyond the limits of resolution 
and was thus omitted. The density of leakage sites was 
of the order of 5 x 105/cm 2 after  anodization to 40V. 
Most conducting sites are unrela ted to any surface 
features  visible before or af ter  anodization. 

Anodic crystals.--In the pr in t -ou t  shown in Fig. 4, 
physical heterogenei t ies  were  generated del iberate ly  
in the anodic oxide by anodically crystal l izing the  

Fig. 4. Print-out of Ta/Ta205 specimen with "field" crystals 

specimen (3) (no chemical polishing or vacuum 
heating) at 100V, 90~ for 2 hr in 2% nitric acid solu- 
tion. A pr in t -out  of the sample after crystal l ization 
revealed few sites wi th  electronic conduct ivi ty  wi th in  
the sensit ivi ty of the technique. Af ter  deposition of a 
200A Fe203 film, the print  shown in Fig. 4 was ob- 
tained at 90V. The str iking feature  of this print  is 
that  there  seems to be some corre la t ion be tween 
anodic crystals  and electronic conductivi ty.  Three 
dominant  conducting sites happen to be on crystal  
sites; however ,  many  more crystals show no e.c. at all 
at this voltage. In addition, the e.c. in t h e  areas 
around the crystals is dis t r ibuted over  an area much 
la rger  than the crystals themselves.  Observat ion of 
the growth of the spots revea led  that  they did not 
spread out f rom the crystals but intensified un i formly  
over  the whole area. This, together  with an observa-  
tion of the over -a l l  leakage pat tern  led to the conclusion 
that  the three crystals located wi th in  the electron-  
ically conducting areas had to be associated with  im- 
puri t ies  in the substrate, whi le  crystals by themselves  
did not exhibit  any noticeable e.c. at the vol tage ap- 
plied in this print. 

Tantalu~n carbide.--In the  fol lowing example,  
chemical ly  polished and vacuum- t rea ted  Ta foil was 
carburized by vapor  deposition of a 1000A carbon film 
and subsequent heat  t r ea tment  in vacuum at 1800~ 
for 30 min. Af ter  anodization at 80V, the in terference 
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Fig. 5. Print-out of Ta/Ta20~ specimen containing tantalum 
carbide. 

color of the oxide film varied from grain to grain  
depending on the concentrat ion of t an ta lum carbide 
crystals intersect ing the surface of the grains. The 
large grain in  the center  of Fig. 5 showed the highest 
concentrat ion of carbide. Under  high magnification 
(1000X), individual  flaws (4) could be identified by 
their  color. Their  densi ty was estimated to exceed 
10S/cm 2. The grains sur rounding  the one with the 
highest flaw concentrat ion still contained fair ly high 
concentrat ions of carbide flaws but  the effect on the 
color of the anodic oxide was less visible. 

The pr in t -ou t  after anodization to 80V (not shown) 
revealed only weak e.c. in  isolated spots. After  the 
deposition of a 200A film of sput tered FelOn, the 
pr in t -out  shown in Fig. 5 was obtained. A l imited 
number  of electronically active sites were found, 
being most numerous  wi th in  the grain with the 
highest flaw density. However, their  density was of 
the order of 104-105/cm 2 as compared to l0 s for 
t an ta lum carbide flaws. 

The examples given in Fig. 4 and 5 should caution 
one when  t ry ing  to infer  the cause of e.c. from the 
kind of pre t rea tment  given to the specimen. Figure 4 
shows that  the e.c. is not  associated with field crystal-  
lization even though the pr in t  shows leakage at some 
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of the crystals. In  the case of Fig. 5, the presence of  
t an ta lum carbide in  high concentrat ion did not lead 
to quasi homogeneous electronic leakage as one might  
expect considering the high concentrat ion of carbide 
flaws present. Although e.c. was observed, its dis tr ibu-  
tion did not correspond to the distr ibution and density 
of carbide flaws which was about four orders of magni -  
tude higher than  the density of leakage sites. Still  
the number  of leakage sites tended to be highest in 
grains with the highest carbide concentration, but  not  
consistently so. No at tempt is made to resolve this 
apparent  contradiction. It  i l lustrates convincingly the 
need for high power resolution of the dis t r ibut ion of 
e.c. in all studies of the effects of impuri t ies  and 
flaws on the e.c. of anodic oxide films. 

Sensitivity.--The maximum resolution of anodic 
micro prints  was estimated to be of the order of 
107-10 s electronically conducting sites per  square 
centimeter.  This est imate is based on the analysis of 
prints  such as the one shown in Fig. 3. Obviously, the 
resolution depends on the na ture  of the sources of 
e.c., their  size, and distinctness. Addit ional  processing 
of the photographic image using microdensitometric 
techniques could increase the resolution further.  

The sensit ivity of the pr in t -ou t  technique depends 
on the size and the in tensi ty  of the electronically 
active sites that  can be detected at the l imit  of re-  
solution. It was found that  a charge density of 10 
mcoulombs/cm 2 let to a pronounced coloration of the 
pr in t ing gel. Using this charge density, the electronic 
cur ren t  was estimated for the spots in Fig. 2. With 
a pr in t ing  t ime of 60 sec and an average spot diameter  
of 7 ~m, the apparent  geometric current  density was 
3.5 x 10 -6 A/cme, and the cur ren t  per electronically 
active site was of the order of 10 - l ~  to 10-hA.  This 
should not be considered an absolute l imit  since 
smaller  spots can still be resolved under  favorable 
conditions. 

Manuscript  submit ted June  3, 1970; revised m a n u -  
script received ca. Aug. 13, 1970. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Measurement of P-Etch Rates for Boron-Doped Glass Films 

Ahmed H. EI-Hoshy 

General Electric Research and Develop~nent Center, Schenectady, New York 12301 

Pliskin (1) has pointed out that  glasses that  are 
rich in either lead or boron have faster P-e tch  1 rates 
than glasses with no lead or boron oxide in them. 
Earlier, he used the selective etching property of the 
P-etch to establish that  oxygen is the diffusing species 
when silicon dioxide is grown thermal ly  (2). Recently 
use has been made of pyrolyt ical ly  deposited boron-  
doped glasses as a diffusion source in semiconductor 
processing (3). For  a specific diffusion time and tem-  
perature,  both the surface concentrat ion and junct ion 
depth are determined by  the glass composition. The 
boron-doped glasses are par t icular ly  useful in MOS 

' 15 par ts  I-IF (49%). 10 Darts HNO~ (70%), and 300 par ts  H,_,O. 
K e y  words :  P -e tch  rates,  boron-doped  glass films. 

processing where their  properties match those of the 
thermal ly  grown silicon dioxide, while providing addi- 
t ional insulat ion for subsequent  metal l izat ion steps. 

In  the course of using boron-doped glass, two aspects 
requir ing elucidation were found: (a) the need to 
monitor  glass composition and (b) the necessity of 
providing a fast etch. Both spectrophotometry (4) and 
infrared absorption (5) have been used successfully to 
determine glass composition. The following experiment  
demonstrates that  etch rate measurement  can serve the 
same purpose. During the exper iment  P-e tch  rates 
were found to be much faster than  those of buffered 
HF, thereby providing a basis for mixing fast etches 
for boron-doped glasses. 
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Experiment  
One ohm-cm, P- type (100) si l icon wafers are coated 

with boron-doped glass of variable composition at 
300~ The ratio of boron oxide to silicon dioxide is 
controlled by the ratio of diborane to silane in the main  
gas stream. The deposited glass thickness is a few 
thousand angstroms. Subsequent  to glass deposition the 
wafers are fired in argon at ~1050~ for several m in -  
utes. Half the wafer is then masked by dipping it into 
mol ten glycol-phthalate.  The glass is dissolved from 
the unmasked half. After  removal  of the glycol-phthal-  
ate, the sample is ready for etch rate measurement .  

The height of the deposited glass is measured using 
a Sloan Dektak ins t rument .  A series of immersions in 
P-etch,  each followed by a measurement  of the step 
height, is made for each sample. Figure 1 shows a set 
of such measurements .  The accuracy of height mea-  
surement  is better  than 25A. 

Results and Discussions 
Figure 2 shows the etch rate in A per minute  as a 

funct ion of the molar  fraction of diborane to diborane 
and silane in the reaction chamber.  Spectrophotometric 
measurements  indicate an increase of the molar frac- 
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tion of B203 in the deposited glass from 14 to 34% 
with the increase in molar fraction of B2H6/B2116 + 
Sill4 from 15 to 42% (6). The etch rate is observed to 
increase markedly with diborane concentration; in 
particular, it seems to have an exponential dependence 
on the diborane molar concentration. 

The increase in P-etch rate with boron content seems 
to indicate that the dissolution rate is limited by the 
amount of silicon dioxide present in the glass. This 
conclusion is further supported by measured dissolu- 
tion rates of B2Oa in di lute HNOa solutions of about 
10 ~ A/sec at room tempera ture  (7). The reported de- 
crease in buffered HF etch rates with boron content  
s trongly suggests that  the etch rate in this case is 
l imited by the dissolution of B203 present  in the glass. 
It is, therefore, possible to control the etch rate of 
boron-doped glasses by using an etch that  varies in 
composition from 100% P-e tch  to 100% buffered HF. 
Figure 3 shows the effect of etch composition on etch 
rate. 

Summary 
P-etch rates can be used as a sensitive measure of 

boron concentrat ion in pyrolyt ical ly deposited boron 
glasses. By mixing P-etch with buffered HF, fast etches 
are obtainable for boron glasses. 

Manuscript  submit ted June  12, 1970; revised m a n u -  
script received ca. Aug. 20, 1970. 

A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Chemical Transport Epitaxy of Silicon by 
Organic Compounds 

Y. Avigal and M. Schieber 

Department of Physics, Hebrew University, Jerusalem, Israel 

Epitaxial  growth of silicon by  chemical t ranspor t  
is performed mainly  by the reaction: SIC14 -~ 2H2 
Si + 4HC1 (1-3) which takes place at about 1200~ 
Besides the high tempera ture  (4) the process has the 
disadvantage of handl ing corrosive products. 

More recent investigations use the pyrolytic decom- 
position of silane to deposit silicon: Sill4 ~ Si ~- 2H2. 
This reaction takes place at somewhat lower tempera-  
tures of about l l00~ but  is considered to be hazardous 
due to the presence of H2. It  should be ment ioned that  
both the hydrogenat ion of SIC14 and the decomposition 
of Sill4 take place at relat ively low temperatures  of 
about 600~ while the epitaxial  reaction occurs above 
1100~ Recent work has proved both theoretically (5) 
and exper imenta l ly  (6) that  absorption of hydrogen 
is responsible for the high temperature  used for the 
epitaxial  crystallization of silicon. So, for instance, in 
order to remove mechanical ly  the adsorbed hydro-  
gen, it was possible to obtain epitaxial  (6) growth 
of silicon at temperatures  below 1000~ The present 
work describes an intr insic way to avoid the presence 
of H2 dur ing the epitaxy of silicon. The following 
chemical reaction is used: 

Si(CH3)4 = Si -~ byproducts  

The first experiments  were performed at relat ively 
high temperatures  of l l00~ because we used H2 to 
clean the substrates. It  is anticipated that  etching with 
HC1 (7) should lower the crystall ization temperature  
below 1000~ because it would avoid the use of hydro-  
gen in any stage of the epitaxial  process. 

Experimental Method 
The apparatus used to prepare epitaxial  films by the 

pyrolysis of the organic compound of silicon (shown 
in Fig. 1) consists of a source of pure  hydrogen and a 
source of pure helium, a saturator,  reaction chamber, 
and a radio frequency generator  for external  heating. 

Key words: epitaxy, thin films of silicon, chemical transport de- 
position. MOS technology.  

Fig. I. Apparatus for the preparation of thin films of silicon by 
the pyrolysis of Si(CH3)4: 1--Palladium deoxo; 2--Linde molecular 
sieves; 3--liquid air trap; 4~Si(CH3)4; 5--cooling solution; 6 ~  
phosphor pentaoxide; 7--water sleeves; 8--mirror; 9~optical flat 
window for inspection; 10~substrate; 11--pedestall 12--R.F. coil; 
13--silicon oil traps. 

The hydrogen and hel ium gases are purified by 
passing through a trap of "pal ladium deoxo" to remove 
oxygen. A trap of molecular sieves type-5A refr iger-  
ated with liquid air to remove water  and another 
"pal ladium deoxo" purifier and a trap containing 
phosphorpentaoxide in order to remove any traces of 
water. 

A mixture  of hydrogen diluted with hel ium passes 
directly to the reaction chamber  to etch the substrate. 
After  etching, one par t  of the hel ium used as a gas 
carrier of the Si(CH3)4 is mixed with free flowing 
hel ium and introduced in the reaction chamber for 
epitaxy. The temperature  of the saturator  and the 
ratio between the two parts of the he l ium gives the 
desired mole fraction of Si(CH3)4 in the gas mixture.  
The pyrolytic reaction takes place in a water-cooled 
quartz tube. The substrate is supported in a graphite 
pedestal acting as a susceptor. The (111) mir ror  pol- 
ished silicon substrate  wafers are etched by 40% HF 
solution and then washed with deionized water  and 
dried under  an iner t  gas. Prior  to film deposition the 
silicon wafer is etched in dry hydrogen at about 1300~ 
for half an hour after which the tempera ture  is low- 
ered to about ll00~ and a mix ture  composed of 
Si(CH~)4 and He is introduced in the reactor. The 
parameters  which control the deposition rate are tem- 
perature, S i ( C H 3 ) J H e  molar ratio, flow rate, and time 
of reaction. A typical  example for an epitaxiat  growth 
is: 1150~ molar ratio, Si(CH3)4/He = 0.05 and 17 
min during which a thickness of 7~ is obtained. 

The film thickness was measured by  polishing a 5 ~ 
bevel on the coated surface of the wafer, stained with 
a mix ture  of HF-HNO3 100:1 which delineated the 
film region at the top of the bevel. The thickness is 
then determined by measur ing the width of the film 
region under  microscope and calculating the film 
thickness accordingly. 

Monocrystall ine films were grown in the tempera-  
ture range of: 1100~176 At the upper  part  of this 
range of temperatures  the film surfaces were of mirror  
perfection. Experiments  using HC1 etching to replace 
Ha and heteroepitaxial  growth on spinel and sapphire 
substrates and doping experiments  with phosphine and 
borane in both homo- and heteroepitaxy are pro- 
gressing and will be reported separately. The carbon 
contaminat ion of thin films produced by this method 
is published elsewhere (8). 

Acknowledgments 
The authors wish to thank  the Robert Szold Founda-  

tion for Applied Research for the financial support 
which has covered part  of the expenses of this project. 

Manuscript  received March 5, 1970. 
Any  discussion of this paper will appear in a Dis- 

cussion Section to be published in the June  1971 
JOURNAL. 

REFERENCES 
1. H. C. Theuerer,  This Journal, 108, 649 (1961). 
2. A. Mark, ibid., 108, 880 (1961). 

1585 



1586 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  December 1970 

3. D. M. Jackson, Trans. Met. Soc. AIME, 273, 23 
(1965). 

4. S. Nakanuma,  IEEE Trans. Electron Devices, 13, 578 
(1966). 

5. B. A. Joyce and R. R. Bradley, This Journal, 110, 
1235 (1963). 

6. D. Richman and R. A. Arlett ,  ibid., 116, 872 (1969). 
7. W. Bond and E. Smits, Bell Sys tem Tech. J., 35, 

1209 (1956). 
8. Y. Avigal and M. Schieber, J. Cryst. Growth, 9 

(1971). 

D I S C U S S I O N  
I I  II S s  

This Discussion Section includes discussion of papers  appear ing  in 
the Journal  oY The Electrochemical  Society,  Vol. 116, No. 7, Ju ly  
1969, and Vol. 117, No. 4, 5, and 7, April,  May, and July  1970. 

Infrared Reflection Studies of the Oxidation of 
Copper and Iron 

G. W. Poling (pp. 958-963, Vol. 116, No. 7) 

Robert R. Rahnl: I have studied the oxidation of 
copper with a technique similar to that  used by Poling, 
the main  difference being the angles of incidence. Pol-  
ing used 73 ~ and I used near  grazing incidence, 85 ~ 
90 ~ Poling's s ta tement  that  "Infrared oxide band in-  
tensit ies were found to be directly proport ional  to 
film thickness over the range of about 0-5O00A" is not 
supported by  his data for an oxide thickness greater 
than  1000A. My data,2 on Cu films oxidized at !45~ 
and an oxygen pressure of 175 Torr, show that  the 
band  intensi ty  at 655 cm-1  (close to Poling 's  m a x i m u m  
at 640 cm - I )  is l inear  to about 1000A, is m a x i m u m  
at about 2000A, and then decreases. For  incidence 
angles of 85 ~ and 89 ~ calculations by  Schwartza indi -  
cate that there is an opt imum oxide thickness for 
which this band intensi ty  is a maximum.  The apparent  
disagreement  between Poling's  s ta tement  and my ob- 
servations may very  well  be due to the complicated 
and critical dependence of band intensi ty  on the angles 
of incidence. 

Poling does not ment ion  the copper oxide, CuO0m, 
which is a defect s t ructure  of Cu20. At a tempera ture  
of 150~ and  an oxygen pressure of 100 Torr, the defect 
oxide should be formed on the copper surface ra ther  
than  Cu~O.4~ Since some of Poling's samples were 
oxidized at 140~ in air, CuO0m must  have been pres-  
ent  in those oxide films. I ment ion  this defect oxide 
because many  people are not aware of its existence. 
This does not change Poling's conclusions, because the 
defect s t ructure and Cu20 both have the same strong 
absorption band. 

I would like to acknowledge the contr ibut ion to this 
work by Professor Robert  Greenler.  The work was 
supported by a research gran t  from the National  Sci- 
ence Foundation.  

G. W. Poling:  R. Rahn's  data on IR band  intensi ty  
vs. copper oxide film thickness for incidence angles of 
85~ ~ cannot be compared directly with our data ob- 
tained using 73 ~ incidence. It  is to be expected that  the 
range  of "approximate" l inear i ty  between band in ten-  
sity and film thickness will  decrease as the incidence 
angle increases. We have many  data indicat ing that  
at 73 ~ incidence good l inear i ty  is observed up to film 
thicknesses of approximately 2500A. Results of one ex-  
per iment  indicated that  reasonable l inear i ty  extended 
up to about 5000A film thickness. This lat ter  result  
should cer ta inly be checked. 
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H. Wieder  and A. W. Czanderna,  J. Phys .  Chem. ,  66, 816 (1962). 
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I III O 
There seems little doubt  that, as Mr. Rahn pointed 

out, several of the oxide films that  we studied would 
better  have been described as CuO0.67 and not Cu20. 
Although we referenced the paper  of Wieder  and 
Czanderna [Ref. (24) in subject  paper] which ini t ia l ly 
reported the occurrence of CUO6.67, we did not dis- 
t inguish between Cu20 and CUO6.67 in our paper. 
Neither the infrared spectra, x - r a y  diffraction patterns,  
nor  electron diffraction pat terns  that  we observed 
could dist inguish Cu20 from CUO6.67 since the lat ter  is 
a defect s t ructure of Cu20. Al though our paper  did not 
contr ibute  data on film stoichiometry, we should 
nevertheless have ment ioned this aspect and thank  Mr. 
Rahn for his reminder .  

Structure and Electrical Properties of 
FeO-P205 Glasses 

D. L Kinser (pp. 546-548, Vol. 117, No. 4) 

Mary Splann Mizzoni7: In  his s tudy of an iron-phos- 
phate glass system, Dr. Kinser  has a t t r ibuted the di- 
electric dispersions that  he observed to a Maxwell-  
Wagner-Si l lars  heterogeneous loss mechanism. He was 
able to do this because he observed no dispersion in 
two specimens--one with no observable erystalli tes 
and one with large crystals. He presents his data as 
evidence that the dispersions cannot be a t t r ibuted to 
an electron-hoping mechanism which Dr. K. W. Hanson 
and I had previously proposed in our paper s on the 
same glass system. 

Dr. Kinser  could not have come to his conclusions 
had he found dispersion peaks in his noncrystal l ine 
specimen and in his large-crystal  specimen (Fig. 2 
and 5 of his paper) .  Most likely, he would have found 
these peaks if he had subtracted the d-c conductivi ty 
from the total a-c conductivity.  He claims that  this is 
not necessary. However, an approximation of the total 
a-c conductivities of these two specimens indicates that  
the d-c conductivities are an appreciable part  of these 
totals. Approximat ions  were made, as Kinser  reported 
no capacitance or dielectric constant  data. 

~Research and  Deve lopment  Labora tory ,  Corning Glass Works, 
Coming,  N. Y. 14830. 

SK. W. Hansen and M. T. Splann, This Journal,  113, 895 (1966). 
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To i l lustrate  more  exact ly  the effect of the d-c con- 
duct ivi ty  on the total  a-c conductivi ty,  I have plotted 
data presented in our paper  and that  same data 
without  the d-c  contributions removed,  as shown in 
Fig. 1 and 2, respectively.  It is readi ly  seen that  the 
d-c conduct ivi ty  masks the dispersions in our data. 
There  were  no observable  crystals in our glasses. 

Kinser  reports  that  the oxidation of the glassy 
mat r ix  was al tered by the  format ion of crystals, 
thereby changing the electr ical  properties.  Without  
forming crystals, we  obtained this change in oxidation 
of the glassy matr ix,  accompanied by changing electr i -  
cal properties. It appears that  this is the difference in 
our work, ra ther  than an explanat ion for the conduc- 
tion mechanism. 

D. L. Kinser:  The comments  of Mrs. Mizzoni wi th  
reference  to my  possible conclusion as to Maxwel l -  
Wagner -Si l la rs  loss behavior  in these glasses are quite 
t rue and they are appreciated. As a result  of discus- 
sions wi th  her, I have  subtracted the d-c  contributions 
f rom all the data reported.  These calculations have  not 
revealed any dielectric dispersions in any samples 
where  none were  observed in the tanbTotal observa-  
tions. 

Severa l  of these calculations were  made prior  to 
publication, and these were  taken to be representat ive  
of all these glasses because of the re la t ive ly  small  d-c  
conduct ivi ty  changes upon the rmal  t reatment .  My 
original assertion that  this calculat ion is unnecessary 
thus stands unmodified. No dielectric dispersion was 
observed in ei ther tanSwota] or tanha.c, in the as cast or 
1 hr at 600~ samples. F rom this I concluded that  the 
mechanism of the loss is M-W-S  in origin and not a 
result  of electron hopping. To fur ther  substantiate this 
conclusion, I might  add that  an electron resonance- -  
even of a par t ia l ly  bound e lec t ron- -seems unl ikely  in 
the audio- f requency range. 

Examinat ion  of Mrs. Mizzoni's uncorrected loss fac- 
tor data (Fig. 2, Discussion Mizzoni) reveals  a clear 
indication of the dispersion at about 100 Hz. This dis- 
persion is c learer  and obviously easier to handle after  
the calculation, but nonetheless it is evident  wi thout  
corrections. Most of my  repor ted  results  are at higher  
tempera tures  and are considerably clearer  wi thout  
correction. 

Analogous behavior  wi th  the rmal  t r ea tment  was ob- 
served by the author  (Ref. (3), abstract  only) in a 
Na20-V2Oh-P205 glass, and this resul t  is also cited as 
an independent  a rgument  tha t  the loss is M - W - S  in 
origin ra ther  than electron resonance. 

Recent  continuation of this work  by A. Dozier and 
myself  to other  Fez +/Fez + + Fe 2+ glasses has re-  
vealed analogous behavior  in all  compositions ex-  
amined. This work  is being prepared for publication at 
this t ime. 

With reference to Mrs. Mizzoni's final comment  re-  
garding an explanat ion for the conduction mechanism, 
I had no intent ion of disputing the e lec t ron-hopping 

model  for conduction in these systems. I did assert and 
now reaffirm that  the dielectric dispersion which she 
observed can be a t t r ibuted to a heterogenous loss 
mechanism ra ther  than an electron resonance. 

The Theory of Anomalous Diffusion in Solids Near 
Diffusant Saturation Concentrations: 

Example--Phosphorus in Silicon 

P. E. Bakeman, Jr. and J. M. Borrego 

(pp. 688-690, Vol. 117, No. 5) 

D. Shaw9: Bakeman and Borrego have proposed a 
model, re fer red  to here  as the BB model,  to explain 
the concentrat ion dependence of the chemical  diffusion 
coefficient of P in Si. The authors supported the val id-  
ity of their  model  by fitting it to the radio t racer  data 
of Tannenbaum. TM There  are however  fur ther  con- 
sequences of the BB model  which appear  to make  it 
untenable:  

1. According to the BB model, D (in the notat ion of 
the model)  is independent  of P concentration, yet  two 
values of D (4.8 x 10 -13 and 7-4 x 10 -13 cm2/sec) 
were  requi red  in order  to fit Tannenbaum's  results on 
two samples diffused under  identical  conditions. It  is 
implici t  in the BB model  that  at one t empera tu re  there  
should only be one value of D. 

2. Tannenbaum's  TM radiotracer  data are ra ther  un-  
sat isfactory because (a) It  is not clear whe the r  radio-  
t racer  concentrat ions were  measured  r ight  up to the 
surface or whe the r  a considerable extrapolat ion was 
involved (e.g. Fig. 7 of Tannenbaum's  study);lO (b) It  
is not known to what  extent  the neutron activation 
affected the P distribution; there  is evidence that  neu-  
tron i rradiat ion can cause an enhanced penetra t ion of 
an impuri ty;  11 (c) It is not known what  effect the an-  
neal  (3 min at 1050~ fol lowing the neutron act iva-  
tion had on the P distribution. 

Maekawa's  TM exper iments  avoided these three  diffi- 
culties and application of the Matano method  of anal-  
ysis 13 to the data in his Fig. 3 gives the var ia t ion of 
the chemical  diffusion coefficient of P in Si wi th  P 
concentrat ion shown in Fig. 1. It is manifes t  that  this 
var ia t ion cannot be explained by the BB model, which 
predicts a monotonic dependence of diffusion coefficient 
on concentration. 

~' Phys i c s  D e p a r t m e n t ,  The  U n i v e r s i t y  of Hu l l ;  Hul l ,  Eng land .  
lo E. T a n n e n b a u m ,  Solid-State Electron., 2, 123 (1961). 
1l A. I. K o i f m a n  a n d  O. R. Niyazova ,  Soviet  Phys.  Semieond.,  3, 

1173 (1970). 
1~ S. Maekawa ,  Japan. J. Phys.,  17, 1592 (1962). 
in p.  G. S h e w m o n ,  "Di f fus ion  in  So l ids , "  p. 29, M c G r a w - H i l l  B o o k  

Co., New York  (1963). 
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Fig. 1. The variation of the chemical diffusion coefficient of P 
in Si with P concentration at 1200~ from the data of MaekawaJ 2 
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Fig. 2. The variation of the chemical diffusion coefficient of B 
in Si with B concentration. The solid lines represent the data of 
Vick and Whittle z4 (Q) and Okamura z5 ( Q ) .  The dashed curves 
show the variations according to the BB model with (a) D = 
2.2 x 10 -12 cm2/sec, surface concentration = 2.2 x 102o cm-:~; 
(b) D = 3 x 10 -13 cm2/sec, surface concentration = 2"2 x 10 "~~ 
cm-3;  (c) D ~ 5 x 10 -12 cm2/sec, surface concentration 
1-35 x 1030 cm -3. 

3. It  is stated in the paper discussed that  the results 
of Vick and Whittle14 for B chemical diffusion in Si are 
also in accord with the BB model. In  Fig. 2 an at tempt  
has been made to fit the BB model to the data of 
Vick and Whitt le  14 at 1150~ (their  Fig. 4). In this case 
the surface concentrat ion is well  defined (=2-2  x 1020 
cm-3) .  Okamura  15 has also studied B diffusion in Si 
and shows that  the chemical diffusion coefficient of B 
varies as the square root of B concentrat ion (his Fig. 
8). Objection however can be made to his method of 
evaluat ing the concentrat ion dependence of the dif- 
fusion coefficient which basically assumes that  the dif- 
fusion coefficient is independent  of concentration! Ap-  
plication of the Matano analysis TM to the B dis t r ibut ion 
given by Okamura  15 in his Fig. 7 gives the dependence 
shown in Fig. 2. The surface concentrat ion is again 
well  defined at 1.35 x 1030 cm-3,  and an a t tempt  to fit 
the BB model is shown. The best that  can be said about 
the BB model and the chemical diffusion of B in Si is 
that  it shows the same t rend as the exper imental  data. 

4. As propounded it would seem that  the BB model 
should apply equal ly  well  to the radiotracer dis t r ibu-  
t ion in isoconcentrat ion diffusion exper iments  whereas 
it  is well  known that  in  such exper iments  the radio-  
t racer  dis t r ibut ion is given by a complementary  error 
function, i.e., a constant  diffusion coefficient J6 

Although there is general  agreement  in the l i terature 
that  in the chemical diffusion of P and B in Si the dif- 
fusion coefficient is concentrat ion dependent,  there 
seems to be a lack of agreement  on the form of this 
dependence which obviously must  be established be-  
fore a proper theory can be advanced. 

P. E. B a k e m a n ,  Jr. and J. M. Borrego:  We thank  Pro- 
fessor Shaw for his comments and wil l  answer them 
in the same order as they are presented. It  should be 
~oted that  the BB model is an a t tempt  to incorporate 
impur i ty  atom interact ion into diffusion theory in a 
:physical way. Other effects which undoubted ly  also oc- 
'-cur have been neglected, bu t  we feel tha t  the theory 
'properly accounts for m a n y  of the anomalous high-  
~:oncentration diffusion results presented in  the l i tera-  
ture.  

1. In  short h igh-concentra t ion diffusions such as the 
phosphorus diffusions performed by  Tannenbaum,  the 
rate  of impur i ty  dissolution is ex t remely  high. It  is 
probable,  therefore, that  the densi ty of vacancies in  

14 G. L. Vick  a n d  K. M. Whi t t l e ,  Th/s  Journal, 116, 1142 (1969). 
1~ M. O k a m u r a ,  J. AppL Phys.  Japan, 8, 1440 (1969). 
~e B. J. Mas te r s  a n d  J. M. Fa i r f i e ld ,  J. AppL Phys., 40, 2390 (1969). 

Che host mater ia l  is less than the equi l ibr ium density 
characteristic of the host mater ia l  at the diffusion 
temperature .  This vacancy deficiency is expected to 
vary  from r un  to r un  causing differing reductions in 
low-level  diffusion constants throughout  the crystal. 

2. (a) Concentrat ion vs. depth data is required to ob- 
ta in  the results presented in Tannenbaum' s  Fig. 9. As 
the samples were anodically sectioned in approximately 
400A layers, it is probable tha t  the appropriate data 
were used. 

(b) Koifman and Niyazova consider the case of ex- 
posing a silicon wafer coated with metall ic gold to a 
neut ron  flux. The conclusion generated from their  
work cannot be generalized to cover the case in hand. 

(c) Fur ther ,  T a n n e n b a u m  indicates that  the sheet 
resist ivity of the samples was identical  before i rradi-  
ation and after annealing.  A ny  change in the phos- 
phorus profile would have lowered the sheet resist ivity 
of the samples. 

Maekawa's exper iments  do not show that  Tannen -  
baum's  results were incorrect. In  fact, there is accept- 
able agreement  between Maekawa's  results as pre-  
sented by Shaw, in his Fig. 1, and the BB theory for 
concentrat ion of less than  8 x 1020 phosphorus atoms/  
cm 3. It is quite possible that  a second phase formed at 
concentrat ions higher  than this. 

3. As there are no radioact ive isotopes of boron, im- 
pur i ty  profiles of sufficient accuracy to determine con- 
cen t ra t ion-dependent  diffusion coefficients are not 
available. 

4. The BB model does apply to the radiotracer  dis- 
t r ibut ion in isoconcentration diffusion experiments.  
The diffusion coefficient is concent ra t ion-dependent  
and given by 

Cmax + C(x)  
D ' = D  

Cmax -- C (x) 

where C(x)  is the sum of radioactive and nonradio-  
active diffusant concentrations. As C (x) is not  a func-  
tion of x,  a complementary  error function diffusion 
profile is expected. 

Growth and Characterization of Lead Telluride 
Epitaxial Layers 

John W. Wagner and Alan G. Thompson 

(pp. 936-940, Vol. 117, No. 7) 

A. J. Crocker and D. C. L. Wiffen17: Wagner  and 
Thompson state that  the solubil i ty of Te in  mol ten Pb  

zv Z e n i t h  Rad io  R e s e a r c h  C o r p o r a t i o n  (U.K.) Ltd . ,  S t a n m o r e ,  Mid -  
d lesex ,  Eng land .  
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Fig. 1. (Left) Tube used to determine solubility of PbTe in Pb 

Fig. 2. (Right) Liquidus curve of the Pb-Te system for low con- 
ceatrations of Te. O = Crocker and Wiffen. X = Wagner and 
Thompson. 
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has not been reported in the more recent l i terature.  We 
have investigated methods of fabricat ing diodes simi- 
lar  to those of Wagner  and Thompson and thought  it 
would be of interest  to describe our method of deter-  
min ing  this solubility. 

A weighed cube of PbTe (6 m m  edge, p - type  ,~10 is 
cm -3) was sealed in  an evacuated tube (Fig. 1) to- 
gether with a known weight (~10g) of Pb (99.99% 
pure) .  The Pb and PbTe were heated at various tem-  
peratures for 24 hr with occasional shaking. The tube 
was then inver ted and shaken and kept inver ted at the 
tempera ture  in question for 30 min. The assembly was 
then cooled at ,~40~ 

The contents of the tube  were etched in a solution 

of H202/acetic acid. This solution rapidly dissolves 
Pb but  has little or no effect on PbTe. The original 
PbTe source was reweighed after etching. From the 
change in weight of the lead te l lur ide source and the 
original weight of Pb, the solubil i ty of PbTe (i.e. Te) 
in Pb could be determined and is shown in  Fig. 2. Good 
agreement  with the data of Wagner  and Thompson is 
found. Since a closed tube was used, there is no loss of 
Te such as that  reported by  Wagner  and Thompson. 

The solution grown crystals, grown from the highest 
tempera ture  were cage and solid cubes together with 
some dendrites. As the star t ing tempera ture  decreased 
the size of the crystals decreased and there was an in-  
creased tendency to form dendrites.  
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Catholyte Studies in Copper Oxide-Magnesium Thermal Cells 
Lawrence H. Thaller* 

Lewis Research Center, National Aeronautics and Space Administration, Cleveland, Ohio 44135 

ABSTRACT 

The present invest igation concludes the study of the performance of copper 
ox ide-magnes ium thermal  cells operat ing at 450~ The object ive of this 
present  s tudy was to invest igate the cause of the 0.25V step drop in open- 
circuit  vol tage that  occurred during the lat ter  stages of discharge of these 
cells. 

The invest igat ion consisted of two parts: 
(A) Cells were  equipped with a reference electrode between the anode and 

cathode and discharged. These tests showed that  the step drop in the open- 
circuit  vol tage was due to a sudden drop in the activity of the cuprous ion 
in the vicini ty of the cathode. This two-o rde r -o f -magn i tude  drop in the cu- 
prous ion act ivi ty  was a t t r ibuted to the formation of a complex. Other  cells 
were  discharged which had additions of ei ther magnesium chloride or l i thium 
oxide in the electrolyte.  Addit ions of l i thium oxide brought  about the forma-  
tion of this complex, and additions of magnesium chloride re tarded the for-  
mat ion of this complex at the expense of a much higher  rate  of self-discharge. 
(B) Potent iometr ic  t i trations were  performed to more ful ly  invest igate  the 
s toichiometry of the complex. These t i trations were  performed in solutions 
of the l i thium chlor ide-potass ium chloride eutectic. When 1.5 moles of l i th ium 
oxide were  added per  mole of cuprous oxide, an end point in the t i t rat ion 
occurred. The difference in e lect romotive force (emf) of a copper electrode 
placed in a saturated solution of cuprous oxide and one placed in a saturated 
solution of the cuprous complex was the same as the emf difference that  
occurred at the voltage step during discharge of complete  cells. Additions of 
magnesium chloride to this solid complex re turned  the cuprous ion to solu- 
tion by precipi tat ing the oxide ion (as MgO) associated with  the complex. 

Based on these and our previous findings, a model  is presented that  ex-  
plains essentially all the significant features of cell  behavior  during discharge. 
This model  suggests that, during the initial stages of discharge, magnesium 
ions move to the catholyte, where  they are precipitated as magnesium oxide. 
During the lat ter  stages of discharge, l i thium ion predominates  in the charge 
neutral izat ion process and creates conditions favorable  for the format ion of 
the cuprous complex. This lowers the open-circui t  and operat ing voltages of 
these thermal  cells. 

A continuing program (1-4) at Lewis has been di- 
rected toward the invest igat ion of a h igh- t empera tu re  
p r imary  cell having an operat ing t ime of several  days 
at a t empera tu re  of 450~ The anodes used are mag-  
nesium; the cathodes, mixed  copper oxides; and the 
electrolyte,  the eutectic mix ture  of l i thium chloride 
and potassium chloride. One of the objectives of this 
program was to unders tand the ove r -a l l  e lect rochemi-  
cal and chemical  reactions that  take place during the 
discharge of these cells and how they are influenced 
by mass- t ranspor t  processes. 

In the first phase of these studies (1), the open- 
circuit  vol tage during the ear ly  stages of discharge of 
complete  cells was shown to be the result  of the fol low- 
ing half -cel l  reactions: 

Mg --> Mg +2 + 2 e -  at anode 

Cu + 1 + e -  --> Cu at cathode 

The cupric ion is chemical ly reduced to the cuprous 
state by reaction with  copper according to the react ion 

Cu +2 + Cu-> 2Cu+I 

* E lec t roehe rn i c~ l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  t h e r m a l  cell ,  b a t t e r y ,  m o l t e n  sal ts .  

In the second phase (2), methods of reducing the 
self-discharge rates of these cells were  investigated. It 
was determined that  the rate  of t ransport  of copper 
ions from the cathode to the anode control led the 
over-a l l  ra te  of self-discharge. In the third phase (3), 
the performance of two different cell  designs was in- 
vest igated as a function of the amount  of electrolyte,  
discharge rate, and electrode geometry.  One of the im-  
por tant  findings of this study was that  cell fai lure 
under  the test conditions was probably  due to freezing 
of the electrolyte.  This must  have been caused by a 
change in electrolyte composition during the course of 
the discharge; specifically, an increase in magnes ium 
ion content. 

This situation was invest igated more completely in 
anode half -cel l  studies (4) employing electrolyte  com- 
positions which s imulated different stages of discharge 
in actual cells. It was shown that  under  certain condi- 
tions of temperature ,  composition, and current  density, 
the electrolyte adjacent  to the anode (anolyte)  par-  
t ial ly froze next  to the anode and thus caused ex-  
t reme concentrat ion and IR polarization. 

One of the remaining unanswered  questions in the 
study of this the rmal  cell  was the origin of the 0.25V 
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drop in the open-circui t  voltage that  was observed at 
greater than  about 45% depth of discharge of com- 
plete cells (1-3). It had already been shown (2) that, 
in the lat ter  stages of discharge, l i th ium oxide was 
one of the products of reaction in the vicini ty of the 
cathode. Also, a compound of u n k n o w n  composition 
(compound X) was located in the region of the dis- 
charged cathode (catholyte) in cases which showed 
the 0.25V drop in open-circui t  voltage. It  was suggested 
that  this u n k n o w n  compound may be a complex species 
of l i th ium oxide and cuprous ion or cuprous oxide, 
which could explain the abrupt  drop in the open-ci r -  
cuit voltage. 

This present  study was under taken  in  order to ex-  
plore this point in more detail. It  consisted of two sets 
of experiments:  

(A) A study of the anode and cathode polarization 
dur ing the discharge of complete cells by means of a 
reference electrode. 

(B) Potentiometric  t i t rat ions to explore the complex 
ion chemistry of the electrolyte in the catholytes. 

Mater ia ls  
The electrolyte used was the eutectic mix ture  of 

l i th ium chloride and potassium chloride. This material ,  
purified according to the modified Lai t inen  process (5), 
was ground to a suitable particle size (<3  ram). A 
nitrogen-fi l led (from liquid boiloff) drybox was used 
to store the materials and to carry  out all the experi-  
mental  procedures (weighing, mixing, heating, etc.). 
The cathode mater ial  was the wire form of cupric oxide 
(a mix ture  of cuprous and cupric oxide),  and the 
anodes were p r imary  magnesium. The chemical com- 
positions of the mater ia ls  used, determined by ana-  
lytical techniques already described (1), are listed in 
Table L In  some of the experiments,  reagent-grade,  
anhydrous powders of cuprous oxide, l i th ium oxide, and 
magnesium chloride were used. It  was assumed that  
water  in the cuprous oxide and magnes ium chloride 
accounted for the discrepancy from 100.0%. 

The reference electrodes (6) were of the disposable 
type. Silver wire (99.99% Ag) was immersed in a 0.13M 
(molal) silver chloride solution of the l i thium chloride- 
potassium chloride eutectic. This mixture  was con- 
tained in a glass mel t ing point  tube which acted as a 
membrane  between the reference electrolyte and the 
cell electrolyte. 

Procedure 
Ce~L discharge studies.--Open-top vertical  cells, 

shown in Fig. 1, were discharged in a small, electri-  
cally heated, temperature-control led  furnace located 
inside the drybox. The cells, with reference elec- 
trodes placed between the anode and cathode, were 
discharged for 2 hr in a regime programmed as fol- 
lows: 

(a) Fixed external  resistance equal to R1, 100 rain 
(b) Fixed external  resistance equal to R1 + R2, 10 

rain 
(c) No load, 10 rain 
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Fig. 1. Cell with reference electrode 

This program was repeated as necessary un t i l  the cell 
voltage dropped to the a rb i t ra ry  cutoff voltage of 0.5V. 
The voltage of the cell, as well  as the cur ren t  flowing 
through the discharge circuit, was recorded cont inu-  
ously. The details of the discharge circuit are de- 
scribed in Ref. (2). For the sake of this discussion, 
the te rm open-circui t  voltage is defined as the cell 
voltage at the end of each 10-rain no load period. 

The cells were assembled for discharge with weighed 
amounts  of anode and cathode material .  The anode was 
covered with two layers of t ight ly  woven glass fabric 
to reduce the possibili ty of in te rna l  short circuits. The 
cell, minus  electrolyte and reference electrode, was 
placed in the furnace and allowed to preheat  to 450~ 
The desired amount  of powdered electrolyte was added 
to the cell and melted. At this point, electrolyte addi-  
tives ( l i thium oxide or magnes ium chloride) were 
mixed with the mol ten electrolyte. After  insert ion of 
a reference electrode, the discharge was begun and was 
continued unt i l  the cell voltage dropped below the 
0.5V cutoff point. 

Potentiometric titration studies.--Figure 2 shows the 
details of the cell used for the potentiometric ti trations. 
The copper vessel ( identical  to those used for the 
discharge studies) served as the indicator electrode 
(Cu/Cu +1) and contained the mix ture  to be titrated. 
About  30g of the l i th ium chloride-potassium chloride 
eutectic was the solvent. After  a weighed amount  of 
the cuprous salt had been added to the solvent, the 
cell was placed inside the furnace (the same as used 
for the discharge studies) and allowed to equil ibrate 
for l/z hr  after melting. Either  the saturated solutions 
of cuprous oxide wi th  excess solid on the bottom of 

Table I. Composition of materials a 

Content, Content, 
Material w/o  Material  w /o  

Cuprous oxide: Cupric oxide (wire 
form) : 

Cu20 96.60 CuO 72.6 
CuO 2.07 Cu20 27.4 
H~O (by difference) 1.33 

Magnesium:  
Magnes ium chloride: Mg 99.8 

MgC12 97.4 Mn 0.15 
Mg 1.4 Cu ~0.02 
H~O (by difference) 1.2 

L i th ium oxide: 
Li20 99.9 
CaO 0.1 

a LiC1-KC1 used as rece ived f rom manufac tu re r .  Silver wi re  had 
a silver content  of 99.99%, as analyzed by manufac tu re r .  Fig. 2. Titration cell 
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the vessel or the unsatura ted  solutions of cuprous chlo-  
ride were  used as start ing mixtures  for the ti trations. 

Af ter  a s i lver / s i lver  ion reference electrode was 
placed in the cell  and the emf be tween the reference 
electrode and the coper electrode became constant 
within 2 mV, the t i t rat ion was begun. Weighed addi-  
tions of l i thium oxide or magnes ium chloride were  
made to the electrolyte,  and the emf of the Cu /Cu  + 
electrode was followed re la t ive  to the A g / A g  + ~ re fe r -  
ence electrode. Be tween  additions, ample t ime was al-  
lowed for the re-es tabl i shment  of equi l ibr ium condi- 
tions. Elect romotive  force was recorded continuously 
on a s t r ip-char t  recorder  fed f rom a h igh- impedance  
( >  1014 ohms),  ba t te ry-opera ted  electrometer .  

Results and Discussion 
Cell discharge studies.~As pointed out in the in-  

troduction, previous studies indicated that  the origin 
of the 0.25V drop in open-circui t  vol tage was the for-  
mation of a cuprous ion complex which would reduce 
the cuprous ion act ivi ty  in the vicini ty of the cathode. 
Further ,  it was indicated that  l i thium oxide was im- 
plicated in some way with  the  complex formation. For  
these reasons, cells were  discharged that  had a re fe r -  
ence electrode placed between the anode and cathode 
so that  individual  electrode potentials could be ob- 
tained. 

F igure  3 shows the open circuit  voltages between 
the anode and the reference electrode and between the 
cathode and the reference  electrode recorded during 
the discharge of a cell. Clear ly  evident  is the 0.3V 
change in the emf of the cathode at about 70% depth 
of discharge. This change in the cathode potential,  to-  
gether  wi th  the gradual  decline of 0.05V in the anode 
emf, leads to a net decrease in cell potential  of about 
0.25V at the step. Based on this informat ion this po-  
tential  drop is associated with  decreased cuprous ion 
act ivi ty  at the cathode. 

The chemical  analytical  work  described previously  
(2) had revealed that  l i thium oxide, as well  as com- 
pound X, was present  in large amounts  in the catho- 
lyte during the lat ter  stages of discharge. Based on 
these facts it was speculated that  the l i th ium oxide was 
in some way  responsible for the change in the cathode 
half -cel l  potential.  To ver i fy  this hypothesis, another  
cell was discharged that  had lg of l i th ium oxide dis- 
solved in the 20g of electrolyte  prior  to discharge. 
F igure  4 compares this discharge to the previous one 
in which no l i thium oxide was added. Only the open- 
circuit  anode- to-cathode voltages are plotted as a func-  
tion of depth of discharge. The drop in open-circui t  
vol tage of the cell wi th  the added oxide occurred at a 
much smaller  depth of discharge. These two cells 
differed only in electrolyte  composition. They contained 
about the same amounts of active materials,  were  dis- 
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Fig. 4. Cell voltages (open-circuit voltage) as function of depth 
of discharge. 

charged through the same fixed external  resistance, 
and del ivered essentially the same number  of ampere-  
hours of electricity. This amounted to about 95% of 
their  theoret ical  capacity (based on the cathode) (see 
Table II). So, a l though the act ivi ty  of the cuprous ion 
was reduced about  two orders of magnitude,  as ev i -  
denced by the change in open-ci rcui t  voltage, there  
was no decrease in the electrochemical  accessibility of 
this complex form of the cuprous ion. 

If the addition of l i thium oxide accelerates the ap- 
pearance of the step in the open-circui t  voltage, the 
addition of magnesium chloride should have the op- 
posite effect. This can occur because soluble magnesium 
ion should precipi tate  more  of the oxide ion f reed by 
the discharge of the copper oxides than the amount  of 
magnesium ion diffusing over  from the discharging 
anode. Also shown in Fig. 4 are the open-circui t  vol t -  
ages of a cell discharged with  3.7g of magnesium chlo- 
r ide dissolved in the electrolyte  prior  to discharge. It 
should be noted that  the predicted behavior  is ob- 
served; namely, that  the step in the open-circui t  vol t -  
age is delayed to the end of the discharge. 

In connection wi th  these results, it is impor tant  to 
compare several  o ther  aspects. In Table II, all  the  per -  
t inent  parameters  are listed for the three cells. The 
two most important  parameters  to compare  are  (a) 
the step placement  factor, x, defined previously (3), 
which is the depth of discharge at which the vol tage 
step occurs; and (b) the average rate  of self-discharge.  
As the amount  of soluble oxide in the cell is reduced, x 
increases. However ,  the addition of the magnesium 
chloride leads to a 34-fold increase in the rate  of self- 
discharge when compared wi th  the cell that  had no 
additives. This is caused by a shift in the copper oxide 
solubility equi l ibr ium to favor  dissolution as the solu- 
ble oxide ions are removed by precipitation. The re-  
sult ing increase in concentrat ion of copper ions leads 
to an increase in the rate of self-discharge.  

Titration studies.--Although the cell  discharge 
studies were  ful ly adequate  to detect the presence of 
the cuprous complex and ident i fy  l i thium oxide as one 
of the constituents, there  was no way of ascertaining 
the s toichiometry of the complex species. Potent io-  
metr ic  t i t rat ion studies were  under taken  to invest igate 
this matter .  

Table II. Cell operating parameters 

P a r a m e t e r  Ce l l  
1 2 3 

We igh t ,  g: 
]VIg anode  ( in i t ia l )  6.87 6.13 6.10 
CuO-Cu~O ca thode  ( in i t i a l )  I0.0 I0.0 I0.0 
L iCI -KCI  19.0 19.0 19.0 
LiaO 0 1,0 0 
MgCI~ 0 0 3.7 

Cel l  l i fe  (to 0.5V), h r  42 42 22 
Cel l  o u t p u t  (to 0.5V) A - h r  6.07 5.97 3.25 
A v e r a g e  cel l  cu r ren t ,  m A  145 142 148 
A v e r a g e  s e l f -d i s cha rge  cu r r en t ,  m A  3.1 15 102 
S tep  p l a c e m e n t  fac tor ,  X 0.68 0,1O 0.87 
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In the  t i t rat ions described in this section, the emf 
( re la t ive  to the A g / A g  +1 reference)  of the copper 
indicator electrode is plotted against what  is re fer red  
to as the oxide ratio. The oxide rat io is defined as the 
moles of oxide that  are ei ther  in solution or can be 
forced into solution (by shifts of equi l ibr ium) for 
eve ry  2 moles of cuprous ion. When the data are  plotted 
in this manner ,  inflection points in the emf at certain 
oxide ratios wil l  denote the composition at which a 
large change in cuprous ion act ivi ty  has occurred. It  is 
presumed that  this corresponds to complex formation. 
I t  must  be re-emphasized here  that  only the cuprous 
ion can be in equi l ibr ium wi th  metal l ic  copper. Copper 
in any higher  oxidation state is reduced by the meta l  
to form cuprous ion (Cu+D.  Hence, only cuprous com- 
pounds were  investigated. 

F igure  5 shows a typical  t i t ra t ion curve. The s tar t -  
ing mix tu re  was a saturated solution of cuprous oxide 
with  excess solid on the bot tom of the container.  
Sl ight ly soluble cuprous oxide has an oxide ratio of 
1.0 (1 mole 0=/2  moles Cu +1) and this is the start ing 
point of the t i t rat ion curve  at about  0.32V rela t ive  to 
the 0.13M s i lver-s i lver  ion reference  electrode. The 
circular  data points represent  the  successive additions 
of  l i thium oxide. A ve ry  strong complex is formed at 
an oxide ratio of about 2.5; that  is, 1.5 moles of l i th ium 
oxide and 1 mole  of cuprous oxide are  required for its 
formation. The extent  of the emf shift f rom the solu- 
tion saturated with  cuprous oxide to that  saturated 
with  respect  to the complex is about 0.3V, which is 
identical  to the magni tude  of the cathode potent ial  
shift in the cell discharge studies. This complex was a 
l igh t -green  solid mater ia l  that  was par t ia l ly  soluble in 
the melt. The squares in the figure represent  back-  
t i t rat ion data points using magnes ium chloride, which 
is ve ry  soluble. It appears that  the very  low solubil i ty 
of magnes ium oxide shifts the complex formation equi-  
l ibr ium so that  the complex is quant i ta t ive ly  disso- 
ciated. During the course of this back ti tration, one 
insoluble mater ia l  (MgO) is being formed at the ex-  
pense of another  insoluble mater ia l  (stoichiometric 
Cu20-1.5 Li20).  The exact  composition of the  cuprous 
complex has not been determined,  but  the preceding 
representat ion is convenient  for the purposes of dis- 
cussion. These reactions are summarized as follows: 
Complex formation:  

Cu20(s) 4- 1.5 Li20 ~ Cu20 . 1.5 Li2OCs) 

Complex dissociation: 

Cu20 �9 1.5 Li20(s) 4- 1.5 Mg +2 

-~ Cu20(s) 4- 1.5 MgO(s) 4- 3 Li + 

This evidence for complex format ion was by no 
means unexpected  considering the changes that  took 
place in the cathode potentials during cell discharge, 
which have already been discussed. However ,  fur ther  
studies of this cuprous complex did lead to some unex-  
plainable results. F igure  6 shows another  t i t ra t ion that  
started with  excess cuprous oxide as before. Magne-  
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Fig. 5. Typical titration curve; lithium oxide added first, then 
magnesium chloride. Temperature, 450~ 
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Fig. 6. Further titration study; magnesium chloride added first, 
then lithium axide. Temperature, 450~ 

slum chloride was added first to force the cuprous ions 
into solution as magnes ium oxide was precipitated;  
that  is 

Cu20r 4- Mg + 2 ~  MgO(s) 4- 2Cu +I 

Note here  that  oxide in the form of magnes ium oxide 
does not contr ibute to the oxide ratio since it is too in- 
soluble. Enough magnesium chloride was added to re-  
duce the  oxide ratio from 1.0 to almost zero (0.012). 
Star t ing from this point, l i th ium oxide was added. 
The emf f rom an oxide ratio of about zero to 1.0 was 
not retraced, but  two inflection points were  obtained: 
one at an oxide ratio of about 1.5 and the other  at about 
3.0. A simple precipi tat ion of  cuprous ion 2Cu + 1 4- O= 
--> Cu20r would have resul ted in an inflection point 
at an oxide ratio of 1.0. Clearly, cuprous ion does not 
precipi tate as the oxide in a simple manner ,  but  forms 
at least two different species as l i th ium oxide is added 
to the solution. 

F rom the values of emf at an oxide ratio of 1.0 in the 
two t i t rat ion curves, namely  0.18V (Fig. 6) and 0.32V 
(Fig. 5), it can be noted that  the act ivi ty  of cuprous 
ion is greater  when l i thium oxide is added to cuprous 
ion alone than when cuprous oxide i tself  is placed in 
the melt. This indicates that  the solution process of 
cuprous ion is i tself coupled wi th  complex formation 
involving l i thium ions f rom the melt. 

In contrast  to the differences noted at oxide ratio of 
1.0, at ratios of 2.0 both t i t ra t ion curves show a ra ther  
constant emf of about 0.34V. Also, both t i t rat ions show 
the final format ion of a complex that  has an emf of 
about 0.62V. 

This informat ion on the complex forms of the cu- 
prous ions may  now be added to the information ob- 
tained from the discharge of complete  cells to form a 
more accurate concept of the over -a l l  chemical  and 
electrochemical  reactions that  take place inside an 
operat ing thermal  cell. F igure  7 depicts the over -a l l  
reactions as they are now understood. There  are es- 
sential ly two l imit ing cases, depending on whe ther  the 
magnesium ion or the l i th ium ion carries the current  
(i.e., has a t ransport  number  of 1.0). In actual cell op- 
eration, there  will, of course, b e  a combinat ion of these 
two processes, depending on such factors as the  current  
drain and the depth of discharge. It is assumed here  
that  the t ransport  number s  of the chloride ion and 
oxide ion are zero. This is justified since no magnesium 
oxide was ever  found in the anolytes of discharged 
cells (2). Al though it is not proven that  the  t ransport  
number  of the chloride ion is zero at all  times, the 
point is i r re levant  to the fol lowing argument .  

First, the case where  the t ransport  number  of the 
magnes ium ion is 1 is discussed. For  lack of evidence 
to the contrary,  it is assumed that  cupric oxide dis- 
solves in a simple manner  at the cathode. The cupric 
ion then oxidizes metal l ic  copper to form cuprous ions 
which are e lect rochemical ly  reduced. Meanwhile,  in 
the anode compartment ,  a magnes ium ion is genera ted  
and migrates  to the catholyte  where  it precipitates the 
oxide ion l iberated when  the cupric oxide dissolved. 
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Fig. 7. Over-all reactions involved during cell discharge 

This over-al l  si tuation would be characterized by a 
cell open-circui t  voltage of 1.5-1.3V. The distr ibution 
of reaction products and cell emf agrees with that  
observed dur ing the early stages of cell discharge (2). 
Since the data agree with the proposed model, the as- 
sumption that chloride ion plays little or no part  in 
the charge neutral izat ion process appears to be valid. 

Later in the discharge, as it becomes more difficult 
for the magnesium ions to move through the layer of 
discharge products, the smaller l i th ium ion predomi-  
nates in the charge neutral izat ion process. As a con- 
sequence, a solid cuprous complex is formed in the 
catholyte. This results in a cell emf of 1.1-0.gv. It also 
results in a magnesium ion enr ichment  of the anolyte 
causing an increase in the mel t ing point  (4), which 
leads eventual ly  to part ial  freezing of the electrolyte 
next  to the discharging anode. Once again, the model 
is consistent with exper imental  facts and provides an 
explanat ion for the 0.25V drop in the open-circui t  volt-  
age of cells in the later  stages of discharge and the 
sharp cutoff at the end of their service lives which 
occurs before all the active materials  have been con- 
sumed. 

Summary of Results 
This is the conclusion of a program to evaluate the 

performance of copper oxide-magnes ium thermal  cells 

at 450~ The present  s tudy was conducted to verify 
the presence of solid cuprous complexes in  the vicinity 
of the cathode dur ing  the la t ter  stages of discharge 
of complete cells and, further,  to s tudy these com- 
plexes using potentiometric titrations. The significant 
findings are as follows: 

1. Cells that  were discharged with a reference elec- 
trode placed between the anode and cathode revealed 
that the step drop in the open-circui t  voltage dur ing 
the lat ter  stages of discharge was due to a change in 
the half-cell  reaction at the cathode. 

2. This change in half-cel l  reaction could be brought  
about earlier in the discharge by the addition of 
l i thium oxide to the cell electrolyte. 

3. This change in half-cel l  reaction could be made 
to occur later in the discharge by the addit ion of 
magnesium chloride to the cell electrolyte. This addi- 
t ion caused a very large increase in the rate of self- 
discharge of otherwise identical  cells. 

4. In  the t i t rat ion studies, the addit ion of 1.5 moles 
of l i thium oxide per mole of cuprous oxide in a l i th ium 
chloride-potassium chloride solvent brought  about the 
formation of an insoluble cuprous complex compound. 
The difference in electromotive force (emf) of a copper 
electrode placed in a saturated solution of cuprous 
oxide and one placed in a saturated solution of the 
cuprous complex was the same as the emf difference 
that occurred at the voltage step during the discharge 
of complete cells. 

5. Cuprous ions that were precipitated by l i th ium 
oxide in the l i th ium chloride-potassium chloride sol- 
vent  formed two different complexes, indicat ing that  
cuprous oxide does not dissolve in a simple manner .  

6. Finally,  based on this and our previous studies, a 
model is presented that explains essentially all the 
significant features of cell behavior  dur ing discharge. 

Manuscript  received Apri l  24, 1970. 

A n y  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1971 JOURNAl. 
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Efficiency of Hydrazine-Peroxide Fuel Cells' 
H. B. Urbach* and R. J. Bowen* 
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ABSTRACT 

Studies of the efficiency of single hydrazine-hydrogen-peroxide  fuel cells 
were under taken  as part  of a cont inuing program on electrode materials  pro- 
viding input  data for hydrazine-peroxide-fuel -ce l l  power. Exper imenta l  re- 
sults for single fuel cells constructed of pressed plat inum-Teflon electrodes 
indicate that  oxygen-purge rates equivalent  to 1-2 A/ f t  2 are adequate. Most 
significant is the fact that coulombic efficiencies of both fuel and oxidant  ex- 
hibit  a broad max imum exceeding 88% between 60 and 100 A/ f t  2. Thus, a 
m in imum reactant  weight -energy ratio appears to lie between these current  
density limits. 

Hydrazine fuel cells may be a contender  in some fu- 
ture applications of fuel-cell  power. However, the 
precise evaluat ion of the hydrazine fuel cell relat ive to 

1 The o p i n i o n s  or  a sse r t ions  m a d e  in  t h i s  p a p e r  are  those  of  the  
a u t h o r s  and  are no t  to  be  c o n s t r u e d  as official  or  r e f l ec t ing  t he  
v i e w s  of t he  D e p a r t m e n t  of the  N a v y  or the  n a v a l  s e rv i ce  a t  large .  

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  f ue l - ce l l  eff iciency,  f ue l - ce i l  p u r g e  r e q u i r e m e n t s ,  h y -  

d raz ine  anode ,  o x y g e n  ca thode ,  efficiency,  cou lombic .  

other cells requires a knowledge of their realizable ex- 
per imental  coulombic efficiencies which are hitherto 
unreported.  Losses in efficiency result  largely from the 
self-decomposition of the hydrazine,  from cross diffu- 
sion of hydrazine and oxygen through the porous 
s t ructure  of the cell, and by purge of oxygen from the 
cell. A general  procedure necessary for the de termina-  
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t ion of such inefficiencies is presented here based on 
laboratory studies employing a s ing le  6- by 6-in. cell. 
Coulombic and power efficiencies as a funct ion of purge 
rate, hydrazine concentration,  oxygen pressure, load, 
total pressure, and tempera ture  are reported in detail. 
The results wil l  be useful  in the engineer ing evaluat ion 
of hydrazine fuel-cell  plants  and systems. However, 
the specific assignment of numer ica l  values of efficiency 
to other systems should be employed only with the 
knowledge that  considerable var iat ion exists not  only 
between different systems but  wi th in  individual  sys- 
tems. 

Experimental Equipment and Procedure 
Most of the studies of exper imenta l  efficiencies were 

performed at atmospheric pressure. Cells 6- by 6-in. 
square (232 cm 2) were employed in all studies. The 
anodes were commercial ly (American Cyanamid, Type 
AB-6) supplied electrodes prepared from pressed Tef- 
lon-p la t inum powders on gold-plated nickel screens 
with p la t inum loadings of 9 mg/cm~. The cathodes were 
the same except that  the p la t inum loadings were 40 
mg/cm 2. The electrodes were separated by an electro- 
lyte-saturated,  0.030 in. thick asbestos matrix.  Ex- 
panded metal  nickel  screen was used as manifolding 
behind both electrodes. The anolyte consisting of 5M 
KOH and hydrazine was circulated behind the anode 
by a magnet ical ly  coupled polypropylene centr i fugal  
pump. High-pur i ty  (Matheson "gold label" grade) 
oxygen was main ta ined  at a 3 psi differential pressure 
relative to the electrolyte by a diaphragm regulator.  
The study is based on the anticipated decomposition of 
hydrogen peroxide into oxygen before feed to the 
cathode. Oxygen use was measured by a calibrated 
float-type flowmeter. Oxygen purge and anolyte gas- 
evolution rates were measured by wet test gas meters 
at room temperature  and atmospheric pressure. Ana l -  
yses of the gases were obtained by means of a Beck- 
man oxygen analyzer  and a Fisher-Hamil ton  gas par-  
titioner. 

To analyze losses resul t ing from pressurized opera- 
tion, studies were performed using similar cells ex- 
posed to typical oxygen pressures and hydrazine con- 
centrations. High ambient  pressures were developed 
in a system described previously (1) employing high- 
pressure argon and oxygen compressed above cylinder 
pressure by diaphragm compressors. The cross-diffu- 
sion of oxygen and hydrazine through the 0.030 in. 
electrolyte matr ix  was measured as a funct ion of oxy-  
gen pressure and hydrazine concentrat ion by poten-  
tiostatic procedures referenced previously (1). 

Polarization data were obtained by programming the 
current  sweep of a 30 ampere Kordesch-Marko- type 
current  in te r rupter  and gate, and recording sequent i -  
ally by means of a stepping switch the cell potential  
and cell potent ial  corrected for ohmic losses. The hydra-  
zine coulombic efficiencies calculated from gas-evolu-  
tion data were verified by comparing the n u m b e r  of 
coulombs measured on a current  integrator  wi th  the 
change in hydrazine concentrat ion after a period of 
cell operation. 

Experimental Results 
The inefficiencies in the hydraz ine-oxygen fuel cell 

are derived from self-decomposition of the fuel, from 
cross diffusion of the oxidant  and fuel, and from purge 
of  the oxidant. The exper imental  data on self-decom- 
position are i l lustrated in  Fig. 1. The arrows associated 
with the exper imental  points indicate the rate of gas 
evolution dur ing increasing or decreasing load (cur-  
rent  densi ty) .  Gas-evolut ion rates include both hydro-  
gen and ni t rogen evolution normalized to 1.0 ft 2 of 
electrode area. The dashed line showing increasing gas 
evolution with load represents the theoretical ni t rogen 
evolution discussed below. The ascending solid l ine 
was constructed parallel  to the theoretical l ine of n i -  
t rogen evolution in the m a n n e r  which best approxi-  
mates the exper imental  points. The descending solid 
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Fig. I. Gas evolution at platinum-Teflon anodes exposed to hy- 
drazine solution. 

line, by construction a straight l ine which best 
fitted the points, approaches, at its ]unct ion with the 
ascending branch, a m i n i m u m  at approximately  128 
m l / m i n - f t  ~-, almost 67% of the open-circui t  value of 
200 m l / m i n - f t  2. 

F igure  2 is a graph of exper imental  data for the 
cross diffusion of hydrazine from the anolyte through 
the anode and cell mat r ix  to the cathode compar tment  
where  the hydrazine  reacts with oxygen to form water  
and nitrogen. The cross diffusion is measured by anal -  
ysis of the evolved gases ra ther  than  by electrochemical 
analyses (1). The diffusion is dependent  on the applied 
load as well  as the hydrazine  concentration. The hydra-  
zine loss is given in ml  N2/min-f t  2 and in the equiva-  
lent  current  density. Gas volumes are reported in the 
water -sa tura ted  condit ion at 25~ in all graphs and 
tables. 

The most significant fact relat ive to efficiency is that  
the cross-diffusion losses of hydrazine decrease rapidly 
with increasing load. At low concentrat ions of hydra-  
zinc the ratio of cross-diffusion losses at open circuit 
and at load is much higher than  the ratio at high con- 
centrat ions of hydrazine.  For  example,  at 1% hydrazine  

r ,  ,] 
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Fig. 2. Effect of hydrazine concentration on the nitrogen evolu- 
tion rate (resulting from hydrazine diffusion) at the cathode. 
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Fig. 3. Effect of load and oxygen purge rate on the output 
potential of a hydrazine-oxygen cell. 

the ra t io  is app rox ima te ly  20, whereas  at  3% t h e  ra t io  
is app rox ima te ly  4.5. 

F igure  3 i l lus t ra tes  the  effect of s teady oxygen -pu rge  
ra tes  on the  cell potent ia l  at  var ious  loads�9 The cell  
po ten t ia l  is logar i thmica l ly  dependen t  on the purge  
ra te  wi th in  the  expe r imen ta l  l imits  of study�9 However ,  
t h e  logar i thmic  dependence  is not  un i form wi th  cu r -  
ren t  density,  exhib i t ing  increas ing slope wi th  the  load. 
Thus, purge  ra tes  increase cell  output  most  s t rongly  at  
h igh loads. 

Discussion 
Self-decomposition losses.--Experimental gas -evo lu -  

t ion da ta  for  hydraz ine  decomposi t ion have  been  re -  
por ted  prev ious ly  (2). I t  is possible  to ra t ional ize  such 
expe r imen ta l  da ta  if it  is assumed tha t  the  mechanism 
of se l f -decomposi t ion of hydraz ine  proceeds according 
to the  fol lowing ha l f -ce l l  and ove r -a l l  react ions:  

N2H4 Jr 4 O H -  --> N2 Jr 4H20 Jr 4 e -  [1] 

4H20 -t- 4 e -  --> 2H2 Jr 4 O H -  [2] 

N2H4 -'> 2H2 Jr N2 [3] 

Others  have proposed e lec t rochemical  mechanisms 
(3-12). 

Equat ion [1] for the anodic reac t ion  is not  revers ible .  
Al though reac t ion  [2] is revers ible ,  the re  is no h y d r o -  
gen except  tha t  ar is ing f rom the decomposi t ion of hy -  
drazine to produce the  reverse  of Eq. [2]. Polar iza t ion  
curves for the react ions of Eq. [1] and [2] m a y  be ap-  
p rox ima ted  by  dashed curves  shown in Fig. 4. T h e  
open-c i rcu i t  potent ia l  is of course a mixed  potent ia l ,  
Era, which occurs when  the anodic and cathodic cu r -  
rents  are  equal  in accordance with  Eq. [4]. The super -  
scripts (see glossary for meaning  of symbols)  

i .o  = / c o  [4] 

of Eq. [4] indicate  the  values  of the  anodic and ca th-  
odic cur ren t  at  the  mixed  potential .  To assist in the  
analysis  i t  is assumed tha t  the  polar iza t ion  curves  are  
l inear  and paral lel �9 

T h e  l inear  cathodic hydrogen  l ine is d r awn  th rough  
the  revers ib le  hydrogen  potent ial ,  0.OV at vanish ing  
current .  The anodic l ine is const ructed para l l e l  to t h e  
cathodic hydrogen  curve. These assumptions  are  qui te  
crude as Fig. 4 shows, but  the  p rocedure  is easi ly gen-  
era l ized to t ake  into account the  precise  funct ional  
re la t ionship  be tween  the ha l f -ce l l  cur ren ts  and po ten-  
tial. The assumptions  are  just if ied if t hey  faci l i ta te  
analysis  ut i l iz ing unsimplif ied expe r imen ta l  data. 

T h e  observed ex te rna l  current ,  I, is given by  Eq. [5] 

l~ - -2 . a - - l c  [5] 

The  re la t ionship  b e t w e e n  the number  of moles  of ni -  
t rogen,  hydrogen,  a n d  cur ren t  is given by  F a r a d a y ' s  

--i, 

~ e  

0.0 V Emf 

- x ~ , / /  TYPICAL FORM 
--APPROX,MAT,ON 

/ 
/ 

Fig. 4. Form of polarization curves for the half-cell reactions of 
Eq. [ ! ]  and [2].  

l a w  as w r i t t e n  in Eq. [6]  a n d  [7] ,  w h e r e  K is ( 2 9 8 / 2 7 3 )  
(22.4 x 6 0 ) / 9 6 . 5  

K2.a 
Vn = [6]  

4 

Kh 
Vh = [7] 

2 

As the potent ia l  becomes anodic, the  anodic and ca th-  
odic currents  m a y  be  expressed  in t e rms  of the  cur-  
rent  at  the  mixed  potent ia l .  By construct ion from 
Fig. 4 

I 
/a  - -  Ia ~ Jr - -  [8]  

2 

I 
Ic "--2.a ~  - -  [9]  

2 

w h e r e  the  coefficient �89 ar ises  f rom the assumpt ion of 
para l l e l  polar izat ion curves.  (Employing  the ac tua l  un-  
simplified polar izat ion curves,  the  coefficients of I in 
Eq. [8] and [9] would  be r and - - ( 1 -  r)  where  
0 --~ r --~ 1 and r is a funct ion of I. Equat ions  [8] and 
[9] would  then  be precise.)  Employ ing  e i ther  ap-  
p rox ima te  or precise coefficients of I, Eq. [8] and [9] 
a re  consistent  wi th  Eq. [5]. 

Inser t ing  Eq. [8] and [9] in Eq. [6] and [7] y ie lds  

K I  8Vn ~ 
V. = Vn o -{- T ;  2 . - - ~ T  [101 

KI 4Vh ~ 
V h = 2 V n  ~ -- , I-----.-- [ii] 

4 K 

When  I > 8Vn~ Ir vanishes�9 The to ta l  gas evolut ion 
is given by  the sum of Eq. [10] and [11]. 

KI 8V. o 
vt = 3 v . o  _ _~-;  z < "--E-- [12] 

KI 8Vn ~ 
V t = - - ;  2 " > - -  [13] 

4 K 

Equat ions [12] and [13] y ie ld  the  theore t ica l  gas evo- 
lution. They predic t  a m in imum gas evolut ion obta ined 
by  equat ing [12] and [13] whence  

KI 
2Vn o = [14] 

4 
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which s ta tes  that  the  min imum gas evolut ion is 2/3 
its va lue  at  open circuit .  

Thus, Eq. [12], [13], and [14] p red ic t  a gas+evolu- 
t ion-cur ren t  curve  wi th  a descending branch,  an as-  
cending branch  which  has the  theore t ica l  fa radaic  I, Dh, 
slope, and a m in imum which  is 67% of the  open-c i r -  A/ft ~ A/ft~ 
cult  gas evolution.  These predic t ions  are  in agreement  
wi th  the  da ta  of Dan ie l ' -Bek  and  Viv i t skaya  (2). L i k e -  20 5.7 
wise, they  are  in agreement  wi th  the  da ta  of this  20 5.8 20 5.8 
s tudy  (Fig. 1). The slope of the ascending branch is 20 6.7 
in agreement  wi th  the  theore t ica l  va lue  of KI/4 in 20 5.7 

4 0  3.5 
conformi ty  wi th  F a r a d a y ' s  law. 40 3.5 

An  a rea  of  d ivergence  hetween theory  and exper i -  40 3.7 
40 3.5 

menta l  resul t  exists  in the  fact  tha t  the  ex t rapo la t ed  40 3.5 
ascending branch of the  curve does not  pass th rough  80 3.8 

80 3.4 
the origin. This resul t  suggests  tha t  some self ' -decom- 80 4.2 
posit ion takes  place on meta l l ic  or ca ta ly t ic  surfaces 
which  cannot  accommodate  e lec t rochemical  d ischarge  
of the  evolved hydrogen.  This se l f -decomposi t ion is 
independent  of the  cur ren t  passed th rough  the ex te rna l  
circuit.  The amount  of t he  se l f -decomposi t ion  can be 
ca lcula ted  f rom the devia t ion  of the  ac tua l  exper i -  
men ta l  curve f rom the  theore t ica l  cu rve  in Eq. [13]. 

The approx ima te  p rocedure  descr ibed here  suggests  
tha t  precise measuremen t  of gas evolut ion f rom h y d r a -  
zine cells m a y  be used to define the  t rue  anodic h y d r a -  
zinc polar izat ion curves.  

Cross-di~usion ~osses.--The resul t s  of Fig. 2 obta ined  
by analysis  of pu rged  gases m a y  be compared  wi th  
previous  s tudies  of cross diffusion (1) obta ined by  a 
potent iosta t ic  analysis  of hydraz ine  under  open-c i rcu i t  
conditions. The potent ios ta t ic  data,  in te rpola ted  to 
30~ yie ld  an equiva lent  cross-diffusion loss of ap -  
p r o x i m a t e l y  9.5 A / f t  2 in good agreement  wi th  the  va lue  
of 8 A / f t  2 obta ined  f rom Fig. 2 (a t  3% hydraz ine )  con- 
s ider ing the differences in the  expe r imen ta l  conditions.  

The significant fea tures  of the  da ta  in Fig. 2 (namely,  
tha t  losses ar is ing f rom cross diffusion decrease wi th  
load)  arise from the fact  that  under  load par t  of the  
avai lab le  hydraz ine  is anodica l ly  consumed.  Most  i n -  
te res t ing  is the fact  tha t  the  cross-diffusion loss at 
lower  concentrat ions  of hydraz ine  is s ignif icant ly less 
than  ha l f  the  loss at  h igher  concentrat ions.  In  pa r t i cu -  
lar, for example ,  at  80A loads, the  loss at  2% h y d r a -  
zinc is on ly  35% of the  loss at  3%. 

The possibi l i ty  tha t  cross diffusion of oxygen  de-  
creases wi th  load is suggested by  these  results.  

Purge  losses.~The da ta  of Fig. 3 r epresen t  not  only 
purge  losses but  cross diffusion of hydrazine .  The ni-  
t rogen which  is observed in t he  pu rged  oxygen  was 30~ ! 
or ig ina l ly  pa r t  of the  hydraz ine  which  was t r anspor ted  2.8 
by  diffusion f rom the  anoly te  flowing pas t  the  back  
side of the  anode  th rough  the asbestos separator .  Con-  2.6 
vect ion p lays  a negat ive  ro le  in the  t r anspor t  of this  
hydraz ine  because the  pressure  g rad ien t  in the  cell  is Z4 
norma l ly  agains t  t h e  direct ion of hyd raz ine  flow. ~ . 

The logar i thmic  dependence  of the  cell  po ten t ia l  on 
oxygen-purge  ra te  suggests  tha t  the  cathode po ten-  
t ia l  is exhib i t ing  a Nerns t - l i ke  response  to the  oxygen ~ 1.8 
concentra t ion which therefore  should be l inea r ly  r e -  
la ted to the  purge  rate .  Whi le  logar i thmic  p ropor -  
t iona l i ty  m a y  exist ,  the  slopes of the  curves  do not  
cor respond to expected  values  for typ ica l  Nerns t  be -  
havior.  In  addit ion,  the  s lopes change wi th  cur ren t  
density,  indica t ing  more  complex  relat ionships.  

Hydrazine fuel requirements.~A formula t ion  of fuel  
and ox idant  requ i rements  is s imply  s ta ted  if i t  is as-  
sumed tha t  there  are  only four  significant e lements  of 
fue l -ce l l  inefficiency: the  diffusion of hydraz ine  to the  
cathode, Dh; the diffusion of oxygen  to the  anode, Do; 
the purge  of oxygen  f rom the  ca thode space, P;  and 
the decomposi t ion of hydraz ine ,  S. The weight  pe r  
k i l owa t t -hou r  of hydrazine ,  Wh, in t e rms  of the  weight  
per  k i loampere -h r ,  Mh ( 0 . 6 6 3  l b / k A - h r  for pu re  h y -  
draz ine) ,  is 

Mh ( I §  ) 
w h  - ~ I [15] 
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Table h Fuel requirements 

(100%) (90%)  C o u -  
H y d r a -  H Y d r a -  O x y -  l o m b i c  

Do + I + Dh + Do + ~ z inc ,  zh~e, g e n  effi-  
S, E, lb /  l b /  purge, ciencY, 

A / f t  ~ I v o l t  k W - h r  k W - h r  Ac'f t  ~ % 

6.5 1.61 0.895 1.19 1.33 0.3 62.1 
6.5 1.62 0.899 1.19 1.32 0.9 61.9 
6.5 1.62 0.907 1.18 1.31 1.8 61,9 
6.5 1.61 0.907 1.18 1.31 2.8 62.1 
6.5 1.61 0,910 1.17 1,30 5.5 82.1 
6.5 1,25 0.849 0.976 1.08 0.3 80.0 
6.6 1.25 0,858 0.966 1.07 0.8 80.0 
6.5 1.26 0.865 0.962 1,07 1.6 79.7 
6.5 1.25 0.864 0.959 1,07 2.1 80.0 
6.5 1,25 0,869 0.954 1.06 4.5 80.0 
8.6 1.13 0.838 0.893 0.992 1.1 88.6 
6.5 1,12 0,846 0.881 0,979 2.7 69,0 
6.5 1,13 0.849 0.886 0.984 2.9 88.2 

w h e r e  E is the  cell  potent ial .  The oxygen-purge  t e rm 
does not  en te r  into the express ion for fuel  requ i re -  
ments.  

Table  I is a compi la t ion  of raw l abora to ry  and de-  
r ived  da ta  used in subsequent  calculat ions and figures. 
Losses have  been expressed in amperes  pe r  square  foot 
for consistency. The loss due to diffusion of oxygen,  
Do (see column 3 which  contains  the  sum of Do and S) ,  
is obta ined f rom Fig. 5 which  is reproduced  f rom Ref. 
(1). The value  of Do is negl igible  at  a tmospher ic  p res -  
sure. The  va lue  of the  se l f -decomposi t ion term,  S, is 
6.5 A / f t  2 and is der ived  f rom Fig. 1 in accordance wi th  
the discussion above. The average  values  for the  cross 
diffusion of hydrazine ,  Dh (namely,  5.7, 3.7, and 3.8 
A / f t  2 corresponding to the  20, 40, and 80 A S F  level) ,  
were  obtained expe r imen ta l ly  and devia te  f rom the  
values  7.8, 5.5, and 2.6 obta ined from Fig. 2 and cor-  
rec ted  for t empera tu re .  The resul ts  of Fig.  2 represen t  
a separa te  independen t  s tudy  at  30~ The  dispar i t ies  
resul t  f rom aging processes and f rom difficulties as-  
sociated wi th  main ta in ing  constant  oxygen-purge ,  h y -  
drazine  diffusion rates, and  different ia l  pressures  in  a 
dynamic  system. The  resul ts  of Fig. 2 exhib i t  a l a rger  
fal l -off  in the  cross-diffusion ra te  as load increases 
than is apparen t  f rom column 2 of Table  I. In fact, 
according to Table  I, the  average  cross diffusion, Dh is 
s l ight ly  h igher  at  80 than  at  40 A / f t  s. F igure  2 indi-  
cates tha t  such behavior  is anomalous.  The da ta  of 
Table  I r epresen t  measurements  over  a per iod  of sev-  
era l  hours in contras t  wi th  the  da ta  of Fig. 2. Thus, 

o / ~  

30 MIL ASBESTOS 
5t~ I(OH 

o '6 j / ~  1.4 ~' 
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~ Z: J 
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PSI, ( x 1000) 

Fig. 5. Effect of pressure on the cross diffusion of oxygen 
through an asbestos separator in o hydrazine-oxygen cell. 
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t hey  m a y  represen t  changes in the  ni t rogen bubb le  
content  of the  asbestos ma t r i x  and changes in the  di f -  
ferent ia l  pressure  be tween  anode and cathode spaces 
which modi fy  the  diffusion processes by  superposi t ion 
of convective flow pat terns .  

In the  fol lowing analysis,  the  values  of hydraz ine  
diffusion, Dh, employed  in subsequent  calculat ions are 
those  l is ted in Table  I. The inconsistency descr ibed in 
the  previous  pa rag raph  colors the resul ts  of the  fol-  
lowing analyses  to the  ex ten t  of + 4 %  to + 2 %  in the  
most d iscrepant  cases. The d iscrepancy is on the  con- 
serva t ive  side in the most l ike ly  opera t ing  ranges.  

Columns 6 and 7, the hydraz ine  fuel  r equ i r emen t  
calcula ted by use of Eq. [15], are p lo t ted  as a function 
of the purge  ra tes  (column 8) in Fig. 6. The immedia te  
conclusion to be d r a w n  is tha t  the  oxygen -pu rge  r a t e  
wi th in  the range  of 1-5 A / f t  2 does not change ~he fuel  
r equ i rement  by  more  than  1.5% and is therefore  no~ 
the most  significant factor  in hydraz ine  fuel  requ i re -  
ments.  

Peroxide requirements .~A formula t ion  of pe rox ide  
requi rements  is given in Eq. [16] based on an ant ic i -  
pa ted  100% conversion of peroxide  to oxygen.  The  
weight  pe r  k i l owa t t -hour  of peroxide,  Wo, in t e rms  o~ 
the  weight  of peroxide  requ i red  per  k i loampere -hour ,  
Mo (1.398 l b / k A - h r  for 100% perox ide ) ,  is 

Mo ( I+Do+Dh+P ) 
Wo = ~ _T [16] 

The sel f -decomposi t ion term, S, in Eq. [15] is r e -  
placed by the oxygen -pu rge  rate,  P, in Eq. [16]. The 
value  of D~ is again  negl igible  at  a tmospher ic  pressure .  
The values of Dh and P are  taken  d i rec t ly  f rom the  
measured  raw data  of Fig. 3. See Table II  for a com- 
pi la t ion of the input  raw data  and ca lcula ted  values  of 
weights  pe r  k i lowat t -hour .  The requ i red  weights  a re  
p lo t ted  agains t  purge  ra te  in Fig. 7. The significant fact  
again is that,  at  cu r ren t  densi t ies  where  opera t ion  is 
l ike ly  because of high efficiency, purge  ra tes  be tween  
1 and 4 A / f t  2 have  negl ig ible  effect. 

Fuel-oxidant requirements.~Figure 8 indicates tha t  
fue l -ox idan t  r equ i rements  pe r  k i l owa t t -hou r  (der ived  
from Fig. 6 and 7 and l is ted in Table HI)  exhibi t  b road  
min ima with respect  to oxygen-purge rate.  The  signifi-  
cant  conclusion, as before, is that  the  oxygen-purge 
ra te  is not a significant factor  at  opera t ing  cur ren t  

Table II. Peroxide requirements 

C o u -  
100% 90% lombic 

I + D o + D h + P  H ~ ,  I~O~, effl-  
I ,  Dh § P,  E ,  lb[  lb /  P u r g e .  e i ency ,  

A / f t  ~ A / f t  ~ I vo l t  k W - h r  k W - h r  A / f t  ~ % 

20 6.0 1.30 0.895 2.03 2.28 0.3 76.9 
20 6,7 1.33 0.899 2.07 2.31 0~9 74.9 
20 7,6 1.38 0,907 2,13 2.36 1.~ 72.5 
20 8.5 1.42 0.9~"/ 2.20 2.44 2.8 70.2 
20 11.2 1.56 0.910 2.40 2,66 5.5 64.1 
40 3.8 1.09 0.849 1,B0 2.08  0.3 91,3 
40 o=.Z 1.10 0.858 1,80 2.00 0.8 90.3 
40 5,3 1.13 0.865 1.83 2.03 1.6 88.3 
40 5.6 1.14 0.864 1.B4 2.05  2.1 87.7 
40 5.0 1,20 0,869 1.93 2.14 4.5 83.3 
80 4,9 1.06 0.838 1.77 1.97 1.1 9~.3 
80 6.1 1.07 0.846 1. ' /B 1 .9g  2 . 7  92 .9  
80 7.1 1,08 0 .849 1,79 1.99 2.9 91,8 

Table III. Fuel-oxidant requirements 

Total  Total  
I, Fuel, Oxidant, lb/kW-hr lb/kW-hr purge, 

A/ft~ lb/kW-hr lb/kW-hr (100%) (~0%) A/ft ~ 

20 1.19 2.03 3.22 3.58 0.3 
20 1.19 2.07 3.26 3.63 0.9 
20 1.18 2.13 3.31 3.68 1,8 
20 1.17 2.20 3.37 3.75 2.8 
20 1,17 2.40 3.57 3.97 5.5 
40 0,97 1.80 ~,'I"~ 3.09 0.3 
40 0,96 1,80 2.77 3.08 0.8 
40 0.96 1.83 2.79 3,10 1.6 
40 0.95  1,84 2 .80  3.12 2.1 
40 0.96 1.93 2.88  3.21 4 .5  
80 0.B9 1 / / 7  2 ,6 f i  2 .96  1.1 
80 0.8S 1.38  2 .66  2 .95  2 .7  
80 0,88 1.79 2.87 2.97 2.9 

densit ies  such as 40 Alft2 or grea ter  which would be  
des i rable  for reasonable  coulomhic efficiency. 

F igure  9 represents  the  specific fue l -ox idan t  requ i re -  
ments  per  k i l owa t t -hou r  under  va ry ing  load as de te r -  
mined by  Fig. 8. The effect of purge  ra te  is again  seen 
to be smal l  compared  to the  effect of load. In  contras t  
with behavior  observed in hyd roge n -oxyge n  fuel  cells, 
the  fue l -ox idan t  w e igh t - e ne rgy  ra t io  decreases  wi th  
load to approx ima te ly  80 A / f t  ~, The  specific fuel-oxi~ 
dant  requ i rements  p robab ly  increase above  80 A / f t  ~ 
where  life character is t ics  of hydraz ine  fuel cells r ep re -  
sent  an uncer ta in  area. Assuming  acceptable  l ife cha r -  
acteristics,  a m in imum reac tan t  w e i g h t - t o - e n e r g y  rat io  
~ppears  to occur be tween 60 and 100 A / f t  2. 
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Fig. 9. Effect of loading on the hydrazine-peroxide requirements 
per kilowatt-hour. 

Coulombic ef f iciencies.--Figure 10 shows tha t  the  
coulombic efficiency of the  peroxide  (oxygen)  cathode 
is a function of purge  rate.  On the other  hand, Fig. 11 
shows tha t  the  coulombic efficiency of the  hydraz ine  
anode  is independent  of oxygen -pu rge  ra te  over  the  
range  studied. F igures  12 and 13 show again that  load 
ra the r  than  purge is the  significant ove r -a l l  factor  in 
coulombic efficiency as in the we igh t - ene rgy  ratio.  

Summary 
The coulombic efficiency and ma te r i a l  r equ i rements  

per  energy  unit  of a hyd raz ine -pe rox ide  single cell  
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OXYGEN PURGE RATE, AMPIFT 2 
Fig. IO. Effect of oxygen purge rate on the coulombic peroxide 

(oxygen) efficiency. 
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Fig. 11. Effect of oxygen purge rate on the coulomblc hydrazine 
efficiency. 
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Fig. 12. Effect of loading on the coulombic peroxide (oxygen) ef- 
ficiency. 

were  studied. Electrodes were  a commerc ia l ly  .supplied 
va r i e ty  p repa red  f rom pressed  p l a t inum and Teflon 
powders  in 6- by  6-in. squares.  Analys is  of the  gas 
evolut ion  at  hydraz ine  anodes indicates  tha t  a t  high 
load the se l f -decomposi t ion  losses of hydraz ine  may  be  
negligible.  Cross diffusion of hydraz ine  (and possibly 
oxygen)  decreases  r ap id ly  wi th  load. Increased o x y -  
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Fig. 13. Effect of loading on the coulombic hydrazine efficiency 

gen-purge  rates increase the cell potent ial  most 
s trongly at high load. 

Hydrazine requirements  decrease only slightly with 
oxygen-purge rate. On the other hand, peroxide re- 
quirements  increase with purge rate al though at high 
loads the increase is small. Combined fuel-oxidant  re- 
quirements  per energy uni t  show broad min ima with 
respect to oxygen-purge rate. Moreover, at high cur-  
rent  densities where operation is most efficient, the 
fuel -oxidant  requirements  are essentially independent  
of purge rate. However, they are strongly dependent  
on load. Minimum reactant  weight -energy ratios and 
max imum coulombic efficiency may occur between 60 
and 100 A/ft2. 

The results are peculiar to the part icular  system 
studied. In  any systems analysis, numerica l  assignment 
of efficiencies should be based on exper imental  evalu-  
ation of the fuel-cel l  modules actual ly contemplated 
~or application. 

The results suggest that hydrazine-peroxide  fuel 
cells of the type studied should be operated at current  
densities of the order of 60 and 100 A/f t  2 to achieve 
m i n i m u m  reactant  weigh t -energy  ratios. 
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GLOSSARY OF SYMBOLS 
Dh Diffusion loss of hydrazine in  amperes per square 

foot 
Do Diffusion loss of oxygen in amperes per square 

foot 
E Cell potent ial  in  volts 
I Current  densi ty in amperes per square foot 
Za Current  densi ty for the anodic reaction 
Ic Current  densi ty for the cathodic reaction 
I o Current  density at the mixed potential  
K A constant  
M Mass requirements  per k i loampere-hour  
Mh Weight of pure hydrazine per k i loampere-hour  
Mo Weight of pure  peroxide per k i lowat t -hour  
P Purge loss of oxygen in amperes per square foot 
S Self-decomposition loss of hydrazine 
r The fraction of the externa l  cur ren t  which pro-  

duces a change in the anodic current  
Vh Volume of hydrogen in mill i l i ters produced per 

minute  per square foot 
Vn Volume of ni t rogen in mill i l i ters produced per 

minu te  per square foot 
Vt Volume of all gases in mill i l i ters produced per 

minute  per square foot 
V o Volume of gas produced at the mixed potential  

at open circuit  
Wh Weight of hydrazine per k i lowat t -hour  
Wo Weight of peroxide per k i lowat t -hour  
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Electrochemical Characteristics of Armco 
Iron in Acidic Solutions Containing Benzoic 

Acid Effect of pH and Chloride Ions 
D. L. Piron* and Ken Nobe** 

School of Engineering and Applied Science, University of California, Los Angeles, California 90024 

ABSTRACT 

The effect of chloride ions and solution pH on the electrochemical  behavior  
of A_rmco iron in sulfuric acid in the absence and presence of benzoic acid 
has been investigated, The corrosion ra te  of inhibited and uninhibi ted iron 
decreased with  increase in solution pH. The capacitance increased l inearly 
wi th  immersion t ime al though the corrosion rate remained essentially con- 
stant. The slope of the capaci tance- immersion t ime curve was less for in-  
hibited than for uninhibi ted iron and decreased with increase in solution pH. 
A min imum in the corrosion rate  was observed for inhibited and uninhibi ted 
iron in pH 0.3 solutions containing 0.01M NaCI. This min imum was not ob- 
served for solutions of pH 1.0 and 1.7. 

This paper reports on the effects of benzoic acid and 
chloride ions on the electrochemical  behavior  of Armco 
iron in acidic sulfate solutions at various pH values. 
Workers  in this laboratory have previously invest i -  
gated the electrochemical  behavior  of Armco iron in 
1N H2SO4 containing r ing-subst i tu ted anilines (1) and 
benzoic acids (2). 

Experimental 
The electrodes of Armco iron were cut f rom a 1/z in. 

d iameter  rod and a thin layer  of the cylindrical  sur-  
face was mil led off on a la the to remove  the scale. 
Electrodes were  degreased with benzene in a soxlet ex-  
traction apparatus for 3 hr  and finally vacuum an- 
nealed at 900~ for 1 hr  and cooled slowly to room 
tempera ture  in about 7 hr  while still under  vacuum. 

The electrochemical  cells and the electrode assembly 
have been described previously (3). All  solutions were  
prepared from 1N H2SO4 and the pH was adjusted by 
addition of a concentrated NaOH .solution. For  solu- 
tions containing the inhibitor, benzoic acid, the concen- 
tration of the organic compound was mainta ined at 
0.02M. The specific concentrat ions of chloride ions 
were  obtained by addition of sodium chloride in the 
desired amounts to the solution. Sodium chloride con- 
centrat ions of 0.01, 0.02, 0.1, and 0.2M were  used in 
this .study. All  solutions were  deaerated with  the pre-  
purified ni trogen for at least 3 hr  before insertion of 
the electrodes. The electrodes were  act ivated in 5N 
H2804 for 10 min immedia te ly  before immersion in the 
electrolyte. All  exper iments  were  performed at room 
temperature .  

Five second current  pulses, which were  sufficient to 
reach steady .state, were  utilized for  cathodic polar iza-  
tion. The corrosion current  was determined by ex-  
t rapolat ion of the cathodic Tafel  l ine to the corrosion 
potential. The differential  capacitance was determined 
by the d-c pulse method. 

Results 
The corrosion potent ia l  of inhibited iron in the ab- 

sence of chloride ions shifted to sl ightly more noble 
potential  indicating a greater  effect of the benzoic acid 
on the anodic dissolution reaction than on the cathodic 
process, the hydrogen evolution react ion [see Ref. (4) ]. 
With the except ion of pH 1.7 solutions, the corrosion 
potential  of iron was not appreciably affected by chlo- 
ride ions. In pH 1,7 solutions, there  was a small  but 
consistent shift in the corrosion potential  in the noble 
direction with  increase in concentrat ion of chloride 
ions. 

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Assoc ia te  Member .  
** Electrochemical  Society A c t i v e  Member .  
Key  words:  corrosion i n h i b i t i o n ,  h y d r o g e n  e v o l u t i o n .  

The cathodic polarizat ion of inhibited and unin-  
hibited iron in sulfuric acid at pH 0.3, 1.0, and 1.7 in 
the absence of chloride ions is shown in Fig. 1. For 
solutions of pH 0.3 and 1.0, the rate of the hydrogen 
evolution reaction (h.e.r.) on iron was less in the pres-  
ence of benzoic acid. However ,  no effect of the in-  
hibitor on the rate  of the  h.e.r, was observed for iron 
in pH 1.7 solutions. 

Tafel  lines were  obtained for both inhibi ted and un-  
inhibited iron wi th  cathodic Tafel  slope of 80 mV as 
shown in Fig. 1. The electrochemical  react ion orders of 
the h.e.r, wi th  respect to the hydrogen ions were  deter-  
mined by plots of log ic vs. pH. For both inhibited and 
uninhibited iron 

( 01~ ) ~ _  1 

O pH , 

The effect of chloride ions on the rate  of the h.e.r. 
on both inhibited and uninhibi ted iron in pH 0.3 
solutions is shown in Fig. 2. It is seen that  the h.e.r. 
rate on iron in 0.01M NaC1 was less than in 0.02M 
benzoic acid compound. Comparison of the  decrease in 
the rate of the h.e.r, on iron in solutions containing 
0.01M NaC1 and 0.02M benzoic acid separate ly  and 
together  suggest that  at these concentrat ions the in- 
hibit ion Of the h.e.r, is the resul t  of adsorption of both 
chloride ions and benzoic acid. Iron in pH 0.3 solutions 
containing chloride ions of 0.02, 0.1, and 0.2M NaC1 be- 
haved similarly;  i.e., chloride ions decreased the ra te  
of the h.e.r, on both inhibited and uninhibi ted iron. 
The same effect of chloride ions was observed for iron 
in pH 1.0 solutions. However ,  for pH 1.7 solutions the 

0 �9 0.3 " ' - . &  
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open points and continuous line=unh~hibited �9 
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Fig, 1. Cathodic polarization of iron in H2S04 
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Fig, 2. Effect of low concentrations of chloride ions on the 
cathodic polarization of iron. 
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sequent increase in corrosion rate  observed for iron in 
pH 0.3 solutions was not observed for iron in pH 1.0 
and 1.7 solutions. For  pH 1.0 solutions, the corrosion 
rate  decreased with  introduction of chloride ions but  
leveled off to a reasonably constant value wi th  increase 
in chloride ions. For  pH 1.7 solutions, the corrosion rate 
increased slightly wi th  introduct ion of chloride ions 
and leveled off to an approximate ly  constant value  
with increase in concentrat ion of sodium chloride. 
Table I shows that  the  effect of chloride ions on the 
corrosion rate of inhibited and uninhibi ted iron in sul- 
furic acid solutions is influenced by the solution pH. 

The initial capacitance of inhibited and uninhibi ted 
Armco iron in sulfuric acid in the presence and ab- 
sence of chloride ions ranged f rom 30 to 35 tLf/cm 2. 
Thus, there  was no significant effect of benzoic acid 
and chloride ions on the initial capacitance of iron. 

For  pH 0.3 and 1.0 solutions, the capacitance of in-  
hibited and uninhibi ted iron in H2SO4 increased l in-  
early with immersion t ime as shown in Fig. 4 and 5, 
respectively.  The slope of the capacitance vs. immer -  
sion t ime curve decreased with  increase in pH and 
with addition of benzoic acid. For  pH 13 solutions, the 
capacitance remained constant with immers ion t ime 
and was not affected by the presence of benzoic acid. 
The capacitance increase wi th  immersion t ime of 
Armeo iron in 1N H2804 in the absence and presence of 
benzoic acid has been repor ted  previously (2, 6). 

Figures 4 and 5 also show a typical  effect of chloride 
ions on the capacitance of inhibi ted and uninhibited 
Armeo iron in pH 0.3 solutions. For  uninhibi ted and 
inhibited iron in pH 0.3 solutions, the ra te  of increase 
of capacitance with  immersion t ime decreased with 
addition of chloride ions. However ,  the ra te  of in-  
crease in capacitance of inhibited and uninhibi ted iron 

IMMERSION TIME (hours} 

Fig. 3. Corrosion rate of iron in H2S04 VS. immersion time. 
Points and continuous line represent uninhibited iron. Dashed line 
represents inhibited iron (O.02M benzoic acid). 

,SO 

140 

rate of the h.e.r, on inhibited and uninhibited iron was - ,2c 

st imulated by the presence of chloride ions. % 
The corrosion rates of uninhibited iron in sulfuric ,or 

acid solutions of pH 0.3, 1.0, and 1.7 as a function of 
immersion t ime are given in Fig. 3. The corrosion rates ~ Er 
were  essentially constant wi th  immersion time, and the 
averaged rates were  70, 44, and 25 #A/cm 2, respectively.  " EO 

The corrosion rates of iron in sulfuric acid solutions 
of pH 0.3, 1.0, and 1.7 containing 0.02M benzoic acid ,o 
were  also constant with immersion time. The averaged 
corrosion rates were  40, 27, and 15 ~zA/cm 2, respec-  
tively, and are shown in Fig. 3. For both inhibited and 2r 
uninhibi ted iron, the corrosion rate decreased with  in- 
crease in the solution pH. 

Table I shows the effect of chloride ions on the cor- 
rosion rate of inhibited and uninhibi ted iron. It is seen 
that  a min imum in the corrosion rate  was observed 
for both inhibited and uninhibi ted iron in 1N H~SO4 time. 
+ 0.01M NaC1. Corrosion inhibit ion of iron by benzoic 
acid was mainta ined for all concentrat ions of chloride 
ions studied in this work  (~0.2M NaC1). A min imum 
in the corrosion rate  was also observed by Mazza and 
Greene (5) who invest igated the corrosion of 304 stain- 
less steel in IN H2SO4 containing sodium chloride of 
various concentrations. The  sharp min imum and sub- 

Table I. Averaged steady-state corrosion rate (/~A/cm 2) 

NaCI cone Uninhibited Inhibited 
(M) PH PH 

0,3 1.0 1.7 0.3 1.0 1.7 

0 . 0 0  7 0 •  44__1 2 5 •  40---+7 2 7 •  1 5 ~ 2  
0 . 0 1  4 0 - - 8  3 0 ~ 7  28-----2 2 0 ~ 4  2 2 •  2 0 •  
0.02 48 • 15 19 ~ 4 31 ~ 1 30 ~- 5 23 • 7 20 ~--- 1 
0 . 1 0  66 • 4 21  ---+ 4 33  ~ 3 37  ~ 3 20  • 4 2 0  ~ 1 
0 .20  70 + 2  2 5 + 5  3 5 ~ 1  4 7 ~ 6  2 2 - - 3  2 0 ~ 2  

oy 
pH 0 3  

pH 0.3 -F 001M NaCI 

~ -  pH 17 
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Fig. 4. Open-circuit capacitance of iron in H2S04 vs. immersion 
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Fig. 5. Open-circuit capacitance of iron in H2S04 and O.02M 
benzoic acid vs. immersion. 
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in pH 1.0 and 1.7 solutions was not appreciably affected 
by chloride ions. 

Discussion 
The open-circui t  capacitance of iron in IN HC104 and 

HC1 solutions did not increase appreciably with im-  
mersion time in contrast to the capacitance increase 
observed for iron in sulfuric acid solutions of less than 
pH 1.7. The results of the open-circui t  capacitance 
experiments indicate that  the anion, HSO4-,  plays a 
significant role in the capaci tance-immersion time be- 
havior of Armco iron in H2SO4 of pH 0.3 and 1.0. Since 
the corrosion rate of both inhibited and uninhibi ted  
Armco iron remained constant  with immersion time as 
shown in Fig. 3, it is apparent  that the increase in 
capacitance with immersion t ime was not due to an 
increase in surface roughness. 

In a separate series of experiments,  it has been ob- 
served that  the large capacitance (pseudocapacitance) 
obtained after long immersion times can be substan-  
t ial ly reduced by prolonged cathodic polarization. Fur -  
thermore, it has been observed previously that, after 
removal  of the electrode from the solution for a pro- 
longed period of t ime and then reimmersion in elec- 
trolyte, the Armco iron resumed the capacitance in-  
crease with immersion time (7). Sayano (8) observed 
that the large open-circui t  capacitance after a long 
immersion t ime could be reduced to the original value 
by anodic passivation of iron at +600 mV vs. SCE 
and subsequent  self-activation to the corrosion poten- 
tial. After activation the ini t ial  capacitance value was 
at tained again and, subsequently,  the capacitance in-  
creased l inear ly  with immersion time as observed pre-  
viously. These results provide fur ther  evidence that 
the capacitance increase was not due to an increase in 
surface area, but  ra ther  to the formation of a surface 
species which involves the anion, HSO4-. 

In view of the above exper imental  observations, a 
possible mechanism to account for the anodic dissolu- 
tion and open-circui t  capacitance behavior of iron in 
H2SO4 is as follows: 

q- H20 ~ [FeOH]ad~ q- H + § e [l]  Fe 

RDS 
[FeOH]a~s ) FeOH + + e [2] 

k2 

[FeOH]ads -~ HSO4- k2a [FeOH2SO4]ar q- e [2a] 
--2a 

k3 
FeOH + -~ H + ~ Fe + + q- H20 [3] 

fast 
k3a 

[FeOH2SO4]~r Fe + + -~ HSO~- q- HeO [3a] 

where kl, k - l ,  and k3 ~ k2 ~ k2a 

Bockris et al. (9) proposed reaction steps [1], [2], 
and [3], with step [2] the ra te -de te rmin ing  step, as the 
mechanism for the anodic dissolution of iron. Step [2a] 
is similar to one of the reaction steps in the mechanism 
proposed by Florianovich et al. (10). The slow but  
steady increase in the open-circui t  capacitance with 
immersion time is surmised to be an adsorption 
pseudocapacitance due to formation of an electroac- 
tive surface complex intermediate,  FeOH2SO4, as in 
step [2a], which is a parallel  reaction to the rate-  
determining step [2]. Pseudocapacitance due to ad- 
sorbed hydrogen atoms has been precluded in light of 
Devanathan and Stachurski 's  results (11). A plausibIe 
al ternat ive mechanism would include a slow reaction 
step, a reaction between Fe and the bisulfate ion to 
form an electroactive surface intermediate,  parallel  to 
step [1]. The depletion of the surface complex during 
passivation of iron at +600 mV and the subsequent  re-  
a t ta inment  of the init ial  capacitance, as observed by 
Sayano (8), may be ascribed to a reaction as step [4] 

k4 
[FeOH2SO4Jads ) Fe + + + q- SO4 = -~ H20 ~ e [4] 
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The Preparation of Dithionites by the Electrolytic 
Reduction of Sulfur Dioxide in Water 

Colin Oloman 
B.C. Research, Vancouver 167, Canada 

ABSTRACT 

This paper reports the results of experimental studies on the cathodic re- 
duction of sulfur dioxide in water solution. The system is discussed in terms 
of the chemical and electrochemical reactions which accompany the flow of 
current. Experimental results demonstrate the effect of principal process 
variables on current efficiency and chemical yield. The work described is 
directed toward the development of an electrolytic process for the production 
of dithionite solution for industrial use. 

Background 
The dithionites are strong reducing agents which are 

commercial ly valuable as bleaching chemicals. Conse- 
quently,  the preparat ion of these salts has received 
considerable attention. 

The common method of making dithionites is 
through the direct reduct ion of a solution of sulfur  
dioxide or sodium bisulfite in water  with metall ic 
zinc (1, 2). The reduction can be carried out success- 
ful ly using sodium amalgam (3) and metallic iron has 
been considered for the same purpose (4). Dithionites 
can also be made by  the reaction of such reducing 
agents as sodium borohydride with sulfur  dioxide. 

Apart  from chemical reduction, the electroreduction 
of sulfurous solutions has long been recognized as a 
source of dithionites. 

In  1857 Schonbein (5) observed the reddish brown 
color formed by the electrolysis of sulfur  dioxide solu- 
tions and noted that the resul t ing liquid is a strong 
reducing agent. In  1877 Gerout (6) reported the elec- 
trolysis of sulfurous acid to obtain a yellow solution of 
"hydrosulfurous" acid and the electrolysis of sulfur  
dioxide in water  was adopted by Worsley (7) in 1924 
as a method of producing "hydrosulfurous" acid for 
bleaching purposes. However, dithionous acid is very 
unstable  and, since this early work, the electroreduc- 
t ion of simple solutions of sulfur  dioxide in water  has 
received little attention. 

The decomposition of dithionite in an electrochemi- 
cal cell can be par t ly  avoided by using as the catholyte 
near ly  neut ra l  solutions of sulfites and bisulfites. This 
technique has been the subject of investigations since 
about 1900 (8-12) and is the basis of several patented 
processes for the electrochemical manufac ture  of di thi-  
onites (13, 14). 

Despite considerable work on the subject, the elec- 
t roreduct ion process has not been made to compete 
commercial ly  with the conventional  zinc reduction 
process for dithionite manufacture.  In  an evaluat ion 
wr i t ten  in 1924 (15), McKee and Woldman explain 
how limitat ions on chemical yield and current  effi- 
ciency impair  the value of the electrochemical process. 
Their concise summary  of the si tuat ion is probably  
still per t inent  today. 

Nevertheless, the potential  cost reduction through 
the direct use of electric power in the preparat ion of 
di thionite makes a successful application of the elec- 
trochemical method an at tract ive goal. The work de- 
scribed in this paper has been directed toward the 
development  of a useful process for producing di thi-  
onite solutions by the electroreduction of sulfur  dioxide 
in  water. 

Cathode reactions.raThe standard electrode poten-  
tials for the reduct ion of sulfurous solutions to di thi-  
onite under  acidic and basic conditions are given by 

Key words: primary--dithionites; co-term--electrolytic, prepara- 
tion, reduction, sulfur dioxide. Primary--sulfur dioxide; co-term-- 
dithionites, electrolytic, reduction. 

Latimer (16) as 

2H2SO3 + H + + 2e- -> HS204- -P 2H20 

-- Eo = --O.O8V 

2SO:~= ~- 2H20 -p 2e- -~ $20~= • 4 OH- 

. . . .  E• ~ --1.12V 

The corresponding hydrogen discharge potentials are 
0.0 and --0.83V, respectively. However, the existence 
of a hydrogen overvoltage of a few tenths of a volt on 
most metal cathodes will allow the preferential forma- 
tion of dithionite in acid solution. With rising pH, 
dithionite formation should be possible only with high 
overvoltage cathodes at relatively low current densi- 
ties. 

Apart from the discharge of the hydrogen ion, fur- 
ther secondary reactions at the cathode can involve the 
reduction of dithionite itself to thiosulfate 

8 2 0 4 :  -~- 2H + -t- 2e -  -> S 2 0 3  = -~ H20 . . . .  Eo ~ +0.88V 

and possibly the reduction of thiosulfate to free sulfur. 
The existence of these al ternat ive electrode reactions 
explains, in part, the difficulty of obtaining useful con- 
centrat ions of dithionite in the electroreduction proc- 
ess. 

The stoichiometry of dithionite formation in the 
electrolytic process is commonly given as 

2HSO3- -~ 2H + -~ 2e- -> $204 = n u 2H20 

This equation implies that the bisulfite ion is the reac- 
tive species in the primary cathode reaction. However, 
from their study of the reduction of sulfurous solutions 
at a dropping mercury electrode, Kolthoff and Miller 
(17) conclude that sulfur dioxide or sulfurous acid is 
the depolarizer in the primary cathode reaction. 

It  follows that  dithionite is formed most easily 
through the electroreduction of a solution of low pH 
containing a high concentrat ion of sulfur  dioxide. 

Chemical decomposition of dithionite.--The princi-  
pal barr ier  to the efficient electrolytic preparat ion of 
dithionites lies in the chemical instabi l i ty  of dithi-  
onous acid. Practical  current  densities can be at tained 
only in acid conditions which promote decomposition 
of the product dithionite and consequently l imit  the 
process yield. 

The mechanism of the decomposition of di thionite is 
complex. McKee and Woldman (18) summarize the 
work of early investigators of this subject and present  
data which show the decomposition of di thionite in 
neut ra l  and acid sulfite solutions to be a simple reac- 
tion, second order with respect to di thionite concen- 
tration. This reaction is presented as 

H20 ~- 2S204 = "-> $208 = -}- 2HSO3- 

More rigorous examinations of the decomposition 
kinetics (19, 20) have showed that in the pI-I range 

1604 
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Fig. 1. Decomposition of dithionite in solution with sulfur dioxide 
and thiosulfate. Temperature 18~ SO2 concentration, 8 weight 
per cent (w/o); pH, 0.8; nitrogen purge; initial [$20:~=], A, 
0.008M; B, 0.04M; C, 0.002M; D, 0.04M. 

4.5-7 the rate is raised by increases in  the concentra-  
t ion of dithionite, bisulfite, thiosulfate, and hydrogen 
ions. Under  some circumstances, the decomposition of 
dithionite is au~ocatalytic. 

Both zinc (21) and cadmium (22) have been ob- 
served to stabilize dithionite, while t ransi t ion metal  
ions are general ly believed to increase the rate of 
decomposition. 

It is certain that  the rate of decomposition of di thi-  
onite increases with decreasing pH. However, pub-  
lished studies give no quant i ta t ive  account of the de- 
composition of dithionite in solutions with a pH below 
4. Specific data on the decomposition of dithionite in a 
strong solution of sulfur  dioxide is given here in Fig. 1. 
The 8% sulfur  dioxide solution has a pH of about 0.8 
and under  this condition the dithionite disappears very 
rapidly. Thiosulfate appears to be an autocatalytic 
agent and the decomposition rate is largely deter-  
mined by an interact ion between the effects of di thi-  
onite and thiosulfate concentration. The form of this 
dependence is not known. 

Similar  studies have shown that  the rate of decom- 
position of dithionite in an 8% sulfur  dioxide solution 
is increased about fivefold by raising the reaction 
temperature  from 10 ~ to 28~ 

The Electrodeposition of Sulfur Dioxide in Water  
Process.--The production of dithionites by the cath- 

odic reduction of sulfurous solutions always involves 
a competit ion between the rate of formation of di thi-  
onite at the cathode and the rate of decomposition of 
dithionite in the bulk  of the catholyte. 

In  such a process, the dithionite yield and the cur-  
rent  efficiency for production of di thionite depend on 
the interact ion of several factors. Most impor tant  of 
these are: 

(a) The concentrat ion of depolarizer in the catho- 
lyte, the condition of turbulence  at the cathode 
surface, and the cathode material,  which to- 
gether determine the current  densi ty that can 
be useful ly applied to the cathode. 

(b) The ratio of cathode area to cathode chamber  
volume, which together with the current  density 
gives the current  concentrat ion and hence the 
rate of di thionite format ion wi th in  the catho- 
lyte. 

(c) The concentrat ion of dithionite and thiosulfate, 
the pH, and the tempera ture  of the catholyte, 
which determine the rate of dithionite decom- 
position. 

When a simple solution of sulfur  dioxide is used as 
the catholyte in  this process, the rate of dithionite 
decomposition is very high but  the presence of free 
sulfur dioxide allows the application of a correspond- 
ingly high current  density. Under  these conditions, 
dithionite can be obtained in reasonable yields from 
a reactor with a high ratio of cathode surface area to 
cathode chamber volume which operates at a low tem-  
perature  and employs a low catholyte residence time. 

The method adopted for the preparat ion of sodium 
dithionite by the electroreduction of sulfur  dioxide in 
water  is represented in Fig. 2. In  this process, sulfur  
dioxide in water  is converted to di thionite in a single 
pass across an active cathode plate. A cation specific 
membrane  separates the anode and cathode chambers 
of the cell and sodium ions are supplied to the  catho- 
lyte from a recycling anolyte solution of a convenient  
sodium salt. The pr imary  electrode reactions occurring 
in the cell are: 

at the anode 

4NaOH--> 4Na + -t- O2 ~ 2H20 ~ 4e -  

at the cathode 

4SO2 -t- 4e -  ~ 2S204 = 

net reaction 

4NaOH + 4SO2--> 2Na2S204 -t- O2 -t- 2H20 

The balance between the rate of formation and de- 
composition of the dithionite makes it impractical  to 
carry the sulfur dioxide conversion to 100%. Thus the 
catholyte solution leaving the reactor contains sodium 
dithionite, sodium bisulfite, and sodium thiosulfate, 
together with unconver ted sulfur  dioxide which must 
be neutral ized to preserve the dithionite. 

Apparatus and procedure.--The conditions required 
for the preparat ion of sodium dithionite by electrore- 
duction of sulfur dioxide in water  are fulfilled by the 

Cooling 
Water Electrochemical Acid Solution of 

- ~  Reactor Sodium Dithionite r ooooooo ooooooo o ooooooo 0 J 
AnalySe Recycle ~1= ~ l l l  ql~ ] l [  N I  

I ~_ -_-----~ euTr ea aliz 
Oxygen o~, ~. ~11 I ~Sample 

oooooooooooooooooo ~ ~ ~ ~ == o ,  ~ 1 7 6  

~ . 

~ ~ q= RoTameTer Anolyte o(~ Cooler ,1~ Cat ~n-* / ,  Catholyte 
Feed Membrane , Feed 
Tank ~ Tank 

2 M o l a r  Jsozin 
N a 0 H Lead- Acid '-tlIIIIIIL-X Reostat Wa t e r 

Battery 

Fig. 2. Apparatus used in ex- 
perimental production of sodium 
dithionite. 
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Fig. 3. Single cell used in electroreduction of sulfur dioxide in 
water. 

electrochemical  cell shown open in Fig. 3. This cell  
consists of a cathode and anode plate, both of 316 
stainless steel, separated by a cation membrane.  The 
membrane  is supported by a nylon mesh not shown in 
the photograph. Cathode and anode chambers  are 
formed on the electrodes by fingered neoprene gaskets 
which direct the solutions across the electrodes so that  
the catholyte flows through the cathode channels in 
series whi le  the anolyte moves through the anode 
channels in parallel.  The channels are all 1 cm wide 
and about 0.15 cm deep and the total  active cathode 
area is 1000 cm 2 for a single cell  or 800 cm 2 for each 
cell  used in series. Electrode plates are 1/32 in. thick 
and are backed by 1/16 in. a luminum current  distr ibu- 
tion plates which in turn are cooled by water  flowing 
through ex te rna l  chambers. Severa l  of these cells may  
be put together  in series to increase the cathode area 
of the reactor.  

In operation of the reactor,  a catholyte  solution of 
2-12% sulfur dioxide in wate r  was precooled to 10~ 
and pumped through the cathode chamber.  The anolyte 
consisted of a 2M (molar)  solution of sodium hydrox-  
ide which was kept at a t empera ture  be tween 10 ~ 
and 15~C while  recycling around the anode circuit  at 
a rate of about 1 l i t e r /min /ce l l .  With a flow of 100 
m l / m i n  of a catholyte solution containing 95 g / l i t e r  of 
sulfur dioxide, the decomposition potential  of each cell  
was 1.2V and the electrical  resistance some 24 ohm �9 
cm 2. 

Both the anolyte and catholyte were  made up with 
water  f rom the city mains containing about 0.5 ppm 
of both iron and copper. However,  in the exper iments  
the anode was dissolved slowly at the higher  current  
densities and this was responsible for the presence of 
transi t ion meta l  ions in the catholyte product up to 
concentrat ions of about 10 ppm. 

Direct  current  was supplied to the reactor  f rom a set 
of lead-acid batteries and controlled to individual  cells 
through separate carbon block rheostats. 

In each of a series of exper imenta l  runs, the reactor  
produced a continuous flow of a reddish-brown solu- 
tion of sodium dithionite with unconver ted  sulfur 
dioxide. This product s t ream was sampled direct ly  
into an excess of sodium hydroxide  solution and ana- 
lyzed wi th in  30 min. Routine analysis for di thionite 
alone was done by t i t rat ion into an acid indigo carmine 
solution under  a ni t rogen purge (23), while  the com- 
plete analysis for dithionite, thiosulfate, and sulfite 
was carr ied out by a detailed iodometric method (24). 
No systematic account was made of the sulfide content  
of the product  solutions but occasional checks showed 
sulfide to be present  in re la t ive ly  small  amounts. 

Dithionite  yield 

The dithionite yield f rom sulfur dioxide and the 
current  efficiency for the process were  calculated as: 

2 [$204 = ] in product  

[SO2] in feed 

Mole/ra in  of $204 = in product  
Current  efficiency --- 

Applied current  
193,000 

60 

Results and discussion.--(a ) E~ects of catholyte flow 
rate, sulfur dioxide concentration, and cathode current 
density.--The effects of flow rate, sulfur dioxide con- 
centration, and current  densi ty on the cur ren t  effi- 
ciency and chemical yield for di thionite  are  i l lustrated 
by the factorial  results of Tables I and II. The cor- 
responding equations are the results of a stepwise 
mul t ip le  l inear regression analysis of the data and 
contain the factors which were  shown to be significant 
up to the 10% level. 

F rom the statistical analysis, most of the var ia t ion 
in current  efficiency and yield could be a t t r ibuted to 
the effects of the p r imary  var iables  and thei r  l inear 
interactions. Residual errors are probably due to ex-  
per imental  error  to the uncontrol lable  var ia t ion of the 
process t empera tu re  be tween 10 ~ and 15~ 

In Table I it is apparent  that  the current  efficiency 
is increased wi th  sulfur dioxide concentrat ion and 
flow rate. This is a consequence of the independent  
effects that  these variables have  on the concentrat ion 
of react ive species at the cathode surface. Increasing 
current  density always lowers the current  efficiency as 
the cathode becomes polarized with respect to sulfur 
dioxide and the cathode potential  favors the occurrence 
of secondary reactions. This effect is diminished with 
increasing sulfur dioxide concentration. 

Other interactions are indicated in Table I but  their  
analysis is confused by chemical  decomposition effects 
due to the varying composition of the catholyte. 

Table I. Current efficiency for dithionite in electroreduction of 
sulfur dioxide in water 

SO2 c o n c e n t r a t i o n ~ w / o  
C a t h o l y t e  3.5 7.2 11.5 
f low r a t e  C u r r e n t  d e n s i t y ,  C u r r e n t  d e n s i t y ,  C u r r e n t  d e n s i t y ,  
( c c / m i n )  A/cruZ A / c m  ~ A / c m  ~ 

0.025 0.05 0.1 0.025 0.05 0.10 0,025 0.05 0.10 

C u r r e n t  e f f i c i e n c y - - p e r  c e n t  
60 42 6 1 62 41 1~ 69 61 34 

100 58 9 4.5 69 53 30 67 68 54 
200 70 32 12 78 58 33 74 71 64 

C a t h o l y t e  t e m p e r a t u r e  = in  15"C;  o u t  10~ 
C a t h o d e  a r e a  = 1000 cm ~. 
C a t h o d e  c h a m b e r  v o l u m e  = a p p r o x  150 cm~. 
C u r r e n t  e f f i c i ency  = 45 + 1.97 (SC~ cone)  + 0.12 (flow) ~ 806 

( c u r r e n t  d e n s i t y )  + 43 (SO= conc)  ( c u r r e n t  d e n s i t y ) .  
Correlation coefiqcient  = 0.93. 

Table II. Chemical yield for dithionite in electroreduction of 
sulfur dioxide in water 

SO2 c o n c e n t r a t i o n ~ w / o  
C a t h o l y t e  3.5 7.2 11.5 
f low r a t e  C u r r e n t  d e n s i t y ,  C u r r e n t  dens i t y ,  C u r r e n t  density, 
( c c / m i n )  A / c m  ~ A / c m ~  A / c m  s 

0,025 0.05 0.1 0.025 0.05 0.10 0.025 0.05 0.10 

D i t h i o n i t e  y i e l d - - p e r  cent 
60 19 5.5* 2* 14 19" 11 .  10 18 19" 

100 16 5.5* 5* 9 14 15 .  6 12 18 
200 10 10 6.7* 5 8 9 3.5 6 11 

* I n d i c a t e s  a p p e a r a n c e  of H~ gas  a n d  f r e e  su l fu r .  
C a t h o l y t e  t e m p e r a t u r e  = in  15~ o u t  10~ 
C a t h o d e  a r e a  = 1000 era% 
C a t h o d e  c h a m b e r  v o l u m e  = a p p r o x  150 cma. 
D i t h i o n i t e  y i e l d  = 15 + 0.35 (f low) -- 193 ( c u r r e n t  d e n s i t y )  -- 

0.98 (SOe conc)  (f low) + 27 (SOs conc)  ( c u r r e n t  d e n s i t y ) .  
C o r r e l a t i o n  coef f i c i en t  = 0.82, 
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The results  for chemical  yield (Table II) are also 

complicated by several  interactions. The observed ef-  
fects and the natural  result  of a process in which the 
di thionite yield is de te rmined  by a competi t ion be- 
tween format ion and decomposition reactions in the 
catholyte. 

An increase in current  density should genera l ly  im-  
prove the dithionite yield as it raises the ra te  of 
dithionite format ion at the cathode. However ,  this ef-  
fect is l imited by the polarization of the cathode, 
which promotes a l te rna t ive  and /o r  destruct ive cathode 
reactions. Consequently,  the posit ive effect of current  
density is only seen at a high sulfur dioxide concentra-  
tion. Similarly,  the negat ive effects of flow rate  and 
sulfur dioxide concentrat ion are reversed  at a high 
current  density because increases in flow or concentra-  
tion restore the balance of cathode reactions to favor  
di thionite  accumulation. 

The curves of Fig. 4 and 5 described the action of 
the cell in more detail. F igure  4 shows how an increas- 
ing current  density on the cathode causes the current  
efficiency to fall  due to the effects of secondary elec- 
trode reactions and chemical  decomposition. C o r r e -  
sponding results for di thionite yield from sulfur diox- 
ide show that  wi th  increasing current  density the di- 
thionite  yield rises unti l  it reaches a m a x i m u m  at a 
cri t ical  current  density. Higher  current  densities lead 
to a loss of yield through secondary electrode reac-  
tions. Exper imenta l ly ,  the crit ical  current  density is 
that at which hydrogen bubbles appear in the product  

IOC 

o 
a .  

~ 6o 
Z 

~4o 
W 

b -  
Z 

r  

0 

, . a - - - ~ _ ~ ~  

o A__.....o 

Q 

I I I I I I I 
.02 .04 .06 .08 .10 .12 .14 

CATHODE CURRENT DENSITY (amp./cm?) 

Fig. 4. Current efficiency in electrochemical cell. Temperature, 
10~176 catholyte flow, 100 ml/min; cathode area, 1000 cm2; 
cathode area/chamber volume, 15 cm2/cm3; SOs feed concentra- 
tion: A, 95 g/liter; B, 26 g/liter. 

catholyte, h igher  current  densities give free sulfur and 
cause the disappearance of the typical  orange color in 
the product  di thionite solution. 

The effect of sulfur dioxide feed concentrat ion and 
catholyte  flow rate  on the crit ical  current  density is 
reflected in Fig. 6 and 7. These results are indicat ive of 
the importance of mass t ransfer  to the kinetics of 
di thionite accumulat ion in the catholyte during the 
electroreduct ion of sulfur dioxide in water .  

The util ization of electric current  in the various cell  
reactions is shown in Fig. 8. At  low current  densities 
di thionite is the principal  product  of the cathode reac-  
tion, wi th  small amounts of thiosulfate and hydrogen. 
As the current  density increases thiosulfate format ion 
becomes more  important ,  unti l  hydrogen and dithionite 
degenerat ion products are the only results of cur ren t  
applied in excess of the critical current  density. 

F igure  8 also shows the value of lead as a cathode 
material .  Lead has a higher  hydrogen overvol tage  
than stainless steel, but it appears that  the lower  
hydrogen loss is compensated by increased thiosulfate 
formation. The m a x i m u m  dithionite yield is not in-  
creased by using a lead cathode, al though the cri t ical  
current  density is somewhat  higher  than that  obtained 
with  a stainless steel cathode. 

(b) Effect of ratio of cathode surface to cathode 
chamber volume.--Figure 9 demonstrates  that  increas-  
ing the ratio of cathode surface area to cathode cham- 
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Fig. 9. Effect of ratio of cathode area to cathode chamber 
volume on yield and current efficiency for dithionite. Temperature, 
15~ catholyte flow, 50 rnl/min; S02 feed concentration, 80 
g/liter; cathode area, 800 cm 2. Ratio of cathode area to chamber 
volume: A, 15 cm2/cm3; B, 8 cm2/cm 3. 

ber volume increases the max imum dithionite yield 
from a single cell. This ratio is raised from 8 to 15 
cm2/cm 3 by  packing the cathode chamber with iner t  
beads and is responsible for increasing the max imum 
dithionite yield from 28 to 38%. The effect here is 
that  of increasing the rate of dithionite formation 
relative to its rate of decomposition and possibly of 
helping sulfur  dioxide t ransfer  through increasing the 
turbulence  in  the catholyte. 

(c) E~ect of total cathode area.--The conversion of 
sulfur  dioxide can be increased, while still employing 
subcrit ical current  densities, through using more than 
one cell in series. The result  of using two cells in 
series, thus increasing the total cathode area from 800 
to 1600 cm 2, is shown in Fig. 10. In the experiments  
represented by Fig. 10, the current  was supplied to the 
two cells in parallel  with the same potential  drop 
across each cell and the current  density averaged over 
the total electrode area. 

The effect of doubling the cathode area was to in-  
crease the max imum yield of dithionite from 38 to 
48%, while the corresponding total applied cur ren t  
was raised from 50 to 70 A. 
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Fig. 10. Effect of cathode area on dithionite yield. Temperature, 
15~ catholyte flow, 50 ml/min; S02 feed concentration, 80 
g/liter; cathode area/chamber volume, 15 cm2/cm ~. Cathode area: 
A, 1600 cm2; B, 800 cm 2. 

It is apparent  from these results that, as the sulfur 
dioxide conversion rises, the current  density which 
can be usefully applied to the catholyte must  fall. This 
decreasing current  density means a decreasing rate of 
dithionite formation but  coincides with an increasing 
rate of dithionite decomposition. The difficulty is com- 
pounded by the high order kinetics of dithionite de- 
composition but  is balanced by the rising catholyte 
pH shown in Fig. 11. The consequence of these in ter-  
actions is an area of diminishing re turns  where the 
use of greater cathode areas eventua l ly  leads to a loss 
of dithionite yield. 

Within  the l imitations of the exper imental  apparatus, 
the dithionite yield obtained with four cells in series 
was no greater than that  obtained from two cells, and 
sometimes less. The highest dithionite yield measured 
was 48% and corresponded to a current  efficiency of 
72% with a product  concentrat ion of 52 g / l i te r  of so- 
dium dithionite. 

(d) E.f]ect of catholyte pH.- -The consequence of in-  
creasing the catholyte feed pH with a constant  total 
sulfurous sulfur content  is i l lustrated in Fig. 12. For a 
given current  density, the current  efficiency on a stain-  
less steel cathode falls with increasing catholyte pH. 
These curves are some evidence that  the formation of 
dithionite is favored by the presence of free sulfur  
dioxide and that the bisulfite ion, which in Fig. 12 has 
its highest concentrat ion at a pH of 2.1, is not re levant  
to the pr imary  cathode reaction. 
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Fig. 11. pH of dithionite product solution from electrochemical 
reactor. Temperature, 15~ catholyte flow, 50 ml/min; SO~ feed 
concentration, 80 g/liter; cathode area, 800 cm 2. 
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Fig. 12. Effect of catholyte pH on current efficiency in electro- 
chemical cell. Temperature, 10~176 catholyte flow, 100 ml/min; 
cathode area, 1000 cm2; cathode area/chamber volume, 8 cm2/cm 3. 
Catholyte composition: A, 95 g/llter SO2; pH ~ 0.75; B, 95 g/liter 
SO2 + 60 g/liter NaOH, pH ~ 2.1; C, 95 g/liter SO2 -~ 90 
g/liter NaOH, pH ~ 6.0. 
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Fig. 13. Distribution of sulfur and sodium in product from elec- 
trochemical cell. Temperature, 10~176 catholyte flow, 100 ml/ 
min; SO2 feed concentration, 95 g/liter; cathode area, 1000 cm 2, 
cathode area/chamber volume, 15 cm2/cm 3. A, total S in feed; B, 
total S in product; C, S in sulfite; D, Ha + in product; E, S in 
dithionite; F, S in thiosulfate. 

(e) Sodium and sulfur balance.--The movement  of 
sulfur and sodium across the membrane  is an impor-  
t an t  aspect of the operation of the electrolytic cell. 
Figure 13 shows the effect of current  density on the 
quanti t ies of sulfur  and sodium appearing in the catho- 
lyte product. That the membrane  is selective for cat- 
ions is evident  in the relat ion between total sulfur in 
the catholyte feed and that  in the catholyte product. 
These lines are identical  for low current  densities, but  
at high current  densities they show a gap, correspond- 
ing to a loss of negative sulfur radicals into the anolyte. 
Sodium ions appear to be the principal  current  carrier 
across the membrane.  

Conclusion 
Sodium dithionite can be made by the electroreduc- 

t ion of a simple solution of sulfur  dioxide in water  in a 
divided cell. 

In  this process, the formation of dithionite is favored 
by the presence of free sulfur dioxide in the eatholyte. 
However, the low pH of the catholyte promotes the 
decomposition of dithionite, which effect is com- 
pounded by the catalytic influence of thiosulfate in  
the product solutions. 

The na tu ra l  difficulties in producing dithionite 
through the electroreduction of sulfur dioxide in water  
can be par t ly  overcome in the design of the reactor 
used for this purpose. A continuous bench-scale reac- 
tor, operating at 10~ on a catholyte feed of 8% sulfur 
dioxide in water, has been made to give a solution 
containing 52 g/ l i ter  of sodium dithionite with a cor- 
responding current  efficiency for di thionite of 72%, and 
a dithionite yield of 48%. 

The process is one of diminishing re turns  in which 
the yield is l imited by the increasingly unfavorable  
balance between dithionite formation and decomposi- 
t ion with rising sulfur  dioxide conversion. 

Manuscript  submit ted Dec. I, 1969; revised m a n u -  
script received ca. Aug. 3, 1970. This was Paper  207 
presented at the New York Meeting of the Society, 
May 4-9, 1969. 

A n y  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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Technical Notes 

Electroplating of Osmium 
A. J. Appleby* 

Institute of Gas Technology, Chicago, Illinois 60616 

Although electroplat ing of the remaining  p la t inum-  
group metals  has been widely  studied, there  are no 
references in the l i te ra ture  to bright  osmium plating. 
When the subject was last r ev iewed  (1), a number  of 
methods were  avai lable  for br ight  ru then ium plating, 
including aqueous (for instance, ni trosochloride) baths, 
and a h igh- t empera tu re  process original ly described 
for noble meta l  s tr ipping by Atkinson (2) and for 
i r idium electrodeposit ion by Withers and Ritt  (3), 
and extended to p la t inum and ru then ium coatings by 
Rhoda (4). A fused alkali  cyanide bath is used in the 
lat ter  method, wi th  dissolving noble meta l  anodes. 
Electrodeposited coatings were  described (4) as being 
of much bet ter  qual i ty  than those avai lable  f rom 
aqueous ru then ium or p la t inum baths, and could be 
produced in f law-free  layers up to several  mils in 
thickness. Owing to the instabil i ty of the cyanide 
complexes of palladium and apparent ly  also of rho-  
dium, no satisfactory results were  obtained with  these 
metals. No at tempts  were  made to plate osmium by a 
similar method. 

Khomchenko and co-workers  examined aqueous os- 
mates or perosmates (5), together  wi th  hexachloros-  
mates (6) for prepar ing electrodeposited osmium black 
catalyst  electrodes. Al though previous studies by the 
same workers  (7) showed that  br ight  ru then ium de- 
posits could be prepared under  certain conditions 
f rom analogous ru then ium baths ( ruthenates) ,  they 
repor t  no work  on obtaining bright  osmium deposits. 
Black deposits were  also obtained by Llopis and 
Vasquez using a similar  method  (8). 

In the present  work, an osmium electrode for oxygen 
electrode and redox studies was required.  A br ight  
deposit wi th  the lowest  possible roughness factor was 
most desirable, as this is easier to in terpre t  kinetically.  
Gold foils of 1 cm 2 area were  used as the substrate. 

Some init ial  exper iments  were  carried out in 2% 
aqueous hexachlorosmate  solutions using a gold cath-  
ode and carbon anode at current  densities vary ing  
f rom 1 to 20 m A / c m  2. At  low current  densities ( lower  
than about 4 m A / c m  2, no osmium was deposited. At 
h igher  current  densities, black nonadherent  deposits 
resulted. At low current  densities, it appears that  
Os 2+ is formed. 

Accordingly,  an a t tempt  was made to obtain a br ight  
electrodeposit  on gold using a modification of the 
mol ten  salt method (2-4). A mix ture  of 8% osmium 
tr ichloride in equal  parts of KCN-NaCN was heated 
to 600~ under  ni t rogen in an alumina crucible.1 

* Electrochemical Society Active Member. 
Key words: osmium, electrodeposition of osmium, fused-salt os- 

mium baths. 
1 The osmium electrodeposits obtained during the course of this 

work were only for the purpose of making test electrodes for ex- 
perimental redox and oxygen electrode studies. For these experi- 
ments a thin coating of Osmium was satisfactory. No facilities were 
available to extend the study to examination of the conditions for 
obtaining thicker coatings. The control of atmosphere above the 
melt was not particularly satisfactory, and this probably accounts 
for the instability of the bath. However, we were able to show that 
bright osmium flash coatings can be produced by this method and. 
with more careful control of atmosphere and u s i n g  d i s s o l v i n g  o s -  
m i u m  anodes to insure a constant concentration of Os ions in the 
melt, it seems probable that ~more satisfactory coatings of consider- 
able t h i c k n e s s  c a n  be obtained. 

Not all the osmium salt appeared to be soluble; 
some decomposit ion occurred. Using a gold cathode 
and a graphi te  anode, current  densities in the range 
1-50 m A / c m  2 were  explored. Below about 5 m A / c m  2 
no deposit appeared, but at about 10-20 m A / c m  2 a 
bright  and adherent,  though granular ,  deposit (i.e., 
showing many- face ted  crystals) was obtained. At 
higher  current  densities, black deposits again resulted. 

In the present  work, no at tempts were  made to 
make  deposits thicker  than 2-5~, as this was sufficient 
for the purpose of making an electrode. Init ial  current  
efficiency was on the order  of 20-40%, based on Os 3+. 
At tempts  to obtain thicker  coatings in the apparatus 
used were  not successful, owing to deter iorat ion of the 
bath. It would appear that  more  careful  control  of the 
a tmosphere  over  the mel t  than was possible wi th  
ni t rogen flow over  an open crucible is necessary to 
p reven t  loss of osmium as OSO4. It was observed that  
electrodeposited osmium films dissolved in the bath 
when small  anodic currents  (~1  mA) were  applied. 

Roughness factors of the electrodeposited coatings 
were  measured by the electrolytic hydrogen-charg ing  
method, using constant current  chronocoulometry  in 
n i t rogen-sa tura ted  dilute sulfuric acid. This method 
has been shown to give results that  are consistent with 
BET measurements  (5), and it is not affected by the 
presence of gold, which does not adsorb hydrogen in 
this potential  range (9). Typical  roughness factors for 
the granular  br ight  deposits were  6-7. 

It thus appears that  br ight  osmium electrocoatings, 
using dissolving osmium anodes in mol ten  cyanides, 
are a practical  proposition. 
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Observations on Imperfections in Silicon Material 
Using the Spreading Resistance Probe 

D. C.  G u p t a , *  J. Y.  C h a n ,  and  P. W a n g  ':;'1 

The Bayside Research Center of General Telephone & Electronics Laboratories Incorporated, 
Bayside, New York 11360 

The spreading resistance probe is a versat i le  tech-  
nique for measur ing resistivity, res is t ivi ty  profiles, 
resis t ivi ty variations, mobility, and the hardness of 
silicon (1-7). In this paper, the applications of this 
probe to study resist ivi ty striations and la teral  var ia -  
tions in resist ivi ty are described. Further ,  it is shown 
that  the probe can also be used to locate strain regions 
and various imperfect ions in bulk and epitaxial  silicon 
which affect the electr ical  propert ies  of the material .  

The spreading resistance probe technique, as dis- 
cussed e lsewhere  (1, 2), is based on the measurement  
of the total  contact resistance or conductance of a 
meta l - to -semiconductor  point contact. The radius of 
contact is influenced by mechanical  vibration, the 
pressure on the probe, the specimen surface prepara-  
tion, and the damage of the region under  the contact 
due to Joule  heat ing during measurement .  It is, there-  
fore, necessary to control all these parameters  to 
make  the measurements  reproducible.  The measure-  
ments  reported in this paper were  made by using a 
semiautomatic  spreading resistance probe in a constant 
outPut voltage mode and with  a constant impact  of the 
probe to the specimen as described by Gupta and Chan 
(1). With this probe, the reproducibi l i ty  of the re -  
sist ivity measurements  on ( l l l ) - o r i e n t e d  n- type  bulk 
silicon was found to be • 0.39% (3~) over  a wide 
range. Similar  reproducibi l i ty  was also obtained on 
p- type  silicon material .  

A p p l i c a t i o n  of the T e c h n i q u e  to Study Imper fec t ions  
The technique is applicable for locating regions of 

resis t ivi ty striations and impuri ty  segregation in highly 
doped bulk silicon. It  has also been shown to be useful 
in identifying deformed regions and strain areas. F ig-  
ure 1 shows striations in a low-res is t iv i ty  phosphorus-  
doped silicon slice cut in ( l l l ) - p l a n e  as depicted on 
an x - r ay  topograph; the numbers  represent  resist ivi ty 
values obtained by spreading resistance probe and 
normalized such that  the value at the center  of the 
slice was one. As the spiral  grew out f rom the center,  
h igher  resis t ivi ty values were  obtained. 

Figure  2 shows the x - r ay  topograph of a slice cut 
in ( l l 0 ) - p l a n e  f rom a low-res is t iv i ty  phosphorus-  
doped silicon grown in a <111> direction. The str ia-  
tions were  in the form of closely spaced lines because 
of the angle in which the crystal  was cut. Resist ivi ty 
measurements  were  made with  the spreading resist-  
ance probe and values represented a var ia t ion of up to 
14%. 

Figure  3 is a photograph of strain field on the 
back side of a n / n  + silicon epi taxial  wafer  as seen 
through the scanned Infrared Laser  Microscope (8). 
The substrate of the wafer  was Sb doped to approxi-  
mate ly  0.008 ohm-cm or 7 • 1018 a toms/cm 3, the 
solubil i ty limit. Darker  areas in the photograph repre-  
sented high absorption areas where  free car r ie r  con- 
centrat ions were  higher. These dark regions did not 
result  f rom strains in the silicon due to latt ice mis-  
match because regions with greater  strain should be 
more t ransparent  to infrared radiation. High concen- 
t rat ion areas were  also verified by the spreading 
resistance probe measurement  data taken on the back 
side surface. These areas on the slice could actual ly  be 

* Electrochemical Society Active Member. 
1 Present address: Texas Instruments, Inc., Dallas. Texas 75222. 
Key words: silicon, spreading resistance probe, resistivity in- 

homogeneities, growth imperfections, micro-defects in bulk and 
epitaxial silicon. 

Fig. I. Numbers showing resistivity values in normalized units as 
measured with the spreading resistance probe (1.0 represents 0.004 
ohm-cm) superimposed on an x-ray topograph of the striations in a 
low-resistivity phosphorus-doped silicon slice cut in (111)-plane. 

Fig. 2. Measured resistivity variations are superimposed on an 
x-ray topograph of a low-resistivity phosphorus-doped silicon slice 
cut in (110)-plane from a crystal (diam 1 in.) grown in ~ 1 1 1 ~  
direction. 

located by careful ly  mapping the resis t ivi ty values 
as shown in normalized form on this micrograph;  low 
values were  obtained in the darker  areas and high 
values  in the l ight-shaded areas. 
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Fig. 3. Photograph of strain field on the backside of n/n ~ sili- 
con epitaxial wafer with Sb-doped substrate as seen through the 
Scanned Laser Infrared Microscope (8). Numbers show resistivity 
values in normalized units, 1.0 represents 0.0089 ohm<m, A p / p  r _  

26%. 
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Fig. 4. Spreading resistance probe measurements on plastically 
deformed IC-wafers after isolation diffusion: (a) severely deformed 
specimen, (b) not-so-severely deformed. Numbers show resistivity 
values in normalized units. 

Spreading resistance probe measurements  made on 
an epitaxial  wafer that contained a large number  of 
stacking faults did not reveal any significant variat ions 
in resistivity. Either these stacking faults were not 
electrically active or this spreading resistance probe 
was incapable of locating the microvariat ions due to 
s tair-rod dislocations (9). 

Normalized spreading resistance measurements  data 
on two par t ia l ly  plastically deformed silicon slices 
are shown in Fig. 4. The wafer shown in Fig. 4(a) was 
more severely deformed than that shown in Fig. 4(b) .  

In  the more severely deformed wafer, high-resist ivi ty 
values were found to correspond to regions with high 
dislocation density observed by x - r ay  transmission 
topography. In the less severely deformed specimen, 
the regions with high dislocation densities still yielded 
higher resistivities, but  the change in the resist ivity 
values in deformed and not-deformed areas was rela-  
t ively minor.  These results may be explained par t ly  
in terms of Read's theory modified to include the 
scattering of carriers. The scattering results in a re- 
duction of mobil i ty as shown exper imenta l ly  by 
Glaenzer and Jordan (10). Their  results, however, 
are not directly applicable here because the disloca- 
tions in the silicon samples used in their  work were 
in tent ional ly  aligned in one direction, whereas the 
dislocations in the silicon wafers used in the present  
work were not oriented in any part icular  direction. 

Figure  5 is an x - r ay  transmission topograph of an 
integrated circuit wafer taken after isolation diffusion. 
This wafer was severely deformed by the high tem- 
perature and high surface concentrat ion boron diffu- 
sion step for formation of the isolation junctions.  The 
extent  of plastic deformation in five different regions 
is shown in the enlarged micrographs strategically 
placed on the over-al l  view. The spreading resistance 
probe measurements  taken on the back side surface 
were normalized and are plotted on this micrograph. 
Several  features are prominent  in  this figure: 

(a) Higher resistivities corresponded to higher dis- 
location density. 

(b) The deformation was due to localized stress 
caused thermal ly  or mechanical ly  ra ther  than 
to the high boron surface concentrat ion used in 
the diffusion. 

(c) The bright spot, a s train region probably due to 
probe damage, had no effect on resistivity, 
supporting our previous observation. 

Conclusions 
The spreading resistance probe is shown to be useful 

in detecting inhomogeneit ies and strain areas in bulk 
and epitaxial  silicon without  the use of sophisticated 
photographic techniques. To detect these, however, the 
probe needs to be a precise ins t rument  capable of 
high spatial resolution. Such a probe can be designed 
with the careful consideration of all the parameters  
that affect spreading resistance measurements  (1, 3). 
The qual i ty of the surface of the specimens is required 
to be the same as that of the bulk cal ibrat ion standards. 
Wherever  possible, vapor-e tched or chemically me-  
chanically polished, mirror l ike surfaces should be 
used. These surfaces yield reproducible results (11). 
The technique is simple, speedy, and nondestructive.  
As with all electrical measurements ,  the technique has 
the drawback of being nonspecific as to the character-  
istics of the defects. 
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Fig. 5. X-ray transmission topograph of a plastically deformed IC-wafer after isolation diffusion. Numbers represent resistivity values in 
normalized units as measured with the spreading resistance probe. 
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D I S C U S S I O N  

S E C T I O N  
This Discussion Section includes discussion of papers appearing in 

the Journal o1 The Electrochemical Society. Vol. 116, No. 3 (March 
1969), and Vol. 117, No. 3, March 1970. 

Plating Stresses from Electroless Nickel 
Deposition on Beryllium 

R. M. Shemenski, J. G. Beach, and R. E. Maringer 
(pp. 402-409, Vol. 116, No. 3) 

E. Meis l e r  and  D. B a n e r j e e l :  Messrs.  Shemensk i ,  
Beach,  and M a r i n g e r  h a v e  app l ied  the  t h e o r y  of bi-  
me ta l l i c  beams  in o r d e r  to d e t e r m i n e  t h e  stress r e -  
su l t ing  f r o m  e lec t ro less  n icke l  p l a t ing  on be ry l l i um.  
F o r  the  p r o b l e m  cons ide red  by  the  authors ,  the  f a i l u re  
to sa t is fy  con t i nu i t y  and  e q u i l i b r i u m  condi t ions  s i m u l -  
t a n e o u s l y  leads  to an  u n d u l y  h igh  v a l u e  for  bo th  the  
r e su l t i ng  loads and  stresses.  The  resu l t s  of  th is  in -  
ves t iga t ion  ind ica te  tha t  in this  case the  au thors '  use  of 
the  t h e o r y  is inappl icab le .  B e f o r e  this  t h e o r y  can be  
success fu l ly  appl ied ,  one  m u s t  i nves t iga t e  its app l i ca -  
b i l i ty  and  l imi ta t ions .  

The  t h e o r y  p r e s e n t e d  by  T i m o s h e n k o  2 as app l i ed  by  
the  au thors  is va l id  if  t h e  fo l l owing  condi t ions  a re  me t :  

(a)  The  r e su l t i ng  def lec t ions  a re  sma l l  w i t h  respec t  
to t he  th ickness  of  t he  b e a m  

(b) The  e las t ic  m o d u l i  and the  th icknesses  of the  r e -  
spec t ive  me ta l s  mus t  obey  the  r e l a t ionsh ip  tha t  

Eft12 = E2t22 

The  impac t  of  t he se  condi t ions  can  be  shown  as fo l -  
lows. The  f ree  body  d i a g r a m  of t he  p l a t i ng  and the  
basis m a t e r i a l  is shown  in Fig. 2 pub l i shed  here .  In  
o rde r  tha t  t he r e  be  no s epa ra t i on  at  t he  in te r face ,  t h e  
r e l a t ionsh ip  b e t w e e n  the  rad i i  of  c u r v a t u r e  of the  p l a t -  
ing  and the  subs t r a t e  m u s t  be  

t l + t e  
p2 = pl + ~ [i] 

2 

If  t he  def lect ions  are  small ,  the  r e su l t i ng  rad i i  of 
c u r v a t u r e  a re  v e r y  l a rge  w i t h  respec t  to the  t e r m  

t l + t 2  

2 

Hence,  the  fo l l owing  a p p r o x i m a t i o n  can  be  m a d e  

~ m : P [ii] 

Us ing  the  b e a m  equa t i on  for  b e a m  1 and 2, resul t s  in 
the  fo l lowing  re la t ionsh ips  

Pi t1  ElI1 

2 pl 

P2t2 E212 

2 p2 

[iii] 

[ iv] 

and so lv ing  for  P r e -  

[v] 

Subs t i t u t i ng  [ii] in [iii] and  [iv] 
sul ts  in 

E l b t l  2 
P1 -~- - -  

6pl 

E2bt22 
P2 = - -  [vi]  

6p2 

E q u i l i b r i u m  cons ide ra t ions  d e m a n d  tha t  P1 be e q u a l  
to P2. No sepa ra t i on  at  i n t e r f ace  d e m a n d s  pl = p2. 
Hence ,  in o rde r  to sa t is fy  bo th  the  condi t ion  of con-  

1Advanced Development Group, Speedring Systems, 7111 East 
Eleven Mile Rd., Warren, Mich. 48090. 

S. Timoshenko, J. Opt. Soc. Am., 11. 233 (1925), 
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t inui ty ,  i.e., no sepa ra t i on  at  t he  i n t e r f a c e  and  the  
condi t ion  of  equ i l i b r ium,  the  fo l l owing  mus t  be  sa t is -  
fied 

E2t22 ----- E l t l  2 [vii]  

One  w a y  of sa t i s fy ing  Eq. [vii]  is to h a v e  E1 -~ E2 and 
tl  = t2. 

The  va lues  p r e s e n t e d  by  the  au thors  show tha t  the  
subs t r a t e  is a p p r o x i m a t e l y  t w i c e  as th ick  as the  p la t ing  
and tha t  the  elast ic  m o d u l u s  of the  subs t ra te  is 1.5 
t imes  the  elast ic  m o d u l u s  of  t he  p l a t i ng  w h i c h  resul t s  
in the  fo l l owing  

E2t22 = 6.0E1t12 

The  i m m e d i a t e  i n f e r e n c e  f r o m  this  r e su l t  is tha t  con -  
di t ions of  e q u i l i b r i u m  and  n o n s e p a r a t i o n  at i n t e r f ace  
are  no t  satisfied s imul t aneous ly .  This  m e a n s  that ,  if  
one assumes  a c o m m o n  rad ius  of c u r v a t u r e  for  beams  
1 and  2, one  cannot  h a v e  a c o m m o n  P for  bo th  of t h e m  
and  v i c e  v e r s a .  T h e  authors ,  h o w e v e r ,  i gno re  th is  in -  
h e r e n t  con t rad ic t ion  in the  t h e o r y  and  p roceed  to ca l -  
cu la te  a c o m m o n  P for  beams  1 and 2 w h i l e  a s suming  a 
c o m m o n  rad ius  of c u r v a t u r e  (Eq. [A-15 ] ) .  The  effect  
of th is  e r roneous  a s sumpt ion  is i l l u s t r a t ed  b y  the  
va lues  of  P in the  au thors '  Tab le  II. I t  shows va lues  of  
P as h igh  as 44 lb. A s imple  e x p e r i m e n t  p e r f o r m e d  
d u r i n g  the  course  of th is  i nves t i ga t i on  d e m o n s t r a t e d  
tha t  a m e r e  350g ax ia l  load caused  buck l ing  and a 
p e r m a n e n t  b o w - o u t  of 0.39 in. on a 0.010 in. thick,  0.5 
in. wide,  and 4 in. long  b e r y l l i u m  strip.  A s imple  c o m -  
pu ta t ion  of E u l e r  buck l ing  loads  for  the  type  of  s t r ip  
cons ide red  by  t h e  au thors  shows  the  first c r i t ica l  
buck l ing  load  to be about  ~/2 lb, second cr i t i ca l  buck l ing  
load to be  about  2 lb, and so on. A l l  these  c l ea r ly  show 
tha t  Eq.  [A-15] used  by  the  au tho r s  for  c o m p u t i n g  P 
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for the present problem is not valid and gives u n -  
realist ically high values. Consequently,  the stress equa-  
tions, [A-16], [A-17], [A-I8] ,  and [A-19], will  give 
erroneous stress values. 

The discrepancy is fur ther  corroborated if one com- 
putes the bow-out  based on the authors '  Eq. [1] and 
[2] by using the values of ~cc from Fig. 4 and com- 
pares it with measured values of bow-out  presented in 
Table II. The computed values differ by as much as 
100% from the measured values and are on the lower 
side. 

Ignoring the basic assumptions leads the authors to 
compute stress and load values which are very  high 
and total ly unrealistic.  

1615 

A Simple Procedure for Mounting Sodium-Tungsten 
Bronze Electrodes 

R. S. Alwitt and A. K. Vijh (pp. 413-414, Vol. 117, No. 3) 

A. Belanger, G. Belanger, and A. K. Vijh3: We have 
recent ly applied the suggested procedure of electrode 
mount ing  to graphite rod electrodes (National "Spec- 
troscopic Electrodes" obtained from the Carbon Prod-  
ucts Division of Union Carbide of U.S.A.; diameter  of 
the electrodes 1/16 in.) and found that  some modifica- 
tions are needed. The graphite rod electrodes were 
ini t ia l ly  prepared as described in the above  publica-  
t ion (with contact to a copper wire through a mercury  
drop) and were tried as anodes for the electrolysis of 
aqueous sodium chloride solutions. It was observed 
that the chlorine evolved migrates through the graph-  
ite rod and attacks severely the mercury  contact and 
the copper wire forming chemical compounds which 
are presumably insulating, thus giving rise to terr ibly  
bad contact, in addition to creating unwanted,  solid- 
state electrochemical couples. The ease with which 
chlorine migrates through this graphite electrode sug- 
gests presence of some porosity in the graphite. The 
porosity, however, is definitely not high enough to 
allow diffusion of the electrolyte solution through the 
graphite. In  any case, if a corrosive gas diffuses 
through the bu lk  of an electrode mater ia l  (with or 
without porosity) the procedure of Alwit t  and Vijh 
has to be somewhat modified. For graphite rod elec- 

~Hydro-Quebec  Inst i tute  of Research, Varennes,  Que., Canada. 

Figure 1 

trodes, we have changed this procedure slightly in the 
following way: A pla t inum wire was first flame- 
sealed into the Pyrex "trubore" tubing;  the outer end 
of this p la t inum wire was heated into a small  bead and 
was mechanical ly fitted into a matching t iny  vertical 
hole drilled into the graphite rod. The bead is u n -  
necessary if a thicker p la t inum wire which fits t ightly 
into the drilled hole is available. The glass- (pla t inum) - 
graphite boundary  was masked by the Floti te Teflon 
tubing (as in the paper under  discussion). The me-  
chanical seal between graphite and plat inum, though 
far from being a perfect electrical connection, yields a 
contact which is satisfactory for most of the laboratory 
experiments  since the ohmic resistance is less than 
ca. 0.2 ohms. A graphite electrode thus mounted is 
shown schematically in Fig. 1 published here. This 
electrode assembly has been found to be quite satis- 
factory for prolonged anodic evolution of chlorine. 
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T h e  f i rs t  p a p e r  is a c o m p r e h e n s i v e  r e v i e w  of t h e  l i t e r a t u r e  to  1965. T h e  s e c o n d  
p a p e r  is a n  i n t e r i m  r e p o r t  on  e x p e r i m e n t a l  r e su l t s .  T h e  p r e s e n t  a n d  f ina l  
p a p e r ,  w h i c h  i n c o r p o r a t e s  t h e  d a t a  in  t h e  second ,  i n c l u d e s  d a t a  f r o m  t h e  b a t h s  
d e s i g n a t e d  in  t h e  t i t le ,  for  depos i t s  p r e p a r e d  u n d e r  a w i d e  r a n g e  of o p e r a t i n g  
c o n d i t i o n s  a n d  w i t h  u s e  of a v a r i e t y  of a d d i t i o n  agen t s .  P r o p e r t i e s  m e a s u r e d  
i n c l u d e  t e n s i l e  s t r e n g t h ,  y i e ld  s t r e n g t h ,  e l onga t i on ,  m o d u l u s  of  e las t i c i ty ,  
f a t i g u e  s t r e n g t h ,  h a r d n e s s ,  i n t e r n a l  s t ress ,  dens i ty ,  e l e c t r i c a l  r e s i s t i v i t y ,  a n d  
t h e r m a l  e x p a n s i v i t y .  P r o p e r t i e s  w e r e  m e a s u r e d  fo r  a s - p l a t e d  depos i t s ,  depos i t s  
a f t e r  a n n e a l i n g  a t  s e v e r a l  t e m p e r a t u r e s ,  a f t e r  c o l d - w o r k i n g ,  a n d  a t  l o w  a n d  
h i g h  a m b i e n t  t e m p e r a t u r e s .  S t r u c t u r e  of depos i t s  w a s  e x a m i n e d  b y  opt ica l ,  
e l e c t r o n  m i c r o g r a p h ,  a n d  x - r a y  m e t h o d s .  C o n t e n t  of  i m p u r i t i e s  in  depos i t s  w a s  
d e t e r m i n e d .  C o r r e l a t i o n s  a r e  d e v e l o p e d  a m o n g  p r o p e r t i e s ,  s t r u c t u r e ,  i m p u r i t y  
c o n t e n t ,  t y p e  of  b a t h ,  a n d  o p e r a t i n g  cond i t ions .  

I. Introduction 
T h e  p r o p e r t i e s  of  w r o u g h t  m e t a l s  c a n  b e  v a r i e d  

o v e r  w i d e  r a n g e s  b y  a l loy ing ,  b y  v a r i o u s  h e a t  t r e a t -  
m e n t s ,  or  b y  m e c h a n i c a l  w o r k i n g .  B y  t h e s e  p r o c e d u r e s ,  

Key words: e lectrodepos i ted  copper,  copper electrodeposits, cop- 
per-eleetrolytic sulfate, copper-electrolytic fluoborate, copper-elec- 
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ulus-electrolytic copper,  fatigue strength-electrolytic copper, hard- 
ness-electrolytic copper, internal stress-electrolytic copper, density- 
electrolytic copper, electrical resistivity-electrolytic copper, thermal 
expansivity-electralytic copper, annealing-electrolytic copper, cold 
working-electrolytic copper,  ho t  properties-electrolytic copper, low 
temperature properties-electrolytic copper, structure-electrolytic 
copper, impurity content-electrolytic copper. 
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p r o p e r t i e s  a r e  t a i l o r e d  to fit v a r i o u s  app l i ca t i ons .  E l e c -  
t r o d e p o s i t e d  m e t a l s  a r e  o f t e n  a n d  i n c r e a s i n g l y  u s e d  
fo r  e l e c t r o f o r m i n g  a n d  o t h e r  e n g i n e e r i n g  a p p l i c a t i o n s  
fo r  w h i c h  specif ic  p r o p e r t i e s  a r e  r e q u i r e d  or  w o u l d  b e  
a d v a n t a g e o u s .  As  w i t h  w r o u g h t  me t a l s ,  p r o p e r t i e s  of  a 
p a r t i c u l a r  e l e c t r o d e p o s i t e d  m e t a l  c a n  also b e  v a r i e d  
o v e r  w i d e  r a n g e s .  Th i s  m a y  b e  d o n e  b y  v a r y i n g  t h e  
t y p e  a n d  c o m p o s i t i o n  of  t h e  p l a t i n g  b a t h ,  b y  use  of 
a d d i t i o n  a g e n t s  or  a l l o y i n g  c o n s t i t u e n t s  in  t h e  b a t h ,  or  
b y  v a r y i n g  t h e  o p e r a t i n g  cond i t i ons ,  e.g. c u r r e n t  d e n -  
si ty,  b a t h  t e m p e r a t u r e ,  a g i t a t i o n ,  or  u se  of  m o d u l a t e d  
c u r r e n t .  P r o p e r t i e s  of e l e c t r o d e p o s i t e d  m e t a l s  m a y  
a lso  b e  mod i f i ed  s u b s e q u e n t  to  f o r m a t i o n  b y  h e a t  
t r e a t m e n t  or  m e c h a n i c a l  w o r k i n g .  A l t h o u g h  i n t e r e s t  
in  p r o p e r t i e s  of e l e c t r o d e p o s i t e d  m e t a l s  is n o t  new ,  
e a r l y  a p p l i c a t i o n s  of  p l a t i n g  w e r e  s u c h  t h a t  t h e  n e e d  
fo r  d a t a  o n  p r o p e r t i e s  w a s  l imi t ed ,  a n d  t h e r e f o r e  n o  
c o m p r e h e n s i v e  d a t a  h a d  b e e n  r e p o r t e d .  S p e c i a l  m i l i -  
t a r y  a p p l i c a t i o n s  d u r i n g  W o r l d  W a r  II  s t i m u l a t e d  w o r k  
in  t h i s  a r e a  a n d  led  to a n  e x t e n s i v e  s t u d y  of t h e  p r o p -  
e r t i e s  of e l e c t r o d e p o s i t e d  c h r o m i u m  ( I ) .  F r o m  1948 to 
1952, a c o m p r e h e n s i v e  p r o j e c t  o n  d e t e r m i n a t i o n  of t h e  
p r o p e r t i e s  of e l e c t r o d e p o s i t e d  n i c k e l  w a s  c a r r i e d  o u t  
u n d e r  j o i n t  s p o n s o r s h i p  of  t h e  A m e r i c a n  E l e c t r o p l a t e r s '  
S o c i e t y  a n d  t h e  N a t i o n a l  B u r e a u  of S t a n d a r d s  (2) .  

E x c e p t  fo r  n icke l ,  m o r e  c o p p e r  is e l e c t r o d e p o s i t e d  
fo r  t e c h n i c a l  a n d  e n g i n e e r i n g  a p p l i c a t i o n s  t h a n  a n y  
o t h e r  me ta l .  A c o n s i d e r a b l e  a m o u n t  of d a t a  o n  p r o p -  
e r t i e s  of e l e c t r o d e p o s i t e d  c o p p e r  w a s  a v a i l a b l e  p r i o r  to  
t h e  p r e s e n t  p r o g r a m .  H o w e v e r ,  t h e r e  w e r e  m a n y  gaps  
a n d  i ncons i s t enc i e s .  A b r o a d  p r o g r a m  to d e t e r m i n e  
p h y s i c a l  a n d  m e c h a n i c a l  p r o p e r t i e s  of e l e c t r o d e p o s i t e d  
c o p p e r  w a s  t h e r e f o r e  i n i t i a t e d  a t  t h e  N a t i o n a l  B u r e a u  
of  S t a n d a r d s ,  s p o n s o r e d  j o i n t l y  b y  t h e  A m e r i c a n  E l e c -  
t r o p l a t e r s '  Soc ie ty ,  t h e  I n t e r n a t i o n a l  C o p p e r  R e s e a r c h  
Assoc ia t ion ,  t h e  C o p p e r  D e v e l o p m e n t  Assoc ia t ion ,  a n d  
t h e  N a t i o n a l  B u r e a u  of  S t a n d a r d s .  
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The  object ives  of the project  were  as follows: to 
obtain da ta  on the more  impor t an t  mechanica l  and 
phys ica l  p roper t ies  of e lec t rodeposi ted  copper,  p r e -  
pa red  f rom all  of the  commonly  used types  of p la t ing  
baths  under  a range  of opera t ing  condit ions;  to cor re-  
late  the  proper t ies  wi th  these condit ions and wi th  the 
s t ruc ture  and chemical  composi t ion of the  deposits;  and 
to examine  correla t ions  among the var ious  propert ies .  

Availability of systematic data of this character will 
make it possible for designers and producers of items 
incorporating engineering-type copper deposits to se- 
lect and control optimum types of baths and operating 
conditions, and should stimulate uses of copper de- 
posits for this kind of application. In addition, exten- 
sive da ta  of this  sort  are  l ike ly  to revea l  re la t ionships  
and disclose quest ions tha t  wi l l  s t imula te  basic or 
theore t ica l  researches  in the  field. 

The  fol lowing proper t ies  have been measured  in the  
present  s tudy;  tensi le  s trength,  y ie ld  strength,  e longa-  
tion, Young's  modulus  of elast ici ty,  fa t igue strength,  
in te rna l  stress, hardness,  density,  e lectr ical  res is t ivi ty ,  
t he rma l  expansivi ty ,  tensi le  s t rength  and duc t i l i ty  at  
low (--78~ and elevated (150 ~ and 325~ tempera- 
tures, and effects of annealing and cold-working on 
several of the preceding properties. In addition, con- 
centrations of impurities and structures have been de- 
termined for a representative sampling of deposits. 

The values of most of these properties for as-plated 
deposits are summarized in Table I. Data showing 
effects of temperature, annealing, and cold-working 
are summarized in Table XXVII (to be published in 
November). 

This is the third and final paper based on the work 
done under this project. The first paper was a com- 
prehensive survey of the literature through 1965 on 
properties of copper electrodeposits (3). The second 
was a preliminary report on properties of deposits 
from the sulfate bath (4). In the present paper, in 
order to make a complete and consistent presentation, 
we have included the data previously published in 
Ref. (4). In addition, the present paper includes data 
from fluoborate, pyrophosphate, cyanide, and amine 
types of baths. 

I I .  Preparation of Plating Solutions and Deposits 

A. Solutions 
Composi t ion and opera t ing  condit ions for  a l l  of the  

baths  used are  given in Tables II, I l l ,  and IV. The 
b lack  areas  in Table  II  r ep resen t  condit ions under  
which  deposi ts  f rom sulfa te  ba ths  were  made.  They 
were  chosen so as to give severa l  2-4 poin t  compar i -  

Table II. Composition of baths and operating conditions under 
which deposits were prepared from the sulfate bath without 

addition agents 

(shaded areas represent conditions that were used) 

Definition of Bath Symbols 

CUS04.5H20 H2SO 4 

Symbol Moles/1 g/1 oz/~alI Symbol Moles/1 ~/l'I oz/gal 
i 

Cu-i 0.35 87 12 HI 0.25 25 3.3 
Cu-2 0.75 187 25 H2 0.h0 39 5.2 
Cu-3 1.1 275 36 H3 0.75 74 9.8 
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sons for a given var iable  with all other variables con- 
stant. Variables not included in Table II, such as addi-  
t ion agents, periodic current  reversal, etc., are covered 
in other tables that  are discussed in subsequent  sec- 
tions. 

The range of conditions investigated with the fluo- 
borate, pyrophosphate, and amine baths (Table III) is 
much smaller than with the sulfate bath, but  sufficient 
sets were used to show the effects of the major  var i -  
ables. Cyanide baths, Table IV, were extensively 
studied. Basis for choice of levels of variables and 
other details regarding these baths are discussed in  
the sections containing the results for the respective 
baths. 

Sulfate baths were prepared either from analytical  
reagent  or National  Formula ry  grades of chemicals. 
The copper fluoborate concentrate, the copper pyro-  
phosphate, and the copper cyanide were p la t ing-grade  
salts from reliable suppliers. Analyt ical  grade chemi- 
cals were used to provide the minor  consti tuents in 
these baths. Distilled water  was used in all cases for 
both original make-up  and main tenance  of bath level. 

Data in the l i terature indicate that  chloride as an 
impur i ty  in sulfate baths may have marked effects on 
deposit properties (3). These baths were therefore 
checked after purification and periodically dur ing use 
for chloride content. In  new purified baths, chloride 
was not detected (<1 ppm).  6 In used baths, 2-3 ppm 
were occasionally found�9 At this level, chloride has no 
measureable  effect (5). 

All  baths were purified before use by t rea tment  with 
10 g/1 of activated carbon, followed by  filtration 
through filter paper. Some of the sulfate baths were 
also treated with hydrogen peroxide, 1 ml/] ,  followed 
by heating to 60~ prior to filtering�9 Deposits from 
baths purified by either procedure had the same tensile 
strength. Following the above treatments,  all baths 
were pre-electrolyzed with a corrugated copper cath- 
ode for approximately 10 A-hr/1, at a current  density 
of 0.5 A / d m  2. 

As a check on adequacy of purification, spectro- 
graphic analyses of several typical deposits were made T 
(Table V). It is seen that only a few metall ic impur i -  
ties were detected, and that  these were present  at 
concentrat ions of only a few parts per million. In  
a bath that has been operated for some time, equi-  
l ibr ium with the anodes is approached, and bath and 
deposit pur i ty  may  depend more on the pur i ty  of the 
anodes than on that  of the original bath. Therefore, 
samples of two of the types of anodes that  we used 
were also analyzed (Table V). No impuri t ies  were 
found at levels that would be expected to cause signifi- 
cant contaminat ion of deposits. 

B. Control of Operating Variables 
1. Bath concentrations.--Concentrations of the major  

consti tuents of each bath were determined by s tandard 
analyt ical  procedures (6, 7). The aim was to control 
the concentrat ion of consti tuents in operat ing baths to 
+2%. For the most part, this was achieved. In  a few 
cases, slightly larger deviations occurred but  were in -  
sufficient to produce significant effects on deposits. 

2. Temperature and current density.--Temperature 
was controlled to •176 with automatic equipment.  
Consistent use of vigorous agitation insured uni formi ty  
wi th in  this range throughout  the bath. Current  density 
was controlled to •  Current  for most overnight  
runs  was monitored with a recorder. 

C. Equ;pment 
I. Tanks.--Plating baths were contained in glass ba t -  

tery jars. Two shapes were used, 8 x 13 in. and 12 x 
12 in. in horizontal section. Fil led to a depth of 14 in., 
they contained 27 and 30 liters of solution, respectively. 
A few panels (serial No. 68-77, addition agent phenol-  
sulfonic acid) were plated in a polypropylene tank. 

6 p p m  s ign i f ies  p a r t s  p e r  m i l l i o n  b y  w e i g h t � 9  
D e t e r m i n a t i o n s  w e r e  m a d e  b y  V i r g i n i a  C. S t e w a r t ,  A n a l y t i c a l  

C h e m i s t r y  D i v i s i o n ,  N B S .  
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Table IV. Composition and operating conditions of cyanide baths 

297C 

Const i tuents  
and conditions 

Bath  symbo l  CN-I  CN-2 aN-3 CN-4 CN-5 CN-6 CN-'/ 

Concentrations 

CN-8 CN-9 

CuCN moles / l i te r  
g / l i t e r  
oz /gal  

Free  NaCN g / l i t e r  
oz /ga l  

Free  K C N  g / l i t e r  
oz /gal  

Na2CO3 g / l i t e r  
oz /gal  

K2CO3 g / l i t e r  
oz /gal  

Rochelle sal t  g / l i t e r  
oz /ga l  

K O H  g/ l i t e r  
oz /ga l  

Addi t ion  agen t  g / l i t e r  
oz /ga l  

pH Ini t ia l  
Worked  a 

Temp,  ~ 
A/din m 

C.D. A/ft'~ 

0.17 0.28 0.45 0.45 0.45 0.45 0.45 
15 25 40 40 40 40 40 
2 3.4 5.4 5.4 5,4 5.4 5.4 
6 6 6 6 10 6 
0.8 0.8 0.8 0.6 1,3 0.8 

15 15 15 30 30 30 
2 2 2 4 4 4 

0.84 0.84 
'/5 76 
I0 I0 

8 10 22.5 
1.1 1.3 3 

40 
6.4 

45 45 
6 6 

40 22.5 
5.4 3 

KCNS,b 2 Prop.  Bs 
0.27 

11.4 11.7 11.7 11.8 11.6 11.8 13.6 
12.8 12.'/ 12.8 12.8 12.8 12.6 13.6 
40 40, 60 60 40, 60, 80 40, 60, 80 40, 60, 80 60, 80 80 80 

1 1, 2 2 2, 4 2, 4 1, 2, 4 2, 4 4, 6, 8 4, 6 
9.3 9.3, 18.6 18.6 18.6, 3'/ 18.6, 37 9.3, 18.6, 3'/ 18.6, 3'/ 37, 56, '/5 37, 55 

= Stable pH  af te r  w o r k i n g  bath 5 to 10 A-hr / l i t e r .  
KCNS used only for  deposits  l isted in  lines 143 and  144, Table I. 
P r o p r i e t a r y  b r i g h t ene r  of the se l en imn  type. 

Table V. Impurities in copper electrodeposits and anodes a 

Bath  Cur r en t  Content  of impur i ty ,  % by w e i g h t  
Line No., Pane l  Bath  temp,  densi ty ,  Mag-  Manga-  

Table I No. symbol  ~ A / d i n  s S i lver  Calcium I ron  nes ium nese Nicke l  Lead  Silicon 

26 824 Cu2-H2 30 2 <0.001 0.000X <O.001 0.000X <0.001 
91 345 F-1 30 8 <0.001 <0,001 <0.001 <0,001 <0.001 <0.001 
95 317 Pyrophos-  50 2 0.O00X O . O 0 O X  0.000X <0.001 <0,001 <0.0Ol <0,001 

pha te  
141 281 CN-8 b 80 S <0.001 0.000X 0.000X <0.O01 <0.001 <0.0Ol 0.000X <0.001 

Electrolyt ic  sheet  anode 0.001-O.01 <0.001 <0.001 <0.001 <0.001 <0.001 0.000X <0.001 
O x y g e n - f r e e  anode 0.001-0.01 <0.001 <0.001 <0.001 <0.001 0.000X <0.001 <0.001 

a Values were  de t e rmined  by semiquant i t aUve  spect rographic  analysis .  Where  no value  is shown, the content  was  less than  0.0001%. The 
des ignat ion 0.000X indicates  a probable t race in the r ange  0.0001-0.001%. Othe r  e lements  checked for but  not detected in  the  deposits, i.e. 
if  p resen t  the i r  levels were  less than  0.0001%, include A1, As, Au, B, Ba, Be, Bi, Cd, Ce, Co, Cr, Ga,  Ge,  I-If, t4g, In ,  I r ,  La, Na,  Nb, Os, Pd,  
Pt ,  Rh, Bu, Sb, Se, Sn, Sr, Ta, Te, Th,  Ti, T1, U, V, W, Y, Zn,  Zr.  

b Deposi ted wi th  periodical ly r eve r sed  current ,  15-5 see cycle. 

2. Cathode boxes.mUniform current  dis t r ibut ion and 
deposit thickness were obtained on specimen panels by 
boxing them closely with a nonconduct ing shield. In  
the jar  with 8 x 13 in. horizontal  section, boxing was 
supplied by the bottom and sides of the jar  itself, with 
the 8 x 14 in. panel  set against one short side of the jar.  
In  the jar  with 12 x 12 in. horizontal section, the panel  
was enclosed in a cathode box, open at the top and 
toward the anodes. The width of the sides was 6 in. 
An air dis t r ibut ion channel  was bui l t  into the lower 
front edge of these boxes. It contained six evenly 
spaced outlet holes, 1/16 in. in diameter. The line of 
holes was paral lel  to the panel  and spaced 4 in. from it. 
Discharge of air or l iquid through these holes pro- 
vided agitation that  was uniform along the width of 
the specimen panel. 

Ear ly  pre l iminary  experiments  with the sulfate bath 
yielded panels that  varied in hardness f rom top to 
bottom if the air was discharged close to the panel  
(e.g., 1 in.) or if the rate  of air flow was appreciably 
less than that  given in the next  paragraph. Various 
box materials  were used, namely,  methyl  methacrylate  
polymer,  polypropylene,  and Teflon. The methy lmeth-  
acrylate was used only in the sulfate baths. Experi-  
ments  described in Section III  showed that contact of 
the baths with these resins did not affect properties of 
deposits. 

3. Heating, cooling, pumps, filters, and agitation.- 
Heaters were quartz electric units. 

A 1 hp commercial  chill ing uni t  was used for main-  
ta ining the bath tempera ture  dur ing  high current  
density operation and for operation at 20~ The 
chiller main ta ined  a low tempera ture  in a water  bal -  
last tank. Ballast t ank  water  was circulated with a 
thermostat ical ly  controlled pump through a water  

jacket surrounding the plat ing t ank  when cooling was 
required. 

Pumps for circulating the plat ing solution, and filter 
bodies, were made of either polyvinylchloride or poly- 
propylene. In the early work with sulfate baths (panel 
serial No. 1-67), solution was pumped continuously 
into a large glass funne l  containing a paper  filter. 
For  subsequent  deposits from sulfate baths, a commer-  
cial f i l ter-pump uni t  was used with a cotton filter 
cartridge. The reason for the choice of the cotton is 
discussed later. A cotton filter was also used for the 
fluoborate baths, but  for all other baths cartr idge filter 
uni ts  of polypropylene were used. 

For the early sulfate deposits, air for agitation from 
the bui lding supply l ine was filtered through a 4 ft 
long column of cotton. Air for all subsequent  deposits 
was obtained from an oil-less blower, with the output  
filtered through a mix ture  of cotton and granular  
carbon, packed in a 20 li ter bottle. The rate of flow of 
the air was approximately 10 1/rain. This provided 
vigorous agitation, judged to be comparable to what  
would normal ly  be used in a commercial  installation. 
In  general,  air was used for agitat ing a l l  baths except 
the cyanide types, though it was also used for the 
lat ter  for a few deposits from the high-efficiency bath 
(CN-8). Some exceptions are noted in Table I. 

For  cyanide baths CN-1 through CN-4, agitation 
was provided by pumping plat ing solution through the 
same cathode-box dis t r ibut ion holes that  were other-  
wise used for air distribution. Flow rate was approxi-  
mately  4 1/min. This agitation was supplemented by 
the na tura l  flow induced by evolution of hydrogen at 
the panel  surface. For  deposits from cyanide baths 
CN-5 through CN-9, addit ional agitation was found to 
be necessary to prevent  excessive top- to-bot tom var ia-  
t ion of deposit thickness. It  was provided by  a n o n -  



298C J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  I970 

conducting propeller blade, 3 in. diameter, located 
about  1 in. below the center  of the panel, rotated at 
about 400 rpm. 

4. Anodes and anode bags.--Three types of anodes 
were used: electrolytic sheet, oxygen-free,  and phos- 
phorized. There were no significant impurit ies in the 
first two types (Table V).  Phosphorized anodes were 
not analyzed because they were used only in the 
propr ie tary bright  sulfate bath, in accordance with the 
vendor 's  recommendation.  The electrolytic sheet 
anodes were used in all sulfate baths. Before use, they 
were heated to 600~ for 1 hr to carbonize any or-  
ganic inclusions that might  be present, such as glue. 
The oxygen-free anodes were used in all cyanide 
baths. 

Anode bags made of polyvinylchloride fabric were 
used for the early sulfate deposits and bags made  of 
napped polypropylene for all later  baths. Before use, 
bag materials  were thoroughly freed of weaving lubr i -  
cants by a combinat ion of solvent cleaning and leach- 
ing with portions of plat ing bath which were dis- 
carded. (Fil ter  uni ts  were treated similarly.)  

D. Deposits 
The standard thickness of specimen deposits was 

18-20 mils (500 ~m). A few th inner  deposits were 
made for de termining the effects of thickness on prop- 
erties. Deposits were formed on Type 304 stainless 
steel s tar t ing sheets, 8 x 14 x 0.03 in. The sheets were 
polished as required to remove surface imperfections, 
buffed with a fine emery compound, degreased, 
scrubbed with fine pumice, and dipped for 1 rain in 
I: 1 ni tr ic  acid to passivate the surface. A flash plate of 
nickel about 0.1 mil  thick was applied from a Watts 
bath and the panel  t ransferred after r insing with dis- 
tilled water  to the copper plat ing bath. 

The nickel s tar t ing plate was used because it cov- 
ered the stainless steel more un i formly  and quickly 
than did copper, and separated easily, whereas copper 
plated directly on the stainless steel, at least from 
the acid baths, occasionally exhibited sufficient local 
adhesion to make separation difficult. On completion of 
plating, the copper deposit was freed from the star t ing 
sheet by t r imming  the edges. It separated easily. The 
nickel flash, which adhered to the star t ing face of the 
copper, was removed by str ipping it anodically in a 
solution containing, in parts by volume, 50 of conc 
H2SO4, 50 of 85% H3PO4, and 5 of water. The str ipping 
operation removed about 0.01 rail of copper. This did 
not affect the measured values of tensile s t rength and 
elongation. A band 1 in. wide all around the panel  was 
t r immed and discarded. The remaining  portion, with 
dimensions of 6 x 12 in., was uniform in thickness 
wi th in  •  for most deposits. It  was more difficult to 
obtain uniform top- to-bot tom thickness of deposits 
from cyanide baths. In  general, these varied in thick-  
ness about •  

The various specimens required for measurements  of 
properties were cut from these panels. 

III. Deposits from Sulfate Baths 
A. Mechanical Properties 

1. Methods oS measurement: tensile and yield 
strengths, elongation, Young's modulus of elasticity, 
and hardness.--Tensile specimens were made by mi l l -  
ing a stacked bundle  of specimen stock that  had been 
sheared to ~/4 x 6 in. Dimensions of finished specimens 
conformed to ASTM specifications except for a shorter 
grip length (8). The width of the reduced section of a 
s tandard specimen was 0.5 in. and gauge length 2 in. 
The specification also describes a subsize specimen with 
a reduced section 1,4 in. wide and 1 in. gauge length. 
A few subsize specimens were used, identified in Table 
I by  listings of elongation as per cent  in 1 in. Ul t imate  
tensile strengths were determined by testing specimens 
in a s tandard tensile machine, which plotted load and 
elongation. Yield strengths were determined from 
these curves. The l inear  speed of loading for the tensile 

test was 0.030 in . /min.  Cross-sectional area of a speci- 
men  was determined from its width, measured by  
micrometer  caliper, and its thickness calculated from 
its weight and area. Three specimens were usual ly  
made from each panel, from top, center, and bottom 
zones. 

For  triplicate specimens from the same panel, the 
deviation of tensile s t rength from the mean  for about 
80% of the panels was wi th in  ~-5%. For the remaining  
20% of the panels, deviations ranged from ___6 to --+15%. 

Elongation measurements  were more variable. 
Again, for triplicate specimens from the same panel, 
the deviation from the mean  for about 80% of the 
panels was wi thin  •  For the remainder,  the devia- 
t ion ranged up to • The high deviations were 
main ly  for specimens having a low elongation, so that  
a relat ively small  absolute deviat ion corresponded to 
a large relat ive deviation. It  is therefore more mean-  
ingful  in the case of elongation to express deviat ion in 
absolute ra ther  than relat ive terms. A deviat ion of •  
absolute percentage points encompassed all but  two of 
the panels. 

Three procedures were used for obtaining modulus 
of elasticity, namely,  measurement  of the slope of the 
ini t ial  part  of the stress-strain curve plotted by the 
tensile machine, measurement  of beam deflection, and 
measurement  of s train for small  loads with resistance 
s t rain gauges. For  the beam deflection procedure, a 
strip of specimen stock 1 x 15 cm was mounted  as a 
cant i lever  and its vertical  deflection with dead-weight  
loads measured with a microscope. In  the s t ra in-gauge 
method, gauges were cemented to both sides of a s tan-  
dard tensile specimen, using the manufac turer ' s  recom- 
mended adhesives and'  procedures. The specimens were 
stressed in a sensitive, small-capaci ty pul l ing uni t  and 
strain measured in terms of change of resistance with 
a Mueller Bridge having a sensit ivity of 0.0001 ohm. 
Elongation sensit ivi ty was about 1 ~in. In  calculating 
the modulus, allowance was made for the contr ibut ion 
of the gauge and cement to the strength of the as- 
sembly. The s t ra in-gauge method was the most ac- 
curate and rel iable of the three and was used for ob- 
ta in ing most of the values given in Table I and the 
various subtables. Data that  were  obtained by  the 
other methods are noted in the tables. 

The values reported for modulus  of elasticity are 
judged to be accurate to •  x 106 psi. 

Hardnesses of deposits were measured on metal lo-  
graphically mounted  and polished cross sections. A 
Tukon microhardness tester was used, with a Knoop 
indentor.  For the thicker deposits, a 200g load was 
used. For most of the thin deposits from the cyanide 
baths a 100g load was used, but  for a few of the th in-  
nest  deposits a 50g load was used. Where in tercom- 
parisons between hardnesses determined with different 
loads are made in some of the subsequent  tables and 
figures, corrections have been made to place all values 
on a 200g load-basis, by substract ing 11 hardness units  
from values determined wi th  a 50g load, and 6 hard-  
ness uni ts  from values determined with a 100g load. 
These difference factors for load effect were deter-  
mined from comparat ive measurements  on our speci- 
mens. 

Hardnesses were usual ly  run  in duplicate, with 
specimens from top and bottom zones of a panel. Most 
of the individual  values were wi thin  ___5 KHN s uni ts  
of the tabulated average values. 

2. Reproducibility of properties.--It is impor tant  that 
a deposit obtained from a par t icular  type of bath  under  
part icular  operat ing conditions be representat ive of 
those conditions and that observed properties can be 
reproduced under  like conditions at any time. The 
purification and control procedures described above 
were thought to be adequate to achieve reproducibil i ty,  
but  evidence was required. Among properties that  we 
considered for monitor ing the reproducibil i ty of de- 
posits were tensile strength, hardness, electrical re-  
sistivity, and polarization. Hardness, which served this 

s Knoop hardness  number ,  k g / m m  2. 
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purpose for nickel (2), was found to be unsuitable for 
deposits from the sulfate bath because of low correla- 
tion with other properties. Our preliminary measure- 
ments showed this, as did the results of our literature 
survey (3) and the work of Read (9). Electrical re- 
sistivity was found to vary too little with change of 
independent variables to provide a good criterion of 
reproducibility. Polarization measurements should, in 
principle, serve the purpose, but we found them im- 
practical because of the time and effort required to 
check their reliability and reproducibility. Tensile 
strength appeared to be the property best suited as a 
monitor of reliability and reproducibility of baths and 
deposits. 

Resul ts  of some checks on reproduc ib i l i ty  of  p rop -  
er t ies  a re  shown in Table VI, in which comparab le  
members  of pai rs  a re  juxtaposed .  In  the  cases of l ines 
18-19 ( l ine numbers  re fer  to ser ia l  posit ions in Table  
I ) ,  24-25, and 54-55, the  compared  specimens were  
made  at  different  t imes wi th  different  ba th  p r e p a r a -  
tions. Panels  represen ted  in lines 14-15 and 85-86 were  
made  f rom the same baths  and at close t ime positions. 
Tensile  s t rengths  and elongat ions are  seen to agree  
closely for  member s  of pairs.  The except ion of e longa-  
t ion on l ine 26 is discussed below. 

Reproduc ib i l i ty  of hardness  was good for pairs  on 
l ines 14-15 and 85-86, but  poor on l ines 24-26 and 
54-55. The var ia t ion  for lines 24-26 is r e la ted  to tha t  
for elongat ion and is also discussed below. The poor 
agreement  on lines 54-55 m a y  be an addi t ion  agent  
effect. Baths conta ining naphtha lenedisu l fonic  acid 
(NDS) requ i re  pro longed pre-e lec t ro tys is ,  which  causes 
a change in composit ion of the  addi t ion  agent,  asso- 
ciated wi th  a change of color, and m a y  be also re la ted  
to deposi t  hardness  even though tensi le  s t rength  and 
elongat ion were  not affected. 

We concluded f rom such comparisons that  reason-  
able  reproduc ib i l i ty  was achieved wi th  the  purif icat ion 
and control  p rocedures  tha t  had been adopted.  How-  
ever,  a t  a poin t  about  one yea r  along in the  project ,  
difficulties were  encountered.  Baths tha t  had  given 
deposi ts  wi th  proper t ies  as in lines 18-19 began to yie ld  
deposi ts  wi th  proper t ies  l ike those in line 89 ( last  l ine 
in Table VI) ,  charac ter ized  by  ve ry  low s t rength  and 
ducti l i ty.  In  appearance  these deposits  had a coarse ly  
faceted,  spangly  surface, whereas  the  deposi ts  tha t  had 
been obta ined prev ious ly  had  a r e l a t ive ly  f ine-grained,  
smooth surface. The degree  to which this effect oc-  
cur red  var ied.  The deposi t  of l ine 89 was in termedia te .  
Some deposi ts  were  more  coarsely  faceted than  this 
and so weak  tha t  they  bent  under  the i r  own weight .  
On bending  such a deposi t  to a short  radius,  c leavage  
occurred be tween  facets. Others, only  s l ight ly  faceted, 
showed perhaps  half  the  reduct ion  of s t rength  seen for 
pane l  No. 78C (line 89). To ident i fy  these deposits,  we 
refer  to them in succeeding discussion as "spangled."  
A few deposi ts  of this  t ype  had  been  obta ined  ea r ly  in 
the  program.  At  tha t  t ime we  ascr ibed the cause to ac-  
c identa l  impuri t ies ,  because a repurif ied ba th  genera l ly  

yielded the fine-grained deposits that we considered 
to be normal. Spangled deposits became a persistent 
problem when we put into operation a new plating in- 
stallation that we thought would improve the main- 
tenance and control of baths and operating conditions 
and permit faster production of specimen stock. The 
plating had previously been done in the 8 x 13 in. glass 
jar units with continuous filtration of the plating solu- 
tion through a paper filter in a large funnel, as de- 
scribed above (Par. II-C-3). 

The new installation employed a 12 x 24 x 18 in. deep 
polypropylene tank, equipped with a high-speed poly- 
propylene filter-pump unit containing a polypropylene 
filter cartridge, a methacrylate resin cathode box, poly- 
vinylchloride piping, and an anode diaphragm of poly- 
vinylchloride fabric. A new air supply from an oil-less 
cornpresser was also used. All of the polymeric mate- 
rials were reputed to introduce no contamination into 
plating baths. However, the obvious hypothesis, which 
we assumed initially, was that one or more of these 
polymers, large areas of which contacted the bath, was 
introducing a harmful impurity that caused spangling. 
Many experiments were performed to locate the 

source of the supposed contamination. Without de- 
scribing all of the details, it may be said that the 
general procedure and results were as follows. Starting 
with a bath that was yielding the smooth strong type 
of deposit, it was subjected in turn to contact with a11 
of the suspect materials; alternatively, a bath produc- 
ing spangled deposits was repeatedly purified after 
each of the suspect materials was removed from con- 
tact with the bath, one by one. The conclusion reached 
from these experiments was that none of these mate- 
rials caused the trouble. In the course of the experi- 
ments, it was observed on several occasions that a bath 
freshly repurified with activated carbon and batch- 
filtered through filter paper yielded a few normal de- 
posits and then reverted to spangling. After the batch 
filtration, subsequent filtration was done through a 
polypropylene cartridge. A related observation made 
about the same time was that, when the filter paper 
previously used in the funnel for continuous filtration 
of a bath in our smaller original unit was replaced with 
a napped polypropylene cloth filter, spangling soon 
developed. 

The conclusion, or hypothesis, that we have reached 
as a result of these experiments is as follows. The 
natural form of a deposit from a highly purified cop- 
per sulfate bath approaches a mixture of separate 
crystals, such as is characteristic of deposits of silver 
or lead from nitrate baths or cadmium from a sulfate 
bath. Traces of impurities in the plating solution, 
which act as grain-refining addition agents, are neces- 
sary to prevent coarse, faceted deposits. In our case, 
the impurity was a cellulosic derivative of the filter 
paper, perhaps a sulfonate. In commercial baths, mus- 
lin or wool fabrics (6) have commonly been used as 
filter media. Hydrolysis of wool would introduce small 
concentrations of glue-type compounds. Furthermore, 

Table VI. Reproducibility of measurements of properties 

Addition agent Bath Current Tensile o 
Line No., Panel Bath Cone, ternp, density, strength, 
Table I NO, symbol  N a m e  g / l i t e r  ~ A/dr/l  s psi  

14 64 Cu2-H1 Gelat in  0,003 30 2 40 x I08 
15 65 41 
18 94 Cu2-I-I2 None 20 2 32 
19 106 32 
24 13 Cu2-H2 None  30 2 25 
25 25 20 
26 322, 323 32 
54 91 Cu2-H3 NDS �9 1.8 30 2 31 
S5 114 29 
85 30 Cu3-H3 None 60 4 30 
86 32 31 
89 78C b Cu2-H2 None  20 2 15 

Elongat ion 
i n 2  in, 

(5 cm),  % 

19 
22 
33 
34 
14 
19 
39 
29 
29 
41 
43 

S 

Hardness 
KHN 

200g load, 
kg/rnm s 

91 
88 
61 

88 

55 
67 
98 
53 
57 
85 

a 1,5-Naphthalenedisulfonic acid. 
b Spangled deposit. 
One pound per square inch (psi) = 0.000704 kilogram per square millimeter (kg/mmS). 
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addition agents have been almost universa l ly  in ten-  
t ional ly added to commercial  baths. Thus, the condi-  
tions that  we encountered that  caused spangling would 
be rarely observed. 

Similar  coarsely faceted deposits were obtained by 
Shreir  (10). He reported a correlation with cathode 
polarization, with low polarization for faceted, and 
high for smooth, deposits. A higher polarization is the 
expected effect of an addition agent. However, Shreir 's  
in terpre ta t ion was different. He believed that  the 
smooth deposits were "normal," and  that  the coarse 
deposits, which he obtained after working of a bath, 
were the result  of the presence in the bath of cathodic 
reduction products of the sulfate ion that caused a 
lowering of cathode polarization. However, his data 
were not all consistent with this interpretat ion.  
Barnar t t  (11) has reported copper deposits from a sul-  
fate bath for which he claims a pur i ty  of 99.999% 
which were smooth and fine grained at a thickness of 
7 mils. However, it is conceivable that  an unsuspected 
grain-ref ining impur i ty  may have been present. 

Our experiences described above led us to the con- 
clusion that  we could not  complete the work with the 
sulfate bath without  using a grain-ref ining addition 
agent. One al ternat ive would be to continue the slight 
contaminat ion with cellulose extract  to control span- 
gling. The cellulose has a mild effect, producing deposits 
with Dearly the same strength as annealed wrought  
copper. 

A second al ternat ive was to search for an addit ion 
agent in the form of a definite compound that  would 
have a mild effect similar to that  of the cellulose, but  
preferable because of its definite characterization. For 
this purpose we tr ied dextrin, dextrose, glycerol, gly-  
cine, and sorbitol. The results are shown in Table I, 
lines 43, 44, 48, 49, and 68, respectively. Tensile 
strengths for the last three were in the correct range 
and none  of them produced appreciable grain refine- 
ment. However, they all caused significant embri t t le -  
ment.  We, therefore, re turned  to the use of a cellulosic 
filter. However, at this point we were well along with 
production of deposits from other types of baths, had 
abandoned the funne l - type  filter, and were using solely 
the equipment  consisting of the 12 x 12 in. glass jar  
with a high-speed filter pump unit.  We, therefore, com- 
pleted the preparat ion of deposits from sulfate baths in 
this unit,  using a cot ton-wound filter cartridge. All  de- 
posits from sulfate baths with panel  serial numbers  of 
274 or higher were made in this manner .  In Table VI 
we show a comparison of physical properties as af- 

fected by this change in conditions. The deposits av-  
eraged in line 26 are duplicates of lines 24-25, except 
for the more drastic exposure to cellulose of the bath 
from which the deposits of l ine 26 were made. It is 
seen that the later  deposits (higher cellulose) are 
about 20% stronger, are much more ductile, and some- 
what  softer. 

The effect on s tructure of the difference in the 
degree of exposure to cellulose is shown in  Fig. 1-1 
and 1-2. The structures of both deposits are of similar  
columnar  type, but  the grain size in panel  No. 322 
(line 26), which had the more drastic exposure to 
cellulose, is appreciably smaller  than that  in panel  No. 
25. 

The structure in Fig. I-3 (Table VI, l ine No. 18) is 
the typical columnar  type, whereas the spangled de- 
posit in Fig. 1-4 (Table VI, l ine No. 89) contains 
smaller  equiaxed grains, reminiscent  of an annealed 
structure. Although the s tructure of the spangled de- 
posit is dist inctly different from that  of the other de- 
posits in Fig. 1, it is not obvious from its s t ructure  
that it should be so much weaker.  

The star t ing surface of the deposits in Fig. 1, and in 
all  succeeding photomicrographs, is at the bottom of 
the photomicrograph. 

3. Effect of thickness on properties of deposits.--The 
ini t ial  layers of an electrodeposit tend to cont inue the 
s t ructure  of the basis metal  for a short distance. If this 
s t ructure is fine, a t ransi t ion zone occurs where  the 
deposit grains grow with thickness from the ini t ial  
fine s tructure to a coarser s t ructure characteristic of 
the deposit (12). Properties therefore tend to change 
with thickness. Examinat ion  of the structures of de- 
posits from sulfate baths in Fig. 1 and in later  s truc-  
ture  figures shows this fine ini t ial  grain and the 
t ransi t ion zone extending for 3-5-mils .  Beyond this 
zone, the s t ructure  changes little with increase in 
thickness. 

A few experiments  were conducted to determine the 
effect of thickness (Table VII, Fig. 2 and 3). Thin  de- 
posits, 1-6 mils, are significantly stronger bu t  less duc- 
tile than deposits 18 mils thick (Fig. 2). Because of 
lack of data for in termediate  thicknesses or for thick-  
nesses greater than  18-20 mils, the curves in Fig. 2 a~e 
drawn as straight lines. Actual  curves are probably 
similar in form to the dotted curves at the top and 
bottom of Fig. 2. This postulate is reinforced by the 
form of the resist ivity curve in Fig. 3 (curve No. 4) 
for which a value at an in termediate  thickness was 

Table VII. Effect of thickness on properties of deposits from sulfate baths 

E l o n -  Young ' se  H a r d n e s s  Elec. r e -  
A d d i t i o n  a a g e n t  B a t h  C u r r e n t  T h i c k -  Tens i l e  ~ g a t i o n  m o d u l u s  of K H N  s i s t i v i t y  

L ine  No., B a t h  Conc,  t emp ,  dens i ty ,  hess,  ~ s t r eng th ,  in  2 in.  e l a s t i c i ty ,  2 0 0 g l o a d ,  25~ 
Tab le  I P a n e l  No. s y m b o l  N a m e  g/1 ~ A / d m  2 m i l s  ps i  (5 cm) ,  % ps i  k g / m m  ~ o h m - c m  

21 104 Cu2-H2 None 20 2 3 45 • I03 i0 16 • I0 ~ 1,80 • I0 -~ 
20 23 5 16 
18 94 18 32 33 1.73 

34 277 Cu2-H3 None  20 2 18 16 b 
23 15 Cu2-H2 None  32 0.5 1 77 

10 87 
20 93 

24A I0 
24 13 

30 2 28 5 93 1.79 
10 89 
20 26 19 82 1.78 

53 162 Cu2-H3 fl-NQ 0.1 30 2 2 46 9 
52 160 ~-NQ 0.i 18 36 8 
51 215 L A  0.05 2 29 3 
50 214 LA 0.05 18 25 I0 
57 114A NDS 1.8 1,3 36 10 1.74 
56 l 1 4 F  NDS 1.8 6 35 39 1.72 
54, 55 91, 114 NDS 1.8 18 30 29 1.72 
65 168 SeO~ i0 -4 Se 2 54 II 
64 166 SeO~ I0 -4 Se 18 47 21 
67 173 SeO~ 10 -8 Se  2 50 20 
66 172 SeO~ 10 -8 Se 18 44 24 
75 109-A T I P A  3.5 1.4 57 9 1.78 
74 109-F T I P A  3.5 6 53 13 16 
72, 73 93,108,  109 T I P A  3.5 18 40 17 16 1.75 

a fl-NQ, f l - n a p h t h o q u i n o l i n e ;  LA,  l ac t i c  ac id ;  NDS,  1 , 5 - n a p h t h a l e n e d i s u ] f o n i c  ac id ;  T IPA,  t r i i s o p r o p a n o l a m i n e .  
D e t e r m i n e d  f r o m  s t r e s s - s t r a i n  cu rve .  

c Met r i c  conve r s ions ;  one  ra i l  (0.001 in.) = 25 ~m;  one  p o u n d  pe r  square  i n c h  (psi) = 0.000704 k i l o g r a m  per  squa re  m i l l i m e t e r  (kg /mm2) .  
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Fig. I .  Effect of contact of sulfate plating baths with cellulose on the structure of copper deposits: Cu2-H2, 30~ 2 A/dm~--(1-1) 
Mild exposure to cellulosic filter; (1-2) severe exposure to cellulosic filter. Cu2-H2, 20~ 2 A /dra in ( I - 3 )  Mild exposure to cellulosic 
fitter; (1-4) Spangled deposit from highly purified bath, no known exposure to any grain-refining agent. 

determined.  The effect of thickness on tensi le  s trength,  
elongation,  and  res is t iv i ty  is consis tent  wi th  the  t r ans i -  
t ion f rom the  f ine-gra in  s t ruc ture  of the  deposi t  at  the  
s ta r t ing  surface  to la rge  gra ins  at  a th ickness  of about  
5 mils  (Fig. 1). 

F r o m  Table  VII  i t  is seen tha t  the  modulus  of e las t ic-  
i ty  is independen t  of thickness.  Data  presented  l a t e r  

show tha t  there  is some var ia t ion  of modulus  wi th  
s trength,  bu t  var ia t ions  in s t rength  in the  presen t  
da ta  a re  too smal l  to r evea l  an effect on modulus.  

Var ia t ion  of hardness  wi th  thickness  is inde te r -  
mina te  f rom our  data.  I f  th ickness  has an effect on 
hardness ,  i t  is minor.  
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THICKNESS , MICRON 
125 250 375 500 

i0  x l O ~  42 
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g 

30 21 

2~ 3 
THICKNESS , INCH 

Fig. 2. Relationships between thickness, tensile strength, and 
elongation of copper deposits from the Cu2-H3 bath at 30~ 2 
A/rim 2, and containing addition agents as follows: 1 4 . 1  g/I  
fl-naphthoquinoline; 2--0.05 g/I  lactic acid; 3--1.8 g/ I  1,5-naph- 
thalenedisulfonic acid; 4 - -10  - 4  g/I  Se; 5--10 - 3  g/I  Se; 6--3.5 
g/I triisopropanolamine. 

Changes of properties wi th  thickness also occur in 
deposits from standard cyanide baths, but  probably 
for a different reason, to be discussed later. Because 
of their  uni form grain size, one would not expect 
thickness to affect the properties of deposits from 
pyrophosphate, amine, or high efficiency type cyanide 
baths to the same extent  as it does those of deposits 
from sulfate baths (see Fig. 34 and 59). 

If an addition agent had sufficient effect to com- 
pletely suppress a columnar  s tructure (see Fig. 20-9, 
20-10), one would not expect properties to vary  with 
thickness. However, none of the addition agents shown 
in  Table VII completely suppressed the columnar  

0 
1.85 x 10 -6  

>- 
F- 

~- ,.8o V-~, - - _ _  - -  

n. I 

_.o o 1.75 " - ' - - -  

w 

1.7o I 
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125 250 375 500  

5 

2 
----"~"~---O--~( 

c~- I 
15 20 x I0 - 3  o 5 IO 

THICKNESS , INCH 

Fig. 3. Relationship between thickness and electrical resistivity 
of copper deposits from the sulfate bath: 2---Cu2-H2, 30~ 2 
A/dm2; 3--Cu2-H2, 20~ 2 A/dm2; 4---Cu2-H3 plus naphthalene- 
disulfonic acid, 1.8 g/I, 30~ 2 A/dm2; 5--Cu2-H3 plus triisopro- 
panolamine, 3.5 g/I ,  30~ 2 A/dm 2. 

structure of sulfate bath  deposits (Fig. 20-2 to 20-8), 
with the result  that  the properties of these deposits, 
as well  as those from nonaddi t ion agent baths, vary  
with thickness. 

4. E~ect of operating conditions and bath composi- 
tion.--a. Bath temperature.~Data on the effect of bath 
temperature  on mechanical  properties of deposits from 
sulfate baths are collected in Table VIII. Variat ion of 
tensile s trength and elongation with tempera ture  is 
plotted in Fig. 4. Both of these properties decrease 
with increase in bath tempera ture  in most cases. The 
reverse effect for tensile strength,  seen in two curves 
in Fig. 4 and in lines 39-41 and 80-86 of Table VIII, 
has a ma x i mum magni tude  of -+-9.5%; thus, its sig- 
nificance is doubtful  (Section I I I -A-1) .  A similar 
analysis applies to the data for elongation. We con- 
clude that  increase of tempera ture  general ly  causes a 
decrease of tensile s trength and elongation. Since the 
magni tudes  of the effects are small, they may  be ob- 
scured by minor  variat ions in other conditions or by 
inheren t  errors of measurement .  

Values of yield strengths as a function of tempera-  
ture  are given in Table VIII. In general, yield s trength 
parallels tensile strength, and is s imilar ly related to 
bath  temperature.  

Table VIII. Effect of bath temperature on properties of deposits from the sulfate bath 

E l a n -  
C u r r e n t  B a t h  Tens i l e  �9 Yielda.b g a t i o n  

L i n e  No., B a t h  d e n s i t y  t emp ,  s t r e n g t h ,  s t r e n g t h ,  in  2 in.  
Tab le  I P a n e l  No. s y m b o l  A / d i n  s ~ ps i  ps i  (5 cm) ,  % 

Y o u n g ' s  a H a r d n e s s  I n t e r -  Elee.  re-  
m o d u l u s  o f  K H N  n a l  a, o D e n s i t y  s i s t i v i t y  
elasticity, 200g load,  s t ress ,  25~ 25~ 

ps i  k g / m m  ~ ps i  g /cm8 o h m - c m  

1 48 Cul-H1 0.5 20 27 • 108 8 • 10 s 18 56 --70 8.922 
3 52 40 30 10 24 57 80 8.922 
5 66 Cul-H2 2 20 31 9 28 16 • 106 58 3300 8.921 
6 66 30 25 7 15 58 570 8.921 
7 58 40 24 8 13 47 370 

17 110 Cu2-H2 0.5 20 25 7 25 14 105 --510 8.928 
23 15 32 23 7 11 13 ~ 87 --700 8.924 1.71 • 10-6 
18 94 2 20 32 11 33 16 61 1500 8.925 1.73 
24,25 13,25 30 26 8 17 14 88 550 8.921 1.72 
28,29 51,16, 18 40, 45 22 8 10 12 ~ 87 --320 8.923 1.73 
22 22 4 20 33 12 29 67 4300 8.920 
27 44 30 30 9 24 53 2200 8.922 1.72 
30 27 45 24 7 14 57 190 8.924 
34 277 Cu2-H3 2 20 37 15 41 16 ~ 78 2000 8.926 
36 ,37  276,307 30 29 9 19 14 54 180 8.924 1.73 
39 278 8 30 32 14 24 75 4300 8.926 1.74 
40 285 40 37 15 44 80 2600 8.926 1.75 
41 286 60 27 10 18 58 380 8.925 1.76 
81 29 Cu3-H3 0.5 30 27 8 16 57 --90 8.920 1.71 
83 31 45 32 10 34 57 8.919 
80 321 4 20 32 12 42 64 3100 8.925 1.73 
84 28 45 26 8 15 51 1400 8.921 1.70 
85,86 30,32 60 31 8 42 55 8.925 1.72 

a One p o u n d  per  squa re  i n c h  (psi) = 0.000704 k i l o g r a m  pe r  s q u a r e  m i l l i m e t e r  
b 0.05% offset. 
c N e g a t i v e  v a l u e s  r e p r e s e n t  c o m p r e s s i v e  stresses.  

M e a s u r e d  b y  b e a m  def lec t ion  me thod .  
6 D e t e r m i n e d  f r o m  s t r e s s - s t r a in  curve .  

(kg /mm~) .  
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Fig. 4. Relationships between bath temperature, tensile strength, 
and elongation for deposits from sulfate baths: 1- -Cu l -H1,  0.5 A /  
din2; 2--Cal-H2, 2 A/din2; 3--Cu2-H2, 0.5 A/din2; 4---Cu2-H2, 2 
A/din2; 5--Cu2-H2, 4 A/dm2; 6~Cu2-H3, 2 A/din2; 7~u3-H3 ,  
0.5 A/dm 2. 

The data for hardness in Table VIII are analyzed as 
follows. Out of n ine  sets of data, hardness decreases 
with increase in tempera ture  in six of the sets and is 
unaffected in two. In  three of the 3-member  sets, minor  
reversals of effect occur, smaller  than  the ___5 KHN 
units  shown in Section I I I -A to be the var iabi l i ty  
range of duplicates. These reversals are therefore not 
significant. In  only one set (lines 18-29) do the data 
deviate significantly from the general  trend. Thus, the 
s ta tement  made above regarding tensile s t rength and 
ducti l i ty also applies to hardness;  namely,  the pre-  
dominant  t rend is a decrease of hardness with increase 
in bath temperature .  However,  the effect is general ly  
small  and it may  be obscured in specific cases by the 
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CURRENT DENSITY , A /DM 2 

Fig. 5. Relationships between current density, tensile strength, 
and elongation of copper deposits from sulfate baths: 1--Cul-H3, 
30~ 2--Cu2-H2, 20~ 3~u2-H2 ,  30~ 4---Cu3-H3, 60~ 

effect of other variables or by inheren t  errors of mea-  
surement .  

b. Current  dens/ ty . - -Data  on the effect of current  den-  
sity on properties are assembled in Table IX. Variations 
of elongation and tensile s t rength with cur ren t  density 
are shown in Fig. 5. The dominant  t rend is increase of 
both elongation and tensile s t rength with increase of 
current  density, but  the effects are not large. A few 
deviations from the dominant  t rend occurred. 

The reversed relationship noted in comparing the 
data on lines 41 and 42 requires explanation.  It was 
evident  from the appearance of panel  No. 297 (line 42) 
that  the deposit approached a "burnt"  condition. The 
current  densi ty of 20 A / d m  2 at 60~ was obviously 
too high to yield a sound deposit. The decrease of t en-  
sile s t rength and duct i l i ty  with current  densi ty is 
therefore real  and significant in this dase. The ab-  
normal i ty  of this deposit (panel  No. 297) may be seen 

Table IX. Effect of current density on properties of deposits from sulfate baths 

B a t h  C u r r e n t  Tens i l e  ~ Yie ld  aob 
L ine  No., P a n e l  B a t h  t emp ,  dens i ty ,  s t r e n g t h ,  s t r e n g t h ,  

Tab le  I No. s y m b o l  *C A/drne  p s i  ps i  

E l a n -  Y o u n g ' s  s H a r d n e s s  I n t e r -  Elec.  re-  
g a t i o n  m o d u l u s  of  K H N  nala,  o D e n s i t y  s i s t i v i t y  
in  2 in. e las t i c i ty ,  200gload, stress, 25~ 25~ 

(5 cm) ,  ~/o p s i  k g / m m  e p s i  g / cm8  o h m - c m  

3 52 Cul-H1 40 0.5 30 • 108 l0 x 10 ~ 
4 53 4 29 8 
8 60 Cul-H3 30 0.5 20 6 
9 5 9  2 2 8  8 

10, 11 61-63 4 34 13 
17 110 Cu2-H2 20 0.5 26 7 
18, 19 94, 106 2 32 11 
2 2  32 4 33 12 
23 15 32 0.5 23 7 
24 ,25  13 ,25  30 2 26 6 
27 44 30 4 30 9 
28 51 40 2 22 7 
29 16 ,18  45 2 21 8 
30 27 45 4 24 7 
35 332 Cu2-H3 30 0.5 33 10 
36,37  276,307 2 28 9 
38 308 4 34 I I  
39 278 8 32 14 
41 286 60 8 27 10 
42 297 20 20 7 
81 29 Cu3-H3  80 0.5 27 8 
82 310 2 30 9 
83 31 45 0.5 32 10 
84 28 4 28 8 
85,86 30,32 60 4 31 8 
87 309 8 31 10 

24 67 80 8.922 
32 46 530 8.921 

8 6 6  - - 1 1 0  8.919 1.72 • 10 .4 
16 58 1800 8.919 1.72, 
15 79 3800 8.925 
25 14 X 10 e 105 --510 8.928 1.78 
34 16 61 1500 8.925 1.74 
29 67 4300 8.920 
11 13 ~ 87 -- 700 8.924 1.71 
17 14 88 550 8.921 1.73 
24 63 2200 8.922 1.72 
10 85 
10 12 �9 49 --320 8.923 1.73 
14 57 196 8.924 
41 62 --90 8.926 1.71 
19 14 84 180 8.924 1.73 
46 66 1500 8.925 1.73 
24 75 4300 8.926 1.74 
18 58 380 8.925 1.76 
5 58 1400 8.86 1.90 

16 57 - -  90 8.920 1.71 
29 65 630 8.924 1.72 
34 57 8.919 
15 51 1400 8.921 1.70 
42 68 8.925 1.72 
33 59 620 8.925 1.75 

a One p o u n d  per  s q u a r e  i n c h  (psi) = 0.000704 k i l o g r a m  pe r  squa re  m i l l i m e t e r  (kg /mm~) .  
b 0.05% o f f s e t .  

N e g a t i v e  v a l u e s  r e p r e s e n t  c o m p r e s s i v e  stress.  
M e a s u r e d  b y  b e a m  def lec t ion  m e t h o d .  
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in its s tructure (Fig. 17-C-4) and in its high content  of 
impurit ies (Table XXXII) ,  in comparison with the 
normal  deposit (panel  No. 323). 

Data on the effect of current  density on hardness 
given in  Table IX indicate no definite relationship 
between current  density and hardness. However, i t  is 
shown later that, if all nonaddi t ion agent deposits from 
the sulfate bath are considered, there is a loose correla- 
t ion between tensile s trength and hardness (Fig. 15). 
Since tensile s trength was shown above to have a 
small  positive correlation with current  density, it fol- 
lows that there must  be on the average a small  increase 
of hardness with increase of current  density. However, 
the effect is too small  to be evident  from examinat ion  
of individual  cases. 

c. Concentration of copper sulfate.--It is seen from 
Table X that  copper sulfate concentrat ion does not 
have a significant effect on tensile s t rength or hard-  
ness. There is a sufficient predominance of cases where 
elongation increased with increase of concentrat ion of 
copper sulfate to indicate a real effect. 

In  Table X some properties of commercial  wrought  
copper have been included for comparison with those 
of electrodeposits from the sulfate bath. It is seen that  
the tensile strengths of the electrodeposits are near ly  
the same as that  of annealed tough-pi tch copper. The 
lat ter  has a tensile s t rength of 31,000 psi, whereas the 

average for all nonaddi t ion agent deposits is 29,000 psi. 
On the other hand, the average elongation of the 
electrodeposits, 24%, is considerably less than the 45% 
of the annealed tough-pi tch copper, and the average 
hardness of the electrodeposits, 60 KHN, is significantly 
higher than the value of 45 KHN for the annealed 
tough-pi tch copper. 

d. Concentration of sulfuric acid.--The effect of the 
concentrat ion of sulfuric acid on properties of deposits 
is shown in Table XI. Several  sets of data relat ing 
tensile s trength and elongation to concentrat ion of sul-  
furic acid are plotted in Fig. 6. There is a consistent 
t rend to increase in s trength and elongation for an in-  
crease from the intermediate  to the high concentrat ion 
of acid. In the two cases where data were obtained 
relat ing the low to intermediate  acid concentration, 
the reverse effect occurs. Thus, the curves in Fig. 6 pass 
through a minimum.  We hesitate to conclude that  this 
is a t rue relat ionship without  addit ional evidence. The 
general ly  observed paral lel ism between tensile 
s trength and ducti l i ty that occurs with nonaddi t ion 
agent deposits from the sulfate bath is well  i l lustrated 
in Fig. 6. 

One sees on examining the results for hardness in 
Table XI that, again, the correlation with the composi- 
t ion variable is equivocal. However, the preponderant  

Table X. Effect of concentration of copper sulfate on properties of deposits from the sulfate bath 

E l o n -  Young ' sg  H a r d n e s s  I n t e r -  Elec. re-  
B a t h  C u r r e n t  Tens i l eg  Yieldb,g g a t i o n  m o d u l u s  of  K H N  nalC,o D e n s i t y  s i s t i v i t y  

L ine  No., P a n e l  t e m p ,  dens i ty ,  B a t h  s y m b o l  s s t r e n g t h ,  s t r e n g t h ,  in  2 in.  e las t ic i ty ,  2 0 0 g l o a d ,  s tress .  25~ 25~ 
Table I No. ~ A/drf12 H~O4 CuSO4 psi psi (5 cm), % psi kg/mm "J psi g/cm 8 ohm-cm 

5 55 20 2 H2 C u l  31 • 108 9 • 108 28 16 • 10~ 69 3300 8.921 
18, 20 23, 94 Cu2 32 11 33 16 61 1500 8.925 1.73 

8 60 30 0.5 H3 C u l  20 8 8 56 --110 8.919 1.72 
35 332 Cu2 33 10 41 62 - -90  8.926 1.71 
81 29 Cu3 27 8 16 57 - -90  8.920 1.71 

2 47 30 2 H1 Cul 30 8 37 49 400 8.920 1.72 
12 54 Cu2 30 8 32 48 560 8.922 1.72 

6 56, 57 30 2 H2 C u l  25 7 15 58 570 8.921 
24 ,25  13,25 Cu2 26 8 17 88 550 8.921 1.72 
26 322, 323 Cu2 32 11 39 14 55 8.925 1.73 

9 59 30 2 H3 C u l  28 8 16 58 1800 8.919 1.72 
36, 37 276, 307 Cu2 29 9 19 14 54 180 8.924 1.73 
82 310 Cu3  30 9 29 55 620 8.924 1.72 
10, 11 61-63 30 4 H3 C u l  34 13 15 70 3800 8.925 
38 308 Cu2 34 11 40 66 1500 8.925 1.73 

7 58 40 2 H2 C u l  24 8 13 47 370 
28 ,29  51 ,18  Cu2 22 7 10 124,6 85,496 --320 e 8.923 e 1.73 s 
41 286 60 8 H3 Cu2 27 10 18 58 380 8.925 1.70 
87 309 Cu3  31 10 33 59 620 8.925 1.75 

C o m m e r c i a l  e l ec t ro ly t i c  A n n e a l e d  31 10 45 13-16 45 8.92-8.03 1.74 
t o u g h - p i t c h  coppe r  H a ~ - h a r d  45 38 14 16? 80 8.907f 1.76 

H a r d  54 48 6 15-18 100 8.89 1.77 

x 10 -~ 

a See Tab le  II.  
v 0 .05% of fset .  
r Negative values represent compressive stress. 
4 Measured by beam deflection. Values for which no method is indicated were determined by the resistance strain gauge method. 
e Bath temperature 45~ 
f Values measured by authors. Other data for commercial copper are from published sources. Literature Ref. No. (20), (35). 
One pound per square inch (psi) = 0.000704 kilogram per square millimeter (kg/mmS). 

Table Xh Effect of concentration of sulfuric acid on properties of deposits from the sulfate bath 

E l o n -  Y o u n g ' s  a H a r d n e s s  I n f e r -  Elec.  r e -  
B a t h  C u r r e n t  Tens i l e  �9 Y ie ld  ~,b g a t i o n  m o d u l u s  of K H N  nala, o D e n s i t y  s i s t i v i t y  

L i n e  No., P a n e l  femp,  dens i ty ,  B a t h  s y m b o l  s t r e n g t h ,  s t r eng th ,  in  2 in.  e l as t i c i ty ,  200g load,  s tress ,  25~ 25~ 
Table I No. ~ A/dmS CuSO~ H~SOI psi psi (5 cm), % psi kg/mmS psi g/era a ohm-cm 

18 94 20 2 Cu2 H2 32 x 108 11 x 10 s 33 16 • 10 e 61 1500 8.925 1.73 • 10 -~ 
34 277 H3 37 15 41 164 78 2000 8.926 
23 15 32 0.5 Cu2 H2 23 7 11 13 e 87 -- 700 8.924 1.71 
35 332 30 H3 33 10 41 62 -- 90 8.926 1.71 

2 47 30 2 C u l  H I  30 8 37 49 400 8.920 1.72 
6 56 I-I2 25 7 15 58 570 8.921 
9 59 H3 28 6 18 58 1800 8,919 1.72 

12 54 80 2 Cu2 H1 30 8 32 48 560 8.922 1.72 
24, 25 13, 25 H2 26 8 17 14 88 550 8.921 1.72 
36, 37 276, 307 H3 29 9 19 14 54 180 8.924 1.73 
27 44 30 4 Cu2 H2 30 9 24 53 2200 8.922 1.72 
38 308 H3 34 11 46 66 1500 8.925 1.73 
13 274 40 8 Cu2 H1 32 10 36 61 1400 8.925 1.75 
40 285 H3 37 15 44 80 2600 8.926 1.75 

a One p o u n d  per  squa re  i nch  (psi) = 0.000704 k i l o g r a m  pe r  s q u a r e  m i l l i m e t e r  (kg/mm'- ) ,  
b 0.05% offset. 

N e g a t i v e  v a l u e s  r e p r e s e n t  c o m p r e s s i v e  stresses.  
4 D e t e r m i n e d  f r o m  s t r e s s - s t r a in  curve .  
�9 M e a s u r e d  b y  b e a m  def lec t ion  m e t h o d .  
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effect is an increase in  hardness wi th  increase in acid- 
ity. 

e. A d d i t i o n  age~ t s . - -Da ta  relat ing addit ion agents to 
properties are summarized in Tables XII  and XIII  and 
Fig. 7. In  both tables, data for the corresponding non-  
addit ion agent deposits are shown so that  a direct 
evaluat ion of the effects of the addit ion agents can be 
made. We refer to these as "control deposits." As 
li t t le as 3 rag/1 of gelat in are seen to produce a signifi- 
cant effect on strength, more so than any of the operat-  
ing or composition variables discussed in  the preceding 
sections. This concentrat ion of gelat in also produces a 
moderate decrease in ducti l i ty and increase in hard-  
ness. The effects of concentra t ion of gelat in are shown 
graphically in Fig. 7. Concentrat ions of gelat in be-  
tween 0.003 and 0.1 g/1 cause a regular  change of 
ducti l i ty and yield strength, wi th  the effect leveling 
off at about 0.1 g/1. However, tensile s trength passes 

through a maximum,  probably  at a concentrat ion of 
gelat in somewhat  higher than  0.01 g/1. The high ratio 
of yield s t rength to tensi le s t rength at 0.1 g/1 is ab-  
normal  and probably  indicates that  the t rue tensile 
s t rength was higher than that  observed, and  that  pre-  
mature  fai lure occurred due to bri t t leness (the elonga- 
t ion was near ly  zero). 

The higher concentrat ions of gelat in produced a 
marked  increase in hardness (148 KHN at 0.1 g / l ) .  

Phenolsulfonic acid (Table XII, PSA) was used at a 
concentrat ion of 1.0 g/1 and deposits were made over a 
range of operat ing conditions. The average tensile 
s t rength for all of these deposits was 33,000 psi vs. 
28,000 psi for the control deposits. The increase is 
small, but  is probably  real because it is consistent. PSA 
has a comparable small  but  consistent effect in raising 
ducti l i ty and a more definite effect on hardness, with 
an increase from an average hardness of 57 KHN for 
the control deposits to 88 KHN for the PSA deposits. 

Table Xll. Effect of addition agents on properties of deposits from sulfate baths 

E l o n -  
A d d i t i o n  a a g e n t  B a t h  C u r r e n t  Tens i leb  Y ie ld  b,o g a t i o n  

L i n e  No.,  P a n e l  Cone,  B a t h  t e m p ,  dens i ty ,  s t r e n g t h ,  s t r e n g t h ,  i n  2 in.  
Table  I No. N a m e  g / l  s y m b o l  ~ A / d m  2 ps i  ps i  (5 cm) ,  % 

Y o u n g ' s  b H a r d n e s s  I n t e r -  Elec.  r e -  
m o d u l u s  of K H N  nalb,~ D e n s i t y  s i s t i v i t y  
e las t i c i ty ,  200g load ,  s t ress ,  25~ 25~ 

ps i  k g / m m ~  ps i  g /cmS o h m - c m  

12 
14, 15 
24-26 

31 
36, 37 
46 
47 
16 
32 
33 
58 
59, 60 
62 
63 
82 
88 

54 None  Cu2-H1 30 2 30 • 108 8 x 10 a 32 
64, 65 G e l a t i n  0.003 30 2 41 21 25 
13, 25 None  Cu2-H2 30 2 28 9 24 

322 
66 G e l a t i n  0.003 30 2 45 28 8 

276, 307 None  Cu2-H3 30 2 29 9 19 
81 G e l a t i n  O.01 30 2 53 31 10 
83 0.1 30 2 40 34 0.4 
68 P S A  1.0 Cu2-H1 30 2 36 15 31 
69 P S A  0.7 Cu2-H2 30 2 33 11 35 
70 F S A  1.0 30 2 36 15 34 
73 P S A  1.0 Cu2-H3 20 2 40 18 28 
71, 71B P S A  1.0 30 2 35 14 83 
72 P S A  1.0 40 2 30 9 23 
76 P S A  1.0 40 4 33 12 31 

310 None  Cu3-H3 30 2 30 9 29 
77 P S A  1.0 30 2 34 13 32 

17 • 10 e 
14 

15 ~ 
14 
17f 
156 

48 560 8.922 1.72 • 10 -e 
90 750 8.915 
72 550 8.923 1.72 

82 iO00 8.914 1.76 
54 180 8.924 1.73 

131 860 1.77 
148 --4200 8.86 2.10 

97 -- 370 8.923 
73 8.922 
99 250 8.923 
93 1800 8.923 
87 10O 8.923 1.72 
88 380 8 .923 1.71 
87 -- 260 8.922 
55 620 8.924 1.72 
82 --420 8.921 

a P S A  = pheno l su l~on ic  acid.  
b One p o u n d  pe r  s q u a r e  i n c h  (psi) ---- 0.000704 k i l o g r a m  

0.05% offset. 
Negative values represent compressive stresses. 

e Measured by  beam deflection method. 
t F r o m  s t r e s s - s t r a in  cu rve .  

pe r  s q u a r e  m i l l i m e t e r  (kg /mm~) .  
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TaMe Xlll. Effect of addition agents on properties of deposits from sulfate baths a 

L i n e  No., P a n e l  
Tab le  I No. 

E l o n -  Y o u n g ' s  o H a r d n e s s  I n t e r -  Elec.  r e -  
A d d i t i o n b  a g e n t  B a t h  C u r r e n t  Tensi ler  Yieldc,4 g a t i o n  m o d u l u s  of  K H N  nalO, e D e n s i t y  s i s t i v i t y  

Conc,  t emp ,  dens i ty ,  s t r e n g t h ,  s t r e n g t h ,  i n 2  in.  e l as t i c i ty ,  200g load,  s t ress ,  25~ 25~ 
N a m e  g/1 ~ A / d m a  ps i  ps i  (5 cm) ,  % ps i  k g / m m  ~ ps i  g /cm3 o h m - c m  

36, 37 276, 307 None  - -  30 2 29 x 10 a 9 X l0  s 19 14 • 10e 64 180 8,924 1.73 • 10 -0 
43 5-4 D e x t r i n  0.02 30 2 22 5? 60 
44 6-6 Dex t ro se  0.05 30 2 Ze ro  
45 219 E A  + M 0.3, 2.0 30 2 27 13 9 61 1500 8.922 1.73 
48 6-5 G l y c e r o l  1.O 30 2 33 117 62 
49 5-2 G l y c i n e  0.1 30 2 31 4f 79 
50 214 L A  0.05 30 2 25 8 10 78 800 8.929 1.72 
52 160 B-NQ 0.1 30 2 36 14 8 119 5300 8.923 1.76 
54, 55 91, 114 NDS 1.8 30 2 30 8 29 83 300 8.923 1.72 
64 166 SeO~ 10-~ Se 30 2 47 17 21 123 2300 8.929 1.76 
66 172 SeO2 i0 -~ Se 30 2 44 16 24 16 108 2800 8.928 1.75 
68 5-1 Sorbitol 0.1 30 2 30 4? 55 
69 86 T h i o u r e a  0.005 30 2 20 6 10 70 --120 8.922 1.76 
70 88 Thiourea 0.015 30 2 28 12 9 76 --40 8.918 1.77 
71 216 Thiou~ea 0.015 30 2 39 13 20 99 900 8.923 1.76 

+ NDS 0.5 
72, 73 93, 108 T I P A  3.5 30 2 40 19 17 16 119 2100 8.923 L76 

109 
76 337-341 TIPA 3.5 30 5 71 43 7 15 144 7100 8.913 1.89 
77 226 Prop. A 22 4 51 40 14 137 8.917 1.82 
78 230 Prop. A 28 4 52 40 19 128 2900 8.918 

a A l l  depos i t s  we re  m a d e  f r o m  the  Cu2-H3 ba th .  
b A d d i t i o n  a g e n t  s y m b o l s  are  def ined as fo i l ows :  EA + M, e t h y l  a l coho l  + molasses ;  fl-NQ, ~ - n a p h t h o q u i n o l i n e ;  LA,  lac t ic  acid;  NDS,  

1 , 5 - n a p h t h a l e n e d i s u l f o n i e  acid;  T IPA,  t r i i s o p r o p a n o l a m i n e ;  Prop.  A, p r o p r i e t a r y  b r i g h t  ac id  c o p p e r  ba th  c o n t a i n i n g  a s u l f o n a t e  and  an  azo 
dye.  

c One p o u n d  per  squa re  i nch  (psi) = 0.000704 k i l o g r a m  pe r  squa re  m i l l i m e t e r  (kg/mm~ 
0.05% offset .  
N e g a t i v e  v a l u e s  r e p r e s e n t  c o m p r e s s i v e  stress .  

? Per  cen t  e l o n g a t i o n  in  i in .  (2.5 cm).  

Lines 58-62 in Table XII  show the effect of bath 
temperature  on tensile s trength and ducti l i ty of de- 
posits from baths containing PSA. The decrease in 
tensile s trength is more pronounced than  for corre- 
sponding nonaddi t ion agent deposits, with the effect 
of the PSA largely lost at 40~ Bath tempera ture  has 
a smaller effect on ductility. 

The effects of a var ie ty  of other addition agents are 
shown in Table XIII. Most of these addition agents 
have only small  effects on tensile strength. Dextrin,  
lactic acid, and thiourea cause small  decreases, espe- 
cially thiourea. Ethyl  alcohol plus molasses is neu t ra l  
in its effect. The addition agents that were most effec- 
tive in increasing s t rength were selenium dioxide, 
t r i isopropanolamine (13) (TIPA),  and the propr ie tary  
br ightener  designated as "A. ''9 TIPA was most effective 
at a relat ively high current  density. It is possible that  
the effects of some of the other addit ion agents might  
be larger at higher current  densities. All  of these addi- 
t ion agents resulted in smoother deposits with a visual  
appearance of grain refinement,  but  none except Pro-  
pr ie tary A yielded br ight  deposits. T IPA tended to 
yield deposits peppered with small  nodules on a fine- 
grained background. Efforts to e l iminate  this defect 
were not ent i rely successful. The tendency to cause 
nodules appears to be an inheren t  characteristic of 
this addition agent. Its concentrat ion was also difficult 
to control due to rapid depletion. Control of selenium 
dioxide was also difficult. This is na tura l  because of 
its very low concentrat ion in the bath. 

Selenium dioxide and 1,5-napthalenedisulfonic acid 
(NDS) caused increases in ductility. The effects on 
duct i l i ty  of thiourea plus NDS and of Propr ie tary  A 
were not significant. The other addition agents resulted 
in significant decreases in ductility, but  in no case to 
the extent  of extreme brittleness. 

All  the addition agents caused significant increases 
in hardness. /~-Naphthoquinoline, selenium dioxide, 
TIPA, and Propr ie tary  A were most effective, yielding 
hardnesses in the range of 120-140 KHN. 

]. Periodic current reversal (PR) . - -P l a t i ng  with pe-  
riodically reversed current,  as developed by Jerns tedt  
(14) and applied to high efficiency copper cyanide 
baths, results in marked improvements  in physical 
properties, smoothness, and abil i ty to form thick de- 
posits. Periodic current  reversal  (PR) has less pro- 
nounced, but  significant, effects on deposits from acidic 

g T h i s  p r o p r i e t a r y  a d d i t i o n  a g e n t  is  r e p o r t e d  to  c on t a in  a ca t ion ic  
a z o  d y e  a n d  an  o r g a n i c  s u l f o n i c  ac id .  

baths. Applications of PR have been reviewed in pre-  
vious publications (3, 15). 

A clock-type t imer  system and a large-capacity relay 
uni t  were used to control the periodically reversed 
current.  Cycle periods were adjusted to +--5%. A thor-  
ough investigation of the effect of PR would require 
variat ion of the PR cycle and other operat ing condi-  
tions. We intended only a l imited study, to show 
whether  PR significantly affects properties. The cycle 
used was based on informat ion in the review ref- 
erences cited above. 

Our data on the effect of PR on properties of copper 
deposits are given in Table XIV for deposits from both 
sulfate and cyanide baths. At this point we consider 
only the former. Comparing the data in l ine 79 with 
that in the next  two lines, it is seen that tensile and 
yield strengths and hardness are increased significantly 
by use of PR. Comparisons are made with direct cur-  
rent  deposits formed at both 2 and 4 A / d m  2 because, 
while the instantaneous plat ing rate with PR is 4 
A / d m  2, the net plat ing rate is only 4(5 -- 2/5 -5 2) ---- 
1.7 A / d m  2. 

The elongation of the PR deposit is between those of 
the two direct current  deposits. The data in Table XIV 
by themselves are not sufficient to permit  a definite 
conclusion regarding effect of PR on elongation. How- 
ever, in  conjunct ion with other elongation data shown 
in Fig. 14, discussed in Section III-E, we conclude that 
tensile s t rength and elongation vary  inversely for PR 
deposits. 

B. Internal Stress in Deposits from Sulfate Baths 
1. Method of measurement and reproducibility.-- 

Data on in terna l  stress are of interest  from the theoret-  
ical s tandpoint  and are of practical concern in  engi-  
neer ing applications, where excessive stress may  cause 
warping and cracking of an electrodeposit. Stress was 
measured with the Brenner-Senderoff  spiral contrac- 
tometer, using the precautions described by these 
authors (16). The estimated accuracy of individual  
determinat ions of stress is +-300 psi (0.21 kg/mm2).  

2. Effect o] Thickness of Deposit--Partly for con- 
venience and par t ly  because in te rna l  stress in sulfate 
deposits, with which we worked first, did not usual ly  
increase significantly with increase in  thickness beyond 
1 mil, this was chosen as the thickness on which to 
base our measurements .  Variat ion of stress wi th  thick- 
ness for several representat ive types of deposit is 
shown in Fig. 8 and 9. The curve in Fig. 8 for a deposit 
from a sulfate bath containing naphthalenedisulfonic  
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acid is fair ly typical of low-st rength  deposits from 
sulfate baths. It is seen that  the rate of increase of 
stress has become near ly  zero at a thickness of about 
1 mil. This was also the behavior of the deposit from a 
fluoborate bath (Fig. 9). Stress was still changing at a 
significant rate at this thickness in deposits of the other 
types i l lustrated in Fig. 8 and 9. In  these lat ter  deposits, 
the stress ul t imately  developed is higher than  the value 
we have reported. However, we conclude on qual i ta-  
tive grounds that the increase in stress, with one excep- 
tion, soon ceases to increase with thickness, because 
deposits, after separating from the star t ing sheet, did 
not warp and curl. This indicates that  either the stress- 
free later "layers" of the deposit were more pre-  

dominant  in thickness or that  stresses were relieved by  
room-tempera ture  annealing.  

The one exception was the deposit made from a 
sulfate bath wi th  periodic current  reversal  (Fig. 8 and 
Table I, l ine 79). Residual  stress was evident  in this 
deposit, causing warp ing  of the 18 mils thick panel. 
Apparent ly ,  reversal  of current  causes each new layer, 
cycle after cycle, to deposit with stress comparable t o  
that in the ini t ial  layer  of a continuous deposit. In  
general, the deposits that show continued increases in 
stress at a thickness of 1 rail and which have the 
higher reported levels of stress have smal l -gra in  struc-  
tures (Fig. 20, 21, 34, 59). 

The pyrophosphate deposit (Fig. 8), in which stress 
is compressive, first went  through a brief  period in  
which the stress was tensile. This may be caused by  an 
abnormal  ini t ial  s t ructure induced by the substrate, 
with conversion to a s tructure typical  of the conditions 
as thickness increases. 

3. Effect oS operating conditions and bath composi- 
tion.--a. Bath temperature.--Increase of bath tempera-  
ture  causes the in te rna l  stress of deposits from sulfate 
baths to decrease. This is t rue  in an algebraic sense; 
i.e., if the stress is compressive, increase of tempera-  
ture  makes it more compressive. This is i l lustrated in 
Table VIII and Fig. 10 and 11. 
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b. Current densi ty . - -The effect of current  densi ty on 
in te rna l  stress is shown in Table IX and in Fig. 11 and 
12. The effect is unequivocal,  with significant and con- 
sistent increase in stress with increase in current  
density in each instance. 

c. Concentration of copper sul fate . --I f  the concentra-  
t ion of copper ions in the cathode film is relat ively 
low, this might  be expected to cause small  grain size 
and high stress. However, the effect might  be small  in 
magni tude  unless l imit ing current  conditions were 
approached. On these hypotheses, one might  expect 
minor  effect from change of concentrat ion of copper 
sulfate in a high concentrat ion range, but  that, in 
passing from an in termediate  to a low concentration,  
increase in stress would be larger. On the other hand, 
this conclusion is modified by consideration of cur ren t  
densi ty and temperature.  If cur rent  densi ty is suffi- 
ciently low or bath tempera ture  sufficiently high, the 
tendency for stress to increase with decrease in con- 
centrat ion of copper ion might  be nullified. These 
hypotheses fit the data tabulated in Table X ra ther  
closely. Thus, in the first set of data (lines 5, 18, 20), 
where bath tempera ture  is low, stress increases sig- 
nificantly with decrease of copper sulfate from the 
intermediate  (Cu-2) to the low concentrat ion (Cu-1).  
In  the second set (lines 8, 35, 81), stress does not 
change significantly with change of copper sulfate 
concentrat ion and this insensi t ivi ty is associated with 
a very  low current  density. In  the third, fourth, and 
seventh sets (lines 2-12; 6-24, 25; and 7-28, 29), differ- 
ences in stress are not significant and this is associated 
with high bath temperatures  (relative to the first set). 
In  the fifth set (lines 9-82), the difference due to the 
change from Cu-2 to Cu-3 is not significant (less than 
• psi), in  agreement  with the hypothesis. There is a 
significant increase in stress with decrease of copper 
from Cu-2 to Cu-1. In this case, the concentrat ion of 
sulfuric acid is high, and this would tend to depress 
the copper ion concentrat ion by means of the common-  
ion effect, thus causing an increase in stress. In  the 
sixth set (lines 10-38) the si tuation is s imilar  to that  
for the first pair  of the fifth set, except that  one would 
expect the effect to be larger because the current  
density is higher in the sixth set, and a larger effect 
did occur. Finally,  in the eighth set (lines 41-87), due 
to the high bath tempera ture  and high range of copper 
concentration,  we might  anticipate that  stress would 
be little affected by the change of copper concentration, 
and this is what  is observed. 

The data in Table X have been discussed in this 
detail to emphasize that, in all of the interrelat ionships 

we have at tempted to simplify, m a n y  variables in te r -  
act wi th  complex effects. This may result  in  apparent  
discord which might  disappear if the effects of all 
variables could be s imultaneously  analyzed. 

d. Concentration of sulfuric acid.--Data showing the 
effect of concentrat ion of sulfuric acid on stress are 
summarized in Table XI and Fig. 11. Counting sets of 
three as two pairs, there are 17 pairs of data for de- 
posits made with different acid concentrat ions in Table 
XI and Fig. 11, jointly.  In  13 of these pairs, differences 
in stress are wi th in  or near ly  wi th in  our estimate of 
reproducibil i ty of • psi. Two pairs show a small 
but  significant increase of stress with increase of 
acidity, and two a decrease. We can only conclude that, 
wi thin  the range of concentrat ions of sulfuric acid that  
we used, the effect of change of concentrat ion of sul-  
s acid is small  and its direction undetermined.  

One might  predict a dual  effect: e.g., if conditions 
are borderl ine with respect to main tenance  of an ample 
concentrat ion of copper ions in the cathode film, due to 
a low concentrat ion of copper in the bath, high current  
density, or low temperature,  increase of acidity might, 
due to the common ion effect referred to in  Section 
III-B-3-c,  cause sufficient fur ther  reduction of concen- 
t ra t ion of copper ion in the cathode layer to result  in 
significant grain refinement and increase of stress. 
Another  si tuation would be that  in which the concen- 
t rat ion of acid was sufficiently low that  basic mater ial  
codeposited, causing high stress. Increase in acidity 
might  then cause decrease of stress. Addit ional  ex- 
per iments  would be required to evaluate this specula- 
tion. 

e. Addit ion agents. Effects of addition agents on stress 
are shown in Tables XII  and XIII  and Fig. 13. 

A concentrat ion of gelatin in  the plat ing bath  of 
0.003 or 0.01 g/ l i ter  results in an increase in stress, 
whereas with 0.1 g/ l i ter  the stress has a large com- 
pressive value (Table XII, Fig. 13). Thiourea and 
Rochelle salt have been reported to have a similar 
effect (17, 18). The concentrat ion of thiourea that  we 
used (Table XIII)  was not large enough to produce 
stress reversal. 

The effect of phenolsulfonic acid is shown in Table 
XII. Comparing the values of stress in pairs, lines 12 
vs. 16, 24-26 vs. 33, 36-37 vs. 59-60, and 82 vs. 88, we 
see that  phenolsulfonic acid consistently causes a re- 
duction of stress. This is analogous to the effect of 
organic sulfonates in nickel baths. On the other hand, 
1,5-naphthalenedisulfonic acid (line 54-55, Table XIII)  
causes a small  but  not significant increase in stress. 
The stress value in l ine 58, Table XII, shows that  
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Fig. 13. Relationship between gelatin concentration in the bath 
and internal stress in copper deposits from sulfate baths (Cu2-H3, 
30~ 2 A/dm2). 
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decrease of temperature  from 30 o to 20~ causes a 
significant increase in stress of a deposit from a bath  
containing phenolsulfonic acid (hpsi ---- 31500).  Thus, 
the effect of tempera ture  is the same as in a non-  
addit ion agent bath. 

The addit ion agents listed in Table XIII  that  are not 
referred to in  the preceding paragraph all caused sig- 
nificant increases in stress. The largest effects were 
produced by ~-naphthoquinol ine,  selenium dioxide, 
t r i isopropanolamine (TIPA),  and the proprie tary addi-  
t ion agent. However, none of the stresses seen in 
Table XIII  is high enough to cause t rouble in most 
applications of electrodeposits. 

•. Per/od~c current reversaL--Effect  of periodic cur ren t  
reversal  on stress is shown in the first three lines of 
Table XIV. It is seen that  PR causes a marked increase 
of in terna l  stress. This has already been discussed in 
Section II I -B-2 in its relat ion to deposit thickness. It  
is hypothesized that  the high stress may be the result  
of forming deposit, layer after layer because of the 
cycling, that  has the high stress characteristic of the 
f ine-grained zone next  to the substrate in d-c deposits. 

C. Density of Deposits from Sulfate Baths 

1. Method of measurement  and reproducibili ty.--  
Knowledge of density is of interest  pr imar i ly  because 
it depends on pur i ty  and structure of deposits. Density 
was measured by obtaining the mass of a specimen by  
weighing in air and the volume of the specimen by 
measur ing the buoyant  force on it when  immersed in a 
liquid. Precautions required for precision density mea-  
surements  have been described (19) and were followed 
wi th  some abridgments.  For  deposits through panel  
serial No. 96, the immersion liquid used was water  
containing a wett ing agent. The immersion l iquid for 
subsequent  panels was tetrabromoethane.  Specimens 
were made from broken segments of tensile specimens 
or from rectangular  strips ~/a x 5 in. A comparison of 
the density of a pulled and unpul led  specimen showed 
that the cold-working of a tensile specimen did not 
affect its densi ty measurably.  Triplicate specimens 
were usual ly  used, each taken from a different posi- 
t ion on the panel;  from some panels only duplicates 
were used. No significant effect of position on the panel  
was found. 

Weighings were made to 0.05 rag. Balance case tem-  
perature  was constant  to •176  Temperature  of the 
submersion l iquid was measured to 0.1~ All  data 
were corrected to 25~ The average var iat ion among 
duplicate or triplicate sets was ~_0.001 and the maxi -  
mum -+0.004 g/cm 3. The accuracy of the reported 
values is judged to be • g /cm 3. 

2. Results . --Examination of the data in Tables VIII 
to XI shows max imum variat ions wi th in  given sets of 
Pairs or tr iplets of -+0.002, -+0.004, -+0.004, and ___0.002 
g/cm 3 due to the largest applied variat ions of bath 
temperature,  current  density, concentrat ion of copper 
sulfate, and concentrat ion of sulfuric acid, respectively. 
Corresponding average densities, respectively, are 
8.924, 8.924, 8.923, and 8.923 g/cm 3. These data i l lustrate 
the remarkab ly  small  change of density with change of 
bath composition or operat ing conditions. 

One exception to this constancy appears in Table IX, 
l ine 42, panel  297. This is the high current  density 
deposit referred to in Section I I I -A-4-b .  Its low densi ty 
of 8.86 correlates with its other abnormal  properties. 

Some addition agents cause marked lowering of 
density, while  others have little, if any, effect. As 
little as 3 rag/ l i ter  of gelatin cause a significant lower-  
ing, while 0.1 g/ l i ter  results in the very  low value of 
8.86 g/cm 3 (Table XII) .  Among the other addition 
agents used (Tables XII  and XIII) ,  only tri isopro- 
panolamine  at 5 A / d m  2 caused significant reduction of 
density. 

Periodically reversed current  has no measurable  
effect on densi ty of deposits from the sulfate baths 
(see Table XIV, first three l ines).  

Densities of deposits from sulfate baths are sum- 
marized in  Table XV, in  which comparative values for 
other preparat ions of copper are also assembled. 

D. Electrical Resistivity of Deposits from Sulfate Baths 
1. Method of measurement  and reproducibili ty.--  

Specimens used for measur ing electrical resist ivity 
were strips 0.5 x 15 cm. They were clamped in a jig 
with current  contacts at the ends and intermediate  
voltage contacts 10 cm apart. Two methods were used 
for the electrical measurements .  In the first method, 
conventional  equipment  was used for measur ing volt-  
age between the two contacts while  a measured cur-  
rent  was passed. This method was used for specimens 
from all panels through No. 96. Measurements  on 
specimens from panels made subsequent  to No. 96 
were made with a commercial  mil l iohmmeter ,  which 
operated on the same principle as above, and which 
had an accuracy of --+1% in the range of resistance 
wi th in  which measurements  were made. In  both pro-  
cedures, the equipment  was calibrated and measure-  
ments  of exper imental  specimens were directly in ter -  
compared with a 1 mohm standard resistor. The re-  
sistance of exper imenta l  specimens was of this order. 
Two, or usual ly  three, specimens were taken from 
each panel, from top, middle, and bottom positions. 
Position did not affect resistivity. Cross-sectional area 
of specimens was obtained from length and mass. 
Small  corrections were made for surface roughness, 
as described previously (4). The average deviation 
from the mean  within  sets of duplicates or triplicates 
was _+0.8%, considering all thick deposits (84 sets; 
thin deposits from cyanide baths excluded).  Among 
these 84 sets, variat ion exceeded -+1% for only eight 
sets. Calculated values of resist ivi ty reported in Table 
I and in the various subtables have been corrected to 
25~ by  assuming that  the tempera ture  coefficient of 
resist ivi ty of the deposits is the same as that  for pure 
copper (0.0068 x 10 -6 ohm-cm/~  (20). 

2. Results.--Variation of electrical resist ivi ty with 
thickness of deposits from sulfate baths has already 
been discussed (Section III-A-3,  Table VII) .  

Analysis of resist ivity data in Tables VIII to XI 
shows the following: 

Table VIII,  e f fect  of ba th  temperature  
Table IX,  effect  of cu r ren t  density 
Table X, effect of concent ra t ion  of 

copper sulfate  
Table XI ,  effect of concentra t ion of 

sulfuric acid 

Electrical  resist ivity  
/zohm-cm 

M a x i m u m  
variation Average ,  

wi th in  sets all sets 

-~-0.035 1.73 
•  1.73 

-~0.005 1.73 

•  1.73 

The variat ions are too small  to permit  definite con- 
clusions as to the effects of the various parameters.  It  
is seen in these tables that  the few cases of max imum 
resist ivi ty (1.75-1.78 ~ohm-cm) correspond to either a 
low tempera ture  (20~ or a high current  densi ty 
(8 A / d m  2) and this is probably  significant. 

Not included in the above analysis is the deposit 
made at 60~ and 20 A / d m  2 (line 42, Table IX) which 
has been referred to in previous sections as abnormal.  
It also has an abnormal ly  high resistivity, 1.90 
#ohm-cm. 

Periodic reversal  of current  caused a small  increase 
in resist ivi ty of a deposit from a sulfate bath (Table 
XIV, l ine 79). This is Consistent with the f ine-grain 
s tructure of the deposit and with the higher resistivity 
of thin deposits (Section III-A-3,  Table VII) .  

Relationships between the resist ivity of deposits and 
addition agents in sulfate baths are shown in Tables 
XII  and XIII. It  is seen that  gelatin, 0.1 g/l, tr i iso- 
propanolamine,  and the proprie tary addition agent 
produce significant increases in resistivity. Gelatin, 
0.003 or 0.01 g/1 fl-naphthoquinoline,  SeO2, sorbitol, 
and thiourea cause an increase of about 0.04 #ohm-cm, 
only slightly larger than possible measurement  var ia-  
bility, but  probably  real. Effects of phenolsulfonic acid, 
ethyl  alcohol plus molasses, lactic acid, and nap tha-  
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Fig. 14. General relationship between elongation and tensile 
strength for all copper deposits from sulfate baths. A--Direct re- 
lationship between elongation and tensile strength: O - - a l l  nonad- 
dition agent sulfate baths; (~)--Cu2-H3 containing 0.02 g/I dex- 
trin, 30~ 2 A/dm2; ~ Cu2-H3 containing 0.05 g/l  lactic acid, 
30 ~ 2 A/dm2; []--Cu2-H3 containing 1.8 g/I naphthalenedi- 
sulfonic acid, 30 ~ , 2 A/dm2; D - - a l l  baths containing 1.0 g/I 
phenolsulfonic acid; I~ Cu2-H3 containing 0.005 g/I thiourea, 
30 ~ 2 A/dm 2. B-~lnverse relationship between elongation and ten- 
sile strength: (~ - -Cu2-H3 containing 0.1 g/I  gelatin, 30~ 2 A/  
dm2; (~ - -Cu2-H3 containing 0.01 g/I gelatin, 30 ~ 2 A/dm2; 
~Cu2-H1 containing 0.003 g/I gelatin, 30 ~ 2 A/dm2; [~--Cu2-H3 
containing 10 - 4  g/I  selenium, 30 ~ 2 A/dm2; [~[--Cu2-H3 contain- 
ing 10 - 4  g/I selenium, 30 ~ 2 A/dm 2, thin deposit (2 mils); I ~ - -  
Cu2-H3 containing 10 - 3  g/I selenium, 30 ~ 2 A/dm2; I~- -Cu2-H3 
containing 10 -3  g/I selenium, 30 ~ 2 A/rim 2, thin deposit (2 mils); 
~ - - C u 2 - H 3  containing 3.5 g/I triisopropanolamine, 30 ~ 5 A/dm2; 
FII--Cu2-H3 containing 3.5 g/I triisopropanolamine, 30 ~ 2 A/din 2, 
thin deposit (2 mils); A--proprietary bright acid copper, 22 ~ and 
28 ~ 4 A/dm2; A- -Cu2-H3,  30 ~ 4 A/dm 2, PR cycle 5-2 sea C- -  
Transitional relationship between elongation and tensile strength: 
@~thin nonaddition agent sulfate deposit (2 mils) (~ - -Cu2-H3 
containing 0.3 g/I  and 2.0 g/I  ethyl alcohol and molasses, respec- 
tively, 30~ 2 A/dm2; (~)--Cu2-H3 containing 1.0 g/I glycerol, 
30 ~ , 2 A/dm2; ~ Cu2-H3 containing 0.1 g/I glycine, 30 ~ , 2 A /  
dm2; ~--Cu2-H3 containing 0.1 g/I  fl-naphthoqulnoline, 30 ~ 2 
A/dm2; ~t - -Cu2-H3 containing 0.1 g/I ~-naphthoquinoline, 30 ~ 
2 A/dm 2, thin deposit (2 mils); ~ - - C u 2 - H 3  containing 0.05 g/I  
lactic acid, 30 ~ 2 A/dm 2, thin deposit (2 mils); ~ C u 2 - H 3  con- 
taining 0.015 g/I thiourea, 30 ~ 2 A/dm2; I~--Cu2-H3 containing 
0.015 g/I and 0.5 g/I thiourea and naphthalenedisulfonic acid, re- 
spectively, 30 ~ , 2 A/dm2; I I - -Cu2-H3 containing 1.8 g/ I  1,5- 
naphthalenedisu(fonic acid, 30% 2 A/dm ~, thin deposit (2 mils); 
r ~ C u 2 - H 3  containing 0.1 g/I sorbitol, 30 ~ 2 A/dm 2. a--Calcu- 
lated value, see section III-A-4-e. 

lenedisulfonic acid on resist ivity are smaller  than  the 
sensi t ivi ty of our measurements .  

Some comparative values of resist ivi ty for wrought  
copper are shown in Table X. The average resist ivi ty 
of the deposits from nonaddi t ion agent sulfate baths 
is about the same as that of annealed electrolytic 
tough-pi tch copper (1.73 and 1.74 ~ohm-cm, respec- 
t ively) .  Resistivity values of many  individual  deposits 
in Tables VIII to XI are in the range of 1.70-1.72 
#ohm-cm, which compares with 1.71 reported for high-  
pur i ty  copper (3). Resistivity data therefore indicate a 
high degree of pur i ty  for most of the deposits from 
nonaddition agent sulfate baths. 
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Fig. 15. General relationship between hardness and tensile 
strength of copper deposits from all nonaddition agent sulfate baths 
at various operating conditions. 

E. Relationships between Properties of Deposits from Sulfate Baths 

1. Tensile s t r e n g t h  and elongat ion.--The usual  re la-  
t ionship between tensile s t rength and elongation for 
wrought  metals is inverse; i.e., a high tensile s trength 
is associated with a low ducti l i ty and vice versa. In 
Fig. 14 we have plotted values of tensile s trength and 
elongation for all as-plated deposits from sulfate baths, 
including those containing addition agents. The points 
fall into three main  groups: those enclosed by enve-  
lopes A and B, and the group in the in termediate  area 
designated as C. 

With a few minor  exceptions, the "A" envelope 
includes all deposits from nonaddi t ion agent baths 
(except for thin deposits) and deposits from baths con- 
taining addition agents that  have little effect on ten-  
sile strength. These addition agents are dextrin,  lactic 
acid, the two sulfonic acids, and thiourea, 0.005 g/1. 

Contrary to the usual  relationship, the ducti l i ty of 
these deposits increases with increase in tensile 
strength. This anomalous relat ionship has been pre-  
viously noted by Safranek (21), Read (9), and the 
present  authors (4). The points enclosed in envelope 
"B" show the expected inverse relationship between 
tensile s trength and elongation. It is seen that  this 
group includes deposits from baths that  contain effec- 
t ive addition agents, such as t r i isopropanolamine and 
Proprie tary A. The deposit made with periodic current  
reversal  is also in this group. 

Area C may be referred to as a t ransi t ion zone. In  
this zone are found points represent ing deposits from 
baths containing addition agents of in termediate  effec- 
t iveness and points for thin deposits. 

Examinat ion of the photomicrographs in Fig. 16-21 
reveals that size and type of grain is correlated with 
these differences in relationships between tensile 
s t rength and ductility. The deposits represented in 
envelope A are composed predominant ly  of relat ively 
large columnar  grains. Those represented by points in 
envelope B have a fine grain s tructure and in  area C 
an intermediate  grain size. It  is assumed that the thin 
deposits, represented in both envelope B and area C, 
have a relat ively fine s tructure similar to that  of the 
ini t ia l ly  formed port ion of the structures seen in Fig. 
16-21. 

The direct relationship between tensile s trength and 
ducti l i ty exemplified by envelope A in Fig. 14 is also 
seen in Fig. 4, 5, and 6 for nonaddi t ion agent deposits. 
The inverse relat ionship corresponding to envelope B 
in Fig. 14 is fur ther  i l lustrated in Fig. 2. Again, the 
influence of the finer grain of thin deposits is noted. 

It  is clear from Fig. 14 and the above discussion that  
a consequence of the dual relationship between tensile 
s t rength and elongation is that low ducti l i ty may be 
associated with either high tensile s t rength and fine 
grain  structure,  or with low tensile s t rength and coarse 
grain structure. On the other hand, high ducti l i ty is 
associated with a nar row range of tensile strength. 
The association of low ducti l i ty with either very fine 
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Fig. 16. Effect of bath temperature on the structure of copper from sulfate baths. Part A: Cu2-H2, 2 A/dm2--(16-A-1) 20~ (15-A-2) 
30~ Part B: Cu3-H3, 4 A/dm2--(16-B-1) 20~ (16-B-2) 60~ 

or very coarse grain s tructure has been noted by 
others.10 

2. Tensile s trength and hardness.--Hardness usual ly  
increases l inear ly  with the tensile s trength of wrought  
metals. The same relationship has been observed for 
electrodeposited nickel (2). In Fig. 15 tensile s trength 
is plotted as funct ion of hardness for all  deposits from 
nonaddi t ion agent sulfate baths. It is seen that  in the 
range of tensile s trength of 20,000-30,000 psi and hard-  
ness from 46 to 60 KHN, dis tr ibut ion of points is quite 
random, with no apparent  correlation. At higher 

10 A. M. Max,  Eng inee r ing  Depar tmen t ,  P u r d u e  Univers i ty ,  Ind ian-  
apolis, Indiana ,  P r i v a t e  communica t ion .  

s trengths and hardnesses, there is an approximate 
direct correlation. Data for three deposits that are 
abnormal ly  hard in combinat ion with low strength, 
due to a small  degree of spangling, were omitted from 
Fig. 15. In  Table XIII, it is seen that  deposits made 
with some addit ion agents, such as lactic acid (line 50) 
and thiourea (line 69) have relat ively high hardness 
but  abnormal ly  low strength. On the other hand, the 
addition agents that  have been described in preceding 
sections as "active" or "effective," such as tri isopro- 
panolamine  and proprie tary A, cause increase of both 
hardness and strength. Thus, addition agents affect 
hardness and tensile s trength independently,  so that no 
general  correlations are seen. 
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F. Structure of Deposits from Sulfate Baths 

1. General.--Structure of copper electrodeposits has 
been more extensively studied than any  other property. 
However, in much of this work there has been no 
effort to correlate s t ructure  with mechanical  and 
physical properties of deposits. The l i terature  on this 
subject  was reviewed in the first paper  of this series 
(3). An extensive study of s tructure was not a par t  of 
this research, al though photomicrographs of a sufficient 
sampling of deposits were prepared to show broad 
interrelat ionships.  

S tandard  metal lographic procedures were used for 
prepar ing specimens. To avoid changes of s t ructure  
caused by anneal ing  dur ing mounting,  the specimens 
were mounted  in a room-tempera ture  curing thermo-  
sett ing casting resin. Most specimens were  given a 
thick back-up plate of electrodeposited nickel prior to 
mounting,  to protect edges dur ing  polishing. Approved 
polishing procedures were used (20, 22). The final 
polishing of most of the specimens was mechanical,  
but  several were electropolished also and the struc-  
tures obtained by the two methods compared to make 
sure that s t ructure al terat ions due to surface working 
were not occurring. Good agreement  of s t ructure  was 

obtained. Some of the specimens were etched with an 
ammonia-peroxide  etch (NH4OH, conc, 5; H202) 3% 
grade, 5; water, 5 parts  by volume) and some with a 
dichromate etch (K2CrOT, 5g; H2SO4, conc, 3 ml;  water, 
100 ml) .  

2. E~ect of operating variables and bath composition. 
--a. Bath temperature.--Structures for two pairs of 
deposits with tempera ture  the only var iable  are shown 
in Fig. 16. Increase in grain size and decrease in the 
thickness of the f ine-grained basal layer  with increase 
of tempera ture  are seen in both pairs. 

b. Current density.--Microstructures for three sets of 
deposits with current  density the only variable  wi th in  
each set are shown in Fig. 17. The series in par t  A 
shows a decrease of grain size with increase in current  
density. Between 0.5 and 2 A / d m  2 (17-A-1 and 17-A-2), 
the difference is most marked  in the basal zone of Fig. 
17-A-2. A significant change of s tructure to a r an -  
domly oriented fine grain is seen on going to 4 A / d m  2 
(17-A-3).  This is the only deposit of this character  
among those we examined from nonaddi t ion agent 
baths. A mi n i mum concentrat ion of copper, a maxi -  
mum acid concentrat ion,  and a moderately  high cur-  

Fig. 17. Effect of current density on the structure of copper from sulfate baths. Part A: CuI-H3, 30~ 0.5 A/dm2; (17-A-2) 
2 A/dm2; (17-A-3) 4 A/dm 2. Part B: Cu2-H2, 20~ 0.5 A/dm2; (17-B-2) 2 A/din 2. 
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Fig. 17 (contd.). Effect of current density on the structure of copper from sulfate baths. Part C: Cu2-H3, 30~ 0.5 A/dm~; 
(17-C-2) 2 A/dm2; (17-C-3) 8 A/dm 2. Part C: Cu2-H3, 60~ A/dm ~. 

rent  densi ty probably combine to produce this effect. 
Decrease of crystal  size wi th  increase of current  den-  
sity is confirmed in Fig. 17-B and 17-C-1 to 3. F igure  
17-C-4 is not str ict ly part  of this series but is included 
here  to show the contrast  due to a ve ry  high current  
density (20 A/dm2).  This deposit, though not fine 
grained, is seen to be ve ry  nodular.  To the naked eye it 
had a "burn t"  appearance and was very  weak, as dis- 
cussed previously in Section I I I -A-4-b .  

c. Concentration of copper sulfate.--The effect of the 
concentrat ion of copper sulfate on s t ructure  is shown 
in Fig. 18. Even though the s tructures of the various 
deposits in this figure are not identical, they are simi- 
lar  to the ex ten t  that  all of them contain large colum- 
nar  grains, wi th  no characterist ic shift of s t ructure  
wi th  increase of concentrat ion of copper ion. We con- 
clude that, wi th in  the range studied, copper  concentra-  
t ion has l i t t le effect on structure.  
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Fig. 18. Effect of concentration of copper in the bath on structure ot deposits from sulfate baths. Part A: H-3, 30~ 0.5 A/dm2--(18-A- 
1) Cu-1; (18-A-2) Cu-2; (18-A-3) Cu-3. Part B: H-3, 30~ 2 A/dm2--(18-B-1) Cu-1; (18-B-2) Cu-2. 

d. Concentration o] sulfuric acid.--Figure 19 shows the 
effect of concentrat ion of sulfuric acid on structure. In  
both Par t  A (sulfuric acid, 0.25 and 0.75 motar, re-  
spectively) and Par t  B (sulfuric acid, 0.4 and 0.75 
molar, respectively) there is a shift from long columns 
to somewhat broken columns, but  no marked change 
in grain size. 

e. Addition agents.--Effects of addition agents are 
shown in Fig. 20. Figure 20-1 shows the structure of a 
nonaddi t ion agent deposit from the Cu2-H3 bath, tem- 
pera ture  30~ current  densi ty 2 A / d m  2. It is included 
for comparison since all of the other deposits were 
made under  the same conditions except for the pres- 
ence in the bath of the addition agent (Fig. 20-10, a 
deposit made from a bath containing the propr ie tary 
addition agent, is an exception with respect to both 

composition and operat ing conditions. (See l ine 77, 
Table I) .  

Two addition agents that  had minor  effects on prop- 
erties are lactic acid and naphthalenedisulfonic  acid 
(NDS) (Fig. 20-2 and 20-3, respectively).  Lactic acid 
causes the structure to be somewhat acicular, but  the 
grain size is nevertheless ra ther  large. NDS causes a 
change in crystal form but  does not appear to reduce 
the grain size. The small  effects of these addition 
agents on structure are thus correlated with their 
small  effects on properties. All  of the other addition 
agents result  in marked grain refinement, especially 
t r i isopropanolamine and propr ie tary  A (Fig. 20-9 and 
20-10, respectively).  Figure 20-7 shows an unusual  
s tructure;  it is a deposit from a bath containing a 
mixture  of thiourea and NDS. I t  shows cyclic lamina-  
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Fig. 19. Effect of concentration of sulfuric acid in the bath on structure of copper deposits. Part A: Cu-1, 30~ 2 A/dm2w(19-A-1) 
H-l;  (19-A-2) H-3. Part B: Cu-2, 30~ 2 A/dm2m(19-B-1) H-2; (19-B-2) H-3. 

tions parallel  to the base and s imultaneously  a fine 
columnar  s tructure that  persists through the l amina -  
tions. A s tructure  of this type has been reported pre-  
viously in  a cobal t - tungsten  alloy deposit (23). The 
deposit was examined by  electron probe measurements  
to see whether  a cyclic concentrat ion of carbon or 
sulfur  could be detected corresponding to the visible 
l aminar  structure. 11 The average laminat ion  width is 
about 3 mils and the probe resolution was less than  1 
mil. The probe was therefore adequate with respect to 
resolution. Neither carbon nor sulfur  was detected. 
This result  was not unexpected, because the probe 
sensi t ivi ty was only of the order of 1-2% for carbon 
and 0.1% for sulfur. It  is probable that  cyclic concen- 
trat ions of these impurit ies would be less than these 
sensit ivity limits. 

The structures of several other deposits from addi- 
t ion agent baths were examined visual ly and are 
briefly described as follows: 

n Electron probe m e a s u r e m e n t s  w e r e  m a d e  by  D. L. Vieth,  Ana-  
lyt ical  ChemtstrN Division, t~BS. 

Character of deposi t  
Line No. Addition Average grain 
Table I agent  Crys ta l  f o r m  d iamete r  (mid  

43 Dex t r i n  Broken  co lumnar  ~ 3  
48 Glycerol  Regu la r  co lumnar  ~ 4  
49 Glycine  Regula r  co lumnar  ~ 4  
68 Sorbitol  Broken  co lumnar  ~ 4  

f. Per/odic current reverscl.--The structure  of the sul-  
fate deposit made with periodic current  reversal  
(Table XIV, l ine 79) is shown in Fig. 21-3, together 
with direct current  deposits for comparison. The de- 
posit in Fig. 21=1 was made at the same tempera ture  
and current  densi ty and approximately the same plat= 
ing rate as the net  rate for the PR deposit. The deposit 
in Fig. 21-2 was made at the same instantaneous rate 
as the PR deposit. Other conditions do not quite match, 
bu t  the effect of the differences on the s tructure of Fig. 
21-2 should be small. It  is seen that  PR causes a 
marked reduct ion in grain size to yield a fine fibrous 
s tructure (Fig. 21=3). The nodule seen in this view is 
characteristic. In  appearance, these deposits were semi- 
br ight  but  marred  by a fairly high densi ty of small  



Fig. 20. Effect of addition agents on structure of copper deposits from sulfate baths. All deposits are from bath Cu2-H3 operated at 
30~ and 2 A/dm ~, except as noted under 20-9 and 20-10: (20-1) No addition agent; (20-2) 0.05 g/I lactic acid; (20-3) 1.8 g/I 
naphthalenedisuifonlc acid; (20-4) 0.1 g/I /3-naphthoqulnoline; (20-5) 10 -4  g/I selenium; (20-6) 10 -a  g/I selenium. 

Fig. 20 (contd.). (20-7) 0.015 g/I thiourea plus 0.5 g/ naphthalendisulfonic acid; (20-8) 3.5 g/I triisopropanolamine; (20-9) 2 g/I tri- 
isopropanolamine, 5 A/dm2; (20-10) proprietary brightener (Prop. A), 22~ 4 A/din ~. 

Fig. 21. Effect of periodic current reversal (PR) on the structure of copper deposits from a sulfate bath (Cu2-H3): (21-1) 30~ 2 A/dm 2, 
continuous current; (21-2) 20~ 4 A/dm ~, continuous current; (21-3) 30~ 4 A/dm ~, PR, 5 sec cathodic, 2 sec anodic. 
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Table XV. Density of copper from sulfate baths 
with comparative values 

D e n s i t y  a t  25~ 
~ c m  ~ 

Depos i t s  f r o m  n o n - a d d i t i o n  a g e n t  b a t h s  
Depos i t s  f r o m  a d d i t i o n  a g e n t  ba ths  
W r o u g h t  sheet ,  h a l f  h a r d  

Our  v a l u e  
L i t e r a t u r e  v a l u e s  (20) 

S ing le  crystal ,*  ou r  v a l u e  
S p e c t r o g r a p h i c a l l y  p u r e  coppe r  (20) 
C a l c u l a t e d  f r o m  l a t t i ce  c o n s t a n t  

8.919-8.928 
8.86-8.929 

8.907 
B.90-B.92 

8.931 
8.96 
8.94 

* S u p p l i e d  by  cou r t e sy  of Mr. T h e o d o r e  Orera,  M e t a l l u r g y  Divi-  
sion, N a t i o n a l  B u r e a u  of S t a n d a r d s .  

nodules that  we were unable  to el iminate and that 
seemed to be characteristic. No laminat ions corre- 
sponding to PR cycles can be seen at the magnification 
of 200X, which is to be expected, since with an over-al l  
cycle period of 7 sec, the thickness per cycle is less 
than  2 ~in. 

3. Correlation of structure with properties.--It has 
already been shown (Section I I I -E-1)  that  there is a 
correlation between structure and tensile s t rength and 
elongation. Correlat ion between structure and hard-  
ness is inconsistent.  Among the nonaddi t ion agent de- 
posits, there is no consistent correlation. Among the 
f ine-grained addition agent deposits, higher hardness 
is associated with a f ine-grain structure. 

In  Section I I I -B-2  it was shown that  there is a corre- 
lat ion between in te rna l  stress and structure, with a 
higher stress associated with the finer s t ructure  in the 
basal zone of a deposit. In  Sections I I I -F -2 -a  and b, a 
decrease in grain size with decrease of temperature  or 
with increase of current  densi ty was demonstrated,  
and in Sections I I I -B-3-a  and b the latter two variables 
were seen to cause an increase of stress. One would 
therefore deduce that  decrease of grain size is asso- 
ciated with increase of in terna l  stress. When one con- 
siders addition agents, the same relat ionship exists in 
some cases, e.g. for deposits from baths that  contain 
f l -naphthoquinoline or selenium dioxide (Table XIII) .  
On the other hand, gelatin in higher concentrat ions 
causes deposits to have a very fine grain  s t ructure  
(24), yet  they are compressively stressed. Other in -  
stances of anomalous structure-stress relationships 
have been reported (3). 

The significant lowering of density and increase of 
resist ivi ty noted in Sections I I I -C and D, caused by the 
addition agents that  produce significant grain refine- 
ment,  indicates that  there is a correlation between 
these properties and grain size. 

Manuscript  received Apri l  8, 1970. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1971 JOURNAL. 
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IV. Deposits from Fluoborate Baths 

A, General 
The compositions of the fluoborate baths are shown 

in Table III. The concentrat ion of copper meta l  (molar-  
ity) in the low-concentra t ion bath (F - I )  was the same 
as in the Cu-2 sulfate baths. The high-concentra t ion 
bath (F-2) was similar to a bath described by Diggin 
(21) and by  the commercial  suppliers of fluoborate 
concentrates. Control of the concentrat ion of copper 
fluoborate was based on chemical analysis. Fluoboric 
acid control was based on measurement  of pH wi th  
sensitive pH paper. Equipment  used was the same as 
for sulfate baths with one exception. To avoid at tack 
of the glass tank by fluoborate, a l ining of polyethylene 
sheet was used. A cotton filter, the same as used in the 
later  sulfate baths, was used for the fluoborate baths. 
Air agitation was used. 

B. Etfect of Operating Conditions and Bath Composition on 
Properties of Deposits 

I. Bath temperature.~Data on the effect of bath 
tempera ture  on tensile strength, elongation, hardness, 
and in ternal  stress, tabula ted in Table XVI, are plotted 
in  Fig. 22. Each of these properties decreases with in-  
crease of temperature.  At tent ion is directed to the 
fact that, as wi th  non-addi t ion  agent sulfate baths, 
ductil i ty decreases with decrease of tensi le strength. 

Neither densi ty nor  electrical resistivity undergoes 
significant change with change of bath tempera ture  
(Table XVI).  

2. Current density.--Effect of cur ren t  density is also 
shown in Fig. 22. Increase in current  density causes 
tensile strength, elongation, hardness, and in terna l  
stress to increase. Again, elongation parallels tensile 
strength. 

AES P r o j e c t  21 Repor t ,  p a r t  2. Sec t ions  IV-VI I  p u b l i s h e d  he re  
are the  second of th ree  i n s t a l l m e n t s  of th i s  paper .  P a r t  1 (Sect ions  
I - I I I )  appea r s  on pages  291C-318C of  the  S e p t e m b e r  issue,  and  p a r t  
3 (Sect ions  VIII~X) w i l l  a p p e a r  in  the  N o v e m b e r  issue. 
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Fig. 22. Relationships of current density and bath temperature 
to tensile strength, elongation, hardness, and internal stress of 
copper deposits from a fluoborate both (F-l). Q--current density, 
o--bath temperature. 

As with temperature,  current  density has no signifi- 
cant effect on either density or electrical resistivity. 

3. Concentration of copper 1~uoborate.--The effect of 
concentrat ion of copper fluoborate on properties may 
be seen by comparing lines 91 and 93 in Table XVI. The 
differences due to concentrat ion are insignificant for 
all of the properties shown except hardness. The small 

Table XVI. Effects of temperature, current density, and concentration of copper fluoborate 
on properties of deposits from the fluoborate bath 

Elon-  H a r d n e s s  I n t e r -  Elec. re-  
Conc of B a t h  C u r r e n t  Tensile". Yield(', b g a t i o n  K H N  ha l  a,r D e n s i t y  s i s t i v i t y  

L ine  No., P a n e l  B a t h  Cu(BFD~,  t emp ,  dens i ty ,  s t r eng th ,  s t r e n g t h ,  in  2 in.  200g load,  s t ress ,  25~ 25~ 
Tab le  I No. s y m b o l  g/1 ~ A / d i n  '~ ps i  ps i  (5 cm) ,  % k g / m m  ~ p s i  g /cm~ ohm-e ra  

90 342 F-I 177 30 2 20 • 106 9 • I(P 7 53 Zero 8.925 1,73 • 10 -6 
91 343-345 8 37 16 31 81 700 8.926 1.73 
92 346 60 8 32 11 16 56 --200 8.925 1.73 
93 347 F-2 336 30 8 36 15 31 71 800 8.926 1.74 

a One p o u n d  per  squa re  i n c h  (psi)  = 0.000704 k i l o g r a m  pe r  s q u a r e  m i l l i m e t e r  (kg /mm~) .  
b 0,05% offset.  

N e g a t i v e  v a l u e s  r e p r e s e n t  c o m p r e s s i v e  stresses,  

341C 
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Table XVII. Comparison of properties of deposits made at high current density 
from sulfate and fluoborate baths 

E l o n -  H a r d n e s s  I n t e r -  E lec .  r e -  
Conc  B a t h  C u r r e n t  T e n s i l e  c Yie ldb ,  e g a l l o n  K H N  nal~ D e n s i t y  s i s t i v i t y  

L i n e  No. ,  P a n e l  B a t h  a Cu  ++, l e tup ,  d e n s i t y ,  s t r e n g t h ,  s t r e n g t h ,  in  2 in.  200g  load ,  s t r ess ,  25~ 25~ 
Table I No. s y m b o l  g/1 ~ A / d m ~  psi psi (5 c m ) ,  % k g / m m ~  psi g/cm~ o h m - c m  

42 297 C u 2 - H 3  47 60 20 20 • 10 ~ 7 • 10 ~ 5 58 1400 8.86 1.90 X 10 -~ 
94 348 F - 2  90 50 20 33 12 29 60 1600 8.925 1.75 

N o  addi t ion  a g e n t  in  e i t h e r  b a t h ;  identical  a i r  a g i t a t i o n .  
b 0 .05% offset .  
c One  p o u n a  p e r  s q u a r e  i n c h  (psi) = 0.000704 k i l o g r a m  p e r  s q u a r e  m i l l / m e t e r  ( kg /mmUL 

decrease f rom 81 to 71 KHN with  increase of concen- 
trat ion is in the expected direction. I t  is possible that  
larger  effects exist at lower  bath tempera tures  or at 
higher  current  densities. 

C. Comparison of Deposits Made with High Current Densities 
from Fluoborate and Sulfate Baths 

A comparison between propert ies  of deposits f rom 
fluoborate and sulfate baths, both made at a high cur-  
rent  density, 20 A / d m  2, is shown in Table XVII. The 
general  character  and propert ies of the deposit f rom 
the fluoborate bath are near ly  the same as those of the 
deposits shown in Table  XVI that were  made at lower 
current  densities. On the o ther  hand, the deposit  f rom 
the sulfate bath was weak, brittle, had a ve ry  low 
density and high resistivity,  and a high impur i ty  con- 
tent  (see Section VI I I -G) ,  propert ies indicating that  
the l imit ing current  density was exceeded. These re-  
sults confirm the reputed high current  density capa- 
bility of the fluoborate bath in comparison with the 
sulfate bath. The comparison is in one sense unfair,  
since the concentrat ion of copper ion in the fluoborate 
bath is near ly  twice that  in the sulfate bath. However ,  
the solubil i ty of CuSO4 makes it impract ical  to op- 
erate the sul fa te  bath wi th  a significantly higher  con- 
centrat ion than we used, whereas  operat ion of the 
fluoborate bath wi th  a concentrat ion of copper ion 
equal  to that  shown in Table XVII or higher  is prac-  
ticable. 

D. Structure 
The s t ructure  of the deposit represented on line 91, 

Table XVI, is shown in Fig. 59-2. It has a more fibrous 
character  than the deposit f rom the corresponding 
non-addi t ion  agent  sulfate bath (Fig. 59-1). It  is pos- 
sible, however,  that  under  other  conditions fluoborate 
baths may  yield la rge-gra ined  deposits. Thus, if grain 
size correlates wi th  strength, one might  expect  the 
very  weak deposit on line 90, Table XVI, made at a 
low current  density, to have a coarse structure.  

V. Deposits from the Pyrophosphate Bath 

A. General 
Only one bath composit ion was used for making  

deposits f rom the pyrophosphate  bath (Table I I I ) .  The 
selection of the concentrat ions of the various consti t-  
uents was based on recommendat ions  made by sev- 

eral authors (25-27). No addition agents were  used. 
Deposits were  bright  as plated. 

B, Effect of Operating Conditions on Properties of the Deposits 
1. Bath temperature.--Comparing lines 98 and 100 

in Table XVIII,  it is seen that  the only proper ty  that  is 
affected significantly by a change of t empera ture  of 
10~ is in ternal  stress. The change f rom 1700 psi 
tensile to 1900 psi compressive with increase of tem-  
pera ture  is in the same direction as has been observed 
for the sulfate and fluoborate baths but is larger.  

2, Current densi ty . - -The data on lines 95 and 98 of 
Table XVIII  show that  increase of internal  stress is the 
only significant change of proper ty  due to increase of 
current  density from 2 to 4 A / d m  2. 

3. Agitation.--Propeller agitat ion was tr ied ini t ial ly 
in the pyrophosphate  bath. Since the deposits were  not 
uni formly  bright  over  the entire area and tended to be 
nodular, other means of agitat ion were  tried, as de- 
scribed in Table I, lines 95-100. Air  agitat ion gave the 
best results, and was used for the deposits for which 
data are given in Table XVIII,  However ,  several  prop-  
erties of the deposits prepared with other modes of 
agitation were  measured.  The results appear in Table I. 
It is seen that  these propert ies  were  not affected ap- 
preciably by the variat ions in agitation. 

C. Structure 
Photomicrographs of the deposit on line 95, Table 

XVIII,  are shown in Fig. 59-3 and 59-4. The s t ructure  
differs marked ly  f rom that  of deposits f rom sulfate or 
fluoborate baths. There is indication of large columnar  
crystals with a ve ry  fine substructure.  Tensile s t rength 
and other propert ies of these deposits va ry  f rom those 
of la rge-gra ined  sulfate deposits in the direction that  
one would expect if the grain size were smaller,  but 
the effect is not as large as it is with the f iner-grained 
deposits f rom addition agent sulfate baths. 

Addit ional  data on the s tructure of these deposits are 
discussed in Section VIII-F.  

VI.  Deposits from the Amine Bath 

A. General 
Severa l  researches have been reported on at tempts  

to develop commercia l ly  useful baths based on copper-  

Table XVIII. Effects of temperature and current density on properties of deposits 
from the pyrophosphate and amine baths 

A. Pyrophosphate bath 
Elon- Hardness Inter- Elee. re- 

Bath Current Tensile a Yields, ~ gation KHN naP~, ~ Density sistivlty 
Line No., Panel letup, density, strength, strength, in 2 in. 200g load, stress, 25~ 25~ 
Table I No. ~ AJdm 2 psi psi (5 era), % kg/mm 2 psi g/em~ ohm-cm 

95 317-320 50 2 38 • I0  ~ 20 • I0  a 39 83 - -1600  8,926 1.75 x 10 -~ 
98 314 4 40 22 33 90 1700 8,926 1.74 

100 316 60 4 39 20 39 80 -- 1900 8,926 1.74 

B. A m i n e  b a t h  

149 328 55 2 69  41 4 202 -- 5700 8.891 2.08 
151 326-330 4 60 44 4 169 -- 6000 8.906 2.10 

a One  p o u n d  p e r  s q u a r e  i n c h  (psi) = 0 .000704 k i l o g r a m  p e r  s q u a r e  m i l l i m e t e r  ( k g / m m ~ ) .  
b 0..05% offset .  
v N e g a t i v e  v a l u e s  r e p r e s e n t  c o m p r e s s i v e  s t r e s ses .  
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amine complexes (27-29). Although the baths that  
have been described have not achieved significant use, 
it was thought that since the amine bath is a ra ther  
different type than the others used in this project it 
deserved a l imited investigation to see whether  the 
deposits had any  unusua l  properties. Several of the 
baths described in the l i terature were tried. Most of 
them did not yield sound thick deposits. Sound deposits 
were obtained from the bath shown in Table III, which 
is similar to one described by Greenspan (29). De- 
posits were fairly smooth at a thickness of 10 mils, but  
became excessively rough, with a tendency for fi lamen- 
tary growths to start at larger thickness. 

B. Effect of Current Density on Properties of Deposits 
Because current  density is a relat ively uncon-  

trollable variable when  i r regular ly  shaped objects are 
plated, it seemed most impor tant  in a l imited study to 
include current  density as a variable. This was the only 
variable  studied. The results shown in Table XVIII  in-  
dicate that  a change of current  density from 2 to 4 
A / d m  2 does not significantly change the properties of 
the deposits. 

It is seen that  the deposits are fair ly  strong and very 
hard. However, their  low ducti l i ty is adverse. Their  
high compressive in te rna l  stress is noteworthy. Their  
low densi ty and high electrical resist ivity indicate a 
probable high content  of impuri ty,  but  this was not 
investigated. 

C. Structure 
A photomicrograph of the deposit on l ine 151, Table 

XVIII, is shown in Fig. 59-6. The structure is seen to 
be very  fine, with unresolved grains at a magnification 
of 500X. 

VI I .  Deposits from Cyanide Baths 

A. General 
Concentrat ions of the various consti tuents of the 

cyanide baths and levels of operat ing variables were 
chosen on the basis of a review of the recommendat ions 
made in various publications (6, 26, 27). The br ightener  
system identified in Table IV as "Propr ie tary  B" is 
reported by the vendor  to be a se lenium type (26). 

B. Mechanical Properties 
1. The bulge method ~or measuring tensile strength 

and ductility.--a. Apparatus.--It is difficult to prepare, 
handle, and test deposits in the thickness range of 
0.001-0.002 in. by the s tandard tensile pull  method. To 
avoid these difficulties, Read and co-workers have 
adapted the hydraulic  bulge test to the measurement  
of tensile s t rength and ducti l i ty of th in  electroformed 
deposits (30, 31). Since most of our deposits from 
cyanide baths were 0.001-0.002 in. thick, the bulge test 
was the preferred test method. Besides avoiding the 
technical  difficulties referred to above, the method has 
the advantage that specimens can be made very easily 
and at low cost by simply cut t ing out a disk of the 
mater ial  with scissors. 

The basic principle of the bulge tester is i l lustrated 
in Fig. 23, Par t  I. The test specimen, in the form of a 
disk cut from a specimen panel, is clamped between 
the thick steel base plate and the clamp ring. Oil is 
pumped through the opening under  the copper disk, 
causing it to expand into the opening in the clamp 
ring. In  our apparatus, the diameter  of the disk is 
2 ~  in., and of the hole in the clamp ring, 1.5 in. Tensile 
s t rength can be calculated from the fluid pressure and 
bulge height, and degree of elongation or ducti l i ty can 
be determined from the l inear stretch of a uni t  length 
at the top of the bulge at rupture.  We constructed the 
apparatus that  we used. It is the same in principle as 
the apparatus described by Read and co-workers but  
differs in details of design. A photograph is shown in 
Fig. 23, Par t  II, in which the major  components are 
identified. The gear pump, with a capacity of 1000 psi, 
was powered by a 1/6 hp in tegral ly  coupled motor. 
Oil was drawn from the reservoir  through the filter 
and pumped through the throt t le  valve into a paral le l  
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Fig. 23-1. Cross section of head of bulge tester: A--oil inlet, 
B--bulged disk, C--clamping ring, D~base plate. 

Fig. 23-11. Photograph of complete bulge tester: A Io i l  reservoir, 
B--bypass valve, C--oil filter, D--pump, E--throttle valve, F-- 
Dermitron probe, G--clamping ring, H--Dermitron unit, I--vertical 
micrometer. 

array of tubing, one to the bulge and one to each of the 
four gauges. The line to each gauge was equipped with 
a cut-off valve. If the pressure l imit  for the first gauge 
(30 psi) was exceeded, its valve was closed and pres-  
sure read on the second gauge (100 psi),  etc., through 
the third (300 psi) and fourth (1000 psi).  Good sensi- 
t ivi ty of pressure measurement  was thus obtained for 
any magni tude  of pressure encountered. Flow rate and 
bulge growth were controlled by combined settings of 
the bypass valve and thrott le valve. 

An expanded disk is shown in place on the base 
plate. Oil released on rup ture  of the disk is caught in 
the shallow t ray  surrounding the base plate and flows 
into the small  beaker.  The height of the bulge is mea-  
sured with the Dermitron 1~ uni t  (32) in the following 
manner .  A dummy specimen is laid on the base plate 
and the probe is lowered with the probe-height  con- 
trol screw unt i l  it just  touches the specimen, then 
raised about 0.005 in. The Dermitron controls are then 
adjusted so that, at this a rb i t ra ry  distance between 
the probe face and the specimen, the Dermit ron thick- 
ness meter  reads at the midpoint  of the scale and the 
sensit ivi ty is about 0.001 in. for full-scale needle de- 
flection. Without  changing the Dermit ron adjustments,  
the probe is raised sufficiently by the screw to permit  
placement  and clamping of the test specimen. The 
probe is then re turned to its former position, minor  
readjus tments  in Dermit ron control settings are made 
if necessary, and the star t ing height of the probe is 
read on the micrometer  screw. The bulge is then slowly 
expanded. As it grows, the probe is raised s imul-  
taneously with the screw so that the original clearance 
between the probe face and the specimen is maintained,  
as indicated by a constant  reading at the center  point  
of the Dermit ron meter. When the specimen ruptures,  
growth stops, and, simultaneously,  advance of the 

i~ A n  e d d y  c u r r e n t  t y p e  of t h i c k n e s s  g a u g e .  



344C J O U R N A L  OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  October 1970 

screw is stopped. The difference between the reading of 
the probe-height  micrometer  screw at this point and at 
the beginning gives the height of the bulge. The ad- 
vantages of this he ight -measur ing  procedure are (a) 
that the bulge is not mechanical ly  contacted by the 
measur ing device and, hence, not mechanical ly  
damaged and (b) the procedure is sufficiently simple 
that one operator can control bulge growth and height 
measurement  simultaneously.  We estimate that  the 
measured values of bulge height are accurate to about 
-m-_0.001 in. and those of pressure to about __+5% of the 
observed value. A m i n i m u m  of six replicate disks from 
each panel  was tested. Variations in pressure among 
the six were often as much as +-25%. The large var ia-  
t ion is judged to result  from premature  fai lure of some 
of the specimens because of the presence of flaws. 
However, wi thin  a given set of specimens, bulge height 
and pressure were usual ly closely correlated. The 
formulas in the next  section show that  tensile s t rength 
is approximately proportional to the ratio of pressure 
to bulge height and, therefore, even though variat ions 
of pressure and height among replicates were ra ther  
large, calculated values of tensile s trength seldom 
varied more than --+5%. 

b. Bulge test re la t ionships . - - ( i )  Basic r e la t i onsh ip s . -  
The following relationships for obtaining tensile 
s trength and ducti l i ty values from bulge measure-  
ments  are stated without  development.  For more detail 
the reader is referred to Read and co-workers (30, 31) : 

PR 
Nominal  tensi le s t rength ---- [ 1] 

2t 

where P is pressure at fracture, R is the radius of cur-  
va ture  of the bulge at fracture, and t is the ini t ia l  
thickness of the specimen, which was determined from 
area and mass. 

- -  PR 
True stress ---- ~ = a_--_ t [2] 

2i  

in which true stress, ~, is equal to the load divided by 
the simultaneously measured cross-sectional area. Use 
in Eq. [2] of t~, the simultaneously measured thick- 
ness, yields true stress. "Significant stress," ~, is a 
generalized function which is a measure of the stress 
under any type of loading. The equality shown in Eq. 
[2] applies to isotropic material tested either in simple 
tension or in balanced biaxial tension; the latter is the 
situation in the bulge test (30). 

To obtain values for ti for substitution in Eq. [2], a 
grid was pr inted on the flat specimen before bulging. 
From the elongation of the grid after bulging, ti can be 
calculated on the assumption that the volume of metal  
under ly ing  an init ial  grid square remains  constant. The 
radius of curvature,  R, is obtained from 

r2 -{- h 2 
R = ~ [3] 

2h 

where  r is the radius of the hole in the clamp r ing and 
h is the height of the bulge. 

Nominal  tensile s trength (Eq. [1]) is calculated and 
tabulated in all of the succeeding tables of data ob- 
tained by bulge testing. The values are thus approxi-  
mate ly  comparable to those already discussed which 
have been determined by tensile pull, which are cal- 
culated on the basis of the init ial  cross section of the 
test specimen. In one exception, Fig. 25, discussed later 
in this section, significant stress is used. 

Ductil i ty was determined from bulge measurements  
by measur ing the amount  of stretch at fracture of a 
grid printed on the specimens. The grid pat tern  was 
t ransferred with pr inter ' s  ink from an intaglio en-  
graving in a steel block. Line spacing was 0.05 in. The 
lengths of four or five grid squares near the peak of the 
bulge were measured, after bulging, with a microscope. 
Both axes of grids were measured. The average length 
of the bulged grid, calculated from these measurements,  

is designated as L. The ini t ial  grid length is designated 
Lo. "True strain," 5, is defined by the relat ion 

f~ dL L 
8 : - -  = l n - -  

o L Lo 
[4] 

The following remarks are intended to show in a 
brief manne r  the significance of 5. Consider a uniaxia l  
tensile test, i.e. a test of a s tandard pul l  specimen. For 
small  values of elongation, e.g. up to 10%, ~L/Lo is 
near ly  equal to In L/Lo, where ~L is the difference 
between initial  and final length of a grid unit.  There-  
fore, for a brit t le mater ia l  that  elongates uni formly  
and does not undergo necking, t rue  strain from Eq. 
[4], mult ipl ied by 100, is approximately equal to elon- 
gation expressed as per cent of a given gauge length 
such as 2 in. However, for a ductile mater ia l  with a 
nomina l  elongation larger than  about 10%, the ar i th-  
metic and logarithmic ratios deviate significantly. Also, 
necking may occur, result ing in a much larger t rue 
elongation at the point of rupture  than the average 
over the gauge length. Therefore, while t rue  strain 
and per cent elongation are both measures of ductility, 
they are, in general, not numer ica l ly  comparable. 

In  tensile pull, s train occurs in only one direction. 
In bulge testing, s train occurs in all directions radial ly  
from the center of the disk. The abil i ty of the metal  to 
elongate in a given radial  direction is reduced by its 
s imultaneous elongation in other radial  directions. 
Thus, 5 for a bulge specimen will  be less than  the 
strain obtained with the same stress applied to a tensile 
pul l  specimen. Read shows that  a quant i ty  designated 
as-~, significant strain, is identical  to true strain in 
the case of a specimen pulled in simple tension, but  
that in the case of the biaxial  loading of a bulge speci- 
men  

-~ = 2 5 E5] 

Significant strain from ~ bulge measurements  is com- 
parable to t rue strain from tensile pull, bu t  is not  com- 
parable to nominal  elongation for the reasans given 
in the preceding paragraph. 

As already indicated above, bulge height and, hence, 
5-for individual  specimens wi th in  sets of six sometimes 
varied as much as +-25%, especially for the relat ively 
brittle deposits. This is comparable to the situation in 
tensile pull, where, e.g., the difference between 5 and 
10% elongation in our measurements (a relative varia- 
tion of +--50%) is scarcely significant. It is, therefore, 
not feasible for us to assign a definite evaluation of ac- 
curacy to our data on significant strain. However, 
small differences, e.g. +-10%, cannot be considered to 
be significant. 

(ii) Data relating significant stress and significant 
strain ]or several types  of baths . - - I t  was not prac-  
ticable to pr int  grids and measure elongation directly 
for every specimen. Therefore, grids were pr in ted on 
a substant ial  sampling of disks from deposits of a given 
type of bath. Values of 5 calculated from the grid data 
were then plotted as a funct ion of bulge height. The 
same curves were then used to obtain ~ from bulge 
height for unpr in ted  specimens. 

A plot of 5 vs. bulge height is shown in Fig. 24. The 
curves for most of the deposits are closely clustered, 
showing that  there is not much difference in  what  may 
be termed, by analogy with tensile pull, as their  neck- 
ing characteristics. Curves  for two types of deposits 
do not fit the main  pattern.  The deposits from a sulfate 
bath containing 1,5-naphthalenedisulfonic acid addition 
agent (curve 2, panel  No. l l 4A-E)  had significantly 
higher 5- for  a given bulge height than the other de- 
posits; i.e., for a given height of bulge, the degree of 
stretch at the peak of the bulge was abnormal ly  high 
and, hence, thickness at the peak of the bulge ab-  
normal ly  low. In  other words, this deposit showed a 
pronounced "necking" tendency. Deposit No. 303 (curve 
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Fig. 24. Relationship between bulge height and significant 
strain for thin copper deposits from various baths: (1)--Cu2-H3 
containing 3.5 g/I triisopropanolamine, 30~ 2 A/din2; (2)-- 
Cu2-H3 containing 1.8 g/I |,5-naphthalenedisulfonic acid, 30~ 
2 A/din2; (3)--CN-2, 60~ 2 A/din2; (4)~CN-5, 80~ 4 A/din2; 
(5)--CN-4, 80~ 2 A/din2; (6)--CN-6, 60~ 2 A/dm2; (7)--CN- 
7, 60~ 2 A/dm2; (8)--CN-8, 80~ 6 A/dm2; (9)--CN-8, 80~ 
6 A/dm 2, PR, cycle 15-5 sec; (10)--CN-9, 80~ 6 A/din 2. 

10), a deposit from the high efficiency cyanide bath 
containing the proprietary se lenium-type addit ion 
agent, showed the opposite effect, indicating relat ively 
uniform stretch over most of its area, or lack of neck-  
ing. One might  expect this property to be associated 
with brittleness, yet specimens from panel  No. 303, 
while of low ductility, were not as bri t t le  as specimens 
from panels 146 or 195 (Table XXII) ,  which fall in the 
central  group in Fig. 24. 

Relationship between significant stress and significant 
strain for a variety of deposit types is shown in Fig. 25. 
Most of them show a near ly  l inear  s tress-strain rela-  
tionship up to a fairly definite yield point. Two of them, 
specimens represented by curves 3 and 4, show bri t t le  
failure. A very wide range of u l t imate  s trength is seen, 
from a low of 28,000 psi for the proprietary high 
efficiency deposit (curve 10, panel  No. 303) to 85,000 
psi for a deposit from a s tandard cyanide bath  (curve 

IOO x IO ! 7 0  
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" 4 2  60  - 5  n,. N 

u_ ~ 40 ~ / / ~ o  28 

20 / 14 

O 'O 
O O.I 0.2 0.3 0.4 0.5 

SIGNIFICANT STRAIN 
Fig. 25. Relationship between significant strain and significant 

stress for thin copper deposits from various baths: (1)--Cu2-H3 
containing 3.5 g/I triisopropanolamine, 30~ 2 A/dm2; (2)--Cu2- 
H3 containing 1.8 g/I 1,5-naphthalenedisulfonic acid, 30~ 2 
A/dm2; (3)--CN-2, 60~ 2 A/din2; (4)--CN-5, 80~ 4 A/din2; 
(5)--CN-4, 80~ 2 A/dm2; (6)--CN-6, 60~ 2 A/dm2; (7)--CN- 
7, 60~ 2 A/dm2; (8)--CN-8, 80~ 6 A/dm2; (9)--CN-8, 80~ 
6 A/dm 2, PR, cycle 15-5 sec; (10)--CN-9, 80~ 6 A/dm 2. 

4, panel  No. 195). Only one cyanide- type deposit with a 
higher s t rength was encountered in this research (not 
included in Fig. 25), namely,  a deposit made with 
periodic current  reversal  from a bath containing thio- 
cyanate (line 143, Table XIV).  

c. Comparison of tensile properties obtained by pull 
and bulge methods.--Table XIX contains comparative 
values of tensile s t rength and elongation from pul l  
and bulge measurements .  Except for the deposits from 
cyanide baths on lines 141 and 146, all deposits from 
both sulfate and cyanide baths were in the range of 
thickness from 1 to 3 mils. 

The first group of data, lines 53-75, is for deposits 
from sulfate baths. It  is seen that, for each deposit, both 
pull  and bulge methods yield the same value for ten-  
sile strength, wi thin  the normal  range of var iabi l i ty  of 
the measurements .  On lines 57 and 75 are shown com- 
parisons between our results and those obtained by 
Read 14 from measurements  on specimens from dupli-  
cate panels that  we supplied to him. Close agreement  
is seen. 

The strength values measured by tensile pull  for the 
deposits from cyanide baths on lines 101 through 125 
are seen, with one exception, to be consistently lower 
than the bulge values. This is probably because pre~ 
mature  rup ture  occurs dur ing tensile pull. As discussed 
above, tensile pull  specimens, when thin and brittle, 
are more subject to damage in preparat ion and han-  
dling than are bulge disks, and premature  failure may  
be expected. Good agreement  is seen in lines 140-146 
be tween tensile pull  values of s t rength for thick 
cyanide deposits and bulge values for corresponding 
thin deposits. Good agreement  is seen in lines 119 and 
121 between our values and those determined by Read. 

Turn ing  to comparisons of ducti l i ty determined by 
the two methods (Table XIX) ,  agreement  cannot be 
expected in light of the preceding discussion in Section 
VI I -B- I -b .  In  both the sulfate and cyanide groups, per 
cent elongation from tensile pull  is significantly less 
than 100 x 5, with one exception in each group. The 
tensile pull  specimens in the sulfate group underwent  
varying degrees of necking, which would cause dif- 
ferences between the two methods in the direction that  
is seen. In  the cyanide group the differences are prob- 
ably due main ly  to premature  rupture  of the tensile 
pull  specimens, since the lat ter  were re la t ively bri t t le  
and did not undergo noticeable necking. Good agree- 
ment  is seen between our values of significant s train 
and those determined by Read. 

2. Effect of thickness on properties of deposits from 
cyanide baths.--Effects of deposit thickness for several 
deposits from cyanide baths are shown in Table XX 
and Fig. 26. Tensile s t rength and significant strain in -  
crease with increase of thickness, while electrical re-  
sistivity decreases. The directions of the effects for 
tensile s t rength and significant strain are opposite to 
those for sulfate deposits (Section III-A-3,  Table VII, 
Fig. 2, 3). However, the comparisons are made in a 
somewhat different range of thickness. The thinnest  
sulfate deposit was 0.5 rail and most of the th in  deposits 
were 1.0-2.0 mils, whereas the thicknesses of several of 
the thinnest  cyanide deposits are 0.2-0.3 mil. Our ex- 
planat ion of the effects in the case of the cyanide de- 
posits is that  these very thin deposits contain pores 
and defects which cause them to have abnormal ly  low 
strength and ducti l i ty and high resistivity. At a thick- 
ness of about 2 mils these effects were diminishing.  

3. Ef]ects of operating conditions and bath composi- 
tion on mechanical properties of deposits from cyanide 
baths.--a. Bath temperature.--The effect of bath tem-  
perature  on tensile s trength is shown in Table XXI 
and Fig. 27. Count ing sets of three in Table XXI as tv#o 
pairs, there are 12 pairs. The data for all of these are 
plotted in Fig. 27. It is seen that for four pairs the effect 
is minor  and for one pair tensile s t rength decreases 
with increase of temperature.  For the other seven 

l~tt. 5. Read, P e n n s y l v a n i a  State  Univers i ty ,  Un ive r s i t y  Pa rk ,  
Pa., P r i va t e  communica t ion .  
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Table XIX. Comparisons of tensile strengths and elongations measured by pull and bulge methods 

D u c t i l i t y  

E l o n -  
g a t i o n  B y  b u l g e  

A d d i t i o n  a g e n t  T e n s i l e  s t r e n g t h b , e  in  2 in .  m e t h o d  
L i n e  No. ,  P a n e l  B a t h  Conc  P u l l  B u l g e  (5 cm) S i g n i f i c a n t  

T a b l e  I No. s y m b o l  N a m e  a g/1 ps i  % s t r a i n  

53 162 C u 2 - H 3  ~ - N Q  0.1 46 47 9 25 
57 l 1 4 A ,  C N D S  1,8 36 35 10 32 

l I 4 D ~  N D S  1.8 33 
65 168 SeO2 10 -~ Se  54 62 l l  21 
67 173 SeO2 10~  Se  50 56 20 22 
75 109A, D T I P A  3.5 57 57 9 18 

109Cc T I P A  3.5 55 19 
101 128 CN-1  N o n e  57 66 2 6 
105 136 CN-2  43 57 1 10 
108 143 CN-2  51 66 2 18 
I I 9  205 CN-4  41 50 2 12 

203~ C N - 4  54 9 
121 2 1 0 , 2 1 2  C N - 4  58 51 2 22 

2100 C N - 4  50 16 
124 1 8 4 , 1 8 6  C N - 5  44 54 7 12 
125 1 8 7 , 1 8 8  CN-5  39 63 8 5 
140 280 CN-8  61 31 
141 281 ~ 64 12 
145 300 C'N-9 P r o p .  B 26 9 
146 305d 28 22 

a f~-NQ: f l - n a p h t h o q u i n o l i n e ;  N D S :  1 , 5 - n a p h t h a l e n e d i s u l f o n i c  a c i d ;  T I P A :  t r i i s o p r o p a n o l a m i n e ;  P r o p .  B :  p r o p r i e t a r y  b r i g h t e n e r  f o r  h i g h  
e f f ic iency  c y a n i d e  b a t h ,  s e l e n i u m  type ,  

~' B o t h  p u l l  a n d  b u l g e  v a l u e s ,  fo r  c o m p a r a b i l i t y ,  a r e  b a s e d  on i n i t i a l  t h i c k n e s s  of spec imens .  
c V a l u e s  d e t e r m i n e d  by Dr .  H.  J .  R e a d ,  P e n n s y l v a n i a  S t a t e  Un ive r s / t y~  U n i v e r s i t y  P a r k ,  Pa .  

S p e c i m e n s  281 a n d  305 a r e  18 a n d  9 m i l s  (450 a n d  225 /~m) t h i c k ,  r e s p e c t i v e l y .  A l l  o t h e r s  a r e  1-3 m i l s  (25-75 ~m) t h i c k .  
One  p o u n d  p e r  s q u a r e  i n c h  (psi)  ~ 0.000704 k i l o g r a m  p e r  s q u a r e  m i l l i m e t e r  (kg/mm'~),  

Tabte XX. Effect of thickness on properties of deposits from cyanide baths 

Elec. re- 
B a t h  C u r r e n t  T h i c k -  T e n s i l e  a s i s t i v i t y  

L i n e  No. ,  P a n e l  t e m p ,  d e n s i t y ,  ness,~ s t r e n g t h ,  S i g n i f i c a n t  25~ 
T a b l e  I No. B a t h  No. ~ A / d m  2 n i l  ps i  s t r a i n  o h m - c m  

104 125A CN-1  40 1 0.25 33 • 10~ 0.4 • 10-~ 
103 130 0.30 1.g7 • 10-a 
102 125 0.35 47 1,1 1.81 
101 128 1.4 66 6 1.79 
107 133 CN-2  40 2 0.2 1.B7 
106 138 1.4 1.78 

109 140 60 1 0.4 1,80 
108 143 1.4 1.76 

112 142A 2 0.3 28 0.4 
111 142 0.4 46 1.2 1.80 
110 145 2.0 81 2 1.75 
114 150 C N - 3  60 2 0~4 1.81 
113 153 2.0 1.80 

140 280 CN-8 ,  P R  b 80 6 3.0 61 31 1.78 
141 281 18 640 12 c 1.82 

M e t r i c  c o n v e r s i o n s :  one  mi I  (0.001 in.)  = 25 ~m; one  p o u n d  p e r  s q u a r e  i n c h  (psi) = 0 .000704 k i l o g r a m  p e r  s q u a r e  m i l l i m e t e r  (kg/mm'Z) .  
b P R  cyc le  15 sec c a t h o d i c ,  5 sec anod ic .  

D e t e r m i n e d  by t e n s i l e  p u l l  E l o n g a t i o n  f o r  s p e c i m e n  No. 281 is  p e r  c e n t  i n  2 in .  A l l  o t h e r  v a l u e s  i n  th i s  t a b l e  w e r e  d e t e r m i n e d  by  
b u l g e  m e a s u r e m e n t s .  

Table XXI. Effect of bath temperature on properties of deposits from cyanide baths 

A d d i t i o n  Y o u n g ' s  a H a r d n e s s  I n t e r -  E lec .  r e -  
a g e n t  o r  C u r r e n t  B a t h  Tensile~t m o d u l u s  K H N  nal~ D e n s i t y  s i s t i v i t y  

L i n e  No, ,  P a n e l  B a t h  o t h e r  d e n s i t y ,  t e m p ,  s t r e n g t h ,  S i g n i f i c a n t  of  e l a s t i c -  1 0 0 g l o a d ,  s t ress ,  25~ 25~ 
T a b l e  I No. s y m b o l  v a r i a b l e  A / d m 2  ~ ps i  s t r a i n  i ty ,  p s i  k g / m m  2 Ps i  g / cm~ o h m - c m  

105 136 
108 143 
106 138 
110 1 4 5 , 1 4 6  

CN-2  N o n e  1 40 57 • 10 a 10 • 10 -2 17 • 10 s 119 8600 8.913 1.74 • 10 -0 
60 66 18 16 135 7400 8.908 1.76 

2 40 53 14 147 6900 8.900 1.78 
60 81 2 159 7800 8.913 1.75 

C N - 4  N o n e  2 40 52 10 150 9200 8.916 1.81 
60 53 24 16 129 9200 8.904 1.78 
80 51 25 139 6100 8.917 1.77 

4 40 44 7 144 7500 8.900 1.80 
60 50 12 132 9500 8.908 1.84 
80 51 22 131 6400 8.908 1.79 

CN-5  N o n e  2 40 49 13 143 9300 8.915 1.83 
60 54 12 15 123 9700 8.907 1.78 
80 53 14 139 6200 8.917 1.75 

4 40 48 14 136 7600 8.918 1.83 
60 63 5 16 152 9500 8.900 1.81 
80 78 3 131 6700 8.912 1.79 

C N - 0  N o n e  2 40 44 19 116 5200 8.913 1.76 
60 64 29 143 6500 8.919 1.88 
80 57 22 158 5800 8.920 1.87 

115 197 
117 16g 
120 2 0 8 , 2 0 9  
116 2 0 1 , 2 0 2  
119 205 
121 210,212 
122 1 7 8 , 1 8 0  
124 184, 186 
126 191 
123 182 
125 187, 188 
127 194, 195 
128 234-236 
130 2 3 9 , 2 4 0  
132 249 

a One  p o u n d  p e r  s q u a r e  i n c h  (psi) ~ 0 .000704 k i l o g r a m  p e r  s q u a r e  m i l l i m e t e r  (kg /mm~} .  
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Fig. 26. Relationships between thickness, tensile strength, signifi- 
cant strain, and electrical resistivity of copper deposits from cy- 
anide baths: (1 )~CN- I ,  40~ 1 A/din2; (2)--CH-2, 40~ 2 
A/dm2; (3)--CN-2, 60~ 1 A/dm2; (4)~CN-2, 60~ 2 A/dm2; 
(5)--CN-3, 60~ 2 A/din 2. 

pairs tensile s t rength increases wi th  increase of t em-  
perature.  With one exception, the effect is smaller  be-  
tween  60 ~ and 80~ than be tween  40 ~ and 60~ 
We judge that  the predominant  effect, increase of 
deposit s t rength wi th  increase of bath  tempera ture ,  
which is unexpected,  is real. The fol lowing hypothesis  
may  explain the effect: In cyanide- type  baths current  
efficiency, and, hence, plat ing rate, increases marked ly  
with  increase in bath temperature .  Thus, wi th  other  
conditions constant, increase in t empera tu re  may  lead to 
deplet ion of copper ions in the cathode film, wi th  con- 
sequent  decrease of grain size and increase of strength. 
This effect would be countered by increase in ra te  of 
diffusion of complex cyanide ions into the cathode film 
with  increase of temperature ,  but the lat ter  might  be 
the minor  effect because of the large size of the com- 
plex ions. 

90  x I0: 

EL 

I.- 7 0  
(.9 
Z 
W 
n," 
I-- 

Ld 
-J  
(/) 
Z 
UJ 

I I I 
2 

I 6 - 4 9  

50  35  

30  21 
4 0  50  6 0  7 0  8 0  

TEMPERATURE , ~ 

Fig. 27. Relationship between bath temperature and tensile 
strength of copper deposits from cyanide baths: (1)--CN-2, 1 A /  
dm2; (2)--CN-2, 2 A/dm2; (3)--CN-4, 2 A/dm~; (4)--CN-4, 4 
A/din2; (5)--CN-5, 2 A/dm2; (6)--CN-5, 4 A/dm2; (7)--CN-6, 
2 A/dm 2. 
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The effect of bath t empera tu re  on significant strain 
is indefinite, as seen in Table XXI. Most of the values 
vary  randomly  in the range of 0.1-0.25. The only clues 
to a relat ionship are seen in the second and sixth sets 
of data (lines 106-110 and 123-127, respect ively)  which 
show an appreciable decrease of significant strain wi th  
increase in temperature .  

Variat ion of modulus wi th  t empera tu re  is in the 
range (16 • 1) x 106 psi, not a significant variat ion.  

Hardness is not marked ly  affected by bath t empera -  
ture. However ,  there  is a small  but  p redominant  t rend  
toward increase of hardness wi th  increase of bath t em-  
perature.  The relat ionship is, thus, paral le l  to that  be-  
tween tensile s t rength and bath temperature ,  and our 
explanat ion is the same. 

b. Current density.--Complete data on the effects of 
current  density on mechanical  propert ies  are shown in 
Table XXII.  F igure  28, which contains data for those 
cases where  the effects were  significant, shows that  the 
predominant  tendency is for tensile s t rength and 
hardness to increase wi th  increase in current  density, 
and for significant s train to decrease. Severa l  cases 

Table XXII. Effect of current density on properties of deposits from cyanide baths 

A d d i t i o n  B a t h  C u r r e n t  Tens i l e  a 
L i n e  No. P a n e l  B a t h  a g e n t  or o t h e r  t e m p ,  dens i ty ,  s t r e n g t h ,  S ign i f i c an t  

Tab le  I No. s y m b o l  v a r i a b l e  ~ A / d m ~  ps i  s t r a i n  

Y o u n g ' s  a H a r d n e s s  I n t e r -  Elec.  re-  
m o d u l u s  K H N  na la  D e n s i t y  s i s t i v i t y  

of e las t i c -  100g load,  s t ress  25~ 25~ 
i ty ,  ps i  k g / m m  ~ ps i  g / c m  3 o h m - c m  

105 136 CN-2 None  40 1 57 • l0  s 
106 138 2 53 
108 143 60 1 66 
110 145, 146 2 81 
115 197 CN-4 None  40 2 52 
116 201,202 4 44 
117 158 60 2 53 
119 205 4 50 
120 208,209 SO 2 51 
121 210,212 4 51 
122 178, 180 CN-5 None 40 2 49 
123 182 4 48 
124 184, 186 00 2 54 
125 187,188 4 63 
126 191 80 2 53 
127 194,195 4 78 
129 242-244 CN-6  None 60 1 43 
130 239,240 2 64 
131 245 ,247  4 58 
135 260-263 C~T-8 None  80 4 37 
138 268-270 6 40 
139 271-273 8 39 
141 281 PR,  15-5 sec 80 6 64 ~ 

cycle, 1 8 m i l s  
142 279 Di t t o  PR,  3 m i l s  8 60 
145-146 300,305 CN-9 Prop. B ~ 80 4 26 
147 303 6 24 

10 • 10 -2 17 • 10 o 119 8,600 8.913 1.74 • 1O -B 
14 147 6,900 8.909 1.78 
18 16 135 7,400 8.909 1.76 
4 159 7,800 8.913 1.75 

10 150 9,200 8.916 1.81 
7 144 7,500 8.900 1,80 

24 16 129 9,200 8.904 1.78 
12 16 132 9,500 8.908 1.84 
25 139 6,100 8.917 1.77 
22 131 6,400 8,908 1.79 
13 143 9,300 8.915 1.83 
14 136 7,600 8.918 1.83 
12 15 123 9,700 8.907 1.78 

5 16 152 9,500 8.900 1.81 
14 139 6,200 8.917 1.75 

6 131 6,700 8,912 1.79 
57 141 3,500 8.918 1.88 
40 143 5,500 8.919 1.88 

9 135 4,409 8.919 1.86 
22 114 4,500 8.919 1.80 
49 98 4,500 8.925 1.76 
50 129 8,900 1.76 
12 e 147 1.76 

23 151 1.76 
9 74 11,000 8.923 1.80 

10 76 1.81 

a One p o u n d  pe r  s q u a r e  i nch  (psi) = 0.000704 k i l o g r a m  pe r  squa re  m i l l i m e t e r  (kg /mm2) .  
b P r o p r i e t a r y  b r i g h t e n e r ,  s e l e n i u m  type .  
o Va lues  m e a s u r e d  by  t e n s i l e  pu l l .  E l o n g a t i o n  u n i t  is  p e r  cen t  i n  2 in .  (5 c m ) .  
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Fig. 28. Relationships between current density, tensile strength, 
significant strain, and hardness of copper deposits from cyanide 
baths: (1)--CN-2, 60~ (2)--CN-5, 80~ (3)--CN-6, 60~ (4)-- 
CN-4, 60~ (5~--CN-2, 40~ ( 6 ) ~ N - 5 ,  60~ 

where  there  was no appreciable effect are seen in 
Table XXII .  

The range of var ia t ion of the modulus is (16 ___ 1) x 
106 psi; i.e., Change of current  density does not affect 
the modulus significantly. 
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Fig. 29. Relationships between copper cyanide concentration, 
tensile strength, significant strain, and hardness of deposits from 
cyanide baths: (1)--CN-1 and CN-2, 40~ 1 A/dm2; (2)--CN-2 
and CN-3, 60~ 2 A/dm2; (3)--CN-5 and CN-8, 80~ 4 A/dm 2. 

c. Concentration of copper cyanide.--The effects of 
concentrat ion of copper cyanide on mechanical  prop-  
erties are shown in Table XXII I  and Fig. 29. There  is a 
consistent decrease of tensile s t rength and hardness 
and a t rend toward increase of ducti l i ty wi th  increase 

Table XXIII. Effect of concentration of copper cyanide on properties of deposits from cyanide baths 

Y o u n g ' s  a H a r d n e s s  I n t e r -  Elec. re-  
B a t h  C u r r e n t  Conc Tens i l e  a m o d u l u s  K H N  na l  a D e n s i t y  s i s t i v i t y  

L i n e  No., P a n e l  B a t h  t emp ,  dens i ty ,  CuCN, s t r e n g t h ,  S ign i f i c an t  of e las t i c -  100g load ,  s tress ,  25 ~ 25~ 
Tab le  I No. s y m b o l  ~ A / d i n  ~ g/1 ps i  s t r a in  i ty ,  ps i  k g / m m ~  ps i  g / c m  z o h m - c m  

1Ol 126 CN-I 40 I 15 66 • I~  8 • I0 ~ 17 • I0 ~ 152 14,000 8 . 8 9 8  1.79 • I0 -~ 
105 136 CN~2 25 57 10 17 119 8,600 8 . 9 1 3  1.74 
110 145, 148 CN-2 60 2 25 61 4 159 7,800 6 . 9 1 3  1.75 
113 153 CN-3 40 56 16 17 133 9,500 8 . 9 0 7  1.80 
127 194, 195 CN-5 80 4 40 78 8 131 6,700 8 . 9 1 2  1.79 
135 2 6 0 - 2 6 3  CN-8 75 37 22 114 4,500 8 . 9 1 9  1.80 
145 300 CN-9 75 26 9 74 ii,000 8 . 9 2 3  1.80 

= One p o u n d  pe r  squa re  i nch  (psi) = 0.000704 k i l o g r a m  

Table XXlY. Effects of concentrations of 

per  squa re  m i l l i m e t e r  (kg /mm2) .  

free sodium cyanide and sodium carbonate on properties of deposits 
from cyanide baths 

A. Effect  of f ree  cyan ide  

Conc Young ' sa  H a r d n e s s  I n t e r -  Elec. r e -  
B a t h  B a t h  C u r r e n t  f ree  Tens i l e  a m o d u l u s  K H N  na l  a D e n s i t y  s i s t i v i t y  

L i n e  No., P a n e l  s y m -  t emp ,  dens i ty ,  NaCN,  s t r e n g t h ,  S ign i f i c an t  of e las t i c -  100g load,  s t ress ,  25~ 25~ 
Tab le  I No. h a l  ~ A / d m  2 g/1 psz s t r a i n  i ty ,  ps i  k g / m m ~  ps i  g / c m  3 o h m - c m  

115 197 CN-4 40 2 6 52 • I0 z 10 • 10 -2 150 9200 8.916 1.81 • 10 -0 
122 178, 180 CN-5 10 49 13 143 9300 8.915 1.83 
116 201,202 CN-4 4 6 44 7 144 7500 8.900 1.80 
123 182 CN-5 10 48 14 136 7600 8.916 1.83 
117 158 CN-4 60 2 6 53 24 16 • 1O~ 129 9200 8.904 1.78 
124 184, 188 CN-5 10 54 12 15 123 9700 8.907 1.78 
119 205 CN-4 4 6 50 12 16 132 9500 8.908 1.84 
125 187, 188 CN-5 10 63 6 16 152 9500 8.900 1.81 
120 208,209 CN-4 80 2 6 51 25 139 6100 8.917 1.77 
126 191 Cl~-5 16 53 14 139 6200 6.917 1.75 
121 210,212 CN-4 4 6 51 22 131 6400 8.908 1.79 
127 194,195 CN-5 10 78 6 131 6700 8.912 1.79 

B. Effect  of s o d i u m  c a r b o n a t e  

Cone 
Na~CO~, 

gA 

113 153 CN-3 60 2 15 56 • 108 16 • 10~ 17 • i0~ 133 9500 8.907 1.80 • I0 -o 
117 158 CN-4 30 53 24 16 129 9200 8.904 1.78 

a One pound per square inch (psi) = 0.000704 kilogram per square millimeter (kg/mm~). 
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Fig. 30. Relationships between free cyanide concentration, ten- 
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of concentrat ion of copper cyanide. The modulus of 
elasticity is unaffected. 

d. Concentration of free cyanide and sodium car- 
bonate.--Increase in concentrat ion of free cyanide re-  
sults in increase in tensile s t rength and decrease in 
significant strain in most instances. The cases in which 
a significant effect occurs are shown in Fig. 30. How-  
ever, examinat ion  of Table XXIV shows several  cases 
in which the effect was negligible. Nei ther  modulus of 
elasticity nor hardness were  affected significantly 
(Table XXIV) .  

The data in Table X X I V  also show that  a twofold 
increase of concentrat ion of sodium carbonate did not 
produce an appreciable effect on any of the propert ies  
except significant strain, which was increased. 

e. Concentration of Rochelle salt and effect of potas- 
sium ion.--Examination of the data summarized in 
Table XXV does not give a clear conclusion regarding 
the effect of Rochelle  salt on mechanical  properties.  
Differences are  small  and tend in both directions. We 
can only conclude that  the effects are minor.  

Effect of an a l l -potass ium bath may  be seen by com- 
paring lines 130 and 133 in this table. Potassium ion, 
as compared with sodium, causes significant decreases 
of strength, ductility, and hardness. 

f .  pH.- -Tab le  IV shows the var ia t ion  of pH wi th  dura-  
tion of electrolysis of cyanide baths. Variat ion of pH 
is not normal ly  controlled in these baths, which op- 
erate at a "na tura l"  pH. It is seen that  the init ial  pH 

for all except  bath No. CN-8 is in the range 11.4-11.8 
and increases af ter  work ing  to a stable value  in the 
range 12.6-12.8. This is the direction of shift to be ex-  
pected due to the low cathode efficiency. Bath  No. CN-8 
is ini t ia l ly  higher  in pH due to its high content  of KOH, 
and does not change with  working,  due to its high 
cathode efficiency. Under  the above circumstances,  ef-  
fect of pH on propert ies  of deposits is of only academic 
interest.  However ,  a few measurements  were  made to 
compare the tensile s t rength and duct i l i ty  of panels 
made at the lower  l imit  of the pH ranges shown in 
Table IV wi th  those of panels made at the upper  l imit  
of the range. No measurable  effect was observed. 

g. Proprietary brightener.--Baths No. CN-8 and CN-9 
are fa i r ly  similar  in composition, as may  be seen in 
Table IV, except  for the presence in CN-9 of the pro-  
pr ie ta ry  addit ion agent of the selenium type. Both are 
based on potassium salts and have the same copper 
content. CN-9 is h igher  in f ree  cyanide and lower  in 
KOH but it is probable that  effects of these differences 
on propert ies  of deposits are less than that  of the addi-  
tion agent. 

Comparing lines 135 and 138 wi th  lines 145 and 147 
of Table XXII,  we  see that  tensile strength, ductility, 
and hardness are all significantly smaller  for the de-  
posits f rom the bath containing the se len ium-type  ad- 
dition agent. The value of the addition agent  lies in its 
effect on smoothness and brightness ra ther  than in its 
effect on properties.  

h. Periodic current reversal ( P R ) . - - T h e  effects of 
periodic current  reversa l  on propert ies  of deposits f rom 
baths CN-8 and CN-9 are summarized in Table XIV. 
Comparing line 140 with  135-138 we see that  PR pro-  
duces a marked  increase in tensile strength. Addit ion of 
KCNS (line 143) produces a fur ther  significant in-  
crease. Deposits f rom bath No. CN-9 made with  PR 
(line 148) are more  than twice as strong as non-PR 
deposits (lines 145-147). Nei ther  change of current  
densi ty nor change of PR cycle had significant effects 
on s t rength (lines 140 vs. 142 and 143 vs. 144, respec-  
t ive ly) .  Under  none of these conditions used by us was 
the tensile s t rength as high as has been claimed by 
some authors (3). 

Effects of PR on ducti l i ty are less consistent, but  the  
conclusion in summary  is that, for deposits f rom bath 
CN-8, the stronger PR deposits are less ductile than 
the weaker  non-PR deposits (cf. line 138 wi th  140-141 
and line 135 wi th  143-144). The strongest deposits 
(lines 143, 144) have the lowest ductility. On the other  
hand, the modera te ly  strong PR deposit f rom bath 
CN-9 (line 148) has the very  high elongation of 45%, 
which is evident ly  due to a specific effect of the addi-  
t ion agent. 

Hardness is much increased bY PR for deposits f rom 
baths CN-8 and CN-9 (Table XIV) .  Whereas  var ia t ion 
of the PR cycle had no effect on s t rength and ductility, 
the deposit made wi th  the 30-10 sec cycle is signifi- 
cant ly harder  than that  made with  the 15-5 sec cycle. 
The PR deposit f rom bath CN-9 (line 148) is the 
hardest  encountered in this research, namely,  224 KHN. 

Table XXV. Effect of Rochelle salt on properties of deposits from cyanide baths 

B a t h  C u r r e n t  Conc 
L i n e  No., P a n e l  B a t h  t emp ,  dens i ty ,  Roche l l e  

Tab le  I No. s y m b o l  ~ A / d m  2 sal t ,  g/1 

H a r d n e s s  I n t e r -  Elcc. re-  
Tens i le  b K H N  n a l  b D e n s i t y  s i s t i v i t y  
s t r e n g t h ,  S i g n i f i c a n t  100g load,  stress,  25~ 25"C, 

ps i  s t r a in  k g / m m  2 ps i  g /cm8 o h m - c m  

115 197 CN-4 40 2 0.0 
128 234-236 CN-6 45 
117 158 CN-4 69 2 0.0 
130 239, 240 CN-6 45 
133 252,253 CN-7 a 45 
119 205 CN-4 4 0.0 
131 245,247 CN-6 45 
120 208,209 CN-4 80 2 0.0 
132 249 CN-6 45 

52 • 103 10 • 10 -2 150 9200 8.916 1.81 • 10 -e 
44 19 116 5200 8.913 1.76 
53 24 129 9200 8.904 1.78 
64 40 143 5500 8.919 1.88 
38 34 92 8100 8,920 1.74 
50 12 132 9500 8.908 1.84 
58 9 135 4400 8.919 1.86 
51 25 139 6100 8.917 1.77 
57 22 158 5800 8.920 1.87 

" A l l - p o t a s s i u m "  ba th .  
One p o u n d  per  squa re  i nch  (psi) = 0.000704 k i l o g r a m  pe r  s q u a r e  m i l l i m e t e r  (kg /mm2) .  
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C. Internal Stress in Deposits from Cyanide Baths 
1. E~ect of thickness.--The uppermost  curve in Fig. 

8 shows that  the cumulat ive in te rna l  stress of a deposit 
from bath CN-2 (line 105, panel  136, Tables XXI-  
XXIII)  increases near ly  l inear ly  with t ime (i.e., with 
thickness) to the l imit of thickness over which stress 
was measured (approximately 1.5 mil) .  With respect 
to in terna l  stress, this deposit is fair ly typical of de- 
posits from cyanide baths. This relat ionship between 
stress and thickness is in marked contrast to that for 
deposits from sulfate baths, such as the deposit from 
a bath containing naphthalenedisulfonic  acid. In te rna l  
stress in the lat ter  deposit levels off, with no fur ther  
increase after reaching a thickness of about 3/4 mil  
(Fig. 8). These contrast ing effects correlate with the 
increase in grain size with increase of thickness for 
the sulfate deposits (Fig. 20-3), and with the constancy 
of grain size of the cyanide deposits (Fig. 34). 

2, Effect of operating conditions and bath composition 
on internal stress o] deposits from cyanide baths.-- 
a. Bath temperature.--Effect  of bath temperature  on 
in terna l  stress is shown in Fig. 31 and Table XXI. At 
first sight the results, shown fully in Fig. 31, appear to 
form no consistent pattern.  However, some relat ion-  
ships may be deduced as follows. Consider first the de- 
posits from baths CN-2, CN-4, and CN-5. The general  
pa t te rn  is that, for these deposits, stress tends to go 
through a max imum with increase of bath tempera-  
ture. Of 10 pairs of data involved, only one (curve No. 
I) has a contrary trend. Deposits from bath CN-6 
(Rochelle type, curve No. 7) have significantly lower 
stress than the deposits from the other baths and their  
stress is near ly  unaffected by bath temperature.  

b. Current densi ty .--There is no consistent re la t ion-  
ship between in terna l  stress and current  density and in 
no case is the effect very large (Table XXII) .  There is 
indication that the effect of current  density on stress 
tends to be lost at the higher operating temperatures.  

c. Concentration of copper cyanide,--The preponderant  
effect indicated by the data summarized in Table XXII I  
is decrease of in terna l  stress with increase of concen- 
t rat ion of copper cyanide. The effect is definite for 
l ines 101 vs. 105 and 127 vs. 135. However, there is a 
borderl ine reverse effect in lines 110 vs. 113. 

The high value of stress seen in line 145 is an addi- 
tion agent effect, discussed in paragraph f below. 

d. Concentration of ]ree cyanide and sodium car- 
bonate.--There is consistently no significant effect on 
in terna l  stress due to changes of concentrat ion of either 
free cyanide or sodium carbonate (Table XXIV).  

e, Concentration oy Rochelle salt and effect o5 potassium 
ion .~The  data in Table XXV show that addition of 
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Rochelle salt to a cyanide bath consistentIy causes a 
decrease of in terna l  stress. 

Comparison of lines 130 and 133 shows that  convert-  
ing a sodium to a potassium Rochelle bath results in a 
significant increase in in terna l  stress of the deposits. 
The same change caused decreases of tensile strength, 
ductility, and hardness, i l lustrat ing the lack of correla-  
tion of these properties with  stress. 

f. Proprietary' brightener.--Comparison of the values 
for in ternal  stress on lines 135 and 145 of Table XXII  
shows that addition of the propr ie tary  se lenium-type  
br ightener  to a high efficiency bath causes a marked 
increase in in terna l  stress. 

g. Periodic current reversal (PR) . - -Da ta  relat ing the 
effect of PR to in terna l  stress of deposits from cyanide 
baths are available only for bath No. CN-8 (Table 
XIV).  Comparing lines 140 and 143 with lines 135 and 
138, it is seen that stress is only slightly higher in the 
PR deposits. The large effect observed with sulfate 
deposits does not occur with cyanide deposits because, 
as seen in Section VII-C-1 above, stress does not de- 
crease with increase of thickness of the latter.  

D. Density of Deposits from Cyanide Baths 
Excluding the deposits from baths CN-8 and CN-9, 

which will be referred to subsequently,  the average 
density of all deposits listed in Tables XXI through 
XXV is 8.911, with extremes of 8.898 and 8.920 g/cmL 
For these thin deposits, the accuracy of our measure-  
ments  (• g /cm 3) was not sufficient to enable us to 
detect any effect of temperature,  current  density, and 
bath composition on density. 

It is noted in Table XXII  that  the densities of the 
deposits from the high efficiency baths (lines 135, 138, 
and 146) range from 8.919 to 8.925 g/cm 3, significantly 
higher than the average 8.911 of the low-copper 
cyanide baths. We believe that  these higher values of 
high-efficiency deposits, in the same range as the den-  
sities of deposits from sulfate baths, are real, particu- 
lar ly since some of these high values were obtained 
from measurements  on thick deposits for which ac- 
curacy of measurements  is judged to be +--0.005 g/cm:~ 
(e.g., line 146, Table I). 

E. Electrical Resistivity of Deposits from Cyanide Baths 
An analysis similar to that  given above for density 

leads to the following conclusions regarding the effects 
of various variables on electrical resistivity: 

Table  
No. Va r i ab l e  Effect  on r e s i s t i v i t y  

XIV P R  None  
X I V  A d d e d  K C N S  + P R  S ign i f i c an t  increase  
XIV  A d d e d  p r o p r i e t a r y  a d d i t i o n  a g e n t  S ign i f i c an t  increase  

+ P R  
X X I  T e m p e r a t u r e  increase  Var iab le ,  m i n o r  
X X I I  C u r r e n t  dens i t y  increase  Very  s m a l l  inc rease  
X X I I  Added proprietary addition agent None 

( w i t h o u t  PR)  
X X I I I  C u C N  increase  None 
X X I V  Free  CN increase  None  
X X I V  NaeCOa inc rease  None  
XXV Roche l le  sa l t  a d d i t i o n  S m a l l  inc rease  
X X V  P o t a s s i u m  ion (vs. sodium} S i g n i f i c a n t  decrease  

F. Relationships between Properties of Deposits from Cyanide Baths 
1. Tensile strength and ducti l i ty.--Tensile strength 

as a funct ion of significant s t ra in is plotted in Fig. 32, 
which contains points represent ing all deposits from 
cyanide baths. In general, significant s train decreases 
with increase in strength. This is the relat ionship that 
usual ly occurs for wrought metals, and was observed 
for certain addit ion agent sulfate deposits. It  is the 
opposite of the relat ion between strength and ducti l i ty 
for nonaddition agent deposits from sulfate and fluo- 
borate baths (Fig. 14 and Fig. 22, respectively).  The 
two deposits that  most conspicuously fail to conform to 
the general  pa t te rn  are (a) the deposit from the pro- 
pr ie tary high-efficiency bath made with direct cur-  
rent,  which has low duct i l i ty  for its strength, in com- 
parison with the main  pat tern;  and (b) the corre- 
sponding PR deposit, which has abnormal ly  high duc- 
tility. 
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Fig. 32. General relationship between significani" strain and ten- 

sile strength of copper deposits from various cyanide baths. O ~  
CN-1 through CN-5, all operating conditions; O - - C N - 6 ,  sodium 
Rochefle salt both, all operating conditions; O - - C N - 7 ,  potassium 
Rochelle salt bath, all operating conditions; ~ - - C N - 8 ,  all operat- 
ing conditions; E }~CN-8  with periodic current reversal (PR), no 
addition agent; [ ] I - -CN-8 plus 2 g/I KCNS, with PR; ~ - - C N - 9 ,  
proprietary bright bath; � 9  with PR. 
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2. Tensile s trength and hardness . - -The general  re la-  
tionship between tensile strength and hardness for all 
deposits from cyanide baths is shown in Fig. 33, in 
which there is seen to be a positive correlat ion be-  
tween hardness and tensile strength. The relat ionship 
is more definite than that for sulfate deposits (Fig. 15). 

G. Structure of Deposits from Cyanide Baths 
1. Effect of type of bath on s tructure . - -Opt ical  

micrographs of several typical deposits from cyanide 
baths are shown in Fig. 34. Included for comparison are 
a strike bath deposit, a deposit from a typical low-con-  
centrat ion bath, deposits from both sodium and po- 
tassium Rochelle-type baths, a deposit from a s tandard 
high-efficiency bath, and a deposit from a h igh-ef-  
ficiency bath containing a se lenium-type  proprie tary 
brightener.  The deposits from the low-concentra t ion 
baths (Fig. 34-1 and 34-2) show a fine columnar  struc-  
ture, which is surprising, because l i terature  references 
commonly refer to deposits from these baths as being 
extremely fine grained (33). On the other hand, a 
cyanide deposit with a s tructure similar  to that  of Fig. 
34-1 has been reported by R. R. Bair and A. K. Graham 
[Ref. (26), p. 167]. To verify the s t ructure  seen in Fig. 
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Fig. 33. General relationship between hardness and tensile 
strength of copper deposits from various cyanide baths. The code 
defining deposits is the same as for Fig. 32. 

34-1 and to check the possibility that it might  be an 
erroneous work- induced structure,  an ent i re ly  new 
section was prepared and examined by both optical 
and electron micrography. The electron micrographs, 
shown in Fig. 36, were made from a specimen prepared 
by a deep e!ectropolish. The same results were ob-  
tained, indicat ing that the observed s t ructure  is a t rue 
representat ion of the deposit. The significant features 
noted in the electron mierographs are: 

a. Smal l  micro- twin  and columnar  grains extending 
the thickness of the deposit. 

b. Surface r ippl ing in the areas below nodules on tbe  
upper surface (Fig. 36-2). The electron micrographs 
were made for us by D. ]3. Bal lard of the NBS Metal-  
lurgy Division. Details are given in section X, Ap- 
pendix. 

The addition of Rochelle salt (Fig. 34-3) is seen to 
cause grain refinement. The deposit from the potas- 
sium Rochelle bath (Fig. 34-4) does not contain the 
nodular  structures of the deposit from the sodium salt 
bath and shows some indication of the presence of 
fair ly large equi-axed grains. The deposit from the 
high-efficiency bath (Fig. 34-5) is fine grained, 
whereas that  from the propr ie tary  br ight  bath  (Fig. 
34-6) shows large columnar  grains extending the thick- 
ness of the deposit. This s t ructure  correlates with its 
low strength and ducti l i ty (Table XXII) .  

2. Effect  of periodic current  reversal  on s t ruc ture . - -  
Effect of periodic current  reversal  on s tructure is 

Fig. 34. Effect of type of bath on structure of copper deposits from various cyanide baths: (34-D--CN-1,  40~ 1 A/dm~; (34-2)--CN- 
5, 60~ 2 A/dm2; (34-3)--CN-6, 60~ 2 A/dm2; (34-4)--CN-7, 60~ 2 A/din2; (34-5)--CN-8, 80~ 6 A/din2; (34-6)---CN-9, 80~ 
6 A/dm 2. 
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Fig. 35. Effect of periodic current reversal (PR) on structure of copper deposits from a high-efficiency cyanide bath: (35-1)--CN-8, 80~ 
6 A/dm 2, continuous current; (35-2)--CN-8, 80~ 6 A/dm 2, no addition agent, PR, 15 sec cathodic, 5 sec anodic; (35-3)--CN-8 plus 2 
g/I KCNS, 80~ 6 A/dm 2, PR, 15 sec cathodic, S sec anodic. 

Fig. 36. Electron mlcrographs of a deposit from cyanide bath CN-1, 40~ 1 A/dm ~ 

shown in Fig. 35. Figure 35-1 is a deposit from bath 
CN-8 made without PR, 35-2 the same with PR, and 
35-3 the same as 35-2 except for addit ion of potassium 
thiocyanate to the bath. The lat ter  two deposits were 
both buil t  to a thickness of 18 mils. The addit ion of the 
thiocyanate resulted in a brighter  final surface and less 
tendency for nodules to form. Both of the PR struc-  
tures appear to be finer than the non -PR but  with a 
distinct fibrous character. This shift of s t ructure is con- 
sistent with the higher s trength and hardness of these 
deposits (Table XIV).  The laminat ions in Fig. 35-2 and 
35-3 due to current  in ter rupt ion  are not as distinct as 
have been shown in other published PR structures 
(14, 26). This is because the short cycle t ime that  we 
used (15 sec cathodic, 5 sec anodic) resulted in a thick-  
ness per layer of only about 0.04 mil, which is resolvable 
and fa in t ly  visible in the original photographs at 500X 
but  may not show in published prints. 
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Chlorine-Caustic Soda 
I. Product ion . - -The  production of chlorine increased 

in 1969 to a new record of 9,427,000 tons in the Uni ted 
States, according to The Chlorine Institute,  Inc. (1). 
This tonnage represents a gain of approximately 11.2% 
over the 1968 production of chlorine gas. The 1969 
production of chlorine in Canada also reached a new 
high, 887,000 tons, which is up 14.4% over 1968 figures. 
During the period 1959-1969, the average annua l  
growth rate has been 8.0% in the. U.S. and 11.5% in 
Canada. 

From December 1968 to December 1969, daily capac- 
i ty increased 12.2% to 28,276 tons in the U.S. and in-  
creased 6.4% to 2636 tons in Canada. 

Manufactur ing in the U.S. operated at 95.6% of 
capacity, while Canadian producers operated at 93.3% 
in 1969. 

During 1969, the unusua l  si tuation of a snug caustic 
soda marke t  was the rule rather  than  the exception. 
Although general ly caustic has experienced a slower 
growth t rend than chlorine, lower prices have brought  
other markets  into range (2). Caustic has already 
taken over most of the a lumina processing market ,  and 
is making inroads into pulp and paper production at 
the expense of soda ash. There is some hope that  the 
t rend will  extend to the glass industry,  but  most feel 
business in this area will  come slowly. 

A 7.5%/yr growth prediction for caustic soda and an 
8.0%/yr growth for chlorine would indicate that  sup- 
plies of caustic will continue to exceed market  growth. 
In  addition, theoretical yield of caustic is about 1.1 tons 
per ton of chlorine. Product ion figures, however, do 
not indicate that this yield is achieved in practice. 

Some chlorine, approximately 4%, is a by-product  
of making metallic sodium from salt, with no copro- 
duction of caustic. Product ion of l i th ium chloride, soda 
ash, potassium hydroxide, and in -p lan t  use of caustic 
account for most of the rest of the discrepancy between 
the theoretical and the actual output  ratio for chlorine 
and caustic. 

Dow Chemical leads U.S. producers of caustic with 
30% of the total capacity, followed by PPG with about 
9%, Allied and Diamond Shamrock with about 8% 
each, Olin Mathieson and Hooker with about 6%, 
Wyandotte  5%, and with FMC, Stauffer, Pennwal t ,  
B. F. Goodrich, Alcoa, and Kaiser rounding out the 
list of major  companies in the industry.  

In marked contrast  to chlorine, exports of caustic 
grew at 12%/yr  during the period 1960-1967. Most of 
this production was tied to bauxi te  processing. 

No at tempt is made to pinpoint  caustic prices due 
to the m a n y  grades, type, and volume of shipments, 
etc., but  it does appear that  discounting has been 
el iminated to a great extent. Most major  producers 
announced $3-$4/ton increases, to the $66/ton range, 
effective the third quar ter  of 1969 (3). 

II. Expansions.--The best estimates of The Chlorine 
Institute,  Inc., indicate that  by the end of 1970 projects 
now under  way will increase combined U.S. and 
Canadian daily capacity by about 6.5% or to approxi-  
mately 12 mil l ion tons (4, 5). 

1 This  repor t  is sponsored by  the  Indus t r ia l  Electrolytic Divis ion 
of The Elect rochemical  Society. While it is p r imar i l y  a s u m m a r y  
o f  product ion and deve lopments  in the chlor-alkal i  indus t ry ,  repor ts  
of other electrolytic indus t r ies  are included. 

The mate r i a l  p resen ted  he re in  has  been ga the red  f rom m a n y  
sources, noted in the References,  and does not necessar i ly  repre -  
sent the opinions of the authors .  

* Elect rochemical  Society Act ive  Member .  

Company  & location Type  of cell 
Capaci ty  Complet ion 

( tons /day)  date 

Ark la  Chemical  Corp., 
Pine  Bluff, Ark.  
Stauffer  Chemical  Co., 
Huntsvi l le ,  Ala. 
S tauffer  Chemical  Co,, 
Dominguez ,  Calif. 

General Anil ine a n d  
Film Corp., Linden,  
N . J .  
In ter  provincia l  Coop- 
e ra t ive  Ltd., Saska-  
toon, Sa ska t c he wa n  
Kaiser  A l u m i n u m  & 
Chemica l  Corp., Gra -  
mercy ,  La. 
PPG Industries, Lake 
Charles,  La. 
React ive  Metals, Inc., 
Ashtabula ,  Ohio 

Velsicol Chemical  Co., 
Memphis ,  Tenn. 
Wyandot te  Chemicals  
Corp., Geismar ,  La. 

Amer i can  Magnes ium,  
Snyder ,  Texas  
Conso Chemicals  Ltd., 
Aberc rombie  Point,  
Nova  Scotia 
Dow Chemical  Co,, 
Dallesport ,  Wash. 

(A) Shutdown 
Hooker  S-1 75 Oct. 1969 
D i a p h r a g m  
Hooker  S-1 100 Aug. 1969 
D i a p h r a g m  
BASF 150 
Mercury  

(a) Production started 
BASF-Kre bs  250 Nov. 1969 
Mercury  

K u r e h a  HD-4 70 Exp. Jan.  1969 
Mercury  

Hooker  S-3B 300 Exp. May 1969 
D i a p h r a g m  

DeNora 600 Feb. 1969 
Mercury  
Downs  50% Exp. Dee. 1969 

metal l ic  1st stage 
sodium-  
chlorine 

Hooker  S-4 Hooker  S-1 J u n e  1969 
D i a p h r a g m  r e move d  
Hooker  S-4B 35(} Apri l  1969 
D i a p h r a g m  

C. Building or planned 
M a g n e s i u m  30,000 tons /y r  Bal. 1970 
cells 
ICI  $8 million Ear ly  1970 
Mercury  

Dow 24,000 tons /y r  Late  1971 
Dow 24,000 tons /y r  Late  1973 

Magnes ium 
(100,000 tons /y r  C1,_,) 

Dow Chemical  Co., Dow 
Freepor t ,  Texas  D i a p h r a g m  
Dow Chemical  Co,, Dow 
Midland,  Mich. D i a p h r a g m  
Dow Che'm~cal Co., Dow 
Pi t t sburg ,  Calif. D i a p h r a g m  
Dow Chemical  Co., Dow 
Plaquemine ,  La. D i a p h r a g m  
Nat ional  Lead Co., B A S F  
GrantsxHHe, Utah  
Oregon Metal lurgical  Alcan 
Co., Albany,  Ore. 
P P G  Indus t r i es  Inc., DeNora  
GuaYanilla,  Puer to  Mercury  
Rico 
S t anda rd  Chemica l  Uhde  
Ltd., Beauharnois ,  Mercu ry  
Quebec  
Stauffer  Chemical  Co., Uhde  30 m'-' 
St. Gabriel ,  La. Mercu ry  

Expans ion  
p lanned 
Moderniza-  1971-197~ 
tion p lanned 
450 Mid-1970 

$2 .2mi l l ion  2nd Quart�r 
1970 

45,000 tons /y r  La te  1971 
Magnes ium 
I0,000 t ons /y r  1st Quar t e r  
M a g n e s i u m  1970 
500 Late  1970 

220 1970 

500 1st Quar te r  
1970 

HI. New developments.mA. Pricing.miD the last 
quar ter  of 1969, the price of chlorine was raised $2/ 
ton to the $75/ton range, in single uni t  tankcars, 
F.O.B. plants, freight equalized. Higher manufac tur ing  
and dis t r ibut ing costs were given as the reason for 
the increase. For that  small  percentage of total pro-  
duction sold in ton containers,  the price was also 
increased $2 to $97/ton (6, 7). 

B. Mercury . - -Mercury  consumption increased 5% 
during 1969 wi th  the larger users being the manufac-  
turers  of chlorine and caustic soda, catalysts, pulp 
and paper, and pharmaceut ical  products. 

Mine production was estimated at 29,000 76~1b 
flasks; secondary production was 50% less than  1968, 
ma in ly  as a result  of a drop in government  sales. 
California and Nevada supplied 63% and 28%, re-  
spectively, of the mercury  produced in the U.S., with 
the balance from Alaska, Arizona, Idaho, Oregon, and 
Texas. The value of pr imary  production was placed 
at $14,600,000 (8). 

Imports  of mercury  increased approximately 20%. 
Spain is the largest producer with British Columbia, 
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Algeria, Turkey, and Yugoslavia also contr ibut ing to 
the world production. 

The price of mercury  has been as low as $182/flask 
in August  1963, and as high as $700/flask in June  1965. 
Lately it has fallen from about $585 to less than $500/ 
flask (9). 

Government  officials recent ly said they would like 
to sell about 73,700 flasks from surplus stockpiles even-  
tually;  however, opposition is expected from the do- 
mestic indus t ry  and through diplomatic channels. The 
government  has been offering stockpiled mercury  this 
year  at the rate of 1500 flasks a month. 
C. BASF-Wyandot te . - -Badische Ani l in  and Soda- 
Fabr ik  AG of Ludwigshafen,  West Germany,  an-  
nounced that it is acquir ing 98.5% of the outs tanding 
stock of Wyandotte  Chemicals Corporation, Wyandotte ,  
Michigan. This represents an inves tment  of about 
$95 million. In the next  three or four years, BASF 
expects to spend around $105 mill ion on plant  expan-  
sions and modernization.  

In 1968 BASF had sales of $1.4 billion, while Wyan-  
dotte's sales were $147 mil l ion (10). 

Other Alkalies and Electrolytic Processes 
Sodium Chlorate . - -Product ion of sodium chlorate 

in the U.S. was approximately 183,000 tons in 1969, 
with a projected demand of 244,000 tons by 1973. Of 
this, 72% goes to the pulp and paper industry,  14% is 
used in the manufac ture  of chlorates and perchlorates, 
and 9% is used for herbicides. The pulp and paper  
indus t ry  employs chlorates for the generat ion of chlo- 
r ine dioxide to bleach paper. Cotton defoliation and 
clearing rai lroad r ights-of-way account for most of 
the herbicide use. 

The domestic producers of sodium chlorate are 
listed (11) : 

Capacity 
Producer  (short tons/yr)  

Amer ican  Potash and Chemical  Corp., Hamil ton,  
Miss. 23,500 

Amer ican  Potash and Chemical  Corp., Henderson,  
Nov. 30,000 

Brunswick Pulp and Paper  Co., Brunswick,  Ga. 7,000 
Georgia-Pacific Corp., Bel l ingham, Wash. 5,000 
Hooker Chemical  Corp., Columbus, Miss. 55,000 
Hooker  Chemical  Corp., Niagara  Falls, N . Y .  15,500 
Reigel Paper  Corp_, Butler.  Ala. 4,000 
Reigel Paper  Corp., Reigelwood, N . C .  7,000 
Pacific Engineer ing  and Product ion Co., Hender -  

son, Nov. 6,000 
Penn-Olin Chemical  Co., Calvert  City, Ky.  31,000 
Pennwal t  Corp., Portland, Ore. 15,000 
PPG  Industr ies  Inc., Lake  Charles, La. 15,000 

214,000 Total  

Caustic potash.--Caustic potash facilities cur rent ly  
operable in the U.S. are shown below (12) : 

Capacity 
Producer  (short tons /y r  ) 

Allied Chemical  Co., Syracuse,  N . Y .  30,000* 
Diamond Shamrock  CorD., Delaware  City, Del. 16,000 
Diamond Shamrock  Corp., Muscle Shoals, Ala. 40,000 
Dow Chemical Co., Pit tsburg,  Calif. 10,000 
Hooker  Chemical  Corp., Niagara  Falls, N . Y .  36,000* 
In ternat ional  Minerals and Chemical  Corp., Niag- 

ara  Falls, N . Y .  23,000* 
Monsanto Co., Sauget,  IlL 45,000 
Pennwal t  Corp., Calver t  City, Ky. 25,000 
PPG  Industries,  Inc., Corpus Christi, Texas 7,000* 
PPG Industr ies ,  Inc., New Martinsville,  W. Va. 8,000 

240,000 Total* 

* Includes solid or flake production. 

Published price for liquid, in carload or t ruckload 
quantities,  was $3.80/cwt., F.O.B. producing plant. 
Flake prices increased dur ing the year  from $11.10/ 
cwt. to $11.60/cwt. 

Soda ash . - -Natura l  soda ash production reached a 
total of 2,500,000 tons in 1969; this quant i ty  was valued 
at $47,800,000 (13). The production rate noted reflects 
cont inued price degradation, as the quant i ty  increased 
23%, but  the value dropped 14% compared to last year. 
While some production came from the dry lake beds 
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in California, the bulk  of U.S. needs was supplied by  
Green River, Wyoming, as in previous years. Food 
Machinery Corporation's three shafts in Green River 
are operating at near  capacity of 1,250,000 tons /yr ;  a 
fourth shaft is planned,  commencing a $5,000,000 ex- 
pansion program (14). In addition, near ly  2,000,000 
tons of sodium carbonate were produced synthet ical ly 
(15). 

Year-end price for both dense and light 58% soda 
ash climbed 5% from 1968, listing: bagged, $2.20/cwt. 
and bulk, $1.65/cwt. (16). 

A l u m i n u m . - - P r i m a r y  a luminum production in the 
U.S. increased to 3,800,000 tons in 1969, up from 
3,250,000 tons in 1968. Canadian production of a lumi-  
num was reported to total approximately  1,063,000 
tons in 1969. 

Apparent  use of a luminum in the U.S., based on 
shipments  of p r imary  metal, net  imports, and re-  
covery from scrap, increased to approximately 
4,800,000 tons. This year of re la t ively steady produc- 
t ion served to reduce imports of a luminum metal  to 
a level less than 1968, when strikes at plants  of two 
major  domestic producers forced consumers to rely 
on foreign supply (17). 

A l u m i n u m  ingot capacity under  construction or 
p lanned for 1969 was as follows (18) �9 

Producer  Capacity 
(short tons/yr)  

A l u m i n u m  Co. of America ,  Rockdale, Texas  50,000 
Aluminum Co. of America, Evansville, Ind. 50~0(}0 
Gulf Coast Aluminum Corp., Lake Charles, La. 35,000 
Kaiser Aluminum & Chemical Corp., Tacoma, 

Wash. 20,000 
Reynolds Metals Co., Longview, Wash. 40,000 
Nat ional-Southwire  A l u m i n u m  Co., I-Iawesville, 

Ky.  180,000 

The price of unal loyed pr imary  a l u m i n u m  ingot, 
which had been raised to 27r early in J a n u a r y  1969, 
was raised again to 28r in mid-October.  

Domestic production of bauxi te  rose to 1,800,000 
long tons, while imports were 12,000,000 long tons. 
Approximately  60% of the bauxite  imports in 1969 
came from Jamaica, 20% from Surinam, and the ma-  
jor i ty  of the balance from the Dominican Republic, 
Haiti, and Guyana.  It  is estimated that  67% of the 
a lumina  imports were from Austral ia  and about 25% 
from Sur inam (19). Genera l ly  speaking, 4 tons of 
bauxi te  are required  to produce 2 tons of a lumina  
which will  yield 1 ton of p r imary  a luminum.  

Bery l l ium.- -This  year  marks  the fifth straight 
year that  the use of beryl  (a b e r y l l i u m - a l u m i n u m -  
silicate) has increased, and the U.S. consumption for 
1969 exceeded 6099 tons (20). Nearly half  of the beryl -  
l ium metal  consumed is used in high-speed aircraft, 
and the remainder  employed in missile components,  
the nuclear  industry,  and copper and nickel alloys (to 
impar t  fatigue resistance) (21, 22). 

Domestic sources for bery l l ium production are the 
states of South Dakota, Maine, and Colorado, in that  
order, for hand-sor ted  beryl ;  and Utah for mined 
ber t randi te  (another  be ry l l ium-a luminum-s i l i ca te ) .  
General  imports of beryl  for 1969 should exceed 6400 
tons, valued at $2,600,000; interest ingly,  while the ton-  
nage is near ly  a 40% increase over 1968, the foreign 
value of this mater ia l  dropped 15%. 

The industr ia l  activity evident  in 1969 is probably in 
response to the steadily growing beryl l ium market .  
Kawecki  Bery]co Industries,  Inc., and Brush Beryl l ium 
Company processed hand-sor ted beryl  into bery l l ium 
metal  and alloys; and some concentrates have been 
shipped from the new (September)  Brush Beryl l ium's  
Spor Mounta in  processing plant  near  Delta, Utah. 
General  Astrometals Corporation has leased the elec- 
trofining facilities of Beryl l ium Metals and Chemicals 
Corporation. Topaz Beryl l ium Company (subsidiary of 
The Anaconda Company) has acquired land in Juab 
County, Utah, for a proposed bery l l ium ore concentra-  
t ion plant. 

Government  inventories  at mid-yea r  listed 7387 tons 
of bery l l ium-copper  master  alloy and 229 tons of 
bery l l ium metal  (exactly the amounts  reported for 
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mid-year  1968) ; the 11% BeO-bear ing beryl  figure was 
26,559 tons, which is slightly down from a year ago. 
The General  Services Adminis t ra t ion  sales of beryl  in 
1969 ( including a December 1968 sale) totaled 3475 
tons; the price varied from $50.52 to $52.67/short ton 
unit.  

Chromium.- -The  three leading consumers of chro- 
mite increased their  usage dur ing  the year, as inven-  
tories dropped. The metal lurgical  indust ry  used 739,000 
tons in 10 months, an 8.5% increase over 1968, reflect- 
ing the high level of stainless steel production. The 
chemical and refractory industr ies  consumed 175,000 
and 253,000 tons, respectively. This was a 5% increase 
in chromite use by the chemical industry,  while the 
8% decrease in use for the refractory group cont inued 
last year 's t rend (23). 

The metal lurgical  indus t ry  had to tu rn  to surplus 
chromite from government  stockpiles to supplement  
supply, with the continued economic sanction against 
Southern Rhodesia imposed in early 1967. The General  
Services Adminis t ra t ion  has sold 789,000 tons since 
J a n u a r y  1967 with 206,000 tons delivered in the first 10 
months of 1969. 

Negotiations for a p lant  to produce ferroalloy in 
Puerto Rico were announced by Air Reduction Com- 
pany. The plant  is to have two furnaces with a com- 
bined rat ing of 40,000 kW; full production is estimated 
for late 1971 or early 1972. A chromium chemical p lant  
to be bui l t  in Wilmington,  North Carolina, was an-  
nounced by Diamond Shamrock Corporation. 

Metal lurgical-grade chromite prices moved upward  
for the third successive year. Quoted prices per long 
ton at Atlant ic  ports were as follows: Russian, 48% 
Cr203, 4-1 ratio $49-$52; Russian 54-56% Cr2Oz, 4-1 
ratio, $55.10-$59.60; and Turkish 48% Cr203, 3-1 ratio, 
$47.50-$48.50. 

Copper . - - In  its first full  year  of operation since 
1966, the U.S. Copper Indus t ry  posted significantly 
optimistic gains in 1969. 

A record 9% jump in mine  production of recoverable 
copper was recorded, up to 1,560,000 tons over the 
1,429,000-ton 1966 previous high (24). Of this amount,  
more than half (51%) came from Arizona with the 
states of Utah, New Mexico, Montana, and Nevada 
contr ibut ing another  40% which accounts for the bulk  
of U.S. production. The U.S. share of free world mine  
output  is now up to about 30% (25). 

Based on tonnages of domestic pr imary  mater ia l  
only, smelter  production was up almost 32% over 
1968, to a projected total for 1969 of 1,520,000 tons. 
Refinery output  of domestic mater ia l  jumped 35% over 
last year, and is expected to post 1,450,000 tons for 
1969. 

Reversing a two-year  trend, consumption of refined 
copper increased (over 2,000,000 tons used in 1969), 
but  fell short of the 2,400,000-ton record year of 1966. 
Wire and cable alone accounted for 1,300,000 tons (up 
9% over 1968); defense programs, pr imar i ly  for am-  
munit ion,  took 225,000 tons of copper. 

In  conjunct ion with increased U.S. mine  production, 
imports of blister and refined copper dropped this 
year and are estimated below 1968 receipts by 8% and 
a p lummet ing  69%, respectively. 

P r imary  world copper prices have risen 200% in the 
past ten years, using the London Metal Exchange as a 
measure;  domestic wholesale price indexes show a 
60% rise. For the year 1969, the LME average price per 
pound for copper went  from 56r to 72r U.S. prices 
mirrored this increase, going from 42r to 52r in three 
steps. However, a balance in the copper marke t  is 
anticipated with the expected e l iminat ion of World-  
U.S. price differentials. 

In  the recovery field, Powdered Metals Corporation 
of Phoenix, Arizona, has announced construction plans 
for the first plant  which will  employ the new Har lan  
(George E. Harlan)  Process to obtain copper powder 
from oxide ores (26). The ore is leached with a demin-  
eralized water-sul fur ic  acid solution and the ]each 
l iquor is then filtered and electrolyzed. The process is 

said to reduce the cost of present  smelt ing and electro- 
winn ing  techniques by 40%. Most of the reduct ion 
results from uti l ization of inexpensive equipment  and 
avoiding costly milling, flotation, and furnacing units. 
In  addition, the components are so simple and light 
that a portable plant  can be t rucked to operate on-site 
at ore deposits once considered too small  or remote. 
Ore- to-powder  requires only 4 hr compared to several 
days using conventional  means. 

L i th ium. - -The  following companies are involved in 
processing l i th ium raw mater ia l  to l i th ium pr imary  
products: Foote Mineral  Company at Sunbright ,  Vir-  
ginia, and Silver Peak, Nevada; Amer ican  Potash and 
Chemical Corporation, Trona, California; and Li th ium 
Corporation of America, Bessemer City, North Caro- 
l ina (27). Product ion data are not available. 

Use of l i th ium in 1969 was at an a l l - t ime high. 
Products employing l i th ium in their  manufac ture  in -  
clude: ceramics and glass, greases, welding and brazing 
fluxes, air condit ioning equipment,  rubber ,  and phar -  
maceuticals. Some newer  uses include a luminum re-  
duction cells, and bleaches and sanitizers. 

Li thium metal  was priced at $7.75/lb in 1000-1b lots; 
l i th ium carbonate at $0.46/lb in carload lots; and 
l i th ium chloride at $0.85/lb. 

The reports on cesium and rubidium, normal ly  in -  
cluded in this section, are omitted this year since the 
Mineral  Indus t ry  Survey fails to make any  ment ion  of 
these metals. 

Magnes ium.- -For  the year 1969, production of pr i -  
mary  magnesium is projected at 89,500 tons, up 2% 
over 1968; and shipments  at 107,000 tons, up 16%. 
Secondary magnes ium recovery is expected to be 15,- 
000 tons. While there was only a min imal  rise in 
exports (4500 tons),  imports increased 43% net t ing 
about 24,000 tons. The U.S. accounts for over 60% of 
the world 162,000-ton annua l  production figure. 

The consumption of p r imary  magnesium in 1969 was 
100,000 tons, which represents a 3% drop from the 
103,000 tons in 1968, as reported by the U.S. Bureau 
of Mines (28). In  contrast, Business Week reports 1969 
as the sixth consecutive year that  magnes ium demand 
has risen, and the third year in a row that  demand has 
exceeded capacity (29). However, all sources agree 
that  magnes ium is on the verge of a Cinderella boom; 
expansions of present  capacity are predicted to double 
by 1971 and reach 300,000 tons /y r  in 1972 (30). 

The ul t imate  target  of the expanding magnes ium 
indus t ry  is an anticipated 400,000-ton potential  auto-  
motive market  wi th in  10-15 years. In  the near  term, 
the largest single marke t  for magnesium is in the 
a luminum-magnes ium alloys used in commercial  a i r -  
craft; machinery  is next, and the chemical indus t ry  
third. The l ightweight metal  is making a strong bid to 
replace a luminum;  while it still costs more than alu-  
minum,  the price differential may shr ink with the 
activity the magnes ium producers are exhibiting. New 
products include rapid t ransi t  systems, motors, cam- 
eras, power tools for home use, photoengraving, cor- 
rosion-resistant  paint,  and bat tery casings. 

One big name in the indus t ry  dropped out in the 
third quar ter  of 1969: Alamet  Division of Calumet and 
Hecla Corporation shut down its dolomite (highest 
grade magnesium, but  most expensive process) plant  
at Selma, Alabama. The major  producers now in the 
field are: Dow Chemical Company, with a 48,000- 
t on /y r  plant  to go on stream the last half Of 1971 and 
reach design capacity in 1976 at Dallesport, Washing-  
ton (31, 32) ; National  Lead Company with a 45,000-ton 
plant  under  construction at Salt Lake, due for com- 
pletion in 1971 (33, 34); American Magnesium Com- 
pany  began operation of its scheduled 30,000-ton p lant  
at Snyder,  Texas; and Oregon Metallurgical  Corpora- 
t ion at Albany,  Oregon, plans to complete its 10,000- 
ton plant  in early 1975 (35). In  addition, two large 
a luminum producers, Alcoa and Kaiser, own property 
in the magnes ium-r ich  Salt Lake area (36); and two 
steelmakers, USS and National  are taking a close look 
at producing magnesium themselves (37). 
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Magnesium compound production increased over 
1968 by 14% in volume and 16% in value. Imports of 
refractory magnesium declined about 20% for the year. 

Manganese . - - In  1969, approximately 1,800,000 tons 
of manganese ore containing 35% or more manganese  
were imported from Brazil, Gabon, Australia,  and the 
Congo. Ferromanganese  imports increased to 300,000 
tons for the year, pr imar i ly  from the  Republic of South 
Africa, France, India, and West Germany.  Manganese 
metal  imports were down to 1428 tons for the first 
three quarters,  with the major i ty  from the Republic of 
South Africa. 

Domestically, approximately 2,300,000 tons of ore 
were produced. Montana and New Mexico continued to 
mine  ore containing 35% manganese,  but  at lower 
levels than in 1968. In terna t ional  Minerals and Chemi- 
cal Corporation shut down their blast furnace in Sheri-  
dan, Pennsylvania ,  and stopped producing fe r roman-  
ganese. High imports and large inventories were given 
as reasons for this change (38). 

December quotations for ore with a content  of 46- 
48% manganese  were 49-53r ton. Foote Mineral  
announced price increases effective J anua ry  1, 1970 on 
all grades of electrolytic manganese,  with a typical 
increase being No. 1 chip to 31.25r from 30.25r (39). 

Deepsea Ventures Inc., a subsidiary of Tenneco Inc., 
was active in carrying on the deep-sea minera l  in-  
vestigations formerly pursued by Newport News Ship- 
bui lding and Dry Dock Company. This work, off the 
Georgia and Florida coasts, has yielded over 40 tons of 
manganese nodules that  are to be treated in process 
pilot plants. 

NickeL-- In te rna t iona l  Nickel Company of Canada, 
Ltd. (Inco) operations in Ontario were closed by a 
strike of the United Steelworkers of America from 
Ju ly  10 unt i l  November 17, 1969. While Inco's Mani-  
toba facilities continued to produce nickel, these ac- 
count for only 30% of the company's  total capacity. In 
addition, Falconbridge Nickel Mines, Ltd., was out of 
operation from August  21 unt i l  November 22, 1969, 
because of a strike by the Mine, Mill, and Smelter  
Workers Union (40). These two stoppages reduced the 
free world's production of nickel approximately 50%. 
Upon resumption of work, the increased wage and 
fr inge benefits (worth $1.35/hr) increased Inco's em- 
ployment  costs by approximately 35% (41). 

A total of 29 mill ion pounds of nickel has' been 
released from Government  stockpiles thus far, com- 
pared to the 150 mil l ion pounds In terna t ional  Nickel 
claims to have lost dur ing the four month  strike. The 
stocks must  be replaced with the government  by Ju ly  
1972, so it seems certain the shortage will  cont inue 
(42). 

World production of nickel was estimated at 530,000 
tons. Imports into the U.S. from all sources were 
expected to be 125,000 tons with exports at 30,000 tons. 

The producer price for cathodes started the year at 
$1.03/lb F.O.B. shipping point. Following set t lement of 
the 128-day strike, Inco raised the price to $1.28 which 
was followed by other major  producers. Quotations for 
dealer cathodes according to Metals Week were $1.65- 
$1.75/lb early in the year, but  reached $6.65-$7.15 in 
October. Prices in the $8-$10/lb range were said to 
have been obtained for small  quanti t ies of special 
forms. 

A hydrometal lurgical  nickel refining process, de- 
veloped by Sherr i t t  Gordon Mines, Ltd. (Toronto, 
Canada),  has come to the at tent ion of others due to 
the nickel shortage. Sherri t t  Gordon has been using 
this process since 1954 and recent ly  licensed the proc- 
ess to Western Mining Corporation of Australia.  A 
50-million lb /y r  refinery was announced for completion 
in 1971 or 1972 by The Phil ippine 's  Mar induque Mining 
and Industr ia l  Corporation, using a modified version 
of the process (43). 

In terna t ional  Nickel announced construction of an 
$80-million refinery mark ing  the first commercial  use 
of the Inco Pressure Carbonyl  (IPC) process. This 
highly automated plant  at Copper Cliff, Ontario, is 
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scheduled for completion in 1971. Capacity is stated to 
be 100 mill ion l b / y r  of pellets and 25 mill ion l b /y r  of 
powder (44). 

Sodium.--The use of sodium metal  was up slightly 
over 3% in 1969 compared to last year;  the 3% figure 
confirms the growth estimated in this indust ry  for the 
next  3 years (45). While the sodium business recovered 
from the 1967-1968 drop, projected quanti t ies based on 
8-month  figures show the 1969 total at 162,000 tons, 
which is still under  the 1966 165,000-ton high. Of the 
sodium metal  produced, 83% was used to manufac ture  
te t ramethyl  and te t raethyl  lead, 6% was used as a re-  
ducing agent in the production of t i tan ium sponge, and 
the remaining  11% found miscellaneous uses (peroxide 
production, sodium hydride descaling of metals, chemi- 
cal and drug intermediaries,  and coolant in nuclear  
power stations) (46). 

All major  producers increased metall ic sodium prices 
effective on spot in mid-November  and on J a n u a r y  1, 
1970 for contract business. Brick price (drummed,  in 
18,000-1b lots) rose 2r to 241/2r reactor grades in-  
creased to 29r and carload lots increased to 183/4r 

T i t an ium. - -T i t an ium sponge metal  (refined ore) pro- 
duction rose 12% in 1969; sponge consumption leaped 
35% over 1968, to about 19,500 tons (47). Foreign 
sponge imports for the first 9 months indicated a total 
receipt of 6230 tons. At year 's-end,  domestic sponge 
of 99.3% puri ty  held at $1.32/lb, while import  (from 
Japan  and the United Kingdom, principal ly)  dropped 
0.05 to $1.20/lb (48). Only  a small  amount  of t i t an ium 
sponge was sold by the General  Services Adminis t ra -  
t ion in 1969. 

Through October, t i tan ium metal  (unwrought,  waste, 
and scrap) was imported for consumption in an amount  
projected to equal 6500 short tons at a value expected 
to exceed $10,500,000. The bulk of the imports came 
from Japan  (70%), with Russia (15%) and the United 
Kingdom (10%) making  up most of the remainder.  
Exports, mostly scrap, were up 20%, totaling 3400 tons 
for 1969. 

The price reduct ion reported last year  (49) seems to 
have produced the desired result  as the burgeoning 
consumption in 1969 indicated. Gains in chemical and 
construction uses are difficult to measure accurately, 
but  aerospace and the aircraft  indust ry  are still pr ime 
markets.  

No rut i le  was produced domestically in 1969, and 
imports increased  15%. To expand domestic rut i le  
production, in June  of 1967 the Office of Emergency 
Preparedness (OEP) reduced the war stockpile of ru -  
tile from 200,000 to 100,000 short dry tons. In  1969, im- 
port price for 96% TiO2 rose to a high of $160 per short 
ton over tast year 's  close at $125. 

I lmeni te  imports of the minera l  concentrate rose 
50% over 19'68 in the face of a 3% drop in domestic 
production. I lmenite  is used mostly in making t i t an ium 
oxide pigment.  Quoted prices for 1969 held firm at 
$30-$35 per short ton for domestic 60% TiO2-content 
stocks; and at $20-$2! per long ton for imported 54% 
TiO2 material.  

Zinc. - -Revers ing a three-year  trend, U.S. mine  pro- 
duction of zinc for 1969 rose 4%, to 546,000 tons (50). 
In  conjunct ion with the expanding lead industry,  33,- 
000 tons of zinc supplied from new mines alone placed 
Missouri as one of the country 's  leading zinc pro- 
ducers. While the historically higher zinc producing 
states increased their  output, zinc production in others 
dropped, which offset the potential  gain. 

Smelter  production of slab zinc zoomed the first 
half  of 1969, but  fell off the last half; still, projected 
output was up from the previous record year of 1966 
by 5% and exceeded 1968 by 8%, totaling 1,160,000 tons. 
To add to this bright  picture, shipments led produc- 
tion by a net 9000 tons for the year, considering cus- 
tomer's  stores accumulation. Zinc imports of ore and 
metal  approximated those of 1968. The principal  sup-  
pliers were Canada, Mexico, Australia,  and Peru. 

Total consumption of zinc for 1969 was 1,800,000 tons 
with slab accounting for 1,400,000 and the other 400,- 
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000 tons made up of direct ore use (135,000) and scrap 
(265,000). In  line with the increases noted in produc- 
tion, consumption also equalled the record year 1966. 
The largest advances in the indust ry  were posted by 
zinc-base alloys (585,000 tons), zinc oxide (44,000), and 
in copper-base alloys as a result  of fu l l -year  operation 
of brass mills (184,000 tons) .  

The General  Services Adminis t ra t ion sales amounted 
to 25,440 tons from the existing zinc disposal authoriza-  
tion; 22,610 tons remain  in inventory.  

Pr ime Western Grade zinc price rose 2r dur ing the 
year, in three steps, to finish 15Y2r The London 
Metal Exchange price, after fluctuating throughout  the 
year, ended at 14r 

Electrical Energy 
U.S. Genera t ion . - -The  ut i l i ty  companies and indus-  

trial  plants in the U.S. combined to produce 1.43 t r i l -  
lion kilowatt  hours (kWhr) of electricity this year 
(51). Reflecting ever- increasing power consumption, 
this represents an 8.8% gain over 1968, substant ia l ly  
greater than  the 5.2% growth ~n 1968, and the 7.4% 
average for the 5-year period ending 1967. 

Uti l i ty  production (represent ing 93% of the nat ion 's  
total electrical energy capacity) held at the same 9.3% 
increase over the previous year, to a new record total 
of 1.33 tr i l l ion kWhr. The breakdown by production 
means shows: 16.7% hydroelectric, 82.7% by steam 
electric plants, and the balance (0.6%) by  in terna l  
combustion engines and gas turbines.  Each category 
reached a new high, exceeding 1968 levels by 0.3, 11.2, 
and 16.9%, respectively. 

Steam electric generat ion using nuclear  fuel showed 
a gain compared to 1968, of from 7.7 to a total of 12.3 
bil l ion kWhr;  this increase (60%) is still only 0.86% of 
the country 's  total energy need. However, it is pre-  
dicted that, by the year 2000, 50% of the nat ion 's  elec- 
trical energy requirements  will be met by nuclear  
facilities (52). In  1969, consumption of coal reached 
297 mil l ion tons, gas near ly  3.15 tr i l l ion cubic feet, and 
oil 188 mil l ion barrels. In  keeping with the production 
increases, use of each fuel also rose. Hydroelectric 
generat ion also set a record high of 52.8 mil l ion kW, 
topping 196'8 by 3.3%. It is estimated that, of the coun-  
try's total hydroelectric potential  (178.5 mil l ion kW),  
only 48.8 mill ion kW, or 27%, has been developed. 

There has been some concern regarding the rate at 
which present resources are being dissipated. Coal, 
gas, and oil have been carefully studied, and it is 
estimated that  existing supplies will suffice for from 
200 to 1000 years (53). 

Uti l i ty  generat ing capacity posted a record 8.1% in-  
crease this year, adding 21,806,000 kW, to a new high 
of installed capacity total ing 291,058,000 kW. This total  
capabil i ty is ample to supply cur ren t  U.S. needs. Look- 
ing to the future, however, demand for electricity in 
the U.S. is expected to match the growth rate of the 
past three decades, which means doubling the gener-  
ating capacity each ten years (54). 

Coupled with the capacity and consumption increases 
seen in 1968, the indus t ry  also experienced delays. 
Some generat ing plants and transmission lines were 
not put  into service on schedule, pr imar i ly  as a result  
of shortages of skilled labor. 

Nuclear Power . - - In  the U.S. Generat ion section of 
this report, it was reported that  the total percentage of 
electrical energy derived from nuclear  sources was 
very small  (less than 1%). The past year still suc- 
ceeded in chalking up a 60% production increase over 
1968, even though it was a declining year for orders 
in the nuclear  business. Fur thermore,  though recent  
rising construction costs (now about $1.45/kW for con-  
vent ional  vs. $2.00/kW for nuclear)  have made ut i l i ty  
companies hesitate to go the nuclear  route, 1972 is 
predicted as the tu rn ing  point for the swing to nuclear  
power (55, 56). 

Historically, fossil-fueled steam generat ing plants  
have been the major  source of electrical energy (57). 
In  1957, a government-sponsored program to develop 

and demonstrate  the feasibility of nuclear  reactors 
for civilian application was introduced to the electric 
ut i l i ty  industry.  By 1964, $3 bill ion in study had in-  
dicated the cost advantage of a nuclear  instal lat ion as 
typical ly slightly over 5 mil ls /kWhr,  compared to 5-6 
mi l l s /kWhr  for a fossil-fired plant. In addition, nuclear  
plants  will  require considerably less expense for pollu-  
tion control. Following these findings, a rash of orders 
were placed for nuclear  plants  in 1966 and 1967. The 
explanat ion for the difference between the fast start  
and the current  restrained status of the nuclear  power 
indus t ry  is simply growing pains. 

The power plant  supply indus t ry  was pushed beyond 
its capacity, as nei ther  facilities nor t ra ined workmen 
were available to begin; construction costs and inflation 
have been steadily rising; and delays were experienced 
in educating a public concerned with thermal  and 
radiat ion effects. On-s t ream service has been post- 
poned as much as two years, and the original  five 
years have been stretched to the present 61/2-7 years 
for expansion planning.  

The U.S. is well  established as the world leader in 
enr iched-uran ium light water  type nuclear  power re-  
actors, but the present  generat ion of nuclear  reactors 
employ less than 2% of uran ium's  potential  energy. For 
this reason, the government  and private indus t ry  are 
actively invest igat ing fast (breeder) reactors for elec- 
trical power generation. Breeder reactors will  utilize 
50% of the la tent  energy in u ran ium and will, in fact, 
produce or "breed" more fissionable mater ia l  than they 
consume. The major  effect of the fast reactors wil l  be 
to stabilize the supply and price of u ran ium;  however, 
commercial  exploitation of fast reactors is not expected 
to begin before the 1980's. Accordingly, power rates 
wil l  probably fluctuate little in the next  ten  years, and 
only begin to drop as a result  of breeders in the suc- 
ceeding ten years. 

D-C power . - - In  evaluat ing the power transmission 
figures of the last few years, the recent use of extra-  
high-voltage (EHV) lines must  be taken into account. 
Power transfer  capabil i ty increases as the square of 
the voltage, so comparing only miles of transmission 
line installed is not comprehensive. The decrease in 
actual miles from 18,452 in 1968 to 14,555 in 1969 
il lustrates the point well; in terms of voltage-miles,  
power t ransmission instal lat ion increased 32% in 1969 
(58). 

Current ly,  ut i l i ty  t ransmission instal lat ions are l im-  
ited to 500-kilovolt (kV) lines, but  this year saw the 
first 765-kV line become operable. Tests are in prog- 
ress to utilize 1100~ and even 1500-kV lines. Also, 
addit ional exploration is under  way to examine the 
benefits directly related to direct current  EHV t rans-  
mission systems working in conjunct ion with a l te rna t -  
ing current  systems. 

There was a delay in completing the 853-mile, 
750-kV 2 d-c t ransmission l ine be tween the Dalles Sub-  
station (on the Columbia River in Oregon) of the 
Bonnevil le  Power Adminis t ra t ion  and the Slymar  Sub-  
station of the Los Angeles Depar tment  of Water  and 
Power. S ta r t -up  service was rescheduled for Spring of 
1970. 

Developments of Interest 
Petrochemicals by electrolysis.--Electrolysis in or- 

ganic syntheses has been studied for m a n y  years; how- 
ever, very  few processes have reached a commer-  
cialized scale. Electrolytic routes to organics may be 
applicable where product selectivity may be superior 
to known chemical methods (59). 

A good example is the Monsanto process for electro- 
hydrodimerizat ion of acrylonitr i le  producing adiponi-  
tri le in a single, high-select ivi ty  step; it is recognized 
that  existing thermal  and catalytic dimerization meth-  
ods give inferior yields and /o r  lower conversions. 
Asahi Chemical of Japan  is reported to be p lanning  a 
20-mi l l ion- lb /yr  adiponitri le facility. BASF is also 
said to be working on a similar process. 

" - E r r o n e o u s l y  r e p o r t e d  a s  a n  8 2 5 - m i l e ,  S00 -kV I~ne in  t h e  R e p o r t  
f o r  1968. 
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When objectional co-products may  be avoided, the 
electrolysis method may  have merit.  An  example 
would be the electrolytic chlorohydrin process for 
propylene oxide, e l iminat ing  the unwanted  production 
of calcium chloride. 

Conversion by chemical means may require reaction 
conditions so severe in terms of pressure, temperature ,  
residence time, catalyst life, or corrosivity that  the 
cost of the electrolysis system is justified. Direct han-  
dling of troublesome reagents may be eliminated,  as in 
3M's electrolytic f luorination process, and the b romina-  
tion process developed by Sohio. The use of lower cost 
raw materials  and useful products from both anode 
and cathode reactions may provide economic advan-  
tages. 

Continued research in this area is indicated and, 
when  any of the above advantages or a combinat ion 
of them offset the high power and cell cost, an at t rac-  
tive process will  result. 

The Kel-Chlor  process.--At the April  1969 American 
Chemical Society meeting in Minneapolis,  Dr. Alex G. 
Oblad, Vice-President  of Research and Development  
for the M. W. Kellogg Company (New York),  pre-  
sented the chemistry involved and the potential  marke t  
impact of a breakthrough nonelectrolytic process for 
the manufac ture  of chlorine (60-62). Essentially, the 
Kellogg development  provides a successful way to oxi- 
dize hydrogen chloride to chlorine. 

The basic idea is not new. In the same manner ,  
chlorine was first produced in the laboratory by the 
Swedish chemist Kar l  Wilhe lm Scheele (63), and the 
concept was refined to commercial  use about a .century  
ago by  Deacon and Hurter .  They employed solid cop- 
per chloride as a catalyst; but, by using air as the 
oxidizing medium, the resul tant  chlorine was highly 
diluted with nitrogen, though acceptable for those 
times. More recent  at tempts to upgrade the process 
include increased catalytic activity, which has not 
proved attractive, or introduct ion of an organic mole-  
cule to react with chlorine and thus drive the reaction 
equi l ibr ium toward more complete oxidation. The la t -  
ter  are general ly  termed oxychlorinations, and are 
useful but  l imited in application. 

With the presen t -day  availabi l i ty of cheap oxygen, 
the Kellogg process employs two novel keys to push 
its descendant of the Deacon reaction to completion: 
ni t rogen oxides as homogeneous (gas phase) catalysts, 
and sulfuric acid to absorb oxides and steam (64). 
Briefly, gaseous hydrogen chloride is reacted with hot 
recycled ni t rosyl  sulfuric acid to form nitrosyl  chlor-  
ide; in the first oxidation chamber, ni trosyl  chloride 
with oxygen breaks down to chlorine and nitr ic oxide; 
conversion is completed in a second oxidizing step, 
where sulfuric acid absorbs water  (steam) and reacts 
with the ni t rogen oxides to yield ni t rosyl  sulfuric acid, 
which is recycled. The product  chlorine is quite pure 
and relat ively dry and meets the specifications of some 
applications as is; for more s t r ingent  uses, it can be 
easily upgraded. 

In  the past, at tempts to commercialize hydrogen 
chloride oxidation processes have s tumbled on eco- 
nomically insurmountab le  corrosion problems. Kellogg 
reports, however, that  in its new process corrosion is 
not a difficulty and that  "available" materials  are 
utilized. Continuous operation of a one - ton /day  uni t  is 
said to have proven the Kel-Chlor  process, and Kellogg 
is prepared to offer it for license. Operat ing costs will  
vary, depending on plant  size, from $17 to $10/ton of 
chlorine produced. 

Dr. Oblad points out that, for the first time, the 
production of chlorine is exceeding that  of caustic, 
dumping more caustic in an already saturated market.  
In addition, by-product  hydrogen chloride from or- 
ganic chlorinations is also creating an increasing dis- 
posal problem. Its developer offers the Kel-Chlor  proc-  
ess as the solution to this situation. Neither the elec- 
trolysis of aqueous hydrogen chloride nor  the elec- 
trolysis of magnesium chloride is geared to American 
market  requirements ,  according to Dr. Oblad. 
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Two major  areas are suitable targets: the produc- 
tion of elemental  chlorine itself, and the use of chlorine 
in chlorinat ion reactions (the largest of which is m a n u -  
facture of v inyl  chloride).  As to the hydrogen chloride 
charge, four processes are listed as adequate sources: 
1--s team hydrolyzed magnes ium chloride, 2- - the  by-  
product from Solvay Process ammonium chloride, 3 - -  
the reaction of sulfuric acid with sodium chloride, and 
4- - the  fertilizer industry 's  conversion of potassium 
chloride to the more potent  potassium phosphate or 
nitrate.  

Manuscript  received June  11, 1970. This report  was 
presented at the Industr ia l  Electrolytic Division 
Luncheon at the Los Angeles Meeting of the Society, 
May 10-i5, 1970. 

Any  discussion of this report  will  appear in a Dis- 
cussion Section to be published in the June  1971 
JOURNAL. 
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F. M. Becket Memorial Award 
The Electrochemical Society wil l  

offer the F. M. Becket Memorial Award 
to a qualified graduate student for the 
summer of 1971. This Award commem- 
orates F. M. Becket, a man of great 
research and administrative abil i ty and 
a former President of the Society, whose 
accomplishments in science and indus- 
try were outstanding. The stipend val- 
ued at $1500 provides a grant-in-aid 
toward a summer's (at least two months) 
research and study overseas in the lab- 
oratory of a recognized research insti- 
tute or institution of higher learning, 
selected from the approved list main- 
tained by the F. M. Becket Memorial 
Award Committee. 

The objectives of this Award are to 
stimulate and encourage education and 
participation in the fields of electro- 
chemical science and industry con- 
erned with specialty materials and proc- 
esses as follows: 

a) Materials such as refractory metals 
and compounds, intermetallics, graph- 
ite, fused salts, and rare earth metals; 

b) Equipment for the uti l ization of 
electrical energy in materials synthesis; 

c) Processes using arcs, vacua, plas- 
mas, and electron and ion beams; and 

d) High temperature kinetics and 
thermodynamics phenomena such as 
melting, vaporization, reactions, sinter- 
ing, diffusion or oxidation occurring at 
high temperatures, high pressures, or 
vacua involving high temperature mate- 
rials. 

To be eligible for the Award, the 
entrant must qualify in one of the two 
following categories. He must be either 

(1) a graduating senior of demonstrated 
ability, regularly enrolled in any recog- 
nized college, university, or institute of 
technology in continental United States 
or Canada, who intends to seek an ad- 
vanced degree, or (2) a graduate stu- 
dent, similarly enrolled, who is seeking 
an advanced degree. No limitations of 
sex, race, nationality, or religion are to 
be imposed by the Award Committee in 
determining the recipient of the Award. 

The Award shall be presented on the 
basis of the following material: 

1. A complete transcript of the stu- 
dent's academic record. 

2. Two copies of a letter, over the 
signature of the head of the College or 
Department in which the student is en- 
rolled, describing briefly his academic 
work, his campus activities, and pre- 
senting an estimate of his abilit ies. 

3. Two copies of a letter, over the 
student's signature, containing a brief 
biographical sketch, a detailed descriP- 
tion of the nature and extent of his 
academic work, particularly as it may 
relate to the field of the Award, and 
an outl ine of his plans for the future. 
The student shall indicate, from the list 
provided by the Award Committee, his 
choice of a place of residence under 
the Award. 

Application forms are available from 
the Executive Secretary, Mr. Ernest G. 
Enck, The Electrochemical Society, Inc., 
30 East 42nd Street, New York, N. Y. 
10017. Deadline for receipt of completed 
applications wil l  be February 1, 1971; 
and the Award winner wil l  be announced 
on April 1, 1971. 
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Physical and Mechanical Properties of Electrodeposited Copper 
III. Deposits from Sulfate, Fluoborate, Pyrophosphate, Cyanide, and Amine Baths* 
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V I I I .  Comparisons of Deposits from All Types of Baths: 
Fatigue Strength, Thermal  Properties, Cold Working,  

Structure, Composition, and General Correlations 
A. Fatigue Strength 

1. Introduction, method, and apparatus.--Fatigue 
strength is of interest  p r imar i ly  in applications in 
which vibrat ion or other  cyclic stressing of plated or 
e lect roformed parts  may  cause fracture.  Severa l  
studies of the effect of plat ing on the fat igue s t rength 
of a basis meta l  have  been reported,  but  ve ry  l i t t le 
informat ion on fat igue propert ies  of separated de- 
posits has come to our at tent ion [Ref. (2) for nickel, 
Ref. (21), p. 55, for copper].  

The method that  we used for measur ing fat igue 
s t rength was designed by J. A. Bennet t  of the NBS 
Metal lurgy Division. It is an adaptat ion of the Amsler  
"Vibrophore"  test method 15 to th in  sheet stock (34). 
Specimens were  mil led f rom panel  stock to the form 
shown in Fig. 37. They were  then bent  into a "U" as 
shown at " r '  in Fig. 38. The bending procedure  was 
as follows. A I/4 in. d iameter  rod was placed t rans-  
versely  across the center  of the flat specimen, which 
was supported on a deep (2-3 in.) sponge-rubber  pile 
which acted as a female mandrel .  With a small  press, 
the rod and sheet were  forced into the sponge-rubber  
pile. The action of the test machine is i l lustrated in 
Fig. 38. The formed specimen was at tached to blocks 
2 and 3 with  screws through clamping plates (not 
shown).  Block 2 was r igidly at tached to the f rame 
of the machine. Block 3 oscillated vert ically,  dr iven by 
the force, P. This produced la tera l  oscillation of the 
top of the specimen, as indicated by the arrows above 
"1." Thus, each of the four faces of the specimen was 
a l te rna te ly  stressed in tension and compression, wi th  
m ax imum stress at the position of min imum width. 

* A E S  P r o j e c t  21 Repo r t .  S e c t i o n s  V I I I - X  p u b l i s h e d  h e r e  a re  t h e  
th ird  a n d  las t  i n s t a l l m e n t  of  t h i s  p a p e r .  P a r t  1 (Sec t ions  I - I I I )  a p -  
p e a r s  o n  p a g e s  291C-318C of  t h e  S e p t e m b e r  i s sue ,  a n d  p a r t  2 (Sec -  
t ions  I V - V I I )  on  p a g e s  341C~352C of  t h e  O c t o b e r  i ssue .  

A l f r e d  J .  A m s l e r  & Co.,  S c h a f f h o u s e ,  S w i t z e r l a n d ;  H i r s e h r n a n n  
C o r p o r a t i o n ,  R o s l y n  H e i g h t s ,  N e w  Y o r k .  

Fig. 37. Dimensions of fatigue specimens. The thickness of the 
specimens ranged from 0.015 to 0.02 in. (375-500 ~m). 

The mean load was zero; i.e., the m a x i m u m  deflections 
of the specimen to ei ther  side of the zero- load posi- 
t ion were  equal. Oscillation rate  was 1800 cycles/min.  
The m a x i m u m  load, P, was de termined  f rom machine 
adjustments;  la tera l  displacement of the top of the 
specimen, i l luminated wi th  a stroboscope, was mea-  
sured with  a micrometer  microscope. The relationships 
by means of which stress and strain in the specimen 
are determined f rom P and the la teral  displacement 
of the specimen are developed in the Appendix,  para-  
graphs X-B-1  and X-B-2.  

2. Results.---The fat igue characterist ics of several  
typical  kinds of copper deposits are shown in Fig. 39, 
in which stress ampli tude is plotted as a function of 
the number  of cycles requi red  to produce fai lure by 
cracking. The character  of the curves is typical, simi- 
lar to those obtained for wrought  metals. The per t inent  
data f rom these curves are summarized in Table XXVI. 
Stress-s t ra in  parameters  for three types of copper rep-  
resent ing high and low ext remes  and a mid-va lue  of 

2 

Fig. 38. Schematic representation of the specimen mounting for 
fatigue testing of electroformed copper. The specimen, 1, is at- 
tached to holders, 2 and 3, with screws and clamping plates (not 
shown). Holder, 2, is rigidly attached to the frame of the ma- 
chine. Application of the pulsating force, P, causes holder, 3, to 
oscillate vertically, resulting in lateral oscillation of the specimen 
as indicated by the curved arrows. The distance "a" is 0.300 in. 
(7.5 mm). 
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Fig. 39. Relationship between fatigue life (cycles) and stress for electroformed copper. Part A (left): (1) Cu2-H2, mild cellulosic exposure, 
30~ 2 A/dm2; (2) Cu2-H2, severe cellulosic exposure, 30~ 2 A/dm2; (3) Cu2-H3 containing 1 mg/liter selenium, 30~ 2 A/dm2; 
(4) pyrophosphate, 50~ 2 A/dm2; (5) pyrophosphate, 50~ 4 A/dm2; (6) Cu2-H3 containing 3.5 g/I  triisopropanolamine, 50~ 5 A/dm 2. 
Part B (right): (1) F-I, 30~ 8 A/dm2; (2) F-2, 50~ 20 A/dm2; (3) Cu3-H3 containing I g/I phenolsulfonic acid, 30~ 2 A/dm~; (4) 
CN-8 containing 2 g/I KCNS, 80~ 6 A/dm '~, PR, cycle 15 sec cathodic, 5 sec anodic; (5) CN-8 containing 2 g/I  KCNS, 80~ 6 A/dm 2, PR, 
cycle 30 sec cathodic, 10 sec anodic; (6) CN-8, 80~ 6 A/dm 2, no addition agent, PR, cycle 15 sec cathodic, 5 sec anodic. Specimens that 
did not fail are indicated by a letter and an arrow. These specimens were tested further with larger loads. The point representing the re- 
test conditions is designated by the corresponding letter. 

fatigue s trength are plotted in Fig. 40. TM The curves for 
the non-addi t ion  agent sulfate deposits and for the 
pyrophosphate deposits are linear, indicating that  in 
testing these deposits the elastic l imit was not exceeded. 
The small  deviation from l inear i ty  at the top of the 
stress range for the deposit from a sulfate bath con- 
ta in ing t r i isopropanolamine has questionable signi- 
ficance. 

In Table XXVI, the stress level at fai lure is shown 
for two life periods, 106 and 107 cycles. For  106 cycles, 
two values of stress are shown for lines 76 and 147, 
designated as ~c and ~m- ~c represents a "calculated" 
value, obtained from the basic mechanical  re lat ion-  
ships developed in Appendix  B-1. ~m represents a 
"measured" value, determined from direct microscope 
measurements  of s t ra in on statically displaced speci- 

l ~ E x p l a n a t i o n  of s t r e s s - s t r a i n  p a r a m e t e r s  i n  F i g .  40:  F r o m  Eq .  
[12] of  A p p e n d i x  B - l ,  i t  is  s een  t h a t  s t r e s s  is p r o p o r t i o n a l  to P/t'-" 
s ince  a a n d  b a r e  c o n s t a n t s .  F r o m  Fig .  72 i t  c a n  be  r e a d i l y  s h o w n  
t h a t  6 = t /2R,  w h e r e  6 is t h e  s t r a i n  in  t h e  s u r f a c e  f ibe r s  of  t h e  
s p e c i m e n .  S i n c e  R is  a p p r o x i m a t e l y  i n v e r s e l y  p r o p o r t i o n a l  to t h e  
h o r i z o n t a l  d e f l e c t i o n  of t h e  top  of t h e  s p e c i m e n ,  w e  h a v e  R = K / D ,  
w h e r e  K is t h e  p r o p o r t i o n a l i t y  c o n s t a n t  a n d  D t h e  def lec t ion .  S u b -  
s t i t u t i n g  th i s  v a l u e  of R in  t h e  p r e c e d i n g  e q u a t i o n  g i v e s  6 = tD /2K .  
T h u s ,  s u r f a c e  s t r a i n  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to tD. See A p -  
p e n d i x  B-1  f o r  d e f i n i t i o n s  of  s y m b o l s .  

mens. The procedure is described in Appendix B-2. 
The magnitudes of the fatigue strength obtained by 
the two methods are in reasonable agreement. 

The value of ~c wil l  first be considered in re la-  
t ion to the yield s trength (Table XXVI) .  Fat igue 
failure would be expected to occur rapidly if the yield 
s t rength were exceeded. It is seen that  several of the 
deposits were stressed beyond our values for yield 
strength, but  nevertheless had fatigue lives of 106 or 
107 cycles. This indicates that  the tabula ted values of 
yield strength, which are based on the arb i t rar i ly  
selected offset of 0.05%, may be too low, or that  dy- 
namic yield strengths are higher than static yield 
strengths. Whatever  the explanation, the results show 
that at the stress levels applied for lives of 10 a to 107 
cycles, plastic deformation must  not have occurred. 

It  is of interest  to intercompare the endurance  ratio, 
i.e., the ratio of the fatigue strength to the tensile 
strength, for the various plated coppers and for 
wrought  copper. The ratio varies from a low of 0.32 
for a PR deposit from bath CN-8 to a high of 0.61 for 
a deposit from the pyrophosphate bath. Ratios for 
deposits from the sulfate and fluoborate baths are close 

Table XXVI. Fatigue characteristics of electrodeposited copper 

F a t i g u e  s t r e n g t h  a 

O'c O'm ~'c 
B a t h  C u r r e n t  No. of  cyc l e s  

L i n e  No. ,  P a n e l  B a t h  A d d i t i o n  t e m p ,  d e n s i t y ,  106 106 10 t 
T a b l e  I No.  s y m b o l  a g e n t  ~ A / d m  2 p s i  

Y i e l d  a, b 
s t r e n g t h ,  

p s i  

T e n s i l e  a 
s t r e n g t h ,  

p s i  

Endur- 
ance 
r a t i o  

ae,  106 

T .S .  

I n t e r -  
n a l  a, v 
s t ress ,  

ps i  

24  13 C u 2 - H 2  N o n e  30 2 13 x 103 
26 323 C u 2 - H 2  N o n e  30 2 14 
88 77 Cu3-1H3 PSA~ 30 2 19 
66 172 C u 2 - H 3  SeO~ 30 2 19 
76 3 3 7 , 3 4 1  Cu2-I-I3 T I P A  ~ 30 5 25  
91 345 F - 1  N o n e  30 8 16 
94 348 F -2  N o n e  50 20 16 

139 281 CN-8 None, PRe 80 6 25 
147 294 CN-8 KCNS, PR e 80 6 28 
148 295 CN-8 K C N S ,  PRr 80 6 25 
95 318 P y r o p h o s -  N o n e  50 2 22 
98 314 p h a t e  N o n e  50 4 22 

C o m m e r c i a l  coppe rg  A n n e a l e d  15 
H a l f  h a r d  23 
H a r d  2 4  

31 • 108 

33 

II • I0 a 
12 

14 
18 
13 

20 

17 

12 
18 
18 

8 • 103 
11 
13 
16 
43 
16 
12 
38 
57 
46 
20 
22 
10 
38 
48 

25 • l0 s 
32 
34 
44 
71 
37 
33 
64 
86 
79 
38 
40 
31 
45 
54 

0.54 
0.47 
0.58 
0 .44 
0.36 
0 .44 
0.49 
0.39 
0.34 
0.32 
0.61 
0.59 
0 . 4 8  
0.51 
0.44 

55O 

- -420  
2800 
7100 

700 
1600 

5100 

- -  1600 
1700 

a One  p o u n d  p e r  s q u a r e  i n c h  (psi) = 0 .000704 k i l o g r a m  p e r  s q u a r e  m i l l i m e t e r  ( k g / m m 2 ) .  
b 0 .05% offset .  

N e g a t i v e  v a l u e s  r e p r e s e n t  c o m p r e s s i v e  s t ress .  
P S A  = p h e n o l s u l f o n i e  ac id ;  T I P A  = t r i i s o p r o p a n o l a m i n e .  
P R  cyc le  15 sec c a t h o d i c ,  5 sec anod i c .  

f P B  cyc le  30 sec  c a t h o d i c ,  10 sec anod ic .  
o D a t a  f r o m  Ref .  (35).  
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to 0.5, about the same as the ratios for wrought  copper. 
With respect to qual i ty  of deposits as measured by 

fatigue strength, deposits from non-addi t ion  agent 
sulfate and fluoborate baths are about the equal of 
annealed wrought  copper, but  poorer than  cold- 
worked wrought  copper. On the other hand, deposits 
from the sulfate baths containing addit ion agents and 
from the cyanide and pyrophosphate baths are equal 
or superior in fatigue strength to cold-worked wrought  
copper. 

For a given type of bath, var ia t ion of operat ing 
conditions did not affect the fatigue s trength signifi- 
cant ly  (Table XXVI) .  For example, changes in the 
following variables produced either no change or 
negligible change: degree of exposure of the sulfate 
bath to cellulose (lines 24, 26); bath tempera ture  and 
current  density (fluoborate bath, lines 91, 94 and 
pyrophosphate bath, l ines 95, 98); and PR cycle (lines 
147, 148). 

Residual tensile stress adds to deformation stress 
to produce a higher total stress, which may be ex- 
pected to hasten fatigue failure. One might, therefore, 
expect a relat ionship between fatigue strength and 
in terna l  stress (Table XXVI) .  There are some positive 
correlations. For example, compare lines 26 and 88. 
The tensile s trength is near ly  the same, but  the fa-  
t igue s trength of the latter, with a compressive stress, 
is significantly higher. On the other hand, two of the 
highest values of fatigue strength appear in lines 76 
and 147, both associated with high in terna l  stress. At 
first sight this appears to be a reversal  of the expected 
effect. However, we note that  these high stress values 
corrrelate with the lowest endurance  ratios. It is thus 
probable that, if these deposits were to retain their 
high strength and also had a low in terna l  stress, the 
endurance ratio would be in the "normal" range of 
0.5 and the fatigue s t rength would then be about 
40,000 instead of 25,000-28,000 psi. The difference is a 
measure of the reduction due to the high in te rna l  
stress. The correlation with in te rna l  stress fails in the 
case of the pyrophosphate deposits, where an appar-  
ent ly significant variat ion in in terna l  stress does not 
affect the fatigue strength. 

Several  failed specimens were examined by J. A. 
Bennet t  to determine the character of the fai lure 
cracks, with the following results: 

P a n e l  
No. S t r u c t u r e  t ype  C h a r a c t e r  of c racks  

13 L a r g e  co lumnar ,  f a i r l y  f ine Cracks  s t a r t ed  on f ina l  (coarse) 
s t a r t i n g  g r a i n  surface ,  p r o p a g a t e d  b e t w e e n  den-  

d r i t e s  
295 F i n e  u n i f o r m  g r a i n  Cracks  s t a r t e d  on bo th  sides.  

G r a i n  too fine to e v a l u a t e  pos i -  
t ion  of c racks  w i t h  respec t  to 
g r a i n s  a t  m a g n i f i c a t i o n  used. 

345 L i k e  No. 13, U - b e n d  w i t h  L ike  No. 13, c racks  s t a r t ed  on 
f inal  su r face  ou t s ide  ou t s ide  surface .  

345 S a m e  as above,  b u t  U -  L ike  No. 13, b u t  c racks  s t a r t ed  
b e n d  w i t h  f inal  su r f ace  i n -  on in s ide  sur face ,  in  t h i s  case 
s ide  also the  coarse  surface .  

The above results are what  one would expect. The 
comparison between the two specimens from Panel  
No. 345 shows that the characteristics of the machine 
and the test procedure were such that inside and out-  
side surfaces of the "U" were equal ly stressed. 

B. Properties of Annealed Deposits 
1. Annealing procedures.--Specimens were made 

from panel stock before annealing,  i.e., operations such 
as machin ing  and str ipping of nickel were carried out 
on the as-plated stock. Annea l ing  17 was done either in 
vacuum or in an argon atmosphere. Specimens were 
held at t empera ture  for the t imes indicated in Table 
XXVII. They were put into and removed from a cold 
furnace, so the actual total  anneal ing period was longer 
than the nomina l  period. The heat -up  and cool-down 
periods ranged from about 15 rain for 150~ to 45 
min  for 500~ 

Since it was not feasible to procure the extended 
data shown in Table XXVII for a large number  of 

~r A n n e a l i n g  was  done  in  p a r t  b y  G. E. Hicho  of t he  M e t a l l u r g y  
Div i s ion ,  NBS,  and  in  p a r t  by  the  au tho r s .  

2 0 x l O  

~r 
W 
,,, 12 ' "  
=Z 
.,,:x 
IE 

8 

hi 

0 ,,, 
0 2 4 6 8 I0 x 10 - 3  

STRAIN PARAMETER , t D  

Fig. 40. Relationship between stress and strain at the surface of 
copper fatigue specimens from three types of baths at the point 
of minimum width: G--Cu2-H2, 30~ 2 A/dm2; o~Cu2-H3 
containing 3.5 g/I triisopropanolamine, 30 ~ 5 A/dm2; ~--pyro- 
phosphate, 50 ~ 2 A/dm 2. The specimen thickness is represented by 
"t", the magnitude of the horizontal deflection of the top of the 
specimen by "D," and the applied load by "P." 

copper deposits, a representat ive sampling was chosen, 
including typical  soft deposits from sulfate and fluo- 
borate baths, deposits of a hard strong type from a 
sulfate bath containing an addition agent, typical  pyro-  
phosphate deposits, and PR deposits f rom bath CN-8 
containing KCNS as an addition agent. The lat ter  
was chosen because it has good properties as plated 
and can be produced as thick electroforms. Limited 
measurements  were also made with thin deposits 
from other cyanide baths, namely  CN-2, a typical  
low-concentra t ion bath, CN-8 without  an addition 
agent or PR, and CN-9, the proprietary high-effi- 
ciency br igh t -p la t ing  bath. 

2. Effects of annealing on mechanical properties.-- 
Data are summarized in Table XXVII and in Fig. 41, 
42, and 43. In  Fig. 41, it is seen that  in general  annea l -  
ing caused decrease of tensile strength and increase 
of ductility. However, the changes are small  for de- 
posits that are ini t ia l ly  soft and ductile, namely  those 
from the non-addi t ion  agent sulfate bath, the fiuo- 
borate bath, and the pyrophosphate bath. The deposit 
from the sulfate bath containing t r i isopropanolamine 
resists change to a fairly high anneal ing  tempera ture  
(325~176 then abrupt ly  loses s t rength and gains 
ductility. The PR cyanide deposit, on the other hand, 
undergoes significant changes in the same directions 
at the lowest anneal ing  tempera ture  of 150~ The 
tensile s trength and elongation of all of the deposits 
tend to the same values after anneal ing  at 500~176 

Effects of both anneal ing  and cold roll ing on modu-  
lus and hardness are i l lustrated in Fig. 42 and 43. 
In  general, cold roll ing has less effect on modulus than  
does annealing.  The magni tude  of the shifts due to 
cold rol l ing is wi thin  our estimated accuracy of _+1 x 
106 psi and the direction is random. On the other hand, 
anneal ing  at 500~ causes a significant decrease of 
modulus  in all but  one case (PR deposit from bath 
cN-~). 

The effect of anneal ing  on hardness (Fig. 43) is 
similar to its effect on tensile strength. The deposits 
that are ini t ia l ly  soft or fair ly soft (non-addi t ion  
agent sulfate, fluoborate, and pyrophosphate) undergo 
minor  addit ional  softening. The deposits from the 
t r i isopropanolamine sulfate bath (TIPA) and the PR 
CN-8 bath undergo marked reduction of hardness. 
The abnormal ly  low hardness, 32 KHN, of the T IPA 
deposit is an "apparent"  value due to an "exploded 
s tructure" of the deposit resul t ing from heat ing to 
500~ This has other related effects that  are referred 
to subsequently.  

Cold roll ing in all cases causes a significant increase 
of hardness, 
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Fig. 41, Relationships between annealing temperature and tensile 
strength, elongation, and electrical resistivity of copper deposits 
from various baths: (1) Cu2-H2, 30~ 2 A/dm2; (2) Cu2-H3 con- 
taining 3.5 g/I trilsopropanolamine, 30~ 5 A/din2; (3) F-l, 30~ 
8 A/din2; (4) pyrophosphate, 50~ 2 A/din2; (5) CN-8 containing 
2 g/I KCNS, 80~ 6 A/din 2, PR, cycle 15 sec cathodic, 5 sec 
anodic. 
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Fig. 42. Effect of cold rolling and annealing on modulus of 
elasticity of copper deposits from various types of baths: 1--depos- 
its as plated; 2-~deposits cold rolled, 50% reduction; 3--deposits 
annealed at 500~ for 15 min. 

Yield s t rength  decreases wi th  annea l ing  for  all  of 
the  deposits,  reaching  the ex t r eme ly  low value  of 
3000 psi for the  f iuoborate deposi t  annea led  at  500~ 
(Table  X X V I I  ). 

3. E~ect oi annealing on density.--Since the  effects 
of anneal ing  on dens i ty  were  in genera l  small ,  da ta  
were  obta ined  only  for  deposi ts  annea led  at 500~ 
The resul ts  a re  compared  wi th  as -depos i ted  values  
in Table  XXVII .  No measurab le  effect was found ex-  
cept for the  T IPA deposit.  I t  unde rwen t  a v e r y  large  
decrease of density,  18%, due to "explosion" and 
format ion  of  in te r io r  voids. (The effect of the  same 
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Fig. 43. Effect of annealing and cold rolling on hardness of 
copper deposits from various types of bath: |udeposits as plated; 
2--deposits annealed at 325~ for 15 min; 3--deposits annealed 
at 500~ for 15 rain; 4---deposits cold rolled, 50% reduction. 

phenomenon on hardness  was descr ibed above in 
Sect ion VII I -B-2 . )  The voids a re  shown in Fig.  45-3. 

4. E~ect of annealing on electrical resist~vity.--Ef- 
fect of annea l ing  on e lect r ica l  res i s t iv i ty  is shown in 
Fig. 41. As in the  cases of the  other  p roper t ies  a l r eady  
discussed, the  deposi ts  t ha t  a re  soft and  have  low 
res is t iv i ty  as p la ted  undergo  l i t t le  change, a l though 
thei r  res i s t iv i ty  does decrease slightly.  The anomalous  
behavior  of the  T I P A  deposi t  is seen again. I ts  res i s -  
t i v i ty  is h igh as p l a t ed  and undergoes  significant de-  
crease af te r  anneal ing  at  325~ However ,  af ter  an-  
neal ing at 500 ~ its res is t iv i ty  increases. Our 
in te rp re ta t ion  is that ,  af ter  heat ing at  325~ the 
deposit  stil l  has a no rma l  s t ructure ,  wi th  gra in  growth  
tha t  corre la tes  wi th  the lower  res is t ivi ty .  Af t e r  hea t ing  
at  500~ void fo rmat ion  has  occurred which  causes 
the  t rue  cross section of the  deposi t  to be less than  
the nomina l  cross section, hence, the  res is t iv i ty  in-  
creases.  The PR deposi t  f rom the  CN-8 ba th  undergoes  
a m a r k e d  regu la r  decrease  of res i s t iv i ty  as the  annea l -  
ing t empe ra tu r e  is increased,  but  even af ter  heat ing 
at  500~ i ts  res is t iv i ty  is h igher  than  tha t  of h igh-  
pu r i ty  copper.  

5. E~ect  of annealing on the structure of various 
deposits.--a. A deposit from a non-addition agent 
sulfate b a t h . - - I n  Fig. 44 are  shown the  s t ructures  of 
specimens from panel  No. 322-323 (Table  XXVII ,  l ine  
26), as plated,  annea led  at  325~ and annea led  at  
500~ At  325~ recrys ta l l i za t ion  and gra in  growth  
have involved ma in ly  the  or ig ina l ly  f ine-gra ined  basa l  
por t ion of the  deposit.  Af te r  anneal ing  at  500~ com-  
p le te  recrys ta l l i za t ion  has  occurred,  w i th  la rge  gra ins  
ex tend ing  th rough  the ent i re  thickness  of the  deposit.  
The co lumnar  charac te r  of the  s t ruc ture  is re ta ined.  

I t  was seen in the  preceding Sections VII I -B-2 ,  3, 
and  4, tha t  p roper t ies  of this  type  of deposi t  va r i ed  
but  l i t t le  as a resul t  of anneal ing.  The change  of s t ruc-  
ture  is sufficient tha t  a somewhat  l a rge r  effect on 
proper t ies  might  have  been predicted.  

b. A deposit from a sulfate bath containing an addi- 
tion agent.--In Fig. 45 are  shown the s t ructures  of an 
a s -p la t ed  deposi t  f rom a sulfate  ba th  conta ining 2 
g/1 of t r i i sopropanolamine ,  the  same deposi t  af ter  
anneal ing  at 500~ and a deposi t  f rom a ba th  con- 
ta in ing  3.5 g/1 of  the  addi t ion  agent  a f te r  anneal ing  
at 500~ The deposi t  f rom the ba th  containing the 
low concentra t ion  of addi t ion agent  has equiaxed  
grains  of med ium size af te r  anneal ing,  whereas  the  
depos i t  f rom the ba th  conta ining the h igh  concent ra -  
t ion of addi t ion  agent  contains  m a n y  voids (b lack  
areas) .  This condit ion is discussed in deta i l  in subse-  
quent  Section VII I -E-2 .  I t  causes the  abnorma l ly  low 
hardness  and densi ty  a l r e a dy  described.  
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Fig. 44. Effect of annealing on structure of a copper deposit that is coarse grained as plated; from sulfate bath Cu2-H2, 30~ 2 A/dm2: 
(44-1) as plated; (44-2) annealed 15 rain at 325~ (44-3) annealed 15 min at 500~ 

Fig. 45. Effect of annealing on structure of copper deposits that are fine grained as plated. Deposits made in a Cu2-H3 bath contain- 
ing triisopropanolamine (TIPA), 30~ 5 A/dm 2. Note voids caused by gas-forming impurities entrapped in the deposit from the high- 
TIPA bath. (45-1) 2 g/I TIPA, as-plated deposit; (45-2) 2 g/I TIPA, deposit annealed 15 min at 500~ (45-3) 3.5 g/l TIPA, deposit an- 
nealed 15 min at 500~ 

Fig. 46. Effect of annealing on structure of a copper deposit from fluoborate bath F-I, 30~ 8 A/dm2: (46-I) as plated; (46-2) an- 
nealed 15 min at 325~ (46-3) annealed 15 min at 500~ 

In Table XXVII  we see that  the hardness of the 
deposit shown in Fig. 45-2 is normal  (footnoten), 
which correlates  wi th  the absence of voids. 

c. A deposit ~rom the l~uoborate bath.--The effect of 
anneal ing on the s t ructure  of a deposit f rom a fluo- 
borate bath is shown in Fig. 46. The character  of the  
changes is so similar to those for the non-addi t ion 
agent  sulfate deposit discussed above in paragraph 
"a" that  the same remarks  apply. However ,  there  is 
a larger  difference in grain size before and after an-  
neal ing at 500~ which correlates wi th  a somewhat  

la rger  effect on proper t ies  than  occurred in the case 
of the sulfate deposit. 

d. A deposit from the pyrophosphate bath.--The effect 
of anneal ing of a deposit f rom a pyrophosphate  bath 
is shown in Fig. 47. There  is scarcely any effect at 
150~ (47-2) and only a small  effect at 325~ (47-3). 
However ,  the specimen annealed at 500~ shows 
marked  grain growth. The same specimen at a higher  
magnification (500X) is shown in Fig. 47-5. Large  
columnar  grains wi th  a fine substructure  are  seen. The 
magni tude  of the propert ies  and the re la t ive ly  small 
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Fig. 47. Effect of annealing on structure of a copper deposit from the pyrophosphate bath, 50~ 2 A/dm2: (47-1) as plated; (47-2) an- 
nealed 2 hr at 150~ (47-3) annealed 15 min at 325~ (47-4) and (47-5) annealed 15 min at 500~ 

degree  of change on annealing,  in comparison wi th  the 
TIPA and the CN-8 deposits  (Sect ion VII I -B-2 ,  3, 4; 
Table  XXVII ) ,  indicate  tha t  poss ibly  fa i r ly  large  grains 
as seen in Fig. 47-5 are present  in the  unannea led  de-  
posit  and that  anneal ing  del ineates  the  boundaries .  

e. A deposit ]tom cyanide bath CN-8, made with 
periodically reversed current.--The effect of annea l -  
ing on the  s t ructure  of a deposi t  made  wi th  PR in 
ba th  CN-8 is shown in Fig. 48. Anneal ing  at 325~ 
(48-2) has resul ted  in the  loss of the  fibrous charac te r  
of the  as -p la ted  deposit ,  bu t  no d is t inc t  grains  can be 
seen. Af t e r  anneal ing  at 500~ fa i r ly  la rge  equiaxed 
grains  appear .  The b lack  spots a re  appa ren t ly  an etch 
effect and do not  represen t  voids, since the  densi ty  
did  not  change wi th  anneal ing  (Table XXVII,  l ine 
143). The m a r k e d  changes of proper t ies  of this deposit  
due to annealing,  seen in Table  XXVII  and discussed 
in Sections VII I -B-2 ,  3, and 4, corre la te  wi th  the  large 
increase  of gra in  size. 

C. Properties of Cold-Rolled Deposits 
1. Cold-rolling procedures.--Cold rol l ing was done 

wi th  a smal l  hand  mill .  Str ips  of pane l  stock 1 in. wide,  
wi th  the  nickel  flash removed,  were  ro l led  to 50% and 
10% of the i r  or ig inal  thickness.  Roll ing to 10% (90% 

reduct ion)  was done p r i m a r i l y  to de te rmine  whe the r  
the  deposits  were  sufficiently mal leab le  to pe rmi t  such 
drast ic  reduction.  Al l  of the  deposi ts  in Table  X X V I I  
did  submit  to this  t rea tment ,  wi thout  anneal ing  and 
wi th  no edge-c rack ing  appa ren t  to the  naked  eye. 
However ,  reduct ions  were  not  car r ied  out  in one pass. 
About  th ree  passes were  used for 50% reduct ion,  wi th  
addi t iona l  f ine-ad jus tment  passes to obtain,  the  exact  
th ickness  desired and to s t ra ighten  the strips. Speci -  
mens  for measurements  of p roper t ies  were  cut f rom 
the reduced str ips.  

2. E~ec~s of cold rolling on several properties and on 
structure.--a. Mechanical properties.--Results are  
shown in Table  XXVII  and Fig. 49. Division of deposi ts  
into the  same type -g roups  that  occurred wi th  annea led  
deposits  is noted for cold working.  Thus, the  soft as -  
p la ted  sulfate, fiuoborate, and pyrophospha te  deposi ts  
undergo  significant s t rengthening  and embr i t t l emen t  
due to cold reduct ion (Fig. 49). The in i t ia l ly  s t rong 
deposi ts  f rom the sulfate  T IPA bath  and  the CN-8 ba th  
wi th  PR are  only  s l ight ly  affected. 

The effects of cold reduct ion on yie ld  s t rength  are  
closely pa ra l l e l  to the  effects on tensi le  s trength.  A l l  
deposi ts  acquire  a y ie ld  s t rength  in the  range  of 
45,000-50,000 psi a f te r  50% reduction,  essent ia l ly  the  
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Fig. 48. Effect of annealing on structure of a copper deposit from cyanide bath CH-8 containing 2 g/I KCNS, 80~ 6 A/din :~, PR, 15 
sac cathodic, 5 sec anodic: (48-1) as plated; (48-2) annealed 15 rain at 325~ (48-3) annealed 15 rain at 500~ 

same as tha t  of s imi lar  wrought  copper  (48,000 psi).18 
The  effects of cold ro l l ing on modulus  and hardness  

were  a l r eady  discussed above  (Section VII I -B-2 ,  Fig. 
42 and 43). 

b. Density.--Only one de te rmina t ion  of the effect of 
cold ro l l ing on dens i ty  was made  (Table  XXVII ,  l ine 

is The  v a l u e s  in  Tab le  X X V I I  f r o m  the  l i t e r a t u r e  fo r  cold r e d u c e d  
w r o u g h t  copper  t h a t  h a v e  no  t e m p e r  d e s i g n a t i o n  are for  m a t e r i a l  
t h a t  has  been  cold  r e d u c e d  50%. T e m p e r  d e s i g n a t i o n  fo r  th i s  deg ree  
of r e d u c t i o n  is extra hard. The  v a l u e s  i n c l u d e d  for  h a l f - h a r d  m a t e -  
r i a l s  (21% cold  r e d u c t i o n )  are  fo r  c o m p a r a t i v e  purposes .  Fo r  ex-  
ample ,  t h e  m a t e r i a l  cold r educed  50% is a p p r e c i a b l y  s t r o n g e r  t h a n  
t h a t  r e d u c e d  21%, or  ha l f  ha rd ,  na rae ly ,  54,000 and  45,000 psi ,  r e -  
spec t ive ly .  M a g n i t u d e s  of  effects  on y i e ld  s t r eng th ,  elongation, and  
h a r d n e s s  also d e p e n d  on degree  of cold r educ t ion .  
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Fig. 49. Relationships between the degree of reduction by cold 
roiling and tensile strength, elongation, and electrical resistivity 
of copper deposits from various types of baths: (1) Cu2-H2, 30~ 
2 A/din2; (2) Cu2-H3 containing 3.5 g/I triisopropanMamine, 
30~ 5 A/din2; (3) F~I, 30~ 8 A/din2; (4) pyrophosphate, 50~ 
2 A/dm~; (5) CN-8 containing 2 g/I KCN$, 80~ 6 A/din 2, PR, 
cycle 15 sec cathodic, 5 sec anodic. 

26). The decrease  of 0.001 g/cm~ for a soft sulfate  
deposi t  is not  a significant change. Data  f rom the  l i t e r -  
a tu re  for wrought  copper  (Table  XXVII ,  last  l ine)  
indicate  tha t  cold work ing  causes a smal l  decrease  of 
density.  

c. Electrical resistivity.wResistivity is increased by 
cold rol l ing of the  th ree  so f t - type  deposi ts  (Fig.  49). 
The res is t iv i ty  of the  soft sulfate  deposi t  (Table  
XXVII ,  l ine 26) is s l ight ly  h igher  af ter  90% reduct ion  
than  af te r  50% reduction.  The ha rd  deposi ts  ( T I P A  and 
CN-8, PR} undergo a smal l  decrease  of res i s t iv i ty  wi th  
cold roll ing.  However ,  the  change is of  border l ine  s ig-  
nificance. The smal l  effect is wha t  might  be expected  
of deposi ts  tha t  have ve ry  fine gra in  and high r e -  
s i s t iv i ty  as pla ted.  

d. Structure.--The effects of cold ro l l ing  on s t ruc ture  
are  shown in Fig. 50-54, inclusive,  for  the  five types  
of deposits  appear ing  in Table  XXVII .  The soft sulfate  
and f luoborate deposi ts  (Fig. 50 and 52, respec t ive ly)  
show elongat ion of gra ins  in the  direct ion of rolling, 
and i r r egu la r  c rumpl ing  of co lumnar  grains, bu t  l i t t le  
reduct ion  of gra in  size. 

In  genera l  appearance ,  the  effects of cold ro l l ing  on 
the deposi t  f rom sulfa te  T I P A  bath,  the  pyrophospha te  
bath,  and the CN-8 ba th  wi th  P R  are  s imi lar  (Fig. 51, 
53, and  54, respec t ive ly) .  The co ld- ro l led  specimens in 
Fig. 51 and 53 show a hint  of conversion f rom a pe r -  
pendicu la r  to a longi tud ina l  fiber, and Fig. 54 shows a 
conversion f rom a pe rpend icu la r  fiber to an equiaxed,  
s l ight ly  finer s t ructure.  I t  wi l l  be noted  tha t  the  r e -  
duced specimens are  not  exac t ly  half  the  th ickness  of 
the  a s -p la t ed  specimens. This is because the  two were  
made  f rom different  but  dupl ica te  panels  which  were  
not ident ica l  in thickness.  

D. Tensile Strength and Elongation of Deposits at Low and 
High Ambient Temperatures 

1. Methods of measurement. Tensile s t rength  and 
elongat ion were  measured  by  the tensi le  pul l  method.  
Specimens were  pu l led  wi th  the  same test  machine  
tha t  was used for measurements  of modulus  (Section 
I I I - A - 1 ) .  Three  t empera tu re s  were  used, --78 ~ 150 ~ 
and 325~ The specimens pu l l ed  at 150~ were  
p reannea led  at  150~ for 1 hr  to avoid the  necess i ty  
of holding them for this  per iod  at  150~ in the  test  
machine  before  pull ing.  The specimens pu l led  at  325~ 
were  he ld  at  this  t e m p e r a t u r e  in the  test machine  for  
15 rain before  pull ing.  Specimens pu l led  at  --78~ 
were  pu l led  immed ia t e ly  wi th  no hold at  t empera tu re .  
To provide  the  var ious  ambien t  t empera tures ,  a l igh t -  
weight  a luminum can was a t tached to the  lower  speci-  
men gr ip  and ex tended  u p w a r d  to sufficient he ight  to 
enclose the  specimen and the  uppe r  grip. The  inside 
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Fig. SO. Effect of cold rolling on structure of a large-grained type of deposit from copper sulfate bath Cu2-H2, 30~ 2 A/dm2: (50-1) 
as plated; (50-2) 50% reduction, cross section parallel to direction of rolling; (50-3) 50% reduction, cross section normal to direction of 
rolling. 

Fig. 51. Effect of cold rolling on structure of a fine-grained copper deposit from sulfate bath Cu2-H3 containing 2 g/I  triisoprapanol- 
amine, 30~ 5 A/dm~: (51-1) as plated; (51-2) 50% reduction, cross section parallel to direction of rolling. 

Fig. 52. Effect of cold rolling on structure of a deposit from fluoborate bath F-l, 30~ 8 A/dm2: (52-1) as plated; (52-2) 50% re- 
duction, cross section parallel to direction of rolling. 

diameter  of the can was 2 in. A Nichrome winding  and 
the rmal  insulat ion surrounded the can. Control led cur-  
rent  through the winding provided the e levated t em-  
peratures.  Tubes with an outside d iameter  of 1/4 in. 
were  welded to the lower and upper  ends of the can to 
provide  inlet  and exit, respectively,  for argon, to pro-  
vide a nonoxidizing atmosphere.  A thermocouple  close 
to the center  of the tensile specimen was used to 
measure  its temperature ,  which was mainta ined con- 
stant to +_1~ Pr ior  de terminat ion  of ver t ica l  t em-  
pera ture  gradient  wi thin  the can showed that  ver t ica l  
var ia t ion over  the act ive length of the deposit was not 
more  than 2~ For  pul l ing at --78~ the can was 
filled wi th  a cryogenic mix tu re  of solid carbon dioxide 
and absolute alcohol. 

2. Effects of low and high ambient tempeTatures on 
tensile strength and elongation.wThe data on tensile 
s t rength and elongation at the ambient  tempera tures  
listed in Table XXVII  are plotted in ful l  in Fig. 55. 
Severa l  relat ionships of interest  may be seen. Tensile 
s t rength of all deposits increases as ambient  t empera -  
ture  decreases f rom 325 ~ to --78~ The one excep-  
t ion in the case of the deposit f rom the  CN-8 bath, 
be tween  25 ~ and --78~ is probably  not significant, 
because the difference be tween 80,000 and 86,000 psi is 
wi th in  our normal  accuracy range of ~_5%. The same 
type-grouping  of deposits occurs as was seen above in 
Sections VII I -B  and C. The soft sulfate, fiuoborate, and 
pyrophosphate  deposits r emain  close together  in 
s t rength with  paral le l  decreases wi th  increase in t em-  
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Fig. 53. Effect of cold rolling on structure of a copper deposit from a pyrophosphate bath, 50~ 2 A/dm2: (53-1) as plated; (53-2) 50% 
reduction, cross section parallel to direction of rolling, 

Fig. 54. Effect of cold rolling on structure of a copper deposit from cyanide bath CN-8 containing 2 g/I KCNS, 80~ 6 A/dm 2, PR, 15 
sec cathodic, 5 sec anodic: (54-1) as plated; (54-2) 50% reduction, cross section parallel to direction of roiling. 

perature.  The deposits of the other group (TIPA; CN-8, 
PR) have higher strengths at room temperature,  but  
lose strength more rapidly with increase of tempera-  
ture;  thus, deposits of both groups approach the same 
strength at 325~ The CN-8 deposit, with a s trength 
of 20,000 psi at 325~ remains  slightly stronger than 
the other deposits at this temperature.  

The relationship between tensile s t rength and elon- 
gation of deposits tested at ambient  elevated tempera-  
tures is opposite to that for deposits that  are annealed  
and then tested at room temperature.  In  the first case, 
both tensile s trength and elongation decrease with in~ 
crease of ambient  temperature.  In  the second case, 
anneal ing causes tensile s t rength to decrease, but  elon- 
gation to increase, with increase of anneal ing tempera-  
ture. The same relationships have been reported for 
wrought  copper (35). 

The type-grouping referred to above is seen again 
with respect to elongation. Except for two part ial  
aberrations,  ducti l i ty for both groups decreases with 
increase of ambient  temperature.  However, the soft- 
type deposits, which at low tempera ture  have 
markedly  higher ductility, decrease in ducti l i ty more 
rapidly with increase of tempera ture  so that, at 325~ 
all but  the pyrophosphate deposit have very low and 
near ly  equal elongation (Fig. 55). 

The deviation of the elongation of the pyrophosphate 
deposit from the main  pat tern  is large enough that  it is 

probably real  and indicates that  a difference in struc-  
ture  or a difference in rate of anneal ing exists that  
accounts for its significantly higher ducti l i ty at 325~ 

E. Thermal Expansivity 
1. Introduction and method of measurement.--  

Knowledge of thermal  expansivi ty  may be needed in 
cases where distortion might  occur due to differential 
expansion of coating and basis metal  or of electro- 
formed assemblies made of more than  one kind of 
metal. Cracking due to differential thermal  forces, 
which may occur with chromium or bri t t le  nickel 
deposits, is not l ikely in the case of copper deposits. 
We know of no published data on thermal  expansivi ty  
of as-plated copper (3). 

Specimens were made from sheet panel  stock cut 
into pieces s/4 in. x 6 in. These were made into 6 in.-  
long tubes, 1/4 in. diameter,  by forming over a m a n -  
drel. Several  small holes were drilled adjacent  to 
each long edge of the sheet before forming. A lacing 
of fine copper wire through these holes, inserted after 
forming, bound the edges together and prevented 
deformation of the tube dur ing heating. 

To measure thermal  expansivity,  we used an appa-  
ratus of fused quartz described by Hidner t  and 
Souder (36). Length changes were measured with a 
dial gauge accurate to 0.1 mil. It was calibrated against 
a s tandard gauge block. An inert  atmosphere was 
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Fig. 55. Relationships between actual test temperature at which 
properties were measured and tensile strength and elongation of 
copper deposits from various types of baths: ( | )  Cu2-H2, 30~ 
2 A/dm2; (2) Cu2-H3 containing 3.5 g/I triisopropanolamine, 30~ 
5 A/din2; (3) F-l,  30~ 8 A/din2; (4) pyrophosphate, 500C, 2 A /  
dm2; (5) CN-8 containing 2 g / I  KCNS, 80~ 6 A/dm 2, PR, cycle 
15 sec cathodic, 5 sec anodic. 

mainta ined  in the specimen container  while it  was 
heated. Calibrated thermocouples were located near  
each end and at the center of the specimen. End- to -  
end tempera ture  var ia t ion  was not  more t han  2~ 
and average tempera ture  of a specimen over its length 

was known to wi th in  less than  I~ Measurements  
were made at two temperatures,  200 ~ and 400~ 
Measurements  were made dur ing  both heat ing and 
cooling portions of the cycle, and several  of the 
specimens were measured through more than one 
cycle. 

We estimate the accuracy of our measured expan-  
sivities to be ~-1%, equivalent  conservatively to an 
uncer ta in ty  in the coefficient of expansion of • x 
10 -6 parts per  un i t  length per ~ 

As described below, the deposit from the sulfate 
TIPA bath  underwen t  a large pe rmanen t  expansion 
as a resul t  of heating. We, therefore, decided that  a 
l imited study of the expansivi ty  characteristics of 
other deposits from addit ion agent  baths, the amine  
bath, etc., should be made, to determine whether  
pe rmanen t  changes in length occur due to heating. 
For these l imited measurements ,  specimens were flat 
strips, ~/4 in. x 6 in. Their  as-plated lengths were mea-  
sured accurately, after  which they were heated at 
500~ for 15 rain. After  cooling to room temperature,  
their  lengths were again measured. 

2. Measured values o:f thermal expansivity.--The 
types of deposits selected for expansivi ty  measure-  
ments  are the same as were used for annealing,  cold 
rolling, etc. Complete expansivi ty  data for these de-  
posits are given in Table XXVIII.  Hysteresis curves 
are shown in Fig. 56, 57, and 58. 

The expansivi ty  of the soft deposit from the sulfate 
bath (Table XXVIII,  l ine 26) is seen to be near ly  
identical  with the values obtained by  us for cold- 
rolled commercial  sheet and with the values reported 
in t h e  l i tera ture  for h igh-pur i ty  electrolytic copper, 
melted, cast, and cold d rawn (37). There is indication 
that the expansiv i ty  of this deposit is sl ightly higher 
on first heat ing after anneal ing at 500~ but  it re-  
verts  to the "normal"  value on second heating. 

The expansivit ies of the fluoborate, pyrophosphate, 
and CN-8 deposits are about 2% less than  that of the 
sulfate deposit. 

Table XXVIil. Coefficients of linear thermal expansion of electrodeposited copper 

A d d i t i o n  a g e n t  
o r  

o t h e r  v a r i a b l e  
L i n e  B a t h  C u r r e n t  
NO., P a n e l  B a t h  Conc ,  t e m p ,  d e n s i t y ,  

T a b l e  I No.  s y m b o l  N a m e  _ g / l  ~  A / d i n  2 

Permanent 
c h a n g e  in  

A v e r a g e  coe f f i c i en t  s p e c i m e n  
• 10 -a = p a r t s  p e r  l e n g t h  

C o n d i t i o n  u n i t  l e n g t h  p e r  ~ a f t e r  h e a t i n g  
of  s p e c i m e n  T e s t  cyc le  20~176  20~176 in .  in  6 in. 

26 324 C u 2 - H 2  N o n e  

- -  224 C u 2 - H 3  T I P A  �9 2 b 

76 339 C u 2 - H 3  T I P A  3.5 

91 343 F -1  N o n e  

95 320 P y r o p h o s -  
p h a t e  

143 

143 

293 C N - 8  K C N S  2 
P R  cyc le ,  

15-5 s econds  
296 C N - 8  K C N S  2 

P R  cyc le ,  
15-5 s e c o n d s  

C o l d - r o l l e d  
s h e e t ~ h a l f  h a r d  
F r o m  P. H i d n e r t  a n d  H.  S. K r i -  
der, J. Res. NBS, 89, 419 (1947}. 

30 2 As  p l a t e d  1st h e a t i n g  17.1 17.8 
1st  c o o l i n g  18.7 - 0.0001 
2nd  h e a t i n g  17.1 18.0 
2 n d  c o o l i n g  17.0 0.0OO0 

A n n e a l e d  a t  A f t e r  500 ~ 
500~  a n n e a l  0.001 
1 h r  1st  h e a t i n g  17.4 18.3 

1st  c oo l i ng  17.6 0.0000 
2 n d  h e a t i n g  17.1 18.0 
2 n d  c o o l i n g  17.0 0.0O00 

30 5 P r e h e a t e d  to 1st h e a t i n g  17.0 18.0 
470~ 1st  c o o l i n g  17.0 0.003 

30 5 As  p l a t e d  I s t  h e a t i n g  18.9 25.8 ~ 
1st c o o l i n g  34.9 0.02 
2 n d  h e a t i n g  18.1 27.3 ~ 

A n n e a l e d  a t  A f t e r  550 ~ 0,14 
550~ a n n e a l  
1 h r  I s t  h e a t i n g  18.7 19.0 

1st c oo l i ng  17.6 0.O000 
30 8 A s  p l a t e d  1st  h e a t i n g  16.7 17.6 

1 s t  c oo l i ng  16.2 0.000O 
50 2 As  p l a t e d  I s t  h e a t i n g  16.7 17.5 

1st  c oo l i ng  15.9 -- 0.O01 
2nd  h e a t i n g  16.9 17.1 
2 n d  c oo l i ng  16.8 -- 0.0003 

80 6 A s  p l a t e d  1st h e a t i n g  16.6 17.1 
1 s t  c oo l i ng  15.6 --0.002 

80 6 A s  p l a t e d  1st  h e a t i n g  16.7 16.7 
1st  c oo l i ng  14.1 -- 0.003 

1st h e a t i n g  17.3 ~ 18.14 
1s t  coo l i ng  17.0 ~ -- 0.0001 

17.3 20~176  
17.7 

T I P A  = t r i l s o p r o p a n o l a m i n e .  
b E s t i m a t e d  c o n c e n t r a t i o n .  

D u e  to t h e  large-  a b s o l u t e  e x p a n s i o n  i t  w a s  n e c e s s a r y  to  l i m i t  t h e  t e m p e r a t u r e  in  t h e s e  t w o  ca se s  to  a b o u t  325~ to a v o i d  e x c e e d i n g  t h e  
l i m i t  of  o u r  g a u g e .  T h i s  e f f ec t  a n d  t h e  l a r g e  p e r m a n e n t  e l o n g a t i o n  is  c a u s e d  b y  f o r m a t i o n  of vo ids .  See  F ig .  45-3 a n d  c o r r e s p o n d i n g  v a l u e  
fo r  d e n s i t y ,  T a b l e  X X V I I .  

V a l u e s  m e a s u r e d  b y  a u t h o r s  of  p r e s e n t  r e s e a r c h ,  
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Fig. 56. Thermal expansion of a copper deposit from a pyrophos- 
phate both, 50~ 2 A/dm 2. Curve shows first heating and cooling 
cycle. Hysteresis effect was much smaller on second cycle (not 
plotted). Specimen length, 6 in. 
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Fig. 57. Thermal expansion of a copper deposit from cyanide 
bath CN-8 containing 2 g/I  KCNS, 80~ 6 A/dm 2, PR, cycle 15 
sec cathodic, 5 sac anodic. Curve shows first heating and cooling 
cycle. Specimen length, 6 in. 

The expansivi t ies  of the  deposits  f rom the sulfate  
T I P A  ba th  were  qui te  i r regular .  The i r r egu la r  be -  
hav ior  of these deposi ts  was first noted when  a large  
pe rmanen t  expansion of a specimen f rom panel  No. 224 
caused loss of data  because the  range of our mic rom-  
e ter  dial  gauge was exceeded.  The ba th  from which 
this  deposit  was made  contained app rox ima te ly  2 g/1 
TIPA,  whereas  the  ba th  f rom which pane l  No. 339 
was made  conta ined 3.5 g/1. I t  is seen tha t  the  speci-  
men  from panel  No. 224 had  normal  expans iv i ty  af ter  
hea t ing  to 470~ but  s t i l l  underwent  an addi t iona l  
smal l  pe rmanen t  expansion.  A specimen from panel  
No. 339 y ie lded  ve ry  high expansivi t ies  and  under -  
wen t  large  pe rmanen t  expansion.  Annea l ing  at 550~ 
s tabi l ized the specimen so tha t  no fu r the r  pe rmanen t  
expansion occurred,  but  the  expans iv i ty  is about  5% 
higher  than  for the  o ther  deposits. F igu re  58 shows 
expansion curves  for two cycles for  the  deposi t  f rom 
the sulfate T IPA bath.  The first cycle shows the large 
pe rmanen t  expansion.  This behavior  is undoub ted ly  
due to incorpora t ion  of addi t ion agent  or  o ther  gas-  
genera t ing  impur i t i es  into the  deposi t  dur ing plat ing.  
Gas genera t ion  on hea t ing  expands  the  deposi t  (Fig. 
45-3) and causes decrease of density,  hardness,  and  
s t rength  as noted in previous  sections. The expans iv i ty  
specimen from panel  No. 339, af ter  final heating,  was 
dis tor ted,  br i t t le ,  and fr iable .  

The pyrophosphate  and cyanide  deposits, which  had  
low expansivi t ies ,  underwent  smal l  pe rmanen t  con-  
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Fig. 58. Thermal expansion of a copper deposit from sulfate bath 
Cu2-H3 containing 3.5 g/I  triisopropanolamine, 30~ 5 A/dm ~. 
C=irve A shows first heating and cooling cycle--use scale on left. 
Curve B shows third cycle after specimen was annealed at 550~ 
for 1 hr--use scale on right. Permanent expansion of 0.12 in, oc- 
curred between hearings represented by curves A and B. Specimen 
length, 6 in. 

tractions.  The contract ion and the low expans iv i ty  
a re  undoub ted ly  re la ted.  The pyrophospha te  deposi t  
on second hea t ing  had  nea r ly  no rma l  expansivi ty .  
Expans ion  curves  for these  deposi ts  are  shown in 
Fig. 56 and 57. They  show the  smal l  hysteres is  effect 
associated wi th  the  s l ight ly  smal le r  expans iv i ty  a lways  
noted on the cooling cycle. The effect is l a rger  for  the 
CN-8 deposi t  (Fig. 57) than  for  the  pyrophospha te  
deposi t  (Fig. 56). 

3. Qualitative tests oi thermal expansion.--The r e -  
sults of the  qual i ta t ive  tests descr ibed above in Sec-  
t ion VII I -E-1  are t abu la t ed  in Table  XXIX.  The amine  
deposit  undergoes  significant pe rmanen t  expansion,  
but  only  about  1/15 tha t  of the  T IPA deposit  (Table  
XXVII I ) .  The p r o p r i e t a r y  br igh t  sulfate deposi t  un-  
dergoes about  50% more  pe rmanen t  e longat ion than  
the T I P A  deposi t  and is qui te  b r i t t l e  af ter  heating.  
The deposi t  f rom the  sulfate  ba th  conta in ing 0.1 g/1 
gelat in  is the  only other  deposi t  tha t  unde rwen t  
marked  pe rmanen t  expansion.  I t  was ve ry  br i t t le ,  
but  this  was also its condit ion before heating.  None 
of the  deposits  in Table  X X I X  showed dis tor t ion  of 
shape except  the  amine  deposit ,  which was severe ly  
bl is tered.  

I t  is probable  tha t  the  deposi ts  in Table  X X I X  tha t  
undergo only  a smal l  pe rmanen t  expansion have  the r -  
mal  expansivi t ies  ve ry  close to the  value  for the  de-  
posit  in Table XXVIII ,  l ine 26. 

F. Structure of Deposits 
1. Optica~ micrographs.--Structure in re la t ion  to 

var ious  pa rame te r s  has a l r eady  been i l lus t ra ted  wi th  
many  opt ical  micrographs  in preceding figures. In  
this section we res t r ic t  the  considera t ion of opt ica l ly  
de t e rmined  s t ructure  to comparisons be tween typ ica l  
deposits  f rom var ious  types  of baths  (Fig. 59). 

In Fig. 59-1 and 59-2, deposi ts  f rom non-add i t ion  
agent  sulfate  and f luoborate ba ths  a re  compared.  The 
concentra t ion of copper  was the  same in each bath,  
and opera t ing  condit ions (ba th  t empera tu re ,  cur ren t  
density,  and cellulose filter) were  the  same for each 
deposit.  The finer, more  fibrous s t ruc ture  of the deposi t  
f rom the f luoborate ba th  must, therefore,  be ascr ibed 
to some unique effect of the  f luoborate anion. The finer 
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Table XXIX. Effect of heating on dimensions and ductility of a variety of copper deposits 
Deposits held 15 min at 500~ 

O p e r a t i n g  Inc rease  in  l e n g t h  a 
conditions A d d i t i o n  a g e n t  (l~0o,~ -- 1~) 100 Due t i l i t y~  

L ine  No., P a n e l  B a t h  B a t h  C.D., Cone,  % A f t e r  heating 
Table  I No. s y m b o l  t e m p ,  ~ A / d m ~  N a m e  g/1 1_~ No. of  b e n d s  

150 329 A m i n e  55 2 None  0.16 b < I 
79 306 Cu2-H3 30 4 None  PlY, 5-2 0.00 3 

see 
77 226 - -  22 4 Prop.  A ~ - -  3.6 <:1 
43 5-4 Cu2-H3 30 2 D e x t r i n  0.02 0.06 3 
44 5-6 Cu2-H3 30 2 Dex t ro se  0.05 0.04 2 
45 219 Cu2-H3 30 2 E A  + M~ 0.3, 2,0 0.01 2 
15 65 Cu2-H1 30 2 G e l a t i n  0.003 0.05 2 
46 81 Cu2-H3 30 2 G e l a t i n  0.01 0.02 3 
47 83 Cu2-H3 30 2 G e l a t i n  0.1 1.2 0 
48 5-5 Cu2-H3 30 2 G l y c e r o l  1.0 0.03 4 
49 5-2 Cu2-H3 30 2 G l y c i n e  0 . i  0.00 4 
50 214 Cu2-H3 30 2 L A  ~ 0.05 0.00 4 
54 91 Cug-H3  30 2 NDS~ 1.8 0.04 3 
52 160 Cu2-H3 30 2 fl .NQc 0.1 0.14 2 
59 71 Cu2-H3 30 2 PSA~ 1.0 0.03 3-4 
64 166 Cu2-H3 30 2 SeO~ 10 -4 Se 0.00 3 
68 5-1 Cu2-H3 30 2 S o r b i t o l  0.1 0.00 3 
70 88 Cu2-H3 30 2 TU~ 0.015 0.4 < 1 

a N o m i n a l  l e n g t h  of s p e c i m e n s :  6 in. l~oo,m is l e n g t h  a t  25~ a f t e r  coo l ing  f r o m  500~ 1,a is  i n i t i a l  l e n g t h  a t  25~ 
b B l i s t e r s  f o r m e d  d u r i n g  h e a t i n g  of the  depos i t  f r o m  the  a m i n e  ba th .  

P rop .  A = p r o p r i e t a r y  a d d i t i o n  a g e n t  c o n t a i n i n g  a s u l f o n a t e  and  an azo dye ;  E A  + M = e t h y l  a lcoho l  p lu s  molasses ;  L A  = l ac t i c  
acid; NDS = 1 , 5 - n a p h t h a l e n e d i s u l f o n i c  acid;  fl-NQ : ~ - n a p h t h o q u i n o l i n e ;  P S A  : p h e n o l s u l f o n i c  ac id ;  T U  : t h i o u r e a .  

A quali tat ive check  of  phys i ca l  damage caused  b y  hea t i ng .  S p e c i m e n s  we re  b e n t  on to  t h e m s e l v e s  and  c reased  w i t h  p l ie rs ,  opened ,  and  
repea ted .  

structure is associated with slightly bet ter  mechanical  
properties than those of the sulfate deposit. 

The pyrophosphate deposit, Fig. 59-3 and 59-4, ap- 
pears to have a fine random structure. However, this 
conclusion is in conflict with the magnitudes of the 
properties of this deposit, with its behavior  on annea l -  
ing (already discussed in Section VII I -B-5-d) ,  and 
with the results of x - r ay  diffraction examinat ion 
presented in the next  section. 

The deposit from the high-efficiency cyanide bath, 
the s t ructure  of which is shown in Fig. 59-5, is similar 
to that from the pyrophosphate bath and involves 
similar  contradictions. It  appears to have a fine r an -  
dom grain, in conflict with its properties and with the 
x - r ay  data. An explanat ion for these anomalies is 
suggested in the next  section following the presenta-  
t ion of the x - ray  data. Similar  contradictory data on 
grain size, as de termined optically and by x-ray,  have 
been noted by Read. 19 

The deposit from the amine bath, shown in Fig. 59-6, 
appears to have a very  fine, random structure with 
no resolved crystals. The properties of this deposit, 
such as fairly high strength, low ductility, and high 
hardness, summarized in Section VIII-H, confirm the 
real i ty  of its fine structure.  

2. X-ray di]]raction.--a. Back-reflection pat terns . -  
Back-reflection pat terns were obtained from both the 
final and star t ing faces of the six deposits listed in 
Table XXX to obtain information on grain size. Ilford 
CX film was used to enhance resolution. Specimens 
were used as plated; i.e., the faces were not polished. 
Specimens were positioned normal  to the beam, with 
6 cm between specimen and film. Fi l tered radiat ion 
from an iron target  was used, collimated to a beam 
diameter  of 1 mm. 

Grain size is est imated from the degree of resolu- 
t ion of spots in the back-reflection pat terns (Fig. 60). 
However, accurate values of grain size cannot be de- 
te rmined by this method unless the following condi- 
t ions are met: (a) specimens must  be free of in te rna l  
stress; (b) grain orientat ion should be random; (c) 
grain size should be uniform. While some as-plated 
electrodeposits approach these criteria, most fail in 
one or more of them. Fur thermore,  grain size esti- 
mated by the x - r ay  method and by optical methods 
under  ASTM standards is not comparable because a 
twin  is not regarded as a new grain in optical determi-  
nations, but  does give rise to a new x - r ay  spot. Because 
of these factors, the grain sizes given in Table XXX 

I~H. J.  Read,  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y ,  U n i v e r s i t y  Park ,  
P e n n s y l v a n i a ,  P r i v a t e  c o m m u n i c a t i o n .  

can be regarded only as quali tat ive and as showing 
relat ive fineness of grain for the various deposits. 

In  Fig. 60, the diffraction index of the outer r ing  is 
311 (Ka),  middle r ing 222 (Ks) ,  and inner  ring 400 
(K~). The absence of the resolution of the Ka doublets 
may be due to in terna l  stress or to very  small  grain 
size. 

Fol lowing are in terpreta t ions  of the pat terns shown 
in Fig. 60: 

1--Panel No. 323 (line 26), a soft-type deposit from 
a sulfate bath. Figure  60-1-F shows the pa t te rn  for 
side F, the final plated surface. It shows b lu r r ing  to 
very  large spots, indicat ing a wide range of grain 
size. Figure 60-1-B shows the pat tern for side B, next  
to the basis metal. It contains continuous rings with 
doublets resolved, indicat ing very small  grain size 
and low stress. 

2--Panel No. 337 (line 76), a hard, strong deposit 
from a sulfate bath containing triisopropanolamine. 
Figures 60-2-F and 60-2-B show the pat terns for 
sides F and B, respectively. The rings are continuous, 
with doublets unresolved, indicat ing a uni form fine 
grain throughout  the deposit. 

3--Panel No. 343 (line 91), a soft-type deposit from 
a fluoborate bath. Figure  60-3-F shows the pa t te rn  for 
side F. The 222 and 400 lines are absent, indicating 
texture.  The 311 line contains 2 large spots and a very 
fa in t  continuous line, indicat ing a mixture  of fine and 
large grains. The rings for Fig. 60-3-B, with no resolu- 
t ion of spots and poor resolution of doublets, indicate 
a very  fine s tructure of the fluoborate deposit in the 
basal zone. These x - r a y  results for panels No. 323, 
337, and 345 confirm the grain  sizes seen in the optical 
micrographs, Fig. 59-7, 59-8, and 59-2, respectively. 

4--Panel No. 320 (line 95), a deposit from a pyro- 
phosphate bath. Figures 60-4-F and 4-B show the 
pat terns for the final and star t ing surfaces of the de- 
posit, respectively. Both show large isolated spots 
with some faint  blurr ing,  indicat ing large grains in-  
termixed with some fine grains. The indicated grain 
size in the basal zone is not quite as large as in the 
final plated zone. The absence of the 222 reflection 
indicates that  the deposit is textured. 

The x - ray  evidence in the preceding paragraph, 
physical property data, and behavior  on anneal ing 
(Section VIII -B)  indicate that  the pyrophosphate de- 
posit has a large grain size. However, contradictory 
evidence was found by optical examinat ion (Fig. 59-3 
and 59-4). Since evidence for a relat ively large grain 
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Fig. 59. Comparison of structure of deposits of copper from all types of baths: (59-1) Cu2-H3, 30~ 8 A/din2; (59-2) F-I, 30~ 
8 A/dm2; (59-3) and (59-4) pyrophosphate, 50~ 2 A/din2; (59-5) CN-8, 80~ 6 A/dm2; (59-6) amine bath, 55~ 4 A/dm~; (59~) 
Cu2-H2, 30~ 2 A/dm2; (59-8) Cu2-H3 containing 2 g/I triisopropanolamine, 30~ 5 A/din2; (59-9) CN-I, 40~ 1 A/din 2. 

size is p reponderan t ,  we conclude tha t  the  opt ical  
s t ruc ture  is misleading.  We suggest  the  fol lowing two 
theories  to account for the  appa ren t  d iscrepancy:  
(a) A co lumnar  s t ruc ture  such as seen in Fig. 47-4 
and 47-5 af ter  anneal ing  m a y  be present  in the  as-  
p la ted  deposit,  bu t  the  e tching technique used for 
p repa r ing  the  pho tomicrograph  specimen was inade-  
quate  to revea l  it. (b) The fine s t ruc ture  seen in Fig. 
59-3 and 59-4 represents  an end-v iew of crysta ls  whose 
~-nain axes l ie in the  p lane  of the  deposit.  The py ro -  
phosphate  photomicrographs  would thus be analogous 
to a view normal  to the  surface of, e.g., the  f luoborate 
deposit ,  Fig. 59-2. This t heo ry  would requ i re  tha t  the 
gra ins  in the  pyrophospha te  deposit  grow in a d i rec-  
t ional  pa ra l l e l  to, or nea r ly  pa ra l l e l  to, the  p lane  of 

the  deposit.  This could occur by  a mechanism in which 
shal low crys ta l  s teps are  loca ted  wi th  the i r  faces 
nea r ly  no rma l  to the  p lane  of the  deposit,  w i th  growth  
occurr ing by  bu i ld -up  on these faces (38). We favor  
this  theory,  as i t  is also in accord wi th  the  semibr igh t -  
ness of the pyrophospha te  deposits.  

5hPanel  No. 128 (line 101), a deposit from a strike- 
type cyanide bath, CN-1. The diffraction lines, Fig. 
60-5-F and 5-B, which  are  continuous,  indicate  fine 
gra in  size on both the  final p la ted  side and in the  basal  
zone of the  deposit.  The pho tomicrograph  (Fig. 59-9) 
and the electron micrographs  (Fig. 36) show columnar  
grains,  of the  order  of 1 ~,m in d iameter ,  in agreement  
wi th  wha t  the  x - r a y  sees in a view normal  to  the  
p lane  of the  deposit.  
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6--Panel No. 268 (line 138), a deposit from a high- 
e~ciency cyanide bath, CN-8, containing no addition 
agent, made without periodic current reversal. In -  
dividual  spots in the back-reflection pat terns are re-  
solved, although smaller than those in the pat terns of 
the large-grained deposits. There is no significant 
difference between the final plated side and the basal 
side (Fig. 60-6-F and 6-B). An intermediate  grain 
size is indicated, as shown in Table XXX. 

The optical micrograph for this deposit, Fig. 59-5, 
shows a very fine grain. Thus, for this deposit we have 
the same contradictions as for the pyrophosphate de- 
posit, and the discussion above in paragraph 4 applies. 

b. Texture analysis.--A preferred orientation, or fiber 
texture,  of crystals in electrodeposits has been noted 
and studied by many  authors. The results of these 
studies of copper deposits were reviewed briefly in 
the first paper of this series (3). Most deposits from 
sulfate baths have been reported to contain a pre-  
dominance of crystals oriented with the (110) plane 
in the plane of the deposit. Quant i ta t ive  measurement  
of the angular  distr ibution of the degree of preferred 
orientat ion of the (110) plane about the normal  to the 
surface of a copper deposit was made by Ogburn and 
Newton (39). Under  certain conditions, (100) and (111) 
textures  occur in deposits from sulfate baths (40-42). 
According to the results of a recent  publicat ion (43), 
a shift of orientat ion from (110) to (113) to (210) 
planes parallel  to the plane of the deposit occurs with 
increase in current  density. The (113) and (210) ori- 
entations were obtained at current  densities in the 
range of 60-200 A / d m  2 with violent agitation�9 In  
the upper  part  of the range the deposits were arboreal 
and very weak. Most nickel deposits have a (100) 
texture  (2). 

The present  measurements  were made with a dif- 
fractometer,  using a cobalt target. The radiat ion was 
monochromated with the (111) plane of a l i th ium 
fluoride crystal at the receiving detector. The front 
and back surface of each specimen was step-scanned 
over the diffraction peaks indicated, at 0.05 deg 2a 
steps, with a counting period at each step of 100 sec. 
Background was substracted and area integrated by 
the Simpson 1/3 rule. A number  represent ing the 
relat ive intensi ty  of the diffraction peak from the 
planes listed in Table XXX to its expected in tensi ty  
was then calculated. This number ,  given in Table 
XXX, is the ratio of the in tensi ty  of diffraction by 
a given p lane  to the in tens i ty  that  would occur if 
or ientat ion were random. If or ientat ion were random, 
the number  would be uni ty  for all planes. 

Since the 220 diffraction peak is the second order 
of the (110) plane, the results in Table XXX show a 
fair ly  strong preferred orientat ion of the (I10) plane 
in the plane of the deposit for panel  No. 323, the non-  
addit ion agent sulfate deposit, and still stronger iden-  
tical orientat ion in the fluoborate deposit. The basal 
zone of both of tbese deposits shows a small  preferred 
orientat ion of the same plane. The s t r ike- type deposit 
from the cyanide bath, which shows a columnar  grain 
orientation, shows a small  degree of preferred orien- 
tation, also of the (110) plane. 

Orientat ion in the deposit from the sulfate bath 
containing t r i isopropanolamine is near ly  random, with 
just  a hint  of preferred (110) orientation. 

The deposits from the pyrophosphate and high-effi- 
ciency cyanide baths depart  from the above pa t te rn  
in that  the former shows a high degree of preferred 
orientat ion with the (111) plane in the plane of the 
deposit, and the lat ter  the (200) plane, equivalent  to 
the (100) plane, in  the plane of the deposit. The lat ter  
is unusua l  in that the orientat ion is strong in the basal 
zone but  has become random at the final surface. 

It was noted that  the in tens i ty  of diffraction from 
the oriented plane in  the final plated surface of speci- 
mens  No. 323, 320, and especially 345, approached 
that  from a single crystal. It should be noted that  the 
method used did not give a complete survey of all  
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Fig. 60. Back-reflection x-ray patterns of copper deposits. F and B represent patterns with the beam directed at the final plated surface 
and the starting surface, respectively. (60-1-F and B) CuZ-H2, 30~ 2 A/dm2; (60-2-/: and B) Cu2-H3 plus 3.5 g/I triisopropanolamine, 
30~ 5 A/dm2; (60-3-F and B) fluoborate F-l, 30~ 8 A/dm2; (60-4-F and B) pyrophosphate, 50~ 2 A/dm2; (60-5-F and B) cyanide 
CN-I, 40~ I A/dm2; (50-6-F and B) cyanide CN-8, 80~ 6 A/dm 2. 
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possible preferent ia l ly  or iented planes. For example, 
the (211) plane was not examined. 

We are indebted to C. J. Bechtoldt of the NBS 
Metal lurgy Division, Lattice Defects and Microstruc- 
ture  Section, for the x - r ay  measurements  and for 
in te rpre ta t ion  of the results. 

3. Correlations among structure,  properties,  and 
impuri t ies . - -The  deposits in Table XXX fall into two 
distinct groups, those with medium to large grain size 
(non-addi t ion agent sulfate, fluoborate, pyrophosphate, 
and high-efficiency cyanide),  and those with fine grain 
(sulfate-TIPA, and cyanide, CN-1). The deposits in 
the coarse-grained group have low to medium tensile 
strength, hardness, and resistivity, and a small  content  
of impurities.  The deposits in the f ine-grained group 
have high tensile strength, hardness, resistivity, and 
impur i ty  content. 

As discussed by Brenner  (2) and others, the p r imary  
factor that  determines properties of electrodeposits 
is impur i ty  content. A high content  of impuri t ies  in-  
terferes with crystal growth, causing fine grain and 
associated high values of properties. Impur i ty  content  
in tu rn  is determined pr imar i ly  by type of bath  and 
by the kind and concentrat ion of addition agent used. 
Variations in operating conditions of baths, in the nor-  
mal range, have minor  effects in comparison with type 
of bath and addition agent. This theory is confirmed 
for copper by the results summarized in Table XXX. 
Thus, the total impur i ty  content  of the four large-  
grained deposits is in the range of 0.003-0.005%, 
whereas that  of the f ine-grained deposits (lines 76 
and 101) is much larger, namely,  0.022 and 0.01%, 
respectively. 

G. Composition and Impurity Content of Deposits 
1. In troduct ion. - - I t  is general ly  recognized that im-  

purit ies in deposits may significantly affect their  s truc-  
ture and properties. About  20 papers deal ing with 
this aspect of electrodeposited copper were reviewed 
in the first paper of this series (3). In the present  
work we have determined metall ic and nonmetal l ic  
impurit ies in several representat ive types of deposits. 

Determinat ions of metall ic impuri t ies  in both anodes 
and deposits were made, main ly  to monitor  the effec- 
t iveness of our purification procedures. The results 
of these determinations,  a l ready presented in Table 
V, were discussed in Section II-A. 

In this section we consider nonmetal l ic  impuri t ies  
in several typical kinds of deposits. 

2. Resul ts  of determinations of  nonmetal l ic  impur i -  
ties in copper deposits.--a. Hydrogen and o x y g e n . -  
Content of hydrogen and oxygen in various deposits 
is shown in Table XXXI. Values of oxygen designated 
"a" in  Table XXXI were determined in the labora-  
tories of American Metal Climax, Inc. 20 The other 
values of both oxygen and hydrogen were de termined 
at NBS. 2~ Reasonable agreement  is seen between values 
determined at the two laboratories. 

The ratio of O/H in nickel and chromium deposits 
has been found to be close to 8 on the average, indi-  
cating that they enter  these metals in the form of 
adsorbed water  or hydrated salts (1,2). Ratios of 
O/ t I  for copper deposits calculated from our data 
range from 4 to 40, with 5 out of the 10 values equal 
or close to 8 (Table XXXI) .  One might  conclude that  
in a significant proport ion of deposits the hydrate  
theory is indicated, but  that in several kinds of de- 
posits other factors must  be acting. For example, the 
high value of 40 for the sample from panel No. 297 
(line 42) is shown below to be probably  caused by 
the inclusion of sulfate ion in the deposit. 

With one exception, only 1/10 to 1/2 as much oxy- 
gen is present  in the three soft-type deposits (non-  
addition agent sulfate, fluoborate, and pyrophosphate) 
as in the addition agent and cyanide deposits. 

2o D e t e r m i n a t i o n s  a t  A m e r i c a n  Me ta l  C l i m a x ,  Inc. ,  w e r e  m a d e  b y  
cour t e sy  of G. C. Van T i lbu rg .  Oxygen ,  h y d r o g e n ,  and  n i t r o g e n  
were  d e t e r m i n e d  by J.  T. S t e r l i n g  of the  A n a l y t i c a l  C h e m i s t r y  
Div i s ion ,  NBS,  by  a Vacuum f u s i o n  me thod .  
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Fig. 61. Relationship between concentration of gelatin in a 
sulfate bath and cancentration of impurities in deposits from the 
baths. Bath: Cu2-H3, 30~ 2 A/dm 2. @--oxygen;  e - - n i t r o g e n  or 
carbon; ~--hydrogen. 

One would expect the concentrat ions of oxygen and 
hydrogen in deposits from acid-type copper baths to 
be lower than  in deposits from near ly  neut ra l  nickel 
baths. This is the relat ionship that occurs. On the 
average, we found the content  of oxygen and hydro-  
gen in copper deposits to be less than  1/10 of that  
reported in nickel deposits (2). 

The effect of concentrat ion of an addition agent in 
the bath on concentrat ion of impuri t ies  in the deposit 
is seen in Fig. 61. The concentrat ion in the deposit 
increases more rapidly than  that  in the bath. This 
relat ionship implies that  part  of the impuri t ies  in the 
deposit may  be entrapped by a mechanism other than  
adsorption, because, as is well  known, the amount  
of a mater ia l  adsorbed on a surface increases less 
rapidly  than its concentrat ion in the contacting fluid. 

b. Ni t rogen . - -The  possibility exists that ni t rogen 
will enter  deposits from sulfate baths that  contain a 
ni t rogen compound as an addition agent (gelatin, 
TIPA) and from pyrophosphate and cyanide baths, 
both of which contain ni t rogen compounds. Nitrogen 
was found in these deposits in reasonable relat ive 
concentrat ions (Table XXXI) .  It is surpris ing that  
n i t rogen was found in the deposits from the non-addi -  
tion agent sulfate bath or from the fluoride bath. The 
source of the small  amounts  in the lat ter  deposits could 
be accidental, e.g., contaminat ion of the surface of the 
samples that  were analyzed, although precautions were 
taken to minimize surface contamination.  

c. Carbon.- -The relat ively high content  of carbon 21 in 
the gelatin and TIPA deposits is to be expected, due to 
adsorption of these carbon-conta in ing addition agents 
(Table XXXI) .  

The amount  of carbon in the cyanide deposits is small, 
indicat ing that  the amount  of cyanide ion adsorbed by 
the deposit is small. If the carbon in the cyanide de- 
posits does enter  via adsorption of CN ion, the ratio 
C/N might  be expected to be close to 12/14 = 0.86. 
Since the deposits in lines 138 and 141 are similar, it is 
val id to use the concentrat ion of carbon in one and 
ni t rogen in the other to obtain C/N, which is seen to 
equal 1.05. This is close enough to 0.86 to indicate that  
carbon and ni t rogen do enter the deposit as CN ion. On 
the other hand, the ratio for the deposit from bath 
CN-5 (line 127) is about 7, a large deviation. Not much 
weight can be given to this speculation, based on only 
two determinations.  

d. Boron and fluorine in deposits f rom the fluoborate 
bath . - -The  very low concentrat ions of boron 22 and 

'-n. D e t e r m i n a t i o n s  of ca rbon  were  m a d e  in  the  l a b o r a t o r i e s  of E. I. 
d u  P o n t  de N e m o u r s  and  C o m p a n y ,  Inc. ,  by  cour t e sy  of O. B. 
Mathre .  Ca rbon  was  also d e t e r m i n e d ,  by  c ombus t i on ,  by  J.  R. Ba ld -  
w i n  of t he  A n a l y t i c a l  C h e m i s t r y  D iv i s ion ,  NBS.  
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Fig. 62. Correlations between impurities in deposits and prop- 
erties of deposits for various types of baths: l--sulfate bath 
Cu2-H2, 30~ 2 A/din2; 2--sulfate bath Cu2-H3, 60~ 20 A/dm~; 
3--sulfate bath Cu2-H3 containing 0.1 g/I gelatin, 30~ 2 A/dm2; 
4--sulfate bath Cu2-H3 containing 3.5 g/I triisapropanolamine, 
30~ 5 A/dm2; 5--fluoborate bath F-l, 30~ 8 A/dmg-; 6--pyro- 
phosphate bath, 50~ 2 A/dm2; 7--cyanide bath CN-5, 80~ 
4 A/din2; 8--cyanide bath CN-8, 80~ 6 A/dm 2. Note pseudo- 
logarithmic impurity scale. Metric conversion: one pound per 
square inch (psi) ~ 0.000704 kilogram per square millimeter 
(kg/mm2). 

fluorine 22 in the deposits from the fluoborate bath indi-  
cate that  there is very little inclusion of fluoborate ion 
in the deposits (Table XXXI) .  

e. Se len ium in deposits f rom baths containing sele-  
n ium  compounds as addition agents . - -Se len ium 23 is 
present in the deposits from the sulfate bath containing 
SeO2 and in the deposit from the high-efficiency cyanide 
bath containing the proprietary se lenium-type  br ight-  
ener (Table XXXI) .  Evident ly  very small  concentra-  
tions of selenium in copper deposits produce marked 
effects on s tructure and properties. (Sections I I I -A-4-e,  
III-B-3-e,  I I I -F-2-e ,  VII-B-3-g,  VII-C-2-f ,  VII-G-I,  
and Fig. 20 and 34). 

f. Su l fur  in deposits f rom sulfate baths . - -The low 
concentrat ion of sulfur a4 in the deposit from the non-  
addition agent sulfate bath (Table XXXI, line 26) indi-  
cates very little inclusion of sulfate ion in normal  de- 
posits. The high current  density deposit (line 42) 
contains more than three t imes as much, which corre- 
lates with the high value of the ratio, O/H, for this 
deposit. 

3. Correlations be tween  concentrations of impuri t ies  
and properties of deposits .--Correlations between im-  
pur i ty  content  and properties for eight representat ive 
types of deposit are shown in the bar  graphs in Fig. 
62, from which one can visualize the interrelationships.  
While some variat ions from regular  correlations will  
be noted, there are, in general, fair ly close correlations 
between, on the one hand, concentrat ions of the var i -  
ous impurities, and, on the other hand, between these 
impuri t ies  and the various properties. It should be 
noted that the correlations with impuri t ies  are in -  
verse in the case of elongation and density. Close 
study of this figure will  reveal many  details regarding 
correlations tha t  we leave to the reader  to ferret  out. 
Relationships between total impur i ty  content, s truc-  
ture, and properties were discussed above (Table  XXX, 
section VII I -F-3) .  

H. Summary of Properties and General Correlations 
In  this section we present  a general  analysis and 

correlation of all  properties for all as-plated deposits. 

~a B o r o n  was  d e t e r m i n e d  by  q u a n t i t a t i v e  sDee t rography  by  V i r -  
g in i a  C. S t e w a r t  and  f luor ine  by  a we t  m e t h o d  by J. R. B a l d w i n ,  
b o t h  of the  staff  of the  A n a l y t i c a l  C h e m i s t r y  D iv i s ion ,  NBS.  

~z S e l e n i u m  was  d e t e r m i n e d  by  n e u t r o n  a c t i v a t i o n  ana ly s i s  by 
D. A. Becke r  of the  A n a l y t i c a l  C h e m i s t r y  D i v i s i o n ,  NBS.  

~t S u l f u r  was  d e t e r m i n e d  b y  c o m b u s t i o n  by  J.  R. B a l d w i n  of t he  
A n a l y t i c a l  C h e m i s t r y  D i v i s i o n ,  NB$ .  
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Fig. 63. Ranges and comparative magnitudes of tensile strength 
of copper deposits from various types of baths: 1--Sulfate baths: 
plus thiourea (0.005 g/I) and spangled deposits. 2mSulfate baths, 
no addition agent, all conditions. 3--Sulfate, bath plus addition 
agents with small effect on strength: dextrin, ethyl alcohol and 
molasses, glycerol, glycine, lactic acid, 1,5-naphthalenedisulfonic 
acid, sorbitol, thiourea (0.015 g/l). 4--Fluoborate baths, all condi- 
tions. 5--Cyanide baths that yield deposits with lower strengths 
than those from low-concentration baths: CN-7, CN-8, CN-9. 6 - -  
Pyrophosphate bath, all conditions. 7--Sulfate baths plus addition 
agents or other conditions that cause a moderate increase in 
strength: gelatin, fl-naphthoquinoline, phenolsulfonic acid, selenium 
dioxide, thiourea plus 1,5-naphthalenedisulfonic acid, thin deposits 
(2 mils), periodic current reversal (PR). 8---Cyanide bath, sodium 
ion Rochelle salt type, CN-6. 9--Cyanide baths, all low-concentra- 
tion types, CN-I  through CN-5, all conditions. 10--Amine bath. 
11--Sulfate baths plus addition agents or other conditions that 
cause a large increase in strength: propriel'ary A, selenium di- 
oxide (thin deposits, 2 mils), triisopropanolamine. 12--Cyanide 
baths plus addition agents or other conditions that cause a large 
increase in strength: CN-8 plus PR, CN-8 containing KCNS plus 
PR, CN-9 plus PR. 

1. Correlations between tensile strength and types of 
deposits.--In Fig. 63, values of tensile strength are 
plotted for all deposits that  we studied. The data are 
shown for groups of deposits, classified in part  on the 
basis of bath and in par t  on magni tude  of tensile 
strength, arranged with increasing s trength from left 
to right on the graph. The limits of the shaded zones 
at the tops of the bars represent  m in imum and maxi -  
mum values of tensile strength for the group. The 
limits plotted for each group are based main ly  on the 
average deviation from the mean within  the group. 
However, if several deposits wi thin  the group had 
values appreciably lower or higher than the limits de- 
fined by the average deviation, the range plotted was 
enlarged to take account of these deviant  deposits. The 
plotted values are thus somewhat subjective, but  in 
our judgment  best represent  the group. This procedure 
was followed for de termining  the plotted values of 
upper  and lower limits for Fig. 63-65 and 67-70, in-  
clusive. 

Figures 63 to 70 were prepared pr imar i ly  to serve as 
a convenient  visual  reference summary,  and are there-  
fore discussed only briefly. For example, it is seen in 
Fig. 63 that the over-al l  range of s trength varies by a 
factor of four, with spangled sulfate deposits the weak-  
est and PR cyanide deposits the strongest. Changes of 
tensile s trength due to large-effect variables, such as 
type of bath or addition agents, are readily seen. How- 
ever, changes in s trength due to small-effect variables, 
such as current  density, are not revealed. For the lat-  
ter type of information, the reader must  refer to the 
appropriate preceding section. 

2. Correlations between the yield strength-tensile 
strength ratio and types 05 deposits.--The ratio, yield 
s t rength/ tens i le  strength, is very  low (about 25%) for 
soft- type deposits, considerably lower than that  of an-  
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Fig. 64. Ranges and comparative magnitudes of the yield ratio 
of copper deposits from various types of baths: 1JSulfate baths, 
non-addition agent, all conditions. 2--Sulfate baths plus addition 
agents that cause minor change in yield ratio: lactic acid, ~- 
naphthoquinoline, 1,5.naphthalenedisulfonic acid, phenolsulfonic 
acid, selenium dioxide, thiourea (0.005 g/I), thieurea plus 1,5- 
naphthalenedisulfonic acid. 3~Fluoborate baths, all conditions. 4 - -  
Cyanide bath, CN-9. S--Sulfate baths plus addition agents or 
other conditions that cause a moderate increase in yield ratio: 
ethyl alcohol plus molasses, thiourea (0.015 g/I), triisopropanol- 
amine, periodic current reversal (PR), thin deposits (2 mils) from 
bath containing 1,5-naphthalenedisulfonic acid. @--Pyrophosphate 
bath, all conditions. 7--Cyanide bath, CN-8 plus PR. 8--Sulfate 
baths plus addition agents or other conditions that cause a large 
increase in yield ratio: gelatin, proprietary A, thin deposits (2 mils) 
from a bath containing selenium dioxide. 9--Amine bath. 1 0 ~  
Commercial wrought copper, annealed. 11--Commercial wrought 
copper, half hard (21% reduction). 12--Commercial wrought 
copper, extra hard (50% reduction). 

healed wrought  copper (55%). The ratio increases 
progressively with strength, approaching that of cold- 
worked wrought  copper for the strongest electro- 
deposits. 

3. Correlations between elongation and types of 
deposits.--Figure 65 discloses a general  inverse re la-  
t ionship between elongation and type of bath, as com- 
pared with Fig. 63 for tensile strength. Thus, the de- 
posits from the amine bath, among the highest in 
tensile strength, are the most brittle, and the soft- 
type sulfate deposits, next  to weakest, are th i rd  from 
most ductile. The deposits from the pyrophosphate and 
high-efficiency cyanide baths, with the highest duc- 
tilities, are somewhat more ductile than would be 
predicted from their  position in Fig. 63. This could be 
the result  of the crystal  or ientat ion hypothesized in 
Section VIII -F-2-a .  

4. Correlations between modulus of elasticity, tensile 
strength, and types of deposits.--A general  correlation 
between tensile s trength and modulus is seen in Fig. 
66. However, the higher range of modulus, 16 and 17 x 
10 o psi, embraces a ra ther  large range of tensile 
s t rength (40,000-86,000 psi). Modulus values for 
wrought  copper are seen to be located in the mid-  
range of the correlation band. Correlations between 
modulus and type of deposit are similar to those be- 
tween tensile s trength and type of deposit, although 
the fiuoborate and sul fa te-TIPA deposits deviate con- 
spicuously from the predominant  pattern,  having ab- 
normal ly  low moduli.  

5. Correlations between hardness and types of de- 
posits.--The type-grouping for hardness, Fig. 67, is 
closely parallel  to that  for tensile strength, Fig. 63. 

6. Correlations between internal s~ress and types o] 
deposits.JExamination of the groupings in Fig. 68 
shows m a n y  deviations from the group order that  
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Fig. 65. Ranges and comparative magnitudes of elongation of 
copper deposits from various types of baths: 1--Amlne bath. 2 - -  
Sulfate baths plus addition agents or other conditions that cause 
significant lowering of ductility: dextrin, ethyl alcohol plus 
molasses, glycerol, glycine, lactic acid, ~-naphthoquinoline, 
sorbitol, thiourea (0.005 and 0.015 g/I), triisopropanolamine, pro- 
prietary A, non-addition agent thin deposits (2 mils), thin de- 
posits (2 mils) from baths containing 1,5-naphthalenedisulfonic 
acid or selenium dioxide, spangled deposits. 3~Cyanide baths, all 
low-concentration types, CN-1 through CN-5, all conditions. 
4--Cyanide baths, high concentration types that yield deposits 
with ductility nearly the same as those from low concentra- 
tion baths: CN-8 containing KCNS plus periodic current reversal 
(PR), CN-9. 5~Fluoborate baths, all conditions. 6--Sulfate baths 
plus addition agents or other conditions that cause minor effect 
on ductility: gelatin (0.003 g/I), 1,5-naphthalenedisulfonic acid, 
phenolsulfonic acid, selenium dioxide, thiourea plus naphthalene 
disulfonic acid, PR. 7~Sulfate baths, no addition agent, all condi- 
tions. 8--Pyrophosphate bath, all conditions. 9~Cyanide baths that 
yield deposits that are significantly more ductile than those from 
low-concentration baths: CN-6, CN-7, CN-8, CN-8 plus PR, CN-9 
plus PR. 
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Fig. 66. Relationship between tensile strength and modulus of 
elasticity of copper deposits from various types of baths: C)Dnon- 
addition agent sulfate baths; O---sulfate baths containing gelatin; 
Q~su l fa te  bath containing selenium dioxide; ~- -su l fa te  bath 
containing triisopropanolamine; Q-t--fluoborate bath; (D--pyrophos- 
phate bath; ( ~ c y a n i d e  baths, CN-1 through CN-5; ~ C N - 8  
containing KCNS plus periodic current reversal (PR); I~--commer- 
cial wrought copper, annealed; [~---commercial wrought copper, 
half hard (21% reduction); I - -commercial  wrought copper, extra 
hard (50% reduction). 

Fig. 67. Ranges and comparative magnitudes of hardness of 
copper deposits from various types of baths: 1--Sulfate bath, 
Cu2-H3, 30~ 2 A/dm 2, severe exposure to cellulose. 2--Sulfate 
baths plus addition agents that have minor effect on hardness: dex- 
trin, ethyl alcohol plus molasses, glycerol, sorbitol. 3~Sulfate baths, 
no addition agent, all conditions. 4~Fluoborate baths, all condi- 
tions. 5~Cyanide bath, CN-9. 6--Sulfate bath, spangled deposit. 
7~Pyrophosphate bath, all conditions. 8--Cyanide baths, CN-7 
and CN-8, all conditions. 9--Sulfate baths plus addition agents: 
includes all addition agents in Table Xl l l  except those in "2"  
above. 1a--Cyanide baths, CN-1 through CN-6, all conditions. 1 1 -  
Cyanide baths: CN-8 plus periodic current reversal (PR); CN-8 
plus KCNS plus PR, cycle 15 sac cathodic, 5 sac anodic. 12--Amine 
bath. 13--Cyanide bath, CN-8 plus KCNS plus PR, cycle 30 sec 
cathodic, 10 sec anodic. 14--Cyanide bath, CN-9 plus PR. 
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Fig. 68. Ranges and comparative magnitudes of internal stress 
in copper deposits from various types of baths. Negative stress is 
compressive, l~Amine bath. 2--Sulfate bath containing 0.1 g/I 
gelatin. 3--Pyrophosphate bath, all conditions. 4--Fluoborate baths, 
all conditions. 5~Sulfate baths, no addition agent, all conditions. 
6--Sulfate baths plus all addition agents in Table XIII except 
gelatin (0.1 g/I), fl-naphthoquinoline, triisopropanolamine (30 ~ 5 
A/dm2). 7--Sulfate bath plus periodic current reversal (PR). 8--- 
Cyanide baths: CN-8, CN-8 plus PR. 9--Cyanide bath, CN-6. 1 0 -  
Cyanide bath, CN-8 plus 2 g/I KCNS plus PR. 11wSulfate bath plus 
~-naphthoquinoline. 12--Sulfate bath plus triisopropanolamine (30 ~ 
5 A/dm2). 13--Cyanide baths: CN-1 through CN-5, CN-7, all con- 
ditions. 14--Cyanide bath, CN-9. 

exists in the other graphs in this set (Fig. 63-?0). This 
individual i ty  of in terna l  stress, or lack of consistent 
relationships with other properties, has been previ-  
ously noted. 

7. Correlations between density and types o5 de- 
posits.--Except for the ]ow values of density seen in 
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Fig. 69. Ranges and comparative magnitudes of density of copper 
deposits from various types of baths: 1--Sulfate baths plus addition 
agents or other conditions that cause a large decrease of density: 
gelatin, 0.1 g/I;  Cu2-H3, 60~ 20 A/dm 2 (high current density). 
2--Amine bath. 3---Cyanide baths: CN-1 through CN-5, all condi- 
tions. 4---Sulfate baths plus addition agents that have slight lower- 
ing effect on density: gelatin, 0.003 g/I; triisopropanolamine, 30 ~ 
5 A/dm2; proprietary brightener A. 5--Cyanide baths: CN-6 and 
CN-7, all conditions; CN-8 plus KCNS plus periodic current re- 
versal (PK). 6~Cyanide baths: CN-8, CN-9. 7--Sulfate baths, no 
addition agent, all conditions. 8--Sulfate baths plus addition agents 
or other conditions that have no significant effect on density: 
ethyl alcohol plus molasses, lactic acid, 1,5-naphthalenedisulfonic 
acid, ~'-naphthoquinoline, phenolsulfonic acid, selenium dioxide, 
thiourea, thiourea plus naphthalenedisulfonic acid, triisopropanol- 
amine, 30 ~ 2 A/dm2; periodic current reversal; spangling. 9--- 
Fluoborate and pyrophosphate baths, all conditions. 10---Commer- 
cial sheet, half hard (21% reduction). 11--Single crystal. 

the  first two groups of Fig. 69, al l  deposi ts  have  
r a the r  high densi ty,  wi th  only smal l  differences be -  
tween  groups. Nevertheless ,  the lower  dens i ty  of cya-  
nide  deposits  and the reduct ion of the  dens i ty  of sul-  
fa te  deposi ts  due to "act ive"  addi t ion  agents  is ap-  
parent .  

8. Correlations between electrical resistivity and 
types o5 deposits.--Type groupings  for e lect r ica l  r e -  
sist ivity,  Fig. 70, are  qui te  pa ra l l e l  to those for tens i le  
s t rength  and hardness  (Fig. 63 and 67, respec t ive ly) .  

9. Genera[ correlations among properties and types 
oS deposits.--Some of the  proper t ies  of the  main  types  
of deposi ts  a re  represen ted  in Fig. 71. In  the  first 
group, the  seven types  of deposits  a re  a r r anged  in in-  
creasing order  of tensi le  s trength.  The same order,  type  
1 to .7 serial ly,  is ma in ta ined  in the  represen ta t ions  of 
the  other  proper t ies ,  so tha t  devia t ions  f rom regu la r  
correla t ions  wi l l  be apparent .  There  is genera l  pa r a l -  
le l i sm be tween  tensi le  s trength,  hardness,  and res is -  
t ivi ty,  and to some ex ten t  in te rna l  stress, and inverse  
cor re la t ion  of these p roper t i e s  wi th  e longat ion and 
density.  

The higher  than  "normal"  e longat ion of the  de-  
posits f rom the high-eff iciency cyanide  ba th  and p y r o -  
phosphate  ba th  is apparent ,  as is the inverse  re la t ion-  
ship be tween  duc t i l i ty  and tensi le  s t rength  of the  de-  
posits f rom the amine  ba th  and f rom sulfate  baths  
conta ining high-effect  addi t ion agents.  The average  
hardness  of the  l a t t e r  group of deposi ts  is lower  than  
normal .  This is the only significant devia t ion  f rom a 
r egu la r  hardness  pat tern .  

We have r e m a r k e d  severa l  t imes  tha t  in te rna l  stress 
is the  most  unique  p rope r ty  in tha t  it  is least  cor re -  
la ted  wi th  other  propert ies .  Whi le  this  is true,  Fig. 71 
does show severa l  r egu la r  correlat ions.  A b n o r m a l l y  
low stress of the  pyrophospha te  and amine  baths  is the  
ma in  devia t ion  f rom normal  correlat ion.  
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Fig. 70. Ranges and comparative magnitudes of electrical resis- 
tivity of copper deposits from various types of baths: |~Sulfate 
baths, no addition agent, all conditions. 2--Fluoborote and pyro- 
phosphate baths, all conditions. 3--Sulfate baths containing addi- 
tion agents that have minor effect on resistivity: ethyl alcohol plus 
molasses, fl-nophthoquinoline, gelatin (0.003 and 0.01 g/I), lactic 
acid, naphtholenedisulfonic acid, phenolsulfonic acid, selenium 
dioxide, thiourea, thiourea plus naphthalene disulfonic acid, triisa- 
propanelomine (30~ 2 A/din2), periodic current reversal (PK). 
C--Cyanide baths: CN-7 and CN-8, all conditions; CN-8 plus PK. 
5--~ulfate baths plus factors that have medium effect on resistivity: 
thin deposits (2 mils); proprietary brightener A. 6~Cyanide baths: 
CN-] through CN-5, all conditions. 7~Cyanide both: CN-9 (pro- 
prietory B). 8--Cyanlde baths: thin deposits (0.25 mil) from CN-1 
through CN-3; CN-6, all conditions. 9--Cyanide baths: CN-8 plus 
KCNS plus PR; CN-9 (proprietary B) plus PR. |0~Sulfate baths 
plus addition agents or other factors that hove large effect on 
resistivity: Cu2-H3, 60 ~ 20 A/din 2 (high current density); gelatin 
(0.1 g/ I ) ;  triisopropanolamine plus high current density (.5 A/dm2); 
spangling. 11--Amine bath. 12~Commerciol wrought copper: an- 
nealed electrolytic tough pitch. 
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Fig. 71. General correlations among properties of copper de- 
posits from various types of baths: ]--Sulfate baths, all non-addi- 
tion agent deposits. 2--Fluoborate baths, all conditions. 3--Cyanide 
bath, CN-8, all conditions except no addition agent nor periodic 
current reversal (PR). 4--Pyrophosphate bath, oil conditions. 5--Cy- 
anide baths, CH-1 through CN-5, all conditions. 6--Amine bath. 
7--Sulfate baths plus large effect addition agents. Notes: Elonga- 
tion is in per cent in 2 in. except for column "5" which is 100X 
significant strain. Negative values of internal stress represent com- 
pressive stress. Metric conversion: one pound per square inch (psi) 
= 0.000704 kilogram per square millimeter (kg/mm2). 

Considering densi ty,  corre la t ion  is r egu la r  except  
for  the  same reve r sed  posi t ions be tween  the deposi ts  
f rom the  amine ba th  and the sulfate  ba th  conta ining 
high-effect  addi t ion  agents,  also noted for  e longat ion 
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a n d  hardness, and repeated again for electrical re-  
sistivity. The low value of resist ivity of the pyro-  
phosphate deposit is also apparent.  The consistent de- 
viat ion of the properties of the pyrophosphate de- 
posits from the normal,  in general  in favorable direc- 
tions, is the most apparent  phenomenon shown in 
these comparisons. It is quite l ikely that  it is associ- 
ated with a unique  structure, as hypothesized in 
Section VII I -F-2-a .  
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X. Appendix 
A. Procedures Used for Preparation of 

Electron Micrographs (Fig. 36) 25 

Mechanically polished cross sections were electro- 
polished in a commercial electropolishing uni t  with a 
proprietary polishing solution containing H3PO4, 250 
ml; distilled water, 500 ml; ethanol, 250 ml; propanol, 
50 m]; urea, 5g; propr ie tary  constituent, 2 m]. Condi- 
tions were: time, 5 sec; temperature,  25~ current ,  
0.6A. Contact to one specimen was made with a solder 
spot at the base of the mount  and to another  with silver 
paint. No significant difference in s t ructure  was seen 
due to the brief heat ing during soldering. After  elec- 
tropolishing, chemical etching was done in the etch 
mixture:  NH4OH, 30 ml;  H202-3%, 30 ml; H20, 30 ml; 
5 sec, 25~ 

Replicas were made with cellulose acetate tape. The 
negative replicas were rotary shadowed at an angle of 
25 ~ with pal ladium and backed with carbon at an 
angle of 9 0  ~ . 

B. Development of Fatigue Relationships 
1. Calculation of ~c in Table X X V I . - - T h e  fatigue 

specimen is represented in Fig..72 with exaggerated 
thickness and curvature  and with the U-bend  at the 
top replaced with an equivalent  rigid bar so that the 
rotat ional  moments  may be visualized. The lower end 
of the r igh t -hand  strip is r igidly fixed. The vert ical  
force, P, causes bending as shown. We consider the 
bending of only one arm, recognizing that  the same 
forces are present in both. Thus, the force, P, may be 
thought  of as divided in two equal parts, P/2, each 
part  causing the bending of one arm. Therefore, the 
moment  causing rotat ion about O and corresponding 
bending about O' is 

P 
- - .  a = M [1] 
2 

M, the moment  about O', is also equal to the integral  

Elec t ron  m i c r o g r a p h s  we re  m a d e  by  n .  B. Ba l l a rd ,  NBS  M e t a l -  
l u r g y  D i v i s i o n ,  La t t i c e  Defec t s  and  M i c r o s t r u c t u r e  Sect ion ,  w h o  
also s u p p l i e d  the  da ta  on p r o c e d u r e s  used. 

Fig. 72. Stresses and moments in a flexed fatigue specimen 

over the cross section of the specimen of the product 
of the fiber stresses (represented by the small  arrows) 
and their  respective moment  arms. It  is thus expressed 
a s  

M = f ~ y  dA [2] 

where ~ is the fiber stress at distance y from the neu-  
t ra l  plane of the strip and dA is an element  of area in  
a normal  p lane .  By definition 

= E5 [3] 

where E is Young's modulus of elasticity and 5 is 
strain. From Fig. 72, 5 ---- (u' -- u ) /u .  Subst i tu t ing in [3] 

L - - u - - -  .~ [4]  

Again from Fig. 72 
R u 

R -~ y u '  [5] 

from which 
y u  

u' = u + [6]  
R 

Subst i tut ing u'  from [6] in [4] 

Ey 
= [7] 

R 

Subs t i t u t i ng  for  ~ f rom [7] in  [2] 

E f EI 
M = $ y dd = T [8]  

where I = f y2dA,  the geometrical moment  of inert ia  
around 0'. 

For a rec tangular  beam of width b and thickness t, 
dA = bdy; hence 

y I y3 t/2 bt3 
I----b y 2 d y = 2 b  -~- 0 = 1"-~ [9] 

Equat ion [7] gives the actual stress in any  given plane 
at distance y from the neut ra l  plane. The distance y 
to the outer plane is t /2.  Therefore the surface stress 
is given by 

E t 
. . . .  [10] 

R 2 

From Eq. [8], E / R  = M/I .  Subst i tu t ing  this in [10] 

M t 
. . . .  [11] 

I 2 

Subst i tu t ing the value of M from [1] and the value of 
I from [9] in Eq. [11] gives 

Pa 12 t 3Pa 
. . . . . .  [12] 

2 bt 3 2 bt s 

Equat ion [12] gives surface stress, and is the relat ion 
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i B 

A 
Fig. 73. Relationship between radius of curvature and deflection 

of an arc. 

Expand ing  [13] and solving for  R gives 

CD ~ + A D 2  
R = [14] 

2C/~ 

F r o m  Eq. [10] in the  preceding  Sect ion X-B-1  

E t 
. . . .  [10] 

R 2 

Substituting in [10] the value of R from [14] 

Et  [ "---~ ] [15] 

This is the value  of ~ des ignated  as ~m in Table  XXVI. 
The values  of E (modulus)  used in [15] were  de te r -  
mined by  us or es t imated  f rom values  for s imi lar  de-  
posits. CD and AD were  de te rmined  f rom the  direct  
measurements  and graphica l  eva lua t ion  jus t  described.  

used for calculat ing zc in Table XXVI.  P is obta ined 
from the machine  cal ibrat ion,  a is 0.30 in. for our 
specimens, b is 0.50 in., and t is the measured  th i ck -  
ness of the  specimen. 

2. Calculations of r in Table X X V I . - - T h e  arc ACB 
in Fig. 73 represents  an edge view of a short  segment  
of one a rm of a flexed fa t igue specimen. C is the  longi-  
tud ina l  center,  i.e., the point  of min imum width.  Index 
marks  were  placed on the  edge of the  specimen at C 
and at points  A and B, wi th  AC and C/3 each equal  to 
1/8 in. The var ia t ion  in wid th  of the  specimen over  the  
span A B  is small,  so tha t  the curva ture  is nea r ly  un i -  
form. The specimen was s ta t ica l ly  flexed and c lamped  
in the flexed posit ion in a jig. The distances EB, FC, 
AE, and A F  were  then measured  wi th  a micrometer  
microscope to an accuracy of 0.1 mil. Their  values  were  
then  plot ted  on large  paper  on a magnif ied scale of 
100X. F rom the plot, CD and AD were  measured.  The 
fol lowing r ight  t r iangle  re la t ionship  is apparen t  f rom 
Fig. 73 

( R - -  CD )2 + AD 2 =  R 2 [13] 
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